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1 SCOPE
1.1 PURPOSE

The Human Integration Design Handbook (HIDH), NASA/SP-2010-3407, provides
guidance for the crew health, habitability, environment, and human factors design of all
NASA human space flight programs and projects.

The two primary uses for the handbook are to

e Help requirement writers prepare contractual program-specific human interface
requirements — Users include program managers and system requirement writers.

e Help designers develop designs and operations for human interfaces in spacecraft
— Users include human factors practitioners, engineers and designers, crews and
mission / flight controllers, and training and operations developers.

The handbook is a resource document for NASA Space Flight Human Systems Standard
(SFHSS), NASA-STD-3001. The SFHSS is a two-volume set of NASA Agency-level
standards, established by the Office of the Chief Health and Medical Officer, that defines
levels of acceptable risks to crew health and performance that result from space flight.
Volume 1 of the SFHSS, Crew Health, sets standards related to crew health. Volume 2,
Human Factors, Habitability and Environmental Health, defines the environmental,
habitability, and human factors standards that are related to environmental health and
human-system interfaces during human space flight.

The handbook is a resource for implementing the requirements in the SFHSS, and it
provides the data and guidance necessary to derive and implement program-specific
requirements that are in compliance with the SFHSS.

The scope of the handbook includes all crew operations both inside and outside the
spacecraft in space and on lunar and planetary surfaces. It includes

e Design guidelines for crew interface with workstations, architecture, habitation
facilities, and extravehicular activity (EVA) systems.

e Information describing crew human capabilities and limitations (both physical
and cognitive)

e Environmental support parameters

The document uses the term “spacecraft” and “system” to refer to the volume in which
humans live and work. The “humans” addressed in this document are the crew of the
spacecraft. Spacecraft and system refer to all aspects of the crewmembers’ living and
working conditions including the hardware, equipment, software, and environment. The
term “human space flight program” is used to refer to the infrastructure assigned to
design, develop, and deploy the spacecraft system.



1.2 APPLICABILITY

This handbook is applicable to
e All human space flight programs

e Internationally provided space systems as documented in distinct separate
agreements, such as joint or multilateral agreements

This handbook is to be used to help meet the requirements defined in the SFHSS and may
be referenced in contract, program, and other NASA documents for guidance. Individual
portions of this handbook may be tailored (i.e., modified or deleted) by contract or
program specifications to meet specific program or project needs and constraints.

1.3 HOW TO USE THE HIDH

The SFHSS is applicable to all human space flight programs. In accordance with the
SFHSS, individual programs or projects must write a set of system-specific requirements
that will meet the applicable standard requirements. The handbook provides the latest
technological information and guidance for individual programs to meet the SFHSS.
Program managers will use the handbook to craft requirements, and designers can use the
handbook to help implement the requirements.

The handbook is divided into chapters that address major subject areas. Each chapter is
divided into sections devoted to specific topics.

1.3.1 Chapters

The handbook is divided into 13 chapters, the last 9 of which address the range of human
operations in space:

e Chapter 1, Scope — This chapter defines the scope and explains the content and
use of the handbook.

e Chapter 2, Applicable Documents — This chapter lists the Government and non-
Government documents applicable to the handbook. Each chapter also contains a
list of references cited in that chapter.

e Chapter 3, Process and Requirements — This chapter contains general guidance on
developing program-specific requirements and developing a human-system
integration process throughout system design.

e Chapter 4, Anthropometry, Biomechanics, and Strength — This chapter includes
information about the physical size, shape, reach, range of motion, strength, and
mass of crewmembers. It explains how to determine the correct data for a project
and how this information should be used to create a design that fits the crew.

e Chapter 5, Human Performance Capabilities — This chapter covers the physical,
cognitive, and perceptual capabilities and limitations of humans in space flight.
Topics covered include physical workload, visual and auditory perception, and
cognitive workload.



1.3.2

Chapter 6, Natural and Induced Environments — This chapter defines the habitable
range for environmental factors (air, water, contamination, acceleration, acoustics,
vibration, radiation, and temperature) that will ensure that humans can perform
safely and effectively.

Chapter 7, Habitability Functions — This chapter provides design considerations
for the daily functions of the crew inside the spacecraft, including eating, sleep,
hygiene, waste management, and other activities to ensure a habitable
environment.

Chapter 8, Architecture — This chapter provides guidance for the development and
integration of overall spacecraft size and configuration, and layout of location and
orientation aids, traffic flow and translation paths, hatches and doors, windows,
and lighting.

Chapter 9, Hardware and Equipment — This chapter provides overall human
factors guidelines for the design of hardware and equipment such as tools,
drawers and racks, closures, mounting hardware, handles and grasp areas,
restraints, mobility aids, fasteners, connectors, visual access, packaging, clothing,
and crew personal equipment.

Chapter 10, Crew Interfaces — This chapter covers the design of interfaces
through which information is exchanged between the crew and systems. Topics
include visual displays, audio displays, controls, and labels.

Chapter 11, Extravehicular Activities — This chapter covers the human factors
design guidelines for EVAs performed by suited crewmembers outside the
pressurized environment of a flight spacecraft (during space flight or on a
destination surface). It also addresses off-nominal operations performed inside
unpressurized spacecraft.

Chapter 12 Operations - RESERVED
Chapter 13 Ground Maintenance and Assembly - RESERVED

Chapter Organization

Each of the above chapters is subdivided into sections with detailed information. All the
sections have a common format. The section elements are the following:

Introduction
Main Body — Design Guidelines, Lessons Learned, and Example Solutions
Research Needs

References

1.3.2.1 Introduction

The introduction identifies the topic(s) presented in the section and its scope. The
introduction also identifies other sections of the handbook that might be of interest when



the subject matter is applied to space vehicles and habitations. For example, the
contamination section refers to sections on food, housekeeping, water, and surfaces.

1.3.2.2 Main Body

The main body of the section contains data on human health and performance, guidance
for human-system integration in spacecraft design, lessons learned from previous space
flight or analog programs, and example solutions for design implementation.

The design guidelines provide designers and human factors practitioners with guidance
and background information about the section topic. Background information and data
needed for implementing program-level design requirements based on current research
and subject matter expertise is also included. Information provided includes

e An overview of the section topic

e Background information

e Desirable design factors

e Design cautions or potential pitfalls

e Conditions (gravity environment, crew size, mission duration) under which the
design features are applicable

e Data, including recommended limits and constraints

e Other factors that are important when considering the section topic (with
references to other sections of the handbook)

e Problems that might occur when designing a system that meets design needs

Specific, concrete lessons learned from space or Earth-based analogs add examples from
real life about previous successes to model, and mishaps or circumstance that
compromise safety or efficiency to avoid.

Example solutions describe how human-system integration has been successfully
implemented (specific hardware or operations) in designs. Specific constraints and
peculiarities of the examples will be noted so that the program team can tailor the design
solutions accordingly.

1.3.2.3 Research Needs

This element lists any specific unknowns (knowledge gaps) that are critical to the design
of good human-systems interfaces. This information defines the limits of knowledge for
system developers and can save them the time wasted in tracking down unavailable
information. The HIDH will be updated to reflect the updated research and remaining
needs.



1.3.2.4 References

Each chapter contains the references used in that particular chapter. These references are
not an exhaustive bibliography of the topic, but rather a brief representation of useful
classics and up-to-date materials.



2 APPLICABLE DOCUMENTS

2.1 GOVERNMENT DOCUMENTS

National Aeronautics and Space Administration

NASA-STD-3001 SFHSS, Volume 1, Crew Health

SFHSS, Volume 2, Human Factors, Habitability,
and Environmental Health

JSC 20584 NASA Spacecraft Maximum Allowable
Concentration (SMAC) Tables

NASA-STD-6016 Standard Materials and Processing Requirements

11 September 2006 for Spacecraft

JSC 63307 Requirements for Optical Properties for Windows

Used in Crewed Spacecraft

2.2 NON-GOVERNMENT DOCUMENTS

American National Standards Institute (ANSI)

ANSI Z136.1 American National Standard for Safe Use of
Lasers

American Society for Testing and Materials

ASTM D1003, Procedure A Standard Test Method for Haze and Luminous

10 June 2000 Transmittance of Transparent Plastics

ASTM D1044 Standard Test Method for Resistance of

1 November 2005 Transparent Plastics to Surface Abrasion

ASTM E1559 Standard Test Method for Contamination

10 May 2003 Outgassing Characteristics of Spacecraft
Materials

Institute of Electrical and Electronics Engineers (IEEE)

IEEE C95.1 IEEE Standard for Safety Levels with Respect to
Human Exposure to Radio-Frequency
Electromagnetic Fields, 3 kHz to 300 GHz



International Organization for Standardization

ISO 10110-7 Optics and optical instruments - Preparation of
1996 drawings for optical elements and systems -
Part 7: Surface imperfection tolerances

United States Defense Standard (MIL-STD or MIL-SPEC)

MIL-C-48497 Coating, Single or Multilayer Interference:

8 September 1980 Durability Requirements for

MIL-E-12397B Eraser, Rubber Pumice (For Testing Coated

18 November 1954 Optical Elements)

MIL-G-174 Glass, Optical

5 December 1986

MIL-PRF-13830B Optical Components for Fire Control Instruments:
9 January 1997 General Specification Governing the

Manufacture, Assembly, and Inspection of

MIL-STD-1241 Optical Terms and Definitions
31 March 1967

2.3 ORDER OF PRECEDENCE

RESERVED
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3 GENERAL
3.1 INTRODUCTION

This section provides information applicable to the overall design of a system. It describes the
following:
1. How to use this handbook to write program-specific requirements that will meet NASA-STD-
3001, Volume 2, Human Factors, Habitability and Environmental Health.
2. How to apply health and human factors information in this book to the design process
throughout a development program to achieve a safe and effective design.

This document, the Human Interface Design Handbook (HIDH), is a companion to NASA-STD-
3001, Volume 2.

NASA-STD-3001 is a broad set of criteria that ensures that humans are healthy, safe, and
productive in space. Volume 1 focuses on human physiology and medical procedures and standards
for maintenance and preservation of health. Volume 2 focuses on systems that interface with the
human: controls, displays, architecture, environment, and habitability support systems. These
systems must be configured for humans to carry out their mission effectively and safely.

The requirements in Volume 2 are a combination of both general and very specific criteria. In some
cases, research and experience have determined an absolute need for a specific configuration or a
specific set of environmental limits to maintain human health and productivity. In other cases,
however, requirements are expressed in general terms (almost as goals). These requirements,
though general, must also be met. The method for meeting the general requirements might vary
with the specific system. Requirements may vary, for example, with such factors as crew size,
mission duration, and gravity environment. There is no single, global method of meeting the
standard.

In this handbook and in NASA-STD-3001, Volume 2, the term “requirement” refers to the global
human interface design criteria in NASA-STD-3001. The term “system-specific requirements”

refers to the design criteria for a specific system that will implement the requirements in NASA-
STD-3001, Volume 2.

3.2 DERIVATION OF PROGRAM-SPECIFIC REQUIREMENTS

Program-specific requirements must be created for each individual program; creation of these
requirements is specified in 3. 2, Program-Specific Requirements [V2 3002], of NASA-STD-3001,
Volume 2. Furthermore, all statements in NASA-STD-3001, Volume 2, with the word “shall” must
be considered in the development of a program-specific set of human-systems design requirements.
The creation of the program-specific requirements for Volume 2 must be started early in the
program (in the conceptual stage).

Program-specific requirements will generally have two parts: human-systems design requirements
and verification requirements.

1. Human-Systems Design Requirements — These specific design parameters will

13



ensure that the system meets the human performance and environmental requirements
in NASA-STD-3001, Volume 2. Each “shall” statement in NASA-STD-3001, Volume
2, will have a corresponding human-systems requirement. These requirements may
include the following:

O Habitability requirements that include upper and lower boundaries for
environmental factors such as heating, vibration, noise, and atmospheric
composition. These requirements can also define architectural features such as
hatch sizes or workplace volume needs.

o Design criteria to accommodate the human capabilities and limitations so that the
crew can perform to meet system demands. These criteria might deal with the
selection and placement of controls and displays or the interior layout of a
spacecraft.

2. Verification Requirements — These requirements spell out steps to verify that the final
system configuration meets the system-specific requirements.

Below is a description of the process for writing program-specific requirements and verifications, to
assure effective and sustainable human-systems integration. The three phases to the requirement
writing process include: 1) background and preparation, 2) requirements development, and 3) review.
The background and preparation phase builds an adequate knowledge base to support the
development of a comprehensive human-systems requirements set. The requirements development
phase applies the knowledge gained from the preparation phase to develop the appropriate human-
systems design requirements and verification requirements. The review phase ensures stakeholder
concurrence and vetting of the proposed requirements set.

3.21 Background and Preparation

It is important to gather background information to develop an understanding of the intent of each
NASA-STD-3001, Volume 2, standard and how these standards apply to the mission to be executed
by the program under consideration. As with all system requirements, it is important that the
preparation phase is completed before actual system development begins. Without an early
understanding and definition of these requirements, the human-systems interface (including the entire
system) could suffer, or costly corrections may be required later in the program development cycle.
The background and preparation phase includes: 1) an in-depth definition of the program’s mission
scope and design implementation methods (e.g., contract mechanism); 2) a thorough review of
NASA-STD-3001, Volume 2, and other applicable Agency standards applicable to the program; and
3) areview of additional relevant documentation.

A careful review of the NASA-STD-3001, Volume 2, is necessary to clearly understand the intent
of each standard. This handbook can be used as an important resource in achieving an in-depth
understanding and intent of the NASA-STD-3001, Volume 2, standards. Within this handbook, the
word “must” is used to help the requirement writer locate statements and criteria that may serve as
resource material for program-specific requirements. Furthermore, a “should” in this handbook
identifies a recommendation. In some cases, the criteria in NASA-STD-3001, Volume 2, are very
detailed and specific. Translation of these specific standards into program-specific requirements
may involve only slight modification of the original standard. For the “general” or nonspecific
standards, the author will have to tailor the requirement for a particular system and mission. In this
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case, the author must ensure the program-specific requirements meet the intent of the standard.
Although some terminology in a “general” requirement in NASA-STD-3001, Volume 2, cannot be
directly verifiable, the terms have meaning. For example, the word “minimize” means that design
parameters need to fall within an acceptable range and should be as low as possible within that range.

A program mission scope must be developed to understand applicability of the NASA-STD-3001,
Volume 2. For example, if the mission scope does not include a lunar destination, Agency standards
related to lunar habitation or lunar dust exposure are not applicable to the program and are not
incorporated into the program requirements set.

How NASA-STD-3001, Volume 2, has been applied to other programs can and should be reviewed
to gain a comprehensive understanding of existing documentation and associated lessons-learned
from other programs. In addition, a review of existing program documentation such as a program
requirements document or a program operational concepts document should be conducted.
Background and preparation activities should be coordinated with the other systems development
groups (engineering, safety, reliability, training, etc.). A systems engineering effort can implement
this coordination. This coordinated effort helps identify whether particular standards should be
covered elsewhere, or whether any non-applicability is due to existing constraints or agreements.
Any conclusions reached, assumptions developed, or methodologies employed as part of this
discovery period should be described in the foreword or introduction section of a program
requirements document so that this valuable data and scope is captured within the requirements set.

A tracking mechanism should be employed during the background and preparation phase to trace
the Agency standards to the program-specific requirements, and to keep a record of rationale
behind the applicability (or non-applicability) of those standards to the program mission. The
tracking mechanism also documents related requirements from other documents (both within the
program and from other programs) as well as the contributions from Subject Matter Experts
(SMESs) and integrators who participate in the development of the requirements and verifications.
Additionally, the tracking mechanism functions as a clear requirements trace and historical
development path for each program requirement and associated verification. Before development
of the program requirement set begins, the tracking mechanism must be approved by the
governing NASA Technical Authority/Authorities. The focus of the approval is on the
applicability of each requirement in the NASA-STD-3001, Volume 2, ensuring that the standard
is applied appropriately.

3.2.2 Requirements Development

With an understanding of the intent of each Agency standard and how they apply to the program-
specific mission(s) under consideration, development of the appropriate requirements and
verifications set begins. Each of the applicable Agency standards must be addressed. It must be
understood that, when developing program requirements, the program-level requirements must be
written so that they are verifiable. Some, but not all, Agency standards are verifiable as written.
Many of the verifiable standards are based on maxims of human interface that apply across all
systems and environments. Little or no tailoring will be required when making these into program
requirements. Other Agency standards are generic, are not verifiable as written, and must be adapted
to the specific program to generate a verifiable requirement. In some cases, supplementary
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documentation has been developed to assist with the transition from a generic standard to a
verifiable program requirement. It is essential to note here that SME participation is important in the
preparation of requirements and/or confirmation that developed program requirements meet the
intent of Agency standards.

Program-level requirements may be either functional design requirements or design constraints.
Basic requirements development rules are followed to clearly define design expectations and
parameters. The characteristics of a good requirement statement are that it must be concise,
simple, stated positively, grammatically correct, and unequivocal. Furthermore, program-specific
requirements statements must be:

Clear
1. Interpreted in only one way
2. Stated positively (i.e., using “shall” instead of ““shall not™)
3. Free of ambiguities (e.g., as appropriate, etc., and/or, be able to)
4. Free of indefinite pronouns (e.g., this, these)

Correct
1. Free of implementation (do not prescribe a design solution)
2. Free of descriptions of operations (ask “Does the developer have control over this?”)
3. Each requirement is necessary to meet the standard

Consistent
1. Not redundant with other requirements
2. Does not conflict with other documents
3. Defined at the correct level (again, ask “Does the developer have control over this?”’)

Verifiable
1. Contains a clear and measurable pass/fail criterion

Once a requirement is written, a rationale statement must be written. A rationale statement should be
written for all requirements. Rationale statements clarify the requirement by providing a brief
background and justification for the requirement, explanation of intent of the requirement, and
expectations for design implementation including any numerical values. If data values or limits are
different or expanded from what is documented in the Agency standard, a justification for this
difference is to be included in the rationale of the program requirement.

323 Verification Requirements

A verification requirement is necessary to ensure that requirements are properly understood,
interpreted, and implemented. Verification statements are developed in parallel with requirements
statements to ensure clarity of each. Verification statements specify a verification method of test,
analysis, demonstration, or inspection, and define the steps to meet specified success criteria. The
selection of a verification method is weighed against the importance, risk, precision, sensitivity, and
consequences of the requirement. Verification statements must be objective: repeatable results must
be obtained regardless of the measurement personnel. See Table 3.2-1 Verification Techniques for
specific guidelines on developing verifications. The rationale of the verification statement clarifies
intent by providing background information and details of the required methodology, as necessary.
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Verification
Technique

Inspection

Test

Table 3.2-1 Verification
Techniques

Selection Criteria

If a person can observe or
use a simple measurement to
determine whether the
requirement is satisfied,
Inspection is proper method.

The risk with this method is
inherent in the fact that an
inspector makes the

measurement or judgment.

Inspection is typically the least
expensive verification method.

Attributes for verification: What
is to be inspected, How is it to be
inspected, Who will inspect it,
What is the success criterion?

If an experiment and subsequent
data analysis are needed for
verification, Test is the proper
method.

A Test verification should
provide a thorough description
of the experiment.

The success criteria for a Test
may be best stated
probabilistically.

Test is typically the best and
most effective method to
quantify and reduce risk.
Testing can be expensive.
Attributes for verification: the
measure, initial conditions,
assumptions, experiment
description, hardware and
software to be used, success
criterion.
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Example

Requirement: The system shall
provide Personal Protective Equipment
(PPE) for each crewmember in the
event of an emergency.

Verification: The provision for
stowage space of PPE shall be
verified by inspection. The
inspection shall include a review
of the system design to ensure
accessible stowage space for PPE.
The inspection shall identify the
presence of PPE. The verification
shall be considered successful
when the inspection identifies
adequate stowage space and the
presence of PPE.

Requirement: The system shall limit
impulse noise levels at the
crewmember’s head location to less
than 83 dB during crew sleep
periods.

Verification: The Impulse Annoyance
Noise limit shall be verified by test. The
measurements shall be made within
the vehicle in the flight configuration
with integrated Government-furnished
equipment (GFE), portable equipment,
payloads, and cargo installed.
Hardware shall be operated at settings
that occur during crew rest periods.
Measurements shall be made, using a
Type 1 integrating- averaging sound
level meter, at expected sleep station
head locations. Measurement locations
shall be no closer than 8 cm from any
surface. Peak-hold sound pressure
level measurements (impulse noise)
shall be made. The verification shall be
considered successful when
measurements show that the peak
overall sound pressure levels are less
than 83 dB.



Analysis

Demonstration

If verification can be

accomplished by evaluation of
equations, Analysis is the proper

method.

The risk with Analysis is inherent
in the assumptions and model

fidelity.

Analysis is generally much less

expensive than Test.

Attributes for verification: the

measure, initial conditions,
assumptions, sources of

equations, details of simulation,

hardware and software to be

used, success criterion.

If verification can be
accomplished with an
experiment on actual syste

hardware or software, and only a

single datum or result

is needed (no data analysis, a

simple pass/fail), then

m

Demonstration is the proper

method.

A Demonstration is usually
performed at the extremes

in

range of performance (i.e.,
worst-case environment or

scenarios).

The risk with Demonstration is
that there is only one datum on

which the pass/fail decision

is made.

Attributes for verification: the

measure or function, initial

conditions, assumptions, specific

instructions, hardware and

software to be used, success

criterion.
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Requirement: The system shall
provide a minimum of 2.0 kg (4.4 |b)
of potable water per crewmember per
mission day for drinking.

Verification: The provisioning of the
specified quantity of potable water
shall be verified by analysis. The
analysis shall determine the amount
of potable water stowage on the
vehicle for all vehicle configurations.
The verification shall be considered
successful when the analysis shows
sufficient volume and mass capacity
for stowage of potable water in the
amount of 2.0 kg (4.4 Ib) of potable
water per crewmember per mission
day (in addition to other potable
water requirements), using maximum
crew size and maximum mission
duration.

Requirement: Window covers, shades,
and filters that are designed to be
removed and replaced during flight
shall be removable in less than 10
seconds and replaceable in less than
10 seconds.

Verification: Window cover, shade, and
filter removal or replacement in less
than 10 seconds shall be verified by
demonstration. The demonstration
shall occur in the vehicle or high-
fidelity mock-up thereof. The
demonstration shall consist of
removing and then replacing each
window cover, shade, and filter
without the use of tools by a
crewmember test subject who shall be
selected by NASA. The verification
shall be considered successful when
the demonstration shows that each
cover, shade, and filter is removable
in less than 10 seconds and
replaceable in less than 10 seconds.



To determine the best verification method(s), several considerations need to be made
concerning the type of requirement, the success criteria, and, to some extent, cost and
schedule. The selection of verification method(s) should be weighed against the importance,
risk, precision, sensitivity, and consequences of the functional requirement.

3.24 Review and Confirmation of Program-Level Requirements

The final step in development of program-specific requirements from Agency standards is to
conduct a broad stakeholder review. It is important that the requirement set is distributed as a
whole to ensure stakeholders have the context of each requirement during their review.
Stakeholders and SMEs should also be provided with the assumptions and approach determined
during the background phase of development. This is done to ensure that the context of how the
standards were applied to the program under consideration is understood. Such information
may not be evident from either the requirement or the rationale statement.

Reviewers should be given clear directions on what is expected from them during the review,
including areas of focus and an overall schedule for the review. Reviewer comments are
addressed openly by providing the reviewers with rationale to each recommended disposition.
An agreement with the reviewers must be reached on the disposition for each comment. If
agreement cannot be reached, the comment must be addressed at the appropriate review board.

Relevance to the Agency standards must be considered during the review process. If the
program has accepted additional risk by waiving or deviating from the originating standards, the
program must document the risk posture acceptance and associated rationale. If additional
information that clarifies the standards is uncovered during the review, the information could be
applied to modify the standards, add rationale to the standards, or modify an associated
document, such as a handbook. Modifications to the standards should be considered, but are not
mandated.

3.2.5 Source of Requirements Information

This handbook is an available source of information used to create the system-specific
requirements. It contains information from the latest research about human health, habitation,
and performance in space. However, NASA recognizes that handbook updates will lag science.
Systems developers may wish to propose using supplemental or alternative information.
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33 APPLICATION OF THE HIDH TO SYSTEM DESIGN AND
DEVELOPMENT

3.3.1 Introduction

The following section discusses the development of a system and how the information in this
handbook on human health, habitation, and performance can be integrated into the design. This
section is meant to help program planners, designers, and human factors and health
practitioners achieve a successful integration of humans and systems.

The information in this section coordinates with NASA/SP-2007-6105, Systems Engineering
Handbook. In that reference, one can find further information on the design process and on
human factors analytical techniques.

33.2 Overview of the Design Process

All design and development programs evolve through the same general phases:
Conceptual
Preliminary Design
Final Design and
Fabrication Test and
Verification
Operations and
Sustainability Update
and Retrofit
Closeout

If the system includes a crew, the human component must be considered along with the
other components throughout systems development. The procedure for including the human
in the design process is often referred to as human-system integration (HSI); however, to
more closely align with content within NASA-STD-3001, we will refer to this process as
human-centered design (HCD).

In a systems development effort, a Human Factors group is usually responsible for the human
component of the system (the “crew”). In this role, Human Factors is central to the HCD
process and will have the primary responsibility for the use of this handbook. This section will
focus on the Human Factors efforts during the systems development process.

Well-designed human-system interfaces are critical for crew safety, productivity, and ultimately
mission success. An HCD program must address the physical and cognitive capabilities and
limitations of the human occupant, the constraints of the spaceflight environment, and the tasks
to be performed. The lack of a quality HCD program makes it more likely that problems will
arise late in the systems development cycle, resulting in increased risk of slipped schedules and
increased costs. Even worse, human interface problems may arise when the system is deployed,
resulting in degradation of performance or safety.
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A systems development program involves a variety of groups that focus on particular areas
of the design. These groups have different names, depending on the organization. In this
discussion, we will refer to the following groups:
Human Factors — Focuses on human performance and ensures the integration of the
human- system requirements into the design
Systems Engineering — Coordinates all engineering specialties, sets design parameters,
and conducts tradeoft studies
Design Engineering — Responsible for the final hardware and software configuration
Mission Planning — Responsible for defining the system mission and basic operating
procedures
Safety — Responsible for human and systems safety
Health — Manages crew health
Crew Selection — Defines and enacts crew selection criteria
Training — Prepares the crew for safe and effective performance during the mission

An HCD program plan should be developed that defines how the Human Factors group
integrates with the other organizations throughout a systems development program to ensure
that humans are healthy, safe, and productive in support of human spaceflight missions. An
HCD program plan should contain:

The general Human Factors Engineering (HFE) program goals and scope

A high-level concept of operations for the new system

HFE design team skills necessary to conduct subsequent HFE

Activities (responsibilities of the main design team and contractors should be clearly

stated) Engineering procedures (such as quality assurance and the use of an issues-

tracking system) to be followed

Description of HFE products and documentation of analysis and results

Key milestones and schedule to ensure the timely completion of HFE products

This section will briefly describe an HCD process during systems development, including the
coordination of the systems development groups. Along with a brief description of each
program phase, this section will show how this handbook can be used. Table 3.3-1 at the end of
this chapter summarizes this information.

333 Conceptual Phase

During the Conceptual Phase of systems development, designers define what the system is
intended to do and make broad assumptions about how the system will accomplish this. This
includes defining the role of the human in the system.

In meeting its goal, any system follows a logical scenario of events. Mission scenarios are
defined during the Conceptual Phase. Mission definition includes identification of operations
during emergency, “off-nominal,” and contingency conditions. As the sequence of events and
functional goals are defined, system developers begin to make assumptions and conceptual
decisions about how these goals are to be accomplished. Functions can be allocated to possible
combinations of hardware, software, and /or humans. These conceptual design decisions involve
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making choices about the specific role and duties of the human in the system. To help with these
decisions, human factors analysts may analyze critical tasks for each human role option.
Techniques for predicting workload and human reliability, and assessing the consequences of
task failure, will then be used to help select the optimal human roles in system operations. See
Table 3.3-1 for more specific outputs from the Conceptual Phase.

During this phase, human factors personnel will work with a wide variety of project personnel.
Establishing the human role requires coordination and tradeoffs with system and design
engineers, and with persons and groups responsible for training, mission planning, safety,
health, and crew selection.

Finally, during the Conceptual Phase, system developers will develop the set of
system-specific requirements necessary to meet NASA-STD-3001, Volume 2.

Handbook Use in Conceptual Phase
The handbook will be used in three ways during the Conceptual Phase:

1. The Conceptual Phase involves defining the human role in the system. The first step
is to identify the potential users of the system and describe this population. Chapter 4,
“Anthropometry, Biomechanics, and Strength,” discusses how to determine the
physical size and capabilities of a crew population.

2. System developers must trade off the use of humans or equipment to accomplish
each of the system functions and goals. Doing this requires knowledge of human
physical and cognitive capabilities. This information can be found in Chapter 5,
“Human Performance Capabilities.”

3. The entire handbook will be used for development of program-specific requirements.

3.34 Preliminary Design Phase

During the Preliminary Design Phase, system developers expand on the decisions made during
the Conceptual Phase. Basic decisions are made about locations within the system where people
will live and work and the type of equipment they will use. The Human Factors group will
provide inputs to the habitable volume needs and the overall layout of workplaces and living
habitats. Early design will focus on equipment selection, configurations, and procedures that are
simple, operable, and consistent throughout the system design. Decisions are also made about
habitability and life support system design parameters.

During this phase, human factors analysts will make gross assessments of human activities.
They will estimate how many people should be assigned to tasks and estimate task durations.
The functional allocations made during the Conceptual Phase will be examined and in some
cases revised. During this phase, human factors analysts will use tools including function and
task analyses, human anthropometric and cognitive models, physical and virtual models of crew
habitation areas and workstations, and preliminary performance and usability testing. Workload
and human error assessments made during the Conceptual Phase will be updated and refined
during Preliminary Design.

Human factors experts will work closely with system and design engineers and mission planning
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groups during the Preliminary Design Phase. This process will be iterative, with design
alternatives assessed through tradeoff studies coordinated by system engineers. Also, task
analysis data developed by human factors analysts during this phase will be forwarded to training
and Mission Planning personnel.

Handbook Use in Preliminary Design Phase

During the Preliminary Design Phase, designers and human factors personnel will use information
directly from this handbook. The requirements will have been completed and the handbook will be
the resource for fulfilling these requirements. Chapter 8, “Architecture,” describes the
considerations to be made and information required for laying out a living and working habitat in
space. For extravehicular activities (EVA), Chapter 11, “EVA,” will help designers define
preliminary designs for EVA systems. Human environmental support (atmosphere and water) and
protection from environmental effects (radiation, contamination, acoustics, acceleration, and
vibration) are defined in Chapter 6, “Natural and Induced Environments.”

3.3.5 Final Design and Fabrication Phase

During the Final Design and Fabrication Phase, final dimensioned drawings are made of the user
interfaces. Software systems are finalized. It is important that these systems meet the physical
and mental needs and capabilities of the crew.

Human factors analysts will perform detailed task analyses and usability testing during this
phase. These analyses help to define the details of the system configuration needed to support
human performance

and health. This information is communicated to Design Engineering, Crew Selection, and
Training personnel. The information developed will include these items:

Design requirements for details (selection, placement, size) of controls and displays
Size and configuration of workstations

Requirements for special environmental support (lighting, ventilation, cushioning, etc.)
Requirements for labeling

Skill and training needs of the crew

Time needed to do tasks (task time)

Procedures for doing tasks

Design efforts will focus on maximizing crew effectiveness while minimizing training
requirements, task time, and errors. This can be achieved through simplifying and standardizing
crew interfaces.

Also during this phase, human factors personnel will finalize plans to verify that the system will
meet the system-specific human factors requirements defined in the Conceptual Phase.

Handbook Use in Final Design and Fabrication Phase:

Again, the information in this handbook can be used directly by developers to finalize the
system configuration. Chapter 4, “Anthropometry, Biomechanics, and Strength,” shows how to
design a system that will accommodate the full size range of the selected crew. Chapter 7,
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“Habitability Functions,” and Chapter 8, “Architecture,” contain information to help with the
detailed design of the crew’s interior physical environment. Chapter 11, “Extravehicular
Activity,” defines the detailed design needs for the EVA environment. Chapter 9, “Hardware
and Equipment,” and Chapter 10, “Crew Interfaces,” both define detailed configuration
requirements for crew interfaces.

3.3.6 Test and Verification Phase

During this phase, the final system configuration is tested to verify that it meets the
requirements developed in the Conceptual Phase. In testing human performance or habitability
accommodations, the human can be modeled. In some cases, however, modeling does not
adequately represent the human, and human test subjects need to be used. Test subjects must
be representative of the full range of potential crewmembers in both physical and cognitive
aspects. As the responsible agent for the human, human factors personnel must participate in
the testing to ensure that it is conducted according to plan, and then interpret the results.

Handbook Use in Test and Verification Phase
Some findings may fall outside predicted norms and various sections of the handbook may
have to be consulted for assessment.

3.3.7 Operations, Sustainability, Update, Retrofit, and Closeout Phases

Human factors personnel are often used in standby mode during these phases. These personnel
can be a valuable resource in monitoring human performance and feedback. Human factors
personnel can help provide immediate solutions (using design data in the handbook) or diagnose
situations (using tools such as task analyses and human modeling) and determine where
improvements can be made. Some procedural or design changes may be large and may require a
more fully developed program with human factors participation as outlined above.

Handbook Use in Operations, Sustainability, Update, Retrofit, and Closeout Phases
The handbook can be used as a resource to assess the severity of crew problems and for
determining corrective actions.
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Table 3.3-1 HCD in System Design
Phase Input Info Human Factors Output Focus of Coordination
Activities Handbook Use With
During Phase
Lessons learned
identifying potential
problem areas and
function allocation
guidelines
Mission scenarios
and concept of
operations
Analysis of similar Definition of human . .
systems . . Section 9.13, Design
. . role in system (job .
Identification of type, basic skill for Training
human capabilities re qu’ir ements) to Chapter 5, Human
and limitations in help ensure the Performance
mission context : Capabilities
; system is operable . . .
Operational Design engineering
Systems
System goals analyses to Qeﬁne Number of Chapter 5, Human er}lf s
and basic system mission Performance gineering
mission scenarios crewmembers Capabilities Training
Conceptual function ﬁllrll(c)fia(‘)trllzlioolt;umans Sections 5.6 — 5.8 lg/hfsstlyon planning
i t . .. Chapter 4, are
requirements or to equipment or Definition of crew Ant}rl)ropometry Health
software. anthroporpgtrlc Biomechanics, and Crew selection
Preparation of characteristics

Human Factors
requirements
document

Human error and
failure consequence
analyses

Strength

Identification of
equipment and
stations that
interface with crew

System-specific
Human Factors
requirements
document
(including
preliminary
verification test
plans, potential
safety issues, and
trade studies)

Entire handbook
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Crew duties

Chapter 4,
. Anthropometry,
Selle.ctl'o n ang . Biomechanics, and
Defined preliminary design Strength
- ) of equipment that
mission with interfaces with crew Chapter .9’ Hardware
performance Gross task (focus on and Equipment
requirements definition and operability and Chapter. 7, Design engineering
Preliminary analyses (usability simplicity) Hab1tgb1hty Svstems
exterior studies of Functions yS'ems,
Preliminary boundaries components, Chapter 10, User engineering
Design Identification prototypes, and Interfaces MIS.SI.OH planning
of basic mock-ups) Habitable volume | CHaPter 8, | raiing
items and Human modeling requirements and Architecture Health
areas with Empirical testing overall architectural Chap ter 7,
pasia
crew inter- .
faces Detglled Chapter 6, Natural
environmental and Induced
support range Environments
requirements Chapter 11, EVA
Final verification
test plans
Crew skill and
knowledge
requirements
Crew Qrganizational Section 5.8, Crew
behavior L
requirements Coordmatl.on and
Collaboration
Detailed task Task procedures
analyses and and times
usability testing Final crew control,
Workload display, and Chapter 10, Crew
assessment procedure interface Interfaces
Basic system Development designs Desi —
Final Design | layout with testing of human Chapter 7, esign engimeering
and crew duties and and system Detailed crew Habitability Training .
Fabrication activity centers performance workstation and Functions Cr.ew. selectlog
defined Provision of input activity center Chapter 10, Mission planning
to user interface designs Crew Interfaces
designs and trade Chapter 11, EVA
studies based on Detailed
analyses environmental
support
requirements Chapter 6, Natural
defined (lighting, and Induced
acoustics, Environments
ventilation, heating, Chapter 11, EVA
restraints and
padding)
Conduct and
monitoring of
Hur.nan.Factors Test report with Entire handbook as
. testing 1n a . .
Test and Final system lete and recommendations for | required for Desi . .
Verification configuration comprete an corrective action if assessment of test esigh engineering

integrated system
Assessment of
results

necessary

results
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In-situ monitoring of
user interface with
. system Identification
. Final system
Operations . of Human Factors
configuration
and problems .
L User Solutions to user .
Sustainability, assessments Task analyses, interface problems Entire Design engineerin
Update and workload assessment, P handbook as £l €18 g
System . .
Retrofit, . human modeling as required
failure and .
Closeout . required for retrofit
repair reports
3.3.8 Human-Centered Design

HCD, when incorporated into a program’s systems engineering approach, is a process by which
end user considerations, limitations, and capabilities are integrated into the design of the product
to maximize user performance. An HCD requirement, Human-Centered Design [V2 3005] within
NASA-STD-3001, Volume 2, states “Each human space flight program shall establish and
execute a human-centered design process that includes the following, at a minimum:

a. Concepts of operation and scenario development

b. Task analyses

c. Function allocation between humans and systems

d. Allocation of roles and responsibilities among humans

e. [terative conceptual design and prototyping

f. Empirical testing, e.g., human-in-the-loop, testing with representative population, or

model- based assessment of human-system performance
g. In-situ monitoring of human-system performance during flight.”

This Agency requirement sets the stage for a program to implement an HCD process to ensure that user
considerations, limitations, and capabilities are incorporated into system design. The following
discussions break down each of the elements (a through g) that are included within the HCD requirement.

3.3.8.1 Concepts of Operation and Scenario Development

Concept of Operations (ConOps) and mission scenarios are developed by a program to document all
mission scenarios and describe how mission objectives are to be accomplished using planned
resources, including the crew and the system. The ConOps, developed initially during the conceptual
phase, provides a broad view of operations. The ConOps should include the perspective of the users
that will ultimately operate the system. As the conceptual phase progresses, the ConOps should
evolve to cover all aspects of the system capabilities, including the user.

Table 3.3-2 provides an example of a tool that may be used to develop a ConOps. The table
organizes key mission-specific information associated with specific crew activities, such as
transit to the International Space Station (ISS). This example describes, at a high level, the
planned crew activities for each crewmember for each phase of the mission. The table also
identifies subsystems that may be impacted by crew activities. Similar tables can be created for
other segments of a mission (e.g., quiescent docked phase, return to Earth, and post-landing) and
for off-nominal and emergency scenarios. As a design matures, more information should be
provided to capture the specific details associated with each mission phase.
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Table 3.3-2 Example Nominal Scenario — Travel to ISS (Notional)

Mission Phase Crew Activities Subsystems
Crew 1 Crew 2 Crew 3 Crew 4 Crew 5 Impacted
Architecture,
Vehicle Ingressin | Ingressin | Ingressin | Ingressin | Ingressin | environmental,
Boarding suit suit suit suit suit monitoring,
lighting
Environmental,
monitoring
Check Check ’
Launch Prep © c N/A N/A N/A lighting,
procedures | procedures i
windows,
controls/displays
Launch Check N/A N/A N/A N/A Environmental,
procedures monitoring
Check Eat Eat Eat Eat Architecture,
Ascent Waste Waste Waste Waste environmental,
procedures o
Sleep Sleep Sleep Sleep monitoring
Architecture,
Eat Eat Eat Eat Eat environmental,
Orbit Waste Waste Waste Waste Waste monitoring,
Sleep Sleep Sleep Sleep Sleep hygiene,
stowage, & trash
Environmental,
Proximity Check Check rgom.torlng,
. N/A N/A N/A lighting,
Operations procedures | procedures i
windows,
controls/displays
Environmental,
Check Check r%lom'torlng,
Rendezvous N/A N/A N/A lighting,
procedures | procedures i
windows,
controls/displays
Architecture,
environmental,
Check Check itori
Dock/Berth e e N/A N/A N/A monitoring,
procedures | procedures lighting,
windows,
controls/displays
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3.3.8.2 Task Analysis

Task analysis is a methodology used to break down an event, such as vehicle boarding (example
from Table 3.3-2), into individual tasks, and to break down individual tasks into simpler
components. The focus of a task analysis is on humans and how they perform the task, rather
than on the system. The methodology is used to understand and thoroughly document how tasks
are to be accomplished. Results can help determine the displays or controls that need to be
developed and used for a particular task, the ideal allocation of a task to humans vs. automation,
and the criticality of a task, which all help drive design decisions. As a means to understand the
goals and operations of a vehicle, a high-level task analysis should be performed early in vehicle
design. Early definition of tasks and task analysis occurs during the conceptual phase when
mission, operations, and requirements are refined and clarified. Task definitions and descriptions
continue to evolve as designs, ConOps, and crew utilization/functional allocation are determined.
As the task-related products mature, the focus shifts to defining the lower-level crew to system
interactions (physical and cognitive activities) that the vehicle needs to accommodate for
successful mission completion. Common techniques for gathering task analysis data include:
documentation review, surveys, questionnaires, interviews, observations, and verbal protocols.

As stated earlier, a task analysis involves defining the physical and cognitive (including
perception [e.g., visual, tactile, and auditory], decision-making, comprehension, and monitoring)
tasks that are to be performed. In addition, pertinent task attributes are also captured and
documented. These task attributes include:

User roles and responsibilities

Task sequence

Task durations and frequencies

Environmental conditions

Necessary hardware, clothing, and equipment

Constraints or limiting factors

Necessary user knowledge, skills, abilities, and/or training

Documenting the physical and cognitive tasks and the associated/supporting information should
be completed for all functions allocated to users for the established mission objectives, phases,
and scenarios. To make the task analysis activity as useful as possible, representatives from the
user population should be involved in task analysis activities. Having representatives from the
user population participate provides an opportunity for that community to share its experiences
and expectations throughout the design process.

3.3.83 Function Allocation between Humans and Systems

A function allocation formulates a functional description of a system and of the allocations of
functions among users and system components. A function allocation significantly influences
design decisions by establishing which functions are to be performed by the users and which by
the system. Based on the ConOps, function allocation determines the extent to which a given
activity, task, function, or responsibility is to be automated, assigned to the user, or assigned to
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some other asset (like a remote operator). Function allocation is based on many factors, including
the relative capabilities and limitations of the user and the technology in terms of reliability,
speed, accuracy, strength, flexibility of response, financial cost, the importance of successful or
timely accomplishment of tasks, and user well- being. Decisions should not be based on
determining which functions technologies are capable of performing and then simply allocating
the remaining functions to users, relying on the user’s flexibility to make the system work. The
outcome can lead to user inattention and job dissatisfaction.

To conduct a function allocation, an initial task analysis should be consulted to determine what
tasks are necessary to accomplish the goal of the system. Next, tasks that are more suited for a
computer — such as persistent monitoring and/or performing large complicated calculations, and
which are better for a human to complete — should be identified. This involves considering the
strengths and limitations of the user and the general conditions of the situation. General things to
consider include whether there are concurrent tasks, the time criticality of the task, the workload
associated with the task, the need for specialized knowledge, etc. The responsibility for a task
needs to be allocated to the component (human or machine) that is most capable of
accomplishing the goal of the system. This ensures that the user has an acceptable workload
during most interactions with the system, thereby leading to an increase in system performance.

Function allocation and task analysis should continue iteratively throughout the design lifecycle.
As one becomes more detailed, assessment of the other for accuracy and completeness is
required. Testing may be used to assess the accuracy of the allocations and determine whether
any changes need to be made. Function allocations evolve as system capabilities, including the
user, become better defined through iterative HCD process.

Human reliability analysis can also inform function allocation (such as with ISS emergency
responses). When a failure is complex, an adaptable human may be more capable of a successful
response than a machine.

3.3.84 Iterative Conceptual Design and Prototyping

Candidate design solutions are visualized through graphical or physical representations
(prototypes) based on information gathered through ConOps, task analysis, and function
allocation activities. Design concepts may be communicated in many forms, depending on the
maturity of the design, and may range from paper and pencil sketches, to interactive prototypes,
to high-fidelity mock-ups or computer-based simulations. During this activity, it is important to
communicate ideas and involve the user in focused design reviews or evaluations to gather
feedback. Designs and their physical representations are iteratively improved based on user
feedback and evaluation results until acceptable solutions are achieved.

3.3.85 Empirical Testing (Design Evaluation and Iteration)

Within an iterative design process, evaluation activities evolve designs by identifying areas for
design improvement through the gathering of quantitative and qualitative data. Evaluation of
design concepts and alternatives is crucial to achieving optimal design solutions. Evaluations must
begin early and continue throughout an iterative system design process. They can include a wide
variety of activities, progressing in fidelity as the design progresses, from activities such as initial

30



informal reviews with SMEs and/or users to formal usability tests, human-in-the-loop (HITL)
testing, or flight simulations gathering quantitative performance data or qualitative observations to
assess things such as habitat layout, design of displays and controls, vehicular handling qualities,
and vehicle controllability by pilots. Collection of objective, quantitative data is preferred to
collection of subjective, qualitative data, understanding that this progresses as the design
progresses. It is imperative to use representative users in the simulations and evaluations to ensure
that results capture the capabilities of the user and are relatable to the mission situations.

Fidelity and integration of evaluations increase with maturation of the design. Early in the
design, single-system or even single-component evaluations are performed. However, as the
design matures, evaluations also mature to include entire subsystems, systems, and eventually
integrated systems. Increases in fidelity include maturations such as progressing from
Computer-Aided Design (CAD) analyses to HITL evaluations in a flight simulator, increasing
the flight representation of the hardware, increasing from qualitative to quantitative data
collection, and/or increasing the representativeness of the user sample. High-fidelity evaluations
should be conducted later in the design lifecycle.

Evaluations need to focus on specific objectives, and evaluation plans need to be developed to
include details such as:

HCD goals

Parts of the system to be evaluated and the fidelity of hardware and software (e.g., use of
computer simulations, mock-ups/prototypes, test scenarios, etc.)

How the evaluation is to be performed (test set up, methodology, etc.) The procedures
to be used in the evaluation

Resources required for evaluation and analysis, including users/test subjects

Scheduling evaluation activities and resources, including users/test subjects and
concrete design proposals (e.g., models, simulations, mock-ups, etc.)

Intended use of results/feedback

An HITL evaluation is formulated, structured, and executed based on critical questions (objectives)
and collection of measurements that lead to answering those questions. Critical questions that need
to be answered are determined with stakeholder input, and the evaluation is structured by scientists
or human factors professionals using research methods and rigorous experimental design to answer
the questions set forth. For example, if two hardware designs need to be tested (compared), then an
optimal test set up may include counterbalancing of hardware assessment order for a repeated
measures analysis or blocking of the hardware design for a between-subjects analysis, collection of
error rates for a quantitative performance measure, and collection of subjective workload ratings
for a qualitative measure. The quantitative measure of performance can differentiate the designs
objectively, whereas the qualitative measure allows for subject expertise, experience, and
preference measures. The structure and rigor of an evaluation ensures that the results are valid and
that proper information is available to make design decisions.

Evaluation findings are used to assess and reassess the understanding of the human-systems
relationship and appropriateness of design solutions in an iterative, feedback loop. Therefore, as

31



designs mature, each successive evaluation should mature and be performed with more complete
and flight-representative inputs and outputs, simulations, or hardware (e.g., mock-ups,
qualification units, etc.). Intentional design iteration is a fundamental principle of HCD. In
addition to ensuring an appropriate and usable design, design evaluation early and often
contributes to lifecycle development cost control by helping to identify risks and issues early in
the design cycle when they are relatively inexpensive to fix. Usability evaluations, task analyses,
and function allocations are conducted, or reexamined, several times during the early stages of
the system lifecycle. Results should have a direct influence on system design, providing
continuous feedback to the designers of the system.

3.3.8.6 Allocation of Roles and Responsibilities among Humans

In conjunction with a function allocation and task analysis, the tasks that have been allocated to
humans need to be distributed between the expected users (i.e., crewmembers), where some users
have different responsibilities than other users. As an example, consider the responsibilities of a
commander, pilot, and physician. System designers need to understand the capabilities of the
various users and consider the assignment of tasks and when the tasks are expected to be
completed by the various users during the systems development process.

Allocation of roles and responsibilities needs to include consideration of task timing, number of
crew required, available space and time, privacy needs, information required, and other pertinent
constraints.

3.3.8.7 In-situ Monitoring of Human-Systems Performance during Flight

Task analyses, function allocation, evaluation, and model-based assessment are all useful tools
used to impact system design, aid in understanding how a human will interact with the system,
and identify problems that hinder overall system performance. However, these tools are used
only through the design process. In-situ monitoring occurs during mission operations and is key
to understanding human- systems performance during flight.

In-situ monitoring is intended to provide data in support of system adjustments, during flight,
that increase safety and performance. This capability is particularly important for systems that
support life such as environmental control systems that maintain air and water quality. These data
allow real-time operators to make modifications to ensure mission goals are achieved, as well as
provide feedback to inform design changes for future flights.
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Section 4: Anthropometry, Biomechanics, and Strength of the HIDH has been
revised and is available as OCHMO-HB-004.

4 ANTHROPOMETRY, BIOMECHANICS, AND STRENGTH
4.1 INTRODUCTION

It is important to design spacecraft, spacesuits, and the equipment used therein, to accommodate
the physical size, shape, reach, range of motion, and strength of the selected user crewmember
population. Adjustments for the effects of external factors (e.g., gravity environments, clothing,
pressurization, deconditioning due to mission duration) on crewmember anthropometry,
biomechanics and strength must be included in the spacecraft design.

This chapter discusses the physical dimensions of humans and how to use this information to
support the design of hardware to accommodate the full range of selected users and their
physical qualities. The following physical dimensions are addressed:

e Physical Dimensions or Anthropometry
e Range of Motion

e Reach Envelope

e Body Surface Area

e Body Volume

e Body Mass

Section 4.3 provides an overview of factors that affect anthropometry, collecting anthropometric
data from subjects, and proper application of the data. Section 4.4 presents considerations and
design requirements for joint range of motion. Section 4.5 discusses human physical reach
considerations and design requirements. Section 4.6 covers human body surface area, volume,
and mass properties based on body mass properties. Section 4.7 presents information about
human strength capabilities.

Further, this chapter provides information on how to develop and use human body dimension
and strength data. The chapter does not provide specific data. Programs must develop their own
dimensional dataset based on the selected user population, including any estimates or
assumptions made relating to that population. Where they may be helpful, the sections below
give examples of calculations and applications. The data provided in the examples is from a
database developed specifically for NASA’s Constellation program. The entire Constellation
program database is in Appendix B. Also in Appendix B is a full example set of reach
dimensional data extracted from NASA-STD-3000. The data in the appendices is primarily for
example purposes and is not meant to apply to all NASA programs.

4.2 GENERAL
4.2.1 Introduction

This section describes general considerations for identifying the user population and methods of
translating this population into dimensional data to be used in designs of hardware and systems
to accommodate the user population.
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4.2.2 User Population

One of the most important considerations in human-centered design is the user population. The
question of who will be using the hardware must be addressed.

Choosing the user population is a very important consideration because it is a major driver in the
overall design and operations of spacecraft as well as the equipment used. It is especially
important to determine the range of critical dimensions or values that are significant to overall
layout and design of the spacecraft and key equipment used such as couches and spacesuits.

Users should be defined in terms of age, gender, ethnicity, and other special considerations. This
information is critical for selecting an appropriate database. Special considerations may include
level of physical fitness. A user population of military personnel, for example, usually has a
physical fitness level different from a user population of civilians. Other considerations might
include the timeframe for hardware use. If hardware is intended to be used far into the future,
this may affect the anthropometry needs, because attributes of populations tend to change over
time (discussed further in section 4.2.2.2).

4.2.2.1 Selection and Validation of a Database

The selection of a database for use in the design of any type of hardware is dictated by the
potential user population. The database needs to be appropriate for subject age, gender, and
factors such as physical condition or other special considerations.

Though it may be ideal to collect data for each subject who will use a piece of hardware, it is
rarely feasible to do so. Thus, the selection of a database that closely represents the expected user
population is crucial to good ergonomic design.

A variety of published adult anthropometry data is available for use. Resources commonly used
throughout ergonomic and human factors industries are shown below.

e 1988 Anthropometric Survey of US Army Personnel (ANSUR)

e Air Force surveys

e National Health and Nutrition Examination Survey (NHANES; Ogden, et al., 2004)
¢ Civilian American and European Surface Anthropometry Resource (CAESAR)

Although NASA maintains databases of astronaut anthropometry, this data is not necessarily the
best estimate for future astronauts. While it may be useful for current and ongoing human factors
analyses and investigations, it may not fully represent the variation among the population from
whom the astronauts are selected. Also, the astronaut selection standards may change over time.
Another problem is that the number of subjects in the astronaut databases is relatively small,
especially for females. Therefore it is necessary to select a suitable database that is (a) current,
(b) large enough to overcome statistical issues, and (c) representative of the anticipated user
population. Thus, sources such as modified military or civilian databases may be more
appropriate representations of a future astronaut population.

Various methods exist to adjust existing databases to better represent a user population. For
instance, databases may be truncated to include only people of a specific gender, age, or
ethnicity. Databases may also be combined to include a more diverse population. Finally,
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populations may need to be adjusted by means of algorithms to indicate changes over time or
between populations (see section 4.2.2.2).

To validate that the selected anthropometric database (for example, the ANSUR or CAESAR
database) is the proper one to represent the user population of interest, the analyst must address
the following two questions:

1) Does the database represent who will use the system?
Consider the following factors when answering this question:

o Age—NASA-STD-3000 (Man-Systems Integration Standards [MSIS], 1995)
assumes an average crew age of 40 years.

o Ethnic origin — This should match the population from which the crew is being
selected.

o Gender — Crews are always mixed gender. In most anthropometric dimensions,
the female is smaller than the male. Therefore, a size range will span from the
smallest female to the largest male.

o Physical fitness — Crewmembers are generally considered to be more fit than the
general population. This makes military data a more valuable and appropriate
resource than data from the general population.

o Education level — Crewmembers generally have postgraduate degrees, and, if
possible, the database of interest should be screened for this criterion.

2) Is there a sufficient number of subjects in the database?

Collection of anthropometric data for a population is a large undertaking and not
normally part of a system’s development effort. System developers normally rely on data
from surveys funded by large organizations. These surveys are sufficiently large (at least
1000 subjects) to account for population variances.

4.2.2.1.1 Example of Databases

For the International Space Station (ISS) program, NASA defined its user population to include
people from a variety of international backgrounds. In general, Japanese females were
considered to be the smallest potential users, with American males considered to be the largest.

Design standards and the extreme limits as defined by the current crewmember selection should
be compatible. In NASA-STD-3000, design criteria were set at 5"-percentile Japanese female
and 95™M-percentile American male as the extremes. However, a review of past crew selections
indicates that crewmembers exhibit anthropometric characteristics well beyond those of 5%-
percentile Japanese female and 95"-percentile American male. Therefore, if astronaut selection
and screening standards were to remain the same, a broader range of user population must be
considered for design of future hardware to accommodate the crew. Specifically, new design
standards should encompass the extreme limits as defined by the current crewmember selection.

The NASA Constellation program standards estimate the age (males and females aged 35-50
years) and dimensions of the NASA astronaut Constellation system user population in the year
2015. The dimensions are based on a military database adjusted to represent the astronaut
population in the year 2015. A military database was selected to better represent the
anthropometry of the astronaut population, because the obesity rate of civilian databases
outpaces the foreseen obesity rate of an astronaut population.
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A database for the NASA astronaut Constellation system user population is in Appendix B
(Constellation Program Human-Systems Integration Requirements, CxP 70024 Rev. B, 2007).

4.2.2.2 Growth Trend

Past experience indicates that historical changes have occurred in anthropometric dimensions
such as height, weight, and other physical measurements. These changes that occur from
generation to generation are referred to as secular change, and the impact of such changes can be
significant for hardware design.

To predict secular change, the first step is to select a population that is representative of the
future user of the system under development. A database of dimensions should exist for this
population. Next, use trend analysis to estimate the stature of a future user population. Finally,
use the estimated future stature and the relationships between stature and other dimensions
(including mass, body volume, and surface area) to calculate estimated future body segment
lengths and other needed dimensions.

This procedure is described in step-by-step detail below (Tillman and McConville, 1991). The
steps include example calculations using the year 2015 NASA astronaut data.

1. Select a population that is similar to the anticipated user population and for which data for
stature over several decades is available. Ideally, the population should be similar to the crew
population in both ethnic mix (world population sizes differ significantly) and level of fitness
(the ratio of body stature to mass is important — see step 3). Plot the average stature and
determine a trend. Project the mean stature to the desired future date.

One source of growth trend data for the United States population is published by the Centers
for Disease Control from the National Health and Nutrition Examination Surveys that they
conduct approximately every 10 years. For example, Figure 4.2-1 shows the mean (i.e., 50
percentile) stature growth data for the American male. As can be seen, growth seems to be
leveling off at 69.5 in., and a reasonable estimate of American male stature in 2015 would be
69.5 in. Using the same trend data and the male astronaut population data (adapted from Air
Force surveys), the mean stature is estimated to be 70.3 in. in 2015.
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Figure 4.2-1 Mean Male Stature Example

2. For the population similar to the anticipated future system user, use the database to create
linear regression equations for the mean of each body length dimension based on mean
stature and body mass (“weight”).

The equations will be in the following format:
Dimension D=AXxS+BxW+C

where S is stature and W is whole body mass. A, B, and C are regression equation constants
developed from the original dataset.

The data in Appendix B is based on linear regression equations created from the 1988 U.S.
Army Anthropometric Survey (ANSUR) of approximately 4000 soldiers (Gordon et al.,
1988).

3. Estimate the future mean weight for the population by assuming a constant ratio between
stature and weight and using the estimated future mean stature.

For example, if the mean weight in the baseline dataset is Wxow and the stature is Snow, then
to estimate future weight (Wruture), we can use the following relationship:

Snow / Whow = Stuture / Wiuture

and

Wiiture = Whow (Sfuture / Snow)

The mass examples from Appendix B are based on an estimate of 181.6 1b (82.4 kg) for the
mean male weight in the year 2015.
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4. Calculate the mean dimensions of the projected population using the regression equations

developed in Step 2.

For example, using the regression equation constants derived from the ANSUR database, the
mean waist height for the 2015 male would be calculated as follows:

waist height (mean for 2015 male) = 0.72 X Sfuture — 0.39 X Wiyture — 203.38
(for units in mm and grams)

Therefore,
waist height (mean for 2015 male) =0.72 x 1785.6 — 0.39 x 82.4 — 203.38 =
1050.1 mm or 105.01 cm

The “goodness of fit” or correlation coefficient for this dimension is 0.827. The predictability
is better for some dimensions than others.

. Determine the projected standard deviation for each dimension by assuming a constant ratio

of standard deviation to mean stature for each dimension:
SDimension D now / Statur€now = SDiimension D future / Staturefuure
and
SDimension D future = SDdimension D now % (Staturefuwre / Staturenow,)
In our example, this would be
SD for waist height of 2015 male =2.65 x (1.019) =2.70 cm
Assume a normal distribution for calculation of projected dimensions for other percentiles.
For example, 1% and 99"-percentile values are calculated using the following equation:
1% or 99™-percentile dimension Valuefuwre = (mean value for dimension Diyture)
+ 2.33 x (standard deviation for dimension Dsuture)
For the year 2015,
standard deviation for dimension Dfuture = 6.27 cm
and
99'_percentile male waist height = 105.01 +2.33 x (6.27) = 119.61 cm
See section 4.2.5 for an explanation of the calculation of percentiles.

Knowing the body mass and stature of the anticipated user population, it is possible to
calculate estimates for body segment mass, moment of inertia, and surface area (see section
4.6).

4.2.3 Methods for Accommodating Physical Dimensions

Once the user dimensions are determined, the system or hardware must be designed to those
dimensions. Three general methods for doing this are described below:

1.

Single solution for all — In the case of anthropometry, a single size may accommodate all
members of the population. For example, usually if a workstation has a switch located within
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the reach limit of the smallest person, everyone will be able to reach the switch. In the case of
strength, setting the strength requirement at or below the capability of the weakest person
will allow everyone to successfully exert effort without exhausting themselves.

2. Adjustment — The design can incorporate an adjustment capability. A common
anthropometric example of this is the automobile seat. A common strength example is the
setting up of resistance variations on an exercise device, enabling various resistance options
for different users.

3. Several solutions — Several sizes of equipment may be required in order to accommodate the
full population size range. This is usually necessary for equipment or personal gear that
needs to closely conform to the body, such as clothing and spacesuits.

All three methods require the designer to use appropriate anthropometric, biomechanics, and
strength data.

424 Population Analysis

Accommodating a widely varying user population presents a challenge to engineers and
designers. It is often difficult to even quantify who is accommodated and who is not
accommodated by designs, especially for equipment with multiple critical anthropometric
dimensions. One approach to communicating levels of accommodation, referred to as
“population analysis,” applies existing human factors techniques in novel ways.

The major applications of population analysis are providing accommodation information for
multivariate problems and enhancing the value of feedback from human-in-the-loop testing or
performance modeling. The results of these analyses range from the provision of specific
accommodation percentages of the user population to recommendations of design specifications.

Ultimately, the benefit of population analysis is to use an analytical approach and test
methodologies to determine a) whether the intended design would accommodate the entire range
of population and b) in the event it does not, what extremes a design concept can accommodate.

4.2.4.1 Multivariate Anthropometric Analysis

Through analyzing multiple variables simultaneously, it is possible to take understanding beyond
one-dimensional percentiles. It is relatively simple to place data into context for one-dimensional
cases. For example, the height of a doorway can be based on stature. The door should be
designed so that the tallest expected user can walk through it upright. If the height of the
doorway is equivalent to 90™-percentile male stature, it can be deduced that approximately 10%
of males in that population will have difficulty traversing the doorway.

However, it may also be necessary to determine an appropriate width for the doorway. This
should be based on anthropometry as well, with the largest expected bideltoid breadth (shoulder
breadth) as an example of a possible appropriate minimum width. If the width of the doorway is
90'"-percentile male bideltoid width, approximately 10% of the male population will not be
accommodated due to this dimension.

The trouble in defining accommodation arises when the height and width dimensions are taken
into account simultaneously. For instance, combining the two previous examples, since stature
and bideltoid breadth are not highly correlated it would be inaccurate to conclude that 10% of the
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total population cannot use the doorway. The group of individuals that is not accommodated due
to stature may share some members with the group that is not accommodated due to bideltoid
breadth, and thus somewhere between 10% and 20% of the population will not be
accommodated.

Through analysis of a sample database of population anthropometry, it is possible to determine a
reasonable estimate of the percentage of the population that will not be accommodated in this
simple example of a multivariate problem. The methodology for such an analysis is as follows:

1. Determine critical dimensions for accommodation specific to the task. In the doorway
example, these dimensions are stature and bideltoid breadth.

2. Select an appropriate database to represent the user population.

3. Identify the extreme values of the critical dimensions that can be successfully
accommodated. For clearance problems such as the doorway, any values smaller than the
size of the doorway can be accommodated. If the task involves reaching, smaller dimensions
may not be accommodated. In the doorway example, the height was determined to be
equivalent to 90™-percentile male stature, and the width was determined to be equivalent to
90'"-percentile male bideltoid breadth.

4. Filter the user population database through the critical dimension values selected. For each
subject in the database, test to determine if the subject falls within the accommodated range
for all critical dimensions. In the doorway example, for a subject to be considered
successfully accommodated, both the subject’s stature and the subject’s bideltoid breadth
must be less than the 90"-percentile male value for each dimension. The estimated percent
accommodation for the user population is the percentage of the database remaining after any
subjects who fall outside the accommodated range are filtered out.

4.2.4.2 Enhancement of Human-in-the-Loop Testing

Subject feedback becomes more valuable when it is examined in the context of the population as
a whole. For example, subjective performance ratings can serve as valuable tools, and a subject
may be asked to rate the difficulty of walking through the doorway suggested in the previous
example. The subject may indicate that the doorway was completely acceptable. Perhaps a group
of 10 subjects walks through the doorway and agrees that the doorway is completely acceptable.

Taken alone, these results might encourage designers to believe that the dimensions are
appropriate for the population as a whole. However, it is imperative to consider the statures and
bideltoid breadths of the subjects who provided these ratings. If the largest stature tested was
55M_percentile male and the largest bideltoid breadth tested was 60"-percentile male, then a
conclusion, based on all positive ratings, that the dimensions were acceptable for larger subjects
would be unfounded.

On the other hand, if the largest subjects tested met or exceeded the largest expected user, the
positive user feedback could be valuable. This would indicate that the extremes of the population
were in fact tested, and thus the feedback represents the predicted worst-case scenario.

Even for simple pass-fail tests, such as observing whether a subject is able to walk through the
doorway without colliding with the frame, comparing the subject’s dimensions to the user
population’s dimensions brings power to the evaluation that would otherwise not be present. The
following are some suggested steps for use of population analysis for human-in-the-loop testing:
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1. Determine the critical dimensions for accommodation specific to the task.
2. Select an appropriate database to represent the user population.

3. Calculate the percentile values for all critical dimensions of each test subject (see section
4.2.5 for information about the calculation of percentiles).

4. Compare the anthropometry of the test subjects to the expected extreme values to be
accommodated.

5. Place subjects in the context of the population for all analyses that include their subjective
feedback.

4.2.5 Selection and Calculation of the Size of the User Population
4.2.5.1 Selecting a User Population Size Range

The size range of the user population must be selected for each program, with the following
considerations:

e A broad range may make it more difficult for designers, and the system could be more
expensive: seat adjustments may have to be greater, body supports may have to be more
structurally sound for heavier individuals, hatches might have to be larger, and so on.

e A narrow range will limit the population that can use the system. Valuable human
resources (skills and abilities) may have to be rejected because the design will not
accommodate a broad population range.

No matter which population range is selected, system developers must consider the implications
of not accommodating users who are outside of the design limits. One option would be to change
the limits. Further, it is important to pick the dataset that is closest to the user population.

4.2.5.2 Estimating Percentiles from Anthropometric Data

When estimating percentiles from a large population, a percentile is defined as the value of a
variable (or measure) below which a certain percentage of observations fall. Our research has
shown and corroborated that most anthropometric measures will follow a normal distribution.
The term “percentile” is often used in the reporting of values from a norm-referenced database,
such as the ANSUR database. Further, when estimating percentiles from an anthropometric
database, the data is represented graphically as a normal curve. At the peak of the normal curve,
in the center, stands the mean (i.e., 50" percentile) and median of the distribution being graphed.
The mean ( 1) and standard deviation (o ) define a normal distribution, and can be used to
calculate percentiles.

The p ™ percentile can be estimated by the percentile equation: X » = M+ 0(2).

Values of Z are constant for a given percentile and can be found in a standard normal ( Z)
distribution table. See Table 4.2-1 for example values of z for selected percentiles. Complete Z
tables can be found in the appendix section of most statistics books.
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Table 4.2-1 Values of Z for Selected Percentiles

p z p z
| -2.33 99 2.33
5 -1.64 95 1.64
10 -1.28 90 1.28

An example percentile calculation is demonstrated below. The method used is based on the work
of Stephen Pheasant in Bodyspace: Anthropometry, Ergonomics and the Design of Work
(Pheasant, 1996).

Suppose one would like to calculate the 99" percentile of stature for the adult female from a
certain population. It happens that two parameters regarding females’ height for the example
sample are known: 1 =64.0 in. and o =2.4 in., for a sample of 70 females. From Table 4.2 1,
we see that for p =99, z = 2.33. Therefore, the 99" percentile of stature = 69.59 in. The 99"
percentile estimate for the population is below 69.59 in. Alternately, one may wish to do the
calculation in reverse, and determine the percentile for a particular stature. Thus, a stature of 60.0
in. is 1.66 standard deviations below the mean. That is, z = -1.66. This is equivalent to the 5"
percentile.

4.2.6 Research Needs

RESERVED
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4.3 ANTHROPOMETRY
4.3.1 Introduction

Anthropometry refers to the measurement of human body lengths and circumferences,
specifically relating to clearance and fit. To select which measurements are pertinent, it is
necessary to understand the task to be performed and the equipment that will be used. It is also
essential to understand who will be performing the work, which ensures that the proper database
has been selected.

This section provides an overview of factors that affect anthropometry, the collection of
anthropometric data from subjects, and proper application of the data.

4.3.2 Anthropometry Data

Anthropometry data drives the guidelines for the design of a system:

e Selection of the user population determines which database defines the anthropometry
data to be used by hardware designers. The user population defines those who will be
using the system and have to be accommodated.

¢ Once the population is defined, system developers must decide on the range of personnel
in that population who will be operating and maintaining the system. Section 4.2.5.1 lists
considerations for making this decision.

The results of this analysis will be a range of persons (from smallest to largest) that the system
must accommodate.

Figure 4.3-1 shows a small sample of measurements that are typically found in anthropometric
databases. Depending on the database consulted, the measurements included may range from
simply stature and weight, to lists of thousands of measurements, including multiple postures and
detailed facial measurements.

For the NASA Constellation systems development program, the NASA astronaut population was
extrapolated to the year 2015. Tables were developed detailing the range from the minimum-
sized person (1%-percentile female in this case) to the maximum-sized person (99™-percentile
male in this case) in the population. Anthropometric data for this program can be found in
Appendix B.

48



ID Number Dimension

23 Acromial height

894 Trochanteric height
122 Bideltoid breadth

223 Chest breadth

457 Hip breadth

873 Knee height, mid-patella
758 Sitting height

330 Eye height, sitting

751 Shoulder-elbow length
194 Buttock-knee length
678 Popliteal height

529 Knee height, sitting

Figure 4.3-1 Sample of Commonly Provided Anthropometric Dimensions
433 Application of Anthropometry to Designs

Use of anthropometric data as design criteria should always consider (a) the nature, frequency,
safety, criticality, and difficulty of the tasks to be performed by the operator or user of the
equipment; (b) the position of the body during performance of these tasks; (c) the mobility and
flexibility requirements imposed by these tasks; and (d) the increments in the design-critical
dimensions imposed by the need to compensate for obstacles and projections. Where design
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limits based on safety and health considerations are more conservative than performance criteria,
they must be given preference.

4.3.3.1 Process for Accommodating Anthropometry in a Design

Two basic aspects of fitting a design to humans are clearance and reach. Evaluating clearance
considerations usually addresses accommodation of larger people, whereas reach considerations
accommodate smaller people. The following step-by-step processes can be used to determine the
dimensions that will accommodate all of a target population.

4.3.3.1.1 Clearance

Sufficient room is necessary for all crewmembers (suited and unsuited) to fit through
passageways and for unsuited crewmembers to safely and comfortably perform tasks in a
workstation or activity center. It is important to note that the critical dimensions for body
clearance in 0g will often differ from critical dimensions in a 1g environment. People do things
differently in Og, which may affect clearance. The following steps will be helpful to ensure that a
design meets clearance requirements:

1. Identify the critical physical clearance dimension (using mock-ups, if necessary).

2. Define possible human body movements and positions relative to the critical dimension
(consider the task being performed, including rescue operations or possible errors in an
emergency situation, such as improper orientation for passage through a hatch).

3. Select the worst-case body position(s) that would cause clearance to be an issue.

4. Determine the body dimensions that are associated with the worst cases. Make sure to give
due consideration to the involvement of other body dimensions in the worst-case body
position(s).

5. Use the appropriate database to determine the value of the worst-case dimension(s) for the
largest expected person. Also determine the full range (smallest person to largest person) that
will define the position of the human.

6. Define the worst (bulkiest and largest) possible clothing and equipment worn or carried by
the human and add this dimension to the worst-case body dimension. The results will define
the design dimensions required to meet the clearance requirements.

4.3.3.1.2 Reach or Access

Controls, displays, and equipment should be positioned so that they can be accessed by all
crewmembers. The following steps will help ensure that a design meets reach or access
requirements:

1. Identify the critical physical access dimension (using mock-ups, if necessary).

2. Determine possible human body movements and positions relative to the critical dimension
(consider the task being performed).

3. Determine the worst-case body posture(s) or dimension(s) that will cause a reach or access
problem. Consider the effects of other body dimensions or body positions. For example, a
person with a long torso may have to lower their seat to properly position their eyes. This
must be considered when designing for an operator to reach an overhead control.
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4. Determine relevant factors such as clothing, pressurization, gravity (such as spinal elongation
in 0g), and any other environmental factors before using the data charts for the relevant data.

5. Use the appropriate database to determine the value of the body dimensions for the smallest
expected person. Also determine the full range (smallest person to largest person), as well as
other critical body dimensions that will define the worst-case scenario (i.e., body position of
the human). The results will define the design dimensions required to meet reach or access
requirements.

4.3.3.2

Things to Remember When Applying Anthropometric Data

Some basic considerations for the use of anthropometric data and its limitations follow:

Meaning of Percentile — Use of percentiles is one way of ranking a specific physical
attribute’s value in a large population. Percentiles can also be used to inform us about
value(s) that correspond to a specific measurement. For example, if a design
accommodates a range of physical attribute values from the 1% to 99™ percentiles of a
population, then this design is said to accommodate that physical attribute for 98% of the
user population. (It should be noted that males and females are considered to be separate
populations. If a design accommodates all females with a dimension larger than 1%
percentile and all males with a dimension smaller than 99™ percentile, 99% of the
combined user population will be accommodated.) Similarly, if a person is said to be in
the 99 percentile in height, no more than 1% of the population is taller than this person,
and “95"M-percentile male stature” implies that the person’s stature is taller than 95% of
males in that specific population. It is important to note that percentile values depend on
the population in which the dimension is compared; thus, a clear definition of the
population is essential.

Missing Data — Anthropometric databases do not contain percentile information on all
possible critical anthropometric dimensions suitable for every design situation. For
example, one of the critical design concerns for the hard upper torso of the pressurized
extravehicular activity (EVA) suit is determining where the scye (armhole) openings fall
on an individual crewmember’s shoulders. The military database on which NASA’s
designs are based does not include a reference for this measurement. Special studies or
estimations may have to be performed (depending on the criticality of the interface) when
this occurs. Estimations should allow for the worst-case combination of size and
interfacing hardware.

Size Combinations — Where two or more individuals are located near each other (such as
in a cockpit), be sure to consider all combinations of sizes (e.g., a large person and a
small person reaching a common control, two large people positioned shoulder to
shoulder, two small people passing equipment through a hatch). However, the
maximum/minimum combination is not always the most cost-effective solution. For
example, under the Constellation program, the accommodation of a full crew
complement (crew of six for ISS, four for lunar) whose anthropometry are all maximum
values (e.g. six crewmembers who all have 99™-percentile seated height and shoulder
breadth) was far too cost prohibitive. As the requirements stated, the Orion vehicle must
be able to accommodate individuals at both extremes of the anthropometric size range.
However, trades were addressed on a case-by-case basis with NASA for cases in which
the accommodation of a full crew complement of maximum dimensions drives excessive
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cost or mass. For the case of crewmember seated height for Orion, NASA determined
that it was acceptable for the vehicle to accommodate a 91%-percentile seated height male
in the seat above/below a 99'-percentile seated height male, or a 95"-percentile seated
height male in the seat above/below another 95"-percentile seated height male. Thus, the
individual seats can still accommodate the full range of crew, but NASA must be
selective about the crew complement that is flying to ensure proper overall
accommodation. Also, care was taken to ensure that the crew complement selection
would not be unduly impacted by the limitations. For example, if only a 30"-percentile
male can fit underneath a 99™-percentile male, a larger majority of crew combinations
would fail, resulting in unacceptable limitations on crew that could fly together. A
balance must be struck between accommodation of crew within the design constraints
and the ability of different crew combinations to fly.

Variation of Sizes Within an Individual — Different human physical attributes from the
same individual seldom have the same percentile ranking. For example, a 5"-percentile
female in stature may have a 20™- or 40"-percentile arm length. Though there is some
correlation among various physical attributes, the correlation is not strong across all
measurements. Table 4.3-1 shows examples of correlations among dimensions based on
the database of existing astronauts in 2004. It is inappropriate to refer to a “1%-percentile
person” or “99™-percentile person,” because the percentile classification will not apply to
all dimensions. It should also be noted that the worst-case scenario often depends on a
combination of body dimensions. For example, a person with short arms but a long
buttock-to-knee length may hit their knees on the dashboard of their car when they adjust
their seat close enough to reach the steering wheel.

Table 4.3-1 Lack of Correlation Between Common Measurements

Elbow | Knuckle | Fingertip | Waist | Hip Knee Ankle | Buttock | Foot Arm
Stature | Height | Height Height Height | Height | Height | Height | to Knee | Length | Length

Stature 1.00 0.94 0.84 0.80 0.89 0.82 0.85 0.42 0.79 0.77 0.05
Elbow 0.94 1.00 0.90 0.87 0.86 0.79 0.82 0.42 0.74 0.70 0.01
Height
Knuckle | 0.84 0.90 1.00 0.94 0.74 0.68 0.69 0.39 0.64 0.55 0.02
Height
Fingertip | 0.80 0.87 0.94 1.00 0.71 0.66 0.65 0.38 0.59 0.47 0.01
Height
Waist 0.89 0.86 0.74 0.71 1.00 0.85 0.86 0.41 0.78 0.69 0.08
Height
Hip 0.82 0.79 0.68 0.66 0.85 1.00 0.81 0.38 0.73 0.61 0.09
Height
Knee 0.85 0.82 0.69 0.65 0.86 0.81 1.00 0.44 0.75 0.67 0.07
Height
Ankle 0.42 0.42 0.39 0.38 0.41 0.38 0.44 1.00 0.33 0.30 0.07
Height
Buttock | 0.79 0.74 0.64 0.59 0.78 0.73 0.75 0.33 1.00 0.65 0.03
to Knee
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Elbow | Knuckle | Fingertip | Waist | Hip Knee Ankle | Buttock | Foot Arm
Stature | Height | Height Height Height | Height | Height | Height | to Knee | Length | Length

Foot 0.77 0.70 0.55 0.47 0.69 0.61 0.67 0.30 0.65 1.00 0.04
Length
Arm 0.05 0.01 -0.02 0.01 0.08 0.09 0.07 0.07 0.03 0.04 1.00
Length

Source: Astronaut Candidate database, internal analysis, 2004.

e Lack of Correlation Between Stature and Reach or Strength — There is no strong,
consistent correlation between anthropometric dimensions and strength or reach. For
example, a person who is 5 percentile in stature does not necessarily have 5"-percentile
reach or joint movement. Similarly, a person who is 95" percentile in height does not
necessarily have 95"-percentile arm or leg strength.

e Cannot Add or Subtract Percentiles — Percentile data does not obey the laws of addition
and subtraction. If the anthropometric tables list only the percentiles of forearm and upper
arm lengths, for example, it is not possible to calculate the percentile of the entire arm
length. One cannot add a 5™-percentile lower-arm length to the 5™-percentile upper-arm
length and get the length of a 5™-percentile arm. The correct and best method is to use
full arm-length data (measurement across upper and forearm lengths).

¢ Small-Sample Errors — Estimates of anthropometric percentiles are generated from the
mean and standard deviation using large samples (z > 100) that are normally distributed.
When using estimates, failure of either condition (small samples or non-normal data
distribution) will lead to imprecise calculation of percentiles.

4.3.3.3 Factors That Affect Anthropometry

Multiple factors affect body size, including age, gender, clothing, pressurization, postures, and
gravity levels. The application of anthropometry data is also affected by the environment in
which a user will operate, such as ground operations versus intravehicular activity (IVA) or EVA
operations.
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Table 4.3-2 indicates values in different operating environments for factors affecting
anthropometry. These factors are discussed in more detail below.

Table 4.3-2 Operating-Environment Values of Factors Affecting
Anthropometric Dimensions

Operating Factors Affecting Anthropometric Dimensions
Environment

Clothing Posture Pressurization
Ground Flight suit Standing, sitting | None and Yes
operations
EVA suit design | Minimal Standing, sitting NA

clothing
Hypergravity Flight suit Recumbent None
(launch, entry)
Emergency Flight suit Recumbent, Yes
during launch or upright
entry
Hypergravity Flight suit Upright None
(launch, entry)
Emergency Flight suit Recumbent, Yes
during flight upright, neutral

body

IVA 0g Minimal Neutral body None

clothing
EVA Og or Spacesuit Neutral body Yes

partial-gravity

4.3.3.3.1 Age Effects

The age of a person often affects anthropometry in individuals through changes in stature,
weight, and mass distribution. Increases in stature and weight occur until maturity is reached,
and then decreases in stature occur in elderly adults. Fluctuations in weight and mass distribution
occur as well, with age playing an important role in these changes.

4.3.3.3.2 Gender Effects

The body size and strength of males and females follow a bivariate normal distribution and thus
cannot be represented as a single population curve. However, some general observations may be
made. Female measurements are typically smaller than male measurements, and female weight is
typically less than male weight. The major exception to this generalization is hip breadth. The
average female hip breadth, both sitting and standing, exceeds the average male hip breadth
(Gordon et al., 1988).
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These generalizations should not be used for design purposes where the safety and comfort of
each individual is the prime concern. Because the distribution of data is separate, it is necessary
to derive male and female data separately and not use any generalized relationships to represent a
population of both males and females. In other words, any given male is not necessarily larger
than any given female, because the two normal curves do overlap.

4.3.3.3.3 Clothing Effects

Safety concerns may require crewmembers to wear a flight suit that can be pressurized. The
previous NASA design of such equipment consists of an undergarment to maintain and control
temperature, a single-piece coverall suit, an oxygen mask or a helmet with a visor, and a
parachute backpack.

The effects of clothing can be very important, especially for differences between shirtsleeve and
suited operations. Clothing will affect size, sometimes very significantly. Different suits will
affect anthropometry differently. For instance, a lighter launch/re-entry suit might be much less
bulky than a hard-upper-torso planetary suit. In addition to affecting size, clothing can affect the
postures that subjects select, which in turn has an impact on hardware design.

Considerations that must be included in design are the suit’s impact on dimensions such as
sitting height and thigh clearance, for unpressurized and pressurized conditions. This information
is not available in standard anthropometric databases, so it is often necessary to derive values for
the effects of clothing on anthropometry.

The suit designers have the responsibility to convey the suit’s effects on the anthropometry.

4.3.3.3.4 Pressurization Effects

Pressure level is one clothing effect to consider. The dimensions of a person in a pressurized suit
differ from those of someone in an unpressurized suit, and both of these differ from dimensions
of a minimally clothed crewmember.

Pressurization increases the volume occupied by a crewmember by injecting breathing air inside
the suit. This results in a ballooning effect of the suit, which affects the dimensions of the
crewmember. Historically, few data have been available to document the effects of
pressurization.

Because it may be unrealistic to obtain pressurized anthropometry data for an entire database, it
is necessary to develop conversion factors to apply to more readily available anthropometric data
for minimally clothed crewmembers. Data regarding pressurization effects can be obtained by
testing male and female subjects who can comfortably fit into the extreme sizes of a pressure
suit. (Suited measurements need to be determined with suits similar to the types of suits to be
used.) Ratios between suited and unsuited sizes can then be obtained for key anthropometric
dimensions. Anthropometric data for minimally clothed crewmembers can be multiplied by these
ratios to provide an estimate of that subject’s suited anthropometry. Even with test data, the final
design must make allowances for variances in individual suit adjustments, tie-downs, restraints,
and so on.

Table 4.3-3 provides an example of multipliers applied to data from unsuited crewmembers to
estimate the anthropometry of suited crewmembers. These multipliers were derived from
anthropometric data collected from subjects wearing an Advanced Crew Escape Suit (ACES).
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Multipliers may differ for future programs, depending on the user population and the spacesuit
architecture.

The suit designers have the responsibility to convey the suit’s effects on the anthropometry.

Table 4.3-3 Spacesuit (Unpressurized and Pressurized) Effects on Anthropometry

Man Female
Dimension Unpressurized Pressurized  Unpressurized Pressurized
Sitting Height 1.11 1.09 1.08 1.11
Eye Height - Sitting 0.99 0.95 0.92 0.85
Knee Height - Sitting 1.04 1.10 1.04 1.13
Popliteal Height 1.02 0.98 0.96 0.97
Bideltoid Breadth 1.18 1.26 1.40 1.54
Buttock-Knee Length 1.06 1.18 1.15 1.27

4.3.3.3.5 Postural Effects

Traditional anthropometric databases provide only standardized body dimensions. However,
changes in posture may greatly affect body dimensions. Standard postures for anthropometry
measurements are not always appropriate for application to human spaceflight.

At least two distinct postural effects must be considered during space operations: seated postural
effects during launch and entry, and Og effects during on-orbit stay. Though additional postural
effects may be present due to partial gravity, this has not yet been quantified and therefore is not
addressed.

During launch and entry, crewmembers are seated in a recumbent position while wearing a flight
suit. Wearing a flight suit and being restrained to a seat may affect the anthropometry
significantly, and recumbent seated anthropometry can differ from standard upright seated
anthropometry.

The effects of Og on posture are discussed in section 4.3.3.3.6 below.

4.3.3.3.6 0g Effects

The effects of Og on human body size are summarized below and in Table 4.3-4. Some of these
effects are independent of postural changes. The primary effects of Og on human anthropometry
are as follows:

e Standing Height Increase — Stature increases approximately 3%. This is the result of
spinal elongation and the straightening of the spinal curvature (Brown, 1975; Brown,
1977; Thornton, Hoffler, & Rummel, 1977; Thornton & Moore, 1987; Webb Associates,
1978). For all standing measurements that include the length of the spine, 3% of stature
must be added to allow for spinal elongation due to microgravity exposure. In addition,
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clothing effects and suited anthropometry must be accounted for when determining the
overall measurement growth for a crewmember wearing a suit in 0g.

Seated Height Increase — Sitting height increases by approximately 6% of seated height.
This is the result of spinal elongation, straightening of the spinal curvature, and postural
effects. For all seated measurements that include the length of the spine, 6% of seated
height must be added to allow for spinal elongation due to microgravity exposure (Young &
Rajulu, 2011). In addition, clothing effects and suited anthropometry must also be
accounted for when determining the overall measurement growth for a crewmember
wearing a suit in 0g.

Neutral Body Posture — The relaxed body immediately assumes a characteristic neutral
body posture (Thornton et al., 1977; Webb Associates, 1978). Information about the
impact of neutral body posture is given below.)

Body Circumference Changes — Body circumference changes occur in Og because fluid
shifts toward the head (Thornton et al., 1977; Webb Associates, 1978).

Mass Loss — The total mass of the body may decrease up to 8%. Mass loss can largely be
prevented in current programs through better understanding of caloric needs (Webb
Associates, 1978).
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Table 4.3-4

Anthropometric Changes in 0g

Change Cause Physical Changes Amount of Critical Dimensions
Change Affected
Spinal elongation 0g Spinal decompression | + 3% of stature Upper body height
and straightening start | and + 6% of measurements and
in the first day or two | sitting height. sitting dimensions
of weightlessness and increase (including
are retained height, eye height,
throughout until re- and overhead reach).
exposure to 1g. Downward reaches
will be difficult since
there is no assistance
from gravity.
Elimination of Relief of pressure Seated height Knee height Sitting dimensions,
body tissue on body surfaces increases due to relief | dimensions such as sitting height,
compression due to gravity of pressure on buttock | increase eye height, and knee
surfaces. minimally. height, increase.

Sitting knee height
dimensions increase
due to relief of
pressure on heels.

Postural changes

0Og

Body assumes the
neutral body posture.

See Figure 4.3-1.

Ankle, knee, and hip
heights increase;
elbow, wrist, and
shoulder are raised;
elbows are abducted;
head is tilted down.

Shifting of fluids

Og

Hydrostatic pressure
is equalized.

0% to 6%.

Lower limb volume
and circumferential
measurements
decrease. Upper torso
circumference
increases and face
gets puffy.

Mass loss

Lack of
countermeasures,
inadequate diet,
nausea

Muscle atrophy, body
fluid loss, and bone
loss occur.

0% to 8%.

Limb volume and
circumferential
measurements
decrease.

In Og, the fully erect standing posture of 1g is not comfortable. Instead, the human body naturally
rests in a neutral configuration as illustrated in Figure 4.3-2 for a person constrained in foot
restraints only. The illustration represents a mean, and individual variations should be expected
and accommodated.
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Figure 4.3-2 Neutral Body Posture in 0g

Designing to physically accommodate the human body in Og differs from comparable
accommodation for 1g. Maintaining a 1g posture in Og will produce stress on the body as
muscles are called on to supply stabilizing forces that gravity normally supplies. Stooping and
bending are examples of other positions that cause fatigue in 0g. In Og, the natural heights and
angles of the neutral body posture must be accommodated. Some of the areas to be considered
are the following:

Foot Angle — Since the feet are tilted at approximately 111 degrees to a line through the
torso, sloping rather than flat shoes or restraint surfaces should be provided (Webb
Associates, 1978).

Foot and Leg Placement — Foot restraints should be placed under work surfaces. The
neutral body posture is not vertical because hip or knee flexion displaces the torso
backward, away from the footprint. The feet and legs are positioned somewhere between
a location directly under the torso (as in standing) and a point well out in front of the
torso (as in sitting).

Height — The height of the crewmember in 0g is between sitting and standing height. A
Og work surface should be higher than one designed for 1-g or partial-g sitting tasks.

Arm and Shoulder Elevation — Elevation of the shoulder girdle and arm flexion in the
neutral body posture also make elevation of the work surface desirable.
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e Head Tilt — In Og the head is angled forward and down, a position that depresses the line
of sight and requires that displays be lowered.

4.3.3.3.6.1 Og Effects Lessons Learned — Neutral Body Posture and Clearance Envelope

Anthropometric dimensions can be combined with neutral body segment angles to estimate a
total body envelope. Calculating maximum clearance envelopes for 1%-percentile American
female dimensions and 99"-percentile American male dimensions provides an example of the
use of neutral body posture combined with anthropometric data. Table 4.3-5 contains example
envelopes for these specific sizes of individuals:

Table 4.3-5 Neutral Body Posture and Clearance Envelope

Dimension 1%-percentile | 99™-percentile | Range (cm) '’
American American Male
Female (cm) (cm)

Height? 148.6 194.6 46.0

Height (with 3% spinal

elongation)? 153.0 200.4 474

Width (elbow to elbow) 38.9 66.0 27.2

Depth (back to longest fingertip) 65.0 90.9 25.9

Notes:

1. Range is calculated by subtracting 1%-percentile American female values from 99"-percentile
American male values.

2. Standard (1g) height may be used for extremely short-duration missions (up to 48 hours after
launch).

3. Body height with spinal elongation must be used for 0g work envelopes in use 48 hours or
more after launch.

4.3.3.3.7 Hypergravity Effects

Currently, insufficient measurement data is available to adequately quantify the effects of
hypergravity on anthropometry. Effects of hypergravity on reach are discussed in later sections.

434 Anthropometric Data Collection

In many cases, it may be necessary to measure subjects to determine missing anthropometric
data. While this is not a discussion of anthropometric measurement techniques, the following
points will help ensure that the data collected is useful and accurate.

Anthropometric data may be collected through traditional means such as anthropometers, tape
measures, and calipers. It may also be collected through more advanced means such as three-
dimensional laser scanning. Whichever method is used, several rules of thumb apply to data
collection.

¢ Subject Clothing — The subject should be clothed appropriately for the design
considerations. Traditional anthropometric measurements involve minimally clothed
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4.3.5

subjects, for example wearing spandex shorts (with a sports bra for female subjects).
However, it may be appropriate to collect additional measurements for subjects wearing
mission-appropriate clothing. For example, in cockpit design, if the worst-case scenario
for fit involves a large person in a pressurized suit, it would be appropriate to collect data
from individuals wearing pressurized suits.

Consistency of Measurements — Consistency is of great importance. If measurements
taken are standard and intended to correspond to measurements from an existing database
such as ANSUR, it is important to position subjects exactly as described and measured at
the precise landmarks. If customized measurements are needed, it is important to
carefully document the posture of the subject and the landmarks used in the
measurement. An example of a customized measurement is the inter-wrist distance
required for suit design. This measurement represents the distance between a subject’s

wrists when the arms are laterally extended, and it is not found in standard anthropometry
handbooks.

Measurement Accuracy — For traditional measurements, it is important to properly align
measurement devices (e.g., for stature, the anthropometer should be exactly perpendicular
to the floor), and measurements should be read carefully to the highest degree of
accuracy made possible by the scaling on the measurement device.

Marker Placement for Digital Scanning — For laser scanning measurements, markers
should be placed on landmarks to enable measurement of a digital scan that cannot be
palpated. For example, if bideltoid breadth is needed during preparation for scanning, an
investigator should palpate to find the correct location of the deltoids on each side and
place markers appropriately.

Advantages of Digital Scanning — Digital scanning can provide an advantage for
anthropometric measurements in that the image will still exist to (re)check measurements
in the future. It is not uncommon for clerical errors to lead to unrealistic dimensions in an
anthropometric database, and if measurements were taken manually, the subject must
return to determine the correct measurement.

Research Needs

More data concerning suited anthropometry for different suit architectures is needed for
unpressurized and pressurized conditions. Also, there is a need for more anthropometric data in
zero- and partial-gravity (1/6 and 3/8) conditions.
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4.4 RANGE OF MOTION
44.1 Introduction

In this section, considerations and design requirements data regarding joint ranges of motion are
provided. The information on anthropometric measurements in section 4.3 pertains to static
postures and does not adequately address other human physical limitations and advantages of
dynamic posture that are involved in the design of suits, garments, and other crew-dependent
devices and interfaces. Humans do not maintain standard and static postures while performing a
task. Furthermore, human movement varies from whole-body movement (e.g., locomotion or
translation) to partial body movement (e.g., controlling a joystick with the right arm) to a specific
joint or segment movement (e.g., pushing a button with a finger while holding the arm steady).
Regardless of the type of movement involved, the entire body and/or various body segments are
involved either by working together or by maintaining a posture while isolated or specific
movements are involved.

Figure 4.4-1 illustrates upper- and lower-body movements. Descriptions and ranges of joint
movement for the Constellation program males and females are in Appendix B. The range-of-
motion data is applicable to shirtsleeve or unpressurized flight suit environments, while working
in 1g, partial-g, and Og conditions. At present, no data is available for Og or hypergravity
environments. Indications are that joint motion capability is not drastically affected in Og, but
hypergravity will have strong effects dependent on the vector of gravity and orientation of the
body.

Neck Rotation Neck Extension (A) Neck Lateral Bend
Right (A) — Left (B) Flexion (B) Right (A) — Left (B)
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Horizontal Adduction (A) —
Horizontal Abduction (B)

Shoulder Rotation -
Lateral (A) — Medial (B)

Shoulder Flexion (A)
Extension (B)

Elbow Flexion (A)

Forearm Supination (A)
Pronation (B)

Wrist Ulnar Bend (A)
Radial Bend (B)

Wrist Flexion (A)
Extension (B)

Hip Flexion (A)

63




Hip Adduction (A)
Abduction (B) Knee Flexion, Prone

Ankle Plantar Extension (A)
Dorsi Flexion (B)

Figure 4.4-1 Illustrations of Measured Motion Range
44.2 Application of Range-of-Motion Data to a Design
4.4.2.1 Workstation Design and Layout

Range-of-joint-motion data will help a designer determine the proper placement and allowable
movement of controls, tools, and equipment. Range-of-motion data can be combined with
anthropometric dimensions and used to calculate reach and movement ranges. To sustain
efficiency and accuracy of tasks that are critical or must be performed frequently or rapidly, it is
important that they do not require operator movement or repositioning. This can particularly be a
problem for operators who are restrained in seats or footrests.

4.4.2.2 Design of Personal Clothing and Equipment

Flight suits, spacesuits, and other worn equipment should not prohibit task performance. Some
tasks that are normally performed with light IVA clothing may (under emergency conditions)
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have to be performed while wearing pressure suits. Selected ranges of movement to be used for
guidelines for the design of suits or other equipment that is worn by a human are shown in
Tables 4.4-1 through 4.4-3. If the worn equipment can preserve the movement range, then the
system is more likely to preserve crew safety and comfort. For a complete listing of
Constellation program range-of-motion data, refer to Appendix B.

4.4.2.2.1 Sample Task Range of Motion to Use When Designing Personal Clothing and

Equipment

Tasks usually require a number of joint movements, and each must be within the suited human
capabilities. The selected list of simple tasks in Tables 4.4-1, 4.4-2, and 4.4-3 below is assumed
to be typical of those required when suited operations are performed. Selected tasks were derived
from the launch and entry spacesuit system manual (JSC25909, 2005). Proper use of this data
will ensure the design of personal clothing and equipment that enable the user to perform many
of the needed motions with ease and comfort. The data shown below is example data from the
Constellation program. For the full example dataset, refer to Appendix B.

Numbers in the table cells refer to motions in the header bar, which has positive and negative
defined as (+) and (-) respectively for the given motion. The following is an example of how the
table is to be used. The first row entry (touch top of head) in Table 4.4-1 is as follows: The
shoulder range of motion is 0° to 90° flexion (+), 20° abduction (+) to 20° adduction (-), and 10°
external (+) to 45° internal (-) rotation. In addition, the elbow range of motion is 90° to 136°
flexion (+) and 40° pronation (+) to 25° supination (-).

Table 4.4-1 Select Minimum Joint Range of Motion to Perform Functional Tasks with the

Upper Body
+

‘ Example Shoulder Shoulder Ab(+) to Shoulder L:ateral( ) Elbow For.earm
Action Task Flex(+) to Adduction(-) (°) to Medial(-) Flex(+) () Pronation(+) to
Ext(-) (°) Rotation(°) Supination(-) (°)

Touch .
top of Llff/}ils‘zlf‘et 0 to 90 20 t0 -20 10 to -45 90 to 136 40 to -25
head
Mobility | Open door 0to 75 45 to -40 10to -10 24 to 55 35t0-23

Table 4.4-2 Select Minimum Joint Range of Motion to Perform
Functional Tasks with the Lower Body

Action Example Hip Flex(+) Hip Ab(+) to Knee Flex(+) to
Task to Ext(-) () Adduction(-) (°) Ext(-) (°)
Lifting
. Oto 11 0to 28 0to 11
Lifting (squatting) o 117 © o117
bL‘fg?‘g 0to 117 0to21 0to 117
.. (bending) 0 to 104 0 to 20 0t0 93
Mobility Sitting
Kneeling 0to 75 45 to -40 10to -10
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Table 4.4-3 Select Normal Joint Range of Motion During Walking Gait

. Axis of .
Motion Range Rotation Plane of Rotation
Pelvic anterior tilt 14.5t0 17.5 Z0 Sagittal plane
Hip flexion 0 to -46 Z1 Sagittal plane
Knee flexion 10 to 70 z2 Sagittal plane
Tibial e).<terna1 0to-15 Z2 Transverse plane
rotation
Ankle plantar 0to 16 Z3 Sagittal plane
flexion
Foot 1n.terna1 0 X3 Coronal plane
rotation
443 Factors That Affect Range of Motion
4.4.3.1 Body Size

Some generalities can be made regarding body physique and its relationship to joint mobility.
For example, one may assume that slender humans have greater joint movement than obese
humans. However, as with other physical properties, variability always exists. Individuals must
be considered on an individual basis.

4.4.3.2 Age Effects

Age effects are both joint- and motion-specific. Joint mobility can decrease in some individuals
as they age. Therefore, designers should consider minimal reaching tasks requiring high neck,
trunk, and elbow motions in crew station design.

4.4.3.3 Gender Effects

Unless the equipment in the workspace is gender-specific (i.e., used by only one gender), then
the designer should consider the upper and lower limits for the combined male and female
population. In general, the female population has a slightly broader range of joint movement.

4.4.3.4 Other Individual Effects

¢ Exercise increases mobility; however, weight-training exercises aimed to increase muscle
bulk may restrict mobility.

e Awkward and constrained body postures or loads carried by a person will restrict
mobility.

o Fatigue and injury or pain affects a person’s ability to maintain his or her normal range of
mobility.
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4.4.3.5 Multi-Joint Versus Single-Joint Effects

Frequently, human motion involves interaction of two or more joints and muscles. The
movement range of a single joint is often drastically reduced by the movement of an adjacent
joint. In other words, joint movement ranges are not always additive. For example, an
engineering layout may show (using a scaled manikin) that a foot control is reachable with a hip
flexion of 50° and the knee extended (0° flexion). Both of these ranges are within the individual
joint ranges; however, the hip flexion is reduced by over 30° when the knee is extended.
Therefore, the control would not be reachable.

4.4.3.6 Clothing Effects

Ideally, any flight suit with or without pressurization should be able to retain much of a
crewmember’s joint mobility. However, experience with the current launch and entry and EVA
suits has shown that some restriction is unavoidable.

4.4.3.7 Pressurization Effects

Pressurization of flight suits does impede mobility; however, no quantitative data can be
representative of all types of pressurized flight suits for space exploration, current and proposed.

4.4.3.8 Postural Effects

Sitting postures (both upright and recumbent) during launch and entry will undoubtedly affect
range-of-motion capabilities because significant restraint is associated with these postures. More
importantly, the reach envelope characteristics will be significantly different. These are covered
in section 4.5.

4.4.3.9 Gravity Effects

4.4.3.9.1 Hypergravity Effects

The inability to reach and access controls is the most significant effect of a hyper-g environment
on a crewmember’s performance. This is valid for crewmembers in a recumbent or an upright
position. Table 4.4-4 shows achievable body movements in a multi-g environment. However,
with a limited reach capability, even if the crewmembers are able to exert these body
movements, they may not be able to access the controls they may need to reach and operate,
particularly during an emergency operation.

Table 4.4-4 Reach Movements Possible in a Multi-g¢ Environment

Acceleration Possible Reach Motion
Up to 4g Arm

Up to 5g (9g if arm is counterbalanced) |Forearm

Up to 8g Hand

Up to 10g Finger
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No actual range-of-motion data has ever been measured in space. Posture changes noticeably
during an exposure to 0g, and these changes may affect the overall range of motion. For
example, raised shoulders, a Og effect, could both increase and decrease the capabilities of
shoulder motion. However, for the most part, the range of motion may be very similar to that
found on Earth. Thus, while working in shirtsleeve environments, crewmembers can safely use
ranges of motion for 1g conditions under Og conditions as well.

As far as the clothing and pressure suit effects on range of motion in 0g are concerned, it is safe
to assume that the restrictions caused by these two factors in 1g conditions may also exist in 0g.

4.4.3.10 Restraint Effects

Restraint systems (e.g., torso, handholds, waist, and foot) hinder mobility during spaceflight.
These systems should be used for stabilization and to help crewmembers exert a thrust or push.
The following restraints are commonly used during spaceflight. Their description and limitations
are provided to assist with design.

¢ Handhold Restraint — With the handhold restraint, the individual is stabilized by holding
onto a handgrip with one hand and performing the reach or task with the other. This
restraint affords a fairly wide range of functional reaches, but body control is difficult and
body stability is poor.

e Waist Restraint — A waist restraint (for example, a clamp or belt around the waist) affords
good body control and stabilization, but seriously limits the range of motion and reach
distances attainable.

e Foot Restraint — A third basic system restrains the individual by the feet. In Skylab
observations and neutral buoyancy tests, the foot restraints were judged to be excellent in
reach performance, stability, and control. The foot restraint provides a large reach
envelope to the front, back, and sides of the crewmember. Appreciable forces often
cannot be exerted because muscles of the ankle rotators are weak. Foot restraints should
be augmented with waist or other types of restraints where appropriate.

4.4.4 Collection of Range-of-Motion Data

Collection of range-of-motion data is dictated by the needs of the assessment. Several methods
of measurement are available, each with associated limitations.

e A goniometer is a device with two straight edges that can rotate relative to a protractor,
against which the angle between them is measured. The goniometer must be aligned with
physiological landmarks on the subject, and the subjective nature of this alignment can
cause variation in measuring technique between experimenters or different tests by the
same experimenter.

e Photographs are another method of collecting range of motion data. Through this
technique, data is extracted directly from photographs taken during the experiment. The
subjective nature of data extraction can cause variation in measurements between
extractors or tests.

e Aninclinometer is a device that measures deviation from the vertical and can be used to
measure trunk mobility. The limitation is that accuracy can be affected by initial
misalignment or slipping where it is affixed to the subject.
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e Motion capture is a more objective tool than goniometry or photography; however, the
drawback is that the position of the markers used to track motion can shift or they can
become occluded.

¢ In radiographic examination, range of motion is measured by taking a series of
radiographs of the body and using visual inspection or a computer model to determine the
relative rotation of body segments. The shortcomings of this technique are that it requires
exposing subjects to large quantities of radiation and may not accurately measure
rotations that are not in a single plane.

e Several specialized devices have also been designed to measure range of motion. The
Lumbar Dynamometer, used to measure mobility of the back, is one example.

44.5 Research Needs

RESERVED
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4.5 REACH ENVELOPE
45.1 Introduction
Human physical reach considerations and references for design requirements data are provided in

this section. Reach envelopes can be defined for hand or foot controls.

It is necessary for designers to realize the impact of these reach restrictions when designing crew
interfaces, particularly for flight control during hypergravity conditions in spacecraft cockpits.

4.5.2 Reach Envelope Data

Reach envelope data is available for lightly clothed persons of varying sizes. Such information
can be found in Kennedy, 1977; Pheasant, 1996; Sanders & McCormick, 1993; and Webb
Associates, 1978.

An example of reach envelope is shown in Figures 4.5-1 and 4.5-2 below. For the full example
dataset from Kennedy (1977), refer to Appendix B.

This reach envelope represents the limits in the horizontal plane that may be reached by seated
crewmembers wearing specific restraints. (It is important to note that functional reach envelopes
must be considered in the context of the activity to be performed.)
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Gravity conditions - the boundaries apply to 1g conditions only; Og will cause the spine to lengthen, and
adjustments should be made based on a new shoulder pivot location.
Subjects - the subjects used in this study are representative of the 1967 Air Force population estimated

defined in NASA RP 1024, Chapter II1.
Figure 4.5-1 Side Reach Horizontal Planes
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Figure 4.5-2 Example of Reach Envelope Data in the Horizontal Plane
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453 Application of Reach Envelope Data
4.5.3.1 Establishing Boundaries

In determining reach envelopes, designers need to define two boundaries:

e Maximum functional reach from the body

e Area close to the body that cannot be reached because of physical restrictions such as a
lack of elbow room

The individual in the population who has the shortest functional reach should be used to define
the maximum functional reach boundary, ensuring that all persons in the population will be able
to achieve that reach. As a general rule, the largest individual should be used to define the
boundary closest to the body. However, some exceptions to this rule may exist, such as
individuals with short reach attempting to access controls on the front of a spacesuit.

4.5.3.2 Criticality of Operations

Within the overall reach envelope, some locations are visible and simple to reach, and require
minimal stretching; these areas are within the optimal reach envelope. Safety-critical or
frequently used controls and equipment should be located within the optimal reach envelope.
Less frequently used or less critical items can be outside the optimal reach envelope. (Within the
reach envelope, other location rules apply, such as sequence of use and location of controls
adjacent to their associated displays.)

4.5.3.3 Restrictions

Reach data for space applications, like range-of-motion data, is greatly affected by the restricted
postures maintained by crewmembers while they are wearing bulky flight suits and being
restrained by straps in sometimes awkward postures. These factors are discussed in section 4.5.4.
When placing controls and access panels, designers of human spaceflight equipment must ensure
that they account for the reduction in crewmembers’ reach capabilities.

454 Factors That Affect Reach Envelope
4.54.1 Body Size

Crew stations must accommodate the reach limits of the smallest crewmember. However, reach
limits are not always defined by overall size. For instance, the worst-case condition for a
constrained (e.g., seated with shoulder harness tight) person may be a combination of a long
shoulder height and a short arm. These statistical variations in proportions should be accounted
for in reach limit definitions.

4.54.2 Age and Gender Effects

e Age— Age effects are both joint- and motion-specific. Joint mobility can decrease in
some individuals as they age. Because of this, designers should consider minimal
reaching tasks requiring high neck, trunk, and elbow motions in crew station design.
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e Gender — In general, the female population has a slightly broader range of joint
movement. However, female limb lengths are typically shorter than male limb lengths.
The combination of limb size and joint mobility must be taken into consideration.

4.5.4.3 Clothing and Pressurization Effects

Clothing and personal equipment worn on the body can influence functional reach
measurements. The effect is most commonly a decrease in reach. This must be taken into
account when designing work stations that will be used by crewmembers in flight suits.

Table 4.5-1 shows how the current ACES and D-suit reduce forward, vertical up-and-down, and
side reach. The reduction varies from 3% to 12%, with the largest decrement occurring in
vertical downward reach with an unpressurized ACES suit. When the suits are pressurized, the
reduction in reach varies from 2% to 45%, with the largest decrement occurring in vertical
downward reach with the pressurized D-suit.

If spacesuits are required during any phase of the space module operations, this will necessitate a
substantial reduction in any design reach dimensions established for shirtsleeve operations. The
extent of these differences would have to be determined from using the specific spacesuits and
gear to be used in that mission.

Table 4.5-1 Change in Body Envelope Data When Wearing Pressurized and Unpressurized

Flight Suits
ACES Unpressurized|ACES Pressurized|D-Suit Unpressurized|D-Suit Pressurized
Change | Change | Change | Change | Change | Change | Change [ Change

(cm) Ratio (cm) Ratio (cm) Ratio (cm) Ratio
Recumbent
Forward reach 0 1.00 -13 0.85 0 1.00 -4 0.95
Vertical reach - up - - - - - - - -
Vertical reach - down -3 0.88 -6 0.85 -4 0.89 -7 0.83
Side reach -4 0.95 0 1.00 -3 0.97 -2 0.98
Upright
Forward reach -14 0.87 -12 0.85 -4 0.95 -9 0.89
Vertical reach - up -11 0.93 - - -10 0.94 -11 0.93
Vertical reach - down -6 0.87 - - -3 0.91 -18 0.55
Side reach -1 0.99 -6 0.93 -4 0.96 -6 0.93

[T 2]

indicates data not available
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4.5.4.4 Postural Effects

The normal working posture of the body in a Og environment differs substantially from that in a
1g environment (see Figure 4.3-1). The neutral body posture is the basic posture that should be
used in establishing a Og workspace layout.

4.5.4.5 Gravity Effects

During exposure to hypergravity, the range of motion for most joints will become restricted
because of increases in effective whole body weight, limb weights, and segment weights. Most
importantly, the neck mobility, leg mobility, and arm mobility will be severely restricted (i.e., all
extremities are very heavy and it is difficult to perform useful work above approximately 3g).

4.5.4.6 Restraint Effects

While the absence of gravitational forces will usually facilitate rather than restrict body
movement, this lack of gravity will leave crewmembers without any stabilization when they
exert a thrust or push. Thus, some sort of body restraint system is necessary. Three basic types of
body restraint or stabilizing device have been tested under neutral buoyancy conditions on Earth
or Og conditions in space. These are handhold, waist, and foot restraints. The following is a
description of each type of restraint and its effect on reach:

¢ Handhold Restraint — With the handhold restraint, the individual is stabilized by holding
onto a handgrip with one hand and performing the reach or task with the other. This
restraint affords a fairly wide range of functional reaches, but body control is difficult and
body stability is poor.

e Waist Restraint — A waist restraint (for example, a clamp or belt around the waist) affords
good body control and stabilization, but seriously limits the range of motion and reach
distances attainable.

e Foot Restraint — In Skylab observations and neutral buoyancy tests, the foot restraints
were judged to be excellent in reach performance, stability, and control. The foot restraint
provides a large reach envelope to the front, back, and sides of the crewmember.
Appreciable forces often cannot be exerted because muscles of the ankle rotators are
weak. Foot restraints should be augmented with waist or other types of restraint where
appropriate.

4.5.5 Collection of Data

The collection of reach data is dictated by the needs of the assessment. Several methods of
measurement are available, each with associated limitations.

e Photographs are one method of measuring reach data. With this technique, data is
extracted directly from photographs taken during the experiment. The subjective nature
of data extraction can cause potential variation in measurements between extractors or
tests. Another limitation to this method is the type of lens used to take the photograph.
Certain lenses can cause blurring or distortion of the image, thus producing an imprecise
image from which data is being extracted.
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4.5.6

Motion capture tools, such as the Vicon Motion Analysis System (Vicon, Los Angeles,
CA, USA), can be used to capture reach movements needed to generate work envelope
data. The drawback is that the markers used to track motion can shift or become
occluded.

Video can also be used to collect reach data. With this method, video footage can be
measured subjectively by extracting the data directly from the footage. A more precise
analysis of the data can be achieved by using motion analysis software such as Dartfish
(Dartfish, Ltd., Fribourg, Switzerland), which can take both angular and linear
measurements from the images.

Vertec is a specialized apparatus designed to collect reach data.

Simpler methods are also available, for example having subjects place markers where
they are able to reach and using a ruler or measuring tape to collect the distance.

Research Needs

RESERVED
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4.6 BODY SURFACE AREA, VOLUME, AND MASS PROPERTIES
4.6.1 Introduction

This section covers the body skin surface area, volume, and mass properties based on body mass
properties.

4.6.2 Body Surface Area
4.6.2.1 Body Surface Area Data

Table 4.6-1 presents data on estimated body skin surface area based on body mass and body
stature. This data is based on the projected 2015 astronaut population.

Table 4.6-1 Estimated Body Surface Area of the Crewmember

Crewmember Body Surface Area, cm?

Female (5" percentile in height with light weight) 15,300
Male (95" percentile in height with heavy weight) 22,800
Notes:

o This data applies to 1g conditions.
e Density was assumed constant at 1 g-cm™.
e References: Gehan & George, 1970; Gordon et al., 1988.

4.6.2.2 Calculation Procedure

The body surface area of an American man is calculated as a function of stature and weight.
DuBois and DuBois (1916) defined this procedure and Martin, Drinkwater, and Clarys (1984)
validated the results. The calculation steps are as follows:

1. Determine the 5"-, 50'-, and 95"-percentile male stature and weight.

2. Substitute the stature and weight data into the equation below, where W is weight in
kilograms, H is stature in centimeters, and the result is surface area in square centimeters.

Surface Area=71.84W"**H""*
For additional information on calculating body surface area, refer to Appendix B.

4.6.2.3 Application of Body Surface Area Data

Body surface area data has several applications for space module design. These include

e Thermal control — Estimation of body heat production for thermal environmental control
e Estimation of radiation dosage
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4.6.2.4 Factors That Affect Body Surface Area

e QGravity Environment — Body surface area estimation equations apply to 1g conditions
only

o Fluid shifts and spinal elongation in Og are not accounted for

e The body surface area data provided above is most accurate for the Caucasian or African
American male and female body forms

4.6.2.5 Body Surface Area Data Collection

Recent advances in technology have produced a new method for collecting body surface area,
volume, and mass properties data. This method is achieved via a three-dimensional whole-body
scanner that accurately and efficiently captures the surface of the body. This data can then be
used to compute both volume and mass property data for the whole body and body segments.

4.6.3 Body Volume
4.6.3.1 Body Volume Data

Tables 4.6-2 and 4.6-3 present select data on the volume displaced by the body as a whole and by
the body segments. This data is based on the projected 2015 astronaut population. See Appendix
B for a complete listing of Constellation program body volume data.

Table 4.6-2 Whole-Body Volume of Male and Female Crewmembers

Crewmember Body Volume, cm?

Female (5" percentile in height with light weight) 53,685
Male (95" percentile in height with heavy weight) 99,157
Notes:

e This data applies to 1g conditions.
e Density was assumed constant at 1 g-cm™.

e References: Gordon et al., 1988; McConville, Clauser, Churchill, Cuzzi, & Kaleps, 1980,
pp- 32-79; Young et al., 1983, pp. 18-65.

78



Table 4.6-3 Select Body-Segment Volumes of Male and Female Crewmembers

Segment Mass, g
Female (5™ percentile in Male (95" percentile in height
height and light weight) and heavy weight)
Head 3761 4517
Neck 615 1252
Forearm 730 1673
Hand 298 588

o This data applies to 1g conditions.
e Density was assumed constant at 1 g-cm™.

e References: Gordon et al., 1988; McConville et al., 1980, pp. 32-79; Young et al.,
1983, pp. 18-65.

4.6.3.2 Application of Body Volume Data

Body volume data may be used for analysis of fit in suits and spacecraft. For example, a person’s
body volume can be compared to the internal volume of the spacesuit as a metric of fit. Estimates
of volume accounted for by crewmembers may also be valuable for net habitable volume
estimations. Volumes of body segments will be important in the developing role of three-
dimensional anthropometric analysis.

4.6.3.3 Factors That Affect Body Volume

e Gravity Environment — Body surface area estimation equations apply to 1g conditions
only. They do not account for the fluid shifts and spinal elongation in 0g.

e Population — The body volume data provided above is most accurate for the white or
African American male and female body forms.

4.6.3.4 Body Volume Data Collection

Recent advances in technology have produced a new method for collecting body surface area,
volume, and mass properties data. This method is achieved via a three-dimensional whole-body
scanner that accurately and efficiently captures the surface of the body. The data collected from
the scans can be used to calculate both volume and mass property data for the whole body and
body segments.

79



4.6.4 Body Mass Properties
4.6.4.1 Whole-Body and Body-Segment Mass
Mass data for the whole body and body segments is provided in this section.

4.6.4.1.1 Data for Whole-Body and Body-Segment Mass

The select data in Table 4.6-4 and Table 4.6-5 for whole-body mass and body-segment mass is
based on the projected 2015 astronaut population. All data is based on 1g measurements. For a
complete listing of Constellation program whole-body mass data, refer to Appendix B.

Table 4.6-4 Whole-Body Mass of Crewmember

Crewmember Body Mass, g
Female (5" percentile in height with light weight) 53,685
Male (95" percentile in height with heavy weight) 99,157

Notes:
e This data applies to 1g conditions.

e Density was assumed constant at 1 g-cm™.

e References: Gordon et al., 1988; McConville et al., 1980, pp. 32-79; Young et al., 1983, pp. 18-
65.
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Table 4.6-5 Select Body-Segment Mass Properties for Male and Female Crewmembers

Segment Mass, g
Female (5" percentile | Male (95" percentile
in height and light in height and heavy
weight) weight)
Head 3761 4517
Neck 615 1252
Forearm 730 1673
Hand 298 588

e This data applies to 1g conditions.
e Density was assumed constant at 1 g-cm™.

e References: Gordon et al., 1988; McConville et al., 1980, pp. 32-79; Young et
al., 1983, pp. 18-65.

4.6.4.1.2 Application of Whole-Body and Body-Segment Mass Data

Although body mass remains constant, body weight depends on gravity conditions. In 1g, body
weight is calculated as indicated below:

Weight in newtons = Mass in grams % 0.0098
and

Weight in pounds = Mass in slugs x 32.2

4.6.4.1.3 Factors That Affect Whole-Body and Body-Segment Mass

The 0g environment causes fluids to shift upward in the body and leave the legs. This results in
an upward shift of the center of mass for the whole body and a loss of mass in the leg segments.
The data does not account for the fluid shifts and spinal lengthening in Og.

4.6.4.2 Whole-Body and Body-Segment Center of Mass

This section defines the center-of-mass locations for both the whole body in defined positions
and for body segments.

4.6.4.2.1 Data for Whole-Body Center of Mass

The data in Table 4.6-6 for whole-body center of mass is based on the projected 2015 astronaut
population. All data is based on 1g measurements. Refer to McConville et al. (1980) and Young
et al. (1983) for definitions of anatomical axes.
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Table 4.6-6 Location of Whole-Body Center of Mass for Male and Female Crewmembers

Dimension Female (5" percentile in Male (95" percentile in
height and light weight) height and heavy weight)

L(X) -15.27 6.40

L(Y) -1.21 0.96

L(Z) -3.81 8.16

Notes:

e This data applies to 1g conditions.
e Density was assumed constant at 1 g-cm™.

e References: Gordon et al., 1988; McConville et al., 1980, pp. 32-79; Young et al., 1983,
pp- 18-65.

4.6.4.2.2 Data for Body Segments’ Center of Mass

The locations of the center of mass for select body segments in 1g are given in Table 4.6-7. The
data is based on the projected 2015 astronaut population. All data is based on 1g measurements.
For a complete listing of Constellation program body segment center of mass data, refer to
Appendix B.

The values represented by X, Y, and Z in the Axis column relate to the coordinates for the
location of the center of mass with respect to anatomical origin and are measured along the
anatomical axes. The axes represented by Xa, Ya, and Z, are shown to represent the anatomical
axes. Refer to McConville et al. (1980) and Young et al. (1983) for definitions of anatomical
axes.
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Table 4.6-7 Locations of Center of Mass of Select Body Segments of Female and Male

Crewmembers
Segment Axis | Female (5" percentile in Male (95" percentile in
height and light weight) | height and heavy weight)
(cm) (cm)
Head X 243 0.53
Y -0.60 0.60
Z 2.24 4.05

4.6.4.2.3 Application of Whole-Body and Body-Segment Center-of-Mass Data

In Og, the body mass properties define body reaction to outside forces. These forces can be

e Reactive to forces exerted by the crewmember or a hand tool
e Active forces from devices such as the Manned Maneuvering Unit

The reaction of the body to a force depends on both the mass and the relative positions of the
body segments. The whole-body center-of-mass and moment-of-inertia data is provided for
standing posture only. Whole-body mass properties for other positions would have to be
determined by mathematically combining the mass properties of the individual segments and the
appropriate postures maintained by these segments.

4.6.4.2.4 Factors That Affect Whole-Body and Body-Segment Center of Mass

The 0g environment causes fluids to shift upward in the body and leave the legs. This results in
an upward shift of the center of mass for the whole body and a loss of mass in the leg segments.
The data does not account for the fluid shifts and spinal lengthening in Og.

4.6.4.3 Whole-Body and Body-Segment Moment-of-Inertia Data

This section defines the moment of inertia for both the whole body in defined positions and for
body segments.

4.6.4.3.1 Data for Whole-Body Moment of Inertia

The data in Table 4.6-8 for whole-body moment of inertia is based on the projected 2015
astronaut population. All data is based on 1g measurements.

The moments of inertia for the whole body are given with respect to the principal axes of inertia,
and these are denoted by X, Yy, and Z,. The relationship between the principal axes and the
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anatomical axes can be found. Refer to McConville et al. (1980) and Young et al. (1983) for

definitions of anatomical axes.

Table 4.6-8 Whole-Body Moment of Inertia of the Crewmember

Female (5" percentile in

Male (95" percentile in

Dimension height and light weight) height and heavy weight)
kg-m? kg-m?
Xp 6.59 17.69
Y, 6.12 16.43
Z, 0.73 2.05

pp- 18-65.

e This data applies to 1g conditions.
e Density was assumed constant at 1 g-cm™.
e References: Gordon et al., 1988; McConville et al., 1980, pp. 32-79; Young et al., 1983,

4.6.4.3.2 Data for Body-Segment Moment of Inertia

Body-segment moment-of-inertia data for the American male crewmember in 1g is in Table 4.6-
9. For a complete listing of Constellation program body-segment moment-of-inertia data, refer to

Appendix B.

The moments of inertia for body segments are given with respect to the principal axes of inertia,

and these are denoted by X, Yj, and Zp. Refer to McConville et al. (1980) and Young et al.
(1983) for definitions of anatomical axes.

The data is based on the projected 2015 astronaut population. All data is based on 1g

measurements.
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Table 4.6-9 Select Body-Segment Moment of Inertia of the Crewmember

Segment Axis 5™-percentile 95™-percentile
light Female heavy Male
x 102 (kg-m?) x 102 (kg-m?)
Head X 14.81 21.56
Y, 17.85 24.74
Zy 13.58 15.97

4.6.4.3.3 Application of Whole-Body and Body-Segment Moment-of-Inertia Data

In Og, the body mass properties define body reaction to outside forces. These forces can be

e Reactive to forces exerted by the crewmember or a hand tool
e Active forces from devices such as the Manned Maneuvering Unit

The reaction of the body to a force depends on both the mass and the relative positions of the
body segments. The data for whole-body center of mass and moment of inertia is provided for
standing posture only. Whole-body mass properties for other positions would have to be
determined by using engineering vector analyses to combine the mass properties of the
individual segments and the appropriate postures maintained by these segments.

4.6.4.3.4 Factors That Affect Whole-Body and Body-Segment Moment of Inertia

The 0g environment causes fluids to shift upward in the body and leave the legs. This results in
an upward shift of the center of mass for the whole body and a loss of mass in the leg segments.
The data does not account for the fluid shifts and spinal lengthening in Og.

4.6.5 Research Needs

RESERVED
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4.7 STRENGTH
4.7.1 Introduction

The term “strength” is often used to refer to a person’s ability to generate force. Because of the
difficulty in measuring strength, it is difficult to formulate a clear definition of the term. One
appropriate definition is “the magnitude of variable force that a [muscle group] exerts on the
skeletal system at the attachment site of interest” (Kulig, Andrews, & Hay, 1984).

The content in this chapter primarily supports Volume 2 requirements in Section 4.8. Crew
strength requirements (pre-, in-, and post-flight) can be found in Volume 1, Section 4.2.8.

Information related to physical workload can be found in HIDH Chapter 5.2. Information related
to exercise countermeasures can be found in HIDH Chapter 7.5.

4.7.2 Strength Data Presentation

Unlike anthropometric data, strength data from different populations is not readily available.
Even if it is available, sample sizes are often small. Thus it is difficult to find strength percentile
data. Instead, strength data often shows maximum and minimum values based on the weakest
and strongest members of the population.

Table 4.7-1 depicts a sample of strength data to illustrate typical information available. The full
dataset can be found in Appendix B.

Table 4.7-1 Examples of Strength Data Tables

Minimum Crew Operation Loads Maximum
Type of Strength (N (Lb%) Crew
. . Operational
Critical 1 Critical 2 Other Loads
Operations | Operations | Operations (N(Lbf))
One-Handed Pulls One-Handed Pulls
Seated Horizontal
Pull In' ¥
[Subject in a seated | =
position pulls toward — 111 (25) 147 (33) 276 (62) 449 (101)
his/her body.
Unilateral/isometric
measurement]
Seated Vertical Pull w 1
Down' t
[Subject in a seated ’ ‘
position pulls 125 (28) 165 (37) 311 (70) 587 (132)
downward.
Unilateral/isometric
measurement]

! Estimated strength decrement post-spaceflight. Range is 0%-26%. Average estimated is 20%. Based on max
EDOMP data. Not all motions were measured on EDOMP missions.
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4.7.3 Application of Strength Data
4.7.3.1 Maximum or Minimum Data

Instead of using percentile data for strength, the recommendation is to use the design limits that
reflect the minimum strength exhibited by the weakest user group and the structural limits that
reflect the maximum strength exhibited by the strongest user group.

Maximum Forces and Structural Integrity — System components and equipment that are
intended to be operated by unsuited crewmembers should withstand the forces exerted by the
strongest crewmembers without sustaining damage.

Normal Operating Forces — System components and equipment that are intended to be operated
by unsuited crewmembers should require forces no greater than those exerted by the weakest
crewmember.

4.7.3.2 Criticality of Operations

The criticality of operations may dictate whether factors of safety should be incorporated into
strength requirements. In the example data in Appendix B, the following criticality definitions
were selected:

o C(riticality 1 load limits are to be used for crew safety situations and the design of items
where a single failure could result in loss of life or spacecratft.

o C(riticality 2 load limits are to be used for the design of items of which a single failure
could result in a loss of mission.

Load limits are smaller for Criticality 1 processes, to protect the lives of the crew.
4.7.3.3 Other Factors to Consider in Application of Data

Important aspects of applying strength data to human-centered design include defining a user
population, selecting an appropriate database, understanding the activity for which strength
should be defined, and collecting data correctly. Endurance and fatigue must be considered in
relation to strength as well, and strength is affected by many different factors. Some of these
factors affect a person’s strength during everyday life, and some are specific to spaceflight.

4.74 Factors That Affect Strength Data
4.7.4.1 User Population

As with any human-centered design consideration, the person who will be performing the
activity must be considered. The database selected should reflect the likely user population in
terms of age, gender, fitness, and other characteristics as closely as possible.

4.7.4.2 Activity Type

The type of activity and interactions between the human and environment will dictate whether
minimum or maximum strength is of concern. The level of criticality will also determine if
factors of safety are needed.
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In most cases, the goal of understanding strength data is to ensure that the weakest crewmember
can perform a task. For example, the torque required to open a hatch should be within the
capability of the weakest member of the population.

In some cases, structural limits are in place to prevent accidental damage from crewmembers.
For example, the torque required to break a piece of equipment might be required to be more
than the maximum torque produced by the strongest crewmember.

The duration of the activity has a major effect on the strength a person can exert. Strength drops
off significantly with the extended duration of an activity.

Strength data reflects the type of action being performed during data collection. The table below
summarizes the most common approaches to strength data collection (Kroemer, Kroemer, and
Kroemer, 1997).

Table 4.7-2 Common Approaches to Strength Data Collection

Isometric Constant muscle length

Isovelocity / Isokinetic | Constant angular velocity

Isotonic Constant muscle tension

4.7.4.3 Anthropometry

Because of the low correlation between strength and size, anthropometry should not be used to
determine accommodation of strength and endurance. Though strength is related to the size of
muscles, research has failed to predict an individual’s strength for given activities based on
anthropometry, including circumferences around major muscles (Kroemer, 1976).

4.74.3.1 Age Effects

Strength tends to peak around age 20 to 25, with gradual decreases over time. Leg strength tends
to decrease more rapidly than arm strength (Konz, 1983). Age is not a reliable predictor of
strength within a population because of large intersubject variability, but it is a factor in strength
of individuals.

4.7.4.3.2 Gender Effects

The strength of the average female is generally less than the strength of the average male. Much
of the published literature claims that the strength of females is 60% to 70 % that of males. This
may be true when comparing the average strengths of 1000 men and 1000 females. But recent
studies comparing males and females of the same height and weight show that the percentage
goes up to 80% to 90%. Therefore, females have less strength mostly because of their smaller
size and not because of their gender. Though it is important to consider gender when selecting a
population for strength studies, gender is not an accurate predictor of strength.

4.7.4.3.3 Clothing Effects

Wearing a pressurized suit affects a person’s ability to exert the maximum effort. Simply
wearing the suit affects strength, and pressurizing the suit reduces strength further. A study by
Gonzalez, Maida, Miles, Raiulu, and Pandya (2002) indicated that joint torque production
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capabilities of subjects decreased up to 39% while they were wearing a pressurized suit, shown
in Table 4.7-3.

Table 4.7-3 Effect of Wearing a Pressurized Suit on Maximum Voluntary Torque

IMVT| (N-m) Reduction or Increase
Joint Motion Unsuited Suited in Percentage
Wrist extension 11 7 36
Wrist flexion 18 11 -39
Elbow extension 43 34 21
Elbow flexion 39 33 -15
Shoulder extension 63 67 +6
Shoulder flexion 61 42 31
Shoulder abduction 50 34 32
Shoulder adduction 54 41 74
Shoulder external rotation 21 19 ~10
Shoulder internal rotation 39 37 -5
Average 40 33 18
Note: — refers to reduction, + refers to increase in torque produced

Functional strength tests involving tasks such as pushing and pulling rather than isolated joint
movements have shown that a pressurized I-suit reduces functional strength up to 50% (current
NASA study, unpublished data).

4.7.4.3.4 Postural Effects

When gravity is present, the amount of force a person is capable of exerting depends on posture.
The major example of this during spaceflight is recumbent seating versus upright seating. If a
crewmember must overcome gravity to perform a given task, the force production capability will
be greatly reduced.

4.7.4.3.5 0g Effects

The major effects of 0g on strength are related to counter-reactive forces, restraints, and
deconditioning, discussed below. Though some activities, such as lifting a box, will require less
strength in Og, other activities, such as opening a hatch, will still require full strength.

4.7.4.3.6 Hypergravity Effects

In hypergravity environments, the weight of the body segments involved in a task increases in
unison with gravity, and thus exerting the necessary force becomes an excessive burden. The
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bulk of the effort exerted by the crewmember goes toward either bringing in or maintaining body
segments in a required posture, causing simple tasks to be more difficult in hypergravity
environments.

4.7.4.3.7 Counter-Reactive Forces

The lack of gravity leads to the absence of counter-reactive forces that allow people to
effectively perform physical work in 1g. Traction (friction force), which depends on body
weight, is also absent, as are forces that result from using body weight for counterbalance.
Without proper restraints, a crewmember’s work capabilities will generally be reduced and the
time to complete tasks increased.

4.7.4.3.8 Restraints

The common notion is that when workstation design (including fixed and loose equipment) and
task procedures are optimized for the Og environment, crewmembers’ work capabilities while
they are restrained can approach their capabilities for performing Earth-based tasks. However,
quantitative data (Poliner, Wilmington, & Klute, 1994) has shown that even with foot restraints,
the strength exhibited by shirtsleeve subjects in Og is about 17% less than their strength in 1g.

Situations do exist in which a crewmember can achieve improved strength performance in 0g.
These situations occur when the crewmember uses the greater maneuverability in Og to achieve a
more efficient body position to be able to push off solid surfaces.

4.7.4.3.9 Deconditioning Effects

Strength is reduced with longer missions because of the deconditioning of muscles. Experience
in space indicates that both the strength and aerobic power of load-bearing muscles in
crewmembers decreases during missions exposing them to 0g. Exercise countermeasures have
been used to counter these deficits, but to date have been only partially effective.

The results of a study by Adams, Caiozzo, and Baldwin (2003) indicate that spaceflight without
exercise may cause greater muscle atrophy than bed rest. It should also be noted that greater loss
of leg muscle strength than arm muscle strength is expected because locomotion is performed
with the upper body during spaceflight (Cowell, Stocks, Evans, Simonson, & Greenleaf, 2002).
Results of spaceflight studies are also affected by countermeasure efforts taken during flights of
greater than 10 days (Adams et al., 2003).
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Table 4.7-4 provides percent decreases in strength for muscle groups in spaceflight and bed rest

studies with and without countermeasure exercise.

Table 4.7-4 Effects of Spaceflight and Bed Rest on Strength

Spaceflight w/o Exercise Spaceflight w/ Exercise Bed Rest (w/o Exercise)
% % %
Muscle Group # days | decrease | Description | # days |decrease| Description | # days |decrease| Description
28 20 Isokinetic | 28 0 Isokinetic 42 10 Isometric
Arm Extensor! - - - 59 0 Isokinetic - - -
-- -- -- 84 10 | Isokinetic -- -- --
28 20 Isokinetic | 28 15 Isokinetic 42 12 Isometric
Arm Flexor! -- - - 59 0 Isokinetic - - -
-- -- -- 84 0 Isokinetic -- -- --
5-13 12 Isokinetic 11 10 | Isokinetic 14 15 Isokinetic
-- - - 59 20 | Isokinetic 30 21 Isokinetic
- -- -- 84 0 Isokinetic 42 29 Isokinetic
Leg Extensor'-*? 125-
-- - - 145 31 | Unknown 119 30 | Isokinetic
125-
-- -- -- 145 12 | Isokinetic -- -- --
5-13 6 Isokinetic | 28 20 | Isokinetic 30 10 | Isokinetic
- -- -- 59 20 | Isokinetic - - -
- -- -- 84 14 | Isokinetic - - -
Leg Flexor'*? 125-
-- - - 145 27 | Unknown -- -- --
125-
-- - - 145 27 | Isokinetic -- -- --
Trunk Flexion® - - - 11 20 | Isokinetic
3 - - - 17 0 Unknown 35 25 Unknown
Calf Muscle - - - ~180 | 42 | Isometric | 120 | 45 | Unknown
"' Cowell et al. (2002).
2 Convertino and Sandler (1995).
3 Adams et al. (2003).
4.7.4.4 Collection of Data

Results of strength studies are highly dependent on the type of strength test done, the
measurement techniques, and the measurement devices chosen. In addition, the selection of a
population representative of the end-user to study is critical.

The most common types of strength tests are isometric, isokinetic, and isotonic testing (Kroemer,
Kroemer, & Kroemer-Elbert, 2001). [sometric testing is static, with muscle lengths remaining the
same throughout the exertion; isokinetic tests involve constant velocity; and isotonic tests consist
of constant force.
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One major factor involved in measurement technique is the device with which strength is
measured. Measurements are most often taken with a dynamometer system. A dynamometer can
be something as simple as a mechanical device to record maximum force during grip, or a much
more advanced machine with computing capabilities that allows testing to be conducted in a
variety of conditions.

Other facets of measurement technique are the speed of contraction, number of joints involved in
a movement, and orientation of the subject with respect to gravity (Kulig et al., 1984).
Concentric testing involves dynamic contractions in which a subject’s strength overcomes the
resisting force, and eccentric testing involves dynamic contractions in which a subject is
overcome by a resisting force and the muscle actually lengthens during the contraction
(Kroemer, 1976).

In addition, the interaction of test conductors with subjects can heavily influence results. It is
highly recommended that test conductors follow a methodology such as that outlined by
Caldwell et al. (1974), which specifies the following in regard to isometric (static) testing:

e Strength is assessed during a steady exertion sustained for 4 seconds

¢ Effort should be increased to maximum without jerking in about 1 second, then
maintained

¢ No instantaneous feedback is provided during testing

e No goal-setting, rewards, or competition should occur during testing

¢ A minimum of 1 minute of rest is provided between trials
The aspects of the Caldwell methodology concerning lack of feedback, goal-setting, and rewards
should be applied to any type of strength testing to obtain more consistent results. These external

factors have been demonstrated to significantly affect force generated during trials (Kroemer, et.
al., 1988).

4.7.5 Research Needs

RESERVED
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5 HUMAN PERFORMANCE CAPABILITIES
5.1 INTRODUCTION

Like any other system component, humans have limits on their performance capabilities. System
developers must be aware of these limits and must assign responsibilities and design systems so that
humans work within their capabilities. Human perceptual capabilities include the abilities to see and
hear. Cognitive capabilities include abilities to reason, remember, communicate, and understand. This
chapter attempts to address multiple aspects of human capabilities and how those capabilities are altered
during spaceflight. The reader should not assume that every topic related to human performance and the
effect of spaceflight is covered in full detail and should search out other sources of information to
supplement what is covered here.

5.2 PHYSICAL WORKLOAD
5.2.1 Introduction

The musculoskeletal and cardiorespiratory systems work in unison to perform activities of daily living
and engage in physical activity of low to strenuous intensity. The ability to move heavy loads or
perform long-duration endurance activities at a moderate to high intensity requires optimal functioning
of these systems. Decrements in these physiological systems at a magnitude of 10% or more can
severely reduce task performance. Exposure to microgravity causes adaptations to the cardiovascular
system, muscles, and bones that can affect mission-critical task performance and increase the risk for
injury upon return to 1g or other gravitational environments (Figure 5.1-1). The new “space-normal”
statuses of these systems are different from Earth, and could increase injury risk during flight and when
astronauts return to gravitational environments. As a countermeasure, crewmembers perform daily
aerobic and resistance training sessions using exercise equipment to maintain pre-flight fitness levels. It
is critical that exercise hardware be available to crewmembers for daily use during spaceflight —
hardware that provides adequate intensity levels to maintain muscle, cardiovascular, and bone health.
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Figure 5.1-1. Physical changes in 0g (Nicogossian et al., 1993).

5.2.2 Aerobic and Cardiovascular Fitness

The cardiovascular system is made up of the heart, blood, and blood vessels, and is the major means by
which fuel is delivered to the muscles and metabolic by-products are removed.

Aerobic fitness describes the overall efficiency of the cardiovascular system in delivering oxygen to
muscles and the efficiency at which the muscle can use the oxygen to maintain prolonged submaximal
work (e.g., running a marathon). The ability to deliver oxygen to the muscles depends on several
physiological parameters including the volume of blood pumped from the heart to the working muscles,
gas exchange between the blood vessels and the muscle, and the metabolic efficiency of the muscle.
Maximal oxygen consumption or maximum aerobic capacity (VO:max), maximal aerobic power, and
lactate threshold are measures of cardiovascular fitness. VO2max is expressed as the volume of oxygen
used per unit time, and can be in absolute (L/min) or relative terms (mL/kg/min). Maximal aerobic
power is the greatest amount of power generated at VO,max. Lactate threshold refers to the highest
exercise intensity that can be maintained for a prolonged period of time. Lactate threshold is a better
predictor than VO2omax of an individual’s ability to perform well in endurance events due to the ability
to maintain a higher absolute workload for a longer time. Specifically related to spaceflight application,
determination of lactate threshold could provide important information regarding readiness for
extravehicular activity (EVA) tasks or exploration performance.

Table 5.2-1 shows VOomax values for age and gender for different levels of aerobic fitness.

Individual’s ranking near or below the 20™ percentile experience difficulty performing tasks of daily
living and are at a higher risk for all cause mortality.
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Table 5.2-1 Percentile Values for VO2max (mL/kg/min)

Men:
Age 20-29 30-39 40-49 50-59 60-69
90" Percentile 54.0 52.5 51.1 46.8 432
50" Percentile 439 424 40.4 36.7 33.1
20" Percentile 38.1 36.7 34.6 31.1 274
Women:
Age 20-29 30-39 40-49 50-59 60-69
90™ Percentile 47.5 44.7 42.4 38.1 34.6
50™ Percentile 374 352 333 30.2 27.5
20" Percentile 31.6 29.9 28.0 25.5 23.7

ACSM Guidelines for Exercise Testing and Prescription, 6th ed., 2000. Note: These percentages were
based on a modified Bruce treadmill protocol. Other types of maximal aerobic capacity testing may not
be directly comparable to these values.

5.2.2.1 Aerobic/Cardiovascular Fitness Adaptations to Microgravity

Cardiovascular deconditioning during exposure to the weightlessness environment of space flight
encompasses a wide array of physiological adaptations and subsequent functional consequences.
Triggered by the absence of hydrostatic gradients, a cephalad fluid shift, and lower physical activity
levels, cardiac work is reduced (Shibata et al., 2010); hence, there is a decreased reliance upon
cardiovascular reflexes to maintain blood pressure and cerebral perfusion, and blood (Alftrey et al.,
1996) and plasma volume (Frtisch-Yelle, et al., 1996; Leach et al., 1996) are reduced. Consequently,
astronauts during and after microgravity exposure may experience decreased left ventricular mass
(Perhonen et al., 2001), diastolic dysfunction (Dorfman et al., 2008), vascular dysregulation (Zhang,
2001), reduced exercise capacity (Levine et al., 1996; Moore et al., 2001, Trappe et al., 2006), reduced
thermoregulatory responses (Fortney et al., 1998; Lee, et al., 2002), and orthostatic intolerance upon
return to a gravity environment (Buckey et al., 1996; Fritsch-Yelle et al., 1996; Meck et al., 2004;
Waters et al., 2002). Although some adaptations to space flight are rapid (e.g., reduced plasma volume)
and do not appear to progress in severity (Platts et al., 2009), others may be exacerbated by longer
exposures to weightlessness (Bringard et al., 2010; Dorfman et al., 2007; Meck et al., 2001), particularly
when no or inadequate countermeasures are performed.

Cardiovascular deconditioning increases the risk of harm to the crew during and after space flight when
it results in an inability of the astronauts to perform physically demanding tasks (e.g., planetary EVA,
respond to an emergency (Bishop et al., 1999; Lee et al., 2010; Moore et al, 2010)) or maintain
consciousness during acceleration or gravitational stress (re-entry and landing on Earth, deceleration
when approaching and acceleration when departing from an extraterrestrial body (Platts et al., 2009;
Stenger et al., 2010)). Thus, countermeasures have been adopted during flight (e.g., exercise) and
immediately before return (e.g., fluid loading (Bungo et al., 1985)) or during return from spaceflight
(compression garments and liquid cooling garments (Perez et al., 2003)) to minimize or prevent
cardiovascular deconditioning or its consequences. Additional countermeasures, including artificial
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gravity (Katayama et al., 2004; Lee et al., 2009; Stenger et al., 2012; Watenpaugh, et al., 2007), also are
under investigation. It is estimated that aerobic capacity is reduced dramatically (~20%) in the first few
weeks of space flight and slowly returns to near pre-flight levels throughout the mission. This dramatic
reduction on VO,max upon exposure to microgravity is likely due to a combination of factors including
a rapid fluid shift and minimal usage of exercise countermeasures in the first week to 2 weeks upon
arrival on the International Space Station (ISS). Upon landing and exposure to 1g, crewmembers
experience an approximate 10% to 15% reduction in aerobic exercise capacity from pre-flight.

5.2.2.2 In-flight Aerobic Fitness Requirements

During Shuttle missions, EVA activity was generally low to moderate in intensity and ranged in duration
from approximately 4-8 hours (Table 5.2-2). Additionally, some tasks required short bursts of higher
intensity activity or high levels of absolute strength. Currently, it is not possible to identify a minimum
aerobic fitness requirement for crewmembers to maintain during flight because the future EVA or
explorations tasks have not yet been defined. However, it is expected that future exploration tasks will
be even longer in duration and higher in intensity, and will require work in austere environments.
Further, the additional costs of performing activities in a pressurized suit at different gravity levels and
the stress of the situation are not known. As such, there are significant implications of a 20% reduction
in aerobic fitness on the ability to perform EVA or extravehicular mission-critical tasks. It is critical for
crewmembers to maintain aerobic fitness at or near pre-flight levels.

Table 5.2-2 Metabolic Workload During EVA

Mission kcal/h, L/min

Apollo (1/6g) 234 kcal/h, 0.80 L/min
Apollo (0g) 151 kcal/h, 0.51 L/min
Skylab 238 kcal/h, 0.81 L/min
Shuttle (STS 1-54) 205 kcal/h, 0.76 L/min
Shuttle (STS 103-121) 220 kcal/h, 0.76 L/min

5.2.2.3 Exercise Countermeasures for Aerobic/Cardiovascular Fitness

The American College of Sports Medicine (ACSM) recommends a minimum of 30 to 60 minutes of
moderate to vigorous aerobic activity (70% to 85% of maximum heart rate) five times per week and 2-3
days per week of resistance training to maintain cardiovascular health for normal healthy individuals in
a 1g environment. Research shows that high intensity interval exercise most efficiently improves or
maintains aerobic fitness across age ranges, genders, and fitness levels. Generally, interval training
should include repeated bouts of high intensity exercise (ranging from 85% to supra-maximal) for 30
seconds to 4 minutes. The rest time should be equivalent to or less than the work time. This ground-
based evidence strongly suggests that the availability of exercise countermeasures that allow for
performance of high-intensity interval and continuous aerobic exercise are critical for astronauts to
maintain cardiovascular health and aerobic fitness. Those with greater levels of initial fitness require
higher training intensities; therefore, it is not possible to precisely identify a training intensity threshold
either for improving performance or for managing cardiometabolic risk factors. There is some evidence
that moderate to vigorous aerobic exercise has positive effects on mental health, particularly depression.
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5.2.3 Muscle

The musculoskeletal system is composed of the muscles and bones in the body. Muscles are the force-
producing tissue in the body, whereas bone is the structural tissue. Skeletal muscle is essential to human
health and functional performance as both a contractile tissue responsible for force production and a
metabolically active system with an indispensable role in glucose and amino acid metabolism.

Muscles can be activated in a concentric, eccentric, or isometric manner, and each type of muscle action
is important for normal body motions.

e Concentric muscle actions — The muscle shortens while producing force. For example, your
biceps muscle shortens while producing force when you pick up a glass of water and move it
toward your mouth.

o Eccentric muscle actions — The muscle lengthens while producing force. For example, the
biceps muscle lengthens while producing force when you lower a glass of water from your
mouth to a table. In general, eccentric muscle actions are used to lower items or loads.

e Isometric muscle actions — The muscle creates tension, but the muscle does not change length.
For example, the biceps muscle is activated isometrically when you hold a glass of water at your
side, with your elbow bent at a 90° angle.

5.2.3.1 Muscle Adaptations to Spaceflight

Mechanical unloading, an inherent feature of microgravity environments, results in a loss of muscle
mass and muscle strength. These alterations originate at the molecular level where down-regulation of
anabolic pathways leads to a reduction in muscle protein synthesis that effects a decrease in muscle fiber
cross-sectional area. The resulting strength decrements are a by-product of both the decreased muscle
mass and neural adaptations that result in poorer activation of motor units.

Additionally, with prolonged inactivity (such as bed rest), muscles lose their ability to sense insulin; this
impairs muscle metabolism and causes potentially harmful elevations in circulating sugars. An extreme
example of this is seen when people are forced (or choose) to become completely sedentary: they lose
significant muscle mass, the muscle mass that remains becomes insensitive to insulin, and they develop
type II diabetes, a serious health concern. Insulin insensitivity occurs during space flight analogs (i.e.,
bed rest; Pavy-Le Traon, et al., 2007). Therefore, insulin insensitivity is a health concern during long-
duration space flight.

When data from Mir and ISS missions were pooled, it was observed that whole-body lean mass was
reduced after long-duration space flight (Table 5.2-3; Lee, et al., 2004). Similarly, crewmembers had
lower leg lean mass, knee extension peak torque, and knee flexion peak torque after both Mir and ISS
missions than before each mission.
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Table 5.2-3 Pre- and Postflight Musculoskeletal Data from Mir and ISS Missions 1-6

Knee Extension, Knee Flexion,
Whole-Body Lean
Mass (kg) Leg Lean Mass (kg) Peak Torque Peak Torque
(N-m) (N-m)
Pre Post* Pre Post Pre Post Pre Post

Mir | 60.5£1.6 | 58.4+5.5 | 19.6+£0.7 | 18.3+0.9* | 17917 | 131£16* | 103+12 | 79+10*
ISS | 56.1£2.9 | 54.9+3.4 | 18.7+1.0 | 18.0+=1.3* | 17610 | 136£10* | 106+6 | 74+7*

Note: Data are represented as means =+ standard deviation. *Significant (P < 0.05) change from before flight to
after flight (Lee et al., 2004).

Most mass and strength losses occur in the locomotor and postural musculature of the trunk and lower
extremities. Strength in these muscles groups declines 8% to 17% following a 6-month stay on the ISS.

5.2.3.2 Muscular Fitness Requirements

No quantitative standards exist for muscle strength during spaceflight, only that countermeasures must
be used to maintain skeletal muscle strength at or above 80% of baseline (pre-flight) values (NASA-
STD-3001, Volume 1). A qualitative understanding of the strength requirements for spaceflight muscle
strength loss is problematic from both an individual and an operational standpoint. Upon return to
Earth’s gravity, astronauts may be at increased risk for falls and/or may experience difficulty with
activities of daily living. Operationally, high strength levels are needed both during spaceflight (e.g., to
free jammed hardware, or to move large mass objects) and during emergency egress from a vehicle,
which would likely involve high force activities such as opening a hatch, raising oneself and other
crewmembers out of the vehicle, and running from the vehicle, all performed while wearing a bulky,
heavy space suit. Thus, it is clear that high strength levels are desirable both for the performance of
routine tasks in space and for the safe egress from a vehicle during an emergency. Also see HIDH
Chapter 4.7.3 for information on the application of strength data.

5.2.3.3 Exercise Countermeasures for Muscular Fitness

Inflight exercise countermeasures have been employed from early Skylab missions through current ISS
expeditions. Resistance exercise is the primary countermeasure used to prevent spaceflight-induced
muscular deconditioning. Research suggests that high intensity resistance exercise with a 1:1 (or greater)
ratio of eccentric:concentric loading is optimal to increase or maintain strength.

The interim resistance exercise device (IRED) was in use on the ISS through 2008; it provided a 136 kg
maximum load with a ~70% loading ratio. iRED’s variable resistance is provided by elastic, polymer-
based bands that are stretched as an exerciser raises a lifting bar. Because the mass of an exerciser
contributes very little resistance (only some inertia) during exercise (e.g., squats) in microgravity,
resistance exercise devices must provide rather high levels of loading. For instance, to provide an in-
flight loading similar to a 90-kg crewmember that squats his bodyweight during 1g exercise, a resistance
exercise device employed in a microgravity environment must provide ~180 kg of loading. Thus, iRED
was unable to provide adequate high intensity loading for most crewmembers. Also, iRED’s low
eccentric loading was substantially less than that offered by free weights in a 1g environment.
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The Advanced Resistive Exercise Device (ARED) was designed, built, and deployed on the ISS during
Expedition 18 in 2009, particularly to increase the exercise intensity of the hardware. ARED provides up
to 273 kg of loading — more than enough for the typical crewmember. Using the example above, a 90-kg
crewmember would be able to exercise with up to 183 kg of resistance above the amount that would be
required to replace body weight. Additionally, ARED provides ~90% of the concentric load during the
eccentric phase of exercise and uses flywheels to replicate the inertia experienced during exercise in
normal gravity. Not surprisingly, losses in knee extensor strength and endurance in astronauts who use
ARED are about half of those observed in astronauts who used iRED during their mission. For more
information on Exercise Countermeasures, please see Chapter 7.5.

General guidelines for improving each characteristic of skeletal muscle in 1 G:
e Muscle size

Mode of exercise: resistance exercise
Choice of exercise: exercises that involve large amounts of muscle mass (e.g., squat, dead
lift, bench press)

o Intensity: moderate (60% to 80% of 1 repetition max or a load that can be lifted 8 to 12
repetitions) to heavy (>80% 1 RM) exercise loads

o Volume: multiple sets per exercise (i.e., 3 to 5 sets) and 6 to 12 repetitions per set

o Rest periods: ~2 to 3 minutes of rest between sets

o Frequency: 2 to 3 times/week

e Muscle strength

Mode of exercise: resistance exercise

Choice of exercise: exercises that involve large amounts of muscle mass (e.g., squat, dead
lift, bench press)

Intensity: very heavy exercise loads (near maximal)

Volume: multiple sets per exercise (i.e., 3 to 5 sets) and 1 to 6 repetitions per set

Rest periods: ~3 minutes of rest between sets

e Muscle power

Mode of exercise: resistance exercise
Choice of exercise: exercises that involve large amounts of muscle mass and that can be
performed rapidly (e.g., power clean, squat jump, push press)
Intensity: moderate exercise loads; perform the exercise as fast as possible
Volume: multiple sets per exercise (i.e., 3 to 5 sets) and 1 to 6 repetitions per set
Rest periods: ~3 minutes of rest between sets
e Muscle endurance
Mode of exercise: resistance exercise or endurance exercise
Choice of exercise: exercises that involve large amounts of muscle mass (e.g., squat, dead
lift, bench press)
Intensity: light (<50% 1RM) to moderate loads
Volume: 2 sets with 15 to 25 repetitions per set
Rest periods: 2 to 3 minutes of rest between sets

5.2.3.4 Maintenance of Muscular Fitness

An ACSM position statement reviewed research related to the amount of exercise required to maintain
fitness in 1g. It is generally believed that, in 1g, more exercise is required to improve fitness than to
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maintain fitness. Among intensity, duration, and frequency of exercise, intensity is the most important
factor — especially for maintenance of aerobic fitness. With respect to resistance training, the ACSM
review notes that muscle strength and power are particularly vulnerable to loss of training adaptations
and quickly reverse when training stops. Again, intensity seems to be the key component of maintaining
the effects of resistance training.

During future exploration missions, the challenge for exercise countermeasures to spaceflight-induced
losses of muscle mass and strength will be primarily the spatial limitations of the crew exploration
vehicle. A 6-month, one-way trip to Mars in a small capsule will afford only a small volume both for the
exerciser and the exercise device. The goal of having a resistance exercise device that is located onboard
during space exploration missions and that provides high resistance, excellent eccentric loading, and
inertial loading similar to free weights, represents a significant challenge.

524 Bone

The skeletal system provides a variety of functions including forming the body’s basic shape and
structure, providing leverage for directed movement by the muscles, protecting body organs, producing
blood cells, and storing minerals. Normal healthy bone is continuously broken down and rebuilt to
maintain a state of homeostasis. Osteoporosis is a disease defined by a net decrease in bone mineral
density (BMD), which leads to an increased risk for bone fracture. Osteoporosis is typically treated with
a combination of bone loading physical activity (i.e., resistance training) and pharmaceutical
interventions (i.e., bisphosphonates). Post-menopausal women and the elderly are at high risk for
osteoporosis due to changes in hormone levels and reductions in physical activity.

5.2.4.1 Bone Adaptations to Spaceflight

Astronauts experience decrements in bone mineral density during long-duration spaceflight at a rate of
1.0% to 1.5% per month, which is significantly more rapid (~10 times faster) than osteoporotic
individuals in 1g (Shackelford 2004). The rate of loss is different among body locations and is
particularly high in the hip. Additionally, there is evidence that bone micro-architecture changes as a
result of spaceflight. These changes are concerning for astronauts participating in ISS missions due to
increased susceptibility to fracture when an external load is applied or if an unexpected load is applied,
such as a trip and fall in 1g. These risks are elevated for future exploration missions where astronauts
may be exposed to microgravity for more than a year. Of further concern is the fact that not all of the
BMD lost during spaceflight is regained and bone micro-architecture may not recover, which provides
an increased risk for early onset osteoporosis and fracture risk later in life.

5.2.4.2 Exercise Countermeasures for Bone

According to Wolff’s Law, bone will adapt to the load it is placed under. As such, exercises that
provide a high ground reaction force and loading to the skeletal system such as resistance exercise, high
speed running, and plyometrics are prescribed to prevent losses in bone mineral density. Specifically,
exercise regimes aimed at maintaining bone health suggest frequent and diverse load application with a
high strain rate (i.e., resistance training, treadmill running). Recent research has indicated that bone best
responds to loads that are applied in a cyclic manner, create a high rate of change of force, and when
bone loading exercise bouts are best separated over a period of time (Turner, 1998).
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It is expected that the loading stimulus will need to be greater and more frequent in microgravity than in
1g to account for the lack of daily bone loading that is experienced on Earth during normal ambulation.
These bone loading requirements are difficult to achieve in a microgravity environment due to
limitations of exercise equipment and crew schedule constraints. However, it is critical for
crewmembers to have frequent access (potentially multiple daily sessions) to exercise equipment that
can provide high levels of loading, and diversity in load application, on the skeletal system. These
exercise countermeasures should be targeted primarily toward protecting the lower body and hip
regions.

5.2.5 Summary

The microgravity-induced adaptations to the cardiorespiratory and musculoskeletal systems cause a
decrease in aerobic exercise capacity, muscle strength, and BMD. Reductions in these fitness and
strength parameters can have severe implications on astronaut readiness and ability to perform EVA
tasks, future exploration tasks, off-nominal landing scenarios, and tasks of daily living upon return to 1g.
Astronauts need to perform daily sessions of high-intensity aerobic exercise and high load resistance
exercise during spaceflight to mitigate losses in aerobic fitness, muscle strength, and bone health, and to
reduce injury risk.

5.2.6 Research Needs

The following areas have been identified as needing further study:
e Risk of bone fracture.

e Risk of early onset osteoporosis due to spaceflight.

e Risk of impaired performance and injury due to reduced muscle mass, strength, and endurance.
e Risk of injury from dynamic loads.

e Risk of reduced physical performance capabilities due to reduced aerobic capacity.

53 SENSORIMOTOR FUNCTION

53.1 Introduction

A key component of human performance in aerospace tasks is the transformation of sensory information
about the environment into appropriate motor commands to effect the proper action, such as sensing an
aircraft’s acceleration and orientation in order to maintain level flight. The combination of inputs from
various senses — visual, vestibular, auditory, haptic (pertaining to touch), and proprioceptive
(perceiving the movement or position of the body) — in conjunction with motor control output signals
are all integrated to generate the timely, accurate, and precise sensorimotor responses needed for the safe
and effective performance of tasks such as flight control, teleoperations, and system monitoring and
intervention. A space mission includes multiple and changing environments that not only distort the
three-dimensional (3D) perception of the environment and of one’s own position and motion, but also
interfere with the proper implementation and coordination of needed control actions. Furthermore, after
extended exposure to altered gravitational and other environmental conditions, physiological adaptation
processes make the situation more complicated, as these changes can end up maladaptive during and
after g-transitions such as descent and entry. The induced environments and associated physiological
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changes represent significant challenges to the crew’s ability to perform their tasks, especially during
dynamic phases of flight.

The unfamiliar or conflicting sensory inputs from space flight environments may lead to
e Spatial disorientation
e Altered oculomotor function and degraded active vision
e Compromised manual control
e Balance and locomotion deficits

To support proper vehicle control and crew safety, human-vehicle systems must be designed to enable
adequate sensorimotor function in the face of these challenges, and to identify and mitigate sensorimotor
dysfunction when it occurs.

5.3.2 Perceptual and Motor Performance

Humans have specialized visual and vestibular sensory systems that process both static and dynamic
signals related to one’s angular position and motion with respect to the environment, as well as the
angular tilt and motion of external reference objects. In most cases, these sensory signals limit
perceptual precision as well as voluntary sensorimotor control, either directly or indirectly through their
inputs to gaze and postural stabilization reflexes.

With respect to sensorimotor performance, these are the key human perceptual capabilities and
limitations:

e The human visual system is capable of estimating two-dimensional (2D) static angular
orientation of objects with a precision better than 1°, although performance depends on stimulus
size and contrast (Howard & Templeton, 1966; Philips & Wilson, 1984).

e The human vestibular system has a specialized tilt processing system, based primarily on the
output of the otoliths, which on Earth signal the angular position of the head with respect to
gravity with a precision of about 1° (Howard & Templeton, 1966). The ambiguity in otolith
afferents between linear accelerations arising from tilt with respect to a gravitational vector and
translation motions is resolved using both the frequency content of the stimulus signal and the
input from other sensory systems (Mayne 1974). A peak in motion sickness susceptibility occurs
during linear accelerations around 0.1 to 0.3 Hz due to frequency segregation being inadequate to
distinguish between tilt and translation (Wood 2002).

e Thresholds for perception of whole-body translation are significantly higher in the vertical
direction (~0.15 m/s"2) than thresholds for movement in the horizontal directions (~0.06 m/s"2)
(Benson et al., 1986).

e The human visual system can compute precise estimates of the 2D motion of objects on a display
with the precision of speed estimates being as good as 5% (McKee et al., 1986) and of direction
estimates better than 1° (Pantle & Sekuler, 1969). Again, however, performance depends on
stimulus size, contrast, direction, and training (Pantle & Sekuler, 1969; Ball & Sekuler, 1987;
Watamaniuk & Sekuler, 1992; Stone & Thompson, 1992; Krukowski et al., 2003). Furthermore,
the biases and limitations in the perceptual processing of 2D visual motion have been shown to
shape and limit the accuracy and precision of motor performance in both gaze (Kowler &
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McKee, 1987; Stone & Krauzlis, 2003; Krukowski & Stone, 2005) and manual control (Li et al.,
2006) tasks. In particular, below 16% contrast, for every twofold reduction in luminance
contrast, there is a 35-ms increase in reaction time and an 8% increase in root mean square error
in a manual control task (Li et al., 2005) mirroring the known perceptual underestimation of
target speed (Stone & Thompson, 1992).

The human visual system can compute precise estimates of one’s 3D direction of self-translation
(heading) from the visually expanding “optic flow” with an accuracy and precision approaching
1° (Warren et al., 1988). However, the accuracy and precision of visual heading estimation
during passive perception of or active control of combined translation and rotation is three to
four times worse and is sensitive to the field of view and to the amount of depth variation across
visible points (Stone & Perrone, 1997; Li et al., 2007; Peng et al., 2008). The monocular
perception of 3D translation closing speed and, thus, time-to-contact is expected to be limited by
the 5% to 10% precision of 2D speed estimation (slightly better than 10% precision and looming
in time-to-contact was empirically observed by Regan and Hamstra, 1993). However, the
binocular stereomotion estimate of 3D closing speed from interocular-velocity-difference and
changing-disparity cues are less precise, typically 25% or higher (Brooks & Stone, 2004), with
two eye views actually being worse than one, due to stereomotion suppression whereby the
added depth information comes at the expense of a loss in motion information (Brooks & Stone,
2006).

These are the key visual and vestibular gaze-stabilization mechanisms that support voluntary
sensorimotor control:

The vestibulo-ocular reflexes (VOR) help to keep gaze stabilized on an object during head
motion to preserve high-acuity vision. When the head rotates, head velocity signals allow the
oculomotor system to rapidly (latency: ~10 ms) stabilize the eyes to effectively keep visual
images stable on the retinal fovea over a wide range of motion frequencies from below 0.2 Hz up
to about 12 Hz (Ramachandran & Lisberger, 2005). There are three different forms of VOR:

o The rotational VOR (RVOR) or angular VOR (AVOR) generates dynamic eye yaw,
pitch, or roll compensations for head rotation using primarily angular velocity signals
from the vestibular semicircular canals. However, the roll and pitch RVORs also receive
otolith contributions.

o The translational VOR (TVOR) or linear VOR (LVOR) provides dynamic eye yaw,
pitch, and vergence compensation for head translations in the inter-aural (IA), dorso-
ventral (DV), and naso-occipital (NO) axes, respectively, using linear velocity signals
from the vestibular otolith organs. The TVOR seems to be modulated by canal inputs that
help disambiguate IA (side-to-side) translation from roll tilt and NO (front-to-back)
translation from pitch tilt (Angelaki et al., 1999). However, a simple frequency-based
filtering disambiguation clearly plays an important role in both vestibular-based motion
perception and the associated TVOR response (Merfeld et al., 2005), with frequencies
above 1Hz predominantly interpreted as translation and frequencies below 1 Hz as tilt (as
originally proposed by Paige and Tomko, 1991; Paige and Seidman, 1999). The TVOR
depends strongly on gaze direction and vergence angle, so that it plays a more critical
role in gaze stabilization for near viewing (Paige et al., 1998).

o The ocular counter-roll (OCR) reflex compensates for static head roll tilts using
gravitational signals from the vestibular otoliths. The otoliths estimate the tilt angle of
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the head with respect to the gravito-inertial axis, and the oculomotor system generates a
compensatory torsional eye movement that rolls the eyes in the opposing direction to
allow some gaze stabilization. The gain of the OCR is only about 10% to 30%, so it does
not fully compensate for head roll (Howard & Templeton, 1966).

e The optokinetic reflex (OKR) and other ocular-following reflexes help keep gaze stabilized
during slow head motion. When the head rotates or translates slowly, large-field visual image
motion signals allow the oculomotor system to stabilize the eyes to keep visual images stable on
the retinal fovea over a low-pass range of motion frequencies. The OKR (which dominates at
low speeds and frequencies below ~0.5 Hz) and the VOR (which dominates at higher speeds and
frequencies above ~0.5 Hz) act in concert to accurately stabilize the retinal image over a wide
range of head and self-motion speeds and frequencies.

e The vestibulospinal reflexes (VSR) act to maintain posture and balance. In response to a head
and body tilt to the left (right), VSR responses extend the left (right) limbs and flex the right
(left) ones to oppose the perturbation. The VSR is directly affected by Og, as it relies on
vestibular responses to gravitational cues to maintain balance and posture in 1g. While the
concept of balance means little in Og, postflight ataxia due in part to maladapted VSRs may pose
a significant risk during vehicle egress after landing, especially after extended exposure to 0g.

e The vestibulocollic reflex (VCR) helps to gyroscopically stabilize the head by generating
compensatory head movements in response to torso movements. The VCR may not be helpful in
0Og, as torso movements in 0g do not require the same postural readjustments as would be
required on Earth. Upon entry and landing, however, a maladapted VCR may compromise the
ability to maintain head position during locomotion.

The above critical visual-vestibular signals and reflexes are all, to some extent, adversely affected during
space flight. During dynamic phases of flight, in addition to the health and safety implications of
elevated g loading and vibration, sustained and random acceleration can disrupt gaze stabilization and
visual function and, together with the associated biomechanical perturbations of the limbs, can also
compromise manual control performance (Paloski, et al., 2008). Upon initial orbital insertion at Og,
one’s Earth-based vestibular reflexes are initially inappropriate for gaze stabilization. This can hinder
visual function and motor control in the first day or so of flight, and can contribute to space motion
sickness (SMS). The 0g environment then drives adaptive perceptual, motor, and proprioceptive
processes and retunes the above reflexes, and also drives low-level physiological processes that alter
muscular and cardiovascular function. Upon gravitational reloading, one’s space-tuned visual-vestibular
reflexes are initially inappropriate, leading once again to compromised gaze stabilization; one’s space-
tuned perceptual interpretations of visual signals are initially inappropriate, leading to illusions of self-
motion and spatial disorientation; and one’s space-tuned motor control systems (manual and postural)
are initially inappropriately tuned for weightless limbs and body, leading to an increased likelihood of
motor errors, postural deficits, and ataxia (Reschke et al., 1999), with the added complication that
muscular strength and cardiovascular function are also compromised (see sections 5.2.2.2 and 5.2.2.1).
This situation amplifies the adverse impact of the postflight neurovestibular dysfunction.

533 Spatial Disorientation

The information for maintaining spatial orientation is provided by simultaneous inputs from the visual,
vestibular, somatosensory, and, occasionally, auditory systems. Spatial disorientation (SD) can occur if
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unfamiliar inputs are presented to any of these systems, which often occurs regardless of head
movements during sustained linear acceleration with limited visibility (e.g., Benson, 1990) and with
additional Coriolis and cross-coupling effects induced by rotation artifacts during centrifugation (Young
et al., 2003), or during head movements on initial exposure to 0g or on returning to elevated gravity
conditions after adapting to an extended exposure to Og (Glasauer & Mittelstaedt, 1998; Harm et al.,
1999).

5.3.3.1 Acceleration and Hypergravity Effects

SD during atmospheric flight often occurs as a result of rotational motion or linear acceleration with
poor visual feedback. During a sustained turn or acceleration, a “somatogravic illusion” may occur,
which is the sensation of level flight while in a constant bank, of a nose-up attitude during sustained
acceleration, and the apparent nose-down attitude sensed with deceleration.

When tilting the head during a sustained turn in flight, SD and motion sickness may occur. As a general
rule, a head movement made in one axis (roll) after rotating for some time about an orthogonal axis
(yaw) produces an illusory sensation in the third orthogonal axis (pitch) (Benson, 1990).

Because vision is so reliable for maintaining orientation, a pilot can still maintain correct orientation
with misleading vestibular cues as long as visual cues are good. A consequence of poor or absent visual
information is that vestibular suppression, which is the process of visually overriding undesirable
vestibular sensations, does not occur. An example of this is seen in figure skaters who can learn to
eliminate the post-rotatory dizziness that normally results from the high angular decelerations associated
with suddenly stopping their rapid spins on the ice. But even these individuals experience the dizziness
expected from their rotation when deprived of vision by eye closure or darkness. As is the case with
figure skaters, a pilot’s ability to prevent vestibular sensations is compromised when the pilot is
deprived of visual orientation cues, during instrument flight or when looking away from the instruments
(Gillingham & Wolfe, 1985). Therefore, under limited visual conditions, vestibular cues must assume
the role of perceiving body orientation, but may be incorrect and give a misleading perception of spatial
orientation.

Also, in the absence of good visual cues, transient and sustained motions are unlikely to be detected if
the change in angular velocity is less than a certain threshold. Mulder’s constant, which describes this
threshold, is approximately 2° per second, and remains fairly constant for stimulus times of about

5 seconds or less (Gillingham & Wolfe, 1985). Piloting a spacecraft during entry after a space flight
could include all of the perception and orientation errors associated with conventional aircraft flight, as
well as introduce the added complication of having crewmembers who are adapted to a different gravity
environment, a condition that can lead to sensory misinterpretation, hypersensitivity to head movement,
and illusions of self-motion. In addition, atmospheric entry may dictate a flight profile with a high
deceleration phase coupled with simultaneous multi-axis accelerations, thereby creating other unique
sensory problems.

Hypersensitivity of the vestibular system during entry and landing from space flight, as a result of
adaptation to Og, has been noted during several Space Shuttle flights. Entry loads of ~0.5g are often
reported to feel more like 1g or 2g; after landing, small pitch or roll motions of the head are perceived as
being much larger angles, and head tilts are perceived as translations (Parker et al., 1985; Reschke &
Parker, 1987; Young, 2000).
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Almost all astronauts experience illusions of self-motion and surround motion, during both the Og and
the entry and landing phases of space flight, with illusion intensity proportional to the length of time on
orbit. Individual experiences vary, but three types of disturbances in self- and/or surround motion are
commonly reported:
¢ Gain disturbances — perceived self-motion and surround motion seems exaggerated in rate,
amplitude, or position after head or body movement. One astronaut reported that head or body
movements made in any axis during entry and immediately after landing were perceived as being
five to ten times greater than the actual physical movement. Another crewmember reported that
a 20° roll head movement resulted in perceived surround roll motion of 70° to 80°. At wheels
stop, one crewmember reported that the 20° head movement was perceived as 0.6 to 0.9 m of
self-translation (Reschke et al., 1996).

e Temporal disturbances — the perception of self-motion or surround motion either lags behind the
head or body movement, persists after the real physical motion has stopped, or both. One
astronaut who made pitch head movements daily for the first 3 days of flight reported that
perceived self-motion lagged the real pitch head movement and persisted after the head
movement stopped. Lag and persistence times were approximately equal, and both increased
over the first 3 days of flight from barely perceptible to 0.5 seconds. This subject also reported
that lag and persistence were most marked during the 1.5g phase of entry (Reschke et al., 1996).

e Path disturbances — angular head and body movements elicit perceptions of linear and combined
linear and angular self-motion or surround motion. These perceptual disturbances seem to be
most intense during atmospheric entry and immediately after wheels stop, as opposed to during
flight (Harm et al., 1994).

Given the opportunity for SD to occur during entry and landing, any spacecraft that will be piloted
during those phases, either as the primary method of control or as a backup to automation, must be
designed to minimize sensorimotor disturbances in conjunction with other relevant mission and human
constraints.

5.3.3.2 Acceleration and Hypergravity Countermeasures

5.3.3.2.1 Cockpit Layout

Several cockpit design factors influence the occurrence of SD. The first tool for maintaining orientation
during the complex task of flying is the wide array of information available in the cockpit that enables
the pilot to understand the direction and position of the vehicle. This information is conveyed visually
from the outside environment via windows and from inside the vehicle via various instruments or
displays.

External Views — Since vision is the most valuable sense for maintaining orientation, the first design
consideration should be optimal location of windows and displays to provide adequate visual cues for
piloting that are consistent with vestibular and tactile cues, and to reduce Coriolis stimulation of the
semicircular canals during head movement, which can cause disorientation and motion sickness. A
cockpit that allows both forward and peripheral views of the horizon would provide the best visual cues
for maintaining spatial orientation during a piloted landing phase. Window views, or stereoscopic
displays, that allow proper depth perception provide more accurate visual cues than 2D representations
of the environment from a single camera view.
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Instruments and Displays — As the complexity of the vehicle increases, so does the need to rely on
additional information provided by the cockpit displays, which can partially replace degraded visual
information and provide navigation information, as well as indicate the health and status of the vehicle.
Even with all of this information available, and sometimes because of it, there are opportunities for SD
to occur. Even in visual meteorological conditions (VMC) where the pilot can clearly see the
environment through the window, some displays are still relied on for safe flying, thus requiring
continual shifting of attention from outside to inside the vehicle. Frequent head movements associated
with this continuous scanning, especially during turns or high-g maneuvers, can induce the orientation
illusions mentioned previously and also give rise to motion sickness. The multiple displays that provide
various pieces of information to the pilot should be designed to be simple to interpret, and should be
located together according to function. Grouping related displays together allows efficient display
scanning and minimizes unnecessary head movement. In general, displays should be positioned in the
direction of motion, with axes of motion as similar to those of the vehicle itself as possible. A heading
indicator that is placed off to one side of the cockpit instead of straight ahead may provide correct
information, but since it is located in a position that is not aligned with the vehicle motion, it will require
increased head movement to read, as well as more thought and concentration to interpret. Displays must
also be large enough to allow quick and accurate understanding. The small cockpit size of the F-16
aircraft required a drastic reduction in display size, resulting in suboptimal line of sight for a rapid
recovery from SD (McCarthy, 1990).

Controls — The design of vehicle controls can also play a role in helping maintain spatial orientation. To
be the most intuitive, a control should move in a direction similar to that of the resulting vehicle motion.
For example, moving the control stick to the right should also move the vehicle to the right (right roll),
and pulling the stick back should tilt the vehicle backward (upward pitch). This may seem an obvious
point, but with today’s “fly-by-wire” technology in which control devices are not physically connected
to control surfaces, any input in any direction can move any control surface via computer interface. To
ensure that the pilot responds in an expected manner, the location, size, and displacement of controls
should also be standardized to a sufficient degree that flying skills acquired in one type of vehicle can be
retained and transferred to other types. Critical switches, levers, and controls must also be safeguarded
against inadvertent operation. Especially during emergency conditions, where response time is critical,
control of the vehicle must be intuitive.

Seat Position — Individuals who have been in NASA’s Remote Cockpit Van have reported getting sick
and disoriented in the fully-reclined position (body and vehicle x-axes 90° out of phase) during vehicle
motion, with symptoms being reduced as the seat angle was raised (Fox, 2003). Depending on the
location of windows and displays, recumbent seating might also limit visibility. One option to minimize
vestibular disturbances during a piloted landing phase is to ensure that the vehicle cockpit provides
visual, vestibular, and tactile cues to the pilot that are as “normal” as possible. Minimal vestibular
disturbances would likely occur with the crew facing the direction of travel (in a near-upright position
for a plane-like design), which is most familiar to pilots, with symptoms increasing as a function of
decreasing seat tilt. It is possible to maintain the head in a forward-facing position to provide proper
vestibular cues, and have the body in a reclined position to counteract cardiovascular and impact
problems. However, reclined seating would affect tactile cues, and upright seating may prevent the
perception of self-motion and tilt.
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5.3.3.2.2 Cockpit Technology

It has been demonstrated that cockpit displays provide information about an aircraft’s motion and
orientation, yet at the same time can also provide disorienting cues. Therefore, some nontraditional
cockpit and display technologies have been developed specifically to help counter SD. Examples of
these are described below:

Three-Dimensional (3D) Audio — Audio inputs of this type may include verbal commands for recovering
from an SD incident, as well as a continuous tone indicating a specific direction such as gravitational
“up” or “down.” Research on multiple processing resources has revealed that the auditory modality can
process information in parallel with vision, and therefore should be able to support spatial orientation in
an otherwise visually loaded or impaired environment (Wickens, 2002). The advantages of using a 3D
audio device include not only the primary information conveyed in the signal itself, but also relevant
directional information, depending on the virtual source of the sound in the headset. However, it should
be noted that hearing is inherently less capable of providing spatial information than vision (Wickens et
al., 1983).

Tactile Displays — Research has been conducted using several different types of tactile display systems
in conjunction with traditional displays to provide orientation information. The tactile situation-
awareness system developed by the U.S. Navy has shown to be a promising nonvisual tool for avoiding
SD by allowing the pilot to sense the aircraft’s attitude nonvisually (Rupert, 1999; Rupert et al., 1994). It
does so using arrays of small pneumatically activated tactile stimulators, incorporated into a vest, that
are cued by the aircraft’s inertial reference system.

Automation — One design strategy for minimizing the negative effects that space flight may have on a
crewmember’s ability to pilot a vehicle is to increase automation to reduce the amount of pilot control
needed. Given the likely complexity of an entry vehicle, some use of automation is likely, especially
during descent and landing sequences. In spite of the benefits, cockpit automation also imposes costs,
frequently expressed in the form of accidents and incidents attributed to a breakdown in coordination
between the pilot and automated systems (Billings, 1997). Therefore, if automated systems are to be
used, the amount and type of automation should be carefully considered (see section 10.13, “Automated
Systems™).

Table 5.3-1 Summary of Cockpit Design Considerations

Cockpit Design

Field of view — full (forward and peripheral)
Crew position —head and body facing motion
Instruments and displays — in line with motion
Controls — intuitive, in line with motion

Technology & Training

3D audio

Tactile displays

Automation (phase- and task-dependent)
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5.3.3.3 Og Effects

5.3.3.3.1 Transition from 1g to 0g

Upon orbital insertion, the sudden disappearance of certain vestibular signals can contribute to SD
during head movements, as head tilts no longer generate otolith responses, leading to strong visual-
vestibular sensory conflict (as well as inadequate gaze stabilization — see below). In addition, because
there is no “downward” pull from gravity, the usual tactile and proprioceptive cues are not available to
replace missing vestibular cues; e.g., there is no sensation on the bottoms of one’s feet to indicate
standing “up,” and no seat-of-the-pants cues to indicate sitting “down.” Especially during the first day
or so of a mission, SD increases the overall potential for SMS and human error in doing onboard tasks.
SD has also occurred during EVA, partly due to an unexpected location of the Earth or Sun in relation to
the vehicle. Some EVA crewmembers also experience the sensation of falling that in some cases can be
quite disturbing (Linenger, 2000). Without the visual cues provided by the inside of the vehicle, the
unloading of the otoliths is interpreted as falling. This sensation is less prominent while crewmembers
are located in the concave Shuttle payload bay.

Orientation discrimination and motion perception are significantly better along the cardinal axes than
along oblique axes (Howard & Templeton, 1966; Krukowski et al., 2003). Faces and printed text are
difficult to recognize when tilted by more than about 60° (Corballis et al., 1978). Unfamiliar relative
orientations occur often in 0g, where both the crewmember and objects in the environment have six
degrees of freedom of movement, allowing an infinite number of positional relationships to occur
between them. Since astronauts spend great amounts of time in 1g-oriented trainers, their mental spatial
maps are likely deeply encoded for a single orientation. Unless crewmembers become adept at mentally
rotating themselves and/or their environment to a more familiar relative orientation and/or develop a
wider array of internal spatial maps, they may become temporarily disoriented when confronted with the
abnormal perspectives they experience while in the vehicle under Og conditions. In 0g, especially early
in missions, crewmembers prefer orientations that are similar to those encountered in 1g.

Susceptibility to visual illusions increases with age because a reduction in the efficacy of vestibular
function increases visual dependence (Howard & Jenkin, 2000).

Spatial navigation also can be compromised. Astronauts on the Russian Mir space station and the ISS
have on occasion lost situational awareness, which would be problematic should an emergency egress be
necessary.

5.3.3.3.2 Transition from 0g to 1g or Partial-g

Upon gravitational reloading, the adaptive perceptual and oculomotor changes that had occurred in
response to 0g suddenly become maladaptive. In particular, on Earth, otolith signals are associated with
both head tilts and translation, while in Og, they are associated exclusively with translation. Postflight
illusions of self-motion are consistent with the theory of otolith tilt-translation reinterpretation (OTTR:
Parker et al., 1985; Reschke & Parker, 1987; Young, 2000), which holds that in Og the brain learns to
interpret otolith signals as indicators of translation (and not tilt), so that postflight head tilts can be
misperceived as translation or tumbling, leading to both SD and SMS. These transient postflight visual-
vestibular disturbances can be associated with a significant decrement in sensorimotor performance,
making actual Shuttle landings, on average, half as precise as preflight landings in trainers (Paloski et
al., 2008).
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Again, spatial navigation can be compromised. For example, in some cases, lunar module pilots became
momentarily disoriented with respect to lunar surface reference points during some Apollo lunar
landings (Paloski et al., 2008). Such navigational SD could also be dangerous during an emergency in
which astronauts must find their way out of the spacecraft quickly.

Postflight changes in locomotor control and segmental coordination include disruption in spatial
orientation during overground walking (Glasauer et al., 1995), alterations in muscle activation
variability (Layne et al., 1997; Layne et al., 2004), modified lower limb kinematics (McDonald, et al.,
1996; Bloomberg and Mulavara, 2003; Miller et al., 2010), alterations in head-trunk coordination
(Bloomberg et al., 1997; Bloomberg and Mulavara, 2003), reduced visual acuity during walking (Peters
et al., 2011) and decrements in the ability to coordinate effective landing strategies during a jump down
task (Newman et al., 1997; Courtine and Pozzo, 2004). A postflight assessment of functional mobility
after long-duration spaceflight (6 months) using an obstacle course showed that adaptation to spaceflight
led to a 48% increase in time to complete the course 1 day after landing. Recovery to preflight scores
took an average of 2 weeks after landing (Mulavara et al., 2010). Extensive use has been made of
dynamic posturography to investigate alterations in postflight postural equilibrium control (Black et al.,
1995; 1999; Paloski et al., 1992; 1993; 1994; Wood et al., 2011). The most substantial postflight
changes in postural stability measured by these tests occurred when the subject was forced to rely
primarily on vestibular feedback; i.e., the visual and proprioceptive feedback was altered and/or absent
(Paloski et al., 1999).

5.3.3.4 0g Countermeasures

Defining a Local Vertical — In 0g there is no “up” or “down” in terms of gravity, and defining a local
vertical direction in another way can minimize SD. Defining vehicle surfaces as ceilings, floors, and
walls, and maintaining consistency throughout the vehicle provides familiar visual cues to help maintain
orientation (see section 8.3.2, “Orientation”).

Preflight Adaptation Training — Most 1g trainers allow only one orientation at a time, and require
reconfiguration to different orientations. Preflight training using computer simulations of a spacecraft,
especially with a full field of view, can provide exposure to any spacecraft orientation in real time and
may “preadapt” astronauts before the mission to the multiple orientations they will experience in Og
(Stroud et al., 2005). If they have a motion base, such trainers could be used to expose and potentially
preadapt crewmembers to some of the abnormal visual-vestibular correlations experienced in Og. If
crewmembers could learn multiple adaptation states before flight for rapid recall during flight (Welch et
al., 1998), then adaptation time could be minimized along with vulnerability to SD.

Sensorimotor Adaptability Training — The human brain is highly adaptable, enabling individuals to
modify their behavior to match the prevailing environment. Subjects participating in specially designed
training programs can enhance their ability to rapidly adapt to novel sensory situations. By applying
these concepts for training astronauts, we can enhance their ability to “learn how to learn” by adapting
when transitioning to new gravitational environments. A sensorimotor adaptability training program
that exposes crewmembers to variations in sensory input and to balance challenges with repeated
adaptive transitions among states can be used to enhance the ability to learn how to assemble and
reassemble appropriate motor patterns in novel sensory environments (Seidler, 2004, 2010; Mulavara et
al., 2009; Batson et al., 2011).
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534 Oculomotor Control and Active Vision

Both voluntary and reflexive eye movements are adversely affected by altered gravity, which acts to
disrupt gaze stabilization and ocular tracking, and therefore reduces dynamic visual acuity (Reschke et
al., 1999). More specifically, the components of the VOR that use otolith signals become inaccurate
under g-loading or g-unloading, and smooth ocular tracking, especially coordinated head-eye tracking, is
compromised under Og. High-frequency variations in g-loading (i.e., vibration) will exacerbate these
visual deficits.

5.3.4.1 Acceleration and Hypergravity Effects

Sustained transverse-axis g loading has a number of significant impacts on human visuomotor
performance:

e [mpaired accommodation and decreased visual acuity. This effect is due to mechanical effects
on the optics of the eye and to tearing (worse for —Gx loads). Chambers (1961) reported
difficulty focusing at levels as low as +3Gx. White and Jorve (1956) found that a target needed
to be twice as large to be seen at +7Gx.

e Decreased contrast sensitivity. Acceleration forces produce an effective dimming of visual
stimuli, presumably because of reduced blood flow in the retina. Chambers and Hitchcock
(1963) describe a 50% increase in the contrast needed to make threshold discriminations at +5Gx.
This effect decreases at high display luminance levels.

e Decreased field of view. Little quantitative information exists about the effect of transverse
acceleration. Chambers (1961) found some loss of peripheral visual field at +6Gy, which
increased dramatically above +12Gx. For positive acceleration (+G-), the between-subject
variability is about 30% (Zarriello et al., 1958). If a similar between-subject variability exists for
transverse accelerations, this would suggest that some may experience at least some decrement in
peripheral vision at g-loads as low as +4Gx.

o Increased reaction time. Reaction time to both visual and auditory stimuli is increased during
exposure to hypergravity (Canfield et al., 1949), although isolating sensory latency effects from
cognitive effects and motor output delays is problematic. In a visual spatial response task
described by Chambers and Hitchcock (1962; 1963), reaction times were elevated at +6Gx and
some responses in mission-related tasks were elevated by more than a second. Although
auditory responses are also subject to reaction-time increases, audition seems to be more robust
to hypergravity than vision (i.e., audition can persist at g-levels above those that cause visual
grayout or blackout).

5.3.4.2 0g Effects

5.3.4.2.1 Transition from 1g to 0g

Upon orbital insertion, all otolith contributions to tilt-compensating reflexes will disappear; thus,
compensatory gains must at least be transiently decreased. The pitch and roll AVORs (which on Earth
represent combined rotations and tilts with respect to gravity) show reduced gain; the OCR response will
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be abolished, but there is no reason to expect the yaw AVOR to change, as it functions essentially
independently of the otoliths. Therefore, pitch and roll head movements will generate larger than
normal retinal slip and visual-vestibular mismatch (associated with an increased probability of SMS;
Lackner & Graybiel, 1985), while yaw head movements should produce little or no degradation of
vision. These findings have been borne out to a large degree by space flight studies of both humans and
monkeys (Reschke et al., 1999; Clement & Reschke, 2008). Yaw head oscillations revealed little
evidence of any systematic gain change during flight in humans or monkeys. However, human pitch
VOR seems to be initially reduced during flight compared to upright preflight controls (Vieville et al.,
1986). The roll VOR torsional response is also reduced during flight (STS-42 REF) and, as expected,
the OCR disappears entirely during flight (Reschke et al., 1991).

An initially reduced pitch VOR gain seems to increase over time during flight (Vieville et al., 1986).
Dynamic roll stimuli generate a large horizontal response in flight (STS-42 REF), consistent with the
view that otolith signals generated during dynamic roll may be to some extent reinterpreted as A
translation.

In addition to its impact on the VOR, Og also has an adverse impact on voluntary smooth tracking eye
movements (pursuit), with the gain reduction (and associated increase in catch-up saccades) becoming
more severe during combined head and eye tracking, particularly along the vertical axis (Andre-Deshays
et al., 1993; Reschke et al., 1999; Moore et al., 2005). Furthermore, errors in acquiring information
from instrumentation and in tasks requiring eye-head-hand coordination become more common
(Reschke et al., 1999).

5.3.4.2.2 Return from 0g to 1g or partial-g

During combined head-eye active pursuit, the postflight pitch VOR gain seems to be greater than 1
(Reschke et al., 1999). Studies in both humans and monkeys generally showed a significant reduction of
OCRs postflight as compared to pre-flight controls, and this reduction can last for many days (Arott &
Young, 1986; Dai et al., 1994; Young & Sinha, 1998). Postflight responses to IA stimulation gave
evidence for decreased torsional responses (Arott & Young, 1986; Dai et al., 1994; Clarke, 2006) and
increased yaw responses (Parker et al., 1986), consistent with the OTTR hypothesis.

Thus, upon entry and landing, vision can be compromised, particularly during vertical head movements:

e Target acquisition. When targets (e.g., instruments) are outside of the effective oculomotor
range, acquisition of the target is accomplished with both a head movement and eye movement.
Acquisition of targets can be delayed by more than 1 second.

e Pursuit tracking. Visual pursuit of a moving target and reading can be difficult. Use of the Ball-
Bar (visual ground-based final approach aid for runway landings) as a landing aid can be
compromised because of space flight-induced errors in pursuit tracking.

These changes in head-eye coordination can lead to decrements in postflight visual acuity during head
movements (Peters et al., 2011).

5.3.4.3 Vibration Effects

Display Vibration — Vibration-induced lateral image motion smaller than = 1 arcmin (about = 0.5 point
at a 24-inch viewing distance) is below human visual resolving capability (Howard, 1982). Larger

121



amplitude vertical or horizontal image motion with low-frequency content (up to about 1 Hz) can
effectively be tracked by the pursuit system, enabling slowly oscillating displays to be read when the
observer is not moving, although these conditions will increase workload and the risk of motion
sickness. Higher frequency oscillations (> ~2-5 Hz) above ~0.2° will cause blurring of the retinal image,
negatively affecting legibility at standard font sizes, and increasing reading time, reading errors, and
reading difficulty (O’Hanlon & Griffin, 1971).

Observer Vibration — When crewmembers are subjected to vibration, their VOR is able to stabilize
images on the retina almost perfectly, compensating for head yaw rotation for frequencies up to about 12
Hz (Ramachandran & Lisberger, 2005). Despite the VOR, at +0.5G; root mean square (RMS), there is
about a threefold decrease in acuity for short viewing distances (15.5 in., which is similar to that
anticipated on Orion) in the range of 5 to 20 Hz (O’Briant & Ohlbaum, 1970), suggesting that VOR
compensation for head translation may be less effective above 5 Hz. The eye itself, depending on seating
posture and head support, demonstrates mechanical resonance with respect to the head beginning at 20
to 70 Hz (Griffin, 1990), which will act to exacerbate blurring of the retinal image. However, at these
extremely high frequencies, staying below the health and safety limit will necessarily keep vibration
amplitudes low and thus minimize interference with visual function. The vulnerable range is therefore 2
to 30 Hz, which includes the expected solid rocket booster thrust oscillation vibration peak near 12 Hz
during launch.

These vibration effects have implications during flight regimes such as launch, orbital engine burns, and
atmospheric entry.

5.3.4.4 Oculomotor Control Countermeasures

Robust Display Design — To mitigate the impacts of vibration, g-loading, and unloading on visuomotor
performance, the following generic design guidelines should be applied to any display system to be used
for flight control or system monitoring by the crew during altered-g and/or high-vibration phases of the
mission. These guidelines should complement the “Displays” section recommendations as they are
specific to displays that will be used to support tasks under conditions where sustained acceleration
exceeds 3Gx or 2G; (TBR), or vibration exceeds 0.15g zero-to-peak in any direction (TBR).

e Visual displays should be centrally positioned, bright (> 3 ft-lamberts TBR), have high contrast
(> 30% TBR), and minimize demands on accommodation (viewing distance > 49 cm TBR) as
well as acuity (any symbology or text should subtend at least 0.4° of visual angle, i.e., 10-pt font
at 19 inches, TBR).

¢ Given that auditory signals seem more resistant to g-loading, the use of auditory caution and
warning tones would seem particularly well suited for conveying critical information requiring a
rapid response under high-g off-nominal conditions.

Conservative Operational Concept — Tasks should minimize the need for head movements with pitch,
roll, or translation components (i.e., tasks should not require peripheral viewing or acquisition) during or
immediately after g-transitions, especially during a transition back to a gravity-loaded condition after
extended (>2-3 days) adaptation to Og.
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Periodic Centrifugation (Artificial Gravity) — During the Neurolab mission, a pre-, in-, and postflight
study (Moore et al., 2003) of g forces applied along the IA axis by Gy centrifugation during flight
yielded both a largely normal OCR response (i.e., normal torsional eye movements, not OTTR
reinterpreted yaw eye movements) and a largely normal somatogravic illusion (i.e., appropriate
perceptions of tilt, not of translation). Unlike the findings in most previous studies (see above), in the
Neurolab study, the postflight OCR was found to be normal. The conflict between these recent results
and earlier findings suggest that that periodic g loading of 0.5g or 1.0g may provide protection against
oculomotor and perceptual adaptation.

53.5 Hand-Eye Coordination
5.3.5.1 Acceleration and Hypergravity Effects

Reaching — Humans can perform reaching movements at levels at least up to +6Gx, but reaches are on
average ~50 ms slower than at 1G, (Kaehler & Meehan, 1960). Even when veteran astronauts and
aviators were used as subjects, suited subjects on average exhibited a 6% reduction in forward reach
displacement at 3g (18% at 4g, 32% at 5g), with 40% of subjects declining to be exposed to loads over
4g (Schafer & Bagian, 1993). Thus, at and above 3g, even with highly motivated and trained subjects,
the accuracy of gross limb movements is compromised, with “fatigue and suit interference” being
significant concerns. Above 2g, reaching may begin to show direction errors; propagating a 6%
displacement error into the forward component of oblique reaches predicts a closed-loop direction error
of about 2° (approximately a toggle-switch or edge-key width) for oblique reaches directed more than
33° away from straight ahead. Note, however, that this crude calculation underestimates open-loop
errors that will affect reaches under severe time constraints (e.g., critical reaches during off-nominal
conditions) or reaches made by deconditioned crewmembers.

Manual Control — Under certain conditions, humans can remain conscious for many seconds and actuate
a side-arm controller using hand-wrist-thumb movements at peak levels exceeding +20Gx (Collins et al.,
1958) and can even perform meaningful flight-control operations at +15Gx (Chambers, 1961; Chambers
& Hitchcock, 1963), although vertigo for up to 48 hours has been reported after exposure to +15Gx for

5 seconds (Duane et al., 1953). However, even at the moderate levels of transverse g-force exposure
(+3Gx to +6Gyx) expected during a nominal ascent and even with side-controller interfaces, there is
reason to anticipate some compromising of performance in the form of increased reaction times,
decreased accuracy, and increased time-to-completion of manual reaching and control tasks. These
concerns nonetheless can be mitigated or overcome; the successful Mercury, Gemini, and Apollo
programs are a historic testament to that fact.

Chambers (1961) and Chambers and Hitchcock (1962, 1963) examined tracking and flight-control
performance under Mercury-like conditions with a number of candidate multi-axis hand-wrist side
controllers under a range of transverse g-loads. At +6Gy, they found a small but objective decrement in
performance for all candidate controllers that averaged ~25% compared to 1g. The magnitude of the
decrement was dramatically different for the various candidate controllers, with some becoming
completely inadequate at +6Gx. For example, a threefold difference across the five controllers occurred
in the graphed data for the total integrated roll error. Interestingly, the subjective self-assessment of
performance did not seem to correlate well with the objective performance data. The take-home
message from these investigations is that, although many two- to four-axis side controllers (and
associated toe pedals) can support adequate performance above +4Gy, the specific controller design
matters greatly.
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Under Apollo-like conditions, pilots who were asked to maintain a constant g level during entry
simulations of essentially a 1-dimensional roll control task showed no effect of Gx loading at 3g in either
pilot subjective workload ratings or in objective measures of control error (Wingrove et al., 1964). At
and above 4g, Gx loading had increasing adverse effects, with about a Y2-point increase in the Cooper-
Harper rating and about a 25% increase in control error at 6g, such that pilots generated oscillations that
could exceed +0.5¢g at about 0.03 Hz during +6Gx runs. Similarly, subjective and objective performance
in a 3D flight control task deteriorated markedly at levels greater than 4g when pilots were controlling a
lightly damped spacecraft, such that “an increase in spacecraft dynamic stability was required with
increases in the magnitude of the acceleration” (Creer et al., 1960). Furthermore, in a subjective
comparison of controller interfaces, there was a unanimous preference for two-axis hand controllers for
pitch and roll control combined with a toe pedal for yaw control, as this configuration (and not the three-
axis side controller) was fully satisfactory under well-damped, moderately cross-coupled conditions, as
well as acceptable under lightly damped and heavily cross-coupled conditions.

5.3.5.2 Og Effects

5.3.5.2.1 Transition from 1g to 0g

Reaching — Because of the sudden off-loading of the arm, rapid reaches will initially tend to be high, but
this will likely adapt quickly, given visual and proprioceptive feedback (Cohen, 1970; Cohen & Welch,
1992).

Manual Control — One would not anticipate any significant impact on manual control as long as the arm
is properly stabilized and supported.

5.3.5.2.2 Return from 0g to 1g

Reaching — Because of the sudden reloading of the arm, rapid reaches will initially tend to be low and
require increased effort, but the crew will likely readapt quickly with visual and proprioceptive feedback
(Cohen, 1970; Cohen & Welch, 1992).

Manual Control — Although one would not anticipate any specific impact on manual control as long as
the arm is properly stabilized and supported, manual control will be vulnerable to any SD and gaze
instability experienced on the reloading of a space-adapted vestibular system (see 5.2.3.3 above). More
specifically, illusions of self-translation induced by head movements may adversely influence control
inputs during entry. For Space Shuttle landings, there is a correlation between landing quality and
postflight clinical vestibular assessment (McCluskey et al., 2001).

5.3.5.3 Vibration Effects

Vibration has adverse consequences on human hand-eye coordination, largely because of its effects on
gaze stabilization and vision (see section 6.7, “Vibration,” and 5.4.12.2 above) but also because of its
direct impact on motor control. Specifically, proper limb restraint or support is critical for enabling
reliable performance and minimizing inadvertent control inputs. Furthermore, because of changes in
biomechanical impedance, the impact of vibration interacts nonlinearly (i.e., unpredictably) with g
loading. At +3.5Gsy, vibration levels exceeding 0.14g RMS begin to adversely affect performance
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(Vykukal & Dolkas, 1966). Above 0.3g RMS, only coarse actions (e.g., switch activation not under
visual control) are reliable, and above 0.5g RMS manual control is severely degraded, with potentially
safety-compromising after-effects lasting minutes after the exposure.

5.3.54 Hand-Eye Coodination Countermeasures

Robust Controller Design — To mitigate the impacts of g-loading and unloading on hand-eye
coordination, the following generic design guidelines should be applied to any interface to be used for
flight control or system monitoring by the crew during high-g or high-vibration phases of the mission.
These nominal guidelines should complement the “Controls” section recommendations (see section
10.4, “Controls” as they are specific to controls that will be used to support tasks under conditions where
sustained acceleration exceeds 3Gx or 2G, (TBR) or vibration exceeds 0.15g zero-to peak in any
direction (TBR).

e Hand-wrist-finger actuators or toe pedals should be used for all crew operations. Although safe
and effective reaches are possible from 2Gx to 3Gy, the target display edge keys or switches
should be positioned within a central 30° cone to minimize errors and effort.

e For manual control at or above 3Gx or 2G,, the dimensionality and difficulty of the control task
should be minimized, and automated stability augmentation should be provided.

e Proper limb support and/or restraint must be provided to support accurate control and minimize
inadvertent inputs.

Robust Operational Concepts — Reaches should be confined to a central 30° region for sustained
acceleration levels above 2g and should not be used for nominal tasks during sustained g loading above
2g. At vibration levels above 0.5g zero-to-peak (TBR), only simple non-visual binary motor tasks (e.g.,
button pushes) should be planned.

Periodic Centrifugation (Artificial Gravity) — Periodic g loading of 0.5g or 1.0g seems to protect against
oculomotor and perceptual adaptation (Moore et al., 2003); thus, it may also protect against long-term
adaptation of hand-eye coordination to Og, with respect to both neurovestibular and musculoskeletal
functioning.

5.3.6 Balance and Locomotion
5.3.6.1 Postflight Effects

Vestibular and tactile responses as well as muscle strength and reflexes are affected by 0g and, on return
to Earth, these effects can lead to problems with balance and locomotion, which are made worse by
cardiovascular deconditioning (see section 5.2.4.1) and gaze stabilization problems (see section 5.3.4
above and Bloomberg and Mulavara, 2003). After long-duration flight these changes can persist for
many days. Changes in balance and locomotor control have implications for the design of ladders and
steps used to egress landing vehicles, and for the distance required to walk from a landing spacecraft to a
habitation module or safe area.

Neural Adaptation — Just like the vestibuloocular reflexes, the vestibulospinal reflexes (see section 5.3.2

above), which are critical for making rapid automatic postural adjustments during locomotion on Earth,
also adapt to weightlessness (Paloski, 1998). Thus, on return to Earth, astronauts experience varying
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degrees of ataxia, postural instability, and locomotor dysfunction, especially under impoverished visual
conditions (Paloski & Reschke, 1999; Bloomberg et al., 1999).

Muscular Deconditioning — Astronauts can lose up to 20% of their muscle mass on short-duration
missions, and as much as 50% on long-duration missions, primarily in the postural muscles of the legs
and back, if countermeasures are not used (Clement, 2003). After landing, this can affect both balance
and locomotion, which are important for safe and rapid spacecraft egress. It has been observed that
astronauts who have been on flight missions for less than 20 days require from 2 to 4 days to recover to
their preflight balance performance, whereas crewmembers on longer, multi-month missions, such as
those on the ISS and Mir, have taken 15 days to recover functional mobility to within 95% of preflight
levels (Mulavara et al., 2010).

5.3.6.2 Countermeasures for Sensorimotor Fuction

Countermeasure strategies include preflight training to facilitate transition to microgravity,
pharmaceuticals and restriction of some activities early on orbit, and inflight exercise to minimize
deconditioning during longer-duration missions. Active motion is important to promote reconditioning
upon return to Earth's gravity. A supervised reconditioning program uses exercises that challenge
multisensory integration with an increasing level of difficulty customized to the individual's state of
recovery (Wood et al., 2011). This program also serves to increase crew self-awareness of fall risk. New
resistive and aerobic exercise capabilities onboard the ISS contribute to improved postflight mobility.

To maintain the sensorimotor functions, use of a treadmill device has been found to aid with adjustment
back to a 1g environment after a 6-month ISS mission.

5.3.7 Research Needs

The following gaps in our critical knowledge about the impact of space flight have been identified:

o [Effects of g-loading and vibration in isolation and in combination on visual performance, gaze
stabilization, and manual control

o Computational modeling of human performance limits in aerospace visuomotor tasks related to
gaze stabilization, visual function, cognitive processing, and motor control in support of optimal
space flight interface design

An extensive discussion of these gaps can be found in Paloski et al. (2008).
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54 VISUAL PERCEPTION
54.1 Introduction

The visual sense is our primary means of collecting information from the world around us: both
information that is formatted for us by other humans and information that resides in the objects, events,
and environments that surround us. Astronauts rely on the visual sense to perform every aspect of their
missions, including reading text, scanning instruments, observing their environment, executing tasks,
and communicating with other crewmembers. It is therefore appropriate to construct human factors
standards that take into account the capacities and limitations of the human visual sense. Those
standards are likely to apply to visual displays and communication systems, to visual aids such as visors
and viewing aids, as well as to the design of tasks that involve vision.

The purpose of this section is to provide a brief compendium of the key attributes of human visual
sensitivity. In addition, where possible, these capacities will be related to the unique conditions or
demands of human space flight. This section serves in part as a point of reference for other chapters in
this handbook, such as “Visual Displays” and “Lighting,” that address visual issues.

In the interests of brevity, only the most fundamental and well-established facts about human vision are
dealt with here. The section is also restricted largely to functional aspects of the visual process, rather
than the optical, physiological, anatomical, or neurological substrates.

54.2 The Eye and Visual Brain

Vision begins with light entering the eye, where it is shaped by the visual optics into an image on the
retina, a tissue covering the back of the eye and composed of layers of photoreceptors and associated
visual neurons. The photoreceptors are either rods, which are responsible for vision at low light levels
(scotopic vision), or cones, which respond at higher light levels (photopic vision). There is a significant
luminance range (mesopic vision) in which both rods and cones are active (see Figure 5.4-4). The
different wavelength selectivities of the three types of cone underlie our perception of color.

Light is absorbed by photopigments in the photoreceptors, converted to electrical signals, and conveyed
via various intermediary neurons to the optic nerve and thence to the lateral geniculate nucleus, and
onward to the visual cortex. The visual cortex consists of numerous distinct areas, all located toward the
rear of the brain, that seem to be specialized for various visual processing tasks. Together these areas
contain several billion neurons and comprise a substantial fraction of the entire brain.

54.3 The Visual Stimulus

There is no unique or best way to characterize the stimulus for vision. It ultimately consists of the
shower of photons falling on the two eyes, but this may be characterized in terms of reflective objects
and illuminants, or wavefronts, or retinal images, depending on the purpose of the characterization. Here
the perspective is drawn from the laboratory study of vision and is suited to description of flat imaging
displays. The stimulus is considered to be a distribution of radiant intensity (/, radiance) in the direction
of the eye over time (7), wavelength (1) and two dimensions (x, y) of space, and a final dimension of eye
(e, left or right). This can be written as a function: /(x,y,t,4,e).

The two dimensions of space, x and y, are conceived as the horizontal and vertical dimensions of an
image, and their dimensions are measured in degrees of visual angle. Visual angle is the angle subtended
by an object or image element at a specific distance from the eye. A standard formula for the angle
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subtended by an object of height H viewed on a surface orthogonal to the line of sight from distance D
to the center of the object is

H
a=2tan"'___ 1
(1)

2D

Visual angle is usually reported in degrees (deg), minutes (arcmin, 60 arcmin = 1°), or seconds (arcsec,
60 arcsec = 1 arcmin), or in radians (rad, 2 © rad = 360 deg) or milliradians (mrad, 1000 mrad = 1 rad).
As an example, from Earth, the Moon subtends a visual angle of about 36 arcmin. The small angle
approximation to equation (1) is

a=K H/D (1a)

K is 1 for radians, 1000 for mrad, 180/pi for deg, 60*180/pi for arcmin, and 3600*180/pi for arcsec. If
the above example had been computed with (1) and was recomputed with (1a), the result would be
36.0003 arcmin. The result for 10 deg is 10.026.

In the following sections, each of these dimensions of space, time, and wavelength is examined in turn.
The above stimulus expression is often abbreviated. For example, in the discussion of spatial sensitivity,
it is common to consider a luminance image, in which time, wavelength, and eye distributions are

constant and are omitted, yielding an expression L(x,y . The luminance image itself is often usefully
converted into a contrast image, by subtracting and then dividing by a mean adapting luminance, Lo,

L(xy)-L
c@k% @
0

In this way, the image is converted into signed fractional differences from the mean. In the section on
Light Adaptation below, this representation is a better description of the visual intensity of the image.

54.4 Thresholds and Sensitivity

In the following description of human vision, the primary concern is with the limits of vision:
distinguishing between things that can be seen and those that cannot be seen. These limits will be
specified in terms of the dimensions introduced above: primarily space, time, and wavelength. The
boundary between visible and invisible is sometimes described as a Window of Visibility, through
which we see the world (Watson et al., 1986). To define this boundary, the concept of the visual
threshold is needed. Consider a visual target, for example a circular disk 1° in diameter with a duration
of 100 milliseconds (ms) and some specified contrast on a steady uniform background. At a very low
contrast, the target will be invisible; at a high contrast, it will be highly visible. Between those two
extremes is a contrast at which the target is just visible, and this is called the contrast threshold. In
practice, the threshold is determined in an experiment in which the target is presented many times at
various contrasts, and a psychometric function (or “frequency of seeing curve”) is constructed that
describes the probability of a correct detection as a function of target contrast. This is illustrated in
Figure 5.4-1. The psychometric function separates the visible from the invisible, but because of
variability in human judgments, this transition is not abrupt but gradual. To specify the location of this
transition with a single number, the contrast 7" at which this curve reaches a specified probability (in this
case P =0.632), is defined as the threshold. Thus, in the example, if the target were detected 63% of the
time at a contrast of 0.2, then the threshold would be 7= 0.2. Further details on rationale and methods of
threshold measurement are available (Farell & Pelli, 1999; Sekuler & Blake, 2006).
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Figure 5.4-1. Threshold and the psychometric function.

Since T is the smallest amount of contrast that can be seen, it is also called the Just Noticeable
Difference, or IND. Multiples of this quantity are said to be in units of JND. The inverse of the
threshold, S = 1/T7, is defined as the contrast sensitivity. A large contrast threshold corresponds to a small
sensitivity, and vice versa.

In the remainder of this section, how threshold varies as a function of one dimension of the stimulus will
often be considered. This is a useful and informative approach, but it should always be understood that
the threshold is a consequence of all of the dimensions and attributes of the target. Thus threshold may
be measured as a function of the size of the target, while keeping the duration fixed. But the results may
differ if a new fixed duration is used. One challenge for modern vision science has been to integrate
results from the various dimensions, and their interactions, into a general model of visual sensitivity.

The example of contrast threshold has been used here, but the same principles can be used to measure
thresholds for other dimensions.

Since visual thresholds lie at the extremes of our visual experience, and since most of our productive
visual experience occurs well above threshold, it could be asked, “Why study or care about thresholds?”
One answer is that thresholds have proven extraordinarily valuable in uncovering the mechanisms of
visual perception. Nearly all of what is known about human vision was at least initially discovered by
this means, though much has been confirmed and elaborated by physiological methods.

But the more relevant answer here is that visual performance is remarkably uniform above threshold. In
many aspects of visual performance, performance rises rapidly just above threshold, but then quickly
reaches a plateau beyond which improvements are small or nonexistent. To take one example, reading
rate increases rapidly as size or contrast just exceeds threshold, but then it remains constant at
suprathreshold levels (Legge et al., 1987). Once again, the Window of Visibility provides a useful
metaphor: outside the margins of the window, nothing can be seen, but within, all is about equally
visible. Thus, from a performance point of view, it is important to use thresholds to demarcate the
boundaries of this window.

54.5 Visual Optics
The optics of the eye impose the first limit on human visual performance. Understanding the optical

status of the crewmember, and how that status 1s altered by age, lighting conditions, or long-duration
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missions, is critical to design of visual displays and interfaces and to planning of visual tasks. As one
example, recommendations for font size usually assume good optical focus; poor focus due to lack of
accommodation or aberrations will require increased font size.

The optical components of the eye that are of greatest functional significance are the cornea, the lens,
and the pupil. The cornea, the outermost optical element, is responsible for the bulk of the focusing
power (about 40 diopters), while the lens performs a fine-tuning through a range of about 20 + 8
diopters. The focus adjustment by the lens is known as accommodation. The ability to accommodate
declines with age, and is essentially absent beyond the age of 50.

5.4.5.1 Refractive Errors

In a so-called emmetropic observer, an object at infinity is in focus on the retina; otherwise, refractive
errors are said to exist. These are divided into myopia (focus in front of the retina), hyperopia (focus
behind the retina), and astigmatism (different focus at different orientations). All of these spherical and
cylindrical errors can be corrected with spectacle lenses.

5.4.5.2 Wavefront Aberrations

Perfect vision, in an optical sense, consists of a light wavefront that is an appropriate spherical surface as
it enters the pupil. In recent years, it has become common to represent the optical state of an eye in terms
of its wavefront aberration function, defined over the pupil area, describing the departure of the optical
wavefront from the appropriate spherical surface. This function is usually represented by a set of
mathematical functions known as Zernike polynomials (Thibos et al., 2002). In this formulation, defocus
and astigmatism, which yield the refractive errors described above, are low-order aberrations; other
more complex optical defects are high-order aberrations. High-order aberrations cannot be corrected
with spectacles, though efforts to do so with refractive surgery and contact lenses are ongoing. With the
Zernike formulation, one can mathematically describe an eye with specified defects, such as defocus,
astigmatism, and higher-order aberrations, and can predict the image that would be formed on the retina
by an object in view. Recently models have shown how letter acuity can be predicted from arbitrary
wavefront aberrations (Watson & Ahumada, 2008).

Because image formation is a linear process, the wavefront aberration function can also be converted
into a point-spread function or an optical transfer function, either of which can be used to render a
retinal image from an object image. In a later section, we will discuss how the optical transfer function
contributes to the overall contrast sensitivity function of the human observer.

5.4.5.3 Pupillary Reflex

The pupil is the aperture through which light passes, and its diameter, which covaries with ambient
illumination through what is called the pupillary reflex, influences both the amount of light admitted and
the ultimate degree of focus that can be obtained. Normal pupil diameters range from 2 to 8 millimeters,
and are generally smaller in older individuals (Winn et al., 1994). The effects of light level and age on
pupil diameter are shown in Figure 5.4-2. The curves in this figure are computed from a formula that
includes luminance, area of the adapting field, age of the observer, and whether one or two eyes are
adapted (Watson & Yellott, 2012). The figure assumes binocular adaptation and a 20-deg diamater
adapting field.
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Figure 5.4-2. Pupil diameter as a function of light level and age.
5.4.54 Light Scatter

A