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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 training criteria in
respect to the designation of specific maintainability tasks to individual crewman.
With this in mind, it was decided to follow the precedents 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 and 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.
Items 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.



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. 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.

Task B. 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.

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

Task D. The designers must, as part of their maintainability tradeoffs,
consider the capabilities of man in 1ight 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 rejterate, 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 1nformat1on
related to the description of human character1st1cs. 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 compos1-
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-
bitlity 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 Titerature 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.



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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ANTHROPOMETRY (Nude)

STATIC DIMENSIONS

ASTRONAUT (U.S.) POPULATION

Overall Dimensions of the Head, Body and Limbs
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ASTRONAUT (U.S.) POPULATION

Dimensions of the Arms and Hands (Cont.)
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ANTHROPOMETRY (Nude)
STATIC DIMENSIONS

ASTRONAUT (U.S.) POPULATION

f. Description of Nonstandard Measurements
MEASUREMENT DESCRIPTION

1. Back Length of Waist Distance from waist back mark to cervical
prominence

2. Circumference of Buttocks Measured at point of maximum circumference

3. Extended Arm Length Distance from apex of armpit (equidistant)
between anterior and posterior folds) along
arms (extended Taterally and horizontally)
to the tip of forefinger

4, Front Length of Waist Distance from waist front mark to the
bottom of sternal notch

5. Instep Circumference Circumference of foot measured with poles

10.

11.

12,

13.

6. Length of Crotch

Length of Gluteal Arc

Mid-Shoulder

9. Mid-Shoulder to Top of Head

Scye Circumference

Sleeve Inseam

Vertical Trunk Diameter and

Circumferences

Waist Level

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 waistiine

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 Tine
at top of head

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

Distance from apex of armpit to first
Jjoint of wrist

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

Measured at the level of the iliac crest
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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 Values in Anthropometry

4 = Top of range
r——r—— —

\

d T

E 99th pnrcml_l'_t'__ 7 12,27

[ - 95th p.’C.ﬂ'i|'+
7 : / )

s : 42"

- Sth pcrcm'il.+
33 —
{ 15t percentile : 39"
[}

Bottom of range ‘
La i 1 Il i Il 1 a1 s 1 a A Lol s

olar 1.y
0 20 40 60 80 100 TOTAL RANGE : 10.3"
PERCENTILES (N. 4061)

)
1
]
1
L] 9o | 6.0 1
1
4

SITTING HEIGHT - inches

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% combined) 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.

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. 111
(52) and Hertzberg and Clauser (84).
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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-together and 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.

Range Mean Std. Dev.
13.4-16.6 T4, 8% 0.68
Percentiles

5th 25th 50th 75th 95th
13.6 14.3 4.9 15.2

b. Maximum Overhead Reach Height

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.

Range Mean Std. Dev.
75.3-84.9 88,17 3.38

Percentiles

5th 25th 50th 75th 95th
83.3 B85.6 B88.0 90.0 93.6

SOURCE: Alexander and Clauser (6).



| ANTHROPOMETRY (Nude)
i STATIC DIMENSIONS
CONTACT MEASUREMENTS: TOTAL BODY ENVELOPE EXPRESSED IN PERCENTILES

c. 0Overhead Reach Height

Measure the maximum vertical distance from the floor
to the highest point on.the first.phalanges. as 1n--,u
dicated by the measuring block.

Range Mean Std. Dev.
72.3-91.1 84,31 3.25

Percentiles

5th 25th 50th 75th 95th
78.6 820 845 85.9 87.6

TSR SRR T PSS

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.

Range Mean Std. Dev.
15.8-20. 17.65 0.88

Percentiles

5th 25th 50th 75th 95th
16.3 7.1 17.5 18,1

JOURCE: Alexander and Clauser (6).




ANTHROPOMETRY (Nude)
STATIC DIMENSIONS
CONTACT MEASUREMENTS: TOTAL BODY ENVELOPE EXPRESSED IN PERCENTILES

e. Bent Torso Height

;

W&

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.

Range Mean Std. Dev.
IH.I-EG.E 5T.52 2.76
Percentiles
5th 25th 50t 75th 95th
. 13,7 52.0 53.0 55.9

&
N

f. Kneeling Leg Length

The subject kneels on the measuring board
with his toes extended and Tightly 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.

Range Mean Std. Dev.
22.1-%9.3 26.46 T.32

Percentiles

5th 25th 50th 75th 95th
243 25.5 26.5 27.2 28.7

e

T SR

SOURCE: Alexander and Clauser (6).



ANTHROPOMETRY (Nude)
STATIC DIMENSIONS
CONTACT MEASUREMENTS: TOTAL BODY ENVELOPE EXPRESSED IN PERCENTILES

g. Kneeling Height

The subject kneels on the measuring board.
with his toes extended and Tightly touching
the rear wall. The torso is erect with the
arms hanging-Toosely 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 ©
Percentiles

5th  25th  50th , 75th ,” 95th
182 50.2 ST.0 4 52.2.. 54.4 . .

i -

The subject squats down:in-a .normal fashion
with the insteps of his feet 9 -inchés apart.
The arms rest across the thighs in‘a com-
fortable position. Measure the' maximum
horizontal distance across the knees and

1ower thighs. N
Range Mean Std. Dev,
17.6-28.2 22.21 2.13
Percentiles

5th  25th 50th  75th  95th
188 205 220 23.3 75.7

SOURCE: Alexander and Clauser (6).




CONTACT MEASUREMENTS:

ANTHROPOMETRY (Nude)
STATIC DIMENSIONS

i. Squatting Height

Jj- Arm Reach, Supine

Alexander and Clauser (6).

TOTAL BODY ENVELOPE EXPRESSED IN PERCENTILES

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 vright 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 42.5 43.6 45.4 47,0

The subject Ties 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.

Range Mean Std, Dev.
28.8-32.9 29.42 1.48

Percentiles

5th 25th 50th 75th 95th
26, 28.4 29.2 30.1 32.2

)



ANTHROPOMETRY (Nude)
STATIC DIMENSIONS
CONTACT MEASUREMENTS: TOTAL BODY ENVELOPE EXPRESSED IN PERCENTILES

k. Horizontal Length

AT S
yA b__ﬁ‘j_\/i{

1. Bent Knee Height, Supine

SOURCE: Alexander and Clauser (6).

1-17

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.

Range Mean Std. Dev.
62,3-74, 70.01 2.35

Percentiles

5th  25th  50th  75th  95th
66.0 68.4 9.8 71.3 73.9

The subject 1ies 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,

Range Mean Std. Dev.
|7.U-§2.0 19.76 0.90

Percentiles

5th 25th 50th 75th  95th
87 9.2 T9.7 720.3 2T.7
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ANTHROPOMETRY (Nude)

- STATIC DIMENSIONS
CONTACT MEASUREMENTS: TOTAL BODY ENVELOPE EXPRESSED IN PERCENTILES

Horizontal Length, Knees Bent

SOURCE :

Alexander and Clauser (6).

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
1ightly 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.

Range Mean Std. Dev.
53.7-63.8 58.44 2.1

Percentiles



ANTHROPOMETRY (Nude)
STATIC DIMENSIONS
PHOTOGRAMMETRIC MEASUREMENTS: SEATED BODY ENVELOPE

a. Hand-to-Hand Breadth, Sitting

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.

Range Mean Std. Dev.

2.5-22. 16.91 1.83

Percentiles

5th  25th 50th 75th  95th
13.3 15.7 16.9 18.2 19,6

SOURCE: Alexander and Clauser (6).
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ANTHROPOMETRY (Nude)
STATIC DIMENSIONS.
“PHOTOGRAMMETRIC MEASUREMENTS: SEATED BODY ENVELOPE

b. Key Body Dimensions

' ' STD. __PERCENTIL. :
KEY" DIMENSIONS RANGE MEAN DEV. |[bth 50th { 95th

A | Pronasale to Wall Distance 8.0-10.0 | 8.92 ]0.35 8.4 8.9 9.5
' (Head in Frankfort Plane)

TB | Torso to Knee Depth, Sitting }10.1-17.8 |14.27 [1.30 12.1' 14.3 ] 16.5

16 | Posterior Torso to Posterior |15.5-22.2 |19.06 |1.26 [17.0 | 18.9 {21.5 "
1 - Calf Length, Sitting . '

D Maximum Trunk 8.7-13.15{10.47 10.93 9.0 | 10.4 [12.0
Depth, Sitting

E Floor to Upper Thigh 20.3-26.3 |23.41 ]1.15 (21.4 | 23.4 | 25.2
Height, Sitting

F Floor to Mid-Hand 25.2-32.1 |28.82 {1.44 |26.4 | 28.7 | 31.3
Height, Sitting

G Antero-Posterior Body 25.2-35.0 [30.59 (1.82 |27.9 | 30.6 |33.6

Envelope, Sitting

H Floor to Vertex Height, 47.2-59.6 [53.5 2.11 149.9 | 53.6 |56.9
Sitting (Head in
Frankfort Plane)

The subject sits erect
with knees bent at
right angles.

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

STATIC DIMENSIONS
PHOTOGRAMMETRIC MEASUREMENTS: SEATED BODY ENVELOPE

c. Foot Dimensions

1 T ) Tsm. PERCENTILE _
KEY| ~ DIMENSIONS | RANGE | MEAN |DEV. [Bth  50th _ 95th
A | Posterior Foot Length 1.92-5.28 4.39 |0.40 |3.8¢ 4.40 . 4.92
B Functional Foot Length 5.08-6.96 6.12 10.37 {5.48 6.11 - 6.72;
C Functiona]lFoot Height 2.28-3.54 3.02 |0.21 (2.72 2,97 3.33
D | Foot Length 7.76-11.71 | 10.51]0.59 |9.51 10.51 11.39

I g —

\\\\\\

| = 59

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

§=5/8" —msd

~—1/4"

~—EXIT PUPIL

<——CLEAR EYE

A - Superciliary Arch Requirement 11/16 inch
B - Nasal Bone Requirement 7/8 inch
C - Greater Alar Cartilage Requirement 1-1/4 1inches
D - Septal Cartilage Requirement 1-3/4 inches

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. I
(509 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
| _\" [I— -— 200
.20OJ 34 N ~ T s _t
190 % N ' - |180
- 29 - sy T I
\ 1 A I S - 1180
2,7 AN ~ — -
\\ T2 1 ag 1170
2.5\ ~. ‘ }
NN ~160
[ S -
“% I~ - {150
7 \ \2'5\ T I .
140} - 2.1\ \\\ e o5 —{140
I">O. |.9\ \?-3\ T ~1130
T ~ NN N T2 -
120 j- 7 \ \2"\ — -—320
1O |- \\\-9\ - o
] 1.5 \\L\‘ N
100 \ NS e -4100
| .;,% NN :
50| NN N R
- [ \ \ . "“\\ N O
N ~ —— 8
wo}- NN NS
' -4 70
70 NI ]
- o.7 \ \ N 13
60 |- ' \ <IN R 160
I 0,5 \ \0’9\ >~ Ll "
50 NG ~ T~ ~450
Example: To find(the surface area c))f 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
1ine most nearly approximates the slope of the b-scale bar. The sur-
face area of such an individual is approximately 1.9 m2.
SOURCE: Webb (198).
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ANTHROPOMETRY (Nude)
DYNAMIC DIMENSIONS

RANGE OF MOTION VALUES AND TERMINOLOGY

a. Upper Body

FLEXION HYPEREXTENSION
70°

LATERAL BENDIRG ROTATION

Average normal range
of motion of the spine

AVERAGE
RANGE
MOVEMENT (DEGREES)
SPINE
Flexion 70
Hyperextension 30
Lateral Bending 40
Rotation
Left 35
Right 35
ELBOW
Flexion 145
Supination 90
Pronation 90
NECK
Rotation
Left 55
Right 55
Hyperextension 50
Flexion 40
Lateral Bending
Left 40
Right 40

SOURCE: Batch (19).
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FLEXION

NEUTRAL EXTENSION

PRONATION

Average normal range of
motion of the elbow

Tamiarbd v SIS ce mmes e ) s ocanea e m

ss'“fss°
LEFT RIGHT
!

NEUTRAL ROTATION

HYPER-
EXTENSION FLEXION

50" o

RIGHT LEFT
Pl

L
&

HYPERTENSION 8 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.)

=
NEUTRAL
13
OORSIFLE XION
o
]
L/ PALuAR FLEXION
70"

FLEXION & EXTENSION
15°

0° 30"

RADIAL vy Ulnar

DEVIATION

Average novmal range
of motion of the wrist

AVERAGE
RANGE
MOVEMENT (DEGREES)
SHOULDER
Abduction 90
Elevation 40
Hyperextension 45
Forward Elevation 90
Flexion 90
Rotation in Abduction
External 90
Internal 90
Rotation in Neutral
Position
External 45
Internal 90
WRIST
Dorsiflexion 65
Palmar Flexion 70
Deviation
Radial 15
Ulnar ' 30
FINGER
Abduction 40

SOURCE: Batch (19).

NEUTRAL ABOUCTION OPPOSITION
Average normal range of
motion of the finger

NEUTRAL ELEVATION
ABDUCTION
IN"E!NAL EXTZRPAL

HYPER- @ FORWARD @t‘:mu 321

EXTENSION CLEVATION
FLEXION

INTERNAL )
ROTATION IN .
Rm':,;”o“ KCUTRAL -
ABDUCTION POSITION
Average normal range of
motion of the shoulder
1-25



ANTHROPOMETRY (Nude)
| DYNAMIC DIMENSIONS

RANGE OF MOTION VALUES AND TERMINOLOGY

b. Lower Body

\‘\\A
. el -

KEUTHAL EXTENRSION

o

HYPLREXTLNSION
ﬁ_ 5 ? o
FLEXION 135°”

FLEXION 8 HYPERE XTERSION

Average normal range of
motion of the knee

\4 DORS

o
20° 4 3s*
VFLEYION

PLRMTAR
FLEXION

HEUTRAL

OORSIFLEXION &

PLANTAR FLEXION

Average normal range of
motion of the ankle

i

NEUTRAL

sob ke s® s*
ADCUC TION 2EDUCTION FLLXIDN

VIOTARSAL

EVERSION INVERSION
° 35°

SUBTALAR

20°

HY PE R
EATEMIION

METATARSOPHAL ANGEAL

Average normal range of
motion of the foot

AVERAGE AVERAGE
RANGE RANGE
MOVEMENT (DEGREES) MOVEMENT (DEGREES)
KNEE FLEXION FOOT
Standing 113 Subtalar
Kneeling 159 Eversion 25
Prone 135 Inversion 35
KNEE ROTATION Midtarsal
Medial 35 Adduction 5
Lateral 43 Abduction 5
ANKLE Metatarso-
Plantar Flexion 35 phalangeal
Dorsiflexion 20 Flexion 35
Extension 38 Hyperextension 20
Adduction 24
Abduction 23
SOURCE: Batch (19).
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ANTHROPOMETRY (Nudej
DYNAMIC DIMENSIONS
RANGE OF MOTION VALUES AND TERMINOLOGY
b. Lower Body (Cont.)

———) = il
e °* INTERNZL EXTURHAL
(EXTERSIOM
MEUTRAL FLEXION
0% OF PCAUARCHT
FLEAION ROTATIUN IN EXTENSION

Pul
LI ATION GF E XD EXSION"

PERCAMENT FLEXION

a5° ExTERwat | 80%{20°" 141 ERNAL »°
¢ o ABDUCTION #0DUCTION
HYPERCXTERSION ROTATION IN FLEXION ARDYCTICH & ADUUCTYION

Average normal range of motion of the hip

AVERAGE
RANGE
MOVEMENT (DEGREES)
HIP

Rotation in Extension

Internal 20

External 35
Flexion 113
Adduction 40
Abduction 45
Rotatijon in Flexion

Internal 30

External 60
Hyperextension 45
Hip Rotation (Sitting)

Medial 31

Lateral 30
Hip Rotation (Prone)

Medial 39

Lateral 34

SOURCE: Batch (19).
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ANTHROPOMETRY (Nude)
DYNAMIC DIMENSIONS

VERTICAL AND HORIZONTAL VISUAL FIELD

a. Eye, Head, and Head and Eye Rotation

I 15° OPTIMUM 15° OPYIMUM

35° MATIMUM 357 MAXINUMK 0° MAXIMUK
\ / / 15° 0P TIMUM
.

ORy,
AL Ling or 5,
CHy

20° MAXIMUM
15° OPTIMUM

EYE ROTATION

0° OPYIMUM 65° MAXINUM

60° MAXIMUM 40° MAXIMUM

Nory
AL Ling oF g
GH:

.ir \

N\

35° MAXIMUM
HEAD ROTATION
18° OPTIMUM 15° OPTIMUM 20° MAXIMUM
15° 0P THUM
95° KAXIMUM / 95° MAXIMUM

15° OF TIMUM

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

. HORIZONTAL LIMITS VERTICAL LIMITS
t
Temporal Nasal ’
TYPE OF FIELD Ambinocular Binocular Field Field
MOVEMENT AND FACTORS Field Field Angle Angle
PERMITTED LIMITING FIELD (each side} {each side) Up Down
Moderate movements of Range of fixation 60° 45°
headand eyes,assumed as:
Eyes: 15° rignat or left Eye deviation {assumed) 15 15 15° 15°
15° up or down Peripheral field from
point of fixation 95* (45°) 46° 67°
Head: 45° right or left Net peripheral field
30° up or down from central fixation 110° 60° ®%% 61° 82°
Head rotation (assumed) 15° 45° 30°% 30°%*
Total peripheral field
{from central body line) 155° 105° 91° 112° %=
Head fixed Fi . s
Eyes fixed (central posi- ield of per.lphl?ral vision 95° 60° 46° 67°
tion withrespect to head} {central fixation)
Head fined Limits of eye deviation
Eyes maximum deviation (= range of fixation} 74° 55¢ 48* 66°
Peripheral field
{from point of fixation) 91° Approx{ 5°) 18° 16°
Total peripheral field
(from central head line) 165° 60° xx% 66° 82°
Head maximum movement Limits of head motion
Eyes fixed (central with (= range of fixation) 72° 72° 80°* 90°*
respect to head) Peripheral field
(from point of fixation) 95° 60° 46° 67°
Total peripheral field
(from central body line} 167° 132¢ 126° 157° %%
Maximum movement of Limits of head motion 72° 72° 80° * 90° %
head and eyes Maximurn eye deviation 74° 55° 48° 66°
Range of fixation
{from central body line) 146° 127° 128 156° =%
Peripheral field
{from point of fixation) 9t° Approx{ 5°) 18° 16°
Total peripheral field
{from central body line) 237 132 146° 1720 %%

*Estimated by the authors on the basis of a single subject.

**lgnoring obstruction of body {and knees if seated). This obstruction would probably impose a
maximum field of 90° (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 the 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 simut-
taneously (stereoscopic vision). 1t is bounded by the nasal field-limits of the eyes.

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. I
(50) and Wulfeck, et al (213).
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ANTHROPOMETRY (Nude) -
_ DYNAMIC DIMENSIONS
REACH ENVELOQPES

a. Vertical Reach

—152

0° 4
'_
R 40 _Z
o o
SR 3=y
R | s
&
13°] q2 -
S=
1685
weR f, 2T
] g§
14 B

—-2

J.g

L | | | _J

0 10 20 30 40
HORIZONTAL DISTANCE (iN) VERTICAL
THROUGH SEAT REFERENCE POINT

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

l'cL, '_ 30— 26" 0° 15° 10" & 28" —30
al= 16" ——

—] wi N 4"

& @ N

= 10 / . \ 1 50 7] 10
Z=

[

ghn 0 L Jdo

"1 e \‘M\

22" 4 %"
28" ) 34" 2"
16" 10" 40"

105°

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 back 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 Pressurized

1. Sitting

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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ANTHROPOMETRY (Nude)
DYNAMIC DIMENSIONS
CENTERS OF GRAVITY AND MOMENTS OF INERTIA

b. Arithmetic Means and Standard Deyjatjpns of the Sample Centers of Gravity
and Moments of Inertia (N ="T9) _

AXIS CENTER OF GRAVITY| MOMENT OF INERTIA

|- (IN.) (LB, IN SEC.%)

MEAN S.D. MEAN S.D.

1. Sitting

Nude X 7.89 0.41 56.3 8.22
y 4.79 0.27 66.5 9.98
Zz 9.16 0.29 28.3 5.10
Unpressurized x 8.33 0.39 67.5 9.16
y 4.79 0.27 82.8 11.30
z 9.76 0.30 33.6 5.72
Pressurized x 8.62 0.38 68.8 8.70
y 4.79 0.27 82.4 11.30
z 9.70 0.28 34.0 5.72

2. Relaxed (Weightless)

Nude X 7.34 0.38 99.2 14.20
y 4.79 0.27 89.8 15.20

z 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

z 7.86 0.45 36.2 5.03

Pressurized x 8.08 0.29 118.0 15.20
g y 4.79 0.27 114.0 15.70

z 7.81 0.48 36.1 4.85

Mean Age 27.4 yrs. S.D. Age 5.3 yrs.

Mean Weight 164.6 1bs. S.D. Weight 17.4 1bs.

Mean Stature 69.0 in.  S.D. Stature 2.3 in,

Mean Clothing Weight 23.2 1bs. S.D. Clothing Weight 0.5 1b.

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

1-33




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-
jent angular and Tinear accelerations and decelerations as he is subjected to
unbalanced external forces and moments. Internal forces and moments will 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. 1In 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 optimum con-
figuration of the model is determined on the basis of two criteria:

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).

1-34



2
L
l..

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 of ‘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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a. Body Segment Divisions and Representative Geometric Bodies

HEAD and
NECK hl - ELLIPSOID
TORSO  «— - ELLIPTICAL
CYLINDER

:~‘___/

-

UPPER -—
ARM ~—, FRUSTUM OF
A RIGHT
% CIRGULAR
LOWER CONE
—
ARM ———)

@ HAND +  SPHERE i

UPPER LEG ¢—~  FRUSTUM OF

-

00

A RIGHT
LOV/ER CIRCULAR
< N CONE
LEG -
J L
ﬂ:g FOOT < g g
» RECTANGULAR
PARALLELEPIPED

SOURCE: Whitsett (208).
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b. Location of Centers of Mass and Hinge Peints of the Human Body

Body Segment Hinge Points
A. Neck - hinged only at the base of the neck (cervical)
B. Shoulder - hinged at the arm-shoulder socket

Elbow -~ hinged at the elbow joint

o o

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

Hinge Point Coordinates (Inches)

*
and Symbol X Y z
Neck A 0 0 59.08
Shoulder *B 0 7.88 56.50
Elbow o C 0 7.88 43.50
Hip D 0 3.30 34.52
Knee *E 0 3.30 18.72
Mass Center
and Symbol*
Head o1 [} 0 64.10
Torso o2 0 0 46.80
Upper Arm 03 0 7.88 50.83
Lower Arm o4 0 7.88 39.20
Hand o5 0 7.88 31.68
Upper Leg c6 [} 3.30 27.68
Lower Leg c7 0 3.30 11,80
Foot o8 2.45 3.30 1.37

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

Standard Deviation

Body Segment Regression Equation of the Residuals
Head, neck and trunk = 0.47 x Total body wt. + 5.4 (+ 2.9)
Total upper extremities = 0.13 x Total body wt., - 1.4 (+1.0)
Both Upper arms = 0.08 x Total body wt. - 1.3 (+ 0.5)
Forearms plus hands® = 0.06 x Total body wt. - 0.6 (+ 0.5)
Both forearms® = 0.04 x Total body wt. -~ 0.2 (+ 0.5)
Both hands = 0.01 x Total body wt. + 0.3 (+ 0.2)
Total lower extremities = 0.312 x Total body wt. + 1.2 (+ 2.2)
Both upper legs = 0.18 x Total body wt. + 1.5 (+1.6)
Both lower legs plus feet = 0.13 x Total body wt. - 0.2 (+ 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 (+ 0.3)

® N = 11, all others N = 12.

SOURCE: Barter, et al (18), Compendium of Human Responses to the Aerospace
Environment, Vol. IIT (52) and Whitsett (207).
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e. Body Axis System 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
CENTER OF Figure i. The Z-axis remains
MASS parallel to the cylindrical axis,
the X-axis perpendicular to the
major and cylindrical axes, and
the Y-axis perpendicular to the
X minor and cylindrical axes. The
positive directions and rotations
are indicated in Figure e.

v
A

A Tocal body axis system is defined as a secondary orthogonal axis system
Tocated 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 Tocations) is taken from the
living subject. A1l 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 cons’dered to be rigidly :
attached to the head. The head-neck combina .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

_ head circumference
2b = o

since the cross-section is circular,
The mass "m" is given by

-4 2
where & 1is the average density of the head(see table h).
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.

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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The: equations 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
particular segment. 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 negligibie. Hence, the hand
is greatly simplified and represented by a sphere, From

m=24 6II<%3>

we have

di d = 2(3m 13
iameter = 71'6_1'[>

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 paralielepiped 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.

SOURCE: 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

BODY SEGMENT 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
g. 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: A1l heights are defined in body dimensions and body circumferences.
See values below.

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

DENSITY CENTROID

WEIGHT (POUNDS LENGTH LOCATION

SEGMENT (POUNDS) PER FOOT) (INCHES) (% LENGTH)
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

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
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j. Formulae for Calculating Local Moments of Inertia of the Segments

Moments of Inertia
Segment Iece ) 7 | P
Head % m(a® + b?) Lce %m a?
T —lm(3.'-13 + 4%) —l-m(3b' +1%) 1 m@® + b?)
orso 12 12 4
Upper and m
Lower Arms m[A(a)+ B'»'.'] Le.. 2 m® A
and Legs L1
2 2
Hand S“‘é) Lee Lige
1 2 1 2 2
Foot §m 13 m(c? + 4?) Iv,e
m = mass £ = length
a = semi-major axis A and B are constants for segments
b = semi-minor axis ¢ = instep length of foot
d = diameter 5 = average density

SOURCE: Appendix D (13), Barter, et al (18), Compendium of Human Responses to the
Aerospace Environment, Vol. IIT (52) and Whitsett (207).
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Formal Computational Approach ~ The dynamics of a-rotating body in épace 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 Tikely to be Tess accurate. Therefore an analysis is made of the mathema-
tical model to determine:

a. MWhich 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 =1cg+ md?

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 md? = 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).

1-44



R L,

T

ANTHROPOMETRY (Nude)
DYNAMIC DIMENSIONS

PREDICTION OF DYNAMIC RESPONSE CHARACTERISTICS OF WEIGHTLESS MAN

k. Body Positions

30°

30°
\l 30°

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

Positions)
Scpments”
Head Torso | Upper Lower | Hands Upper | Lower Feet Total
Arms Arms Leps Legs
l.“ Position A 0.0182 1. 0000 0.0157 0.0056 0.0004 0.0776 0.0312 0.0006 1.2927
Position B 0.0183 1.0000 0.03157 0.0044 0.0004 0.0620 0.0372 0.0006 1.2589
mD® Position A 1.5114 1.0125 0.2199 0.040% 0.0292 0.4964 1.3114 0.7388 8.1963
Position B 0.7859 0.0092 0.0932 0.0407 0.0303 0.149% 0.0588 0.1252 1.7907
I, Position A 1.5297 2.0125 0.2356 0.0461 0.02%6 0.5740 ). 3486 0.739%4 9. 4890
Position B 0. 8042 1.0092 0.1089 0.0451 0.0307 0.2116 0.0960 0.1258 3.0496
l-‘_ Position A 0.0183 0. 9300 0.0157 0.0056 0.0004 0.0776 0.0372 0.0028 1.2269
Posiuon B 0.0183 0.9300 0.0157 0.0056 0. 0004 0.0776 0.0372 0.0028 1.2269
mD?* Position A 1.5114 1.012% 0.1517 0.0000 0.0137 0. 4582 1.2925 0.17361 7.8284
Position B 0.7950 0.0734 0.0292 0.0002 0.0188 0.1190 0.1015 0.1560 1.7176
I Position A 1.5297 1.9425 0.1674 0.0056 0.0141 0.5358 1.3297 €.7389 9,055
Pasition B 0.8133 1.0034 0.0449 0.0058 0.0192 0. 1966 0.1387 0.15688 2.9445
l.“ Position A 0.0124 0. 2300 0.0018 0.0008 0.0004 0.0154 0.0037 0.0028 0.2922
Position B 0.03124 0.2300 0.0018 0.0020 0.0004 0.0310 0.0037 0.0028 0.3258
mD? Position A 0. 0000 0. 0001 0.0682 0.0405 0.0155 0.0382 0.0188 0.0085 0. 3797
Position B 0. 0091 0.0642 %0722 0.0405 0.0195% 0.0459 0.0804 0.0420 0.6746
1N Position A 0.0124 0.2301 0.0700 0.0413 0.0159 0.0536 0.0226 0.0113 0.6719:
Pasition B 0.0215 0. 2942 0.0742 0.0426 0.0199 0.0769 0.0841 0.0448 1.0004

*Positions A and B are shown in figure.
tAll values are slug-ft2.

SOURCE : %gggendium of Human Responses to the Aerospace Environment, Vol. III
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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. iIn 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 ook 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 Tocal
moment of inertia for the hands, Tower 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
M about 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(lxo, Iyo,

Izo) this method yields the moments of inertia for any other position (Ix, Iy,

Iz) 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

P
Iy, = LI,

i=t

+ Zp:m ( 2 2 (1)
©0cq oM Yo + %o

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

? P
' .
Lo =8 Loy + Zomilut + =) @

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

L, = Ix + M(g* + il) (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

35 a Percent_of_the Total Momeént of Inertia)

3 LOCAL TERM
TRANSFER TERM

ABOUT THE Y-Y AXIS ASOUT THE Z-Z AMIS

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 Tocal terms into account in m. ‘ '

n. Comparison of Moments of Inertia from'Egacgﬁgnq”Apprpx{mﬁyqiMethods

MOMENTS OF INERTIA (SLUG-FT2) .
I, for Iy for . I, for
Position Position Position
B C B C B C
Exact o
Method 3.0496 12.225 2.9445 8.8430 1.0004 3.6210
Torons - R | B [ A
imate
Method 3.0845 12,225 2.9445 8.7917 0.9668 3.5356
| s el LT
Error +1,14% 0.00% 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. IIT (52) and Whitsett (207).
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now — -2\ _& J
R+ MG ) =1L, +Em(y + 2)
1= 1=t
(4)
Subtracting Equation 1 from Equation 4
' Ld p 2 1
I, +M(ge 7= I, =L Ly 42 milyt + =) (5)
vt o =i
~Z Tutgey = M0 (43 + 23)
Assuming the local terms do not change o »
a‘\:‘.l““i B z- Leiocy (6)
and Equation 5 becomes
(7)

P
Lo = Lo =2 mi{lgd 2t - (gt s2)) - 15+ )

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

Iy = I*o~:z. m {(‘j:. + 2&},) ~ (4t + zf)} - M {q1+ '2") (8)

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

I, = LoEm{(a +52)- (< + ) - m(m ) (9)
| 1, =1- i:lm;{(«i e )- (3 + v} - M) (10)
I, = i. mi {(x4e) = ()] ~ M (29) (11)
Lyz = Zﬂ mi {(2,) - ()] ~ m(53) (12)
L = 2 mif(am) - (%)) - M(23) (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
x = Fvl’_iz::,mi ("‘i - %) (14)
y = M'Z, m (4i = Y (15)
- _ {3
2 = ﬁg,"‘: (ZL - i'ao) (16)

m¢ = mass of the ith segment

coordinates of the center of mass of the ith segment after

L% = gome change
Yo Yo Fip = coordinates of the centers of mass of the ith segment before
some change
M = total mass

and "n" 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, n, to the mass

of the Tower arm, and n3 to the mass of the hand.

It is pointed out that Equations 14, 15, and 16 are exact and will always
yield the coordinates of the new center of mass with respect to the center of
mass location for position A.

Up to this point, nothing has been said about products of inertia (Ixy,
Iyz, sz). It should be realized that while in position A the body axis system
coincides with the principal axes of inertia and there are no products of iner-
tia, this will not be 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.,

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 Ixcg for position C and chg for position B.

0. Moments of Inertia of the Different Parts of an Adult Human Body Weighing

65 kg
- . i . Moment of
Part of Mass, Shape assumed for the calculation, and manner in which inertia. 1
the body ky calculation is done PO
em? kg
Bust (trunk and B . height h=0.88 m 8,600
head), 50% of 325 kg Cylinadr Of{radius r=0.13m
total wt. £ {Axis of reference: axis through base of cylinder and perpendicular to axis of
cylinder)
Upper arm gl()'ﬁz Treate.l as truncated cone. Center of gravity, 0.145 m from shoulder; 33
g h=0.35m; r=0.047 m; r,==0.040 m
Forearm 204 kg | Treated as truncated cone. Center of gravity .54 m frow shouwlder, 37
£ h=0.35 m; r-:0.045 m; r, =0.027 m
Fingers Approximation vV 0.04
vV 0.12
111 0.14
I 0.12
I 0.06
Whole upper 4.20 kg | Treated as truncaired cone. Center of gravity 0.32 m from shoulder; 300
limb g h=0.70 in; r=0.047 m; r,=0.027 m
Lower leg 4.4 ET ® Treated as trupcated cone.
g h=0.44; r=0.062; r, = 0.038 130
Whole limb 12 kg h=0.88; r=0.086, r,=0.038 1,460
4

2 Formula for moment of inertia of cylinder referred to axis perpendicular to axis of cylinder and through base of
cylinder: I=m(3F + 4h?)/12.
* The center of gravity in the whole lower limb is 0.38 m from hip joint.  The radius of gyration can be found from
= mp?, which gives p==0.34 m.

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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ANTHROPOMETRY (Nude)
DYNAMIC DIMENSIONS

PREDICTION OF DYNAMIC RESPONSE CHARACTERISTICS OF WEIGHTLESS MAN

Pp. Centers of Gravity and Moments of Inertia of USAF Males (Whole Body)
—in _Different Positions

Axis Center of Gravity Moment of Inertia
(in.) (1b-in. -sec?)
Mean S.D. Mean S.D.
1. Standing x 3.5 0.20 115.0 19.3
y 4.8 0.39 103.0 17.9
z 31.0 1.45 11.3 2.2
2. Standing, X . 3.5 0.22 152.0 26.1
arms over y 4.8 0.39 137.0 25.3
head z 28.6 1.33 11.1 1.9
3. Spread eagle x 3.3 0.19 151.0 27.1
y 4.8 0.39 114.0 21.3
z 28.5 1.90 36.6 7.9
4. Sitting x 7.9 0.36 61.1 10.3
y 4.8 0.39 66.6 11.6
z 26.5 1.14 33.5 5.8
5. Sitting, fore- X 7.7 0.34 62.4 9.7
arms down y 4.8 0.39 68.1 12.0
2 26.8 1.16 33.8 5.9
6. Sitting, thighs X 7.2 0.37 39.1 6.0
elevated y 4.8 0.39 38.0 5.8
z 23.1 0.78 26.3 5.1 ;
1000
7. Mercury X 7.9 0.34 65.8 10.3
configuration Yy 4.8 0.39 75.2 1
z 27.1 1.14 34.2 5.6 "
8. Relaxed X 7.3
(Weightless) y 4.8
2 27.5

530
Sample size 66. Mean age 33.2 yrs; 5. D. age 7.2 yrs. Mean weight 166.4 562
Ibs; S.D. weight 19.8 lbs. Mean stature 69.4 in; S. D, stature 2.9 in. 124!

-0 O
w W W
> 0w
w W
o N
© NN
—
oW w
oW W
-

S

g (TN
::}—Eo °

The location of the centers of gravity of the body was meas-
ured 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-
----- x ----Y ever, since body symmetry with respect to the sagittal
Ly plane was assumed, L(Y) is defined as equal to one-half
bispinous breadth (distance between anterior-superior
iliac spines).

L(Y) = V2Bispinous Breodih

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. III
(525 and Hertzberg and Clauser (84).
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ANTHROPOMETRY (Nude)
1 DYNAMIC DIMENSIONS

PREDICTION OF DYNAMIC RESPONSE CHARACTERISTICS OF WEIGHTLESS MAN

q. Whole-Body (Metric Units) - With Correlation Coefficients and Reargssion
Equations Relating Stature and Weight to Moment of Inertia (N = 66 Co

Tenter of Woment of “Woment of Inertia
Gravity & Inertia Regression_Equationab
m (Gm _cmex105) . (Gm o x 10°
Position Axis Hean 5.D. Mean S5.D. Ry gy S-E
Stending X 8.9 0.5 130.0 21.8 .98 4.73 -262.0 +L.68S +1.28w
i (arms at Y 12.2 0.99 116.0 20.6 .96 5.96 -240.0 +1.ggs +1.15W
; sides) z 78.8 3.68 12.8 2.5 .93 0.95 -0.683 -0.044s +0.279W
standing X 8.9 0.56 172.0 23.5 .98 6.36 -371.0 +2.3gs +1.63w
(arms- over Y 12.2 0.99 155.0 28,6 .96 7.79 =-376.0 +2.385 +1.47w
head) Z 72.7 3.38 12.6 2.1 .86 0.98 6 =-0.038s +0.234W
Spread X 8.4 0.48 171.0 30.6 .98 5.54 -399.0 +2.51S +1.69W
Eagle Y 12.2 0.99 129.0 24.1 .96 7.06 -305.0 +1.91S +1.29w
Z 72.4 4.82 41.4 8.9 .93 3.19 -114.0 +0.677S +0.484wW
Sitting X 20.1 0.9r 69.1 10.6 .92 .53 -104.0 +0.637S +0.80UuW
(elbowa Y 12.2 0.99 75.4 13.1 .92 5.10 -153.0 +l.01S +0.669¥
at 90°) z 67.3 2.89 37.9 6.6 .97 1. ~59.6 +0.34S +0.502W
sitta X 19.6 0.8 70.5 11.0 .91 4.50 -89.0 +0.5T4S +0.771W
(!‘ore:gmu Y 12.2 0.99 77.0 13.6 .92 5.28 -144.0 +0.9135 +0.802w
down) 2 68.1 2.95 38.2 6.7 .97 l.s4 -60.8 +0.341S +0.514wW
1ttl X 18.3 0.94 44,2 6.8 .B9 3.16 -3B.2 +0,2425 +0.529W
”?thig:ﬁ Y 12.3 0.9 43.0 6.6 .77 B.14 25,1 +0.193S +0.h4ow
elevated z 58.7 1.98 23.7 5.8 .92 2,26 -34.4 +0.1465 +0.509W
20.1 0.86 4.4 10.6 .9 4,24 -107.0 +0.699S +0.768w
¥§§§‘é§in § 12,2 0.99 5.1 15.8 .9 5.61 -198,0 +1.27S +0.794W
z 68.8 2.89 38.7 6.3 .96 1.85 -50.9 +0.29TS +0.492W
Relaxed x 18.5 0.84 104.0 15.0 .96 4,20 -120.0 +0.7885 +1.13W
(méﬁmn) ¥y 12.2 0.99 99.8 15.0 .94 5.13 -157.0 +1.085 w.Ezgu
7z £9.9 3.66 80.6 6.1 .96 1.7h -53.4 +0.3465 +0.44oW

& rocation of CGs are with respect to the back plane, anterior superior apine of the
bJ.lium, and top of the head.
5 1s stature in centlmeters; W 1s welght in kilograms.

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 I.4 The moment of inertia of the segment about an axis

through its center of mass parallel to the given axis.
Transfer Term md% = 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: Compendium 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. Percent of Total Moment of Inertia About the Y-Y Axis for Each Segment

(] LOCAL TERM
£ TRANSFER TERM

POSITION A POSITION B

Juzan B
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LOVIER |} ARIIS

e
——a/

HANDS

30 20 10 00 10 20 30
PERCENT PERCENT

SOURCE: Whitsett (208).

1-54



s S

7,55

T T

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

NUDE VS PRESSURE SUITED (MC-2)

a.  Comparative Dimensions*

Mezasuremaznt Nude Uninflated Inflated
Median Range Median Range Median Range
shoulder circuvmference 48.3 (45,1-20.5) 56.1 (54.7-61.0) 63.0 (60.0-65.,0)
chest circumference 38.6 (37.7-42.2) 48.3 (18.0-32.0) 52.5 (50.5-54.2)
waist circumference 34.3 (32.0-34.8) 41.4 (12.6-47.2) 47.3 (15.2-50,0)
upper thigh circumference 25,1 (22.3-25.0) 25,7 (24.5-28.0) 27.0  (25.3-29.0}
lower thigh circuwmference 17.0 (15.6-18.5) 20.8 18.2-23.6) 22.1 (21.1-24.5)
calf circurnference 14.9 (14.5-17.0) 16.9 (16.2-19.4) 18.3 (16.0-19.9)
ankle circuniference 9.2 ( 8.£-16.5) 12.1 (11.4-13.6) 12.1 (12.0-13.,8)
biceps civcumiference 13.5 (12.7-14.9) 11.8 (11.0-16.3) 16.2 {14.9-17.0)
wrist circwinference 7.0 ( 6.6~ 7.2) 8.1 { 7.9- 8.4) 9.0 { 8.3~ 9.2)
veriical trunk circumference  67.4 (64.4-71.5) 66.8 (64.3-70.0)
knee circumfierence 15.9 (15.0-17.1) 22,1 (20.0-235.0) 21.8 {20.0-23.9)
vertical trunk circumference  64.2 (63.1-67.5) £6.5 (65.0-69.6) 67.3 (66.0-70.1)
buttock circuraference 42.0 (39.1-45.5) 46,17 (45.3-51.0) 49.9 (47.3-51.0)
shioulder hieadih 19.2 (18.2-19.86) 20.6 (18.6-22.0) 23.7 (13.8-25,9)
cheestl breadth 13.0 (16.9-12.9) 13.8 (12.7-15.1) 14.1 (14 .4-15.6)
hip breadth 13.7 (12.9-14.4) 15.4 (14.1-1G6.3) 17.4 (15,2-18.6)
hip depih 10.3 (9.5-12.06) 11.4 (10.8-11.7) 15.0 (15.0)
chest depth 10.2 ( 9.8-10.7) 13.1 (12.1-13.9) 14.9 (14,2-15.2)
Cl‘;JO\’J-\,l!:::-v.' brezdth 19.9 (18.6-22,1) 23.2 (20.7-25.1) 27.1 (25.8-30.1)
knee-knee breadth 8.2 { 7.8- 9.3) 12.0 (10.7-13.5) 21.3 (18.6-22.1%)
sitting height 35.7 (34.7-37.7) 34.8 (33.7-36.2) 36.8 {35.6-38.3)
eve height 31.2 (29.6-33.0) 30.4 (28.4-31.7) 31.3 (29.4-32.2)
shouvlder height 23.5 (22.7-24.9) 23.5 (22.1-24.5) 24.3 {(22,4-25.3})
knee heiglit 21.9 (21.3-22.8) 23.3 (22.6-23.9) 24.0 (22.09-24.0)
popliteal height 17.5 (17.2-19.8) 18.1 (17.0-18.4) 18.2 (16.6-18.9)
e¢lbow rest height 7.8 ( %.5- 9.1) 8.2 ( 6.3-1G.1) 15.0 ( 9.5-11.0)
shonlder-elbow length 15,0 (14.2-15.4) 15.4 (14.,5-16.1) 15,8  (15.2-16.0)
1'01'earm_‘-ham'1 iength 19.2 (18.5-20.0) 10,4 (18.9-20,3) 19.8 (18.6-20.7)
foot length ..'5 (10.3-11.0) 12.6 (11.8-12.7) 12.3 (11,7-12.6)
hand length 7.7 ( 7.5~ 8.95) 7.5 ( 7.2- 7.7) 7.1 ( C.8B- 71.9)
palm length 4.8 ( 4.4~ 4,5} 3.5 { 3.9- 4.3) 4.0 ( 3.2- 5.49)
crotch height (standing) 33.3 (31.1-34.8) 32.4 (30.£-33.4)
thigh clearance 6.5 ( 5.5- 7.1) 6.4 ( 6.1- 7.0) 8.1 ( 7.6~ 8.2)

* A1l measurements were taken on seated subject, except crotch hgight. ) A1l 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)

GLOVE~HAND CHARACTERISTICS

2. Length - Maximally Stretched Hand

N \\\\ —

Human Engineering Applications

1. Access of the entire hand into a receptacle.

STATIC DIMENSIONS

Subject's right hand is extended,

palm up.

With the bar of the

s1liding caliper lying along his
palm, measure the distance from
the wrist crease to the top of
the longest finger.

2. Location of fingertip controls in depth of receptacle.

ANTHROPOMETRIC DATA EXPRESSED AS PERCENTILES (N=27)

[ ~ _ PERCENTILE*
X ~ S.D. 5th 50th 95th
Condition 1 19.38 cm; 1.16 cm; 17.73 cm; 19.26 cm; 21.27 cmg
7.63 in, 0.45 in. 6.98 in. 7.58 in. 8.37 in.
Condition 2 19.84 cm; 1.22 cm; 18.29 cm; 19.84 cm; 21.72 cm;
7.81 in. 0.48 in. 7.20 in. 7.81 in. 8.55 in.
Condition 3 19.70 cm; 1.39 cm; 17.42 cm; 19.54 cm; 22.03 cm;
7.76 in. 0.55 in. 6.86 in. 7.69 in. 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 Suited)
STATIC DIMENSIONS
GLOVE-HAND CHARACTERISTICS

b. Length - Thumb and Forefinger Touching

Subject's right hand is extended,
the tips of the thumb and fore-
finger 1ightly 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)

- PERCENTILE*
X S.D. 5th 50th 95th
Condition 1 11.88 cm; 1.02 cm; 10.09 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 1in. 6.12 in.
Condition 3 13.50 cm; 1.18 cm; 11.38 cms 13.49 cm; 15.64 cm;
5.31 in. 0.46 in. 4,48 in. 5.31 in. 6.16 1in.

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 Svited)
STATIC DIMENSIONS

GLOVE-HAND CHARACTERISTICS

TR

TR

¢. Breadth - Metacarpal

Subject's right hand is extended,
palm up. With the bar of the
s1iding caliper lying across the
back of his hand, measure the
maximum breadth across the dis-
tal ends of the metacarpals
(knuckles).

e
Rg et

4
L

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)

i _ - PERCENTILE*
X S.D. V7 5th 50th 95th

Condition 1 8.84 cm; 0.55 cm; 6.21 7.97 cm; 8.81 cm; 9,69 cm;
3.48 in 0.22 in. . 3.14 in. | 3.47 in. 3.82 in.

Condition 2 | 9.59 cm; 0.60 cm; 8.50 cm; 9.54 cm; 10.58 cm;
3.77 in. | 0.23 in. |©-21 | 3.35 in. | 3.76 in. 4.16 in.

Condition 3 | 9.52 cm; 0.66 cm; 8.50 cm; 9.53 cm; 10.55 cm;

I 3.75 in. | 0.26 in. [6-:96 | 3.35 in. | 3.75 in. 4.16 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,

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

GLOVE-HAND CHARACTERISTICS

Circumference - Thumb and Forefinger

Touching

d.

Subject's right hand 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.

ANTHROPOMETRIC DATA EXPRESSED AS PERCENTILE (N=27)

_ PERCENTILE*
: X S.D. V% 5th 50th 95th
Condition 1 | 27.36 cm; | 1.77 cm, 648 24.17 cmy | 27.17 cm; | 30.97 cm;
o 10.77 in. | 0.70 in. | ©-%8 | "9.51 in. | 10.70 in. |12.19 in.
Condition 2 | 28,87 cm; 1.65 cm | 26.41 cm; | 28.84 cmy | 31.15 cm;
11.37 in. [0.65 in. | 271 [10.40 i . | 11.35 in. [12.26 in.
Condition 3 | 31.27 cm; 1.53 cm; 4.97 28.30 cm; | 31.65 cm; {33.25 cm;
12.31 in. ] 0.60 in. . 11.14 in. | 12.46 in. [13.09 in.

Subject wearing unpressurized suit but

barehanded.

Condition 1:

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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Human Engineering Applications

1.

2.

ANTHROPOMETRY (Pressure Svited)
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.

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

The smallest spatial envelope for placement of the
hand anywhere.

ANTHROPOMETRIC DATA EXPRESSED AS PERCENTILE (N=27)

- _,, PERCENTILE*
X S.D. V% 5th 50th 95th
Condition 1 |23.77 cm; | 2.30 ems | o | 20.06 cms | 23.82 cm; | 26.87 cm;
9.36 in. | 0.91 in. : 7.90 in. 9.38 in. | 10.58 in.
Condition 2 | 26.19 cm; | 2.62 cm; 10.00 21.92 cm; | 26.38 cm; | 29.69 cm;
10.37 in. | 1.03 in. . 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 din. | 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,

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

f. Fist Circumference

. 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)

_ PERCENTILE*
X S.D. VY 5th 50th 35th
~ Condition 1 }29.02 em; | 1.99 cm; 26.02 cm; | 29.00 cm; | 32.11 cm;

11.42 in. | 0.79 in. 6.87 | 10.25 in. | 11.42 in. | 12.64 in.

" Condition 2 |30.77 cm; | 1.42 cm; 28.39 cm; | 30.87 cm; | 32.87 cm;
o 12.11 in. | 0.56 in. 4.61 1 11.18 in. | 12.15 in. | 12.94 in.

Condition 3 |31.91 cm; | 1.60 cm; 29.44 cm; | 32.06 cm; | 34.09 cm;
: 12.56 in. | 0.63 in. 5.01 1 11.59 in. | 12.62 in. | 13.42 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

g. Finger Breadth - Digit 2

R TR ==

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.

o=

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)

- T S PERCENTILE*
X S.D. V% 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 1in.
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. g 0.86 1in. 0.94 in. 1.00 in,
Condition 3 2.57 cm; | 0.17 cm; 6.46 2.36 cm; 2.58 cm; 2.82 cm;
1.01 in. | 0.07 in. . 0.93 in. 1.01 in. 1.17 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

. h, Grip Breadth - Inside

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-
pdnding to this maximum c¢ircum-
ference.

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)

- PERCENTILE*
X S.D. V% 5th 50th 95th
'..tondition 1 4,87 cm; | 0.41 cm; 4,32 cmy 4.86 cm; 5.55 cm;

1.92 in. [0.16 in. | 833 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. 10.16 1in. . 1.48 in. 1.70 din. 2.03 in,

Condition 3 4.03 cmy | 0.47 cm; 11.70 3.23 cm; 4,03 cm; 4.83 cm;
1.59 in. 10.19 1in. . 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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Human Engineering Applications

1.

ANTHROPOMETRY (Pressure Svited)
STATIC DIMENSIONS

GLOVE-HAND CHARACTERISTICS

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 Tast 1/4 inch
Tine completely cleared.

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

ANTHROPOMETRIC DATA EXPRESSED AS PERCENTILES (N=27)

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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- PERCENTILE*
X S.D. V% 5th 50th 95th
Condition 1 |12.42 cm; | 1.41 cm; |q7.34 | 9-83 cms |12.22 cm; | 14.65 cm;
4,89 in, } 0.55 in, ‘ 3.87 in. 4.81 in. 5.77 in.
Condition 2 | 10.37 cm; | 1.27 cm; 12.24 8.57 cm; 10.24 cm; | 12.40 cm;
4,08 in, | 0.50 in. * 3.37 in. 4,03 1in. 4,88 in.
Condition 3 8.89 cm; | 1.27 cm; 14.29 7.01 cmg 9.00 cm; | 11.28 cmy
3.50 in. | 0.50 in. ‘ 2.76 1in. 3.54 in, 4.44 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




GLOVE-HAND CHARACTERISTICS

j. Hand Clearance Around Knob

ANTHROPOMETRY (Pressure Suited)
STATIC DIMENSIONS

o

__1

ANTHROPOMETRIC DATA

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.

EXPRESSED AS PERCENTILES (N=27)

to 3.5 psig.

_ PERCENTILE*
X S.D. V% 5th 50th 95th
Condition 1 6.73 cmy { 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 1in, 3.28 in. 3.73 in.
Condition 3 9.47 cmy | 1.01 cm; 10.69 7.62 cm; 9.65 cm; | 10.98 cm;
3.73 in. | 0.40 in, : 3.00 in. 3.80 in. 4,32 in.
Condition Subject wearing unpressurized suit but
barehanded.
Condition Subject wearing unpressurized suit and
gloves. '
Condition Subject wearing suit and gloves pressurized

* 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 boit or screw.

ANTHROPOMETRIC DATA EXPRESSED AS PERCENTILES (N=27)

_ PERCENTILE*
— | X S.D. vy 5th 50th 95th
Condition 1 |221.67° 33.03° 14.90 [170.82° | 223.89° | 280.64°
Condition 2 [188.52° 35.03° 18.58 [137.87° | 185.34° | 239.07°
Condition 3 [120.19° 27.30° 22.63 | 67.68° | 122.53° | 151.27°

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 Svited)
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 Appiications

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)

— PERCENTILE*

X 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,

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

UPPER EXTREMITY

a. Grip Strength

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)

- PERCENTILE
X S.D. V% 5th 50th 95th
Condition 1 48,11 kg; | 8.60 kg; 17.87 30.50 kg. 47.58 kg; | 58.31 kg;
105.84 1b. |18.91 1b. . 67.10 1b 104.68 1b. {128.28 1b.

Condition 2 | 35.89 kg; | 6.40 kgs | 1, o, |27.85 kgs | 35.52 kg; | 48.32 kg3
78.96 1b. |14.08 1b. 8% 161.27 1b. | 78.14 1b. {106.30 1b.

4
Condition 3 30.22 kgs | 4.77 kg; 15.79 19.05 kg3 30.96 kg; | 36.74 kg;
66.49 1b. |10.50 1b. : 41.90 1b. 68.10 1b 80.82 1b.

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.

SOURCE: Garrett (70).
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PSYCHOMOTOR
FORCE EMISSION

UPPER EXTREMITY

b, Maximum Torque - Supination

Human Engineering Application

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 turning the handle to his
rigi.-. Reading is taken from
memory device on the torque
wrench,

1. Determination of the maximum resistance allowable on a

rotary switch.

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)

_ PERCENTILE(In.-Lb.)
X S.D. V% 5th 50th 95th

Condition 1 | 121.48 30.12 24.79 | 83.30 79.85 58.08
in.-1b. in.-1b.

Condition 2 | 119.44 25.14 21.05 | 117.76 121.23 88.75
in.-1b. in.-1b.

Condition 3 | 95.93 28.96 30.19 {178.95 151.38 142,06
in.-1b. in.-1b.

Condition 1:

barehanded.

Condition 2:

Condition 3:

to 3.5 psig.

SOURCE: Garrett (70).
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Subject wearing unpressurized suit but

Subject wearing unpressurized suit and
gloves.

Subject wearing suit and gloves pressurized




PSYCHOMOTOR
FORCE EMISSION

UPPER EXTREMITY

c. _Maximum Torque - Pronation ;
) - Subject grdsps 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,

A S

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)

_ PERCENTILE(In.-Lb,)
X S.D. V% 5th 50th 95th
Condition 1 [153.89 45,02 29.25 | 100.44 92.49 79.32
in.-1b. in.-1b.
Condition 2 {161.48 47.59 29.47 1151.99 158.75 145.89
in.-~1b, in.-1b.
Condition 3 |151.30 49.94 33.01 | 222.90 252.60 244.88
in.-1b. in.-1b.

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).
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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 Apolio
state-of-the-art suit pressurized to 3.5 psig.

%5

RECEIVER

ANGLES RECEIVER

DISTANCES

RESTRAINT

FORCE TYPE

SUSTAINED = FORCE MAINTAINED FOR 4 SECONDS

IMPULSE = PEAK FORCE OBTAINED IN | SECOND
RECEIVER DISTANCES HANDLE ORIENTATION
l5" = 90° ELBOW ANGLE LocAL VeRTicAL 0
|9" 2= 135* ELBOW ANGLE LOCAL HORIZONTAL —

7] 24" = 180° ELBOW ANGLE

— RANGE — MAX = LARGEST FORCE
— MEAN = AVERAGE OF ALL FORCES

— RANGE — MIN = SMALLEST FORCE

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 BUQYANCY)
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PSYCHOMOTOR
FORCE EMISSION

SIMULATED ZERO GRAVITY (NEUTRAL BUOYANCY)
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PSYCHOMOTOR
FORCE EMISSION

i
1
‘s
{
3

k.
5 PN R T O L1l
l}u L 20 56502 SI0HE @ LSIVA ‘ONVH SIOHE ¥ IEIVA'ONYH
} E S
: g SI0HE @ LEIvA SI0HS W LStva
N SOANANRAN, AANNAN
B X SIOHS W ONVH SIOHS @ ONYH
S z 227072 z
= S k= =
z e T oo 9 - Z Lstvm e ONYH
g E ‘:,: IR0 (< g &‘ =
N E
= W 0 saous wd s20uE
g & H 2
B ] ES 1sivm 18vm
= 4
S (=] @ GIOHONYH GIOHANYH
- ':l'l °o
s =) ] awow oM
- i Z P A A [T
[ T g2zrRs3%38¢2 g2s
ik $87-30404
=
(=]
s [ L4 L1l
4‘3 SIOHE ¥ LEIVA'ONVH SIOHE B LSIVA'OHVH
= S
.'Q_J‘ S30MS W iSIVA TR TR SA0HS B LSIVR
° . z S30HS W ANVH z 5
o] e e A
S T 8 Z e OZ SIS | £ ssivm w onwn
o 1 w z W Pl | =
= - o & £z &
< B e 1~ a g ANNNNY AN
= w & SIONE w W sa0Ms
g e « g «
(=] o
° - -4 u 161vM w 1s1vm
0’ o
' w
'—I ! > G0HONYH a0HaNYH
. wl
EI.; B INON INoN
> * o
| T T T T T'T
=% gearsR §108LReqd
! $871-30403 $97-30H04
e
(3] ]
> L1 L
o—
8 SI0HS B LEIVA'ONYH SIOHE B LEIVA'ONYH
Q
o SI0HS ® LEIVA SI0HS ¥ LEIVA
-
= INYH
or— z SI0HS @ ONVH z $30M8 @ @
o =4 - [
+ E T E 181V 9 ONVH E, ) Z 15Ivm @ ONVH
g F - ¥ = ] s
o 3 =1 =3
u = w E E $30HS wa 30 saous
[72d & x & qo
S S
@ a * 1809m « 1sva
@ (]
g @
'.2’ > QI0MONYH aIoHONYH
~
Q
2 3 mon INON
v
(=] 1 1 1T 11 | S
e e sftdbbezze ssersaesee
$97-3280J $87- 30404
*
o

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

1-75




PSYCHOMOTOR
FORCE EMISSION

SIMULATED ZERO GRAVITY (NEUTRAL BUOYANCY)

[ A VS TR N T O T Lttt
ASANY
$I0HS § LCIVA ‘ONVH SIOKS @ LEIVA'ONYH
- 2
<
o %5 SI0HE W LEIVM £I0HS W LEIVA
-
@« ESS ANRNTANNY
z EAEi]  saonseanvn o SIOHS @ QNWH
g ] X7 z 272
e - - AN |=
2 oy % Z 1S1YM 0 ONVH 2 R R Z 1siva ® QNVH
5 £z : EL ZlE
P4 = = ou [
= gy & saoks w=d =X saons
ls z « L [
w oS
£ & o T o
© =
o 5 T
— 2 TIOHOHYH 5523 08 QIOHGNYH
i w PNIZ
~ -
@ a g| awow °=- INOK
= 2 S 1
= T T T T 1111
. T gasRgBeRRe 888RZ28eARRe
P $871-30H03 $871-32H04
[=]
o=
-+ [ N S N I T I S |
[1~] AN
4&' SI0HS § LSIVA'ONYH SIOHS & LEIVR'GNYR
a
E KRR B S30HS ¥ ISIVA SI0MS © LEIVM
o SNANATANNNNS
© z wm%w SIOHS B ANYH z SAOHS @ ONVH
- o & ' 2
= - 2 ;‘& z lvmeove D Z = LSIVA © ONVH
[= ! Ea 275 | < T -
© w a £ 580 z
- ] =1 = =
® w @ saons sa & saous
- Z 13 « S ¢
o L= 2 2
o Lsivm 15ivM
! >
2 GIOHONYH GIOHaNYH
.o Lg
,.O_J h‘:-' oW 3koN
o
£
S
(48]
=Y
Rlnd
Q
Q SIOHE W LEIVR'GNYH SIONS © LEIWMONYH
Q
o
SI0HS ¥ LSIVA SI0HS © 161VA
-
= |
'E i 2 SIONS WONYH SIOHS § ONYH
<]
4+ i E - g [
S o 1sivm wonvH O Z 16lvm B ONYH
>S5 - I z v 3
a = EH] 33 £
wo. s30M8 wa % $30KS
9 9 w
g_ (2] s 151vm
> oy
~ > QIoHONYH QI0HONYH
3] -~
2 g INON InON
o x -
e rrrrrrr11 rrrJ1rrrrrri
2 TEEEEEEEE ggegrg8s e
o 87 -30H04d $@71- 30403
o e

SOURCE : St’ﬂdy';fmﬂ the Collection of Human Engineering Data for Maintenance and
Repair of Advanced Space Systems, Vol. II (180).

1-76



2
o

PSYCHOMOTOR
FORCE EMISSION

SIMULATED ZERO GRAVITY (NEUTRAL BUOYANCY)

EBOHE 9 LEi1vi ‘ONWH

S20ME ¥ L1SIVA

sIOME W aNVH
2
- -
Z 151vm 9 ONVH o
-« = [T
= =
= ouw
9 s30Hs wd
= £
isivm b
QTOHONYH
MWoN

SIOHE ® LSIVA'ONYH

S3I0HS @ LSIVA

SA0HS ® ONVH

161VM B ONVH

DOWN

SIOHS

FORCE DIRECTION

181ym

QIOHONVH

SEOHS W LSIVA'ANYH

$3I0HE ® ISIVA

GA0HS @ ONVH

z
e
- e
Z isvmwonvn D
= EJ
4 a3
D saoms wa
« &
S
w
15
QIoHONYH
E

[ I I I B I B
J \\\\\\\\'
o 0 20
; AN AN
SRR R
(=] SIS Y
&
S g
H
Z £k
=3 so
T g=
— [ o
< =z
+ ut
=
5| B
— w
|8 )
o B
* Z
| LA T 1 T°T
T getfiagnns
E $971-30404
=)
ey I T T Y T |
i
.‘_‘ .
=
@
o—
[
S
[.]] % -]
—
S < S
= - Ea
[ w a3
p= = w
(] o
z -3
- « E
o
Yo
< i
! 2
. ! w
@ | w
= &

T 1T UT T 1
= g82R88¢988¢°
s $871-30804
[
> L
—

@
o
@
o
-
I~
e 8
+ 5
Ay z £5
& a3
5 g
. = 2
[+)] [72]
S g
~ >
@ el
gl g
o x T T T T T T T
L e gesbisgzses
$97-30M04
.
@

Study for the Collection
Repair of Advanced Space

of Human Engineering Data for Maintenance and

ittt i1

-

=

<

[ 3

-

“

w

[ 3
T T 1T 1
sesdize
$871- 32404

RESTRAINT

$97~32H04

{ N U I I

AR SO
 RRRFBBI PR
Y27 77777

82 3RgIERR?®S

S$@7- 32804

Systems, Vol. II (180).

1-77

230HE © LSIVR'ONYH

KBOHS ¥ LEIVR

SIOHS © QNVH

L8IVA B GHVH

S30HE

Asiva

AYHONYH

L

SI0NE ® LEIVA'ONYH

$30HS © LEIVA

S3I0HS © ONVH

18IV ® ONYH

SI0HE

iS1vm

ATOHONYH

SIOHE @ LEIVAONYH

EIONE B LSIVM

SIONE ® ONYH

LIV ® ONYH

S30HS
@

pril /)

QIOHONYH

INOW



SIMULATED ZERO

Vertical

45°, Handle Orientation

Sustain, Receiver Angle

Force Type

f.

SOURCE

HANDLE ORIENTATION: VERTICAL

RECEIVER ANGLE:45°.

FORCE TYPE:SUSTAIN

PSYCHOMOTOR
FORCE EMISSION
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PSYCHOMOTOR
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PSYCHOMOTOR
FORCE EMISSION

SIMULATED ZERO GRAVITY (NEUTRAL BUOYANCY)
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PSYCHOMOTOR
FORCE EMISSION
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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 addition to 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

AUDITORY [z worwomsrwoo
TACTUAL lomuranisasms
VISUAL I UL T

CoLD SN oA RA R onfbiirs.

WARMTH  poosririomoursong
opor T T TR ST LT TR
PAIN A T T T S B T TR R L R T AN LU T T R T VAT ::z;.z
. B | ) N ] l J
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REACTION TIMt (IN SECONDS)

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

1-85



PSYCHOMOTOR
REACTION TIME

EYE/HAND COORDINATION

b.. Reaction Time/Acceleration

028 —_— - .
T ' T Mean response time
for combined left
hand and right hand
operations as a func-
§ . tion of increased
S 032 /// acceleration,
8 i
o0
Z
uy
£
= 028[— -
w
[Z2]
4
(o]
a.
w
[13]
«
Z
é 0.24} .
0.20 1 L L —
o 2 4 .6 8

FROKY-TO~BACK ACCILERATION, IN @ UNITS

c. Reaction Time/Task Complexity

.
g s
= p—
o
S ""-‘M
S5 ””»gﬁf
==
W 4
=
5 3
5 7
<L 2 _
w
[+
11— 1
1 2 3 4 5 6 7 8 9 10

NUMBER DF CHOICES

SOURCE: Kaehler, et al (99) and Human Engineering Design Criteria (88).

1-86



PSYCHOMOTOR
REACTION TIME
VISUAL PROBLEMS DUE TO SPEED

High speeds, altitudes, and acce]erations,'work load, airport density, com-
p1icated instrument panels, and the structure of the aircraft itself all create.

caviane vicial nrnhlome far +ha nilat and craw naf high-narfarmance airevraft The
Gl 1VUO Yiouwk Pl Vi i IR R wiiG Pl IV W WA Wl =Ty W IllslI H‘-l ITVIIUITWG QT Wl W e s

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 Chang1ng

Fiight Path to Avoid and Distances Traveled in These Intervals

__Time, in sec Distanc e_'?rffvrz!cd, in fect o
B T _at600 np m.;h B at 1800 mph
Fur Op- From izt Buring “From tst | During From ot
Gueranion eratjon Sighting Coc mlxon Sighting Qperation Sighting
Sensation (light iravels 0.10 0.10 88 88 r 264 264
from retina to brain)
Focusing with Central
Vision |
Motor Reaction 10 0.175 0.275 154 242 462 T26
Prearrange Eye
Movemcnt
Eyc Movemeu.. 0.05 0.325 44 286 132 858
Focusing with Fovea 0.07 0.395 62 348 185 1043
Perception (minimum 0.65 1.045 572 920 1716 2759
recognition)
Deciding What to Do 2.0 3.045 1760 2680 5380 8039
(estimated min.) .
Operating Controls 0.40 3.445 352 3032 1056 9095
Aircraft Changes 2.0 5.445 1760 4792 5280 14,375
Flight Path _

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

VISUAL PROBLEMS DUE TO SPEED

b. Timé Intervals Required to Shift Sight From Outside Aircraft to Instrument
Panel and Back, and Distances Traveled in These Intervals.

Time, in sec. ___ Dislance Traveied, infeet .
at G0 mph Al TS0 wph T
For Oper- | From Be- | For Oper- | From Be- | For Opér- | From De- )
Operation ation ginning ation ginning ation ginniug
To Panel
Muscle Movement 0.175 0.175 154 154 462 162
Eye Movement C.05 0.225 44 198 132 594
Foveal Perception 0.0 0.255 €2 260 185 779
Accommodation 0.50 0.795 440 700 1320 2099
Recognition of V.80 1.505 704 1404 2112 {211l

Instrument Reading

Back to Distance

Reaction Time 0.175 1.770 154 1558 . 462 4673

Eye Movemcat 0.05 1.820 44 1602 132 4805

Relaxation of 0.50 2.320 440 2042 1320 i2s
Accommodation

Foveal Perception 0.07 2.39 62 2104 185 6310

SOURCE: 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 mampu'latwn.
The chart below shows man's abjlity 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), mean standard devia-
tion, and Weber ratio (A S/S) for each standard are much larger for mass than
for weight. Thus to be detected under a weightless condition, mass increments
must be at least twice as large as the weight increments required for discrimin-
ation in a normal weight-1ifting situation.

a. Weber Ratios

48
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~
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STAMNDARDS I GRAMS

Comparison of Weber Ratios (A S/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-1ifting
experiments. The results for weight in this study tend to follow this line well.

SOURCE: Reco and Copeland (149),
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WEIGHT AND MASS CONDITIONS

b. Mean Difference Thresholds
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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 1ines 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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! WEIGHT AND MASS CONDITIONS

. c. Summary of Statistics on Discrimination of Minimal Differences in

Weight and Mass*

Standard Mcan Mcean Mean DI, SDDL AS

in Grams Condition PSE SD {.6745 SD) S
; 1000 Weight 1013.95 086,15 58.11 8.67 050
i Maass 1019.40 224,60 150,14 75.78 L1560
I 3000 Weicht 3016,81 224,50 146,43 32,70 049
i Means 3014.47 497,40 335,50 116,59 112
5000 Weight 5003.46 313.80 211.65 15,32 042
Macs 5010,.69 6§83.00 460.69 €s,12 092
7000 Weight 7008.16 476,40 321.33 31,082 048
Macs 7018,90 1064.,70 718.14 104.85 .103

—— JUSURI, | U

* Using ten subjects for each standard.

SOURCE: Reco and Copeland (149).
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a. Relationships Between Intensity Units of Source and ITluminance Units
on Surfaces at Various Distances

Intensity () 1 lumen /steradian = 1 candle = 1 candle power = 1.02 candelas

Illuminance (E) lumens/cm?2
1 lumen/m2 = 1 meter candle = 1 Jux
1 lumen/1t2 = 1 ft-candle (ft-c)

Luminous Emittance (L) | lumens/cm2
lumens/m
lumens/ft2

Luminance (B) lumens/steradian/m2 (or cm?2)

lamberts (L) = millilamberts (mL) X 103 = microlamberts (uL) x 106
for a perfectly diffusing surface, 1 lambert = 1/x candles/cm?2.{oot-
lambert (ft-L) = 1.076 mL

1| METER o
1FT
]
%_’\\ ——
U S
¥ =
' V’ e
AREA = 1 CM?

ILLUMINANCE = | LWENICM

INTENSITY = | CANDLE
= | LUMEN/W

* 1 STERADIAN
AREA = IFT2 2

JLLUMINANCE = | LUMEN/FT
» ) FT-CANDLE

AREA = | METER®

ILLUMINANCE « | LUMEN / M2
= I METER CANDLE
= ILUX

| SQUARE CM
ILUJMINANCE = 0.0000 LUMEN7CME

SOURCE: 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 Commonly Used Units of Luminance
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Below each bar logarithmic units and their subdivisions are given. Above the Nit Bar
natural figures and subdivisions are given, Above each bar subdivisions for natural figures
are given,

FONYNIWNT

1VASIA
AJdOSNISOHIOAS



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.

Luminous Flux llluminance
{Intensity of a Source) (IHumination Incident upon a surface)
Candle- Foot- Meter- Lumens
power Lumens Watts Ergs/second candles candles Lumens/ft' meter
Candlspower 1 PRI ocret iy Footcandles 1 10.764 1 10.784
Lumens ‘% 1 ("05':::‘7“..) (.1';2,”:‘:‘9:) Meter-candles 0.0929 1 0.0029 1
170
Watts = @t o 1 0 Lumens/tt' * 1 10.764 1 10784
: (at 555mu®)
" | ergsssecond | 170, 400 10~
rgs/secon > (m ) 10- 1 Lumens/meter' | 0.0029 1 0.0029 1
(at 555mu®)
Luminance
(Surlace brightness or reflected light)
C1:g|;s/ C;‘r:::.s/ Footlamberts | Apostilbs®** o L.m“',r“ o
Candies/foot® 1 10.764 x 10.764x ;’2’3
Candles/meter! 0.0929 1 0.0929r T X104
Footlamberts ! 107 1 10764 | 10.784x10-
Apostilbs®** 4 : - 00929 1 10
Lamberts a9 10 .
(Lumens/cm®) x E: 2 10 !
Q ity of Energy Recei By a Surf.
—_—
Watt-
Meter-candie- Footcandle-
Ergs/cm’ secondsfcm'
Seconds Seconds or Joulesfem?
Meter-candle- 1.471 1471210
Seconds 1 0.0929 (at 555mu ") {at 555mu*®)
Footcandle- 10.764 1 15.83 15.83x10°!
Seconds . (=t 555mu*®) (at 555mu®*)
0
' 0.680 0.0632 R
Ergs/cm (at555mu®) | (at S55mu") ! 10
Watt-seconds/cm® £.80x10* 6.32x10* 10" 1
or Joulesfcm? (at 855mu®) (at 555myu*)
of Energy d by a S
Candle- Watt-
Lumen-
power- seconds Ergs
Seconds < d or Joules
Lumen-Seconds 1 1 ‘052?;:7'_.) 0-2";;;"’““9;)' *True only for monechromatic Hghl at 386my. For other wave-
4x (a L] () Ld tengihs In the visibie region, muliply by the relative visiifty
Candiepower- 0.005882  0.005882x10~ /| factor for that n.
Seconds al ' (at 555my**) [(at 555mu**) nclor lof (Kl waveiong
170 **True only for monochromatic light at $88mu. For olher wave-
Watt-seconds 680 x 3 10"’ lengths in the visible region, divide by the visibliity factor for
or Joules (a1 855mu®) (at 555m ) that wavelength.
Ergs 680x10" B '|7ono' 10" “ f ***Defined as 1 lumen per meter’; occasionally incorrectly
0 (at 555mp®) | (at 555mwu*) called meter-lambert,

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. I(50)
and Taylor and Silverman (184).
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SCHEMATIC AND OPTICAL CONSTANTS OF THE EYEBALL

a. Human Eye Constants and

Dimensions

Constant Eye Ares or Measurement

[ ( I C 1.37

£ visuAL Axl |+—OPTIC AXIS A:::::l humor 1.33

= Lans capsule 1.38°

- Refractiv Outer cortex, lens

: e‘:lc . Anterior cortex, lens

5 ANGLE o : 5.70 ex Posterior cortex, lens

)

H] . - Center, lens 1.41

z | A Calculated total index | 1.41

g ] Vitreous body 1.33

u | o QIAMETER OF CORNEA 12:)3 mm_ ! Radius of Cornea 7.7

8 : 1 D1an.PUPIL : curvature, | Anterior surface, lens | 9.2-12.2

& ) TR A ] 1 mm Posterior surface, lens| 5.4-7.1

F ! 1

: ! remon werace or com pimeree | R purtce; comes 142
€ T y M :
& :L 111 PRINCIPAL POINT Pos_'rﬂsu_nygz_of_ EO!N—“—T H cornea, Post. surface, lens 1.8
=¥ it uud ) - mm Retina 24.8

' -

NT. SURFACE OF LENS § ¢ .
€f ANT. SURFACE OF LENS § Focal Anterior focal length [:: ;]"
°n .
e distance, Posterior focal length 228
l l v POINT o 118.9]
LIy Wi Ay 7 duisintisls Sutiiunee o Sl IR \ W VPPN 48 L 1. Focus -15.7
2nd NODAL -12.4]

FOINT H Position of 2. Focus 24.4
£ | DIAMETER CRYSTAL LENS cardinal [21.0]
° [e——cbeut !l mm et 3 points 1. Principal point 1.5
N < measured 11.8}
" from 2. Principal point 1.9
z VITREQUS corneal 2.11
5 surface, 1. Nodal point 7.3
z mm [6.5)
3 2. Nodal point 1.6
2
g (6.8]
i -
:;-;, Diameter, a’;c:l:uk T_:
=4 mm
- M RIGHT EYE Fovea 1.5
73 OPTIC DISK Depth, mm Anterior chamber 2.7-42
b3 \ P! -

NASAL SIDE
(Temporal field)

The diagram and table give dimensions and optical constants of the human eye.

TEMPORAL SIDE
(Nasal field)

*Cortex of lens and its capsule
**Values in brackets refer to state of maximum
accommodation

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 mm,

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.

SOURCE :

(50) and White (204).
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PHYSTOLOGICAL AND PHYSICAL FACTORS EFFECTING VISUAL PERFORMANCE

a. Variabies That Must Be Kept Constant or Carefully Controlled When

Measuring Some of the Principal Kinds of Visual Performance

[ Variables to Be Controlled
= — ﬁ [
S e =] 2 s =)
Z 25 (g 3 ) 5
[ = < EI'S L |
£ln R T P - o =
.EHE mggm Oq,“-c"éc, = 2 B
=l e - a |«
oEgmg B gnegwgggﬁk'ﬁ e 1o S8 | 8
Type of 251832 (25 |EC82522|5518 § (55|88 5 e
Visual 35 BEER \E2 |E8S15,|58ugE% 3 |2S|58|EF
Performance REXG|GaE |80 (OCFA|<SA0AEES 5 OkiEd |68
Visual Acuity X | X [MV)* X X X |X X X X
Depth Discrimination X X X X X |X X X X |[X | X
Movement Discrimination X X X X X X X X MV)* X X
Flicker Discrimination X X X X X X X
Brightness Discrimination X X X X [((MV)* [ X [X X
Brightness Sensitivity X X X [(MV)* [ X X X
Color Discrimination X | X X MW= X X X X |X X
i (RS e o i W (S o A ol EN N

*Variable being measured

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 Tuminance (By) differs from background Tuminance
(By). The equation for obtaining contrast is:

B, - By By - By,
Cg = ——— and (g =——— or CB x 100 = % CB
By, By

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,

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. I (50)
and Wulfeck, et al (213?
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b, Variation in Visual Acuity with Background Luminance

10 r- —‘
5.0 -
VISUAL ANGLE
v 10 R A R (MINUTES OF ARC)
s ﬂ/ MINIMUM SEPARABLE
2 \4 ACUITY"
E
LI S i
= I
(V]
=z
s
3 | %
2 -
= - -
2 2
> 1 _
> R o
= ‘ VISUAL ANGLE
e VERNIER ACUITY
= 05—t — o ]
- . STEREOSCOPIC
L ~ ACUITY
|
MINIMUM
PERCEPTIBLE
| ACUITY
o o TARGETS
: } ]
i iy e L 7T VISUAL ANGLES
001 .0 0.1 1 10 100 1000 10000

BACKGROUND LUMINANCE - mL

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 portions of a Tine
to be perceived as discontinuous. The thickness of the 1ine 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
Jjudging depth. Beyond 2500 feet, one eye does as well as two for perceiving
depth. Minimum perceptible acuity refers to the eye's ability to see small ob-
jects against a plain background. 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 acuity. This
term refers to the detection by the eye of targets of this kind. For instance,
the giant red star Aldebaran (magnitude 1) can be seen even though it subtends
an angle of 0.0003 minutes (0.056 sec) of arc at the eye.

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. I(50)
and Webb (195).
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Visual acuity is an important limiting factor in all human detection, tar-
get recognition, or other visual tasks., Acuity, 1tke 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

Angular Population Visual Angle
Eccentricity Rods/sq mm Cones/sq mm 100 mL 0.002 ml.
degrees thousands minutes
mean range

0.00 0 136. 0.7 (0.5-1.0) 12.5

0.25 0 84.4 0.8 (0.6-1.1) -

0.50 7.22 57.5 1.0 (0.7-1.3) -

1.00 34.2 41.3 1.2 (0.8-1.5) 22.2

5.00 88. 19.4 - - 11.3

6.00 105. 12.1 4.5 (1.5-6.7) -
10.00 118, 9.13 - - 15.2
12.00 125. 7.64 6.1 (2.5-10) -
12.50 126. 7.63 - - -
20.00 158. 7.08 10. (5.0-17) 21.3
30.00 140, 6.52 - - :
40.00 132. 5.95 27.5 (14 - 48) -
50.00 108, 5.79 42.5  (21-72) -
70.00 80.4 5.47 100. (47 - X*) -
90.00 87.7 6.84 K (126 - X%) -

* Unmeasurably poor acuity.

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

® 100 P
3 ,/”’
O 75 1 %
us
=
w
[p]
&5 % /
>
k-
od
B 25— — - ——1
L
[as]
&
Cu 0 /
0 .2 .4 .6 .8 1.0 1.2 L4 L6

VISUAL ANGLE - minutes

One type of visual threshold is a value determined statistically at which
there is a 50% probability of the target being seen. 1In 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 Tuminance 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 1ine 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

[
1500 000
00000}

150 000¢
120 0001
90000}

60000} D

<
™
Y

45000

30 000}
27 0001
24000}

J/  /

21000}

.
\

N N\

N\

METEOROLOGICAL RANGE - feet
CONTRAST- AB/B

15000}

RS S O
.@%9@?@?\%@@@? és? & @@Z%‘i\%‘%@ &

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

100 ==
/_/ = -// TS
75 L

E ’ ,’ Lemon "Toma(o
i ; /
2 I}
3 /
“2s L

0

4000 5000 6000 7000

Wavelength in Angstors

Reflectance Factor: The reflectance factor refers to the percentage of incident
light that is reflected. Surfaces with compound refiectances 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 1ight 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

iagram.

Selective Transmittance: A transparent or translucent medium may selectively
absorb or transmit 1ight 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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¢. Visual Angle

VISUAL ANGLE
;? LENGTH
£ R

DISTANCE (D)

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

: _ L
Visual angle = 2 arctan zp in

which L is the size of the ob-
ject measured perpendicularly to
the line of sight. D is the
distance from the eyé 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 = VTEUETlEEETE

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

RECOMMENDED ILLUMINATION LEVELS

WORKING CONDITION

Very difficult and prolonged visual tasks
with objects of Tow brightness contrast such
as sewing and inspection of dark materials.

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

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

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

No detail vision, restaurants, stairways,

and bulk supply warehouses,

FOOTCANDLES ILLUMINATION

100 or more

50 or more

25 or more

10 or more

5 or more

&. Visual Acuity as a Function of Luminance

2.5 F

2.0

1.5

1.0

0.5

0 1 1 1
0.001 0.001 0.1 1 10

100

BACKGROUND LUMINANCE - mL

SOURCE: 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 TLLUMINATION

8}

[72]

(53]

5 6

=

=

]

w4

<5

=

=

- .

5 2r

[70]

=
0 ! 1 1 1 1
0 20 40 60 80 100

ANGULAR VELOCITY - DEG/SEC

g. Successive Glare Effects

100,000

10,000

Discomfort Zone

1,000}

100

SUCCEEDING LUMINANCE - mL

-0.0001 0.01 1 100 10,000
PRECEDING LUMINANCE - mb

10

>

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_¥i59§]mﬁpg]gs for Various Contrast Ratios

10 P>,

w7 ¥

A NN

z : \ \\\\/ff
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2 2 ¥_{0f/<_}\

2 %\\
o T~
0a ]

2 8 10 20 30 50 100
% CONTRAST

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 O 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 Pérceptib]e Acuity)

]
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Kucters on curves

indicate tha coatrout,
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+1 <
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LOG DIAMETER OF SPOT
[/
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A

-5 -4 -3 ~2 =i o+ +2
LOG BACI:IRCUND DRUSHTIIESS M FT L.

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 visibie
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
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b. Smallest Difference in Wavelength That Can be Detected as a Difference

Tn_Hue When Two Fields are Presented for Comparison
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SOURCE: Chapanis (45), Jones (96) and Steindier (173).
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c. Color Recognition of Point Sources of Light
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The i1lumination 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.

SOURCE: 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
Adapted Right Eye
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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 Popu]atiogﬂCurve - Density of Rods and Cones From Nasal to
Temporal Edge of Retina
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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, and 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
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SOURCE: Chapanis (45), Hecht and Williams (82) and Osterberg (141).
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d. Time Required to Detect Signal
as_a_Function of Previogus Bright-
ness _to Which Subject has_ Been
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The Lowest Ambient I1luminance
Required to Prevent a Radar Signal
From Being Detected (I.E., Thres-
hold Masking Luminance), Plotted
as a Function of Signal Luminance

e
™
|
|
|

25, 7
v

&5
N

5¢

d

vz

4 T

[~
i
§
I

MEAN THRESHIO OF MASKING
ILLUMINANCL I LOG m
LLo0c0

Lo
N

17
Ty
]

“4c -05 00 ot 10 15 20
SIGNAL LUMINANCE (N LOG mi

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

100

\\
’ \\-
0.0t [s%¢]] [e1] 8 10
LENGTH GF FLASH N SCCLMOS

REWATIVE INTENSITY OF JUST VISIBLE FLASH
)
-

SOURCE: Adler, Kuhns, et al {2), Blondel and Rey (30), Chapanis (45), Hanes and
Williams (80) and Lamar, Hecht, et al (107).
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f. Photopic and Scotopic Relative Luminosity Curves
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RELATIVE LUMINOSITY

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 Tumin-
ous. The photopic curve shows the relative Tuminosity 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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g. Dark Adaptation Curve
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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 T -

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

[
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»
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i, Dark Adaptation as a Function of
Intensity of Previous Light Dark-adaptation curves for one
: subject following exposures to
1ights of various Tuminances for

& F four minutes. The broken lines
' indicate the color of the test
s Tight (violet) could be identi-
\“\ fied at threshold.
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SOURCE: Chapanis (45) and Haig (78).
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y j. Dark Adaptation as_a Function k. Dark Adaptation as a Function
of the Region of the Retina of the Wavelength of the Test
;{ Stimulated Stimulus
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SOURCE: Anon., (10), Journal Gen. Physiol. (98) and Stevens (174).
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DURATION OF VISUAL EXPOSURE AND INTERMITTENT ILLUMINATION

When a target appears as a short flash up to about 0.1 sec. duration (this
1imit 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-
Exposure to Viewed Object dence of Target Size and Time
of Exposure
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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

SOURCE: Blondel 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: o

E=E (t+a)
. t

where

E = intensity of flashing source required to appear as bright
as E
0

E0 = 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 Required for Visibility at 50 Percent Level
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This figure shows how intense a flash of 1ight 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
}ights requires about the same illumination at the eye as detection of white

ight.

SOURCE: Blondel 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 1ight 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 steady. 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

) | /V
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40
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FLICKER FREQUENCY ¢/s
]
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The graph shows the relation between critical fusion frequency (CFF) and
luminance. The curve defines the boundary between those combinations of target
Tuminance 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 Tumin-~
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--0.26 for the-upper 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 Tuminance of 0.7 mL.
The brighter the flash, the longer was the recovery time. :

a. Times to Perceive Targets - b, Times to Perceive Targets -
Acuity 0,26 Acuity 0.08
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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
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SOURCE: 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 bkightness 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
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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 level 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

ol Dt ND VO

pd

1
OO 25 50 75 100 125 1E0 8 UP
EXPOSURE TIME. I SECONRDS TO HIGHER BRIGHTNESS

AN

ORDINATE VALUE x EXPOSURE BRIGHTNESS
= ADAPTATION LEVEL OF THE EYE

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 2-1/2 minutes it reaches, for all practical
purposes, a "steady state" of adaptation. This means that Tonger 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.

SOURCE: Baker and Grether (15).
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a. Contrast Discrimination Curve
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b. Contrast Threshold as a Function of Shape of the Stimulus

O - T 77 -
22 10 NUMBERS ON CURVES ARE
v N LENGTH /WIDTH RATIOS
Iw 200 N
28 040 1703 —— L
& %\\
:.’éo’zo < ‘\\

3 ; AN \ K200

0,10 1 >

wo EAS Ny \70\‘
- Ao
oo RS
3% 0.02 - 7"\

o« S Sy S
et oo B i
28 i

0510 30 10 80 100 300 800
ANGULAR AREA A, IN MINY

Effect of area of rectangular stimulus on threshold contrast B/B for
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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).

1-123



PSYCHOSENSORY

VISUAL

CONTRAST EFFECTS

c._ Contrast Threshold as a
Function of Wavelength of
Stimulus
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d. Contrast Threshold as a
Function of Region of the
Retina Stimulated
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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 mp ). The
orange and red curves have been
raised 0.5 and 1.0 Tog 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 foveal and peri-
pheral vision. In peripheral vision,
where rods predominate, transition
from rod to cone vision occurs at
higher 11lumination level. Discrimi-
nation is generally poorer in peri-
phery than in center of visual field.
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e, Visual Acuity Curve Plotted as a Function of Background Luminance
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f. Visual Acuity as a Function of Contrast
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Notes
Viewed from outside ¢arih's atmosphere

Viewed from the carth

Firehall 4 miles from point of detona-
tion of an 0O KT weapon

Photopic Vision
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outside atmosphere
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Viewed from oulside atmosphere(rs0069)

Viewed in January from outside almos-
phere, no clouds (r = 0 39)

Viewed [rom outside atmosphere (r:0 56)

Average sky on clear day

Full moon viewed {rom outside of
atmosphere (r : 0 073}
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Viewed from outside atmosphere (r: 0 15)
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1x10 ° Absolute threshold for dark
s adapted humsn eye, lower
1210 b lLimit for night vieion
s.0p |1 X 108 Sky Mooniess night sky viewed from earth
420
3. 104
?

Pt L
et 1xi0°6 Spave backgriund

Background luminance farmed by star-
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SOURCE: Compendium of Human Responses to the
(50) and White (204).
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Characteristic Luminance on Earth and In Space

This enormous range of
Tuminances 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 Tuminances 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 1ight in a plane-
tary body or spherical ob-
Jject 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.

Rerospace Environment, Vol. I



PSYCHOSENSORY
VISUAL

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 1ine 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 Tuminance. An observer adapted to a luminance of 1.0 mL can see a 10
minute square target about one hundredth as bright immediately 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 Tuminance 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

10 T T T T L AR LI I

; pdn
301_ ’//;4" - ]
L

.om01r/,/”
.000001 \ I 1L ) 1 s d 1
.00001  .0001 001 .0 ) 12 510 100 1000

PRE-ADAPTING LUMINANCE - mL

INSTANTANEOUS THRESHOLD - mb
nLE
\\‘ .
1

SOURCE: Nutting (140) and Webb (195).
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PSYCHOSENSORY
VISUAL
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 Tuminance sources as reference objects of approximately
2000 ft L apparent luminous intensity or greater, one must expect rather large
errors in estimating star eclipse angles ?from the edge of the Tuminous source).
Under high Tuminance -conditions one is Tikely 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*

2°30' -

2°00' -

1°30' -

APPARENT" DIAMETER OF GLARE SOURCE

1 1 1
100 1000 4000
i GLARE - SOURCE INTENSITY, f1 L

-k

* 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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EFFECT OF GLARE ON APPARENT SIZE AND SHAPE

b, Effect of Glare Source Edge Geometry Upon Point Source Disappearance
and Reappearance Position

o 7 4\ 7 13
- D ‘A
CURVED STRAIGHT 90° 60*

----- PATH OF POINT SOURCE
— FULL INTENSITY
—— 0.4 LOG INTENSITY

EDGE GEOMETRY VISUAL ANGLE
* 8 A
CURVED (16) 12729.3" | 6 26.8
20° 8) 8'26.7" | 5 36.1°
60° (6) 8'35.7" 6al.1"
STRAIGHT (14) 7'33.8" | 3'31.8

*INDICATES NUMBER OF SETS OF SIX IN AND SiIX QUT
TRIALS EACH VALUE 1S BASED UPON

t Glare Source Luminance Upon Perceived Size and Shape of
es

{CIRCLE)
FULL INTENSITY EDGE
P \//INTERMEDIATE INTENSITY EDGE
MERIDIAN VISUAL ANGLE
(A) 0.4 LOG INTENSITY | (B) FULL INTENSITY

o* 6'32.3" 20' 35.9°
45° 7'46.1" 13'165°
90° 9'38.3" 12'39.2"
135° 6 91" 12'470"
180° 14'55.0° 13' 8.0"
225° 5 44" 12' 266"
270° 3' 80" 13' 80"
315° 2'26.2" 20'33.0"
MEAN 631" 14' 29.5°

ZERO INTENSITY BOUNDARY

X-X DISTANCE = [* 33’ 13.3"

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. I (50)
and Haines (79).
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Effect of Glare Source Luminance Upon Perceived Size and Shape of

PSYCHOSENSORY

VISUAL

EFFECT OF GLARE ON APPARENT SIZE AND SHAPE

Squares

Effect of Glare Source Luminance Upon Perceived Size and Shape of

{SQUARE)

FULL INTENSITY EDGE

1 X LI \

o 45* ,\
—Llwanr{*é 9°”%‘T-
135° ||
X

—

S

INTERMEDIATE INTENSITY EDGE

MERIDIAN VISUAL ANGLE
(R) 04 LOG INTENSITY | (B) FULL INTENSITY

o 5'16.3" 8'59.2"
45° 718" 7'574"
90° 0'37.9" 12 33"
135° 5'515" 8'500"
j80° 4’376 1 78:
225° 8'314" 14' 92"
270° 3' 597" 9'224
315° 9'49.t" 14'18.3"
MEAN 5'36.6° 10'31.2°

ZERO INTENSITY BOUNDARY

X-X DISTANCE = I°24'59"

Triangles

¢ Compendium of Human Responses to the Aerospace Environment, Vol.

(TRIANGLE)

FULL INTENSITY EDGE

%INT‘ERMEDIATE INTENSITY EDGE

MERIDIAN VISUAL ANGLE
(A) 0.4 LOG INTENSITY | (B) FULL INTENSITY

o* 6414" 6'58.3"

60° 0' 26" 8' 08"
120° 6.55.4" 10! 877
180° 37Tt 757"
240° 9'372" SN
300° 6'442" 13'348"
MEAN 5'31.07 9'22.2"

ZERO INTENSITY BOUNDARY

X-X DISTANCE = 1°30' 50.7"

and Haines (79).
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PSYCHOSENSORY
VISUAL
DETECTION OF TARGET MOTION

a., Typical Visual Acuity Showing Effect of Reference Separation and

Direction of Motion (Right and Left)¥*

( Direction of Initial Separation
7 Motion Distance, Milliradians
ORight 12.5
1o OR'ight 34.0
Oleft 12.5
dleft 34.0

Rate of object motion, milliradians/sec

Time to identify object motion, Sec

* 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 MOTION

b, Differential Threshold of Motion Detection in the Frontal Plane
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ANGULAR SPEED (w) - deg/sec

The differential threshold (Aw ) is the amount that the angular speed of
an object moving at right angles to the Tine 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 w, to wy*

When an object stationary in the visual field (w;=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) and Webb (195).
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DETECTION OF TARGET MOTION

c. Perception of Movement in Depth of a Luminous Target

PER CENT DISTANCE TRAVELED

.001 .01 0.1 1.0
LUMINANCE - mL

Figure ¢ 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 Tuminance. :

SOURCE: Baker and Steedman (16) and Webb (195).
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d. Time to Perceive Movement in Depth
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RATE OF MOVEMENT - in/sec

TIME TO THRESHOLD - sec

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 Tamp 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 Tuminance 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.

SOURCE: Baker and Steedman (16) and Webb (195).

1-135




PSYCHOSENSORY
VISUAL

EYE PROTECTION - RETINAL BURN

The maximum dose Q (in J/cm?) 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

Retinal Threshold Dose Q in J/cm?

104 I L L L 4 L L L
10® 2 5 072" 5 10%2 5 10°% 2 5 107% 2

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

a. 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 10° ergs cm=2 in
any 24 hours period.

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

c. 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%.

SOURCE: Compendium of Human Response to the Aerospace Environment, Vol. I (50)
and Vos (193).
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TERMS, THRESHOLDS AND LEVELS

a. Terms and Units Used in Audition

Physical Psychological
Term Unit/Measure Term Unit/Measure
Frequency Cycles per second Pitch Mel
or Hertz
Amplitude Decibel Loudness Phon
1220 log(p4/py)
Sone
Duration Seconds/Minutes Duration Seconds/Minutes

The unit used to measure intensity, L, in physical units is the decibel
(dB) and 1is expressed as:

L = 20 Tog (py/p,) (M

the sound pressure level (SPL) to be measured;

where P

po = a reference pressure, usually 0.0002 Dbars

or dyne/cm2
The difference between two sound pressure levels is expressed as:

Lp-Lqy = 20 Tog (pp/p7) (2)

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:

- Velocity of Sound(V) (3)

Wavelength () Frequency (n)

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 Tevel of a reference sound. Sounds that
have equal sone value or phon value or presumed to be equally loud, and discrim-
inations between the Toudness 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.

o
0

! T 1T TT1T]J
) - WONAURAL M.A.P. [ ‘ IT
NE -0 2 - BINAURAL M.A.F., 0° AZIMUTH
§ [
S .20 N 3 - DIKAURAL H.A.F. FOR RAMDOM
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a0 N .
\
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| =50 \
c
: . LA
5 g, 14 M ﬁ
s -70 el J 7
H
< g0 d A1
3
567891 2 3 4567891 Z 3 4 567891 2
50 100 1000 10,000

Frequency Hz

The Timits 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, The limits for response to intensity
extend from the minimum level (i.e., 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 much 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. o

SOURCE: Compendium...Vol. II (51) and Sivian and White (170).
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c. Tolerance Thresholds for Pure Tones
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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 1imit of the earphones was exceeded before some of the expe-
rienced listeners complained of "pain". Curve 4 is the "threshold of feeling"
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.

SOURCE: Bekesy (20), Licklider (110), Silverman (167) and Wegel (199).
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d. Contours of Equal Loudness
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The sound pressure levels were measured at the eardrum, and an earphone was
used to deliver the tone,

SOURCE: Fletcher and Munson (66) and Stevens and Davis (175).
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&e. _Progressive Hearing Loss with Increasing Age, as Reported by Bunch
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31

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

SOURCE: Bunch (37).
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f. Average Spectrum

Level of Speech
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Average spectrum level of speech measured in one-cycile bands for young
male voices talking at a level six decibels below the maximum they could sustain

without straining their
in an anechoic chamber.
pauses between words in

voices. Microphone placed on meter in front of talkers
One decibel has been added to remove the effect of
the total spectrum level.

SOURCE: Beranek (20) and Clark, Rudmose, et al (48).
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i g. Articulation Scores for Three Different Types of Test Material
! s e ST :

100 — —

Digics
Worés In ——
sentences

onsense syllables

Percent items correct

o L 1 I | | | I
-16 -1z -6 0 6 12 18

Signal-to-noise ratio in decibels

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 Articulation Score for Monosyllabic Words as a Function of the SPL
of the Masking Noise

A O——————(20-4000 CPS
8 P+ =7 135- 400

¢ D—-———{1350-700

D O+ ——600-1100

PER CENT WORD ARTICULATION

£ Areserecncemenns §00-1600

20—~ F @———--——{31300-190C
@ \—————7 1800-2500
H O mmm e O 2400-3120

| A—————A2000-4000

R | |

7 83 89 oE 101 107 n3

SOUND PRESSURE LEVEL OF MASKING NOISE IN 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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1. __Articulation as a Function of the Component Frequencies_of the Masking

Noise
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The parameter is the SPL of the masking noise.

SOURCE: Miller (127).
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j. Threshold Shifts and Recovery Times
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A. 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 Toudspeaker. Each bar repre-
sents the mean of three exposures for a different subject.

B. 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
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The curves are labeled with numbers equal to the speech interference levels

they represent. Each curve specifies the octave-band pressure Tevels that must
not be exceeded if a certain quality of speech communication is to be guaranteed,

SOURCE: Wheeler (201).
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1. Speech Interference Levels

NN
N

SHOUTING

VERY LOUD
\\&%@\\
RAISED
N N
IS [NORMAL -
~y

SPEECH INTERFERENCE LEVEL (SIL) - dB

50 SPEECH B
\
40
0 2 4 [ 8 10 12

DISTANCE BETWEEN TALKER & LISTENER - h

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
annoying noise. SIL is def1ned as the arithmetic mean of the sound pressure
Tevels ?dB re 0.0002 dyne/cm ) 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 1ift-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: Compendium of Human Responses to the Aerospace Environment, Vol. II
(51) and Jerison (94).
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M. Speech Communication Criteria

Speech Communication Criteria

SIL Voice Lavel Nsture of Possible Type of
d8 and Distance Communication Working Arca
45 Normal voice at 10 ft. Relaxed conversation Private offices,
conlerence rooms
55 Normal voice at 3 {t; Continuous communi- Business, secretarial.
raised voice at § ft; cation in work areas control rooms of test
very loud voice at 12 ft. cells, etc.
[ L) Raised voice at 2 ft; Intermittent
communication

very loud voice at 4 (t;

shouting at 8 ft.

s Very loud voice at 1 ft;
shouting at 2-3 ft.

Minimal communication .
{danger signals; restricted
prearranged vocabulary
desirable)

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. II
(519 and Jerison (94).
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n. Rocket Noise and Everyday Sounds

20,000 160 T T T T L
15 dB
2000 40 .~“*~-____\\
-~ 'S ATLAS LAUNCH - 150 #
L. f— \\
200 120 . BRI =

F-100 TAKE-OFF - 150 ft

5
T
g

- NOVA - 1 mile (predicted)
Te™NA e «ATLAS LAUNCH - | mile
SATURN LAUNCH - 1 mile

KSUB\'IAY - 20 ft

S .

SOUND PRESSURE - dynes /cm?
]
o o
LI
SOUND PRESSURE L EVEL - d8
-]
o
T
J
[N
@
-7 ]

i 65 dp——
rd \
o2 o [~~CAR- 204t
: \ ~SPEECH - 3 ft
\600,d000LB THRUST VEHICLE -
. inside spoce suit at ear,
-002 . 2 astronaut’s station
.001 :F (predicted maximum)
3 —
.0005 i
18.8 75 00 1200 4800

OCTAVE PASS BAND- Hz

This graph shows physical descriptions of some common and uncommon sounds.
Measurements with commerical 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: Compendium of Human Responses to the Aefospace Environment, Vol. II
(519 and Jerison (94).
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PSYCHOSENSORY
AUDITORY

SOUND DISCRIMINATION

a. Difference Thresholds for Intensities of Signals

INCREMENT IN dB

FREQUENCY IN Hz

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 illustration, 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.

SOURCE: Compendium of Human Responses to the Aerospace Env1ronment Vol. II
(5]§ and Stevens (174).
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AUDITORY

SOUND DISCRIMINATION

b, Difference Thresholds for Frequency of Signals

INCREMENT IN Hz

! + 3 - 0
% 63 250 1000 L000 16,000
FREQUENCY 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,

endium of Human Responses to the Aerospace Environment, Vol, II

SOURCE: Com
g and Stevens (174).

(51
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SOUND DISCRIMINATION

T

[ c. Message Perception

Figure c shows how the correct per-
\‘\\\\ ception of spoken messages is affected

~\\\\ by the diversity of responses re-
80 quired of the observer. As the num-
\\\\\

j . 100

ber of possible messages (standard,

&W¢~ two-syllable words) increases from 2
s to 64, the percentage of correct re-
ports about the messages drops. The

. %

relationshin is poorer when the sianal
elationsnip 1s poorer wnhen itne signal

N 3. ™~ N . X .
\%i o signal/noise ratio, shown here in dB,
O
2

WORDS CORRECT
3
s
é@

N is lower.

40

2 4 8 16 32 64
NUMBER OF POSSIBLE MESSAGES

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
4

d. Message Intelligibility

syllables., This is a special case of
the effect shown in figure c¢. In gen-

// ‘,/—””A- eral, the less "information" the
ef »gwﬁ" sender-receiver system has to process,

60
& the more accurate the processing. In
34 figure c, the system is processing
from 1 to 6 "bits" of infgrmation
(that is, 64 messages = 2° message =
N'/ // 5 "bits"). In figure d, the amount of

ITEMS CORRECT - %
&
\%

information processes varies from a

0 / - little over 3 "bits" for digits to

-18 -12 -6 0 6 12 18 unknown but higher amounts for the
SIGNAL TO NOISE RATIO - db other categories. It is clear that

communications can be improved by

using a 1imited 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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PSYCHOSENSORY

SOUND DISCRIMINATION

e. Effects of Visual Cues on

Intell1gibiTity
100
90
8o+ Auditory and
870 | visual cues
o]
Geol
x
5l
@40
]
"Auditor
§ or cues ozly
20 =
10}
(4] L 'y i 1 1 {‘_J
30 -24 -8 -2 -6 0
SPEECH-TO- NOISE RATIO" (dB)
SOURCE :

-AUDITORY

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 1ip reading; if the
speech-to-noise ratio is low, they
need, and they in fact use, the
visual cues.

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

120 g
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100 |-
%0
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40
30 |-
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ol 4 vy 1 NN
100 3 6 1000 3 6 10,000

FREQUENCY (CPS)

DAMAGE RISK CRITERIA FOR WIDEBAND
NOISE, MEASURED BY OCTAVES

¥

v
v

DAMAGE RISK CRITERION FOR PURE
TONE OR CRITICAL BAND .

SOUND PRESSURE, db RE 0.0002 MICROBAR
3)

b. Short Term Damage Risk Criteria (Wideband Noise)

160 e T e

N EXPOSURE PRONIBITED ABOVE 150 DB\ 4 ovmoey eccets LivIT
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Mo
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120
EAR PROTECTION
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110 |-
100 |~
EAR PROTECTION RECOMMENDED
90 I~
80 J,l,,llll[ L Ly I EARN 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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SOUND/NOISE
DAMAGE TO HEARING

c. Long Term (8 Hour) Damage Risk Criteria
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OCTAVE BANDS IN CYCLES PER SECOND

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

SOUND /NOISE
SOUND CONTROL RECOMMENDATIONS
a. SIL Criteria
[SPEECH INTERFERENCE | T _
LEVEL(db) S PERSON-TO-PERSON COMMUNICATION
30-40 - Communication in normal voice satisfactory.
Communication satisfactory in normal voice 3
40-50 to 6 ft; and raised voice 6 to 12 ft; telephone

__use satisfactory te sT1ght1y difficult.

" Communication satisfactory in normal voice 1
50-60 to 2 ft ra1sed voice 3 to 6 ft; telephone use

14 ~h4 S LLS AT
Si Iylll-l_)’ Ull 1 u,uu.

Communication with raised voice satisfactory
1 to 2 ft; slightly difficult 3 to 6 ft.
60-70 Telephone use difficult. Ear plugs and/or
ear muffs can be worn with no adverse effects
on communications.

“TCommunication s1ightly difficult with raised
voice 1 to 2 ft; slightly difficult with

70-80 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.

““Communication sTightly difficult with shouting
1 to 2 ft. Telephone use unsatisfactory. Ear
80-85 plugs and/or ear muffs can be worn with no
adverse effects on communications.

"~ OVERALL SPEECH =~~~

LEVEL (db)MINUS Communications via earphones or loudspeaker.
SIL(db)* s o

 +#I0dbOR T ~ | TCommunication satisfactory over range of SIL
GREATER 30 to maximum SIL permitted by exposure time.

“Communication slightly difficult. About 90
percent of sentences are correctly heard

+5 db over range of SIL 30 to maximum SIL permitted
by exposure time.

e i i FTE e o s e aeE s

‘Special vocabularies (i.e., radio-telephone voice
procedures) required. Communication difficult
0 db TO -10 db to comp1ete1y unsatisfactory over range of SIL

30 to maximum SIL permitted by exposure time.

*The overall long-time RMS sound pressure level of 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.

SOURCE : ?uma? Engineering Design Criteria (88) and Von Gierke and Pietrasanta
192
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PHYSIOLOGICAL STANDARDS AND TOLERANCES

SOUND/NOISE
SOUND CONTROL RECOMMENDATIONS

b. Noise Criteria Curves

100

SOUND PRESSURE LEVEL
OCTAVE BAND LEVELS - db RE 0.0002 MICROBAR

10 | | J I 1
20 75 150 300 600 1200 2400 4800
75 150 300 600 1200 2400 4800 10,000

FREQU v BAND (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.

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

i SOUND /NOISE
SOUND CONTROL RECOMMENDATIONS

c. Frequency Bands that Contribute Equally to Speech Intelligibility

| BAND FREQUENCY (CPS)

, NUMBER LOWER |  MIDDLE UPPER BANDWIDTH
1 200 270 330 130
2 330 380 430 100
3 430 490 560 130
4 560 630 700 140
5 700 770 840 140
6 840 920 1,000 160
7 1,000 1,070 1,150 150
8 1,150 1,230 1,310 160
9 1,310 1,400 1,480 170

10 1,480 1,570 1,660 180
1 1,660 1,740 1,830 170
12 1,830 1,920 2,020 190
13 2,020 2,130 2,240 220
14 2,240 2,370 2,500 260
15 2,500 2,660 2,820 320
16 2,820 2,900 3,200 380
17 3,200 3,400 3,650 450
18 3,650 3,950 4,250 600
19 4,250 4,650 5,050 800
20 5,050 5,600 6,100 1,050

SOURCE: French and Steinberg (67) and Human Engineering Design Criteria(88). .7 -
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PHYSIOLOGICAL STANDARDS AND TOI.ERANCEQ
DYNAMICS - ACCELERATION

DESCRIPTIVE STANDARD NOMENCLATURES

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

a. Angular Motion

Vehiele coordinate systems Human coordinate System

e

o . >
Bl

e
e

sToL fay)

STy RIES Noseward  VTOL
Dz —— l-,(h

To staruoard
() Floorward
) (ay}
Direction of heart rotation relative to skeletal frame
The zero pount of the velncle coordmale system along the longiludinal
Axet 15 arbutranily sel by the indwidual ve'ucle manulacturer,

TN Noseward i, Floorward
. G e %@"’ ) N
z

To starboard

1 2 3 = s = —
‘ L R

/’\ \

sealed or standiny o

facing noseward N
i s
1lts towars

seated or slanding ::f[:ﬁw’;"lt‘;:g s towar

facing tartward

o
« )

top of the heart
tilts toward the

seated or standing
facmg to starboard

seated or standing

a9

(symbol) facing to port ?&utl’r‘nu right shouider
right rolt —_—— prone crosswise {‘
head to starboard
teft rotl —_— -5 with
. [of venicie respect moment and anqular acceler-
vasitive pitch angutar a |with prone crosswise to vehicle so‘:ecrks:ﬁﬂm ation on occupant Because iﬁ‘l;“(é:i.'&'ﬂ.’l
B negative mitch g [occupant | head toport axs, of this moment and inertia sternum
olaced mposes of the heart, the
nght yaw  ee———p ¢ 2 )
. prone, head
eft yam - - toward nose f
tog of the heart
orone, head tilts toward the
toward tarl lorward spine
somersaulting

supine crosswise,
head to starboard

or

&

heart twist
supine crosswise, toward (he
head lo port left twist subject’s right
sumne, head ,-\ / \
toward nose )\

i
suoine, head right twist l:‘:;‘,;“",’,’;‘
toward tarl subject’s teft

The mer-relationships between vehicle acceleration, the consequent force acting on pccupant, and terms used L0 describe
direcuions of these variables are shown in table. These various possible inter-relationships are derived as follows  Direction of
velucle acceleration, based an above vehicle coordinate systems, 15 selected in column ). Pasiian af occupant with respect to
vehicle «s selected in column 3, Directron of force acting on vehicle, column 1, combined with occunant’s posrion with respect
1o vehicle, cabumn 3, determnes direction of force with resnect to eccunant, This result then deternines vroner relationship to
be sclected in colirnn 4, Once correct selections have been made, the (wo senlences, readsny from left 10 night, List terns and
symbols «n nresent use lo describe the directions of forces and accelerations of body and oryan movenent relative to sketetal frame,
Senteaccs also deecribe relationships that must exist because of Newton's laws of motron,

Footnore
States ents trae only when interseclion of axes 15 below hearl.

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vd]. If (51)
and Pesman (144),
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» PHYSIOLOGICAL STANDARDS AND TOLERANCES
: DYNAMICS - ACCELERATION

DESCRIPTIVE STANDARD NOMENCLATURES

!
| b. Linear Motion
]
]

! _ Vehicle coordinite Systems Human ¢oordinate systems
e D Direction of appiied force or WD.n:(inn of kKinelic reaction or inertial resistance and
@ . _resulting acceleralion inovement of organs relative to the skeletal frane

&5 Headward Neaative

P e § ot
Foot note 2 R. lac:;ul

s-ro,_ Noseward  VTOL Forward +Gx Supine A Prone -Gx
(ax) A-P transverse P-A transverse
Hnsewam Floarward
To suvho.\m ar)
Flnorwlm To surboad Rightward L et
4 Positive
The zero voint of the velucle coordinate iy!lem along the long~ *ez
 ttudinal axrs «s arbitrarity set by the individual vehicle manulacturer, Foot note 3
T o2 _ - L. [ 7
Foot note 1 4
(symhol) [ A
eyeballs
seated or standing - + Gk * n _>\
lacing noseward (EBN
N backward
transverse A-p
[{
seated or standing orward cl‘:e.!‘: g back
facing taitward
eyebalis
seated or standing -Gx == Out =
facing to starboard (EBO)
backeard transverse P-A forward

seated or standing e
" blr. to chest
(synibol) faciny 10 port

e T—@?

orene crosswise

NOSEWard et 4,
x head to starboard

el
o)

" —_— with — heart
taniward ax forThe resoect ::I‘;“""oa"::: 2ng acceles inetic teftward [movenient
vl . "
10 S1arboard ——m +2y ::Th‘ute brone crosswise |0 r""'l rahtward [garause of this acceler- |left lateral] reaction ::'I'Il"""
to vort — -ay foccupan €3¢ 0 Dot e ative force the occunants ol retecat
7 [oiaces . bady instantaneously rerts ~ e and
floorward e +ag a lproduces an opoosing eyeballs erect hea
orone, head toward - ’
corlngward — -ay nose y = (E;';(I)-’
rwhtward
veftward
pione, head toward right lateral
il
Supen PLY eyebails g w
upine crosswise -
3 +Gz down -—
head 1o starboard ¢
(artward
supine crosswise, headward positive
head to port
y ‘
suoine, head toward . "':: R m
nose (€au)
neadward
supine, head toward
tait tanlward negative
footward

Iater-relationshios between vehicle acceleration, the consequent force acting on the occupam, and terms used to describe
directions of these variables are shown in the table. Possible inter-relationshios are derived as follows: Direction of Lhe vehicle
acceleration, based on the above vehicle coordinate system, is selected in éolumn 1, Position of an occupant with respect to the
vehicle is selected 1n column 3. Direction of force acting on vehicle, column 1, combined with the occupant's position with respect
to vehicle, column 3, determines direction of force with respect to octupant. Result twen deternines proper relationshio to be selected
i column 4, Once correct selection has been made, the two sentences, reading from left to reght, list terms and symbols i present
use describing directions of forces and accelerations of body, and organ movement relative to skeletal frame. Sentences also describe
relationships thal must exist because of Newton's laws of motion.

Footnotes:
1. Large ietter, G, used as unit to exoress whole b“E acceleration in mulhsles of the acceleration of gravity .
Acceleration of gravity, 9o = 980,665 cm/sec” or 32,1739 fi/sec
2. Al , P-A refers to a posterios,
3. Symbou {tGxyz) reoresent orthagonal dicections of lmeuc reaction opposing apolied lorce and thus undts must be pounds
of reaction force per pound of involved object, Laws of motion ndicate that “G” may not recresent an acceleralion in
situations and context depicted, and statemem "a + Gx acceleration” would be a misnamer .

SOURCE: 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-
tant acceleration with respect to
the body axes (vector)

Gradient of inertial effects along
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 and
body restraints used; also the
coupling between the individual
and the vehicle of application
(seat, couch, etc.)

Body position, including specific
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

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. II(51).



PHYSIOLOGICAL STANDARDS AND TOLERANCES
DYNAMICS - ACCELERATION

FACTORS EFFECTING HUMAN G TOLERANCE

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

3 888

ACCEL ERATION - G units

N G btn

AVERAGE TOLERANCE

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

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

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

c. G-Tolerance for Test Pilots

— Gy

+G \\ \
~.

ACCELERATION - G units

0 100 200 300 400 500 600
ENDURANCE TIME - sec

VOLUNTARY ENDURANCE

Upper Timits (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

‘L Gray Out Tolerance Time as a Function of Rate of Acceleration Onset

This graph relates the onset

15 4G, I1'IME TOU':CONSGOUISHESS AFYIER GRA‘IOIUT ] rate Of aCCE1eration to time-to-
105\ end-point. It shows that for any
- SHORTEST 16 13 1.2 1.} 1.0 09 08 0.7 0.6 05
:X\\AVERAGE I i Al i g'l Ven4pg51ﬂ&le %ﬁceleratlon (G )
5.0 =] et - rom 0 e time to gray-
g :cq("::::::EEEEE“-._ out depends on how rapidly the
R I R s, acce]erat1on level was reached
=1 o 2 —— B YV [ ] Dot
a / | e} \ﬁ%\ rul LINCST o Lll(‘.' LaUIE 1NnscL IlI LIIE
X e E— —— graph shows the shortest times
L v65 — and the average times for uncon-
o
EE 10 T~  sciousness to develop followin
w MG, / Y P g
z o0sp - N T4 —— grayout, each pair of values
i HG' --\\~\\\\~ being related to an onset rate.
—_— For example, at onset rate of
8 1467 ~“‘~7 4G/sec, the shortest time to un-
consciousness was 1.1 sec, and
[N ] -
0 1 2 3 4 5 6 7 the average 1.8 sec.

RATE OF ONSET OF ACCELERATION - G/sec

e. Human Tolerance to Positive G, for Varying Rates of Onset, G Amplitudes,
and Exposure Times.

¢ L
© GRAYOUT
® BLACKOUT
o CONFUSION, POSSIBLY UNCONSCIQOUSNESS

12 - ® UNCONSCIQUSNESS

POS!TIVE ACCELERATION « G units

N~ .

Q

0o 5 10 5 2 25 2 3s
TOTAL TIME FROM START OF ACCELERATION TO ENDPOINT - sec

SOURCE: Chambers (43) and Com€end1um of Human Responses to the Aerospace
Environment, Vol.
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
DYNAMICS - ACCELERATION

FACTORS EFFECTING HUMAN G TOLERANCE

f. Impairment of Performance Predicted for Different +Gy Levels Breathing Air
and_Ugyget _at 5 PSIA Equated to Performance at Different Altitudes

101-.nrrnurll:uo1/1/.(|||ﬂ1.’yl
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A
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I
|
|
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SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. II (51)
and Teichner and Craig (188).
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DYNAMICS - ACCELERATION

FACTORS EFFECTING HUMAN G TOLERANCE

‘g. Response of Several Visual Functions of Hypoxemia

INCREASING

‘SOURCE :

SERIOUS

INCREASING

| | R | | |
w / |
Y 90 e—e DARK J ! -
? L ADAPTATION | , i
w e—e CENTRAL |
Z 80~ BRIGHTNESS | ©® : —
= | CONTRAST _
o &—a CENTRAL / |
& FIELD ! z
e r EXTENT / | N 1
“ 6ol (scotoma) / | F|w
2 ®—m CENTRAL & 'I 5|2
a I ACUITY /5 | a|3
$ 50k s’ | Sla
< /G | n|o
S r & | i
D / | E ]
i I S T wlz
Qs
o | 212
o |, [
< 30 A w —
g . S
2 b —-—-———————————/r-——{——————% —————
- S
L 20 7 | —
= |
w | | 4
z |
s 10— ] —
g |
= | ! 1
’ | 1 | ! |
%0 o5 30 85 8 75 70 65 60 55
% ARTERIAL O SATURATION
l"lll I LI T T I T T T T ' T T T T '
5 o0 5 10- 15 20 ALTITUDE (FEET x10%)
L) T ¥ 1
e 159 132 109 90 73 Pg, AMBIENT
rmr T T T T T T 1
o 123 45 6 7 8 9 10+G, BREATHING Op AT Spsia
Z T T T T ¥ ] v 1
|2 4 5 6 7 8 9 10+G BREATHING AIR

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

h. Comparison of Visual Contrast Sensitivity Decrements Induced by Reduced
Partial Pressure of Oxygen and Acceleration
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SOURCE: 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

SRS DSEES

. Maximum Tolerance to Prolonged Accelerations -Gy

B =, A

; VECTOR DURATION AVERAGE BACK CAUSE NUMBER
; MAGNITUDE AT G ONSET ANGLE OF TRAUMA |OF SUBJECTS
(G) (SECONDS) | (G/SECONDS) | (DEGREES) | TERMINATION* ATTAINING
COMPLETE RESTRAINT n=1
12.0 6 0.5 -17° S None 1
11.0 11 0.2 -20° S? None 1
10.0 90 0.2 -20° S None 1
10.0 71 ? Approx. 5° §? None 1
10.0 18 0.5 -17° S None 1
8.0 65 0.5 -17° S None 1
7.0 300 ? Approx. 5° S? None 1
7.0 240 ? Approx. 5° S? None 1
7.0 210 ? c° S? None 1
6.0 140 0.5 -17° S None 1
5.0 180 0.5 -17° A None 1
4.0 300 0.5 -17° A None 1
3.0 1223 0.5 -17° S None 1
PARTIAL RESTRAINT n=1
5.0 18 0.5 -17° S None 1
3.0 450 0.5? -17° S None 1
2.0 3600 ? -17° A None 1
2.0 1800 0.5°? -17° A None 1
COMPLETE RESTRAINT n >1
15.0 5 8.10 Approx. 0°| Voluntary None 50of 5
Limit
12.0 30 0.2 -20° A None 2 of 2
12.0 z3 0.5 -17° S None 4 of 4
10.0 120 0.2 -20° A None 4 of 9
10.0 210 0.5 -17° S None 3o0f 4
8.0 120 0.2 -20° A None 13 of 13
8.0 >30 0.5 -17° S None 3 of 4
6.0 >50 0.5 -17° S None 4 of 4
5.0 280 0.5 -17° S None 4 of 4
4.0 >240 0.5 -17° S None 3 of 4
3.0 21200 0.5 -17° A None 2 of 4
3.0 900 0.2 -20° A None 10 of 13
2.0 1200 - 0.5 -17° A None 2 of 2
*S = Physiological end point
A = Arbitrary time 1imit end point

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. II{51)
and Hyde and Raab (90).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
DYNAMICS - ACCELERATION
FACTORS EFFECTING HUMAN G TOLERANCE

i. Maximum Tolerance to Prolonged Accelerations -Gy (Cont.)

VECTOR | DURATION | AVERAGE |  BACK CAUSE - NUMBER
MAGNITUDE AT G ONSET ANGLE OF TRAUMA| OF SUBJECTS
(G) (SECONDS) | (G/SECONDS)| (DEGREES){ TERMINATION ATTAINING
PARTIAL RESTRAINT n>1
5.0 =5 0.5 _17° s None 4 of 5
3.0 > 300 0.5? -17° S None 4 of 4
2.0 >1000 0.57 -17° S None 2 of 3
*S = Physiological end point
A = Arbitrary time limit end point
j. Foveal and Peripheral Thresholds Under Acceleration
FOVEAL PERIPHERAL
T4 r
Foveal thresholds
Positive Gz no protection -
- "r Peripheral thresholds
: Positive G_ no protection
'} EV R :
i i
'i L 5 35 P
? i i 1 i ] l; 1 1 1 3 —_

[] 1 2 3 4 s . ' ? 3 4 s

ACCELERATION (G UNITS) ACCELERATION (G UMITS)

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. II (51),
Vol. III(52) and Hyde and Raab (95).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES

FACTORS EFFECTING HUMAN G TOLERANCE

k. Visual Tolerance to Accelerative Stress

DYNAMICS - ACCELERATION

VISUAL TOLERANCE TO +G, (N = 1000); RATE OF G DEVELOPMENT IS 1 G/SEC.

STANDARD DEVIATION RANGE

i MEAN THRESHOLD
CRITERION (6 UNITS) (6 UNITS) (G UNITS)
Loss of Peripheral Vision 4.1 +0.7 2.2 - 7.1
Blackout 3.7 +0.8 2.7 - 7.8
5.4 +0.9 3.0 - 8.4

Unconsciousness

1. Frequency of Symptoms Reported By Subjects Exposed to Negative G, for 10 Sec

SYMPTOMS

ACCELERATION IN G

Conjunctival Hemorrhage

Diminished Vision

Diminished Vision

Conjunctival Hemorrhage

1 2
0 0
0 0

3 4 5
NO PROTECTION

40%

40%

PROTECTED BY FULL PRESSURE HELMET

0 0
0 0

10% 20% 30%
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

LI T L T 1

NORMAL ACUITY _
s %L
= R
% 10 =
3 PN TR L+,
-] - " -
- A
3 \
g 0.8 5
3 F 1
> 06 N
=R _
=)
Q
< 04 .
[
< .
2
= 0.2 —
>

= a
1 L 1 i 1
2 4 6 8 i0

ACCELERATION - g units

This graph shows binocular visual acuity as a function of acceleration,
If a target is to be seen at 7 -Gy, it must be twice the size of the threshold

target at 1 G,

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. II
(51), Webb (195), and White and Jorve (205§
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
DYNAMICS - ACCELERATION

FACTORS EFFECTING HUMAN G TOLERANCE

n. Grayout Threshold During +G Acceleration

CENTER
23° LIGHT 23°

80°

One hundred fifteen subjects exposed to positive acceleration (+G,) with a

1ight array as shown in the diagram almost invariably lost the 80° Tight 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 Gy, 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 Tight loss (CLL) occurred at 5.3 G,, + 0.8 G.

Comparison of 80° Light Loss, 23° Light Loss, and 0° Light Loss

Symptoms

Clear 80° LL 23° LL CLL
Mean (G level) 3.8 4.2 4.5 5.3
Range (G, level) 2.3-5.1 2.7-5.7 2.9-6.4 3.6-7.0
Standard Deviation 0.7 0.7 0.8 0.8
Duration of symptom- 5.4 5.1 6.8

Mean (sec)

Duration of symptom- 1.9-17.0 1.9-11.9 2.1-23.4

Range (sec)

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 (+G,) on Dial Reading Accuracy as a Function
of Luminance

10
<0 Q
Q™ ACCELERATION IN G UNITS ~
", —— STATIC AND 2 @
9 \ }. ---=-13G
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g \ 9 1,
30 A —
& \\
3
g L \\ X
* Y \
\\\ o
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—_— ..‘.M
“obot a0t ar 1 10 100
LUMINANGE IN MILLILAMBERTS
SOURCE :

The reduction in acuity can be
compensated for by increasing

the luminance as indicated in

this figure.

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 -
8.—
7+ I
_ — Model Prediction,
Y. I Experimentai Data with
2 One Standard Deviation
o5F 1
£
£ \I
33 \g
s N
o2
Ju =t
o} | | | i J
.01 03 05 07 09
Acceleration (g)
UPRIGHT POSITION
8
7+
— — Model Prediction,
§ 6l I Experimental Data with
-~ One Stondard Deviation
e 5[
E
- 4t ]
=L\
R
E 2 \I\
1+ I\I“I—I
o | i | | J
Y 03 05 o7 .09
Acceleration {(g)
SOURCE: Compendium of Human Responses to the Aerospace Environment, vol. II (51),

Meiry (124).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
DYNAMICS - ACCELERATION

PERCEPTION OF ACCELERATION

b. Response Time During Transverse Acceleration

0.35 -
g 032
]
o
£
-

0.28
4 -6, / f
2 /
ﬁ' / +Gy
o« 7/
c Pl
8 o 7
= Vd

7
’//
0.2
0 2 4 6 [
Acceleration, Gx Units
SOURCE :

The two curves show mean response
times (the time from appearance
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,
exposed to transverse accelera-
tions. The solid Tine shows the
combined response times for both
right and left hand operation in
more than 900 (+G,) exposures up
to +8 G,. The dashed line shows
the combined response times for
both right and T1eft hand opera-
tion in more than 500 (-Gx ex-
posures up to -4 G,. The times
required to reach and operate a
horizontal lever, a toggle switch
and a push button were longer as
the accelerations increased, and
variable times were recorded for .
left and right hand operation.
Still Tonger times were needed
for adjusting a rotating knob

and a vertical "trim" wheel.

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
B WEIGHTLESSNESS

a. Physiological Effects of Weightlessness (Vertebrates)

T -
Animal Dynamic Conditions . Effects |

_ . Sensory and Neurophysiological Effects

1 Wan Subgravity tower Upward deviation when aiming a stylus]
and attempting to hit a bull's-eye

{''overshoot'’)
2 Increased tapping rate and distribution
of marks in '"'upper right! sector of
test chart
"[Upward deviation when aiming a stylus]
and attempting to hit a bull's-eye
(""overshoot")
4 Difficulty in placing crosses in diag-
onally arranged squares, especially
when blindfolded (''overshoot")
5 Apparent motion and displacement of
a real target in the direction of gravit
{""oculogravic illusion")
6 Apparent motion and displacement
of an afterimage in the direction op-
posite to that of gravity ("oculo-
agravic illusion')
7 Retardation in speed of execution of
motor functions in the absence of dis-
coordination symptoms
8 Loss of gravitational vertical; sensa-
tion of floating, being lifted, and flying
upside down
9 Shortening of illusions of counter-
rotation and afterrotational nystagmus
after a series of parabolic flights

3 IMan ~__—Ke"r3dyfa{'7€_ﬁi'gﬁt”
parabola 2

10 Mass -weight discrimination changed
in weight-lifting task
11 Reécovery from acceleration stress
impaired before and after weightless
| - state
12 [Cargo aircraft |23 of 45 subjects became motion sick
13 Fighter aircraft |5 of 16 subjects became motion sick
14 N B 6 of 18 subjects became motion sick
15 STborFi&aT flight,  JGrissom: tumbling sensation dur ing
MR 47 transition from accelerated flight to
jweightlessness
rbital flightl, 2" Glenn: brief forward tumbling
16 IMA 6 sensation
17 IMA 8 Schirra: sensation of traveling upside
down
18 IMA 9 Cooper: sensation of traveling upside
_ [down
19 Vostok 2 Titov: vertigo, nausea, rolling,
sensations of illusion
20 ostok 3 Nicolayev: sensations of illusion and
traveling upside down
21 ostok 4 Popovich: sensations of illusion and
traveling upside down
22 [Vostok 5§ Bykovsky: decreased oculomotor
activity; asymmetry of nystagmoid
movement
23 ostok & Tereshkova: decreased oculomotor
activity; asymmetry of nystagmoid
movement
24 Voskhod 1 Feoktistov and Yegorov: sensations

of illusion and traveling upside down.
[Yegorov: mild nausea

25 Cat Aerodynamic flight Labyrinthine posture reflex {righting
parabola reflex) ceased to function after severall
; seconds of weightlessness
26 House mousé JAerodynamic flight. |Mice without labyrinthine function less
S parabola disoriented than normal mice

SOURCE : Compendium of Human Responses to the Aerospace Environment, Vol. II (51)
and Gerathewahl and Von Becker (72).
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DYNAMICS - SUBGRAVITY:

WEIGHTLESSNESS . T

a. Physiological Effects of Weightlessness (Vertebrates) (Cont,)

Animal Dynamic Conditions Effects
.27 Rabbit Subgravity tower Righting reflex inhibited when subjectd
blind{olded |
28 Aerodynamic flight Oculomotor reflex opposite to direc-
parabola . tion of gravity
29 Pigeon lAerodynamic flight Posture reflex failed whether subjects
parabola were blindfolded or not; random

movements and floating

30 Water turtle Aerodynamic flight Inability to project head when atternpt ]
parabola ing to aim aceurately at offered bait.
Turtles without labyrinthine function
have advantage.

31 Goldfish Aerodynamic flight [Swimming upside down, on the side,
parabola etc.
Respiratory Effectc
32 Man lAerodynamic flight Recovery from acceleration stress
parabola impaired before and after weight-

less state

[Orbital flight

33 Mercury flights Slightly decreased pulmonary activity

34 Vostok 3, 4 Nicolayev, Popovitch: slightly de-
creased pulmonary activity

35 Voskhod 2 Velyayev, Leonov: two- to threefold
increase in pulmonary ventilation

36 og rbital flight, Laika: decrease in frequency of

: putnik IT respiration
Cardiovascular Effects
37 an erodynamic flight Recovery from acceleration stress
arabola impaired before and after weightless
state
Orbital flight”
38 Mercury flights Cardiac activity increased
39 Vostok 1-6; Increcased pulse fluctuations in the
Voskhod 1 duration of cardiac cycle; cardiac

activity reorganized; tendency toward
lowered cardiac activity

ostorbital flight

40 MA 8 Schirra: orthostatic hypotension
persisted several hours after landing
41 MA 9 Cooper: orthostatic hypotension,

accompanied by accelerated pulse and
blood pressure responses, persisted
9-19 hr after landing

42 Vostok 1-6 Orthostatic hypotension
43 og Drbital flight, Laika: heart rate took 3 times longer
Sputnik 11 to return to normal than in preflight

laboratory experiments in which the
dog was exposed to G profiles similar
to those of the launching acceleration

Metabolic Effects

an rbital flight
44 MA 7 Carpenter: mobilization of skeletal
minerals
45 .Gemini IV White, McDivittz: bone mass losses
46 Voskhod 1, 1I Some strain on lipid metabolism;
increase in cholesterol levels
1 Disorientation, which can be extreme without visual cues, was prevented during orbital

flights by maintenance of visual control. 2 Since these short exposures (> | minute) to
weightlessness were necessarily preceded and followed by phases of G loads, the experi-
ments revealed the effects of alternating acceleration and weightlessness rather than the
effects of weightlessness per se. “The extent to which weightlessness alone is responsible
for the deconditioning 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.

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. II (51)
and Gerathewahl and Von Becker (72).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES

DYNAMICS - SUBGRAVITY

WEIGHTLESSNESS

b. Weightlessness Response Found in Early Experiments

General Matabolism

Metabolic rate

Body weight

Body temperature

Water Balance

Electrolyte balance

Short-term Eifects

Free-{all, frictionless
devices, Keplerian trajec-
tory, * Mercury ballistic
fNights

Muscoloskeletal System

Nitrogen balance

Muscle girth and
atrength

Calcium excretion

Cardiovascular System

Resting responses
Pulse

Pressure

Stroke volume
Cardiac output

Peripheral resis-
tance

Blood volume

Tilt-table response

Acceleration
tolerance

Excrcise tolerance
Work capacity

Vasomotor activity

Abrupt decrease in heart
rate on transition to
weightlessness®

Influenced by prior G;
resting value decreased
while weightless®

Abrupt decre in heart
rate on transition to
weightlessness®.

No change

Orbital Flight Data

Project Mercury (441} pri-
marily {Vostok flights V1
and V2 {638))

Low-residue balanced diet
pre-flight; low-caloric in-
take inflight

Observed losses due to
low-caloric intake and
dehydration

Elevated dye to thermal
stress

Diuresia in one, low intake
and low or normal urine
volume in three Mercury
astronauts

Post-flight Na+ and Cl-
retention with rehydration

Not measured

No change

No increased excretion

Normal values at rest,
work, and sleep

Normal values at rest,
work, and sleep

Reduced in dchydration

Transient faitness due

to orthostasis on capsule
egress with elevated heart
rate--188; confirmed by
tilt-table test post-flight

No apparent effect; good
performance on reentry

Maintained; work subjec-
tively easier; pulse rate
response slightly greater
and slightly slower in
return to normal

Submersion Effects

Head-out submersion (HOS)
Complete submersion (CS)

Decreaansed

Variable

Depends on water
temperature

Diuresis during both
HOS ang

Na+ losses, HOS
Equilibrium or negative

Little or no change
reported

Reduced pulse
preasure

Plethora, elevated
hematocrit
Deterioration

Decreased--small but
significant

Decreased

Bed-rest Effects

Normal subjects

‘Decrease 6 - 9%

Variable depend-
ing on caloric
balance

Na effect

Diuresis
Equilibrium

Equilibrium or
negative, depend-
ing on method of
calculation

Only slight wast-
ing, littie or no
logs.in strength

Suetained lo
despite supine
bicycle exercise

40. 5 beats/minute
per day

Increase

Brabable decrease
Nagoajor change

No marked change

-9. 3%

Deterioration

Decreased, but
capacity can be
maintained by

supine exercise

Response to
supine exercise
indicates effective
arterial vasomotor
activity but de-
creased venomotor
tone

# In the body of the table, those data taken under the conditions of the Keplerian trajectory are marked with an asterisk.

SOURCE:;

and Gerathewahl and Von Becker (72).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES

DYNAMICS - SUBGRAVITY

WEIGHTLESSNESS

b. Weightlessness Response

Found in Early Experiments (Cont.)

Mechanical Effects
Swallowing
Urination

Free objects

Sensations

Falling

Short-term Effects

Free-fall, frictionless
devices, Keplerian tra-
jectory,® Mercury
ballistic Nights

No problem with proper
food containers and
training¥

No problem

Dust, droplet, and food
crumb problem®

Induced by prior G;
absent when free-floating®

Related to G-t

Motion sick

Orientation

INusions

Vision

Performance

Mass discrimination

Motor

Sleep

® In the body of the table, those data taken under the conditions of the Keplerian trajectory are marked with an asterisk.

SOURCE :

Orientation unrestrained
decays in dark, and tactile
sen ons become impor-
tant; any surface can be-
come floor for the indi-
vidual®

""Oculoagravic" illusion
observed?® no sig-
nificant difference in
semicircular canal sens-
itivity when weightless
compared to 1G--
Oculogyral illusion®

Small decrement in
visuxl acuity®

Difference threshold twice
as large for masses as
compared to weights

Body restraint, hand-holds,
tethers and adhesive footgear
required for effective perfor-
mance, closed force tools
recommended; eye-hand
coordination and object
positioning shows over-
shooting, slight decrement

in switch operation; rapid
adaptation to altered motor
requirements*

Disorientation on sudden
awakening®

Orbital Flight Data

Project Mercury--MA-9(441)
Vostok flights V1 and V2(638)

No problem with proper
food containers and
training

No problem; bladder
sensation normal

Dust, droplet, and food
crumb problem

Not experienced

One subject (Titov)

Perceives earth or
vehicle relative to
self

Change in apparent
position of cbjects in
peripheral visual
ficlds; head motion
not disorienting

Sightings indicate im-
portance of pattern
vision; no apparent
decrement in acuity,
color vision, or light
sensitivity

No operational d=cre-
ment in restrained sub-
Ject, as evidenced by
reentry performance

Frequent dozing; oriented
rapidly on awakening (one
subject)

and Gerathewahl and Von Becker (72).
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Submersion Effects

Bed-rest Effects

Head-out submersion (HOS)
Complete submersion (CS)

Otolithic sensitivity
decreased in certain
postures

Mlusions related to
sensory monotony

Vigilance, discriminative
reaction time, and complex

task performance show
small decrements, HOS

overshooting and applied

force changes related to
water displaced, CS

Diminished requirement

Compendium of Human Responses to the Aerospace Environment,

Normal subjects

Vol. II (51)
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DYNAMICS - SUBGRAVITY

WEIGHTLESSNESS
c. Factors Detected While Free-Floating in Large Aircraft Cabins

=3

(X = conditions affecting factor)
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1. Exkilarasion from surface Enjoyment increased in light cabin (knowl-
freedom edge of freedom), G-free support unds t0

induce an iting and enj

ment. G-free tmmng sheuld be based on,the

advantages of such an emnrnnmnn!

2 Com/'arl of non-tactual x x Simpler bed and chair reqmred, exercise

support required. Emphasis should be on man’s posi-
tion as focus, rather than cabin orientation
within a vehicle.

cdd

3. Lack of falling sensation x x x vehicle Terati induce falling
sensations, whlle G-free tummg qunckly
dispels icipated falling low G

transitions reduce sensations during thu ph‘ue

4. Knowledge and control of | x x x x x Positions were known during all conditions.

HUmb positlon (orientation) Overshooting occurs in darkness but knowl
edge of results aids quick adjustment. Rapid
motions perceived as weight,

3. Knowledge and control of | x X x x x Posture oricntation proposed as basic ref-
Body position in aircraft erence plane, for visual-gravitational conflict
(orientation) of subjective vertical is not a problem with

- posture identification. Man rather than vehi-
cle should be design focus. The cockpit is

*floor oriented® whereas our space position

may be ‘man oriented.” Attitude and posi-

tion information necessary to flight path

knowledge can be related to basic reference

plane. False rotation and loss of rotation
knowledge noted.

6. Knowledge of vehicle x| x| x X x % | Knowledge of surface loc:llon decrased in

atritude (orientstion) darkroom and appreh and
increased because of inability to prepare for
surface contact. Observers often unable to
differentiate between subject motion and air-
craft motion about subject without compar-
ative G-free mass. G-free posture indoctri-
nation (item 5) reduces nced for vehicle in-
formation.

7. Concern over collisions x| x}§ x| x| x x x Difficulty in self rotation produces :onmoa
anxiety. Paddml -:quu are e,
open y ly taboo. Trainil

P ']

flights Itent for r g

8. Illusions (target motion) x x x | x X | The apparent upward displacement of the
visual target (oculo-agravic illusion) may not
bea design problem with proper display ime
for Self p Ision units must have
Iow |hrun (low G) levels due to Tine of sight

Autokmem should be mvutlpled with sub-
jects moving in still visual field.

9. Sense of zero, partial and]| x| x| x| x§ x X X Lack of visual stimulation (dark cabin) im-

excessive G's creased sensitivity to G; G-free body systems
tend to pick up strong sensations with minute
stimulations (?) (Weber-Fechner law). Devel-
opment of G cues may aid worker handling
materials where small sccelerations of mass
and man are important factors.

10. Sense of heaviness after b3 x x x % | Variable control forces may aid psychomotor
zero-G period adjustment upon re-entry.

SOURCE: Compendium of Human Responses to the Aerospace‘Envifonment,-Vo]t II(51)'
and Gerathewahl (71).

1-181



PHYSIOLOGICAL STANDARDS AND TOLERANCES

DYNAMICS - SUBGRAVITY

WEIGHTLESSNESS -

c. Factors Detected While Free-Floating in Large.Aircraft Cabins (Cont.)

Light Weightless Maneuver
Conditions Conditions Conditions
Subjective Sensations L PIE] 3220 (352 |d0]
(ubject's observationn) T Eg_ 5 : 3 ;;E P03 E § ig E § Summary, Applications and Bazards
NHINEH BN D 3 93
2 °
HEAHERD] 1
“ 1. Decrease in clovhing x X b4 Movies of loose clothing reveal that apparel

tends to oscillate out of phate on moving
limbs. Crews in shirt sleeve cnvironments
should wear form fitting, casily flexed cloth-
ing with elastic cuffs on limb extremities.
The sensation could serve as a tactile percep
tion of weightlessness.

12. Nausea and morion x x| x x X | x | x x | Rapid G transition and perceptual-sensation
sickness conflicts cause discomfort; may be valuable
crew selection criterion.

pressure

During the i of the sub-
jects forget their task. Criterion for crew
selection might be their adaptation rats to
unusual environment over short periods.
Emergency tasks should be assigned 10 re-
strained workers. Task analyses should in-
clude a reorientation constant for freee
fi idirecticnal displays should be

13. Decreass in span of x X x | x| x x
atfention

develop'ed.

14. Harness irritations x| x Harnesses tightened for 1-G behavior tend
to limit G-free limb activity.

Changing cabin pr were mistaken for
weightless stimulations of the ear organs.

15. Change in calin prezmurs b3

Performance Factors (Obser-
able by subject or obstrver)

16. Swimming motions X x| x x x These ‘swimming in air® motions were un-

ful pts to translate, stabilize and
turn; however, they tended to interfere with
attitude control and disappeared after a few
exposures (self rotation). Rotation training
can be accomplished on simple swivel chairs.

17. Body resltlience motions X X x Passive subjects tend to leave surfaces fol-
lowing sudden relaxation of excessive G<com-
pressed tissues. Compressible objects should
be tethered. Sleeping subjects should be re-
strained against their own accelerations.

18. Cross-coupled motion x| x x 3-d spinning subjects should extend limbs

and thus reduce rpm. Any externa! force
adds a lincar component to the tumble.
Stabilization gyros must be available for con-
trolled rotation, before, during and after
translation. Moments of inertia computed
from d man dels should includ
the transfer of encrgies between the mus-
cular interactions of the various segments.

SOURCE: 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 (Cont.)

= Lighe Weightless Maneuver
Comclhor, CaB Condit]

ta 'sta]| N

Subjective Sensatlons 1 Bl e |92 |T 53
(bjecss observations) X ig g 3] 3 RN EH 3 :_i' §.3 Summary, Applicatlons and Hazards

X oy ;‘ L 3 Bl & RS

{HINERI R 9| §5

 E|ITEIE 5 Y13 i

19, Sloppy. pendulous motion x X Seif induced accelerations tend to oscillate a
G-free body causing unstable work perform-
ance, poor lation, and poor attitude and
position control. Unharnessed operators
should not be requlred to pcrform gross

requiring discrimi
Open force systems must be avoided and
man should work against himself.

'20. Ease of self propulsion x| x x Improper launches cause cxcemve mouom.
inadvertent bli d rot t
tions. Subjects can lram for lc:ompluhmg
straight and stable flight paths.

Zl. Dlﬂ!culty in nlklnx x| x x x Attempts at walking prope! the worker from
the surface. Handholds, rails, and foot de-
vices are being developed.

22 Change of relaxed B X x | x - Subjects’ limbs tend to contract toward the

posture center of mass (fully relaxed subjects). Bed,
chair, and control position designs should be
affected.

ﬂ. D|lﬁculty in abmrbln: X [xxx xx The inability to self-rotate accurately and

imertia against 8 surface prepare for impact compels workers to ab-
sorb their previous launching forces haphaz-
ardly (lighted cabin). Exhilaration promotes
overcontrol, which decreases with exposure.
Cauti training, padded living areas, and
attitude control aids are basic requirements.

24. Helplessness bthvun sur- x Ix} x| x X Suspended subjects are often incapable of

JSoces (light cabin served as surface return. Training methods should
base line) include proper methods of expending mass
to achieve translation.

_”~ ~Ri'idity 6(‘ powered tools Tools may be a source of stabilization, but
are difcult to align and reposition. Motors
impart forces to G-free capsules.

_x Suspen;fo;l of dust and Flllers. sreens, mr circulation are requlred

objecu of obj isa '

27. lnld:quacy o( open con- Covers, mounts, and tcthers must be de-

en, lethm signed

Hota: X Indicaies conastions affecting facrer.

SOURCE: Compendium of Human Responses to the Aerospace Env1ronment Vo]

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 signal a response 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 apjp 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, agin,
of 0.1 to 0.5 deg/secz. 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 will
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 of the
latest model being 0.14 deg/sec4. Figure b shows the threshold for the roll axis
or vertical canals to be 0.5 deg/sec<.

a. Latency Times for Perception of Angular Acceleration About the Vertical
Axis _(Ypl*

140~

120

fc.o—

(sec)

B8O \
-
E .
c
» 6.0
TN
B .
- a0} \l .
., o
L Y
2.0} A
Ix_ °
. [ ]
S T D I O Yl\"f Ik
02 [ 107" 30 5.0 70 90 1o 130

Angular Acceleration {*/sac?)
— Model Prediction
I Experimental data with one standard deviation
X Data from Clark and Stewart
- 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),
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b. Latency Times for Perception of Angular Acceleration About the Rol]
AxTs {Xp)* .

Latency Time {sec)
52 &5 8
T T 1
—_
=

8
L

I Y
0 0204 06 08 10’ 10 8.0 10 %20 no
Angular Acceleration (¥ 10cd)

— Model Prediction
1 Experimental data with one standard deviation

* Note scale change of angular acceleration

c. Perception of Angular Acceleration

35 \\
L)
30 *\ .
e ® 75% CORRECT
\ JUDGMENTS

g » o RESPONSE
-E \ \ LATENCY
8 NN
M \. Ne
>
(9] \c [
Z 15 A
= d\, °
j . - L

10 v

NG
s W LN
o o Py o -
. A S Y I N S e -
01 .02 .03 .05 A 2 345 10 20 3.0 50 10

ANGULAR ACCELERATION (YAW) - deg/zec?

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. II(51), Guedry and Richmond
(75) Meiry (124) and Webb (195).
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d. Correct Perception of Direction of Rotation

PER CENT CORRECT RESPONSES

The percent of direction
of rotation judgments
100 that are correct is
. ,———”"'—— plotted as a function of
P the level of angular
%0 .

7 acceleration. The 75%

/ v . .. -

7// . point is considered to

8 / be the threshold point.
’y Also included are the

“\7e 75% points (dashed line).
[

70
L]

4

[}

o, |
AN | N S R T
V) 1 2 3 A .5 .6 7

P
60

YAW ACCELERATION - deg/sec?

e. Perceived Versus Actual Rotation

Points on this graph are

values of angular velo-

ANGULAR ACCELERATION City computed fl“0m Sub-

’ . . - jects' reports of per-
ceived 45° increments in
. P ° displacement while sub-
o jected to constant angu-
lar acceleration on a

deog/nec

i

D T 7 turntable. Each point
. .t . is the average of

. readings during four
. . trials by each of ten
subjects. A trial con-
sisted of one accelera-
. . tion and one decelera-

SUBJECTIVE VELOCITY - deg/sec

= 17777 tion, with sufficient
. time at constant velocity
of s e . = | in between for sensations
. y to decay. The average
. values mask a 25% de-
.. crease in response

*e. between the first and

SOURCE :

. fourth trials, ascribed

0 50 60 70 . .
10 ® » to habituation.

OBJECTIVE VELOCITY (w = at) - deg/sec

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
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SOURCE: Edelberg (62).
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h. Man's Tolerance to Constant Rate of Tumbling in a Decaying “g" Field
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SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. II (51),
Edelberg (62) and Weiss, et al (200).
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j. Physiological Effects of Spinning a Human About a Center of Rotation
"7 Through_the Heart

Resources at 106 rpm,
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Respiration
rate,
cycles/min

&

100 -
o 5
§£‘
§ E 50
o E
]
ol
___JW\___
280 R
/"‘— \
240 L 4 ] Venous pressure
\ {foot level)
\
200 |- [N

160 |-

£y
E 120 L ,l \ {eye level)
/ \

Venous pressure {eye level)

. i ] 1 L 1 1 S
-10 0 10 20 30 40 50 60

Time, sec

SOURCE: 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

j"'Standing Stiff-legged Impact

Mostly "safe"

No significant effect <8(?)

Severe discomfort 8 - 10
Injury

Threshold 10 - 12

Fracture threshold 13 - 16

(heels, feet and legs)

Seated Impact
Mostly "safe"

No effect <8(?)

Severe discomfort 8-14
Injury

Threshold 15 - 26

| Skull Fracture

Mostly "safe" 10
Threshold 13
50 percent 18
Near 100 percent 23

Total Body Impact

Mostly "safe" . 10
Lethality threshold 20
Lethality 50 percent 26
Lethality near 100 percent 30

- SOURCE:  Compendium of Human Responses to the Aerospace Environment, Vol. II (57)
and White, et al (202).
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b. Tentative Criteria for Indirect Blast Effects Involving Impact From
Secondary. Missiles

RELATED IMPACT VELOCITY :

KIND OF MISSILE CRITICAL ORGAN
OR EVENT FT/SEC
Nonpenetrating . T
10-1b. object Cerebral Concussion: :
Mostiy "safe® 10
Threshold 15
Skull Fracture:
Mostly "safe" 10
Threshold 15
Near 100% 23
Penetrating S
10-gm glass Skin Laceration:**
fragments Threshold 50

Serious Wounds:**

Threshold 100
50% 180
Near 100% 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.

SOURCE: 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
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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 hoilow 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 1ine 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 RESUL%LNG FROM PERCEIVED OR EXPERIENCED DYNAMIC MOVEMENT
Vestibu]ar I11lusions

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 Tinear
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 1ight 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 Tight 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 1ights 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 fauit.

(2) Oculogyral I1lusions (OGY)

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. When rotation rate is stabilized, apparent
motion ceases. Sudden deceleration causes the visual target to have

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. II (51).
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(2)

(3)

SOURCE :

Oculogyral Illusions (0GY) (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 sensatijons 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°/sec2.
Oculogravic I1lusions (0GI)

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 i1lusion may be described as follows: If a subject faces toward
the 1ine 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 1ight during exposure to acceleration
which attains 3.0 G within three seconds, with onset of rotation, he
feels he is changing position and the 1light 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-
Ssite sensation occurs when the centrifuge is stopped.

Compendium of Human Responses to the Aerospace Environment, Vol. II(51).
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ILLUSIONS RESULTING FROM PERCEIVED OR EXPERIENCED DYNAMIC MOVEMENT

(3) Oculogravic Illusions (0GI) (Cont.)

~atund ~bk L JR ] on T an sima
zontal or ver-

The threshold for a perceived change in direction of horiz

t1ca1 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 0GI threshold.

A Tinear acceleration increment of about 0.1 +Gy is interpreted as a

climb at a 20° to 25° angle. A deceleration of about the same magni-
tude mav 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 IT1lusions

ITlusions of this type may result 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)

(2)

SOURCE:

The Audiogyral ITlusion

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.

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.

Compendium of Human Responses to the Aerospace Environment, Vol. II (51).
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(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 1°/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).

1-196



PHYSIOLOGICAL STANDARDS AND TOLERANCES
DYNAMIC - MOTION
ILLUSIONS RESULTING FROM PERCEIVED OR EXPERIENCED DYNAMIC MOVEMENT

(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 Teft, there is a sensation of turning to the right. In
attempting to correct for this, the pilot puts the aircraft back

intn the ¢<nin tn the laft Flvavre have niven thic i1luginn tha
INTC Tne sSpin TC TNe eTT. riyevrs nave given tnis 1.,.:usion tne

sinister name of "graveyard spin."

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. II (51).
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' DYNAMIC - MOTION
VIBRATION

a. Nomogram of Frequency, Displacement-Amplitude and Acceleration-Amplitude
~for Sinusoidal Vibration

100 0% 10 To determine the accelera-
] E ] tion-amplitude of a vibra-
80 ] 6 tion of 6 Hz at 1 in. (half-

1 i 3 ‘ave) amplitude (i.e. 2 in.
so 4] seak-to-peak), lay a
1033 . straight-edge across the
1 . 2 chart joining 6 Hz with 1 in.
a0 ] i amplitude. The accelera-
. tion-amplitude is 4 g
02 = (approximately).
b E e :
3 e 64
204 1° <& - o=
] 0o Wi / : *
] 3 g/ : 18
1. ] 3 24 é
1 et 13
l0:§ e . é =
18 7 EF: 18
Bj“ //// :g s:§
7 19 4] 5:
& 107 1s
] 2]
4 i 4
] 10723 1072~
; :
2 ] 4
IO'L: ]
3 24
- 10=4- 1073~

# = HALF PEAK-TO-PEAK AMPLITUDE

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. II (51)
and Guignard (76).
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VIBRATION

b. Conversions Between the Parameters of Vibration

100 7 7T
) :"o-
© o |
Ty P y. A,
Q
2 o 4 %o,
£ L X y
= NOE X G
Z Ko SN A,
Q
g LIL 3 d
g 10 b
VA \‘J/, ‘L__ _"9
E & I Jo. 2,
& —_
g 5 % W
.; °°b \IL N ! "'-/ )
‘E' N % / R o
N L Lo T
o o
) DL £ 771
%0y 111 { " s T i
/
) 1*‘ A 2
] 10 100

Frequency (Hz)

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. II (51)
and Morgan, et al (134).
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VIBRATION

c. Criteria for Vibration Tolerance

100 £
o
4
3 [ -+ . VOLUNTARY TOLERANCE
z A \ (‘JNINJgfsE ARARNAY
A <3N AR} A)
10 ;/ﬂ?{'op IM]NC!; INJURY
E i \k" DEPEINDING ON TIME
F h 2 | A1l |
ﬁ” —Short 'iTo to srance
‘: - ‘~O:u ||l'|inu'. 1olerance 4"
:E: 2F \\N {—~Thres minute tolerance ,
; ] A \\\‘ - — "
5 y/ I
SR N
3 =0 3
o 2 R o
g ! e st | [
: 107! - (long exposure)
é .
5
4
Threshold for perceptian
3 of vibration in handgrip
-1
102 P
3 N\ N4
sf— . 7
- Threshold for perception
3 at fingartip (tangential
2 R vibration)
10-3 1Al l lil 1) NTRTI 1113
.1 2 3 4.5 1 2 3 45 10 20 30 40 50 100 200 300 500 1000
—————— FREQUENCY-Hz
————- -il‘—(snc'l)
VOLUNTARY TOLERANCE ~ UNPLEASANTNESS
LAP BELT AND SHOULDER HARNESS

VOLUNTARY TOLERANCE - ’/ PERCEPTION
UNPROTECTED FOR 5 TO 20 MINUTES ,

SOURCE: Compendium of Human Responses to the Aeros?ace Environment, Vol. II (51)
and Human Engineering Design Criteria (88). ’
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VIBRATION
; d. Psychomotor Performance During Longitudinal Vibration
; = T
goo : KEY PSYCHOPHYSICAL FACTORS
Y Ac  Acouracy
- MAX ACCEL s"c'") AUA Auditory Aculty

! \‘° COH Hand Coordlnation

10 o0 .
50 E Equilibrium . .
PF Foot Pressure Constancy
RT Reaction Time
20 RTF Foot Reaction Time
RTH Hand Reaction Time
X sT ‘Tactile Sense .
\4 Vision
VA Visual Acuity
vD Depth Perception

10 —
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s .
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€ ] ROMAN NUMERALS & SYMBOLS
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SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. IT (51)
and Linder (112).
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VIBRATION

d. Psychomotor Performance During Longitudinal Vibration (Cont.)
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EM Eyelid Movement
HM Head Movement
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JM Jaw Movement
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SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. I
and Linder (112). P L&D
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5 VIBRATION

4

! e. Effect of Vibration Amplitude(1050 cpm) on Reading Accuracy for Various

; c flied - a2

! Increase in the level of
" [ illumination reduces the

e amount of impairment of
. —, J visual acuity. The visual
. e / acuity decrements produced
ol e / by vibration can be compen-
Y H sated for by increased lumi-
. » / I nance of the displays. This
w I —F chart indicates that as Tumi-
g / } nance of the displays. This

. 3 ; chart indicates that as Tumi-
74 / / ,/ nance increases from 0.046
‘ 7 17 ft-L to 15.0 ft-L, perfor-
" o yan's mance is significantly im-
. " A7 proved, although the differ-
e 4// ence in errors between lumi-
s =1 . ] g nances of 5.4 ft-L and 15.10
N i i ft-L is not marked.

VIRRATHM ARPLITUDE - ReCHE

f. Effects of Amplitude, Brightness, and Type Size on Visual Performance
During Vibration

Combinations of Amplitude,
Brightness, and Type Size
Producing a Constant Impair-
ment in Time Scores.

TIME
S X INPAIRMENT

In the solid figure, corner

A represents the most favor-
able conditions, B the least
favorable. The curved sur-

face i1s the boundary at

VISUAL
A»GLE INCHE!

¥ 7

- ~ which time is increased 5%
x , as conditions become less
oole 7
- L favorable. Based on results
i ; from 12 subjects each.
a9 onzT / '/
¢ - BRIGHTNESS * T
T RS TYPE SiZE @6
003 AMPLITUDE o e0Q

s [
TYPE SIZE IN POINTS

SOURCE: Compendium of Human Responses to the Aerospace Env1ronment, vol. 1I(51),
Cook, et al (54) and Urmer and Jores (191).
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VIBRATION

DYNAMIC - MOTION

f. Effects of Amplitude, Brightness, and Type Size on Visual Performance

32 % IMPAIRMENT

VISUAL

AMGLE INCHES,
y- Og

o9

4002

ANPLITUDE
R

During Vibration {Cont.)

ERRORS

SOURCE :

L)
TYPE SIZE IN POINTS

EXPERINENT
- B S
SRIGHTNESS * +
TYPE SI2E ® 8
AupLiTUDE O & O

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.

Compendium of Human Responses to the Aerospace Environment, Voi. II (51)

and Cook, et al

(54).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES

TEMPERATURE TOLERANCES
THERMAL COMFORT REQUIREMENTS

o S

a. Physiological and Thermal Characteristics of the Average Man

SOURCE :

CHARACTERISTIC METRIC UNITS ENGLISH UNITS
Weight 68-72 kg 150-160 1bs.
Height 170 em. 68-69 inches
Total Body Surface 1.8 8q. meters 19.5 ftz
Area

3 3
Volume 0.07 meters 2.5 ft

Specific heat

0.8 cal/gm-°C

0.8 Btu/lb-°F

Heat Capacity 57.6 cal/°C 128 Btu/°F
{using 160 1b. man)
Body temperature 37°C 98. 6 0.5°F
(rectal)
Body surface temp. 33-34°C 91-93°F
Body and clothing 28°C 82.2°F
Surface temperature
(ave. - 1 Clo)
Body temperature 35.6°C 96.1°F
(2/3¢t_+1/3¢)

r s
Body percent water 70% 70%

HUMAN SKIN

Weight 4.0 kg 8.8 1bs.
Surface Area 1.8 meters2 19.5 ftz
Volume 3.6 liters 3.7 Quarts
Water Content 70-75% 70-75%
Specific Gravity 1.1 1.1

Thickness

Heat production

0.5 mm (Eyelids)
to 5 mm (back)

13% (Body's
Metabolic Heat

Prod.)
Conductance 9— 30 kgCal/mZ-
hr.-°C
Thermal 1.5+ 0.3 X 10-3

Conductivity (k)

Breeze (32) and Compendium of Human Responses to the Aerospace Environ-

ment, Vol. I (50).

Cal/cm-sec-°C
at 23-25°C Ambient
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
TEMPERATURE TOLERANCES

THERMAL COMFORT REQUIREMENTS

a. Physiological and Thermal Characteristics of the Average Man (Cont.)
CHARACTERISTIC METRIC UNITS ENGLISH UNITS
: . -4 2
Diffusivity 7x10" " cm®/sec
(k/ C) (Surface Layer
PP 0.26 mm Thick)
Thermal Inertia 90-400 X 107>
k/, C)) cal?/cmi-sec-°C
P P
Heat Capacity (Cp) 0.8 cal/gm-°C 0.8 Btu/1b-°F
Emissivity (Infrared) - 0.99
Skin and Clothing -0.94
Reflectance MAX. 0.5—1.1u
(Wave Length MIN. 0.3 and 1.24
Dependent)
Transmittance MAX. 1.2, 1.7, 2.2,
{Wave Length 6, 1lu
Dependent) MIN. 0.5, 1.4, 1.9,
3, 7, 124 s
TERM DEFINITION
.Clo 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.
humidity, and (c) 20 ft/min air movement.
1 Clo = 0.18 Deg. F {In combined units
° = Eg-cal?ﬁr For 1.8 m? Surface Area
| Clo - 0:04536 Deg. F. {1 kg-cal = 3. 968 Btu
- Btu/Hr
Heat Capacity of Outer layer to skin as opposed to body core.
Body Periphery 40 Btu/°F Approximately 1. 0 inches thick.
Resistance of Periphery Function of body activity and is equivalent
i to 0.16 to 0. 70 Clo
Pain threshold for any area 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°Q) comfortably warm
below 88°F (31°C) uncomfortably cold
86°F (30°C) shivering cold
84°F (29°C) extremely cold
When the hands reach: When the feet reach: They fecl:
68°F (20°C) 73.5°F (23°C) uncomfortably cold
59°F (15°QC) 64.5°F (18°C) extremely cold
50°F (10°C) 55.9°F (13°C) painful and numb
SOURCE: Breeze (32) and Compendium of Human Responses to the Aerospace Environ-

ment, Vol. I (50).
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TEMPERATURE TOLERANCES

THERMAL COMFORT REQUIREMENTS

ENVIRONMENTAL TEMPERATURE (°F)

SOURCE :

b. Terﬁperature/Humic_ﬁ ty Re'lati_pqs.h_i__p_

160 v
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120 /(\ )< \\\fo, o
80K
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/ /%\\ />( A
100 A o) R /2
L /N <> 20 “/}/
/] P 2 HRS |
>0 TS e e
80 RRESRE

70

60

50

40

30

L~ _A2 Hrs HOT ZONE
ZCOMFORT ZONE

SITTING MAN DRESSED IN CONVENTIONAL
CLOTHING (I CLO) DOING LIGHT MANUAL

WORK.
AIR MOTION EQUALS 200 FPM

—il-[lf" 1 HR /JIMITED
[ s

RH = RELATIVE HUMIDITY

i il

o

10

2

0 30 40 50

VAPOR PRESSURE (mm Hg)

Human Engineering Design Criteria for Military Systems (89).
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TEMPERATURE TOLERANCES

EXTREME TEMPERATURE TOLERANCES

a. Human Thermal Tolerance Limits_

e °
1SEC 1 MIN 1 HOUR 8 HRS 1 DAY 1 MONTH 1 YEAR_‘
600 4 v 2 \ 4 1 300
\
\\
500 X 4 20
‘\
\ REFLECTIVE VENTILATED CLOTHING
400 A 4 200
\
\
% \
300 ) 2 -4 150

N\
N \\VENT LATED CLOTHING
200 \ <4 100

NUDE EXFOSURE< Ut .
N iD LA L LTI
] ‘.’_----------I - o e g
o | \'\‘" m 0
0 =———__CONVENTIONA
JRod "1 INSULATED  CLOTHING
o L CLOTHING 50
-100 ¢ ELECTRICALLY HEATED CLOTHING
1 10 102 103 104 10° 106 107 108

TIME — SECONDS

SOURCE: Human Engineering Design Criteria (88), Webb (195).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
TEMPERATURE TOLERANCES

EXTREME TEMPERATURE TOLERANCES

b. Low Temperature Limits for Different Activity Levels

ENVIRONMENTAL TEMPERATURE —-°C
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16 | 1 | | I 1
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PROVIDING
THE INDICATED
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- o
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~ |9
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EI
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N
£
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HEAVY FLIGHT

| - To By, N - CLOTHING
0
HEAVY WORK _ 2320 BT 1 COVERALLS, JACKET,

~

INSULATION REQUIRED FOR EQUILIBRIUM - CLO

x|~ WOOLEN UNDERWEAR
| [ =N - STREET CLOTHING
OR LIGHT COVERALLS
4 0 %08 80 AND COYTON UNDERWEAR

ENVIRONMENTAL TEMPERATURE - °F

SOURCE: Human Engineering Design Criteria (88) and Webb (197).
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TEMPERATURE TOLERANCES

-EXTREME TEMPERATURE TOLERANCES

c. Approximate Human Time-Tolerance Temperature with Optimum Clothing

- L Q Relative Mpmidity ::L::
e sy L LT
100 Y ]ImZzz
* I 77 777 177707
;: %o
3 60 Safe
)
S w
JEERAS,
i Al
! 0 /ﬁ“‘l")“
% = ’ HL}PV E—
the!
% o /4
Cold Injury to
i [1I/4
%0
100 :
10 Mn 3 hr. 10 hrs. 1 day 10 days

d. Human Body Temperature Extremes Defining Zones of Temperature
Regulations
°F *c
WE| PR
no] 44 } Eeat Stroke ::,’:::::,’.‘
Sariously
5 Brain lesions
Los 2 } Fever Therapy red
+ 40 Febrile Disease ) ooy teure
%158 } mart Elorotee |\ Mgilation |
sof |} orainee REERCZCUE
wi.,
] Tonuation
90 32 gulacion
%..30
Bz‘taa Temperature
:26 hﬂhuon
oy Lower Limit
. L 28 of Survival?
SOURCE: Breeze (32) and Compendium of Human Responses to the Aerospace Environ-

ment, Vol. I
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
TEMPERATURE TOLERANCES

2
|
3

EXTREME TEMPERATURE TOLERANCES

S it

L e. Performance and Tolerance Limits: Transient Zone
:3 ° 50 100 150 200 250 (Kea!/m2hr)
Fo o . - T . .
- 180 “
%3 [TTIT T T TTT]
VA NOTE ||
Y. .
758 THE MINIMUM PERFORMANCE LIMIT. 1S _{
AT .RECOMNENDED FOR GENERAL DESIGN
160444 PURPOSES. THE SHADED ANEAS PERMIT {—
77 A ROUGH ESTIMATE OF THE PROBABLE
7' CONSEQUENCE OF EXTENDING EXposume [ |
//, DURATION AT A GIVEN STORAGE RATE | —
77 BEYOND THE MINIMUM PERFORMANCE
V/V/ LIMIT.
140[544
%% TI T ry
//A’ LEGEND
% @  SAFETY, PERFORMANCE UNIWPAIRED —
7 @  SAFETY, PERFESBANCE UNGERTAIN [ ]
120 7 ®  TOLERANCE UNCENTAIN, PEHFOHMANCE ‘~—f
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e R

R

- ) [ |
I l i
2 100 :
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E -
(5]
=
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= g0
_I_

60

40

20 ©

MINIMUM PERFORMANCE LIMIT
| )

0 20 40 60 80 100
BODY STORAGE INDEX, g, (Btu/ft’hr)

SOURCE: Blockley, McCutchan, et al(29), and Compendium 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. Army, 1942-44, a
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SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. I (50)
and Schieckele (163).
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EXTREME TEMPERATURE TOLERANCES

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/100 ml, or

muscle cramps).

The extent to which real survival time would exceed this 1imit 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 1ife rafts, half died by the sixth day if the air temperature was below
41°F (5°C); survival time increased with increasing air temperature.

9. Voluntary Tolerance to Cold Water

e

L LI el 17

& Y
. B N
w §0-VOLUNTARY TOLERANCE WEARING w
& I WEARING FLIGHT CLOTHING SUITS i 415 «
> > 2
- <
& o
g % 0 @
z I
w w
- \\ =
- 4
[Tl . N\ -5 [+ 4
= N w
IS\ 2
= =

-]

TIME - hours

h. Life Expectancy in Cold Water with No Exposure Suit

LIFE EXPECTANCY WITH NO EXPOSURE SUIT
& A L

30 T @0 T so 60 70
WATER TEMPERATURE, °F
The expectation of life following cold water immersion. The data is that of Molnac,

SOURCE : CompendiuT of Human Responses to the Aerospace Environment, Vol. I (50)
and Webb (195).
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J, MWindchill Index
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§(_)URCE: Compendium of Human Responses to the Aerospace Environment, Vol., I (50)
' and Webb (195).
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TEMPERATURE TOLERANCES

TEMPERATURE RELATED HUMAN PERFORMANCE

»
i
,' a. Performance Time, Skin, and Digital Temperature as a Function of
8 Windchill
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) 53 ] except where indicated.
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SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. I (50),

Dusek (61) and Teichner

(185)
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TEMPERATURE RELATED HUMAN PERFORMANCE

C.

Minimum Effects of the Cold on Selected Functions

SOURCE :
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Each curve is an estimated
percentage loss of the in-
dicated type of performance
for appropriately dressed
but unacclimatized men.

a.
b,

C.

Tactual sensitivity of
the bare hand

Simple visual reaction
time

Manual skill

Compendium of Human Responses to the Aerospace Environment, Vol. I (50)
and Teichner (186).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
TEMPERATURE TOLERANCES
PAIN FROM RADIANT AND CONVECTIVE HEATING

a. Time Required to Reach Strong Skin Pain as a Function of Radiant Heat

Figure a shows the time to
reach strong skin pain from

20 SURFACE BURN 600 1.0 radiant heating,:with radia-
: , Jsso tion sources ranging from
200 0.9 the simulated intense ther-
180 1500 os mal flash of a nuclear
{450 ) weapon_(approximately 100
0 I i o7 & Btu/ft2 min) to the slow heat
$ o 140 ‘e 1 % heat pulse associated with
& o s § oL g re-entry heating, where the
' 0w o os w heating is partly convective
Z 100 H g as well., The curve is
3 2 < 2 h -
2 N 3 %43 Qer1ved from experiments
& h N 00 g |, 2 involving heating of single
60 T | small areas of forehead or
o N H0.2 forearm or exposed areas of
C S 100 skin of a subject in flight
2 — 50 ﬁ“' clothing, and of the whole
0 0 o body surface. The pain
W2 345 10 20 040% 100 200 threshold is reached when
TIME - saconds 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.

SOURCE: Buettner (36), Stoll and Greene (176) and Webb (195, 197).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
| ~ TEMPERATURE TOLERANCES
PAIN FROM RADIANT AND CONVECTIVE HEATING

b. Painful and Nonpainful Heating of Air as a Function of the Heat Transfer
Coefficient : -

These data in Figure b indi-

AR TEMPERATURE - °C . cate the dividing line bet-
wore— 5.4 6 13 ween painful and nonpainful
- heating for air at various
w{i . temperatures, versus the
1 heat transfer coefficient,

which depends on air densi-
ty, air velocity, and sur-

8
T

T PAIN face areas and shape. The
ZONE . { ¢ data were obtained by ex-
N * posing a small segment of
10% C RS the cheek to a flowing air.
. stream through a padded hole
& NO SENSATION ~ in the wall of a cylindrical
S A 1S TO 4 N tube. h was computed from

& PAIN WITHIN | MIN

air velocity and duct geo-
metry.

HEAT TRANSFER COEFFICIENT (h) - Bru/fi?he,°F -
w

110 120 130 140 150 160 170
AIR TEMPERATURE - °F

SOURCE: North American Aviation (139) and Webb (195).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
TEMPERATURE 'I'OI.ERANCES
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-
age. The bracket encloses quantities which are normally heat losses from the
body (i.e., when the surrounding environment is lower in temperature than the
body).' A sixth 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(tsupface - tair) Btu/ftZ, hr
0.5 0.5
he = 0.57 (tair + 460) (Vp) _ Btu/ft2, hr, °F
536
RADIATION (R) = h, (tsurface ~tmean radiant) Btu/ft2, hr
(exclusive of solar)
h =oF f (tsunfgpg_f4§p)A4,- (tmean radiant +460)4
r ae JIr
tsurface ~tmean radiant
where t = temperature in °F ?
V = mass velocity 1b/ft“ min

hc the convective conductance

hy = radiant conductance
= Stefan-Boltzmann universal radiation
constant; 0.173 x 10-8 Btu/ftz, hy, oph
Fae = shape and emissivity factor

fr = 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 totally wet body. (Achievable
for nude men only at severe levels of heat strain and in humid environments;
feasibility unknown but unlikely for clothed men):

SOURCE: Blockley, McCutchan, et al (29) and Webb (195).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
TEMPERATURE TOLERANCES

COMPUTATION OF THE HEAT BALANCE
E = 3.6 hg (pg - p) Btu/ft2, hr

where pg and p, 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.

= W _d 2
STORAGE (S) 0.83 TR (tbody) Btu/ft<, hr

= 1 2
where tyoq, = 3 tskin T 7 Yrectal

W = body mass in 1lbs
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
‘Tinear rate of change 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:

Tio1 = lggg-minutes where Tto = average tolerance time, and
S is expressed in Btu/ft2 hr;
Or: Tto] = ﬂggg-minutes where S is expressed in kca]/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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PHYSIOLOGICAL STANDARDS AND TOLERANCES

TEMPERATURE TOLERANCES

COMPUTATION OF THE HEAT BALANCE

% OF METABOLIC HEAT

a. Summary of the Contribution Made by Each Mechanism of Heat Loss Under
" Normal, Comfortable Environmental Conditions.
MECHANISM _PERCENT OF TOTAL HEAT LOSS (Cal/24 Hrs)
1. Direct Radiation 60.0% 1,800
2. Conduction-Convection
a. Direct contact with 10.0% 300
b. a;:ming inspired air 2.5% 75
c. Urine and feces 1.5% 45
3. Insensible Perspiration
a. Via skin 14,5% 435
b. Via lungs 8.0% 240
4, CO, Liberation 3.5% 105
T T ToTAL ~100.0% 3,000
b. Avenues of Heat Exchange as Percentages of Total Metabolic Heat for a

T50-Minute Test Period with_T Hour of Exercise at 26°C,

50 GL AR __' -
3 ALt He-0p [— -
40 3 oL ne-o0:

Dewpoints are:

G.L. Air = 7.4°C
5.0°C

Alt. He - 02

G.L. He - 0, = 4.0°C

G.L. = Ground Level at
745 min Hg

G.L. He - 0, = 0, at
159 mm Hg
He at 579 mm Hg

Alt. He - 0, =0, at

165 mm Hg
He at 206 mm Hg

SOURCE: Air Force Manual AFM 160-5 (4), Compendium of Human Responses to the

Aerospace Environment, Vol. I (50) and Epperson, et al (64),

1-221




PHYSIOLOGICAL STANDARDS AND TOLERANCES
TEMPERATURE TOLERANCES

COMPUTATION OF THE HEAT BALANCE

¢. Conditions for Prediction of Body Thermal Status

External {Natural)

Solar radiation (qsr)
Earth radiation (qer)
Lunar radiation (qh_)
Shadow cones (day/night}
Atmospheric composition

Vehicle velocity (if >C/7)
(C = vel. of light)

Vehicle attitude or
orientation

Vehicle altitude

Environment

Internal (Induced)

Wall temperature (tw)
Atmospheric temperature (ta)
Atmospheric pressure (P}
Atmospheric velocity (V)
Atmospheric composition
Absolute humidity (pa)
Diffusivity (Dv)

Specific heats (C_, CV)
Surface Area (surroundings) A
Shape emissivity factor Fae

Crew operating mode

Stress Factors

System failure

G-loads (weightlessness)
Toxicity (CO2 etc.) effects
Radiation effects
Decompression (emergency)
Hypoxia

Psychological (morale, anxiety)

Vibration

Body State

Metabolic rate (qm)
Weight (W)

Posture

Area of body (Ab)
Skin temperature (ts)

Rectal temperature (tr)

Clothing

Thermal resistance (R}
Vapor resistance (R'g)

Wind permeability

Weight

Color (emissivity absorptivity)

Wicking efficiency

Mean body temperature (t,) Effective clothing absorbtance

.
Respiration rate (V)
Insensible water loss

Sweat rate (sensible (W )
water loss) €

Wetted area (w)
Activity /fwork efficiency

Physical condition

Degree of heat stress resistance

(acclimatization)

Water/electrolyte balance

Radiation area factor (fr)

Radiating area of body (Ar) '

Area of body irradiated

Effective skin absorbtance

SOURCE :
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
TEMPERATURE TOLERANCES
EVAPORATIVE COOLING CONSIDERATIONS

l' a. Recruitment of Sweating

I,
) USUAL (BUT NOT
INVARIABLE) ORDER
AREA OF RECRUITMENT

Dorsum foot 1
Lateral calf 2
Medial calf 3
Lateral thigh 4
Medial thigh 5
Abdomen 6
Dorsum hand 7 or 8
Chest 8or7
Ulnar forearm 9
Radial forearm 10
Medial arm 11
Lateral arm 12

b. Increments in_Mean Regional Evaporative Rates in Environmental

Temperature
EVAPORATIVE RATE INCREMENT IN EVAPORATIVE RATE
REGION ———— . . ——_————
Tanc | 3°C. 38°C. 29-31°C. 34-38°C.
gm/m2/kr, gm/m2/kr/°C.

Calf 18.0 86.5 169.0 13.7 20.4
Thigh 14.4 58.7 144.0 8.0 21.3
Abdomen 12.0 60.0 156.0 9.6 24.0
Chest 9.6 37.2 120.0 5.5 20.7
Forearm 12.0 21.6 96.0 1.9 18.6
Arm 10.8 14.4 65.0 0.7 13.0
Cheek 24.0 36.0 108.0 2.4 18.0
Forehead 24.0 ' 60.0 240.0 7.2 45.0

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. I (50),
Hertzman, et al (85) and Randall and Hertzman (148).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
TEMPERATURE TOLERANCES

EVAPORATIVE COOLING CONSIDERATIONS

c. Regional Fractions of Total Cutaneous Evaporation Expressed as Percentage

of Total

AIR TEMPERATURE

REGION e i e
24°C. 26°C. 28°C. 30°C. 32°C. 34°C. 36°C. 31°C.
Head 11.8 12.1 11.9 9.7 8.0 7.0 8.5 8.4
Arm 4.6 4.4 4.2 3.4 2.6 2.2 3.1 3.3
Forearm 8.2 7.2 6.0 4.3 3.2 3.1 4.4 4.3
Trunk 22.8 23.0 22.2 22.2 30.0 33.0 43.0 38.2
Thigh 13.6 13.1 17.1 20.2 22.6 23.8 25.5 22.3
Calf 8.5 9.0 11.9 16.0 20.3 22.8 24.1 19.8
Palm 15.6 15.3 13.1 9.6 6.8 4.6 3.5 2.5
Sole | 147 15.1 13.5 9.9 | 6.4 3.7 2.3 1.5

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol, I (50)
and Hertzman, et al (85).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES

TEMPERATURE TOLERANCES
COOLING -~ SKIN EVAPORATION

_a. Regional Cooling Requirements of the Human Body in Air at Sea Level at

Rest
HEAD BACK
HIGH SWEAT RATE LOW SWEAT RATE
(7-11 G/HR INSENSIBLE). (1-2 G/HR INSENSIBLE)
HIGH SKIN TEMPERATURE
NECK CHEST

HIGH SWEAT RATE
(4-5 G/HR INSENSIBLE).

LOW SWEAT RATE
{1-2 G/HR INSENSIBLE)}
HIGH SKIN TEHPERATURE

ARM

LOW SWEAT RATE
{1-2 G/HR INSENSIBLE)

ARMPIT

HIGHLY VARIABLE WITH
INDIVIOUAL . TNSENSIBLE
SWEAT RATE RANGES FROH
070 7 G/HR.

ABDOMEN

LOW SWEAT RATE

(1-2 G/HR INSENSIBLE).
HIGH SKIN TEMPERATURE

FOREARM
LOW SWEAT RATE
(1-2 G/HR INSENSIBLE)

HAND

HIGH SWEAT RATE AREA
(6-10 G/HR INSENSIBLE) .
DIFFICULT TO €OOL.

BUTTOCKS

LOW SWEAT RATE
(1-2 G/HR INSENSIBLE)

CALVES

LOW SWEAT RATE AREA
(V-2 G/HR INSENSIBLE)

GROIN

VARIABLE SWEAT RATE
WITH INDIVIDUAL.
DIFFICULT TO COOL
IN SEATED POSITION

FOOT

HIGH SWEAT RATE AREA
(4-7 G/HR INSENSIBLE)
HIGHEST RATE FOR SOLE.

THIGHS

LOW SWEAT RATE
(2-4 G/HR INSENSIBLE).

SOURCE: Berenson(24) and Compendium of Human Responses to the Aerospace Environ-
ment, Vol. I (50).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
TEMPERATURE TOLERANCES
COOLING = SKIN EVAPORATION

. b. Regional Temperature Heat Transfer Relationship

SKIN

PREFERRED TEMPERATURE HEAT LOSS | AREA CONDUCTANCE

REGION (°F) BTU/HR FT2 BTU/FT2/HR/°F
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

SOURCE: Berenson (24) and Compendium of Human Responses to the Aerospace Environ-
ment, Vol. I (50).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES

TEMPERATURE TOLERANCES

VENTILATING GARMENT COOLING CHARACTERISTICS

a. Nomograph for Computing Cooling Power of Ventilating Garment
- DECREASE IN BODY '
VENTILATING AIR STORAGE INDEX (-Aq.) OPERATIVE
TEMP. (1,) VOLUME (V,) : TEMP. (t,)
°F CFM BTU/FT2 HR *F
50 — t4 — - — 240
-1 46
. .
_ | |
] -
j 12 — 40_‘ -
60 — - ﬂ |
] 10 —_ 7] — 200
\ -—
- ~
— ~
- n N 30 —
- ~
- N
8 7 \i —
70 — — 171\
— -~
- e ~
- N - - ~ n
- ~
- -~
— /J’ n > ~
] 6 — 20 N—160
- -
] /’z'/’ ]
Bo—k - [—
— q — 3 =
— 7 10— i
90 — 2 — - L — 120
EXAMPLE: GIVEN 1,z 160°F, V, = 10 CFM, t,= BO°F; -Aq.=zs.2eTU/FTWHR
SOURCE :

Compendium of Human Responses to ghe Aerospace Env1ronment Vo1

and McCutchan and Isheewood {120
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
TEMPERATURE TOLERANCES

PRESSURE SUIT VENTILATION

a. Pressure Suit Ventilating Gas Cooling

1600
SUXIT INLEY TEMP = 50’:' P

1£00 ~
£ ' L]
£ 1200 S .7
° ——JALKING T HRESSURE e
- sy17. 2 uPH K
£ 1000 oL b"x‘/
g 04 o 9¢4 Ri dut
& ~3$~ B
< 800 S 3
© - o LS,
5 5 #’: o
g 148 2
8 600 R S
© [CE SN \5;*'\ b
g yE =
o & ‘/’ T - — -
b 400 I—EAES
& SH L ] SENSIBLE
S o 1) i CAACITY | 1 g0

200 F-5T5 i — 5.0 psI

p L 3.5 psl
o ’Z—-:"—a-—'" e}
(3 1 2 E) 4 3 3 ? 8 T N Y URRF B3I

VENTILATING GAS FLOW RATE, CFM

The dashed Tine 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 International Latex Prototype Apol

Latex rr 0110
Suit Pressurized at 3.5 psia. Above Ambient with Air Flow at_15 ft3/min.

r .

1,800
/
1,600 [ /)
£ © Resting pressurized at altitude , e "o'u",'p‘:,‘}/"‘,//
S
& 1,400 | A Resting unpressurized at afiitude //’ . -
2 O Working at altitude ,/’ -~
a1200 1 L7 o7 indicated g
, e heat .
g.,m L Pidpte storage
T soo
a
€
v
600 a
5 Hu'll {emovedr
E Y ventilation cooling
40 |- &
A a N

N . " s N s s "
200 400 600 800 1000 1200 MO0 00 OO
Metabolic rate, Blu/ v

"SOURCE: Burris, et al (38), Compendium of Human Responses to the Aerospace
Environment, Vol. I (50) and Roth (154).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
TEMPERATURE TOLERANCES
LIQUID COOLING GARMENT PERFORMANCE

a. Effect of Water Temperature on the Performance of Prototype Liquid-Cooled

Suit
— (e ——T— 00 4
ST
100{ INLET
*F oy
200
—
$0 00
L—1""1 o
© > [— °0
- . // ’ |t -
/ et
s /] // . oo
/ Lt
|/ = —
o / / v = — w00
32 Ao »0
10 20 0 40 50 0 00 no 20 130 o 150

70 0 %0
SUIT Mass FLOW Ibihr

SUIT PERFORMANCE FOR AN EARLY
PROTOTYPE LIQUID-COOLED SUIT

© T MARGINAL COMFORT — T T
4 COPTIMUM COMFORT :zrs:";iu
¢ 5 MARGINAL BODY TEMPERATURE
g~/ T conTROL
.

o
o
|

@
(=]
1

v
o

AVERAGE WATER TEMPERATURE-*F
3
T

3
o

..
200 400 600 600 1000 1200 1400 1600 1800 2000
COOLING RATE — BTU/HR

COOLING GARMENT OPERATING
LIMITATIONS OF AVERAGE WATER
TEMPERATURE AND COOLING RATE

FOR SEVERAL PROTOTYPE APOLLO SUITS

SOURCE: Burton (40;, Compendium of Human Responses to the Aerospace Environment,
Vol. I (50) and Jennings (92).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
METABOLISM

OXYGEN COSTS

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 time-activity 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 7 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 1ight, 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-0x, 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
Tumberjacks, whose food intake contains much fat.

a., Total Metabolic Energy Exchange

TOTAL ENERGY OUTPUT PER DAY - kcd

] 2000
H T T Kl

g

OXYGEN CONSUMPTION - Ib/day

TMATED FROM
OXYGEN CONSUMPTION —

OXYGEN CONSUMPTION - litersa/min (STPD)

&

o

20000
TOTAL ENERGY OUTPUT PER DAY - Btu

SOURCE: Webb (195).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
METABOLISM

OXYGEN COSTS AS A FUNCTION OF WORK LOAD
These tables give typical values for the oxygen cost of everyday.activities

and of certain special activities, which may be useful in the bioastronautics
program. The values were selected from the Titerature and adjusted for a man

69 inches tall and weighing 167 pounds (average values for the Mercury astro-g‘gu

nauts).. o
The first column of each table gives values for oxygen consumed which can
be regarded as the most direct estimate of energy expenditure genera]]y 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 subaect—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 307 when adjust- .-

ments for body size are made, and as high as 10- ]57 when repeated measurenents
are taken on the same man. .

The eff1c1ency with which external work is produced also var1es w1de1y It
is lowest in the work of respiration (less than 5%), is 10-20% for common tasks,
and highest in bicycling and walking on the inclined treadmill (up to 35% and
occas1ona11y 40% in trained men). Variations of these'magnitudes must be allowed
for in using the tables. To obtain closer estimates, measurements must be made
on each astronaut a * .

The amount of energy that is produced when a g1ven we1ght of oxygen is con-
sumed depends on the fuel. On an average mixed diet, 0.1 1b. of oxygen is used
for every 613 Btu or 154 kcal. On a fat diet, however, this drops to 591:Btu.

On a carbohydrate diet, and during prolonged phys1ca1 work, the total. energy pro-
duced is equivalent to 636 Btu-per 0.1 1b.

Presented first is a useful table given as an indication of the severity of
physical work in terms of oxygen cost, energy expenditure, and heat output. ‘The
tabTles 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 1b/hr., 4 hours are spent walking at 0,147
1b/hr., and 12 hours, are spent in aircrew activities at 0. 066 1b. /hr., the total
oxygen consumption in 24 hours is:

(8 x 0.045) + (4 x 0.147) + (12 x 0.066) = 1.74 1b.

Several discrepancies in the tabulated values are indicative of the ijmpre-
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 Tevel of
energy cost. Both measurements shown have been reported in the literature, and
bath 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

1-231
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
METABOLISM

OXYGEN COSTS AS A FUNCTION OF WORK LOAD

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

LB 0,/HR KCALMIN | BTU/HR
Very light work below 0.10 below 2.5 below 595
Light work | 0.10 - 0.19 2.5 - 5.0 595 - 1190
Moderate work 0.19 - 0.28 5.0 - 7.5 1190 - 1785
Heavy work 0.28 - 0.38 7.5 - 10.0 1785 - 2380
Very heavy work 0.38 - 0.47 10.0 - 12.5 2380 - 2975
Unduly heavy work over 0.47 over 12.5 |  over 2975

b. Everyday Activities

Typical values for

Asleep 1b Og/hr kcal/ min Btu/hr
Sleeping, men over 40 0.04 1.1 260
Sleeping, men aged 30-40 0.05 1.2 280
Sleeping, men aged 20-30 0.05 1.2 280
Sleeping, men aged 15-20 0.05 1.3 300

Resting
Lying fully relaxed 0.05 1.2 290
Lying moderately relaxed 0.05 1.3 320
Lying awake--after meals 0.06 1.4 340
Sitting at rest 0.07 1.7 400

Very light activity--seated
Writing 0.07 1.8 430
Riding in automobile 0.08 2.0 480
Typing 0.09 2.3 550
Polishing 0.09 2.4 570

Very Light activity--standing
Relaxed 0.07 1.8 440
Drafting 0.07 1.9 460
Taking lecture notes 0.08 2.0 480

2.1 510

Peeling potatoes 0.08

SOURCE: Webb (195).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
METABOLISM
OXYGEN COSTS AS A FUNCTION OF WORK LOAD

b. Everyday Activities (Cont.)

Typical values for

‘ i Bfu/hr
Light activity--seated 1b Op/hr keal/min L
Playing musical instruments 0.11 2.9 690
Repairing boots and shoes 0.12 3.0 720
At lecture 0.12 3.0 730
Assembling weapons 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
Light 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 0.22 5.7 1360
Crawling 0.24 6.1 1450
Swimming breast stroke at 1 mph 0.26 6.8 1620
Swimming crawl at 1 mph 0.27 7.0 1670
Moderate activity--sitting
Rowing for pleasure 0.20 5.0 1190
Cycling at 8-11 mph 0.22 5.7 1360
Cycling rapidly 0.27 6.9 1640
Trotting on horseback 0.28 7.1 1690
Moderate activity--standing
Gardening 0.23 5.8 1380
Chopping wood 0.24 6.2 1480
Baseball pitching 0.25 6.5 1550
Shoveling sand 0.27 6.8 1620
Moderate activity--moving
Golf 0.21 5.4 1290
Table tennis 0.23 5.8 1380
Tennis 0.25 6.3 1500
Army drill 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

SOURCE: Webb (195).
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METABOLISM
OXYGEN COSTS AS A FUNCTION OF WORK LOAD

b. Everyday Activities (Cont.)

Typical values for

Heavy activity--sitting b Og/hr kecal/min Btu/hr
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 0.29 7.5 1790
Shoveling sand 0.30 7.7 1830
Sawing wood by hand 0.31 8.0 1900
Digging 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 0.39 10.0 2380
Rowing with two oars at 3.5 mph 0.43 11.0 2620
Galloping on horseback 0.44 11.4 2720
Sculling (97 strokes/min) 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

SOURCE: Webb (195).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
METABOLISM
OXYGEN COSTS AS A FUNCTION OF WORK LOAD

C. Special Activities

Typical values for

Engineering tasks 1b Op/hr kcal/min Btu/hr
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
Pitoting 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
Taxizing--DC-3 g.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

Moving over rough terrain on foot
Flat firm road 2.5 mph 0.11-0.19 2.8-4.9 660-1140
Grass path 2.5 0.12-0.20 3.2-5.1 760-1240
Stubble field 2.5 0.16-0.23 4.0-6.1 960-1440
Deeply plowed field 2.0 0.19-0.27 4.9-6.9 1160-1640
Steep 45° slope 1.5 0.19-0.27 4.9-6.9 1160-1640
Plowed field 3.3 0.30 7.8 1850
Soft snow, with 44 1b load 2.5 0.79 21.0 4850
Load carrying
Wilking on level 2.1 imph 0.07 1.9 450
with 58 1b load, 2.7 0.11 2.9 690
trained men 3.4 018 4.6 1100

4.1 0.32 8.3 1880
Walking on level 2.1 0.09 2.3 550
with 67 1b load, 2.7 0.11 2.9 690
trained men 3.4 0.20 5.1 1210

4.1 0.33 8.4 2000
Walking on level 2.1 0.10 2.5 600
with 75 1b load, 2.7 0.13 3.4 810
trained men 3.4 0.20 5.2 1240

4.1 0.34 8.6 2100
Walking up 36% grade 0.5 0.26 6.7 1590
with 43 1b load, ‘ 1.0 0.47 12.3 2910
sedentary men 1.5 0.62 16.0 3800

SOURCE: Webb (195).
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OXYGEN COSTS AS A FUNCTION OF WORK LOAD

c. Special Activities (Cont.)

Typical values for

Swimming on surface 1b Oo/hr kcal/min Btu/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 minimal rate 0.11 2.9 700
Walking on muddy bottom minimal rate 0.21 5.5 1300
Walking in tank maximal rate 0.28 7.2 1700
Walking on muddy bottom maximal rate 0.33 8.4 2000
Movement in snow
Skiing in loose snow 2.6 mph 0.32 8.1 1930
Sled pulling--low drag, hard snow 2.2 0.34 8.6 2020
Snowshoeing- -bearpaw type 2.5 0.34 8.7 2070
Skiing on level 3.0 0.35 9.0 2140
Sled pulling--low drag, medium snow 2.0 0.38 9.7 2310
Snowshoeing--trail type 2.5 0.40 10.3 2460
Walking, 12-18"'snow, breakable crust 2.5 0.50 12.7 3010
Skiing on loose snow 5.2 0.52 14.6 3800
Snowshoeing--trail type 3.5 0.59 14.8 4200
Skiing on loose snow 8.1 0.80 20.6 4900
Measured work at different altitudes
Bicycle ergometer (430 kg-m/min 720 mm Hg 0.20 5.1 1230
430 620 0.19 4.9 1170
430 520 0.21 5.4 1290
Mountain 880-1037 kg-m/min 610 mm Hg 0.36-0.43 9.2-11.0 2200-2640
climbing 566- 786 425 0.30-0.37 7.7- 9.5 1840-2260
393- 580 370 0.25-0.41 6.4-10.5 1530-2520

SOURCE: Webb (195).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES

METABOLISM
OXYGEN COSTS IN VARYING "G" FIELDS

This chart summarizes previous data and shows why the oxygen requirement in
space and on the moon surface cannot be estimated more accurately than to say it
will Tlie in the range 1 to 5 1b 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

Respiratory, and
Other Functions

Temperature
Regulation

Maintenance
of Body Positian
Position

(250-450 liters)

-- -- same as Earth requireme

at -- --

FUNCTION ENVIRONMENT AND GRAVITATION NOTES
Earth—1g Capsule -0 g Free Space —0g Moon Surface —1/6 g
Tissue )
Maintenance-- N ducti
Circulatory, 0.8-1.41b O, o reduction

expected in
subgravity
environments.

Add 3% to tissue mai

for every 18°F of mean temperature
below 50°, subtract 5% for every 18°

above 50°

ntenance values

May be sharp
changes due to
temperature.

May be sharp
changes due to low
shade temperature
and high radiation
in open.

Energy costs
raised in heat,

but men more re-
laxed. Oxygen in-
take raised in cold.

Sitting at rest

involves 25% higher
Oy cost than lying.
Standing requires
further.10%.

more or less,

according to restra;

In zero gravity, posture maintenance may cost
int equipment.

In water at neutral
temperature, Op
costs drop toward
cost lying
horizontally.

Movement of
Body Parts

In sitting and
astanding positions,
movement of body
parts can increase
Og cost by up to
0.07 and 0.15 lb/hr
respectively

of moving and

In zero gravity, the inertial work
movement is unchanged, but the difficulties

of a given

operating controls without

traction or fixation may increase oxygen costs.

Training for zcro
gravity operations
may be very im-
portant. Clumsy
movements have
high Og costs.

Movement of
External Objects

{levers, pushing,
lifting)

Heavy engineering
work raises Og
cost by up to

For controls unaffected by gravity, this increase

is likely to hold. Use of powered tools and controls
will naturally reduce the effect, assuming that con-
trols are properly redesigned for use when gravity

The Oy cost of
wearing a pres-
surized suit needs
measuring, espe-

0.12 Ib/hr. and traction are absent or reduced. “a“?' in respect
to this type of
operation.

O, consumptions
up to and exceeding
O2 consumptions 0.015 liters/hr per See also Oy costs
Walking up to 0.015 liters 1b total weight must | of movement in
and per hr per 1b Not applicable Not applicable be expected fre- the snow.
Carrying total weight are quently if moon
commonly found. surface is rough
and steep.
TOT AL 2 ib of Oy per _ Highest recorded
DAILY man per day is 1-1.,5 1b daily cost was in
OXYGEN common. On stren- | expected Requires simulated or actual lumberjacks. and
COST uous days, this consumption. measurement . Jacks,
: as about 3 b,
may rise to 3-1 1b.
SOURCE: Webb (195).
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PHYSIOLGT!CAL STANDARDS AND TOLERANCES
METABOLISM
OXYGEN COSTS - NOMOGRAMS

Heat output is determined from respiratory data in four stages. First 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 0°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: RQ = 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
0 Cost N ENERGY OUTPUT
de Xygen (0S omogram /e kecol/b
VOLUME 20001500
OF GAS 4
BREATHED
CHANGE . PER MINUTE
' CUIN : (§TPD)
OXYGEN s
©3 =02 ) #°/min  liters/min + 400
R 6.0 1500
A PARTIAL
CONCENTRATION  PRESSURE . - - 150
te so-
) Za@mHg r
E 401 300
T4 +-100
- 8 |
E 3.0 |
| kR 1000 -]
] i |
S 900
|10 2.0 1
L I 200 -1- 200
-5 I.s—j 0
700}
oL ® [
2 Tas - 600 50
| R
[ -:—20 500
- 15
20 0.5
3 0.4 4001190
{ 0.3
| - a0
3004
ot ]
0.2 4 70
L T s
5 1 < T 60
| e0 | L
o ot 2 200-L 5o
J- o v H
7

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. III (52)
and Webb (195),
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PHYSIOLOGICAL STANDARDS AND TOLERANCES :
METABOLISM

OXYGEN COSTS - EQUATIONS

~a. Formulas for:Ca1cu1ating the Energy Equivalent of Any Given Oxygen
Consumption:

If breathing oxygen, K= gx 0

cons
where K is the energy expenditure,
] is the energy equivalent per unit volume of oxygen con-
sumed, and
ocons is the volume of oxygen consumed, STPD (0°C, 760 mm
Hg, dry).

If breathing gas mixtures, K = g x(0j, - oout)

where 0; s the volume of oxygen (STPD) supplied to the mask,
suit, or cabin, and

0 is the volume of oxygen (STPD) leaving the mask, suit,

ut R
0 or cabin,

If breathing air, 0, = 20.93% and K = V(1.0429 - 0.0498 Ogyyq) with
error less than 1%
where V is the volume of air (STPD) exhaled, and

Oexp% is the percentage of oxygen in the expired air.

Pure fat diet; during

Values extreme exhaustion: 6 = 525.3 Btu/ft3, 4.686 kcal/liter
for 0 : Mixed diet: 6 = 545.0 Btu/ft3, 4,825 kcal/liter
Pure carbohydrate 9 = 565.8 Btu/ft”, 5.047 kcal/liter

diet; heavy exertion:

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. III(52)
and Webb (195),
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
METABOLISM
OXYGEN COSTS - EQUATIONS

b. Formulas for Calculating Gross and Net Oxygen Costs and Efficiencies:

Gross values

--below maximum C - Owork £ _ W x 100
i ity* ross =
aerobic capacity g Twork gross - Caross
-~-above maximum ' =0 0 ' - W x 100
aerobic capacity C'gross = work + “debt E gross —_—
Twork gross
Net values
~-~below maximum =0 -0 =
acrobic capacity Cnet work rest Enet W x 100
TWOY‘k Cnet
Taerobic capacity  C'net = Juork  Odebt - Orest E', . =¥ x 100
T work et
Oxygen debt Odebt = Orecovery ~Orest _
(measured over the same time interval, which
must be adequate for the oxygen consumption
to return to normal)
where Cgross’ C'gross’ Cnet’ and C'net are rates of oxygen consumption,

Owork’ Orest’ Odebt’ and Orecovery are quantities of oxygen consumed

Egross:» E'gross’

units,

Enets and E'poy are efficiencies (in percentage

W is the quantity of external work produced, and
Twork 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(52)
and Webb (195).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES

METABOLISM

OXYGEN COSTS - EQUATIONS

c. Formulas for Calculating Energy Cost and Variance of Walking on a Level
with Load

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) e¥/50
Y =0.56 + 0.0091 W
T2 = 0,017 eV/25
where E = total energy expenditure in kilocalories per minute,

K = energy expenditure in kilocalories per minute above resting
expenditure,

= resting energy expenditure in kilocalories per minute,
o2 = yariance in K,
W = body weight in kilograms,
L = load carried in kilograms,
v = marching velocity in meters/min, and

e = exponential constant

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. IIT (52)
and Webb (195).

1-241



PHYSIOLOGICAL STANDARDS AND TOLERANCES
METABOLISM
METABOLIC COST OF WORK - CONVERSION FACTORS
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 1b
= 0.00156 hp hr
Q = 5.0V 0p
where
Q energy expenditure, kcal/min

Vo, 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/me 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
of performance include the rate of work, the load, the duration and quality of
work, and the speed of recovery in intermittent tasks. It is, of course, quite
difficult to assess all these variables independently for any given task. Effi-
ciency is expressed by the formulas:

Gross efficiency (%) =  External work performed x 100
Energy used

Net efficiency (%) = (Externa] work performed - Basal energ}\x 100
Energy used /

SOURCE: Roth (154).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES

METABOLISM
METABOLIC COST OF WORK - CONVERSION FACTORS

a. Relationships of Oxygen Consumption, Heat Qutput, External Work, and
" Carbon Dioxide Production

#
0.5 1.0 1.5 2,0 2.5 3.0
OXYGEN PR PR ST S "I N | S T B PR ST TR WA RN AT TR T 1 1 0
CONSUMPTION [TTrrTrmrrrarrhrprer r e b b et e by e e e by
20 30 40 50 60 70; 80 90
liters
Btu
200 400 600 800: 1000 1200 1400 1600:
PROHDEJACTI'ION """'ll"' '.'.{.'.'..:.'.'-'- II R ll ity "-|l .'-'.',l Pt H
50 100 150 200: 250 300 350 400
kcal
Btu 50 100 150 200 250 300 350
I TSR T 1L S S R | N | [T | PR T N W TH N T NN SR T S S
T T T T ' T T I T v T 0 ' T T L) T | T LM T ' T T ¥ r T v 17T r L
10 20 30 40 50 60 70 80
EXTERNAL keal
WORK AT 20% W
EFFICIENCY b
50 000 100 000 150 000 200000 250000
PR T | SR U S A S PR T I S R N S T S | P S R A T
T L T ' T T T T I T T T T l T T Li l
10 000 20000 30 000
kg-m
13
c 0.5 1.0 .5 2.0 2.5
PRODSgT'ON Illll|Illl.l'lII1|I'=|‘III|‘II|I|||I|I|I||| |‘|||||||||l'l|||ll|lll|.|l||l IIIII.|||II|:'I|I"lI C
10 20 30 40 50 60 70
liters

The nomogram above uses the standard values: RQ (Respiratory Quotient) =
0.82 and 1 Titer of oxygen is equivalent to 4.825 kcal. This nomogram allows
one to interrelate, by drawing 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).

SOURCE: Webb (195).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES

METABOLISM
METABOLIC COST OF WORK - 1 G
a. Energy Expenditures for Speed)|Grade [EN€T8Y expenditure
Different Types of Progression Type of progression [ " "0 ™ of 154-pound man_
at Various Speeds and Grades* keal/hr {kcal/mile
Horizontal walking 2.3 0 210 90
35| © 290 85
46| o© 470 100
Grade walkihg 2.0 5.0 250 125
25| 50 290 15
23| 55 350 150
35| 55 450 130
24| 86 430 180
35| 86 560 160
Horizontal walking
carrying 43-1b load 1.0 0 210 210
20| o 270 135
30| o 350 115
40| o 540 135
(Running) 5.0 0 820 165
Grade walking
carrying 43-1b load c5) 358 370 740
10| 358 680 680
. . . 15| 358 890 595
* The figures in this table were
calculated from Harvard Fatique Skiing along level 30! o 540 180
Laboratory data for a 150-1b. 50| o 720 145
man. 75 [}] 950 125
Swimming
(breast stroke) 1.0 410 410
16 490 305
1.9 820 430

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 1imits of skill and endurance. The reason for the low
economy of progression at a slow rate is that a Targe 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 ¢limb 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%.

SOURCE: Morehouse and Miller (131) and Roth (154).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
METABOLISM

METABOLIC COST OF WORK - 1 G

b. Relation of Efficiency to Rate and Load of Work*

[154-pound man carrying 43-pound Toad up 35.8% grade]

" SPEED, — CLIMBING 1 HOUR CLIMBING 1 MILE

| MPH [ _KCAL/HR EFFICIENCY KCAL/MILE EFFICIENCY
0.5 370 13% 740 6%
1.0 680 14% 680 14
1.5 890 16% 595 245

*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 Toad 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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PHYSIOLOGICAL STANDARDS AND TOLERANCES
METABOLISM

METABOLIC COST OF WORK - 1 G

c. Enerqy Expenditure Walking on a, d. Energy Cost of Walking and Running
Level at Various Speeds '

ne As
ok X Speed of walking and running, Energy cost
Ref. ] mph kcal/m*min| Btu/hr
olo n2 .
A . 12 17- 20 | 735 870
ol® 5 . 2.0 1.5- 19 | 650- 820
£ xn 2.4 1.6- 27 | 690-1,150
5,0 7 x 2.8 1.9~ 24 | 820-1,040
2 on 3.0 22- 3.1 | 950-1,340
b & 32 2.1- 3.3 | 910-1,430
H °q 36 2.4 3.8 |1,040-1,640
ast o 4.0 2.5- 4.0 |1,080-1,730
2 o2 43 3.6- 55 |1,560-2,480
S oA 48 4.6- 7.6 |1,990-3,290
s 2 o " 5.0 5.6- 8.3 {2,420-3,580
Ef o o 6.0 6.5-11.4 |2.810-4,940
Jo e 6.5 6.6-13.3 |2,850-5,750
| =
] 2 1' 4. [] [} 7 [ ? w
Speed, hm/hr
e. Relation of Speed and Body Weight to Energy Expenditure
Speed of walking Energy expenditure, kcal/min, for gross body weight of—
mph 80 Ib 100 Ib 120 1b 140 Ib 160 Ib 180 1b 200 Ib
2.0 1.9 2.2 2.6 29 32 3.5 38
2.5 2.3 2.7 3.1 35 3.8 42 45
3.0 2.7 al 3.6 4.0 44 48 5.3
35 a1 36 42 46 5.0 5.4 6.1
4.0 35 4.1 4.7 52 58 6.4 7.0

SOURCE: Passmore and Durnin (143) Roth (154) and Webb (195).
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METABOLIC COST OF WORK - 1 G

f. Oxygen Requirement at Various Speeds for Men Walking and Running

. SPEED - meters/sec .
10 15 20 2530 40 50 9.0

4 g T T T T T T T [
. |—40000
6.0
30
5.0 —+—30000
4.0 -
m.——
20000
20 T
7 2.0
e W N
£ B
3 - é -g 10000
s = K <
= - . - 2
: L &§ | =
£ & & 1o 5
% 50 Q‘?‘Ld\ 5 i o &
2 ol Z 15000 3
o 40 ; O -
bt o S S & 4000 i
& [ IT) T
I [o] > -1
4 3.0 ° s
x 0.5 ~1- 3000
34 )
T € 0.4
2.0 /
- 2000
0.3
g
&
-
0 &, 0.2
- Fo
o9 P2 1000
0.8 o 0.15
0.7
0.6 | I\ ) _J‘: 700
25 3 4 5 6 8 1012 14 16 20
SPEED - mi/he

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.

SOURCE: Dittmer and Grehe (56), Passmore and Durnin (143) and Roth (154).
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g. Energy Expenditure Walking Uphill at Various Speeds
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SOURCE: Passmore and Durnin (143) and Roth (154).
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4 h. Graph for Estimating. Energy Cost for Rates of Progression Between 1.5
and 4.0 MPH_and Grades Up to 9% With Loads Up to 30 KG.

T) . Treadmilt
speed,
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_ Energy_cost, _lullm_mllg,‘_.,
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Grade, %

i. Energy Expenditure When Carrying Loads in Various Ways.

5r
Hip
Hand
c 4% bundle
E
= /m‘
<
2
3
2 e A A A _—
20 30 40 50 60
Load, Ib
j. Energy Expenditure When Walking W1th Load at 1.5 MPH on Firm Flat
1U% Grade
Load Energy expenditure
b - kg keal/hr | kcal/min | Btu/hr | Btu/min
0 0 500 8.3 2,000 33
22 10 550 9.2 2,200 37
44 20 630 10.5 2,500 42
66 30 730 12.2 2,900 48
88 40 830 13.9 3,300 55
110 50 950 158 3,800 63

SOURCE: Atzler and Herbst (14) lampietro 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,

and Grade
. kcul(minlkg keal/min/kge Mean keal/
Crade, Load, subject wt. X
o kg without load total wt. min/kg Standard error
@ : (b) total wt. :
Speed= 1.5 mph
10 0.088 0.077
9 20 091 073 0.073 +0.007
30 096 .070
Speed = 2.5 mph
10 0.071 0.063
3 20 078 .063 0.063 +0.007
* 30 088 .064
10 0.084 0.074
6 20 .093 075 0.076 =+0.004
30 107 077
10 0.106 0.093
9 20 114 .090 0.090 +0.004
30 121 087
I
Speed = 3.5 mph
10 0.103 0.091
3 20 .116 094 0.092 +0.006
30 128 1091
10 0.136 0.120
6 20 160 125 0.121 +0.008
30 .166 119
10 0.165 0.145
9 20 182 143 0.144 *0.014
Speed=4.0 mph
10 0.142 0.125
3 20 148 123 0.124 +0.017

" The 5-subject mean value of:  Individual calculated energy cost (keal/mir:)

¢ The 5-subject mean value of:

SOURCE ;

Iampietro and Goldman (91) and Roth (154),

Individual subject dressed weight

Individual calculated energy cost (kcal/min)

Individual subject dressed weight+ load
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¥
- 1, Energy Cost of Progression_for Adult Males
: . Energy
i Subjects Speed expenditure o,
Activity . . - — - requir t
No. W, ky Remarks mi/hr | km/hr { kcal/min Btu/min liters/min
(a) ‘ (b)
Walking, level, on:
Hard-surface road 2 | 68-69 | Carrying 9 kg 3.5 5.5 5.6 22.4 1.13
Grass-covered road clothing and 3.5 5.6 6.3 25.2 1.28
Furrow in field apparatus 3.4 5.4 70 28.0 1.43
Harvested field . 3.3 5.2 6.9 27.6 1.41
Plowed field 3.3 5.3 7.7 30.8 1.57
Harrowed field o 3.2 5.1 10.0 40.0 2.05
Hard snow 183 | T "] 387 60 11.9 47.6 2.29
o . _ 57| 91 | 158 63.2 3.22
Soft snow 1| 83 | Carrying20-kgload | 25| 4.0 | 202 80.4 4.13
Walking, grade, 2.7% 2 70 Soldiers 3.5 5.6 6.1 24.4 (1.23)
uphill 5.0% 1 70 Trained individual 2.0 3.2 4.1 16.4 (0.83)
5.0% 1 70 Trained individual 2.5 4.0 4.8 19.2 (0.97)
5.5% 1 70 Soldier 3.5 5.6 7.5 30.0 (1.50)
6.2% 2 70 Soldiers 3.5 5.6 7.8 312 (1.56)
1.3% 2 70 Laboratory workers 3.5 5.6 8.6 34.4 (1.73)
8.3% 1 70 Soldier 3.5 5.6 9.3 37.2 (1.87)
8.6% 2 70 Laborato_ry workers 2.4 3.8 72 28.8 (1.43)
86% | 64 70 1 marathon runner, 3.5 5.6 9.3 37.2 (1.87)
23 sharecroppers,
40 trained
individuals
9.0% 2 70 Soldiers 3.5 5.6 9.3 37.2 (1.87)
10.0% 7 70 Civilian public 3.5 5.6 9.7 38.8 (1.93)
service workers :
11.8% 2 70 Soldiers 35 5.6 11.0 44.0 (2.20)
14.4% 2 70 Soldiers 3.5 5.6 12.3 49.2 (2.47)
Walking, grade, 0% 2 | 70-79 2.6 4.2 3.9-4.4 15.6-17.6 0.80-0.90
treadmill, 5.0% 5.4-5.9 21.6-23.6 1.10-1.20
uphill 10.0% 7.4-18 29.6-31.2 1.51-1.60
15.0% 9.7-10.3 38.8-41.2 1.98-2.10
20.0% 12.2-13.0 48.8-52.0 2.48-2.65
25.0% 14.7-15.8 58.8-63.2 3.00-3.23
Walking, grade, 0% 2 170-79 2.6 4.2 3.9-4.4 15.6-17.6 0.80-0.90
treadmill, 5.0% 3.4-3.7 13.6-14.8 0.70-0.76
downbhill 10.0% 3.3-3.6 13.2-14.4 0.68-0.73
15.0% 3.7-3.8 14.8-15.2 0.75-0.77
20.0% 4.2-4.3 16.8-17.2 0.85-0.88
25.0% 4.8-4.9 19.2-19.6 0.97-1.00

a Values for all subjects listed as weighing 70 kg are proportional calculations from values for subjects of other weights.

*Values in parentheses are calculations, assuming 1 liter of oxygen is equivalent to 5 kcal.  The oxygen requirement
per minute for a given rate of energy expenditure may exceed the oxygen uptake during any given minute if an oxygen
debt is being accumulated, resulting in very high values for level running and swimming.

SUURCEQ. Dittmer and Grehe (56) and Roth (154).
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m. Maximum Sustained Work Capacity of Men
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25 .8 1 2 34 5 W B kal
T N I B he fir
\ 120000 5,000
1. Al
—3.0
118,000 4,500~
1.23 \ 1 16,000 4.000
\ \ =y
\ \ TTT T he000 3,500 =
= = ——
= , o2
H \ 12000 3,000 2° £
-3 N\ g
B E
2 \ 110,000 2,500 E
E 75 N A 2
= N —1-3 8
I
a \ S =1 Ty 8000 2,000~ =
\ L7 g
E [NRClest - Slass at 2
2 .50 N LJ a hlefes S
< N I LT 16,000 1.500-4-1.0
"y I~ ] I oty ’ -
2 ~Heal hy men I~
\N\ Ll [ }a.000 1000
T~
.28 H s
I~ }2,000 500
0 1 rala L o ol o
0.1 05 10 20 50 100 20 50 100 200 500 1,000
Time, 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
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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 FITNESS 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.

SOURCE: Webb (195).
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~“o0, Range of Physical Fitness Determined by a Standardized Treadmill Test
of 535 Male AduTts
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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 summary 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: Balke (17) and Roth (154).
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t appears that exercise at 20,000 ft (6,090 m) and above is halted by fa
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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.

p. Graduated Effects of Oxygen Depletion at Different Altitudes on Men

Well Acclimatized to These Altitudes

Barometric Ventilation, liters/min Oxygen intake Heart Work
Altitude, No. of | Weight, rate, rate,
ft Pressure, | bjects| kg STPD BTPS STP, | beatst kg
mm Hg (@) (b) lltel(-.zl)mm ml/kg/min min m/min
Sea level 750 6 727 979+184| 119.7+226| 3.40+x0.23] 46.8+3.2 [ 192+ 6 | 1,500-1,800
15,000 440 5 68 750+ 73| 164.8x159] 2.58+0.12 | 379+ 1.8 | 159+ 17 1,500
19,000 380 4 65.5 61.4+14.3 | 159.1+37.2| 2.14+0.23 | 32.7x3.5 { 144=13 900-1,200
21,000 340 4 65.2 567+ 86 168.8x254| 1.95+0.11( 29.6x1.7 { 146=*11 900-1,050
24,400 300 2 67.5 352+ 23| 1198+ 7.7| 1.40+0.09] 20.7+13 | 135+ 8 600

s STPD = Standard temperature and pressure, dry.
» BTPS = Body temperature and pressure, saturated with water.
¢ STP = Standard temperature and pressure.

SOURCE :

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 utilization.curves 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 muscies consciously.
A11 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 Tow
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 10-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 1b/hr,
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as compared to the measured value of 8.5 1b/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:

AqQ, (E) = q,

or
AQp = Q *+ Que + Qyp + Qg + Qy

Where ASQm is the metabolic cost of work, Q, is the amount of energy utilized in
performing useful work, Quc is the energy spent in supplying the counteractive
force, Quy is the energy required to restore the body to the prework position,

Qg 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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c. Comparison of Metabolic Rates During Construction and Maintenance Work

{Btu/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. III(52),

Streimer, et al (179) and Wortz, et al (210).
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a. Metabolic Rate in Pressure Suit Operations

SOURCE :

1. The Arm Exercise consisted of lifting an 11.5 lb. weight thru a distance of 18 inches

Task Suit Type Suit Heat Production BTU/HR Number| Vent
j Pressure of Flow| Trials
Treadmill [ Street PSIG 15 Mins | 30 Mins [ 60 Mins] Subjects| CFM
0.8 mph | Clothes 0.0 510 576 562 5 — | 20
0.8 mph Gemini 0.0 -—_ 811 780 3 11.5 4
(G-1c-4) 3.7 — 1159 1171 3 11.5 4
1.5 mph | Gemini 0.0 — 953 996 3 11. 5 6
L 1 _{G-1¢c-4) 3.7 { —— 1775 1979 3 11,5 6
0.8 mph Apollo 0.0 810 804 o 2 13.5 8
o fof021) 3.7 1126 1062 — 2 13.5 8
0.8 mph Apollo .. 0.0 | — __8l14 826 2 10.5 5
_{024) 3.7 —_— 926 944 2 10,5 5
Arm 1| Apolio 0.0 644 649 — 2 13.5 6
Exercise | _ (021) 3.7 723 730 — 2 13,5 6
Switch Gemini 0,0 425 f— — 5 11.5 11
| Flipping | (G-1e-0) [ 35 | s | — T — [ s [us{1u_
Task Suit Type Suit Heat Production |y mper| Vent
. Pressure BTU/HR of Flow |Trials
| Treadmill | Gemini PSIG |15 Mins | 30 Mins| Subjects| CFM
G-lc-4 0.0 824 2 11.5 2
1.2 mph -
. 1l G-lc-4_| _3.7 o 1453 2 11.5 2
2,5 mph G-1c-4 0.0 1256 1263 1 11.5 1
[ 2.0mph | Gle-4 | 3.7 2079 | 2 Jus| 2
2.0 mph | G-2c-24 | 0.0 | 1027 4 11.5] 4
 2,0mph | G-2c-24 0.0 | 1125 | 4 4.0 4
| Yo DER | G-2c-24 | 0.0 2309 4 11.5| 6
0.8 mph | G-2c-24°] 3.7 | 1163 4 11.5 4
| 0.8 mph | G-2c-24 1 . 3.7 | 1338 2 4.0 2
| 1.8 mph | G-2c-24 ) 3.7 11929 | _ 3 11,51 3

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.

Compendium of Human Responses to the Aerospace Environment, Vol. III)

(52).

1
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b, Caloric Requirements

Heat
Activities production,
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 activitating
switches:®
Space suit, unpressurized. ____ .. 420
Space suit, pressurized 3.5 psi.-- 590

sAt sea level.
bActivating switch once every 5 seconds at sea 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 1-g weight. As the simulated
Tevel 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 ¢, d,
and e and Figures ¢ 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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€. Metabolic Cost of Watking in Pressurized Space Suits Under Normal Earth

Gravity
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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 from Various Sources and For Different Conditions
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SOURCE:  Compendium...Vol. III (52), Hewes (86), Kuehnegger, et al (105), Webb
(195) and Wortz and Prescott (212).
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Effect of Gravity, Task, Suit and Simulator Variables

a. Change in Metabo11c Rate for Classes of Tasks as a Function of Simulated

Réduced Gravity (ShirtsTeeves)

SOURCE: Compe
(52)
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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 Tunar gravity condi-
tions.

b, Metabolic Rates for Walking in Different Pressurized Suits on Different
>imulators

_— g
—— - — 1/6-g INCLINED PLANE
————— ~— 1/6-g GIMBAL ﬂ N

METABOLIC RATE, BTU/HR
METABOLIC RATE, Kcal/MIN

o4
REST 1.0 2.0 3.0 4.0

VELOCITY, MPH

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. 111,
(52?, Wortz (209), Wortz and Robertson (211).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES

METABOLISM

METABOLIC COST OF WORK - LUNAR GRAVITY

c. Metabolic Rates for Walking in Pressurized Suits on Different Simulators
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SOURCE:

1.0 1.3 2.0 2.5 3.0 3.5 4.0
VELOCITY, mPH

Data are normalized for body
weights; lunar weight is used
for lunar gravity simulated
conditions; suits refer to
Apollo prototypes

Compendium of Human Responses to the Aerospace Environment, Vol. III,

(52) and Wortz and Robertson (211).
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METABOLISM

METABOLIC COST OF WORK - LUNAR GRAVITY

d. Effect of Subgravity Suit Pressurization onﬁﬁgmgnwggggggﬁggifgrformaﬁgg
of Different Types

Energy Cost of Locomotion - Unpressurized
BTU/hr
1/6 g 1g Ref.
2 mph level 560 810 266
4 mph level 740 1700
850 1980 266
4 mph 10° incline 1300 2800 137
Suit Max. Vert. jump Broadjump
Gravity pressure forward wvel., max. ht., - horiz. dist.,
psi fps ft ft
1g 0 11.3 1.7 5.4
3.5 9.2 1.0 3.3
1/6 g 0 5.4 7.7 12.0
3.5 4.0 4.6 7.0

e. Estimated Effects of Speed, Activity Duration, Fatique, and Suit System
Limits on Range Capability of Lunar Explorers on Lunar Surface and Earth

!
4. Fotique limit, hr = 4 3 215 75 -6
I !///

o | i

- Lunar

= o 4 g
8 | : - 4 =
2 eat dissipation fimit, 5
T 2 2000 BTU/br E
5 | g
P e
&

&

I NN S

o] 2 4 6 8 10
Speed, V, mph
. N | ) r 1 ‘ Speed.I V, mph :
Q 4q 8 12 16 0 p) 8 12
V, km/hr v, km/hr

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. III,
(52)0
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f. Estimated Effect of Surface-Slope Variations on the Range Capability
- of Linar Explorers (One Subject)

B 175
°
> A o
o =
~
g 3 5
: 1% 5
E 8
5 2 3
8 S
8 — —4l0° (up) £
- /7 -10°down) {2 &
£ &
S
5
a
| {
0 2 a 3 8®
Speed, V, mph
1 1 ) | J
) 4 8 12
V, km/hr
20r -32

Activity duration, hr =;}

Round - trip
| 2~ average up
ang down

Range, miles
Range, km

SOURCE : %omgendium of Human Responses to the Aerospace Environment, Vol. III,
52). '
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
METABOLISM

WATER BALANCE

a. Water Exchanges Between Man and Environments

LOSSES GAINS
™i] day m
Respiratory tract 400 Expired air Food, Uquid
M Liquids 1,500

Water in food 800

Salivary glanda 1,500

Skin 500

Metabolic water 300

Gastric juice 2,500

Liver bile 500

Pancreatic juice 700

Intestinal juice 3,000

Kidney filtrate 172,000 Kidney reabsorption 170,800

Bowei reabsorption 9,600

Urine 1,400
Feces 100

TOTAL 182,800 TOTAL 182,600

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 Togistic 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, Hy0 nonexch, H20 hydr, and

Ho0 assoc, Hy0 milk or Ho0 misc. may be eliminated and the following balance
equation used:

Hzobalance ) (H20f1uid + Hzofood + Hzoox)

- (HZOfeca] + H20pu1m + H20derm + H20urine

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. III,
(52) and Webb (196).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
METABOLISM

WATER BALANCE

Details on the extension of such an equation relating water balance to mani-
festations of metabolic activity as changes in body weight (W, -w1), solids in-
gested (S°]in ), solids excreted (SO]feca1) and (SO]urine)’ urinary nitrogen
excretion (N,) and respiratory activity such as oxygen uptake (0, abs) and €0,
expired (C02 exp) are expressed in the modified Peters - Passmore equation:

HZOba]ance = (Wp - w]) + (1.3349 €O, exp " 0.9566 02’ abs

- - *
1.04 Nu) + (SO]urine * SO]feca1 SO]ing)

* A11 values in grams.

.b. Sources and Avenues of Input _and Output for the Exchangeable Water
Pool

Source or avenue Input Output
Gastrointestinal . ___.____ Beverage (HyOnuia)oooco o oocaeeeooo Feces (HyOteent)
Moisture in food (H3O100d) -ccoeocooanx Vomitus or saliva
Pulmonary._ . ______..... Absorption of gaseous or fluid water | Vaporization(H;Opuix)
(H,Omll-)
Dermal. .o - ... Absorption of gaseous or fluid water | Transpiration (HyOdurm)
(HyOderm) Sweat (HyOuweat)
Milk (HyOmpx)
Renal. oo e e Urine (H:Ourln)
Circulatory._ ... _...__. Infusion or injection (H3Omige)--------- Hemorrhage (H3Op1ood)
Exudation or transudation (H3Om;ae)
Metabolic (HyOmet).----- Oxidation (H300x) - - - oo cocoeeeeee Hydrolytic reactions (H;Onyar)
Condensation or polymerization Water associated with protein, fat,
(HyOpo1y) or glycogen (H3Ouusoe)

Release of nonexchangeable water of
hydration (H;Ouenexen)

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. III,
(52) and Johnson (95).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
METABOLISM

WATER BALANCE

c. Estimates of Metabolic Rate, Thermal Balance, and Water Requirements
for Apollo Crew Members

COMMAND MODULE LEM ®+® LUNAR SURFACE
COMMAND MODULE EMERGENCY LEM ¢ EMERGENCY  EXTBAVEHICULAR
ROUTTNE FLIGHT  DECOMPRESSION ROUTINE FLIGHT  DECOMPRESSION (LCG OPERATION)®
PER MAN FER DAY FER DAY FER ROUR  PER DAY PER HOUR FER_HOUR
O o
:4; 3 Reat Output =4l 11, 200 12,000 520 12, 400 800 1,600
dy Oxveen 1 1.84 1.97 .085 2.0k .13 0.26
28 Ccorbon Dloxide 1 2.12 2.27 .098 2.40 .15 0.13
Heat duc to insensible
a1 wvater loss (Lungs, Skin) FFU 2,600 2,700 115 2,750 150 250
A Latent Heat (Sweat) BTU 1,370 7,430 170 3,990 512 230
"!f Senaible Heat to gas
£ etemm BTY 7,230 . ' L.Br0 235 5,660 78 o
& Sensible Heat to
vater BTV .- ---- - - - - - 1,120
2 urinary Loss 8 1,200 1,200 50 1,200 50 50
g Sueat Loss 8 597 3,240 T4 1,740 250 100 wex.
£ Lung Loss 8 1,130 1,180 50 1,200 65 © 109
E¥] Totel Water . :
;: Requirement € 2,930 5,620 17k " L,140 365 259
§ Total Water
% Requircment 1 6.5 12.% .38 9.1 .80 5T

. LCG = Llquid Cooled Garmeat
Lid Both men mre likely to be on duty most of the time
+##  york output per man will be higher than Command Module Emergency Decompression Phasé

SOURCE: Biilingham (25) and Compendium of Human Responses to the Aerospace
Environment, Vol., III (52).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES

METABOLISM

EFFECTS OF DEHYDRATION

d.

Spectrum of Dehydration

(NORMAL o
WEIGHT)

DEHYDRATION WEIGHT LOSS - % initial weight

SOURCE :

Thirst

Stronger thirst, vague discc;mfort and sense of oppression, loss of appetite,
Increasing hemoconcentration.

Economy of movement.

Lagging pace, flushed skin, impatience; in some, 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.

Labored breathing, dizziness, cyanosis,
Indistinct speech.

Increasing weakness, mental confusion.

r_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.

Shriveled skin; inability to swallow.
Dim vigion.

Sunken eyes; painful urination.
Deafness; numb skin; shriveled tongue.

Stiffened eyelids.

Cracked skin; cessation of urine formation.
Bare survival limit

Death

1-271
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
METABOLISM

EFFECTS OF DEHYDRATION

b. Effects of Water Deprivation on the Survival Time in Different Thermal

Eavivonments_on Earth

SURVIVAL TIME - days

MEAN DAY TIME TEMPERATURE - °C
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N T T
N
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— =l 3, r
Quze s AR
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38 s N1
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3 ‘e
> N
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Lk/~c l \ ‘P\ \
| 1 S~ N
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e, NN
I N
40 \

%é
7

‘f

_/
/)

N

50 60

'
70 80

s
90

2
100 110

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 in the

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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PHYSIOLOGICAL STANDARDS AND TOLERANCES
METABOLISM

: WATER LOSS AS A FUNCTION OF AIR TEMPERATURE/METABOLIC RATES

¥ a. Sweat Rates as Functions of Metabolic Rate in Warm, Comfortable and
' CoTd Environments for Men in Shorts*

600 J - _ | Macpherson (140))
WARM ENVIRONMENT
- air-wall temperature 33°C
S mean skin temp. 32.5-33,5° 4/’///’
E 400[———- - o
wy
"
3
S 200
Q
= L 1 |chesholdy
600 ——
COMFORT
> air-wall temperature 25°C
§ a001™2" skin temperature 31-32.5°C /
Iy o
K
% 200 //
QO
= AL dhreshold)
| -z T
600
COLD ENVIRONMENT
- air-wall temperature 15°C
ﬁ mean skin temperature 29°C
£ 400 -~
v
vy
(7]
S
5 200 .
= / (threshold)
IS SR NN > __._.__.__._____]____.___
0

100 200 200 400 500 600
Metabolic Rate - kcal/hr

* The threshold for sweating is taken to be a rate of weight loss of 100 gm/hr,

SOURCE: Blockley (27), Compendium...Vol. I (50), MacPherson (122), Robinson,
et al (151) and Webb (196).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES:
' '‘METABOLISM ' T

WATER LOSS BY SWEATING UNDER DIFFERENT ENVIRONMENTAL CONDITIONS

a. Frequency Distribution of Daily
sweat Production for 26 Men in
Tropics and 57 Men in the Desert

SWEAT LOSS - liters/day
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C. Air Temperature Influence of
Sweating in Men Sitting Still

in Desert Sun
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(195) and Thompson (189).
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b. Sweat Rates During Various

Laboratory Procedures as a
Function of Skin Temperature

SK
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d. Sweating and Evaporative Heat

Temperature and Activity Level
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SOURCE : Ado]gh, et al (3), MacPherson (122), Taylor and Buettner (183), Webb



PHYSIOLOGICAL STANDARDS AND TOLERANCES
RESPIRATORY ATMOSPHERIC REQUIREMENTS

ALTITUDE EFFECT

2. _Oxygen Tolerance in Man

ALTITUDE Pe-47
(1) {mm. Hg.)
160007 © = o o e " res
14000¢ - ;399

. OXYGEN
12000k~ dese
N TOLERANCE

10000 'UNLIMITED

8000

6000

4000

2000

ol 1 1 ' L 500 St o
o 30 4c 50 60 70 80 90 0o

PER CENT OXYGEN

SOURCE: Air Force Manual AFM 160-5 (4) and Roth (155).
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RESPIRATORY ATMOSPHERIC REQUIREMENTS

ALTITUDE EFFECT

b. Pressure and Temperature Values in the Atmosphere

Altitude Pressl;re : ... . . Yemperature = _ ;
Feet Mmof tg quer__;qin ‘c *F
0 760.0 14.69 150 5.0
2000 706.6 13.67 11.0 519
4000 656.3 12.69 71 44.7
6000 609.0 11.78 31 376
2000 5644 1091 — 038 305
10000 5226 1011 — 48 233
12000 4333 9.35 — 38 162
14000 464 3.63 -127 9.1
16000 4118 7.9% —167 19
18000 3794 134 -7 -
20000 u3l 6.75 ~248 -123
22000 320.8 6.20 —286 —19.5
24000 2944 5.69 -325 —266
26000 269.8 .2 —36.5 —33.7
28000 246.9 477 —A40.5 -40.9
30000 256 435 —ui —430
32000 205.8 398 —434 -55.1
34000 187.4 362 —524 —623
35332 1759 341 —550 —67.0
36000 1704 339 —550 —67.0
38000 1549 300 —550 —670
40000 1407 272 —550 —610
42000 1279 247 —55.0 —61.0
44000 1163 225 —550 —67.0
46000 105.7 2.04 —55.0 —670
43000 96.05 1.86 —55.0 —-6J.0
50000 8730 1.69 —550 —618
" 52000 7934 153 —~550 —61.0
54000 7212 139 -550 —67.0
56000 65.55 127 —55.0 —67.0
58000 59.58 115 —550 —67.0
60000 5415 1.05 —550 ~670
62000 49.2 951 ~55.0 —67.0
64000 “u7 864 —~550 —610
b per sq ft
66000 40.6 113.2 —55.0 —67.0
68000 369 102.9 b —sag —670
70000 336 93.52 ; —55.0 -—67.0
72000 304 85.01 —55.0 —67.0
74000 217 nx —550 —670
76000 25.2 70.22 —55.0 —67.0
78000 229 63.8 -55.0 -67.0
80000 2038 58.01 ~55.0 —67.0
82000 189 52.12 —55.0 —67.0
84000 17.2 47.91 —55.0 —-670
86000 15.6 43.55 —550 —67.0
88000 14.2 39.59 —55.0 —67.0
90000 129 35.95 ~55.0 -67.0
92000 1.7 321 ~55.0 —67.0
94000 10.7 29.7 —550 —61.0
96000 9.7 21.02 ~55.0 —67.0
98000 88 24.55 —55.0 -67.0
100000 80 231 550 ~679,
(Note: Conversion Factor—to obtain PSI, multiply

pressure in MM Hg by .0193)
i : . e
SOURCE: Air Force Manual AFM 160-5 (4) and Roth (155).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
RESPIRATORY ATMOSPHERIC REQUIREMENTS

ALTITUDE EFFECT

c. Performance Versus Alveolar 0, and CO, Composition

\\\\\\\\

“REBCED VitUa ALY DICRIBINA TN |
NORMAL PERFORMANCE T
1 | |

NORMAL ALVEOLAR Peg,

— — —— —t e eam

MUL INATY T

ALVEOLAR Pp,- mm Hg (BTPS)

|

R AN

1 i//%////‘é 7 k% o7 v 7 :

[} 10 20 30 € 50 60 70 80 90 100
ALVEOLAR Pg, - mm Hg (BTPS)

.

The relationship of alveolar 02 and co, 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 €O, narcosis. Below the dashed line, marked as zones of increasing hypocap-
nia, are lower levels of alveolar COZ’ which are commonly the result of exces-
sive respiratory ventilation. The left side of the graph shows low levels of
alveolar P02, Tabeled 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.

SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. III
(52) and Webb (195).
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RESPIRATORY ATMOSPHERIC REQUIREMENTS

ALTITUDE EFFECTS

d. Breathing Air

90000

S -
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80000 '3 L s > o= &
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70000
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20000 349.1 79.02 X X .
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£ ot 103 T HIE 002 Tost tene
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= 22000 370.8 67.46 Lags 003 1785 574
: 40 mm . 0 760.0 75.00 6.18 5.26 13.55 103
< 40000 47 o 74.06 :.:3 6. ‘7’:
15000 . .62 10.96 a6
—— D ALVEOLAR OXYGEN PRESSURE I dead oo e 3
30000 I
28 mm - COMPENSATION
LIMITED BY HY POCAPNIA
SHIFTS DUE TO SPONTANEOUS
20000, VENTILATION INCREASE
10 000;
SEA
LEVEL 0 . L L R
0 100 200 300 400 500 600 700 760
PRESSURE - mm Hg
.
e. Breathing 100 Percent 0,
- ¥ x
90 000! i LI T A 1‘
: &£ 0 0§ EP b i
: ¥ &3 ~ & e%
80000 TOTAL i % & & 8 & d%
BAROME TRIC AUBIENT DRY OXYGEN 106 ;I
» PRESSURE el 8 8§ %3
~ 00 14% S
70000 TRACHEALOXYGEN Boog 1275 o o o oo 1%
8 PRESSURE 45000 1109 0 0 6 100 1109
46000 105 & o 0 0 100 105 &
¢ ALVEOLAR OXYGEN TRacueaLGas
3000 196 3 0 23 94 0 3
H PRESSURE ;bDﬂD 170 3 0 27 b0 [} 72 40 123 3
2 /~ 29 mm - COMPENSATION 39000 1475 0 3196 0 6804 1004
N - 42000 127 9 0 36 75 0 6325 EBO0O9
w LIMITED BY HYPOCAPNIA 45000 110 9 [ 4z 38 0 S7e62 619
a SHIF TS DUE TO SPONTANEOUS 46000 105.6 O 4451 O $549 586
) N INCREASE ALVEOLAR GAS
| VENTILATION INCRE 33000 196 3 0 3 94 20 3B 55 68 109 3
- 36000 170.3 [ 27 60 22 31 S0 09 B33
< 39000 I47 5 0 31 96 24 4] 4)6) b4 4
« 42000 1279 0 36 75 2% 80 3745 4?9
45000 110.9 ] 42 38 2705 30 % 339
46000 10% & o 44 51 2746 2603 296
i Fi i
i Hn e
proas Il | iy
SEA ‘ j M‘m i
o v T

760

PRESSURE - mm Hg

SOURCE: Webb (195).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES:
RESPIRATORY ATMOSPHERIC REQUIREMENTS

ALTITUDE EFFECTS

f. Performance Versus Arterial Oxygen Status

: APPROXIMATE ALTITUDE BREATHING AIR - ft
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ARTERIAL OXYGEN TENSION - mm Hg

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.

SOURCE: Blockley and Hamfan (28), Compendium...Vol. III (52), McFarland (121),
United States Air Force (190) and Webb (195).
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PHY-SI_OLO.GlCA'L,STANDARD-S AND TOLERANCES
RESPIRATORY ATMOSPHERIC REQUIREMENTS

s

ALTITUDE EFFECTS

g. Duration of Effective Consciousness (Decompression Hypoxia)

55000 ] -
\
50000
MEAN
BREATHING OXYGEN
-'-" MINIMUM THROUGHOUT
o 45000 OBSERVED ™ [DECOMPRESSION
o
=}
e
= 40000) U R B
-
«
<
Z 35000 m -
w Lap BREATHING AR
THROUGHOUT
30000 MINIMUM DECOMPRESSION ™|
OBSERVED
25000 1 D IS G Tl
0 10 20 30 40 50 60 70 80 90 100

TIME OF USEFUL CONSCJOUSNESS - sec

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. I11(52) and Webb (195).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES
RESPIRATORY ATMOSPHERIC REQUIREMENTS

ALTITUDE EFFECTS

h. Impairment of Visual Functions Produced by Hypoxia

20,000
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]
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Impairment of the following functions: Judgment of Distance
Range of Visual Fields
Accommodation
Convergence
Retinal Sensitivity

SOURCE : %omgendium of Human Responses to the Aerospace Environment, Vol. III,
52).
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PHYSIOLOGICAL STANDARDS AND TOLERANCES .
RESPIRATORY ATMOSPHERIC REQUIREMENTS

ALTITUDE EFFECTS

i. Brightness Contrast Discrimination at Given-Arterial Oxygen-Saturation
Level or G, Level
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SOURCE : %omgendium of Human Responses to the Aerospace Environment, Vol. III,
52). .
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J. .Effects of Hypoxemia on Some Intervening Mental Processes .
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SOURCE : %gggendium of Human Responses to the Aerospace Environment, Vol. III,

1-283



PHYSIOLOGICAL STANDARDS AND TOLERANCES
RESPIRATORY ATMOSPHERIC REQUIREMENTS

ALTITUDE EFFECTS

k. Times to First Symptoms of Oxygen Toxicity
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SOURCE: Compendium of Human Responses to the Aerospace Environment, Vol. III,
(52).
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CARBON DIOXIDE EFFECTS

a._Symptoms for Short Time Exposure to Various 002 Concentrations
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0 10 20 30 40 50 60 70 80
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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.

SOURCE: Comepndium...Vol. 111 (52), King (103), Nevison (138) and Schaefer (161).
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CARBON DIOXIDE EFFECTS

b. Prolonged (40-Day) Exposure

PARTIAL PRESSURE OF CO, (MM HG)

40 DAYS

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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RESPIRATORY ATMOSPHERIC REQUIREMENTS

CARBON DIOXIDE EFFECTS

C. Symptoms Occurring in 39 Resting Subjects Who Inhaled co, for.15 Minutes®

Dyspnea

Headache

Stomach ache

Dizziness

Sweating

Salivation,

Numbness of 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

3. 3% co,

5.4% COZ

(-] CO=~O0OO0O=00O0ON

ocoooQo

(=N -N-N=N-) (=] OO OO~ QOOdh

7.5% COz

-

L QO W= =1nd

——

N oMY=

* Symptom frequency noted.

From numerous other studies, a more detailed COp response spectrum can be
described. During the first day of their exposure to 3 percent C02, several
individuals remained mentally keen in spite of exhibiting general excitement
and increased activity. Four percent C02 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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MECHANICAL EFFECTS OF RAPID DECOMPRESSION

a. Pressufe Factor (P') as a Function of Initial Pressure (Pi) and Final

Pressure (Pf)
4 ) T ] ¥ T

O

PRESSURE FACTOR (P')
»
N

0 1 1 1 ] []
0.2 0.4 0.6 0.8 1.0

FRACTIONAL PRESSURE DIFFERENTIAL (Pl - Pr)
P

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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MECHANICAL EFFECTS OF RAPID DECOMPRESSION

b. Transient Differential Pressure Buildup

400 T T T T

CABIN PRESSURE
=+ = =— PRESSURE WITHIN LUNGS
== == DIFFERENTIAL PRESSURE

)

- P
(Pluns cabin

PRESSURE (MM HG)
Y
o
a
DECOMPRESSION

T

100

o Y;

— |
o 0.2 0.4 0.6 0.8
TIME AFTER DECOMPRESSION (SECONDS)

The pressure factor, P', is a function of the initial pressure, Pi' and the
final pressure, Pc in the container (see a):

P; - P
o o gL P
1

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':

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 diagrammatically in b., redrawn
after Luft.

SOURCE: Haber and Clamann (77), Luft (114) and Webb (195).
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MECHANICAL EFFECTS OF RAPID DECOMPRESSION

c. Differential Pressure
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Py

FRACTIONAL DIFFERENTIAL OF DECOMPRESS!ON( Py Pg )

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 mm Hg. The subjects whose data are shown were appar-
ently uninjured.

d. Decompression Characteristics (Time) as a Function of Orifice Size

EFFECTIVE AREA OF ORIFICE (CMZ) (1M2)y
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3
2

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 (1), Luft and Bancroft (116), Luft and Bancroft, et al,
(117) and Webb (195).
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Effect of Physical Activity on Appearance of Clinical Manifestation:

RESPIRATORY ATMOSPHERIC REQUIREMENTS

DECOMPRESSION SICKNESS

of Decompression Sickness at 38,000 Feet
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* 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.

SOURCE: Henry (83) and Webb (195).
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DECOMPRESSION SICKNESS

b. Nitrogen Elimination Curve
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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
Tungs. 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 Il 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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PHYSIOLOGICAL STANDARDS AND TOLERANCES
RESPIRATORY ATMOSPHERIC REQUIREMENTS

CARDIORESPIRATORY RESPONSE TO CARBON DIOXIDE

a. Ranges of Respon