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FOREWORD 

In the process of defining the probable usage of this text, it was determined 
that the basic handbook would not only be used as an authoritative reference source 
for individual designers in respect to establishing specifications and requirements 
for physical man/machine interfaces, but could also provide the basis for stand- 
ardization of operational protocol development. The publication and common use of 
authoritative absolute descriptors of the various needs, capabilities and toler- 
ances of crewmen might also provide the basis for the establishment of standarized 
levels of capabilities for describing crew selection and traininq criteria in 
respect to the designation of specific maintainability tasks to individual crewman. 
With this in mind, it was decided to follow the orecedents set by such documents 
as the Handbook of Chemistry and Physics, Biology Data Book, etc:, i.e., the 
selected--format for the document should consist of a repository of detailed, 
quantified data in tabular or graphic form whenever possible. 

A secondary purpose was also identified, namely, a need to provide a single 
and comprehensive document for use in manned EVA design activities by the neophyte 
or newcomer to the field in order that he might be made aware of those areas where 
the presence of a human worker could and should influence the design of orbital 
hardware or processes. The final document, therefore, must provide readily acces- 
sible detailed data describing all pertinent functional or survival-critical 
interactions between man, his working environment, his vehicle and support hard- 
wares. 

While, as previously stated, it is hoped that widespread utilization of the 
text material will permit standarization of design practice in respect to vehicle, 
equipment, and operations, the document must also be capable of providing custom- 
tailored specifications for unique mission/equipment/environment interactions. 

Literature searches were requested from the National Aeronautics and Space 
Administration's Scientific an,d Technical Information Division as well as the 
Defense Documentation Center (DDC) regarding human performance in a reduced grav- 
ity environment. These searches were reviewed, and those items that appeared to 
contain required human performance data were ordered for review. The services of 
the Tufts University Human Engineering Information and Analysis Service (HEIAS) 
were also utilized during this effort. Volumes I and II of the HEIAS bibliogra- 
phies were searched for space-related categories most relevant to the task. As 
a result of this search, a printout of approximately 500 references was developed. 
I terns to be entered into the upcoming Volume III of the HEIAS Bibliography were 
also reviewed for relevancy. The NASA and DDC searches were arranged in ascending 
"AD" " STAR" accession numbers, respectively, when they were received. The basic 
HEIAS system carries the titles and abstracts of documents by accession number 
but cross-indexes the accession numbers of the documents by an alphabetical listing 
of primary categories relevant to human factors interests. In order to eliminate 
title duplication and facilitate the location of titles and abstracts, the HEIAS 
system was utilized as the basic collation system. 
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The fact that the DDC, NASA, and HEIAS information sources had different 
cutoff dates was considered, and an effort to complement the searches insofar as 
possible was made. This could not be accomplished until nearly all the major work 
of the search was completed and a three-way cross-reference system established 
between DDC, STAR and HEIAS accession numbers. An informal check from approxi- 
mately a 50 percent sampling of STAR accession numbers indicated that routine 
acquisition of NASA reports was fairly complete and current for HEIAS. An item- 
by-item check against DDC search was undertaken, and items which were either 
missing from, or possibly not yet processed through, the HEIAS system were ordered 
and examined. 

A basic review of currently available documentation was initiated, and basic 
data regarding human operator performance was collected. In this effort, the 
goal was to primarily gather empirical or experimental data generated in an actual 
or simulated reduced gravity environment. 

It was felt that a document of this type should permit deliberate and detailed 
data to be available for four basic tasks that are currently deemed necessary when 
designing for maintainability in a manned orbiting system. For optimum maintain- 
ability potential, the following discrete tasks must be accomplished: 

Task A. 

Task B. 

Task C. 

Task D. 

The vehicle and all its subsystem housekeeping, structural, and 
mission-related hardwares must be deliberately analyzed in respect 
to the possibility of needing in-orbit maintenance. In those 
instances where maintenance during orbital operations is deemed 
both possible and feasible, specific efforts must be expended in 
order to ensure ease of diagnostics, access, institution of cor- 
rective procedures, and checkout capabilities. These hardware 
designs shall also consider packaging and general corrective pro- 
cesses involved in respect to minimizing "unique" technological 
skills, special tooling, instrumentation, facilities, and man- 
hours necessary to effect the repairs while maximizing the safety 
and efficiency of access to the work site. 

The designer shall detail all crew support facilities and equip- 
ments necessary to accomplish the transport, restraint/tethering 
of the crewman and his materials at the work sites, as well as to 
provide an environment that is conducive to both work and survival. 

The responsible system designers shall develop specifications 
necessary to describe the physical and functional characteristics 
of the maintenance interface includinq sizing, configuration, and 
information flows across the man/machine interfaces at the various 
potential work stations. 

The designers must, as part of their maintainability tradeoffs, 
consider the capabilities of man in light of the constraints im- 
posed by the system and the environment in the design and assign- 
ment of maintenance roles to the "orbital man." 
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To reiterate, the large preponderance of material selected for this document 
is expressed'in graphic and/or tabular form with prose commentary limited to 
explanations of techniques utilized in the application of specific data. Prose 
is also utilized in "term definition" as indicated. 

In selecting the basic generic headings for Human Engineering Handbook,; " 
heavy emphasis was placed on potential usage. Section 1 contains that information 
related to the description of humancharacteristics. Provisions are made for in- 

. formation which will permit allowances for man's physical and functional dimen-.: 
sional requirements as well as descriptors of his general motor, sensory, and' 
cognitive performance capability. Information regarding his tolerance to various 
forms of physical, emotional, and environmental stressors are also provided in 
this section. 

:. ,,- 
Section 2 has provisions for absolute value data which describes the cqmposi- 

tion and the various phenomena present in the orbital extravehicular environment'. 

Section 3 has provisions for data which will describe the minimal and/or 
optimal physical and functional characteristics of hardware design where it might 
interface with man and modify his performance. Data in this area includes sizing, 
configurational, operational, and dynamic considerations for the vehicle and all 
its facilities including unique mission equipments, packaging and access. -., 

Due to the "Level of Effort" nature necessitated by modified funding availa- 
bility during mid-contract, it was decided to attempt to maximize the factual con- 
tent of the document (in order to be truly representative of the literature avail- 
able as of the cutoff date of June, 1969) rather than complete the glossary or 
index section. It is hoped that these shortcomings can be rectified during subse- 
quent update efforts. 

This study was accomplished as part of the Human Factors System Program under 
the sponsorship of Walton L. Jones, M.D., Director, Biotechnology and Human 
Research. 

During the course of this study, a great many individuals and groups have 
made important and material contributions. While we cannot thank every individual 
involved we do wish to recognize the major support, encouragement and guidance 
provided by Dr. Stanley Deutsch, Chief, Man-Systems Integration Branch in the Bio- 
technology and Human Research Division at NASA Headquarters, Washington, D.C. 

Special thanks are also due to Mr. John Jackson of the Crew Systems Division 
of the Manned Spacecraft Center, Houston, Texas, Mr. Stan Johns of Marshall Space 
Flight Center, Huntsville, Alabama and Dr. Jon Rogers, formerly of the Marshall 
Space Flight Center and currently with the Department of Psychology of the Univer- 
sity of Alabama, for their support and contributions during both the early and 
current phases of this program. 
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Finally, my thanks to Donald G. Norman for extensive inputs to the organiza- 
tional and final notational efforts in his capacity as General Electric Program 
Manager of the Astronaut Zero Gravity Performance Evaluation Program Contract, 
of which the Handbook effort was one part, Mr. Fred Rudek of the Life Science 
group for his contributions to editing the enormous mass of candidate material, 
and Mrs. Dolores Friz whose patient and meticulous secretarial skills were respon- 
sible for the formal final draft of the published document. 

Theodore Marton, Ph.D. 
Technical Director 

Manager, Human Engineering 
Life Sciences 
General Electric Company 
Valley Forge Space Center 
King of Prussia, Pennsylvania 
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SECTION 1 

HUMAN CHARACTERISTICS /I 
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ANTHROPOMETRY (Nude) 

STATIC DIMENSIONS 



ANTHROPOMETRY (Nude) 

STATIC DIMENSIONS 

ASTRONAUT (U.S.) POPULATION 

a. Overall Dimensions of the Head, Body and Limbs .-. ---.-. .-. _.- _---- 

mE: Compendium of Human 
(52). 

Responses to the Aerospace Environment, Vol. III 
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ANTHROPOMETRY (Nude) 

STATIC DIMENSIONS 

ASTRONAUT (U.S.) POPULATION 

a. Overall Dimensions of the Head, Body and Limbs (Cont.) 

SOURCE: Corn endium of Human Responses to the Aerospace Environment, Vol. III 
d 



ANTHROPOMETRY (Nude) 

STATIC DIMENSIONS 

ASTRONAUT (U.S.) POPULATION 

b. Dimensions of the H&ad 

-E: Corn endium of Human Responses to the Aerospace Environment, Vol. III 
(58. 
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ANTHROPOMETRY (Nude) 

STATIC DIMENSIONS 

ASTRONAUT (U.S.) POPULATION 

b. .Qimensions of the Head (Cont.) 

3DlBl7E: Compendium of Human Responses to the Aerospace Environment, Vol. III 
(52). 



ANTHROPOMETRY (Nude) 

STATIC DIMENSIONS 

ASTRONAUT (U.S.) POPULATION 

C. Dimensions of the Trunk and Torso 

m: Corn endium of Human Responses to the Aerospace Environment, Vol. III 
(58. 
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ANTHROPOMETRY (Nude) 

STATIC DIMENSIONS 

ASTRONAUT (U.S.) POPULATION 

d. Dimensions of the Arms and Hands 

mE: 

i 
: 

Corn endium of Human Responses to the Aerospace Environment, Vol. III 
(58. 



ANTHROPOMETRY (Nude) 

STATIC DIMENSIONS 

ASTRONAUT (U.S.) POPULATION 

d. Dimensions of the Arms and Hands (Cont.) .-- . . .-_. -._ - . 

SOURCE: Corn endium of Human Responses to the Aerospace Environment, Vol. III 
(52P. 
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ANTHROPOMETRY (Nude) 

STATIC DIMENSIONS 

ASTRONAUT (U.S.) POPULATION 

e. Dimensions of the Leqs and Feet 

mE: Corn endium of Human Responses to the Aerospace Environment, Vol. III 
(58. 
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ANTHROPOMETRY (Nude) 

STATIC DIMENSIONS 

ASTRONAUT (U.S.) POPULATION 

f. Description of.Nonstandard Measurements ---._ 

MEASUREMENT 

1. Back Length of Waist 

2. Circumference of Buttocks 

3. Extended Arm Length 

4. Front Length of Waist 

5. Instep Circumference 

6. Length of Crotch 

7. Length of Gluteal Arc 

8. Mid-Shoulder 

9. Mid-Shoulder to Top of Head 

10. Scye Circumference 

11. Sleeve Inseam 

12. Vertical Trunk Diameter and 
Circumferences 

13. Waist Level Measured at the level of the iliac crest 
-.I__ -.-.-- 

mE: Corn endium of Human Responses to the Aerospace 
(58. 

Environment, Vol. III 

DESCRIPTION 

Distance from waist back mark to cervical 
prominence 

Measured at point of maximum circumference 

Distance from apex of armpit (equidistant) 
between anterior and posterior folds) alon 
arms (extended laterally and horizontally) 
to the tip of forefinger 

Distance from waist front mark to the 
bottom of sternal notch 

Circumference of foot measured with poles 
at apex of heel and dorsum of foot above 
peak of arch 

Distance measured along the skin from the 
anterior wiastline through the crotch to 
the posterior waistline 

Distance measured along the skin from the 
top of buttock fold, craniad, to posterior 
waist point 

Point on top of shoulder at 4 inch distance 
from the dorsal cervical prominence 

Vertical distance from the horizontal line 
at mid-shoulder point to horizontal line 
at top of head 

Circumference of shoulder measured along a 
line extending vertically from the apex of 
the armpit concavity 

Distance from apex of armpit to first 
joint of wrist 

Distance of the straight-line projection 
from mid-shoulder point to apex of crotch 
and the circumference along this line 
(following the skin contours) 

l-10 
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ANTHROPOMETRY (Nude) 

STATIC DIMENSIONS 

HUMAN DIMENSIONS - PERCENTILES (DEFINITION) 

Human dimensions are measured in a standardized manner. Such standardi- 
zation is critical if data from one population are to be compared with data from 
a different population. One must know the position of the body, the points on 
the body surface from which measurements are made, and whether the body is nude 
or clothed. In choosing design values from tables of anthropometric or bio- 
mechanical data, the engineer should select that value which will accommodate the 
maximum practicable percentage of the potential user population. 

a Use of Percentile Val_ues in Anthropometrv A- _. _ _ 

29 
0 M 40 a I)0 100 TOTALRANGE 

PERCENTILES IN. 061) 

f 
1 2.1" 

+ 
I 
; 4.7" 

I 

+ 

1 XV" 

i 
I 10s' 

The meaning of percentile. Percentiles comprise the 100 equal parts into which 
the entire range of values is divided for any given dimension. As an illustra- 
tion, sitting heights of a large sample of men were measured and the values dis- 
tributed graphically into the 100 percentiles as shown in the graph above. 

The designer should design according to the concept of "design limits" or "range 
of accommodation". This concept, exemplified in the graph, involves the evalua- 
tion of percentile ranges. Note that the variability of the extreme 10% (the 
largest 5% and the smallest 5% ccmbined) exceeds the variability of the central 
90%, and so does the variability of the extreme 2% (largest 1% and smallest 1% 
combined). By proper analysis of the data on the using population, the designer 
can efficiently provide precisely the adjustability needed for any desired seg- 
ment of the population. 

-E: Corn endium of Human Responses to the Aerospace Environment, Vol. III 
(527 and Hertzberg and Clauser (84). 

l-11 



ANTHROPOMETRY (Nude) 

STATIC DIMENSIONS 

CONTACT MEASUREMENTS: 'TOTAL BODY ENVELOPE EXPRESSED IN PERCENTILES 

For the following measurements, the subject stands with his heels 12 inches 
apart and his toes 6 inches from the wall. His arms are extended overhead, fists 
touching-togetherand against the wall, with the first phalanges parallel to the 
ceiling. 

a. Overhead Reach Breadth 

Measure the maximum horizontal distance across the 
arms or shoulders, whichever is the widest. 

Percentiles 

5th 25th 50th 75th 95th 
lT3-3 m-3 l3-3 l-32? l33 

b. Maximum Overhead Reach He_ight .--..---. 

The subject raises himself maximally on his toes. 
Measure the maximum vertical distance from the 
floor to the highest point on the first phalanges 
as indicated by the measuring block. 

Percentiles 

5th 25th 
85;5 EL-5 

50th 75th 95th 
88.u ?m3 m 

-E: Alexander and Clauser (6). 
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ANTHROPOMETRY (Nude) 

STATIC DIMENSIONS 

CONTACT MEASUREMENTS: TOTAL BODY ENVELOPE EXPRESSED IN PERCENTILES 

c. Overhead Reach Height 

Measure the maximum vertical distance from the floor 
to the highest point on.the first..phalanges. as in, :,-, 
dicated by the measuring block. 

Std. Dev. 
& !%k 3.25 

Percentiles 

r 5th 25th 50th 75th 95th 
xx m TX-5 m m-6 

d. Bent Torso Breadth 

The subject stands with his feet 18 inches apart. 
He bends over and places the palms of his hands on 
his kneecaps. The elbows and knees are locked. 
He looks forward, tilting his head as far back as 
possible. Measure the maximum horizontal distance 
across the shoulders. 

Percentiles 

5th 25th 
16.3 l-x-r 

-E: Alexander and Clauser (6). 
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ANTHROPOMETRY (Nude) 

STATIC DIMENSIONS 

CONTACT MEASUREMENTS: TOTAL BODY ENVELOPE EXPRESSED IN PERCENTILES 

e. Bent Torso Height 

The subject stands with his feet 18 inches-apart. 
He bends over and places the palms of his hands on 
his kneecaps. The elbows and knees are locked. He 
looks forward, tilting his head as far back as 
possible. Measure the vertical distance from the 
floor to the highest point on the head. 

Percentiles 

5th 25th 50th 75th 95th 
?25-3 ST-Y m 53. 55.9 

f. Kneeling Leg Length 

_.--_----.- 
=E: Alexander and Clauser (6). 

The subject kneels on the measuring board 
with his toes extended and lightly touching 
the rear wall. The torso is erect with the 
arms hanging loosely at the sides. Measure 
the horizontal distance from the wall to 
anterior portion of both knees indicated by 
the measuring block. 

Percentiles 

5th 25th 50th 
m2-53 26.5 

Std. Dev. 
1.32 

75th 95th 
72-z-T 28.7 
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ANTHROPOMETRY (Nude) 

STATIC DIMENSIONS 

CONTACT MEASUREMENTS: TOTAL BODY ENVELOPE EXPRESSED IN PERCENTILES 

9. Kneeling Height 

h. Maximum Sauattina Breadth 

The subject kneels on the measuring board: 
with his toes extended and lightly touching 
the rear wall. The torso is erect with the 
arms,hanging.loosely at 'the sides. The head 
is in the Frankfort plane. 'Measure the ver- 
tical distance from the measuring board to 
the highest point on the head. .' 

: Range Mean Std. Dev. 
47.2-54.8 51.33 1.77 3' ~ .' 

I.’ 

Percentiles 

5th 25th 
?KT50.-2 

The subject squats down:in-a.normal fashion 
with the insteps of'hi‘s feet 9 inchdg‘apart. 
The arms rest across the thighsin'a com- 
fortable position. Measure the: maximum 
horizontal distance across the knees and 
lower thighs. ,, . _ .i 

Range Mean Std. Dev. 
17.6-28.2 22.21 ,. 2 13; 

Percentiles 

5th. 25th 50th 75th 95th 
,18.8 m m m ,m 

I. 

SOURCE: Alexander and Clauser (6). 
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ANTHROPOMETRY (Nude) 

STATIC DIhENSIONS 

CONTACT MEASUREMENTS: TOTAL BODY ENVELOPE EXPRESSED IN PERCENTILES : : 

i. Squatting Height _. '. 

j. Arm Reach, Supine 

The subject squats down in a normal fashion 
with the insteps of his feet 9 inches apart. 
His torso is maintained in an erect position 
while he supports himself with his right hand. 
With the head in the Frankfort plane, measure 
the vertical distance from the floor to the 
highest point on the head. 

Range Mean Std. Dev. 
40.7-48.2 43.96 1.94 

Percentiles 

5th 25th 50th 75th 95th 
40.8 32-3 - 43.6 - 45.4 47.0 

The subject lies supine on the measuring 
board. The arms are raised toward the 
ceiling with the shoulders remaining in 
contact with the measuring board. The fists 
are touching together with the first 
phalanges parallel to the ceiling. Measure 
the vertical distance from the measuring 
board to the highest point on the first 
phalanges. 

Percentiles 

5th 25th 50th 75th 95th 
26.4 28.4 29.2 30.1 Ti2-i-F 

SOURCE: Alexander and Clauser (6). 
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ANTHROPOMETRY (Nude) 

STATIC DIMENSIONS 

CONTACT MEASUREMENTS: TOTAL BODY ENVELOPE EXPRESSED IN PERCENTILES 

k. Horizontal Length 

The subject lies supine on the 
measuring board with his feet 
flat against the wall. The arms 
are at the sides. With the head 
in a relative Frankfort plane, 
measure the maximum horizontal 
distance from the wall to the top 
of the head as indicated by the 
measuring block. 

Percentiles 

5th 25th 50th 75th 95th 
mmmf1.373.9 

1. Bent Knee Height, Supine 
The subject lies supine on the 
measuring board. The knees are 
raised until the angle between 
the upper and lower legs approxi- 
mates 60 degrees. The toes are 
lightly touching the wall. Mea- 
sure the maximum vertical distance 
from the measuring board to the 
highest point on the knees. 

,,Ragn~;.~ E6 Strl: Dev. 

Percentiles 

5th 25th 50th 75th 95th 
m.7 iCZ l-K7 20;-5 Xi 

=E: Alexander and Clauser (6). 
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ANTHROPOMETRY (Nude) 

STATIC DIMENSIONS 

CONTACT MEASUREMENTS: TOTAL BODY ENVELOPE EXPRESSED IN PERCENTILES 

The subject lies supine on the 
measuring board. The knees are 
raised until the angle between 
the upper and lower legs approxi- 
mates 60 degrees. The toes are 
lightly touching the wall. With 
the head in a relative Frankfort 
plane, measure the maximum hori- 
zontal distance from the wall to 
the top of the head as indicated 
by the measuring block. 

Percentiles 

5th 25th 50th 75th 95th 
55.1 ---- 57.0 57.7 59.8 62.0 

=E: Alexander and Clauser (6). 
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ANTHROPOMETRY (Nude) 

STATIC DIMENSIONS 

PHOTOGRAMMETRIC MEASUREMENTS: SEATED BODY ENVELOPE 

a. Hand-to-Hand Breadth, Sitting 

SOURCE: Alexander and Clauser (6). 

The subject sits erect, his upper 
arms hanging lightly against his 
body and his forearms extended 
horizontally with his fingers 
together and outstretched. Mea- 
sure the horizontal distance bet- 
ween metacarpal III of the right 
and left hands. 

Percentiles 

5th 25th 50th 75th 95th ----- 
13.3 15.7 16.9 18.2 19.6 
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ANTHR.OP0METR.Y. (pude) 

STATIC DIMENSIONS 

.PHOTOGRAMMETRIC MEASUREMENTS: SEATED BODY ENVELOPE 

; b. Key Body Dimensions 

'KEY 
L 
A 

I3 

,c . 

D 

E 

F 

G  

H 

DIMENSIONS 

Pronasale to Wall Distance 
(Head in Frankfort Plane) 

Torso to Knee Depth, Sitting 

Posterior Torso to Posterior 
Calf Length, Sitting 

Maximum Trunk 
Depth, Sitting 

Floor to Upper Thigh 
Height, Sitting 

Floor to Mid-Hand 
Height, Sitting 

Antero-Posterior Body 
Envelope, Sitting 

Floor to Vertex Height, 
Sitting (Head in 
Frankfort Plane) 

RANGE 

8.0-10.0 

MEAN 
STD. 
DEV. 

8.92 0.35 

ti 

8.4 

%P 
8.9 

1 
95th 

9.5 

10.1-17.8 14.27 1.30 12.1 14.3 16.5 

15.5-22.2 19.06 1.26 i7.0 18.9 21.5 

8.7-13.15 10.47 0.93 9.0 10.4 12.0 

20.3-26.3 23.41 1.15 21.4 23.4 25.2 

25.2-32.1 28.82 1.44 26.4 28.7 31.3 

25.2-35.0 30.59 1.82 

47.2-59.6 53.5 2.11 

27.9 

09.9 

30.6 33.6 

53.6 56.9 

The subject sits erect 
with knees bent at 
right angles. 

SOURCE: Alexander and Clauser (6). 
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ANTHROPOMETRY (Nude) 
c, STATIC DIMENSIONS 
>I 
t’: PHOTOGRAMMETRIC MEASUREMENTS: SEATED BODY ENVELOPE 

C. Foot Dimensions 

:I DIMENSIONS KEY 

A 

B 

C 

D 

Posterior'Fdot Length 1.92-5.28 

Functional Foot Length 5.08-6.96 

Functional Foot Height 2.28-3.54 

Foot Length 7.76-11.71 

RANGE 

- 

MEAN - 

4.39 

6.12 

3.02 

10.51 

0.37 5.48 6.11 6.72 

0.21 2.72 2.97 3.33 

0.59 9.51 10.51 11.39 

The measurements are made while the subject 
stands erect with his weight equally distri- 
buted on both feet. 

SOURCE: Alexander and Clauser (6). 
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ANTHROPOMETRY (Nude) 

STATIC DIMENSIONS 

ANATOMICAL DIMENSIONS OF THE HUMAN EYE 

PUPIL 

A - Superciliary Arch Requirement 

B - Nasal Bone Requirement 

C - Greater Alar Cartilage Requirement 

D - Septal Cartilage Requirement 

11/16 inch 

7/8 inch 

l-1/4 inches 

l-3/4 inches 

SOURCE: Corn endium of Human Responses to the Aerospace Environment, Vol. I 
(SO! and White (204). 
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ANTHROPOMETRY (Nude) 

STATIC DIMENSIONS 

NOMOGRAM FOR THE COMPUTATION OF TOTAL SURFACE AREA BASED ON HEIGHT AND WEIGHT 

HEIGHT-cm SURFACE AREA-m2 WEIGHT - kg 
a b C 

- 2.7 

. 
_.. 
-. 
- _. - 2.3 -- 

- 2-l 

-* 

-I 
.- \ \ ---7 

‘\ 

200 

190 

ICO 

170 

160 

150 

I 4 0 

IS0 

!20 

II0 

I00 

90 
. 

80 
:- 

Example: To find the surface area of a U.S. Air Force male of mean height and 
weight (175.5 cm, 74.4 kg) a straight line is drawn between the two 
appropriate points on the height and weight scales. The slope of the 
line most nearly approximates the slope of the b-scale bar. The sur- 
face area of such an individual is approximately 1.9 m2. 

5UlJXE: Webb (198). 
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-ANTHROPOMETRY (Nude) 

DYNAMIC DIMENSIONS 

RANGE OF MOTION VALUES AND TERMINOLOGY 

a. Upper Body 

FLEXION HYPEREXTtNSlOtl  

LATERAL RENDING ROTATION 

Average normal range 
of motion of the spine 

AVERAGE 
RANGE 

MOVEMENT (DEGREES) 

SPIhE 
Flexion 70 
Hyperextension 
Lateral Bending ii 
Rotation 

Left 35 
Right 35 

ELBOW 
Flexion 145 
Supination 
Pronation ii 

NECK 
Rotation 

Left 55 
Right 55 

Hyperextension 
Flexion :i 
Lateral Bending 

Left 
Right ii 

SOURCE: Batch (19). 

1 NtlJTtiAL CXTEfiSIOK 

Average normal range of 
motion of th,e elbow 

Nt.UTRAL ROTArlON 

~~f~ERntdx4 s FLEXION LATERAL BENDING 

Average normal range of 
motion of the neck 
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ANTHROPOMETRY.(Nude) 
DYNAMIC DIMENSIONS 

RANGE OF MOTION VALUES AND TERMINOLOGY 

a. Upper Body (Cont.) 

DEVIATION 

Average normal range 
of motion of the wrist 

MOVEMENT 

SHOULDER 
Abduction 
Elevation 
Hyperextension 
Forward Elevation 
Flexion 
Rotation in Abductio 

External 
Internal 

Rotation in Neutral 
Position 

External 
Internal 

WRIST 
Dorsiflexion 
Palmar Flexion 
Deviation 

Radial 
Ulnar 

FINGER 
Abduction 

lVERAGE 
RANGE 

3EGREES) 

HEUTKAL ABDUCTIOH OPPOSlTlON 

Average normal range of 
motion of the finger 

NEUTHAL t LEVATIOH 

ROi’AlION IN 
ticulnlll 

Average normal range of 
motion of the shoulder 

SOURCE: Batch (19). 
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ANTHROPOMETRY (Nude] 

DYNAMIC DIMENSIONS 

RANGE OF MOTION VALUES AND TERMINOLOGY 

b. Lower Body 

-II2dL,. 
NEUTRAL LXTEI~ION 

FLEXION& HYlYRfXlEtlSlOK 

Average normal range of 
motion of the knee 

IIEUIIfAL 0OHSliLEXIO;I 8 
PLANTA? FLtXIW 

Average normal range of 
motion of the ankle 

MOVEMENT 

KNEE FLEXION 
Standing 
Kneeling 
Prone 

KNEE ROTATION 
Medial 
Lateral 

ANKLE 
Plantar Flexion 
Dorsiflexion 
Extension 
Adduction 
Abduction 

AVERAGE 
RANGE 

(DEGREES) 

113 
159 
135 

NEUTCAL SUBTALAR 

MIDTARSAL YET4TAASOPHALAN664L 

Average normal range of 
motion of the foot 

AVERAGE 
RANGE 

MOVEMENT (DEGREES) 

FOOT 
Subtalar 

Eversion 
Inversion 2 

Midtarsal 
Adduction 5 
Abduction 5 

Metatarso- 
phalangeal 

Flexion 
Hyperextension 1; 

-E: Batch (19). 
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ANTHROPOMETRY (Nude) 
DYNAMIC DIMENSIONS 

RANGE OF MOTION VALUES AND TERMINOLOGY 

b. Lower Body (Cont.) ---__ 

I’E;IJ.!~HEIIT FLEXI’JN 

ROTATW IN EXlEIISIOH 

ROTA&i IN FLFXION APD’JCTICI i: ~DLIllCT’OH 

Average normal range of motion of the hip 

MOVEMENT 

HIP 
Rotation in Extension 

Internal 
External 

Flexion 
Adduction 
Abduction 
Rotation in Flexion 

Internal 
External 

Hyperextension 
Hi;e;;;;tion (Sitting) 

Lateral 
Hip Rotation (Prone) 

Medial 
Lateral 

AVERAGE 
RANGE 

(DEGREES) 

:i 
113 

40 
45 

ii 
45 

31 
30 

39 
34 

m: Batch (19). 
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ANTHROPOMETRY (Nude) 

DYNAMIC DIMENSIONS 

VERTICAL AND HORIZONTAL VISUAL FIELD 

a. Eye, Head, and Head and Eye Rotation 

310 YAXIYUY 
ROTATION 

HEAD AND EYE ROTATION 

SOURCE: Anonymous (11). 
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ANTHROPOMETRY (Nude) 

DYNAMIC DIMENSIONS 

BINOCULAR VISUAL FIELDS WITH HEAD AND EYE MOVEMENT 

a. Binocular Visual Fields __-- - r 

I 

MOVEMENT 
PERMITTED ~-- .~. 

Moderate movements of 
headand eyes.assumed as: 

Eyes: IS right or left 
15’ up or down 

Head: 45’ right or left 
30’ up or down 

---. .- ~^ ,- 
Head fixed 
Eyes fIxed (central posi- 

tion with respect to head) 

Hvad IlLed 
Eyes maximum deviation 

I... .--. - __-_ -.. .~ 
Head maximum moveme!lt 
Eyes fixed (central with 

respect to head) 

Maximum movement of 
head and eyes 

TYPE OF FIELD 
AND FACTORS 

LIMITING FIELD 

Range of fixation 

Eye deviation (assumed) 
Peripheral field irom 

point of fixation 

Net peripheral field 
from central fixation 

Head rotation (assumed) 

Total peripheral field 
(from central body line) 

Field of peripheral vision 
(central Ination) 

Limits of eye devlatlon 
(: range oi’flxation) 

Perinheral field 
(from point of fixation) 

Total peripheral field 
(from central head line) 

Limits of head motion 
(= range of rIxation) 

Peripheral field 
(from point of fixation) 

Total peripheral field 
(from central body line) 
- ---..__-- --__ 

Limits of head motion 
Maximum eye deviation 

Range of fixation 
(from central body line) 

Peripheral field 
(Iron1 point of fixation) 

Total peripheral field 
(from central body line) 

HORIZONTAL LIMITS 

m 

60’ - 

15. 15’ 

95’ (45.) 

1100 60’*+* 
45’ 450 

1550 105” 
__~ 

950 60’ 

14" 55’ 

91” Approx( 5’) 

1650 60” *** 

72’ 72” 

95s 60’ 

167” 132” 

72’ 12” 
74’ 55” 

146’ 127O 

91” Approx ( 5” ) 

237’ 132’ 

VERTICAL LIhlITS 

F 

I 50 15. 

46’ 67’ 

61’ 82” 
30’* 30”* 

910 1120** 

46” 610 

48’ 66’ 

180 16” 

66’ 82’ 

80” + 90” * 

46” 67’ 

L26” ,57’r;b 

80” * so’* 
46” 66O 

128’ 156”++ 

18” 16’ 

146’ 172*** 

*Estimated by the authors on the basis of a single subject. 
“Ignoring obstruction of body (and knees if seated). This obstruction would probably impose a 

maximum field of go0 (or less, seated) directly downward; however, this would not apply 
downward to either side. 

***This is the maximum possible peripheral field; rotating the eye in the nasal direction will not 
extend it, because it is limited by the nose and other facial structures rather than by the op- 
tical limits of the eye. The figures in parentheses on the line above are calculated values, 
chosen to give the maximum limit thus indicated. 

Notes: The ambinocular field is defined here as ttie total area that can be seen by either eye; it is 
not limited to the binocular field, which can be seen by both eyes at once. That is, at the 
sides, it includes monocular regions visible to the right eye but not to the left, and vice versa. 

The term binocular is here restricted to the central region that can be seen by both eyes simul- 
taneously (stereoscopic vision). It is bounded by the nasal field-limits of the eyes. 

SOURCE: Corn endium of Human Responses to the Aerospace Environment, Vol. I 
(507 and Wulfeck, et al (213). 
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REACH ENVELOPES 

ANTHROPOMETRY (Nude) 

DYNAMIC DIMENSIONS 

a. Vertical Reach 

0” 

1S’R 

45"R 

7S0R 

105”R 

52 

I I I I I 

H:RIZON:oAL WST:NCE(IN:"ERTI::L 
THROUGHSEATREFERENCEPOINT 

Maximum distances which can be reached 
by 97 percent of the population at each 
position. The elliptical arcs indicate 
the maximum boundaries of the working 
area for operation of manual controls 
(at right angles from 0 degrees to 105 
degrees to the right) for this group. 
Seat back angle 13 degrees. 

SOURCE: Human Engineering Design Criteria (88). 
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ANTHROPOMETRY (Nude) 

DYNAMIC DIMENSIONS 

REACH ENVELOPES 

b. Horizontal Reach 

Maximum distances which can be reached 
by 97 percent of the population at each 
position. The elliptical arcs indicate 
maximum boundaries for this group for 
operation of manual controls at various 
horizontal levels. Seat hack 13 degrees 
from vertical. 

SOURCE: Human Engineering Design, Criteria (88). 
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ANTHROPOMETRY (Nude) 

DYNAMIC DIMENSIONS 

CENTERS OF GRAVITY AND MOMENTS OF INERTIA 

a. Mean Centers of Gravity of Pressure-Suited Subjects - . 

Nude Unpressurized 

1. sitting 

Pressurized 

Nude Unpressurized Pressurized 

2. Relaxed (Weightless) 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. III 
(52) and DuBois, et al (58). 
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ANTHROPdMEfRY (Nude) 
DYNAMIC DIMENSIONS 

CENTERS OF GRAVITY AND MOMENTS OF INERTIA 

b. Arithmetic Means and Standard Deviatsns of the Sample Centers of Gravitv --- -. _. 
c&Mgmes of IneMa (N =~ T9). 1. 

AXIS CENTER OF GRAVITY MOMENT OF INE TIA 
. (IN.) (LB. IN -. .-- SEC.& 

MEAN S.D. MEAN S.D. 
-__ 

1. Sitting 

Nude X 
Y 
2 : 

Unpressurized x 
Y 
z 

Pressurized x 
Y 
2 

2. Relaxed (Weightless) 

7.89 0.41 56.3 8.22 
4.79 0.27 66.5 9.98 
9.16 0.29 28.3 5.10 

8.33 0.39 67.5 9.16 
4.79 0.27 82.8 11.30 
9.76 0.30 33.6 5.72 

8.62 0.38 68.8 8.70 
4.79 0.27 82.4 11.30 
9.70 0.28 34.0 5.72 

Nude X 7.34 0.38 99.2 14.20 
Y 4.79 0.27 89.8 15.20 
2 7.39 0.42 31.2 5.04 

Unpressurized x 7.81 0.30 118.0 15.30 
Y 4.79 0.27 114.0 15.00 
2 7.86 0.45 36.2 5.03 

Pressurized x 8.08 0.29 118.0 15.20 
Y 4.79 0.27 114.0 15.70 
i! 7.81 0.48 36.1 4.85 

--- 
I- 

Mean Age 27.4 yrs. S.D. Age 5.3 yrs. 
Mean Weight 164.6 lbs. S.D. Weight 17.4 lbs. 
Mean Stature 69.0 in. S.D. Stature 2.3 in. 
Mean Clothing Weight 23.2 lbs. S.D: Clothing Weight 0.5 lb. 

SOURCE: Corn endium of Human Responses to the Aerospace Environment, Vol. III’,. 
(52! and DuBois, et al (58). 
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ANTHROPOMETRY (Nude] 

DYNAMIC DIMENSIONS 

PREDICTION OF DYNAMIC RESPONSE CHARACTERISTICS OF WEIGHTLESS MAN 

General Considerations of a Mathematical Model for the Prediction of Dynamic 
Response Characteristics for Weightless Man - Weightless man will undergo trans- 
ient anaular and linear accelerations and decelerations as he is subiected to 
unbalanced external forces and moments. Internal forces and moments"wil1 be 
generated and reacted throughout the body when he moves his appendages. The 
mechanical response of the human body will depend upon the biomechanical proper- 
ties of the body with respect to these special excitations. In order to develop 
a mathematical model which can be used to predict analytically how the human body 
will respond, these same biomechanical properties must be incorporated into the 
model. 

The human body is a very complex system of elastic masses whose relative 
positions change as the appendages are moved. To represent this system in exact 
analytical terms would require an infinite number of infinitesimal, rigid masses 
and an infinite number of degrees of freedom. "Degrees of freedom" refers to the 
minimum number of independent coordinates necessary to completely specify the 
position of a system in space. As larger and fewer masses are chosen, the rep- 
resentation becomes complex but less accurate. 

The problem of developing a mathematical model reduces to a determination 
of the optimum number and shape of the idealized masses or body segments on 
which the model‘s dynamic response characteristics are based. The 
figuration of the model is determined on the basis of two criteria: 

optimum con- 

a. Simplicity - a minimum number of components of simple geometrical shape 
consistent with an accurate representation of the human body. 

b. Adaptability - a model which can incorporate the biomechanical proper- 
ties of any particular individual. 

A simple, but reasonably accurate, model is desired to simplify analytical 
solutions to the related dynamics problems and make it easier to interpret phys- 
ically the results. 

Development of the Model - The most important biomechanical properties which will 
affect the dynamic response characteristics of man, and hence must be incorporated 
in the model, are: 

a. Total mass and mass distribution 

b. Location of the center of mass 

c. Moments of inertia 

d. Elasticity and damping of the body structure 

SOURCE: Whitsett (208). 
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ANTHROPOMETRY (Nude) 

DYNAMIC DIMENSIONS 

PREDICTION OF DYNAMIC RESPONSE CHARACTERISTICS OF WEIGHTLESS MAN 

Items a and b vary as the body position changes; hence, this variation will 
also affect the response characteristics. Item d becomes significant only when 
forces are applied very suddenly such as during an impact, and is not included 
in this study. 

In order to develop the mathematical model, the human body structure is 
simplified based on the following assumptions: 

a. The human body consists 0f.a finite number of masses (or segments) and 
a finite number of degrees of freedom (hinge points) 

b. The segments are rigid and homogeneous 

c. Each segment is represented by a geometric body which closely approx- 
imates the segment's shape, mass and center of mass, length, and 
average density 

The dynamic properties of these rigid, homogeneous, geometric bodies can 
be exactly determined. 

SOURCE: Whitsett (208). 
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ANTHROPOMETRY (Nude) 
DYNAMIC DIMENSIONS 

PREDICTION OF DYNAMIC RESPONSE CHARACTERISTICS OF WEIGHTLESS MAN 

a. Body Segment Divisions and Representative Geometric Bodies ____--- 

n HEAD and 
NECK 

4---e- 

W TORSO --- 

UPPER LEG +-, 

LOWER 
LEG + 

--a 

FOOT t h 

-e ELLIPSOID - 

-+ ELLIPTICAL 

FRUSTUMS? OF 

a47 RECTANGlJL;IR ‘- 

PARALLELEPIPED 

=E: Whitsett (208). 
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ANTHROPOMETRY (Nudej 
DYNAMIC DIMENSIONS 

PREDICTION OF DYNAMIC RESPONSE CHARACTERISTICS OF WEIGHTLESS MAN 

b. Location of Centers of Mass and Hinge Points of the Human Rody 

z 3 CENTER OF NISI” 
. HINOE POINT 

01 .A 01 

02 -0 02 

03 .C 03 

04 04 
.O 

OS 35 
.E 06 06 

07 07 
06 06 

Body Segment Hinge Points 

A. Neck - hinged only at the base of the neck (cervical) 

B. Shoulder - hinged at the arm-shoulder socket 

C. Elbow - hinged at the elbow joint 

D. Hip - hinged at the leg-pelvis socket 

E. Knee - hinged at the knee joint 

The model described has 24 degrees of freedom; six rigid body degrees of 
freedom plus 18 local degrees of freedom. The six rigid body degrees of freedom 
refer to the position and orientation of the body axis system. The other 18 
degrees of freedom result from the nine hinge points, each with two degrees of 
freedom. For instance, if a set of spherical coordinates is located at one 
shoulder hinge point, two angles must be specified to exactly locate the position 
of the upper arm. 

SOURCE: Whitsett (208). 
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ANTHROPOMETRY (Nude) 

DYNAMIC DIMENSIONS 

PREDICTION'OF DYNAMIC RESPONSE CHARACTERISTICS OF WEIGHTLESS MAN 

c. Coordinates of the Segment Hinge-Points and Mass Centers of USAF 50th 
Percentile Man 

Hinge Point 
and Symbol* 

Coordinates(Inches) 

X I Y I Z 

Neck .A 0 
Shmlder .B 0 
ElbOW .C 0 
Hip .D 0 
Knee DE 0 

Mass Center 
and Symbol' I 

Head 01 
TOI-SO 02 
Upper Arm 03 
Lower Arm 04 
Hand 05 
UpperL-=g C6 
Lower Leg C-7 
Foot 08 

: 
0 
0 
0 
0 
0 

2.45 

64.10 
46.90 
50.83 
39.20 
31.68 
27.68 
11.80 

1.31 

d. Regression Equations for Computing the Mass (in kg) of Body Segments 

Body Se@lent 
Standard Deviation 

of the Residuals 

Head, neck and txunk = 0.47 x Total body wt. + 5.4 (2 2.9) 
Total upper extramftiea = 0.13 x Total body wt. - 1.4 (2 1.0) 
Both Upper anun = 0.08 x Total body wt. - 1.3 (2 0.5) 
Forearms plus hands. = 0.06 x Total body wt. - 0.6 (2 0.5) 
Both forearm' = 0.04 x Total body Wt. - 0.2 (2 0.5) 
Both hands = 0.01 x Total body wt. + 0.3 (2 0.2) 
Total lower extremities = 0.31 x Total .body wt. + 1.2 (2 2.2) 
Both upper legs = 0.18 x Total body wt. + 1.5 (2 1.6) 
Both lower legs plUS feet - 0.13 x Total body wt. - 0.2 (2 0.9) 
Both lower legs = 0.11 x Total body wt. - 0.9 (i 0.7) 

Both feet = 0.02 x Total body wt. + 0.7 (2 0.3) 

.N .z 11, all others N = 12. 

SOURCE: Barter, et al (18), Compendium of Human Responses to the Aerospace 
Environment, Vol. III (52) and Whitsett (207). 
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e. Body Axis System em.__ 

Y 

The body axes system, shown in 
Figure e, consists of a set of 
three orthogonal axes whose 
origin is always at the body 
center of mass and whose orien- 
tation remains fixed with respect 
to the axis system of the ellip- 
tical cylinder, as shown in 
Figure i. The Z-axis remains 
parallel to the cylindrical axis, 
the X-axis perpendicular to the 
major and cylindrical axes, and 
the Y-axis perpendicular to the 
minor and cylindrical axes. The 
positive directions and rotations 
are indicated in Figure e. 

A local body axis system is defined as a secondary orthogonal axis system 
located at the center of mass of each segment. Each is oriented in the same dir- 
ection as the primary body axis system in the normal position defined in c and 
remains fixed in position and direction with respect to that respective segment. 

Biomechanical Properties. In order for the model to represent the dynamic 
response characteristics of man, certain biomechanical properties must be incor- 
porated into the model. As stated earlier, these properties include mass, center 
of mass, average density, body dimensions, and moments of inertia. When these 
properties are used to define the properties of the geometric bodies which make up 
the model, the model will reflect the dynamic response characteristics of man. 
Some problems arise when the model is to represent a particular individual, since 
methods have not been developed for determining all these properties from living 
subjects. Fortunately, the most important property, body dimensions, can be 
readily attained. Hence for the model, only body measurement data (lengths of 
the segments, depths, breadths, and hinge point locations) is taken from the 
living subject. All other properties are estimated by the most reliable statis- 
tical methods available for various weight and body build groups. 

SOURCE: Barter, et al (18), Compendium of Human Responses to the Aerospace 
Environment, Vol. III (52) and Whitsett (207). 
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The mass of all segments, except the head and torso, is estimated from the 
regression equations and are summarized in Table f. the head and torso equa- 
tions are not given in the table, therefore a method of determining the mass of 
these segments is developed. 

a. Head, Hand, and Foot. The motion of the neck is small in comparison 
to that of the head. Hence, the neck is conc'dered to be rigidly / 
attached to the head. The head-neck combinci !on is then represented 
by an ellipsoid of revolution. The major axis 2a is equal to the 
length dimension given in Table g. The minor axis 2b is found from 

2b = head circumference 
l-l 

since the cross-section is circular. 

The mass "m" is given by 

where 6 is the average density of the head(see table h). 

b. Torso. The torso takes up approximately 48.5 percent of the total 
body mass. Consequently, its biochemical properties will have a 
significant effect on the total body response. 

An elliptical cylinder (shown in Figure i) is chosen to represent 
the torso. The dimensions of the ellipse of the cross;section are 
given by: 

Major axis - Equal to the average of the body breadth measured at 
the chest, waist, and hips. 

Minor axis - Equal to the average of the body depth measured at 
the chest, waist, and hips. 

The center of mass location for the upper and lower arms and legs is given 
in Table h. For the other segments the center of mass is inherently at one-half 
the length and on the axis of symmetry. 

The average density for all segments is also listed in Table h. 

The lengths of the segments (defined as the vertical dimension of each seg- 
ment as oriented in Figure a are based on the body measurement. 

SOURCE: Barter, et al (18), Compendium of Human Responses to the Aerospace 
Environment, Vol. III (52) and Whitsett (207). 
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Theeequations for calculating the mass moments of inertia for all the geo- 
metric bodies used in the model are summarized in Table j. 

The other basic dimensions required for the moment of inertia equations 
(such as the diameter, major axis, and minor axis, Figure i) depend upon the 
particularsegment. The determination of the dimensions not discussed as yet 
is discussed below. 

a. Hand. The mass of the hand is very small in comparison to the whole 
body (about 0.7 percent) and even though its shape varies consider- 
ably, the effect of this variation is negligible. Hence, the hand 
is greatly simplified and represented by a sphere. From 

we have 

diameter d = 

The mass of the foot is quite small in comparison to the whole body 
(about 1.5 percent), hence it too is greatly simplified. The foot 
is represented by a rectangular parallelepiped whose height and width 
equals the length dimension in Table h. 

b. Limbs. A frustum of a right circular cone is chosen to represent the 
upper and lower arms and legs because its center of mass can be made 
to coincide with that of the segment it represents. The equations 
given in Table j for moments of inertia are independent of all seg- 
ment dimensions except length. 

C. Hinge points. The hinge points are assumed to be on the center line 
of the segments and are defined in Table b-c. 

-E: Barter, et al (18), Compendium of Human Responses to the Aerospace 
Environment, Vol. III (52) and Whitsett (207). 
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f. Regression Equations for Computing Mass (in Kg) of Body Segments 

I BODY SEGMENT I REGRESSION EQUATION 

Both Upper Arms 0.08 x Total Body Weight - 1.3 
Both Lower Arms 0.04 x Total Body Weight - 0.2 
Both Hands 0.01 x Total Body Weight + 0.3 
Both Upper Legs 0.18 x Total Body Weight + 1.5 
Both Lower Legs 0.11 x Total Body Weight - 0.9 
Both Feet 0.02 x Total Body Weight + 0.7 

9. Segment Lengths from Anthropometry 

SEGMENT LENGTH 

Head Stature - Cervical Height 
Torso Cervical Height - Penale Height 
Upper Arm Shoulder Height - Elbow Height 
Lower Arm Elbow Height - Wrist Height 
Upper Leg Penale Height - Kneecap Height +1.5 in. 
Lower Leg Kneecap Height - Lateral Malleolus Height -1.5 in. 
Foot Lateral Malleolus Height 

Note: All heights are defined in body dimensions and body circumferences. 
See values below. 

h. Biomechanical Properties of the Segments of the Air Force "Mean Man" 

SEGMENT 

Head 11.20 71.6 10.04 50.0 
Torso 78.90 68.6 24.56 50.0 
Upper Arm 5.10 70.0 13.00 43.6 
Lower Arm 3.03 70.0 10.00 43.0 
Hand 1.16 71.7 3.69 50.0 
Upper Leg 16.33 68.6 15.80 43.3 
Lower Leg 8.05 68.6 15.99 43.3 
Foot 2.39 68.6 2.73 50.0 

WEI,GHT 
(POUNDS) 

DENSITY 
(POUNDS 

PER FOOT) 
LENGTH 

(INCHES) 

CENTROID 
LOCATION 

(% LENGTH) 

SOURCE: Appendix D (13), Barter, et al (18), Compendium of Human Responses to the 
Aerospace Environment, Vol. III (52) and Whitsett (207). 
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i. Elliptical Cylinder Center of Mass Representators --- -.--- - .- _ .._ .-. 

CYL XW3?iCAL XW3?iCAL 

j. Formulae for Calculating Local Moments of Inertia of the Segments _--.- -._. _I,__ ..- _ 

Segment 

Head 

Torso 

Upper and 
Lower Arms 
and Legs 

Hand 

Foot 

m = mass 
a = semi-major axis 
b= semi-minor axis 
d = diameter 

Moments of Inertia 

l.cc 
1 3 m(a’ + ba) 

&m(3aa + La) 

& m(c’ + t?) 

P = length 
A and B are constants for segments 
c = instep length of foot 
6 = average density 

SOURCE: Appendix D (13), Barter, et al (18), Compendium of Human Responses to the 
Aerospace Environment, Vol. III (52) and Whitsett (207). 
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Formal Computational Approach - The dynamics of a-rotating body in space depends 
primarily upon two factors: the center of mass location of the whole body; and 
the moments of inertia of the whole body about axes through the body center of 
mass. 

Center of Mass - The variation of the center of mass of the human body has been 
studied extensively and can be accurately predicted for a given body position 
without too much difficulty. The center of mass of the model is found to lie 
39.09 inches from the floor of 56.6 percent of the body length. 

Moments of Inertia - Predicting the moments of inertia is somewhat more involved 
and likely to be Tess accurate. Therefore an analysis is made of the mathema- 
tical model to determine: 

a. Which segments have the greatest effect on the total moment of 
inertia 

b. The effect of approximation errors due to representing the segments 
by geometrical bodies 

C. And which segments can be further simplified without a significant 
loss in accuracy 

The first position (position A, see Figure k) considered is the normal 
position, standing erect with arms at the sides. For the second position (pos- 
ition B, see Figure k) the arms and legs are drawn up close to the torso to 
give a near-minimum moment of inertia about the x- and y-axes. The moments of 
inertia for position B are calculated in much the same way as for position A 
and presented in 1. It is noted that for this new position, the center of mass 
moves 7.0 inches towards the head along the z-axis and 1.9 inches forward along 
the x-axis. 

The moment of inertia of the whole body about a given axis is given by the 
sum of the moments of inertia of all segments about that axis. The moment of 
inertia of each segment as given by the following equation consists of two parts 
which are defined as follows: 

I = I cg + md2 

Local Term #cg = The moment of inertia of the segment about an axis through 
its center of mass parallel to the given axis. 

Transfer Term md2 = A quantity given by the product of the mass of the seg- 
ment times the square of the perpendicular distance between the two parallel 
axes. 

SOURCE: Appendix D (13), Barter, et al (18), Compendium of Human Responses to 
the Aerospace Environment, Vol. III (52) and Whitsett (207). 
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k. Body Positions 

A B C 

The first position (position A, see Figure K) considered is the normal 
position, standing erect with arms at the sides. For the second position 
(position B, see Figure K) the arms and legs are drawn up close to the torso 
to give a near-minimum moment of inertia about the x- and y-axes. The moments 
of inertia for position B are calculated in much the same way as for position A 
and presented in 1. It is noted that for this new position, the center of mass 
moves 7.0 inches towards the head along the z-axis and 1.9 inches forward along 
the x-axis. 

SOURCE: Appendix D (13), Barter, et al (18), Compendium of Human Responses to the 
Aerospace Environment, Vol. III (52) and Whitsett (207). 
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1. Moments of Inertia of the Segments of 50th Percentile USAF Man (Two 
p,osi&ions,l 

^..._,___ __.- . .._ _ _._.. _. . . _ 

*Positions A and B are shown in figure. 
tAll values are slug-ft? 

-E: Corn endium of Human Responses to the Aerospace Environment, Vol. III 
d. 
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Since the local terms are the most tedious to compute, it is of interest to 
see what contributions they make toward the total moment of inertia. In Fig. m, 
a comparison is made between the local and transfer terms for the two positions. 
Since these quantities are nearly the same about the x- and y-axes, the x-axis 
is not indicated. 

A close look at Figures i, j, k, 1 and m of Inertia Response Characteristics 
reveals some important information.. In general the local moment of inertia terms 
can not be neglected, particularly about the z-axis. However, it can be seen 
that the contribution of the local term for the several segments is zero or neg- 
ligible. Hence, it can be concluded that it is unnecessary to compute the local 
moment of inertia for the hands, lower arms, and feet since their sum is less 
than the errors due to simplifying the human body. It can be further concluded 
that the geometric representation for the upper arms, upper and lower legs, and 
head need not be too accurate. For instance, a 33% variation in the moment of 
inertia of the upper arm would change the total moment of inertia (for position 
dabout the x-axis only + 0.1%. The total moment of inertia of the torso must 
be computed with much more care since it may contribute 10% to 35% of the total 
moment of inertia depending on the axis and position. 

Based on the above conclusions, a simplified method is developed for com- 
puting the moments of inertia for various body positions. Starting with the 
moments of inertia for position a computed above as initial conditions(Ix,, Iy,, 
12,) this method yields the moments of inertia for any other position (Ix, Iy, 

12) by taking into account only the changes in the transfer terms and the rela- 
tive position of the body axis system. This approach greatly simplifies the 
mathematics, and although it neglects the changes in the local terms, there is 
only a slight reduction in accuracy. 

The moment of inertia of the model (consisting of "p" masses or segments) 
about the x-axis for position A is given by 

When the body position changes, the moment of inertia about the same axis 
is given by 

(2) 

To find the moment of inertia about a parallel axis through the center of 
mass for this new position, the Parallel Axis Transfer Theorem is used 

I:, = I, + M(;j' + T2) (3) 

SOURCE: Appendix D (13), Barter, et al (18), Compendium of Human Responses to 
the Aerospace Environment, Vol. III (52) and Whitsett (207). 
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m. Comparison of Local to Transfer Moment of Inertia Terms (Expressed .---.- -._ .^ 
as_.ge_e~c.ent-,oft~~Total ~~jlome.n~-fXnti$-~~~- --- '_ 

0 LOCAL TERM 
= Tr?ANSFEH TERbt 

,I 

From Equations 8, 9, and 10 the moments of inertia of the model are com- 
puted for positions B and C. These results are compared with exact.results 
taking the local terms into account in m. 

n. Comparison of Moments of Inertia from Exact and Approximate Methods - - . _ .- -. 

Exact 
Method 

Approx- 
imate 

Method 

Error 

CT 

i 

M( 
I, for 

Position 
B C 

3.0496 12.225 
_-__--- 

3.0845 12.225 

+1.14% 0.00% 

)MEF JTS OF INERTIA (SLUG-F+) __ -... 
Iy for I, for 

Position Position 
B C B C 

._. .---.-_ _----. 

2.9445 8.8430 1,0004 3.6210 

2.9445 8.7917 0.9668 3.5356 _ _ _ . 

0.00% -0.58% -3.36% -2.36% -. 

SOURCE: Appendix D (13), Barter, et al (18), Compendium of Human Responses to, 
the Aerospace Environment, Vol. III (52) and Whitsett (207). 
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!i’ 
I’ 

1; 
now 

( 

i i 

I 

1% + M(q' + 2') =fIxicj +$,mi(yt + 2:) iol = 

Subtracting Equation 1 from Equation 4 

(4) 

(5) 

Assuming the local terms do not change 

(6) 

and Equation 5 becomes 

Now if only "n" masses change position, the coordinates of the "p-n" 
masses will remain the same and will cancel out. Then 

In a similar manner the equations for the moments and productions of 
inertia about the other axes are found to be (Ref. 8). 

(7) 

(8) 

(9) 

(13) 

SOURCE: Appendix D (13), Barter, et al (18). Compendium of Human Responses to 
the Aerospace Environment, Vol. III (52) and Whitsett (207). 
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where 

(14) 

(15) 

)-n; 2 mass of the ith segment 

x; y;t; 3 
coordinates of the center of mass of the ith segment after 
some change 

Vi, $0 t, 3 coordinates of the centers of mass of the ith segment before 
some change 

Ic1 - = total mass 

and 'In" is the number of segments which change positions from the initial con- 
ditions. For instances, if one arm is raised from position A, the center of 
mass of the upper and lower arm, and hand will change. Three segments are in- 
volved so n = 3 and n might refer to the mass of the upper arm, n2 to the mass 
of the lower arm, and n3 to the mass of the hand. 

yield the coordinates 
mass location for pos 

It is pointed out that Equations 14, 15, and 16 are exact and will always 
o.f the new center of mass with respect to the center of 

ition A. 

, nothing has been said about products of inertia (Ixy, 
be realized that while in position A the body axis system 

mincipal axes of inertia and there are no products of iner- 
true in general. Principal axes of inertia are defined 

as a set of orthogonal axes about which the products of inertia are zero. In 
fact, in position B the principal axes are tilted forward (rotated about the 
6-axis in the negative direction) approximately 8" from the body axes. There- 
fore, a product of inertia exists. 

Up to this point 
Iy,, 12,). It should 
coincides with the pr 
tia, this will not be 

SOURCE: Appendix D (13), Barter, et al (18), Compendium of Human Responses to 
the Aerospace Environment, Vol. III (52) and Whitsett (207). 
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It should be noted that the approximate method yields exact results for I,, 
position C, and Iy, position B. This occurs because there is no change in the 

local moment of inertia terms I 
xcg 

for position C and I 
ycg 

for position B. 

0. Moments of Inertia of the Different Parts of an Adult Human Body.Wei.ghing 
kg 65 

.- -_.- 
Part of 

the body 

Bust (trunk and 
head). 50% of 
totid wt. 

Upper arm 

-- ____ -.-._. 
Fingers 

-__-. - 
Whole upper 

l imb 
- .-_.. 

Lower leg 

Whole l imb 

MS,  

ku 

32.5 kg 
R 

2.20 kg -_- 
B  

2.04 kg 
II 

4.20 kg 
R 

4.4 kg -- 
g 

12 kg 
R 

Shape assumed for the cillclllation, and manner in which 
calculation is done 

---__. -- - ..__..___. -.-_-___ .---_____ ---_ 
acy,i ,,.,-,, l -“{ f heiuht h=0.88 m  

radius I= 0.13 m  
(Axis oi rr&rcnce: axis through base of cylinder and perpendicular to axis of 

cylinl,l<r! 
_-- - - _.._..._ __ -_ ~__- 

Treate.l as truncated cone. Center of gravity. 0.145 m  from shoulder 
h =  0.0.5 III; r =  0.047 m; r, == 0.040 m  

- _____. _~ _ ._.- -- ___. __ --_-. ..-- ---. ____ 
Treated a truncated cone. Center ol gravity 0.54 m  from shoulder. 
h=0.35 In; ; :: 0.045 n,; I, =  0.027 m  

Approximation 

Treated .u trunr.irrd cone. Center of grdtity 0.32 m  from sh<Blllder: 
h =  0.70 I”; r =  O,i)47 m; I, =  0.027 n, 

._~ ___-_----..--_ ._._. --__. ~,_ _.- -- ~__ 
*Twited A S  truplc.ecd cone. 

h =  0.44; I= O.Ofi2; r, =  0.038 

h =  0.88; r =  0.086. I, =  0.038 

33 

37 

v 0.04 
IV 0.12 
III 0.14 
II 0.12 
I 0.06 

3c4l 

130 

I .460 

D Formula for moment of inertia of cylinder referred to axis pcqxndicular to axis of cylinder and through base of 
cylinder: I =  n1(31+ 4h*)/l2. 

‘The center of gravity in the whole lower l imb is 0.38 m  from hip joint. The radius of gyration can be found from 
I =  rup’. which gives p== 0.34 tn. 

SOURCE: Appendix D (13), Barter, et al (18), Compendium of Human Response to 
the Aerospace Environment, Vol. III (52) and Whitsett (207). 
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p; Centers of Gravity and Moments of Inertia of USAF Males (Whole Body) 
in uitterent positions 

1. Standing 

2. Standing, 
arms over 
head 

3. Spread eagle 

4. Sitting 

5. Sitting, fore- 
artns down 

6. Sitting, thighs 
elevated 

7. Mercury 
configuration 

8. Relaxed 
(Weightless) 

Axis Center of Gravity 

(in.) 

x 

Y 
z 

x 

Y 
z 

x 

Y 
z 

x 

Y 
z 

x 

Y 
z 

x 

Y 
z 

x 

Y 
z 

x 

Y 
2 

Mean 
3.5 
4.8 

31.0 

s. D. 
0.20 
0.39 
1.45 

3.5 0.22 152.0 26.1 
4.8 0.39 137.0 25.3 

28.6 1.33 11.1 1.9 

3.3 0.19 151.0 27.1 
4.8 0.39 114.0 21.3 

28.5 1.90 36.6 7.9 

7.9 0.36 61.1 10.3 
4.8 0.39 66.6 11.6 

26.5 1.14 33.5 5.8 

7.7 0.34 62.4 
4.8 0.39 68.1 

26.8 1.16 33.8 

7.2 0.37 39.1 6.0 
4.8 0.39 38.0 5.8 

23.1 0.78 26.3 5.1 

7.9 
4.8 

27.1 

7.3 
4.8 

27.5 

0.34 
0.39 
1.14 

0.33 
0.39 
1.44 

Moment of Inertia 

(lb-in. -sec2) 
Mean S. D. 
115.0 19.3 
103.0 17.9 

11.3 2.2 

9.7 
12.0 

5.9 

65.8 10.3 
75.2 14.0 
34.2 5.6 

92.2 
88.2 
35.9 

13.3 
. 13.3 

5.4 

Sample size 66. Mean age 33.2 yrs; S. D. age 7.2 yrs. Mean weight 166.4 
lbs; S. D. weight 19.8 lbs. Mean stature 69.4 in; S. D. stature 2.9 in. 

z 

The location of the centers of gravity of the body was meas- 
wed along the Z-axis from the top of the head, L(,Z), along 
the X-axis from the back plane, L(Y). and along the Y-axis 
from the anterior superior spine of the ilium, L(X). How- 
ever, since body symmetry with respect to the sagittal 
plane was assumed. L(Y) is defined as equal to one-half 
biwinous breadth (distance between anterior-suoerior 
iliac spines). 

SOURCE: Corn endium of Human Responses to the Aerospace Environment, Vol. III 
(52p and Hertzberg and Clauser (84). 
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-Ll+--.-- ___. _.. ^..,I. <.---. Whole-Body (Metric Units)- With Correjatjon. Qefficients and Reqressiorl 
2vatxons Re'l_atlm Stature and.Wemt to Moment of Inertia (N = 66) __., ~7-~~.~~ .__.__ 

Standing 
(arms OYer 

head ) 

ZE;:” 7.06 5.54 -399.0 -305.0 +2.5x +l.g1S +1.69u +1.299w 
3.19 -114.0 +O.6775 +O.484Y 

Sittl"g x 20.1 0.91 
(elboxa Y 12.2 0.99 

at 900) Z 67.3 2.89 

sitting x 19.6 0.86 70.5 11.0 .91 4.50 -89.0 +0.574s +0.77u 

(fC.~CBllT#~ Y 12.2 0.99 dom ) 2 60.1 2.95 ;g; 12:; $7' -60.8 +0.341s +0.514W 

x 
stting 

18.3 0.94 

%L, Y z 58.7 12.2 0.99 1.98 
:::; f:4 :7": ::x 

-38.2 +0.2425 +O. 29" 
-25.1 +0.193s +o. 2 49Y 

29.7 5.8 .92 2.26 -34.4 +O.146s +0.503Y 

"ek-C"ry 
Pc.Sit.iO" 

Relaxed 
(Weightless) 

It is of interest to see what contribution each segment makes toward the 
total moment of inertia and what effects the local and transfer terms have on 
this quantity. This information is presented graphically in Figures a and b. 

Local Term Icg = The moment of inertia of the segment about an axis 
through its center of mass parallel to the given axis. 

Transfer Term md2 = A quantity given by the product of the mass of the 
segment times the square of the perpendicular distance 
between the two parallel axes. 

SOURCE: Corn endium of Human Responses to the Aerospace Environment, Vol. III 
(52!, Damon , Stoudt, et al (54A) and Whitsett (207). 
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ANTHROPOMETRY (Nude) 

DYNAMIC DIMENSIONS 

PREDICTION OF DYNAMIC RESPONSE CHARACTERISTICS OF WEIGHTLESS MAN 

r -A ercent of Total Moment of Inertia About the Y-Y Axis for Each Seg .--I~----_ 

t=j LOCAL TERM 
m TRANSFER TERM 

POSITION A 

sz 

-- 

POSITION B 

I _. -2 -- 

30 20 10 00 10 20 30 
PERCENT PERCENT 

Whitsett (208). 

I 
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ANTHROPOMETRY (Nude) 

DYNAMIC DIMENSIONS 

PREDICTION OF DYNAMIC RESPONSE CHARACTERISTICS OF WEIGHTLESS MAN 

s Percent of Total Moment of Inertia About the Z-Z Axis for Each Segment L _-___._ - _._. _ ___-. _ 

mTRANSFER TERM 

POSITION A POSITION B 

PERCENT PERCENT 

SOURCE: Whitsett (208). 
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ANTHROPOMETRY (Pressure Suited) 
STATIC DIMENSIONS 

NUDE VS PRESSURE SUITED (MC-2) 

Inflated 

a. Comparative Dimensions* 

Me?.3~!xr!!~:nt 
__-__-_.--_-_._--  -___ - 

NLldl? 
_ - -._-- ---. --... 

Mctlin.~ limge 
411.3 (45.1-%.?I! 
39.6 (37.7-42.2) 
34.3 (32.0-39.8) 

25.1 (22.3-26.0) 
15.C (15.G-18.5) 
14.9 (14.5-17.0) 

9.2 ( 8.0-:0.5) 
13.5 (12.7-14.5) 

7.0 ( 6.G- 7.2) 

Uninfl.ated __._ __.-_.. --- .- 

h’redian Range 
56.1 (54.7-Cl.0) 
48.3 (10.0-32.0) 
41.4 (42.0-47.2) 

25.7 i24.5-23.0) 
20.R (:a.2-23.c) 
lG.9 (IG.2-19.4) 

12.1 (1!.3-13.6) 
1.1.8 (1.1.0-16.3) 

8.1 ( 5.0- 8.4, 

66.11 (64.9-70.0) 
22.1 (20.0-22.0) 
66.5 (65.0-63.6) 

46.7 (45.:3..51 .O) 
20.6 (18.6-22 0) 
13.P (12.7-l,:,) 

15.4 (14.1-1G.3) 
11.4 (iO.8-i1.7) 
13.1 (12.1-13.5) 

23.2 (20.7-25.1) 
12.0 (10.7-13.5) 
34.8 (X.7-36.2) 

30.4 (28.4-31.7) 
23.5 (22.1-24.5) 
23.3 (%2.G-23.9) 

18.1 (17.0-18.4) 
8.2 ( 6.3-lG.1) 

15.4 (14.5-16.1) 

19.4 (10.9-20.3) 
in.6 (11.8-12.7) 

7 . !, ( 7.2- 7.7) 

3. 5 ( 3.9- 4.8) 
32.4 (Yl.P.-33.4) 

6.4 ( C.l- 7.n) 

Median kmge 
63.0 (60.0-65.0) 
52.5 (50.5- 54.2) 
47.3 (45.2-5O.W 

shoulder: circumference 
chust circuwfcrcnce 
waist circtin~fereoce 

27.0 (25.3-29.0) 
22.1 (21.1-24.5) 
18 .3 (lG.9-19.9) 

(lZ.Ct- 13,ii) 
cl~~.a-li.o) 
i 8.3- 9.2) 

12.1 
16.2 

9.0 

vertical. trwlk circumferel)cc 6?.4 (G4.4-71.5) 
knee circurnfe~ence 15.9 (15.0-17.1) 
vertical ti-rmk circumfprellce 64.2 (63.7-G7.S) 

21.8 :20.0-23.-l) 
67.3 ( c G . 0 .. 7 Q .4 ) 

49.9 (47.3-51.6) 
23.7 (13.8-25.5) 
14. ‘I ( 14 ‘I- 15. Li) 

17.4 
15.0 
14.9 

27.7 
21.3 
36.8 

(IS.?-le.6; 
(15.C) 
(:4.2-l: 2) . 

(25.8-30.1: 
(iB.G-22.1;) 
(35.6-38.5) 

42.0 
19.2 
13.0 

(39 l-45.5) 
WI:%- 19.0) 
(10.9-12.9) 

13.7 (12.9-14.4) 
10.3 ( 9.5 - 12.0j 
10.2 ( 9.0-10.7) 

19.9 (18.G-2?. 1) 
8.2 ( 7.8- 9.3) 

35.7 (34.7-37.7) 

31.2 (29.6-33.0) 
23.5 (2%.7-2d.9) 
21.9 (21.3-22.8) 

17.5 (17.2-19.X) 
7.8 ( ‘i.5- 9.1) 

15.0 (14.2-15.4) 

31.3 
24.3 
24.0 

(lG.R-18.5) 
( 9.5-11.0) 
(15.2-16.0) 

18.2 
lii.0 
1.5.6 

19.2 
1 o*; 5 

7.7 

(lY.5-20.0) 
(10.3-11.0) 
( 7.5- 8.5) 

lY.II 
12.3 

7.1 

(lfl.G-2O.i) 
(11.7. !.7.61 
( c.tl- 7.5) 

4.5 ( 4.4.. 4.5) 
33.3 (31.1-34.8) 

6.5 ( 5.5- 7.1) 

4.0 ( 3.2- 5.9) 

( 7.6,. 8.2) 8.1 

* All measurements were taken on seated subject, except crotch height. All dimen- 
sions are given in inches. These measurements were taken on six subjects 
wearing the MC-2 (X-15 type) full pressure suit. 

SOURCE: Anthropology Branch (12) and Webb (195). 
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ANTHROPOMETRY (Pressure Suited) 
STATIC DIMENSIONS 

GLOVE-HAND CHARACTERISTICS 

a. Length - Maximally Stretched Hand Subject's right hand is extended, 

- 
I . . 

m 

palm up. With the bar of the 
sliding caliper lying along his 

. . \ a 
palm, measure the distance from 

. . "1. - the wrist crease to the top of 
the longest finger. 

Human Engineering Applications 

1. Access of the entire hand into a receptacle. 

2. Location of fingertip controls in depth of receptacle. 

ANTHROPOMETRIC DATA EXPRESSED AS PERCENTILES (N=27) 

I- 

Condition J 

Condition 2 

Condition 3 

x S.D. 

-r 

19.38 cm; 1.16 cm; 
7.63 in. 0.45 in. 

19.84 cm; 1.22 cm.; 
7.81 in. 0.48 in. 

19.70 cm; 1.39 cm; 
7.76 in. 0.55 in. 

I 
5th _-. 

17.73 cm; 
6.98 in. 

18.29 cm; 
7.20 in. 

17.42 cm; 
6.86 in. -- . --. 

RCENTILE* 
50th 

19.26 cm; 
7.58 in. 

19.84 cm; 
7.81 in. 

19.54 cm; 
7.69 in. 

95th 

21.27 cmf 
8.37 in. 

21.72 cma: 
8.55 in.' 

22.03 cm; 
8.67 in. 

Condition 1: Subject wearing unpressurized suit 
but barehanded. 

Condition 2: Subject wearing unpressurized suit 
and gloves. 

Condition 3: Subject wearing suit and gloves 
pressurized to 3.5 psig. 

* The percentile values for a particular set of data are treated as though 
plotted on normal-probability graph paper, and a smooth curve fitted to 
the points by conventional curve-fitting procedures. 

SOURCE: Garrett (70) and Hertzberg, et al (84). 
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ANTHROPOMETRY (Pressure Suite4 

STATIC DIMENSIONS 

GLOVE-HAND CHARACTERISTICS 

b. Length ~- - Thumb and Forefinger Touching - ..-. 

R 

Subject's right hand is extended, 
the tips of the thumb and fore- 
finger lightly touching. Holding 
the bar of the sliding caliper 
parallel to the long axis of the 
thumb, measure from the wrist 
crease to the farthest point of 
digit 2. 

Human Engineering Applications 

1. Effective length of the hand for grasping operations. 

2. Determination of length of hand support for those controls 
which require precise positioning. 

3. Location of controls within an aperture. 

ANTHROPOMETRIC DATA EXPRESSED AS PERCENTILES (N=27) 

51 
PERCENTILE* 

S.D. 5th 50th 95th 

Condition 1 11.88 cm; 1.02 cm; JO.09 cm; 11.74 cm; 13.70 cm; 
4.68 in. 0.40 in. 3.97 in. 4.62 in. 5.39 in. 

Condition 2 13.27 cm; 1.19 cm; 11.27 cm; 13.02 cm; 15.56 cm; 
5.22 in. 0.47 in. 4.44 in. 5.13 in. 6.12 in. 

Condition 3 13.50 cm; 1.18 cm; 11.38 cm; 13.49 cm; 15.64 cm; 
5.31 in. 0.46 in. 4.48 in. 5.31 in. 6.16 in. 

Condition 1: Subject wearing unpressurized suit but 
barehanded. 

Condition 2: Subject wearing unpressurized suit and 
gloves. 

Condition 3: Subject wearing suit and gloves pressurized 
to 3.5 psig. 

* The percentile values for a particular set of data are treated as though 
plotted on normal-probability graph paper, and a smooth curve fitted to 
the points by conventional curve-fitting procedures. 

=E: Garrett (70) and Hertzberg, et al (84). 
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ANTHROPOMETRY (Pressure Suited) 
STATIC DIMENSIONS 

GLOVE-HAND CHARACTERISTICS 

c. Breadth - Metacarpal 
Subject's right hand is extended, 
palm up. With the bar of the 
sJiding caliper lying across the 
back of his hand, measure the 
maximum breadth across the dis- 
tal ends of the metacarpals 
(knuckles). 

Human Engineering Applications 

1. Access of the flattened hand through an aperture. 

2. Minimum length of handgrips and/or handles. 

ANTHROPOMETRIC DATA EXPRESSED AS PERCENTILE (N=27) 

Condition 1 

Condition 2 

Condition 3 

--~ 
x 

8.84 cm; 
3.48 in. 

9.59 cm; 
3.77 in. 

9.52 cm; 
3.75 in. 

Condition 

-- .~ 

S.D. 

0.55 cm; 
0.22 in. 

0.60 cm; 
0.23 in. 

0.66 cm; 
0.26 in. 

PERCENTILE* 
-TT~-j ~5th 1 50th 1 95th 

6.21 7.97 cm; 8.81 cm; 9.69 cm; 
3.14 in. 3.47 in. 3.82 in. 

6.21 8.50 cm; 9.54 cm; 10.58 cm; 
3.35 in. 3.76 in. 4.16 in. 

6.96 8.50 cm; 9.53 cm; 10.55 cm; 
3.35 in. 3.75 in. 4.16 in. 

I: Subject WE :aring unpressurized suit but barehanded. 

Condition 2: Subject wearing unpressurized suit and gloves. 

Condition 3: Subject wearing suit and gloves pressurized to 
3.5 psig. 

* The percentile values for a particular set of data are treated as though 
plotted on normal-probability graph paper, and a smooth curve fitted to 
the points by conventional curve-fitting procedures, 

m: Garrett (70) and Hertzberg, et al (84). 
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ANTHROPOMETRY (Pressure Suited) 

STATIC DIMENSIONS 

,GLOVE-HAND CHARACTERISTICS 

d. Circumference - Thumb and Forefinger 
Touching Subject's right h&&is extended 

with the tips of the thumb and 
forefinger lightly touching. 
With the tape passing over the 
distal ends of the metacarpals 
(knuckles) of all five digits, 
measure the circumference of the 
hand. 

Human Engineering Applications 

1. Determination of the dimensions of apertures and 
workspace areas designed for occupation by a man's 
hand in the tip position. 

2. Location of certain types of controls (toggles, 
rotary switches, etc.) in depth of receptacle. : 

ANTHR~P~METRIC DATA EXPRESSED AS PERCENTILE (N=27) 

Condition 1 

Condition 2 

Condition 3 

I 
Ti S.D. 

27.36 cm; 1.77 cm, 
10.77 in. 0.70 in. 

28.87 cm; 1.65 cm 
11.37 in. 0.65 in. 

31.27 cm; 1.53 cm; 
12.31 in. 0.60 in. 

PFRCFNTIIF& 
v% 5th 1 50th 95th 

l-1 6.48' 5.71 4.91 26.41 28.30 24.17 10.40 11.14 9.51 cm; cm; cm; in. in. i . 31.65 27.17 10.70 28.84 11.35 12.46 cm; cm; cm; in. in. in. 31.15 33.25 30.97 13.09 12.19 12.26 cm; cm; cm; in. in. in. 

Condition 1: Subject wearing unpressurized suit but 
barehanded. 

Condition 2: Subject wearing unpressurized suit and 
gloves. 

Condition 3: Subject wearing suit and gloves pressurized 
to 3.5 psig. 

* The percentile values for a particular set of data are treated as though 
plotted on normal-probability graph paper, and a smooth curve fitted to 
the points by conventional curve-fitting procedures. 

=E: Garrett (70) and Hertzberg, et al (84). 
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ANTHROPOMETRY (Pressure Suited) 
STATIC DIMENSIONS 

GLOVE-HAND CHARACTERISTICS 

e. Circumference - Metacarpal, Minimum 
Subject extends and narrows his 
right hand as small as possible. 
With the tape, measure the cir- 
cumference around the distal ends 
of the metacarpals (knuckles) of 
digits 2 and 5. 

Human Engineering Applications 

1. Determination of minimum dimensions for ingress and 
egress of the hand into an aperture. 

2. The smallest spatial envelope for placement of the 
hand anywhere. 

ANTHROPOMETRIC DATA EXPRESSED AS PERCENTILE (N=27) 

x 
PERCENTILE* 

S.D. V% - -5th 50th 95th 

Condition -1 23.77 cm; 2.30 cm; 20.06 cm; 23.82 cm; 26.87 cm.; 
9.36 in. 0.91 in. 9.69 7.90 in. 9.38 in. 10.58 in. 

Condition 2 26.19 cm; 2.62 cm; 21.92 cm; 26.38 cm; 29.69 cm; 
10.31 in. 1.03 in. 10.00 8.63 in. 10.38 in. 11.69 in. 

Condition 3 28.03 cm; 2.79 cm; 
9.96 

23.55 cm; 28.27 cm; 31.94 cm; 
11.04 in. 1.10 in. 9.27 in. 11.13 in. 12.57 in. 

Condition 1: Subject wearing unpressurized suit but 
barehanded. 

Condition 2: Subject wearing unpressurized suit and 
gloves. 

Condition 3: Subject wearing suit and gloves pressurized 
to 3.5 psig. 

* The percentile values for a particular set of data are treated as though 
plotted on normal-probability graph paper, and a smooth curve fitted to 
the points by conventional curve-fitting procedures. 

m: Garrett (70) and Hertzberg, et al (84). 
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ANTHROPOMETRY (Pressure Suited) 
STATIC DIMENSIONS 

GLOVE-HAND CHARACTERISTICS 

f. Fist Circumference 

.Q . 
Subject makes a'tight fist with 
his right hand. With the tape 
passing over the distal ends of 
the metacarpals (knuckles) of all 
five digits, measure the circum- 
ference of the fist. 

Human Engineering Applications 

1. Determination of the minimum dimensions of apertures 
and workspaces designed to accept a man's hand. 

ANTHROPOMETRIC DATA EXPRESSED AS PERCENTILES (N=27) 

Condition 1 

Condition 2 

Condition 3 

x’ 
29.02 cm; 
11.42 in. 

30.77 cm; 
12.11 in. 

31.91 cm; 
12.56 in. 

T 
S.D. 

1.99 cm; 
0.79 in. 

1.42 cm; 
0.56 in. 

1.60 cm; 
0.63 in. 

V% I+ 

6.87 26.02 cm; 
10.25 in. 

4.61 28.39 cm; 
11.18 in. 

5.01 29.44 cm; 
11.59 in. 

RCENTILE* 
50th 1 95th 

29.00 cm;' 32.11 cm; 
11.42 in. 12.64 in. 

30.87 cm; 32.87 cm; 
12.15 in. 12.94 in. 

32.06 cm; 34.09 'cm; 
12.62 in. 13.42 in. 

1 

Condition 1: Subject wearing unpressurized suit but 
barehanded. 

Condition 2: Subject wearing unpressurized suit and 
gloves. 

Condition 3: Subject wearing suit and gloves pressurized 
to 3.5 psig. 

* The percentile values for a particular set of data are treated as though 
plotted on normal-probability graph paper, and a smooth curve fitted to 
the points by conventional curve-fitting procedures. 

SbiiRifE: Garrett (70) and Hertzberg, et al (84). 
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ANTHROPOMETRY (Pressure Suited) 
STATIC DIMENSIONS 

GLOVE-HAND CHARACTERISTICS 

99 Finger Breadth - Digit 2 
Subject's right index finger is 
inserted into a series of 
graduated holes. Record the dia- 
meter of the hole which most 
closely approximates the maximum 
breadth of the finger. 

Human Engineering Applications 

1. Sizing of apertures to permit entry of the index finger. 

2. Determination of minimum distance between control buttons. 

ANTHROPOMETRIC DATA EXPRESSED AS PERCENTILES (N=27) 
.._ 

PFRCFNT11 F* 
S.D. U% 5th 50th 95th 

Condition 1 2.04 cm; 0.12 cm; 
5.87 

1.91 cm; 2.07 cm; 2.25 cm; 
0.80 in. 0.12 in. 0.75 in. 0.81 in. 0.88 in. 

Condition 2 2.37 cm; 0.11 cm; 
4.84 

2.19 cm; 2.38 cm; 2.55 cm; 
0.93 in. 0.05 in. 0.86 in. 0.94 in. 1.00 in. 

Condition 3 2.57 cm; 0.17 cm; 2.36 cm; 2.58 cm; 2.82 cm; 
1.01 in. 0.07 in. 6.46 0.93 in. 1.01 in. 1.11 in. 

Condition 1: Subject wearing unpressurized suit but 
barehanded. 

Condition 2: Subject wearing unpressurized suit and 
gloves. 

Condition 3: Subject wearing suit and gloves pressurized 
to 3.5 psig. 

* The percentile values for a particular set of data are treated as though 
plotted on normal-probability graph paper, and a smooth curve fitted to 
the points by conventional curve-fitting procedures. 

m: Garrett (70) and Hertzberg, et al (84). 
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ANTHROPOMETRY (Pressure Suited) 
STATIC DIMENSIONS 

Subject holds a cone at the lar- 
gest circumference that he can 
grasp with his thumb and middle 
fingers just touching. Record 
the diameter of the cone corres- 
ponding to this maximum circum- 
ference. 

GLOVE-HAND CHARACTERISTICS GLOVE-HAND CHARACTERISTICS 

h h 5 5 Grip Breadth - Inside Grip Breadth - Inside 

--m_ -. --__ 

-n 

% 

.I; 
I 

_ - 

Human Engineering Applications 

1. Determination of the maximum diameter of rod shaped or 
cylindrical objects which a man can completely enclose 
with the fingers of one hand (handles, struts, etc.). 

Human Engineering Applications 

1. Determination of the maximum diameter of rod shaped or 
cylindrical objects which a man can completely enclose 
with the fingers of one hand (handles, struts, etc.). 

ANTHROPOMETRIC DATA EXPRESSED AS PERCENTILES (N=27) ANTHROPOMETRIC DATA EXPRESSED AS PERCENTILES (N=27) 

x 
PFRCFNTIlF* 

S.D. V% 5th 50th 95th 

Condition 1 4.87 cm; 0.41 cm; 8.33 4.32 cm; 4.86 cm; 5.55 cm; 
1.92 in. 0.16 in. 1.70 in. 1.91 in. 2.19 in. 

Condition 2 4.37 cm; 0.40 cm; 
9.12 

3.75 cm; 4.32 cm; 5.16 cm; 
1.72 in. 0.16 in. 1.48 in. 1.70 in. 2.03 in. 

Condition 3 4.03 cm; 0.47 cm; 3.23 cm; 4.03 cm; 4.83 cm; 
1.59 in. 0.19 in. 11.70 1.27 in. 1.59 in. 1.90 in. 

Condition 1: Subject wearing unpressurized suit but 
barehanded. 

Condition 2: Subject wearing unpressurized suit and 
gloves. 

Condition 3: Subject wearing suit and gloves pressurized 
to 3.5 psig. 

* The percentile values for a particular set of data are treated as though 
plotted on normal-probability graph paper, and a smooth curve fitted to 
the points by conventional curve-fitting procedures. 

SOURCE: Garrett (70) and Hertzberg, et al (84). 
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ANTHROPOMETRY (Pressure Suited) 
STATIC DIMENSIONS 

GLOVE-HAND CHARACTERISTICS 

i. Hand Spread Across Wedge -,- __ .- ~..-.>_r . . . . -- Subject places his right hand on 
the measuring wedge so that the 
distal joint of his thumb is on 
the right edge of the wedge and 
the distal joint of digit 2 is on 
the left edge of the wedge. Sub- 
ject slides his hand down the 
sides of the wedge to the maximal 
spread while maintaining joint 
contact on the edges. Reading 
is taken at the last l/4 inch 
line completely cleared. 

Human Engineering Applications 

1. Determination of the maximum size of wheels to be grasped 
and/or turned by these two segments of the hand. 

Condi 

Condi 

Condi 

tion 1 

tion 2 

tion 3 

ANTHROPOMETRIC DATA EXPRESSED AS PERCENTILES (N=27) -. . 

12.42 cm; 
4.89 in. 

JO.37 cm; 
4.08 in. 

8.89 cm; 
3.50 in. 

S.D. 

1.41 cm; 
0.55 in. 

1.27 cm; 
0.50 in. 

1.27 cm; 
0.50 in. 

V% 

11.34 

12.24 

PI 
5th 

9.83 cm; 
3.87 in. 

8.57 cm; 
3.37 in. 

7.01 cm; 
2..76 in. 

12.22 cm; 
4.81 in. 

10.24 cm; 
4.03 in. 

9.00 cm; 
3.54 in. 

95th .,. 
IRCENTILE* I 

-1 

Condition 1: Subject wearing unpressurized suit but 
barehanded. 

Condition 2: Subject wearing unpressurized suit and 
gJ oves . 

4.65 cm; 
5.77 in. 

2.40 cm; 
4.88 in. 

1.28 cm; 
4.44 in. 

Condition 3: Subject wearing suit and gloves pressurized 
to 3.5 psig. 

* The percentile values for a particular set of data are treated as though 
plotted on normal-probability graph paper, and a smooth curve fitted to 
the points by conventional curve-fitting procedures. 

m: Garrett (70) and Hertzberg, et al (84). 
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ANTHROPOMETRY (Pressure 
STATIC DIMENSIONS 

GLOVE-HAND CHARACTERISTICS 

Suited) 

j. Hand Clearance-Around Knob 
Subject extends his right hand 
and grasps the knob on the mea- 
suring instrument between his 
thumb and forefinger. The knob 
indicator points up to zero. 
Using a vertical wooden block, 
measure from the knob center to 
the most protrusive point on the 
hypothenar surface of the hand. 

ANTHROPOMETRIC DATA EXPRESSED AS PERCENTILES (N=27) 

PERCENTILE* 
/ x S.D. V% 5th 50th 95th 

Condition J 6.73 cm; 1.03 cm; 
15.38 

4.36 cm; 6.76 cm; 8.62 cm; 
2.65 in. 0.41 in. 1.72 in. 2.66 in. 3.39 in. 

Condition 2 8.26 cm; 0.83 cm; 
10.03 

7.01 cm; 8.34 cm; 9.48 cm; 
3.25 in. 0.33 in. 2.76 in. 3.28 in. 3.73 in. 

' Condition 3 9.47 cm; 1.01 cm; 7.62 cm; 9.65 cm; 10.98 cm; 
3.73 in. 0.40 in. 10.69 3.00 in. 3.80 in. 4.32 in. 

Condition 1.: Subject wearing unpressurized suit but 
barehanded. 

Condition 2: Subject wearing unpressurized suit and 
gloves. 

Condition 3: Subject wearing suit and gloves pressurized 
to 3.5 psig. 

* The percentile values for a particular set of data are treated as though 
plotted on normal-probability graph paper, and a smooth curve fitted to 
the points by conventional curve-fitting procedures, 

SOURCE: Garrett (70) and Hertzberg, et al (84). 
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ANTHROPOMETRY (Pressure Suited) 

DYNAMIC DIMENSIONS 

GLOVE-HAND CHARACTERISTICS 

a. Maximum Rotation - Supination _-.- -_ 
Subject extends his right hand 
and grasps the knob on the mea- 
suring instrument between his 
thumb and forefinger. Subject 
then rotates the knob to his 
right, using only his hand, 
wrist, and arm, until he achieves 
maximum supination of his right 
hand. 

Human Engineering Applications 

1. Determination of the maximum number of degrees a rotary 
switch may be turned clockwise with one movement. 

2. Determination of the number of discreet motions by the 
operator to complete a task involving rotary motion, i.e, 
tightening a bolt or screw. 

ANTHROPOMETRIC DATA EXPRESSED AS PERCENTILES (N=27) 

Condition 1 

Condition 2 

Condition 3 

x S.D. V% 

221.67" 33.03" 14.90 

188.52" 35.03" 18.58 

120.19" 27.30" 22.63 

Condition 1: Subject wearing unpressurized suit but 
barehanded. 

PERCENTILE* 
5th 50th 95th 

170.82" 223.89" 280.64' 

137.87" 185.34" 239.07" 

67.68" 122.53" 151.27" 

Condition 2: Subject wearing unpressurized suit and 
gloves. 

Condition 3: Subject wearing suit and gloves pressurized 
to 3.5 psig. 

* The percentile values for a particular set of data are treated as though 
plotted on normal-probability graph paper, and a smooth curve fitted to 
the points by conventional curve-fitting procedures. 

-E: Garrett (70) and Hertzberg, et al (84). 
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ANTHROPOMETRY (Pressure Suited) 

DYNAMIC DIMENSIONS 

GLOVE-HAND CHARACTERISTICS 

b. Maximum Rotation - Pronation _-_ ..--. 
Subject extends his right hand 
and grasps the knob on the mea- 
suring instrument between his 
thumb and forefinger. Subject 
then rotates the knob to his 
left, using his hand, wrist, and 
arm, until he achieves maximum 
pronation of his right hand. 

Human Engineering Applications 

1. Determination of the maximum number of degrees a rotary 
switch may be turned counter-clockwise with one movement. 

2. Determination of the number of discreet motions by the 
operator to complete a task involving rotary motion, 
i.e., tightening a bolt or screw. 

ANTHROPOMETRIC DATA EXPRESSED AS PERCENTILES (N=27) 

Ti 
PERCENTILE* 

S.D. v% 5th 50th 95th 

Condition 1 157.78" 28.75" 18.22 120.52“ 157.10" 195.98" 

Condition 2 128..52" 28.18“ 21.93 87.38" 127.76" 173.50" 

Condition 3 78.33" 20.37" 26.00 52.69" 73.71" 110.43" 

Condition 1: Subject wearing unpressurized suit but 
barehanded. 

Condition 2: Subject wearing unpressurized suit and 
gloves. 

Condition 3: Subject wearing suit and gloves pressurized 
to 3.5 psig. 

* The percentile values for a particular set of data are treated as though 
plotted on normal-probability graph paper, and a smooth curve fitted to 
the points by conventional curve-fitting procedures, 

m: Garrett (70) and Hertzberg, et al (84). 
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FORCE EMlSSlON 
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PSYCHOMOTOR 
FORCE EMISSION 

UPPER EXTREMITY 

a. Grip Strength 

. . 
m 

. . I . . . > 

Subject grasps the Smedley Hand 
Dynomometer, fully extends his 
right arm, and squeezes the in- 
strument. Recording is taken 
from the instrument 

Human Engineering Application 

1. Determination of the amount of force loading on double- 
handled squeeze controls. 

2. Limits of a man's hand to hold onto something against 
a force. 

3. Can be used with the coefficient of friction at the 
grasped surface. 

NOTE: The impedance of the pressurized gloves in fitting the 
hand into the handle of the dynomometer affected performance. 

FORCE DATA EXPRESSED AS PERCENTILE (N=27) 

Condition 1 

PERCENTILE 
V% 5th 1 50th 1 95th 

Condition 1: Subject wearing unpressurized suit but 
barehanded. 

Condition ,2: Subject wearing unpressurized suit and 
gloves. 

Condition 3: Subject wearing suit and gloves pressurized 
to 3.5 psig. 

mE: Garrett (70). 
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PSYCHOMOTOR 

FORCE EMISSION 

UPPER EXTREMITY 

b. Maximum Togue - Supination __l.--l.-- -- 

Human Engineering Application 

1. Determination of the maximum res 
rotary switch. 

istance allowable on a 

Subject grasps the metal handle 
with the-shank between digits 2 
and 3. His thumb touches the 
finger tips. On signal, the sub- 
ject exerts his maximum effort 
in tn-ning the handle to his 
rIgi. . Reading is taken from 
memory device on the torque 
wrench. 

2. Determination of the maximum torque for bolts, fasteners, 
etc. 

3. Limitation of man's capacity for torque around an axis in 
or near his forearm. 

TORQUE DATA EXPRESSED AS PERCENTILE (N=27) 

TT 
PERCENTILE(In.-Lb.) 

S.D. V% 5th 50th 95th 
I 

Condition 1 121.48 30.12 24.79 83.30 79.85 58.08 
in.-lb. in.-lb. 

Condition 2 119.44 25.14 21.05 117.76 121.23 88.75 
in.-lb. in.-lb. 

Condition 3 95.93 28.96 30.19 178.95 151.38 142.06 
in.-lb. in.-lb. 

Condition 1: Subject wearing unpressurized suit but 
barehanded. 

ing unpressurized suit and Condition 2: Subject wear 
gloves. 

Condition 3: Subject wear 
to 3.5 psig. 

ing suit and gloves pressurized 

SOURCE: Garrett (70). 
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PSYtHOMOTOR 
FORCE EMISSION 

UPPER EXTREMITY 

c. Maximum Torque - Pronation ._._ -_I___._-- __- 

? 0 2 

ijiz-3+ 

IW.,, : 

Subject gra:ps the metal handle 
with the shank between digits 2 
and 3. His thumb touches the 
finger tips. On signal, subject 
exerts his maximum effort in 
turning the handle to his left. 
Reading is taken from memory 
device on torque wrench. 

Human Engineering Applications 

1. Determination of the maximum resistance allowable on a 
rotary switch. 

2. Determination of the maximum torque for hand tightened 
bolts, fasteners, etc. 

3. Limitation of man's capacity for torque around an axis 
in or near his forearm. 

TORQUE DATA EXPRESSED AS PERCENTILE (N=27) 

Condition 1 

Condition 2 

Condition 3 

153.89 45.02 
in.-lb. in.-lb. 

161.48 
in.-lb. 

47.59 
in.-lb. 

151.30 
in.-lb. 

49.94 
in.-lb. 

PERCENTILE(In.-Lb.) 
5th 50th 95th 

100.44 92.49 79.32 

151.99 158.75 145.89 

222.90 252.60 244.88 

Condition 1: Subject wearing unpressurized suit but 
barehanded. 

Uondition 2: Subject wearing unpressurized suit and 
gloves. 

Condition 3: Subject wearing suit and gloves pressurized 
to 3.5 psig. 

SOURCE: Garrett (70). 

l-71 



PSYCHOMOTOR 
FORCE EMISSION 

SIMULATED ZERO GRAVITY (NEUTRAL BUOYANCY) 

Data for the succeeding force emission tables were generated under the 
following conditions. Restraints wer varied in the number and location of the 
energy sinks provided to the subject. Accessibility conditions were evaluated 
by changing the location and orientation of the force receiver apparatus with 
respect to the subject. The subjects performed all tasks wearing an Apollo 
state-of-the-art suit pressurized to 3.5 psig. 

FORCE TYPE 

SUSTAINED - FORCE MAINTAINED FOR 4 SECONDS 

IMPULSE = PEAK FORCE OBTAINED IN I SECOND 

RECEIVER DISTANCES HANOLE ORIENTATION 

IS” E 90’ ELBOW ANGLE LOCAL VERTICAL 0 

El ;. 19” = 13s. ELBOW ANGLE LOCAL HORIZONTAL o 

24” 1! 160. ELBOW ANGLE 

H 
- RANGE - MAX = LARGEST FORCE 

- MEAN = AVERAGE OF ALL FORCES 

- RANGE -MN = SMALLEST FORCE 

XIDRCE: Study for the Collection of Human Engineering Data for Maintenance and 
Repair of Advanced Space Systems, Vol. II (180). 
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SIMULA 

PSYCHOMOTOR 
FORCE EMISSION 

TED ZERO GRAVITY (NEUTRAL BUOYANCY) 

SOURCE: Study for the Collection of Human Engineering Data for Maintenance and 
Repair of Advanced Space Systems, Vol. II (180). 
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PSYCHOMOTOR 
FORCE EMISSION 

SIMULATED ZERO GRAVITY (NEUTRAL BUOYANCY) 

SOURCE: Study for the Collection of Human Engineering Data for Maintenance and 
Repair of Advanced Space Systems, Vol. II (180). 
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PSYCHOMOTOR 
FORCE EMISSION 

SIMULATED ZERO GRAVITY (NEUTRAL BUOYANCY) 

SOURCE: Study for the Collection of Human Engineering Data for Maintenance and 
Repair of Advanced Space Systems, Vol. II (180). 
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PSYCHOMOTOR 
FORCE EMISSION 

SIMULATED ZERO GRAVITY (NEUTRAL BUOYANCY) 

mE: Studj,f~k the Collection of Human Engineering Data for Maintenance and 
Repair of Advanced Space Systems, Vol. II (180). 
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PSYCHOMOTOR 
FORCE EMISSION 

muLAm ZERO GRAVITY (NEUTRAL BUOYANCY) 

SOURCE: Study for the Collection of Human Engineering Data for Maintenance and 
Repair of Advanced Space Systems, Vol. II (180). 
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PSYCHOMOTOR 

FORCE EMISSION 

SIMULATED ZERO GRAVITY (NEUTRAL BUOYANCY) 

SOURCE: Study for the Collection of Human Engineering Data for Maintenance and 
Repair of Advanced Space Systems, Vol. II (180). 
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PSYCHOMOTOR 
FORCE EMISSION 

SIMULATE~I ZERO GRAVITY (NEUTRAL BUOYANCY) 

sm. ,.1..mm* 

Poll. . m”. 

..om . on” 

1.1” . am.” 

..0”. 

1.1”. 

O-IOYDI.” 

1w 

-E: Study for the Collection of Human Engineering Data for Maintenance and 
Repair of Advanced Space Systems, Vol. II (180). 
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PSYCHOMOTOR 
FORCE EMISSION 

SIMULATED ZERO GRAVITY (NEUTRAL DU~YANCY) 

SOURCE: Study for the Collection of Human Engineering Data for Maintenance and 
Repair of Advanced Space Systems, Vol. II (180). 
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PSYCHOMOTOR 
FORCE EMISSION 

,$ SIMULATED ZERO GRAVITY (NEUTRAL BUOYANCY) 

SOURCE: Study for the Collection of Human Engineering Data for Maintenance and 
Repair of Advanced Space Systems, Vol. II (180). 
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PSYCHOMOTOR 

FORCE EMISSION 

SIMULATED ZERO GRAVITY (NEUTRAL BUOYANCY) 

SOURCE: Study for the Collection of Human Engineering Data for Maintenance and 
Repair of Advanced Space Systems, Vol. II (180). 
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PSYCHOMOTOR 
FORCE EMISSION 

SIMULATED ZERO GRAVITY (NEUTRAL BUOYANCY) 

~~O”l . rrrr..o...L . . . . . . . . . ..i . . . ..i... :.:. 

cmwc . LII.a 

-7 

. . . . . . . . . . . . . . 

l,O”~ . 0rn.Y $Z 

-E: Study for the Collection of Human Engineering Data for Maintenance and 
Repair of Advanced Space Systems, Vol. II (180). 
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PSYCHOMOTOR 
FORCE EMISSION 

smuLm~ ZERO GRAVITY (NEUTRAL BUOYANCY) 

SOURCE: Study for the Collection of Human Engineering Data for Maintenance and 
Repair of Advanced Space Systems, Vol. II (180). 
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PSYCHOMOTOR 
REACTION TIME 

EYE/HAND COORDINATION 

Sense Organ Response. Any sense organ will react with the proper stimulus ap- 
plied. Generally, only the three senses with the fastest reaction time, in the 
following order, are used: 

1. Ear 

2. Skin 

3. Eye 

However, the differences are not significant for most applications. 

The total man-machine response time includes the time lag of the machine to 
respond to the control and the time required to complete the machine response. 
Therefore the designer shall consider them in additionto the human lag time 
where it is important. 

The illustrated reaction times are useful in making comparisons among 
senses. They are not necessarily representative of the reaction times in a 
practical situation where other factors may distract the operator. 

a. Reaction Time Lag for Seven Sense Modalities - ----. 

SOURCE: Teichner (187) and Ely, et al (63). 
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PSYCHOMOTOR 
REACTION TIME 

EYE/HAND COORDINATION 

b.. Reaction Time/Acceleration 

0 2 4 .u 0 
FROKT-TO-BACK KC~LER,!i11014, IH ‘J UPillS 

C. Reaction Time/Task Complexity 

Mean response time 
for combjned left 
hand and right hand 
operations as a func- 
tion of increased 
acceleration. 

-E: Kaeh ler, et al (99) and Human Engineering Des 

N'JMEERDFCHOICES 

ign Criteria (88). 
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PSYCHOMOTOR 
REACTlqN TIME 

VISUAL PROBLEMS DUE TO SPEED 

High speeds, altitudes, and accelerations, work load, airport density, com- 
plicated instrument panels, and the structure of the aircraft itself all create 
serious visual problems for the pilot and crew of high-performance aircraft. The 
most critical of these is high speed. At the speeds flown by today's jet air- 
craft, a perfectly ordinary situation, such as sighting an object a mile away, 
can turn into a calamity before the pilot can do anything about it. As speeds 
get higher, the problem will become worse in proportion. The trouble is simply 
that a man cannot see., identify, or act on an object the instant it comes into 
his field of view. Each of these things takes an interval of time--usually an 
exceedingly short interval, but worth hundreds or thousands of feet in a high- 
speed aircraft. 

a. Time Intervals Required Between First Sighting of Object and Changing 
---~igll~--~~:th~~a~Avo~d~and.Dista_?ces..~raveled in These Intervals : - .._. .-_ 

Op?rr!lnn ---- 

Sensalion (light lravels 
from retina to brain) 

Focusing wilh Central 
ViSlO?l 

Motor Reaction 1.0 
Prearrange Eye 
Movement 

Eye Moveme... 

Focusing with Fovea 

Perception (minimum 
recognition) 

Deciding What to DO 
(estimated min.) 

Operating Controls 

Aircraft Changes 
Flight Path - 

I 

I 
I 

i 

-___- -_ 
TImei in set -._ -_ . 

0.175 0.275 154 242 462 726 

0.05 0.325 44 ZH6 132 

0.07 0.395 d2 348 185 

0.65 1.045 572 920 1716 

2.0 

0.40 

2.0 

3.045 

3.445 

5.445 

08 

niih --_.- 
Frcx IS! 

S;i&ting 
---. 

88 

3peration 
_ -___ 

264 264 

858 

1043 

2-759 

1760 2680 52&-! 8039 

352 

1760 

-- __ 

3032 1056 

4792 52R0 

9095 

14,375 

-- 

-r --a-mm- 
-!-xii.=- 

mph 
--. ---  

_--  
‘F l‘a.ilw ::, 

SigMing 

SOURCE: Byrnes (42), Moseley (135) and Wulfeck, et al (213). 
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PSYCHOMOTOR 
REACTION TIME 

VISUAL PROBLEMS DUE TO SPEED 

b. Ti& Intervals Required to Shift Sight From Outside Aircraft to Instrument 
Pane!. and BacL.w.4 Distances .Traveled_!' n ..T_he_se-. %x!!g&. 

Operation -_-___ 

To Pzuwl 

Muscle Movement 

Eye Movement 

Fovea1 Perception 

Accommodation 

Recognition of 
Instrumenl Reading 

Ejo Distance 

Rewtinn Time 

Eye Movement 

Relaxation of 
Accommodation 

Time! 1 _ 

1 r o;!$l-- 

I 

_~ 

0.175 

c.05 

0.W 

0.50 

tJ.80 

0.175 

0.05 

0.50 

Floral Dcrcepption 1 0.07 2.39 

I sec. _.---- 

PiOm EC- 
ginning --- 

0.175 

0.225 

0. zxl 

0.795 

:.:35 

1.770 

1.820 

2.320 

440 

I 704 

i 

154 

44 

440 

l-- 
62 

-__ 

‘islance ’ -_~ 
nph 
From UC 

ginning --- 

-----__ 
chke,ipir$< 

21 Its 
‘-.--- - - ‘- I or Qwr- 

at ion - 

. ..- ---.__ 
---_.-- ._. _ IFpi1 - -. iZZiEc- 

ginnilll; 
I__...-. ,_ 

154 46% 462 

198 132 591 

260 185 579 

700 1320 20119 

1404 2112 1111 

1558 462 4673 

1602 132 4805 

2042 13&l 6i25 

2104 -- 185 6310 -___ _ ~____ 

=E: Byrnes (42), Moseley (135) and Wulfeck, et al (213). 
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PSYCHOMOTOR 
MASS DISCRIMINATION 

WEIGHT AND MASS CONDITIONS 

Absence of gravity results in the loss of many familiar kinesthetic cues of 
weight and friction necessary to man for object discrimination and manipulation. 
The chart below shows man's ability to discriminate small differences in mass as 
opposed to small differences in weight in a simulated weightless environment. 

Results show that the mean difference threshold (DL 
tion, and Weber ratio (A S/S) for each standard are much 
for weight. Thus to be detected under a weightless cond 
must be at least twice as large as the weight increments 
ation in a normal weight-lifting situation. 

1. mean standard devia- 
larger for mass than 

ition, mass increments 
required for discrimin- 

a. Weber Ratios -->b_ 

1 

_,.---4 

.eo 

RC - 
L-“- - -. -_-- --_-.-__- --~~,------------~ 

.04 

I 

----------o--~-~~ 0 

.02 

Comparison of Weber Ratios (AS/S) 
between weight and mass conditions 
at each standard 

Shown in the illustration are both mass and weight Weber Ratios (AS/S), 
obtained by dividing as standard (S) into the stimulus increment (DL or A S) 
needed for difference discrimination around that standard. The horizontal line 
shown represents a ratio usually stated as the most accurate for weight-lifting 
experiments. The results for weight in this study tend to follow this line well. 

=E: Reco and Copeland (149). 
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WEIGHT AND 

PSYCHOMOTOR 
MASS DlSCjMUNATlON 

MASS CONDITIONS 

b. Mean Difference Thresholds 

Mean difference thresholds (DL) and 
associated standard deviations (SD) 
plotted for each standard under both 
weight and mass conditions 

DL points are connected by straight lines and SD's are given as ranges 
around these points. As can be seen, the difference between weight and mass 
grows larger with each increase in the standard. The DL's for mass are more than 
twice the size of those for weight. Also, the standard deviations of individual 
DL's at the various standards are much larger for mass. 

SOURCE: Reco and Copeland (149). 
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PSYCHOMOTOR 
MASS DISCRIMINATION 

WEIGHT AND MASS CONDITIONS 

c. Sumnary of Statistics on Discrimination of Minimal Differences in 
Weight and Mass* 

-.-_ 

Standard 
in Gramr 

-._.-- 

; 1000 

! 

3000 
I 

5000 

7000 

l- 

_.---- 

3 Condition 
-- -_..-.- 

I 

Weight 
ManEI 

Wei,-ht 
M.2fl8 

Weight 

J 

M&R 

Weight 
Mac0 

- ---_---- 

-.-- --- Mean 
1 

MC211 
PSE SD 

..-- - -.- ---__ -- 

1013.95 06.15 
lOi9.40 . 222 60 

501b.01 225..54 
3014.47 497.40 

5003.46 313.60 
5010.69 603.00 

‘iOOS.lr: 476.40 
701e.90 1064.70 

--.-----..-- __-_ 

* Using ten subjects for each standard. 

SOURCE: Reco and Copeland (149). 
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Mean DL 
l.67‘15 SD) 

----- 
56.11 

150.14 

SDDL 

-- 
U.67 

75.70 

146.43 32.70 
335.50 116.59 

211.66 
460.69 

321.33 
716.14 

..- _.--__ 

1% 33 . . , 
Cd.12 

31.92 
104.85 

--_ 

AS 
s 

---_- 
.05t 
.150 

.O59 

.I12 

.042 

.092 

.0X 

.103 



PSYCHOSENSORY 

VISUAL 

LUMINANCE 

a. Relationships Between Intensity Units of Source and Illuminance Units 
gn-&gf%~ces at Various Distances 

_.-.---_ -..- ---- 

Intensity (I) 

Illuminance (E) 

1 lumen /steradian = 1 candle = 1 candle power = 1.02 cat-&as 

lumens/cm3 
1 lumen/m3 = 1 meter candle = 1 lux 
1 lumen/ft3 = 1 it-candle (ft-c) 

Luminous Emittance (L) lumens/cm3 
lumens/m3 
lumens/ft3 

Luminance (B) 
/.. 

lumens/steradian/m3 (or cm2) 
lamberte (L) = millilamberta (mL) X 103 = microlamtwts (pL) X lo6 

for P perfectly diffusing surface, 1 lambert = l/r caudles/cd.foot- 
kmbert (ft-L) = 1.076 mL 

= I METER CAWLE 
DILUX 

I SollANE CM 
ILUYerAMCE = O.OOOl LIJMENlCd 

-E: Sears(165) and Compendium of Human Responses to the Aerospace Environ- 
ment, Vol. I (50). 
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b. Nomograph of Equivalent Values of Coimnonly Used Units of Luminance 

YNT’MILLI-NIT 
-3 -2 -1 0 I 2 3 4 3 6 7 6 6 IO II I2 I3 

, ,NT=YICRO-NIT 
0 I 2 3 4 3 6 7 6 6 IO II I2 I3 I. I3 I6 

SS’STILS 
-10 -0 -6 -7 -6 -5 -. -3 -2 -1 0 I 2 3 4 5 6 

BOUCIE HECTO-METRE CARRE z 
-2 -1 0 I 2 3 4 3 6 l 7  6  6  IO II I2 I3 14 

ASE’APOSTILE 

YASE’MILLI-APOSTILB 

pASS~HICRO-APOSTILS 
I3 I4 I6 

L’LAYSERT 

mL*YILLI-LAMBERT’ 

#L*YICRO-LAMBERT 

~,IL’MICRO-MICRO-LAMSERT 

FT-L’FOOT-LAMSERT 

-6 -6 -7 -6 -5 -4 -3 -2 -1 0 I 2 3 4 3 6 

Below each bar logarithmic un 
natural figures and subdivisions 
are given. 

its and their subd 
are given. Above 

ivisions are given. Above the Nit Bar 
each bar subdiyisions for natural- figures 



PSYCHOSENSORY 

VISUAL 

LUMINANCE 

C. Conversion Factors - Absolute Values .-. - 

To convert any quantity listed in the left most column to any quantity 
listed to the right, multiply by the factor shown. 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. I(50) 
and Taylor and Silverman (184). 
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PSYCHOSENSORY 

VISUAL 

SCHEMATIC AND OPTICAL CONSTANTS OF THE EYEBALL 

a. &man- Eye Constants and Dimensions -. 

________-_____-___-_---------------- 

: COPIIC .llS 
F 
Z 
g AHGLE..IIO 
_I 

The diagram and table give dimensions and optical constants of the human eye. 
Values in brackets shown in the table refer to state of maximum accommodation. 
The drawing is a cross section of the right eye from above. 

The horizontal and vertical diameters of the eyeball are 24.0 and 23.5 mn, 
respectively. The optic disk, or blind spot, is about 15 degrees to the nasal 
side of the center of the retina and about 1.5 degrees below the horizontal 
meridian. 

=E: Corn endium of Human Responses to the Aerospace Environment, Vol. I' ' 
(5Op and White (204). 
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PSYCHOSENSORY 

VISUAL 

PHYSIOLOGICAL AND PHYSICAL FACTORS EFFECTING VISUAL PERFORMANCE 

a. Variables That Must Be Kept Constant or Carefully Controlled When ..-- ,.. _-- 
Measuyin~g-~-ome-qf.the Principaa..Kind$ of Visua.l-Pee!rformance 

?ype of 
Visual 

Performance 

Visual Acuity 

Depth Discrimination 

Movement Dlscrlmmation 

Flicker Discrimination 

Brightness Discrimination 

Brrghtness Sensitivrl) 

Color D~scrm~inat~on 

l Varmhlc helng measured 

Variables to Be Controlled - 

“0 
5 
5. rl; 

- 
X 

X 

X 

X 

X 

X 

l 

( 

X 

X 

X 

X 

X 

X 

MV) 

- 

5 
2 
!i 
a 3 
fi, 
5, 
- 

X 

X 

X 
.- 

There are several ways in which visual acuity has been defined and measured, 
each of which has significance for detection and recognition of detail. These 
are defined in Figure a. The luminance contrast between target and background 
determines the minimum visual angle which can be detected. Luminance contrast 
is a measure of how much target luminance (Bt) differs from background luminance 
(Bb). The equation for obtaining contrast is: 

Bb - Bt Bt - Bb 
CB = 

Bb 

and CB = 

Bb 

or CB x 100 = % CB 

Contrast can vary from zero to minus one for targets darker than their 
backgrounds, and from zero to infinity for targets brighter than their back- 
grounds. Most studies of this aspect of vision consider targets brighter than 
their backgrounds. 

STJJRCE: Compendium of Human Res onses to the Aerospace Environment, Vol. I (50) 
and Wulfeck, et al (213 . P 
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PSYCHOSENSORY 

VISUAL 

PHYSIOLOGICAL AND PHYSICAL FACTORS EFFECTING VISUAL PERFORMANCE 

b. Variation in Visual Acuity with Background Luminance -___..--. ^, _..-. -.- .-_.. -.-. -..- ----.-..- ._ 

,001 .Ol 0.1 I 10 100 1000 10000 
BACKGROUND LUMINANCE. mL 

(MINUTES OF ARC) 

VISUAL ANGLE 

TARGETS 
n --Z-*- _ _5LS--- 

VISUAL ANGLES 

Definition of Terms: Minimum separable acuity defines the smallest space the 
eye can see between parts of a target. The relationship shown is for a black 
Landolt-ring on a white background. For white targets on black backgrounds, 
the relationship between acuity and luminance holds up to about 10 mL, above 
which acuity decreases because the white parts of the display blur. Vernier 
acuity is the minimum lateral displacement necessary for two portionsofine 
to be perceived as discontinuous. The thickness of the line is of little impor- 
tance. Stereoscopic acuity defines the just perceptible difference in binocular 
parallax of two objects or points. Parallactic angle is one of the cues used in 
judging depth. Beyond 2500 feet, one eye does as well as two for perceiving 
depth. Minimum erce tible acuit refers to the eye's ability to see small ob- 

+hr+ jects against a p ain bat groun . It is commonly tested with fine black wires 
or small spots (either darker or lighter) against illuminated backgrounds. For 
all practical purposes, these numbers represent the limits of visual acuity. 
Another type of acuity, not shown in the graph, is minimum visible acu!ty. This 
term refers to the detection by the eye of targets -thisFor instance, 
the giant red star Aldebaran (magnitude 1) can be seen even though it subtends 
an angle of 0.0003 minutes (0.056 set) of arc at the eye. 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. I(50) 
and Webb (195). 
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PSYCHOSENSORY 

VISUAL 

PHYSIOLOGICAL AND PHYSICAL FACTORS EFFECTING VISUAL PERFORMANCE 

Visual acuity is an important limiting factor in all human detection, tar- 
get recognition, or other visual tasks. Acuity, like many other visual capa- 
cities, is measured and defined in terms of thresholds. The relation between 
the distribution of rods and cones near the horizontal meridian for various an- 
gular eccentricities is shown in the table. The last two columns of the table 
give visual acuity along the horizontal meridian of the temporal retina at dif- 
ferent angles from the fovea (zero degrees) for two levels of luminance. At 
the highest luminance level, the fovea has the best acuity. At six degrees 
from the fovea, and at 100 mL, an object must be about twice as large to be seen 
as one in the central area. At the lowest level, acuity is best about five 
degrees away from the fovea. Scotopic peripheral acuity does not parallel the 
rod population.or the light sensitivity of the retina. At lower luminance 
levels, visual acuity is fairly constant from 4 degrees to 30 degrees eccentri- 
city. 

C. Visual Acuity and Density of Rods and Cones __I-_._-- 

-_. 
Angular 

Eccentricity 

degrees 

Population 
Rodslsq mm Cones/ sq mlm 

~___-__._ 
thousands 

0.00 0 136. 
0.25 0 84.4 
0.50 7.22 57.5 
I .oo 34.2 41.3 
5.00 88. 19.4 
6.00 105. 12.1 

10.00 118. 9.13 
12.00 125. 7.64 
12.50 126. 7.63 
20.00 158. 7.08 
30.00 140. 6.52 
40.00 132. 5.95 
50.00 1’08. 5.79 
70.00 80.4 5.47 
90.00 57.7 6.84 

Q Unmeasurably poor acuity. 

Visual Angle 
100 mL 0.002 ml, 

--.- --_-___-_____,__ 
minutes 

mean range 

0.7 (0.5-1.0) 12.5 
0.8 (0.6-1.1) 
1 .o 10.7-1.3) 
1.2 (0.8-1.5) 22.2 

11.3 
4.5 (1.5-6.7) 

15.2 
6.1 (2.5-10) 

10. (5.0-17) 21.3 
31.2 

27.5 (14 - 48) 
42.5 (21 - 72) 

100. (47 -Xi.) 
XI; (, 2(j - XC) 

SOURCE: Morgan, Cook, et al (133), Spector (172) and Webb (195). 
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Example of Probability of Detection at Different Visual Angles for a --.- 

VISUAL ANGLE - minufes 

One type of visual threshold is a value determined statistically at which 
there is a 50% probability of the target being seen. In most practical situa- 
tions a higher probability of seeing, such as 95 or 100% is required. The gen- 
eral relation between threshold size and probability of detection is an ogive 
function of the general simplified form shown in Figure b. This curve covers 
a specific test case and should be used only as a very rough guide for estima- 
ting the relationship between visual angle and probability of detection under 
different conditions. It can be seen that doubling the visual angle for 50% 
probability of detection should give almost 100% detection if the location of 
the object 1s known. Threshold data are usually based on the 50% probability 
of detection. As a rough rule of thumb, these visual angle values should be 
doubled to give near 100% threshold values. More specific conversion factors 
for near 100% probabilities are available. 

SOURCE: Morgan, Cook, et al (133), Spector (172) and Webb (195). 
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This graph shows the sighting range of circular targets against the sky 
with a background luminance 0.0001 mL(starlight). The following is an example 
of the use of the nomogram: Find the range that an object 100 sq. ft. in area 
could be seen in starlight when the meteorological range is 150,000 feet and 
the contrast of the object and sky is 0.8. A straight line across meets the 
given range and contrast. The range is read off where the line intersects the 
100 sq. ft. curve. Under these conditions a 100 sq. ft. target will be sighted 
with a probability of 95% at 1200 feet. 

a. Visual Range in Natural Light - Starlight -- 

lsocol 1ii lOOO~ 
90000 
6OWO. 

SIGHTING RANGE - feet 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. I (50), 
Dunthy (60) and Middleton (126). 
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b. Reflectance and Transmittance ~,.^ 

4000 5000 6000 7 Wavelength in I\ncstms )O 

Reflectance Factor: The reflectance factor refers to the percentage of incident 
light that is reflected. Surfaces with compound reflectances may have 
reflectance factors for both diffuse and specular reflectance. 

Transmittance Factor: As light passes through a medium some may be absorbed 
and some reflected back. The transmittance of such media (filters, etc.) 
is expressed as the percent of incident light transmitted. 

Selective Reflectance: Object color results from selective reflectance and sel- 
ective absorption of particular wavelengths of incident light. A red ob- 
ject appears red because the longer wavelengths (red) are reflected and 
the shorter ones (blue) are absorbed in the surface. It is obvious, there- 
fore, that perfect reflectors cannot have object color other than white. 
Selective or spectral reflectance is specified by the percent reflected 
light at arbitrary wavelength steps (usually 50 Angstroms) as seen in the 
diagram. 

Selective Transmittance: A transparent or translucent medium may selectively 
absorb or transmit light as a function of wavelength. A red filter, for 
example, absorbs energy from the blue end of the spectrum and transmits the 
longer wavelengths. The spectral transmittance of a filter is usually 
plotted in a manner similar to the graph immediately above. 

SOURCE: Baker and Grether (15). 
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c. Visual Angle 

Visual Angle: The visual angle is the angle subtended at the cornea of the eye 
by the viewed object. It is determined as follows: 

Visual angle = 2 arctan & in 

which L is the size of the ob- 
ject measured perpendicularly to 
the line of sight. D is the 
distance from the eye to the 
object. 

Visual Acuity: The size of detail which the eye is capable of resolving is 
used as a measure of visual acuity. Visual acuity is measured by deter- 
mining the smallest visual angle that can be resolved. It is usually spec- 
ified as the reciprocal of the minimum visual angle expressed in minutes 
of arcs. 

Visual acuity = visual'ang e 

SOURCE: Baker and Grether (15). 
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d. General Workplace Lightina 

RECOMMENDED ILLUMINATION LEVELS 
__ .__._.-. -. ._. -. - ~.". - .,. .-. . _ -.-- --.- -. 

WORKING CONDITION FOOTCANDLES ILLUMINATION 
___- __,.._ ..-.-.-.-._ __- 

Very difficult and prolonged visual tasks 
with objects of low brightness contrast such 100 or more 
as sewing and inspection of dark materials. 

Fine machine work, detail drafting, watch 
repairing, and inspection of medium materials. 

50 or more 

Prolonged reading, assembly, general 
ordinary bench work, and laboratory work. 

25 or more 

Occasional reading, washrooms, power plants, 
waiting rooms, and kitchens. 

10 or more 

No detail vision, restaurants, stairways, 
and bulk supply warehouses. 

5 or more 

e. Visual Acuity,?? a Function of Luminance -. _ .-. . . ._- 

01 I I I I 
0.001 0.001 0.1 1 10 100 1000 

BACKGROUND LUMINANCE - mL 4 

mE: Baker and Grether (15), Chapanis, et al (46,), Ludvigh and Miller (113). 
Moon and Spencer (130) and Scale, et al (160). 
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f. Visual Acuity with Relative Motion 

LANDOLT RING 
25 FOOT-CANDLES ILLUMINATION 

8- 

6- 

4- 

2' 

OO 
1 I I I I 

20 40 60 80 100 

ANGULAR VELOCITY - DEG/SEC 

g. Successive Glare Effects 

100,000 - 

10,000 - 

Discomfort Zone 

10 I I I 
~0.0001 0.01 1 100 10,000 

PRECEDING LUMIl1ANCE - mL 

SOURCE: Chapanis, et al (46), Ludvigh and Miller (113), Moon and Spencer (130) 
and Scale, et al (160). 
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The effect contrast has on minimum separable acuity is shown below for a 
dark Landolt-ring at three background brightnesses. 

h. Minimum Visual Angles for Various Contrast Ratios -~-..--. ---. .----_- . 

2 5 IO 20 30 50 100 
% CO~ITRAST 

The most applicable type of visual acuity data which pertains to target 
detection is data concerning minimum perceptible acuity, i.e., where a spot is 
seen against a uniform background. The spot may be lighter or darker than the 
background. From the contrast formula, it is evident that contrast can range 
from 0 to 100% for targets darker than the background and from 0 to infinity 
for targets brighter than the background. Variation in minimum perceptible 
acuity with both background brightness and contrast is shown below. The con- 
trast curves from 0 to 100% apply to signals both brighter and darker than the 
background. The curves with contrast above 100% apply only to signals brigher 
than the background. The thresholds are for 99% probability of detection. 

SOURCE: Baker and Grether (15). 
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i. Spot Detection (Minimum Perceptible Acuity) 

There is no known lower limit of visual angle for bright targets on a dark 
background. The star, Mira, for example, is clearly visible and subtends a 
visual angle of only .056 seconds of arc. The visual angle subtended by visible 
lines and squares against bright backgrounds may be much smaller than those in 
the above graph if the background brightness is greater and if there is high 
contrast. A wire one degree long against a bright sky (2000mL) is visible 75% 
of the time if it subtends a visual angle of only 0.43 seconds in width. A dark 
square against a bright sky is visible 75% of the time if it subtends a visual 
angle of only 14 seconds. 

SOURCE: Baker and Grether (15). 
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a. Visual Acuity as a Function of Color of Illumination ~-~.- -.__ .-.. -. ._--- -_- 

b. Smallest Difference in Wavelength That Can be Detected as a Difference 
1p_Hue:-W!i& Twp Flgme 

.._ _-_-. ~~ - _ . . - 
Pres.enfIed. for Comgarison . _.. --- 

4oc 500 600 700 

VUJLET GREEN CRANGE RED 
ELUF .,‘tLLC’**- 

GREEN 

SOURCE: Chapanis (45), Jones (96) and Steindier (173). 
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C. Color Recognition of Point Sources of Light 

I I I I :: RED -.-.- 

1 I I / I I 
-6 -4 -2 0 +2 t4 
LOG BACKGROUND BRIGHTNESS-CANDLESIFT* 

The illumination at the eye of a point source signal light that will be 
correctly identified 90 percent of the time for various colors viewed against 
various neutral background brightnesses. 

=E: Baker and Grether (15) and Compendium of Human Responses to the Aero- 
space Environment, Vol. I (50). 
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a. A Map of Sensitivity to Light for the Visual Field of the Dark 
~-&b~ed Right __ EjG- -'- - 

..~ . . 

KEY 120’ 90. 
n 

-_.-- 
1 

3.75 LOG cp L OR LESS 

3.75-3.R5 LOG )QaL 

S 88-3.93 LOG ,,pL 

4.23 LCG**L OR ISC’ 
GREATER 

This phenomenon is due to the distribution of rods and cones in the 
retina, the rods, away from the fovea, being more light-sensitive than the 
cones. 
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b. Rod/Cone Population Curve - Density of Rods and Cones From Nasal to " 
Terwral hi 

-. ;" 
ge of Retina -_.------ _--_-.. _..^. 

i 1 

100. i0- 60. 4-0. 2iv 0. 2’0. 40. 6b’ eo- 
NASAL liEllNA %$i? TEYPORAL RETLilA 

The cone system is largely responsible for detail and color vision, while 
the rod system provides for detection of small amounts of light. Different 
regions of the retina are specialized for these tasks. Detail vision is best 
in the fovea, where cones are dense,snd poor in the periphery of the retina; 
here rods are more numerous than cones, and sensitivity to small amounts of 
light is higher than in the fovea. 

C. Spectral Sensitivity Curve 

SOURCE: Chapanis (45), Hecht and Williams (82) and Osterberg (141). 
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d. Time Required to Detect Signal 
as,-a.-Function of Previous Brioht- 
ness tahich Subject has Been -.- _- _ 
Adaaed,_for Several Different --_. 
Contrasts - 

._ .,.. __-_.. - 

e L- Effect of Area of Rectangular 
St‘~~-~uso~T~~old_Contrast .I -..-.-. . ..-.: ..---.-. 
for Five Ratios-~of Length to _ _-._-_ _..__- - 
Width of Rectangle -__ _ .-_ 

The Lowest Ambient Illuminance 
Required to Prevent a Radar Signal 
From Being Detected (I.E., Thres- 
hold Masking Luminance), Plotted 
as a Function of Signal Luminance 

Intensity of Just Visible 
of Light as a Function of 
Duration of the Flash 

Flashes 
the 

&a 2.00 
Q  I .oo 
5 
; 0.40 
3 0.20 
$ 0.10 

I 
I- n.o* 
a 5 0.02 

0.01 
05 IO 30 IC 05 IO 30 IC 50 loo 300 lluo 50 loo 300 lluo 

AREA IN Mlfi’ GF ‘XX!*:. AlVGLE SUBTENDED AREA IN Mlfi’ GF ‘XX!*:. AlVGLE SUBTENDED 

0.GOI MI at I. IO 
LENGTH OF FLDSI :N S:C”!:3S 

-E: Adler, Kuhns, et al (2), Blonde1 and Rey (30), Chapanis (45), Hanes and 
Williams (80) and Lamar, Hecht, et al (107). 

l-111 



PSYCHOSENSORY 

VISUAL 

VISUAL FIELD SENSITIVITY - DARK ADAPTATION 

f. Photopic and Scotopic Relative Luminosity Curves ---- ---.- 

The scotopic relative luminosity curve in this figure shows that if some- 
one looked at a very dim, equal-energy spectrum (a light source emitting equal 
radiant energies at all wavelengths) after spending 30 to 45 minutes in the 
dark, the different parts of the spectrum would not appear to be equally lumin- 
ous . The photopic curve shows the relative luminosity of the various wave- 
lengths in an equal-energy spectrum when the intensity of the spectrum is well 
above cone threshold; the eye has been exposed to a fairly high luminosity level 
before the measurements or this curve are made. The curves show the sensiti- 
vity of the eye under extreme conditions. When the luminance is decreased 
gradually from photopic to scotopic levels, the transition from cone to rod 
vision is also gradual. 

SOURCE: Chapanis (45). 
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cl. Dark Ad@ation Curve 

This dark-adaptation curve has been selected as one of the basic curves 
of visual performance, because it illustrates part of the tremendous sensitivity 
range of the eye, and also illustrates how the eye's sensitivity behaves as a 
function of time in the dark. 

SOURCE: Chapanis (45) and Sloan (171). 
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h. Dark Adaptation as a Function of 
Duration of Previous Light 

- 

- 

c 

- 

- 

i. Dark Adaptation as a Function of 
Intensitv of Previous Light _._-- -__- 

E ~-f---j---r --7--Tl 

4 

,.. 
Dark-adaptationcurves for one 
subject following exposure to 
light of 447 mL for various 
durations. Only the rod por- 
tions of the curves are shown 
here. 

Dark-adaptation curves for one 
subject following exposures to 
lights of various luminances for 
four minutes. The broken lines 
indicate the color of the test 
light (violet) could be identi- 
fied at threshold. 

SOURCE: Chapanis (45) and Haig (78). 
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j. Dark Adaptation as a Function 
0.f the-Reqion of the Retina 
Stimulated 

?,t,IY”TES IN DARK 

k. Dark Adaptation as a Function .' 
07 Wavelength of the Test _ -_.- 

Stimulus 

1. Dark Adaptation as a Function of the Area of the Tes_t.Oaect _-_ .._- . .-.- 

5 

0 10 20 
MIHUTtS It, DARK 

SOURCE: Anon., (lo), Journal Gen. Physiol. (98) and Stevens (174). 
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When a target appears as a short flash up to about 0.1 sec. duration (this 
limit depending on the conditions), the effectiveness of the light increases 
linearly with exposure time. Above a critical time, the effect of a light 
becomes independent of the duration. These laws, which express the temporal 
summating ability of the visual system, may also be valid for a moving object 
as long as its image stimulates the same receptive fields of the retinal ele- 
ments. Figures a and b are demonstrations of the effect of target size and tar- 
get exposure on the contrast thresholds for stationary targets. At any lumin- 
ance level, less time is required to see bigger objects. When size is held 
constant, less time is required to see at higher luminance levels. 

a. Visual Acuity as a Function of Time 
'- 

b. Contrast Thresholds in Depen- 
Exuosure to Viewed Object d!e!K!z.of _ IWJecSi ze._ andd 

CJJ Exposure 

2 3 4 -2 - VISUAL ANGLE IN MlNUTES Of ARC I I I I I 
-2 - I 0 I 2 

Log B (nit) 

Intermittent signal and warning lights are often more detectable than 
steady lights. This factor may be of value in space operations. Although a 
target may be bright enough to be visible, the pilot may not detect it against 
the star background -- particularly if its motion is very slow. Because the 
apparent motions at the initiation of rendezvous are, in general, very slow, 
this is an extremely important problem in acquisition. If the light is inter- 
rupted so as to flash off and on, it would be much more readily detected than 
a steady light. The problem then concerns the optimum flash rate and flash 
duration. The effect of flash duration on the apparent intensity of a light 
seen by the human eye is shown in Figure c. In this figure, a steady light 
which is just barely discernible is used as a datum reference with a relative 
intensity level of unity. The figure shows that little increase in relative 
intensity is required down to flash durations approaching 0.2 second. For 
flash durations less than one-tenth second, however, the required relative in- 
tensity increases as an inverse function of time. For example, if the flash 

-E: Blonde1 and Rey (30), Chapanis (45), Compendium of Human Responses to 
the Aerospace Environment, Vol. I (50) and Schmidt (164). 
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duration is about 0.003 seconds, the intensity relative to the steady light 
must be increased by a factor of about 100. The curve of Figure c can be appro- 
ximated by the equation: 

where 

ired to appear as bright E = intensity of flash ing source requ 
as E. 

EO = intensity of steady source 

t = duration of flash, sec. 

a = curve fitting constant equal to 0.21 second 

This expression is known as Talbot's law. 

c. Intensity of Flash Reguired for Visibility at 50 Percent Level ____ - _._ _.._ _---. ._ .- 

l------L 
0.00 1 0.01 0.1 1 10 

LENGTH OF FLAY1 - *ec 

This figure shows how intense a flash of light must be in order to be seen 
at the 50% probability level. Note that very short flashes must be much more 
intense than long flashes if they are to be seen. The detection of colored 
lights requires about the same illumination at the eye as detection of white 
light. 

m: Blonde1 and Rey (30), Chapanis (45), Compendium of Human Responses to 
the Aerospace Environment, Vol. I (50) and Schmidt (164). 
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The flickering effect of intermittent light at around 8 pulses per second 
may be disturbing to some people. A small percent of the population may even. 
develop epileptic seizures from the flicker. At high frequency of flicker, 
fusion of the image occurs and the light is perceived as ste.ady. Figure d 
represents this phenomenon as a function of luminance. The data are valid only 
for white light on the fovea. The flicker fusion frequency is dependent on the 
functional state of the central nervous system. 

d. Temporal Discrimination of White Light at the Fovea --.- 

LUMINANCE OF TARGET - mL 

The graph shows the relation between critical fusion frequency (CFF) and 
luminance. The curve defines the boundary between those combinations of target 
luminance and flicker frequency that are perceived as flickering and those per- 
ceived as steady. CFF is the lowest frequency (c/s) of flashing that can be 
perceived as steady. Luminance is the variable with the greatest influence on 
CFF. Other variables are target size, color, lengths of the light-dark cycle, 
brightness of the surround, region of the retina stimulated, and individual 
differences. The data shown in the graph are based on a two-degree, achromatic 
stimulus at zero degrees of angular eccentricity. 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. I (50), 
Hecht and Verrijp (81) and Webb (195). 
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Flash blindness is the transient loss of vision for objects of low lumin- 
ous intensity following an exposure to brief but intense general illumination. 
Figures a and b illustrate the times needed to perceive targets requiring two 
levels of visual acuity--O.26 for theupper curves, and 0.08 for the lower. 
Short "adapting" flashes were used, having various intensities as indicated by 
keying of the individual curves. Figure c shows the effect of 0.1 second 
flashes of much higher intensity on the ability of the eye to detect a large 
target, which subtended an angle of 17 min and which had a luminance of 0.7 mL. 
The brighter the flash, the longer was the recovery time. 

a. Times to Perceive Targets - b. Times to Perceive Tarqets - 
Acuity 0.3 Acuity 0.08 

PSYCHOSENSORY 
VISUAL 

FLASH BLINDNESS 

60 

lo-’ 1 10 IO) 10’ IO.2 IO.1 1 10 101 IO’ 
TARGET LUMINANCE. mL TARGET LUMINANCE - mL 

SOURCE: Brown (34), Metcalf and Horn (125) and Webb (195). 
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C. Effect of 0.1 Second Flashes on Ability to-Detect a Large Target __-__.__- _..-. -.X_-,-. -..,1 . . _ -_- __~~ __-- . . . . 

FLASH LUMINANCE - mL 

SblsRiTE: Brown (34), Metcalf and Horn (125) and Webb (195). 
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The visibility, or probability of detection, of visual signals depends upon 
five visual factors: 

(1) The size, in visual angle, of the pip or signal. 

(2) The brightness of the background, including noise and clutter. 

(3) The brightness of the pip. 

(4) The length of time the signal is present. 

(5) The state of adaptation of the eye. 

a. Signal Size and Brightness Relationships ___ ____ -. ._.-.. -. -.. 

. Numbers on curves indi- 
cate area of the signal 
in square minutes of 

--- visual angle. 

---- 

i -4 -3 -2 -I 0 *I s2 
LGG BP.CKGR(?U?JD B~IGI-ITNESS IN F7: L 

This graph shows the signal-to-background contrast required for 99% probab- 
ility of detection for: 

(1) Signals of various sizes stated in visual angle. 

(2) Various background brightnesses. 

SOURCE: Baker and Grether (15). 
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These data apply to situations where: 

(1) The operator is adapted to the brightness ievel of the task. 

(2) The signal is either brighter or darker than the background. 

(3) The background brightness (noise) is distributed evenly. 

(4) The operator has several seconds to detect the signal and is 
alerted to the task. 

b. Duration of Pre-Exposure Brightness 

UP 

For any given exposure duration the value on the 
ordinate is used as a multiplier of the exposure 
brightness to give the steady state adaptation 
level of the eye. 

We have seen that the eye is less sensitive to dim visual stimuli for some 
period after having been exposed to relatively high brightnesses. The data 
given above show the effect on visual sensitivity of adapting the eye to high 
brightnesses for five minutes or more. After the eye has been exposed to rela- 
tively high brightnesses for about 2-l/2 minutes it reaches, for all practical 
purposes, a "steady state" of adaptation. This means that longer periods of 
pre-exposure have little further effect upon the immediate subsequent sensiti- 
vity of the eye. However, if shorter periods of pre-exposure are used, the 
sensitivity is affected proportionately less. These relationships are shown 
above. 

=E: Baker and Grether (15). 
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a. Contrast Discrimination Curve - -- .__ 

The smallest brightness contrast that can be seen, as a function of 
background luminance. 

b. Contrast Threshold as a Function of Shape of-t.& Stimulus - -_.. ,.... ._. .._.. ,.-. - ..- . . . ". _. ._.- -_- 

0.5 IO 3.0 IO 50 loo 300 000 
PNGULAR AREA A. IN MINP 

Effect of area of rectangular stimulus on threshold contrast B/B for 
5 ratios of length to width of rectangle. For large areas, threshold contrast 
for fixed area decreases as shape approaches square. When area exceeds 100 min, 
shape again becomes unimportant. 

SOURCE: Anon. (10) and Baker and Grether (15). 
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c. Contrast Threshold as a 
Eunctioncf Wavelength of 
Sm!m!s 

7.0 

-1.0 

-2.0 

-i -2 -1 0  2  3  . 

L O G  TROLANUS 

d. Contrast Threshold as a 
Function of Reoion of the 
Retina Stimulated 

Brightness discrimination for 
the red, orange, yellow, green and 
blue parts of the spectrum. The 
labeling on the ordinate applies to 
the data for yellow (575 rnp ). The 
orange and red curves have been 
raised 0.5 and 1.0 log unit respec- 
tively, and those for green and blue 
have been lowered 0.5 and 1.0 log 
unit respectively. 

Just noticeable difference in 
retinal illumination as influenced 
by illumination for fovea1 and peri- 
pheral vision. In peripheral vision, 
where rods predominate, transition 
from rod to cone vision occurs at 
higher illumination level. Discrimi- 
nation is generally poorer in peri- 
phery than in center of visual field. 

=E: Anon. (10) and Stevens (174). 

1-124 



PSYCHOSENSORY 

VISUAL 

CONTRAST EFFECTS 

e. Visual Acui-ty.Curve Plotted as a Function of Background Luminance _--.... ~._ .- .,.._.- -------.-. _____--- ___----_-_- 

100.0 
¶O.O 
60.0 
70.0 
60.0 
50.0 
40.0 

30.0 

20.0 

iO0 
9.0 
0.0 
70 
6.0 
5.0 
4.0 

1.0 
0.9 
0.6 
0.7 
0.6 
0.G 
0.4 

SOURCE: Mandelbaum and Rowland (123). 
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f. Visual Acuity as a Function of Contrast 

LUMINANCE OF BACKGROUND IN FOOTLAUBERTS 

SOURCE: Chapanis (45). 

1-126 



PSYCHOSENSORY 

VISUAL 

CHARACTERISTIC LUMINANCE VALUES 

a. Characteristic Luminance on Earth and In Space .A-____ 

Photopic Vision 

I * IO.’ F Mesopic Vision 

Scotopic Vision 

This enormous range of 
luminances is based on a 
solar illuminance of 12,700 
Ft-c. A uniformly diffusing 
sphere at the earth's dis- 
tance from the Sun would have 
a luminance of 13,655 mL and 
the apparent luminances of 
the Sun, Earth, Moon, Venus, 
and Jupiter have'been recal- 
culated on that basis. Albe- 
do(r) as used in this figure 
is the ratio of the incident 
collimated light in a plane- 
tary body or spherical ob- 
ject to the light reflected 
and collected over 4 
steradians and is considered 
to be invariant with wave- 
length. Only Jupiter and 
Venus are large enough to be 
characterized by their sur- 
face brightness. 

XIlll8X: Corn endium of Human Responses to the Aerospace Environment;Vol. I 
(5Op and White (204). 
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INSTANTANEOUS THRESHOLD FOR LIGHT 

The luminance that is just visible immediately after the eye has been 
adapted to a given luminance is called the instantaneous threshold of the eye. 
The curve is a straight line except at the higher luminances where factors other 
than adaptation are present. This graph is for a square target that subtends 
10 minutes of arc, and assumes that the observer is pre-adapted to a given wide 
field luminance. An observer adapted to a luminance of 1.0 mL can see a 10 
minute square target about one hundredth as bright imnediately after the pre- 
adapting field is turned off. Suppose, however, that the observer was exposed 
to a field luminance of 100 mL but the target luminance was 0.0001 mL, what can 
be said about the luminance threshold? The data on dark adaptation show that 
the observer must wait about 14 minutes after entering a dark room before he can 
see the target light. This graph is for simple light detection and does not 
permit. a prediction of instantaneous visual acuity threshold, which requies 
discrimination of form. 

a. Instantaneous Threshold as a Function of Pre-Adapted Luminance _-__-__-_ - .-- --_ _.,. -.I-- 

PRE-ADAPTING LlJMINM4CE - mL 

SOURCE: Nutting (140) and Webb (195). 
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EFFECT OF GLARE ON APPARENT SIZE AND SHAPE 

Visual identification of highly luminous objects in space, on the basis 
of their shape, may lead to incorrect identification. If navigational sightings 
are performed using high luminance sources as reference objects of approximately 
2000 ft L apparent luminous intensity or 

9 
reater, one must expect rather large 

errors in estimating star eclipse angles from the edge of the luminous source). 
Under high luminance conditions one is likely to perceive size and shape char- 
acteristics of the glare source which may misrepresent the actual glare pro- 
ducing object. If a star is going to.be chosen as a nvaigational 'referent with 
respect to either the perceived edge of the sun's photosphere, which is unlikely, 
or some man-made object having a high luminance (direct or reflected), optical 
filters will have to be used to reduce the photic flux to such a level that the 
physical edge of the referent can be accurately perceived. 

a. Effect of Glare Source Intensity Upon Its Apparent Size* - __..- - ..-_ -. _. _ -_.- ._.. 

t GLARE-SOURCE INTENSITY. ft L . . . i 

* A zero intensity or control condition. 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. I (50) 
and Haines (79). 
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b. Effect of Glare Source Edge Geometry Upon Point Source Disappearance 
and Reappearance Posit131 

CURVED STRAIGHT 90’ Go- 
____- PATH OF POINT SOURCE 
- FULL INTENSITY 
-- 0.4 LOG INTENSITY 

*INDICATES NUMBER OF SETS OF SIX u AND SIX QIll 
TRIALS EACH VALUE IS BASED UPON 

c. Effect of Glare Source Luminance Upon Pers.eived Size and Shape of. 
Cirs! es 

(CIRCLE) 
/FULL INTENSllY EDGE 
INTERMEDIATE INTENSITY EDGE 

VISUAL ANGLE 
IA1 0.4 LCG INTENSllY (El FULL INTENSITY 

6’ 32.3’ 20’ 35.9’ 
7’46.1’ 13’ 16.5’ 9’ 36.3’ 12’ 39.2’ 6’ 9.1’ 12’47.0’ 14’55.0’ 13’ 9.0’ 5’ 4.4’ 12’ 26.6’ 
3’ 8.0’ 13’ 9.0’ 
2’ 26.2’ 20’ 33.0’ 
6’31.1’ 14’ 29.5’ 

‘ZERO INTENSITY BOUNDARY 
X-X DISTANCE = r 33’ 13.3” 

SC)URCE: Compendium of Human Responses to the Aerospace Environment, Vol. I (50) 
and Haines (79). 
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EFFECT OF GLARE ON APPARENT SIZE AND SHAPE 

d. Effect of Glare Source Luminance Upon Perceived Size and Shape of 
Squares 

_.__._ -_-I.^ -._.. .-- -- 

BPUARE) 

/ 

FULL INTENSITY EDGE 
/INTERMEDIATE INTENSITY EDGE 

‘ZERO INTENSITY BOUNDARY 
X-X DISTANCE = lO24’59” 

e. Effect of Glare Source Luminance-Upon Perceived Size and Shape of - _...._. ~ 
Trianqles 

(TRIANGLE) 

/ 

FULL INTENSllY EDGE 
/INTERMEDIATE INTENSITY EDGE 

(Al 0.4 LOG INTENSITY (Ed FULL INTENSITY 

~~~ 

‘ZERO INTENSITY BOUNDARY 
X-X DISTANCE * 1.30’ 50.7” 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. I (50) 
and Haines (79). 
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DETECTION OF TARGET MOTION 

a. Typical Visual Acuity Showinq Effect of Reference Seggration& 
Direction~of.M~~~-o_!!,1_Right and Left)* -.. . .._.. .__- ___._ -.. ~ 

I.,, - 

1.2 - 

1.0 - 

.b- 

I 
I 
I 
I 

i 

I 
I 
I 

I 
I 
I 
\ 

‘I 
I 
I 
I 

i 

\ 
I 
\ 
\ 
I 

Direction of Initial Separation 
Motion Distance, Milliradians 

__-. __- ,_ _ - ._._ .- .._.__ 
12.5 
34.0 
12.5 
34 0 -p._2---p 

* Slow speeds tested first. 

SOURCE: Study of Human Pilots Ability to Detect Angular Motion with Application 
of Control of Space Rendezvous (181). 
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DETECTION OF TARGET MOTLON 

b -.! Differential Threshold of Motion Detection in the Frontal Plane . . . --I I-.._ -.-... .._._. -_ .__-._ _.. .._ --.-... T.-.,_ -.. .~ ,~ 

.C 7 0 

1 1 10 
ANGULAR SPEED (w)- dedsec 

The differential threshold (Au) is the amount that the angular speed of 
an object moving at right angles to the line of sight must change to be detected 
as a new speed. Data points shown on the graph are thresholds gathered from 
eight different experiments, for abrupt changes in speed from w1 to +. 

When an object stationary in the visual field (~~'0) is suddenly set in 
motion, the minimum speed which is perceived as motion ("rate threshold") 
varies from 1 to 2 minutes of arc per second (0.017 to 0.033 deg/sec). 

Threshold for movement in peripheral vision is higher than the threshold 
in central vision. Effects of illumination and contrast on differential thres- 
hold are imperfectly known at this time. The rate threshold is higher at low 
illumination levels and when no fixed visual reference is available. 

SOURCE: Brown (35), Graham (73) atid Webb (195). 
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c. Perception of Movement in Depth of a Luminous Target 

.oo 1 .Ol 0. I 1.0 
LUMINANCE - mL 

Figure c shows successful perception of movement in depth of a luminous 
target on a black field as a function of change in visual angle (percent 
distance traveled) and of luminance. 

SOURCE: Baker and Steedman (16) and Webb (1~95). 
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DETECTION OF TARGET MOTION 

d. Time to Perceive Movement in Depth -_I- P-s.- 

RATE OF MOVEMENT - in/see 

Figure d shows the time required to perceive movement in depth as a func- 
tion of rate of change of visual angle (target speed). Both curves are for 75% 
correct responses, where 50% correct would be chance performance, since the 
target moved both toward and away from the observer, who had to choose*the cor- 
rect direction. 

The target was a lamp measuring 3.5 inches in diameter which mas moved 
back and forth on a track from an initial distance of 25 feet. At the initial 
distance, the lamp subtended a visual angle of 40 minutes of arc. A 2% change 
in distance, which was detected as movement at the higher luminance levels, 
represented a 2% change in visual angle, or a change of about 0.8 minutes of 
arc. The range of target speeds from 1.65 to 13.2 inches per second produced 
initial changes in visual angle from about .25 minutes of arc to 2 minutes of 
arc. 

SUUlXE: Baker and Steedman (16) and Webb (195). ,. 
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EYE PROTECTION - RETINAL BURN 

The maximum dose Q  (in J/cm2) to produce retinal burn, as a function of 
time of irradiation, with the irradiated retinal area as parameter. Note that 
the threshold level is lower in the later experiment due to better diagnostic 
techniques. 

a. Retinal Burn - Dose Parameters --- .~ - 

Time t in WC 

For control of electromagnetic transmittance in the visor system, the fol- . . 
lowing has been recommended: 

Ultraviolet - The transmission of ultraviolet radiation in the 
range 220-320 nm be such that the total energy incident on the 
cornea and facial skin shall not exceed 1.0 x lo5 ergs cmm2 in 
any 24 hours period. 

a. 

b. 

C. 

=E: 

Infrared Transmittance - The transmittance of infrared radiation 
beyond 770 nm not to exceed a total value of 10 percent with all 
visors in place. 

Visible - The primary visor have a transmittance in the visible 
range of at least 85%. The maximum transmittance through the 
primary visor and the least dense sector of one secondary visor 
should be 60%. The maximum transmittance utilizing all visors 
should be 2%. 

Compendium of Human Response to the Aerospace Environment, Vol. I (50) 
and Vos (193). 
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Terms and Unjts.,&.i in Audition a . 

Physical Psychological 

Term Unit/Measure Term Unit/Measure 

Frequency 

Amplitude 

Duration 

Cycles per second 
or Hertz 

Decibel 
L=m log(P,/P$ 

Seconds/Minutes 

Pitch 

Loudness 

Duration 

Mel 

Phon 

Sone 

Seconds/Minutes 

The unit used to measure intensity, L, 
(dB) and is expressed as: 

in physical units is the decibel 

L = 20 log (Pi/P,) (1) 

where p1 = the sound pressure level (SPL) to be measured; 

PO = a reference pressure, usually 0.0002 bars 

or dyne/cm2 

The difference between two sound pressure levels is expressed as: 

L2-Ll = 20 log (P2/PT) 

The speed of passage of the zones of compression or rarefaction represents 
the velocity of sound, which is characteristic of the medium of propagation in 
given conditions. The separation of corresponding points in successive zones 
is the wavelength, which is inversely proportional to the frequency, according 
to the relationship: 

Wavelength (T) = Velocity of Sound(V) 
Frequency (n) (3) 

For example, taking the velocity of sound in air at 0°C to be 1087 ft/sec, 
a 100 Hz tone will generate a disturbance with a wavelength of 10.87 ft. 

The measure of frequency is simply cycles per second or Hz. A range of 
frequency may be indicated by the octave, which is the interval between any two 
frequencies having a ratio of 2 to 1. The duration is expressed in seconds or 
minutes. 
SOURCE: Compendium... Vol. II (51) and Sivian and White (170). 
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The psychological measures of loudness are the phon and sone. The phon 
is merely a transformation of the sone into a logarithmic scale related in 
specific ways to the sound pressure level of a reference sound. Sounds that 
have equal sone value or phon value or presumed to be equally loud, and discrim- 
inations between the loudness of sounds can be reported in either sone or phones. 

b. Absolute Threshold for Intensity and Frequency ---. -.--. -.. __.-.. 

The auditory response to the frequency of pure tones is commonly accepted 
as falling between about 16 and 20,000 Hz. 

1000 

Frequency Hz 

The limits for response to intensity vary as a function of frequency. They 
are often different for different individuals and the threshold may vary from 
time to time in the same individual. 
extend from the minimum level (i.e., 

The limits for response to intensity 
absolute threshold) at which a sound can be 

heard to intensities where feeling and discomfort begin. The minimum intensities 
to which the ear will respond vary as muoh as 80 dB with the greatest sensitivity 
between 2000 and 4000 Hz. Individual differences in absolute thresholds vary as 
much as 20 dB and can vary as much as 5 dB within a short period of time. 

The audibility of a signal depends on the duration since the response of 
- the ear is not instantaneous. For pure tones, about 200-300 msec. are required 

for buildup and approximately 140 msec. to decay. 

SOURCE: Compendium...Vol. II (51) and Sivian and White (170). _ 
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C. Tolerance Thresholds for Pure Tones 

! l1111111u!-1 2 2 IO 100 IOOC) I 0,coo 

FREQUEIGY-CPS 

These curves show various determinations of tolerance thresholds for pure 
tones. Curves 1, 2 and 3 were reported by Silverman at the Central Institute 
for the Deaf (CID), in St. Louis. Curve 1 shows the intensity level at which, 
after an extended period of getting used to intense acoustic stimulation, the 
listeners reported "discomfort", and Curve 2 marks the onset of a "tickling 
sensation". The limit of the earphones was exceeded before some of the expe- 
rienced listeners complained of "pain". Curve 4 is the "threshold of feelinq" 
and Curve 5 is Bekesy's threshold of tickle. Bekesy found that at frequencies 
below 15 Hz his listeners could report consistently in terms of two criteria. 
Curves 6 and 7, labeled "touch" and "pricking in middle ear" show the central 
tendencies of the judgments. 

m: Bekesy (20), Licklider (llO), Silverman (167) and Wegel (199). 
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d. Contours of Equal Loudness 

L i ! 1. 
-I--~-l-.il-‘~-“,“.‘ii” -_,,,; -_,--- 

--l--+l--M-L&-- 

The sound pressure levels were measured at the eardrum, and an earphone was 
used to deliver the tone. 

=E: Fletcher and Munson (66) and Stevens and Davis (175). 
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AUDITORY 

e. Progressive Hearing Loss with Increasing Age, as Reported by Bunch -. . --- ,-- ._~_I 

2G yew 

Frequency in cp3 

The audiogram at 20 years of age is taken as a basis of comparison 
(From Morgan). 

=E: Bunch (37). 
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f. Averaae Soectrum Level of Speech 

- “-I- 
i i 

- -.A+ ! 
/ - - 

I j ;. , 
--. 

f#i 

I‘ - 

1 
‘- i i- 
-’ ---I ‘_ -_ 

2 3 4-s -6 7 I?,000 

---+- 

I. 1 j-/~-~/j 
I 

j t--/J 

2 3 4 5 6 7 6 1000 
L-. 

100 

FREQUENCY IN CYCLES PER SECOND 

Average spectrum level of speech measured in one-cycle bands for young 
male voices talking at a level six decibels below the maximum they could sustain 
without straining their voices. Microphone placed on meter in front of talkers 
in an anechoic chamber. One decibel has been added to remOve the effect of 
pauses between words in the total spectrum level. 

SOURCE: Beranek (20) and Clark, Rudmose, et al (48). 
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9. Articulation Scores for Three Different Types of Test Material 

sentences 

Signal-to-noise raklo in decibelg 

The test items were masked by white noise, and the percent items correct 
are plotted as a function of signal-to-noise ratio in decibels. 

SOURCE: Miller, Heise, et al (128). 
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h. The.&$jcvjation Score -for Monosyllabic Words as a Function of the SPL 
of- WWWCncr. !!ohs 

- I\ o-- 20 -r)o()o CPs 

sr e----v is-400 
c D-----m--13350-700 
0 Q---------o6OO-llQO 
E A I.--...*.....-... &goo-,~,()o 

.- FW- --Lx 1300-1900 
0 w-0 1600-2500 
no- ------02400- 3120 
I A----A 3000- 4000 

I 
- 77 

SOUND PRESSURE LEVEL OF YASKI?IC NOISE 1H DECIBELS 
RE 0.0002 DYNE/CM2 

The different frequency bands of noise are parameters. The level of the 
speech was held constant at 95 db. 

SOURCE: Miller (127). 
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i. Articulation as a Function of the Component FrequencieS-pf the Maskinq 
Noise 

._r,_ 
---- 

e 
I00 IOOC) 

FREQUENCY IN CYCLES PER SECONO 
The parameter is the SPL of the masking noise. 

-E: Miller (127). 
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j. -Threshold Shifts and Recovery Times 

-C--. 

2 20 2000 
ii 
h 

m 
10 

LJ 1 I l-l 

O  12 1 3 

A. 

B. 

4000 

b 

6000 

A-- 
0 20 40 60 

Recovezy time in minutes 

Initial threshold shifts at different frequencies, observed after 
exposure to 30 minutes of thermal noise at 105 db SPL. The ex- 
posure stimulus was delivered over a loudspeaker. Each bar repre- 
sents the mean of three exposures for a different subject. 

Recovery curves for nine subjects (three at each frequency). Open 
circles are threshold shifts for right ears, while solid circles 
indicate threshold shifts for left ears. Each experimental point 
is the mean of nine post-exposure thresholds. 

SOURCE: Wheeler (201). 
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k. Speech Communication (SC) Criteria 

110 

\ 

\ 

\ -- 

\ 

\ --- 

\ 

---- 

--- 

1 . . \ -- 
\ -- 
\ 
‘\ -- 
\ 
‘Y 

-- 

3 
J 
1 - t - 
I I 300 600 

I 600 1200 

-----T- ----l--- 
L -- 

- ., i 
-+ 
- -\ 

. 
q L - - 
+k 

-i---- 
SC -75 I 1 

I 
-. _:. 3 SC - 65 SC - 65 I -- -- 4 

SC 55 SC 55 

33 
9 

SC -45 SC -45 

--- --- 

SC - 35 

q-1 --- --- 

SC SC - 25 - 25 I ’ I ' I I 

ID 
1200 2,400 
2400 4000 

4800 
10000 

* 
. . . 

; 

Frec;ucmcg band cps 

The curves are labeled with numbers equal to the speech interference levels 
they represent. Each curve specifies the octave-band pressure levels that must 
not be exceeded if a certain quality of speech cormnunication is to be guaranteed. 

?JmiX%: Wheeler (201). 
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1. Speech Interference Levels 

DISTANCE BETWEEN TbJ-KER 6 LISTENER - !I 

Speech Interference Level (SIL) is a readily calculated index of the degree 
to which a complex sound or noise will interfere with speech. It is also often 
used as a rough estimate of the comfort or acceptability of a potentially 
annoyin noise. 

? 
SIL is defined as the arithmetic mean of the sound pressure 

levels dB re 0.0002 dyne/cm2) within three octave bands: 600-1200 Hz, 
1200-2400 Hz, and 2400-4800 Hz. Table 1 shows the maximum permissible SIL for 
normal and raised speech associated with various distances between speaker and 
listener. It should be kept in mind that the SIL is accurate only for broad-band 
noises with fairly typical spectra. 

SIL of the noise estimated at the astronaut's ear during lift-off may be 
calculated from the dB levels within the three octave bands between 600 and 
4800 Hz as shown. These are 81, 60, and 41 dB. SIL is the arithmetic mean of 
these numbers; therefore, SIL = (81 + 60 + 41)/3 = 61 dB. For the Century 
fighter overflight, SIL = (118 + 113 + 108)/3 = 113 dB. 

Speech communication criteria associated with various SIL levels are 
shown in table m. 

SOURCE: Corn endium of Human Responses to the Aerospace Environment, Vol. II 
(617 and J erison (94). 
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m. Speech Communication Criteria 

-E: Corn endium of Human Responses to the Aerospace Environment, Vol. II 
(51! and J erison (94). 
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n. Rocket Noise and Everyday Sounds 

am- 

mm - 

200- 

“E m- 4 
: 

8 

k+ 2.0 - 31 
w” 1.0 - 
p” 
z 
g .2- 

.02 - 

.w2-- 

.ool-- 
.ows 

,000: 

\ATLAS LAUNCH - 150 ft 

I h 
h3d dB 
I 

95 dB 

F-100 TAKE-OFF - 150 f? 

NOVA - 1 mile (predicted) 
<<*ATLAS LAUNCH - I mih 

SATURN LAUNCH - 1 mile 

~4-78 dB 
I\ hUBWAY - 20 ft 

.E . 

OCTAVE PASS BAND-Hz 

, This graph shows physical descriptions of some common and uncommon sounds. 
Measurements with conunerical sound level meters and octave band analyzers give 
sound pressure level (SPL) .in decibels (dB) relative to the reference level, 
and the ordinate can serve as a nomogram for converting from one measure to the 
other. (The conversion is logarithmic.) Overall sound pressure level of each 
curve is shown numerically on the curve. The source of each curve and the dis- 
tance between the point of measurement and the noise source are indicated at the 
right. Major differences between rocket noises from either Atlas, Saturn, or 
(predicted) Nova and other sources are in the very high energies of the rockets 
at frequencies below 75 Hz. The very unusual spectrum of noise predicted for the 
Mercury astronauts was based on the sound shielding properties of the capsule, 
space suit, helmet, and earphones of the Mercury configuration. These attenuate 
higher frequency sound more effectively than lower frequency sound. 

SOURCE: Corn endium of Human Responses to the Aerospace Environment, Vol. II 
(51p and J erison (94). 
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a. Difference Thresholds for Intensities of Signals 

63 250 IO60 

FREOUENCY 1N HI 

Figure a presents a three-dimensional surface showing the differential in- 
tensity thresholds as a function of the frequency and the intensity of the stan- 
dard tone. The threshold is represented as the difference in decibels between 
the standard intensity and the standard plus the increment. Following the con-' 
tour lines from 1000 Hz and 30 dB, one sees, by way of illus,tration, that the 
intensity of a 1000 Hz tone must be raised 1.0 dB from a level of 30 dB above ::. 
threshold before the average observer can. detect the change. If one starts 
with levels 60 or 70 dB above threshold, he finds that an increment of less than 
0.5 dB is detectable. 

. . . 

-E: Corn endium of Human Responses to the Aerospace Environment, Vol. II 
(51p and Stevens (174). 

.“’ 
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b. Difference Thresholds for Frequency of Signals 

. “+ 705--!L:-;--:---L--j ! 0 
Qe 63 250 1000 9000 16.000 

FREOUENCY IN Hz 

Figure b presents a three-dimensional surface showing the differential 
frequency threshold as a function of the frequency and the intensity of the 
standard tone. Frequency discrimination is poor at intensity levels-near the 
absolute threshold (rear part of figure) and at high frequencies (right-hand 
part of figure). At sensation levels above 30 dB and at frequencies below 
1000 Hz, however, a change of about 3 Hz can be detected. 

SOURCE: Corn endium of Human Responses to the Aerospace Environment, Vol. II 
(517 and Stevens (174). 
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c. Message Perception 

Ic 
80 

60 

40 

ml I I I I Y 
2 4 B 16 32 64 

NUMBER OF POSSIBLE MESSAGES 

d. Message Intelligibility 

60 

SIGNAL TO NOISE RATIO - db 

Figure c-shows how the correct per- 
ception of spoken messages is affected 
by the diversity of responses re- 
quired of the observer. As the num- 
ber of possible messages (standard, 
two-syllable words) increases from 2 
to 64, the percentage of correct re- 
ports about the messages drops. The 
relationship is poorer when the signal 
signal/noise ratio, shown here in dB, 
is lower. 

Figure d shows similar effects with 
other materials graphed in a different 
way. It shows that single numbers 
(digits) are detected correctly more 
easily than are words in sentences, 
and words in sentences are detected 
correctly more'easily than nonsense 
syllables. This is a special case of 
the effect shown in figure c. In gen- 
eral, the less "information" the 
sender-receiver system has to process, 
the more accurate the processing. In 
figure c, the system is processing 
from 1 to 6 "bits" of infgrmation 
(that is, 64 messages = 2 message = 
6 "bits"). In figure d, the amount of 
information processes varies from a 
little over 3 "bits" for digits to 
unknown but higher amounts for the 
other categories. It is clear-that 
communications can be improved by 
using a limited vocabulary; the smal- 
ler the vocabulary, the better the 
system. 

SOURCE: Compendium... Vol. II (51), Gale, Morgan, et al (69), Jerison (93), 
Miller, Heise, et al (128) and Pollack (145). 
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e. Eifects of Visual Cues on 
Intelligibility 

foo- foo- 
so- so- 

-30 -30 -24 -24 -18 -18 -12 -6 -12 -6 
SPEECH-TO- NOISE RATId (doI SPEECH-TO- NOISE RATId (doI 

Figure e shows that the increment of 
intelligibility contributed by visual 
cues is a function of the prevailing 
speech-to-noise ratio; if the speech- 
to-noise ratio is high, the listeners 
hear the words clearly and therefore 
cannot take advantage of the cues 
provided by lip reading; if the 
speech-to-noise ratio is low, they 
need, and they in fact use, the 
visual cues. 

SOURCE: Compendium... Vol. II (51), Gale, Morgan, et al (69), Jerison (93), 
Miller, Heise, et al (128) and Pollack (145). 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 

SOUND/NOISE 

DAMAGE TO HEARING 

a. Pure Tone and Wide Band Noise Damage Risk Criteria - -.. 

DAMAGE RISK CRITERION FOR PURE 
TONE OR CRITICAL BAND 

FREQUENCY(CPS) 

b. Short Term Damage Risk Criteria (Wgdeband Noise) 

160 - 
I 

.-i . . . L-------ll. 
EXPOSURE PROHIBITED ABOVE 150 DB 

I 
PJ ~. NON-AI 

PAIN LIMIT 

80 I-I Id I Illlllll I._! I I I Ill1 I 1111111 I ____.---__ 
0.1 1.0 10.0 100 480 

EXPOSE EXPOSURE TIME - MINUTES 

SOURCE: Beranek (22), Human Engineering Design Criteria (88), Kryter(104) and 
Rosenblith, Stevens, et al (153). 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 

SOUND/NOISE 

DAMAGE TO HEARING 

C. Long Term (8 Hour) Damage Risk Criteria 

110 

WIDE BAND NOISE 
(EARPROTECTIONMANDATORY) 

NARROWBAHD NOISE 
(EAR PROTECTION RECOMMENDED) 

70 ’ I I I I _ I I I 
37.5 75 150 300 600 1200 2400 4800’” 

OCTAVE BANDSIN CYCLESPER SECOND 

-E: Human Engineering Design Criteria (88). 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 

II 

i 
i 
i! SOUND CONTROL RECOMMENDATIONS 

SOUND/NOISE 

a. SIL Criteria 

tin LEVEL(db) -.---- 

30-40 

40-50 
. - ..- -.- 

50-60 

60-70 

70-80 

80-85 
~~~~- spFE.cR &. ..i 

LEVEL(db)M 
SIL(db)* -qE-&-oR'-.--.---d 

GREATER _ -~ 

+5 db 

PERSON-TO-PERSON _-__-- ~-.- - COMMUNICATION 

Communication in normal voice satisfactory. 
Comnunication satisfactory in normal voice 3 
to 6 ft.; and raised voice 6 to 12 ft; telephone 
use satisfactory to slightly difficult. _-._-- ---.--. -. -..-- .-. 
Communication satisfactory in normal voice 1 
to 2 ft; raised voice 3 to 6 ft.; telephone use 
slight, difficult. 

Yommunicati 
1 to 2 ft; slightly difficult 3 to 6 ft. 
Telephone use difficult. Ear plugs and/or 
ear muffs can be worn with no adverse effects 
on communications. _--i 
Communicati% Sli-bhtlv difficult with raised 
voice 1 to 2 ft; slightly difficult with 
shouting 3 to 6 ft. Telephone use very dif- 
ficult. Ear plugs and/or ear muffs can be 
worn with no adverse effects on communications. L -_7 G._ 
~~m~~~c~onsli'~~tly di-fficult with shouting 
1 to 2 ft. Telephone use unsatisfactory. Ear 
plugs and/or ear muffs can be worn with no 
adverse effects on communications. ~---.-.-- - i_ . 

Communications via earphones or loudspeaker. 
-=._ --.... -. 

Communication satisfactorv over ranae of SIL 
30 to maximum SIL permitted by expoiure time. __-_- -.-.---.--. 
Communication slightly difficult. About 90 
percent of sentences are correctly heard 
over range of SIL 30 to maximum SIL permitted 
by exposure time. 
Special vocabularies (i.e., radio-telephone voice 
procedures) required. -Communication difficult 
to completelv unsatisfactorv over ranae of SIL 
30 to maximum SIL permitted-by exposure time. 

!MS-sbun-ddpressurelevel-o'f speech and the SIL 
for the noise must be measured at or estimated for a position in the 
ear canal of the listener. The long-time RMS value of speech can be 
approximated by subtracting 4 db from the peak VU meter readings on 
monosyllabic words. 

**Ear plugs and/or muffs worn in noise having SIL’s above 60 db will 
not adversely affect communication and will extend maximum permis- 
sible SIL in accordance with protection provided. 

=E: 7;;;~ Engineering Design Criteria (88) and Von Gierke and Pietrasanta 
. 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES. 

SOUND/NOISE 

SOUND CONTROL RECOMMENDATIONS 

b. Noise Criteria Curves 

90 

I..L-..rI 
75 150 300 600 4 10 

75 150 300 600 1200 2400 4800 10,000 
FREDll C:i::‘< RAND (CPS) 

The NC curves (solid lines) are recommended for specifications whenever a 
favorable relation between the low and the high frequency portion of the spec- 
trum is desired. The NCA curves are the maximum recommended deviation from the 
NC curves whenever economy dictates a maximum compromise and where, in addition, 
the noise is steady and free of beats between low frequency components. 

-E: Beranek (23) and Human Engineering Design Criteria (88). 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 

SOUND/NOISE 

SOUND CONTROL RECOMMENDATIONS 

c. Frequency Bands that Contribute Equally to Speech I~~telligibility _~-. .-. .--.-- _.__ - ..-. -._ _ _ ._ ..-_- ..---. -. _- ,: 

BAND 
NUMBER 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

i F - 
LOWER _ 

200 

330 

430 

560 

700 

840 

1,000 

1,150 

1,310 

1,480 

1,660 

1,830 

2,020 

2,240 

2,500 

2,820 

3,200 

3,650 

4,250 

5,050 
-- 

EQUJNCJf (CPS) 
MIDDLE 

270 

380 

490 

630 

770 

920 

1,070 

1,230 

1,400 

1,570 

1,740 

1,920 

2,130 

2,370 

2,660 

2,900 

3,400 

3,950 

4,650 

5,600 
. . .__.". .-.,- _._----.-- 

UPPER BANDWIDTH 

330 130 

430 100 

560 130 

700 140 

840 140 

1;ooo 160 

1,150 150 

1,310 160 

1,480 170 

1,660 180 

1,830 170 

2,020 190 

2,240 220 

2,500 260 

2,820 320 

3,200 380 

3,650 450 

4,250 600 

5,050 800 

6,100 1,050 '_ 
I- -- 

i 

SOURCE: French and Steinberg (67) and Human Engineering Design Criteria(@). .,:. 
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PHYSIOLOGICAL STANDARDS AND TOLERANCEi 

DYNAMICS - ACCELERATION 

DESCRIPTIVE STANDARD NOMENCLATURES 

These tables develop in greater physical and anatomical detail, the equiva- 
lence of the different nomenclatures for the vehicular and human coordinate 
systems. 

a. - 

S()URCE: Compendium of Human 
and Pesman (144). 

Responses to the Aerospace ronment 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 
DYNAMICS - ACCELERATION 

DESCRIPTIVE STANDARD NOMENCLATURES 

b. Linear Motion 

c 

L 

mE: Compendium of Human Responses to the Aerospace Environment, Vol. II (51) 
and Pesman (144). 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES’ 
DYNAMICS - ACCELERATION 

FACTORS EFFECTING HUMAN G TOLERANCE 

a. Typical Human G Tolerance Considerations _-_---.-- 

. Magnitude of the peak or peaks of 
of acceleration 

. Duration of the peak or peaks of 
acceleration 

. Total duration of the acceleration 
from time of onset to completion 
of offset 

Direction of the primary or resul- 
l tant acceleration with respect to 

the body axes (vector) 

Gradient of inertial effects along 
l body in short-armed centrifuges 

. Rate of onset and offset 

. Types of end points used in deter- 
mining tolerance (physiological and 
performance limits may be related 
but need not be same; portion of 
G  profile when test performed) 

Types of G-protection devices 
* body restraints used; also the 

and 

coupling between the individual 
and the vehicle of application 
(seat, couch, etc.) 

Body position, including specific 
l back, head, and leg angles 

. Environmental conditions such as 
temperature, ambient pressure and 
lighting 

. Anthropomorphic form of the specific 
test animal's body and its compon- 
ents which modify the transmission 
of force (impedance) 

. Age of subject 

. Emotional factors such as fear and 
anxiety, confidence in self and 
apparatus, and willingness to tol- 
erate discomfort and pain 

Motivational factors such as com- 
* petitive attitude, desire to be 

selected for a particular space pro- 
ject, or specific pay, recognition, 
or awards 

. Previous acceleration training and 
accumulative effects 

. Techniques of breathing, straining, 
and muscular control; and G-protec- 
tion devices 

-E: Compendium of Human Responses to the Aerospace Environment, Vol. II(51). 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 
DYNAMICS - ACCELERATION 

FACTORS EFFECTING HUMAN G TOLERANCE 

b. Crude Comparison of G-Tolerance in Four Vectors of G  - 

-1 ~- {--t-it---. t-- 
.z 
: Xl 

0 20 
z 
E 2 10 

It: ; 4 5 

4 3 

2 

1 
.Ol .02 .05 .I .2 .5 1.0 2.0 5.0 IO 50 

AVERAGE TOLERANCE 

Acceleration tolerance is shown for (+G,), (-G,), (+G,), and (-G,). The 

end point criteria are different for each of the vectors, and back angle may be 
different within each curve. 

-E: Chambers (43) and Compendium of Human Responses to the Aerospace 
Environment, Vol. II (51). 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 

DYNAMICS - ACCELERATION 

FACTORS EFFECTING HUMAN G TOLERANCE 

C. G-Tolerance for Test Pilots 

ENDURANCE TIME. ret 

VOLUNTARY ENDURANCE 

Upper limits (as contrasted with average tolerances shown) are plotted for 
a group of highly motivated test pilots, preconditioned to the effects of accel- 
eration and suitably restrained. The pilots were able to operate satisfactorily 
a side-arm control device to perform a tracking task throughout the times indi- 
cated. 

SOURCE: Chambers (43) and Compendium of Human Responses to the Aerospace 
Environment, Vol. II (51). 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 
DYNAMICS - ACCELERATION 

FACTORS EFFECTING HUMAN G TOLERANCE 

d. Gray Out Tolerance Time as a Function of Rate of Acceleration Onset ___ .__. ._.-.--- - . 

0.1 
0 1 2 3 4 5 6 7 

RATE OF ONSET OF ACCELERATION. G/s.= 

This graph relates the onset 
rate of acceleration to time-to- 
end-point. It shows that for any 
given positive acceleration (G,) 
from 4 to 146, the time to gray- 
out depends on how rapidly the 
acceleration level was reached. 
Further, the table inset in the 
graph shows the shortest times 
and the average times for uncon- 
sciousness to develop following 
grayout, each pair of values 
being related to an onset rate. 
For example, at onset rate of 
4G/sec, the shortest time to un- 
consciousness was 1.1 set, and 
the average 1.8 sec. 

e. Human Tolerance to Positive Gzm,fpr-_V_ary&ARates of Onset, G  Amplitudes, 
AdExeosurti-. an imes 

0% 
0 5 10 IS 20 25 3l 35 

TOTAL TIME FROM START OF ACCELERATION TO ENDPOINT - ICE 

SOURCE: Chambers (43) and Corn endium of Human Responses to the Aerospace 
Environment, Vol. II P 51). 
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PHYSIOLOGICAL STANDARDS AND TOLE,RANCES 

DYNAMICS - ACCELERATION 

FACTORS EFFECTING HUMAN G TOLERANCE 

f. Impairment of Performance Predicted for Different +G, Levels Breathing& 
4iKJG~GitL5:PSJA t.guated._t_o_P~e~_foumance_a_t_.D~ ffe_reti-Al_. 

.4';orsE OF ~~INI~~AL SENSORY I $,-,- I/ ,,&,T , , , ; , , , , , 1 , , , 
' ITUUC xlC3 FEET 5 
10~ mm Hd (132) 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. II (51) 
and Teichner and Craig (188). 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 
DYNAMICS - ACCELERATION 

FACTORS EFFECTING HUMAN G TOLERANCE 

.g= Response of Several Visual Functions of Hypoxemia 

y 90- -DARK 
a _ ADAPTATION 

i!.! M  CENTRAL 
z m- 
% - CONTRAST 
E 
k 70- 

s CENTRAL 

k! - 
w 
d 60- 

2 - 
El 
8 50- 
a 
z - 
I) 

700 9.5 90 05 80 75 70 65 60 55 
% ARTERIAL O2 SATURATION 

l- P”‘I”“I”” I’ ’ ” I 
w” 0 5 10. 15 20 ALTITUDE (FEET x 103, 
k 159 I 132 I 109 1 90 I 1 

W III11 I I I1 I 
73 PO0 AMBIENT 

P 12345 6 7 8 9 IO +G, BREATHING 02 AT 5psio 
I I I , 1 I I I I I 
I2345678 9 IO +G BREATHING AIR 

m: Corn endium of Human Responses to the Aerospace Environment, Vol. III 
d. 
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PHYSIOLOGI’CAL STANDARDS AND TOLERANCES 

DYNAMICS - ACCELERATION 

FACTORS EFFECTING HUMAN G TOLERANCE 

h. Cdmparison of Visual Contrast Sensitivity Decrements Induced by Reduced 
Partial Pressure o-- ~~3XZZleration 

2 BO- - Re ALTITUDE 

5 - --- RetG, 
I 
g 70- 

100 95 90 85 80 75 70 65 60 
% ARTERIAL O2 SATURATION 

k I”“1 ’ ’ ’ ’ I ’ ’ ’ ’ I ’ ’ ’ ’ I 
E 0 5 IO I5 20 ALTITUDE (FEET x !03) 
k 159 132 109 90 

I I , I I I I I I -I 
73 PO2 AMBIENT 

P I23 4 5 6 7 8 9 IOtG, BREATHING 02 AT Spsia 
r I I I 1 I I I I 1 
I23456769 IO+ G., BREATHING AIR 

‘mE: Compendium of Human Responses to the Aerospace Environment, Vol. III(52). 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 
DYNAMICS - ACCELERATION 

FACTORS EFFECTING HUMAN G TOLERANCE 

1. Maximum Tolerance to Prolonged Accelerations -G, 

j 
--..-.- 

! VECTOR DURATION AVERAGE BACK CAUSE NUMBER. 
MAGNITUDE AT G ONSET ANGLE 

(G) (SECONDS) (G/SECONDS) (DEGREES) TERM%ATION* 
TRAUMA OF SUBJECTS 

ATTAINING 

12.0 
11.0 
10.0 
10.0 
10.0 

8.0 

::"o 

fC:i 

E 
3:o 

YY 
18 
65 

300 
240 
210 
140 
180 
300 

1223 

COMPLETE RESTRAINT n=l 

-17" S 
-20" S? 
-20" 

Approx. 5" S? 
-17" 
-17" 2 

Approx. 5" S? 
Approx. 5" 

$0 
;; 

-17" ii 
-17" A 
-17" S 

PARTIAL RESTRAINT n=l 

5.0 
4:: 

0.5 -17" 
: 

None 1 

s-i 
0.5? -17" None 

2:o 
3600 

oY5? 
-17" None : 

1800 -17" None 1 

COMPLETE RESTRAINT n >l 

15.0 5 8.10 Approx. 0' Voluntary None 5 of 5 
Limit 

-20" A None 2 of 2 
-17" 

ii 
None 4 of 4 

-20" None 4 of 9 
-17" 
-20° ii 

None 3 of 4 
None 13 of 13 

-17" 
s 

None 3 of 4 
-17" None 4 of 4 
-17" S None 4 of 4 
-17" 

i 
None 3 of 4 

-17" None 2 of 4 
-20" 

k 
None 10 of 13 

-17" None 2 of 2 

*S = Physiological end point 
A = Arbitrary time limit end point 

-E: Compendium of Human Responses to the Aerospace Environment, Vol. II(51) 
and Hyde and Raab (90). 

12.0 
12.0 
10.0 
lo.‘0 

8.0 
8.0 

E 
4:o 
3.0 

23:: 

30 

12'03 
210 

120 
>30 
>50 
280 

>240 
21200 

900 
1200 ~__ 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 
DYNAMICS - ACCELERATION 

FACTORS EFFECTING HUMAN G TOLERANCE 

i. Maximum Tolerance to Prolonged Accelerations -G, (Cont.) 

VECTOR DURATION AVERAGE BACK CAUSE NUMBER 
MAGNITUDE AT G ONSET ANGLE 

(G) (SECONDS) (G/SECONDS) (DEGREES) TE~$~ATI~N 
TRAUMA OF SUBJECTS 

ATTAINING 

PARTIAL RESTRAINT n > 1 

E 
25 

;*;7 
-17" 

2:o 
> 300 
>lOOO 0:53 

-17" 
-17" 

*S = Physiological end point 
A = Arbitrary time limit end point 

S 

ss 

None 4 of 5 
None 4 of 4 
None 2 of 3 

i . Fovea1 and Perioheral Thresholds Under Acceleration 

FOVEAL PERIPHERAL 

Fovea1 thresholds 

-E: Compendium of Human Responses to the Aerospace Environment, Vol. 11(51), 
Vol. III (52) and Hyde and Raab (95). 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 
DYNAMICS - ACCELERATION 

FACTORS EFFECTING HUMAN G TOLERANCE 

k. Visual Tolerance to Accelerative Stress 

VISUAL TOLERANCE TO +G, (N = 1000); RATE OF G DEVELOPMENT IS 1 G/SEC. 

I MEAN THRESHOLD STANDARD DEVIATION RANGE 
CRITERION (G UNITS) (G UNITS) (G UNITS) 

Loss of Peripheral Vision 4.1 + 0.7 2.2 - 7.1 

Blackout 4.7 t 0.8 2.7 - 7.8 

Unconsciousness 5.4 + 0.9 3.0 - a.4 

1. Frequency of-Symptqms.Reported By Subjects Exposed to Negative G, for 10 Set 

SYMPTOMS ACCELERATION IN G  
-. -~- 

1 2 3 4 5 

NO PROTECTION 

Conjunctival Hemorrhage 0 0 40% 

Diminished Vision 0 0 40% 

PROTECTED BY FULL PRESSURE HELMET 

1 Diminished Vision 0 0 10% 20% 30% 

i Conjunctival Hemorrhage 0 0 0 0 0 
__- -,--- .-. 

SOURCE: Cochran, et al(49) Compendium of Human Responses to the Aerospace 
Environment, Vol. Ii (51) and Sieker (166). 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 
DYNAMICS - ACCELERATION 

FACTORS EFFECTING HUMAN G TOLERANCE 

m. Binocular Visual Acuity/Acceleration 

This graph shows binocular visual acuity as a function of acceleration 
If a target is to be seen at 7 -G x, it must be twice the size of the threshild 
target at 1 G. 

SOURCE: Compendium of Human Responses to the Aeros ace Environment, Vol. II 
(51), Webb (195), and White and Jorve (2057. 
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1 PHYSlOLOGlCAL STANDARDS AND TOLERANCES 

1 ; j DYNAMICS - ACCELERATION 

1 
ji 

FACTORS EFFECTING HUMAN G TOLERANCE 

n. Grayout Threshold During +G Acceleration 

CENTER 
23’ 23’ LIGHT LIGHT 

80' 
-ICI-IT 

One hundred fifteen subjects exposed to positive acceleration (+G,) with a 
light array as shown in the diagram almost invariably lost the 80' light before 
loss of the light of 23" (23' LL). After completing the experiment it was 
decided to quantitate this in 30 subjects, and it was found that the 80' light 
loss (80" LL) occurred at a mean of 4.2 G,, standard deviation + 0.7 G; and in 
the same subjects, the 23" LL occurred at a mean of 4.5 G,, S.D. + 0.8 G. Cen- 
tral light loss (CLL) occurred at 5.3 G,, + 0.8 G. 

Comparison of 80” Light Loss. 23’ Light LOSS. and 0” Light Loss 

Symptoms 

Mean (G, level) 

Range (G, level) 

Standard Deviation 

Duration of symptom- 
Mean (set) 

Clear 80” LL 23” LL CLL 

3.8 4.2 4.5 5.3 

2.3-5.1 2.1-5.7 2.9-6.4 S.ti-i.0 

0.7 0.7 0.8 0.6 

5.4 5.1 Ii.8 

Duration of symptom- 
Range (set) 

l.Y-17.0 ].!I-ll.Y 2.1-23.4 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. II (51) 
and Webb (195). 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES -’ 

DYNAMICS - ACCELERATION 

FACTORS EFFECTING HUMAN G TOLERANCE 

0. Effect of-Acceleration 
of Luminance 

(+Gz) on Dial Readinq Accuracv as a Function 

The reduction in acuity can be 
compensated for by increasing 
the luminance as indicated in 
this figure. 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. II (51) 
and White and Riley (206). 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 
DYNAMICS - ACCELERATION 

PERCEPTION OF ACCELERATION 

a. Perception of Horizontal Linear Acceleration as a Function of Subject 
Position 

SUPINE POSITION c 

6- 
7- -Model Prediction, 

OS- 1 Experimental Data wlth 
One Stondard Deviation 

‘I 
02- -I ‘I\ I-I-I- 

I- I 

O-9 
Acceleration (g) 

UPRIGHT POSITION 

7- 
‘2 

- Model PredictIon, 

iti’3 I Experimental Dato with 
One Standard Devlatlon 

E 5- 

F 4- 1 
,” \ 
: 3- I 
52- l ‘I 

-1 I- -I- I -I 
O-I 

.Ol .03 .05 .07 .09 

Acceleroiion (g) 

=E: Compendium of Human Responses 
Meiry (124). 

to the Aerospace Environment, Vol. II (511, 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 
DYNAMICS - ACCELERATION 

PERCEPTION OF ACCELERATION 

b. Response Time During Transverse Acceleration _....- 

The two curves show mean response 
times (the time from appearance 

0.36 of a red signal light to the 
movement of the subject's hand 
from his lap) for five male col- 
lege students, 20-25 years old, 

u 0.32 
t.5 

exposed to transverse accelera- 
tions. The solid line shows the 

E combined response times for both 
i= right and left hand operation in 
8 0.28 

1 

more than 900 (+G,) exposures up 
to +8 G,. The dashed line shows 
the combined response times for 

i 024 
both right and left hand o era- 

z5 . 
tion in more than 500 (-Gx P ex- 
posures up to -4 G,. The times 
required to reach and operate a 

0.x) 
horizontal lever, a toggle switch 

0 2 4 6 t and a push button were longer as 
Acceleration, G, Units the accelerations increased, and 

variable times were recorded for 
left and right hand operation. 
Still longer times were needed 
for adjusting a rotating knob 
and a vertical "trim" wheel. 

=E: Compendium of Human Responses to the Aerospace Environment, Vol. II (51) 
and Kaehler and Meehan (99). 
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PHYSIOLOGICAL STANDARDS’AND TOLERANCES 

DYNAMICS - SUBGRAVITY 

WEIGHTLESSNESS 

a. Physiologi --- _ 
Animal 

__--. .__ -- -. - 
Dynamic Conditions Effects -. ~.-.- I 

-E: 

1 

2 

3 

4 

5 

b 

8 

9 

10 

11 

12 
13 
14 
15 

:; 

18 

19 

20 

21 

22 

23 

24 

25 

26 

‘an S T 
an 

Sensory and_N_europhyeiological Effects 
;;bgravity-torte r Upward deviation when aiming a stylu 

and attempting to hit a bull’s-eye 
./(overshW) 1 

!&i&aead tapping rate and distributio 
of marks in “upper right” sector of 

Itest chart 
Upward deviation when aiming a stylus 
and attemotina to hit a bull’s -eve 

bi&culty in placing crosses in diag- 
‘:“T”“” ( d , ’ 

onally arranged squares especially 

1 

when blindfolded “overshoot”) 
Apparent motion an displacement of 
a real tar=et in the direction of rcravit 

motor functions in the absence of dis- 

IShdz?zn of illusions of counter- 
rotation aid afterrotational nystagmua 

impaired-before and after weightless 

became motion sick 

ostok 2 ITitov: vertigo, nausea, rolling, I 

ostok 3 

F4 
rVostok5 

sensationa of illusion 
Nicolayev: aensrtions of illusion and 
traveling upside down 
Popovich: senaationa of illusion and 
traveling upaide down 
Bvkovskv: decreased oculomotor 

I 
‘fostok 6 

Voskhod 1 

la;tivity;.asymmetry of nystagmoid 
pnovement 
Tereshkova: decreased oculomotor 
activity; asymmetry of nystrgmoid 
movement 
Feoktistov and Yegorov: ‘sensations 

I lof illusion and traveling upside down. 1 
IYegorov: mild nausea 

at Aercdynrmic flight Labyrinthine posture reflex (righting 
parabola reflex) ceased to function after several 

seconds of weightlessness 
- - ~ 0u.e mouse Mice w%%%ii labyrinthine function less 

disoriented than normal mice 

Compendium of Human Responses to the Aerospace 
and Gerathewahl and Von Becker (72). 

Environment, Vol. II (51) 
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PHVSiOL6~lCAL STANDARDS .AND 

DYNAMICS -.SUBGRAVITY. 

WEIGHTLESSNESS 

TOLERANCES \ 

drtebrates) (Cont.] 

Animal Dynamic Conditions Effects 
27 Rabbit Subgravity tower Righting reflexinhibited .when subjects 

blindfolded 
Aerodynamic flight loculomotor reflex opposite to direc- 28 

29 I Pigeon 
parabola 1 tion of gravity 
Aerodynamic flight Posture reflex failed whether subjects 
parabola were blindfolded or not: random 

30 

31 

movements and floating 
water turtle Aerodynamic flight Inability to project head when attempt:. 

parabola ing to aim accurately at offered bait. 
Turtles without labyrintbine function 
have advantage. 

Goldfish Aerodynamic flight Swimming upside down. oh the side, 
parabola etc. 

32 

33 
34 

35 

36 

Respiratory Effect.c 

Aerodynamic flight Recovery from acceleration stress 
parabola impaired before and after weight- 

less state 
Orbital flight 

Mercury flights Slightly decreased pulmonary activity 
Vostok 3. 4 Nicolayev. Popovitch: slightly de- 

creased pulmonary activity 
Voskhod 2 Velvavev. Leonov: two- to threefold 

inc;e&e in pulmonary ventilation 
Laika: decrease in frequency of 
respiration 

37 

38 
39 

Cardiovqscular Effects 
ercdynamic flight Recovery from acceleration stress 

impaired before and after weightless 
atate 

Orbital flight.’ 
Mercury flights 
Vostok l-6; 

Cardiac activity increased 
Increased pulse fluctuations in the 

Voskhod 1 duration of cardiac cycle; cardiac 
activity reorganized; tendency toward 

40 

41 

Postorbital flight 
lowered cardiac activity 

MA8 Schirra: orthostatic hypotension 
persisted several hours after landing 

MA 9 cooper: orthostatic hypotension. 
accompanied by accelerated pulse and 
blood oressure resnonses. “ersisted 

42 
43 

Vostok l-6 
Orbital flinht. 

. 
9-19 hr after landing - 

IOrthostatic hypotension 
ILa’ika: heart rate took 3 times lonne~ 

FikII-. 1 to return to normal than in preflig& 
lahoratorv exoeriments in which the 
dog was e’xpos’ed to G  profiles similar 
to those of the launching acceleration 

44 

45 
46 

haal 
Metabolic Effects 

Orbital flight 
MA 7 Carpenter: mobilization of skeletal 

minerals 
.Gemini IV White. McDivitt: bone mass Losses -- 
Voskhod 1, II Some st~nlipidmetabolism; . I 

I ! (increase in cholesterol levels --- I 
1 Disorientation, which can be exireme without visual cues, was prevented during orbital 
flights by maintenance of visual control. 2 Since these short exposures (> I minute) to 
weightlessness were necessarily preceded and followed by phases of G  loads. the experi- 
m&s revealed the effects of alteinating acceleration and weightlessness rather than the 
effects of weiehtlessness wr se. 3The extent to which weightlessness alone is responsible 
for the deconzitioning phenomenon is difficult to assess. since astronauts are also Exposed 
to multiple stresses. such as dehydration, high temperature. recumbency. and muscular 
inactivity during orbital flights. 

=E: Compendium of Human Responses to the Aerospace Environment, Vol. 
and Gerathewahl and Von Becker (72). 

II (51) 
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b. We'ightlessness Response Found in Early Experiments .-----_ 

-E: Compendium of Human Responses to the Aerospace Environment, Vol. II (51~)~ 
and Gerathewahl and Von Becker (72). 
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b. Weightlessness Response Found in Early Experiments (Cont.) 

_. 

__ 
__ 

mE: Compendium of Human Responses to the Aerospace Environment, Vol. II (51) 
and Gerathewahl and Von Becker (72). 
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C. Factors Detected While Free-Floatinq in Large Aircraft Cabins _~ ______ _..._. . ,.__.. .ia_"..-._ __-..-- .-. 
(X = conditions affecting factor) 

Enjoyment increased in IiSht abin @nowI- 
edge of Rccdom). G-free suppart tends lo 
induce an exciting and enjoyable mtirm- 
mcnt. G-free training should be hued OII.~~ 
advantages of such .n cntironmuy. 

x Simpler bed and chair required. exersir 
required. Emphasis should be on man’s posi- 
tion u focus. nthcr dun cabin orientatim 
within a vebiclc. 

3. Lack of fatttn# sensation 

4. Knowledge and conlrol o 
Ltmb postrton (orientation) 

5 

II 

fi 
- 
x 

- 

- 

- 

- 

x 

- 
x 

- 
x 

- 
x 

- 

- 

x 

- x 

-6. Knowlcd~c of whtcte 
arrtrudr (orientdon) 

x 

- 

7. Concern over collisions x 

- x 

- 

- 
li 
I? L, 
D 

x 

- 

x 

- 
x 

- 
x 

x 

- 

- 
x 

- 
x 

x 
- 

- 
1;: 
g 

i - 

- 

- 

- x 

- x 

x 

- 

_ 

- 

x 
- 

Sudden vehicle accclenticm induce fallinS 
sensations. while G-free traininS quickly 
dispels anticipated fallinS wnvrionr Slow G 
tnnsitionsreduccrenvlionsdun’ngthisph~. 

Positions were known during all condirionr. 
Overshooting cccun in darkness but knowl- 
edge of results aids quick adjustment. Rapid 
motions perceived as wei&. 

P&e orientation progored as tic r*fi 
crmcc ptane. for visual-gravitational ccmflict 
of subjective vertical is not a problem vitb 
posture identification. Man rather than nhi- 
SIC should be design focus. The cockpit b 
‘floor oriented’ whereas our space positim 
may be ‘mm oricnld.’ Attitude and pai- 
lion information ricccssary lo llirht @I 
knowledge cm be related to basic reference 
pkne. False rotation and loss of r&Am 
knowledpc noted. 

Knowledge of surface location decreased in 
darkroom and apprehension and accidcnU 
increased becauw of inability to prepare fm 
surhce contact. Observers often urvble to 
diffcrcnthle belwtcn rubjccl motion and air- 
craft motion rbxt subject wilhcu; compu- 
alive G-free mars. G-free posturs indoclrl- 
nation (item 5) rduccs need for vcbick in- 
formation. 

Difficulty in self rotation prcducu conirim 
anxiety. Padding requirements are cxterniw, 
open machinery l bsolulcly taboo. T&in9 
Ilights exccllcn~ for reducing ovcrcantrd. 

8. Illusions (trr9el motion) The apparent upward displacement of Um 
visual target (oculo-agravic illusion) may oat 
be a design problem with proper display 6c 
formation. Self propulsion units mu* Inn 
low thrust (low G) levels due to line of ai& 
and deceleration program mquirrmenh. 
Autokinesis should be invulipfed with 6 
jcclt movinl in still visual LU 

x Lack of visual slimulation (dark cabin) h- 
creased sensitivity LO G; G-free body systcrm 
tend to pick up strong sensations with minuta 
~limul~tionr 0) (Weber-Fschner Lw). DC& 
opmcnt of G  cues may aid worker bandlies 
materids where small xcclcnliam of mu 
and man arc important fx&a. 

x 

S-O1JRCE: Compendium of Human 
and Gerathewahl (71 

Responses to the Aerospace Environment, ,Vol., II(51) '~ 
. 
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C. -c Factors Detected While Free-Floating in Large-Aircraft Cabins (Cont.) ^. _ _ ._ 

14. Harness irriurims 

x 

- 
9: 
gj 

2, 
1 
- 
x 

x 

- 
x 

- 

- 

- 

- 

x 

- 

I! 
.! 
. . 
i 

; 

I( 

- 

- 

f 
c 
I’ 

x 

x 

- 

x 
- 

- 

- 

Motiu of looss clothing reveal t@t l ppai 
tends to oscillate out of phase on moving 
limbs. Crews in shirt sleeve cnvr’mamcntl 
should wear form fitting. easily Scrod cl&- 
ing with elastic cuffs on limb cxtremitia. 
The sensation could serve as a uetik pcrccp 
tion or weightIermar 

During the excitement of fhe momcut sub 
jccts forget their task. Criterion for cm 
sclcction might be their ndrpution rata (0 
unusual cnvironmcnr owr short period% 
Emergency urks should bc assigned 10 18. 
sWained workers. Task analyses should ib 
elude a reorientation constant for fra- 
floaters; omnidirccticnal displays should b 
dcvchd. 

Harnesses tightened for 1-G bebwia tend 
to limit G-free limb u&h. 

Changing qbin pressures were mistaken fa 
wcightlus stimuktions of the w or- 

rhcrc ‘swimming in air’ motions were un- 
~ueccss~ul attempts tn translate, stabilize and 
[urn; however. they tended lo interfere with 
hnitudc control and divppured after a few 
cxporurss (self rotation). Rotation training 
:an be accomplished on simple swivel chain. 

Passive subjects tend to luvc surfaces ToI- 
owing sudden rehution of exccrsivc G-corn- 
vcrred tissues. Comprcrsiblc objects should 
)c tethered. Sleeping subjects should be re- 
drained against their own accelerations. 

Id spinning subjects should extend jimb 
md thus reduce rpm. Any cxtcmsl forea 
tdds l linear component to Ihe rumble. 
iubiliution gyros must be available for con- 
rolled rotation. before. during and after 
nnsktion. Moments of inertia computed 
mm wgmenfcd man models should include 
he tnnsrer of energies between the muc 
:ukr interactions of the various segmenu. 

SlJUfKE: Compendium of Human Responses to the Aerospace Environment, Vol. II (51) 

and Gerathewahl (71). 
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C. Factors Detected While Free-Floating in Large Aircraft Cabins (Cant;) . ..= _----- 

, 

24. Helplessness berlwrr, I‘ 
/acts (light cabin served 
hs line) 

B. Rigidity of pwtrrd 100 

26. Suspension of dust and 
objects 

II. Inadequacy ol open CO 
tahcn. tethers 

I 

,a 

r 

= 
x 

x 

= 
x 

- 
* 

- 
I( 

- 

- 

- 

x 

x 

x 

x 

x 

x 

x 

1; 
1 
:< 

- 

- 
Y 

7 

- 

- 

- 

- 
c 
- 

I( 
2 . . 

‘. 

i 

- 

- 

- 

- 

- 

- 

;- 

7 
2 

g 
8’ 

- 

- 

- 

- 

- 

- 

I 

- 

A 

- 

Self induced accelerations tend 10 ouillate g 
G-Tree body causing unstable work perform- 
ance. poor translation. and poor attitude nnd 
posilion control. Unharnessed opcnton 
should not k required 10 perform gross 
motions requiring discriminating movomcnu. 
Open force syrmns must bc amided and 
man should work against himsell. 

lmmmcr launches cause cxcessivc motions. 
in;dv&cnt tumbling. and rotating tnnsh~ 
lions. Subjects can train for accomplishing 
stniPht and stable llilht paths. 

Attempts at walking propel the worker Run 
Ihc surface. Handholds. rails. and fool de- 
vices me king dovclopcd. 

Subjects’ limbs tend to contnct toward the 
ccnlcr of mass (fully relaxed subjects). Bed. 
&air. and control position designs should be 
UTatcd. 

The inability to se16route wxun~ely and 
prepare for impact compels workers to ab- 
mrb their pnxious launching lorces .hrphaz- 
idly (lighted cabin). Exhilaration promotes 
overcontrol. which decreases with cxposurc. 
Cautious training. padded living areas. and 
attitude control aids are basic requirements: 

Suspended subjects are often incapable of 
SII~~SCC return. Training methods should 
include proper methods of expending mass 
u) achieve tnnslation. 

Twls may k a source of stabilization. but 
WC difficult lo align and reposition. Motors 
impart forcn to G-free c~~sulcs. 

Filters,’ screens. air circulation are required; 
smooth configuration of objects is a necessity; 

SUURTX: Compendium of Human Responses to the Aerospace Environment, Vol. II (51)‘. 

and Gerathewahl (71). 
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The data points in Figures a and b are measurements of the time required by 
human subjects to sense and sign2 a r??sponse to low angular accelerations. They 
are directly predictive of the mean time elapsing between onset of an accelera- 
tion and motor response of an alerted individual, located close to the axis of 
rotation. Figures a through d show comparative data using different ground rules. 

Because time for a decision and a motor output is included in the time to 
respond, these data cannot be used to find amin directly. However, analysis of 
the data on the assumption that the total decision and motor response time is a 
constant on the order of 1 second yields an inferred value for threshold, amin, 
of 0.1 to 0.5 deg/sec2, the least acceleration which, applied for an unlimited 
time, can be detected. Higher accelerations will be detected in less time, and 
combinations of time and acceleration lying in the quadrant above the curve wil 1 
be detected with higher probability or by more of the population. Figure a 
shows variation in data for yaw axis or horizontal canals; the threshold oTthe 
latest model being 0.14 deg/sec2. Figure b shows the th.reshold for the roll ax 'i s 
or vertical canals to be 0.5 deg/sec2. 

of-Angular Acceleration About the Vertical 

I4.0 
1 . I2 0 

II I l 
10.0 

2 ix oo- 
: c \ w 6.0 - P . i’ 
24 4.0 - ‘J;. 

. 
2.0 - *\ l . Ix 

- Model Prediction 
I Experimental data with one standard deviation 

X Data from Clark and Stewart 
l Data from Guedry and Richmond 

* Note scale change of angular acceleration 

SOURCE: Clark and Stewart (47), Compendium of Human Responses to the Aerospace 
Environment, Vol. II(51) , Guedry and Richmond(75) and Meiry (124). 

l-184 



PHYSIOLOGICAL STANDARDS AND TOLERANCES 

DYNAMIC - MOTION 

I ‘I A TUMBLING 

b. Latency Times for Perception of Angular Acceleration About the Roll 
Axis (Xl,)* 

Jn 

;;60 
: 

t 

-I 

c 40 

i 
r2.0 
f 

0 0.2 

- Model Prediction 
1 Experimental data with one standard deviation 

* Note scale change of angular acceleration 

c. Perceptis! of Angular Acceleration 

ANGULAR ACCELERATION (YAW) - daghc’ 

The times required to make judgments of the direction of rotation about the 
yaw axis are plotted as a function of the angular acceleration. The solid points 
indicate the time required to make judgments that are correct 75% of the time, as 
determined by Mann and Ray. The open points represent the time required to make 
judgments, whether the judgments are correct or not, and are redrawn from the 
data of Clark and Stewart. 

SOURCE: Clark and Stewart (47), Compendium...Vol. 11( 51). Guedry and Richmond 
(75) Meiry (124) and Webb (195). 
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d. Correct Perception of Direction of Rotation 

YAW ACCELERATION - d.g/s.c’ 

e. Perceived Versus Actual Rotation 

. 

0 

. 
. 

l l .  I . lo 

. 

0  

. 

. 

l l .  

OBJECTIVE VELOCITY to = .,I I- deg/sec 

. 

D  

--~ 

. 

- . 

. 

^. _._. 

. 
. 

The percent of direction 
of rotation judgments 
that are correct is. 
plotted as a function of 
the level of angular 
acceleration. The 75% 
point is considered to 
be the threshold point. 
Also included are the 
75% points (dashed line). 

Points on this graph are 
values of angular velo- 
city computed from sub- 
jects' reports of per- 
ceived 45" increments in 
displacement while sub- 
jected to constant angu- 
lar acceleration on a 
turntable. Each point 
is the average of 
readings during four 
trials by each of ten 
subjects. A trial con- 
sisted of one accelera- 
tion and one decelera- 
tion, with sufficient 
time at constant velocity 
in between for sensations 
to decay. The average 
values mask a 25% de- 
crease in response 
between the first and 
fourth trials, ascribed 
to habituation. 

=E: Compendium of Human Responses to the Aerospace Environment, Vol. II (51) 
and Webb (195). 
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f. Man's Tolerance to Simple Tumbling - Center of Rotation at Heart 

1 
40 60 80 100 120 140 160 180 zoo 

Rotation Rale. rpm 

9. Man's Tolerance to Simple Tumblirq- Center of Rotation at Iliac Crest _-_.______. .^ - .- ,_. ._ .._,..._._. --cc_ -..- 

UNKNOWN 
But Probably Dangerous 

_.._ _ ._ __. ._ _ _ -. .- 
LE.1 c.rct.r.1 “.m*,r B 

rctcenme. lJnrn”.rint,.n... .“d 

G MCEh.” 

10 

F Experimentally ; 

I 1’ I I I 
40 60 80 100 IL0 140 160 180 LOO 

Rotation Rate. l-pm 

=E: Edelberg (62). 
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h. Man's To1 -c. er -1 , 

,I 

DYNAMIC - .MOTlON 

ante to Constant Rate of Tumbling in a Decayin ~ .__..... .--.. ..-_ -.__-- . _- 

i. Mean Arterial Pressures at Various Points With Center of_~~;~.o~~ at. 
Heart and 11 

iac re~-‘L_.. -...11-1 

Plateau 
12 rpm 

160 

140 
I 
E’ 120 

ml 

80 -10 0 10 20 
I 

30 40 50 60 

401 I I I I I I I 
SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. II (51), 

Edelberg (62) and Weiss, et al (200'). 
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j. Physio)ogical Effects of Spinning a Human About a Center of Rotation 

Resoumar at 106 rpm. 

Acceleration 

280 - 

240 - 

200 - 

160 - 

120 - 

o-- 
80- 

/.--; 

t” I 
Venous pressure 

I 
(f0d level) 

: 
: ‘: 

: 
I 
I 

I 
I 
I 
I Arterial pressure 

\ 

I 
Venous pressure (eye level) 

, I I I I I I_ 
-10 0 10 20 30 40 50 60 

Time, set 

Compendium of Human Responses to the Aerospace Environment, Vol. II (51) 

and Weiss, et al (200). 
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a. Tentative Criteria for Limiting Impact Velocities in Humans -__ .--~ 
CONDITION 

CRITICAL ORGAN RELATED IMPACT 
OR VELOCITY 

EVENT FT/SEC 

Standing Stiff-legged Impact 

Mostly "safe" 
No significant effect 
Severe discomfort 

In jury 
Threshold 
Fracture threshold 

(heels, feet and legs) 

<8(?) 
8 - 10 

10 - 12 
13 - 16 

Seated Impact 

Mostly "safe" 
No effect 
Severe discomfort 

Injury 
Threshold 

Skull Fracture 

Mostly "safe" 

Threshold 

50 percent 

Near 100 percent 

Total Body Impact 

Mostly "safe" 

Lethality threshold 

Lethality 50 percent 

Lethality near 100 percent 

<8(?) 
8 - 14 

15 - 26 

10 

13 

18 

23 

10 

20 

26 

30 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. II (51) 
and White, et al (202). 
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b. Tentative Criteria for Indirect Blast Effects Involving Impact From 
secondar_y;-lissi!eS-'-~' '.--.----L__---.- 

KIND OF MISSILE 

*---.- -. I. 7  .- 

Nonpenetrating 
lo-lb. object 

Penetrating 
lo-gm glass 
fragments 

CRITICAL ORGAN 
OR EVENT 

Cerebral Concussion: 
Mostly "safe" 
Thresh01 d 

Skull Fracture: 
Mostly "safe" 
Threshold 
Near 100% 

Skin Laceration:** 
Threshold 

Serious Wounds:** 
Threshold 
50% 
Near 100% 

RELATED IMPACT VELOCITY 
FT/SEC 

:50 
23 

50 

100 
180 
300 

** Represent impact velocities with unclothed skin. A serious wound arbitrarily 
defined as a laceration of the skin with missile penetration into the tissues 
of depth of 10 mm or more. 

=E: Compendium of Human Responses to the Aerospace Environment, Vol. II (51) 
and White, et al (202). 
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C. Empirical Effects of Impact Levels _--- .__ _ ,. 

60 - 
50- 

10 - 
B- 
6- 
5- 

TOLERATED WI y 

- 1 

, .25 .5 1 2 i 4 6 8 1012 24 48 72 lx) ‘240 inches 

DECELERATION - DISTANCE 

This chart brings together a variety of impact and deceleration experiences 
by plotting the data from a number of sources on the common axes of deceleration 
distance and velocity. Stopping time and'impact force in G  units are shown as 
secondary scales. The data points with hollow squares are for free falls of 
50-150 ft. with survival. There are many other cases of more extreme and less 
extreme impacts with survival, for free falls from 5 to 275 ft., but deceleration 
distance is not always available. The line labeled "approximate survival limit" 
must be used with caution, since many biophysical factors influence the injury 
due to deceleration. 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. II (51) 
and White, et al (202). 
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ILLUSIONS RESULTING FROM PERCEIVED OR EXPERIENCED DYNAMIC MOVEMENT 

Vestibular Illusions 

I 
At the conscious level, motion sickness leads to illusions. As with the 

other symptoms, illusory phenomena arise when vestibular, kinesthetic, and visual 
cues are in conflict giving rise to "cross modality" interactions. During air- 
craft flight, many kinds of,illusions occur because of sudden changes in linear 
acceleration or departure of the aircraft from a straight path. These may be 
compounded by adverse weather or night flight conditions which restrict visi- 
bility and add fear and anxiety. 

The Visual Illusions 

This class of illusions usually involves error in interpreting the visual 
environment, which gives the pilot information about the horizon, altitude, loca- 
tion of other vehicles and obstacles, position in formation, vehicle attitude, 
and so on. Lights form the major portion of his night visual field. Errors in 
the perception of lights include those of recognition, position, and movement. 
Fatigue may cause loss of binocular vision, a single light may split and appear 
as two or more lights. 

(1) Autokinetic Illusions 

A single fixed point of light may appear to move in random fashion when 
viewed steadily against a dark background. This can be demonstrated 
by staring fixedly at a fairly bright, isolated star. A subject asked 
to localize such a light usually reports this to be impossible, be- 
because of the apparent movement of the star. After a short delay be- 
fore onset, movement is reported in apparently random directions. 
Median duration of the movement is about 10 seconds, and voluntary 
control over it is slight. The effect is abolished only with diffi- 
culty. Alternately blinking lights used on current vehicles tend to 
destroy the illusion. Moving the eyes and avoiding steady fixation 
also tends to prevent it. Eye muscle imbalance rather than vestibular 
factors appear at fault. 

(2) Oculogyral Illusions (OGY) 

SOURCE: 

These visual illusions may result when a pilot is subjected to rotary 
motion. It is caused by a reflex response consisting of movements of 
the eyeball following semicircular canal stimulation. The direction of 
apparent motion is in accord with the sensation of rotation during 
acceleration. If the subject is rotated to the right, a visual target 
fixed in relation to the subject appears to move in that direction. 
Movement gradually comes to a standstill after which it may appear to 
shift slowly to the left. 
motion ceases. 

When rotation rate is stabilized, apparent 
Sudden deceleration causes the visual target to have 

Compendium of Human Responses to the Aerospace Environment, Vol. II (51). 
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ILLUSIONS RESULTING FROM PERCEIVED OR EXPERIENCED DYNAMIC MOVEMENT 

(2) Oculogyral Illusions (OGY) (Cont.) 

rapid apparent motion to the left, with a successive stage in which 
apparent motion is to the right. The pilot may interpret this as 
motion of the craft. After recovering from a spin to the left which 
involves large accelerations, a pilot will sense a turning to the right', 
and if he attempts to correct for this illusory turning, he will cause 
the airplane to spin to the left again. This reflex response of the 
eyeballs cannot be eliminated, and the only remedy is to train the 
pilot to ignore the sensations it produces. 

The threshold for the OCY is ppproximately 0.2" to 0.3" of angular 
acceleration per second however, reported threshold values vary from 
2.0°/sec2 to 0.035"/seci. 

(3) Oculogravic Illusions (OGI) 

Conflicting sensory information supplied by the eye and otolithic sense 
organs can cause an illusion consisting of the apparent displacement of 
objects. in space as well as body displacement. Upon change of gravita- 
tional vector, dimly illuminated objects in the visual field will move 
and assume new positions in space after a lag period. Presence of a 
strong visual framework will tend to prevent the change from primary 
visual orientation to vestibular, and diminish the effect; but there 
is little adaptation or habituation effect upon repreated exposure. 

The illusion may be described as follows: If a subject faces toward 
the line of the resultant force, he perceives an apparent change in 
body position as though he were being tilted backwards. An object on 
the horizon will appear to shift above the horizon. Conversely, facing 
away from the resultant force results in the sensation of being tilted 
forward and an object will appear below the horizon. If a subject is 
at right angles to the resultant force, a horizontal line will appear 
to rotate clockwise if the direction of the resultant force is from 
the left and counterclockwise if the direction of the resultant force 
is from the right. For example, if a subject faces the center of a 
centrifuge while viewing a fixed light during exposure to acceleration 
which attains 3.0 G  within three seconds, with onset of rotation, he 
feels he is changing position and the light is rising. The apparent 
change is described as a sensation of being slowly tilted backward 
along with the chair and centrifuge platform; thus, the illusion 
includes both apparent exterior motion and body displacement. When 
centripetal acceleration reaches 1.5 G, the subject reports a sensation 
of being on his back in a horizontally placed chair fixed to a vertical 
platform with walls of the centrifuge rotating around him. The oppo- 

.site sensation occurs when the centrifuge is stopped. 

-E: Compendium of Human Responses to the Aerospace Environment, Vol. II(51). 

1-194 



PkjYSlOLOGlCAL STANDARDS AND TOLERANCES 
‘1 

DYNAMIC - MOTION 

ILLUSIONS RESULTING FROM PERCEIVED OR EXPERIENCED DYNAMIC MOVEMENT 

:, (3) Oculogravic Illusions (OGI) (Cont.) 

8’ The threshold for a perceived change in direction of horizontal or ver- 
tical is 1.5". This is equal to a G  increase of 0.00034; however, cal- 
culations reveal that this corresponds to 0.02 G  at right angles to 
the gravity vector. Further work is needed to better establish the 
quantitative value of the OGI threshold. 

A linear acceleration increment of about 0.1 +Gx is interpreted as a 
climb at a 20" to 25" angle. A deceleration of about the same magni- 
tude may be interpreted as a dive at a 15" angle below horizontal. 
Static tilt of the body laterally from vertical can also displace the 
visual localization of the horizontal. Kinesthetic cues from a hori- 
zontal floor may abolish this effect. 

The Non-Visual Illusions 

Illusions of this type may resul t solely from accelerative stimulation of 
vestibular and kinesthetic sense organs. Such illusions are marked by perceived 
rotation during and following actual rotation and by changes in linear acceler- 
ation. A subject may sense the onset of rotation but lose the sensation when 
rotation becomes constant. 

(1) The Audiogyral Illusion 

The ears also return faulty information as a result of rotary deceler- 
ation. A sound source in front of the subject was reported as arising 
from left of center following left spin. The audiogyral illusion might 
affect a pilot who has become oriented to the afterburner or rocket 
sound. Following spin to left, the pilot might perceive the sound as 
coming from right of rear. Similarly, spin to right would dislocate the 
sound to left of rear. 

(2) Vertigo 

Vertigo may be defined as the subjective loss of spatial orientation 
with respect to the direction of "up.". Vertigo may be induced by many 
physiological and/or psychological factors often related to the con- 
flicting vestibular and local visual cues to verticality. These result 
from a combination of the illusions noted above. 

mE: Compendium of Human Responses to the Aerospace Environment, Vol. II (51). 
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ILLUSIONS RESULTING FROM PERCEIVED OR EXPERIENCED DYNAMIC MOVEMENT 

(2) Vertigo (Cont.) 

(a) Sensation of Climbing While Turning 

In a properly banked turn, acceleration tends to force the body 
firmly into the seat in the same manner as when the aircraft is 
entering a climb or pulling out of a dive. Without visual refer- 
ences, an aircraft making a banked turn may be interpreted as 
being in a climbing attitude, and the pilot may react inappro- 
priately by pushing forward on the control column. 

(b) Sensation of Diving While Recovering from a Turn 

The positive G-forces sustained in a banked turn are reduced as 
the turn is completed. This reduction in pressure gives the 
flyer the same sensation as going into a dive and may be inter- 
preted in this way. He may overcorrect by pulling back on the 
control column and cause the aircraft to stall. 

(c) Sensation of Diving Following Pull-out from a Dive 

The accelerative forces on the body during the pull-out from a 
dive are reduced after recovery is complete. This reduction in 
G-forces may be falsely identified as originating from another 
dive. 

(d) Sensation of Opposite Tilt While Skidding 

If skidding of the aircraft takes place during a turn, the body 
is pressed away from the direction of turning. This may be 
falsely perceived as a tilt in the opposite direction. 

(e) The Coriolis Phenomenon 

This is a severe loss of equilibrium in which vertigo results. 
When the pilot is rotating with the aircraft and then moves his 
head out of the plane of rotation, there is a differential stimu- 
lation of two sets of semicircular canals. For example, if during 
a spin the pilot moves his head forward or backward, an additional 
pair of semicircular canals is stimulated and extreme dizziness 
and nausea may be suddenly produced. Constant angular velocity 
of less than l"/sec with the appropriate head movement may permit 
the Coriolis response. Training by repeated exposure of the 
Coriolis effect can produce resistance. 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. II (51). 
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(2) Vertigo (Cont.) 

(f) Sensation of Reversed Rotation 

If a rotary motion persists for a short period and is then dis- 
continued, there is a sensation of rotation in the opposite dir- 
ection. This occurs in a spinning aircraft when the pilot has 
poor visual reference to the Earth. After recovery from a spin 
to the left, there is a sensation of turning to the right. In 
attempting to correct for this, the pilot puts the aircraft back 
into the spin to the left. Flyers have given this illusion the 
sinister name of "graveyard spin." 

SOUR-CE: Compendium of Human Responses to the Aerospace Environment, Vol. II (51). 

1-197 



i’HYSIOLOGICA1 STANDARDS AND TOLERANCES 

DYNAMIC .- MOTION 

VIBRATION 

a. Ndmogram of Frequency, Displacement-Amplitude and Acceleration-Amplitude .-_ or -i-i~sdi-daa'l-vi bration .--' 
__--_ 
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60. 

40. 

10, 

6 

SOURCE 

; 
5 / 
: / 

/’ 

/ 

I’ 
I 

2- 

10-2- 

6- 

4- 

2- 

10-3- 

To determine the accelera- 
tion-amplitude of a vibra- 
tion of 6 Hz at 1 in. (half- 
n*ave) amplitude (i.e. 2 in. 
,eak-to-peak), lay a 
straight-edge across the 
chart joining 6 Hz with 1 in. 
amplitude. The accelera- 
tion-amplitude is 4 g 
(approximately). 

Cc = HALF PEAK-TO-PEAK AMPLITUDE 

Compendium of Human Responses to the Aerospace Environment, Vol. II (51) 

and Guignard (76). 
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b. Conversions Between the Parameters of Vibration - ~- -_.. -. --.-... ---.-.---.- 

bxwency (Hz) 

m: Compendium of Human Responses to the Aerospace Environment, Vol. II (51) 
and Mbrgan, et al (134). 
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c. Criteria for Vibration Tolerance 

4 3 2 , , ,“,L”W,on, 

I II I I Iii I 
10-3 

.I .2 .3 A 3 1 2 3 45 10 20 30 4050 100 200 300 5w loo0 

- FREOUENCY - Hz 

- +-‘) 

VOLUNTARY TOLERANCE _ 
LAP BELT AN” S,,O,,,JER HARNESS UNPLEASANTNESS 

VOLUNTARYTOLERANCE- 
UNPROTECTEDFOR~TOLO~~INUTES 

PERCEPTION 

mE: Compendium of Human Responses to the Aeros ace Environment, Vol. II (51) 
and Human Engineering Design Criteria (88 . P 
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d. Psychomotor Performance During Longitudinal Vibration --. - ---- 
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SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. II (51) 
and Linder (112). 
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SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. II (51) 
and Linder (172). 
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2Lvc2~- Effect of Vibration Amplitude(1050 cpm) on Reading Accuracy for Various ~_ .._~ ., ----.- E_ 

Increase in the level of 
illumination reduces the 
amount of impairment of 
visual acuity. The visual 
acuity decrements produced 
by vibration can be corn en- 
sated for by increased f umi- 
nance of the displays. This 
chart indicates that as lumi- 
nance of the displays. This 
chart indicates that as lumi- 
nance increases from 0.046 
ft-L to 15.0 ft-L, perfor- 
mance is significantly im- 
proved, although the differ- 
ence in errors between lumi- 
nances of 5.4 ft-L and 15.10 
ft-L is not marked. 

f. Effects of Amplitude, Brightness , and Type Size on Visual Performance 
Uurinq Vibration 

-. -. I-r __.._ _-__ . . -_..- -cI-- 

Combinations of Amplitude, 
Brightness, and Type Size 
Producing a Constant Impair- 
ment in Time Scores. 

In the solid figure, corner 
A represents the most favor- 
able conditions, B the least 
favorable. The curved sur- 
face is the boundary at 
which time is increased 5% 
as conditions become less 
favorable. Based on results 
from 12 subjects each. 

m: Compendium of Human Responses to the Aerospace Environment, Vol. 11(51), 
Cook, et al (54) and Urmer and Jones (191). 
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f. Effects of Amplitude Brightness,-- . ..-.yp and T e Size on Visual Performance .-._. 
----.-@!nflbration (Cont.1 

-.-.------ _ _-- -- 

Combinations of Amplitude, 
Brightness, and Type Size 
Producing a Constant Impair- 
ment in Error Scores 

In the solid figure, corner 
A represents the most favor- 
able conditions, B the least 
favorable. The curved sur- 
face is the boundary at 
which errors are increased 
32% as conditions become 
less favorable. Based on 
results from 12 subjects 
each. 

=E: Compendium of Human Responses to the Aerospace Environment, Vol. II (51) 
and Cook, et al (54). 
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a. Physiological and Thermal Characteristics of the Averaqe Man 
- I 

5 
- .- 

1 CHARACTERISTIC I METRIC UNITS ENGLISH UNITS 

68-72 kg 150-160 lbs. 

170 cm. 68- 69 inches 

1.8 meters sq. 19.5 ft2 

Weight 

Height 

Total Body Surface 
Area 

Volume 

Specific heat 

Heat Capacity 
(using 160 lb. man) 

Body temperature 
(rectal) 

Body surface temp. 

Body and clothing 
Surface temperature 
(ave. - 1 Clo) 

Body temperature 
(Z/3 tr t l/3 tJ 

Body percent water 

Weight 

Surface Area 

Volume 

Water Content 

Specific Gravity 

Thickness 

Heat production 

Conductance 

Thermal 
Conductivity (k) 

0.07 meters3 

0.8 callgm-‘C 

57.6 call” c 

2.5 ft3 

0.8 Btu/lb-‘F 

128 Btu/“F 

37°C 98. 6 0. 5°F 

33-34” c 91-93°F 

28°C 82.2”F 

35.6” C 96.1”F 

70% 70% 

HUMAN SKIN 

4.0 kg 

1. 8 meters2 

3. 6 liters 

70-750/o 

1.1 

0. 5 mm (Eyelids) 
to 5 mm (back) 

8.8 lbs. 

19.5 ft2 

3.7 Quarts 

70-75% 

1.1 

0.02 to 0.2 inches 

13% (Body’s 
Metabolic Heat 
Prod.‘) 

2 9~ 30 kgCal/m - 
hr. -“C 

13% 

1.5 f 0.3 x 10-3 
Cal/cm-set-’ C 
at 23-25°C Ambient 

=E: Breeze (32) and Compendium of Human Responses to the Aerospace Environ- 
ment, Vol. I (50). 
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THERMAL COMFORT REQUIREMENTS 

a. Physiological and Thermal Characteristics of the Avsys.Man (ContJ -.a-. .-- - -.-- ~--. . ...&-. -- -..' 
CHARACTERISTIC 

Diffusivity 
‘k$ Cp) 

Thermal Inertia 
(k$, Cp) 

Heat Capacity (Cp) 

Emissivity (Infrared) 
Skin and Clothing 
Reflectance 
(Wave Length 
Dependent) 

Transmittance 
(Wave Length 
Dependent) 

METRIC UNITS 

7 x 1o-4 cm21 set 
(Surface Layer 
0.26 mm Thick) 

90-400 x 1o-5 ca12/cm4-set-“C 2 

ENGLISH UNITS 

0.8 cal/gm- “C 0.8 Btullb-“F 

’ - 0.99 
- 0.94 
MAX. 0.5-r 1. 1~ 
MIN. 0.3 and 1.2~ 

MAX. 1.2, 1.7, 2.2. 
6, llr 
MIN. 0.5, 1.4, 1.9, 
3, 7, 12lr 

TERM DEFINITION 

.ci0 

1 Cl0 = w 

1 clo = 0.04536 Deg. F. 
Btu/ Hr 

9 

Insulation value of that quantity of clothing 
that will maintain comfortable thermal 
equilibrium in a man sitting at rest in 
an environment of: (a) 70°F air and wall 
temperature, (b) less than 50% rel. 

and (c) 20 ft/min air movement. 

f 

humidity, 
In combined units 
For 1.8 m2 Surface Area 

{l kg-cal = 3. 968 Btu 

Heat Capacity of 
Body Periphery 40 Btu/“F 

Outer layer to skin as opposed to body core. 
Approximately 1. 0 inches thick. 

Resistance of Periphery Function of body activity and is equivalent 
/ to 0.16 to 0. 70 Clo 

Pain threshold for any ar83. of skin 113-F (45°C) 
When mean weighted skin temperature is: The typical sensation is: 

above 95°F (35’C) unpleasantly warm 
93-F (34°C) comfortably warm 

below 88OF (31°C) uncomfortably cold 
86OF (30°C) shivering cold 
84OF (29°C) extremely cold 

When the hands reach: 
66’F (2O’C) 
59’F (1S’C) 
50' F (10’ C) 

When the feet reach: 
73.5'F (23'C) 
64.5”F (18°C) 
55.5’F (13°C) 

They feel: 
uncomfortably cold 
extremely cold 
painful and numb 

=E: Breeze (32) and Compendium of Human Responses to the Aerospace Environ- 
ment, Vol. I (50). 
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b. Teniperature/Humidity Relationship - _ .._ -._--.I --. . -. _ . 

i 
160 

g 70 
i3 
% 60 

z 
w 50 

ING (I CL01 DOING LIGHT MANIJAL 

IO 20 30 40 
VAPOR PRESSURE (mm HCJ) 

-E: Human Engineering Design Criteria for Military Systems (89). 
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EXTREME TEMPERATURE TOLERANCES 

a. Human Thermal Tolerance Limits . ..- -- 

r°F 
+1 

600 

32 
0 

“C 

1 MIN 1HOUR 8HRS 1DAY 1 MONTH f 1YEAR 

300 

. 
\ . I REF;ECTlVEVtNTILATEq CLOTHIN+ I 

103 104 10’ 107 
TIh!E - SECONDS 

SOURCE: Human Engineering Design Criteria (881, Webb (1%). 
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b. Low Temperature Limits for Different Activity Levels 

ENVIRONMENTALTEMPERATURE -"c 

-50 -40 -30 -20 -10 0 10 20 30 16 I I I I , I I I I I I I 

14 

12 

10 

TYPICAL 
ASSEMBLIES 
PROVIDING 
THE INDICATED 
CLOVALUE 

DOWN 
-SLEEPING BAG 

HEAVY FLIGHT 
-CLOTHING 

COVERALLS.JACKET, 
-WOOLENUNDERWEAR 
- STREETCLOTHING 

ORLIG:-ITCOVEAALLS 
ANDCOTTON UNDERWEAR 

WE: Human Engineering Design Criteria (88) and Webb (1%'). 
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EXTREME TEMPERATURE TOLERANCES 

c. Approximate Human Time-Tolerance Temperature with Optimum Clothing w.- _ __-__._____ -. . --. ~__... .----.--. .._ . - _ _. _ 

d. Human Body Temperature Extremes Defining Zones of Terny-cya$ure_ -_ __ ___.__ ___ - ^. . _. 
Regulations 

-E: Breeze (32) and Compendium of Human Responses to the Aerospace Environ- 
ment, Vol. I (50). 
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g. Performance and Tolerance Limits;. Tran~j~~t_-,Zone ^ . . 

-I ! ! ! ! ” ” ” ” ’ ” I I 
+ i-i 

NOTE 
YINIYUY PERFORMANCE LIMIT. IS 

. . . .COYYENDED FOR GENERAL DESIGN 

* 

- PURPOSES. TNE SHADED AHCAS PEIIYIT - 
A ROUGH ESTIYATE OF TNE PROBASLE 
CDNSEQUENCE OF EXTENDING EXPOSURE 

-- DURATION AT A GIVEN STORAGE SATE - 
BEYOND THE YINIYUY PERFORMANCE 

- LIMIT. 

t I I I I I I I I I I I I 

Y-’ ” ’ ! ” i I LEGEND 
SAFETY PIRYORUA~CP..UWIYPAIRED 

SAFETY P , -Ipa UN(GERTAIN 

TOLERANCE IJWCMM, i’sUFMYANCE 
IMFAIRED 

60 

20 40 60 80 
BODY STORAGE INDEX, q, (Btu/ft'hr) 

SOURCE: Blockley, McCutchan, et al(29), and Compendiutg of Human Responses to, the 
Aerospace Environment, Vol. I (50). 
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EXTREME TEMPERATURE TOLERANCES 

f. Humidity and Maximum Temperature on Day on Onset of 157 Cases of Fatal ~_ _-.- -.. . . ..___ .-.- ..- -_ - -- -.. _. 
Heat Stroke in the_U, .S., JWny,JJj42:44, 

A Subject engaged ;n heavy .xlrc~s. I” sun. 
or hod complrted march of IS to 20 mllel 
during doy. 

0 Subjecl engaged m ovrroga octiwty m run. 
I e.. drill, guard duty, or R~lotw~ly rhoE 
march; octivily not stotad in few cases 

+ Subirct indoors during day. 

Obrrrvotionr from nrarrat wothrr stahonr. 
% Relolivr humidity. 

00 1 II / I/ I I 

75 t I /I I /I I (I,/,,/: I I 
5 IO 15 20 25 

VAPOR PRESSURE MM. HG. 

55 

50 

30 

25 

) 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. I (60) 
and Schieckele (163). 
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The "voluntary tolerance, flight clothing" zone in figure g shows the aver- 
age results from numerous experimental studies, including a recent one using a 
diver's "wet suit" in conjunction with a flight suit and long underwear. Such 
experiments are typically terminated when the subject declines to accept the 
discomfort any longer, or reaches a skin temperature below 50°F. The second 
limit shown, pertaining to men protected by potentially waterproof garments, 
reflects the fact that hands and feet cannot be adequately insulated and remain 
functional. Nude men in 75'F water reach within 12 hours one or another toler- 
ance limit (rectal temperature below 95'F, blood sugar below 60 mg/lOO ml, or 
muscle cramps). 

The extent to which real survival time would exceed this limit is difficult 
to predict, due to the importance of injury, equipment available, and such psy- 
chological factors as belief in the possibility of rescue. An analysis of over 
25,000 personnel on ships lost at sea during 1940-44 showed that of those who 
reached life rafts, half died by the sixth day if the air temperature was below 
41°F (5°C); survival time increased with increasing air temperature. 

g . Voluntary Tolerance to Cold Water 

TIME - hour. 

h. Life Expectancy in Cold Water with No Exposure Suit _-. __ . . .,,.. --_ _ _-, . . . -. .-. _ _ I 1 . . - . . 

SOURCE: Compendiu of Human Responses to the Aerospace Environment, Vol. I (50) 
and Webb Tl95). 
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i. Windchill Index . . . . . 

TEMPERATURE 

+l 

Kc =vG - v + 10.5) (33 - ‘J 4 -” 

-1 ‘0 -. 
-3 

I- ,- z 
3. 
1‘ .I 

1. -0.5 
-0.4 
- 0.3 

+ -0.1 
-0.1 

0.1. 

-0 
0- 

FE: Compendium of Human Responses to the Aerospace Environment, Vol. I (50) 
and Webb (195). 
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TEMPERATURE RELATED HUMAN PERFORMANCE 

a. Performance Time, Skin, 
---W-iXC~l-- 

and Digital Temperature as a Function of -.--_.--_ -_- - -.. 

@- 37- ., 

Y  33- PT=2436+.00327~WC) . _ 

Nude _ 
Faligusr--L, 

- :: 
- 92 

1600 2ooO 

Arctic clothing was worn 
except where indicated. 
hand exposed during per- 
formance only. Follows 
approximately 35 minutes of 
exposure. 

b. Percent Decrement in Performance as a Function of Ambient Temperature at 
Sea Level --- 

=E: Compendium of Human Responses to the Aerospace Environment, Vol. I (5Oj; 
Dusek (61) and Teichner (185). 
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TEMPERATURE TOLERANCES 

TEMPERATURE RELATED HUMAN PERFORMANCE 

C. Minimum Effects of the Cold on Selected Functions 

Each curve is an estimated 
wo- percentage loss of the in- 

:.' dicated type of performance 
for appropriately dressed 
but unacclimatized men. 

so00 4ooo 

WINDCHILL (KG CALIMz/HOURl 

a. Tactual sensitivity of 
the bare hand 

b. Simple visual reaction 
time 

C. Manual skill 

XIORiX: Compendium of Human Responses to the Aerospace Environment, Vol. I (50) 
and Teichner (186). 
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PAIN FROM RADIANT AND CONVECTIVE HEATING 

; 

a. Time Required to Reach Strong Skin Pain as a Function of Radiant Heat -.. .--- 

Km 220 
550 100 
500 180 

.I 450 160 
"s 400 N 
2 

140 
350 

* 120 
E 
3 100 E 250 
2 80 9 MO 

60 150 
40 100 
20 Y) 
0 .O 1.0 2 345 10 20 304050 loo 200 

TIME - seand. 

-1.0 
-0.9 

- 0.0 

j -0.7 s 
<  "E 
3 - 0.6 <  3 
E -0.5 ,; 
3 3 B -0.4 d g 

E -0.3 22 

-0.2 

- 0.1 
-0 

Figure a shows the time to 
reach strong skin pain from 
radiant heating,-with radia- 
tion sources ranging from 
the simulated intense ther- 
mal flash of a nuclear 
weapon (approximately 100 
Btu/ft2 min) to the slow heat 
heat pulse associated with 
re-entry heating, where the 
heating is partly convective 
as well. The curve is 
derived from experiments 
involving heating of single 
small areas of forehead or 
forearm or exposed areas of 
skin of a subject in flight 
clothing, and of the whole 
body surface. The pain 
threshold is reached when 
the skin temperature comes 
to 45"C, and a skin temper- 
ature of 46°C is intolerably 
painful. For small skin 
areas the curve becomes 
asymptotic at about 18 
Btu/ft2 min, which means 
that at this level and below, 
the blood supply to the skin 
is carrying off the heat as 
fast as it arrives, and heat 
is stored in the body; how 
long this can go on with the 
total body exposed is not 
established. 

-E: Buettner (36), Stall and Greene (176) and Webb (195, 197). 
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PAIN FROM RADIANT AND CONVECTIVE HEATING 

b. Painful and Nonpainful Heatingf Air as a Function of the Heat Transfer I-.. ..- --- ^- ..___. --_. ___ _ _ ..-.-. 
Coefficient 

AIR TEMPERATURE - ‘C 
These data in Figure b indi- 
cate the dividing line bet- 
ween painful and nonpainful 
heating for air at various 
temperatures, versus the 
heat transfer coefficient, 
which depends on air densi- 
ty, air velocity, and sur- 
face areas and shape. The 
data were obtained by ex- 
posing a small segment of 
the cheek to a flowing air 
stream through a padded hole 
in the wall of a cylindrical 
tube. h, was computed from 
air velocity and duct geo- 
metry. 

3Io 110 120 130 140 150 160 
AIR TEMPERATURE - *F 

sisTiK%E: North American Aviation (139) and Webb (195). 
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, 

COMPUTATION OF THE HEAT BALANCE 

Characteristics of the environment which determine the level of heat stress 
are the following: air temperature, density, and rate of movement; wall temper- 
ature, emissivity, and geometry; radiation sources and sinks; water vapor concen- 
tration and diffusion resistance between the skin and the surrounding,atmosphere. 
These determine respectively the convection (C), radiation (R), and evaporation 
(E) exchange of the body; together with the heat production of the body itself 
(metabolism, M), these quantities determine the heat balance of the'body. This 
can be represented in simple notation as: M - (E + C + R) = S, where S is stor- 

The bracket encloses quantities which are normally heat losses from the 
2Zi (i.e 
body)." 

when the surrounding environment is lower in temperature than the 
A';ixth possible term, which may be significant in special situations, 

is conductive heat exchange. The following equations and charts permit deter- 
mination of each term in the heat balance equation. All heat flows are expressed 
per unit body surface area. 

CONVECTION (C) = h,(tsurface - tair) Btu/ft2, hr 

h, = 0.57 ( tairb;460) Om5 (Vp )Oa5 Btu/ft', hr, "F 

RADIATION (R) = h, (%.urface 'tmean radiant) Btu/ft2, hr 
(exclusive of solar) 

hr = UFae fr bYace +460) 4 - (t mean radiant +460)4 

t surface -tmean radiant 

where t = temperature in "F 
V = mass velocity lb/ft2 min 
hC 

= the convective conductance 

hr = radiant conductance 
= Stefan-Boltzmann universal radiation 

constant; 0.173 x 10m8 Btu/ft2, hr, OR4 
F = shape and emissivity factor 

f"", = ratio of radiation area to total body surface area 

EVAPORATION. No general formula is possible due to dependence on sweat response 
and clothing characteristics (wicking, diffusion resistance, etc.). The following 
formula pertains only to the special case of the total1 wet body 
for nude men only at severe levels of heat strain Ad en;ir~~$%~~ble and in 
feasibility unknown but unlikely for clothed men): 

SOURCE: Blockley, McCutchan, et al (29) and Webb (195). 
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E = 3.6 h, (P, - P,) Btu/ft2, hr 

where ps and pa are vapor pressures (in mm Hg) at the evaporating surface and in 
the air respectively. For cases where the surface (skin or garment) is not 
completely wet, a factor must be introduced to represent the "degree of - 
wettedness" of the surface. In the case of a partially dry clothing layer, com- 
plex adjustments must be made to account for the resistance to vapor transfer of 
textiles and of still air. E may be obtained by experimental measurement of 
weight change in a given environment. 

STORAGE (S) = 0.83 !i A 2 (tbody) Btu/ft', hr 

where tbody = 3 l t skin + itrectal 
W = body mass in lbs 
A = body surface area 

0.83 = average heat capacity for body tissues 

;S is a rate, like the other terms in the heat balance, and is computed from the 
linear rate of than e of the weighted mean body temperature (slope of the time 
history- . not from a finite difference quantity. 

METABOLISM (M) can be estimated from activity description or determined by mea- 
suring oxygen consumption 

For equilibrium, S must equal zero. When M is changed substantially, 45 
minutes or more may be required to reach a new equilibrium. Solving for E will 
permit an estimate of the magnitude of the sweat rate required. For most non- 
compensable heating conditions, a steady state of heat transfer can be assumed 
after about 10 minutes. Solving the equation for S permits prediction of 
'tolerance time" (time to collapse) from the following equation: 

1700 
Tto1 S = - minutes where Ttol = average tolerance time, and 

S is expressed in 8tu/ft2 hr; 

Or: Ttol 4600 = - minutes - S 
where S is expressed in kcal/m2 hr. 

The above equations are based on average experimental data taken on unaccli- 
matized men. The corresponding constants for minimum predicted tolerance time 
are: 1200 and 3300 for English and metric respectively. 

SOURCE: Blockley, McCutchan, et al (29) and Webb (195). 
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a. Summary of the Contribution Made by Each Mechanism of Heat Loss Under _- 
~~m~~~;%~~~~rtbT~‘Environmental'-Con~ions. _.---- ~- 

t i<CHAN E-A ..i_. _  I_... 

-- 

1. Direct Radiation 

2. Conduction-Convection 

a. Direct contact with 
air 

b. Warming inspired air 
c. Urine and feces 

3. Insensible Perspiration 

a. Via skin 
b. Via lungs 

4. CO2 Liberation 

TOTAL 

PERCENT OF~TOTAL HEAT LOSS (Cal/24 Hrs) 

60.0% 1,800 

10.0% 

2.5% 
1.5% 

300 

E 

14.5% 435 
8.0% 240 

3.5% 105 

100.0% 3.000 

b. Avenues of Heat Exchange as 
!S!!M?We Test 9 

Percent2es of Total Metabolic Heat for a -----.---- eriodwi'Eh"TH6iF of .Txerclse at 26°C. .- ..__ _.._ _.--__ - __ .__ _-- 

Dewpoints are: 

G.L. Air = 7.4"C 

Alt. He - o2 = 5.O"C 

G.L. He - o2 = 4.O"C 

G.L. = Ground Level at 
745 min Hg 

G.L. He - O2 = O2 at 

159 mm Hg 
He at 579 mn Hg 

Alt. He - 02. = O2 at 
165 mm Hg 
He at 206 mm Hg 

=E: Air Force Manual AFM 160-5 (4), Compendium of Human Responses to the 
Aerospace Environment, Vol. I (50) and Epperson, et al (64). 
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C. Conditions for Prediction of Body Thermal Status 

~- 
Environment 

External (Natural1 Internal (Induced) Body State Clothing 

Solar radiation (q ST’ Wall temperature (t,) Metabolic rate (q,) Thermal resistance (Rg) 

Earth radiation (q,,) Atmospheric temperature (ta) Weight (W) Vapor resistance (R’g) 

Lunar radiation (q,,, Atmospheric pressure (P) Posture Wind permeability 

Shadow cones (day/night) Atmospheric velocity (V) Area of body (Ab) Weight 

Atmospheric composition Atmospheric composition Skin temperature (t,) Color (emissivity absorptivity 

Vehicle velocity (if >C/7) Absolute humidity (p,) Rectal temperature (t,) Wicking efficiency 
(C = vel. of light) 

Vehicle attitude or 
Diffusivity (DY) Mean body temperature (tb) Effective clothing absorbtance 

orientation Specific heats (C , Cv) Respiration rate (;) 

Vehicle altitude Surface Area (su:roundinge) A Insensible water loss 

Shape emissivity factor Fae Sweat rate (sensible (We) 

Crew operating mode water loss) 

Wetted area (w) 

..- Stress Factors 

System failure 

G-loads (weightlessness) 

Toxicity (CO2 etc. ) effects 

Radiation effects 

Decompression (emergency) 

Hypoxia 

Psychological (morale. anxiety) 

Vibration 

Activity/work efficiency 

Physical condition 

Degree of heat stress resistance 
(acclimatization) 

Water/electrolyte balance 

Radiation area factor (fr) 

Radiating area of body (A=) 

Area of body irradiated 

Effective skin absorbtancr 

=E: Compendium of Human Responses to the Aerospace Environment, Vol I (50). 
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a. Recruitment of Sweating 

AREA 

Dorsum foot 
Lateral calf 
Medial calf 
Lateral thigh 
Medial thigh 
Abdomen 
Dorsum hand 
Chest 
Ulnar forearm 
Radial forearm 
Medial arm 
Lateral arm 

usuk (BUT NOT 
INVARIABLE) ORDER 

OF RECRUITMENT 

1 
2 

43 

: 
7 or 8 
8 or 7 

1: 

:: 

b. Increments in Mean Regional Evaporative Rates in Environmental ~- .- _. __ I--.I---,_ 
Temperature. 

Calf 
Thigh 
Abdomen 
Chest 
Forearm 
Arm 
Cheek 
Forehead 

I 
14.4 
12.0 

I 9.6 

gm/m=/hr. 
86.5 
58.7 
60.0 
37.1 
21.6 
14.4 
36.0 
60.0 

169.0 
144.0 
156.0 
120.0 

96.0 
65.0 

108.0 
240.0 

----___-___ 

INCPEYEST IS EvAPO”*TIY~ IATS 
___. 

29-34°C. 
I X-WC. 

gm/m=/hr/“C. 
13.7 20.4 

8.0 at.3 
9.6 24.0 
5.5 ZO., 
I.9 18.6 
0.7 IS.0 
a.4 18.0 
7.2 45.0 

-E: Compendium of Human Responses to the Aerospace Environment, Vol. I (50), 
Hertzman, et al (85) and Randall and Hertzman (148). 
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C. Regional Fractions of Total C@aneowE2qqr?@jqGxpressed as Percentage ___ -_... _ . . . 
of Total 

_,. ..,I 

,ECION 
24’C. 26’C. 

~~ 

Head 11.8 IZ.1 

Arm 4.6 4.4 
Forearm 8.2 7.2 
Trunk 22.8 23.0 
Thigh 13.6 ‘3.1 

Calf 8.5 9.0 
Palm 15.6 ‘5.3 
Sole 14.7 Ij.1 

28T. 30-Z. 
-~ 

32% 

II.9 9.7 8.0 

4.2 3.4 2.6 
6.0 4.3 3.2 

22.2 22.2 30.. 0 
17.1 20.2 22.6 

11.9 16.0 20.3 

13.1 9.6 6.8 

13.5 9.9 6.4 

3.1 
33.0 
23.8 
22.8 

4.6 
3.7 

_. - 

3.1 ’ 3.3 
4.4 4.3 

43-o 38.2 
25.5 22.3 
24.1 19.8 

3.5 2.5 
2.3 1 1.5 

___. 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. I (50) 
and Hertzman, et al (85). 
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a. Regional Cooling RequirwwFts of the Human Body in Air at Sea Level at --. - 
Rest 

I BUTTOCKS I I/- n 

SOURCE: Berenson(24) and Compendium of Human Responses to the Aerospace Environ- 
ment, Vol. I (50). 
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b. Regional Temperature Heat Transfer Relationship 

SKIN 
PREFERRED TEMPERATURE HEAT LOSS 

","EA 
CONDU TANCE 

REGION (OF) BTU/HR 5 BTU/FT /HR/'F 
..,-- am_____iv 

Head 94.4 15.9 2.15 1.61 
Chest 94.4 32.6 1.83 3.87 
Abdomen 94.4 17.9 1.29 3.02 
Back 94.4 49.3 2.48 4.31 
Buttocks 94.4 33.0 1.94 3.70 
Thighs 91.4 47.7 3.55 1.76 
Calves 87.5 58.0 2.15 2.35 
Feet 83.5 39.7 1.29 1.98 
Arms 91.4 33.4 1.07 4.10 
Forearms 87.5 34.2 0.86 3.45 
Hands 83.5 63.5 0.75 5.45 

mE: Berenson (24) and Compendium of Human Responses to the Aerospace Environ- 
ment, Vol. I (50). 
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a. Nomograph for Computing Cooling Power of Ventilating Garment -- ,.-...--. -.-- .-_- __,___ _.. . . .._ _ _._.._ _.. .- . 

_ .,. , ‘. DECREASE IN BODY 
OPERATIVE 

TEMP. (t,) 
l F 

- 240 

VENTILATING AIR 
TEMP. (1,) VOLUME (VJ 

STORAGE INDEX (-Aq,) 

CFM BTWFT’, HR OF 
50 - 

co - 

ro - 

t4 

12 

IO 

0 

,/s’ 
/ 

/ 
/ 

\ 

/ 

46 - 

40- 

‘\ 
\ 

\ 
\ 30- 

\ 
\ 
-\ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 

20- 

to- 

\ 
\ 

\ 

00 ’ 

1 
4 

90 2 

\ 
\ 

\ 
\ . 

- 200 

-160 

- 120 

EXAMPLE: GIVEN t,= 160-F. V,= IO CFM, tv: 8O.F; -Aq,= 26.2 BTU/FT*/tiR 
__~.__ ~~-- ~ 

-E: Compendium of Human Responses to the Aerospace Environment, Vol. I 
and McCutchan and Isheewood (120). 
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a. Pressure Suit Ventilating Gas Cooling 

3 4 5 b 1 

- 

- 

$2 
/ - 
- 

- 
IBLE 
:lTY 
- 
- 
- 
- 

$5 
/ 

- 

k= - 
“-7 

7.0 PSI 
5.0 PSI 
3.5 PSI 

VENllLATltlC GAS FLOV RATE. CFtl 

The dashed line represents the addition to cooling capacity of the venti- 
lating suit theoretically possible by optimum function of a cascade cooling sy- 
stem proposed for the Apollo system. 

b. Thermal Energy-Removed from an I.nternational Latex ProtoQEApglo 
SY t P.ressw zed~aL.X.5. _p~ov~..Amb~.e.~t..w~~~~_~~~.~~~.at_15.ft_3~~ 

SOURCE: Burris, et al (38), Compendium of Human Responses to the Aerospace 
Environment, Vol. I (50) and Roth (154). 
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a. Effect of Water Temperature on the Performance of Prototvpe Liquid-Cooled 
Suit 

SUIT PERFORMANCE FOR AN EARLY 
PROTOTYPE LIQUID-COOLED SUIT 

COOLING GARMENT OPERATING 
LIMITATIONS OF AVERAGE WATER 
TEMPERATURE AND COOLING RATE 
FOR SEVERAL PROTOTYPE APOLLO SUITS 

-E: Burton (40 
Vol. I (50 

Compendium of Human Responses to the Aerospace Environment, 
and Jennings (92). 
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There are two methods of calculating daily energy exchange. The preferred 
method is by indirect calorimetry, in which oxygen consumptions are measured 
and a complete timeiactivity study is made. Representative figures for soldiers, 
derived by using this technique, are given on the lower half of the diagram as 
an indication of the wide day-to-day and week-to-week variation within a uniform 
group, and of occupation-to-occupation variations. 

The alternative method is by precise estimation .' food intake and body 
weight change. Since not all food is absorbed, and since changes in body weight 
are not all due to energy storage or liberation, this is a difficult technique to 
use accurately. Representative figures obtained from food intake are given in 
the upper half of the diagram as an indication of light, medium, heavy and very 
heavy work in industry on a year-round basis. Also given are the approximate 
food-supply and food-eaten figures for Operation Musk-Ox, which was a 4-month, 
3400-mile motorized journey across Northern Canada in winter. Long distance 
journeys across the moon will require special planning for food and oxygen sup- 
plies. Values obtained in space cabin simulator trials have been added as a 
guide to in-flight requirements. Highest values regularly recorded are for 
lumberjacks, whose food intake contains much fat. 

a. Total Metabolic Energy Exchange - 

TOTAL ENERGYOUTPUTPEROAY-kcd 

10 000 2ooia 
TOTAL ENERGY OUTPUf PER DAY _ B,U 

mRCE: Webb (195). 
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These tables give typical values for the oxygen cost of everyday,activities 
and of certain special activities, which may be useful in the bioastronautics 

The values were selected from the literature and adjusted for a man 
&"8i$r& tall and weighing 167 pounds (average values for the Mercury astro-',.+ 
nauts)% 

. .:.. ..J.' i 
i'. ' -. 

The first column of each table gives values for oxygen consumed, which can 
be regarded as the most direct estimate of energy expenditure generally available 
to us. Large men consume more oxygen than small men, and it is suggested that 
the values given be increased by 7.5% for large astronauts and reduced by 6% for 
small astronauts, based upon the size range of the men in current NASA,programs. 

Evidence is accumulating‘that important subject-to-subject differences exist 
even in'men of the same size. These commonly give rise to variations as high as 
60% when different men are performing the same task, as high as 30% when adjust-:. 
ments for body size are made, and as high as lo-15%,whenrepeated measurements- 
are taken on the same man. -:, . . 5. \ 

The efficiency with which external work is'produced.als.o varies widely. It ' 
is lowest in the work of respiration (less than 5%), is lo-20% for common 'tasks, 
and highest in bicycling and walking on the inclined treadmill,(up to 35% and 
occasionally 40% in trained men). Variations of theselmagnitudes must be-allowed 
for in using the tables. 
on each astronaut. 

To obtain closer estimatesc,measurements must be made 
/ _ 

. . ,_- -.._ :. _. 
The amount of energy that is produced when a given weight of oxygen is con- 

sumed depends on the fuel. On an average mixed diet, 0.1 lb. of oxygen is used 
for every 613'Btu or 154 kcal. On a fat diet, however, this drops to 591iBtu. 
On a carbohydrate diet, and during prolonged physical work, the total-energy pro- 
duced is equivalent to-636 Btu-per 0.1 lb. 

Presented first is a useful table given as an indication of the severity of 
physical work in terms of gxygen cost, energy expenditure, and heat output. 'The 
tables can be used to give an approximate value of the energy exchanges in a day 
by working out how many hours and minutes are spent on each activity. Thus, if 
8 hours are spent asleep at 0.045 lb/hr., 4 hours are spent walking at 0.147 
lb/hr., and 12 hours. are spent in aircrew activities at 0.066 lb./hr., the total 
oxygen consumption in 24. hours-is: 

(8 x 0.045) + (4 x 0.147) + (12 x 0.066) = 1.74 lb. 

Several discrepancies in the tabulated values are indicative of the impre- 
cision of such data. This sort of variation is to be expected. .For example, 
"shoveling sand" occurs twice; once under "Moderate activity--standing," and 
again under "Heavy activity--standing", with an appropriately higher level of 
energy cost. Both measurements shown have been reported in the literature, and 
both are probably valid for the subjects and activities measured. These dispar- 
ities may be due to the wide range of subject-to-subject differences mentioned 
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in the introductory paragraph above, differences in the rate of work, or to some 
variation in experimental technique. 

a. Classification of Physical Work by its Severity 

Ve.ry light work 

Light work 

Moderate work 

Heavy work 

Very heavy work 

LB 02/HR 

beJow 0.10 

0.10 -. 0.19 

0.19 - 0.28 

0.28 - 0.38 

0.38 - 0.47 

Unduly heavy work over 0.47 

b. Everyday Activities 

KCAL/MIN BTU/HR 

below 2.5 below 595 

2.5 - 5.0 595 - 1190 

5.0 - 7.5 1190 - 1785 

7.5 - 10.0 1785 - 2380 

10.0 - 12.5 2380 - 2975 

over 12.5 over 2975 

Asleep 

Sleeping, men over 40 
Sleeping, men aged 30-40 
Sleeping, men aged 20-30 
Sleeping, men aged 15-20 

Typical values for 

lb 02/hr kcall min Mu/ hr 

0.04 1.1 260 
0.05 1.2 280 
0.05 1.2 280 
0.05 1.3 300 

Resting 

Lying fully relaxed 
Lying moderately relaxed 
Lying awake--after meals 
Sitting at rest 

0.05 1.2 290 
0.05 1.3 320 
0.06 1.4 340 
0.07 1.7 400 

Very light activity--seated 

Writing 0.07 1.8 
Riding in automobile 

430 
0.08 2.0 

Typing 
480 

0.09 2.3 
Polishing 

550 
0.09 2.4 570 

Very Light activity- -standing 

Relaxed 
Drafting 
Taking lecture notes 
Peeling potatoes 

0.07 1.8 440 
0.07 1.9 460 
0.08 2.0 480 
0.08 2.1 510 

WE: Webb(195). 
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b. Everyday Activities (Cont.) 

Typical values for 

Light activity--seated 

Playing musical instruments 
Repairing boots and shoes 
At lecture 
Assembling weapons 

lb 02/hr kcal/ min Btu/hr -’ 

0.11 2.9 690 
0.12 3.0 720 
0.12 3.0 730 
0.14 3.6 860 

Light activity- -standing 

Entering ledgers 0.10 2.6 610 
Washing clothes 0.15 3.7 890 
Ironing 0.17 4.4 1040 
Scrubbing 0.18 4.7 1130 

Lipht activity- -moving 

Slow movement about room 0.10 2.5 600 
Vehicle repairs 0.13 3.4 820 
Slow walking 0.15 3.8 900 
Washing 0.16 4.2 1000 

Moderate activity- -lying 

Creeping, crawling, prone resting maneuvers 
Crawling 
Swimming breast stroke at 1 mph 
Swimming crawl at 1 mph 

0.22 5.7 1360 
0.24 6.1 1450 
0.26 6.8 1620 
0.27 7.0 1670 

Moderate activity--sitting 

Rowing for pleasure 
Cycling at 8- 11 mph 
Cycling rapidly 
Trotting on horseback 

Moderate activity- -standing 

Gardening 
Chopping wood 
Baseball pitching 
Shoveling sand 

Moderate 

Golf 

0.20 5.0 1190 
0.22 5.7 1360 
0.27 6.9 1640 
0.28 7.1 1690 

0.23 5.8 1380 
0.24 6.2 1400 
0.25 6.5 1550 
0.27 6.8 1620 

Table tennis 
Tennis 
Army drill 

0.21 5.4 1290 
0.23 5.8 1380 
0.25 6.3 1500 
0.28 7.1 1690 

Heavy activity--lying 

Leg exercises, average 0.29 7.5 1790 
Swimming breast stroke at 1.6 mph 0.32 8.2 1950 
Swimming backstroke at 1.0 mph 0.32 8.3 1980 
Lying on back, head raising 0.34 8.8 2100 

=E: Webb (195). 
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b. Everyday Activities (Cont.) 

Typical values for 

Heavy activity--sitting 

Cycling rapidly--own pace 0.32 8.3 1980 
Cycling at 10 mph--heavy bicycle 0.35 8.9 2120 
Cycling in race (100 mi in 4 hr 22 min) 0.38 9.8 2340 
Trotting on horseback 0.38 9.8 2340 

Heavy activity--standing 

Chopping wood 
Shoveling sand 
Sawing wood by hand 
Digging 

0.29 7.5 1790 
0.30 7.7 1830 
0.31 8.0 1900 
0.35 8.9 2120 

Heavy activity--moving 

Skating at 9 mph 0.30 7.8 1860 
Playing soccer 0.32 8.3 1980 
Skiing at 3 mph on level 0.35 9.0 2140 
Climbing stairs at 116 steps/min 0.38 9.8 2340 

Very heavy activity- -sitting 

Cycling at 13.2 mph 
Rowing with two oars at 3.5 mph 
Galloping on horseback 
Sculling (97 strokes/mid 

0.39 10.0 2380 
0.43 11.0 2620 
0.44 11.4 2720 
0.49 12.6 3000 

Very heavy activity- -moving 

Fencing 0.41 10.5 2500 
Playing squash 0.41 10.5 2500 
Playing basketball 0.44 11.4 2720 
Climbing stairs 0.47 12.0 2860 

Extreme activity 

Wrestling 0.51 13.0 3100 
Marching at double 0.52 13.3 3160 
Endurance marching 0.58 14.8 3520 
Harvard Step Test 0.63 16.1 3830 

lb 02/hr kcal/ min Btul hr 

TCiRCE: Webb (195). 
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c. Special Activities 

Engineering tasks lb O,/hr 

Typical values for 

kcal/ min Btulhr 

Medium assembly work 0.11 2.9 680 

Welding 0.12 3.0 720 

Sheet metal work 0.12 3.1 760 
Machining 0.13 3.3 800 
Punching 0.14 3.5 840 
Machine fitting 0.17 4.5 1060 
Heavy assembly work--noncontinuous 0.20 5.1 1210 

Driving vehicles and piloting aircraft -..__ 

Driving a car in light traffic 0.05 1.3 300 

Night flying--DC-3 0.06 1.6 380 

Piloting DC-3 in level flight 0.07 1.7 400 

Instrument landing--DC-4 0.10 2.5 590 

Piloting light aircraft in rough air 0.11 2.7 640 

Taxi:ing--DC-J 0.11 2.9 680 
Piloting bomber aircraft in combat 0.12 2.9 700 
Driving car in heavy traffic 0.12 3.2 760 
Driving truck 0.13 3.3 790 
Driving motorcycle 0.14 3.5 840 

Moviw over rough terrain on foot 

Flat firm road 
Grass path 
Stubble field 
Deeply plowed field 
steep 45” slope 
Plowed field 
Soft snow, with 44 lb load 

Load carrying 

Wilking 0~ level 
with 58 lb load, 
trained men 

2.5 mph d.ll-0.19 2.8-4.9 660-1140 
2.5 0.12-0.20 3.2-5.1 760-1240 
2.5 0.16-0.23 4.0-6.1 960-1440 
2.0 0.19-0.27 4.9-6.9 1160-1640 
1.5 0.19-0.27 4.9-6.9 1160-1640 
3.3 0.30 7.a 1850 
2.5 0.79 21.0 4850 

2.1 mph 0.07 1.9 .450 
2.7 0.11 2.9 690 
3.4 0.18 4.6 1100 
4.1 0.32 8.3 1980 

Walking on level 
with 67 lb load. 
trained men 

i 

2.i 
2.7 
3.4 
4.1 

0.09 2.3 550 
0.11 2.9 690 
0.,20 5.1 1210 
0.33 8.4 2000 

Walking on level 
with 75 lb load, 
trained men 

1 

2.1 
2.7 
3.4 
4.1 

0.10 2.5 600 
0.13 3.4 810 
0.20 5.2 1240 
0.34 8.6 2100 

Walking up 36% grade 
with 43 lb load, 
sedentary men 

0.5 0.26 6.7 1590 
1.0 0.47 12.3 2910 
1.5 0.62 16.0 3800 

SOURCE: Webb (195). 
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C. Special Activities (Cont.) 

Typical values for 

kcal/min Swimming on surface lb U2/hr Btul hr 

Breast stroke 1 mph 0.27 7.0 1650 
2 1.13 29.0 6900 
3 3.78 97.0 23100 

Crawl 1 0.35 9.0 2150 
2 0.70 18.0 4200 
3 1.87 48.0 11400 

Butterfly 1 0.47 12.0 2900 
2 1.13 29.0 6900 

.3 2.92 75.0 17850 

Walking under water 

Walking in tank 
Walking on muddy bottom 
Walking in tank 
Walking on muddy bottom 

Movement in snow 

minimal rate 
minimal rate 
maximal rate 
maximal rate 

0.11 2.9 700 
0.21 5.5 1300 
0.28 7.2 1700 
0.33 8.4 2000 

Skiing in loose snow 2.6 mph 
Sled pulling--low drag, hard snow 2.2 
Snowshoeing- -bearpaw type 2.5 
Skiing on level 3.0 
Sled pulling--low drag, medium snow 2.0 
Snowshoeing--trail type 2.5 
Walking, 12-18”snow, breakable crust 2.5 
Skiing on loose snow 5.2 
Snowshoeing--trail type 3.5 
Skiing on loose snow 8.1 

Measured work at different altitudes 

0.32 8.1 1930 
0.34 8.6 2020 
0.34 8.7 2070 
0.35 9.0 2140 
0.38 9.7 2310 
0.40 10.3 2460 
0.50 12.7 3010 
0.52 14.6 3800 
0.59 14.8 4200 
0.80 20.6 4900 

Bicycle ergometer 430 kg-m/min 

i 
430 
430 

Mountain 880-1037 kg-m/min 
climbing 566- 786 

393- 580 

720 mm Hg 
620 
520 

610 mm Hg 
425 
370 

0.20 5.1 1230 
0.19 4.9 1170 
0.21 5.4 1290 

0.36-0.43 9.2-11.0 2200-2640 
0.30-0.37 7.7- 9.5 1840-2260 
0.25-0.41 6.4-10.5 1530-2520 

SOURCE: Webb (195). 
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space 
This chart sumarizes previous data and shows why the oxygen requirement in 

and on the moon surface cannot be estimated more accurately than to say it 
will lie in the range 1 to 5 lb per day per man. Starting at the top and reading 
across each row, comparisons are made between the oxygen requirements for speci- 
fic functions on earth, in the flight capsule, in free space, and on the moon 
surface. At the end of each row is a note on some important aspect of the func- 
tion under study--tissue maintenance, temperature regulation, body position, body 
movement, movement of controls, walking and carrying, or total daily oxygen cost. 

a. Comparison of Oxygen Costs in Various Environments 

FUNC’TION ENVIRONMENT AND GRAVITATION NOTES 

Tissue 
Maintenance-- 
Circulatory. 
Respiratory, and 
Other Functions 

Free Space - 0 g Moon Surface -l/6 g 

I No reduction 
-- -- same as Earth requirement -- -- expected in 

eubgravity 
environments 

.. -7 
Add 3% to tissue maintenance values May be sharp Energy costs 

Temperature for every 16-F of mean temperature 
May be eharp 

Regulation below 50’. subtract 5% for every 16’ changes due to changes due to low raised in heat, 

above 50’ temperature. shade temperature but me,, more r’c- 
and high radiation laxed. Oxygen in- 
in open. take raised in cold. 

Maintenance I In water at neutral 

of Body Position In zero gravity, poeture maintenance may cost 
temperature. 02 

Position 02 cost than lying. more or less, according to restraint equipment. 
costs drop toward 

Standing requires cost lying 
horizontally. 

In sitting and Training for zero 
standing positions, In zero gravity. the inertial work of a given gravity operation8 

Movement of movement of body movement is unchanged, but the difficulties may be wry in- 
Body Parts partb can increase of moving and operating controls without portant. Clumsy 

02 coat by up to traction or fixation may increase oxygen costs. mcwement.s have 
0.07 and 0.15 Whr high 02 costs. 
respectively 

I 
Movement of For controls unaffected by gravity, this increase 

The 02 cost of 

External Objects Heavy engineering is likely to hold. Use of powered tools and controls 
wearing P pres- 

(levers. pushing, work raises 02 
cost by up to 

will naturally reduce the effect, assuming that con- 
aurizrd suit needs 

lifting) trols are properly redesigned for use when gravity 
measuring. espe- 

0.12 lblhr. and traction are absent or reduced. 
cially in respect 
to this type of 
operation. 

Walking 
.lId 
Carrying 

TOTAL 
DAILS 
OXYGEN 
COST 

02 consumptions 
up to and exceeding 

O2 consumptions 0.015 liters/hr per see also 02 cosm 
up to 0.015 liters lb total weight must of movement in 
per hr per lb Not applicable Not applicable be expected fre- the snow. 
total weight are quently if moon 
commonly found. surface is rough 

and steep. 
-~~~~ 

2 lb of O2 per 
man per day is l-l.5 lb 

Highest recorded 

common. ch stren- expected Requires simulated or actual 
daily cost was ln 

uous days. this consumption. lIle.S”reflle”t 
lumberJacks, and 

may rime to 3-4 lb. 
w.s about 5, Lb. 

- 

-E: Webb (195). 
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Heat output is determined from respiratory data in four stages. Fjrst the 
oxygen cost is calculated from the respiratory ventilation rate of the subject 
and-the change in oxygen concentration of the expired air. Second, the volume 
is corrected to O"C, 760 mm Hg, dry (STPD); this is particularly important at 
reduced atmospheric pressures. Third, the heat output corresponding to each unit 
volume of oxygen is selected, either by approximation or from a knowledge of the 
subject's diet or from his measured respiratory quotient. For simplicity in 
calculations, the following two nomograms have been constructed. 

Nomogram a uses the standard values: RC = 1.00 and 1 liter of oxygen is 
equivalent to 5.0 kcal. It permits direct calculation of heat output (H) in 
Btu/hr and kcal/hr from oxygen uptake (U) and ventilation rate(V). Alternatively, 
U can be calculated from H and V, or V from U and H. 

TOTAL 
a. Oxygen Cost Nomogram 

ENEdGY OUTPUT 
6ull~ Lcmh 

7i 
u 

SOURCE: Compendium of Human 
and Webb (195). 

Responses to the Aerospace Environment, Vol. III (52) 
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a. Formulas for Calculating the Energy Equivalent of Any Given Oxygen 
Consumption: 

If breathing oxygen, K = g x Ocons 

where K is the energy expenditure, 

e is the energy equivalent per unit volume of oxygen con- 
sumed, and 

0 is the volume of oxygen consumed, STPD (0°C. 760 mm 
'On' Hg, dry). 

If breathing gas mixtures, K = e X(Oin - Oout) 

where Oin is the volume of oxygen (STPD) supplied to the mask, 
suit, or cabin, and 

0 out is the volume of oxygen (STPD) leaving the mask, suit, 
or cabin. 

If breathing air, Oin = 20.93% and K = V(1.0429 - 0.0498 Oexp%) with 

error less than 1% 

where V is the volume of air (STPD) exhaled, and 

0 exp% is the percentage of oxygen in the expired air. 

Values 
for 8: 

Pure fat diet; during 
extreme exhaustion: f3 = 525.3 Btu/ft3, 4.686 kcal/liter 
Mixed diet: 0 = 545.0 Btu/ft3, 4.825 kcal/liter 
Pure carbohydrate e = 565.8 Btu/ft3, 5.047 kcal/liter 
diet; heavy exertion: 

m: Compendium of Human Responses to the Aerospace Environment,,Vol. 111(52) 
and Webb (195). 
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b. Formulas for Calculating Gross and Net Oxygen Costs and Efficiencies: 

Gross values 

--below maximum Owork 
aerobic capacity* Cgross = T,,,k E 

w x 100 
gross = 

cgross 

--above maximum 
aerobic capacity C' = w x 100 

gross = Owork + 'debt E' gross 

Twork 
C' gross 

Net values 

--below maximum 
aerobic capacity 

C net = Owork - Orest E net = w x 100 

Twork Cnet 
--above maximum 

aerobic capacity C' net = Qwork + Udebt - 'rest Elnet = w x 100 

T work 'C' net 

Oxygen debt 'debt = 'recovery -'rest 

(measured over the same time interval, whicl 
must be adequate for the oxygen consumption 
to return to normal) 

where C gross' C' C 
gross' net 

, and C' net are rates of oxygen consumption, 

0 work' 'rest) 'debt' and 'recovery are quantities of oxygen consume 

E gross' E’gross’ Enetg and E'net are efficiencies (in percentage 

units, 

W is the quantity of external work produced, and j 

T work is the time during which work is performed. 

*The maximum aerobic capacity is a characteristic measurement for each 
individual; it is influenced by the individual's state of training, 
his age, and other factors. 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. III(S2) 
and Webb (195). 
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C. Formulas for Calculating Energy Cost and Variance of Walking on a Level ..,. - .-... --I__--y. 
with Load 

-- 

._________ i __..._ ---. ..I -._ _ - ._ ---- ---- 
For speeds between 2.0 and 4.5 mph, the following equations give predictions 
for the energy cost of marching and its variance: 

E =K+Y 

K = 0.0083 (10 + W + L) evj5' 

Y = 0.56 + 0.0091 W - 

a2 = 0.017 eV/25 

where E = total energy expenditure in kilocalories per minute, 

K = energy expenditure in kilocalories per minute above resting 
expenditure, 

Y = resting energy expenditure in kilocalories per minute, 

a2 = variance in K, 

W = body weight in kilograms, 

L = load carried in kilograms, 

V = marching velocity in meters/min, and 

e = exponential constant 

=E: Compendium of Human Responses to the Aerospace Environment, Vol. III (52) 
and Webb (195). 
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Estimates of the expenditure of energy during various activities are useful 
for computing dietary requirements, for assessing the overall physiological 
severity of activities, and for determining optimum means and rates of work for 
any mission. 

Some pertinent metabolic factors to be used are: 

1 kcal = 3.9685 Btu 
= 426.9 kg.m 
= 3087.4 ft lb 
= 0.00156 hp hr 

Q  = 5.0V02 

where 

Q energy expenditure, kcal/min 
Vo2 oxygen consumption, liters/min 
Standard external work efficiency = 20% 
Average body surface area = 1.85 m2 (unless otherwise indicated) 

In general, the values of energy expenditure for specific tasks in trained 
subjects are accurate from person to person within 15% as an outside figure. In 
the past, energy requirements for specific tasks have been presented as "net 
calories" after deducting the basal or resting metabolic rate determined from 
standard tables. Since exercise itself may change the energy requirement for 
body maintenance, it appears more significant to record the values as gross or 
total calories as determined for each task. Wherever possible, the values will 
be expressed as kilocalories (Calories) or Btu/m2 of body surface per min, or 
the weight of exercising subjects will be recorded along with the rate of energy 
expenditure. No attempt is made to separate the specific dynamic action (SDA) 
of food from these figures. To what extent SDA is available for external work 
is still uncertain, and in most cases the times of studies relative to meals are 
not recorded. 

The problem of the efficiency of energy conversion to external work is of 
interest. Factors which must be considered in appraisal of overall efficiency 

the rate of work, the load, the duration and quality of 
recovery in intermittent tasks. It is, of course, quite 

1 these variables independently for any given task. Effi- 
the formulas: 

of performance include 
work, and the speed of 
difficult to assess al 
ciency is expressed by 

Gross efficiency (X) = External work performed x loo 
Energy used 

Net efficiency (%) = External work performed - Basal 
Energy used 

x 100 

=E: Roth (154). 

l-242 



PHYSIOLOGICAL STANDARDS AND TOLERANCES 
11 

METABOLISM 

p 
METABOLIC COST OF WORK - CONVERSION FACTORS 

a. Relationships of Oxygen Consumption, Heat-Output, External Work, and 
- - Cari?ZGi Dioxide ProductiG--a --'----"-. 

-~- 

: , 

OXYGEN 
CONSUMPTION 

HEAT 
PRODUCTION 

EXTERNAL 
WORK AT 20% 

EFFICIENCY 

CO2 
PRODUCTION 

The nomogram above uses the standard values: RQ (Respiratory Quotient) = -. 
0.82 and 1 liter of oxygen is equivalent to 4.825 kcal. This nomogram allows 
one to interrelate, by drawin 

9 
straight vertical lines, the values for oxygen 

consumption (0), heat output H), external work output (W), and carbon dioxide 
production (C), at typical conversion rates. Note that H may be as much as 3% 
lower or 5% higher than the quoted value at any specific oxygen consumption, 
depending on the RQ, which equals 0.7 for a pure fat diet and 1.00 for a pure 
carbohydrate diet. Values given in the third and fourth lines have to be modi- 
fied if the efficiency changes. Typical ranges are 5 to 35%, average 20%, so 
that the listed work output may increase by three-quarters if the task is one 
that can be performed at high efficiency (e.g., bicycling). Conversely, the true 
value may be reduced by three-quarters if the function is inefficiently performed, 
(e.g., high speed walking). 

SC)URCE: Webb (195). 
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METABOLIC COST OF WORK - 1 G 

a. Enerqy Expenditures for 
Different Types of Proqression 
at Various Speeds and Grades* - 

Type of progression 

* The figures in this table were 
calculated from Harvard Fatigue 
Laboratory data for a 150-lb. 
man. 

Horizontal walking 

Grade walkibg 

Horizontal walking 
carrying 43-lb load 

(Running) 

Grade walking 
carrying 43-lb load 

Skiing along level 

Swimming 
(breast stroke) 

T S 
Energy expnditun 

P-d* Grade. of 154-po” 
mph % 

nd man 
kcallbr k :calmild 

~-- 
t 96 
t 85 
t 100 

2.3 0 21a 
3.5 0 290 
4.6 0 470 

2.0 5.0 

E 
2.5 5.0 29a 
2.3 5.5 
3.5 5.5 450 
2.4 0.6 430 
3.5 8.6 

125 
115 
150 
130 
180 
160 

210 
135 
115 
135 
165 

740 
660 
595 

180 
145 
125 

410 
305 
430 

1.0 0 210 
2.0 0 270 
3.0 0 350 J-----L 4.0 0 540 
5.0 0 820 

A dominant factor in human energy efficiency is the time spent in performing 
the work. The longer the work period, the lower the energy efficiency. In order 
to achieve the highest energy efficiency, work should be performed at the most 
rapid rate within the limits of skill and endurance. The reason for the low 
economy of progression at a slow rate is that a large part of the energy used 
during the work is required for the maintenance of body functions (digestive, 
glandular, etc.) which do not contribute directly to the performance of the work. 
When the distance is traversed in a shorter time, the energy cost of these sup- 
portive functions is correspondingly reduced. Net efficiency, therefore, does 
not change significantly with exercise rate. 

The increase in energy cost when work is performed at slow rates is shown 
in the table. The 1 mile climb at 0.5 mph requires 2 hours. At 1.5 mph the climb 
can be completed in 40 minutes. At the slow rate of work the energy cost of main- 
taining the human machine must be met for 80 minutes longer than at the faster 
rate of work. This increased energy cost, amounting to 145 kcal, reduces the work 
efficiency from 24% to 6%. 

=E: Morehouse and Miller (131) and Roth (154). 
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-,.&elation of Efficiency to Rate and- Load of Work* b --. - --- -.. .- ..-. _ 

[154-pound man carrying 43-pound load up 35.8% grade] 

E 
0.5 I-- 1.0 

- r 

I 

1.5 

1 HOUR -- CLIMBIN 
KCALiHR EFFICIENCY 

---.---L-d-.-.- 

370 

680 

890 

13% 740 6% 

14% 680 14% 

16% 595 24% 

.., 
CLIMBING 1 MILE 

KCAL/MILE I EFFICIENCY 

*Data from table on preceding page. 

An additional factor in work efficiency is the work load. When the speed 
was increased from 0.5 to 1.0 mph, the work load was increased by 145, 548 foot- 
pounds per hour and the efficiency improved from 13% to 14%. At 1.5 mph the 
work load was 436, 444 foot-pounds per hour and the efficiency was 16%. However, 
work which requires an energy expenditure greater than 700 kcal per hour cannot 
be continued for much longer than 1 hour by an untrained man. Unless the man 
carrying the 43-pound load up the 35.8% grade was well trained, he could not be 
expected to climb at 1.5 mph for more than an hour, as the energy expenditure at 
this rate is 890 kcal her hour. If the speed is reduced to 1.0 mph, the energy 
requirement is reduced to 680 kcal per hour and the work can be sustained for a 
longer period. If the distance is great, the speed should be reduced so that 
the climber is not exhausted by the work. Efficiency must be sacrificed for en- 
durance in order to accomplish work of long duration. When the distance is 
short, greater speed or heavier loads are necessary if the work is to be per- 
formed with the greatest efficiency. The well-trained individual is able to 
carry on work at a higher level of energy expenditure; thus he is able to perform 
work at higher speeds for longer periods. 

SOURCE: Morehouse and Miller (131) and Roth (154). 
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0 

a 

l 
l 

A8 
1 

l 

d. Energy Cost of Walking‘and Running 

Speed of walking and running. Energy cost 

mph kcallm’min Btulhr 

1.2 1.7- 2.0 735- 870 
2.0 1% 1.9 65& 820 
2.4 1.6- 2.7 6W-1.150 
2.8 1.8- 2.4 82~1.040 
3.0 2.2- 3.1 950-1.340 
3.2 2.1- 3.3 910-1.430 
3.6 2.P 3.8 1.040-1.640 
4.0 2% 4.0 l,OeO-1.730 
4.3 3.6- 5.5 1,560-2,460 
4.8 4.6- 7.6 1.990-3.290 
5.0 5.6- 8.3 2.420-3.580 
6.0 6.5-11.4 2,610-4,940 
6.5 6.6-13.3 2.85CW750 

e. Relation of Speed and Eody Weight to Energy Expenditure _ ._ ,_ ..-ve---.--- -- 
-== 

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

Speed of walking 
mph 

Energy expenditure, kcallmin, for 
80 lb ) IO0 lb 1 120 lb 1 140 lb 

ass body 7 
160 lb 

Nei&t of- 

T 180 lb 200 Ib 

2.0 
2.5 
3.0 
3.5 
4.0 

3.2 3.5 
3.8 4.2 
4.4 4.8 
5.0 5.4 
5.8 6.4 

SOURCE: Passmore and Durnin (143) Roth (154) and Webb (195). 

l-246 



ii 
I’ 

PHYSIOLOGICAL STANDARDS AND TOLERANCES 

METABOLISM 

METABOLIC COST OF WORK - 1  G  

f. Oxygen Requirement at Various Speeds for Men  Walking and  Running ___  

I - 

>  

1.0 2.5 3.0 4.0 5.0 9.1 

- 
2.5 3 4 56 8 10 12 14 16 20 

SPEED- mi/hr 

- 
-4o#K) -4o#K) 

;: 
6.0 - 6.0 - 

5.0 --33ow 5.0 --33ow 

4.0 - 4.0 - 

- iQOW - iQOW 
3.0 - 3.0 - 

2.0 - 2.0 - 

$ $ -1owo -1owo 

.- .- -e -e 
p p 2 2 

“I l.O-- “I l.O-- 
_ 

2 2 : : - - 

5 5 --5coo --5coo s 0 s 0 .’ 

z, z, 
-4000 -4000 

5 5 
2 2 g g - - 

0” 0” 0.5 -- 0.5 -- 3m 3c@il 

0.4 - 0.4 - 

-2030 -2030 
0.3 - 0.3 - 

0.2 - 0.2 - 

--1ow -1ow 
0.15- 0.15- 

-4 700 -4 700 

To convert  oxygen requirement to energy units: multiply liters/min. by  
4.825 to get kcal/min. or by  19.3 to get Btu/min. 

m: Dittmer and  Grehe (56), Passmore and  Durnin (143) and  Roth (154). ': " 
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9. Energy Expenditure Walking Uphill at Various Speeds 

11 ’ ’ ’ ’ ’ ’ ’ ’ J 
0 1 2 3 6 7 8 9 

1 I I 
4hmlh,5 

I I I 
0 I 2 m;h 4 5 

=E: Passmore and Durnin (143) and Roth (154). 
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h. Graph for Estimating.Energy-Cost @r-Rates of ProgressiQD Between 1.5 ___ __-. - ..^_.. 
andQ.O-~~H._and-(;rades..D~ .t9..9$ .With .Loads.Up. to 30 KG. 

i. Energy Expenditure When Carrying Loads in Various I ___.._ --_ _. ___. -.. _--_-. ._ ..--.- _.___._.. __..- . 

5r 

)C 
load, lb 

j. Energy Expenditure When Walking With Load at 1.5 MPH on Firm Flat 
IU% tirade 

110 50 

Energy expenditure 

kcallhr 

500 
550 
630 
730 
830 
950 

=E: Atzler and Herbst (14) Iampietro and Goldman (91) and Roth (154) and 
Passmore and Durnin (143). 
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k. Energy Expenditure as a Function of Rate of Progression, Load Carried, -. _ 
; an --._._ 

kcallminlkg 
suhjcct wt. 

without load 
(a) 

Speed = I .5 mph 

9 
10 
20 
30 

0.088 0.077 
491 ,073 0.073 ~0.007 
496 ,070 

Speed = 2.5 mph 

0.063 
.063 
a64 

0.071 
,070 
.ORH 

n.084 
a93 
.107 

10 
20 
30 

10 
20 
30 

3 

6 
0.074 

,075 
,077 

10 
20 
.X1 

0. In6 
.I14 
.121 

0.093 
.09n 
.067 

9 

Speed = 3.5 mph 

Speed = 4.0 mph 
I 

I. 
I 

10 
20 
30 

10 
20 
30 

10 
20 

3 0.092 -CO.006 

6 0.121 

9 0.144 

=E: Iampietro and Goldman (91) and Roth (154). 
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1. Energy Cm of Proqression for Adult Male 

I’ 
-. 

Activity 

Walking. Icvel. oil: 
Hard-surface road 
Crass-covered road 

Subjects 
Energy 

expenditure 

Remarks nilhl :m/hr ky&nin Btulmin 

0, 
requirement. 

literslmin 
R.9 -- 

3.5 5.5 5.6 22.4 1.13 
3.5 5.6 6.3 25.2 1.26 
3.4 5.4 7.0 28.0 1.43 
3.3 5.2 6.9 27.6 1.41 
3.3 5.3 7.7 30.8 1.57 
3.2 5.1 10.0 40.0 2.05 
3.8 6.0 11.9 47.6 2.29 
5.7 9.1 15.R 63.2 3.22 
2.5 4.0- 20.2 80.4 4.13 

wt. k) 
(4 

j&69 

83 

SJ 

70 
70 
70 
70 
70 
70 
70 
70 
70 

70 
70 

70 
70 

.~ 
‘o-79 

‘O-79 

NO 

2 

.- 1 
i 
2 
1 
1 
1 
2 
2 
I 
2 

64 

3.5 5.6 6.1 24.4 (1.23) 
2.0 3.2 4.1 16.4 (0.63) 
2.5 4.0 4.8 19.2 (0.97) 
3.5 5.6 7.5 30.0 ( 1 ..w 
3.5 5.6 7.8 31.2 (1.56) 
3.5 5.6 8.6 34.4 (1.73) 
3.5 5.6 9.3 37.2 ( 1.87) 
2.4 3.8 7.2 28.8 ( 1.43) 
3.5 5.6 9.3 37.2 (1.87) 

3.5 5.6 9.3 37.2 (l.R?) 
3.5 5.6 9.7 38.0 ( 1.93) 

3.5 
3.5 

-- 
2.6 

5.6 11.0 44.0 (2.20) 
5.6 12.3 49.2 (2.47) 

4.2 3.9-4.4 15.6-17.~ 0.80.90 
5.4-5.9 21.G23.t 1.10-1.20 
7.4-7.8 2$&31.: 1.51-1.60 
9.7-10.3 38.8-41.; 1.98-2.10 

12.2-13.0 48%52.t 2.48-2.65 
14.7-15.8 58.843.: 3.m3.23 

1 

7 

, 
, 
, 
, 
> 
3 

1 
7 

> 
> 

, 
, 

, 

, 
, 
, 
, 
, 
, 

Carrying 9 kg 
clothing and 
apparatus Furrow in field 

Harvested field 
Plowed field 
Harrowed field 
Hard snow 

Soft snow 

Walking. grade. 
uphill 

Carryin; 2O-kg loah 
- 
Soldiers 
Trained individual 
Trained individual 
Soldier 
Soldiers 
Laboratory workers 
Soldier 
Laboratory workers 
1 marattion runner, 

23 sharecroppers. 
40 trained 
individuals 

Soldiers 
Civilian public 

service workers 
Soldiers 
Soldiers 

-- 
2.7% 
5.0% 
5.0% 
5.5% 
6.2% 
7.3% 
8.3% 
8.6% 
8.6% 

9.0% 
10.0% 

11.8% 
14.4% 

Walking. grade. 0% 
!readmill. 5.0% 
uphill 10.0% 

15.0% 
20.0% 
25.0% 

-. ._~ 
Walking. grade. 0% 

treadmill. 5.0% 
downhill 10.0% 

15.0% 
20.0% 
25.0% 

2.6 4.2 3.9-4.4 15x-17.t 
3.4-3.7 13.%14.C 
3.3-3.6 13.2-14.4 
3.7-3.8 14.8-15.2 
4.2-4.3 16%17.5 
4.8-4.9 19.2-19.t 

0.RO-O.W 
0.7M.76 
n.68-0.73 
0.75-il.77 
wxr-0.88 
n.97- 1 .OO 

-E:‘ Dittmer and Grehe (56) and Roth (154). 
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m. Maximum Sustained Work Capacity of Men 
Time, hr 

- -,-“- ..- 

0 111, +t 0 
0.1 0.5 1.0 2.0 5.0 10.0 20 50 loo 100 - 1.m 

be, min 
In emergency situations, the maximum sustained work capacity of men is of 

importance. The graph above illustrates that the maximum work which men can sus- 
tain until exhausted is greatest for periods of less than 1 minute. When the 
oxygen demand exceeds the intake of oxygen, an oxygen debt is incurred. The 
graph has rather special data in that the kind of work chosen to yield the 
highest power for a given metabolic rate; the efficiency is 20%. Data beyond 1 
hour are sparse, and the maximum level that can be sustained for 4 to 8 hours is 
not precisely known. It must be emphasized that these curves represent the very 
maximum levels for the most select individuals and are far above what even the 
average astronaut would probably be able to accomplish. The curves should, 
therefore, be used only as extreme upper limits of endurance. 

SOURCE: Webb (195). 
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n. Maximum Oxygen Intake of Males ~~--~- 

0 --j 93 math - -.--‘, 

0 10 20 30 40 50 60 
Age, years 

The maximum aerobic work capacity decreases from an average of 3.0 to 2.2 
liters/min. from ages 35 to 63, or by a factor of 26% (21% when calculated per kg 
body weight). The graph above presents a summary of the aging data for males 
showing the variations expected in the athletic subjects and the more general 
population. 

RANGE OF PHYSICAL fIT)ESS DETERMINED VIA TREADMILL TESTS 

The graph in Figure o on the following page presents peak oxygen consumptions 
as found in a treadmill test at 3.4 mph with slopes increasing by 1% each minute. 
The performance rating is arbitrary. These values define upper limits of aerobic 
capacity to be expected from a select and average population of military person- 
nel. 

The specific physiological effects of training have also been covered. Such 
factors as the decreased basal metabolic rate at rest, slower pulse at rest and 
during exercise, increased heart volume, increased muscular mass, increased vas- 
cularization and glycogen deposition in muscles, slight increase in blood volume, 
and decreased lactic acid level after severe work have been noted as resulting 
from training. 

From determination of respiratory quotients it was concluded that while 
trained athletes can utilize carbohydrate and fat indifferently during rest and 
light work, they increase the percentage of carbohydrate used when performing 
heavy work. 

mE: Webb (195). 
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r ‘:. Range of Physical Fitness Determined by a Standardized Treadmill Test _ - _. .1. .L~'SJS-'me.Adurts ., .---._. _, . ..----- .--_--_--_-- ._.-- 

65- 

1 4 
6 7 8 9 IO 11 12 13 14 1.5 17 

tvlutttoles of the basal metabolic rate at the 
crkt 

load 

That a reduction in ambient oxygen pressure reduces work capacity is a 
well-studied phenomenon. The recent Himalayan Scientific and Mountaineering 
Expedition determined the graduated effects of oxygen depletion at different 
altitudes on men well acclimatized to these altitudes. In reviewing the data, 
it must be kept in mind that these subjects were as well acclimatized to their 
environment as any group of subjects doing work at altitude would probably ever 
be. 

Table p presents a sunary of these studies. Control studies were carried 
out in London before the expedition. As on a previous Mt. Everest expedition, 
the higher levels of work intensity, oxygen intake, and ventilation were observed 
than in previous studies on nonmountaineers. The data for maximum 5-minute 
exercise are given in the table which shows that maximum work, maximum oxygen 
intake, maximum ventilation STPD, and maximum heart rate declined with increase 
in altitude. Maximum ventilation BTPS, on the other hand, was higher at altitude 
than at sea level, except at the highest camp. There was no significant dif- 
ference in the values obtained at heights between 15,000 and 21,000 ft. (4,600 
and 6,400 m). One obvious factor affecting ventilation at altitude is the 
reduced work of breathing air of low density. In spite of this reduction, the 
ventilation BTPS fell at 24,400 ft. This result may be due to the hypoxia of 
respiratory muscles or a failure of subjects to exert maximum effort. 

SOURCE: Ba Ike (17) and Roth (154). 
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It appears that exercise at 20,000 ft (6,090 m) and above is halted by fac- 
tors other than those operating at sea level. Subjectively, the overwhelming 
sensation which brings work to a close is breathlessness. Very high ventilation 
rates of about 200 liters/min BTPS --in fact, values approaching the resting 
15-second maximum voluntary ventilation (MVV test) --were sometimes observed 
just before the breaking point at 21,000 ft (6,400 m) on Mt. Everest and again on 
the 1960-61 expedition. 

Graduated Effects of Oxygen Depletion at Different Altitudes on Men 
*'IWelT Acclimatized to These Altitudes-. .--l_..---.l.-- 

Altitude, 
Barometric 

h 
preSS”rCt. 
mm Hg 

_-_--.-__._. 
Sea level 756 
15,000 440 
19.m 360 
21.000 340 
24.400 300 
__-- __ -I 

Ientilation, literslmin Oxygen intake 

STP. 
literslmin 

(4 
mllkglmin 

3.40 f 0.23 46.6 f 3.2 
2.58 k 0.12 37.9 -t IA 
2.14 f 0.23 32.7 2 3.5 
1.95-cn.11 29.6 -c 1.7 
1.4o-to.09 20.7-c 1.3 

HeUt 
rate. 

be& 

192-c 6 
1592 17 
144+- 13 
1462 11 
135% 8 

Work 
rate. 

kg 
mlmin 

1.500-1.660 
1.500 

9Ml-1.200 
900-1.050 

6cm 

o STPD= Standard temperature and pressure. dry. 
’ BTPS = Body temperature and pressure. saturated with water. 
c STP= Standard temperature and pressure. 

-E: Pugh (146) and Roth (154). 
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Work and Locomotion in Zero and Subgravity States 

The increase in degress of freedom of movement in the zero gravity of orbi- 
tal flight is probably a factor in the difficulty of accomplishing extravehicular 
tasks in the Gemini program. No specific data are available on energy consump- 
tion in orbital tasks; however, on Gemini IX-A, X, XI, and XII, preflight and 
postflight exercise tests using the bicycle ergometer were performed on the 
pilots. During these tests, the subject performed a measured amount of work in 
increasing increments, while heart rate, blood pressure, and respiration rate 
were monitored and periodic samples of expired gas were collected for analysis. 
These data were translated into oxygen utilizationcurves and Btu plots. An 
increase of about 0.02 beats per minute for each work increment of 1 Btu/hr. 
was noted for the ranges of 100 to 180 beats/minute and 1000 to 4000 Btu. Rough 
estimates of EVA work loads were thus attained from heart rate data, but these 
derived data were considered inaccurate, because changes in heart rate caused by 
thermal, carbon dioxide or other environmental problems could not be taken into 
consideration. 

Periods of exercise were included in both of the standup EVAs. These exer- 
cises consisted of moving the arms away from the neutral position of the pres- 
surized space suit. Both arms were brought from the neutral position to the 
sides of the helmet once each second for 60 seconds. An attempt was made to 
correlate heart rate data during these inflight exercise periods with preflight 
exercise tests. When compared in this manner, no significant difference ap- 
peared in the response to exercise performed before and during flight. It must 
be remembered, however, that only qualitative conclusions can be drawn from these 
data. Valid quantitative conclusions must await the results of more precise in- 
flight medical experimentation in which controlled conditions and additional data 
collection are feasible. 

Several other factors were significant in the energetics aspects of Gemini 
EVA. One of these was the art of conserving energy as demonstrated in Gemini 
XII. The pilot of Gemini XII was able to condition himself to relax completely 
within the neutral position of the space suit. He reported that he systemati- 
cally monitored each muscle group. When a group of muscles was found to be tense 
while performing no useful work, he was able to relax these muscles consciously. 
All of his movements were slow and deliberate. When a task could be performed 
by small movement of the fingers, he would use only those muscles necessary for 
this small movement. This technique of conserving energy contributed to the low 
indicated work levels in the Gemini XII umbilical EVA. 

For the final Gemini XII EVA, the oxygen allotment for umbilical EVA was 
25 pounds, with 2.9 pounds scheduled for egress preparation and 22.1 pounds for 
a projected 2-hour and lo-minute EVA timeline. The pilot stated that he felt 
that his work rate had not taxed the capability of the system and that he could 
have worked somewhat harder without discomfort. Total ELSS oxygen usage for the 
126-minute EVA period was 18.9 pounds, which indicated a usage rate of 8.9 lb/hr, 
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as compared to the measured value of 8.5 lb/hr obtained during preflight testing. 
The EVA pilot performed several tasks intended to evaluate any forces acting on 
him from either thrust or pressure forces from the ELSS outflow. He reported that 
that he was unable to detect any forces which might be attributable to the ELSS. 
There was no noticeable float-out or float-up tendency when he was standing in 
the cockpit with the hatch open. Study of oxygen consumption in Apollo is 
planned. 

The energy balance for upper torso work under all tractive conditions may 
be expressed by the following equations relating energy, Q, and efficiency, E: 

AQm (E) = Qw 
or 

AQm = Qw + Qwc + Qwr + 4s + Qn 
Where AQ, is the metabolic cost of work, Q, is the amount of energy utilized in 
performing useful work, Qwc is the energy spent in supplying the counteractive 
force, Qwr is the energy required to restore the body to the prework position, 
Q, is energy stored as body heat, and Q, is the net heat loss. As traction is 
reduced for a given task, the muscular energy required to supply the counterforce 
must increase. The total energy required to accomplish a given task is increased 
as traction is reduced. 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. III 
(52). 
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a. Horsepower Output with Various b. 
reedi%ii% Recipro- 

Percentage Increase of Oxy*nJ 
.UePWAL ._. 
c_atino Task; 15-Pound Load and 

Horx!w!e~ Ratio ..fw a Re.cFpre- 
ca_tl~. Task.; !5-.PoundLoadand 

72-Inch Stroke 22-IJlch Stroke 

c. Comparison of Metabolic Rates During Construction and..-M2inten.ance Work ---- 
LBtu/hr) 

SIMULATION REST MAXIMUM MEASURED 

One-g 697 3243 

Neutral Buoyancy 1035 2170 

Zero-g six-degree-of-freedom 478 3489 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. 111(52), 
Streimer, et al (179) and Wortz, et al (210). 
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a. Metabolic Rate in Pressure Suit Operations 

Task 

Treadmill 

0.8 mph 

0.8 mph 

1. 5 mph 

0.8 mph 

0.8 mph 

Arm 
EXerC+X 

Switch 
Flippin& -. ,.- 

1. The Arm Exercise consisted of lifting an 11. 5 lb. weight thru a distance of 18 inches 
every 5 seconds, alternating between left and right arms. 

2. The Switch Flipping task consisted of activating a switch at arms length once every 
5 seconds while the subject was sitting in the Gemini mockup couch. 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. III) 
(52). 
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b. Caloric Requirements _ ~-..--.,- 

Activities 
Heat 

productior 
Btu/hr 

Treadmill walking at 0.8 mph: * 
Light clothing (normal dress) _ _ _ 520 
Space suit, unpressurized.. _____ 860 
Space suit, pressurized 3.5 psi _ _ _ 1520 
Space suit, pressurized 5.0 psi. _ _ 2020 

Sitting in mockup sctivitating 
switches: b 

Space suit, unpressurized.. __- -- 420 
Space suit, pressurized 3.5 psi _ - - 590 

*At 888 level. 
bActivating switch once every 5 seconds at 888 level. 

An effective method of testing the energetics of locomotion on the lunar 
surface is to reduce traction, on a six-degree-of-freedom simulator, and to add 
weights to the subjects to return them to their l-g weight. As the simulated 
level of gravity is reduced, a pronounced decrease in energy expenditure occurs. 
When weights are added to the subjects to return them to their original (presimu- 
lation) weight, only slight increase in metabolic rate occurs, despite the sub- 
stantial increments in the total weight being transported. This substantiates 
the concept that weight reduction is a primary mechanism in producing walking 
metabolic rates that are lower at reduced gravity than at 1 g. Current studies 
of elastic fabric or foam-sponge counter-pressure suits may lead to considerable 
reduction in the energy requirement of extravehicular locomotion. The effect 
of inflated space suits is especially significant in this task. Tables c, d, 
and e and Figures c and d indicate locomotion in an inflated suit may more than 
double the energy requirement over that in an uninflated suit in Earth gravity. 
Figures c, d, and e represent the sensitivity of metabolic rate of progression 
to gravitation and to suit pressure. 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. III, 
(52) and LaChance (106). 
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C Metabolic Cost of Walking in PressurizedSpace Suits Under Normal Earth A*----.- __-- ..__ -. __-- 
Gravity 

.___ _.. --_ --.. - _ ..--... _-__ --A-- 

1.400’ ’ 

’ 

:.:.:.:.:.:.:.:.~.:.:.2. . . . . . . . . . . . 
Low- tracflon 

; 2,000 I r-.~.-.....-...-.-.-.-.-........ b.> A.. -.-...-................ z... Max. wofk 

: 
.-.-~.:.:.:.:.:.:.:.:.:.:.:.:.... 
’ r.nmph output b 

m .+ - ~...-.................- ,,6M) . ..<.x.. . . . . . . . . . . . . 

u 
*.~.*.~.~.~. .:.:.:.: . . . . . . . 2-4 hr/day 

;:.:.:.:.- . :.:.:.:.y . 

5 
..>:.:.y.- ..:.y 

..:.:.:.:.* ,\ .‘.!.’ Normal gravl ty 
..*...*. 

1.100 - 
c$ . . . . :.a 

u ..~.:.‘*’ .&, .:.- 
22.-.- ,\I ..:.* 

0 ..;.x.- +c..*;- 
.‘:.-~,~..-:’ ’ __ . . . . 

-2 200 * --- 
_.__..--‘- 

z 
&:.’ . ._.. ..-- . 
. . . _ . . . . . . ..- . . 

I ..-.:... * . ..- -*-Q*-.“.~~*-~ Unpressurized suit - 
400 : normal gravity 

1 
0 .1 .4 .6 .6 1.0 1.2 1.4 

Walkmg speed. rn* 

d. Metabolic Rate Comparison 

I900 - 

i 
3 
k 1600- 

P 
L 

.r” 1300- 

B 
2 

I’ IOOO- 

UNDER lq CONDITIONS SPACE SUIT AT 1169 

400: I I I I I I I I I 
1.0 2.0 3.0 4.0 0 I.0 2.0 3.0 4.0 

Spied, mph Speed. mph 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. III, 
(52) and Kincaide (102). 
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e. Comparative Test Data of Metabolic Cost of Locomotor Work in Subgravity 
with Pressurized Suits f --- 

rom Various Sources .-._ -.----..---- ..-. and f or Differerif Conditions .,--1-- .--..-_-.-_-.._- ._... _ .-_._--..,___.. --. - __._. -._- 

2400,- 

200 

“t 
2 1600 
> 
6 

.d 
& 12 
? 

Y 

g 
5” GO0 1 

EWt3 qrovity, 
-T\. ’ 

/ 00 0 
00 ,/O 

L /c 

000 
P q 

0 
,c ccl 

8 // Xarthqravity 

0 
0’ 1 
b / 3 

k Pressure suif 

400 0 Apollo 
LJ Gemini 

0 -0 3 
Speed. V, mph 

I I 1 
0 2 4 

V, hm/hr 

PRESSURE SUIT 

=E: Compendium . ..Vol. III (521, Hewes (86), 
(195) and Work and Prescott (212). 

Kuehnegger, et al (105), Webb 
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Effect of Gravity, Task, Suit and Simulator Variables 

a. Change in Metabolic Rate for Classes of Tasks as a Function of Simulated ----z@=rucedGram-' 
-- (ShTrTsiEiives) y 

=E: Corn endium of Human Responses to the Aerospace Environment; Vol. III, 
(52p and Wortz (209). 
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Figures b and c emphasize the effect of the different simulators and suits. 
Figure c illustrates these data in terms of the lunar weight of the subjects; 
the metabolic rate is plotted in terms of body weight for lunar gravity condi- 
tions. 

b. Metabolic Rates for Walking in Different Pressurized Suits on Different _-.. -.I-.. 
Simulators 

._--___ -.-_ -_. 

m: Corn endium of Human Responses to the Aerospace Environment, Vol. III, 
(52!. Wortz (209), Wortz and Robertson (211). 
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c. Metabolic Rates for Walking in Pressurized Suits on Different Simulators 

Data are normalized for body 
weights; lunar weight is used 
for lunar gravity simulated 
conditions; suits refer to 
Apollo prototypes 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. III, 
(52) and Wortz and Robertson (211). 

l-265 



PHYSIOL’OGICAL STANDARDS AND TOLERANCES 

METABOLISM 

METABOLIC COST OF WORK - LUNAR GRAVITY 

d -0 Effect of Subgravity Suit Pressurization on Human Locomotor Performance I-~ 
of Different Typ 

I-- _-- ..-.--.. .-. _.,.,.. ._..,-.. - -- 
es 

Energy Cost of Locomotion - Unpressurized 

BTU/hr 

l/6 g 19 Ref. 

2 mph level 560 810 266 

4 mph level 740 1700 
850 1980 266 

4 mph 10’ incline 1300 2800 137 

Gravity 

19 

116 g 

Suit Max. 
pressure forward vel., 

psi fps 
0 11.3 

3.5 9.2 

0 5.4 
3.5 4.0 

Vert. jump 
max. ht., 

ft 

1.7 
1.0 

7.7 
4.6 

Broadjump 
horiz. dist., 

ft 

5.4 
3.3 

12.0 
7.0 

e. Estimated Effects of Speed, Activity Duration, .Fatioue, and Suit Svstem 
Limits on Range CXpability of Lunar Explorers on Lunar Surface and Earth 

Speed, V, mph 
I- I I -1 

a 4 e 12 16 
V, km/hr 

2 4 6 a - 
Speed, V, mph 

V. km/M 

SOURCE: '$$endium of Human Responses to the Aerospace Environment, Vol. 111, 
. 
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f. Estimated Effect of Surface-Slope Variations on the Range Capability 
of LunZFEExpl orers.(One Subject) -----_-_ _ 

Fatigue limit, hr=4 3 2 1.5 

j &flj;. 

I I I 
0 2 4 6 a0 

Speed, V, mph 

V. km/hr 

16- 

2 4 6 8 

Speed, V. mph 
:-- -A 

0 4 - 12 

sc)uRIsE: e Corn endium of Human Responses to the Aerospace Environment, Vol. III, 
(525. 
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Water Exchanges Between Man and Environments a. 
u)GsKs 
izinG 

R..plr.toq tr.ct MO lcxp1rmd .*r Food, Uquld 

Sallnry glanda 1.500 

Skllr 500 

Bow.1 r..t.mrpllm woo 

lJrLn* 1.m 
P.CW 100 

TOTAL mvoo I.t.600 

Water balance is defined as the difference between the input from all 
sources into the exchangeable water pool and the output from all sources. 

Primary factors in the calculation of water balance in logistic analysis 
assumes that a male subject is at rest, quiet and comfortable and at a steady 
state so that such secondary factors as H20 poly, H20 nonexch, H20 hydr, and 
H20 assoc, H20 milk or H20 misc. may be eliminated and the following balance 
equation used: 

HO 
2 balance = (H20fluid + H2°food + H2°0x) 

- (H20fecal ' H2°pulm ' H2°derm ' H2°urine 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. III, 
(52) and Webb (196). 
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Details on the extension of such an equation relating water balance to mani- 
festations of metabolic activity as changes in body weight (W2 -W,), solids in- 
gested (SOlin ), 
excretion (Nu B 

solids excreted (Solfecal) and (SOlurine), urinary nitrogen 
and respiratory activity such as oxygen uptake (02 abs) and CO2 

expired (CO2 exp) are expressed in the modified Peters - Passmore equation: 

H2°balance = ('2 - Wl) + (1.3349 C02 exp - 0.9566 02, abs 

- 1.04 Nu) + (Solurine + Solfecal - Soling)* 

* All values in grams. 

b Sources and Avenues of Input and.0Ottpu.t for the Exchangeable Water .-A-- 
pool 

Bourca or avenue 
._ _ ._...- 

QntroiDtathd - - - - - - - - 

Circuktory - _ _ _ _ _ _ _ _ _ _ _ 

Input 

Beverage (H,Ouuld) -________________. 
Moisture in food (HaOf& ____________ 

~ _------ - - .-__ 
Abeorption of geeeous or fluid water 

(Hao.u1.4 
-- 

Absorption of gaseous or tluid water 
(&Oh.) 

Infusion or injection (l&0,1,)-.------. 

Oxidation (H,O..)- _ _ _-______________ Hydrolytic reactions (H,Oh,d.) 
Condenention or polymerization Water sssaciated with protein, fat, 

(H,O.Ol.) or glywgen (HA.,.) 
Release of nonexcbngeable water of 

hydmtion (&O....=.d 

output 

Feces (H,Of..J 
Vomitun or saliva 

Transpiration (H,Od& 
Sweat (H,O,..r) 
Mflk (HaO,d 

- 
Urine (HsO~.~) 

Hemorrhage @Wt.~~~d 
Exudation or traneudation (H,Omlr) 

=E: Compendium of Human Responses to the Aerospace Environment, Vol. III, 
(52) and Johnson (95). 
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c. Estimates of Metabolic Rate, Thermal B~l_a_t~c~,~a~~.Wa~~r Requirements 
for Apol!oCrew,.-~~.~~e_rrs 

2.14, 

7,430 

Lam 

u 
170 

235 

2,750 

3.99 

5,660 

150 

572 

18 

_ _ 
___- 

50 

250 

65 

365 

.ea 

SOURCE: Billinqham (25) and Compendium of Human Responses to the Aerospace 
Environment, Vol. III (52). 
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a. Spectrum of Dehydration 

Thirst 

Stronger thirst, vague disc&fort and sense of oppression, loss of appetite. 

Increasing hemoconcentration. 

Economy of movement. 

Lagging pace, flushed skin, impatience; in son~e. weariness and sleepiness, apathy; 
nausea, emotional instability. 

Tingling in arms. hands, and feet; heat oppression. stumbling. headache; fit men 
suffer heat exhaustion; increases in body temperature, pulse rate and respiratory rate. 

Indistinct speech. 

Spastic muscles; positive Romberg sign (inability to balance with eyes closed); 
general incapacity. 

/ 

Delirium and wakefulness; swollen tongue. 

Circulatory insufficiency; marked hemoconcentration and decreased blood volume; 
failing renal function. 

skin; inability to swallow. 

Dim vision. 

Sunken eyes; painful urination. 

Deafness; numb skin; shriveled tongue. 

Stiffened eyellds. 

Cracked skin; cessation of urine formation. 

Bare survival limit 

Death 

-E: ComDendium of Human Responses to the Aerospace Environment, Vol. III, 
(52) and Webb (195). 
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PH-YS/IOLOGICAL STANDARDS 

METABOLISM 

EFFECTS OF DEHYDRATION 

AND TOLERANCES 

b. Effects of Water Deprivation on the Survival Time in Different Thermal --- - 
Environments~~arth 

MEAN DAYTIME TEMPERATURE. OC 

MEAN DAYTIME TEMPERATURE. ‘F 

Predicted survival times on land and sea are shown when men have no water, 
or 1 quart per man, or 4 quarts per man, total supply. The man on land is ex- 
pected to rest, and not to try to walk-out of the situation, but to stay in what- 
ever shade he can muster. The effect of walking only at night is shown inthe 
lowest curve. The survival time is set by dehydration. 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. III, 
(52) and Webb (195). 
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I I h PHYSIOLOGICAL STANDARDS AND TOLERANCES 

METABOLISM 
1: 
: WATER LOSS AS A FUNCTION OF AIR TEMPERATURE/METABOLIC RATES 

a. Sweat Rates as Functions of Metabolic Rate in Warm, Comfortable and _.. -.. _. --__ 
--%~%~i.rne_?.ts :f$.-&i?~Qii$&j%: 

-. _ -------c 

600 ’ Macpherson (140) / 
WARM ENVIRONMENT 

air-wall temperature 33OC 
mean skin temp. 32..5-33.5O 
~-- 

600 

.-- 

-tsm33.5-34.5 
I 

F 
g 400 
I 
z 

3 

h 200 
s 

COMFORT 1 I 
air-wail temperature 25°C 
mean skin temperature 31-32.5% 

(threshold) _ 

600 
COLD ENVIRONMENT 

air-wall temperature 15°C 
mean skin temperature 29°C 

100 200 300 400 500 6( 1 
Metabolic Rate - kcaI/hr 

* The threshold for sweating is taken to be a rate of weight loss of 100 gm/hr. 

-E: Blockley (27), ComDendium... 
et al (151) and Webb (196). 

Vol. I (50), MacPherson (122), Robinson, 
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PHYSI-OLOGICAL STANDARDS AND TOMRANCES a 

‘METABOLISM 

WATER LOSS BY SWEATING UNDER DIFFERENT ENVIRONMENTAL CONDITIONS 

a. Frequency Distribution of Daily 
Sweat Production for 26 Men in _ 

ms and 57 Men in the Desert - .-..-.- -- -._.- -- ----_ .-._. __ 
SWEAT LOSS - liters/day SKIN TEMPERATURE. ‘C 

2 A 6 8 10 

33 

* 
. 

b 
523 
0 

Y 

10 

0 
0 5 10 15 20 2s 90 94 98 >102 

SWEAT LOSS - Ibs/ds stati TEMPERATURE. OF 

C. Air Temperature Influence of -F---T Sweatinq in Men Slttmm- 
m&e& .sun 

AIR TEMPERATURE - ‘C 
35 40 45 

2.01 I I I , I ‘I 

AIR TEMPERATURE. l F 

b. Sweat Rates Durinq'Various' 
Laboratq~~rocdu~e.s.~a 
Function of Skin Temperature -._-.- 

d. Sweating and Evaporative Heat 
Los? as a Funstimon of Air 
TeIeerature and Activity Level --- 

DRY BULB TEMPERATURE - ‘C 

t I I /I 

il 
0.8 

DRY BULB TEMPERATURE. l F 

SOURCE: Ado1 h, et al (3), MacPherson (122), Taylor and Buettner (183). Webb 
(195p and Thompson (189). 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 
RESPIRATORY ATMOSPHERIC REQUIREMENTS 

ALTITUDE EFFECT 

a. Oxygen Tolerance in Man .__.- "-.-,*. e.._ . ..-.. -._ - 

ALTITUDE Pa-4r 
(mm. Hg.) 

1 365 
399 

OXYGEN 

TOLERANCE 

UNLIMITED 

PER CENT OXYGEN 

m: Air Force Manual AFM 160-5 (4) and Roth (155). 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 

RESPIRATORY ATMOSPHERIC REQUIREMENTS 

ALTITUDE EFFECT 

b. Pressure and Temperature Values in the Atmosphere __.._.___.. _.~._ ..-..- -. - -. -- - -.... - -.- ---- 
PN 

Mm of Hg ~. - .._ 
760.0 
706.6 
656.3 

Et! 
522i 

483.3 
446.4 
411.8 
379.4 
349.1 

iii:: 
269.8 
246.9 
225.6 

205.8 
187.4 
175.9 
170.4 
154.9 
140.7 

127.9 

til: 
96.05 
8730 

7934 
72.12 
65.55 
59.58 
54.15 

49.2 
44.7 

40.6 

ii:: 
BI.4 
27.7 

25.2 70.22 
22.9 63.8 
20.8 58.01 
18.9 52.72 
17.2 47.91 

15.6 43.55 
14.2 39.59 
12.9 35.95 
11.7 32.1 
10.7 29.7 

iI 
8.0 

27.02 
24.55 
231 

r I_.___ 
lbpersqin - __ 

14.69 
13.67 
12.69 
11.78 
10.91 
10.11 

9.35 
8.63 
7.96 

i% 

3.9s 
3.62 
3.41 

:i 
i72 

247 

z 

1’:; 

1.53 

!Z 
1.05 

351 
.f!s4 

113.2 
102.9 
93.52 
85.01 
7726 

-I- 

- k6 
-12.7 
- 16.7 
-20.7 
-24.6 

-26.6 
-32.5 
-36.5 
-40.5 
-44.4 

-4a.4 
-524 
-55.0 
-55.0 
-55.0 
-55.0 

-55.0 
-55.0 
-55.0 
-55.0 
- 55.0 

-55.0 
- 55.0 
- 55.0 
-55.0 
-55.0 

- 55.0 
-55.0 

-55.0 
-55.0 
-55.0 

Z:! 

- 55.0 
- 55.0 
- 55.0 

1::; 

-55.0 
- 55.0 
- 55.0 

1:“:; 

- 55.0 
- 55.0 
-55.0 .-...s----.. 

ItIN? --.-. .- 

'F ----- 
594 
51.9 

% 
3o.i 
23.3 

-19.5 
-2S.6 

1::; 
-48.0 

-55.1 

-E-i 
-6iO 
-67.0 
-67.0 

-67.0 
-67.0 

1%; 
-67.0 

-67.0 
-67.0 
-67.0 
-67.0 
-67.0 

-67.0 
-67.0 

1;;; 
-67:0 
-67.0 
-67.0 

-67.0 
-67.0 

1;;: 
-67:O 

(Note: Conversion Factor-to obtain .X1, multiply 
pressure in MM Hg by .0193) 

.-I .- .Zw.-Lli 
SOURCE: Airmi&lL3m.and Roth (155). 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 

RESPIRATORY ATMOSPHERIC REQUIREMENTS 

ALTITUDE EFFECT 

C. Performance Versus Alveolar O2 and CO2 Composition ~~-~~ _~ 

30 40 so 60 70 80 90 IW 

ALVEOLAR p0, mm Ii9 (BTPS) 

The relationship of alveolar 02 and CO2 composition to performance is shown 
in C. The scales are partial pressures of the two gases, at body temperature 
and pressure, saturated with water (BTPS). Above the dashed line labeled 
"normal alveolar C02" are zones of increasing hypercapnia, limited by the zone 
of CO2 narcosis. Below the dashed line, marked as zones of increasing hypocap- 
nia, are lower levels of alveolar C02, which are commonly the result of exces- 
sive respiratory ventilation. The left side of the graph shows low levels of 
alveolar pO2, labeled zones of "severe hypoxia" and "hypoxic collapse," and 
these hypoxic zones combine with hyper- or hypocapnia to affect performance as 
shown. 

Normal performance is seen when the gas tensions fall in the clear area; im- 
paired performance in a hand-steadiness test is shown by shading, and the results 
of two other performance tests are plotted also to indicate the variation to be 
expected when "performance" is variously measured. 

SDUR-CE: Corn endium of Human Responses to the Aerospace Environment, Vol. III 
(527 and Webb (195). 
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PHYSIOLOGICAL STANDARDS AND TOLERANFES 

RESPIRATORY ATMOSPHERIC REQUIREMENTS 

ALTITUDE EFFECTS 

d. Breathing Air 

“9 
I&- 

I 
j 

60000 

TOTAL 
BAROMETRIC 
PRESSURE 

TRACHEAL PRESSVRE 
TOTAL DRY CASES 

- 0 ALYEOLAR OXYGEN PrlESS”RE 

28 mm. COYPENS*TION 
LlYlTED BY HYPOCAPNIA 

,PTS DVE TCJ SPONT*HEO”S 
NTILATION INCREASE 

PRESSURE mm Hp 

e. Breathing 100 Percent 02 

80 000 

70 000 

f 60000 

t so 000 

r_ 
5 
I 10000 

TRACHEAL’OXYGEN 

ALVEOLAR OXYGEN 

m COMPENSATlON 
TED BY HIPOCAPNIA 
TS 0°F TO SPONTANEOUS 
TILATION INCREASE 

SEA 
LFVEL 0 

0 100 300 400 500 

PRESSURE mm Hg 

600 700 760 

SOURCE: Webb (195). 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 
RESPIRATORY ATMOSPHERIC RE’QUIREMENTS 

ALTITUDE EFFECTS 

f. Performance Versus'Arterial Oxygen Status 

APPROXIMATE ALTITUDE BREATHING AIR. It 

ARTERIAL OXYGEN TENSION-mm H. 

As arterial oxygen tension falls, progressive impairment occurs in the cen- 
tral nervous system, as indicated on the chart by zones of increasing density. 
These changes occur in resting men who are not fatigued or otherwise stressed. 
The oxygen saturation of arterial blood for resting men is also shown as a 
function of oxygen tension (the hemoglobin dissociation curve). A range of 
saturations for each value of tension is shown, because temperature and pH 
influence the saturation values also. Individual variability and time depen- 
dency are characteristic of these data. 

. ‘,, ” 

mE: Blockley and Hamfan (28), Compendium... Vol. III (52), McFarland (121); 
United States Air Force (190) and Webb (195). 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 

RESPIRATORY ATMOSPHERIC REQUIREMENTS 

ALTITUDE EFFECTS J 

9. Duration of Effective Consciousness (Decompression Hypoxia) 

0 10 20 30 40 50 60 70 80 90 100 

TIME OF USEFUL CONSCIOUSNESS - se= 

This figure indicates minimum and average duration of effective conscious- 
ness in human subjects following rapid decompression breathing air (lower curve) 
and oxygen (upper curve). At altitudes above 20,000 to 23,000 feet, unacclima- 
tized subjects breathing air will lose consciousness after a variable period of 
time. Individual susceptibility varies widely except at the highest altitudes. 

SOURCE: Blockley and Hamfan (28), Compendium...Vol. III(52) and Webb (195). 
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?! PHYSIOLOGICAL STANDARDS AND TOLERANCES 
I, 
t\ RESPIRATORY ATMOSPHERIC REQUIREMENTS 
/ 
: 

ALTITUDE EFFECTS 

h. Impairment of Visual Functions Produced by Hypoxia- ._-. ..__ -..- _.._ -- 

,S,ooo / THRESHOLD FOR LIGHT IS RAISES 

INTRAOCULAR TENSION INCREASES 

( 
V 

S 
U  
A 
L 

A 
C  
U  
I 

T 
Y 

I 
M 
P 
A 

Ii 

E  

1 
- 

150 140 130 120 110 100 90 I 70 60 50 40 30 20 IO 
I 1 I I I I 

PO2 IN mmHg 

Impairment of the following functions: Judgment of Distance 
Range of Visual Fields 
Accommodation 
Convergence 
Retinal Sensitivity 

SOURCE: Corn endium of Human Responses to the Aerospace Environment, Vol. III, 
(52!. 
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PHYSIOLOGICAL STANDARDS AND TOLE.RANCES 

RESPIRATORY ATMOSPHERIC REQUIREMENTS 

ALTITUDE EFFECTS 

i. Brightness Contrast Discrimination at Given-Arterial Oxygen-Saturation 
Level or G, Level 

+G, ACCELERATION LEVEL 
96 94 92 66 86 63 60 

% ARTERIAL O2 SATURATION 

DATA FROM EXPOSURES OF 90 SECONDS AT PEAK G 

sc)uRcE: Corn endium of Human Responses to the Aerospace Environment, Vol. III, 
(52P. 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 

RESPIRATORY ATMOSPHERIC REQUIREMENTS 

ALTITUDE EFFECTS 

j. .Effects of Hypoxemia on Some Intervening Mental Processes 

w 90 ~ ~7--1--- 
5 - u PATTERN PERCEPTION 

M ALERTNESS 
M MEMORY 

M ATTENTION 

100 95 90 85 80 75 70 65 60 55 
% ARTERIAL O2 SATURATION 

l- 
0 T tr,,‘,‘,,, IO 15 

, , , 
2 20 ALTITUDE (FEET x IO31 k I 1 1 1 
W 159 132 109 90 73 AMBIENT PO2 

III II 1 I , , I 
22 1234567 8 9 IO + G, BREATHING 02 AT Spsia 

I I I 1 , I I I , 1 
I 2345678 9 lO+G, BREATHING AIR 

-E: Corn endium of Human Responses to the Aerospace Environment, Vol. III, 
(52P. 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 

RESPIRATORY ATMOSPHERIC REQUIREMENTS 

ALTITUDE EFFECTS 

k. Times to First Symptoms of Oxygen Toxicity 

I I I 7-7.’ I 
I 

1 .-I- I 
6000 I 
5000 -. 

4000 CONVULSIONS. FAINTING. 

I” DIZZINESS 3000 --.__-- -. 

I 

2 2000 
I 

__--.---. _ 

1ool I I 1 I I I I I I I I I I _C_ILl-ahr 
0 40 80 120 160 200 240 280 

TIME TO ONSET OF SYMPTOMS - hours 

SOURCE: Corn endium of Human Responses to the Aerospace Environment, Vol. III, 
(58. 
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‘:, 
3 

RESPIRATORY ATMOSPHERIC. REQUIREMENTS 
i 

CARBON DIOXIDE EFFECTS 

a. Symptoms for Short Time Exposure to Various CO2 Concentrations -.~- ___ -...--~. _ _ _-- .-- __ .~ ._._ ̂ ___ 
r 

L I 

ZONE’1 - NO IL; EFFECT’ 

I I I I I 

I 0 10 20 30 40 50 60 70 80 
TIME (MINUTES) 

.~ ~ __-__~__.- _ ..-_ 
The chart (a) shows the general symptoms common to most subjects when ex- 

posed for the times indicated to mixtures of carbon dioxide in air at a total 
pressure of 1 atmosphere. In Zone I, no psychophysiological performance degrad- 
ation, or any other consistent effect, is noted. In Zone II, small threshold 
hearing losses have been found and there is a perceptible doubling in depth of 
respiration. In Zone III, the zone of distracting discomfort, the symptoms are 
mental depression, headache, dizziness, nausea, "air hunger," and decrease in 
visual discrimination. Zone IV represents marked deterioration leading to diz- 
ziness and stupor, with inability to take steps for self-preservation. The 
final state is unconsciousness. 

SUURCE: Comepndium... Vol. III (52), King (103), Nevison (138) and Schaefer (161). 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES. 

RESPIRATORY ATMOSPHERIC REQUIREMENTS 

CARBON DIOXIDE EFFECTS 

b. Prolonged (40-Day) Exposure 

I 

90 

15 

40DAYS 

The bar graph (b) shows that for prolonged exposures of 40 days, concentra- 
tions of CO2 in air of less than 0.5 percent (Zone A) cause no biochemical or 
other effects, concentrations between 0.5 and 3.0 percent (Zone B) cause adap- 
tive biochemical changes, which may be considered a mild physiological strain; 
and concentrations above 3.0 percent (Zone C) cause pathological changes in 
basic physiological functions. 

SOURCE: Compendium... Vol. III (52), King (103), Nevison (138) and Schaefer (161). 
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PHYSIOLQGICAL STANDARDS AND TOLERANCES I 
RESPIRATORY ATMOSPHERIC REQUIREMENTS 

CARBON DIOXIDE EFFECTS 

C. Symptoms Occurring in 39 Resting Subjects Who Inhaled CO, for 15 Minutes* 

3.3% co2 5.4% co2 7.5% co2 

Dyspnea 
Headache 

Stomach ache Dizziness 
Sweating 
Salivation, 
Numbness 01 extremities 
Cold sensations 

Warmth sensations Increased motor activity 
Restlessness 
Loss of control over limbs 

(overactivity) 
Loss of balance (spatial 

disorientation) 
Color distortion 
Visual distortion 
Irritability 
Mental disorientation 

2 4 24 
0 0 15 

0 0 0 0 : 
I 1 5 
0 0 I 
0 0 5 
1 1 3 

1 1 0 0 1: 
0 0 LO 

0 0 4 

0 0 7 
0 0 
0 0 6” 
0 0 4 
0 0 2 

* Symptom frequency noted. 

From numerous other studies, a more detailed CO2 response spectrum can be 
described. During the first day of their exposure to 3 percent Cop, several 
individuals remained mentally keen in spite of exhibiting general excitement 
and increased activity. Four percent CO2 was found to be the upper limit 
toleranced by sleeping individuals and has been shown to increase the auditory 
threshold significantly. 

SOURCE: Schaefer, Cornish, et al (162). 
,.- 
.‘. 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 
RESPIRATORY ATMOSPHERIC REQUIREMENTS 

MECHANICAL EFFECTS OF RAPID DECOMPRESSION 

a. Pressure Factor (P') as a Function of Initial Pressure (Pi) and Final ---__. -_. 
Pressure (Pf) 

The physical damage that may occur in the lungs is generally considered to 
be the critical limiting factor in human tolerance for very rapid decompressions. 

Haber and Clamann have defined pressure transients during rapid decompres- 
sion in terms of two principal parameters. The time characteristic, t,, has 
the general form: 

where V is the volume of the container being decompressed, A is the effective 
area of the orifice (A is always somewhat smaller than the geometric orifice, 
for aerodynamic reasions), and C is the velocity of sound. 

SOURCE: Haber and Clamann (77), Luft (114) and Webb (195). 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 

RESPIRATORY ATMOSPHERIC REQUIREMENTS 

MEiiiANICAL EFFECTS OF RAPID DECOMPRESSION 

b. Transient Differential Pressure Buildup 

The pressure factor, P', is a function of the initial pressure, Pi, and the 
final pressure, Pf in the container (see a): 

[Pi - Pfl 
P'=f p 

i 

The total decompression time, or duration of the transient, td, is the pro- 
duct of the time characteristic of the system t,, and the pressure factor, P': 

td = tc  l P’ 

If the time characteristic of the human lungs and airways is greater than 
the time characteristic of the pressure suit or cabin in which a subject is 
confined during a decompression, a transient differential pressure buildup must 
occur within the lungs, This is illustrated diagramnatically in b., redrawn 
after Luft. 

=E: Haber and Clamann (77), Luft (114) and Webb (195). 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 
RESPIRATORY ATMOSPHERIC REQUIREMENTS 

MECHANICAL EFFECTS OF RAPID DECOMPRESSION 

C. Differential Pressure 

Experimental data demonstrating the differential pressures observed during 
various decompressions is shown in c. Points have been derived from the data 
of Luft and Bancroft and Luft, Bancroft, and Carter. It has been shown by 
Adams and Polak that the mammalian lung may rupture when distended by a differ- 
ential pressure above 80 mn Hg. 
ently uninjured. 

The subjects whose data are shown were appar- 

d. Decompression Characteristics (Time) as a Function .__ __._ .-- . _ --_-- 
r 

0’ - f Orifice Size 

The time characteristic after Luft and Bancroft, is shown in d. as a func- 
tion of container volume, V, and effective orifice area, A. The time charac- 
teristic for one of the subjects whose data are plotted in c. is shown. Since 
the volume of the lung varies with respiration, it is obvious that the time 
characteristic of the lungs may vary considerably, depending on the phase of 
respiration during which a rapid decompression occurs. 
SOURCE: Adams and Polak (l), Luft and Bancroft (116), Luft and Bancroft, et al, 

(117) and Webb (195). 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 
RESPIRATORY ATMOSPHERIC REQUIREMENTS 

DECOMPRESSION SICKNESS 

a. Effect of Physical Activity on-mearanceof Clinical Manifestation,- 
of Decompress~nSickness~at 38,000 Feet --__. _I .._ --- . . . . - 

EXERCISE 

DURATION OF EXPOSURE TO ALTITUDE - min 

* Standard exercise was 10 step-ups onto a nine-inch stool in 30 seconds, 
repeated every five minutes. 

The marked influence which physical activity has on the rate of appearance 
of clinical manifestations of decompression sickness deserves emphasis here, 
especially in the light of the fact that extravehicular operations in space 
will be associated with strenuous physical activity. This relationship was 
studied intensively by Henry who published data presented graphically in a. 

=E: Henry (83) and Webb (195). 
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RESPIRATORY ATMOSPHERIC REQUIREMENTS 

DECOMPRESSION SICKNESS 

b. Nil 
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Adequate protection can be established against decompression sickness both 

in actual flight at altitude and in routine altitude chamber operations. This 
is accomplished by two methods. By breathing pure oxygen for a period of time 
before exposure to low barometric pressure -- a process known as denitrogen- 
ation and by the use of pressurized cabins. The former is used routinely 
before altitude chamber flights and the latter is used routinely during air- 
craft flights. 

The process of denitrogenation is very effective in eliminating a great 
amount of nitrogen from the body. The flow of body nitrogen from the tissues 
to the blood and into the alveoli occurs when the alveolar nitrogen pressure is 
reduced. This set of conditions can be created at ground level without reducing 
the total barometric pressure. When 100% oxygen is breathed by means of a mask 
or other appropriate oxygen equipment, no atmospheric nitrogen can enter the 
lungs. This creates an alveolar nitrogen pressure of zero. A very marked pres- 
sure differential then exist between the body tissues and the alveoli, in fact, 
the differential is 573 to 0. Nitrogen rapidly diffuses from the tissues to 
the blood to the alveoli and is exhaled. The amount of nitrogen lost is depen- 
dent upon time. The amount of nitrogen "washed out" of the body be denitrogen- 
ation per given period of time is shown in b. Assuming that the average male 
body contains ap roximately 1200 cc of dissolved nitrogen, slightly more than 
350 cc could be eliminated by prebreathing 100% oxygen for 30 minutes. Deni- 
trogenation for at least 30 minutes prior to a standard Type II altitude cham- 
ber flight to 43,000 feet will reduce the incidence of decompression sickness 
to an almost negligible figure. 

SOURCE: Air Force Manual AFM 160-5 (4). 
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CRITERIA FOR SELECTION OF SPACE-CABIN ATMOSPHERE 

SOURCE: 

: 
c 
N 

-” 
F 
2 
R 
=. 

Corn endium of Human Response to the Aerospace Environment, Vol. III, 
(52p and Roth (157). 
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RESPIRATORY ATMOSPHERIC REQUIREMENTS 
i 

CRITERIA FOR SELECTION OF SPACE-CABIN ATMOSPHERE 

mE: Co endium of Human Responses to the Aerospace Environment, Vol. III, 
(53 and Roth (157). 
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RESPIRATORY ATMOSPHERIC REQUIREMENTS 

CRITERIA FOR SELECTION OF SPACE-CABIN ATMOSPtlERE 

SUUfKE: Corn endium of Human Responses to the Aerospace Environment, Vol. III, 
(527 and Roth (157). 
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PHYSIOLOGICAL STANDARDS AND TOLERANCES 
RESPIRATORY ATMOSPHERIC REQUIREMENTS 

CARDIORESPIRATORY RESPONSE TO CARBON DIOXIDE 

a. Ranges of Response of Normal Population to Acute Elevation of CO2 -- --- .--- -.----. . ..-. . . ..-_. 

60 

CARBON DIOXIDE IN INSPIRED GAS - X 

The imnediate effects of increased CO2 on pulse rate, respiration rate, and 
respiratory minute volume are shown for subjects at rest. The hatched areas 
represent one standard deviation on each side of the mean. To convert percent- 
age of CO2 to partial pressure, multiply fraction of CO2 by 760 trnn Hg. 

SOURCE: Corn endium of Human Responses to the Aerospace Environment, Vol. III, 
(52p and Webb (195). 
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RESPIRATORY ATMOSPHERIC REQUIREMENTS 

CARDIORESPIRATORY RESPONSE TO CARBON DIOXIDE 

b. Effect of Inspiring Various CO7 - Air Mixtures Upon the Steady State 
AJyeplar Gas Composition of Normal Man at Rest 

The ratio VA/V02 represents liters (BTPs) per minute'of alveolar ventilation 
for every 100 ml (STPD) of oxygen consumed per minute. R represents the respir- 
atory exchange ratio (volume of CO2 output for volume of 02 intake) and would 
be equal to the respiratory quotient (RQ) under steady state conditions at sea 
level. 

-E: Corn endium of Human Responses to the Aerospace Environment, Vol. III, 
(527 and Fenn (65). 
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DYNAMICS 

VESTIBULAR RESPONSES TO ROTATION 

Rotating Space Vehicles 

: 

Vestibular Responses 

In view of some uncertainty regarding the effect of zero gravity on body 
systems and housekeeping functions, the rotation of vehicles has been 
suggested as a possible method of supplying an artificial gravity. The 
movement of the head and body in a rotating space vehicle imposes angular 
acceleration of the semicircular canals of crewman which are considered in the 
following material. 

a. Vectorial Representation of Head Orientation and AnMar Motion ___ -_ 
ARotatinq~paieVehicl e 

.-._.--- ___ - ._ ..-..-.. 
In ..-__-- 

ar;s cross-coupled nodding acceleration 
WQ, cross-coupled turning acceleration 

w:4 cross-coupled rolling acceleration 
‘I,:# = I acg dt 

cs,,; * = I wJ, dt 
WQ = I a”* CR 

8. nodding displacement 
+. turning displacement 
+,, rolling displacement 
n t’.r ,‘,&a . Gr PLI;ley ,yiggl2r disglaci-fiieilt gsiT;g 

the order of rotation 
2 time 

& backward tilt of semicircular Canals 

from XbYD plane 
k,‘re rotation of semicircular canals 

from XJz, plane 
X, Y, 2 inertial space axes 
Xb, Yb, Zb body axes 

w vehicle rotatIona velocity 
wz total angular velocity of head about 

rolling axis 
w y total angular velocity of head about 

nodding asis 
WI I total angular velocity of head about 

turning axis 

IJOddiJlg velocity - a 
fore and aft motion 
of the head at the 
neck or from the 
whole body 

turning velocity - a 
motion about the 
neck or long-body 
axis 

rolling velocity - a 
sideways motion of 
tlie bald Oi’ froiil 
the body 

These are angu- 
lar head mo- 
tions and may 
be from mo- 
tions at the 
neck and 
shoulders or 
from body 
bending, etc. 

SOURCE: Corn endium of Human Responses to the Aerospace Environment, Vol. II 
(517 and Stone and Letko (177). 
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The general expression for the angular accelerations that will be 
experienced while moving the head in a rotating space vehicle having constant 
velocity. There results the following expressions: 

i& = s - 'oype sin Be + ss COB Be sin &) 

a, = %e - V(% co5 Be cos qe - llq sin ee) 

(th, = he + 4 %e 
( 

cos 8, cos qe + 
% cos 0, sin * 

4 

The following accelerations are those sensed by the semicircular canals 
and are the cause of the disquieting effects experienced in rotating devices 
particularly when the vision is restricted to the rotating frame of reference. 

sin Be + wJl cob 8, sin 

cos ee cos JI, + w cos ee sin Jr, 

b _A_ Canal Stimulation for Various Orientations of Canals in the Head - __ __ _ _ 
(Assume $ = $ 

- -.- - _.. 
~‘9 = 0 with the head n;&iri steadily 

through these v~lue,‘for consideration of this table) 

Head nodding 

Head turning 
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VESTIBULAR RESPONSES TO ROTATION 

c. Angular Accelerations of Various Orientations of Subjects in a Rotating 
sDace._uehlc!e , 

-450 -900 

-0.70nwh, -‘Une 

0,7OT1(qv - y1*) %g 

0.707~ 0 
- 

(b) & = go@; $, = O" 

Be O0 -450 -90° 
(a) _ ----- ---.-_____ 

4, = %$ - u’v (Lh$ 0.707-l o)h* 
( 

- 
“heI *e 

iy~e-u+ 0 o.7071u 
% “-33 d 

. . 
%un, = %* + 9 9 o.7ww 9 0 

---- -___ 
‘The total angular accelerations are obtained by multiplying mv by the specific 

column of concern and adding the result to ; hG ’ Wh . e, and rjhGas noted. 

Operating Limits for Rotating Space Stations 

A choice of G from l/5 to 1 appears suitable. The limits for Coriolis/ 
gravity ratio are as yet not clear. In orbital flight, the force acting upon any 
particle inside can be described by the expression: 

F = m(a + w2r + 2wv sine ) 
where F = total force on the particle 

m = mass of the particle 
a = linear acceleration of the particle 

with respect to the vehicle 
w = angular velocity of the vehicle 
r = radial distance from the axis of 

rotation to the particle 
v = linear velocity of the particle with 

0 respect to the vehicle 
- = angle between axis of rotation and 

direction of "v" 

SbTJRiTE: Compendium of Human Responses to the Aerospace Environment, Vol. II 
(51) and Stone and Letko (177 . 
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d. Tentative Rotational Limits in Space Vehicle Design .-..-.-___ 

in a 

1.0 

0.7 

0.2 PARAMETERS \ 

;ii 0.1 
5 

LOCAL WEIGHT 
~1 

=25yo . --- 
ul RIM VEI.OCITY 

1’5o 

50% L- 3@% 20%15% lO=i 
0.02 I- 

10 20 40 70 100 200 
SPIN RADIUS AT LABORATORY MASS CENTER (FT) 

In addition to spin envelope, the general principles tha 
rotating space station design can be summarized as: 

t should be observed 

1. Radial traffic should be kept to a minimum. 

2. Transport across the spin axis and human activity at the spin axis 
should be prohibited unless the hub is nonrotating. 

3. The living-working compartment should be located as far as possible 
from the axis of rotation. 

4. The compartment should be oriented so that the direction of traffic -- 
i.e., the major dimension of the compartment -- is parallel to the 
vehicle spin axis. 

5. Crew duty-station positions should be oriented so that, during normal 
activity, the lateral axis through the crew member's ears is parallel 
to the spin axis. In conjunction with this requirement, the work- 
console instruments and controls should be designed so that left-right 
head rotations and up-down arm motions are minimized. 

m: Compendium... Vol. II (51), Stone & Letko (177) and Stone & Pilanel(178). 
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6. Sleeping bunks should be oriented with their long axes parallel to the 
vehicle spin axis. 

7. The presence of confusing visual stimuli should be minimized. For 
example, the apparent convergence of the vertical from any two points 
separated tangentially should be played down by proper interior 
decoration and, except for necessary observation ports, which should 
be covered when not in use, the living-working compartment should 
probably be windowless. 

A factor often overlooked is the high rpm desired for vehicle stability. 
Disturbances, such as docking impacts and active or of structural and force- 
field oscillations, most of which could be significantly detrimental to crew 
function. The stimuli to the labyrinth,due to vehicle instability can comple- 
ment those due to the crewman's active head movements. The wobble or spin axis 
precession and precession of the vehicular angular momentum vector, more easily 
generated in vehicles of low mass and spin rate, may present the crewman with 
illusions of complex and ever-varying tilting of the floor as his body perceives 
the resultant of the linear acceleration oscillating along his longitudinal 
body axis and the linear acceleration normal to this axis. Simultaneous dynamic 
mass unbalances along both transverse axes would increase the complexity of the 
vector pattern and the resulting disturbances. 

m: Compendium... Vol. II (51), Stone & Letko (177) and Stone & Pilanel(178). 
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e. -~ Man's Rotary Stimulation of the Semicircular Canal 

7 

SOURCE: Corn endium of Human Responses to the Aerospace Environment, Vol. II .il 
(5lp and Guedry (74). 
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INTRAVEHICULAR 

ATMOSPHERE CONTROL 

TOXICS 

a. Recommended Limits for Contaminants Already Found and Anticipated in 
Space Cab1 ns -Submarines __ .._-.. ,____ -.-- 

Toxic Hazard Rating 

1. SLIGHT: readily reversible effects 
2. MODERATE: not severe enough to cause death 

or permanent injury 
3. HIGH: may cause death or permanent injury after 

very short exposure to small quantities 

Agent 
Toxic 
Code 

Recommended 
Limits* 

ppm or mM 
per 25M3 Comments 

Toxic 
Effects** 

Acetic Acid IO 

Acetone 

Acetylene 

Asroleir. 0.1 

Acetaldchyde 200 

2000 for 24 hrs. 
300 for 90 days 

Systemic 2500 for 24 hrs. 
1-2 2500 for 90 days 

Acrylic Acid 

Adipic Acid 

Alkyl Nitrate 

Alkyl Siloxanes 

Acute Local: 
3 

Ally1 Alcohol 2 

Alumino Silicates N 

General narcotic action 
on the CNS. Irritating 
to the eyes. High concen - 
trations cause headache 
and stupefaction. 

Irritating to the eyes and 
mucous membranes. 
Penetrates the skin easily 
and can caus,c dermatitis 
and ulcers. 

Narcotic in high concen - 
trations 

When mixed with oxygen. 
in proportions of 40% or 
more, a narcotic. A 
simple asphyxiant . 

Particu?z.r!y srfectr thm 
membranes of the eyes 
and respiratory tract. 

Irritant by ingestion 
and inhalation 

Details unknown; toxi- 
city probably slight. 

No physiological 
information available. 

No specific physiological 
information available. 
Generally siloxanes are 
eye irritants. 

Irritation of skin, eyes 
and mucous membranes. 
Systemic poisoning is 
possible. 

No physiological infor - 
mation available. 

4, 12 

9, 12 

4, 9 

4, 9, 13 

9, 10, 12 

Ammonia 400 for 1 hr. 
50 for 24 hrs. 
25 for 90 days 

5, 9, 12 

*Unlc~s otherwise specified as provisiona limits under normoxic conditions by Ihe NAS-A’RC(136) 
the limits are given as TLV (Earth equivalent), covering exposures for 8 hrs/day. 5 days per week 
at standard temperatures and pressures. 

** See Table of Toxic Effects on Page 2-19. 

mE: Corn endium of Human Responses to the Aerospace Environment, Vol. III, 
d 
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INTRAVEHICULAR 

ATMOSPHERE CONTROL 

TOXICS 

a. Recommended Limits for Contaminants Already Found and Anticipated in ., __-~ 
Snace Cabins and Submarines (Conk-) 

Limits* 
Toxic ppm or mM 

Toxic 
Agent Code pcr 25~3 Commepts Effects** 

~_-._--_- --.. __- -_-_.. i ~--_ --- - .- 
Ammonia. Anhydrous 

Amy1 Alcohol Local:1 
Systemic: 

2-3 

Be”Zc”e 

Bisphenol A 

1-3 Butadiek 

Butane 

2 Butanone 

Butene -1 

CIS-Butene-2 

Trans -Butme- 

(N. -) Butyl Alcohol 

Butyraldehyde 

Butyric Acid 

50 

lOOfor24hrs. 
1 for 90days 

5 
1000 

Systemic: Simple asphyxiant. 
1-2 Produces drowsiness. 

!@OfcrbOmin. 
20Io:90d~~s 
20forlOOOdays 

Systemic: 
2 

100 (TLV) 
lOfor90days 
lOfor IOOOdays 

Local:1 -2 
Systemic: 

2 

LOCal: 
Systemic: 

1 

Irritating to eyes and 
mucous membranes of 
respiratory tract. Irri- 
tation of the skin may 
occu*. especially if it 
is moist. 

Vapor may be irritating 
to the eyes and upper 
respiratory tract. 

Exposure to high con- 
centrations (3.000 ppm) 
may result in acute 
poisoning; narcotic action 
on the CNS. A definite 
cumulative action On bone 
marrow from 100 ppm 
exposures. 

As phenol. 

Vapors are irritating 
to eyes and mucous mem - 
branes. Inhalation of high 
concentrafions can cause 
unconsciousness and 
death. If spilled on skin 
or clothing, it may cause 
burns or frostbite. 

A” anesthetic and 
asphyxiarlt. 

Details unknown. May 
act as a simple 
asphyxiant. 

Toxicity unknown. 

Irritation of the eyes 
with cornea1 iraflnmtna - 
tie”, slight headache, 
slight irritation of the 
nose and throat and 
dermatitis of the fingers. 
Kcralitis has also been 
reported. 
Local: Irritant; Ingcs- 
tion. Inhalation. 
Systemic: Ingestion. 
Inhalation. 

Local: Irritant; Inges - 
tion. Inhalation. 
Systemic: Ingestion, 
Inhalation. 

3, 4, 9, 12 

3, 4, 7, 9, 12 

4, 13 

4, 13 

4, 13 

4, 13 

4, 8, 9, 10, 12 

9, 12 

9 

** See Table of Toxic Effects on Page 2-19. 

SOURCE: Corn endium of Human Responses to the Aerospace Environment, Vol. III, 
(58. 
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INTRAVEHICULAR 

ATMOSPHERE CONTROL 

TOXICS 

a. Recorrmended Limits for Contaminants Already Found and Anticipated in 
Space Cabins and Submarines (Jontl .--..- _-.__* 

Agent 

Caprylic Acid 

Carbon Dioxide 

Toxic 
Code 

Recommended 
Limits* 

wm 0~ my 
per 25M Comments 

----_ 
Details unknown. Irri - 
tating vapors can cause 
coughing. Experimental 
data suggest low toxicity. 

25. OOOfor 1 hr. Inhalation: (See Oxygen - 
IO,OOOfor24hrs. C02-Energy, No. 10.) 

5,000 for 90 days 

Carbon Disulfide 20 Narcotic and anesthetic 
effect in-acute poisoning, 
with death following from 
respiratory failure. Sen- 
sory symptoms precede 
motor involvement. Liver, 
kidney and heart may be 
damaged. 

Carbon Monoxide 

Carbon Tetrachloride 

tarbonyl Fluoride 25 for 60 min. 

Chlorine 1 
1 for24hrs. 
0.1 for 90days 

Chlorobenzene 

Chloroform 

Chloroprene 

50 Effect is predominantly 
200 for 1 hr. one of asphyxia, due to 
ZOOfor24hrs. formation of irreversible 

5 for 90 days carboxyhemoglobin in 
15 for 1000 days blood. 1.000 to 2.000 

ppm for 1 hr. is hanger- 
O”5. 4.000 Dwn is fatal 

10 

75 

5for90days 
I for IOOOdays 

25 

in less than 1 hr. 

Narcotic action. High 
concentrations produce 
unconsciousness. followed 
by death. After effects 
may include damage to 
kidneys. liver an& lungs. 
1,000 to 1,500 ppm for 
3 hrs. may cause symptoms. 

Pulmonary irritation 
(animals) 

Irritating to mucous 
membranes. If lung 
tissues arc attacked, 
pulmonary edema may 
result. 

Slight irritant. May 
cause kidney and liver 
damage upon prolonged 
CxpOS”rC. 

Fatty infiltration of 
liver at toxicological 
threshold. 

Asvhvxiant. Vapor is a 
cc&i1 system hepress - 
ant. Lowers blood pres - 
sure. In animals causes 
severe degenerative 
changes in the vital 
organs. especially kidneys 
and liver. 

** See Table of Toxic Effects on Page 2-19. 

Toxic 
Effects** -___ 

4, 13 

5, 6, 11 

2 

3, 4, 8, 10 

9, 12 

=E: Corn endium of Human Responses to the Aerospace Environment, Vol. III, 

A. 

2-10 



TOXICS 

INTRA.VEHICULAR 

ATMOSPHERE CONTROL 

.a . Recomnendqd_li_mits for.Contaminants-Already Found and Anticipated in , ,:: 
Space Cabins and Submarines (Cont.] 

Recommended 
Limits* Toxic 

hent 
Toxic ppm or mh4 
Code per 25M3 Comments Effects** 

Chloropropane 

Cupric Oxide 

Cyanamide 

Local: I 
Systemic: 

I-2 

Systemic: 
I-2 

No physiological informa. 
tion available, but should 
have toxic properties 
similar to ethyl chloride. 

As the sublimed oxide, 
copper may be respon - 
sible for one form of 
metal fume fever. 

Causes an increase in 
respiration and pulse 
rate. lowered blood 
pressure and dizziness. 
There may be a flushed 
appearance of the face. 
Does not contain free 
cyanide. 

Cyclohezane 

Cyclohexanol 

Dichloromethane 

2.2 Dimetbylbutane 

1. 1 Dimethylcyclohexane -- 

Trans -1,Z Dimethylcyclohexane 

Dimethyl Hydrazine 

Dimethyl Sulphide 

l-4 Dioune 

Epichlorohydrin 

300 

50 

25 for 90 days 
5 for 1000 days 

0.5 

100 
lOfor90days 

2 for 1000 days 

5 

May act as a simple 
asphyxiant. 

Local: irritant; inges - 
tion. inhalation. 
Syetemic: ingestion, 
inhalation. skin ab- 
sorption. 

Reduction of voluntary 
activity at threshold 
(in animals ). 

Toxicity: details 
unknown. 

No physiological infor- 
mation available. 

No physiological infor- 
mation available. 

Can be absorbed through 
intact skin. May result 
in convulsive siezures. 
pulmonary edema and 
hemorrhage. 

Toxicity: details 
unknown. Probablv 
highly toxic. 

Reoeated exaosure has ~. 
resulted in human 
fatalities, the affected 
organs being the liver 
and kidneys. Death re- 
sults from acute 
hemorrhagic nephritis. 
Brains and lungs show 
edema. 

In acute poisoning, death 
is the result of respira - 
tory paralysis. Chronic 
poisoning is the result of 
kidney damage. 

4, 8, 10 

,‘. 

** See Table of Toxic Effects on Page 2-19. 

m: Com endium of Human Responses to the Aerospace Environment, Vol. III;’ ’ 

(58. 
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INTRAVEHICULAR 

ATMOSPHERE CONTROL 

TOXICS 

a. Recommended Limits for Contaminants Already Found and Anticipated in 
buace Cakg-n.n--an-d. Submannes (Cont. I 

Agent 
Toxic 
Code 

Recommended 
Limits* 

ppm ot- m&f 
per 25~3 Comments 

Toxic 
Effects** 

Ethyl Acetate 

Ethyl Alcohol 

Trans-1. ME-3 
Ethylcyclohexane 

Ethylene. 

Ethylene Dichloride 

Acute 
Systemic: 

2 

400 Irritating to mucous 
40 for 90 days surfaces. Prolonged or 
4Ofor lOWdays 

4, 9, 12 
repeated exposures cause 
conjunctival irritation 
and cornea1 clouding. 
High concentrations are 
narcotic and can cause 
congestion of the liver 
and kidneys. 

500for 24 hrs. No cumulative effect. 
lOOfor90days Irritating to eyes and 

mucous membranes of 
upper respiratory tract. 
Narcotic properties. 

No physiological infor- 
mation available. 

High concentrations 
cause anesthesia. A 

4 
simple asphyxiant. 

50 Irritating to eyes and 
upper respiratory 4, 8, 10, 12 
passages. Vapor causes 
a clouding of the cornea 
which may progress to 
endothelial necrosis. 
Strong narcotic action. 
Edema of the lungs in 
animals. 

Ethylene Glycol 

Ethyl Sulfide 

Fluoro Ethylenes 

Formaldehyde 

Fluorotrichloromethane 
R-11 

Locs1:0-I 0.2 If ingested, it causes 
Systemic: 100forbOmin. initial central nervous 10, 12 

system stimulation. 
fdllowed by depresiion. 
Later. it causes kidney 
damage which may 
terminate fatally. 

Details unknown. but 
probably moderately 
toxic. 

No specific physiological 
information available. 
Generally fluorinated 
compounds are potentially 
toxic because they yield 
fluorine. hydrofluoric 
acid. etc. after ingestion. 
which are toxic. 

6. 9 

5 Toxic effects are main- 
0.1 for 90 days. ly irritation. If swallowed 9, 12 
0.1 for 1OOOdays it causes violent vomiting 

and diarrhea which can 
lead to collapse, increased 
airway resistance (animals) 
at threshold. 

30. OOOfor 1 hr. 
20.000ior24hrs. 

1,000 for 90 days 

** See Table of Toxic Effects on Page 2-19. 

mE: Corn endium of Human Responses to the Aerospace Environment, Vol. III, 

(52P. 
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INTRAVEHICULAR 

ATMOSPHERE CONTROL 

TOXICS 

&. f&commended Limj_ts.f_or Contaminants Already Found and Anticipated in 
&~a Cabins and Submai-ines-(firit.) -___.. __.-. 

Recommended 

Agent 
Toxic 
Code 

Limits* 
ppm or mM 

per 25M3 Comments 
Toxic 

Effects** 

F2ClC -C ClF2 
R-114 

30,000 for I hr. 
2O,OOOfor24hrs. 

1,000 for 90days 

Freon* 

Hexachlorophene 

Hexamethylcyclotrisiloxane 

1000 

Local: 1 

Hexamethylene Diamine Acute 
Local:2 

N -Hexane 500 

Hexene-1 Acute 
Local:2 

Acute 
Systemic; 

2 

Hydrocyanic Acid IO 

Hydrogen 

Hydrogen Chloride 

Hydrogen Fluoride 

Hydrogen Sulfide 

Acute 3,000Ior24hrs. 
Systemic: 1 3,000 for 90days 

lOfor 1 hr. 
4far24hrs. 
, for 90days 

8 for I hr. 
I for 24hrs. 

0. I for 90days 

50 for I hr. 

High concentrations 
cause narcosis and 
anesthesia. 
Strong concentrations 
may be irritating. 

No physiological infor- 
mation available. 
Generally siloxanes 
cause eye irritation. 

Local: irritant; ingestion, 
inhalation-all present. 

Local: irritant; ingestion, 
inhalation. 
Systemic: inhalation, 
ingestion. 

Local: irritant; 
ingestion. inhalation. 
Systemic: inhalation 

Can be absorbed via 
intact skin. A true droto- 
plasmic poison. combin - 
ing in the tissues with the 
enzymes associated with 
cellular oxidation and 
rendering the oxygen un- 
available to the tissues. 

Irritating to the mucous 
membranes 

Inhalation may cause 
ulcers of the upper res - 
piratory tract. Produces 
severe skin burns, slow 
in healing. 
An irritant and an 
asnhvxiant. The effect 
on the nervous system 
is one of depression with small amounts. stimulation 
with larger ones. Asphyxia 
is due to paralysis of the 
respiratory system. 

** See Table of Toxic Effects on Page 2-19. 

4, 9, 13 

9, 12, 13 

9, 12, 13 '. 

4, 9 

13 

9, 12 

6, 8, 9, 10, 12 

6, 9, 12 

mE: Corn endium of Human Responses to the Aerospace Environment, Vol. III, 

(5& 
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INTRAVEHICULAR 

ATMOSPHERE CONTROL 

TOXICS 

a. Recommended Limits for Contaminants. Already Found and Anticipated iv 
Space Cabins and Submarines (Cqnt, ] 

Agent 
Toxic 
Code 

Recommended 
Limits* 

ppm or mM 
per 25M3 Comments 

Toxic 
Effects** 

Indole No physiological infor- 
.mation available. May be 2, 9 
considered an emetic 
after long exposure. 

Lncal: irritant; inges - 
tion. inhalation. 
Systemic: ingestion, 
inhalation. 

Isobutyl Alcohol Acute 
Local:3 

Acute 
Systemic: 

2 

100 

Toxicity: details 
unknown. May have 
asphyxiant or narcotiz - 
ing action. 

Concentrations of 5% 
are fatal. 4, 9 

Isobutylene 

Isoprene Acute 
Local :2 

Aiute 
Systemic: 

2 
Can cause cornea1 turns 
and eye damage. Acts as 
a local irritant and in 
high concentrations as a 
N rcotic . 

Lame dose* of lithium 
compounds have caused 
dizziness and prostration, 
particularly on a low 
sodium intake. 

Isopropyl Alcohol 400 

I&Cal:1 
Systemic: 

l-2 

Lithium Hydroxide 

Acute Irritant, ingestion, 
Local:2 inhalation. 

Sys%emic: 
2-3 

5 mg per cubic 
meter of air 

The central nervous 
mystem is the chief site 4, 8, 12 
of damage. usually after 
1 to 3 yeara-of cxposu*e 
to heavy concentrations 
of dust or iumes. 

Acute’ 
IBca1:3 
Systemic: 

2 -3 

0.5 Local: irritant; inhalation 
Systemic: inhalation. 

Maleic Acid 

Manganese Oxide 

Mercaptans 

Chronic low grade expo- 
sure affects CNS and 
kidneys; may sensitize 

3, 5, 8, 9 
to oxygen toxicity and 
radiation. 

Mercury 0.1 mg per 
cubic meter 
of air 

Systemic: 
1 

5, OOOior 24hrs. Inhalation 
5. OOOior 90days 

4, 13 

10 Chronic exposure has 
produced iijury to lungs, 
liver and kidneys in ex- 
perimental animals. 

Methane 

Methyl Acrylate 

** See Table of Toxic Effects on Page 2-19. 

-E: Corn endium of Human Responses to the Aerospace Environment, Vol. III, 

(5& 
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INTRAVEHICULAR 

ATMOSPHERE CONTROL 

TOXICS 

a. Recorrmended Limits for Contaminants Alread-y- Found and Anticipated in - ----,.-...,... "-.--" .=.---. _ --- 
Space Cabins and%.itji%~i~~.~ 

Agent 
Toxic 
Code 

Recammcnded 
Limits+ 

ppm or mM 
per 25M3 Comments 

Toxic 
Effects ** 

Methyl Alcohol ZOO for 24 hrs. 
IOforSOdays 

2 -Methylbutanone 20 for 90days 
2OIor 1OOOdaya 

Distinct narcotic proper- 
ties. Slight irritant to 
the mucous membranes. 
Main toxic effect is on 
the nervous system. par- 
ticularly the optic nerves. 
Once absorbed. it is only 
very slowly eliminated; 
coma may last L-4 days. 
A cumulative poison. 

Irritation of mucous 
membranes in man 
at threshold. 

Methyl Chloride 

Methyl Chloroform 

Methylene Chloride 500 

Methylethyl Ketone 

Methyl Isopropyl Ketone 

200 

200 

Methyl Methacrylate Acute 
local: I 

Systemic: 
I 

Methyl Nitrate 
3 -Methyl -Pentane 

Systemic:2 

Methyl Salicylate Local: I -2 
Acute 

Systemic:3 

1, 000 for I hr. 
500for24hrs. 
ZOOior90daye 

Repeated exposure to 
low concentrations 
causes damage to the 
CNS. and less frequently 
to the liver. kidneys, 
bone marrow and cardio- 
vascular system. Expo- 
sure to high concentra - 
tions may result in 
delirium. coma and 
death. 

Local: irritant by in- 
gestion, inhalation 
Systemic: toxic by 
ingestion. inhalation 

Very dangerous to the 
eyes. Strong narcotic 
pVfe**. 
Local irritation and 
narcosis. 

No physiological inior - 
mation available. In 
general it should have 
same irritant properties 
as low molecular weight 
ketones; i.e., eye. skin 
and respiratory tract 
irritant. 
Local: irritant by inges - 
tion. inhalation. 
Systemic: toxic by in - 
gestion. inhalation. 

Ingestion, inhalation 

Details unknown; may 
have narcotic or anes - 
thctic properties. 
Acute accident poison- 
ing is not uncommon. 
Kidney irritation. 
vomiting and convul- 
sions occur. 

** See Table of Toxic Effects on Page 2-19. 

9, 12 

3, 4, 8, 9 ‘. 

4, 9 

4, 9, 12 

4, 9 

4, 9 

m: Corn endium of Human Responses to the Aerospace Environment, Vol. I II, 
(52P. 
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Recommended Limits for Contarn~~nts~,Alrea~y_Eound and Anticjpated j&t- a. 
Space Cabins and Submarines (Cont.) --..--- -_.-. _ - 

Agent 
Toxic 
Code 

Recommended 
limits* 

ppm or mM 
per 25t.43 Comments 

Toxic 
Effects** 

Monoethanolamine 50iorlhr. 
3for24hrs. 

0.5ior90days 

Monomethylhydrazine 0.2 

Nitric Oxide 5 

Nitrogen Dioxide 

Nitrous Oxide 

Olefins 

OEOIl.2 

N-Pentane 

Ph.TlC.1 

Phosgene 

Potassium Dichromate 

10iorlhr. 
1 for 24hrs. 

0.5 for 90 days 

Acute 
Systemic: 

2 

I.Oior I hr. 
0.1 ior 24hrs. 

O.OZior90days 

Acute 
Systemic: 

I 

5 

l.Oior 1 hr. Irritating to eyes and 
0.1 for 24hrs. throat. The main fatal 12 

0.05 for 90 days effect is pulmonary edema. 

0. I 

** See Table of Toxic Effects on Page 

-E: Corn endium of Human Responses to 
(527. 

2-l 

A skin irritant and 
necrotizer; a central 8, 9, 10, 12 
nervous svsfern stimu - 
lant in 104 doses; a 
depressant at high 
doses. 

A respiratory irritant 
and convulsant at low 
doses. 

60-150-ppm -immediate 
irritation of throat and 
nose. shortness of 

4, 9, 12 
breath, restless, loss 
of consciousness and - 
death may follow. IOO- 
150 ppm for 30 -60 
minutes is dangerous. 

Highly toxic. 9, 12 

Inhalation 

Prolonged exposure to 
high concentrations has 
led to liver damage and 
hyperplasis of the marrow 
in animals; no correspond - 
ing- have been found 
in humans. Relatively 
innocuous. 

Strong irritant action on 
the upper respiratory 

6, 9, 12 
system. 

Inhalation. Narcotic in 
high concentrations. 4 

Can be absorbed through 
intact skin. Main effect 2, 3, 8, 10 
is on the CNS in acute 
poisoning. Death may re- 
sult within 30 minutes to 
several hours of spilling 
on the skin. 

A corrosive action on 
the skin and rrwcous 
membranes. Chnractel - 
istic lesion is a deep 
ulcer. slow in healing. 
Chromate salts have been 
associated with cancer of 
the lungs. 

2-19. 

the Aerospace Environment, Vol. III, 
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a. Recommended Limits for Contaminants Already Found and Anticipated in --- 
space~ns.~~~~S~~arine~-~~ _ . . . . . .-. --- 

Agent 
Toxic 
Code 

Rccommcndud 
Limits* 

ppm or mM 
per 25M3 Comments 

Toxic 
Effects** 

Acute 
Systemic: 

2 

Propane 

N-Propylacetate 

Acute 1000 
Systemic: 

1 

200 

Propylene 

Silicic Acid 

skato1e 

Sulfur Dioxide lOfor 1 hr. 
S.Oior24hrs. 
l.Oior90days 

Terepthalic Acid 

Tetrachlaroethylene 100 

Tetrailuoroethylene 
Inhibited 

Toluene lOOiorZ4hrs. 

Toluene 2.4 
di-isocyanate 

Tri-aryl phosphates 

0.02 

5.0 

Inhalation 4, 13 

Causes narcosis and is 
somewhat irritating. 
Definite evidence of 
habituation - not likely 
to cause chronic poison - 
ing. 

Inhalation. A simple 
asphyxiant. 4, 13 

Toxicity slight, but 
dangerous in weightless 
conditions as it may form 
powders ii not well con - 
fined. 

No specific physiological 
information available. 12 
May be considered an 
emetic after lengthy 
exposures. 

Irritating to nose and 
throat. MAC for 30-60 
minutesexposure. is 9,. 12 
50-100 ppm. 400-500 
ppm immediately 
dangerous to life. 

No specific physiological 
information available. A 
mild irritant with low 
acute oral toxicity. 

Toxic by inhalation, pro- 
longed or repeated con- 
tact with the skin, or 
mucous membranes or 
when ingested. Liquid can 
cause injuries to the eyes, 
irritation of the nose and 
throat. 

Toxicity: can act as an 
asphyxiant and may have 
other toxic properties. 

Impairment of coordina - 
tion and reaction time. 4, 8, 9, 10 
Few cases of acute 
toluene poisoning. 
Severe dermatitis and 
bronchial spasm. Par - 
titularly irritating to 
the eyes. 
As cresol. Ingestion. 
inhalation skin absorption. 11 

** See Table of Toxic Effects on Page 2-19. 

=E: Corn endium of Human Responses to the Aerospace Environment, V.01. III, - 
(52P. 
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a. Recommended Limits for Contaminants Alreadv Found and Anticipated in 
sp?qe_Cabjn;.-aqcl Submarines (Cont ) -- .-..-"....Td *. .._ lir. ._ .._r . _ ._ t. 

Toxic Hazard Rating 

1. SLIGHT: readily reversible effects 
2. MODERATE: not severe enough to cause death 

or permanent injury 
3. HIGH: may cause death or permanent injury after 

very short exposure to small quantities 

Agent 
Toxic 
Code 

Recommended 
Limits* 

ppm or mM 
per 25M3 Comments 

Toxic 
Effects** 

I, 1, 1 -Trichloroethane 1,000 for 1 hr. Narcotic at low levels. 
500Ior24hrs. High levelsmay affect 
ZOO for 90 days liver and lungs. 

Trichloroethylene 100 
lOfor90days 

2 for 1000 days 

Inhalation of high con - 
centrations ~.suses nar- 8, 9, 10, 12 
cosis and anesthesia. A 
form of addiction has 
been observed. Death 
from cardiac failure due 
to ventricular fibrillation 
has been reported. 

1, 1, 2-Trichloro, 1, 2. 2-Triiluoroethane 30,OOOforbOmin. CNS and cardiovascular 
(Freon 113) and congeners 1,000 for 90 days effects at threshold in 

ZOO for IOOOdays animals. 

1, I,3 -Trimethylcyclohexane No physiological infor- 
mation available. Suspect 
it should be a skin irritant 
(solvent action) and irri- 
tant of the respiratory 
tract. 

Urea 

Valerie Acid 

Vinyl Acetate 

Vinyl Chloride 

Vinylidene Chloride 

Xylene 

L.Xal:l 
Acuts 

Systemic: 
I 

5for30to90days 

lOOfor24hrs. 

Toxicity: no importance 
as an industrial hazard. 
Slightly dangerous when 
heated. 

Toxicity: details unknown. 
Nauseating. See Butyric 
Acid. 

Local: Irritant 
Systemic: Inhalation. 

In hich concentrations 
it acts as an anesthetic. 
Causes skin burns by 4, 8 
rapid evaporation and 
consequent freezing. 

Details unknown. See 
Vinyl Chloride. 

Local: irritant. 
Systemic: inhalation. 
skin ebsorption. 

4, 9 

8, 9, 12 

*Unless otherwise specified as provisional limits under normoxic conditions by the NAS-NRC(I 36) 
the limits are given as TLV (Earth equivalent). covering exposures for 8 hrs/day. 5 days per week 
at standard temperatures and pressures. 

** See Table of Toxic Effects on Page 2-19. 

-E: Compendium of Human Responses to the Aerospace Environment, Vol. III, 
(52). 
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a. Recommended Limits for ContaminantsJlreadv Found and Anticipated in -- 
Space..Cabi.ns-a-~~..Sub~a.~~?es..1Co_?f,.~ 

Table of Toxic Effects: 
space capsule according 
are presented below: 

Classification of possible contaminants of the 
to their toxic effects on different body systems 

:: 
3. 
4. 
5. 

;: 
8. 
9. 

::* 
12: 
13. 

Autonomic N.S. 
Blood 
Cardiovascular 
CNS Depressant 
CNS Stimulant 
Enzyme Inhibitor 
Hemopoetic Tissue 
Hepato Agent 
Mucous Membrane 
Nephro Agent 
Peripheral N.S. 
Respiratory 
Simple Asphyxiant 

-E: Corn endium of Human Responses to the Aerospace Environment, Vol. III, 
(58. 
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-E: Corn endium of Human Responses to the Aerospace Environment, Vol. III 
(52P. 
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Particulates and Aerosols 

Many of the toxic materials covered above may be in particulate or aerosol 
form. Even nontoxic particulates may be a hazard in space operations because 
of the zero gravity aspect of the environment. In reviewing toxic hazards, 
one must be concerned with the fact that aerosols can act as condensing 
nuclei for toxic gases. This facilitates the entrance into the lower respiratory 
tract of such materials which, because of their high water solubility, are 
generally trapped in the upper respiratory tract. It also provides for local 
areas of extreme irritation due to the concentration of the toxic gas in a 
finite area. 

The aerosols may be classified as shown in Table c. Generally, aerosols 
have a diameter of less than 50~. The usual range is from O.Olb to 1Ou.. 
Surface air on the Earth contains a considerable aerosol load. The problem, 
unique in the closed living space, is the tendency of these to increase in 
numbers and mean diameters. In submerged nuclear powered submarines the 
concentration reached a steady state concentration of about 0.4pg/L at 
approximately 100 hours. This compared unfavorably with the aerosol 
concentration in Los Angeles on a smoggy day where the concentration averaged 
0.2pg/L. Also there was approximately 8 times the content of organic aerosols 
in the submarine. 

c. Classification of Aerosols ---- ".__ _-__-. ,- ._..._.. -_- 
Usually solid particles of carbon resulting from the burning 
of carbonaceous material. Carbon smoke is composed of 
particles about 0.01~ which tend to coagulate or agglomerate 
rapidly into long, irregular filaments several microns in 
length. 

Solid particles ranging in size from 0.1~ or less, which 
produce a haze, to large particles found in a sandstorm which 
are likely to be the size range considered to be aerosols. 

Liquid droplets generated by atomization or condensation of 
volatile substances on minute nuclei. The size of these 
particles is often quite large, ranging from 4 to 401.1, as in 
a natural water fog. 

Solid particles generally produced by sublimation, combustion, 
or condensation, usually between 0.05 and 0.5~. Fumes are 
produced by arcing at high temperature-,-- 1 .--I- .-_--I _ 

Theoretical considerations of the role of zero gravity in generation of 
aerosols imply that the amount of particle or droplet contaminant inhaled in 
orbit could be increased over the amount inhaled in a similar situation under 
one-gravity environment. The predicted characteristics of particle and droplet 
deposition in the respiratory passages for the weightless environment show 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. III 
(52) and Punte (147). 
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that in-space, as on Earth, the nose or mouth should continue to operate as 
highly efficient filters, protecting the lower respiratory passages from all, 
particles and droplets above about 10 microns in diameter. Fortunately, this 
size is considerably less than that of particles and droplets of most contami- 
nants which may be introduced into the spacecraft cabin atmosphere. In this 
respect, it should be pointed out that the use of powdered chemicals of particle 
sizes greater than 10 microns in space would be an important safety measure. 

It is possible for an astronaut to be exposed to aerosols and droplets 
(i.e., liquid ejected as a fine spray) less than about 10 microns in diameter. 
The "deposition curves" predict that fewer inhaled particles and droplets between 
about 0.5 and about 10 microns in diameter will be deposited in the lower respi- 
ratory passages, especially in the pulmonary region, (Figure d versus Figure e) 
in the weightless as compared to the one-gravity environment. This implies that 
weightlessness might offer some protection to an astronaut from certain contami- 
nants which, if inhaled in a similar concentration in a unit gravity environment, 
would be irritating to or damage alveoli. 

The lack of.gravity will probably have an effect on the site of deposition 
of aerosols. Figure d represents calculation for respiratory deposition sites 
for particles of different aerodynamic diameter in space cabins at zero g. 
Figure e shows similar calculations for the Earth environment. Figure f compares 
total deposition in orbiting spacecraft versus Earth environment. 

d. Space Cabin Atmosphere in a e. Air at One Atmoeere in a 1-G 
Meishtless Environmea tnvironment -I 

too- 
__.-- ___-.- 

=I 
__-- _l..... 

NOI(II Dcporltlon 7,~ __-- 
___.-. 

SPACE 
B DEPOSITION AS A FUNCTION 

OF PARTICLE SIZE 
Nosal Breathing 
Tidal Volume 75Occ 
Respiratory Role I Slmin 
7.Opsi (50% 02 - 50% Nz) 

DEPOSITION AS A FUNCTION OF 
PARTICLE SIZE 

SOURCE: Busby and Mercer (41) and Compendium of Human Responses to the Aerospace 
Environment, Vol. III (52). 
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f. Comparison of Total Deposition --- 

SPACE VS EARTH SPACE VS EARTH 
TOTAL OEPOSITION AS A FUNCTION TOTAL OEPOSITION AS A FUNCTION 

OF PARTICLE SIZE OF PARTICLE SIZE 
Nnrol Srsolhinp Nnrol Srsolhinp 
Tidal Volume Tidal Volume 750 cc 750 cc 
Rcr&roiory Role I5 /min Rcr&roiory Role I5 /min 
Space - 7.0psi (50X02-50%Nn) Earth -14.7psi (20X0.-SOYNz) Space - 7.0psi (50X02-50%Nn) Earth -14.7psi (20%02-SO%N~~ 

lation Requirements in 
ion t~--J&Jir Snace and 

D&Odor 

Comparison of theoretical deposi- 
tion of aerosols in space cabin 
atmospheres at zero gravity and in 
air at Earth gravity as a function 
of particle or droplet size. 

The graph shows that the intensity 
of body odors in a given area 
depend on the rate of flow of odor- 
free air. The solid portions of 
the curves are based on experimental 
data; the broken parts are extra- 
polations to the conditions found 
on aircraft. 

mE: Busby and Mercer (41), Compendium of Human Responses to the Aerospace. 
Environment, Vol. III (52), Dravnieks (57) and Yaglow (214). 
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=E: Busby and Mercer (41), Compendium of Human Responses to the Aerospace 
Environment, Vol. III (52), Dravnieks (57) and Yaglow (214). 
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TASK RELATED ILLUMINATION REQUIREMENTS 

Visual efficiency is directly dependent on illumination. Human performance 
is also dependent on illumination to the extent that vision is a requirement. 
While insufficient illumination may be an obvious contributor to performance 
degradation, too much light in the form of glare or an adequate amount of illumil 
ation which is applied improperly, may also have the same effect. 

a. Recommended Illumination Levels 

MAINTENANCE TASK OR 
AREA DESCRIPTION ._.. __. ___ _._ -._ - .~ --~-~ -. ..-..~-- - 

Drilling, Riveting, and Screw Fastening, 
Welding: General 

Supplementary 

Assembly: 
Rough (easy seeing) 
Rough (difficult seeing) 
Fine 
Extra Fine 

Repairs 
Inspection: 

Ordinary 
Difficult 
Highly difficult 
Very difficult 
Most difficult 

Reading vernier calipers: 
Non-etched 

Reading new micrometers 
Reading old micrometer 

Specular on numbers 
Specular on divisions 

ILLUMINATION*- 
FOOT CANDLES 

70 

l,Z 

30 
50 

500 
1,000 

1% 
200 
500 

1,000 

631** 
7.4** 

282** 
7.6** 

* It is generally assumed that brightness of the peripheral field is uniform 
and equal to the immediate background of objects to be seen with central 
vision. All laboratory data are based on this condition, where gross 
departures from this are indicated, new values must be determined. 

** Foot Lamberts 

mE: Human Engineering Design Criteria (88) and Lighting Handbook (111). 
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ILLUMINATION 

TASK RELATED ILIJMINATION REQUIREMENTS 

a. Recommended Illumination Levels (Cont.) 

TASK CONDITIONS 

Rough Seeing Tasks 
Inactive storage, hallways, large objects 

Casual Seeing Tasks 
Active storage, service areas, stairways 

Visual Tasks Comparable to Reading 10 or 11 Point 
Print on Good Quality Paper (I.E., Good Legibility 

Visual Tasks Comparable to Reading Newsprint 

Ordinary Seeing Tasks Involving Moderately Fine 
Detail with Normal Contrasts 

Reading, handwriting, ordinary bench and 
assembly work 

Visual Tasks Requiring Very Fine Discrimination, 
Small detail, fine finishing, fine assembly 

Difficult Visual Tasks with Poor Control and 
Precision Requirements 

Extra fine finishing or assembly under low 
brightness contrast conditions 

FOOT-CANDLES 
AT WORK POINT 

1 to 5 

5 to 10 

10 to 15 

15 to 20 

20 to 30 

30 to 50f 

50 to 100* 

* It is generally assumed that brightness of the peripheral field is uniform 
and equal to the imnediate background of objects to be seen with central 
vision. All laboratory data are based on this condition, where gross 
departures from this are indicated, new values must be determined. 

mE: Human Engineering Design Criteria (88) and Lighting Handbook (111). 
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INTRAVEHICULAR 

HABITABILITY 

HABITAT LIVING AREA REQUIREMENTS 

a. Living Space Per Man (Volume) ---- 

TIME.- MONTHS- 
.- .- 

b. Living Space Per Man (Area) 

EARTH ORBITING/ 
SPACE STATION 

-E: Amorelli, Celentano, et al (9) and Congdon, et al (53). 
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INTRAVEHICULAR 

HABITABILITY 

HABITAT LIVING AREA REQUIREMENTS 

C. Total Habitable Living Volume 

2 ANTWCTK 1957 

8 
SPACE STATKIN 

=E: Amorelli, Celentano, et al (9) and Congdon, et al (53). 
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EXTRAVEHICULAR ENVIRONMENT 

HAZARDS 

SUMMARY OF HAZARDS DURING EXTRAVEHICULAR ACTIVITY 

Wait for blind,,... ,o pass or woi, for 
t.sC”. 

--c-OF HAZARD REDUCTION 
I 

EMERGENCYPROCEDURE. 

Use of visor md shielding off-&d by s,r”c,“ras 

Avoid regions of high flvr dmsity 

Us. of shi.lding afford4 by s,r”c,w.s 

Suit mointononco and checkout 

Avoid o,,i,“d* changes or iattisoning was,. 
during EVA 

Provid. l I~ctricol path among s,nx,“r.s touched 
by ostrono”, Dmgw from this so”rca has no, 
bwn determined 

Withdraol ,o croft 

R.t”rn ,o croft 

us0 of .m.rg.“cy oxygw sys,.m on&or 
cr.- ,.SC”s bog 

Remove particles from face plot= 

(unknown) 

Moint.noncc and checkout. short missions, ovoid 
sharp oblects, ovoid norrow possog.s 

Rescue if trappad. self-r&o,. ,o ba 
ovoided 

COiiDlTlON 

Enrnronm.n,d 
- 

Solor radiation 

Poticl. radiation 

Microm.t.orit. flux 

VOCWRI 

Spocecroh discharge 

El.ctrical po,.n,iol 

Gormm,/Lif. Support 

T.ors 

Condansotion on foe* plot* 

I 

short mi,sions, frcquen, r.,, 

I 

Rest, woi, for plot. ,o clear, r.,“rn ,o 
craft 

Loss of communication 

Cr.r kkwphologyM.al,h 

vmips 

Rop,ur. 

Dissociotim 

Fatigue 

F*Ol 

I ch eck out communications frequently 1 Rchlrn ,o croft 

Training 

Training, b.q”cn, r.,, 

Trouning. ~omm”nica,mn b,o-mon,,orq, return 
if fear increases with ,ime 

R.st or ,.ICU. 

Rest, CommunicotiDn 

Activity, c~mmuni~otion 

R.st, r.twn ID croft 

Perform fomilior octirity. return lo croft, 
comrnunicot~ 

Buds 

H.o, ..ho”,,im 

NO”,** 

D*ni,ropmo,ion procedure. slow chmqc in 
pr.,sur. 

MDnilor physiologic”1 voriobles, short missions, 
,.I, 

Incr~ose pr.ssur., th.n reduce pr.ssur. 
SIOWI~ 

R*s, 

Sdaction md trainins dim, control, ovoidanc. Reschedulm EVA so man no, required 
of fotigu. (raturn to craft 0, firs, sympta) 

Tangle umbilical 

Cou&t btwom moving structures 

Training, monitoring of procedure by s,mdbY 
0,,,0”0”, 

bmmunicotions with other crawmen. training, 
impova d*sipn ,o ovoid EVA ~.OT moving 
strYC,“r.s 

slap mowmmt, allow stmdby ,o fru 
I in*s 

R*SC”* 

m: Air Force Systems Comnand Design Handbook 1-G (5) and Corn endium of 
Human Responses to the Aerospace Environment, Vol. II (517. 
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EXTRAVEHICULAR ENVIRONMENT 

WEIGHTLESSNESS 

EFFECT OF CREW MOTION ON A SPACE VEHICLE IN WEIGHTLESS ENVIRONMENT 

The Experimental Stud 
Y; 

of Dynamic Effects of Crew Motion in a Manned Orbital 
Research laboratory (MORL was conducted by Douglas Aircraft Company, Jnc., 
Missile and Space Systems Division, for the NASA Langley Research Center. 

The four 
4 

eneral categories of crew motion investigated were: (1) body seg- 
ment motion, 2) exercise, (3) translation, and (4) console operation., The maxi- 
mum, nominal, and minimum disturbance levels which could be achieved by the test 
subjects were recorded during the locomotion and console tasks. Only the nominal I 
disturbance level was recorded during simulation of the various exercises and body 
segnent motions. The body segment motions investigated included single pendul,um 
arm motion, double pendulum arm motion, head motion, waist bending, and leg mo- 
tion. The exercises simulated included trunk bending, neck bending, rowing, 
pedal ergometer, oscillating acceleration, trunk rotation, and full-length body 
exercise. Translation involved the investigation of free soaring, guided soaring, 
velcro walking, and compression walking. 
quing, sliding, and push-pull operations. 

Console operation was limited to tor- 
., 

The zero-g simulation technique used consisted of a counterbalanced pendulous 
support of the test subject. The suspended subject performs the,selected crew 
motions while in contact with an instrumented platform. The crew'motions performed, 
on the platform produce forces and moments which are transmitted through the plat- 
form to a six-component force balance. This force balance transforms the three 
orthogonal forces and three orthogonal moments induced by the-subject into elec- 
trical signals. These signals are transmitted to the data reduction system which 
transforms the electrical signals into tabulated data, plotted data, and an analy- 
tical expression defining the best fit curve to the plotted data. 

After the simulation scheme was selected, the simulation hardware was designed 
and fabricated. This hardware consists of a velcro walk strip, velcro shoes, foot 
restraint, hand rails, full-length body exercise machine, pedal ergometer, compres- 
sion walking simulator, waist restraint, and a control console. 

The experimental test program was initiated following fabrication of the simu- 
lation equipment. Two subjects were selected to perform the crew motions. Each 
crew motion was performed three times by each subject. 

=E: Fuhrmeister and Fawler (68). 
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EXTRAVEHICULAR ENVIRONMENT 

WEIGHTLESSNESS 

EFFECT OF CREW MOTION ON A SPACE VEHICLE IN WEIGHTLESS ENVIRONMENT 

The following symbols and subscripts are used in association with the graphs 
contained in this section (Weightlessness). 

SUBSCRIPTS SYMBOLS 

i 

X 

Y 

2 

"i 

“X 

"Y 

"2 

LAL 

LAU 

LLL 

LLU 

T 

RAL 

RAU 

RLL 

RLU 

along:iaxis 

along x axis 

alon,g y axis 

along z axis 

hinge axis parallel to 
the i axis 

hinge axis parallel to 
the x axis ,. 

hinge axis parallel to 
the y axis 

hinge.axis parallel to 
the z axis 

left arm, lower 

left arm, upper 

left leg, lower 

left leg, upper 

trunk 

right arm, lower 

right arm, upper 

right leg, lower 

right leg, upper 
-,__. .,.. ,... r_.~__ 

F force, pounds 

I moment of inertia, slug-ft2 

L pendulum arm length, ft. ' 

M moment, lb-ft 

t time, seconds 

W weight, pounds ; 
. 

x, y, 2 rectangular Cartesian 
coordinates 

,",,, ' 
,Ii 

6 pendulum displacement, ft 

f3 angular displacement x-y, ,-,,; 
plate, radians 

Q angular displacement y-z 
plane, radians 

e angular rate x-y plane, 
radians per second 

. . 
0 

angular acceleration x-y 
plane, radians per second2 

SOURCE: Fuhrmeister and Fawler (68). 
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EXTRAVEHICULAR ENVIRONMENT 

WEIGHTLESSNESS 

EFFECT OF CREW MOTION ON A SPACE VEHICLE IN WEIGHTLESS ENVIRONMENT 

a. Crew Motion Range of Disturbances .-_-- .-.. --. --.- _ __..____ 

STANDING SURFACE 
PEAK DISTURBANCE 

MOTION RANGE (LB.) . ._ 
Single Pendulum Arm Motion 2.6 to 3 

Double Pendulum Arm Motion 3.2 to 4 

Leg Motion 4 to 7.6 

Bending at Waist 8 to9 

Console Operation 3 to 13 

Guided Locomotion 6 to 50 

Velcro Walking 10 to 50 

Compression Walking 10 to 74 

Free Soaring 30 to 350 

Pedal Ergometer Exercise 19 to 20 

Trunk Bending Exercise 13 to 33 

Full Length Body Exercise 40 to 62 

Oscillating Acceleration Exercise 98 to 110 

The test results indicate that for MORL fine pointing requirements, the crew 
member may have to be isolated from the spacecraft. THis would be accomplished 
with vibration isolators between the astronaut and the spacecraft to reduce the 
disturbance transmitted to the spacecraft. 

Similar crew motion tests should be conducted for the subject wearing a space 
suit. This study would simulate the extravehicular activity (EVA) and would be 
valuable for use in the orbital astronaomy support facility program. 

s[TIJRtTE: Fuhrmeister and Fawler (68). 
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WEIGHTLESSNESS 

EFFECT OF CREW MOTION ON A SPACE VEHICLE IN WEIGHTLESS ENVIRONMENT 

b. Single Pendulum Arm Motion Disturbance Profile - Subject A . . -..~---.- 

4 __.- _ -._-__. .-___- 

2 -_..--. ..-.. - -.--_. - 

I; k 

-- 

/ 

lc 

0 

:I c-j!~L;.f’: 

-- _.-. _ .-_-_ L&-‘----n--.- ,._._.... ----. 1 li _-_-_ - ..-- ^__. --CL- 
L‘) ..---.. -. ___-_ .___- --- - _._ _- 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

c. Single Pendulum Arm Motion Disturbance Profile - Subject B _.___. ..__---- -- -., --.- _.__- - ---..- .-. .- ..^-.- 

fq~cfq~ij .- ---__-- 
0.0 0.2 0.4 0.6 O.r! 1.0 Ii! 1.4 

Timc(sec) 

m: FuhrmeiSter and Fawler (68). 
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WEIGHTLESSNESS 

EFFECT OF CREW MOTION ON A SPACE VEHICLE IN WEIGHTLESS ENVIRONMENT 

d. Double Pendulum Arm Motion Euler Angles 

160 

160 

140 

120 
s 
” 100 

4 CI 
80 

60 

40 

20 

0 

80 

60 

2 
40 

- 20 

0 

-20 

--1 
__--_ 

T ,r 
__ --. -- - 

__- 
- i/ __... ij f 71 

-._-- ----- 

- --.-- ,,/+ ---. I-:# 
_- 

I I 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Time (set) 

c 

~ /- 

-.e.- __--__-- --- 

t ___. -_-. -.--I-.. 
d -- 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Time (SCC) 

CONSTAiIT AI!GLCS 
0, -? 174- 
a LLU - 4" 
0 LLL :. 4O 
0 RAU - 0" 

0 RAL = 4” 
0 RLUF40 
0 4O RLL' 

SOURCE: Fuhrmeister and Fawler (68). 
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EXTRAVEHICULAR ENVIRONMENT 

WEIGHTLESSNESS 

EFFECT OF CREW MOTION ON A SPACE VEHICLE IN WEIGHTLESS ENVIRONMENT 

The following rate profiles of the upper and lower arm are obtained from 
Figure d above. 

(1) Lower Arm 

e LAL = 10" for t = 0 

tiLAL = 20.6 rad/sec2 for 0.12<t10.32 set 

4LAL = 4.14 rad/sec for 0.32ctI0.8 set 

tiLAL = -34.3 rad/sec2 for 0.8<ts0.92 set 

(2) Upper Arm 

$A,, = -6" for t = 0 
. . 
e LAU = 50 rad/sec2 for 0.45ctI0.53 set 

e. Double Pendulum Arm Motion Disturbance Profile - Subject A -- -_ 

z 0 
c. 
L=- -2 

-4 

'-6 
0 0.2 0.4 0.6 0.8 1.0 

Tlmc(sec) 

SOURCE: Fuhrmeister and Fawler (68). 
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WEIGHTLESSNESS 

EFFECT OF CREW MOTION ON A SPACE VEHICLE IN WEIGHTLESS ENVIRONMENT 

f. Double Pendulum Arm Moti.pn Disturbance Profile - Subject B .--.._ ..- -- ..-._____--__ _L_.. 

0 

-2 

-4 

-6 
0.0 0.2 0.4 0.6 0.8 l:o 

Time (see) 

g; Head Motion-Disturbance Profiles W,". - a<.- - 

Time (set) 

SOURCE: Fuhrmeister and Fawler (68). 
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WEIGHTLESSNESS 

EFFECT OF CREW MOTION ON A SPACE VEHICLE IN WEIGHTLESS ENVIRONMENT 

h. BendiD at Waist Euler Angles 

0 1.5 

SC)URCE: Fuhrmeister and Fa::er (68)?me(rec) lo 
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EXTRAVEHICULAR ENVIRONMENT 

WEIGHTLESSNESS 

EFFECT OF CREW MOTION ON A SPACE VEHICLE IN WEIGHTLESS ENVIRONMENT ; j .. : 

i. Bending at Waist Disturbance Profiles - Subject A \. 

5 

P. 
0 - 0 
LX 

-5 

10 

5 

z z  
A 0 Lt. 

-5 

-10 

_- .- I -.--- ---- . 
.Y -_1 

-.--.-.-- .--I .-___ ___-.-- --.- .- .___.. / --~. _ ._- __ 4 --___-- -.._-. _ I 
0.0 0.2 0.4 0.6 0.8 

l.ime (set) 

1.0 1.2 1.4 1.6 

j. Bending at Waist Disturbance Profiles - Subject B 

5r 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

Time(w) 

-E: Fuhrmeister and Fawler (68). 
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EFFECT OF CREW MOTION ON A SPACE VEH'ICLE IN WEIGHTLESS ENVIRONMENT 

k. Leg.Motion Euler Angles 

90 

80 

70 

60 

30 

20 

IO 

0 

0 0.3 0.6 0.9 1.2 1.5 
Time (secj 

m: Fuhrmeister and Fawler (68). 
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EFFECT OF CREW MOTION ON A SPACE VEHICLE IN WEIGHTLESS ENVIRONMENT 

1. Leg Motion Disturbance Profiles - Subject A . ._ ._j ,.. _.~.._--~--- .- 

Tim (xc) 
m. Leg Mo_tion Disturbance Profiles - Subject B ~- 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 
Time(sec) 

SOURCE: Fuhrmeister and Fawler (68). 
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WEIGHTLESSNESS 

:ON ON A SPACE VEHICLE IN WEIGHTLESS ENVIRONMENT EFFECT OF CREW MOT 

_.- 
-- 
-_ 

I I- - 
-- 

-AC- 

-- 

- 

i 
‘0” 

\ .- 

/ 

2 L 
_- 

e z 2 x: a 0 0 E: 7 7 
s w E 0 0 3 

- --. I 7 
. 

c 
@JP)O 

=E: Fuhrmeister and Fawler (68). 

_- -_ 

2-53 



EXTRAVEHICULAR ENVIRONMENT 

WEIGHTLESSNESS 

EFFECT OF CREW MOTION ON A SPACE VEHICLE IN WEIGHTLESS ENVIRONMENT 
- 
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- 

m: Fuhrmeister and Fawler (68). 
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P* Velcro Walking Di' 

20 

18 

16 

14 

12 

a 

6 

4 

2 

0 

-2 

-..’ -7 

-. 

acement 

.- --.__ -. _.___ 

i- 

W---P 

0 0.5 1.0 1.5 2.0 

=E: 
TlrnC (XC) 

Fuhrmeister and Fawler (68). 
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- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

SOURCE: Fuhrmeister and Fawler (68). 
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r. Velcro Walking Nominal Disturbance Profile - Subject B ----____-._ 

10 r- 

5 

0 

-5 

-10 

-15 

0.6 0.8 1.0. 1.2 1.4 
Time(sec) 

m: Fuhrmeister and Fawler (68). 
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-- 

- 

- 

- 

- 

- 

- 

- 

f q ?2 
“E i= 

w: Fuhrmeister and Fawler (68). 
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t. Velcro Walking Minimum Disturbance Profile - Subject B 

-E: Fuhrmeister and Fawler (68). 
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u. -.. Velcro Walking Max-itnum Disturbance Profile - Subject A 

-40 

-60 0.0 0.6 0.8 1.0 1.2 
Time (set) 

V. Velcro Walking Maximum Disturbance Profile - Subject B 
20 

zi 0 
= 
z 

-20 

-40 

40 

-40 
0.0 0.2 0.4 0.6 

Time(sec) 
=E: Fuhrmeister and Fawler (68). 
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EFFECT OF CREW MOTION ON A SPACE VEHICLE IN WEIGHTLESS ENVIRONMENT 

w * -Free-Soaring Disturbance Profiles - Subject A 

0 ---- . . i 

g -100 
z-. 

: -200 

.E 
P si -300 

- -400 l!!iiE 

SOURCE: Fuhrmeister and Fawler (68). 
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x. Free-Soaring Disturbance Profiles - Subject B 

20 

-60 x 

100 

0 

-100 

-200 L E 
0.0 0.2 0.4 

TIME (SEC) 

=E: Fuhrmister and Fawler (68). 
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YA- Guided Locomotion Normal- to Force Table Nominal Disturbance Profile - _.-...--- --- 
SUbJEt A 
5 

00 
g 
c -5 

-10 - 

5 

0 .-. - .~~ 
= = / 
IL” -5 

- /- 

-10 
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 . 

Time (set) 

Guided Locomotion Normal to Force-Table Nominal Disturbance Profile - --.__. ---_ 

SOURCE: 

-15 
0 0.2 0.4 0.6 

Time (set) 
Fuhrmeister and Fawler (68). 

0.8 1.0 1.2 
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SOURCE: Fuhrmeister and Fawler (68). 
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ab. Locomotion Normal to Force Table Minimum Disturbance Profile T Subject B _---_- _ . .^ ____ __.--.. ..--- -.. _-.- ._. 

6 

-6 

Time (set) 

=E: Fuhrmeister and Fawler (68). 
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ac. Guided Locomotion Normal to Force Table Maximum Disturbance Profile - 
Sub.iect A . 

Timc(sec1 ,.. 
;,.: 

ad. Guided Locomotion Normal to Force Table Maximum Disturb&e~Pr&le -. 
Subject B , 

Tlme(wl 

SOURCE: Fuhrmeister and Fawler (68). 
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ae. Guided Locomotion Parallel to Force Table Euler Angles --.- 
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-E: Fuhrmeister and Fawler (68). 
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Figure af is the time history of the linear displacement of the subject for 
this locomotion. The subject translated nearly 4 ft. parallel to the platform, 
keeping his head at a nearly constant distance away from it. The velocity of 
the motion is obtained by computing the slope of the x displacement, which is 
found to be approximately 2.5 ft/sec and is fairly constant throughout most of 
the test. The subject here performs a smooth motion for this locomotion test. 

The nominal level of intensity is shown in figs. ag and ah for Subjects A 
and B, respectively. In this locomotion test, as in velcro walking, the x com- 
ponent of force contains the gravity component of the pendulum support. It was 
pointed out previously that for equal deflections about the static position of 
the pendulum support, the component of force resulting from gravity can be elimi- 
nated by superimposing the curve of W sin o/L for the line of zero force of the 
x component of force. In both figures, the peak x components of force occur 
within 0.3 set of the initial movement. Because the subject's velocity is 
approximately 2.5 ft/sec, as obtained from fig. af, the total movement during 
0.3 set is 0.75 ft. For the pendulum support length of 54 ft, this 0.75-ft 
deflection produces a 2.3-lb error in the x component of force. Noting fig. ag, 
this amounts to an error of approximately 11% for the peak x component of force. 
Hence, the maximum amplitudes of the x component of force, which is-the accel- 
eration force, is reasonably close, but its' profile needs modifying to remove 
gravity effects. 

=E: Fuhrmeister and Fawler (68). 

2-68 



18 3 
/I 
1 81 
1 ! 
1’ EXTRAVEHICULAR ENVIRONMENT 

1 
WEIGHTLESSNESS 

I( 
I( : EFFECT OF CREW MOTION ON A SPACE VEHICLE IN WEIGHTLESS ENVIRONMENT 
I 

af. Guided Locomotion Parallel to Force Table Displacement -_- ..-.- __-,~-- -__.-, --. - 

m: Fuhrmeister and Fawler (68). 
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EQUATIONS OF MOTION 
i 

In describing the problem, a rotating xyt-coordinate frame attached to an 
orbiting vehicle in a circular or near-circular orbit around the earth, moon, 
or another planet is assumed. As shown in figure be below, the y-axis lies 
along the local- vertical in the orbital plane and'the x-axis lies 'along the 
local horizontal in the direction of orbital motion. The z-axis is perpendicular 
to the orbital plane and in a direction consistent with a right-handed coordinate 
frame. 

a. -Coordinate Reference Frame 

The linearized equations which describe the motion of a mass in this co- 
ordinate frame have been derived and discussed in detail by many authors-. 

ji=-2wj + f, (1) 

j;=2w;( + 3k?y + f 
Y (2) 

z=-dz + f, (3) 

where w is the angular velocity of the coordinate frame with respect to inertial 
space about the z-axis and f,, f , and f are the x, y, and z components of ex- 
ternal force per unit mass actin 4 on theZmass in question. In this paper, the 
only external forces assumed to act are due to the tetherline. We also assume 
that the mass of the parent vehicle is considerably larger than the mass at the 
end of the tetherline so that the orbit of the parent vehicle remains unchanged 
while the orbit of the smaller mass changes in response to tetherline forces. 

SOURCE: Mueller (137). 
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This is not so serious a limitation as one might suppose since it can be shown 
that, even when the two masses at the opposite ends-of the line are equal, the 
relative motion between them is the same as that described below. 

Only coplanar motions will be considered in this paper, so we need concern 
ourselves only with equations 1 and 2. 

IMPULSIVE JERKS ON A SLACK TETHERLINE 

In considering the technique to be employed in retrieving a man on the end 
of a long tetherline, it is obvious that so long as tension is maintained on the 
line the man will be accelerated. Since accelerating the man continuously to 
higher and higher closure velocities would be undesirable, it is instructive to 
see what happens if the line is impulsively jerked so as to give the man a small 
initial closure velocity toward the parent vehicle and then to allow the man to 
coast in toward the vehicle while the line remains slack. 

The coasting trajectory of the man will be determined by solving equations 
1 and 2 with fx and fy equal to zero. If the line becomes taut, however, a 
rebound will occur which will cause the radial component of velocity to reverse 
while the tangential component remains constant. The coasting trajectory sub- 
sequent to such a bounce will be determined by the same equations with appro- 
priately altered initial conditions. 

As a numerical example, we will consider the vehicle to be in a 200-nautical- 
mile earth orbit (w= 0.00114 radian per second) with the man initially positioned 
horizontally ahead of the vehicle in the orbital plane and at rest relative to it 
in the xyz-coordinate frame. 

The motion which ensues depends only on the ratio of the initial distance, 
xo, to the initial velocity, .x0. Figure bf shows the trajectories which result 
for four different values of xo/io. If, for example, we assume that the man is 
initially 500 feet ahead of the vehicle, figure b (a) would represent the case 
in which the line is jerked so as to give the man an initial coasting velocity 
of 5 feet per second. Figure b (b) would then represent an initial coasting 
velocity of 2 feet per second; figure b (c), a velocity of 1 foot per second; 
and figure b (d), a velocity of l/2 foot per second. The time in seconds at 
which each rebound occurs is labeled in figure b. 

The consequence of giving the man a small closure velocity toward the vehicle 
is to reduce the orbital velocity of the man by this same amount. As a result, 
the man, in addition to coasting toward the vehicle, drops to a lower orbital 
altitude as shown. When the line is stretched to its original length, it becomes 
taut again, and, assuming that the line has a high modulus of elasticity, the 
man is jerked sharply toward the vehicle. As a result of orbital forces, the 

SOURCE: Mueller (137). 
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man again describes a curved path terminating in a similar rebound, repeating 
the process indefinitely. 

of--Mass on the End of a  Sl 
se..(.Mass_,.I_n_itially Ahead of 

(a) x,,/io= IUO seconds 

:k Tetherline After an Initial 
chicle 

There is evidence (see figure b (c) above) that the trajectory approaches 
the vehicle after' many bounces, but the long times involved would seem to pre- 
clude this technique as a method for retrieving a disabled astronaut. 

Several alternatives are, however, still open to us. W e  could, for example, 
reel in the slack line up to the point of closest approach at which time the 
line would become taut. If nothing else were done the man would circle endlessly 
about the vehicle. By now we can see the real nature of the problem: the ini- 
tial velocity of the man which was originally radial has been transformed into a 
tangential velocity with a corresponding build-up of angular momentum about the 

SOURCE: Mueller (137). 
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vehicle. Since we are assuming that the man has lost his means of propulsion, 
there is nothing that we can do by pulling radially on the line that will remove 
this tangential velocity. Furthermore, the tendency for angular momentum to be 
conserved means that, if the line length is decreased to zero, the tangential 
velocity will tend toward infinity. : 

If the man started from some other initial position, the situation would be 
similar. Figure c shows the trajectories which result if the man is initially 
positioned directly above the orbiting vehicle and at rest relative to it*. 
Note in figures c,(c) and ,c (d) that the gravity gradient effect (which tends to 
keep a dumbbell-shaped satellite oriented along the local vertical) causes the 
Dath of the man to be more sharD1.v curved and tends to keep him above the 
vehicle's altitude. 

. - 

c. Path of a Mass on the End of a S' 
Impulse (Mass Initially Above Vet 

!$! ck Tetherline After an Initial 

Y 

(b) y,/$, = 2311 seconds 

*Trajectories for starting positions behind or below the parent vehicle are iden- 
tical in shape to those shown in figures bf and bg and may be visualized by 
rotating these figures 180 degrees. 

SOURCE: Mueller (137). 
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In figure c (c), the path is so sharply curved that, by the time the first 
bounce occurs at 799 seconds, the man has acquired a counterclockwise component 
of tangential velocity. Any time a counterclockwise component exists, it is 
possible to add to it a radial component by means of the tetherline which will 
cause the man to impact the vehicle. In the particular case of figure c (c), 
a small pull on the line after the first bounce could have straightened ttie path 
so as to intersect the vehicle. 

In all cases, the successful retrieval of an object on the end of a tether- 
line involves the generation of a favorable component of tangential velocity 
followed by the addition of a radial component, by means of the line, which will 
cause impact with the vehicle. Unfortunately, the generation of a favorable 
component of tangential velocity where none exists initially can take hundreds 
of seconds, and is feasible only when relatively long times are available for 
the recovery of the object at the end of the tetherline. 

CONSTANT LINE TENSION 

An alternative to jerking the line and tnen leaving it slack would be to main- 
tain a constant tension on the tetherline. This would produce a constant accel- 
eration toward the parent vehicle at all times. The forces per unit mass acting 
on the mass in this case would be: 

fx = -T/m cos e (4) 

fy = -T/m sin 0 (5) 

where T is the line tension, m is the mass at the end of the tetherline, and 
is the angle defined in figure bh. 

d. Line Tension Force Acting on Mass 

=E: Mueller (137). 
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If we again take as a numerical example a mass 500 feet horitontally'ahead 
of a vehicle in a 200-nautical-mile earth orbit, and assume that T/m is equal 
to 0.01 foot per second2, the result is similar in many respects to the previous 
examples. 

Figure e illustrates the effect of reducing the line tension. Note the 
greater loss in altitude and more gradual turn-around as the value of T/m is 
decreased. The trajectory for T/m = 0.005 foot per second2 is particularly inter- 
esting since it indicates that the path intersects the vehicle. The impact occurs 
after 1450'seconds at a speed of 2 feet per second. 

Clearly, then, an object on the end of a tetherline can be retrieved by 
exerting a constant line tension; but, where no initial tangential velocity 
exists, the process is time consuming. 

Figure e (c) also illustrates a curious phenomenon which occurs if the value 
of T/m is reduced to 0.0025 foot per second2. The mass turns around and proceeds 
ahead of the vehicle, losing altitude steadily. At the end of 5800 seconds the 
mass is 30,888 feet ahead of the vehicle and 14,321 feet below it with a velo- 
city of 30 feet per second relative to the vehicle. Because the line is con- 
tinuously reducing the orbital velocity of the mass, the mass is constantly 
forced into a lower orbit with a shorter period. This behavior is similar to 
the decay of a satellite orbit due to atmospheric drag. While this particular 
case is of no interest to us if we are seeking to retrieve the mass, it does 
suggest that a re-entry from a low earth orbit can be initiated by means of a 
very long cable without the expenditure of energy. The principle behind such 
a re-entry is very simple. If we consider the parent vehicle and an escape cap- 
sule as a system, we can say that the system possesses a certain total energy 
by virtue of the fact that it is in orbit. It is impossible to change the total 
energy of the system without applying an external force and thereby expending 
energy. But it is possible, by means of an internal force (the line tension in 
this case), to transfer energy from one part of the system (the escape capsule) 
to the other (the parent vehicle), thereby causing the escape capsule to 
re-enter the earth's atmosphere while the parent vehicle rises to a slightly 
higher orbit. The very low tensions required in such a scheme may make it 
entirely feasible to carry several hundred miles* of lightweight line as an 
emergency re-entry system in the event of retro-rocket failure. For the 
example given above, a line tension of less than 1 pound would be sufficient to 
cause a lOOO-pound capsule to re-enter. 

*Two hundred nautical miles of 15-pound test nylon line, 0.013 inch in diameter 
and 100 pounds in weight, can be wrapped on a spool 1 foot in diameter and 1 foot 
wide. 

mE: Mueller (137). 
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e. Path of a Mass on the End of a Tetherline if Line Tension is Kept 

(a) T/", = .01 rt/sec2 (b) T/ m = .uos rt/sec2 

Y 
10000 2UOl)O 

x 
t 

CONSTANT REEL-IN SPEED 

So far we have seen that a mass at the end of a long tetherline can be 
retrieved by impulsive jerks or by a constant line tension, but only with the 
expenditure of considerable time. Another quicker and more direct method is 
available: simply to reel in the line at a constant speed. Thus, if the mass 
is initially 500 feet from the vehicle and we reel in the line at 1 foot per 
second, the mass will arrive at the vehicle at the end of 500 seconds, regardless 
of the path it follows. The equations of motion which describe this situation 
are: 

mE: Mueller (137). 

2-99 



EXTRAVEHICULAR ENVIRONMENT 

WEIGHTLESSNESS 

AN ANALYSIS OF THE BEHAVIOR OF LONG TETHERLINES IN SPACE 

g= -24 - (T/m) 

j;= 2& + 34~ - (T/M) $ 

(T/m) = ('i - y')2 + $ (2& + tiy) -t (2wjl) 
r3 

(6) 

(7) 

(8) 

where the symbols are as defined by figure d. 

If we again look at the case where the mass is initially horizontally ahead 
of the vehicle and at rest relative to it, we find that the shape of the 
resulting trajectory depends only on the time required to reel in the line. The 
reel-in time, t,, is simply the initial length of the tetherline divided by the 
rate at which the line is reeled in. 

Figure f shows the trajectories which result for several different values of 
reel-in-time. Note that angular momentum is built up and that the mass follows 
a spiral path in toward the vehicle. 

f. Path of a Mass on the End of a Tetherline if Line is Reeled in at 
Constant Speed 

mE: Mueller (137). 
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The reason for the build-up in angular momentum is that initially the mass, 
although it is at rest in the rotating xyz-coordinate frame, has 
around the vehicle (with respect to inertial space) equal to mwxo 3 

ngular momentum 
. In the ab- 

sence of gravity gradient forces this angular momentum would be conserved and 
the mass would possess angular momentum per unit mass as measured in the xyz 
frame given by the expression: 

h =w(r,' - r2) (9) 

where r. is the initial line length and r is the instantaneous line length. 

The effect of the gravity gradient term (3Jy) in equation 7 is to modify the 
angular momentum slightly from the values predicted by equation 9. The digital 
computer data indicated that the deviation from equation 9 increases with reel-in 
time, approaching 10 percent for reel-in times of 1000 seconds. The actual 
values of angular momentum were slightly grater than predicted by equation 9 for 
the case where the mass was initially ahead of or behind the vehicle and slightly 
less than predicted by equation 9 for the case where the mass was initially above 
or below the vehicle. 

Since tangential velocity, vt, is related to angular momentum and instanta- 
neous line length by the expression, h = vtr, the build-up in angular momentum 
consequently causes the tangential velocity to tend toward infinity as the line 
length approaches zero. At the same time the centripetal acceleration acting on 
the mass and the tension in the tetherline also tend toward infinity as the line 
length is reduced to zero. The centripetal acceleration is related to angular 
momentum and line length by equation 10: 

ar = h2/r3 (10) 

where a, is the centripetal acceleration, and h is the angular momentum per unit 
mass. 

The relationship of tangential velocity and centripetal acceleration to angu- 
lar momentum and instantaneous line length is plotted in figures h and i. 

We may now apply the results of equations 9 and 10 to the specific problem 
of reeling in an astronaut who has lost his means of propulsion. If we assume 
that the man is initially 100 feet ahead of the vehicle and at rest relative to 
it, and that we reel the tetherline in at the rate of 1 foot per second, the 
reel-in time will be 100 seconds and the trajectory will be as shown in figure 
f (cl* From equation 9 we know that the angular momentum per unit mass will 
approach a maximum of wro2 or, in this case, 11.40 feet2 per second as the line. 
length approaches zero. We may, however, consider the man as retrieved when he 
comes within arm's reach or about 4 feet of the vehicle. At this distance the 
angular momentum per unit mass would be 11.38 feet2 per second. The man would be 
-E: Mueller (137). 
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rotating around the vehicle at the rate of 0.70 radian per second or about.6.8 
rprii, and he would be experiencing a centripetal acceleration of approximately 
l/16 of a G. 

g Build-Up of Anqular Momentum in XYZ Frame Due to Conservation of Angular 
l Momentum in Inertial Space 

t 
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Figure g shows a plot of 
angular momentum as measured 
in the rotating xyz frame 
versus instantaneous line 
length as predicted by equa- 
tion 9 for several values of 
initial line length. The 
dashed lines in figure g 
show the actual computed 
values of angular momentum 
for the case where the mass 
is initially 500 feet above 
and also for the case where 
the mass starts 500 feet 
ahead of the vehicle. The 
discrepancy between actual 
values and those predicted 
by equation 9 is small and 
illustrates how nearly angu- 
lar momentum as measured in 
a nonrotating frame is con- 
served. 

m: Mueller (137). 
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h. Relationship of Tangential Velocity and Line Length for Different Values, - : : 1 ;. I i 
/ :c / 

=E: Mueller (137). 
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i. Relationship of Centripetal Acceleration and Line Lenqth for Different 
Values of Angular Momentum 

10 50 100 500 1000 : 

Angular Mon.entum per Unit Mm*. Il. ft*/,, 

D 

If, however, the man were initially 500 feet ahead of the vehicle instead of 
100 feet, the angular momentum per unit mass would built to a maximum of 285 
feet2 per second. By the time the line was reeled in to 4 feet the man would be 
traveling at 72 feet per second and rotating around the vehicle at 170 rpm. He 
would, if still alive, be experiencing a centripetal acceleration of nearly 40 
G's. 

It is interesting to note that the speed at which the line is reeled in does 
not affect the maximum value of angular momentum. The maximum value of h depends 

SOURCE: Mueller (137). 
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only on the initial length of the line. Changing the reel-in speed does change 
the time required to get the man in and, hence, affects the shape of the trajec- 
tory as seen in figure f. But the angular velocity and centripetal accelera- 
tion are a function only of the instantaneous line length and the original line 
length. 

The results given above are for the case where the man is initially at rest 
with respect to the vehicle. If the man has any tangential component of velocity 
initially, the situation could be better or worse, depending on the direction of 
the tangential component. If, for example, the man had a counterclockwise com- 
ponent of exactly ro, he would have exactly zero angular momentum with respect 
to inertial space and would not spiral around the vehicle as he was drawn in. 
The difficulty of retrieving a man by means of a tetherline, therefore, depends 
on both the initial line length and the initial component of tangential velocity. 
Or, more simply, the initial angular momentum as measured in a nonrotating co- 
ordinate frame is very nearly conserved and its magnitude determines the diffi- 
culty of retrieving an object by this method. Since, in an emergency retrieval 
of an astronaut, one cannot count on having a low value of angular momentum, the 
forces generated by reeling him in may be intolerable, particularly if the line 
is very long. 

SUMMARY AND CONCLUSIONS 

Three methods for retrieving an inert mass on the end of a long tetherline 
have been investigated in this paper. The first, in which the line is jerked to 
start the mass coasting in toward the vehicle while the line is left slack, 
results in a series of bounces as the mass coasts in along a curved path and is 
jerked back toward the vehicle each time the line becomes taut. The second 
method, in which a constant line tension is maintained as the line is reeled in 
or out, results in a complex, looping path which can be made to intersect the 
vehicle only after a fairly long time. Both of these methods require accurate 
control over the line tension or the impulse imparted to the mass and neither 
seems attractive as a means of retrieving an astronaut whose self-maneuvering 
unit has failed. 

The third method, which involves reeling in the line at a constant rate, has 
the advantage of being direct and uncomplicated. However, it results in a spiral 
path which could wrap the line around the vehicle and which causes a rapid build- 
up of tangential velocity and centripetal acceleration. 

The problem of retrieving a mass on the end of a tetherline reduces to one 
of conservation of angular momentum in inertial space. The only way in which 
the mass can be reeled in safely is to reduce this angular momentum to zero. 
Since we are assuming that the mass is inert (without propulsion), one way to 
accomplish this is to maneuver the vehicle to kill the apparent drift of the 
mass against the star background. If the line of sight between the vehicle and 

=E: Mueller (137). 
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the mass is not rotating with respect to inertidl space (as defined by,:the stars), 
the problems associated with all three methods of retrieval are minimized. 

In view of the dubious safety value which a long lifeline offers to an astro- 
naut operating outside his vehicle, the astronaut would probably be better off 
without the encumbrance of such a tetherline. If his self-maneuvering unit 
fails, it would be simpler for the vehicle to maneuver toward the drifting astro- 
naut. 

Schemes for using tetherlines as an aid in the orbital docking of two vehicles 
must take into account the problems associated with the conservation of angular 
momentum. This should present no great problem since one or both of the vehicles 
would have propulsion. 

The possibility of using long tetherlines as a means of effecting re-entry 
from low earth orbits has also been presented in this paper. Further study to 
determine the feasibility of such a scheme is required. 

SOURCE: Mueller (137). 
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a. Rigid Man Model 

::: 

-E: Simons and Gardner (169). 
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b. Angular Acceleration and Thrust Misalignment About the X and Y Axes 

C. Angular Acceleration and ThrustMisalignment About the Z Axis 

SOURCE: Simons and Gardner (169). 
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d, Angular Acceleration and One-Pound Thrust Misalignment About the - .--. _ -_ _7... 
ree-Axis 

.-... -----. -.--- -_ . ..-.- --.. ..-...._ -_.--_~ 

e. Visual Angle and Distance 

SOURCE: Simons and Gardner (169). 
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f . Translation Velocity, Time and Force 

SOURCE: Sinmns and Gardner (169). 
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a. Spectral Energy Curve of Solar Radiation 
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?3XlXZ: Saylor, et al (159). 
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b. Energy' Distribution of Solar Electromagnetic Radiation - .,._ -_,_ _ _ _ _. --- -_. .___ 

I--- ‘- ----- Type Type 

x-ray and ultraviolet x-ray and ultraviolet 

ultraviolet ultraviolet 

vls ible vls ible 

infrared infrared 

infrared infrared 

infrared infrared 

Wavelength 
Jnte rval 

jn Angetroms 

1 to 2,000 

2,000 to 3,800 

3,800 to 77,000 

7,000 to 10,000 

IO, 000 to 20,000 

20,000 to 100,000 

C. Solar Radiation Temperatures 

Approximate 
Percentage 

of Radiant 
Energy 

0.2 

7.6 

41 

22 

23 

6 

Wavelength, A 

3500 

2900 

2600 

2200 

2000 

1500 

1200 

Temperature, OK 

5500 

5500 

5000 

4900 

4500 

4500 

6000 

SOURCE: Saylor, et al (159). 
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-cf. Distinctions Between Galact.ic Cosmic Rays and Flare Produced Hiqh 
Enerav Solar Particles 

.--.. 

J!lITERION 

Spatial 
distribution 

Composition 

Temporal 
variations 

Energy 

Origin 

Intensity 

Biological 
effects 

_ .--__-- -.-. ~==~ 

COSMIC JAYS 

Isotropic beyond terrestrial 
influence (no preferred di- 
rection of arrival) 

Approximately 75-80% pro- 
ton, 15-19% helium nuclei, 
remainder nuclei of heavi- 
er elements to atomic 
numbers 26 or 27 

Permanent phenomenon, 
practically constant with 
time 

Extending to at least 1017 
ev in some cases (much 
greater maximum than solar 
particles) 

Theories only; perhaps 
supernovae explosions in 
the galaxy 

Relatively 1 
9 

w: about 2 
particles/cm /set of all 
energies 

Primarily chronic; perhaps 
some vital cell destruction 

- -______ ___ - ._-. ..-_-.. -- 

SOLAR CORPUSCLES 

Nonisotropic at onset, later 
becoming diffused through 
solar system 

Almost all protons, some 
alpha particles, no evidence 
for heavy nuclei 

Transient radiation, greatly 
variable 

About 10 
recorded 

with time 

' ev highest 

Active regions of flares on 
the sun 

as lo6 particles/cm /set 
Very high: may be as high 

Primarily acute damage; 
possible sudden illness; 
incapacitation, or death 

I 

=E: Saylor, et al (159). 
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e. Shield Cutoff Energy and Shield Thickness as a Function of.Dose 

SHIELD 
CUTOFF - IO2 
ENERGY - 

YEV 

10 

- PROTONS a NEUTRON 
_____ PROTONS 

-----a 
I I I I 

IO 100 1000 l0,000 
DOSE - REM 

DOSE- REM 

S(XIRCE: Saylor, et al (159). 
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f. Four Recent Solar Cycles . :. 

I ‘ .I I I I 1.8 I I I ,.I I 1  I I , I , , ,*- -, 

. 
. 

IV* l 

I . . ..I. W?>.WJ3 CVCIl 16 . 

II *a... WJJ.W44 CYCLC i7 .** 
. 

III . . . . . . w44.1454 CTCU 15 . 
. 

I” . . . . . 1954. crga 14 . . 
. III 

. 
. 

t . . l . 
. 

. 

II “” 
1 

. i 
. .** 

. . . 

1 

0 , 4 4 , IO II 14 14 I5 10 11 24 26 ?R JO 31 JA Jb J4 49 .I 44 4b 

MONTHS FROM MINIMUM 

NOTE: Sunspot number at 18 months is thought to shoti tendency towards a high 
or low peak. 

?JXiKB: Saylor, et al (159). 
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.gW Variation of Radiation Intensity with Longitude ___ .._-_.___, ._._., _._ ._--.._. _ __._-_ - _...._ - _._--. - --.-__-_,.,.- 

lO.000~ 

IO- I 1 I I I I I 
I 

3 I I I I 
200 400 600 800 l&Q 

I 
0 1000 I200 1400 1600 

MAGNETIC DIP LATITUDE 

/ 

ALTITUDE - KM 

SOURCE: Saylor, et al (159). 
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h. Differential Energy Spectra of protons in the-Inner Van Allen Belt Showing_ _..~ _-., 
Variation With Latitude 

1600 km ok 
28.0. N. bt 

I 1664 km olt. 
\ 25.2’ y. tot. 

\ 
\ 

I 
\ 

P 
\ 
\ 
\ 

t 
\ 
\ 

0.1 I- 
IO 20 50 100 IO 20 50 loo 

KINETIC ENERGY- Mev 

I600 km OH. 
21.5. N. lot. 

\T 
:\ f. 

\I\ 
\ 

=E: Saylor, et al (159). 
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i. Variation of Radiation Intensity with Geomagnetic Latitude -_ _. 

01 1 * I , I a 
I I I 

a45 0.40 0.35 a30 425 0.20 0.15 
INTENSITY OFEARTH’S FIELD IN GAUSS 

SOURCE: Saylor, et al (159). 
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PROTONS 

MAX. 

MIN. 

of 
MAX. 

I I 
010 10 

I I I I I I I 1 
20 30 40 50 60 70 80 SD 

GEOMAGNETIC LATITUDE, A 

Syalor, et al (159). 
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k. Cosmic Radiation Dose Rate as a Function of Femnetic kkkudp far. 
I-Jgh Ajtj.ttides Durjng the Period of Solar Activity.Maximum 

MAX. 
1007 

FREE SPACE DOSE RATE 
----------------------m-------we 

.5 I I , I I .- 
0 5 10 15 20 25 30 35 

AIJITUDE ABOVE THE SURFACE OF THE EARTH(1031an) 

SOURCE: Saylor, et al (159). 
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1. Typical 27-Day_-C_:mic Ray Intensity Variation 

6r 

4- 

2- 

O- 

.6- 
3( 

I I 1 I I t 
I6 I I6 I I6 30 

k- JUL.+ Au~,+sEP-4 

SOURCE: Saylor, et al (159). 
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m: Position of the Geographic, Geomag_netjc, a.nd Cosmic Ray Squations _ 

10. o- 
NORTH 

GEOGRAPHIC LATITUDE 

e 
SOUTH 

SOURCE: Saylor, et al (159). 
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n. Theoretical Solar Modulation of Cosmic Ray Intensity Interplanetary Space 

16 I.5 

INTERMEDIATE ACTIVITY 

HIGH ACTIVITY 

MARS EARTH VENUS 

I.4 I.3 12 I.1 0.9 0.8 

DISTANCE FROM SUN IN ASTRONOMICAL UNITS 

0.6 

m: Saylor, et al (159). 
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The knowledge of the immense radiation field, temporarily trapped in the 
geomagnetic field is demonstrated by results obtained by the Explorer XII Ener- 
getic Particle Satellite. This satellite, launched into a highly elliptical 
orbit (perigee 300 km, apogee 77,250 km) completed 102 orbits in 112 days life- 
time and transmitted back to earth findings that can be summarized as follows: 

1. 

/ 

2. 

3. 

4. 

The existence of high energy protons of the order of several 
ten million ev in the heart of the Inner Van Allen Belt was 
confirmed at approximately 1.5 earth radii. (Measured from 
the center of the earth). However, the altitude range of 
protons extends much larger than p,reviously assumed; i.e. 
they are trapped to an altitude of at least 8 earth radii. 
At 3 earth radii, the average proton energy is a fraction of 
one Mev but their flux density rises 
that of the electrons present (108/cm E 

o a maximum and equals 
- sec.). Their 

average energy ranges from 100 Kev to 400 Kev. The proton 
flux density now appears to decrease slowly with distance 
from the earth. 

Also the altitude range of electrons extends farther than 
previously measured with Explorer I, III, IV, and Pioneer 
III and confirmed by Sputnik III and Mechta. Soft electrons 
with energies of several ten-thousand ev were found from 
6 earth radii to the outer edge of the magnetosphere. 
(The outer edge varies daily from 8 to 12 earth radii). 

The flux density of electrons in the heart of the outer 
Van Allen Belt is about 1000 times lower than the previous 
estimate of loll/cm2 - sec. In other words the highest flux 
density of electrons with energies about 40 Kev does not 
exceed 108/cm2 - sec. Figure a presents a sumnary of these 
data. 

The outer edge of the trapped particle region exhibits an 
abrupt discontinuity; the low energy electron radiation falls 
to the free space radiation described in the foregoing section. 

m: Study of Space Maintenance Techniques (182). 
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a. Electron Distribution in Outer Van Allen Belt __....- - ,... -.. . 4 _... ,. _ __ ,-~-.. .--- 

-_- ‘012rm do ‘-7 . . ,--Explo 

1\ / (Aug.- Sept. 1959) 

1lJ I^ 8 

Explorer XXi Data 

lo4 I 

lo2 

10* 

I 

. ..-..- 

I I 

1o-2 - 
1o-3 1o-2 10-l lo* 

Electron Energy (MEV) 

SOURCE: Study of Space Maintenance Techniques (182). 

2-125 

lo1 



EXTRAVEHICULAR ENVIRONMENT 

RADIATION 

VAN ALLEN BELTS 

b. Solar Flare Decay With Time 

- - ?----- r ! . I 
.-/---r-. 1 : 

dh 

-- v-4 
--. .- 5: 

t 
I 
-.-- --_- .I__ ---- 

_ _.__- __.-.- 
ai 
tt-- I -- ! \ I-- - -- -- --/ i “Y-=--- /-- .--_ ~~-l..---‘-2- I . .- i w 3 0 a-4 * i 

0 

-E: Study of Space Maintenance Techniques (182). 
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c. Gamma Dose for a Solar Flare 

10.0 

1.00 

b 
c 

z! 0.10 
I 
Q 
4 

B 

0.01 

Ran& for I35iTEV Protdns 

! 

’ 

H:a-fi 
Cifferential Spectrum 
r, = 2 1.1 x 109-E-4.8 (E > 85 MEV) 
a = 1.0 x 108 E-2.8 (E >85 MEV) 

_ II = P 
cm2 x sec. x Str. x MEV 

1.0 10 100 
Spherical Shell Rrtnge (hluminum) - gm/cnr2 

The principal sources of radiation for the mission in environments which 
lack an atmosphere will be unattenuated solar flares and galactic cosmic rays. 

a. Internal Dose Rate Calculation Methods 

The radiation flux levels and energies which will be encountered in 
space travel abouve 800 km altitude are a complex function of: 

(1) Time - determining the presence or absence of solar flare or 
storms and if the outer Van Allen belt is extended or contracted 
due to solar storms. 

=E: Study of Space Maintenance. Techniques (182). 
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(2) Position - determining the number and energy of the radiation 
impinging on the vehicle due to the geomagnetic forces at the 
particular position. 

Table d describes the radiation sources which will determine the radia- 
tion dose during each mission. 

d. Radiation Sources for Various Space Missions 

MISSION .-.- 

560 km orbit' 

traversal for 24-hour 
(36,000 km) orbit 

24-hour(36,OOO) orbit 

traversal for lunar 
mission 

lunar site 

VAN ALLEN 
BELTS ---- -.. 

outer only 

both inner and 
outer 

outer only 

both inner and 
outer 

none 

COSMIC RAYS - - 

attenuated 

variable 
attenuation 

unattenuated 

variable 
attenuation 

unattenuated 

SOLAR FLARES 

attenuated; time 
dependent 

variable attenuation; 
time dependent 

unattenuated; time 
dependent 

variable attenuation; 
time dependent 

unattenuated; time 
dependent 

The principal cause of attenuation is the interaction between the solar 
flare and galactic cosmic rays with the earth's magnetic field and its atmosphere. 
As discussed previously, the time dependence is due to the 11 year solar flare 
cycle. A slight time dependence is also exhibited by galactic cosmic radiation, 
but because of their extremely high energy, the effect on absorbed radiation dose 
is slight. Thus, any time dependence of galactic rays is ignored in the following 
calculations. 

=E: Study of Space Maintenance Techniques (182). 
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e. Doses for Various Solar Flares 

Relativistic Solar Flare 

High Energy High Flux 
Solar Flare 

High Energy High Flux 
Solar Flare 

High Energy Low Flux 
Solar Flare -.. 

RADIATION TYPE I INITIAL AVERAGE ENERGY 

400 MEV 

50 MEV 

40 MEV 

40 MEV 
I 

1.5 gm/cm2 ALUMINUM 

5 x 10' rad 

, 3.x lQ4 rad 

1 x 10 rad 

1 x 10m2 rad 

It can be seen in Table e that relativistic solar flares of high energy 
cause smaller doses than the less energetic flares. This difference can be ex- 
plained by considering the proton energy loss per distance .travel in an object; 
If the solar flare protons are highly energetic, they will penetrate an object 
without depositing much energy. \. * " I 

The absorbed roton dose rates (r/hour) behind wall surface densities of I 
0.08 and 1.5 gm/c s for different missions is given in Table f. I ,,,; 

f. Proton Dose Rates (Roentgen/Hour) 

RADIATION SOURCE 
VAN ALLEN BELT GALACTIC COSMIC RAYS SOLAR FLARE 

_ MISSION SUIT VEHICLE SUIT VEHICLE SUIT VEHICLE 

550 Km Orbit 9 x 10-3 5 x 10-3 1 x 10-3 1 x lo-3 3.2 2.0 

36,000 km Orbit 1.9 1.2 3 x 10-3 2 x 10-3 5.3 1 3.3 

-unar Site 0 0 1.3 x 10-2 8 x lO-3 4.3 2!7* 
r=i= 
FThe Moon faces opposite the sun during full moon on earth. 

5 x lo-3 

1.1 

1.1 

2.0 

3.3 

2.7* 

SOURCE: Study of Space Maintenance Techniques (182). 
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The Van Allen belts will cause the highest constant dose rates behind the 
two shields considered with galactic rays being second highest. Secondary gamna 
doses from proton bombardment were not considered due to the low surface density 
of the shields considered. 

Solar flare was the only sporadic source of radiation considered. 

Electron Dose Rate Calculations 

Electron bombardment gives rise to two effects: the Bremsstrahlung and the 
direct electron deposition to an internal component or occupant. The electron 
spectra employed in these calculations are for the outer Van Allen region 
(Explorer XII) shown in Figure a along with the electron spectra from the Ex- 
plorer VI probe. 

These spectra were considered most important because: 

(1;) The known Inner Van Allen belt electron spectra are composed 
primarily-of 1oW energy electrons, which are easily absorbed 
in the shields considered. Therefore, they would not signi- 
ficantly affect the absorbed dose for objects behind the shield. 

(2) All other sources of electrons from proton-spallation products 
due toi solar: flare or galactic rays are considered small. The 
electrons from the albedo neutrons are considered part of the 
Van Allen belt environment. 

In comparing these spectra, it will be noted that the Explorer VI spectrum 
contains a larger number of electrons of higher energies than the spectrum of 
Explorer XII. It should be noted, that all of the electrons will be stopped in 
the space vehicle wall, but only those electrons below 0.3 MEV will be stopped 
in the space suit. This direct deposition of electrons in the space suit occu- 
pant will increase the absorbed dose since a human body will stop all electrons 
from 0.3 to 5 MEV. The absorbed dose rates due t 
spectra of Explorer XII and VI behind a 1.5 gm/cm 9 

electron deposition from the 
aluminum shield would be 10 

and 80 radjhour respectively. 

Another factor which should be considered in Bremsstrahlung production is 
the atomic number (Z) of the structural material. gor the nylon-rubber extra- 
vehicular suit (Z = 8, surface density = 0.08 gm/cm ) the Bremsstrahlung dose 
rate is approximately 400 R/hour. The dose rates behind a comparable thickness 
of aluminum (Z = 13) and steel wall (Z = 26) for the peak electron flux in the 
Explorer VI spectrum are 650 R/hour and 1200 R/hour, respectively. 

After adjusting for the surface densities of the walls considered, the dose 
rates for electron deposition and Bremsstrahlung were computed for the peak flux 
values and are shown in Table g. 

SOURCE: Study of Space Maintenance Techniques (182). 
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Internal Vehicle Dose Rate (R/Hour*) 
-r - 

LUNAR 
2C-HOUrtOILBIT TFUJECZ’OR~**. , LUNAR SITE 

-‘Y- _- 
SUiP Vc licle 1 Vehicle Suit** Vehicle suit* l Veh:cle 

_---_-I--- I 
VAHA3LEN 9 x 10-3 , 5x10-3 1.6 1.2 16.0 6.0 0 0 

- 

GALACTIC COSMIC 2 x 10-2 1.x 10-2 6 x 1O-4 1.3 x 10’2 6x10’3 

1.22 -- -- 1.3 x lo-2 i 6x10-3 

- 

"R 
** 

*** 

is defined as equal to roentgen, rad or rem 
Dose rate to which astronaut (not suit) is subjected 
The man is exposed to the Van Allen belt radiation for approximately 4 
hours during this trajectory. 

h. Important Quantities of the Exosphere ~-- - 

Pressure Temperature 
mm Xg OC 

AIhltU&ll -v- 

2ooh 10 -6 103 

sookal 1o-s lo3 

6fmknl lo-l3 lo3 

a~~20,oilokIll lo-l2 lo3 0 105 

C0nC:enLratiOn 
molccdee. atom 

or ione/cm3 

10 10 

lo6 

103 

lo1 to lo2 

Compooitioa 

N2, 0, 02’ o+ 

0, o+, Ii 

Ii*, Ii 

as% Ii+, 
15% xi++ 

-E: Study of Space Maintenance Techniques (182). 

2-131 

p 



EXTRAVEHICULAR ENVIRONMENT 

RADIATION 

GENERAL DATA 

a. Composition of the Primary Cosmic Ray Flux Outside the Atmosphere at 
Northern Qtltudes 

-- 

1 TYPE NUCLEUS 

,"~PHA 
PAR- 
TICLES Fe 

/ 2 

crjo Ca 

20 26 

~~~~~I.: 

LET(keV/p tissue) 
Minimum 
Maximum 5% 

0.84 
252 

10.5 
1.230 

30.3 
1,780 

84 142 
2,570 3,500 

Absorbed dose to 
centrally traverse 
cell (rads)c 

Minimum 
Maximum 

0.0 0.24 0.3 1 
20 85 420 610 

i Z numbers from 7 to 26 are group representatives. 
Particle intensity: particles traversing sphere of 1 cm2 cross section per 
hour from all directions. 

c Dose per particle calculated for a 10-M cell at center of track. 

=E: Langham (108). 
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b. Radiation Doses for 14 Largest Solar Particle Events of Solar -~ 
Cvcle 19 

Feb. 25. 1956 
Mu. 25. 1958 
July 7. 1956 
Aug. 16, 1958 
Aug. 22, 1956 
Aug. 26, 1958 
May 10, 1959 
July 10, 1959 
July 14. 1959 
July ‘16. 1959 
Nov. 12. 1960 
Nov. 15,. 1960 1 
July IS. 1961 
July 16. 1961 
Gmmd to&l of 

all%evenla 
of qcle 19 

'"Shielding (g/c 

DOIL *r NIUE suu*a 
(-4 
1 4 5 10 

%o* 1cO* t39* 46* 
146 54 10 2.1 
1% 64 93 I .95 

25.7 a.6 1.6 0.34 
45 14.7 224 0.38 
75 22.3 .I 0.45 

470 2% 55 15.6 
420 210 69 24.5 
650 ns 72 195 
382 191 65 225 
464 965 1% 45 
2% 151 55 205 

25.7 0.4 128 022 
1% 65 20.4 72 

1Sl4 I.657 %4 217 4% 3(2 241 176 107 

nosATcc.m-- 
@w 

1 2 4 6 10 

75 * 64* 51* 42* 309 
6.4 4.5 2.55 155 0.6 
6 4.5 2.55 1.4 05 
1.02 0.72 0.41 034 0.1 
1.55 0.91 0.49 on 0.1 
1.76 1.17 057 0.3 0.1 

sa 295 162 125 6.4 
50 40 275 195 115 
48 % 22.8 15.1 ??I 
46 36 25 17.7 I05 
75 62 46 34 208 
59.6 51.7 25 16.6 10.1 

0.76 052 028 0.15 0.0 
15 12 6.1 5.7 13 

, 

C. Maximum and Minimum Doses* for Best and Worst Launch Dates During 
Active..Period_of Cvcle 19 -. .-- 

MAXIMUM DOSE MINIMUM DOSE 
MISSION DURATION (rads) (rads) 

3,492 2,439 
3,229 974 

2 years 
1.5 years 
1 year 
9 months 
6 months 
3 months 
1.5 months 
1 month 
2 weeks 
1 week 

2,781 
2,415 
2,110 
1.963 
1,963 
1,962 
1,492 
1,452 
1,452 
1,452 __._ _ -.~._ .~~.- 

526 
176 

15 

*Surface dose inside 1 g/cm2 uniform aluminum shielding. 

=E: Langham (108). 
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d. Energies and Charges of Primary Cosmic Particles 

PARTICLE ENERGY - bsv 

0 10 23 30 
CHARGE 

Intensities of the particles with higher charges, C, 0, Ca, and Fe, are so 
much less than those of H and He as to be barely perceptible on the base line 
of the graph. The inset shows a profile for these charges, magnified to 100 
times intensity. 

e. Estimated Whole Body Dose to an Unshielded Man from Primary Cosmic 
Kadiation~ 

I I 1 I I 1 
600,000 
400,000 
200,000 
120,000 
110,000 

c 100,000 
' E 90,000 

z 80,000 
5 70,000 
a 60,000 

50,000 
40,000 
30,000 
20,000 
10,000 

SEALEVEL 
.Ol 

SOURCE: Webb (195). 

0.1 1.0 10 100 1,000 
DOSE - millirems/day 
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f. Van Allen Belts - Radiation Trapped in the Earth's Magnetic Field -__---_. ._---- -- 

ELECTRONS > 1.6MEV 
PROTONS > 30 MEV 

ELECTRONS > 40KEV 
PROTONS 0.1 TO 5.0 MEV 

I 1 t t I 1 I I. -1 t 1 1 1 I 1 t t I 
7 6 5 4 3 2 1 0 1 2 3 4 5 6 7 8 9 10 

DISTANCE FROM CENTER OF EARTH - Earth radii 
i.’ I, 

cl- Energy Spectra Shown for Different Times(tl <t2<t <t3 <tq) During 
a Singj,e flare Event _-- .- 

ENERGY - 

SOURCE: Webb (195). 
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h. Longitudinal Section of the Isodose Line Field in Tissue for the --- 
lermlnal Section of a Cosmic Ray fieavy Nucleus of Z = 20 (C,a_l __._-______ --__.l .- ,_ . ..- _ . . . . .,_____,,...__ .-.._. . ..__. _..- -- .-.. 

2 RESIDUAL RANGE FOR LIVING TISSUE . microns 

NOTE: Section from 280 to zero micron residual range is "thindown" part. 

-. 
DEPTH IN TISSUE . cm 

The greater drop of tissue depth-dose from flare protons as compared to Inner 
Belt 

P 
rotons 

inset 
is a function of the differences in the integral energy spectra(see 

; the'greater frequency of higher energy protons in the Inner Belt increases 

SOURCE: Webb (195). 
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the dose rate in deep tissues. Note the importance of knowing the integrated 
energy spectrum of the proton radiation when considering the critical targets-- 
i.e., bone marrow, spleen, and intestinal locations beneath the surface. 

j. Typical Developmentof a Solar High Energy Proton Event Indicating Change 
in Spectrum as a Function of Time _-- - 

ENERGY (MEV 1 

k. Dose-Incidence-Time Pattern of Initial Reaction to Acute Radiation -._- txposure 

MO RAOS 

/ 200RADS \ 

0 2 4 6 
TIME AFTER:XP~“Rh$l 

I6 

SOURCE: Biomedical Emergencies Requiring Mission Abort and/or Rescue Operations 
(26). 
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Biomedical 
(26). 

Emergencies Requiring Mission Abort and/or Rescue Operations 

:. 
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EXTRAVEHICULAR ENVIRONMENT 

1 ILLUMINATION 

I LUMINANCE ON EARTH AND IN SPACE 

a. 
‘loooa 

1001 

0.00 

of Na tural 111 lination Levels on Ea 

al 40 60 80 

,th Y 

This graph shows the range of 
natural illumination on earth 
from the sun and the moon, as 
the values increase fran mini- 
mum before wn or moonrise to 
maximum at the zenith. 

SOLAR AND LUNAR ALTITUDE _ dsgrwr 

b. Luminance of Astronomical Phenomena as Viewed From Earth 

Phenonrenon luminance, 
foot-lmiberts 

!M.ky Way, dimuest region, near 
Perseus 2.5%10-’ 

Gegenschein 4.6x10 -s 
Visible night glow (zenith) 5.8x10-l 
Am-ore IX-1 -6X10 -= 
Milky Way brightest region, near 

Carina 
Zodiacal light (30° elongation) 

1.lx10” 

Visible night glow (edge-on) 
3.5x10-4 

Great Orion nebula M42 
l.-pclO'= 
1.&x10-2 

Full 5xm 1.2x10= 
Fluorescent lamp 4500 white 1.C%10= 

m: Corn endium of Human Responses to the Aeros ace Environment, Vol. I 
(5Op, Dunkelman, et al (59) and White (2047. 

" 
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c. Visibility of the Stars , 

1. Stellar Visual Magnitude and 2. Stellar Visibility Versus Background 
Illuminance Luminance 

Illuminance (ft-cd) 
1.55x10-6 
6.18x10-~ 
2.46x10-7 
9.79x10:8" 

31~~~ -6 
6: X3x10-~ 
2.4&10-9 
9.79x10-10 
3.89x10-lo 
1. 55x10-lo 

10-S 10-4 10-3 to-2 IO“ I IO IO2 IO3 
LUMINANCE, ft-L 

The reflectance of the Earth as viewed from outside the atmosphere has a 
greater range than the range of observed reflectance from all other planets and 
satellites. The reflectance of the Earth varies from 0.03 for large bodies of 
water to 0.85 for cloud cover. Other solar system reflectance values range from 
0.07 for Mercury to 0.7 for Neptune. 

The intensity of the sunlight falling on the lunar surface is about 1.4 
times that which reaches the surface o the Earth or 12,700 foot-candles. The 
solar disc has a liminance of 6.4 x 10 6 ft L subtending a visual angle of 0.5 
degrees. 

From telescopic data, the rough and broken lunar surfaces (craterwalls) 
reflect from 20 to 30% of the incident light while the smooth and darker layers 
of the maria between 6 and 7%. The Moon has a highly directional reflectance. 
The variation of reflectance with phase angles is shown in Figure e. 

=E: Corn endium of Human Responses to the Aerospace Environment, Vol. I 
(50! and Allen (7). 
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d. Primary Parameters of the Visual Environment of Space 

r- 
Earth 

(Night illumination 
with full moon = 
0.04 ft-c) 

EVA 
) (Earth Orbit) 

jMoon 
: (Full earth = 1.25 ft-c 
j 30" phase = 0.80 ft-c 
i 90" phase = 0.26 ft-c) 

iM ars 

L -a ,. 

90" SOLAR SURFACE 
ILLUMINATION Reflectance 

10,800 ft-c Ocean .03 
Ground .15 
Snow .80 

12,700 ft-c 

12,700 ft-c 

7,600 ft-c 

Aluminum .55 
Dark Paint .lO 
White Paint .80 

Maria .07 
Crater Wall .20 

Maria .17 
Continents .18 

_-.- _---=- 

MEAN ATMOS. 
TRANSMISSION 

.70-.80*' 

1 .oo 

1.00 

* Function of diameter and distribution of scattering particles. 

The average normal albedo of the lunar surface in the vicinity of the Surveyor 
spacecraft was about 6%. The range of reflectance of local lunar areas is even 
greater than 0.06 to 0.30. The highest luminances (not in shadow) may vary from 
0.08 to 0.42 of a white target in full sunlight on the surface of the Earth. 
"Limb darkening" on the lunar surface decreases the lower value to approximately 
0.003. Thus, the apparent luminance varies from 0.003 to 0.40 of the luminance 
of the hypothetical white target, or a range approximately 100 to 1. In compar- 
ison, the range of luminance on Earth outdoors on a partially cloudy day, with 
part of the landscape in full sunlight and part in cloud shadow, can be more than 
1000 to 1. 

SOURCE: Corn endium of Human Responses to the Aerospace Environment, Vol. I 
(50! and J ones, et al (97). 
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e. Lunar Reflectance Values 

r q .06 t  .01 

6W- 

o,~~x-y,& ,, -160 -140 -100 -60 -20 0 20 60 100 140 I60 

AVERAGE VALUE PROBABLY 806 

i=c 
(1= “BRIGHTNESS LONGITUDE’ 

PHASE ANGLE, J 

The open circles are the data obtained 
from preliminary analysis of Surveyor I 
data. The solid lunar curve is the 
Federetz Curve obtained from telescopic 
observations from the earth. 

=E: Corn endium of Human Responses to the Aerospace Environment, Vol. I 
(5OY. 
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f. Characteristic Luminance on Earth and-In Space 

m: Webb (195). 
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CLEAR VISOR DATA 

The effect of rapid alterations of high and low illumination levels and the 
effects of viewing a direct working area within a bright surrounding will have 
a critical influence on extravehicular performance. 

Yormally, the refractive power of the visor in any meridian should not exceed 
by more than + 0.06 diopters the power inherent in a spherical lens with concen- 
tric surfaces-having the properrradii of curvature and thickness. The inherent 
power of the visor is calculated by use of the following formulae: 

F =Fl+F2- t ; 
n FlF2 

; Fl=n -n 
rl 

; F2= n-n 
r2 

where 

F = Power of the lens in diopters 11' = Index of refraction of the 
material 

Fl = Power of the convex surface in 
diopters 

F2 = Power of the concave surface in 
diopters 

rl = Radius of first or convex surface 

r2 = Radius of second or concave sur- 
face 

n = Index of refraction of air t = Thickness in meters 

Figure a illustrates probably optical properties for the visor. The vertical 
prismatic deviation between point "C" for the right eye and point "C" for the 
left eye should not be more than 0.18 diopters nor shall the vertical prism at any 
point in the critical area o.f vision exceed 0.18 diopters. The algebraic sum of 
the horizontal prismatic deviation at point "C" for the right eye shall not exceed 
0.75 diopters. The algebraic differences between the horizontal deviation at 
point "C" for the left eye and at point "C" for the right eye shall not exceed 
0.18 diopters. The luminous transmittance should not be less than 90 percent 
throughout the critical area. The non-critical area should not vary in transmit- 
tance by more than + 2 percent of the critical area transmittance. No visible 
distortion or optic3 defects detectable by the "'unaided eye" (20/20) at the 
typical "as worn" position shall be visible. The haze value of the visor should 
not exceed 5 percent. 

SOURCE: MOL Extravehicular Data Book (129). 
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a. Visor Critical and Noncritical Optical Areas 

Critical areas are located within the dotted circles. Noncritical areas are 
located outside dotted circles. Numbered circles within the critical areas are 
designated as points of choice for prismatic and distortion tests. Points bearing 
the same number, for example, 5R and 5L, shall be compared with each other, 
except that point No. 2 shall be cmpared with point No. 3 and point No. 3 shall 
be compared with point No. 4 when measuring refractive power or prismatic devia- 
tions. This figure is intended to serve only as a guide since visor configura- 
tions differ. 

The spectral transmittance may vary with wavelengths between 380 and 770~; 
the average percentage deviation within nine spectral bands should be less than 
12%. The spectral distribution curve should show a reasonably even distribution 
throughout the visible spectrum to insure that color distortion will not be ex- 
cessive. 

The transmission of ultraviolet radiation in the range of 220 to 320~ should 
be such that thg total ensrgy incident on the cornea and facial skin shall not 
exceed 1.0 x 10 ergs cm' in any 24-hour period. In computing the total energy 
transmission: 

(a) The maximum expected flux in the earth orbital environment, including 
reflected ultraviolet, should be determined for each of 10 spectral 
bands, each band being lop wide, between 220 and 320~. 

SOURCE: MOL Extravehicular Data Book (129). 
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(b) The percentage transmittance of ultraviolet light in each of the 
10 spectral bands, (lopwidth) between 220 and 320~ shall be deter- 
mined for Visor 1 by spectophotometry. 

(c) The following weighting factors are normally used for each 10~ band: 

220 - 230~ 0.10 
230 - 240~ 0.15 
240 - 250~ 0.20 
250 - 260~ 0.25 
260 - 270~ 0.30 
270 - 280~ 0.35 
280 - 29op 0.90 
290 - 3oop 0.50 
300 - 31o/.l 0.15 
310 - 320~1 0.10 

These factors represent differential sensitivity of the cornea within 
the ultraviolet range. 

3:. ,:. (d) The flux is multiplied by the transmittance and by the weighting factor 
5.t. for each 10~ band. The resulting corrected transmitted fluxes for each 

, .I: 10 band shall be sumned, and the sum multiplied by the maximum time 
of expos 

3 
re. The resulting energy absorption shall not exceed 1.0 x lo5 

ergs cm' , in any one 24-hour period. 

The transmittance of infrared radiation between 770 and 2500~ can be 
as low as possible and not exceed a total value of 30 + 5 percent. The 
transmittance of infrared radiation between 2.5 and 1OiJp should not 
exceed 10 2 5 percent. 

SOURCE: MOL Extravehicular Data Book (129). 
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SPACESUIT DESIGN FOR LUNAR SURFACE 

Figure a is a plot of the lunar surface temperature at various latitudes as 
a function of time angle, with noon being represented as 90'. During the lunar 
night the surface temperature appears to be independent of latitude. The ratio 
a/~ of obj,ects on the surface of the Moon will determine the temperature history 

of these surfaces with respect to the time angle and latitude, but the actual 
time profiles will follow those of the lunar surface described in Figure a. 
A tonsideration of experimental errors, theoretical assumptions, and variations 
caused by surface inhomogeneities suggests that reported temperatures have a pro- 
bable associated error of + 20°C and that calculated temperature curves involving 
phase angle and latitude have a likely error of no less than 25'C over the most 
accurate portions of the curves. 

The rate of change of surface temperature during eclipses has been used to 
build a thermal inertia model of the lunar surface materials, to be discussed 
below. Radio measurements of lunar temperature have also been used to reveal 
equilibrium subsurface temperatures. Calculations of the potential surface 
temperatures within lunar crevices at different solar angles point out the severe 
gradients to be expected. 

Past Russian radio-telescope observations and theoretical calculations appear 
to present temperatures somewhat lower than the American figures. The most recent 
figures reportedly presented by Troitskiy to the popular Russian press give a 
maximum surface temperature of + 115" C (240° F) during the daytime and a minimum 
of 150" C (-240" F) at night. A constant -50° C (-58" F) is calculated for a 
depth of 0.5 meter below the poorly conducting surface. 

m: Roth (154). 
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a. Lunar Surface Temperature at Various Latitudes as a Function of Time 
Ansle 

+127 +127 

f27 f27 

-173 -173 

120 120 150 150 180 180 210 210 240 240 270 270 300 300 330 330 360 360 

Time angle. r. deg Time angle. r. deg 

=E: Roth (154). 
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b. Thermal Inertia Constants 

-THERMAL 
CONDUCTIVITY, 

K, - 
cal/cm2/sec 

.--.-..--I ~-- .- 

0.9 

5 x 10-3 

3 x 10-4 

3-10 x 10'6 _.--..-- 

DENSITY, 

gm/cm3 

9 

3 

.6 

2 

SPECIFIC HEAT, 
(K cl 

-l/2 

1 

20 

170 

500-900 

The design of space suits, especially the footwear and gloves, requires some 
knowledge of the thermal characteristics of surface materials. Table a indicates 
the pertinent constants to be considered, where (KPc)-'/~ is the thermal inertia 
of the potential surface material. The lunation temperature changes suggest porous 
powder or powder-aggregate in vacuum as the surface material. Recent studies have 
corroborated the effects of a vacuum of 10m6 mm Hg on thermal diffusivity and con- 
ductivity of fine powders of olivine basalt. It is of interest that increasing 
the pressure from 5-x 10-6 to 5 x 10m3 mm Hg had no marked effect on the thermal 
conductivity of the crushed basalt. Had the pressure been decreased to lo-10 
mm Hg or lower, there might well have been a sintering phenomenon with subsequent 
increase in conductivity. For the -150 mesh material, the thermal conductivity in 
the air and in vacuum was increased approximately 60% at all test temperatures 
when the packing density was increased from 1.14 to 1.57 gm/cm3. Decreasing the 
average temperature of the crushed basalt specimen from 100" to -70' C caused a 
decrease in the thermal conductivity. For the particular distributions used, the 
particle size had a greater effect on the values of thermal conductivity measured 
in vacuum than on the values measured in air. The thermal conductivities of 
crushed olivine basalt and silica sand are not markedly different. 

The underlying lunar rock should have thermal characteristics similar to ter- 
restrial igneous rock. The actual heat-transfer characteristics of the surface 
depend on the layering, aggregation, and depth of the surface materials. All 
that can be said at this time, with density and specific-heat factors still un- 
known, is that the average surface probably has a low thermal conductivity. 

-E: Roth (154). 

2-149 

. 



I  I  I ,  11 ,111 . .  .  .  . 111 . -111  I  I 1 . . - m 1 . - m - . m m m  II .  .  . . , . , .  . , ,  -  . ._  .  .  .  .  - . - ._.- ._----  

E X T R A V E H I C U L A R  E N V I R O N M E N T  

T E M P E R A T U R E  

S P A C E S U IT D E S IG N  F O R  L U N A R  S U R F A C E  

C. C h a n a e  of T e t n D W & W e  Dur ina  a  L u n a r  Ec l iose 

( 0  
r; - Ca lcu la t ions  by  Jaeger ,  1 9 5 3  

.4 - x M e a s u r e m e n t s  by  Pett i t  , 1 9 4 0  

-1M  . . . . . 
Fract ion of  t ime m  p a w n b r a  

d. Overa l l  S h a p e s  of L u n a r  Craters  

t imbury  0  L u n a r  cralers 
No.  I3 0  Terrestr ia l  craters 

0  wessa  
- - -we_ 

0  

% Y  

(Rrtly f i l led wi th  send )  

.n I 1  l1 l l l l l  I I l l l l l l l  I 1  I l l l l l  I I l l l1l l l  I I l l l l r l l  
I O  IO'  IO'  IO'  IO'  10 '  

Cra ter  d iameter ,  1 1  

m : Roth  (154) .  

2 - 1 5 0  



EXTRAVEHICULAR ENVIRONMENT 

TEMPERATURE 

SPACESUIT DESIGN FOR LUNAR SURFACE 

e. Slopes in the Lunar Craters 

Baldwin Maximum, trocbidal profile 

10’ 
Crater diameter,lt 

IO’ IO 10’ 

SOURCE: Roth (154). 
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ALTITUDE EFFORTS 

Curves A, B, and C are for January zenith angles 0, 30, and 60 degrees respec- 
tively, clear sky. Dashed lines show irradiation with average cloudiness. Curve 
D is for July zenith angle 0 degrees, clear sky (Klein7). Curve E is the irra- 
diation curve of Johnson et alB. 

a. Solar Irradiation 

0 5 10 I5 20 2s 30 (Km) 
I I I I I I 1 

. . . . --- ~~ 
4w .<-. 

- I I I I I I 
" I it+ i i i i i i 

0 
0 20 40 60 

ALTITUDE (Thousands of Feet) 

NACA standard temperature: O-65,000 feet. 
ature for upper atmosphere: 

NACA tentative standard temper- 
65,000-400,000 feet. 

SOURCE: Blockley, McCutchan, et al (29). 
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b. Temperature of the Adopted Atmosphere 

100 200 

ALTITUDE (Thousands of Feet) 

(Haj 

SOURCE: Blockley, McCutchan, et al (29). 
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VEHICULAR CHARACTERISTICS 

RESTRAINT AND TETHER POINTS 

GEMINI EVA RESTRAINT AND TETHER HARDWARE 

a. Summary of Gemini,.Extravehtcular Task Vehicular Hardware 

EVA tasks 

?noval of 7 in2 of nylon 
Velcro strip, Gemini XI 

-av 
restraints Forces required Ease or 

used accocplis?-rcr.t 

Randholds Finger. hand. and body Satisractory 

ranslation between two NlXle Establish velocity vector Satisfactory 
points, Gemini x vhen leaving first point 

LTV tether attachment to Handholds Body control and forces Unsatisfactory 
spacecraft docking bar. from hands. azzls, legs, 
Gemini XI and torso 

perizent package deploy- Handholds Sody control and forces Satisfact.c:y 
ment or retrieval (SOO9. from ringerS. hand, and 
SOlO, and SO12). Cem- body 
ini IX-A, X, and XI 

,stowa,-• .snd extension of Foot Torquing md rorces from Unsatisfactory 
the AMJ controller arm stirrups hands. arzs. and body 
(during dJ4U checkout). 
Gemini IX-A 

..I 
mtovage and installation waist Alirn:ent. body control, Satisfactory 
of the telescopic hand- tethers and forces frcn fingers. 
rail, Gemini XII hands. and body 

LTV tether attachment to Waist Fody control and forces Satisractoy 
the spacecraft docking tethers :ron ringers. hands, 
bar. Gemini-XII and body 

vmslation between tvo iiandrail Sody control end forces Satisractory 
points alone the surface from fingers, hands, 
of the spacecraft on andbody 
Gemini IX-A, X. and XII 

periment package deploy- 
rent; bolt-tOrqUing 
operations, Ceminf XII 

mnector operations, 
Gemini XII 

waist Alierujent. torque, body Satisfactory 
tethers control. and forces from 

finger. hand, and body 

waist Aligment. body control, Satisfactory 
tethers and push/turn. blind 

push/turn, and push/push 

ltting operati4ns. Foot Body control, finger. and Satisfactory 
Gemini XII restraints hand 

!~OV~I 0r 200 iti2 or flyh Foot finger. hand. and body Satisfactory 
Velcro strip, Gemini XII restraints 

mE: Compendium of Human Responses to the Aerospace Environment, Vol. II (511, 
Machell (118). 

3-2 



,fi 

i 
‘! 
i r; ![ 
! VEHICULAR CHARACTERISTICS 

RESTRAINT AND TETHER POINTS 

GEMINI EVA RESTRAINT AND TETHER HARDWARE 

b. Restraint Devices Used Durins Gemini Extravehicular Activities 

Configuration of restraint device Gemini mission 
IX-A X XI XII 

Rectangular handrail X X X X 

Large cylindrical handbars (1.38-in. dia- 
meter) X X 

Small cylindrical handrails (0.317-in. dia- 
meter) X 

Telescoping cylindrical handrail X 

Fixed handhold X X 

Flexible Velcro-backed portable handhold X 

Rigid Velcro-backed portable handhold X 

Waist tethers X 

Pip-pin handhold/tether attachment device X 

Pip-pin antirotation device X 

U-bolt handhold/tether attach device 

Foot stirrups 

Foot restraints 

Standup tether 

Straps on space suit leg 

-E: Compendium of Human Responses to the Aerospace Environment, Vol. II (511, 
Machell (118). 
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MOBILITY AIDS 

GEMINI MOBILITY AIDS 

a. Extravehicular Activity in Gemini Program 

Standup 

EVA tlme.“b 
hr:min 

-- 

- 

0:so 

2:10 

3:24 

6:2h 

9% from hatch opening to hatch closure. 
b Includes mission equipment Jcttimon time. 

Cventilation Control Module. 

41 end Held Maneuvering unit. 

%travehicular Life Support System. 
r 

Extravehicular Support Package. 

gAstronaut Hdrt.Nering “nit. 

b. Hand-Held Maneuvering Unit Used in Geminj 

2:43 ----I 5:30 

-_ - ,A 

12:25 

Hand Held Maneuvering Llnlt Characteristics 

Gemini IV Gemlnl VIII Gemini X 

Propell>nt, gas . . . . . . . . . 
Thrust. tractor or DuPher. lb . . . . . 

Oxygen , Freon-14 
0102 1 0 to 2 I 

Nitrogen 
0 to 2 

Specifi; impulse (calculated). set . . . - i 33.4 63 
Total impulse, lb-see . . . . . . . . . 40 I 600 677 
Total available velocity increment, ft/sec 6 i 54 84 
Trigger preload, lb. . . . . . . . . . 15 4 15 5 
Trigger force at maximum thrust, lb. . 20 20 8 
Storage tank pressure, psi. . . . . . . 4000 5000 5000 
Regulated pressure. psi . . . . . . . . 120 110*15 12555 
NoEzle area ratio ........... 5O:l I 51 : 1 51: 1 
Weight of propellant, lb ........ 7 18 

I 

10.75 
HHMU weight,. lb. ........... 7. 5 3 3 

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. II (511, 
Machell (118). 
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VEHICULAR CHARACTERISTICS 

SIZING AND CONFIGURATION OF HATCHWAYS,TUNNELS, ETC. 

MOBILITY 

Problems of moving through hatchways under zero and lunar gravity conditions, 
and related design problems of hatch size and shape, were investigated in flight. 
Subjects were timed and photographed as they accomplished various motions during 
weightless and lunar-gravity maneuvers of a large cabin aircraft. Performance 
data are presented for various combinations of clothing, gravity and body- 
position conditions. Time and contact data are presented for the egress motion 
as it is influenced by changes in the exit area. Orientation problems and 
maneuvering techniques, as influenced by area and volume restrictions, are 
discussed. Motions of pressure-suited subjects generally required 30% more 
time than corresponding motions of unsuited subjects. Most motions required 35% 
more time during zero G than during lunar 6. No significant differences in 
egress times were found among four body-positions. Compared with 1 inch of 
exit clearance, 5 inches of clearance improved egress time by approximately 6%. 
Accuracy, rather than time of motion , appeared to be a more sensitive measure of 
operator performance for the egress task. A 95th percentile shoulder plane with 
a 19.4-inch major axis is proposed as a basic egress reference. 

a. Total Time - Two Clothinq Conditions, Two Gravity Conditions, Four Body- 
yaaToms&tGs 

Dot represents mean and vertical bar indicates where the mean will fall 
95 percent of the time. 

YJIRE: Simons (168). 
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VEHICULAR CHARACTERISTICS 

SIZING AND CONFIGURATION OF HATCHWAYS,TUNNELS, ETC. 

MOBILITY 

,:. 
Figure b indicates that approximately 30% more time was required under fc 

zero G than under lunar G when unsuited and 40% more time when suited. In ’ 
approximate terms, a suited subject performed as well at lunar G as an unsuited 
subject at zero G. Apparently the mobility restrictions of the suit were 
matched by the poorer body control during the zero-G condition. 

b. Total Time - Two Clothing Conditions for Two Gravity Conditions - - _~-~ ~~ 

SUITED 
CLOTHlkO 

Dot represents mean. 

Figure c shows that for all body-handhold position combinations, 
;he. i 

suited condition. was inferior to the unsuited condition under all gravity 
conditions. 

C. Total Time - Time Plot of Four Body-Handhold Positions for Two Clothing 
Conditions 

.__._ ~--- __ --.. i..-c.. ". ixii _..- iirr.- 

7.00 

% 
Z600 
i 

t 

. 
i 
I= 5.00 A 

5 
x 

. 

. 

l SUITED 

AUNSUITED 
4.001 ’ I I I 

HEADFIRST HEADFIRST FEETFIRST FEETFIRST 
SIDE BOTTOM SIDE TOP 

POSITION - HANDHOLD 

SOURCE: Simons (168). 
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11 - VEHICULAR CHARACTERISTICS 

DISPLAYS AND CONTROLS 

DIAL AND SCALE DESIGN 

Nomograph showing relationship between reading distance, scale interval, 
"called" interval, and scale base length. The method of using the nomograph 
to find the dial size when the maximum reading distance is known can be 
illustrated by a 200-lb pressure gauge subdivided into 20 scale divisions at 
lo-lb intervals, to be read at a distance of 20 ft, to a "called" interval of 
2 (the smallest value to be read). Enter the right side of the nomograph at 
20 ft and more vertically until the 10 x 2 line is cut (10 x 2 is the scale 
interval, 10 multiplied by the "called" interval, 2 lb.). From this 10 x 2 
line horizontally to the 20 line (there being 20 marked scale divisions) and down 
to the base line to give a scale base length of 17-l/2 in.; to obtain the 
diameter; divide by 2.36 to give 7.4 in. In practice this means using a 
standard gauge with an 8-in. dial blank. The nearness of scale base length of 
17-l/2 in. at 20-ft reading distance to a 1:l ratio has led the British Standard 
Institution to suggest the use of a scale base length of 1 in. for each 1-ft. 
reading distance as a useful working relationship. To obtain the maximun 
reading distance when the dial size is known, the procedure described above is 
reversed. It may be noted that should the 200-lb gauge be subdivided into 40 
scale divisions, giving a 5 x 2 interpolation, the scale diameter will be 9.1 
instead of 7.4 in. In fact, any method of a subdivision other than 10 x 2 gives 
a less favorable result, which suggests that for industrial scales, subdivision 
into 20 parts and interpolation into 5ths is optimum. 

a. Dial and Scale Design Nomograph 

I I 1 I I , I I 1 I I I 1 I I 
32 28 24 20 16 12 6 4 4 8 12 16 20 24 28 
Scolc bose length, inches Reoding distance. feet 

Conversion factor : diometer of 270’scole = 
scale base length 

2.36 

=E: Compendium of Human Responses to the Aerospace Environment, Vol. I (501, 
McCormick (119). 
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VEHICULAR CHARACTERISTICS 

DISPLAYS AND CONTROLS 

DIAL AND SCALE DESIGN 

b. , Mean and Standard Deviation of Maximum Torque by Knob Size 
Llorque in Inch-Uunces) 

Knoh 
Size 

(Inches) 

7j8 
1 

2-l/4 
2-112 
2-3/4 

33-l/2 

i-l,2 
5 

R 
Rectangular 

Knurl 

Mean 

188.: 
27:7 
42.6 
60.3 
85.4 

104.9 
115.6 
120.7 
156.6 
199.6 
244.5 
294.4 
367.9 
403.1 
444.3 
553.4 
694.8 
814.8 
898.5 

S.D. 

2; 

127'8" 
1713 
28.7 
35.1 
31.8 
35.6 
41.0 
51.5 
64.7 
78.5 

103.2 
95.1 

114.2 
147.1 
180.8 
219.7 
219.5 

SURFACE' 
Diamond 

Knurl 

Mean 

1X 
31:8 
45.9 
64.9 
93.1 

112.6 
116.0 
132.9 
146.8 
205.3 
210.2 
287.5 
371.9 
423.9 
477.7 
607.3 
698.0 
855.7 
973.4 

S.D. 
3.1 

E-Y 
13:5 
21.5 

E 
35:5 
37.7 
37.5 
52.8 
48.9 
74.5 

113.6 
108.4 
136.6 

,158.g 
173.9 
236.0 
262.8 

Smooth 

Mean 
3.0 

138.: 
2118 
27.2 
39.8 
47.9 
59.1 
59.9 
97.4 

124.7 
148.0 
187.0 
236.2 ' 
238.9 ' 
267.2 : 
400.4 .' 
454.2 
542.4 
716.4 

S.D. 

;."3. 

4:4 

;*g 
10:6 
15.6 
21.3 
17.2 
26.4 
38,7 

:46.7 
:52;U, 
'6311 

"69.2 
;81.1 
116.6 
135.3 
150.9 
225.8 

Performance (Controls)- Operator response time for three switches (push button, 
toggle and rotary) under O-G as opposed to 1-G does not differ significantly as 
investigated by Wade (1962). The toggle switch shows the greatest,decrement, 
the rotary switch the least while the push-button is operated most rapidly ,in 
both 1-G and O-G conditions. This data is contained in Table c below. 

C . . Means of Performance Time in Seconds for Three Switches Under Two 
Londl t7 ons . 

1G OG Difference Percent Increase 

Push Button 0.86 0.99 0.13 15 

To931 e 1.04 1.26 0.22 21 

Rotary 1.05 1.14 0.09 9 

Average 0.98 1;13 0.15 15' 

SOURCE: Human Engineering Design Criteria (88) and Wade (194). 

3-8 



VEHICULAR CHARACTERISTICS 

DISPLAYS AND CONTROLS 

DIAL AND SCALE DESIGN '. 

The desirable size of numerals and letters is affected by the distance at 
which they are to be read. For the usual reading distance of about 28 in., .it 
has been reported that two different sizes of block capital letters seem to 
satisfy the concurrent desirability for uniform size with occasional larger . 
letters for emphasis. These two sizes are 9/64 in. for the bulk of the letters 
and 11/64 in size for emphasis. Illumination, reading conditions, distance, 
and the importance of accuracy should of course be taken into account in 
selecting the size of letters or numerals for use as labels or markings. 

A formula has been developed that takes into account illumination, 
reading.conditions, viewing distance, and the importance of reading accuracy: 

, I _ . 
H (height of letter in inches) = 0;0022 D + Kl + K2 . . ,, . 

where D = viewing distance 

l? = correction factor for illumination and viewing condition 

K2 = correction for importance (for important items such as 
emergent 

3 
labels, K2 = 0.075; for all other conditions, 

K2 = 0.0 . 

This formula has been applied to various viewing distances, in combination 
with the other variables, and the heights of letters and numerals derived there- 
from. These values are given in table d. It should be kept in mind 
that these are approximations of desirable heights; values within reason of 
those given would generally produce relatively comparable legibility. Needless 
to say, one should not apply such a formula arbitrarily, without taking into 
account special facets of the particular situation. A set of recommended 
heights for the Apollo System at 28" viewing distance, low brightness (down to 
0.03 ft. L) range from 0.05 to 0.20 in. for noncritical, normal situations, up 

. 

. 
to a range of 0.20 to 0.30 in. for critical, adverse situations. 

, 

m: Compendium of Human Responses to the Aerospace Environment, Vol. I (50), 
McCormick (119) and Mote (136). 
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VEHICULAR CHARACTERISTICS 

DISPLAYS AND CONTROLS 

DIAL AND SCALE DESIGN 

d. Heights of Letters and Numerals (H) Recommended for Labels and Markings 
on Panels, for Varvlnq Distances and Conditions* 

Virrin~ d;rtanr~, mm LY Norr inpomnr m.rkinp I-port~nf nekimp 

inckts 
D&t 

6, = 0.06 K, -  0.16 K, - 0.26 R, - 0.06 K, - 0.16 K, - 0.26 
------~-- -- 

14 0.0308 0.09 0.19 0.29 0.17 0.27 0.37 
28 0.0616 0.12 0.22 0.32 0.20 0.30 0.40 
42 0.0916 0.15 0.25 0.35 0.23 0.33 0.43 

56 0.1232 0.18 0.28 0.38 0.25 0.35 0.45 

Ihmination le~ci,jc Reading situation Kt rraluc 

Above 1.0 Favorable 0.06 
Above 1.0 Unfavorable 0.16 
Below I .O Favorable 0.16 
Below 1.0 Unfavorable 0.26 

*Derived from Formula H (in.) = 0.0022 D + Kl + K2 

m: Compendium of Human Responses to the Aerospace Environment, Vol. 1(50), 
McCormick (119) 
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VEHICULAR CHARACTERISTICS 

DISPLAYS AND CONTROLS 

DIAL AND SCALE DESIGN 

\'. 
SOURCE: Human Engineering Design Criteria for Military Systems (89). 

3-11 



VEHICULAR CHARACTERISTICS 

FASTENERS 

CONSIDERATIONS FOR THE SELECTION OF MECHANICAL FASTENERS 
FOR USE IN A REDUCED GRAVITY ENVIRONMENT 

In a reduced gravity environment the ability of a man to apply a force on 
a mechanical fastener (nut and bolt) is limited due to his decrease in weight in 
a reduced gravity environment. This section presents data on various types of 
fasteners and on the forces required to apply these fasteners. 

Use of rivets, pins, retaining rings, spring clips, etc., are greatly 
dependent upon specific applications, therefore manufacturers data should be 
consulted. 

Threaded Fasteners 

Joint strength is affected more by the clamping force than by the rated 
tensile strength of the threaded fastener and the clamping force is proportional 
to the tightening torque. 

Variations of the standard threaded fasteners include set screws, tapping 
screws, and single thread engaging nuts. 

Set screws are essentially compression devices used as semi-permanent 
fasteners to hold collar and sheave or gear on a shaft against rotational or 
translational forces. 

m: Design Fasteners (55). 
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Suggested Tightening Torque1 Values to Produce Corresponding Bolt Clamping Loads 
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VEHICULAR CHARACTERISTICS 

FASTENERS 

CONSIDERATIONS FOR THE SELECTION OF MECHANICAL FASTENERS .' 
FOR USE IN A REDUCED GRAVITY ENVIRONMENT 

b. Suggested Maximum Torque Values for Fasteners of Different Materiall I__,__,__ -..-- _- ----._. .-_c 

*-66 
2-64 
3-40 
3-66 
4-40 

I., 
1.7 
2.1 
2.4 
2.9 

2.0 
26 
3.2 
3.6 
4.3 

4-48 3.6 6.4 
J-40 4.2 6.3 
J-44 5.1 -I., 
6-32 6.3 7.9 
6-40 6.6 9.9 

8-32 10.R 16.2 
8-36 12 0 18 0 

1 O-2, 13.8 18.6 
IO-32 19.2 25.9 

?4 '-20 45.6 61.5 

'A '-28 57.0 77.0 
Am-18 80 107 
Am.24 86 116 
%"-I6 143 192 
$4 "-24 157 212 

228 
242 
313 
328 
413 

317 
327 
422 
443 
568 

12 "-18 456 615 
y--11 715 807 
K "-18 798 lOl6 
5: "-10 980 1249 
Y "-16 958 1220 

1495 
1490 
2205 
1995 

l%"-7 265 
1%.-12 251 
I%"-? 336 

*%"-I* 308 
lW"-6 670 
I%"-12 460 

1905 
1895 
2815 
1545 

337 
316 
426 

394 
727 
575 

2.6 2.3 
3.1 2.8 
4.0 3.6 
4.6 4.1 
5.3 4.8 

6.7 6.1 
7.8 7.1 
9.6 8.7 
9.6 8.9 

12.3 11.2 

20.7. 18.4 
22.4 20.4 
25.9 21.2 
34.9 29.3 
86.3 68.8 

IO6.0 87.0 
149 123 
160 131 
266 219 
294 240 

427 349 
461 371 
594 480 
613 602 
774 632 

8.55 697 
1330 1030 
1482 ,164 
1832 3416 
1700 1382 

27'16 2140 
2765 2130 
4130 3185 
3730 2686 

2.2 2.6 2.6 
2.7 3.0 3.2 
3.5 3.9 4.0 
4.0 4.4 4.6 
4.7 6.2 6.6 

6.9 6.6 6.9 
6.9 1.7 8.1 
6.6 9.4 9.8 
8.7 9.6 10.1 

10.9 f2.1 12.7 

17.8 
19.6 
20.R 
29.7 
66.0 

90.0 
129 
139 
212 
232 

338 
361 
465 
497 
613 

"68 
1000 
1140 
1259 
1230 

1919 
,911 
2832 
2562 

Muhum Torqm (lb-Il., 
499 383 340 
470 361 322 
627 485 432 

675 447 396 
1064 822 732 

840 651 579 

19.8 20.7 
22.0 23.0 
22.8 23.6 
31.7 33.1 
75.2 78.8 

94.0 
132 
142 
236 
269 

99.0 
133 
147 
247 
271 

376 393 
400 4lR 
617 542 
641 666 
682 713 

762 787 
,110 1160 
1244 1301 
1630 1682 
1490 165.8 

2328 2430 
2318 2420 
3440 3596 
3110 3260 

413 432 
390 406 
623 546 

480 604 
888 930 
703 732 

=E: Design Fasteners (55). 
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VEHICULAR CHARACTE.RISTICS 

FASTENERS 

CONSIDERATIONS FOR THE SELECTION OF MECHANICAL FASTENERS 
FOR USE IN A REDUCED GRAVITY ENVIRONMENT 

m: Design Fasteners (55). 
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VEHICULAR CHARACTERISTICS 

FASTENERS 

CONSIDERATIONS FOR THE SELECTION OF MECHANICAL FASTENERS 
FOR USE IN A REDUCED GRAVITY ENVIRONMENT 

Tapping screws cut or forms a mating thread in metal, plastics, and other 
materials without the need of pretapped holes. These one piece fasteners permit 
rapid installation since nuts are not used and access is required from one side 
of the joint. General specifications and dimensions for standard tapping screws 
are listed in USA Standard Slotted Head Tappinq Screws and Metallic Drive 1 
Screws, USAS B18.6.4-1967. 

d. Minimum Torsional Strength (Inch-Pounds) for Typing Screws __.-_ __-_ - 
Nnmlnn, SFn-,v A AR. R. "P. -c-- IL Ir, G II"6 T 81rs BP ."d BT conrar the cuvrxc F,"e 

2 4 3 ,: : 6 6 6 6 

: 13 1: E 1: 10 
18 16 

: ;: ;'o :i 7.0 18 :: 27 23 27 
ii 8 39 39 ii 10 18 66 ;: :i 12 R3 T9: 74 93 108 93 108 14 125 . . . 114 112 110 179 1.0 179 16 162 

5% 196 . 
290 306 310 306 370 

ii 7.50 . . . ..a 
492 

3/8 590 660 710 660 no 
i-,16 . . . . 
1/2 . . . 

- 

Single thread engaging nuts generally are used for lighter duty 
applications than multiple thread nuts of the same size. This type of 
fastener can be applied quickly and easily in most applications without any 
special tools, skills or equipment. The holding power and resistance to 
vibration loosening is dependent solely on the spring action of this type of 
fastener. 

. e. Single-Piece, Flat, Single-Thread Engaging Nut -- 

Fig. e - Single-piece, flat version of a 
single-thread engaging nut will not 
freeze to threads and is reusable. 
Locking action is provided by the spring- 
base arch compressing and producing an 
upward thrust against the screw threads, 
and the thread-engaging prongs working 
inward against the screw thread root. 

m: Design Fasteners (66). 
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VEHICULAR CHARACTERISTICS 
FASTENERS 

CONSIDERATIONS FOR THE SELECTION OF.MECHANICAL FASTENERS 
FOR USE IN A REDUCED GRAVITY ENVIRONMENT 

f. Standard Flat-Type, Conical-Thread Engaging Nut 

Fig. f - Standard, flat-type, conical- 
thread engaging nut. Tightening of the 
screw constricts the opening in this 
fastener, providing a binding action to 
lock the screw to the nut. The fastener 
is made with a large base area to 
eliminate the need for spanner washers. 
These nuts can be formed from low-carbon 
or spring steel. Low-carbon steel 
should be used only with coarse-threaded, 
sheetmetal screws. 

9. Single-Thread Engaging Locknuts Made From Spring-Tempered Steel 

h. Typical Torque and Tensile Load 
Limits - For Use With Machine 
Screws 

Fig. g- Single-thread engaging locknuts 
made from spring-tempered steel (or 
other special materials as specified). 
The thread engaging elements are spirally 
;;r,;$to match the pitch of the screw 

Reacts similar to the 
truncatbd-cone type when tightened. 

i. Typical Torque and Tensile Load 
Limits - For Use With Sheet-Metal 

=E: Design Fasteners (55). 
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VEHICULAR CHARACTERISTJCS 

FASiENERS 

CONSIDERATIONS FOR THE SELECTION OF MECHANICAL FASTENERS 
FOR USE IN A'REDUCED GRAVITY ENVIRONMENT 

Quick operating fasteners are used in cases where repeated gperatjon 
of a fastener is necessary. 

3. Comparative Properties 

L ., . . . . . . . . . 

............................ 
Oulsldr ..................... , ..... 

: : : 
f I I 
: 

t I 
-: : 

SOURCE: Design Fasteners(55). 
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VEHICULAR CHARACTERISTICS 

FASTENERS 

CONSIDERATIONS FOR THE SELECTION OF MECHANICAL FASTENERS 
FOR USE IN A REDUCED GRAVITY ENVIRONMENT 

k. Quick-Operating Fastener Types 
-~ _^. - _._ _ - _ . ,_ _ - _ 

LEVER ACTUATED -- . . . -____ c 

A-Drsw-Pull Catch, Bail Type B-Draw-Pull Catch, Hook Type C-Drnw-Pull Catch, Spring-Loaded 

D-Cam-Action Fastener ~-L~~er-Type Chassis Latch 

___--. -__- --^-^ - .“-- . .- 

TURN OPERATED 

I-Paw1 Fastener J-AdJustable Pnwl Faslfncr 

SOURCE: Design Fasteners (55). 

H--Standoff Thumbscrew 

K-Slressed Pnnrl Faslcner I 



VEHICULAR CHARACTERISTICS 

FASTENERS 

CONSIDERATIONS FOR THE SELECTION OF MECHANICAL FASTENERS 
FOR USE IN A REDUCED GRAVITY ENVIRONMENT 

k. Quick-Operating Fastener Typm-(Cont.) 

SLIDE ACTION 

c-- _____- -_ --_-_-----.-- -- - . 

I 
._II_-“.-_ --..- --- .__. - ___..__.__________ ._. __,. -. _..._ 

PUSH-PULL 

I O-Pin-Spring Finger Latch 

--. _.__ ___ 

Q-Exp;rnd;,ble-ProlII: Lnlch 

mE: Design Fasteners (55). 
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VEHICULAR CHARACTERISTICS 

MAINTAINABILITY 

SIZING AND CONFIGURATION FOR ACCESS 

a. Standing, Forward Reach (Both&,Arms) 

The subject assumed his natural standing 
posture against the front of the measuring 
apparatus and, holding the target grip 
so that the rod was vertical, he extended 
both arms horizontally through the greatly 
enlarged aperture. Both shoulders were 
thrust forward, increasing reach to a 
comfortable maximun. The lower hori- 
zontal member was brought up to touch 
the under-surface of the arms and was 
locked. The upper horizontal member was 
adjusted so that the subject could 
touch his forehead aaainst its vertical 
surface. The upper horizontal member was 
then lowered further until the subject 
could just see the upper end of the rod 
of the target grip, and was also locked. 
The subject maintained this position 
while Breadth of Aperture and Depth of 
Reach were measured. 

b. 

I I 
YZiJIXE: Kennedy and Feller (101). 
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VEHICULAR CHARACTERISTIC’S 

MAINTAINABILITY 

SIZING AND CONFIGURATION FOR ACCESS 

c. Standing, Forward Reach (Preferred Arm) 

The subject assumed,his natural standing 
posture against the front of the measuring 

apparatus and holding.the target grip so 
that the rod was vertical, he extended 
his preferred arm horizontally through 
the greatly enlarged aperture. The' 
corresponding shoulder was thrust 
forward, increasing reach to a comfort- 
able maximum. The lower horizontal 
member was brought up,to touch the 
undersurface of the, arm and was locked. 
The upper horizontal member-was adjusted 
so that the subject could touch his 
forehead against its vertical surface. 
The upper horizontal member was then 
lowered until the subjectcould just see 
the upper end of the rod of:the target 
grip, and was locked. The subject 
maintained this position while Depth 
of Reach was measured. 

d. Range of Reach 
._ 
I 

A. Depth of Reach 
Range: 19.50 to 27.50 
Mean: 23.61 
SD: 1.82 

Range: 58.25 to 70.50 
Mean: 64. ES 
SD: 2.36 

D. Floor to Doltonl of ApCnur 
Flange: 51.25 to 61.75 
h4can: 56.09 
SD: 2.05 

-.. - 
5th - 

20.25 

_-. .fm 
25th 

22.25 

NTlLE- 
50th 

23.75 

75th 

25.00 

63.25 65.00 66.25 

52.25 54.75 56.00 57.25 

95th - 
26.75 

69.00 

mE: Kennedy and Feller (101). 
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VEHICULAR CHARACTERISTICS’ 

MAINTAINABILITY 

SIZING AND CONFIGURATION FOR ACCESS 

e. Standing, Lateral Reach (Preferred Arm) 

C 
D 

The subject assuaed his natural standing 
posture with his preferred side against 
the front of the measuring apparatus and, 
holding the target grip so that the rod 
was vertical, he extended his preferred 
arm horizontally through the greatly 
enlarged aperture. The preferred shoulder 
was extended laterally, increasing reach 
to a comfortable maximum. The lower 
horizontal member was brought up to 
touch the under-surface of the arm,and 
was locked. The upper horizontal 
member was adjusted so that the subject 
could touch his forehead against its 
vertical surface. The upper horizontal 
member was then lowered further until 
the subject could just see the upper 
end of the rod of the target grip, and 
was locked. The subject maintained 
this position while Depth of Reach was 
measured. The subject was then allowed 
to withdraw from the measuring device 
while the remaining dimensions were 
measured. 

f. Range of Reach 
P -‘.’ *- ‘--- -1 

I 

5th -. 
A. Depth of Raacll 22.00 

Wmge: 21.75 1” 2L1.61 
MEan: 24.65 
SD: 1.51 

c. Floor to TOP Ol llpenure 
Racqc: 58.25 IO 70.00 
Me*": 64.70 
su: 2.32 

60.75 63.25 64.25 66.00 68.75 

54.75 56.00 57.25 59.00 

1 i SD: 2.05 
F ! 

m: Kennedy and Feller (101). 

*A breadth of 10.00 inches 
will accommodate approxi- 
mately 95 percent of the 
Air Force population. 

. - 
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f VEHICULAR CHARACTERISTICS 

MAINTAINABILITY 

SIZING AND CONFIGURATION FOR ACCESS 

9. Seated, Forward Reach (Both Arms) 

h. Range of Reach 

T 

The subject assumed a natural sitting 
posture in the chair provided. The sub- 
ject's knees touched the front of the 
measuring device. Holding the target 
grip so that the rod was vertical, he 
extended both arms horizontally through 
the greatly enlarged aperture. Both 
shoulders were thrust forward, 
increasing reach to a comfortable maxi- 
mum. Ttie lower horizontal member was 
brought up to touch the under surface 
of the arms and was then locked. The 
upper horizontal member was adjusted 
so that the subject could touch his 
forehead against the vertical surface. 
The upper horizontal member was then 
lowered further until the subject could 
just see the upper end of the rod of the 
target grip. The horizontal member was 
then locked. The subjects maintained 
this position while Breadth of Aperture 
and Depth of Reach were measured. The 
subject was then allowed to withdraw from 
the measuring device while the remaining 
dimensions were measured. 

i .--- -,-u I I 

=E: Kennedy and Feller (101). 
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VEHICULAR CHARACTERISTICS 

MAINTAINABILITY 

SIZING AND CONFIGURATION FOR ACCESS 

i. Reconmended Aperture Sizes and Depths of Reach for Shirt-Sleeved 
Technicians 

Standins Positions 

A. Depth of ‘Reach, 
5th Percentile 

Fomard Reach, Forward Reach,, Lateral Reach 
Both Iums Preferred Arm Preferred Arm 

19.25 20.25 22.00 

B. Breadth of 
Aperture, 95th 
Percentile 

19.50 12.00 10.00 

C. Floor to Top of 
Aperture, 95th 
Percentile 

69.00 69.00 68.75 

D. Floor to Bottom 52.25 52.25 52.25 
of Aperture, 5th 
Percentile 

E. VeNcal Dimenslon 16.75 16.75 16.50 
of Aperture 
(C minus D) 

=E: Kennedy and Feller (101). 

A. Depth of Reach, 
5th Percentile 

B. Breadth of 
Aperture, 95th 
Percentile 

C. Floor to Top of 
Aperture, 95th 
Percentile 

D. Floor to Bottom 
of Aperture, 5th 
Percentile 

E. Vertical Dlmenslon 
of Aperture 
(C minus D) 

Seated Positions 

Normal, Cross-L-egged, 
Both Arms Both Arms 

1s .oo 13.75 

18.25 17.7s 

46.50 28.00 

34.25 17.00 

12.2s 11.00 
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VEHICULAR CHARACTERISTICS 

MAINTAINABILITY 

SIZING AND CONFIGURATION FOR ACCESS 

1. Space Envelope for Plug-In Operations (Tubes of-Various Sizes Removed 
and Keplaced) _I . . . __ .- __.= --.. __.._ 
U..-r..,--_. 1.-.. _,-_ 

DISTANCE 
FROM 

ENDOF 
FINGERS 

1 INCH 

2 INCHES 

3 INCHES 

4 INCHES 

5lNCHES 

6 INCHES 

HORIZONTAL AXIS 

LEFT YIIDTH RIGHT VIIDTH 
MEAN RANGE f:IEAN RANGE 

1.19 562.05 1.69 1.18-2.45 

1.43 .68-2.40 2.04 1.41-2.68 

1.53 68-2.40 2.23 1.90-2.56 

1.59 .62-2.35 2.24 1.75-2.81 

1.58 .56-2.30 2.16 1.37-2.87 

1.55 .56-2.30 2.07 $7-2.75 

VERTIC 
- 

UP 
h!EAN RANGE 

1.23 .41-1.91 

1.74 .75-2.91 

2.06 1.16-3.25 

2.30 1.58-3.75 

2.46 1.50-3.91 

2.56 1.80-3.91 

\L AXIS 

DOWN 
MEAN RANGE 

1.31 .41-2.66 

1.64 .83-3.33 

1.70 -83-3.41 

1.55 .66-3.16 

1.30 .41-2.66 

1.08 .25-2.50 

m. Space Envelope for Grasping and Turning 'I-001s (Pliers and Wire Cutters) -~-I-.~~ - .-.,. ,. -. -.,L.-.--. I.. ~... . _..._. - ._. -_ .._..._... --_ 

DISTANCE 
FROM 

ENDOF 
FINGERS 

1 INCH 

2lNCHES 

31NCHES 

4 INCHES 

5 INCHES 

6 INCHES 
c 

HORIZONTAL AXIS 

LEFTWIDTH 
MEAN RANGE 

- 
1.64 50-2.65 

1.96 .68-3.20 

2.08 .81-3.50 

1.86 .56-3.40 

1.49 .47-3.20 

1.29 so-2.80 
--_.-__ 

RIGHT UIDTH UP 
MEAN RANGE MEAN RANGE 

1.67 .66-2.25 1.20 -50-1.83 

2.19 1.18-2.68 1.61 .66-2.16 

2.44 1.50-3.12 1.72 .75-2.16 

2.49 1.68-3.37 1.74 -83-2.41 

2.09 1.68-3.00 1.83 1.00-2.50 

2.36 1.62-2.99 1.83 1.08-2.50 
---- --- 

T VERTICAL AXIS 

DOWN 
MEAN RANGE 

1.69 .66-3.08 

2.26 1.00-3.16 

2.66 1.00-2.91 

1.88 .91-2.41 

1.52 .83-2.08 

1.40 .66-2.08 

=E: Altman, Marchese, et al (8), Human Engineering Design Criteria (88), 
and Kennedy and Feller (101). 
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VEHICULAR CHARACTERISTICS 

MAINTAINABILITY 

SIZING AND CONFIGURATION FOR ACCESS 

n. Space Envelope Required for Using an Average-Sized Socket Allen -.-. 
Wrench to Kemove a Knob (2 Inches ln Length) .,... -- .-___ --- _._-___ 

DISTANCE 
FRDhl 

ENDOF 
FINGERS 

1 INCH 

21NCHES 

31NCHES 

4 INCHES 

5lNCHES 

6 INCHES 

HORIZONTAL AXIS 

LEFT WIDTH RIGHT WIDTH 
MEAN RANGE MEAN RANGE 

1.02 .OO-1.87 2.95 2.12-4.00 

1.12 .00-2.00 3.38 2.12-4.56 

1.22 .OO-2.13 3.38 2.12-4.35 

1.31 .OO-2.18 3.07 193-3.87 

1.36 .OO-2.18 2.64 1.62-3.37 

1.42 .OO-2.13 2.31 1.41-3.12 

VERTICAL AXIS 

DOWN 
MEAN"RANGE MEAN RANGE 

3.36 2.50-4.50 1.79 .33-5.33 

3.72 3.00-4.41 2.26 .66-5.41 

3.59 3.00-4.08 2.54 .66-5.08 

3.31 2.25-3.75 2.50 .66-4.16 

2.91 1.25-3.40 2.25 .66-3.83 

2.77 1.16-3.41 2.01 .58-3.41 

0. Space Envelope Required for Using an Average-Sized Socket Wrench to Tura 
a-Nut (3/8 Inch Base with 3-l/4 Inch Shaft] 

DISTANCE 
FROM 

ENDOF 
FINGERS 

1 INCH 

21NCHES 

31NCHES 

41NCHES 

5lNCHES 

61NCHES 

HORIZONTAL AXIS 

LEFT WIDTH 
MEAN RANGE 

2.09 .47-3.20 

2.12 .50-3.35 

2.04 .56-3.31 

1.86 .68-3.18 

1.54 .56-2.81 

1.31 .47-2.50 
___- 

RIGHT WIDTH 
MEAN RANGE 

2.92 2.25-4.30 

3.25 2.37-4.55 

3.13 2.43-4.35 

2.94 2.06-4.35 

2.73 1.93-4.35 

2.55 1.37-4.25 

VERTICAL AXIS 

UP DOWN 
YlEAN RANGE MEAN RANGE 

2.73 2.00-3.75 2.88 2.08-3.33 

2.86 1.75-3.75 2.65 1.66-3.41 

3.10 1.83-4.25 2.10 1.33-2.50 

3.23 2.08-4.41 1.65 1.08-2.08 

3.25 2.33-4.08 1.10 0.66-1.75 

3.11 2.50-4.16 0.76 0.50-1.25 

mE: Altman, Marchese, et al (8), Human Engineering Design Criteria.(88), 
and Kennedy and Feller (101). 
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VEHICULAR CHARACTERISTICS 

MAINTAINABILITY 

SIZING AND CONFIGURATION FOR ACCESS 

P* Workspace for Hand Tool Tasks 

1 

- 
TURNINGBOLTWITH 

COMMON SCREWDRIVER 

(VERTICAL PLANE) 

TURNING BOLT WITH 

COhlMON SCREWDRIVER 

(HORIZONTALPLANE) 

TURNING BOLT WITH 

OFFSETSCREWDRIVER 

(VERTICAL PLANE) 

TURNING BOLT WITH 

OFFSETSCREWDRIVER 

(HORIZONTALPLANE) 

CUTTING WIRE 

(VERTICAL PLANE) 

CUTTING WIRE 

(HOHIZONTALPLANE) 

-- --. 
DEPTH OF 
REACH (2) 

( INCHESFROM 
ACCESSTO 

WORK POINTI 

UNCLOTHED ARM 

MAXIMUMSPACE USEDATANY DEPTH 

----r--- 

HEIGHT 
DOWN 

ARCTIC 
LEATt -- - 

JAC 
IER 

KET AND 
GLOVE 

WIDTH /Xl- 
RIGHT LEFT 

(Y) WIDTH (X) HEIGHT 
UF RIGHT LEFT DOWN 

07 
UP 

-.--- 

6 

I2 

18 

.24 

20 I.2 22 1.7 2.3 I.9 2.3 I9 

23 2.0 2.3 I7 34 31 31 24 

2.8 I.8 2.3 20 3.8 2.9 32 38 

3.3 1.8 2.3 2.0 3.8 2.5 41 2.9 

6 

12 

I8 

24' 

24 2.2 03 8.3 2.8 I6 07 86 

29 1.4 1.9 8.3 32 2.3 23 8.4 

3.4 1.5 22 83 4.0 20 i8 80 

6 38 25 38 1.1 28 46 44 I.1 

12 2.3 4.4 4.i 1.4 28 5.3 5.2 2.4 

18 2 7 4.3 4.4 29 29 5.3 5.4 2.5 

24 3.3 4.2 4.4 1.2 40 44 44 3.1 

6 2.5 4.8 I.4 2.8 2.5 4.3 1.5 3.6 

I? 33 4.3 21 3.7 3.2 52 2.7 3.3 

I8 3.1 4.2 28 37 37 45 28 3.8 

24 3.5 4.4 3.4 41 3.7 53 44 34 

6 2.3 1.9 I.8 

I2 25 2.0 2.3 

I8 30 21 2.3 

24 1.9 3.3 3.5 

2.2 -6 

2.2 37 

23 35 

2.3 2.4 2.3 

2.0 31 24 

29 3.4 28 

3.1 4.2 3.4 

6 28 0.6 I.4 

I2 2.7 IO 2.3 

18 2.9 1.5 2.3 

24 3.8 I.7 3.7 

I.2 32 I8 

21 32 2.7 

2.9 3.0 28 

2.9 4.5 28 

ALL MEASUREMENTSAREININCHES DEPTH ~SALONGANlMAGlNARY LINE FROM THECENTEROF THE WORK POINTTOTHE 

CENTEROF THE EXTERNAL ACCESS HEIGHT AND WIDTH MEASURES ARE TAKEN FROMTHE SAME IMAGINARY LINE 

l SUBJECTWASUNABLE TOREACH THE WORKPOINT THROUGH THEACCESSAT THISDISTANCE 

l ' LtFTANORIGHT DIRECTIONSAREINRESPECTTOSUBJECTFACINGTHE TASK. 

m: Altman, Marchese, et al (8), Human Engineering Design Criteria (88), 
and Kennedy and Feller (101). 
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VEHICULAR CHARACTERISTICS 

MAINTAINABILITY 

SIZING AND CONFIGURATION FOR ACCESS 

9. Work Space Requirements 

T\VOHANDREACH6TOX 
INCHES IN DEPTH 

BLIND ACCESS 

BULKY PROTECTIVE A 6".PLuS75%oF REACH 
CLOTHING B 7" 

VISIBLE ACCESS B ' 226,, 

INSERT OBJECT WITH HANDLES ON FACE 

8.5" OR BOX PLUS 1.5" \I:IIICHEVCR IS GtlEATCR 

ARMTO ELBOW 

LIGHT CLOTHItiG I 4 5" X 4 5" DIA OR 3.5" 
AROUN~~BJECT 

BULKYFROTECTIVECLOTHING 
7" X 7" DIA OR 3 5" 
AROUNDOBJECT' 

ARMTO SHOULDER 

LIGHT CLOTHING 

BULKY PROTECTIVECLOTHING 

I, : 
/!l!e! - I. WY; .,:,...,. .’ : ’ +i I l---T 
I-----B 

INSERT OBJECT C'ITH HANDS ON SIDES 

A BOX PLUS 1.5" I B BOX RUS 4S"(LIGIIT CLOTHI:+) 
BOX PLUS 7"(BULKY PROTECTIVE CLOTIIING) 

m: Human Engineering Design Criteria (88). 
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SIZING AND 

VEHICULAR CHARACTERISTICS 

MAINTAINABILITY 

CONFIGURATION FOR ACCESS 

9. Work Space Requirements (Cont.) 

FOR INSERTING Eh'lPTY 
HANDS,APERTURESIiOULDBE 
4” HIGH BY 
3/4X DEPT!i OF REACH 

r. Curvature of Handle or Edae 

WEIGHT OF ITEM RADIUS OF CURVATURE (MINIMUM) 
UP TO 15 LBS: R - 1'8IN. 

- GRIPPING EFFICIENCY IS BEST 
15 TO 20 LBS: R - I!4 IN. IF FINGERSCAN CURL AROUND 

R - 3.'8 IN. - HANOLEOREDGETOAN ANGLE 
OVER 20 LBS: BUT 1'51N. OF IZODEGREESOR BETTER. 

T-BAR POST: T - l/2 IN. 

m: Human Engineering Design Criteria (88). 
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VEHICULAR CHARACTERISTICS 

MAINTAINABILITY 

SIZING AND CONFIGURATION FOR ACCESS 

S. Dimensions of Handle, 

DIMENSIONS EXPECTEDUSERCLOTHING 
OFHANDLE BAREHAND GLOVEDHAND ARCTICMITTEN 

TYPEOFHANDLE: X Y z x Y z x Y z 

ONE-HANDBAR 2.0 4.25 2.0 2.5 4.15 2.0 3.0 5.5 3.0 

TWO-HAND BAR 2.0 8.5 2.0 2.5 9.5 2.0 3.0 11.0 3.0 

TWO-FINGER BAR 1.25 2.5 1.5 1.5 3.0 1.5 DON'T USE 

ONE-HANDRECESS 2.0 4.25 3.5 2.5 4.75 4.0 3.0 5.5 5.0 

TWO-FINGER RECESS 1.25-DIA 2.0 1.5-DIA 2.0 DON'T USE 

ONE-FINGER RECESS 1.25~DIA 2.0 1.5-DIA ‘24 DON'T USE 

FINGER-TIP RECESS 0.75-DIA 0.5 l.O-DIA 0.75 DON'T USE 

T-BAR 1.5 4.0 1.5 2.0 4.5 2.0 DON'T USE 

J-BAR 2.0 4.0 2.0 2.0 4.5 2.0 3.0 5.0 3.0 

t. Types of Handles 

T-BAR FINGER BAR J-BAR 

g<&@-~ 

SOURCE: Human Engineering Design Criteria (88). 
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VEHICULAR CHARACTERISTICS 

MAINTAINABILITY 

SIZING AND CONFIGURATION FOR ACCESS 

u. Minimal Finger Access to First Joint 

: 1, : T’CO FIWGER TY’IST ACCESS: 
..::fjy ~~~ev~~91d, 

2.0” dia. ckzfance around object 
. 2.5” dia. clwaoce trouad object 

I. 
A’. .$c! 
;i . . . . 
: VACCLM TUBE INSERT [tube held as al right): 

l Minialure lube: 2.0” dia. ciearzxe awnd object 
0 Lalbc! IL&: 4.0” dia.‘cicarance around object 

V. Minimal One Hand Access Openings 

EMPTY HAND TO KRISF WIDTH HEIGHT 
’ 3.75” sq. or dia 

2.25”~ 4.0” orb.0” dia. 
+. 0 Clove or millen: 4.0” x 6.0” OI 6.0” dia. 
” l Dulky Prolective miflen: 5.0”~ 6.5” 01 6.5” dia. 

7 /- 111 A HAND PLUS 1” DIA OBJECT, 

7.0” sp. or dia. 

HAtiD PLUS DRJECT OVER I” I# DIA 
TO WRIST: 

0 6af.e hand: 
1.75” cfealance arocnd objecl 

e Glove or mitlen: 
2.5” clearance around object 

0 t?J!ky PlOkCh2 millen: 

3.5” clearance around object 



VEHICULAR CHARACTERISTICS 

MAINTAINABILITY 

SIZING AND CONFIGURATION FOR ACCESS 

w. Space Envelope For Tools Which Require Hand Rotation- --.-- 
(STreW d~~vers.,‘.jp'in~ites).- -.'-- 

DISTANCE I-. 
HORIZONTAL AXIS VERTICAL AXIS 

FROM END LEFT WIDTH RIGHT VllDTH UP DOWN 
OF FINGERS MEAN RANGE hlEAN RANGE h!EAN RANGE hlEAN RANGE 

- 
1 IN. 1.16 .68-2.00 1.90 1.37-2.50 1.51 .66-2.25 1.26 50-2.08 
2 IN. 1.45 .92-2.25 2.31 1.75-2.85 2.00 1.08-2.91 1.62 .58-2.33 
3 IN. 1.49 .93-2.25 2.42 1.88-2.81 2.26 1.25-3.33 1.67 .58-2.58 
4 IN. 1.45 .65-2.20 2.40 1.75-3.00 2.39 1.25-3.33 1.52 .58-2.50 
5 IN. 1.41 .40-1.95 2.32 1.63-2.95 2.31 1.25-3.50 1.36 .58-2.25 
6 IN. 1.31 -35-2.50 2.21 1.68-2.90 2.44 1.83-3.58 1.04 .33-1.83 

NOTE: The points are given in inches from an imaginary line extending along the 
axis of the tool involved. When all four underlined points are plotted on 
perpendicular axes they describe the maximum average volume required for 
the operation. A more generous and comfortable envelope is described by 
using the maximum range values instead of the maximum mean values. 

-E: Human Engineering Design Criteria (88). 
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VEHICULAR CHARACTERISTICS 

MAINTAINABILITY 

SIZING AND CONFIGURATION FOR ACCESS 

X. Limited Spacing Between Control 

TYPE: ROLLER (CONTINUOUS) 
LENCl tI= 1.000 
WIDTH - .375 

SWEPT AREA: 
BARE HAND: MAJOR AXIS= .B 

% 

MINOR AXIS q 1.8 
GLOVED HAND: 

-. . . 
‘\ MAJOR AXIS = 2.12 

MINOR AXIS = 1.25 

TYPE: ROUND KNDD 
DIAMETER= .125 
HEIGHT = .500 

SWEPT AREA: 
BARE HAND: DIA = 1.2 
GLOVED HAND: DIA = 1.4 

BARE HAND 

TYPE: TOGGLtI SWITCH 
DIAMETERL .I25 
tiElGHT = ,375 

SWEPT AREA: 
BARE HAND: MAJOR AXIS= 1.30 

MINOR AXIS = .ES 
GLOVED HAND: MAJOR AXIS= 1.30 

MINOR AXIS= .85 

TYPE: ROUND KNOB 
DIAMETER = .875 
HEIGHT = 500 

SWEPl AREA: 
BARE HAND: DIA= 1.8 
GLOVED HAND: DIA = 2.4 

GLOVED HAND -------- 

=E: Human Engineering Design Criteria (88). 
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VEHICULAR CHARACTERISTICS 

MAINTAINABILITY 

SIZING AND CONFIGURATION FOR ACCESS 

X -0 Limited Spacing Between Control (Cont.) 

TYPE: PUSHBUTTON TYPE: PUSHBUTTON 

DIAMETER = .125 DIAMETER = .500 

HEIGHT = .187 
SWEPT AREA: 

BARE HAND: DIA q .65 
GLOVED HAND: DIA= .85 

B 
TYPE: ROUND SELECTOR KNOB 

DIAMETER = .425 
HEIGHT = ~525 

SWEPT AREA: 
BARE HAND: MAJOR AXIS= 1.2 

MINOR AXIS= .9 
GLOVED HAND: DIA = 1.5 

I 
I 

BARE HAND 

.-= 0 -- J 
TYPE: BLADE KNOB 

WIDTH OF BLADE = .375 
LENGTH q SO0 
HEIGHT = .500 

SWEPT AREA: 
BARE HAND: DIA= 1.35 
GLOVED HAND: 

MAJOR AXIS = 2.19 
MINOR AXIS = 1.50 

I I I I I I I 1 I I 1 

tTTl--I i i i i i I 
GLOVED HAND -------- 

=E: Human Engineering Design Criteria (88). 
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VEHICULAR CHARACTERISTICS 

MAINTAINABILITY 

SIZING AND CONFIGURATION FOR ACCESS 

X. Limited Spacing Between Control (Cont.) 

TYPE: ROUND SELECTOR KNOB 
DIAMETER = .62 
HEIGHT = .50 

SWEPT AREA: 
BARE HAND: DIA = 1 .40 
GLOVED HAND: 

MAJOR AXIS = 1.75 
MINOR AXIS= 1.25 

TYPE: BLADE KNOB 
LENGTH q 2.37 
HEIGHT = 1.00 

SWEPT AREA: 
BARE HAND: DIA= 3.37 
&LOVED HAND: DIA = 3.50 

TYPE: HEXAGONAL KNOB 
DIAMETER = 150 
HEIGHT = .375 

SWEPT AREA: 
BARE HAND: DIA= Ii,0 
GLOVED HAND: 

MAJOR AXIS= 1.65 
MINOR AXIS,= 1 .O 

1.. 
TYPE: SKIRTED KNO’B’ 

DIAMETER = .5.00 
HEIGHT = .375 

5WEPi AREA: 
BARE HAND: DIA= 1.6 
GLOVED HAND: DIA = 2.0 

BARE HAND - GLOVED HAND ------ 

=E: Human Engineering Design Criteria (88). 
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VEHICULAR CHARACTERISTICS 

MAINTAINABILITY 

SIZING AND CONFIGURATION FOR ACCESS 

~,,.Aperture Sizes and Depths of Reach for Technicians Wearing the 
#LfP-22"%2%Ai I-Pressure bult - Standing, korward Reach (Both Arms) 

A. Depth of Reach 
Vented 
1 psi 
3-l/2 psi 

--- .--. -.- -.-._ ._ ._-__ _ ___ 
B. Breadth of Aperture 

Vented 
1 psi 
3-l/2 psi 

C. FlDOr to Top of 
Aperture 

Vented 
1 psi 
3-l/2 psi 

D. Floor to Bottom 
of Aperture 

Vented 
1 psi 
3-l/2 psi 

E. Vertical Dimension of 
Aperture (C minus D)** 

Vented 
1 psi 
3-l/2 psi 

_--- 

5th* 

16.00 
14.25 

7.50 

.--- -I--. ‘. 
-- 

95th" yean j SD 

1.57 
1.62 
2.60 

-- --- 

23.00 19.24 
25.00 21.18 
26.00 23.60 
--- 

1.34 
1.81 
1.84 

Range 

16.00 to 21.75 
14.00 to 19.50 

7.50 to 15.75 

17.00 to 23.25 
18.50 to 25.25 
19.25 to 26.00 

68.00 63.86 2.88 59.75 tD 68.00 
65.75 62.61 2.01 59.75 to 66.00 
66.25 60.38 2.58 56.25 to 66.50 

50.75 53.49 2.58 50.25 to 57.50 
50.00 52.38 1.78 49.75 to 55.50 
46.50 50.80 2.33 46.25 to 55.50 

17.25 
15.75 
19.75 

m: Human Engineering Design Criteria (88). 
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VEHICULAR CHARACTERlSTltS 

MAINTAINABILITY 

SIZING AND CONFIGURATION FOR ACCESS. 

Z, Aperture Sizes and Depths of Reach for Technicians Wearing the 
A/P 22S-2 kull-Pressure ul # (P eat referred Arm) 

5th" 95th* Mean SD Ranqe 
A. DeE.bidof Reach 

18.00 20.91 1.78 18:OO to 24.00 
1 psi 15.25 18.25 1.77 15.00 to 21.00 
3-l/2 psi 11.00 14.46 2.25 10.75 to 20.00 

B. Br;Irzt;h of Aperture 
11.50 1o.m 0.79 9.25 to 11.50 

1 psi 12.50 11.40 0.85 9.75 to 12.50 
3-l/2 psi 14.00 13.09 0.91 ll.qo to 14.00 

C. Floor to Top of 
Aperture 

Vented 67.75 63.71 2.77 60.25 to 68.00 
1 psi 65.75 62.19 2.09 58.75 to 66.00 
3-l/2 psi 64.25 59.53 2.31 55.75 to 64.50 

___- -.--_-.-- _-.-. 
D. Floor to Bottom 

of Aperture 
Vented 50.50 53.49 2.58 50.25 to 57.50 
1 psi 50.00 52.38 1.78 49.75 to 55.50 
3-l/2 psi 46.50 50.80 2.33 46.25 to 55.50 

- -_^_ I ._ _ _. ..- - 
E. Vertical Dimension of 

Aperture (C minus D) 
Vented 17.25 
1 psi 15.75 
3-l/2 psi 17.75 

m: Human Engineering Design Criteria (88). 

3-40 



VEHICULAR CHARACTERISTICS 

MAINTAINABILITY 

SIZING AND CONFIGURATION FOR ACCESS 

aa. Mean Work Times and Standard Deviations for Removing Two Nuts Using 
an Open-End Wr~~~~%i&~~~~?&zonds) _ __ _ -. 

Task Location 20 - 
Left Side 174.1(16.9) 

Right Side 196.9(24.9) 

Top 176.6(22.3) 

Bottom 197.0(23.5) 

Rear 160.3(31.6) 

Baseline 50.1 

Task Location 20 - 
Left Side 217.3(39.0) 

Right Side 225.6(39.8) 

TOP 233.6(32.4) 

Bottom 211.6(15.3) 

Rear 189.6(49.9) 

Baseline 52.8 

Task Location 20 - 
Left Side 207.0(30.8) 

Right Side 221. l(55.6) 

Top 237.3(37.2) 

Bottom 228.0(59.6) 

Rear 247.9(50.7) 

Baseline 58.2 

15-cm (6-inch) Depth 

Aperture Sizes (cm) 

25 30 35 - - - 
128.6(12.8) 99.4(12.8) 92.0( 7.6) 

145.4( 9.8) 106.4( 9.6) 107.7(11.6) 

123.7(18.1) 88.9( 5.8) 91.1(12.1) 

141.0(19.9) 88.1( 9.0) 79.6( 7.9) 

100.3(21.1) 61.4( 7.8) 52.1( 3.6) 

30-cm (12-inch) Depth --- 
Aperture Sizes (cm) 

25 30 35 - - - 
141.3(21.3) 115.6(19.0) 109.9(21.1) 

198.0(53.5) 114.7(23.9) 94.6(13.6) 

142. l(30.9) 98.7(11.(I) 100.7(17.7) 

146.0(23.4) 98.3(13.0) 77.7( 9.8) 

107.1(16.6) 80.1( 8.5) 64.0( 6.0) 

45-cm (18-inch) Depth ________~ 
Aperture Sizes (cm) 

25 30 35 

168.230.4) 
- - 

114.7(22.5) 96.4(13.9) 

164.4(40.3) 96.7(14.0) 98.7(14.8) 

155.6(34.4) 95.0(17.2) 88.4( 9.9) 

117.0(22.8) 94.9(13.5) 102.1(18.2) 

116.4(24.6) 65.4( 7.9) 52.4( 3.2) 

40 - 
85.0( 7.4) 

79.0( 7.7) 

87. l(10. 1) 

79.0( 4.1) 

43.9( 8.6) 

40 - 
90.3(12.2) 

96.4(10.7) 

87.7(11.2) 

89.1( 8.1) 

56.0( 5.0) 

40 - 
96.0(18.0) 

93.7(21.2) 

84.6(18.1) 

94.9(29.8) 

51.4( 4.4) 

( ) = Standard Deviations 

mE: Kama (100). 
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VEHICULAR CHARACTERISTICS 

MAINTAINABLITY 

SIZING AND CONFIGURATION ACCESS 

ab. Mean Work Times and Standard Deviations for Replacing Two Nuts Using 
an Open-End Wrench (Values in Seconds) 

Task Location 20 - 
Left Side 200.6(24.5) 

Rig’ht Side 206.4(26.8) 

Top 223.1(25.6) 

Bottom 204.3(24.5) 

” Rear 154.3(24.6) 

Baseline 57.0 

Task Location 20 - 
Left Side 226.6(52.7) 

’ Right Side 252.7(49.6) 

Top 274.9(43.6) 

Bottom 249.0(29.5) 
.! .Rear 218.7(59.3) 

Baseline 61.7 

Task Location 20 - 
Left Side 198.3(60.5) 

Right Side 319.0(61.0) 

TOP 248.7(49.4) 

Bottom 243.6(38.9) 

Rear 332.6(77.6) 

Baseline 51.2 

15-cm (6-inch) Depth 

Aperture Sizes (cm) 

25 30 35 40 - - - - 
112.3( 7.9) 100.3( 6.6) 85.3( 6.0) 83.3( 8.6) 

179.4(23.1) 122.3(13.7) 143.9(14.5) 93.6( 5.7) 

127.6(24.2) 102.6( 7.2) 123.1(22.5) llO.l(l6.2) 

130.6(21.3) 100.4(19.5) 92.9(10.8) 78.9( 6.8) 

146.6(27.1) 77.91 5.8) 56.7( 5.2) 54.9( 3.1) 

30-cm (12-inch) Depth 

Aperture Sizes (cm) 

25 30 35 40 - - - - 
141.6(24.2) 110.9(22.3) 113.4(22.9) 119.9(21.7) 

195.7(58.1) 151.1(35.4) 105.7(19.3) 130.1(,17.2) 

147.3(35.7) 125.1(13.1) 109.9(21.0) 110.4(15.9) 

169.1(26.7) lll.g(l2.9) 114.7(28.8) 117.4(20.1) 

127.3(60.1) 99.3(18.1) 69.4( 7.3) 64.0( 6.4) 

45-cm (18-inch) Depth 

Aperture Sizes (cm) 

25 30 35 40 

124.Zl5.9) - 
- 

100.1(12.0) 93.7( 7.4) - 89.6(14.5) 

207.6(50.4) 131.3(22.4) 129.9(17.1) 127.6(36.8) 

126.4(17.7) 87.1(12.2) 105.4(17.8) 82.3( 8.7) 

150.3(33.5) 117.0(26.2) 103.3(16.2) 125.7(35.5) 

151.6(29.5) 90.1(14.4) 62.7( 5.4) 63.9( 9.5) 

( ) = Standard Deviations 

mE: Kama (100). 
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VEHICULAR CHARACTERISTICS 

MAINTAINABILITY 

SIZING AND CONFIGURATION FOR ACCESS 

ac. Mean Work Times and Standard Deviations-for Removing Two Nuts Using --_-_ ; - -. _ 
a Ratch& Wrench [V~ltL% Yn-“sh’kZdi~j ----- 

Task Location 20 - 
Left Side 81.4(45.1) 

Right Side 89.6(17.2) 

Top 99.6(17.0) 

Bottom 76.9(17.0) 

Rear 129.0(83.1) 

Bc seline 32.7 

Task Location 20 - 
Left Side 80.0(14.2) 

Right Side 88.3(15.5) 

TOP 107.1(39.8) 

Bottom 89.4(21.3) 

Rear 77.7(15.2) 

Baseline 31.6 

Task Location 20 - 
Left Side 112.4(37.7) 

Right Side 134.6(54.3) 

Top 182.7(76.9) 

Bottom 127.4(46.8) 

Rear . . . . . . . . . . 

Baseline 28.0 

mE: Kama (100.). 

15-cm (6-inch) Depth 

Aperture Sizes (cm) 

25 30 35 - - - 
66.1(10.9) 61.0(11.3) 61.0( 8.2) 

81.7(24.5) 62.7(11.8) 68.7(10.0) 

80.0(15.7) 72.1( 7.5) 74.4(13.5) 

72.4(13.0) 63.9(11.6) 67.4( 3.2) 

77.9(11.2) 49.1(13.7) 49. l(14.8) 

30-cm (12-inch) Depth 

Aperture Sizes (cm) 

25 30 35 - - - 
71.4(13.1) 62.6(12.7) 62. l(10.2) 

83.3(23.9) 68.9(11.6) 62.6(14.1) 

95.4(36.5) 75.0(10. I) 79.0(17.5) 

86.6(41.7) 67.6(13.9) 64.3(14.6) 

76. l(24.7) 60.3(16.2) 47.9(15.7) 

45-cm (18-inch) Depth 

Aperture Sizes (cm) 

25 30 35 - - - 
91.6(24.6) 86.1(27.8) 74.7(18.8) 

90.7(23.3) 84.0(19.0) 73.9(18.1) 

138.6(51.4) 105.0(24.5) 98.7(35.4) 

97.3(26.5) 81.6(29.3) 79.3(27.0) 

87.5(22.4) 77.3(22.0) 71.0(17.2) 

40 - 
67.4(12.7) 

66. 6(11.5) 

80.6(20.2) 

60.7(10.2) 

36.7(15.6) 

40 - 
61.0(14.7) 

63.6(18.8) 

65.9(18.1) 

63.9(16.1) 

35.6(19.7) 

40 - 
76.9(21.4) 

68.3(16.9) 

78.7(22.0) 

85.0(26.8) 

30.9(10.8) 

.-:, 
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VEHICULAR CHARACTERISTICS 

MAINTAINABILITY 

SIZING AND CONFIGURATION FOR ACCESS 

ad. Mean Work Times and Standard Deviations for Replacing Two Nuts Usinq 
a KatCnet wrencn (Values in Seconds) 

Task Location 20 - 
Left Side 81.9(18.5) 

Right Side 100.1(42.6) 

Top 89.4(27.1) 

Bottom 78.1(18.7) 

Rear 135.5(88.0) 

Baseline 33.6 

Task Location 20 - 
Left Side 85.1(20.1) 

Right Side 99.6(27.7) 

Top 105.1(48.3) 

Bottom 93.1(22.4) 

Rear 90.7(30.7) 

Baseline 31.5 

Task Location 20 - 
Left Side 122.3(42.8) 

Right Side 129.4(43.4) 

TOP 188.1(80.6) 

Bottom 137.7(57.8) 

Rear ..,..,..... 

Baseline 27.4 

( ) = Standard Deviations 

=E: Kama(100). 

AS-cm (6-inch) Depth 

Aperture Sizes (cm) 

25 30 35 - 
66.3(14.2) - 

- 
64.4(15.7) 71.0(18.2) 

86.4(26.8) 65.1(13.1) 71.3( 9.2) 

93.3(31.5) 70.3(12.4) 78.4(15.1) 

74.9(16.7) 61.7(15.4) 65.0(11.9) 

79.3(12.1) 52.4(13.7) 52.7(15.4) 

30-cm (12-inch) Depth e-m 
Aperture Sizes (cm) 

25 30 - - 22 
78.7(21.4) 69.0(15.3) 61.7( 9.4) 

87.3(21.4) 85.6(15.1) 72.7(19.2) 

83.9(19.0) 88.0(19.6) 78.9(16.8) 

81.3(29.8) 72.7(19.5) 67.1(i7.4) 

77.1(24.3) 65.9(20.5) 49.0(13.7) 

45-cm (18-inch) Depth 

Aperture Sizes (cm) 

25 30 35 - - - 
89.4(26.8) 85.9(28.3) 83.0(30.8) 

131.0(37.0) 95.1(25.3) 88.3(27.9) 

134.0(38.8) 100.3(32.6) 99.1(34.8) 

110.0(27.5) 87.0(24.1) 80.6(28.3) 

99.3(25.5) 81.6(21.2) 75.7(18.1) 

40 - 
72.4(19.2) 

68.1(13.5) 

69.9( 7.2) 

63.6(17.7) 

39.4(17.8) 

40 - 
60.0(14.4) 

68.7(13.3) 1 

66.7(13.6) 

63.9(14.3) 

42.4(22.5) 

40 - 
77.4(18.7) 

84.0(27.2) 

100.4(40.0) 

82.9(23.6) 

33.7( 7.6) 
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VEHICULAR CHARACTERISTICS 

MAINTAINABILITY 

SIZING AND CONFIGURATION FOR ACCESS 

ae. Performance Curves for Removing Two Nuts as a Function of Aperture Size 
for tach Dqt..nd Task Location (0~ en-End Wrench). ....-L ..,. + .- _> 

RIGHT SIDE 

APERTURE SIZE (CM) 

G 
g 4007- C 

2 
BOTTOM TOP 

z 300- 

Y I I I I 
’ 20 25 30 35 4’0 

I I I I 
0 2; 25 30 35 40 

APERTURE SIZE (CM) 

LEGEND: 

- 15 CM DEPTH 
--------30 CM DEPTH 
- -45 Ctvl DEPTH 

G 
w 4ooy 
22 REAR 
8 z 300- 

W 
s oc 

I I I I I _ 

20 25 30 35 40 
APERTURE SIZE (CM) 

-E: Kama (100). 
: 
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VEHICULAR CHARACTERISTICS 

MAINTAINABILITY 

SIZING AND CONFIGURATION FOR ACCESS 

af;' Performance Curves for Replacing Two Nuts as a Function of Aperture Size --- 
for tach Denkand~~cation (Open-End Wrenchr 

.-...-- __--. ~.r",'."~-..‘ _,__.. --- 

G w 
22 4000 

2 
LEFT SIDE RIGHT SIDE . 

L 300- w 

! ;;;- y*>\------, - c 

g.,! 0 ^ . 
I I I I I I I I I I 

20 25 30 35 40 0 20 25 3d 35 40 
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3 0 I I I I I I I I I I 
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m ------ 30 CM DEPTH 300 - \ 
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y 

p;; hi-- 

E 0 I I 1 I I 
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=E: Kama (100). 
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VEHICULAR CHARACTERISTICS 

MAINTAINABILITY 

SIZING AND CONFIGURATION FOR ACCESS 

Kl. Performance Curves for Removing Two Nuts as a Function of Aoerture Size i 
torew.=ana1 w .P L OCati& (Katchet Wrench). ~- 

3 AnA- 
.1, 
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VEHICULAR CHARACTERISTICS 

MAINTAINABILITY 

SIZING AND CONFIGliRATION FOR ACCESS 

ah. Performance Curves for Replacing Two Nuts as a Function of Aperture Size 
tor tacn ueptn and IaSk Location (Ratchet Wrench). 
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