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ABSTRACT
This article is a result of a systematic review research of an existing,

crewed commercial space transportation (CST)-relevant, publicly

accessible documentation counting 300 resources. Our focus was on

existing rules, guides, and regulations or design recommendations in

scope of human/system integration and the CST human occupant

safety. The recommendations are primarily in the provision of the

selected resources and abstraction of identified gaps that the team

believes should be addressed by the industry or U.S. government for

successful, space vessel occupant-safe CST operations. This article is

addressing only the normative side of CST and does not describe any

specific design solutions for individual vehicles. The follow-up of this

research should consider a more creative approach resulting in an

implementation of this article’s recommended areas of focus in

specific guides that may become a part of the Federal Aviation Ad-

ministration CST Recommended Practices document.

Keywords: human spaceflight, safety, design considerations,

suborbital flight, commercial space transportation, FAA

INTRODUCTION

T
he commercial human spaceflight industry is inherently

an international endeavor mainly dependent on the

flight or mission duration. This article addresses hu-

man spaceflight occupant safety and the major related

components that should be of concern when defining an opera-

tional or regulatory framework for commercial spaceflight.

This research, sponsored by the Federal Aviation Adminis-

tration (FAA), supports the enhancement of the definition of

effective operations, promotes safety, and advocates for com-

mercial space transportation (CST) industry development. The

FAA supports academic and industry research to formulate the

first CST requirements.

This article addresses

the normative side related to CST ontology in the CST Ontology:

Recommendations for the Organizational Design section,

selected design and system engineering recommendations in the

Design, Architecture, and Systems Engineering Recommenda-

tions section, and

operational recommendations in the Operations Recommenda-

tions section.

The systemic approach of this document stems from exist-

ing rules and regulations, historical references, and empirical

data, which are considered invaluable sources in the young

field of human spaceflight.1 This article presents selected

findings derived from the research performed for the FAA on

the topic of recommended practices for human spaceflight

occupant safety. Specific areas, concrete system components,

and their design best practices are presented to support a safe,

effective, and business savvy space transportation environ-

ment and promote meaningful organizational coordination.

CST ONTOLOGY: RECOMMENDATIONS
FOR ORGANIZATIONAL DESIGN

Suborbital and orbital vehicles and operations should be

categorized according to efficiency rather than complexity.2

CST is not only driven by the external environmental factors of

spaceflight but primarily by the requirements imposed by the

occupants as well (safety, performance, and comfort). In other

words, occupants’ physiological and psychological require-

ments are the main drivers for space transportation mission

planning, system architecture, and engineering design. There-

fore, when considering requirements and recommendations for

operations, design, development, manufacturing, and decom-

missioning, the operational cycle (mission) and the overall life

cycle of the vehicle are critical elements that drive the funda-

mentals of transport safety and cost.

As emphasized in this simple proposed classification (Fig. 1),

design requirements for suborbital vehicles are significantly

different from the design requirements for orbital vehicles.

Recommendations to industry that pinpoint the specific system

and mission components and requirements of interest will be

more effective than generic human spaceflight recommenda-

tions. Selected publically accessible recommended CST-

relevant documentation for the review is listed in Table 1.
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Human/System Integration Considerations
Requirements vary depending on the duration or purpose of

the spaceflight. Very short-duration suborbital transport may,

for example, omit certain facilities related to food and hy-

giene. Toilets may not be necessary for a 1-h suborbital flight,

while a 3-h flight may require hygiene facilities. The differ-

ence in cost is significant, due to the complexity of operating

hygiene facilities in a microgravity environment. The same

principle can be applied to safety. Very short-duration sub-

orbital flights may be more efficient without space-suited

occupants, but such configuration would increase the human-

related safety risks. The possibility of immediate return or

other than spacesuit safety systems would have to be con-

sidered to ensure a reasonable level of safety (Point A to Point

A suborbital flight). Longer duration suborbital flights may not

take the risk of Environmental Control and Life Support System

(ECLSS) failure because the vehicle will not be in the immediate

range of the landing facilities, and hence may require spacesuit

operations and accommodations (Point A to Point B suborbital

flight). The integration of the spacesuit within the spaceship

flight deck/cockpit/cabin adds to the complexity, cost, and

mass, while these considerations might be avoided in short-

duration Point A to Point A flights. Therefore, the recommen-

dation to categorize or classify suborbital flights is proposed, to

distinguish the 2 areas and the complexity levels in each. Such

categorization and subsequent category-specific recommen-

dations will support the human spaceflight industry by pro-

viding more specific guidelines or controls relevant to the

immediate operational scope of the vehicle, rather than pro-

viding broad recommendations.

Organizational Control Considerations

Certain operations and system components of suborbital or

orbital vehicles are subject to export control regulations. This

limits the access to U.S. spacecraft technology for some non-

U.S. individuals during the design, development, operational,

and maintenance phases. These controls are important from

the perspective of U.S. national security, and indirectly also to

spaceflight occupant safety. They apply to persons who are

not citizens or permanent residents of the United States. Hu-

man spaceflight is inherently an international endeavor, it is

critical to identify export control requirements from the very

beginning when discussing the organizational ontology.

Controls may require prior U.S. government approval to

transfer technology, items, or services to selected foreign in-

dividuals. Suborbital flights may also include transcontinental

Fig. 1. Proposed classification of early CST operations. CST, com-
mercial space transportation; LEO, low Earth orbit.

Table 1. Selection of Publicly Accessible Documents for Review by Organizations Dealing with Commercial Human
Spaceflight: CST Ontology: Recommendations for Organizational Design

Title Year Publisher Type

Introduction to U.S. Export Controls for the Commercial Space Industry 2017 Department of Commerce, FAA Guidebook

Space systems—Program Management—Project organization (ISO 11893:2011) 2016 ISO Technical Report

Human Integration Design Processes 2014 NASA Technical Report

22 CFR, Title 22, Chapter I, Subchapter M, Part 120–130 2018 U.S. Government Federal Regulation

Commerce Control List, Supplement 1 to Part 774, Category 9, Aerospace and Propulsion,

‘‘Spacecraft’’ and related commodities (EAR, ECCN 9A515)

2017 U.S. Government Federal Regulation

EAR, Export Administration Regulation; ECCN, Export Control Classification Number; FAA, Federal Aviation Administration; ISO, International Organization for

Standardization; NASA, National Aeronautics and Space Administration.
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travel that may be affected by export control regulations. Hu-

man spaceflight transportation is an international topic both on

academic and industrial levels. It is critical for both to identify

export-controlled safety components, systems, and operations

to ensure compliance with international laws.

There are 2 primary export control regulations affecting CST.

The first one is the International Traffic in Arms Regulations

(ITAR), 22 Code of Federal Regulations (CFR), Parts 120–130,3

under the jurisdiction of the U.S. Department of State, regu-

lating items, information, or services ‘‘specially designed’’ for

military applications. The ITAR regulates certain ‘‘Spacecraft

and Related Articles’’ under the U.S. Munitions List (USML),

category XV, identifying the performance levels, characteris-

tics, or functions of a spacecraft that warrant regulation as a

military commodity, such as a spacecraft with certain propul-

sion or optical systems. Launch operations and services are

regulated under the USML category IV—Launch Vehicles,

Guided Missiles, Ballistic Missiles, Rockets, Torpedoes, Bombs,

and Mines. Non-U.S. individuals participating in any design,

development, maintenance, or operation phases related to any

U.S. origin systems enumerated in the ITAR may require a U.S.

export control license from the Department of State.

The second regulation is the Export Administration Reg-

ulations (EARs), 15 CFR Parts 730–774 under the jurisdiction

of the U.S. Department of Commerce,4 regulating commercial

and certain military commodities that are ‘‘dual use’’ in nature,

with both commercial and military applications. ‘‘Propulsion

Systems, Space Vehicles, and Related Equipment’’ is subject to

the category 9 of the EAR’s Commerce Control List (CCL). Most

commercial spacecrafts that do not contain any classified

components are enumerated in the EAR under Export Control

Classification Number (ECCN) 9A515.5

Since national security is the regulatory focus of both the EAR

and the ITAR, the CST should consider these regulations and

the technologies identified in the USML and CCL. Compliance

should be implemented either horizontally across all spacecraft

categories and subcategories, or

vertically through functional do-

mains of individually regulated

systems and subsystems. National

security considerations must be

implemented at this early phase.

In addition, different controls

exist for launch and human

spaceflight operations based on

either the orbital characteristics or

the celestial body surface opera-

tions (22 CFR 124.15).3 The ITAR,

which retains jurisdictional au-

thority over space launch-related services of U.S. origin tech-

nologies, requires a special license or agreement, such as a

Technical Assistance Agreement to ‘‘provide assistance (in-

cluding training) in the integration of a satellite to a launch

vehicle, including both planning and on-site support, regard-

less of (i) the jurisdiction (EAR or ITAR), ownership, or origin of

the satellite or (ii) whether technical data are used; and, pro-

viding assistance (including training) in the launch failure

analysis of a launch vehicle, regardless of (i) the jurisdiction

(EAR or ITAR), ownership, or origin of the launch vehicle or (ii)

whether technical data are used.’’

The proposed classification on Figure 1 is not meant to be

exhaustive. Depending on the industrial needs or emergent

phenomena during the first CST operations, this framework of

systems may be expanded to provide guidance through the

export-controlled CST environment. Figure 2 shows an ex-

ample of evolution of this classification system.

This proposed categorization does not only encompass the

vehicle and trajectory differences but also considers the vehicle’s

occupants and their different functions during the commercial

spaceflight. The flight may indeed need to accommodate both a

flight crew and spaceflight participants (SFP).

The occupants’ functions (operator and passenger) and their

capabilities determine the levels to which the human/system

integration (HSI) process must be applied (Fig. 3) in vehicles

with different missions and purposes. The following examples

illustrate how requirements might change according to oc-

cupant’s functions:

Flight frequency and duration differ between the crew and one-

time travelers (SFPs), leading to different levels of concern

regarding radiation exposure and microgravity effects.

Occupants’ training and endurance to extreme environment differ

significantly between the crew and the SFPs. Training and

conditioning programs (diet, fluid-loading, and antispace

motion syndrome) for frequently flying crews may be required,

while a short medical screening and training should be suffi-

cient for the SFPs.

Fig. 2. Proposed (example) categorization for advanced CST operations. GSO, geostationary orbit;
LLO, low lunar orbit; MEO, medium Earth orbit.
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The crew and the SFPs will have different competencies and in-

volvement during off-nominal and emergency operations.

Overall, the individual categories are intended to help in-

dustry focus only on relevant constraints and requirements, to

better select appropriate technologies or commercially off-

the-shelf components rather than to provide a broad set of

environmental factors that may not be relevant at the early

stage of development. This approach would also support the

formation and modularization of the industry’s evolution and

expansion rather than requiring a ‘‘revolution’’

or significant changes in product or process

development.

DESIGN, ARCHITECTURE, AND
SYSTEMS ENGINEERING
RECOMMENDATIONS

In this section, selected design and architec-

tural concepts for systems engineering are pre-

sented, including human rating, fire events,

ionizing radiation effects, air quality, pressure

systems, g-load, emergency equipment, simu-

lations, and cabin information systems. Selected

publically accessible recommended CST-

relevant documentation for the review is listed

in Table 2.

Human Rating and HSI
The human dynamics in spaceflight is not sufficiently ad-

dressed in existing norms, standards, or guides, especially in

terms of safety. In current aviation operations, safety issues

are likely to arise from human error rather than component

error: human error has been attributed as the cause in some

form to 70%–80% of aviation accidents.6 To better understand

safety issues that might arise during operational flights, it is

Fig. 3. Proposed classification for advanced CST operations with emphasis on
human/system integration as an advancement of structure depicted in Figure 2.

Table 2. Selection of Publicly Accessible Documents for Review by Organizations Dealing with Commercial Human Spaceflight:
Design, Architecture, and Systems Engineering Recommendations

Title Year Publisher Type

Human Integration Design Handbook (NASA, NASA/SP-2010-3407) 2014 NASA Technical Report

Human-Rating Requirements for Space Systems (NPR 8705.C) 2017 NASA Procedural Requirements

Human Integration Design Processes (NASA-TP-2014-218556) 2014 NASA Technical Report

NASA CxP 70024, Constellation Program Human-System Integration Requirements 2010 NASA Requirements Document

NASA Systems Engineering Handbook, NASA SP-2016-6105 2016 NASA Handbook

NASA, CCT-REQ-1130, Revision D-1, 2015,

ISS Crew Transportation and Services Requirements Document

2017 NASA NASA Procedural Requirement

Human Health and Performance Risks of Space Exploration Missions 2009 NASA Evidence Review

14 CFR Federal Aviation Regulations—Part 25: Airworthiness 2017 U.S. Government Federal Regulation

FAA Human Factors Design Guide, DOT/FAA/CT-96/1 1996 U.S. DOT FAA Guidebook

CHeCS (Crew Health Care Systems): International Space Station Medical Hardware Catalog.

Version 10.0, 2011, Document ID 20110022379, JSC-CN-24908

2011 NASA Technical Report

Space Systems—Human-Life Activity Support Systems and

Equipment Integration in Space Flight (ISO/FDIS 17763) (1657:2018)

2018 ISO Standard

Spacecraft Maximum Allowable Concentrations for Airborne Contaminants ( JSC 20584) 2017 NASA NASA Guidelines
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critical to account for operator-induced errors, as well as is-

sues that might emerge from human/machine interaction,

early in the system design phase. HSI and human-centered

design (HCD) holistic design methods and approaches enable

creative and innovative problem-solving.7

HSI can be broadly defined as given in Fitts et al.8:

1. The understanding of the relationship between humans/

operators, environment, hardware, and software.

2. The integration of the above domains to optimize safety,

performance, and operations of a system while reducing

the life cycle costs.

Addressing HSI and HCD from the onset of system concept

is critical to design a robust human-rated vehicle. The Na-

tional Aeronautics and Space Administration (NASA) defines

the following 3 primary tenets for human rating9:

1. Human rating is the process of designing, evaluating,

and assuring that the total system can safely conduct

the required human missions.

2. Human rating includes the incorporation of design

features and capabilities that accommodate human in-

teraction with the system to enhance overall safety and

mission success.

3. Human rating includes the incorporation of design

features and capabilities to enable safe recovery of the

crew from hazardous situations.

HSI success is highly dependent on the results of the hu-

mans in the loop simulations (HITLS) and their implementa-

tion. Assurance of mitigation of risky scenarios addressing

occupant safety during any possible Human spaceflight (HSF)

scenario, with a reasonable probability of occurrence, is of

very high importance. Current human-rating procedures

suggest the use of well-proven, traditional tools such as

hazard analysis,

fault tree analysis,

failure modes and effects analysis, damage modes and effects

analysis,

critical items lists,

Concepts Of Operations (CONOPS) and scenario probabilistic risk

assessment,

human error analysis, and

probabilistic risk assessment (NPR 8705.2C).

Due to the significant difference between the various CST

vehicles (Vertical take-off vertical landing [VTVL], Horizon-

tal take-off horizontal landing [HTHL], etc.) and mission types,

a well-structured HITLS with defined partitioning of virtual

and analog simulation components that can simulate/dem-

onstrate human activity, safety, and performance in virtual

and analog environments would significantly enhance occu-

pant safety. Currently, there is no simulation fidelity scale for

CST that would provide a more comprehensive (holistic) un-

derstanding of the flight scenarios in the simulation process.

Individual risk areas are addressed using system analysis tools

ad hoc based on the decision of the vehicle rating program

manager (NASA Procedural Requirements—NPR 8705.2C, see

Table 2).

Fire Events
Fire poses a serious threat to all occupants and increases the

likelihood of the development of many other serious risks,

such as toxic inhalation of gases, possible burns, and in-

creased risk of fatalities. Automatic fire detection systems are

the most preferable. Fires in microgravity environment do not

behave the same way as fires on Earth. Hot gases form dif-

ferent convection patterns, and there is no buoyance from

flames (vertical flame formation). Therefore, fire can be ex-

pected to form different formations and spread differently

than in terrestrial gravity environment.

Detecting a fire is the first instrument in defending the flight

crew and participants from deadly toxic smoke.10–13 The

ability to detect and suppress fires should be provided for the

flight crew, cabin attendants, and space participants. Materials

that are nontoxic to humans should be used for fire suppression

and these materials should be designed to be easily cleaned up

after use. The potential for a fire in a spacecraft can be mitigated

by keeping oxygen (O2) concentration at low levels. Maintaining

a total O2 pressure below 30% can also reduce the risk. However,

O2 levels need to be high enough to sustain crew respiration.

Flame retardant materials should be used in pressurized

spacecraft cabins and should have

high ignition temperatures,

slow combustion rates, and

low potential for explosion.

Smoke is usually the first indicator of fire in a spacecraft. It

is important that airflow be maintained within the flight

station so that smoke can be visually detected, because the

sense of smell is reduced during human operations in micro-

gravity; sometimes even completely impaired for the first few

days of spaceflight. In addition, artificially generated airflow

should move air/smoke and other combustion products near

sensors for detection in a microgravity environment.

Gasper/ventilation fans (2: primary and secondary fans)

should be used to circulate the internal atmosphere and allow

for visual identification of smoke and prevention of carbon

dioxide (CO2) and carbon monoxide (CO) buildup in areas that

would otherwise have no airflow. For redundancy, the smoke

and fire detection systems should be independent of a master
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caution warning system and should also have independent

power sources. As well, a warning system that alerts the crew

of smoke and fire detection system failure is required. De-

tectors should be positioned in every separated compartments

and equipment areas (passenger cabin, cargo compartment,

electronic equipment areas, hydraulic equipment bays, stor-

age and cargo areas, lavatories, and all ventilation ducts).

The selected extinguishing system must function without

gravity assistance. Water-based foam fire extinguishers and

CO2 units are currently used in the International Space Station

(ISS). However, CO2 and other fire suppression mechanisms

used on Earth have asphyxiant characteristics to humans,

compounding the problem.14 Another possible method is a fire

extinguishing or mitigation technique using depressurization

of the cabin. However, caution must be exercised as venting

will promote airflow over the fire, which will increase the heat

intensity and momentarily increase the O2 concentration.

Ionizing Radiation
The ionizing radiation topic requires the special attention of

all CST stakeholders. It is important to inform the crew and

SFPs about safe levels of radiation. The history of aviation

reveals that aviation crews are facing health problems after

their long-term service as pilots, copilots, or flight attendants.

Ionizing radiation exposure, especially during transconti-

nental flights, contributes to increased health risks requiring

the classification of air flight crew as radiation workers. In

other words, the overexposure to ionizing radiation is already

a serious concern at normal air cruise flight levels. For these

reasons, a clear guideline for frequently flying space crews

and SFPs should be issued, and a simple radiation monitoring

COTS hardware should be recommended to prevent yearly

exposure overdose.15

The 2 distinct spaceflight profiles, suborbital and orbital,

with different flight paths, trajectories, and missions (length

of stay) will directly affect the ionizing radiation exposure

level, dose absorbed, and subsequent health effects. Occu-

pants will be exposed to an increased lifetime risk of devel-

oping cancer, as well as possible mutagenesis that might be

transmitted to their progeny. In human spaceflight, mini-

mizing ionizing exposure risks and establishing mitigation

safety parameters are paramount.16 Risk mitigation of crew and

occupant radiation exposure can be achieved by several ways:

Advancing new technologies in the development of accurate

measurement devices, such as passive and real-time dosime-

ters. These devices can be placed in different areas of the ve-

hicle, as well as on the humans themselves, to accurately

monitor radiation and develop a strategy to limit operator and

occupant exposure.

Establishing good and effective shielding mechanisms (light-

weight and movable around the vehicle cabin/cockpit). Cur-

rently, there is a strong research and development effort

toward the use of more pliable, lightweight, two-dimensional

(2D) noble materials with shielding characteristics, which

would most likely block solar particle events (SPEs) and

minimize elastic scattering of electrons.

Using low inclination orbits (well-known strategy).

Avoiding spaceflight during extreme solar events.

Additional factors besides scheduling spaceflights accord-

ing to solar cycles to minimize exposure are individual’s

susceptibility and crew/participant’s medical history. These

are important factors that will have to guide the operator to

determine if a participant is ‘‘go’’ or ‘‘no-go.’’ Efforts toward

establishing protection against SPEs should be the primary

goal. Radiation mitigation due to galactic cosmic rays is far

more challenging due to the high energies.17 The most used

and realistic up-to-date industry standard is to reduce radia-

tion exposure through the ALARA principle: ‘‘As Low As

Reasonably Achievable.’’18

The Florida Institute of Technology supports research in this

area through the development of a compact cabin radiation

detector that would provide real-time information and pre-

cisely indicate the radiation magnitude and direction of pri-

mary, secondary, or radiation scattering, to determine the

most effective placement of the shielding.

ECLSS and Air Quality
The ECLSS in a space vehicle performs several functions: it

provides O2 for metabolic consumption, provides water for

hygiene purposes and food preparation, removes CO2, filters

particulates and microorganisms, removes toxicants (organic

volatile trace gases), monitors and controls air total and par-

tial pressures (nitrogen, O2, CO2, methane, hydrogen, and

water vapor), maintains cabin pressure at nominal levels

(14.7 psi) that require least adaptation by the vehicle occu-

pants (NASA Space Shuttle and ISS), maintains temperature

and humidity, and distributes air throughout the vehicle. The

complexity and functions of the ECLSS depend on whether it

is designed for suborbital or orbital spaceflight.

Air quality is critical to maintain healthy levels of air

components (79% nitrogen and 21% O2) and nominal pres-

sures (14.7 psi). Possible variations in pressure and air com-

ponents pose a significant threat to occupant safety. These

threats include mild to severe hypoxia, decompression sick-

ness, and inhalation component toxicity. These can create a

wide array of distinct or vague signs that could lead to

symptoms ranging from mild headaches to severe impair-

ment, posing significant safety threats to occupants. NASA
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established a list of official spacecraft maximum allowable

concentrations (SMACs) for selected airborne contaminants.

The guidelines are available in peer-reviewed published lit-

erature. NASA established SMACs for 56 chemical compounds

that are particularly relevant to the atmospheric contamina-

tion of ISS.19

There are well-established SMACs for short-term duration

flights (1–24 h), which apply suborbital and orbital flights.

These measurements are also well established for flights

lasting up to a few months (6 months–1 year). Data are still

under research for long-term missions (1,000 days and over).

It is also important to understand the population variability

that these types of commercial spaceflights will encompass.

Because there will be a wider range of population participat-

ing in spaceflight, it is reasonable to expect problems such as

allergic reactions.19 Furthermore, the natural chemical idio-

syncrasy to certain contaminants is also difficult to predict.

Therefore, it is expected that a wider participation of occu-

pants from a broad population will also increase the chances

of developing an adverse reaction.19

Cabin Decompression
One of the major problems the operators and vehicle

developers are facing during commercial spaceflight is the

risk of decompression. There are different levels of space

vehicle depressurization. Rapid decompression typically

lasts longer than 0.1–0.5 s, which still allows the lungs to

decompress more quickly than the cabin. The risk of lung

damage is present, but it is significantly reduced. In ex-

plosive cabin decompression that occurs in less than 0.1–

0.5 s, the risk of lung trauma is very high, as well as the risk

of stomach rupture, severe decompression sickness, and

freezing temperatures. Unsecured objects can also become

projectiles’ risk hurting occupants. All these risks reduce

the chances of explosive decompression survivability to

almost 0.20,21

In case of gradual cabin decompression (rather than rapid or

explosive), the failure to pressurize is notable but survivable if

there are automatic pressurizing mechanisms, warning sys-

tems, and coordinated efforts to fix the emergency. Military

pilots don their O2 masks to a positive pressure breathing

system, and therefore, the lungs fill with O2 passively, but

exhaling requires an effort. However, O2 masks will not

function in suborbital or orbital flight environments because

they require not only an O2 supply but also environmental

pressure maintenance.

The vehicle should be designed to prevent incapacitation or

injury of occupants by providing enough air to maintain cabin

pressure, and a pressure suit with adaptable ECLSS to detect

and control pressure and provide adequate O2 flow. Sa-

tisfactory dexterity of pressure spacesuit will need to be a

requirement, particularly for the crew.22,23

G-Load
Of all the g-load risks and health effects possible, the most

significant one is the gz-axis acceleration. The high g-load

either transient or sustained angular acceleration increases the

risk of incapacitation. It also can seriously increase the risk if

there are underlying medical conditions that could progress

into fatalities. High rates and extended periods of angular

acceleration can significantly incapacitate any occupant. If

the occupant is a crew member, the risk then increases to an

additional operational safety risk. Short periods of g-loads can

be sustained using breathing maneuvers and pressure blad-

ders in suit designs, but longer periods of g-loads can

physiologically and psychologically impact individual per-

formance. Underlying predisposition to strokes or embol-

isms could severely impact occupant health under higher g-

loads.

Vehicle designs can effectively decrease and minimize

g-loads. Although the vehicle may still experience periods of

high acceleration during re-entry or approach to landing,

countermeasures for the flight crew, such as anti-g suit or

specific crew seating configurations, can prevent vehicle ac-

celeration from impairing the flight crew.

Therefore, it is important to differentiate between suborbital

and orbital flights. Spaceflight type accounts for g-load and

the number of times exposed to G forces. Suborbital flight

profiles, seat design, and vehicle architecture will impact the

direction of acceleration relative to the z-axis. Accumulation

of exposures (i.e., parabolic flights) has different effects on

different individuals. It can increase tolerance in some indi-

viduals but could increase adverse health risk in others. The

eye’s retina is highly susceptible to develop hypoxia due to

g-load, with the final stage leading to loss of consciousness

(G-LOC). Therefore, a thorough medical assessment is critical

to determine suitability before spaceflight. The CST industry

should also take advantage and use the existing NASA human

spaceflight experience, standards, and technical reports de-

scribing human endurance and performance in different ac-

celeration levels, NASA, CCT-REQ-1130, 3.10.2.1.24

Humans in the Loop: Simulations
While the SFP’s well-being and comfort is a high priority,

their attitude is similar to that of regular aircraft passengers, their

attention is mostly focused on experiencing the extreme envi-

ronments of the flight. Preflight training should introduce the

major extremes of the flight, including loads and simulated
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microgravity. During the flight, passengers will have to focus on

adaptation to hypergravity and then hypogravity and micro-

gravity. The spaceflight crew, on the contrary, is required to

adapt quickly and durably to the environmental extremes and

demonstrate high cognitive capacity and capability during

various spaceflight phases. Therefore, a high-fidelity simulation

that enables the integration of environmental extremes and

human cognitive and physical ergonomics is highly re-

commended for effective HSI and ultimately safe commercial

operations.

Each vehicle configuration and type of flight profile will

impose different requirements on the crew competencies

and level of automation (i.e., function allocation). For ex-

ample, winged body suborbital or orbital vehicles that

may benefit from existing airport infrastructure have to

consider cockpit design factors that influence spacecraft

orientation during the complex task of flying. A wide array

of information is available in the cockpit to allow the pilot to

understand the direction and position of the vehicle. This

information is conveyed visually from the outside envi-

ronment via windows and from inside the vehicle via vari-

ous instruments and displays. Because vision is the primary

sense for maintaining orientation, the first design concen-

tration should be the optimal location of windows and dis-

plays. These visual cues should provide adequate

information for piloting, and they should be designed to also

address vestibular and tactile sensory perception to reduce

Coriolis Forces stimulation of the semicircular canals during

head movement. Coriolis Forces can be a source of confu-

sion and motion sickness. The flight station windows should

allow both forward and peripheral views of the horizon, as

these views provide the best visual cues for maintaining

spatial orientation during a pi-

loted landing phase. Window

views or stereoscopic displays

allow proper depth perception and

provide more accurate visual cues

than 2D representations of the

environment from a single camera

view.

The Florida Institute of Tech-

nology focuses on research in the

HSI area through the develop-

ment of custom simulation tools

such as an adaptive spaceship

cockpit simulator (ASCS) that

integrates human and cockpit

functions with the hyperbaric en-

vironment of a spacesuit (Fig. 4).

The system enables simulation of microgravity sensations

while providing motion control force feedback during orbit

vehicle orientation. The ASCS motion base is an initial step to

commercial human spaceflight midfidelity simulation tools

that will enhance HSI methods and techniques in extreme

environments of the HSF.

Cabin and Flight Deck (Cockpit) Instrument and Display
Design Best Practices

As crewed CST vehicles are more complex than aviation ve-

hicles, the need to rely on instrumental and display information

increases. Flight instruments and displays provide flight status,

navigational information, and information about the health and

status of the vehicle. Informational displays for the flight crew

should be designed for simple and accurate interpretation in

all possible realistic scenarios considering spaceflight’s ex-

treme environments. They should be clustered according to their

functionality and use, especially because a high g-load narrows

the field of view. Placing associated displays together provides

efficient scanning, minimizes head movement, and enhances

situational awareness and decision-making.

Because each suborbital and orbital vehicle will also oper-

ate in the aviation airspace, it is not unreasonable to recom-

mend to the industry to work with existing Federal Aviation

Regulations (FARs) in this area. FAA FARs: 121.303–121.359

describe the requirements on the following flight deck and

cabin information systems, control instrumentation, and

equipment (Table 3).

Emergency Equipment
Suborbital and orbital vehicles have different requirements

on emergency equipment. While the suborbital vehicles’

Fig. 4. Inside the Florida Tech Spaceship Cockpit Simulator ASCS and Single Person Spacecraft 1:1
model.25,26
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trajectory is well monitored in case an emergency landing is

needed, the orbital vehicles may have a much larger spread of

emergency equipment, in case of emergency landing. The

following emergency equipment should be considered, espe-

cially for orbital vehicles (14 CFR 91.513):

Fire extinguishers or automated extinguishing system (water and

CO2), also usable in microgravity.

Crash axe.

Emergency exit lights: automatic (primary) with manual backup

(secondary).

Highlight approved emergency exits and exit routes on floors and

ceilings (arrows, lighted signs, and phosphorescent lights).

Portable and removable flashlights.

Emergency exit lights powered by individual batteries and

emergency exit light switch, in case lights fail to illuminate

automatically, or a power failure occurs after ground or water

landing.

Emergency flashlights, including 1 in the flight station and 1 for

each cabin attendant.

Emergency escape path lighting system.

Lavatory trash container automatic fire extinguisher.

Smoke detectors located in every separated room and compart-

ment, and behind the instrument panel.

Microgravity surface safety padding, straps, or handles.

Microgravity-approved aid kits, cardiopulmonary resuscitation (CPR)

masks, CPR procedures (microgravity ‘‘bear-hug’’ maneuver), and

portable O2 cylinder with continuous and on-demand O2 flow.27

OPERATIONS RECOMMENDATIONS
The following 3 operational areas address general safety

concepts of operations, flight crew, and occupant authority,

and a general issue of the CST as an international endeavor.

These selected areas have a significant impact on the vehicle

systems operations and corporate or organizational concept of

the CST industry. Selected, publically accessible, re-

commended CST-relevant documentation for the review is

listed in Table 4.

General Systems Design Safety
Systems controls and performance measurements are re-

quired to address the physiological, psychological, and envi-

ronmental needs of the multiagent human/machine system

that will operate a space vehicle in the commercial space

environment. Acceleration, microgravity, smoke and fire

hazards, CO and CO2 buildup, and radiation are just a few of

the variables that must be considered when designing a

commercial spacecraft. General safety requirements on

Table 4. Selection of Publicly Accessible Documents
for Review by Organizations Dealing with Commercial
Human Spaceflight: Operations Recommendations

Title Year Publisher Type

Guide to Human Performance

Measurements

2000 AIAA Guide

Space Systems—Safety

Requirements—Part 1–3

(ISO14620-1:2018,

2:2011, 3:2005)

2005–2018 ISO Standard

NASA, KSC CCT-REQ-1130,

Revision D-1, 2015,

ISS Crew Transportation and

Services Requirements Document

NASA Requirements

Document

Commerce Control List,

Supplement 1 to Part 774,

Category 9, Aerospace

and Propulsion,

‘‘Spacecraft’’ and Related

Commodities (EAR, ECCN 9A515)

2017 U.S. Government Federal

Regulation

Space Shuttle Operational

Flight Rules (NSTS 07700)

2002 NASA Operation

Rules

Table 3. List of Controls, Instrumentation, and Equipment
Required by Federal Aviation Regulation 121.303–121.359
Relevant to Commercial Space Transportation Systems

1. Flight and navigational equipment

Airspeed

Heading

Altimeter

Radar altimeter

Artificial horizon

Magnetic compass

2. Engine instruments

3. Seats, seat belts, and shoulder harnesses

4. Position lights

5. Anticollision lights

6. Landing lights

7. Instrument lighting

8. Flight data recorder

9. Radio equipment
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systems design and operations usually take into consideration a

combination of factors, including safety design, fail-safe de-

sign, standardization, elimination or minimization of risks or

hazards, safety devices, warning systems, and special proce-

dures. Following system engineering and design safety/risk

mitigation processes may be well known. They are all applicable

for the crewed CST vehicles as the best practices to consider.

1. General Safety Design: uncomplicated designs are typ-

ically more reliable and easier to operate and maintain.

From the human engineering point of view, the simplest

design will be the one that is the easiest to operate and

maintain because it will require less crew training, less

crew workload, and will have the least potential for

human error. Good and reliable safety designs should

reflect uncomplicated systems integrating personnel

safety factors, including minimization of potential hu-

man error during operation or maintenance.

2. Fail-Safe Design: a failure-tolerant design should be

provided in areas where failure to disable the system

can cause an incident by damaging the equipment, in-

juring the occupants, or causing critical equipment to be

operated at undesirable times.

3. Standardization: provides a very practical approach to

safety. Standardization is the crew use of consistent

hardware, markings, coding, labeling, and equipment or

panel arrangements. Standardization simplifies opera-

tional and maintenance procedures, reduces the number

of tools required and the occurrence of crew errors, and

also decreases crew training requirements and mainte-

nance skill requirements. Each common standard usage

also reduces the total sparing parts, system levels, and

design documentation. Standardization needs to be ap-

plied to hardware, computer operations, and procedures.

4. Design actions to eliminate or minimize hazards have to

be directed for all nominal operations and con-

tingencies. Best approaches consist in removing haz-

ardous sources, improving safety operations, and

designing appropriate design methods and procedures.

5. Warning systems can be used in different ways. It is

important to provide redundancy and detection warning

systems in multiple locations. It is equally important to

train the crew to operate the warning safety systems

correctly (e.g., train crew to not dismiss alarms). Keep in

mind that multiple and too many redundant systems

can also create warning operator fatigue and therefore

decrease warning efficiency.

6. Special procedures deal with the unpredictability and

complexity of designing for extreme environments.

These complex interactions have to be well integrated in

a systems safety engineering process. Therefore, all

safety systems have to be thoroughly planned, well

understood, and anticipated with the goal to prevent

potential harm of occupants.

General safety and systems design must provide a mecha-

nism of safety analysis that would address the hazards

throughout the entire system’s safety life cycle. Issues can arise

during the design, development, manufacturing, construction,

facilities, transportation, and operations associated with hard-

ware, software, maintenance, operations, and exposure testing

to extreme environments. If the system is well implemented, it

can quickly identify and mitigate hazards, and thus eliminate or

reduce the risk of potential mishaps and accidents.

Flight Crew and Operations Authority
The automated systems impose a requirement to maintain

human authority over system goals and their attainment.

Authority involves both control over systems and responsi-

bility and accountability for system functioning. Human

control over technical systems, including transparency, pre-

dictability, and sufficient means of influencing the systems, is

considered to be the main prerequisite responsible for ac-

countability issues.

To enhance risk mitigation, there must be an organizational

structure that incorporates a just and safe culture.28–30 This

type of culture is a top/down approach; it starts with the ex-

ecutives and transitions through appropriate leadership levels

to the operators. Allocation of shared authority and respon-

sibility must be articulated in the documentation that incor-

porates clear and concise definitions, nomenclature,

vocabulary, and, most importantly, instructions that depict

those who will be assigned authority, responsibility, and ac-

countability to support sociocognitive stability.31

National Versus International Travel
Mere space travel is not subject to U.S. export control

regulations. However, the transfer of a spacecraft or launch

vehicle and related technologies to a foreign country, in-

cluding landing, is considered an export. In addition, payload

integration and launch activities and services are subject to

the ITAR. Emerging international spaceport operations are

outpacing the outdated inflexibility of both the EAR and the

ITAR, and a fresh approach to complex international space

travel is needed. Therefore, it is recommended to follow the

national security requirements and refer to the existing EAR

and ITAR legal frameworks that already encompass CST

components.
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CONCLUSIONS
This article introduced a number of areas and specific topics

with the focus on system and process efficiency2 that are

considered high-priority concerns for the CST industry. Pri-

marily, the organizational component of the CST directly af-

fects the efficiency of the recommendations or future

regulations. Further detailing of the CST organizational

framework, for example, based on proposed categories, may

enhance systems development efficiency as well as opera-

tional control of the CST vehicles.

Level of human/system involvement or integration.

Flight duration and destination.

Export control (international flights, production or maintenance).

Technical and mission complexity.

Such categorization will narrow down the scope for technical

options and solutions, supporting more effective specification

of the design requirements for CST vehicles and organizations.

The several technical areas addressed in this article refer to

existing norms, standards, or best practices. Official recom-

mendations stemming out of these empirical data and expe-

rience of aerospace research and industry correspond to the

‘‘best solutions’’ to existing extreme environment problems

during suborbital and orbital flight. These invaluable data

support the CST industry development strategies and techni-

cal solutions. Finally, operational recommendations would

ideally include a methodology to quantify and mitigate risks

associated with individual vehicle categories (Fig. 3), guid-

ance for human error mitigation, design, and operational

traceability to enable rapid error corrections, and systems and

organization efficiency improvements.
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