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14 Anthropometry and biomechanics

14.1 General
application of
anthropometric
and
biomechanics
data

14.1.1 User
population

Designers and human factors sFem alists incorporate scientific
data on human physical capabilities into the design of systems
and equipment. Human physical characteristics, unlike those of
machines, cannot be designed. However, design oversight can
place unnecessary demands and restrictions upon user personnel.

Definitions. Anthropometry isthe scientific
measurement and collection of data about human physical
characteristics and the application (engineering
anthropometry) of these data in the design and evaluation
of systems, equipment, manufactured products, human-
made environments, and facilities. Biomechanics
describes the mechanical characteristics of biological
systems, in this case the human body, in terms of physical
measures and mechanical models. Thisfieldis
interdisciplinary (mainly anthropometry, mechanics,
physiology, and engineering). Its applications address
mechanical structure, strength, and mobility of humans for
engineering purposes.

Thisfinal technical section of the HFDG provides additional
anthropometric and biomechanics data beyond that used in
previous technical sections. Previous data are cross referenced,
where appropriate. Unlike the other sections, this section
provides more guidance about the nature of the data, its selection,
and its proper use. It provides rules for applying the vast amount
of human form data available to specific design fit, function, and
human task performance.

The section also covers application principles and their resulting
rules, human body measurement data (static and dynamic), range
of motion and strength data, as well as comfort information.

In this document, body size, strength, and mobility data are
presented to represent the current FAA maintenance population.
In the future, this population will include a wider range of ethnic
backgrounds. Minorities and females are expected to increase.
The average age is expected to decrease. These changes will be
important for future systems design.

In this general section, design criteria and guidelines are given
for: (1) ascertaining user csoopulation data, (2) using the design
limits approach, (3) avoiding pitfallsin applying the data, (4)
usi ngﬂ dlstrl bution and correlation data, (6) solving design
problems, and (7) using models.

Anthropometric data are most appropriate when they are derived
from a survey of the existing worker population of interest. Since
the sub-popul ation associated with the FAA has not been
surveyed, information from substitute sourcesis used as a basis
for design.
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14 Anthropometry and biomechanics HFDG

14.1.2 Using
design limits

14.1.1.1 Use of data. Anthropometric and biomechanics data
shall be used in the design of systems, equipment (including
personal protection equipment), clothing, workplaces,
passageways, controls, access openings, and tools.

Discussion. The human’s interface with other system
components needs to be treated as objectively and
systematically as are other interface and hardware
component designs. It is not acceptable to guess about
human physical characteristics or to use the designer’s
own measurements or the measurements of associates.
Application of appropriate anthropometric and
biomechanics data is expected.

14.1.1.2 Datato beused. Designers and human factors
specialists shall use the anthropometric and biomechanics data
provided in this guide. If additional data are needed, they shall
use the more complete data given in DoD-HDBK-743. It other
reference or new data collections are considered, the contractor
shall obtain the approval of the acquisition program office.

Discussion. If this guide does not present data needed for
the problem at hand, the designer will have to select
appropriate sample information from DoD-HDBK-743.

In that handbook, the 1988 military male and female
survey distributions can be used to represent FAA

mai ntenance personnel when needed, as it represents the
most comprehensive samples available. Note that civilian
worki n% populations could be expected to have alarger
range of sizes and ages than the military. Samples with
comprehensive measures are not available.

14.1.1.3 Usi ng population extremes. Designers and human
factors specialists shall draw upon the extremes of the larger male
population distribution and the extremes of the smaller female
population distributions to represent the upper and lower range
values, respectively, to a%ply to anthropometric and
biomechanics design problems.

Discussion. The use of separate male and female
population data is a conservative approach that resultsin
more inclusive design dimensions than the same
percentiles would from a composite population.

Initial rulesin this section address the design limits approach. To
understand this approach it is helpful to consider the overall steps
and choices that one makes in applying anthropometric and
biomechanics data. The desi ﬁ;n [imits approach entails selecting
the most appropriate percentile values in popul ation distributions
and applying the appropriate associated datain a design solution.
These steps are listed in this introductory material and are
explained in detail in theinitial three guidelines of this
subsection. If the reader has applied the design limit approach
and understands it, the reader can skip the rest of this
introductory material as well as the explanations associated with
the first three guidelines, do not skip the guidelines.
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Definition. The design limits approach is a method of
applying population or sample statistics and data about
human physical characteristicsto adesign so that a
desired portion of the user population is accommodated
by the design. The range of users accommodated is a
function of limits used In setting the population portion.

To understand the design limits approach it is helpful to consider
step bK step the choices that design personnel make in applying
these human physical data.

a Select the correct human physical characteristic and its
applicable measurement characteristic (description) for
the design problem at hand.

b. Select the appropriate population, representative
sample, or guidelineinformation on the selected human
physical characteristic and measurement description to
apply to the design problem.

C. Determine the appropriate statistical point(s), usually
per centile points from guideline information or from the
sample distribution(s) in order to accommodate a desired
range of the human characteristic within the distribution
of the user population.

d. Read directly or determine statistically the measur ement
value(s) that corresponds to the selected statistical
point(s) relevant to the population distribution.

e Incorporate the measurement value as acriterion for the
design dimension, or in the case of biomechanics data,
for the movement or force solution in the design problem.

The design limits approach is accomplished during the selection
of percentile val u&gg)as the statistical point(s) in step c above.
Steps () and (b% are explained under the first two rule paragraphs
below. Steps (c), (d?] and (e) are explained under the third rule
paragraph below. The termsin bold above are defined in the
rulesthat follow. An example problem covering all steps follows
the third rule in paragraph 14.1.2.3. Different percentile values
apply to design issues involving clearance, reach limits,
adjustments, and sizing. These types of design limits problems
are covered in paragraphs 14.1.2.4 through 14.1.2.9.

14.1.2.1 Selecting the correct human physical and associated
measurement characteristics. Design personnel shall select
human and measurement characteristics that are relevant to the
component of design under consideration and are based upon:

a an analysis of human tasks associated with the system,
equipment, facility, or environment,

b. consideration of normal, degraded, or emergency modes
of task activities, and
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consideration of the importance and frequency of
expected task performance.

Definitions. Human physical and associated

measur ement char acteristics refer to specific physical,
mobility, or strength features of human users and to the
explicit way that a human feature or capability is
measured for use as general anthropometric or
biomechanics data or as data for a specific design.

Explanation. (Step afrom 14.1.2). Select the correct
human physical characteristic and its applicable
measurement description for the design problem at hand.
The associated measurement description tells how
measurements are taken for population or sample
distribution data. The decision to use a particular
characteristic is one of selecting the correct variable(s) for
the problem. If the problem calls for biomechanics
information, for example, strength information, the same
initial step of identifying the specific human characteristic
and how It is measured would apply.

14.1.2.2 Selecting the appropriate distribution infor mation.
When the design limits approach is used, designers and human
factors specialists shall select the appropriate sample distribution
(including the male, female, and nationality compositions) from
guideline, handbook, or survey sources.

Discussion. Information presented in this guideis

derived from the most relevant distributions for the users

and for the general problem areas. Part of the selection

Process may be to choose the most appropriate male or
emal e distribution information.

Explanation. (Step b from 14.1.2). Select the
appropriate population, representative sample, or
guideline information appropriate for guideline data on
the selected human physical characteristic and its
measurement description that applies to a design problem.

A population distribution has certain defining
parameters. For instance, a population mean and variance
are sufficient to define aknown normal (or Gaussian)
distribution (the bell shaped curve associated with the
variability of many human characteristics).

Usually, the entire pc()ful ation of users has not been
measured so sample distribution data and statistics are
generally used. Information from large samples can
estimate population parameters and thus can be used.

14.1.2.3 Selecting the correct percentile statistic. Design
criteriafor a human physical integration problem shall be based
upon the range of the population to be accommodated. Designers
and human factors specialists shall determine the appropriate
statistical points, usually percentile statistics, to accommodate an
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appropriate range of the population distribution for the specific
design problem.

Definitions. The percentile statistic is determined by
ranking all data values (using the applicable measurement
values related to the selected human physical
characteristic) in the sama||ole and determining the
percentage of datathat fall at or below a specific datum
value. This percentage is known as the per centile value
(or point) of the selected datum.

By definition, the point below which five percent of the
datavalues fall is known as the 5th per centile statistic.
The point below which one percent of the datafallsis
known as the 1st percentile. Similarly, the midpoint of
the distribution is the point below which 50 percent of the
datafalls and is defined as the 50th percentile. To
accommodate 95 percent of the population or sample,
choose the 95th percentile statistic, to accommodate all
but the top one percent choose the 99th per centile
statistic.

Explanation. (Step c from 14.1.2). Determine the
appropriate statistical point(s), usually percentile points,
from guideline information or from a sample distribution,
in order to accommodate the desired range of the human
characteristic within the distribution of the user

popul ation.

Usually, for design purposes, it isimpractical to
accommodate the extremes of the distribution because
there is so much variability at the extremes and so few
cases. often, persons who are extreme in dimensional
measurement values (in the lowest or highest one percent)
know it, and they behave so as to compensate for the
designed portions of their environments.

In step c, designers select the most applicable statistical
point(s) from the appropriate distribution to accommodate
the portion of the population that is appropriate to the
design problem. The design limits approach involves
selecting the appropriate per centile statistic(s). It was
previously noted that different kinds of design problems
(clearance, reach, adjustment, and sizing) call for different
strategies and result in the selection of different percentile
statistics.

(Step d). Read directly or determine statistically the
appropriate measur ement value (or datum value) that
corresponds to the selected statistical point relevant to the
population (or applicable sample) distribution.

For any percentile statistic used as applicable to a design
problem, there is a measurement value or data point that
corresponds to the criterion percentile statistical value.
This measurement value can be calculated or counted
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from the rank order data distribution, or it can be read
directly from atabular or graphical representation of the
distribution.

If population distribution characteristics (for example,
normality) and population parameters (for example, mean
and variance) are known, then other statistical properties
can be determined (for instance, percentiles and
associated measurement values (see paragraph 14.1.5.1).

(Step €). Incorporate the measurement value as a
criterion for the design dimension (or, in the case of
biomechanics data, for the movement or force solution) in
the design problem.

The actual measurement value is used as the design
dimension, force, or movement solution to the design
problem at hand. Since the example design problem is
one of accommodating the reach capabilities, the designer
will chose the female distribution to represent the shorter
reach capabilities in the population.

Example. A designer who has an application problem
involving human reach capabilities decides ésteﬁ a) that
the human physical characteristic "functional (thumb-tip)
reach” is applicable to this reach problem. In this case the
associated measurement description is as follows: the
horizontal distance from the wall to the tip of the thumb is
measured with the subjects shoulders against awall, the
arm extended forward, and the index finger touching the
tip of the thumb. (See exhibit 14.3.2.1, physical
characteristic 43.) ( Step b) The designer would like to
have distribution information from a composite
population which includes both male and female data and
which represents the applicable FAA population. Since
no such survey data exist for this population, this guide
directs (14.1.1.2) that substitute distribution data for

arate male and femal e populations be used (see exhibit
14.3.2.1). Since the example design problem is one of
accommodeating the reach capabilities, the designer in step
b will chose the female distribution to represent the
shorter reach capabilities in the population. In step ¢ the
most appropriate percentile statistic would be the 5th
percentile of the female sample distribution. This point
would assure that the reach of almost all male and female
personnel except those smaller than the 5th percentile
female would be accommodated. In step d of the
example, the measurement value for the 5th percentile
femaleis67.7 cm (26.7 in) as read from exhibit 14.3.2.1,
physical characteristic 43. In step e of the design example
above, the 67.7 cm (26.7 in) value would be used as the
criterion dimension in the design to accommodate
personnel reach.

= 14.1.24 Clearancedimension at the 95th percentile. Design
clearance dimensions which must accommodate or allow passage
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of the body or parts of the body shall be based upon the 95th
percentile of the male distribution data.

14.1.2.5 Clearance dimension at the 99th percentile. If a
certain clearance design dimension is critical to the activities of
the entire population or could be life threatening to likely users
who are at the larger extremes of the distribution, then a human
measurement value that is at least the 99th percentile male shall
be used as the criterion design dimension.

Discussion. Whole body clearance dimensions for
frequently used passageways and dimensions for critical
escape hatches need to be based on the 99th percentile
statistic. This practice ensures 99 percent of the user
population who are smaller than this measurement value
will have proper clearance.

14.1.2.6 Limiting dimension at the 5th percentile. Limiting
desi ?n dimensions, such as reach distances, control movements,
display and control locations, test point locations, and handrail
positions, that restrict or are limited by body or body Part size,
shall be based upon the 5th percentile of female data for
applicable body dimensions.

Discussion. For example, the maximum height from floor
level to an accessible part of any piece of equipment needs
to be within reach of the 5th percentile female maintainer,
which will ensure that at |east 95 percent of the user
population can access this part of the equipment.

14.1.2.7 Limiting dimension at the 1st percentile. If certain
limiting design dimensions are critical to the activities of the
entire population or could be life threatening to likely users who
are at the smaller extremes of the applicable distribution, then the
1st percentile of the female distribution shall be used as the basis
for the criterion dimension.

Discussion. Dimensions for reaching emergency or
lifesavi Qg equipment are examples where access cannot
be denied to the smaller extremes of the population.

14.1.2.8 Adjustable dimensions. Any equipment dimensions
that need to be adjusted for the comfort or performance of the
individual user shall be adjustable over the range of the 5th to
95th percentiles.

14.1.2.9 Sizing determinations. Clothing and certain personal
eguipment dimensions that need to conform closely to the
contour of the body or body parts shall be designed and sized to
accommodate at least the 5th through the 95th percentile range.
If necessary, this range shall be accommodated by creating a
number of unique sizes, where each size accommodates a
segment of the p%PuIaIion distribution. Each segment can be
bounded by a small range of percentile values.
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14.1.3 Avoiding
pitfallsin applying
anthropometric data

14.1.2.10 Critical life support equipment. Dimensions or sizes

of critical life support equipment shall accommodate, at |east, the

(rjangg—:‘bde_fi ned by the 1st through the 99th percentiles of the
istribution.

There are several common errors to be avoided by designers
when they apply anthropometric datato design. These are: (1)
designing to the midpoint (50th percentile) or average, (2) the
misperception of the typical sized person, (3) generalizing across
human characteristics, and (4) summing of measurement values
for like percentile points across adjacent body parts.

14.1.3.1 Misuse of the 50th percentile or of the average. The
50th percentile or mean shall not be used as design criteriaas it
accommodates only half of the users.

Discussion. When the population distribution is Gaussian
(normal), the use of either the 50th percentile or the
average for a clearance would, at best, accommodate half
the population.

14.1.3.2 Misperception of the{tj‘?/pically sized person. Designers
or human factors specialists shall not use the concept of a
typically sized person where the same percentiles values are
ex?lected across many dimensions. A person at the 95 percentile
in height is unlikely to measure at the 95th percentile in reach or
other dimensions. A percentile value and its measurement value
that pertains to a particular body part shall be used exclusively
for functions that relate to that body part.

Discussion. When the middle 30 percent of a population
of 4000 men was measured on 10 dimensions, only one-
fourth of them were "average" in asingle dimension
(height), and less than 1 percent were averagein five
dimensions (height, chest circumference, arm length,
crotch height, and torso circumference). Keeping in mind
that there 1s not an "average person,” one also must realize
that thereis not a"5th Percentile erson” nor a "95th
percentile” person. Ditferent body part dimensions are
not necessarily highly correlated. Animplication is that
one can not choose a person who is 95 percentile in
stature as atest subject for meeting 95 percentile
requirements in reach or other dimensions.

14.1.3.3 Summation of segment dimensions. Summation of like
percentile values for body components shall not be used to
represent any human physical characteristic that appearsto be a
composite of component characteristics.

Discussion. The 95th percentile arm length, for instance,
is not the addition of the 95th percentile shoulder-to-
elbow length plus the 95th percentile elbow-to-hand
length. The actual 95th percentile arm length will be
somewhat |ess than the erroneous summation. To
determine the 95th percentile arm length, one must use a
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14.1.4 Solving a
complex sequence of
design problems

distribution of arm length rather than component part
distributions.

In this section, rules are presented for approaching complex
design problems that requires the consideration of a sequence of
relevant design reference locations (such as seat reference points
and eye reference zones), human physical characteristics,
statistical points, and measures. The recommended approach
involves identifying the necessary human activities and positions
and establishing reference points and envelopes for the necessary
activities. These envelopes impact the location and design of
controls and displays as well as the placement of work surfaces,
eguipment, and seating accommodations. The effects of clothing
or carried equipment are then used to expand the dimensions.

14.1.4.1 Design to body positions and motions of the tasks.
Design personnel shall base the necessary operator and
maintainer body positions and motions on personnel tasks to be
performed during normal, degraded, and emergeng?/ modes of
oEerations and maintenance. If the human physic

characteristics associated with common or mobile working
positions as presented and illustrated in section 9.4 are applicable
to the jobs and tasks, the associated distribution and measurement
values shall be used.

14.1.4.2 Construction or collection of unique position data. If
the common and mobile working positions data in section 9.4 of
this guide do not represent the unique working positions
associated with a design, then design personnel shall construct
the applicable human physical characteristics and measures from
the static and dynamic data provided later in sections 14.3.2 and
14.3.3 or in DoD-HDBK-743. If no applicable data can be found
or calculated for important design measures, then, with the prior
approval of the acquisition program office, sample measures shall
be taken on appropriate personnel for the unique working
positions.

Discussion. Anthropometric measurement needs to be
done by professional's because there are many
complexities and potential interactions among positions of
body segments, as well as many technical points and
pitfalls to avoid in measurement practice. Sample
measurement methods can be found in Roebuck,
Kroemer, and Thomas, 1975.

14.1.4.3 Design reference points and zones. Design reference
points or zones that are key to the relationship between

personnel and hardware or facility design shall be based upon the
anthropometry of the necessary working positions. Such
reference points and zones include seat reference points, arm
rotation points, eye reference points or zones, visual envelopes,
and mobility or comfort adjustment ranges. These reference
points may have design practice definitions in certain application
area such as cockpit design or commercial seating. These
standard practices can be used, when applicable. However for
both standard or unique designs practices, explicit definitions
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used shall accompany each specific application project and the
relationships between these points or zones, user physical
characteristics, and task requirements shall be explicit.

o 14.1.4.4 Building and using reach envelopes. If reach data
provided in this guide (see section 14.4) do not apply to a specific
design problem, then reach design dimensions or envel opes for
design use should be constructed considering:

a one-handed or two-handed operation,

b. grasp requirements which may affect the functional reach
envelope,

C. positional relationship of a shoulder reference point or

arm rotation point to the seat back, seat reference point, or
other posture reference or design reference points, and

d. the appropriate samples and anthropometric
measurements from the data provided in this guide or in
DoD-HDBK-743 (see paragraph 14.1.1.2).

o 14.1.4.5 Building visual envelopes or footprints. Once eye
reference points and or zones are established, design personnel
should project the visual areas around the line of sight for visual
tasks. Visual envelopes or footprints can show if equipment
locations may interfere with necessary visual tasks. Similarly,
they show where displays can be located to ensure appropriate
aec?I b|||ty and information use. Paragraph and exhibit 7.1.2.6.9

dress display locations in relation to line-of-sight perspectives.

o 14.1.4.6 Building design solutions. Many problems associated
with integrating human physical characteristics into a design
involve building a series of dimension criteria. If feasible, each
criterion dimension should be based upon the design limit
approach to the appropriate single human physical characteristic
for the body segment appropriate to the design problem. Static
and dynamic data (see section 14.3) are used as the design details
are planned and iterated. If appropriate, composite characteristics
and measures should be used as addressed in paragraph 14.1.5.3.

Discussion. In design work, measurements are seldom
used alone. Sitting height and functional reach are used in
the deéla(];n of consoles, while hip breadth, sitting and
popliteal height are required for the design of seating.

= 14.1.4.7 Effectsof clothing. Because most anthropometric data

Bresented in this guide an in other data sources represent nude
ody measurements (unless otherwise indicated), suitable

aIIowances shall be made for light, medium, or heavy clothing
and for any special protective equipment that isworn. Exhibit
14.1.4.7 illustrates the additive effects of clothing on static body
dimensions and shows the 95th percentile gloved hand measures.
If special items of protective clothing or equipment are involved,
the effects shall be measured in positions required by the users
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Discussion. Nude dimension and_Iig
regarded as synonymous for practic

tasks. The effects on the extremes of the population distribution
shall be determined.

ht clothing can be
purposes. .
Additional information on the changes in anthropometric

measurement values imposed by different clothing

ensembles are found in Johnson, 1984.

Exhibit 14.1.4.7 Additive effects of clothing on anthropometric
measures

Abdomen depth
Buttock-knee
length

Chest depth

Elbow breadth
Hip breadth
Hip breadth,
sitting

Knee breadth
(both)

Knee height,
sitting
Shoulder
breadth

Shoulder-elbow
length

Shoulder height,
sitting

Light Medium Heavy
clothing clothing clothing
2.39 cm 3.00cm 6.45cm
(0.94in) (1.18in) (2.54in)
0.51cm 0.76 cm 1.78 cm
{0.20in) (0.30in) (0.70in)
1.04 cm 2.44 cm 3.91 cm
{0.41in} (0.96in} (1.54in)
1.42 cm 2.64 cm 5.38 cm
(0.56in) (1.04in) (2.12in)
1.42 cm 1.93 cm 3.56 cm
(0.56in) (0.76in) (1.40in)
1.42 cm 1.93 cm 3.56 cm
{0.56in}) (0.76in) (1.40in)
1.22 cm 1.22 cm 4.27 cm
(0.48in) (0.48in) (1.68in)
3.3bcm 3.35cm 3.66 cm
(1.32in) (1.32in) (1.44in)
0.61lcm 2.24cm 2.95cm
(0.24in) (0.88in) {1.16in)
0.36 cm 1.27 cm 1.57 cm
{0.14in}) (0.50in) (0.62in)
0.41 cm 1.47 cm 2.03 cm
(0.16in) (0.58 in} (0.80in)
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Exhibit 14.1.4.7 (continued) Additive effects of clothing on anthropometric measures

®

Anti-contact Wet-cold Arctic
glove glove glove
Hand position X Y y4 X Y y4 X Y Y4

Extended flat cm 26.7 11.9 6.4 27.2 14.5 7.6 42.2 13.7 9.1
(in) (10.5) (4.7) (2.5) (10.7) (5.7) (3.0) (16.6) (5.4) (3.6)
Closed as fist cm 17.8 12.7 8.4 18.6 14.7 9.4 36.3 13.2 13.7
(in} (7.0) (5.0) (3.3) (7.3) (5.8) (3.7) (14.3) (5.2) (5.4)

Grasping handle

0.6 cm (0.24in)17.8 12.7 8.9 18.6 14.0 8.9 356 14.0 11.4
diameter (7.0) (b6.0) (3.5) (7.3) (b.b) (3.5) (14.0) (b.5) (4.5)
2.5cm (1.0in) 17.8 12.7 8.9 186 13,56 10.2 356 13.2 11.4
diameter (7.0) (b.0) (3.5) (7.3) (b.3) (4.0) (14.0) (5.2) (4.5)
50cm (2.0in) 19.0 11.4 10.7 20.3 11.9 10.2 38.1 13.7 12.7
diameter (7.5) (4.5) (4.2) (8.0) (4.7) (4.0) (15.0) (5.4) (b.0)

Grasping knob

0.6 cm (0.24 in)20.3 9.7 10,9 229 11.7 10.2 394 122 11.4
diameter (8.0) (3.8) (4.3) (9.0) (4.6) (4.0) (15.5) (4.8) (4.5)
2.5cm (1.0in) 22.8 8.9 10.2 229 11.4 10.2 40.1 12.2 12.2
diameter (9.0) (3.5) (4.0) (9.0) (4.5) (4.0) (15.8) (4.8) (4.8)
5.0cm (2.0in) 24.1 9.4 9.4 234 114 10.7 405 11.9 12.2
diameter (9.5) (3.7) (3.7) (9.2) (4.5) (4.1) (15.9) (4.7) (4.8)
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= 14148 Effectsof toolsand equipment lifted or carried. If
tools or equipment are to be lifted or carried, the additive effects
of their dimensions upon the relevant human characteristics and
measures shall be determined by taking into account:

a how the tool or equipment may be lifted and carried,

b. the number of peopleinvolved in the carry or in the lift,

C. the tasks involving the tools or equipment, and

d. the effects on work passageways, areas, and stations.
14.1.5 Use of Complex uses of statistical data concerning human physical
distribution and dimensions or capabilities are introduced in this section. Data and
correlation data distribution information on a single physical characteristic and its

measures provides no information about that characteristic’'s
composite relationship with any other characteristic and its
measures. For design, the relationship between two or more
characteristics and how their measures vary together is important.
Consider sizing clothing and designing seats. Bivariate
distributions and correlation statistics can be used by
knowledgeable professionals to determine design criteria.

o 14.15.1 Gaussian distribution of measurement valueson a
single human physical characteristic. The relationship between
the Gaussian distribution and the measurement value equivalent
to the desired percentile statistic value should best be determined
from a smoothed frequency distribution or from the formula
presented in exhibit 14.1.5.1 if the following conditions are met:

a the percentile value is not given in applicable Human-
machine-interface data, and

b. the population distribution for the applicable human

physical characteristic is known to be Gaussian (normal)
and the mean and variance are known.

Exhibit 14.1.5.1 Percentile values

Percentile Formula*

+ - (SD)

70 and 30 %tile= X £(0.524)(X)
75 and 25 %tile= X x(0.674)(X)
80 and 20 %tile= X +(0.842)(X)
85 and 15 %tile= X +(1.036)(X)
90 and 10 %tile= X+(1.282)(X)
95 and 5 %tile= X +(1.645)(X)
97.5 and 2.5%tile= X +(1.960)(X)
99 and 1 %tile= X +(2.326)(X)
99.5 and 0.5 %tile= X+(2.576)(X)
SD = (Standard deviation) X = mean or 50th percentile
* Do not use with skewed strength data.
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[m]

14.1.5.2 Using bivariate distribution data. Bivariate data
should be professionall %/ applied and interpreted since knowledge
of the population distribution characteristics are necessary to

proj elct and extract design limits and to apply them to design
problems.

Discussion. The variability of two body measurements
and their interrelationship with each other may be
presented in agraph or atable. Bivariate information
Includes the ranges of two measurements and the
percentages or frequencies of individuals who are
characterized by the various possible combinations of
values of the two measurements. Knowledgeable
professionals can tell about the relationships from the
appearance and shape of the joint distribution of
measures. Correlation statistics, when the relationship
warrants, provides additional insight and when an
appropriate samples are large enough may provide
predictions of population values.

14.1.5.3 Use of correlation and multiple correlation data. If
two or more human Physi cal characteristics are applicableto a
design problem, professionals should apply and interpret
correlation statistics. Knowledge about distributions and
intercorrelations among the distributions need to be factored into
the use of these data.

Discussion. The relationships or correlations between
specific body measurements are highly variable among the
various human characteristics and may differ across
samples and populations. For example, breadth
measurements tend to be more highly correlated with
weight than with stature. The degree of the relationship
may be expressed by a correlation coefficient or "r* value.

Although common percentile values may not be used to
sum data across adjacent body parts, (see paragraph
14.1.3.3), regression equations derived from the
applicable samples can be used in constructing composite
body measures.

Definition. The correlation coefficient or "r" value
describes the degree to which two variables vary together
(positive correlation) or vary inversely (negative
correlation). The correlation coefficient, "r", has a range
of values from +1.0 (perfect positive correlation) through
-1.0 (perfect negative correlation). Multiple correlation
involves the ﬁredictable relationship of two or more
variables with another criterion variable (such as a
composite measurement value). " R" isthe multiple
correlation coefficient. It isrecommended that only
correlations with strong predictive values be used (that is
wherer or Risat least or greater than |.7]). (Note: R% is
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14.1.6 Use of models

14.2
Anthropometric
variability
factors

the square of the multiple correlation coefficient and
eguates to the proportion of the variation accounted for in
the prediction. An R of .7 would account for about 50
percent of the variation).

Models that represent human physical characteristics are bein
used with increasing frequency in the design of equipment an
systems. Some models are as simple as drawing board manikins
with articulated joint movement. Others use computer graphics to
model dynamic human physical characteristicsin three
dimensional Workﬁl aces. Other models are being developed to
integrate human physical characteristics into computer-aided
design software.

14.1.6.1 Data applicable to the design problem. Designers and
human factors specialists shall ensure that models of human
physical characteristics contain and appropriately use accurate
population, sample, or guideline-b datafor the user
population and the design problem of interest.

14.1.6.2 Common errors. Designers and human factors
specialists shall ensure that neither the model to be used nor the
manner of its use violates the design criteria about common
anthropometric pitfalls stated in section 14.1.3.

14.1.6.3 Use of design limits approach. Designers and human
factors specialists shall ensure that models employed in design
appropriately use the design limits method.

14.1.6.4 Model treatment of multiple variables. If multivariate
treatments are appropriate to a design problem, designers and
human factors specialists shall ensure that the models
appropriately treat and use the proper multivariate data.

14.1.6.5 Joint mobility and reach interaction. Designersand
human factors specialists shall ensure that the models
appropriately treat joint mobility and reach (see subsections
14.3.3.2 and 14.4).

There are many factors that relate to the large variability observed
in measures of the human body. These factorsinclude: (1) body
position, (2) age, health, and body condition, (3) sex, (4) race and
national origin, §5) occupation, and (6) evolutionary trends.
These factors affect future population sampling and encourage
the use of the most recent data on the populations of interest. If
designers and human factors specialists need to draw upon other
data or accomplish some special purpose sampling, the following
guidelines related to data variability may assist.

14.2.1 Foreign Fopulations. If a specific use of the system or
eguipment involves operation or maintenance by foreign
personnel in locations outside the United States, sample data
should be obtained that represents the foreign work force.

14.2.2 Race. There are no practical differences between the
anthropometric characteristics of the U.S. Afro-American
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14.3
Anthropometric
and
biomechanics
data

14.3.1 Data usage

population and the U.S. population as awhole. Thus no special
data collections or data adjustment should be used to
accommodate the integrated U.S. work population.

14.2.3 Body slump. In determining body position and eye
position zones for seated or standi n? dpositlons, a slump factor
which accompanies relaxation should be taken into account.
Seated-eye height measurements can be reduced by as much as 65
mm (2.56 in) when a person sitsin arelaxed position. Body
slump, when standing, reduces stature as much as 19 mm (.75 in)
from a perfectly erect position. These slump factors should be
considered in designing adjustable seats, visual envelopes, and
display locations.

This section provides general guidance for the use of specific
anthr(gfometric and biomechanics data, static body characteristics
data, dynamic body characteristic dataincluding range of joint
motion and common and mobile working positions.

Dimensions of the human body which influence the design of
personal and operational equipment are of two types: (1) static
dimensions, which are measurements of the head, torso, and
limbs in normal positions, and (2) dynamic dimensions, which
are measurements taken in working positions or during
movement.

14.3.1.1 Use of anthropometric and biomechanics data. Data
throughout section 14.3 are to be used for anthropometric issues
that are not addressed in earlier sections of this HFDG. If
designers and human factors specialists need additional datato
solve anthropometric design problems associated with human
physical characteristics they shall use the data presented in DoD-
HDBK-743 (see also 14.1.1.2).

14.3.1.2 Task considerations. Designers and human factors
specialists shall take the following task conditions into
consideration when using the human physical characteristic data
presented in this section:

a the nature, frequency, and difficulty of the related tasks to
be performed by the operator or maintainer of the

equipment,

b. the position of the body during performance of operations
and maintenance tasks,

C. n;sol?i lity and flexibility demands imposed by maintenance
tasks,

d. tggktouch, grasp, torgue, lift, and carry requirements of the
tasks,
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14.3.2 Static body
characteristics

[m]

e increments in the design-critical dimensions imposed by

clothing or equipment, packages, and tools, and

f. increments in the design-critical dimensions imposed by

the need to compensate for obstacles and projections.

14.3.2.1 Static data. Exhibit 14.3.2.1 presents static human
physical characteristics and measurement values which should be
used, as apﬁlicabl e, in design problems. Exhibit 14.3.2.1
addresses the following body parts: head, seated body, standing
body, and hands.

14.3.2.2 Relevant static anthropometric data. If applicable,
designers and human factors specialists shall use the relevant
anthropometric design criteria and guidelines from this guide
associated with:

a hand and finger access in section 6 (see paragraphs
6.4.3.2,6.4.3.3, and 6.4.3.4),

b. handle features for lifting and carrying in section 6 (see
sections 6.2.5.2 and 6.2.5.3),

C. spacing between controls in section 7 (see paragraphs
7.4.3.1,7.44.10.1, and 7.4.4.11.1), and

d. comrpon working positions in section 9 (see paragraph
9.4.1).
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Exhibit 14.3.2.1 Static human physical characteristics (head)
1 Head breadth. The maximum breadth of the head,
usually above and behind the ears.
Percentiles
Sample 1st 5th 50th 95th 99th
A Men cm 13.9 143 15.2 16.11 6.5
(in) (5.1) (b5.6) (6.0) (6.3} (6.5)
B Women cm 13.3 13.7 14.4 15.3 15.7
(in) (6.2) (5.4) (5.7) (6.0) (6.1)

2 Interpupillary breadth. The distance between the
centers of the pupils of the eyes (the eyes are looking
straight ahead).

Percentiles
Sample 1st 5th _50th 95th 99th
A Men cm 5.7 5.9 6.5 7.1 7.4
(in) (2.2) (2.3) (2.7) (2.8) (2.9)
B Women cm 5.5 5.7 6.0 6.9 7.0
(in} (2.8) (2.2) (2.4) (2.7) (2.8)

3 Face breadth (bizygomatic). The breadth of the face,
measured across the most lateral projections of the
cheek bones (zygomatic arches).

Percentiles
Sample 1st 5th 50th 95th  99th
A Men cm 12.8 13.2 14.0 15.0 15.4
(in} (5.0) (5.2) (6.6) (5.9) (6.1)
B Women cm 12.1 12.3 12.8 14.0 15.4
(in) (4.8) (4.8) (5.1) (5.5) (5.7)

4 Face length (menton-sellion). The vertical distance
from the tip of the chin (menton) to the deepest point
of the nasal root depression between the eyes
{sellion).

Percentiles
Sample 1st 5th  50th 95th  99th
A Men cm 10.8 11.2 12.2 13.3 13.7
(in} (4.3) (4.4) (4.8) (5.2) (5.4)
B Women cm 10.1 10.4 11.3 12.4 12.9
(in) (3.4) (4.1} (4.5) (4.9) (5.1)
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Exhibit 14.3.2.1 (continued) Static human physical characteristics (head)

5 Biocular breadth. The distance from the outer corners
of the eyes (right and left ectocanthi).

Percentiles
Sample 1st 5th 50th 95th 99th

A Men cm 11.0 11.3 12.2 13.1 13.6
{(in) (4.3) (4.5) (4.8) (5.2) (5.4)

B Women cm 10.8 11.1 11.6 12.9 13.3
(in) (4.3} (4.4) (4.3) (5.1) (5.3)

6 Bitragion breadth. The breadth of the head from the
right tragion to the left. (Tragion is the cartilaginous
notch at the front of the ear).

Percentiles
Sample 1st 5th 50th 95th 99th

A Men cm 13.1 135 145 15.5 15.9
{in) (5.2) (6.3} (5.7) (6.1) {(6.3)

B Women cm 12.5 12.8 13.3 14.3 15.0
(in) (4.3) (5.4) (5.4) (5.7) (5.9)

7 Glabella to back of head. The horizontal distance
from the most anterior point of the forehead between
the brow-ridges (glabella) to the back of the head,

measured with a headboard.
Percentiles
Sample 1st 5th 50th 95th  99%9th
7 \ A Men cm 18.3 18.8 20.0 21.1 21.7
- J (in) (7.2) (7.4) (7.9) (8.3) (8.5)
@ [ @ B Women cm 17.5 18.0 19.1 20.2 20.7
D (in) (6.9 (7.1) (7.56) (8.0) (8.1)
\J
- C
8 Menton to back of head. The horizontal distance
from the tip of the chin (menton) to the back of the
head, measured with a headboard.
8 - ;
Percentiles
Sample 1st 5th 50th 95th  99th

A Men cm 156.7 16.5 18.2 20.0 20.7
(in}) (6.2) (6.5) (7.2) (7.9) (8.2)

B Women cm 15.2 15.8 17.3 18.9 19.6
(in}) (6.0) (6.2) (6.8) (7.4) (7.7)
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Exhibit 14.3.2.1 (continued) Static human physical characteristics (head)

9 Sellion to top of head. The vertical distance from the
nasal root depression between the eyes (sellion), to
the level of the top of the head, measured with a
headboard.
Percentiles
Sample I1st 5th 50th 95th  99th
A Men cm 9.7 10.1 11.2 124 12.9
(in) (3.8) (4.0} (4.4) (4.9) (5.1)
B Women cm 9.0 9.5 105 11.7 12.2
{in) (3.5) (9.5) (4.1) (4.6) (4.8)
10 Stomion to top of head. The vertical distance from
the midpoint of the lips (stomion) to the level of the
top of the head, measured with a headboard.
Percentiles
Sample 1st 5th _50th 95th _99th
A Men cm 16,9 174 18.6 19.9 20.6
(in) (6.7) (6.6) (7.3) (7.8) (8.1)
B Women cm 15.7 16.3 17.6 18.8 19.4
(in) (6.1) (6.4) (6.9) (7.4) (7.6)
11 Sellion to back of head. The horizontal distance from
the nasal root depression between the eyes (sellion),
to the back of the head, measured with a headboard.
Percentiles
Sample 1st Sth 50th 95th 99th
A Men cm 18.0 185 19.7 20.9 21.4
(in) (7.1) (7.3} (7.8) (8.2) (8.4)
B Women cm 174 17.8 18.9 20.0 20.5
(in) (6.6) (7.1) (7.4) (7.9) (8.4)
12 Pronasale to back of head. The horizontal distance
from the tip of the nose (pronasale) to the back of the
head, measured with a headboard.
Percentiles
Sample 1st 5th 50th 95th _ 99th
A Men cm 20.0 205 22.0 23.2 23.9
(in) (7.9) (8.1) (8.7) (9.1) (9.4)
B Women cm 19.2 19.7 21.0 22.2 22.8

(in) (7.6) (7.8) (8.3) (8.7) (8.0
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Exhibit 14.3.2.1 (continued) Static human physical characteristics (head)

13 Head length. The maximum length of the head;
measured from the most anterior point of the
forehead between the brow-ridges (glabelia) to the
back of the head (occiput).

Percentiles
13 - Sample 1st 5th 50th 95th 99th

A Men cm 18.0 185 19.7 20.9 21.3
(in) (7.1) (7.3) (7.8) (8.2) (8.4)

B Women cm 17.2 17.6 18.7 19.8 20.2
J (in) (6.8) (7.0) (7.4) (7.8) (8.0)

ﬁ 14
%) a
/O 15
< c 14 Menton to top of head. The vertical distance from
- - the tip of the chin (menton) to the level of the top of
16 the head, measured with a headboard.
3 Percentiles
Sample 1st 5th 50th 95th 99th

A Men cm 21.2 21.8 23.2 24.7 255
(in) (8.4) (8.6) (8.6) (9.1) (9.4)

B Women cm 19.8 20.4 21.8 23.2 23.8
(in) (7.8) (8.3) (8.6) (9.1) (9.4)

15 Menton-crinion length. The vertical distance from the
bottom of the chin {(menton) to the midpoint of the
hairline (crinion).

Percentiles
Sample Ist 5th 50th _95th 99th

A Men cm 16.6 174 19.1 20.9 21.6
{in) (6.5) (6.9) (7.5) (8.2) (8.5)

B Women cm 15.6 16.1 17.7 19.2 19.9
(in) (6.1) (6.3) (7.0) (7.6) (7.8)

16 Menton-subnasale length. The distance from the
bottom of the chin (menton) to the base of the nasal
septum (subnasale).

Percentiles
Sample Ist 5th 50th _ 95th 99th
A Men cm 6.1 6.5 7.3 8.3 8.7
(in} (2.4) (2.7 (2.9) (3.3) (3.3)
B Women cm 5.7 6.0 6.5 7.8 8.3
(in}) (2.2) (2.4) (2.7) (3.1) (3.8)
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Exhibit 14.3.2.1 (continued) Static human physical characteristics (seated)

17 Shoulder length. The surface distance along the top
of the shoulder from the junction of the neck and
shoulder to the point of the shoulder (acromion).

Sample

Percentiles
Sample Ist 5th 50th 95th  99th
A Men cm 124 13.3 15.0 16.9 17.7
(in) (4.9) (5.3) (5.9) (6.7) (7.0)
B Women cm 12.0 12.7 14.5 16.2 17.1
(in} (4.7) (5.0) (5.7) (6.4) (6.7)

18 Mid-shoulder height, sitting. The vertical distance
from the sitting surface of the shoulder halfway
between the neck and the point of the shoulder,
measured with the subject sitting.

Ist

Percentiles
5th 50th 95th 99th

_Sample

(in)

A Men cm 56.3 58.3 63.0 67.7 69.4
(in) {22.2) {23.0) (24.9) (26.7) (27.3)

B Women cm 52.3 53.9 58.4 63.1 64.7
20.6) (21.2) (23.0) (24.8) (25.5)

19 Trunk (suprasternale) height, sitting. The vertical
distance from the sitting surface to the lowest point
of the notch in the upper edge of the breast bone
(suprasternale), measured with the subject sitting.

1st

Percentiles
5th 50th _95th 99th

Sample

A Men cm 53.1

B Women cm 49.8

20 Waist height, sitting. The vertical distance from the
sitting surface to the level of the waist (natural
indentation), measured with the subject sitting.

1st

656.2 59.6 64.2 65.9
(in) (20.9) (21.7) (23.5) (25.3) (25.9)

51.1 55.3 59.6 61.2
{in}) (19.6) (20.1) (21.8) (23.5) (24.1)

Percentiles
5th 50th  95th 99th

A Men cm
(in)

B Women cm
(in)

248 26.0 28.7 31.5 32.9
(9.8) (10.2) (11.3) (12.4) (13.0)

22.8 24.4 280 31.5 32.7

(9.0)

(9.6) (11.0) (12.4} (12.9)

14-22 FAA William J. Hughes Technical Center

January 15, 1996



HFDG 14 Anthropometry and biomechanics

Exhibit 14.3.2.1 (continued) Static human physical characteristics (seated)

21 Sitting height. The vertical distance from the sitting
surface to the top of the head, measured with the
subject sitting.

Percentiles
Sample ist  5th 50th 95th  99th

A Men cm 828 855 914 97.2 991
(in) (32.6) (33.7) (36.0) (38.3) (39.0)

B Women cm 77.5 79.5 85.1 91.0 93.3
(in) (30.5) (31.3) (33.5) (35.8) (36.7)

22 Shoulder (acromiale) height, sitting. The vertical
distance from the sitting surface to the point of the
shoulder (acromion), measured with the subject
sitting.

Percentiles
Sample 1st 5th 50th 95th 99th

A Men cm 129.9 134.2 144.2 154.6 158.4
(in) (61.1) (52.8) (56.8) (60.1) (62.4)

B Women cm 120.4 123.9 133.3 143.7 147.5
{in) (47.4) (48.8) (52.5) (56.6) (58.1)

23 Elbow-grip length. The horizontal distance from the
back of the elbow to the center of the clenched fist.

Percentiles
Sample 1st 5th 50th 95th 99th

A Men cm 32.3 33.2 35.9 39.1 40.3
(in) {12.7) (13.1) (14.1) (156.4) (15.9)

B Women cm 28,9 30.0 32.8 35.8 37.2
(in) (11.4) (11.8) (12.9) (14.1) (14.7)

24 Elbow rest height. The vertical distance from the
sitting surface to the bottom of the tip of the elbow,
measured with the subject sitting and the forearm
held horizontally.

Percentiles
Sample 1st 5th 50th _ 95th 99th

A Men cm 16.8 18.4 23.2 27.4 29.2
(in) (6.6) (7.2) (9.1) (10.8) (11.5)

. B Women cm 15.8 17.6 22.1 26.4 28.2
{in) (6.2) (6.9) (8.7) (10.4) (11.1)
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HFDG

Exhibit 14.3.2.1 (continued) Static human physical characteristics (seated)

25 Eye height, sitting. The vertical distance from the
sitting surface to the outer corner of the eye
{ectocanthus), measured with the subject sitting.

N
2]

Percentiles
Sample 1st 5th 50th 95th 99th
A Men cm 71.2 73.5 79.2 84.8 86.9
I\ ’ (in) (28.0) (28.9) (31.2) (33.4) (34.2)
B Women cm 66.4 685 73.8 794 81.6
(in) {26.1) (30.0) (29.1) (31.2) (32.1)

26 Thigh clearance. The vertical distance from the
sitting surface to the highest point of the thigh,
measured with the subject sitting.

&

Sample

1st

5th

[} ! Percentiles
26 kz =" Sample 1st __ 5th__ 50th  95th _ 99th
Y
r' — A Men 141 149 16.8 19.0 20.1
28 (6.6) (5.9) (6.6) (7.5) (7.9)
B Women cm 13.4 14.0 1.8 18.0 19.0
(6.3) (5.5) (6.2) (7.1) (7.5)

27 Elbow-fingertip length. The horizontal distance from
the back of the elbow to the tip of the middle finger,
with the hand extended.

Percentiles
50th 95th 99th

A Men

B Women cm 39.1

cm 43.4 448 48.3
(in) (17.1) (17.6) (19.2)

40.6 44.2
(in) (156.4) (16.0) (17.4)

28 Knee height, sitting. The vertical distance from the
footrest surface to the top of the knee, measured
with the subject sitting.

52.4 54.2
{20.6) (21.3)
48.3 49.8
(19.0) (19.6)

Percentiles
Sample 1st 5th 50th 95th 99th
A Men cm 49,7 514 55,8 60.6 62.3
(in) (19.6) (20.2) (22.0) (23.9) (24.5)
B Women cm 454 47.4 49.8 56.0 57.8
(in} (17.8) (18.7) (20.2) (22.0) (22.8)
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Exhibit 14.3.2.1 (continued) Static human physical characteristics (seated)

29 Vertical reach, sitting. The vertical distance from the

sitting surface to the tip of the middle finger,
measured with the subject sitting and the arm, hand,
and fingers extended vertically.

Percentiles
Sample 1st bth 50th  95th  99th

30

Men cm 129.3 133.8 143.3 153.2 156.7
(in) (50.1) (52.7) (56.4) (60.3) (61.7)

Women cm 119.7 123.3 132.7 141.8 145.4
{in) (47.1) (48.5) (62.2) (55.8) (57.2)

Abdominal depth, sitting. The depth of the abdomen,
with the subject sitting.

Percentiles
Sample 1st 5th 50th 95th 99th
A Men cm 18.6 19.9 23.6 29.1 31.4
{in) (7.3) (7.8) (9.3) (11.5) (12.4)
B Women cm 17.3 185 21.9 27.1 29.5
(in) (6.1) (7.3) (8.6) (10.7) (11.6)
31 Popliteal height, sitting. The vertical distance from
the footrest surface to the underside of the lower leg,
measured with the subject sitting.
Percentiles
Sample 1st 5th 50th 95th 99th
A Men cm 37.8 39.5 43.3 47.6 49.5
(in) (14.9) (15.6) (17.1) {(18.7) (19.5)
B Women cm 33.7 35.1 38.9 429 44.6
(in) (13.3) (13.8) (156.3) (16.9) (17.6)
32 Forearm-forearm breadth, sitting. The horizontal
distance across the body between the outer surfaces
of the forearms, measured with the forearms flexed
and held against the body.
Percentiles
Sample 1st 5th 50th 95th  99th
A Men cm 45.1 47,79 545 62.1 65.3
(in} (17.8) (18.8) (21.5) (24.5) (25.7)
B Women cm 394 415 46.7 52.8 56.0

{in) {15.5) (16.3) (18.4) (20.8) (22.1)
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Exhibit 14.3.2.1 (continued) Static human physical characteristics (standing)

HFDG

33 Shoulder (bideltoid) breadth. The horizontal distance
across the upper arms between the maximum bulges
of the deltoid muscles; the arms are hanging and
relaxed.

Percentiles
Sample 1st 5th 50th 95th 99th
pe—— 33 —> A Men cm 43.4 45.0 491 53.56 55.2
"1— (in}) (17.1} (17.7) {(19.3) (21.1) (21.7)
s B Women cm 38.0 39.7 43.1 47.2 49.2
34 -4 (in}) (15.0) (15.6) (17.0) (18.6) (19.4)
- . .
34 Stature. The vertical distance from the floor to the
. . top of the head.
Percentiles
Sample Ast  5th 50th 95th  99th
A Men cm 160.3 164.7 175.5 186.7 190.9
{in} {63.1) (64.8) (69.1) (73.5) (75.2)
B Women cm 148.3 1562.8 162.7 173.7 178.0
Y 8 (in) (58.4) (60.2) (64.1) (68.4) (70.1)
*A- 36
35 Suprasternale height. The vertical distance from the
\ floor to the lowest point of the notch in the upper
edge of the breast bone (suprasternale).
Percentiles
Sample Ist _ 5th 50th 95th  99th
A Men cm 130.2 134.3 143.7 153.7 157.5
(in) 51.3 (52.9) (56.6) (60.5) (62.0)
B Women cm 120.7 124.1 132.9 142.5 146.4
(in) (47.5) (48.9) (52.3) (56.1) (57.6)

36 Tragion height, standing. The vertical distance from
the floor to the tragion, the cartilaginous notch at the
front of the ear.

Percentiles
Sample 1st 5th 50th _95th  99th
A Men cm 147.4 151.9 162.4 173.4 1775
{in) (68.0) (569.8) (63.9) (68.3) (69.9)
B Women cm 136.3 140.7 150.4 161.2 165.4
(in) (63.7) (55.4) (59.2) (63.5) (65.1)
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Exhibit 14.3.2.1 (continued) Static human physical characteristics (standing)

37 Chest (bust) circumference. The circumference of the
torso measured at the level of the nipples.
Percentiles
Sample 1st 5th 50th 95th 99th
A Men cm 845 886 98.7 111.3 116.8
(in} {33.3) (34.9) (38.9) (43.8) (50.0)
B Women cm 78.1 81.4 90.1 102.2 107.7
(in) (30.8) (32.1) (35.5) {40.2) (42.4)
38 Crotch height. The vertical distance from the floor to
the midpoint of the crotch.
Percentiles
Sample 1st 5th 50th 95th 99th
A Men cm 73.2 76.4 835 91.6 94.6
(in) (28.8) (30.1) (32.9) (36.1) (37.2)
B Women cm 67.0 70.0 77.0 84.6 88.1
(in) (26.4) (27.6) (30.3) (33.3) (34.7)
39 Waist circumference (natural indentation). The
horizontal circumference of the torso at the level of
the natural indentation of the waist.
Percentiles
Sample 1st 5th 50th 95th 99th
A Men cm 69.9 73.0 83.4 97.1 1029
(in) {(27.5) (28.7) (32.8) (38.2) (40.5)
B Women cm 60.7 63.7 71.7 84.3 91.0
(in) (23.9) (25.1) (28.2) (33.2) (35.8)
40 Waist circumference {(omphalion). The horizontal
circumference of the torso at the level of the navel
(omphalion).
Percentiles
Sample 1st 5th 50th 95th 99th
A Men cm 70.0 73.3 85.6 101.6 107.7
(in) {27.6) (28.9) (33.7) (40.0) (42.4)
B Women cm 64.4 67.6 78.1 94.6 102.6

(in) (25.4) (26.6) (30.8) (37.2) (40.4)
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Exhibit 14.3.2.1 (continued) Static human physical characteristics (standing)

43

44

41

Cervicale height. The vertical distance from the floor
to the cervicale, the tip of the spine of the seventh
cervical vertebra at the base of the neck.

Percentiles
Sample 1st 5th 50th 95th 99th

Men cm 137.4 141.8 1561.8 162.4 166.1
(in) (54.1) (55.8) ({59.8) (63.9) (65.4)

Women cm 127.3 131.4 140.6 150.8 154.8
(in) (60.1) (51.7) (65.4) (59.4) (60.9)

42 Buttock height. The vertical distance from the floor
to the maximum posterior protrusion of the buttock.
Percentiles
Sample 1st 5th 50th 95th  99th
A Men cm 784 815 88.5 96.9 100.6
(in) (30.9) (32.1) (34.8) (38.1) (39.6)
B Women cm 73.9 76.7 83.7 91.56 94.9

43

(in} (29.1) (30.2) (33.0) (36.0) (37.4)

Functional (thumb-tip) reach. The horizontal distance
from the wall to the tip of the thumb, measured with
the subject's shoulders against the wall, the arm
extended forward, and the index finger touching the
tip of the thumb.

Percentiles
Sample 1st 5th 50th 95th 99th

Men cm 72.0 73.9 80.0 86.7 89.7
{in) (28.4) (29.1) (31.5) (34.1) (35.3)

Women cm 65.8 67.7 73.4 79.7 82.4
(in) (25.9) (26.7) (28.9) (31.4) (32.4)

Functional (thumb-tip) reach, extended. Measured
similarly to functional (thumb-tip) reach, except that
the right shoulder is extended forward as far as
possible, while the left shoulder is kept pressed firmly
against the wall.

Percentiles
Sample 1st 5th 50th 95tk 99th

Men cm 77.9 805 87.3 94.2 97.7
(in) (30.7) (31.7) (34.4) (37.1) (38.5)

Women cm 71.2 73.5 79.6 86.2 89.0
(in) (28.0) (28.9) (31.3) (33.9) (35.0)
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Exhibit 14.3.2.1 (continued) Static human physical characteristics (hands)

45 Hand breadth. The breadth of the hand, measured

across the ends of the metacarpal bones {(metacarpal-
phalangeal joints).

Percentiles
Sample 1st 5th 50th 95th 99th

A Men cm 8.1 8.4 9.0 9.8 10.0
(in} (3.2) (3.3) (3.5) (3.9) (3.9)

B Women cm 7.1 7.3 7.9 8.6 8.9
(in) (2.8) (2.9) (3.1) (3.4) (3.5)

46 Hand length. The distance from the base of the hand
at the wrist crease to the tip of the middle finger.

Percentiles
Sample 1st 5th 50th 95th 99th

A Men cm 17.3 17.9 19.3 21.1 21.9
(in) (6.8) (7.1) (7.6) (8.3) (8.6)

B Women cm 159 16.5 18.0 19.7 20.5
(in}) (6.3) (6.5) (7.1) (7.8) (8.1)

]

47 Hand circumference. The circumference of the hand,

measured around the knuckles {(metacarpal-phalangeal
joints).

Percentiles
Sample 1st 5th 50th 95th 99th

A Men cm 19.2 199 21.3 23.0 23.7
(in} (7.6) (7.8) (8.4) (9.1) (9.3)

B Women cm 16.7 17.3 18.6 20.0 20.7
(in) (6.6) (6.8) (7.3) (7.9) (8.2)
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Exhibit 14.3.2.1 (continued) Static human physical characteristics (standing position)

48 Hip (trochanteric) height. The vertical distance from
the floor to the level of the maximum posterior
protrusion of the greater trochanter of the femur
(trochanterion).

Percentiles
Sample 1st 5th 50th 95th  99th

A Men cm 82.1 853 92.7 100.8 104.0
(in) {32.3) (33.6) (36.5) (39.7) (40.9)

B Women cm 76.1 789 86.0 93.8 97.5
(in) (30.0) (31.1) (33.9) (36.9) (38.4)

49 Knee height, midpatelia. The vertical distance from
the footrest surface to the top of the knee, measured
with the subject sitting.

Percentiles

Sample 1

A Men cm 44.3 46.1 504 55.2 56.8
(in) {(17.4) (18.2) {(19.8) (21.7) (22.4)

B Women cm 39.9 41.7 45.8 50.3 52.3
(in) (15.7) (16.4) (18.0) (19.8) (20.6)

14.3.3 Dynamic
(mobile) body
characteristics

14.3.3.1 Range of
whole body motion

This section presents: (1) information concerning the range of
whole body motion characteristics, and (2) design guidelines and
data on joint and body motion. Where such data are in other
sections with application topics such as design for maintenance
and workplace design, cross references are provided.

Efficiency and accuracy of task performance can be maintained
only if required body movements are within safe and comfortable
limits. Human variability in range of body and joint movement is
attributable to many factors, including the following:

a

Age becomes a factor after age 60, at which time mobility
has decreased 10 percent from youth.

Sex differences favor greater range in females at all joints
except the knee.

Body build is asignificant factor. Joint mobility decreases
significantly as body build ranges from the very slender,
through the muscular, to the obese.

Exercise increases movement range. Weight training,
jogging, and the like may tend to shorten certain muscle
groups or increase their bulk so movement is restricted.
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14.3.3.2 Joint motion

e Fatigue, disease, body position, clothing, and environment
are other factors affecting mobility.

This section provides introductory definitions related to the
angular motion of skeletal joints. Knowledge of the range of
joint motion helps the designer determine the placement and
allowable movement of controls, tools, and equipment.

14.3.3.1.1 Trunk movement. Workplace designs based upon
design-driven body positions shall allow enough space to move
the trunk of the body. The design shall be based upon:

a the required tasks and human functions,
b. the need for optimal positions for applying forces, and

C. the need for comfortable body adjustments and
movements.

14.3.3.1.2 Whole body movement. If large forcesthat are greater
than 13.6 kg (29.98 Ib) or large control displacements that are
more than 380 mm (14.96 in) in afore-aft direction are required,
the maintainer shall be given enough space to move his or her
entire body.

Joint motion capabilities make body movements possible. Joint
movement is measured at the angle formed by the long axes of
two adjoining body segments or at the angle formed by a bod
segment and a vertical or horizontal plane. Thetotal range o
motion is measured between the two extreme positions of the
joint  The types of movement are defined below and are
Ilustrated in exhibits which follow.

Definitions. Abduction is movement away from the
midline of the body. Adduction is movement toward the
midline. Circumduction is a continuous circular
movement of alimb. Depression isthe lowering of a
body member from its normal position. Elevation isthe
raising of a body member from a normal position.
Extension is the straightening of alimb or an increase in
the angle between parts of the body. Flexion isthe
process of bending alimb or decreasing the angle between
parts of the body. Lateral rotation isturning away from
the midline of the body, while medial rotation isturning
toward the midline of the body. Pronation isthe
downward turning of the palm, or lying face down and
supination is the upward turning of the palm, or lying face
up.

14.3.3.2.1 Singlejoint movements. Designers and human factors
specialists shall use the datain exhibit 14.3.3.2.1 for design
problems involving the movement of asinglejoint. Thisexhibit
presents single joint movement ranges for males and females.
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Exhibit 14.3.3.2.1 Joint movement ranges
Range of motion (degrees)
Males Females
5th 95th_ Sth 95th_
Neck, rotation right 73.3 99.6 74.9 108.8
Neck Rotation,
Right (A), Left (B) Neck, rotation left 74.3 99.1 72.2 109.0
Range of motion (degrees)
Males Females
5th 95th_ 5th 95th_
Ne;[:Eften&cin @ Neck, flexion 34.5 71.0 46.0 84.4
Neck, extension 65.4 103.0 64.9 103.0
Range of motion (degrees)
Males Females
5th 95th 5th 95th_
Neoi Laterat Bend Neck, lateral right  34.9 63.5 37.0 63.2
Right (A), Left (B)
Neck, lateral left 35.5 63.5 29.1 77.2
Range of motion (degrees)
Males Females
5th 95th_ 5th 95th_
Horizontal Adduction (A)“\\:{. Shoulder, abduction 173.2 188.7 172.6 192.9
Horizontal Abduction (B) N
Range of motion (degrees)
Males Females
5th 95th_ 5th 95th_
Shoulder, rotation lat 46.3 96.7 53.8 85.8
[::'e"r‘;‘l"(:)f‘&‘:;‘i:'l"@ Shoulder, rotation med90.5 126.6 95.8 130.9
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Exhibit 14.3.3.2.1 (continued) Joint movement ranges

Elbow Flexion (B),
Extension (A)

Elbow, flexion

Forearm, pronation

Forearm Supination (A),
Pronation (B)

Forearm, supination

_/1\.

Wrist Flexion (A),
Extension (B)

Shoulder Flexion (A), \‘;\_
Extension (B) b 5th
Shoulder, flexion 164.4
Shoulder, extension 39.6

5th _

140.5

5th _

78.2
83.4

Males Females
A2
N/ _ 5th _ 95th_ 5th _ 95th_
HE A
ﬁ- T'
: 41 Wrist, radial 16.9 36.7 16.1 36.1
‘Wrist Ulnar Bend(A),
Radial Bend (B) Wrist, uinar 18.6 47.9 21.5 43.0

@
» 5th
wef :
i 0
i H Wrist, flexion 61.5
“Wl; B
A, Wrist, extension 40.1

Range of motion (degrees)

Males Females
95th_ 5th 95th_
210.9 152.0 217.0
83.3 33.7 87.9

Range of motion (degrees)

Males Females
95th_ 5th 95th
159.0 144.9 165.9

Range of motion (degrees)

Males Females
95th 5th 95th_
116.1 82.3 118.9
125.8 90.4 139.5

Range of motion (degrees)

Range of motion (degrees)

Males Females
95th 5th 95th_
94.8 68.3 98.1
78.0 42.3 74.7
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Exhibit 14.3.3.2.1 (continued) Joint movement range

@

n————-——-

Hip Flexion

Hip, flexion

in v
Hip Adduction (A),

Abduction (B) Hip, abduction

Knee Flexion, Prone

Knee, flexion

Ankle, planar

(S, Ankle, dorsi
Ankle Plantar Extension (A),

Dorsi Flexion (B)

Range of motion (degrees)

Males Females
5th 95th 5th 95th
r . .
116.5 148.0 118.5 145.0
Range of motion (degrees)
Males Females
5th 95th 5th 95th
i il i rcenti
26.8 53.5 27.2 55.9
Range of motion (degrees)
Males Females
5th 95th 5th 95th
r i i i r i
118.4 145.6 125.2 145.2

Range of motion (degrees)

Males Females
5th ) 95th_ 5th ) 95th
36.1 79.6 44,2 91.1
8.1 19.9 6.9 17.4

m  14.3.3.2.2 Range of motion for two joints. Exhibit 14.3.3.2.2
shall be used for design problems involving the motion of two
joints. Designers shall avoid using single joint movement data
for adjacent joints because they are usually not additive.

Discussion. The range of joint movement is drastically
reduced by movement of the adjacent joint. Exhibit
14.3.3.2.2 defines the change in range of motion of a

14-34 FAA William J. Hughes Technical Center

January 15, 1996



HFDG

14 Anthropometry and biomechanics

given joint when complemented by movement of the
adjacent joint.

Example. Thefollowing illustrates how exhibit
14.3.3.2.2 isto be used. Thefirst entry isread: the
average shoulder has afull range of extension of 59.3
degrees with the elbow in a neutral position (locked in
hyperextension). When shoulder extension was measured
with the elbow flexed to one third of its full joint
movement range (these movements can be determined
from illustrations six and seven in the previous exhibit),
the mean value of shoulder extension was found to
increase by 1.6 degrees, or approximately 103 percent of
the base value. The results for other movements and
adjacent joint positions are presented in a similar manner.

Exhibit 14.3.3.2.2 Change in range of joint movement with movement in an adjacent joint

Change in range of
movement of 1st joint (degrees)
Movement of 2nd joint (fraction of full range)
Full range
of 1st

Two-joint movement __(degrees) Zero 1/3 1/2 2/3 Full

Shoulder extension (1) 59.3 +1.6 deg +0.9deg +5.3 deg
with elbow flexion (2) (102.7%) (101.56%) (108.9%)
Shoulder flexion (1) 190.7 -24.9 deg -36.1 deg -47.4 deg
with elbow flexion (2) {86.9%) (81.0%) {75.0%)
Elbow flexion (1) with 152.2 -3.78 deg -1.22 deg
shoulder extension (2} (97.5%) (99.2%)
Elbow flexion (1) with 152.2 -0.6 deg -0.8 deg -69.0 deg
shoulder flexion (2) (99.6%) (99.5%) {54.7%)
Ankle plantar flexion (1) 48.0 -3.4 deg +0.2deg +1.6 deg
with knee flexion (2) {92.9%) (100.4%) (103.3%)
Knee flexion (1) with 127.0 -9.9 deg -4.7 deg
ankle pianar flexion (2) (92.2%) (96.3%)
Knee flexion (1) with 127.0 -8.7 deg
ankle dorsifiexion (2) {93.9%)
Knee flexion (1) with 127.0 -19.6 deg -33.6 deg
hip flexion (2) (84.6%) (73.5%)

m  14.3.3.2.3 Design limit approach. The design limit approach,
which concerns the selection of correct percentiles for the design
solution and which is prescribed in section 14.1.2 shall be applied
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14.4 Reach

to design issues concerning the range of motion of singular and
multiple joints.

14.3.3.2.4 Use of this guide’sdynamic data. Designersand
human factors specialists shall use the dynamic anthropometric
and biomechanics guidelines found throughout this guide where
applicableto d%/namic tasks. They shall obtain datafor critical
dynamic task that are unique to the system mission. These data
may be obtained from other appropriate anthropomety sources or
from appropriate measures on a suitable sample.

Examples, though not an exhaustive list, of additional data from
other sections of the guide that have some basis in user mobility
and general task dynamics are:

a gnotgl g)work space dimensions in section (see paragraph
4.2.2),

b. visual Iineof-sight and optimal display and control zones
in sections 7 and 9 (see paragraphs 7.2.1.6.3, 7.2.1.6.8,
9.5.4.2, and 9.5.4.4),

C. whole body access and passageways in section 9 (see
paragraphs 9.3.1.1 and 9.3.4.6),
d. seated and standing workstations and consoles in section 9

(see paragraphs 9.4.3.1, 9.5.1.1, and 9.5.4.4), and
e. visual display terminalsin section 9 (see section 9.6).

Discussion. Most dynamic tasks will be system specific.
Critical tasks are those whose efficient performance is
critical to the mission and to the safety of users, system,
facility, or equipment.

Reach limits are clearl P/ dependent on the task, motion, and
function to be accomplished by the reach action. Limited reach
data on standard anthropometric positions are available in sources
of static and dynamic anthropometric data. Reach envelopes
need to be constructed for actual working positions and for
explicit design purposes. Reach envelopes may be related to a
body reference point (such as the shoulder joint), to a
measurement apparatus point, or to a design point (such as a seat
reference point). This section provides design criteria and
guidelines for using reach data and constructing reach envelopes.

14.4.1 Task and body position effects. The following task
considerations shall be taken into account in order to establish
reference points and to obtain the reach information needed to
construct a reach envelope:

a the nature and requirements of the task to be performed
(see also paragraphs 14.3.1.2 and 14.4.4 for the nature of
the reach task),
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b. body position while reaching (standing, seated, seat back
and seat pan angles, and others),

C. whole body movement capabilities and restraints (seat
belts, harnesses, necessary and permitted movements of
the torso),

d. design purposes such as: to accommodate the appropriate

portion of the population, to enhance task performance,or
to avoid striking reachable surfaces, and

e. equipment locations that interfere with reach, vision or
intercommunications.

14.4.2 Reach envelope data collection. Designers and human
factors specialists should understand that reach envelope
measurement data are often related to the data collection
procedures and apparatus. Often data can be found or should be
collected to relate the design reference point of concern to the
reach capabilities of the actual users. Another factor in data
collection is the amount of whole body movement allowed. For
example, consider bending the torso forward so that one or both
shoulders no longer touch the seat back.

Example. Exhibit 14.4.2 shows an example in which
reach measurement is related to the seat reference point
from arestrained shoulder level. Intheleft graph, aside
view reference plane is shown, and in the right graph, a
top view is shown in terms of reach angles. All measures
and dimensions are relative to the apparatus.

Exhibit 14.4.2 Reach envelopesin vertical and horizontal planes

10

Discussion. An issue surrounding the application of reach datais
how to relate static anthropometric reach dimensions, shoul der
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joint points, data collection procedures and apparatus reference
points, and design reference points. Most reach measurements
are made relative to an apparatus reference point. A further
complication is that the apparatus and design seat reference point
may not be the same or might not reflect the same seat
configurations (back and pan angles).

Definition. Seat reference point isapoint in the mid-
sagittal plane where the seat back and seat pan intersect.

= 14.4.3 Reach envelopesfor control actions. Reach envelops for
control tasks shall be bassed upon 5th percentile female reach
data co as to accommodate at least 95 percent of the population.

® 14.4.4 Reach envelopeinteraction with thereach task. Reach
envelope data shall be collected or modified for the tasks,
motions, or functions to be accomplished by the reach. Exhibit
14.4.4 (a) defines some task demands (touch, grip, and grasp) that
affect reach characteristics and measures.

Exhibit 14.4.4 (a) Touch, grip, and grasp functions and interact
with arm reach

Finger touch. One finger touches an object
0 without holding it.

Palm touch. Some part of the inner surface
of the hand touches the object without
holding it.

Finger palmar grip (“hook grip”). One finger
or several fingers hook(s) onto a ridge, or
handle. This type of finger action is used if
thumb counterforce is not needed.
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Exhibit 14.4.4 (a) (continued) Touch, grip, and grasp functions that
interact with arm reach

URVAVAY

2

Thumb-fingertip grip (“tip grip”). The
thumb tip opposes one fingertip.

Thumb-finger palmar grip (“pinch grip”).
Thumb pad opposes the palmar pad of one
finger, or the pads of several fingers near
the tips. This grip evolves easily from
coupling the thumb-fingertip grip.

Thumb-forefinger side grip (lateral grip or
“side pinch”). Thumb opposes the (radial)
side of the forefinger.

Thumb-two-finger grip (“writing grip”).
Thumb and two fingers (often forefinger
and index finger) oppose each other at or
near the tips.

Thumb-fingertips enclosure (“disk grip”).
Thumb pad and the pads of three or four
fingers oppose each other near the tips
(object grasped does not touch the palm).
This grip evolves easily from the thumb-
two-finger grip.

Finger-palm enclosure (“enclosure”). Most,
or all, of the inner surface of the hand is in
contact with the object while enclosing it.

Grasp (“power grasp”). The total inner
hand surface is grasping the (often
cylindrical) handle which runs parallel to
the knuckles and generally protrudes on
one side or both sides from the hand.
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Exhibit 14.4.4 (o) Thumb and forefi
and 61 cm horizontal planes

Discussion. Fingertip touch resultsin the largest reach
dimensions appropriate for touch controls. Other graﬁo
functions would reduce the reach envelope. Two handed
operations, greater precision, and frequent or continuous
operation would necessitate locating the task closer to the
body. Bulky clothing could affect reach capabilities.

Examples. Exhibits 14.4.4 (b) and (c) present 5th
percentile female reach envel ope data as examples of one
possible presentation for such data. The data represent
right hand reach for afingertip grasp task. In exhibit
14.A|f.4 élb) horizontal contours are shown at the 46 and 61
cm levels.

nger grasp boundary data for femalesin the 46 cm

Thumb and forefinger grasp boundaries for v:
dimensions of A (A positive above SRP)

Seat back
of vertical

A(em)=137

Horizontal
plane

120
e Sth percentile outer boundary and

Seat reference
point (SRP)

® 30

*46 cm
Horizontal
plane

arying

13°aft

Seat pan 6°above
Horizontal

60

inner boundary (inner curve)

¢ —— » —— & — 95th percentile outer boundary

S0th percentile outer boundary

75 \
+6lcm 90 T
Horizontal -
plane 106 — - ’/“.}\\ }
~ AN 7/~ 1s
- L1() S~
— /
120
135 N
135
150 165 180 165 150
AFT
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In exhibit 14.4.4 (c) vertical planes are shown for the 0
and -15 cm planes. For design use, data would be
presented for other horizontal and vertical planes. For
this example, shoulders were restrained against the seat.

Exhibit 14.4.4 (c) Thumb and forefinger grasp boundary data for femalesin the O and -15

cm vertical planes

137ecm
Ocm
40 —t— 40
Thumb and forefinger grasp boundaries for 122 cm/‘_q - ST a
varying dimensions of A (A positive left of SRP) 107 /’/ N N

.

i
?ﬂ
T

<
0 SOC{II, 40 P 40cm
N
N\ SRP
™
reference FWD AFT
point
15 em 137cm
122 40cm__ o e o . 40cm
P — N~
107 ,/4"/1——-\\;\‘4
91 £ / \ xl \L
6 80 | // 40 )/ 40,/
| ( ! = ] 4
45 N\ { L
© T =
Sth percentile outer boundary and \ Y AJ ,"‘l )
inner boundary (inner curve) 15 L\
S0em N\ N A | abem
———————— 50th percentile outer boundary 0 ~ \2— g
\ N YSRP
—— ®—— & — ®— 95th percentile outer boundary <
FWD AFT

Three factors can affect three-dimensional reach
envelopes: the effects of different hand manipulation
tasks, the effects of permitting torso and shoulder
movement, and the effects of the seat back angle of the
data collection apparatus. For instance, the exhibit shows
thumb and forefinger grasp. Not shown is that fing?ertip
touch reach would increase by 7.0 cm (2.8 in) and full
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14.5 Human
strength and
handling
capacity

14.5.1 Muscle
strength factors

hand grasp reach would decrease by -5.5cm (2.2 in) from
their fingertip grasp reach values.

Additional data also not shown in the exhibit reveals that
if the seat back angle were changed from 13 degrees
rearward (as shown in the exhibits) to the vertical
osition, that is to 90 degrees, then reach measuresin a
orizontal plane from O degrees (arm straight forward and
horizontal) to 90 degrees to the right increase as follows:

a at O degrees, by 1.02 cm (.40 in);

b. at 15 degrees, by 1.27 cm (.50 in);

C. at 45 degrees, by .94 cm (.37 in);

d. at 60 degrees, by .66 cm (.26 in); and
e. at 90 degrees, by .25 cm (.10 in).

14.45 Strength or fine manipulation. Tasks which require
strength or fine manipulation, as well as repetitious tasks should
be located well within the perimeter of the reach limit envelope.

Discussion. The strength that can be exerted varies
considerably throughout the reach envelope. Aswas
noted in the previous example, the reach envelope varies
with the type of grasp required in defining the envelope.
This rule points out that one may need to further
accommodate the task location by the strength, fine
manipulation, or repetitive nature of the tasks to be
performed. In these cases, consider the capabilities of the
small (5th or 1st percentile) female user and aso
provide sufficient space and adjustability to accommodate
the large male.

The designer and human factors specialist need to know the
limits and ranges of human strength to create designs that are
within the capabilities of potential users. If demands on human
strength are too high, inefficient and unsafe worker performance
will result. If the designer underestimates strength, unnecessary
design effort and expense may be incurred.

This section introduces muscle strength factors, and provides
criteria and guidelines on control forces, as well as push and pull
forces. This section also provides supplemental criteria and
guidelines on lifting and carrying.

The forces delivered by the human body depend on the
contractile strength of the muscles, and the mechanical
advantages of the body lever system with the joints serving as
fulcra and the long bones serving as levers.

Knowledge of some of the many factors that relate to muscular
strength may aid design personnel in understanding human
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14.5.2 Exerted
forces

physical capabilities. In addition to the strength capabilities of
various body members, other factors include: (1) age, (2)
endurance, 2/3) gender, (4) body build, (5) body position, (6)
handedness, (7) exercise, (8) diet and drugs, (9) diurnal variation,
and (10) emotional and fatigue states. Gender and handedness
are discussed below while strength limit factors are presented in
the criteria and guidelines throughout section 14.5.

Discussion. In general, females are about 35 to 85% as
stron? as males with varying differentials for various
muscle groups. Gender differences favor greater range in
joint motion in females at al joints except the knee. The
preferred hand and arm are approximately 10% stronger
than the non-preferred hand and arm.

Definitions. There are three basic categories of strength:
(1?] static strength, also known as isometric strength,
which is steady force exerted while the limbsarein a
stationary or static position, (2) dynamic strength, which
is aforce exerted by limbs moving in a smooth manner
over time, such as while lifting an object, and (3)
explosive strength, which is the application of peak
amounts of strength for short periods of time, usually
periodically, such asin running or sprinting.

14.5.2.1 Maximum young maleforceor resistancefor a
control. The maximum amount of force or resistance designed
into a control should be determined by the greatest amount of
force that can be exerted by the weakest person likely to operate
the control. Control force limits, like most strength design limits,
should be based upon the 5th percentile (or, for critical tasks, the
1st percentile) of the female user population. Female strength
data when it becomes available will be included in MIL-HDBK-
759B.

Exhibits 14.5.2.1 (@) and (b) represent 80% of the maximum
exertion forces for the 5th percentile male for the arm, hand and
thumb. Since the experimental conditions used to collect the
source data yielded maximum possible exersion values for young
men, these values are were too high for design purpose. For
design, one does not want to deliberately or consistantly require
maximum exercisions. Thus these source values were reduced by
20% before applying them as design criteria. Male data should
be selected based upon the body components involved in the

ecific exertion task. To estimate femal e strength, male data

ould be further reduced according to paragraph 14.5.2.4.
Females can apply most strength when torso, back, and legs are
major contributors. Female upper body and arm strength are
weakest (see also comparative lifting strength information
paragraph 14.5.2.4 and 6.2.5.1.5).

Discussion. The maximum force that can be applied will
depend on such factors as the type of control, the body
member used to operate it, the position of this body
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member during control operations, the general position of

the body, and whether or not support is provided by
backrests.

Exhibit 14.5.2.1 Male muscle strength of the arm, hand, and thumb for control forces (5th

percentile values)

®

D adhalin oLl Y .__‘l{‘}'
180°

vl

60°
90°

- - -~

\~a~_¢d‘-“"
‘—-—-"
AL~

"~

s

150’

120°

.77
Arm strength N (Ib) Design criteria levels
1 2 3 4 5 6 7
Degree Pull Push Up Down In Out
elbow L R L R L R L R L R L R
flexion
180°177.6 184.8 149.6 177.6 32 49.6 46.6 60.8 46.6 71.2 28.8 49.6
(40) (41.6) (33.6) (40) (7.2) (11.2)(10.4) (13.6) (10.4) (16) (6.4) (11.2)
150° 149.6 199.2 106.4 149.6 53.6 64 64 71.2 53.6 71.2 28.8 53.6
(33.6) (44.8) (24) (33.6) (12) (14.4)(14.4) (16) (12) (16) (6.4) (12)
120°120.8 149.6 92.8 128 60.8 85.6 74.4 92.8 71.2 78.4 36 53.6
(27.2) (33.6) (20.8) (28.8) (13.6) (19.2)(16.8) (20.8) (16) (17.6) (8) (12)
90° 113.6 132 784 128 60.8 71.2 74.4 92.8 56.8 64 36 56.8
25.6) (29.6) (17.6) (28.8) (13.6) (16) (16.8) (20.8) (12.8) (14.4) (8.) (12.8)
60° 92.8 85.6 78.4 120.8 53.6 71.2 64 71.2 60.8 71.2 42,4 60.8
(20.8) (19.2) (17.6) (27.2) (12) (16) (14.4) (16) (13.6) (16) (9.6) (13.6)
Note. L = Left
R = Right
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Exhibit 14.5.2.1 (continued) Design criteria for male muscle strength of the arm, hand, and
thumb for control forces (5th percentile values)

@

Hand and thumb-finger strength N (lb)
8 9 10

Hand grip Thumb-finger Thumb-finger
L R grip (palmer) grip (tips)

Momentary hold 200 208 48 48
(44.8) (47.2) (10.4) (10.4)
Sustained hold 116 124 28 28
(26.4) (28) (6.4) (6.4)
Note. L = Left
R = Right

m 14522 Increasing strength values. Strength values shall be
slightly increased If:

a alifting yoke or other special harnessis to be used,

b. the object is unusually easy to handle,

C. the required force must be applied infrequently or only for
afew seconds, if more than one per 30 seconds, decrease
by .30 or

d. the working body parts are provided with suitable support.

= 14523 Decremented strength values. Strength values shall be
decremented if:
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a

a the object is very difficult to handle (for example, bulky
or slippery),

b. access and work space are less than optimum,

C. the required force must be applied continuously for more

than one minute (strength decreases after 5 seconds), if
more than once per 30 seconds decrease by 30 per cent.

d. the object must be finely positioned or delicately handled,
or

e. the task must be performed repeatedly.

14.5.2.4 Compar ative strength. Research has produced little
insight into the strength of women relative to men. New female
strength data are to be added to MIL-HDBK-759 in the near
future._ The following strength relationsh a,os developed by the US
Army Research Institute of Environmental Medicine should be
used until better data becomes available:

a For upper extremities, females strength is 56.5% of men.
b. For lower extremities, female strength is 64.2% of men.
C. For trunk extremities, female strength is 66.0% of men.

Explanation. These numbers may serve as a design
guideline until more information becomes available.

14.5.2.5 Preventing tremor in positive control performance.
Tremor isimportant in activities in which a body member is
maintained in a precise position or motion (tasks involving fine
continuous control, detailed drawing, tracking, tracing, cutting, or
painting). The following features should be designed into
systems or equipment, where applicable, to help reduce tremor
and ensure positive control performance of fine detailed tasks:

a ensure that visual reference can be used,

b. provide support of the body and the member involved, for
example, the hand or arm,

C. support the hand because tremor islessif the hand is
203.2 mm (8 in) above or below the heart level, and

d. provide mechanical friction in the control device to add
enough resistance to movement to partially counteract the
energy of the vibrations of the body member.

Definition and discussion. Tremor isthe oscillation of a
body extremit %/ which may occuring along with an effort
to maintain atixed position or direction. The degree of
tremor is measured by the distance or number of
departures from the fixed path or position per unit of

time. Tremor increases when (1) effort is made not to
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tremble, and (2) fatigue is present. It isgreatest in vertical
motion, less in front-to-back motion, and least in side-to-
side motion.

14.5.3 Push and

pull forces

o 14.53.1 Horizonal direction of force. Manual horizontal push
and pull forces that are initially necessary to set an object in
motion, or to sustain the motion over a period of time, should not
exceed the values given in exhibit 14.5.3.1. For the second or
third person gﬁplyi ng horizontal forces, the value in the exhibit’s
first column should be doubled or tripled, respectively. For each
additional person $beyond the third) another 75 percent of the
force value in the first column should be added.

Explanation. The exhibit shows maximum push and pull
forces that a designer would be expected to use when
appropriate body positions, support, and traction
conditions are provided. Use of the maximum values
shown in the exhibit is predicated upon a suitable surface
for force exertion (vertical with rough surface
approximately 400 mm (15.75 in) wide and between 0.51
- 1.27 m (1.673 - 4.167 ft) above the floor) to allow force
application with the hands, shoulders, or back.

Exhibit 14.5.3.1 Horizonal push and pull forces that can be exerted

Exertable Applied with Condition
horizonal force {..: coefficient of friction)
110 N (24.7 Ibf) both hands or one with low traction
push of pull shoulder or the back 0.2 <u 0.3
200 N (45.0 Ibf) both hands or one with medium traction
push or pull shoulder or the back u=0.6
240 N (54.0 Ibf) one hand if braced against a vertical wall
push 510-1520 mm (20.08-59.84 in) from
and parallel to the push panel
310 N (70.0 Ibf) both hands or one with high traction
push or pull shoulder or the back uw> 0.9
490 N {110.2 Ibf) both hands or one if braced against a vertical wall
push or pull shoulder or the back 510-1780 mm (20.08-70.08 in) from

and parallel to the panel

or
if anchoring the feet on a perfectly
non-slip ground (like a footrest)

730 N (164.1 Ibf) the back if braced against a vertical wall
push 580-1090 mm (22.83-42.91 in) from
and parallel to the push panel
or
if the anchoring the feet on a perfectly
non-slip ground (like a footrest)
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o 14532 Vertical direction of force. Required manual vertical
static lift forces, should not exceed the applicable 5th percentile
peak or mean force values given in exhibit 14.5.3.2.

Explanation. Based upon recent experience within
NIOSH the forces found in the source which studied
young military personnel has been reduced by 20 percent
In exhibit 14.5.3.2. The mean forces given represent
force over athree second interval, beginning two seconds
after it reached a minimum value of 45 N provided that it
continued to exceeded this minimum. Exhibit 14.5.3.2
reflects the higher of two trials for each condition.

m 14533 Forcesfor handles. Designers shall use the force
criteriafor handles cited in section 6 (see paragraph 6.2.5.1.5).

14-48 FAA William J. Hughes Technical Center January 15, 1996



HFDG 14 Anthropometry and biomechanics

Exhibit 14.5.3.2 Static muscle strength data for vertical pull exertions

A. Standing two-handed pull: 38 cm {15.0) level. Standing with feet
45 cm (17.7 in) apart and knees bent; bending at the waist,
grasping both sides of a 456 cm (17.7 in) handle located directly in
front, 38 cm (15.0 in) above standing surface, and pulling, using
primarily arms, shoulders, and legs

5th percentile 95th percentile
Male Female

—Strength measurements
Mean force (N) 737.5 330.9 13545 817.6
Mean force (Ibf) (165.80) (74.39) (304.50) (183.80)
Peak force (N) 844.7 396.9 1437.2 888.3
Peak force {Ibf) (189.90) (89.23) (323.10) (199.70)

B. Standing two-handed pull: 50 cm (19.7 in) level. Standing with feet
45 cm (17.7 in) apart and knees straight; bending at the waist,
y grasping both sides of a 456 cm (17.7 in) handle located directly in
front, 50 cm (19.7 in) above standing surface, and pulling, using

f primarily arms and shoulders

NBYy 5th percentile  95th percentile
—Strength measurements _ Male Female  Male Female
k Mean force (N) 758.0 326.1 1341.6 840.7
Mean force (Ibf) (170.41) (73.31) (301.60) (189.00)
Peak force (N) 830.9 374.1  1441.7 905.2
Peak force (Ibf) (186.79) (84.10) (324.11) (203.50)

C. Standing two-handed pull: 100 cm (39.4 in) level. Standing erect
with feet 45 cm (17.7 in) apart, grasping both sides of a 45 cm
(17.7 in) handle located directly in front, 100 cm {39.4 in) above the
standing surface, and pulling, using the arms

5th percentile 95th percentile

—Strength measurements  Male Female Male Female
Mean force (N) 444.4 185.0 931.0 443.0
Mean force (Ibf) (99.91) (41.569) (209.30) (99.59)
Peak force (N) 504.0 218.0 988.4 493.3
Peak force (Ibf) (113.30) (49.01) (222.20) (110.90)
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Exhibit 14.5.3.2 (continued) Static muscle strength data for vertical pull exertions

D. Standing two-handed push: 150 cm (59.1 in) level. Standing erect
with feet 45 cm (17.7 in) apart grasping from below, both sides of

a 45 cm (17.7 in) handle located directly in front, 150 cm (569.1 in)
above standing surface, pushing upward using arms and shoulders
5th Percentile 95th Percentile
—Strenath measurements Male Female Male E

Mean force (N) 408.8 1563.5 1016.9 379.9
Mean force (Ibf) (91.9) (34.51) (228.61) (85.41)
Peak force (N) 472.8 187.7 1094.3 430.1
Peak force (Ibf) (106.29) (42.20) (246.02) (96.69)

E. Standing one-handed pull: 100 cm (39.4 in) level. Standing erect
with feet 15 cm (5.9 in) apart dominant hand grasping underside of
D-ring located directly to the side, 100 cm {39.4 in) above standing

surface, pulling upward while keeping shoulder square and other arm
relaxed at side

5th Percentile 95th Percentile

~Strenath measurements  Male Female _Male Eemale
Mean force (N) 214.8 102.8 627.6 283.8
Mean force (lbf) (48.29) (23.11) (141.09) (63.8)
Peak force (N) 258.9 131.7 724.2 3225
Peak force (Ibf) (68.20) (29.61) (162.81) (72.50)

Seated one-handed pull: seat centerline 45 cm (39.4 in) level.
Sitting erect with feet 55 cm (21.7 in) apart, dominant hand
grasping underside of D-ring located directly to the front, 45 cm
(17.7 in) above the fioor, pulling upward while keeping shoulder
square and other arm resting in lap

5th Percentile 95th Percentile

Male _Female Male Female
Mean force (N) 222.3 106.3 678.4 391.9
Mean force (lbf) (49.98) (23.90) (152.51) (88.11)
Peak force (N) 273.1 127.2 758.4 450.6
Peak force (Ibf) (61.40) (28.60) (170.50) (101.30)

14-50 FAA William J. Hughes Technical Center

January 15,

1996



HFDG 14 Anthropometry and biomechanics

Exhibit 14.5.3.2 (continued) Static muscle strength data for vertical pull exertions

G. Seated one-handed pull: side of seat, 45 cm (17.7 in) level.
Sitting erect with feet 55 cm (21.7 in) apart, dominant hand
grasping underside of D-ring located a short distance to side, 45
cm (17.7 in) above the floor, pulling upward while keeping
shoulders square and other arm resting in lap

5th percentile 95th percentile
Male Female Male Female

Mean force (N) 408.8 163.6 1016.9 379.9
Mean force (Ibf) (91.90} (34.51) (228.61) (85.41)
Peak force (N) 472.8 187.7 1094.3 430.1
Peak force (lbf) (106.29) (42.20) (246.02) (96.69)

H. Seated two-handed pull: centerline of seat, 38 cm {14.96 in)
level. Sitting erect with feet 55 cm (21.7 in} apart, bending
slightly at waist, grasping both sides of 15 cm (5.9 in) handle
located directly to the front, 38 cm (15.0 in) above the floor,
pulling upward using arms and shoulders, keeping arms off thighs

5th percentile 95th percentile
—Strength measurements  Male Female Male Female

Mean force (N) 214.8 102.8 627.6 283.8
Mean force (Ibf) {48.29) (23.11) (141.09) (63.80)
Peak force (N) 258.9 131.7 724.2 322.5
Peak force (Ibf) (58.20) (29.61) (162.81) (72.50)

I. Seated two-handed pull: centerline of seat, 50 cm (19.7 in) level.
Sitting erect with feet 55 cm (21.7 in) apart, bending slightly at
the waist, grasping both sides of 15 cm (5.9 in) handle located
directly to the front, 50 cm (19.7 in) above the floor, pulling
upward using arms and shoulders, keeping arms off thighs

5th percentile 95th percentile

rength m Male _Female Male Female
Mean force (N) 222.3 106.3 678.4 391.9
Mean force (Ibf) (49.98) (23.90) (152.51) (88.11)
Peak force (N) 273.1 127.2 758.4 450.6
Peak force (Ibf) (61.40) (28.60) (170.50) (101.30)
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14.5.4 Lifting and
carrying

14.6 Design for
physical comfort

There are three major muscular comﬂonents of weight-lifting: (1)
the legs, (2) the arms-back, and (3) the arms. In efficiently lifting
ot?j ects to different heights, these components are combined in
different ways. Specifically, lifting objects to about knee height
involves primarily the use of the leg component, while objects
lifting to about waist level involves a combination of leg and
arm-back components. Lifting objects to shoulder level or higher
requires the use of all three components.

14.5.4.1 Lifting and carrying limits. Data, criteria, and
guidelinesin section 6.2.2 shall be used to establish
recommended maximum weights to be lifted and carried by one
and two people. (See sections6.2.5.1 and 6.2.5.3 for handle use
and dimensions in relation to weight limits).

Like thermal comfort in section 13, physical comfort may be
difficult to quantify but people can perceive and express
discomfort. In the physical comfort area, discomfort can become
painful or result in chronic disorders. Usually there are
physiological bases for discomfort. Factors that can influence
perceptions of comfort and discomfort include: (1) physical and
physiological condition, (2) fatigue, (3) working conditions and
stress, (4? provisions for physical support, (5) impediments or
restraints to movement, and (6) environmental conditions.

14.6.1 Adjustment capabilities. Designers and human factors
specialists should provide aBpropri ate adjustment capabilitiesin
workspace design (seating, body part support, and task |ocation)
that permit individuals to easily and safely adjust workspace
dimensionsto their preferred body positions and task locations.
Such adjustability should be achieved by:

a using the design limits method to accommodate the range
of the population distribution between the 5th and 95th
percentile statistics,

b. considering the practical variations in task locations
which may be preferred by the workers, and

C. considering the frequency and duration of tasks and
emoi)has ze adjustment of the most important, frequent,
and long duration tasks.

14.6.2 Restrictionsto movement. Designers and human factors
specialists should avoid design features that unnecessarily restrict
the individual worker’s ability to make frequent postural
adjustments. If possible, postural adjustments should be feasible
and safe without interruption of the tasks.

Discussion. The concept of individualized form fitting
seats may be appropriate for astronauts but such form
fitting may be too restrictive for postural adjustments
needed for most work. If fit or barriers to comfortable
movement cause constant adjustments for comfort or
balance, the additional muscular effort to attain comfort
may contribute to muscular fatigue.
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[m]

14.6.3 Body support. Body part supports should be appropriate
and compatible with the tasks. Necessary padding composition
should be provided to accommodate soft tissue and bony
protuberances without impeding motions or resulting in
Irritations.

14.6.4 Body posture. Design features shall not require awkward
body positions for operators or maintainers. Tasks that require
physical exertions shall permit arange of comfortable postures
appropriate for safe application of the required forces or
movements.

14.6.5 Demands upon tasks. Designs and design-driven tasks
that could over time cause repetitive movement disorders or that
risk back, neck, shoulder, wrist discomfort, stress, or injury shall
be formally identified by the contractor and be reviewed by the
acquisition program office. Those designs and tasks that are
3uestionable shall be reviewed for potential equipment and task

esign changes or redesign. Tasks that could require special
personnel selection for physical attributes, or sTpeciaI work-rest
requirements shall be identified and reviewed for potential
equipment and task redesign.
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	8.2.1.1.8
	8.2.1.2.1 8.1.14.6.3
	8.1.14.6.4
	8.2.1.2.3 8.1.14.6.6
	8.2.1.2.4 8.2.1.3.1 8.1.15 8.1.15.1.1 8.2.1.3.2 8.1.15.1.2 8.1.15.1.3 8.1.15.1.4 8.1.15.1
	8.1.15.2.6 8.1.15.2.7 8.1.15.3.1 8.2.1.4.1 8.1.15.3.2 8.1.15.3.3 8.1.15.4.1 8.2.1.4.2 8.1.
	8.2.3.5 8.2.3.6 8.2.1.4.6
	8.2.1.4.7 8.2.3.8 8.2.3.9 8.2.3.10 8.2.1.4.8 8.2.4 8.2.4.1.1 8.2.4.1.2 8.2.1.5 8.2.4.1.3 8.2
	8.2.4.1.5 8.2.4.1.6 8.2.4.1.7 8.2.1.5.2 8.2.4.1.8 8.2.4.1.9 8.2.4.1.10 8.2.1.5.3 8.2.4.1.1
	8.3.7.3.7 8.3.3.3.2 8.3.3.3.3 8.3.3.3.4 8.3.7.4.1 8.3.3.3.5 8.3.7.4.2 8.3.4.1.1 8.3.7.4.3 
	8.4.1.1.2 8.3.10.4.4 8.4.1.1.3 8.3.10.4.5 8.4.1.1.4 8.3.10.4.6 8.4.1.1.5 8.3.10.4.7
	8.3.10.4.9 8.3.10.4.10 8.4.1.1.6 8.3.10.4.11 8.3.10.4.12 8.3.10.4.13 8.4.1.1.7 8.3.10.4.1
	8.4.3.3.6
	8.4.2.1.2 8.4.3.3.7 8.4.2.1.3 8.4.2.1.4
	8.4.3.3.8 8.4.2.1.6 8.4.2.1.7 8.4.3.3.9 8.4.2.1.8 8.4.3.4.1 8.4.3.4.2
	8.4.3.4.3 8.4.2.2.2 8.4.2.2.3 8.4.3.5.1
	8.4.3.5.2 8.4.3.5.3 8.4.2.2.5 8.4.2.2.6 8.4.3.5.4 8.4.3.5.5 8.4.2.2.7 8.4.2.3.1 8.4.3.5.6 
	8.4.3.7.4 8.4.2.4.2 8.4.3.7.5 8.4.2.4.3 8.4.3.7.6 8.4.2.4.4 8.4.3.1.1 8.4.3.8.1 8.4.3.1.2 
	8.4.6.1.1 8.4.6.1.2
	8.4.3.3.1
	8.4.3.3.2 8.4.6.1.5 8.4.3.3.3 8.4.6.2.1 8.4.6.2.2 8.4.3.3.4 8.4.6.2.3 8.4.3.3.5 8.4.6.2.4
	8.5.4.4.3 8.5.4.5 8.4.6.2.6 8.5.4.5.1 8.4.6.2.7 8.5.4.5.2 8.4.6.2.8 8.5.4.5.3 8.4.6.2.9 8.
	8.5.2.1.2 8.5.2.2.1 8.5.5.3.11 8.5.5.3.12 8.5.2.2.2 8.5.5.3.13 8.5.2.2.3 8.5.2.2.4 8.5.5.
	8.5.6.4.2 8.5.6.4.3 8.5.5.4.13 8.5.6.4.4 8.5.6.5.1 8.5.5.4.14 8.5.6.5.2 8.5.6.5.3 8.5.5.4
	8.5.8.2.5
	8.5.8.2.6 8.5.5.11.1 8.5.8.2.7 8.5.5.11.2 8.5.8.2.8 8.5.5.11.3 8.5.8.2.9 8.5.5.12 8.5.5.1
	8.5.8.2.11 8.5.8.2.12 8.5.5.12.3 8.5.8.2.13 8.5.5.12.4 8.5.8.2.14 8.5.5.12.5 8.5.8.2.15 8
	8.5.9.1.2 8.5.9.1.3 8.5.8.3.6 8.5.9.1.4 8.5.9.2.1 8.5.8.3.7 8.5.9.2.2 8.5.9.2.2 8.5.8.3.8 
	8.6.1.1.3 8.6.1.1.4 8.5.8.3.14 8.6.1.1.5 8.5.8.3.15 8.6.1.1.6 8.5.8.3.16
	8.6.1.1.7 8.6.1.1.8 8.5.8.3.18 8.6.1.1.9 8.6.1.1.10 8.5.8.3.19
	8.6.1.1.11 8.5.8.3.21 8.6.1.1.12 8.5.8.4.1 8.5.8.4.2 8.5.8.4.3 8.6.1.1.13 8.5.8.4.4
	8.6.1.2.1
	8.6.1.2.2 a. 8.6.1.2.3 b. 8.6.1.2.4 c. 8.6.1.2.5
	d. 8.6.1.2.6 8.6.1.2.7 8.5.8.4.7 8.6.1.2.8 8.6.1.2.9 8.5.8.4.8
	8.6.1.2.10 8.5.8.4.10 8.6.1.2.11 8.5.8.5.1 8.5.8.5.2 8.5.8.5.3 8.6.1.2.12
	8.6.1.2.13 8.5.8.5.5 8.6.1.3.1 8.5.8.5.6 8.6.1.3.2 8.5.8.5.7 8.6.1.3.3 8.5.9 8.6.1.3.4 8.5
	8.7.3.4.2 8.6.1.5.1 8.7.4.2.1 8.7.4.2.2 8.7.4.2.3 8.6.1.5.2 8.7.4.2.4 8.7.4.2.5 8.7.4.2.6 
	8.6.1.5.14 8.8.1.3 8.8.1.4 8.6.1.5.15 8.8.1.5
	8.6.1.5.16 8.8.1.7 8.8.1.8 8.7.1.1 8.8.2.1 8.7.1.2 8.7.1.3 8.7.1.4 8.8.2.2 8.7.1.5 8.7.1.6 8
	8.9.2
	8.9.2.1
	8.9.2.2
	8.9.2.3
	8.9.2.4
	8.9.2.5
	8.9.2.6
	8.9.2.7
	8.9.2.8 8.8.3.4.2 8.9.3 8.8.3.4.3 8.9.3.1 8.8.3.4.4 8.9.4.1 8.8.3.5 8.9.4.2 8.8.3.5.1 8.9.
	8.9.6.1.2
	8.9.6.2.1 8.9.6.2.2 8.8.4.2.6 8.9.6.2.3 8.8.4.2.7 8.9.6.2.4 8.8.4.3.1 8.9.6.2.5 8.8.4.3.2 
	8.9.8.3
	8.9.8.4 8.9.1.3
	9.3.2.1 9.3.2.4 8.9.8.6 9.3.2.5 9.3.2.6 9.3.2.7 9 9.3.3.1.2 9.1.1 9.3.3.1.3 9.3.3.1.4 9.1.2 
	9.1.7 9.3.3.4.1 9.1.8 9.3.3.4.2 9.1.9 9.3.3.4.3
	9.2.1.1 9.3.3.4.5 9.2.1.2 9.3.3.5.1
	9.3.4.1.1 9.2.1.3 9.3.4.2.1 E9.3.4.2.1 9.2.1.4 9.3.4.2.2 9.3.4.2.3 9.2.1.5 9.3.4.2.4 c 9.3
	9.3.4.3.4 9.2.1.10 9.2.1.11 9.3.4.4.1 9.2.1.12 9.3.4.4.2 9.3.4.5.1 9.2.1.13 9.3.4.5.2 9.2.1.
	9.3.4.5.5
	9.3.4.5.6 9.2.2.1.2 9.3.4.5.7 E9.2.2.1.2 9.3.4.5.8 9.2.2.1.3 9.3.4.6.1 9.2.2.2.1 9.2.2.3.1
	9.3.4.6.2 E9.3.5.1.1 9.2.2.3.3
	9.3.5.1.3 9.2.2.4.1 Exceptions 9.3.1.1 E9.3.1.1 9.3.5.2.1 9.3.1.2 9.3.5.2.2 9.3.1.3 9.3.5.
	9.4.4.5 9.3.5.2.6 9.4.4.6 9.3.5.3.1 9.4.4.7 E9.3.5.3.1 9.3.5.3.2 9.4.4.9 9.3.5.3.3 9.4.4.1
	9.5.2.1 9.3.5.4.3 9.5.2.2 9.3.5.4.4 9.5.2.3 9.3.5.5.1 9.5.2.4 E9.3.5.5.1 9.5.2.5 E9.5.3
	9.5.3.1 9.3.5.5.3 9.5.3.2 9.3.5.6.1 9.5.4.1 E9.3.5.6.1 q. E9.5.4.1 E9.5.4.2 E9.5.4.4 9.3.5
	9.7.2 9.3.5.6.4 9.7.3 9.3.5.7.1 10 E9.3.5.7.1 a. 10.1.1.1
	b. 10.1.1.2 9.3.5.7.2 10.1.2.1 9.3.5.7.3 10.1.2.2 9.3.5.7.4 10.1.2.3
	10.1.2.4 10.1.2.5 E9.4.1 10.2.1.1.1
	9.4.2.1 9.4.2.2 E9.4.2.2 10.2.1.1.3 9.4.3.1 10.2.1.1.4 E9.4.3.1 9.4.4 f 10.2.1.2.1 9.4.4.
	E9.4.4.4
	10.2.4.3.4
	10.2.4.4.1 10.2.4.5.1 10.2.1.4.2 10.2.4.5.2
	10.2.1.5.2 10.2.4.6.1 10.2.2.1 10.2.4.7.1 10.2.2.2 10.2.2.3 10.2.4.7.2
	10.2.4.7.3 10.2.3 10.2.4.7.4 10.2.3.1.1 10.2.4.8 10.2.4.8.1 10.2.4.8.2 10.2.3.1.2 10.2.4.8.
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	10.2.4.10.4 10.2.3.7.1 10.2.4.11.1
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	10.2.4.2 E10.3.2.1.3 10.2.4.2.1 10.3.2.1.4 10.2.4.2.2 10.3.2.2.1 10.2.4.2.3 10.3.2.2.2 10
	10.3.2.2.4 10.2.4.3.3 10.3.2.3 10.3.2.3.1
	10.3.3.7.4 10.3.2.4.1 10.3.2.5.1 10.3.2.5.2 10.3.2.6.1 10.3.3.7.5 10.3.2.6.2 10.3.3.7.6
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	10.4.4.2.1 10.3.3.2.1 10.3.3.3.1 10.3.3.4.1 10.3.3.4.2 10.3.3.4.3 10.4.4.2.2 10.3.3.5 10.4.
	10.3.3.5.2 10.4.4.3.3 10.3.3.6
	10.4.4.4.1 10.3.3.6.2
	10.3.3.6.3 10.4.4.4.3 10.4.4.4.4 10.3.3.7 10.3.3.7.1 10.4.4.4.5 10.3.3.7.2 10.4.4.4.6 10.
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	10.4.5.7.1 10.5.1.1.4 10.4.5.7.2 10.5.1.1.5 10.4.5.7.3 10.5.1.2.1 10.4.6.1 10.4.6.2 10.5.
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	12.4.1.8 12.4.1.9 11.5.3.2 11.5.4.1 11.5.4.2 12.4.1.10 11.5.4.3 11.6.1 12.4.1.11 11.6.2
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	12.2.2.2 12.2.2.3 12.4.3.1 12.2.2.4 12.2.2.5 12.4.3.2 12.2.2.6 12.2.2.7 12.4.3.3 12.2.2.8 E
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	12.4.4.1 12.7.2
	12.4.4.2 12.7.4 12.7.5 12.4.4.3 12.7.6 12.4.4.4 12.8 12.4.4.5 12.8.1 12.4.4.6 E12.4.4.6 12.8.
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	12.9.4 12.4.5.1 12.9.5 12.4.5.2 12.9.6
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	12.6.2 12.6.3 12.14.1.1 12.6.4
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	13.2.8 E13.3 12.14.3.4 13.3.1 12.14.4.1 E13.3.1
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	13.4.7.2 13.4.7.3 12.16.16 13.4.7.4 13.4.7.5 13.4.7.6 13 13.4.7.7 13.5.1.1 13.1.1 13.5.1.2 
	14.3.3.2.2
	13.5.2.10 E14.3.3.2.2 14.3.3.2.3 14 14.3.3.2.4 14.4
	14.4.2 14.1.1.1 14.1.1.2 E14.4.2 14.1.1.3 14.4.3 14.1.2.1 14.4.4 14.1.2.2 E14.4.4 14.1.2.3 a.
	14.1.4.1 14.5.2.2 14.1.4.2
	14.1.4.4 14.5.2.3 14.5.2.5 14.1.4.5 14.1.4.6 14.5.3.1 14.1.4.7 14.5.3.2 E14.5.3.2 E14.1.4.7
	14.1.5.2 14.1.5.3
	14.2.1
	14.2.3
	14.3.1.2
	E14.3.2.1 14.3.2.2 14.3.3.1
	14.3.3.1.2 E14.3.3.2.1
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