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FOREWORD

This final report presents the results of the work performed under ONR
Contract No.N00014-70-C-0070, "Development of Human Factors Criteria
for Design of Diver-Ope.ated Underwater Equipment and Systems." The
program was performed during the period from October 1969 through June
1972, and encompassed:

1. The specification of underwater tool categories and their
functional requirements within the context of operational under-
water construction and salvage jobs.

2, The development and compilation of human factors design
criteria data applicable to specified categories of underwater
tools and individual tool items.

PO

The research program was aimed at filling a gap in current human factors :
literature of man's capabilities and limitations in an underwater work ;
environment. The technical approach taken involved: '

1. Evaluation of operational work tasks currently being performed
by man in the sea.

2. In-the-field evaluation of actual diving operations for
identifying and diagnosing human factors design deficiencies.

3. Survey and review of existing human factors research data
for applicability to the problems and conditions unique to the
underwater environment.

The results of this research program are described in two technical
reports:

1. An annual summary report in January 1971, entitled "Human
Engineering Criteria for the Design of Diver-Operated Underwater
Tools," This repoit summarized the first year's study effort and
was limited to an evaluation of underwater tools used by divers
in the performance of torqueing tasks.

2, "Diver Performance and Human Engineering Tests, Salvage
Equipment Program, U,.S.N./Makai Range Aegir Habitat Saturation
Dive," February 1972, described the results of a diver performance
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evaluation program designed to obtain hoth quantitative and quali-
tative data on the capabilities and limitations of divers in operating
v selected underwater tools in simulated operational-salvage tasks
under saturation diving conditions. This report will be included as
an apperdix to the overall report describing the U.S.N,/Makai '
Range Aegir Habitat Saturation Dive conducted in November 1971,
The current and final report prepared during this research program
is a basic human factors design criteria guide applicable to the design
and utilization of diver-operated hand and power tools., This document has
been organized into five major sections: 1) Aathropometry and Biomechan-
ics, 2) Body Restraint and Tethering Systems, 3) Underwater Visibility,
4) Control/Display Criteria, and 5) Human Engineering Considerations for
Specific Underwater Tools. An appendix to the réport .provides detailed
specifications for a selected number of power tools most frequently used
in current underwater salvage and construction operations.,.
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PURPOSE AND SCOPE

Technological advances made in the areas of diving physiology and ocean-
oriented man/machine systems and the application of this technology to
hoth military and commercial diving operations have resulted in man's
penetration of the ocean to depths and tolerances previously thought
impossible. Yet the number of complex work tasks performed in this hostile
environment has been limited.

¥As new manned underwater systems and equipment are developed, divers
will be called upon to perform new and increasingly demanding work tasks
for which their capabilities are not clearly understood. As specialized
underwater tools and equipment are developed to expand man's potential in
the undersea environment, the problem of matching men and machines
becomes increasingly complicated.

Over the years the human factors profession has generated a large quantity
of research documentation, guidelines, and handbooks which provide human

. factors engineering data to assist designers and engineers in optimizing the

development and utilization of man/machine systems and equipment. While
these data encompass a broad range of systems and hardware, they are, for

the most part, not applicable to the requirements of the underwater environ-
ment,

This research program was undertaken to expand the data base concerning
man's ability to work underwater and to develop and compile this material
‘into a human factors guide relating to man's requirements and capabilities
as an undersea worker,

To insure the achievement of this goal within the context of the operational
diving community, a technical approach was taken that would:

1. Concentrate on the operational work tasks currently being
performed by man-in-the-sea, provide for realistic environmental
conditions, and include the major categories of tools in current
usage.

2. Emphasize in-the-field evaluation and diagnosis of design
deficiencies and validate proposed human factors criteria via the
evaluation of both operational and prototype equipment designs.,

3. Utilize existing human factors data, where applicable, to

-3-
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the specific capabilities and requirements of the equipment and
its users.

In organizing the human factors guide, a format was selected that would
emphasize factual information expressed in graphic and/or tabular form.

Section I contains that information which relates to the structure of the
human body and its biomechanical capabilities., Included are both static
and dynamic body dimensions, range of movement, and strength
characteristics,

The operation of tools in a tractionless environment is clearly most
efficient when a means of traction or control of body position is provided
for a diver. Section II reviews the design features and characteristics of
various restraints and tethering systems that can be applied to a wide
range of underwater work situations,

Section III consists of data relating to the problems of underwater visi-
bility, The basic ph:rsics of underwater visibility are described, along
with the problems of ‘risual resolution, stereoscopic acuity, size and
distance judgment, and color visibility.

Section IV provides a compilation of human engineering control/display
criteria and recommendations for the design and modification of tools for
underwater applications.

Section V contains a detailed human engineering evaluation of selected
underwater tool items currently employed in underwater construction and
salvage operations by military and commercial diving organizations.

The specified nature and infrequent use of some tools employed by divers
in underwater work have resulted in limited and/or inadequate performance
and human factors data. Evaluation of these tool items has not been
incorporated in this report.

Anthropometric and biomechanical data for divers were found to be
extremely limited, which required the use of data from other population
groups and work environments only approximating undersea conditions.
Clearly, the limited amount of quantitative research data available,
regarding the physical characteristics and capabilities of working divers,
must be expanded in order to determine accurately how well a proposed
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underwater tool will accommodate the anticipated user population with
respect to such characteristics as the various body dimensions, strength, ,
reach, and endurance. It is hoped that these shortcomings can be |
corrected by future research efforts. :
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I. ANTHROPOMETRY AND BIOMECHANICS

A. Introduction

Data relating to the structure of the human body and its biomechan-
ical capabilities constitute an important variable for the design of
underwater tools. Such data include both static and dynamic body
dimensions, range of movement, and muscle strength. The general ;
criteria for determination and selection of appropriate tool dimensions

and control requirements must take into consideration the size and

capabilities of the general diver user population. For most effective

work output and personal safety, an underwater tool system should

match the range of the physical size and strength capabilities of the

user population.

Tool configurations and dimensions should be determined and speci-
fied, based on the following considerations:

1. The physical measurements of man himself, his size,
shape, and biomechanical capabilities.

2. Increase in body size, movement constraints, and
other reductions in work capability which result from specific diving
apparel and life support systems.

3. The general body position which a diver must maintain
during execution of an underwater work task.

4, Mobility requirements of the diver while handling the
tool item or system.

3. The nature, frequency, difficulty, and duration of
the work task for which the tool was designed.

Preceding page blank




B. Human Body Measurements and Factors Afiecting Biomechan -
ical Capabilities

1. Fhysical Measurements of Man

Man, unlike inert material, varies significantly with respect to phys-~
ical size and biomechanical capabilities as the result of a variety of
factors, biological, environmental, and occupational. Two kinds of
anthropometric dimensions, static and dynamic, are generally applied
to the problems of equipment design.

Static human body dimensions are based on measurements of nude
subjects in rigid and artificially erect positions. As such, these
measurements are not representative of the positions the human body
assumes in the performance of wark or in the operation of tools, Further
complications arise from static body measurements, since additional
allowances must be made for clothing and other personal equipment

wom under the full range of environmental conditions in which the
operator will be working.

Dynamic body dimensions include those measurements that vary with
body movements. These dimensions are measured with subjects in
various working positions. Since most dynamic dimensions result from
altered body movements, they are complex and difficult to measure.

A problem that will confront the decigner of underwater tools is the fact
that available anthropometric literature is devoted entirely to men work-
ing on land or in the air. The data are also heavily weighted toward
military populations. Ideally, the designer of underwater equipment

and tools snould identify the user population and seek reliable data on
its dimensions and capabilities. However, since no comprehensive
anthropometric data exist for the diving population, caution must be
exercised in applying the existing data to underwater tool design.

The anthropometric data presented in this report have been selected from

existing literature as appearing most applicable to the underwater
environment.

2. Diver Apparel and Equipment

Equipment and tools designed for underwater applications should suit

Preceding page blank




the diver, as he will use this equipment under actual operating
conditions. While the typical underwater worker's environment may
vary with temperature, visibility, and depth, the primary factors
affecting his performance will be his wearing apparel and life support
equipment. Three types of diving dress can be identified as those worn
by the working diver:

Deep-Sea Diving Dress consists of a spun-copper helmet with fittings
and breastplate, and diving suit that encloses the entire body with

the exception of head and hands and, when worn with diving helmet
and gloves, provides the diver with a complete, watertight covering.
Weighted belt and shoes are used to overcome the positive buoyancy
gained by the volume of the helmet and inflated dress. Air is supplied
by hose from the surface to the diving helmet.

Lightweight Diving Outfit consists of dress, mask or lightweight fiber-
glass helmet, hose, safety line, weight belt, and shoes. The one-
piece dress, with hood cemented to the body part, is made of rubber-
ized fabric and covers the entire body with the exception of the face
and hands. Because air enters and exhausts directly into the face
mask or light helmet without entering the lightweight dress, there is

no excess buoyancy with this outfit. The weights provided can, there-
fore, be much lighter than those used with the deep-sea dress.

Wetsuit and Scuba consist of a cellular, neoprene, two-piece dress
usually fabricated with a protective nylon coating. Wetsuits are avail-
able in various thicknesses, depending on the degree of thermal protect-
ion required. Supplemental wetsuit apparel includes hood, gloves,

and boots. Life support is provided by diver-wom air bottles connected
to a scuba regulator and mouthpiece.

Each of these types of diving apparel and its asBociated personal equip-
ment affects human body dimensions and restricts the diver's movement
and strength to varying degrees. Further variations in equipment result
in added movement restriction and changes in overall dimensions.
Additional equipment resulting in increased size and bulk may include
hot-water-heated wetsuits, closed and semi-~closed breathing appar-
atus requiring chest-mounted breathing bags, and specialized mixed-
gas diving helmets.

The bulkiest diving apparel is the deep-sea dress. It impeses the
greatest constraint on the diver's body movements and mobility. The

-10-
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weighted shoes and bulky helmet of this outfit severely restrict the
positions in which the diver can effectively work. The primary advan-
tage of this outfit is that the diver is fully enclosed and is therefore
able to achieve a high degree of thermal protection. The deep-diving
helmet also allows the most reliable and intelligible voice communi-
cations between the diver and the surface support personnel. For
underwater operations utilizing diver-operated welding and torch
cutting equipment, reliable voice communication is considered desir-
able.

Some relief from buik and movement constraints can be obtained with
the less cumbersome lichtweight diving outfit. Though the diver can
wear fins and swim in this outfit, normal usage of this diving apparel
includes weighted shoes and either a full face mask or a lightweight
fiberglass helmet with air supplied from the surface. The thermal
protection provided by this outfit is less than that of the standard
deep-sea dress. It has, iherefore, found its greatest use in areas
where the water temperature is relatively warm or where only short
dive durations are required. Voice communication is possible with the
lightweight diving cutfit; however, intelligibility is reduced consider-
ably because of the smaller air cavity of the lightweight helmet and the
full face mask.

The wetsuit and scuba outfit is considered by many to be the most
versatile diving apparel in operation today. Divers are unencumbered
by surface air hoses and have nearly complete freedom of movement.
The thickness of the neoprene foam material governs the thermal insul-
ating properties of a wetsuit. Suit material is offered in thicknesses
of 1/8, 3/16, 1/4, and 3/8 inches. While the thicker materials afford
more insulation, they also impose some restrictions in movement due
to the additional bulk. However, even with the thickest wetsuit, the
water pressure at depths over 100 feet will compress the suit to the
point where not only is the bulk of the suit reduced but also

its thermal properties. For this reason the wetsuit and its inherent
advantages must be restricted to shallow depths. Recent develop-
ments in the use of hot-water-heated wetsuits have overcome the depth
limitations and thermal insulating inadequacies of the standard wet-
suit. However, the freedom of movement attributed to the wetsuit is
severely reduced by the increased bulk of the heated suit and the hot-
water hoses which must be employed to pump heated water to the diver.

With the wide range and combinations of diving apparel currently used

-11-
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by working divers, it can readily be seen that variations in overall

diver size and restrictions in diver movements resulting from his apparel
will be significant. The anthropometric and biomechanical data present-
ed in this guide have been selected from existing literature as being
representative of the anthropometric variables important to the design of
diver-operated equipment. Since most of these data represent dimen-
sions and capabilities of men operating in a space of 1-G surface
environment, caution must be used in applying the data to the diver
work situation. Where dimensions and measurements permit, data

will be adjusted to represent a specific diving dress and/or under-
water work situation.

3. TUnderwater Work Positioens and Mobility

The body positions that a diver must assume and maintain while oper-
ating tools underwater are significantly different from the seated, stand-
ing, kneeling, and prone positions which are standard for the surface
operator. Based on performance measurements of divers operating
various types of tools underwater and direct observation of divers work-
ing in a wide range of operational situations, a number of factors which
influence and limit underwater working positions can be identified:

Diver apparel and equipment-~ The working positions available to a

diver are closely related to his apparel and personal equipment, since
most dynamic dimensions are altered by restrictions in body movements.
The diver outfitted in deep-sea dress is most severely hampered in the
working positions he can assume and maintain. While the overall bulk
of the deep-dive dress offers some resistance to body movement and
position, the primary effect on his working position results from his
weighted shoes and diving helmet. The weighted shoes make it almost
mandatory that a diver work in a vertical position either in a negatively
buoyant state with feet firmly planted on the ocean floor, or in a semi-
buoyant state suspended from his life line. He is also limited by the
size and bulk of the deep-sea diving helmet which further restricts his
movement and overall mobility.

The working positions within the capability of a diver are considerably
increased hy the use of a lightweight diving outfit. When this outfit
is used in conjunction with a full face mask or lightweight fiberglass
diving helmet, and swim fins, the diver can assume other woerking
positions than the vertical stand-up position. While the mobility
obtained with the lightweight outfit does provide the diver with the

-12-
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potential for increased flexibility, the diving industry norr.:it s vz.cs
ankle weights or weighted shoes, thereby limiting th« diver's working
position to the standing one. The wetsuit-outfitted diver clearly has
the greatest mobility underwater, since he is unencumbesed by weighted
shoes or bulky diving helmet and is able to maintain himself in a state
of near-neutral buoyancy. This degree of flexibility allows the diver

to work in an infinite number of positions not possible to the deep-sea-
dressed diver.

Work surface orientation —- The orientation of the surface on which

a diver is working will influence and limit the diver's working position
requirements. Work surfaces applicable to underwater work are classi-~
fied as being overhead, vertical, or deck. To work effectively in any
of these planes, the diver must be able to fulfill certair. basic reguire-
ments. First, he must orient his body in a position that will allow

him to see the work surface. Second, he must be able to operate the
tool item from this position so that effective biomechanical foices can
be applied.

Diver performance research (Barrett and Quirk, 1969) has shown that

the time required to perform hand tool operations underwater will vary
depending on the work surface orientation. The orientation which allows
a diver to assume the most comfortable working position and also to
gain the maximum mechanical advantage is the deck position. This

is especially true when operating heavy tools such as most hydraulic-
powered hand tools. The diver assumes a crouched standing position
and lets his tool rest against the work surface, thereby reducing a great
deal of energy expenditure which would otherwise be used in supporting
the weight of the tool over the work surface. The deck surface also
lets the diver operate in a comfortable, crouched, standing or kneeling
position. However, the diver must assume the weight of his tool while
operating on a vertical surface, thereby increasing his energy expendi-
ture, expecially when heavy tool systems are involved. The overhead
work surface is the most inefficient for the diver to work on, since it

is difficult to assume a comfortable working position and achieve an
effective mechanical advantage when operating tools that require the
application of force against the work surface.

Tool handling ~- The handling characteristics and the physical configur-
ation of a tool play an important role in determining a diver's working
position. A tool weighing in excess of 10 pounds will require a diver

to use both hands in operating and guiding it. Therefore, in order to
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maintain his body and the tool in a proper relationship to his work sur-
face, he must be able to place his feet on a fir: horizontal surface and
operate the tool from a standing position. An alternative method for
operating heavy hand tools is the use of body restraints to anchor the
diver in a fixed position in relation to the work surface. Tools that
are light in weight or near neutral in buoyancy provide the diver with

a greater latitude of working positions in which he can operate effect -
ively.

Bulky tools can also severely constrain the working position of a diver,
especiaily since the bulkiest tools are the heaviest. Such tools are
usually operated from a fixed position and are rigidly supported in
relation to the work surface, or else lifting devices must be employed,
thereby enabling the diver to readily position and move the tool from
one work surface to another. In order to effectively operate bulky
tools that require movement over any distance, maximum mobility and
freedom of movement must be available to the diver.

Visibility -- Underwater visibility and its relation to a diver's work
position is a function of two major factors. One concerns the physical
qualities of the water and the ways in which they influence the diver's
ability to see the work surface in relation to his underwater tool. The
variables included here are water clarity or transmissivity, depth, and
size distortion. The diver has little, if any, control over these vari-
ables, other than his limited ability to adapt to the size distortion
encountered underwater and his ability to distinguish objects under
conditions of reduced light levels. The second factor involving under-
water visibility and the diver's work position is the effect that the

face mosk lens or helmet viewports have on the ovurall visual field.
This factor is largely an equipment design feature involving the size
and shape of the viewing plate, the thickness and type of material
used in fabrication, and the distance from the eye to the lens plane of
the face plate. Whether the factors influencing undervsater visibility
result from environmental variables or limitations in the diver's equip-
ment, the problems of reduced and restricted visibility underwater will
require a diver to position himself closer to the work surface than would
be required under atmospheric conditions. The visual requirements of the
diver under conditions of reduced and/or restricted visibility may there-
fore necessitate him to work in positions that will reduce his effective-
ness as an operator.
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C. Anthropometric Guidelines

As the science of external human body measurements, anthropometry
includes static and dynamic body dimensions, range of body movements,
and muscle strength. Such measurements are an important segment in
the development of human engineering design criteria as a means of
determining to what extent a proposed tool or equipment item is able to
accommodate the user diver population, in regard to such physical
characteristics as the various body dimensions, strength, and reach.

Anthropometric measurements are usually expressed in percentiles. In
human engineering, two percentiles of body dimensions are typically
used and are the most useful to the equipment designer; the 5th and 95th
percentile measures. These values permit the designer to select dimen-
sions that are appropriate to specific equipment requirements. The design-
er should cesign according to the concept of "design limits" or "range of
accommodation" for the anticipated user population. The range from

the S5th to the 95th percentile encompasses 90 percent of a given sample
population; therefore, a measure at the 95th percentile would mean that,
of the total group measured, 95 percent were below and S percent
exceeded the measured value. By proper analysis of the data available
for the user population, the designer can efficiently provide precisely
the adjustability needed for any desired segment of the group.

General rules for the use of body dimension data are;

Gross Dimensions (accesses, safety clearances): Areas and enclosures

which must accommodate passage of the body or body parts should be
based on the 95th percentile values. The requirement here is to accommo-
date the largest personnel expected to operate the equipment .

Limiting Dimensions (reaching distances, displays, control movements):

Dimensions which involve reaching or extension of body parts should be
based on 5th dimension values. The requirement here is to accommodate
the smallest personnel.

Adjustable Dimensions (restraint belts, diving masks): These should

adjust to accommodate the range of 5th through 95th percentile personnel.
The requirement here is to accommodate both the largest and smallest
personnel.

Available anthropometric data have been compiled on numerous population
subgroups, including military, civilian, and industrial groups. These
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data represent a broad range of measurements applicable to nearly every
cor:.ceivable work task. However, the problem facing the designer of
diver-operated tools and equinment is whether the available anthropo-
3 metric data are directly applicable to the work situations and wearing
apparel of the diver group. Where existing anthropometric data are not
applicable to a specific underwater problem, the following procedure
should be followed (Morgan,et al., 1963):

1. Obtain data on the physiques of the intended user population.
Although human beings vary widely in size and shape, their varia-

bility follows certain patterns. However, the limits of the desired
percentile range must be determined by actual measurement of samples

: of the group to be accommodated, since the measurement values of

2 divers may differ significantly from those groups for which measurements
: are available.

2, Select and measure a small group of representative divers.
Select subjects representing both ends (around the 5th and 95th
percentiles) of the height and weight distribution of the divers to
be accommodated. This will give reasonable assurance that the
range of other dimensions will be approximated. Ideally, divers
should be measured in the detail desired for the operator group. For
: example, in order to determine a control handle size that will accommo-
date 90 percent of the expected user population, it would be more
exact to determine such a design feature from hand measurements
than from height and weight alone.

2. Outfit divers used as test subjects in the widest range of diving
apparel and life support equipment that might be worn while operating
the tool. All operational aspects of the tool should accommodate 90
percent of the anticipated user group in the full range of the diving
apparel used when operating the tool.

i 4, Have the diver test subjects operate the tool underwater under

: environmental conditions (depth, water ten.perature, and visibility)
expected in an operational setting. The tool operators should per-
form all the motions normally required in an operational work setting.
The test performance should last as long as an actual work task.
Make sure the diver can operate the tool on all normal work surface
orientations {deck, vertical, and overhead).

5. Note the difficulties encountered by the test divers with respect

to handling ease, personal comfort, quality and quantity of work
output, vision, and safety hazards caused by body size and operator

~16-




g

o PR

RS

capability.

6. Relate the deficiencies and problems resulting from design

to the percentiles of the operator population and recommend redesign
accordingly. Operator percentile can be estimated for the appropri-
ate anthropometric dimension by comparing the dimensions of the
test diver with known percentile ranks contained in existing anthro-
pometric data sources.
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D. Basic Body Dimension Ijata ' '
' |
Anthropometric data required for the design of underwater tools and
tool systems involve the basic body, components and body positions used
in the performance of underwater work tasks by dive.s outfitted in the
most commonly used diving apparel.

The tabies and figures. presented in this section will enable designers
and engineers to det ermine dimensions to account for various percent-
ages or percentiles of the population. From these dimensions, equip-
ment configurations, sizing, and weights can be designed to accommo-
date a large percentage of the population'.

Unfortunately, only very limited anthropometric studies have been made
of either military or commercial divers, and it is not known if divers as
a group differ significantly in body type from the general population or
sub-groups for which detailed anthropometric data have been developed.
In a preliminary survey of diver anthropometrics (Beatty, et:al., 1971),
measurements of 19 parameters required for custom-made wetsuits were
obtained from 41 male divers at the Navy Experimental Diving Tnit in
Washington, D.C. The interrelationships between the various measures
were also calculated and are presented in a correlation matnx. Data
were obtained on hand measurements of 12 divers, for bare hand, 3-
finger 1/4-inch wetsuit gloves, and 5-finger 1/4-inch wetsuit gloves
(Andersen and Swider, 1971). .

The diver anthropometric ~ata were not considered sufficient in detail

to meet all the requirements necessary for equipment riesign and are’
therefore supplemented by data for other military personnel sub-groups.
The supplementary data are presented for nude adults of a s}pecified
population sub-group, such:as ammy infantrymen, air force pilots, and
astronauts. The data contained in Tables 1 through 5 have been compiled
from available dimensions for these subgroups. In utilizing these data,
it would be convenient to use a single data source more representative
of the total population. For this reason averages were calculated for the
groups indicated. A complete listing of all Body dimensions was not
considered appropriate to this design guide; therefore, only the most’

widely used general body measurements are included. Sufficient dimen- °

sions have been given to enable the designer to estimate the percentile
range to which selected diver test personnel belong. Since the major
interest of this report is tool design, hand measurements, which are

Preceding page blank
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considered of primary importance in the design of underwater tools, are
included in the greatest possible detail.
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Table 1. Basic Diver Anthropometiic Measurements.

Sample: 41 nale divers from the Navy Experimental Diving Unit,

Washington, D.C. (Beatty, Berghage, and Chandler, 1971).

Standard Percentile
Measurement Mean Deviation (inches)
(inches) (inches) 5th 95th

Weight (lbs.) 187.88 27.83 142,10 233.66
Height {stature) 71.16 3.60 65.24 77.08
Chest Circumierence 40.46 3.17 35.24 45.68
Waist Circumference 35.98 3.59 30.07 4] .88
Hip Circumference 40.95 3.17 35.79 46.10
Thigh Circumference 22.05 1.99 18.78 25.33
Shoulder-Waist Distance 18.35 2.37 14.45 22.24
Center Back~-Waist Distance 28.51 1.88 25.42 31.60
Wrist-Axilla Distance 20.56 1.43 18.21 22.91
Ankle-Crotch Distance 28.76 2.54 24,58 32.94
Ankle-Waist Distance 39.40 2.77 34,58 43.95
Neck Circumference 15.60 0.90 14.11 17.09
Biceps Circumference 13.12 1.24 11.07 15.16
Elbow Circumference 11.12 0.93 9.59 12.65
Wrist Circumference 7.18 0.46 6.43 7.94
Knee Circumference 15.43 1.20 13.46 17.39
Calf Circumference 15.38 1.45 13.00 17.76
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Table 5. Bare Hand Characteristics.

Measurement -- Length, Maximally-Stretched Hand

Description —- Subjeci's hand is extended, palm up. With the bar
of a ¢iiiing caliper lying along the palm, the distance
from the wrist crease to the end of the longest finger
is measured.

Human Engineering

Applications
1. Acce.s of the entire hand into a receptacle.
2. Locaticn of fingertip controls in depth of
recepiacle.
Source Percentile (inches)
5th 95th
Garrett (1968); Hertzberg, et a!. (1964) 6.98 8.37
Chaillet (1965) 6.90 8.20
Hertzberg, et al. (1954) 6.40 7.50
Randall, et al. (1946) 7.10 8.20
Daniels, et al. 6.90 8.20
Newman and White (1951) 7.00 8.20
USA (1946) 7.30 8.70
McFarland, et al. (1958) 7.10 8.10
Mean Values 6.96 8.18
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Human Engineering

Table 5. Bare Hand Characteristics (continued).
Measurement -- Length, Thumb and Forefinger Touching

Description -- Subject's hand is extended with the tips of the
thumb and forefinger lightly touching. Holding
the bar of the sliding caliper parallel to the long
axis of the thumb, measurement is made from the
wrist crease to the farthest point of the second

4 digit.

Applications ~--

1. Effective lenygth 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.

Source Percentile (inches)
5th 95th
Garrett (1968); Hertzberg, et al. (1964) 3.97 5.39
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Table 5. Bare Hand Characteristics (continued) .

Measurement -- Hand Breadth at Metacarpal, Maximum

Description -- Subject's hand is extended, palm up. With the bar
of the sliding caliper lying across the back of the
hand, measurement is made of the maximum breadth
acioss the distal ends of the metac

Human Engineering
Applications -- 1. Access of the flattened hand through an
aperture.

2. Minimum length of handgrips and/or handles.

Source Percentile (inches)

Sth 95th
Garrett (1968); Hertzberg, et al. (1964) 3.14 3.82
Garrett (1971) 3.28 3.82
Hertzberg, et al. (1954) 3.20 3.70
Randall, et al. (1946) 3.10 3.70
Daniels, et al, (1953) 3.20 3.70
Newman and White {1951) 3.10 3.80
U.S.A. (1946) 3.20 3.80
McFarland, et al. (1958) 3.20 3.80
Mean Values 3.18 3.77
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Table 5. Bare Hand Characteristics (continued) .

Measurement -- Grip Breadth, QOutside

Description -- Subject holds a cone at the largest circumference
that he can grasp with his thumb and middle finger
just touching. Breadth measurement is made with
the bar of the sliding calipers across the maximum

breadth of the hand.

Human Engineering

Application -~
Minimum size of an aperture that will accept a
man's hand when enclosed around a handle.
Source Percentile (inches)
5th 95th
Garrett (1971) 3.67 4,65
Chaillet (1965) 3.70 4,44
Mean Values 3.69 4.55

lw
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Table 5. Bare Hand Characteristics (continued).

Measurement -- Grip Breadth, Inside

Description -- Subject holds a cone at the largest circumference
that can be grasped with thumb and middle finger
just touching. Diameter of cone corresponding to
this maximum circumference is recorded.

Human Engineering

Application --
Determination of the maximum diameter of a
cylindrical handgrip that can be completely
enclosed with fingers of one hand.
Source Percentile (inches)
Sth 95th
Garrett (1968); Hertzberg, et al. (1964) 1.70 2.19
Garrett (1971) 1.66 2.18
Chaillet (1965) 1.60 2.10
Mean Values 1.65 2.16
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Table 5. Bare HSnd Characteristics (contfnued) .

Measurement -- Circumference, Thumb and Forefinger Touching

t

Description -- Subject's hand is exteided with the tips of the \

‘thumb and forefinger lightiy touching. Circum-

ference measurement is made with the tape passing
over the distal ends of the metacarpals (knuckles)
of all five digits. : ’

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 recept'acle.'

Source ' . Percentile (inches) |

‘ - 5th = 95th
Garrett (1968); Hertzberg, et al. (1964) 9.51 12.19
Garrett (1971) . ' 9.62 ! 11.92
Mean Values . 9,57 12.06
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Table 5. Bare Hand Characteristics (continued).

Measurement -- Fist Circumference

Description -- Subject makes tight fist with thumb positioned
outside other fingers. Measurement is made with
the tape passing over the distal ends of the
metacarpals (knuckles) of all five digits.

Human Engineering

Application -~
Determination of the minimum dimensions of
apertures and workspace designed to accept
a man's hand.
Source Percentile (inches)
Sth 95th
Garrett (1968); Hertzberg, et al. (1964) 10.25 12.64
Chaillet (1965) 10,70 12.40
~ Garrett (1971) 10.76 12.54
Mean Values 10.57 12.53

-34-



E. Biomechanical Capabilities

Design criteria relative to tool operation underwater require detailed
data for various arm and hand movements, along with the force emission
capabilities and limitations of the operator. A diver's strength varies
with his buoyancy and diving dress, the position of his body and limbs
while exerting a required force, the direction of the force emission,

and the mechanical advantage of the body's lever system.

The maximum amount of force required for a given tool operation (control,
torqueing, lifting) should be determined with respect to the strength of
the weakest operator. Performance at or near the limits of the diver's
physical abilities will result in increased energy expenditure and fatigue
which could physiologically endanger the operator.

Critical to the operator/tool interface in performing underwater work
tasks is the requirement to exer. force in different directions and
amounts, and for different periods cf time. Such data are required by
tool designers to determine maximum and optimum control resistances,
forces required in tool handling and operation, and specification of
optimum tool weights for safe, efficient lifting, positioning, and carry-
ing.

Tables 6, 7, and 8 contain force and torque emission data for various
body and limb positions. The measurement values indicated should be
used as limits wherever applicalbe. The biomechanical research data
obtained in underwater environments for diver work applications is
extremely limited. Much of the material contained in this section has
therefore been adapted from the aerospace human engineering literature
for zero-G simulation performed underwater. While these data were not
obtained for subjects outfitted in working diver apparel, every effort
was made to select data specifically relevant to the diver's work and
environmental requirements.
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Table 6. Hand Torque Values.

Measurement -  Maximum Bare-Hand Torque, Supination and Pronation

Description -  Subject grasps metal T-handle of force receiver with
the shank between digits 2 and 3.

the fingertips. Subject exerts maximum force in
turning the handle to the left. Task is repeated,

turning handle to the right.

torque wrench.

Human Engineering

Applicatior - 1. Determination of the maximum resistance
allowable on a rotary hand control.

- 2. Determination of the maximum torque for hand-

tightened bolts and fasteners,

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

Percentile (inch-pounds)

Source 5th 95th
Garrett (1968) Pronation 79.32 100.44
Supination 58.08 83.30
Hunsicker & Greey (1957) Pronation 30.00 125.00
Supination 32.50 90.50
Garrett (1971) Pronation 79.83 227.95
Supination 71.93 171.03
Mean Values Pronation 63.05 151,13
Supination 54,17 114.94
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Table 6. Hand Torque Values (continued) .

Measurement -

Description -

Hand Torque Values for Three Rotary Force Handle
Types (Pierce, 1963).

Measurements were obtained for pressure-suited
subjects to determine manual dexterity of force
capabilities for man-in-space activities. Three
types of handle were investigated. The first type,
representing a typical screwdriver handle, was
4,25 inches in length and 1 inch in diameter, with
longitudinal grooves 0.25 inch in wicth and 0.0625
inch in depth. The second handle was a globe, 2
inches in diameter. The third handle was a circular
knob, 3.25 inches in mean diameter, with 8 sinu-
soidal finger-grip indentations, 0.25 inch in
diameter. Measurements were obtained for both
pronation (downward turning of the palm) and
supination (upward turning of the palm). Since no
appreciable differences were found, averages for
these data are presented as a single hand torque

value.
Test Apparel Hand Torgque Value (inch-pounds)

Screwdriver 2" Ball 3-1/4"Knob
Bare Handed 63.34 79.58 117.92
Full-Pressure-Suit
Glove(unpressurized 54.17 72.08 129.75
Full-Pressure-Suit
Glove(pressurized) 50.16 58.80 105.67

|

Note: Measurements were not obtained underwater; however,
considering the relatively small torque values involved,
it is predicted that these force values would not differ
significantly underwater.
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Table 6. Hand Torque Values (continued).

Measurement - Sustained and Impixlse Hand Torque Values (G.E.)

Description - Measurements were obtained to evaluate man's ability

to generate impulse and sustained torque emissions
under various conditions of restraint, type of suit,

and force receiver location.

are defined as follows:

Sustained -~ Subject exerts maximum force that

The two types of forces

he can sustain for 4 seconds.
Impulse - Subject exerts maximum possible
instantaneous force upon receipt of cue-signal.

Two different handles were used for torque emissions.
One was an L-handle wrench which allowed the subject
to exert a true torqueing force.

The other was a T-

handle wrench which required the subject to exert
a torsion-like motion. Restraint systems consisted

of waist, shoe, and combined waist-and shoe.

system freed both hands for use at the work site.

Measurements were made underwater at a pool facility,
with subjects neutrally buoyed.

Suit conditions

consisted of the Litton Advanced Extravehicular Suit

and shirtsleeve, utilizing standard scuba.

Each

Variables Torque (inch-pounds)
Sustained Impulse

Mode - Underwater Neutral
Buoyancy Simulation 212.5 369.3
Suits - Shirtsleeve (Scuba) 218.3 334.7
- Advanced Extravehicular Suit 220.3 344.6
Restraints - Waist 140.9 298.7
- Shoes 231.4 347.0
- Waist and Shoes 228.7 329.8
Tools - L-Handle 283.9 470.9
- T-Handle 148,2 194.8
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Table 7., Sustained Pushing Force Values for Restrained Divers.

AT WIT{ATWY S

Measurement -  One and Two Arm Sustained Pushing Force Values for
Restrained Divers in Three Working Positions
(Barrett and Quirk, 1969).

TR TS

E Description -  Measurements were obtained for divers working on
{ vertical, overhead, and deck surfaces where no
ﬁ natural handbolds or footholds existed. Waist-

tethering equipment was used for diver restraint
during two-arm measurements. Measurements were
made using a hand dynamometer,

Mean Pushing Force for Divers

Work No. of | Diver Force (lbs)-Duration of: {Mean Diver Force (lbs)
Surface Arms Used| 6 minutes{ 3 minutes {1 minute] Each Arm | Both Arms
Overhead One 18.8 21.4 29.0 23.1 355

Two 32.3 38.9 72.9 48.0 :
Vertical One 21.8 23.6 34.5 26.6 36.6
Two 35.7 41.4 62.6 | 46.6 * ;
Deck One 17.5 18.4 35.4 || 23.8 29 6
Two 42,2 44.0 8C.4 55.5 :
Mean One 19.3 21.1 32.9 24.5 -
Two 36.7 41.4 71.9 50.0 -
Combined ; 28.0 31.2 52.4 - 37.2

Force Measurement Range Based on Individual Diver Mean Scores

No. of Test Diver Force (pounds) for Duration of:
Arms Used Range 6 minutes | 3 minutes 1 minute
Two High 50.0 61.3 102.5
Low 13.0 22.7 28.3

One High 32.3 33.3 54.0
Low 8.8 12.0 20.8
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Table 8. Hand Grip Strength.

: Measurement -  Hand Grip Strength

.

;: Description -  Subject grasps hand dynamometer, fully extends
arm, and squeezes instrument. Force emission
value is read from 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 grip an object
against a force.

: Source Percentile (pounds)

3 S5th 95th

; Garrett (1968) 67.10 128.28

Taylor (1954) 63.68 116.32

Clarke (1945) 104.39 163.61

Mean Value 78.39 136.07
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II. BODY RESTRAINT AND TETHERING SYSTEMS

A.  Introduction

The extent to which a diver is able to maintain hiniself in a fixed relation
to his work site plays an important role in specifying his strength and
force emission capabilities. It has been estimated that the applied
forces resulting from the use of restraining support for the diver are
approximately double that cf the unrestrained free-swimming diver
(Barrett and Quirk, 1969). Clearly, the operation of tools in a traction-
less underwater environment is most efficient when some means of trac -
tion or control of body position is provided. The form of diver restraint
or traction is a function of the following (Trout and Bruchey, 1969):

. The amount and direction of the forces required to perform the
tool operation.

The body position that the diver must assume to operate the tool.

. The size, weight, and general configuration of the tool system
being operated.

. The duration of the work task.
. The degree of dexterity required to successfully complete the
work task.

The operation of tools requiring only the application of small forces can,
in most cases, be effectively petformed from a neutrally-buoyant, free-
floating state. Screwdrivers and other tools requiring only small rotation-
al forces of the wrist and lower arm can be operated by an untethered
diver. The unrestrained diver has the advantage of complete freedom

of movement allowing him to move unencumbered about his work site.

He is also able to correct his body orientation to the most comfortable
and effective work position.

For tools requiring large and/or sustained fcrces, the need for some

form of diver restraint becomes mandatory. For example, hand wrenches,
requiring a large degree of mechanical leverage tc operate, cannot
impart sufficient torque unless the diver is provided with traction.
Without traction, the diver's body merely rotates about the torqueing
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axis and none of the torque is imparted to the object being tightened.

The purpose of this section is not to design or develop a diver restraint
and tethering system, but to review the design features and character-
istics of an optimum restraint and tethering system that could be applied
over a broad range of underwater work situations. A number of tethering
and restraint devices have been tested and used, or have been proposed
for use in underwater applications. Some of these are the result of tech-
niques developed by the aerospace industry to deal with the problems of
working in the zero-gravity environment of space (O'Neil, 1969; Trout
and Bruchey, 1969). Others have been developed specifically for diver
applications (Barrett and Quirk, 1969).
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B. General Requirements

The diversity of structures that divers are called to work on, along with
the numerous modes of diver apparel, make it difficult, if not imposs-
ible, to specify a single tethering and restraint system suitable to all
applications. However, general requirements can be specified, along
with design features that provide a system readily adaptable to a wide
range of underwater work applications. The following requirements
have been identified as the most desirable design festures for position-
ing and restraining a free-swimming diver. Many of these requirements
also reflect the needs of an astronaut working in the weightlessness

of space.

1. A restraint system must be flexible enough to provide a diver
with a wide degree of freedom to position his body with respect
to his work surface. The system must provide the diver with a
selection of restraint points that will fit the multiple or variable
body positions that may be required.

2. The basic restraint equipment must be usable with all
standard forms of diver apparel and life support systems. These
will include both hard-hat deep-dive dress and wetsuit scuba,
self-contained life support backpacks, and surface-supported
air hose and mixed-gas sysiems.

3. The diver must be able to enter and exit a restraint device
with and without gloved hands and without the assistance of
support or tender divers.

4, The limited visual field of diving helmet faceplates requires
that the restraint system release and adjustment mechanisms be

operable under "no-sight" conditions. In addition, all mechan-

isms must be operable with gloved hands.

5. A restraint system should be readily transportable between
work sites by a diver. Any portion of the restraint system worn
should not encumber the diver or affect his buoyancy underwater.

A survey was made of the research literature pertaining to restraint sys-
tems used for force applications both in underwater simulation of zero
gravity for space environments and in systems designed specifically
for underwater tool work. These studies indicate a number of design
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approaches that will meet the requirements of a diver operating in a

: tractionless environment. A research program sponsored by the National
g Aeronautics and Space Administration (Norman, 1969; General Electric
Space Systems Organization) utilized underwater zero-gravity simu-
lation techniques to develop basic force exertion data under various
conditions of personnel restraints, work site geometry, and type and
direction of forces to be exerted. Three types of restraint were tested
for their ability to effectively provide an energy sink and stabilizer

in resisting the effects of forces exerted by subjects in any given direc-
tion. The restraints selected for these tasks appeared to be represent-
ative of the most effective types in a space environment and included:

No Restraint -- In this condition, the subject maintained con-
tact with the force receiver handle with his right hand only.

Handhold Only -- The handhold restraint was located 19 inches
forward of the subject's left shoulder, with its center at the
same height as the center of the force receiver handle.

Waist Only -- The waist restraint consisted of a wide fabric

belt attached to telescoping metal bars extending from the sides
of the support structure. The telescoping bars permitted the
positioning of the swivel plates against the sides of the subject's
waist to prevent rotation around the sagittal axis (yaw). The
swivel plates permitted the subject to pitch freely, fore and

aft, around the axis formed by the support bars of the test
platform. The height of the waist restraint was adjusted for

each subject so that the center of the force receiver handle was
level with the subject's chest.

Shoes Only -- The shoe restraint used in this study was the
Gemini Dutch Shoes. These shoes effectively immobilized the
subject against up-and-down movement and provided a pivot
point for left cright, push, and pull forces.

The remaining restraint conditions consisted of all possible combin-
ations of the three primary restraints described above, resulting in
four combinations: handhold-waist, handhold-shoes, waist-shoes, and
handhold-waist-shoes.

Since force-producing capability varies greatly with the intended direct-
ion of force application, subjects were required to generate forces in
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both directions of the three orthogonal axes defining the location of
the force receiver. The directions of force application were:

. Push
. Pull

. Left

. Right
. Up

. Down

Tv0 types of data concerning force-emission capability were obtained,
the imgpulse force and sustained force, with the former defined as the
peak force exerted during a 1-second interval and the latter as the maxi-
mum force maintainable during a 4-second interval. Quantitative data
regarding these two types of force emission provide the equipment design-
er with speciiic data regarding the peak force which an operator can

be deperded upon to produce in a given restraint condition combination,
and also what iLorce the operator can maintain for a reasonable amount

of time. The results of mean forces across restraint systems are shown
in Table 9.

These data provide the following implications with respect to the effects
of restraint on force application. First, a sustained force cannot be
applied in a no-restraint, tractionless environment. Second, the single-
point restraints (handhold, waist, and shoes) have differential values for
different force directions. For sustained forces, the waist restraint was
best for push/pull forces, the shoes were best for up/down, and the
hand-hold was best for left directions. In addition, all single-point
restraints were about equal in their inability “o permit significant right
direction forces. The handhold-waist-shoes restraint combination
resulted in the largest push/pull forces, with the waist-shoes combinat-
ion & very close second. The handhald-shoes combination resulted in
the largest mean sustained force for the up/down and right/left direct-
ions.

A study conducted by the McDonnell Douglas Corporation (O'Neil, 1969)
discusses various special equipment and restraint techniques for enhanc-
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ing performance in the.zero-gravity envtronment'of space anc¢ the appli-
cation of these techniques to the hydrospace industry.. One such restramt
system is the lower-leg restraint, developed fo¥ manned space vehicle
applications and intended for use both in a pressure-suited modé outside
a space vehicle and in a shirtsleeve environment inside the vehicle.

The configuration of the lower-leg restraint, illustrated in Figure 1,

can readily be adapted for certain underwater applications by the addi-
tion of straps to secure the device to underwater pilings, pipelines,

and other structures. In its primary mode. of operation, the essential

restraining pressure points are at the feet and knees, as well as behind '

the calves. For an alternate, this device can be used as & 'tether ring
in conjunction with a waist tether, thus providing the user with a differ-
ent kind of mobility/flexibility with greater distance from the work sur-
face. The device! can also be utilized as a handhold or partial foot
restraint. The basic advantages suggested for the lower-leg restraint
device for underwater applications are listed below: ‘

Restraint Flexibility -- The device can enhanceé the diver's

force application. The degrees of restraint available to the diver
are a function of his leg strength and the frictioned forces gener-
ated by the knees and feet pressing against the anchoring surface
of the device. Simple muscle tension can be used to vary the
degree of restraint. Frictionai forces generated by the knees

and feet pressing. against the anchoring surface can be considered

as components of the resultant restraining force.

Body Mobility -- The lower-leg restralint provides excellent
body mobility while the diver is restrained, since the diver's’
natural movement'above the knee is not constrained. The diver
can also obtain multiple restraint points by positioning the
restraint anywhere along his calves from ankles to knees.

Fixity -- The rotational (swivel) ’capabilit\ylof the device enables
the user to lock the restraint at multiple angles. Locking is
accomplished by pushing a button that inserts a pin through an
upper rotating flange into prepositioned holes in the base fixed
flange. ‘ . :

Adjustability -- The lower-leg restraint is adjustable to various

leg thicknesses by the height adjustment which can easily be
operated with or without gloved hands.
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Figure 1,

Lower Leg Restraint Modified for Diver Application (O'Neil, 1969).
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Transportability -- The restraint is easily transported and can be ;
worn around the diver's waist without encumbrance. There is no

need for any portion of the restraint to be attached to the diver

while working, an important safety consideration.

Work Surface Interface -- The restraint device has a minimum
of structural interface problems. The adjustability straps allow
the device to be fitted to various sizes of pipes and/or pilings
(roughly 6 to 24 inches in diameter). No special modifications
are required on the work surface or support structure; however,
the structure must permit the restraint strap to wrap completely
around it.

Another type of restraint developed for space use, which has underwater
application, is the rigid waist restraint. This device offers a different
type of fixity and reach envelope than the lower-leg restraint and
generally requires that the diver be negatively buoyant or provided with
a supplementary foot restraint. Figure 2 illustrates a rigid, telescoping-
arm, waist restraint for maintaining a fixed, but adjustable, distance
between the diver and his work surface. The primary disadvantage of
waist restraint systems is the need for some sort of attachment point

at the work surface.
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Figure 2. Rigid Telescoping Waist Restraint (O'Neil, 1969).
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ImI. VISIBILITY

A. Introduction

Most underwater work requiring the use of diver-operated tools is
carried out under conditions or at depths where visibility is poor. The
underwater worker is very dependent upon water conditions to identify
and locate his work site or work surface, view the progress of his work
output, identify and select his tools and tool components, and visually
identify tool controls and displays.

Natural water is not very transparent. In addition to its absorption of
light as a function of color, water nearly always contains mineral and
organic particles in suspension, which result in scattering of light.
Thus it is difficult to see very far through water. While it is not
necessary to be an expert on the physics of light in water to identify the
visual problems of the underwater worker, a general understanding of
the changes in light that take place underwater will help in solving some
of the practical problems encountered in designing tools for underwater
use.
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B. Physics of Underwater Visibility

1. Apsorption and Scattering

Two phenomena which usually limit underwater vision range are
scattering and absorption. Observers agree that the absorption and
scattering of light in clear ocean water are essentially the same as in
clear distilled water, that some dissolved matter increases absorption,
and that suspended matter increases the scattering. Both absorption
aad scatterirg present difficulties when visual observations are made
in water. Scattering is the muie troublesomz, as it not only removes
useful light from the beam but also adds background illumination.
Compensation for the loss of light through absorption can sometimes be
made by the use of a strong artificial illumination source; however,
this addition of light can also be degrading to visibility because of the
increase in backscatter (Briggs and Hatchett, 1965).

Vision through suspended particles presents two problems to the viewer.
First, light must traverse the space between the viewer and the object
in order to illuminate the object. The light una