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The IAASS has published the four books: Safety Design 
for Space Systems, Space Safety Regulations and Stan-
dards, Safety Design for Space Operations, and The 
Need for an Integrated Regulatory Regime for Aviation 
and Space. Two additional books are currently in prepa-
ration, The Handbook of Cosmic Hazards and Planetary 
Defense and Human Factors in Space Safety. The first 
book is used as the text for the graduate course in the 
University of Southern California Department of Astro-
nautical Engineering, Safety of Space Systems and Space 
Missions. This course will be the cornerstone class in a 
future certificate program in Space Safety. We hope these 
books and the journal will encourage the development of 
other university space safety courses and academic de-
gree programs.

The IAASS has established itself as the leading profes-
sional society for safety engineers. The IAASS was es-
tablished in the Netherlands in 2004; the first conference 
was held in Nice, France in October 2005. Subsequent 
conferences were held every eighteen months in Chica-
go, IL; Rome, Italy; Huntsville, Al; Versailles, France; 
and Montreal, Canada. The seventh international confer-
ence will be held in Friedrichschafen, Germany in Octo-
ber, 2014.

The IAASS is working to offer the necessary mecha-
nisms critical for the development of Space Safety as an 
academic discipline: professional conferences, training 
courses, professional magazine, and now, an academic 
peer reviewed journal. 

We invite you to enjoy this and future issues of the Jour-
nal of Space Safety Engineering and encourage you to 
submit your own research for publication. As an open 
access electronic journal, distribution is without charge 
to the author or reader. Authors retain copyright for sub-
missions.

Papers published in this Journal of Space Safety Engi-
neering will be tracked through the Science Citation In-
dex Expanded and Google Scholar.

Welcome to the inaugural issue of the Journal of Space 
Safety Engineering (JSSE), an open access peer reviewed 
publication of the International Association for the Ad-
vancement of Space Safety (IAASS). 

The Journal of Space Safety Engineering covers the 
safety and sustainability of space systems and opera-
tions. This includes the safety of human on board, but 
also the safety of ground personnel during launch prepa-
ration, and public safety related to launch and re-entry 
operations. The publication covers space traffic manage-
ment, space debris mitigation and removal, prevention 
of chemical and nuclear pollution of ground and atmo-
sphere, and control of biological hazard of extra-terres-
trial exploration missions. The Journal covers the natural 
space hazards, issues such as Near Earth Objects and 
space weather. In future, we intend to include papers that 
address the specific interactions between aviation safety 
and space-based systems, and the hazards that will come 
with expanded sub-orbital sector traffic and the emerging 
commercial human spaceflight. 

Believing that risks are inevitable, that substantial im-
provements are almost impossible, and relying on pub-
lic acceptance of current level of risks while society is 
increasingly risk averse is a recipe for failure. The case 
for advancing the safety and sustainability of space op-
erations is no longer grounded on moral and ethical prin-
ciples only, but is becoming a global concern, and space 
programs and business driver. 

The Journal of Space Safety Engineering is meant to sup-
port the advancement of space safety and sustainability 
by providing an authoritative source of information in the 
field of space safety design, research and development. 
It serves applied scientists, engineers, policy makers and 
safety advocates with a platform to develop, promote and 
coordinate the science, technology and practice of space 
safety. The Journal seeks to attract academia interest in 
space safety and sustainability by establishing itself as a 
high-level channel of communication between academia, 
industry and government. 

The Journal is the latest addition to family of publica-
tions that provides informative communications for the 
industry and serves as reference materials for academia. 

INTRODUCING THE JOURNAL OF SPACE SAFETY ENGINEERING

EDITORIAL

Michael T. Kezirian, Ph.D.
Editor-in-Chief

Tommaso Sgobba
Managing Editor

Joseph Pelton, Ph.D.
Assistant Editor-in-Chief
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ABSTRACT 

Organizations throughout the world are developing and 
operating space launch vehicles and systems for the 
purposes of furthering exploration, delivering services, 
and facilitating commercial human spaceflight. The 
operation of the launch vehicles and space systems 
creates the potential for harm to the crew, to flight 
participants, and to the uninvolved public. Therefore, it 
is imperative that comprehensive risk assessments be 
performed to characterize, evaluate, and reduce the risks 
of these endeavors. Analytical models and simulations 
are used in complex space systems to support decision 
making during development and operations. However, 
the risks associated with the use of models and 
simulations are often underestimated, and the hazards 
are often misunderstood. The failure to understand and 
address model and simulation risks can lead to poor 
decisions that may result in mishaps. This paper 
provides real-world examples and lessons learned to 
illustrate common concerns with the use of models and 
simulations.  
 
1.  INTRODUCTION 

Analyses, models, and simulations play important roles 
in identifying and controlling space system hazards and 
reducing space system risk. Analysis is typically defined 
as technical or mathematical evaluation using 
mathematical models, simulations, and algorithms. A 
model is a physical, mathematical or otherwise logical 
representation of a system, entity, phenomenon, or 
process. Data that goes into a model is considered part 
of the model. A simulation is a method for 
implementing that model, and is typically considered to 
be an imitation of the characteristics of a system, entity, 
phenomena, or process using a computational model.  
 
Critical risk decisions are often made on the basis of the 
results from models and simulations. Analyses and 
models may be used in the design of space systems, for 
example, to determine propellant requirements or to 
calculate launch vehicle trajectories. Models and 
simulations may be used to verify that safety 
requirements have been met, for example, to determine 
structural design margins or to calculate expected 
thermal loads. Simulations can be used to identify 
whether systems meet requirements and to allow 
operators to interact with the system prior to operation. 
Examples include the use of simulation tools to imitate 
cockpit conditions prior to flight or to analyze guidance, 

navigation and control system performance during 
reentry of a crew capsule. Models may be qualitative, 
such as system safety risk assessments, or quantitative, 
such as expected casualty analyses. 
 
All analyses, models, and simulations contain 
assumptions and uncertainties which impact their 
usefulness. However, the analysis assumptions are not 
always understood, and the models and simulations may 
not be applied appropriately. While the use of any 
model or simulation requires judgment, safety 
assessments often do not consider the impact these 
analyses can have on the risk.  Using accident reports 
from various industries, this paper describes safety risks 
applicable to analyses that support space system 
decision making, and provides lessons learned from 
those incidents.  
 
2.  LESSONS LEARNED 

This section discusses a number of lessons learned 
related to analyses, models, and simulations, with 
corresponding accident examples to show where a flaw 
in the analysis process led to an undesirable outcome.  
These accidents are described in reports and 
investigative summaries from multiple industries and 
organizations, including those outside of the aerospace 
industry. This is done to broadly illustrate hazards and 
risks in models and simulations and to stress the 
importance of learning from other industries. Note that 
in discussing these accidents, this paper does not intend 
to oversimplify the events and conditions that led to the 
accidents or blame any individuals or organizations.  
There is rarely a single identifiable cause leading to an 
accident. Accidents are usually the result of complex 
factors that include hardware, software, human 
interactions, and procedures.  Readers are encouraged to 
review the full accident and mishap investigation 
reports to understand the often complex conditions and 
chain of events that led to each accident discussed here. 
 
2.1. Failure to incorporate the appropriate models in 
hazard identification and risk decision making 

On January 31, 2006, an explosion occurred at a 
chemical manufacturing facility located in Morganton, 
North Carolina, in the United States. This company 
manufactured paint additives and polymer coatings, and 
conducted its operations in a large 1,500 gallon reactor. 
One worker was killed by the explosion, and 14 others 
were injured in the aftermath. The U.S. Chemical Safety 
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and Hazard Investigation Board (CSB) determined that 
the cause of the accident was a runaway reaction. To 
meet a sudden increase in demand, plant managers had 
scaled up the normal process by adding more 
constituents. Unfortunately, the managers failed to 
understand that scaling up the process resulted in an 
increase in energy release, leading to tank heating above 
what the cooling system could handle. The pressure 
inside the reactor increased due to the increased heating, 
leading to the venting of solvents inside the building. 
The vented solvents ignited, leading to the explosion. 
The CSB faulted the company for its lack of recognition 
of the hazards from scaling the process and its lack of 
safeguards to protect against a runaway reaction. The 
CSB stated that the company had not identified hazards 
in its operations and had not conducted formal hazard 
analyses. The CSB noted that safeguards were primarily 
procedural, but the company could have used high 
pressure alarms, automatic shut offs, and venting to 
mitigate the risk. CSB also stated that the company “had 
minimal safety information on its polymerization 
process, even though this was the core of its 
manufacturing business.” Although analytical 
techniques were available, the company did not use 
analytical models to characterize the reaction process 
and the thermal aspects of that process, and the plant 
manager had relied on past experience to estimate batch 
sizes. This accident shows that, while past experience is 
important, that experience should be supplemented with 
data and analysis, especially when making changes to a 
system [1]. 
 
2.2. Failure to provide adequate training in the 
limitations of models 

On August 6, 2007, the Crandall Canyon Mine in 
Emery County, Utah collapsed, trapping six workers. 
On August 16, 2007, the mine collapsed again when one 
of the walls of a tunnel exploded, killing three rescue 
workers. The original six workers trapped in the 
explosion were never recovered. According to U.S. 
Mine Safety and Health Administration (MSHA) 
investigators, the original collapse was caused by a 
flawed mine design. The investigation report stated that 
the stress level exceeded the strength of the pillars such 
that when one small failure occurred it created a ripple 
effect that caused widespread collapse, leading to the 
loss of the miners. The MSHA stated that the mine was 
“destined to fail” because the company failed to heed 
early warnings and previous failures. For example, on 
March 10, 2007, one of the pillars burst leading to a 
partial collapse of the mine. According to the MSHA 
the mine’s design was based on improper analysis and 
models. The report stated that the operator’s mine 
design incorporated flawed design recommendations 
from its contractor. The investigation team discovered 
that managers and mine safety personnel did not review 
input and output files for accuracy and completeness 

and were not appropriately trained in the details and 
limitations of the models. Therefore, evaluators could 
not provide adequate assessments of the risk. This 
accident illustrates that even valid models and 
simulations can be misused if those using or reviewing 
the models are not trained to understand the model’s 
limitations [2].   
 
2.3. Failure to document model assumptions and 
limitations 

The Space Shuttle Endeavor was launched on 
September 7, 1995, on mission STS-69. One goal of the 
mission was to deploy and then retrieve the Shuttle 
Pointed Autonomous Tool for Astronomy 201 
(SPARTAN-201). SPARTAN-201 was a spacecraft 
designed to provide short-term scientific observations 
related to solar winds and the solar atmosphere. During 
one of the first on-board targeted burns in the 
rendezvous sequence, ground crews noted that the 
Shuttle had used 4.3 times as much propellant as 
predicted. This propellant usage may have threatened 
the ability to retrieve the spacecraft. However, all burns 
after this maneuver were ultimately completed 
successfully and the spacecraft was successfully 
retrieved. Analyses after the mission found a 
performance limitation in a rendezvous software 
algorithm that led to the excess propellant usage. 
Apparently, this algorithm had been used on Apollo 
missions in the 1960s and adopted for use on the Space 
Shuttle. However, the limitations in the algorithm were 
not passed down to personnel on the Space Shuttle 
program, and had not been encountered on any previous 
missions. After the mission, the algorithm functionality 
and performance were documented and incorporated 
into flight rules, training, and procedures. This incident 
stresses the importance of documenting all model 
assumptions and limitations [3]. 
 
2.4. Analysis substituted for testing to reduce costs 

The Mars Polar Lander (MPL) spacecraft was launched 
on a mission to the planet Mars on January 3, 1999. 
Upon arrival at Mars, communications ended according 
to plan as the vehicle prepared to enter the Martian 
atmosphere. Communications were scheduled to resume 
after the Lander and the probes were on the surface. 
However, repeated efforts to contact the vehicle failed, 
and eventually the program managers declared that the 
spacecraft was lost. The cause of the MPL loss was 
never fully identified, but the most likely scenario was 
that a failure occurred upon deployment of the three 
landing legs during the landing sequence. Each leg was 
fitted with a Hall Effect magnetic sensor that was 
designed to generate a voltage when the leg contacted 
the surface of Mars. The flight software issued a 
command to shut down the descent engines when 
touchdown was detected by this sensor. The MPL 

investigators believed that when the landing legs 
deployed, the spacecraft software interpreted spurious 
signals from the motion of the vehicle as valid 
touchdown events. The software, upon receiving these 
signals, then prematurely shutdown the engines at 
approximately 40 meters above the surface of Mars, and 
the spacecraft crashed onto the surface and was 
destroyed.  Although the MPL failure report noted that 
the verification and validation program was well 
planned and executed, the report also stated analysis 
was often substituted for testing to reduce costs. Such 
analysis may have lacked adequate fidelity to identify 
this system failure scenario. Also, the touchdown 
sensing software was not tested with the Lander in the 
flight configuration. The MPL investigators specifically 
recommended that system software testing in the future 
include stress testing and fault injection in a suitable 
simulation environment to determine the limits of 
capability and search for hidden flaws. As shown here, 
analyses are important verification tools, but the risks of 
using them in place of testing must be explicitly stated 
and understood [4].   
 
2.5. Improper model inputs  

On November 12, 2008, a 2 million gallon liquid 
fertilizer tank at a company in Chesapeake, Virginia, 
United States, collapsed. Two workers performing 
welding operations at the site were seriously injured and 
an adjacent neighborhood was partially flooded as a 
result of the accident. The CSB found that the company 
had not assured that welds met accepted industry 
standards, and the CSB faulted the company for its 
failure to perform inspections of the welds. CSB also 
stated that proper procedures were not in place for 
filling the tanks following major facility modifications. 
In its report, the CSB also noted that the contractor 
hired by the company to calculate the maximum fill 
height had used some faulty assumptions in its analyses. 
The maximum liquid level was supposed to be 
calculated based on the minimum measured shell 
thicknesses and the extent of the weld inspection (full, 
spot, or no radiography). The contractor used the 
maximum (not minimum) measured thickness, and 
improperly assumed full inspection of the welds. The 
model inputs based on those assumptions led to an 
overestimation of the allowable liquid level. The tank 
failed at a fill level of 26.74 feet, below the calculated 
maximum of 27.01 feet. As shown in this accident, 
model inputs and data are just as critical as its 
algorithms to obtaining valid output [5].  
 
2.6. Reliance on overly simplistic models 

On October 29, 2006, the barge OTM 3072 capsized off 
the coast of Bas-Caraquet, New Brunswick, Canada. 
The barge was in tow during strong, gale-force winds. 
The barge sunk after capsizing and was a complete loss, 

but no one was injured in the accident. The 
Transportation Safety Board of Canada (TSB) 
investigated this accident and found that the barge was 
overloaded and beyond its range of stability. The 
situation was made worse by the weather conditions. 
The TSB noted that the operators did not have the 
proper information or analysis tools to assess the 
stability of the barge. Preliminary calculations were 
done, but these calculations were simplistic and a 
comprehensive study was not performed to determine 
stability. The TSB made particular mention of the safety 
management practices of the barge owner and those of 
the managing owner. The accident report noted that the 
company’s safety management policies, procedures, and 
practices were limited, which led to a lack of 
understanding of the risks and a failure to perform more 
detailed analyses. This accident shows that simple 
models may help in initial stages of development but 
may not be of sufficient fidelity to make critical safety 
decisions [6].  
 
2.7. Failure to use conservative models and inputs 

On October 4, 1992, the cargo plane El Al flight 1862 
crashed into a neighborhood in Amsterdam, 
Netherlands. All four crew members and 39 people on 
the ground died, and many more were injured on the 
ground. The airplane was designed with fuse pins 
holding the engine to the wing. These fuse pins were 
designed to fracture cleanly in the event of a severe 
engine failure and excessive loads on the engine. The 
engine would then fall away cleanly and not damage the 
wing or the fuel tank, allowing the plane to continue 
flight. The Netherlands Aviation Safety Board found, 
however, that these pins did not fail properly. It was 
likely according to the accident investigation board that 
the pin suffered from gradual fatigue failure. The 
gradual failure led to engine No. 3 breaking free, 
knocking engine No. 4 out with it and severely 
damaging the wing and control surfaces. The pilot then 
could not keep the plane level or maintain stable flight. 
The board found that the design of the system to hold 
the engine to the wing was “inadequate to provide the 
required level of safety.” In addition, the board faulted 
the inspection procedures at El Al. The report also 
faulted the certification process. The report stated that 
the aircraft certification process included a fail-safe 
analysis of the nacelle and pylon concept. This analysis 
however did not include the scenarios of fatigue failure 
or partial failure of a single structural element. 
Therefore, according to the board, the models and 
analyses were not conservative. An analysis was also 
done to establish maintenance requirements. However, 
this analysis did not provide a sufficient maintenance 
schedule under actual operating conditions, again 
making unrealistic assumptions. This accident shows 
the importance of using conservative models and inputs 
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analytical models to characterize the reaction process 
and the thermal aspects of that process, and the plant 
manager had relied on past experience to estimate batch 
sizes. This accident shows that, while past experience is 
important, that experience should be supplemented with 
data and analysis, especially when making changes to a 
system [1]. 
 
2.2. Failure to provide adequate training in the 
limitations of models 

On August 6, 2007, the Crandall Canyon Mine in 
Emery County, Utah collapsed, trapping six workers. 
On August 16, 2007, the mine collapsed again when one 
of the walls of a tunnel exploded, killing three rescue 
workers. The original six workers trapped in the 
explosion were never recovered. According to U.S. 
Mine Safety and Health Administration (MSHA) 
investigators, the original collapse was caused by a 
flawed mine design. The investigation report stated that 
the stress level exceeded the strength of the pillars such 
that when one small failure occurred it created a ripple 
effect that caused widespread collapse, leading to the 
loss of the miners. The MSHA stated that the mine was 
“destined to fail” because the company failed to heed 
early warnings and previous failures. For example, on 
March 10, 2007, one of the pillars burst leading to a 
partial collapse of the mine. According to the MSHA 
the mine’s design was based on improper analysis and 
models. The report stated that the operator’s mine 
design incorporated flawed design recommendations 
from its contractor. The investigation team discovered 
that managers and mine safety personnel did not review 
input and output files for accuracy and completeness 

and were not appropriately trained in the details and 
limitations of the models. Therefore, evaluators could 
not provide adequate assessments of the risk. This 
accident illustrates that even valid models and 
simulations can be misused if those using or reviewing 
the models are not trained to understand the model’s 
limitations [2].   
 
2.3. Failure to document model assumptions and 
limitations 

The Space Shuttle Endeavor was launched on 
September 7, 1995, on mission STS-69. One goal of the 
mission was to deploy and then retrieve the Shuttle 
Pointed Autonomous Tool for Astronomy 201 
(SPARTAN-201). SPARTAN-201 was a spacecraft 
designed to provide short-term scientific observations 
related to solar winds and the solar atmosphere. During 
one of the first on-board targeted burns in the 
rendezvous sequence, ground crews noted that the 
Shuttle had used 4.3 times as much propellant as 
predicted. This propellant usage may have threatened 
the ability to retrieve the spacecraft. However, all burns 
after this maneuver were ultimately completed 
successfully and the spacecraft was successfully 
retrieved. Analyses after the mission found a 
performance limitation in a rendezvous software 
algorithm that led to the excess propellant usage. 
Apparently, this algorithm had been used on Apollo 
missions in the 1960s and adopted for use on the Space 
Shuttle. However, the limitations in the algorithm were 
not passed down to personnel on the Space Shuttle 
program, and had not been encountered on any previous 
missions. After the mission, the algorithm functionality 
and performance were documented and incorporated 
into flight rules, training, and procedures. This incident 
stresses the importance of documenting all model 
assumptions and limitations [3]. 
 
2.4. Analysis substituted for testing to reduce costs 

The Mars Polar Lander (MPL) spacecraft was launched 
on a mission to the planet Mars on January 3, 1999. 
Upon arrival at Mars, communications ended according 
to plan as the vehicle prepared to enter the Martian 
atmosphere. Communications were scheduled to resume 
after the Lander and the probes were on the surface. 
However, repeated efforts to contact the vehicle failed, 
and eventually the program managers declared that the 
spacecraft was lost. The cause of the MPL loss was 
never fully identified, but the most likely scenario was 
that a failure occurred upon deployment of the three 
landing legs during the landing sequence. Each leg was 
fitted with a Hall Effect magnetic sensor that was 
designed to generate a voltage when the leg contacted 
the surface of Mars. The flight software issued a 
command to shut down the descent engines when 
touchdown was detected by this sensor. The MPL 

investigators believed that when the landing legs 
deployed, the spacecraft software interpreted spurious 
signals from the motion of the vehicle as valid 
touchdown events. The software, upon receiving these 
signals, then prematurely shutdown the engines at 
approximately 40 meters above the surface of Mars, and 
the spacecraft crashed onto the surface and was 
destroyed.  Although the MPL failure report noted that 
the verification and validation program was well 
planned and executed, the report also stated analysis 
was often substituted for testing to reduce costs. Such 
analysis may have lacked adequate fidelity to identify 
this system failure scenario. Also, the touchdown 
sensing software was not tested with the Lander in the 
flight configuration. The MPL investigators specifically 
recommended that system software testing in the future 
include stress testing and fault injection in a suitable 
simulation environment to determine the limits of 
capability and search for hidden flaws. As shown here, 
analyses are important verification tools, but the risks of 
using them in place of testing must be explicitly stated 
and understood [4].   
 
2.5. Improper model inputs  

On November 12, 2008, a 2 million gallon liquid 
fertilizer tank at a company in Chesapeake, Virginia, 
United States, collapsed. Two workers performing 
welding operations at the site were seriously injured and 
an adjacent neighborhood was partially flooded as a 
result of the accident. The CSB found that the company 
had not assured that welds met accepted industry 
standards, and the CSB faulted the company for its 
failure to perform inspections of the welds. CSB also 
stated that proper procedures were not in place for 
filling the tanks following major facility modifications. 
In its report, the CSB also noted that the contractor 
hired by the company to calculate the maximum fill 
height had used some faulty assumptions in its analyses. 
The maximum liquid level was supposed to be 
calculated based on the minimum measured shell 
thicknesses and the extent of the weld inspection (full, 
spot, or no radiography). The contractor used the 
maximum (not minimum) measured thickness, and 
improperly assumed full inspection of the welds. The 
model inputs based on those assumptions led to an 
overestimation of the allowable liquid level. The tank 
failed at a fill level of 26.74 feet, below the calculated 
maximum of 27.01 feet. As shown in this accident, 
model inputs and data are just as critical as its 
algorithms to obtaining valid output [5].  
 
2.6. Reliance on overly simplistic models 

On October 29, 2006, the barge OTM 3072 capsized off 
the coast of Bas-Caraquet, New Brunswick, Canada. 
The barge was in tow during strong, gale-force winds. 
The barge sunk after capsizing and was a complete loss, 

but no one was injured in the accident. The 
Transportation Safety Board of Canada (TSB) 
investigated this accident and found that the barge was 
overloaded and beyond its range of stability. The 
situation was made worse by the weather conditions. 
The TSB noted that the operators did not have the 
proper information or analysis tools to assess the 
stability of the barge. Preliminary calculations were 
done, but these calculations were simplistic and a 
comprehensive study was not performed to determine 
stability. The TSB made particular mention of the safety 
management practices of the barge owner and those of 
the managing owner. The accident report noted that the 
company’s safety management policies, procedures, and 
practices were limited, which led to a lack of 
understanding of the risks and a failure to perform more 
detailed analyses. This accident shows that simple 
models may help in initial stages of development but 
may not be of sufficient fidelity to make critical safety 
decisions [6].  
 
2.7. Failure to use conservative models and inputs 

On October 4, 1992, the cargo plane El Al flight 1862 
crashed into a neighborhood in Amsterdam, 
Netherlands. All four crew members and 39 people on 
the ground died, and many more were injured on the 
ground. The airplane was designed with fuse pins 
holding the engine to the wing. These fuse pins were 
designed to fracture cleanly in the event of a severe 
engine failure and excessive loads on the engine. The 
engine would then fall away cleanly and not damage the 
wing or the fuel tank, allowing the plane to continue 
flight. The Netherlands Aviation Safety Board found, 
however, that these pins did not fail properly. It was 
likely according to the accident investigation board that 
the pin suffered from gradual fatigue failure. The 
gradual failure led to engine No. 3 breaking free, 
knocking engine No. 4 out with it and severely 
damaging the wing and control surfaces. The pilot then 
could not keep the plane level or maintain stable flight. 
The board found that the design of the system to hold 
the engine to the wing was “inadequate to provide the 
required level of safety.” In addition, the board faulted 
the inspection procedures at El Al. The report also 
faulted the certification process. The report stated that 
the aircraft certification process included a fail-safe 
analysis of the nacelle and pylon concept. This analysis 
however did not include the scenarios of fatigue failure 
or partial failure of a single structural element. 
Therefore, according to the board, the models and 
analyses were not conservative. An analysis was also 
done to establish maintenance requirements. However, 
this analysis did not provide a sufficient maintenance 
schedule under actual operating conditions, again 
making unrealistic assumptions. This accident shows 
the importance of using conservative models and inputs 
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such that the results provide for sufficient safety 
margins [7].  
 
2.8. Using models outside their valid range 

On July 5, 2004, a new barge was carrying out its third 
trip with a load when it folded in half and sunk in the 
Middensluis lock of Ijmuiden, the Netherlands. All crew 
members were able to escape without injury, but the 
ship was lost and the lock was closed to remove the 
debris. The investigation by the Dutch Safety Board 
found that the sagging of the vessel was due to improper 
design of the barge. Structural design tools were used to 
determine aspects such as bending moment and 
permissible tensions in components. While the design 
tools used were common to the industry, this design was 
different from conventional barge designs. This barge 
was 40 percent longer than most designs (110 meters 
long) with a similar width to other barges, so the aspect 
ratio was unique. In addition, the hold area concentrated 
the load in the middle of the vessel unlike other designs. 
Existing tables were used to provide inputs to the design 
calculations. Because of the unique design, some of the 
inputs had to be extrapolated from those tables, 
increasing the uncertainty in the prediction. Also, the 
design formulas contained implicit assumptions 
regarding the hold length, and the dimensions of this 
vessel exceeded the range where the formulas were 
valid. As a result of the extrapolated inputs and the use 
of formulas outside their valid range, the calculations 
produced results with a bending moment that was too 
low. This meant that the vessel design was too weak and 
it could fold when carrying a load. Independent 
calculations had been performed prior to construction, 
but those turned out to be insufficient as well, relying on 
many of the same assumptions as the original design 
calculations. In the words of the safety board, “While 
extrapolation of the tables used is not uncommon, in this 
case, however, insufficient account was taken of the 
validity of the formulas used. The designer’s 
assumption with regard to the calculation for the vessel 
construction was incorrect. Therefore the vessel was not 
designed for the stresses to which it could be exposed.” 
The report stated that none of the parties involved 
understood the limitations on the formulas. All models 
have applicable ranges of use, and these ranges must be 
understood to assure that the model is properly 
employed [8].  
 
2.9. Failure to properly validate models 

On June 2, 2001, NASA launched the X-43A “Hyper 
X” vehicle.  The X-43A was a subscale prototype 
NASA had developed to obtain information on a 
supersonic combustion (scramjet) engine. The prototype 
vehicle was a hybrid rocket consisting of the Hyper-X 
research vehicle and a modified Pegasus launch vehicle. 
During the mission, the entire hybrid rocket was 

released nominally from a B-52 carrier aircraft. The 
solid rocket motor ignition occurred approximately 5 
seconds after release, and shortly thereafter the vehicle 
experienced a control anomaly. After several seconds 
the vehicle began to break up, and the vehicle was 
destroyed by a range safety command when it started to 
veer off course. The mishap investigation board found 
that the root cause was that the vehicle control system 
design was deficient for the trajectory flown due to 
inaccurate analytical models. These models 
overestimated the system margins. The board found that 
modeling inaccuracies existed in the fin actuation 
system and in aerodynamics. The fin actuation system 
inaccuracies resulted from discrepancies in modeling 
the electronic and mechanical fin actuator system 
components and underprediction of the fin actuation 
system compliance. Aerodynamic modeling 
inaccuracies resulted from errors in incorporation of 
wind tunnel data into the model, misinterpretation of the 
wind tunnel results due to insufficient data, and 
unmodeled changes associated with the thermal 
protection system. The modeling did not include 
sufficient uncertainty analysis of the modeling 
parameters, according to the report. The investigation 
report also discussed insufficient wind tunnel testing to 
validate the model; the testing did not take into account 
changes made in the thermal protection system. This 
example shows the importance of assuring that models 
are properly validated using tests that simulate actual 
operation [9].  
 
2.10. Failure to compare model results to real-world 
experience 

On January 18, 1978, the Hartford, Connecticut area in 
the United States experienced a large snowstorm, and 
the roof of the Hartford Civic Center Coliseum was 
covered with heavy snow from the storm. At 
approximately 4:15 AM the roof of the arena collapsed. 
Five thousand basketball fans had been in the arena just 
a few hours before, but had all left for the evening. Had 
the collapse occurred earlier hundreds may have died or 
been injured. An analysis after the accident showed the 
cause of the collapse to be inadequate bracing in the 
exterior rods supporting the roof and an underestimation 
of the loads. The engineers had relied on an 
oversimplified computer analysis to assess the loads. 
During construction workmen had noticed a sag in the 
roof, calling into question the model used. The 
designers apparently believed their analysis instead of 
the physical evidence which was showing potential 
failure, and they disregarded the information from the 
workmen. While the empirical evidence was not formal, 
this information should have alerted the engineers to a 
potential problem with the models. As this mishap 
shows, analysts should use all available information in 
validating their models and simulations; sometimes the 
best information is operator experience in the field [10]. 

2.11. Failure to independently check model or results 

On August 5, 2008, a Sikorsky helicopter operated by 
the U.S. Forest Service crashed into trees and terrain 
while transporting firefighters near Weaverville, 
California, United State. Nine people were killed in the 
crash and four others were seriously injured. The NTSB 
report stated that the pilots had significantly 
overestimated the helicopter’s load-carrying capacity 
and therefore did not have an adequate performance 
margin for a successful takeoff, leading to the crash. 
The NTSB stated that the overestimation of the 
performance capability was the result of improper 
inputs to the load capacity model. The manufacturer had 
provided an incorrect empty weight to the pilot-in-
command, resulting in his overestimation of the 
helicopter’s load carrying capacity. In addition, the 
helicopter’s available power chart, also provided by the 
manufacturer, overestimated the emergency reserve 
power available, reducing the aircraft’s load safety 
margin. Plus, the pilot-in-command followed an 
unapproved calculation procedure (also provided by the 
manufacturer) that used an above-minimum 
specification torque. This procedure increased the error 
in the load capacity estimations. These errors taken 
together led the pilots to believe that could carry a 
heavier load than they actually could. The report also 
faulted the oversight provided by the U.S. Forest 
Service. The report stated, “effective oversight would 
likely have identified that Carson Helicopters was using 
improper weight and performance charts for contract 
bidding and actual load calculations and required these 
contractual breaches to be corrected.”  As this accident 
shows, good models are not enough. Care must be taken 
with model inputs, and results and model use must be 
independently checked [11]. 
 
2.12. Failure to update analyses after design or 
operational changes  

On October 2, 2005, the ship Ethan Allen, carrying 47 
passengers and one operator, capsized while on a cruise 
of Lake George, New York. Twenty passengers died in 
the accident. The NTSB determined that the probable 
cause of the capsizing was that the Ethan Allen was 
unstable in the rough waters that day. When the ship 
had made a sharp turn, the waves and the involuntary 
shifting of the passengers due to the boat’s motion led to 
the overturning of the ship. The ship was unstable, 
according to the NTSB, because it carried more people 
than it should have. The NTSB noted that the ship’s 
stability had not been reassessed after it had been 
modified. The Ethan Allen had been modified to include 
an all-wood canopy with Plexiglas windows. This 
modification reduced the calculated stability limit from 
59 people without the canopy to 14 with the canopy, 
according to calculations performed after the accident. 
Therefore, the vessel was carrying 34 people more than 

it should have, according to the NTSB. The NTSB 
stated that there was no record of detailed calculations 
showing stability margins nor was there any record of a 
stability test to verify the maximum number of people 
allowed on board the Ethan Allen. The NTSB stated that 
assessments and simplified stability tests should have 
been performed after installation of the canopy. In this 
case, the failure to perform additional tests or analyses 
following a design change masked significant risks [12]. 
 
2.13. Models not implemented correctly in software 
and computing systems 

On February 25, 1991, a Patriot missile defense system 
operating in Saudi Arabia during Operation Desert 
Storm failed to track and intercept an incoming enemy 
Scud missile. This missile hit an American Army 
barracks, killing 28 Americans. The defense system 
failed to track and intercept the missile because of a 
software problem in the system’s weapon control 
computer. Tracking an incoming missile required 
knowledge of both time and velocity. Time was kept 
continuously by the system’s internal clock in tenths of 
seconds but was expressed as an integer. Because of 
limits on the operating system, inaccuracies were 
introduced when converting an integer to a real number. 
These inaccuracies increased over time. The Patriot 
system had been operating for 100 hours straight prior 
to the failure, and large inaccuracies had developed in 
the targeting system over that time. Therefore, while the 
tracking algorithm was correct, the implementation of 
the model on the computing system led to inaccuracies 
that resulted in the system failure. As shown here, it is 
important to not only consider the validity of the model 
but also how the model will actually work once it is 
implemented in software [13]. 
 
2.14. Biased application of model results 

On February 1, 2003, the Space Shuttle Columbia 
disintegrated over Texas during re-entry, resulting in the 
loss of all seven crew members. The vehicle was lost as 
a result of damage sustained during launch when a piece 
of foam insulation from the external tank broke off and 
struck the leading edge of the wing, damaging the 
thermal protection system tiles. The Crater model was 
used to predict tile damage. This model predicted 
significant penetration of the tiles based on available 
flight information. “This seemingly alarming result 
suggested that the debris that struck Columbia would 
have exposed the Orbiter’s underlying aluminum 
airframe to extreme temperatures, resulting in a possible 
burn-through during re-entry,” according to the 
Columbia Accident Investigation Board (CAIB). 
However, NASA engineers, aware of the uncertainties 
in the model, believed that the model overestimated 
damage and therefore may have downplayed the 
potential risks, according to the report. The CAIB report 
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such that the results provide for sufficient safety 
margins [7].  
 
2.8. Using models outside their valid range 

On July 5, 2004, a new barge was carrying out its third 
trip with a load when it folded in half and sunk in the 
Middensluis lock of Ijmuiden, the Netherlands. All crew 
members were able to escape without injury, but the 
ship was lost and the lock was closed to remove the 
debris. The investigation by the Dutch Safety Board 
found that the sagging of the vessel was due to improper 
design of the barge. Structural design tools were used to 
determine aspects such as bending moment and 
permissible tensions in components. While the design 
tools used were common to the industry, this design was 
different from conventional barge designs. This barge 
was 40 percent longer than most designs (110 meters 
long) with a similar width to other barges, so the aspect 
ratio was unique. In addition, the hold area concentrated 
the load in the middle of the vessel unlike other designs. 
Existing tables were used to provide inputs to the design 
calculations. Because of the unique design, some of the 
inputs had to be extrapolated from those tables, 
increasing the uncertainty in the prediction. Also, the 
design formulas contained implicit assumptions 
regarding the hold length, and the dimensions of this 
vessel exceeded the range where the formulas were 
valid. As a result of the extrapolated inputs and the use 
of formulas outside their valid range, the calculations 
produced results with a bending moment that was too 
low. This meant that the vessel design was too weak and 
it could fold when carrying a load. Independent 
calculations had been performed prior to construction, 
but those turned out to be insufficient as well, relying on 
many of the same assumptions as the original design 
calculations. In the words of the safety board, “While 
extrapolation of the tables used is not uncommon, in this 
case, however, insufficient account was taken of the 
validity of the formulas used. The designer’s 
assumption with regard to the calculation for the vessel 
construction was incorrect. Therefore the vessel was not 
designed for the stresses to which it could be exposed.” 
The report stated that none of the parties involved 
understood the limitations on the formulas. All models 
have applicable ranges of use, and these ranges must be 
understood to assure that the model is properly 
employed [8].  
 
2.9. Failure to properly validate models 

On June 2, 2001, NASA launched the X-43A “Hyper 
X” vehicle.  The X-43A was a subscale prototype 
NASA had developed to obtain information on a 
supersonic combustion (scramjet) engine. The prototype 
vehicle was a hybrid rocket consisting of the Hyper-X 
research vehicle and a modified Pegasus launch vehicle. 
During the mission, the entire hybrid rocket was 

released nominally from a B-52 carrier aircraft. The 
solid rocket motor ignition occurred approximately 5 
seconds after release, and shortly thereafter the vehicle 
experienced a control anomaly. After several seconds 
the vehicle began to break up, and the vehicle was 
destroyed by a range safety command when it started to 
veer off course. The mishap investigation board found 
that the root cause was that the vehicle control system 
design was deficient for the trajectory flown due to 
inaccurate analytical models. These models 
overestimated the system margins. The board found that 
modeling inaccuracies existed in the fin actuation 
system and in aerodynamics. The fin actuation system 
inaccuracies resulted from discrepancies in modeling 
the electronic and mechanical fin actuator system 
components and underprediction of the fin actuation 
system compliance. Aerodynamic modeling 
inaccuracies resulted from errors in incorporation of 
wind tunnel data into the model, misinterpretation of the 
wind tunnel results due to insufficient data, and 
unmodeled changes associated with the thermal 
protection system. The modeling did not include 
sufficient uncertainty analysis of the modeling 
parameters, according to the report. The investigation 
report also discussed insufficient wind tunnel testing to 
validate the model; the testing did not take into account 
changes made in the thermal protection system. This 
example shows the importance of assuring that models 
are properly validated using tests that simulate actual 
operation [9].  
 
2.10. Failure to compare model results to real-world 
experience 

On January 18, 1978, the Hartford, Connecticut area in 
the United States experienced a large snowstorm, and 
the roof of the Hartford Civic Center Coliseum was 
covered with heavy snow from the storm. At 
approximately 4:15 AM the roof of the arena collapsed. 
Five thousand basketball fans had been in the arena just 
a few hours before, but had all left for the evening. Had 
the collapse occurred earlier hundreds may have died or 
been injured. An analysis after the accident showed the 
cause of the collapse to be inadequate bracing in the 
exterior rods supporting the roof and an underestimation 
of the loads. The engineers had relied on an 
oversimplified computer analysis to assess the loads. 
During construction workmen had noticed a sag in the 
roof, calling into question the model used. The 
designers apparently believed their analysis instead of 
the physical evidence which was showing potential 
failure, and they disregarded the information from the 
workmen. While the empirical evidence was not formal, 
this information should have alerted the engineers to a 
potential problem with the models. As this mishap 
shows, analysts should use all available information in 
validating their models and simulations; sometimes the 
best information is operator experience in the field [10]. 

2.11. Failure to independently check model or results 

On August 5, 2008, a Sikorsky helicopter operated by 
the U.S. Forest Service crashed into trees and terrain 
while transporting firefighters near Weaverville, 
California, United State. Nine people were killed in the 
crash and four others were seriously injured. The NTSB 
report stated that the pilots had significantly 
overestimated the helicopter’s load-carrying capacity 
and therefore did not have an adequate performance 
margin for a successful takeoff, leading to the crash. 
The NTSB stated that the overestimation of the 
performance capability was the result of improper 
inputs to the load capacity model. The manufacturer had 
provided an incorrect empty weight to the pilot-in-
command, resulting in his overestimation of the 
helicopter’s load carrying capacity. In addition, the 
helicopter’s available power chart, also provided by the 
manufacturer, overestimated the emergency reserve 
power available, reducing the aircraft’s load safety 
margin. Plus, the pilot-in-command followed an 
unapproved calculation procedure (also provided by the 
manufacturer) that used an above-minimum 
specification torque. This procedure increased the error 
in the load capacity estimations. These errors taken 
together led the pilots to believe that could carry a 
heavier load than they actually could. The report also 
faulted the oversight provided by the U.S. Forest 
Service. The report stated, “effective oversight would 
likely have identified that Carson Helicopters was using 
improper weight and performance charts for contract 
bidding and actual load calculations and required these 
contractual breaches to be corrected.”  As this accident 
shows, good models are not enough. Care must be taken 
with model inputs, and results and model use must be 
independently checked [11]. 
 
2.12. Failure to update analyses after design or 
operational changes  

On October 2, 2005, the ship Ethan Allen, carrying 47 
passengers and one operator, capsized while on a cruise 
of Lake George, New York. Twenty passengers died in 
the accident. The NTSB determined that the probable 
cause of the capsizing was that the Ethan Allen was 
unstable in the rough waters that day. When the ship 
had made a sharp turn, the waves and the involuntary 
shifting of the passengers due to the boat’s motion led to 
the overturning of the ship. The ship was unstable, 
according to the NTSB, because it carried more people 
than it should have. The NTSB noted that the ship’s 
stability had not been reassessed after it had been 
modified. The Ethan Allen had been modified to include 
an all-wood canopy with Plexiglas windows. This 
modification reduced the calculated stability limit from 
59 people without the canopy to 14 with the canopy, 
according to calculations performed after the accident. 
Therefore, the vessel was carrying 34 people more than 

it should have, according to the NTSB. The NTSB 
stated that there was no record of detailed calculations 
showing stability margins nor was there any record of a 
stability test to verify the maximum number of people 
allowed on board the Ethan Allen. The NTSB stated that 
assessments and simplified stability tests should have 
been performed after installation of the canopy. In this 
case, the failure to perform additional tests or analyses 
following a design change masked significant risks [12]. 
 
2.13. Models not implemented correctly in software 
and computing systems 

On February 25, 1991, a Patriot missile defense system 
operating in Saudi Arabia during Operation Desert 
Storm failed to track and intercept an incoming enemy 
Scud missile. This missile hit an American Army 
barracks, killing 28 Americans. The defense system 
failed to track and intercept the missile because of a 
software problem in the system’s weapon control 
computer. Tracking an incoming missile required 
knowledge of both time and velocity. Time was kept 
continuously by the system’s internal clock in tenths of 
seconds but was expressed as an integer. Because of 
limits on the operating system, inaccuracies were 
introduced when converting an integer to a real number. 
These inaccuracies increased over time. The Patriot 
system had been operating for 100 hours straight prior 
to the failure, and large inaccuracies had developed in 
the targeting system over that time. Therefore, while the 
tracking algorithm was correct, the implementation of 
the model on the computing system led to inaccuracies 
that resulted in the system failure. As shown here, it is 
important to not only consider the validity of the model 
but also how the model will actually work once it is 
implemented in software [13]. 
 
2.14. Biased application of model results 

On February 1, 2003, the Space Shuttle Columbia 
disintegrated over Texas during re-entry, resulting in the 
loss of all seven crew members. The vehicle was lost as 
a result of damage sustained during launch when a piece 
of foam insulation from the external tank broke off and 
struck the leading edge of the wing, damaging the 
thermal protection system tiles. The Crater model was 
used to predict tile damage. This model predicted 
significant penetration of the tiles based on available 
flight information. “This seemingly alarming result 
suggested that the debris that struck Columbia would 
have exposed the Orbiter’s underlying aluminum 
airframe to extreme temperatures, resulting in a possible 
burn-through during re-entry,” according to the 
Columbia Accident Investigation Board (CAIB). 
However, NASA engineers, aware of the uncertainties 
in the model, believed that the model overestimated 
damage and therefore may have downplayed the 
potential risks, according to the report. The CAIB report 
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stated that the Debris Assessment Team “used a 
qualitative extrapolation of the test data and engineering 
judgment to conclude that a foam impact angle up to 21 
degrees would not penetrate the RCC [reinforced 
carbon-carbon].” As stated in the report, “Engineers 
who attended this [Debris Assessment Team] briefing 
indicated a belief that management focused on the 
answer – that analysis proved there was no safety-of-
flight issue – rather than concerns about the large 
uncertainties that may have undermined the analysis 
that provided that answer.” [14] 
 
3.  RECOMMENDATIONS 

The following are some suggestions to improve 
analyses, models, and simulations to decrease space 
system safety risk [15, 16]. 
 
Prepare plans for the use of models and simulations. 
Like any other engineering endeavor, model and 
simulation use must be planned to be effective. The 
plans should include all development phases, including 
acquisition, development, operation, maintenance, and 
retirement. Plans should define the objectives and 
requirements for models and simulations, including the 
acceptance criteria for modeling and simulation 
products, and the intended use of the models. The plans 
should include appropriate metrics for determining 
model validity. Unique computational requirements 
(e.g., memory, disk capacities, processor, and 
compilation options) should be defined. 
 
Explicitly state and document assumptions and 
limitations. Although assumptions are necessary to 
conduct any analysis, it is important for all members of 
an organization to understand, and agree to, the 
assumptions, uncertainties, and limitations of that 
analysis.  Those assumptions should be challenged and 
tested to assure that they are actually valid and 
conservative. Of particular concern is when a model is 
used for designs and operations that lie outside the 
limitations of that model. Models are usually developed 
based on data obtained under limiting conditions. If the 
model is used outside those limitations it may no longer 
be valid. The limitations on the models must therefore 
be explicitly stated to understand the risk of 
extrapolation of the model beyond its intended use.   
 
Define limits on the use of analysis for verification. As 
part of the planning process, organizations should 
establish criteria for the proper use of analysis in 
verification. Verification of complex systems can be 
expensive and time consuming. Organizations will often 
make trade-offs between verification by testing and 
verification by analysis. While these trade-offs are 
legitimate, analysis should not be used to eliminate 
testing without a risk assessment. Models and 
simulations require resources to produce, maintain, and 

use, and they may not be as cost-effective as 
organizations believe. In addition, the costs of analysis 
have to be traded against the cost of redesigning, 
building, and testing a system that fails to perform as 
expected due to insufficient modeling and simulation 
efforts.  
 
Provide documentation and training on the model and 
simulation usage. It is not enough to develop and certify 
the model. Organizations must assure that the users and 
evaluators of those models and simulations are properly 
trained, and that user documentation exists and is 
readily available. Documentation should include the 
basic structure and mathematics of the models, and 
should define the inputs, limitations, and supporting 
data for the use of the model. A feedback mechanism 
should be defined to allow users to report unusual 
results to model developers or maintenance personnel. 
Documentation should include guidance to prevent 
usage of the model and simulation beyond its limits. 
 
Assure that a process exists for review of input data. 
The model itself should be certified, but the data input 
to the model must also undergo review. Many incidents 
have resulted from improper inputs to correct models. 
Model software should capture and report improper user 
input where possible, and processes should be 
implemented to assure the validity of the input and 
output data. That process should include criteria for 
proper use of the output. For example, if the model does 
not give the expected results, a formal mechanism 
should exist for reporting and analyzing the results to 
prevent a user from improperly adjusting the inputs to 
get the desired answer. 
 
Define processes to certify models and simulations for 
use. Models and simulations should correlate with data 
from other programs and known standards. If a model or 
simulation has been previously certified, then it is 
important to understand the limitations of that previous 
certification. At a minimum, certification processes 
should include the following factors: 

 Capability: what the model or simulation can do in 
terms of functional representation, behavior, 
relationships, and interactions - the model should 
represent all phases and conditions of operation 

 Correctness: the quality of the code and the 
appropriateness of the input data 

 Accuracy: how closely the model or simulation 
results correspond to actual, measured, observed or 
demonstrated behavior and interactions of the item 
being modeled or simulated 

 Usability: the existence and sufficiency of user-
support features (e.g., user manuals, training) that 
enable the user to properly execute the model or 
simulation and analyze or employ the results  

 
Assure that model development follows approved 
standards and practices. Models and simulations are 
specialized types of software. Therefore, development 
of models and simulations should follow approved 
development practices. In other words, model and 
simulation efforts should follow a standard software 
development life cycle including planning, requirements 
development, requirements analysis, design, coding, 
unit testing, system testing, and acceptance testing. 
Configuration management and quality assurance 
should also be part of that development process. And, as 
stated earlier, models and simulations must be verified 
and validated through an approved certification process.  
 
4.  SUMMARY 

Analyses, models, and simulations are important tools 
in the development of space systems. These tools are 
necessary for designing space systems, identifying 
potential problems, providing assessments of risk, and 
verifying requirements and risk reduction approaches. 
However, all analyses contain uncertainties and are 
based on assumptions, and the risk of using those tools 
may not be fully understood. Failure to account for such 
factors can lead to an underestimation of risk, and may 
lead to accidents, as illustrated by the examples 
presented here. To improve the safety of complex space 
systems it is imperative that models be validated, that 
analyses be independently verified, and that 
assumptions, limits, and uncertainties be explicitly 
stated, challenged, and tested.  Above all, the use of 
models and simulations requires humility - analysts 
must recognize that these tools are mere representations 
of reality and will likely not completely reflect the 
actual system. 
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in the development of space systems. These tools are 
necessary for designing space systems, identifying 
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may not be fully understood. Failure to account for such 
factors can lead to an underestimation of risk, and may 
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ABSTRACT

Lithium-ion cells, currently, provide the highest energy 
density and cycle life of rechargeable battery systems.  
Of all the available design formats for lithium-ion 
cells, those that are manufactured in a pouch provide a 
higher gravimetric energy density, compared to those in 
metal containers.  The lithium-ion polymer cells in the 
pouch format perform under nominal and off-nominal 
conditions in a manner similar to cells in metal containers.  
However, the pouch design has its limitations.  The 
pouches swell under various conditions including vacuum 
environments.  Results of the performance and safety of 
lithium-ion polymer cells found in pouch designs from 
several manufacturers and in various environments of 
space are included in this paper.

INTRODUCTION

Lithium-ion (li-ion) cells in the pouch format are often 
referred to as ‘lithium-ion polymer’ cells or ‘lithium-
polymer’ cells, both of which are, in a majority of 
cases, a misnomer.  Li-ion polymer cells are those of 
a pouch format design with a true polymer electrolyte 
and/or polymer-added electrodes and wetted with a 
liquid electrolyte.  Although the li-ion pouch cells are 
frequently referred to as lithium polymers, these are, in 
actuality, lithium-ion cells with a liquid electrolyte and 
may or may not contain a polymeric additive in their 
components (cathode, anode or electrolyte).  Li-ion pouch 
cells that are commonly referred to as ‘lithium-polymer’ 
cells are sold at significantly low cost for use in portable 
electronic equipment and remote-controlled airplanes 
and toys.  However, there are several manufacturers of 
li-ion polymer cells that offer cells in a pouch format of 
high quality and long endurance and consequently of 
higher cost. 
For more than two decades, commercial-off-the-shelf 
(COTS) cells have been tested at NASA-JSC, to determine 
the state-of-the-art characteristics with respect to both 
performance as well as safety. The cells are tested as a 
subset of the flight battery certification process as well as 
stand-alone cells obtained from cell manufacturers. [1]  In 
recent years, NASA has flown several portable electronic 

equipment and experiments that have used li-ion polymer 
cells in the pouch format.  Although they do provide an 
advantage in gravimetric energy density the cells designs 
often require restraints of the flat surfaces in order to 
provide performance comparable to li -ion cells that 
utilize the metal can designs.  And the hazards associated 
with the li-ion polymer pouch cells are very similar to 
those found in a metallic container designed without the 
internal protective features.  
As part of the NASA human-rated space flight acceptance 
test process, all batteries, including button cells, are 
subjected to a leak check that is typically a six-hour vacuum 
exposure test.  This vacuum can range from 0.1 psi down 
to 10-5 Torr, depending on the environment they are to be 
used in.  The former is used for all hardware that is used in 
an in-cabin (Intravehicular Activity [IVA]) environment 
whereas the latter is used for those applications that 
need to be used in a deep space environment as during 
an Extravehicular Activity (EVA). As the number of 
portable applications using li-ion polymer pouch cells 
has increased, and as the vacuum exposure test is used 
as a leak check on all flight batteries, it was imperative 
to carry out a test program to determine the tolerance of 
these pouch cell designs to various pressure conditions.  
Cells manufactured by SKC, Altairnano, Tenergy, Wanma, 
Kokam, GMB, Varta as well as cells from the iPad were 
tested under this program.  The SKC and Altairnano cells 
were of high rate capability with the latter containing a 
nanotitanate anode that reduces the nominal voltage of the 
cell to 2.3 V.  The other cells were chosen due to their high 
gravimetric energy density or use in a space-application.
In this study, li-ion polymer cells in the pouch format were 
subjected to various nominal and off-nominal conditions.  
Apart from this, several of these were subjected to cycles 
under various pressure environments as well as placed 
under various storage protocols to understand their 
characteristics in a true usage environment that has a mix 
of cycle life and storage conditions.  

EXPERIMENTAL

Performance studies on li-ion polymer cells in the 
pouch format included testing of SKC 15 Ah, Tenergy 
6 Ah, Wanma 5 Ah, Altairnano 13 Ah [2] and Varta1.2 
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Ah [3]. The tests included rate capability determination 
at various rates of charge and discharge for 300 to 500 
cycles, internal resistance measurements and in some 
cases, performance at various temperatures.  The safety 
and abuse tests consisted of overcharge at various rates 
at the single cell and string levels, overdischarge at the 
cell level, external short at the cell and string level, heat-
to-vent, simulated internal short and pouch burst pressure 
determination.  The li-ion polymer cells from SKC, 
Tenergy, Wanma, GMB (3.9 Ah), Kokam (5Ah), Varta 
and the iPad (3.8 Ah) were also tested under vacuum (~0.1 
psi), reduced pressure (8 to 10 psi) and in some cases deep 
vacuum conditions (10-3 Torr instead of typical 10-5 Torr 
due to reduced environmental chamber capabilities).[2]  

All these tests included cells that were restrained and 
unrestrained. The pressure used to restrain the cells was 
dependent on the manufacturer’s recommendation and 
typically lexan end plates were used as restraints.  The 
tests under the various pressure conditions included the 
following:
a. Continuous charge and discharge for a maximum of 30 
cycles (50 cycles for Varta cells) at 0.1 psi or 8 to 9 psi 
followed by one or two ambient capacity cycles.
b. One charge under reduced pressures (0.1 psi, 9 psi or 
10-5 Torr) followed by storage for 20 days and then one 
ambient capacity cycle test.
c. Charge and discharge (10 cycles) at 0.1 psi, 9 psi or 
10-5Torr, followed by storage at full charge under ambient 
pressure for 20 days; 25 cycles at the same reduced 
pressures (0.1 psi, 9 psi or 10-5 Torr); then cycled twice 
for capacity checks to determine reversible capacity.
The iPad li-ion cells and battery pack (3 cells in parallel) 
underwent a different set of tests.  They included the 
following:
1. One charge and discharge cycle, store at full charge for 
2 months with mass measurements once a week; capacity 
cycle at the end of two months (one pack and three single 
cells).
2. Charge and discharge cycle (one pack), mass 
measurements under ambient pressure, expose fully 
charged pack to 0.1 psi for 6 hours, store for 6 months, 
repeat charge and discharge cycle and mass measurements.
3. Charge and discharge cycle and mass measurements 
under ambient pressure, expose fully charged pack to 
0.1 psi for 6 hours, store at ambient for 2 months, carry 
charge/discharge cycles with one cycle per day for 30 
days.
4.  Repeat test 3 on one pack and 3 cells, at 8 psi pressure 
instead of 0.1 psi.
5.  10 cycles at 0.1 psi and 10 cycles at 8 psi.

The performance and safety tests had a sample number 
of 3 while each of the tests under the various pressure 
conditions had two cells with restraints and two cells 
without restraints.

The cross sections of the pouches were carried out and 
analyzed using scanning electron microscopy (SEM).  
Analysis of the pouch materials using energy dispersive 
spectroscopy (EDS) and chemical methods were also 
carried out to determine the composition of the various 
layers used in the pouch.  The internal construction of the 
cell/electrode winding was also studied.
All the details of the test results for this entire program 
are not discussed in this paper due to the extensive nature 
of tests and results.  The author can be contacted to obtain 
more information.
  

RESULTS AND DISCUSSION

A.  Performance and Safety Tests:
The SKC li-ion polymer cells performed extremely well 
under different rates with the maximum capacity loss of 4 
% occurring at 1C discharge rate for the 500 cycles tested 
(Fig. 1).  The SKC li-ion cells exhibited only swelling 
under the off-nominal safety tests except for the heat-to-
vent test that showed complete charring due to the pouch 
opening up and burning of electrolyte.  

Figure 1. Capacity Trend for SKC li-ion pouch cells 
at 1 C charge and discharge rate for 500 cycles.

The Altairnano cells performed extremely well exhibiting 
14 Ah capacity (8% higher than rated) at a 1C discharge 
rate and the rated capacity of 13 Ah at 5C discharge rate 
with no degradation of capacity for a cycle life of 100 and 
200, respectively.  The capacities obtained at the 10 C rate 
of discharge was about 72% of the capacity obtained at a 1 
C discharge rate but the loss in capacity for 25 cycles was 
negligible (Fig. 2). 
The Altairnano cells were also subjected to charge and 
discharge cycles at various temperatures and it was 
determined that the capacity was, less than 50%  at -30 
°C, ~15% capacity at 0 °C, greater than 4% at 40 °C and 
~6% greater at 60 °C, compared to that obtained at room 
temperature (25 °C).
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ABSTRACT

Lithium-ion cells, currently, provide the highest energy 
density and cycle life of rechargeable battery systems.  
Of all the available design formats for lithium-ion 
cells, those that are manufactured in a pouch provide a 
higher gravimetric energy density, compared to those in 
metal containers.  The lithium-ion polymer cells in the 
pouch format perform under nominal and off-nominal 
conditions in a manner similar to cells in metal containers.  
However, the pouch design has its limitations.  The 
pouches swell under various conditions including vacuum 
environments.  Results of the performance and safety of 
lithium-ion polymer cells found in pouch designs from 
several manufacturers and in various environments of 
space are included in this paper.
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Lithium-ion (li-ion) cells in the pouch format are often 
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actuality, lithium-ion cells with a liquid electrolyte and 
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components (cathode, anode or electrolyte).  Li-ion pouch 
cells that are commonly referred to as ‘lithium-polymer’ 
cells are sold at significantly low cost for use in portable 
electronic equipment and remote-controlled airplanes 
and toys.  However, there are several manufacturers of 
li-ion polymer cells that offer cells in a pouch format of 
high quality and long endurance and consequently of 
higher cost. 
For more than two decades, commercial-off-the-shelf 
(COTS) cells have been tested at NASA-JSC, to determine 
the state-of-the-art characteristics with respect to both 
performance as well as safety. The cells are tested as a 
subset of the flight battery certification process as well as 
stand-alone cells obtained from cell manufacturers. [1]  In 
recent years, NASA has flown several portable electronic 

equipment and experiments that have used li-ion polymer 
cells in the pouch format.  Although they do provide an 
advantage in gravimetric energy density the cells designs 
often require restraints of the flat surfaces in order to 
provide performance comparable to li -ion cells that 
utilize the metal can designs.  And the hazards associated 
with the li-ion polymer pouch cells are very similar to 
those found in a metallic container designed without the 
internal protective features.  
As part of the NASA human-rated space flight acceptance 
test process, all batteries, including button cells, are 
subjected to a leak check that is typically a six-hour vacuum 
exposure test.  This vacuum can range from 0.1 psi down 
to 10-5 Torr, depending on the environment they are to be 
used in.  The former is used for all hardware that is used in 
an in-cabin (Intravehicular Activity [IVA]) environment 
whereas the latter is used for those applications that 
need to be used in a deep space environment as during 
an Extravehicular Activity (EVA). As the number of 
portable applications using li-ion polymer pouch cells 
has increased, and as the vacuum exposure test is used 
as a leak check on all flight batteries, it was imperative 
to carry out a test program to determine the tolerance of 
these pouch cell designs to various pressure conditions.  
Cells manufactured by SKC, Altairnano, Tenergy, Wanma, 
Kokam, GMB, Varta as well as cells from the iPad were 
tested under this program.  The SKC and Altairnano cells 
were of high rate capability with the latter containing a 
nanotitanate anode that reduces the nominal voltage of the 
cell to 2.3 V.  The other cells were chosen due to their high 
gravimetric energy density or use in a space-application.
In this study, li-ion polymer cells in the pouch format were 
subjected to various nominal and off-nominal conditions.  
Apart from this, several of these were subjected to cycles 
under various pressure environments as well as placed 
under various storage protocols to understand their 
characteristics in a true usage environment that has a mix 
of cycle life and storage conditions.  

EXPERIMENTAL

Performance studies on li-ion polymer cells in the 
pouch format included testing of SKC 15 Ah, Tenergy 
6 Ah, Wanma 5 Ah, Altairnano 13 Ah [2] and Varta1.2 
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Ah [3]. The tests included rate capability determination 
at various rates of charge and discharge for 300 to 500 
cycles, internal resistance measurements and in some 
cases, performance at various temperatures.  The safety 
and abuse tests consisted of overcharge at various rates 
at the single cell and string levels, overdischarge at the 
cell level, external short at the cell and string level, heat-
to-vent, simulated internal short and pouch burst pressure 
determination.  The li-ion polymer cells from SKC, 
Tenergy, Wanma, GMB (3.9 Ah), Kokam (5Ah), Varta 
and the iPad (3.8 Ah) were also tested under vacuum (~0.1 
psi), reduced pressure (8 to 10 psi) and in some cases deep 
vacuum conditions (10-3 Torr instead of typical 10-5 Torr 
due to reduced environmental chamber capabilities).[2]  

All these tests included cells that were restrained and 
unrestrained. The pressure used to restrain the cells was 
dependent on the manufacturer’s recommendation and 
typically lexan end plates were used as restraints.  The 
tests under the various pressure conditions included the 
following:
a. Continuous charge and discharge for a maximum of 30 
cycles (50 cycles for Varta cells) at 0.1 psi or 8 to 9 psi 
followed by one or two ambient capacity cycles.
b. One charge under reduced pressures (0.1 psi, 9 psi or 
10-5 Torr) followed by storage for 20 days and then one 
ambient capacity cycle test.
c. Charge and discharge (10 cycles) at 0.1 psi, 9 psi or 
10-5Torr, followed by storage at full charge under ambient 
pressure for 20 days; 25 cycles at the same reduced 
pressures (0.1 psi, 9 psi or 10-5 Torr); then cycled twice 
for capacity checks to determine reversible capacity.
The iPad li-ion cells and battery pack (3 cells in parallel) 
underwent a different set of tests.  They included the 
following:
1. One charge and discharge cycle, store at full charge for 
2 months with mass measurements once a week; capacity 
cycle at the end of two months (one pack and three single 
cells).
2. Charge and discharge cycle (one pack), mass 
measurements under ambient pressure, expose fully 
charged pack to 0.1 psi for 6 hours, store for 6 months, 
repeat charge and discharge cycle and mass measurements.
3. Charge and discharge cycle and mass measurements 
under ambient pressure, expose fully charged pack to 
0.1 psi for 6 hours, store at ambient for 2 months, carry 
charge/discharge cycles with one cycle per day for 30 
days.
4.  Repeat test 3 on one pack and 3 cells, at 8 psi pressure 
instead of 0.1 psi.
5.  10 cycles at 0.1 psi and 10 cycles at 8 psi.

The performance and safety tests had a sample number 
of 3 while each of the tests under the various pressure 
conditions had two cells with restraints and two cells 
without restraints.

The cross sections of the pouches were carried out and 
analyzed using scanning electron microscopy (SEM).  
Analysis of the pouch materials using energy dispersive 
spectroscopy (EDS) and chemical methods were also 
carried out to determine the composition of the various 
layers used in the pouch.  The internal construction of the 
cell/electrode winding was also studied.
All the details of the test results for this entire program 
are not discussed in this paper due to the extensive nature 
of tests and results.  The author can be contacted to obtain 
more information.
  

RESULTS AND DISCUSSION

A.  Performance and Safety Tests:
The SKC li-ion polymer cells performed extremely well 
under different rates with the maximum capacity loss of 4 
% occurring at 1C discharge rate for the 500 cycles tested 
(Fig. 1).  The SKC li-ion cells exhibited only swelling 
under the off-nominal safety tests except for the heat-to-
vent test that showed complete charring due to the pouch 
opening up and burning of electrolyte.  

Figure 1. Capacity Trend for SKC li-ion pouch cells 
at 1 C charge and discharge rate for 500 cycles.

The Altairnano cells performed extremely well exhibiting 
14 Ah capacity (8% higher than rated) at a 1C discharge 
rate and the rated capacity of 13 Ah at 5C discharge rate 
with no degradation of capacity for a cycle life of 100 and 
200, respectively.  The capacities obtained at the 10 C rate 
of discharge was about 72% of the capacity obtained at a 1 
C discharge rate but the loss in capacity for 25 cycles was 
negligible (Fig. 2). 
The Altairnano cells were also subjected to charge and 
discharge cycles at various temperatures and it was 
determined that the capacity was, less than 50%  at -30 
°C, ~15% capacity at 0 °C, greater than 4% at 40 °C and 
~6% greater at 60 °C, compared to that obtained at room 
temperature (25 °C).
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The Tenergy li-ion pouch cells displayed a maximum of 
3% capacity loss for the 300 cycles studied at the various 
rates of charge and discharge. The Wanma li-ion pouch 
cells displayed a capacity loss from 8% to 18%, the 
highest loss observed at a 1C rate of discharge for 300 
cycles. 

Figure 2.  Capacity Trend for Altairnano li-ion polymer 
pouch cells at 1C charge and ~10C discharge for 25 

cycles.

An interesting observation with both the Tenergy and the 
Wanma cells was that the cells did not have a tolerance to 
1C and 0.5 C overcharges even at the single cell level but 
displayed tolerance at overcharge rates of C/5 and below. 
The two cell designs also exhibited burning of positive 
tabs with no other events or failures under external 
short conditions in the single cell as well as multi-cell 
configurations (Fig. 3).  

Figure 3. External Short Test on 3S string of Tenergy 
li-ion polymer pouch cells.

The Varta li-ion polymer cells, as procured, are fitted with 
a protective circuit board external to each cell (Fig. 4).  The 
Varta cells showed good performance with about 0.1 % loss 
for a C/10 charge and discharge rate and up to 21% loss for 
1C charge and discharge rates for the 200 cycles studied. 

The Varta li-ion polymer cells provided only 10% of 
the room temperature capacity at -20 °C (1.21 versus 
0.13 Ah).  The Varta li-ion polymer cells were safe 
under conditions of overcharge, overdischarge and 
external short since all electrical connections to the 
cell can only occur through the circuit board attached 
to the cells.  Under the above mentioned off-nominal 
conditions, the MOSFET switches activate and get 
reset when the off-nominal condition is removed.  The 
cells go into thermal runaway at about 200 °C (Fig. 
5).  The Varta li-ion polymer cells also go into thermal 
runaway under a simulated internal short (crush) test.

Figure 4.  Varta li-ion polymer cell with protective 
circuit board.

Figure 5.  Heat to Vent Test on Varta Li-ion polymer 
cells.

B. Tests Under Various Pressure Environments:
The results of the various pressure environment exposure 
tests are summarized in Tables 1, 2 and 3 for the SKC, 
Tenergy and Wanma li-ion polymer pouch cells.  The 
cells did not display weight changes before and after 
the test although significant capacity degradation was 
observed with some of the cell designs. The cell design 
that exhibited the worst case performance under varied 
pressure environments was the Wanma cells. 

  

Table 1:  Summary of SKC li-ion cell tests
Description Restrained Unrestrained

1. Continuous 30 
cycles at 0.1psi 

8.9% loss 
(Fig. 6)

29 % loss

2. One cycle at ambient 
after step 1 above.

3.2 % irrev. 
loss (Fig. 6)

6.5 % irrev. loss

3. 10 cycles at 0.1 
psi; 10 days storage; 
test, 10 days storage, 
25 cycles at 0.1 psi, 
ambient 2 cycles

Less than 1 
% change in 
capacity

22% loss at 
0.1 psi; less 
than 5% irrev. 
capacity loss

4. 10 cycles at 9 psi; 
10 days storage; test, 
10 days storage, 25 
cycles at 9 psi, ambient 
2 cycles

Less than 1 
% change in 
capacity

6.6% loss at 
9  psi; less 
than 1% irrev. 
capacity loss

5. One charge at 0.1 
psi; storage at ambient 
for 20 days, 2 cycles 
ambient pressure 

2.9 % loss 
after 0. 1psi 
cycle, less 
than 1% 
irreversible 
capacity loss

2.9 % loss after 
0. 1psi cycle, 
less than 1% 
irreversible 
capacity loss

6.  One charge at 9 
psi; storage at ambient 
for 20 days, 2 cycles 
ambient pressure

No change in 
capacity

1.3 % after 20 
day storage; 
no irreversible 
capacity loss

Table 2. Summary of Tenergy Li-ion Cell Tests
Description Restrained Unrestrained

1. Continuous 30 
cycles at 0.1psi 

13.3% loss 83 % loss

2. One cycle at 
ambient after  step 1 
above.

3.3 % irrev. 
loss 

78 % irrev. loss

3. 10 cycles at 0.1 
psi; 10 days storage; 
test, 10 days storage, 
25 cycles at 0.1 psi, 
ambient 2 cycles

80 % 
loss; 80% 
irreversible 
capacity loss

87% loss at 0.1 
psi; 80% irrev. 
capacity loss

4. 10 cycles at 9 psi; 
10 days storage; test, 
10 days storage, 25 
cycles at 9 psi, ambient 
2 cycles

3 % loss in 
capacity; no 
irreversible 
capacity loss

6.6% loss at 
9  psi; less 
than 1% irrev. 
capacity loss

5. One charge at 0.1 
psi; storage at ambient 
for 20 days, 2 cycles 
ambient pressure 

3.8 % loss 
after 0. 1psi 
cycle, 0.5% 
irreversible 
capacity loss

21.5 % loss 
after 0. 1psi 
cycle, 3.5 % 
irreversible 
capacity loss

Table 3.  Summary of Wanma Li-ion Cell Tests
Description Restrained Unrestrained

1. Continuous 30 
cycles at 0.1psi 

16.7% loss 
(Fig. 7)

73 % loss (Fig. 
8)

2. One cycle at 
ambient after  step 1 
above.

8.3 % irrev. 
loss (Fig. 7)

43 % irrev. loss 
(Fig. 8)

3. 10 cycles at 0.1 
psi; 10 days storage; 
test, 10 days storage, 
25 cycles at 0.1 psi, 
ambient 2 cycles

30 % change 
in capacity; 16 
% irreversible 
capacity loss

70% loss at 0.1 
psi; 28% irrev. 
capacity loss

4. 10 cycles at 9 psi; 
10 days storage; 
test, 10 days storage, 
25 cycles at 9 psi, 
ambient 2 cycles

12 % change 
in capacity; 
8% irreversible 
capacity loss

18% loss at 9  
psi; 12% irrev. 
capacity loss

5. One charge at 
0.1 psi; storage at 
ambient for 20 days, 
2 cycles ambient 
pressure 

15.9 % loss 
after 0. 1psi 
cycle, 1% 
irreversible 
capacity loss

33.5 % loss 
after 0. 1psi 
cycle, 1.4% 
irreversible 
capacity loss

Figure 6.  Cycle Life Performance (30 cycles) of 
SKC li-ion polymer cells under 0.1 psi vacuum and 

restrained conditions.
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The Tenergy li-ion pouch cells displayed a maximum of 
3% capacity loss for the 300 cycles studied at the various 
rates of charge and discharge. The Wanma li-ion pouch 
cells displayed a capacity loss from 8% to 18%, the 
highest loss observed at a 1C rate of discharge for 300 
cycles. 

Figure 2.  Capacity Trend for Altairnano li-ion polymer 
pouch cells at 1C charge and ~10C discharge for 25 

cycles.

An interesting observation with both the Tenergy and the 
Wanma cells was that the cells did not have a tolerance to 
1C and 0.5 C overcharges even at the single cell level but 
displayed tolerance at overcharge rates of C/5 and below. 
The two cell designs also exhibited burning of positive 
tabs with no other events or failures under external 
short conditions in the single cell as well as multi-cell 
configurations (Fig. 3).  

Figure 3. External Short Test on 3S string of Tenergy 
li-ion polymer pouch cells.

The Varta li-ion polymer cells, as procured, are fitted with 
a protective circuit board external to each cell (Fig. 4).  The 
Varta cells showed good performance with about 0.1 % loss 
for a C/10 charge and discharge rate and up to 21% loss for 
1C charge and discharge rates for the 200 cycles studied. 

The Varta li-ion polymer cells provided only 10% of 
the room temperature capacity at -20 °C (1.21 versus 
0.13 Ah).  The Varta li-ion polymer cells were safe 
under conditions of overcharge, overdischarge and 
external short since all electrical connections to the 
cell can only occur through the circuit board attached 
to the cells.  Under the above mentioned off-nominal 
conditions, the MOSFET switches activate and get 
reset when the off-nominal condition is removed.  The 
cells go into thermal runaway at about 200 °C (Fig. 
5).  The Varta li-ion polymer cells also go into thermal 
runaway under a simulated internal short (crush) test.

Figure 4.  Varta li-ion polymer cell with protective 
circuit board.

Figure 5.  Heat to Vent Test on Varta Li-ion polymer 
cells.

B. Tests Under Various Pressure Environments:
The results of the various pressure environment exposure 
tests are summarized in Tables 1, 2 and 3 for the SKC, 
Tenergy and Wanma li-ion polymer pouch cells.  The 
cells did not display weight changes before and after 
the test although significant capacity degradation was 
observed with some of the cell designs. The cell design 
that exhibited the worst case performance under varied 
pressure environments was the Wanma cells. 

  

Table 1:  Summary of SKC li-ion cell tests
Description Restrained Unrestrained

1. Continuous 30 
cycles at 0.1psi 

8.9% loss 
(Fig. 6)

29 % loss

2. One cycle at ambient 
after step 1 above.

3.2 % irrev. 
loss (Fig. 6)

6.5 % irrev. loss

3. 10 cycles at 0.1 
psi; 10 days storage; 
test, 10 days storage, 
25 cycles at 0.1 psi, 
ambient 2 cycles

Less than 1 
% change in 
capacity

22% loss at 
0.1 psi; less 
than 5% irrev. 
capacity loss

4. 10 cycles at 9 psi; 
10 days storage; test, 
10 days storage, 25 
cycles at 9 psi, ambient 
2 cycles

Less than 1 
% change in 
capacity

6.6% loss at 
9  psi; less 
than 1% irrev. 
capacity loss

5. One charge at 0.1 
psi; storage at ambient 
for 20 days, 2 cycles 
ambient pressure 

2.9 % loss 
after 0. 1psi 
cycle, less 
than 1% 
irreversible 
capacity loss

2.9 % loss after 
0. 1psi cycle, 
less than 1% 
irreversible 
capacity loss

6.  One charge at 9 
psi; storage at ambient 
for 20 days, 2 cycles 
ambient pressure

No change in 
capacity

1.3 % after 20 
day storage; 
no irreversible 
capacity loss

Table 2. Summary of Tenergy Li-ion Cell Tests
Description Restrained Unrestrained

1. Continuous 30 
cycles at 0.1psi 

13.3% loss 83 % loss

2. One cycle at 
ambient after  step 1 
above.

3.3 % irrev. 
loss 

78 % irrev. loss

3. 10 cycles at 0.1 
psi; 10 days storage; 
test, 10 days storage, 
25 cycles at 0.1 psi, 
ambient 2 cycles

80 % 
loss; 80% 
irreversible 
capacity loss

87% loss at 0.1 
psi; 80% irrev. 
capacity loss

4. 10 cycles at 9 psi; 
10 days storage; test, 
10 days storage, 25 
cycles at 9 psi, ambient 
2 cycles

3 % loss in 
capacity; no 
irreversible 
capacity loss

6.6% loss at 
9  psi; less 
than 1% irrev. 
capacity loss

5. One charge at 0.1 
psi; storage at ambient 
for 20 days, 2 cycles 
ambient pressure 

3.8 % loss 
after 0. 1psi 
cycle, 0.5% 
irreversible 
capacity loss

21.5 % loss 
after 0. 1psi 
cycle, 3.5 % 
irreversible 
capacity loss

Table 3.  Summary of Wanma Li-ion Cell Tests
Description Restrained Unrestrained

1. Continuous 30 
cycles at 0.1psi 

16.7% loss 
(Fig. 7)

73 % loss (Fig. 
8)

2. One cycle at 
ambient after  step 1 
above.

8.3 % irrev. 
loss (Fig. 7)

43 % irrev. loss 
(Fig. 8)

3. 10 cycles at 0.1 
psi; 10 days storage; 
test, 10 days storage, 
25 cycles at 0.1 psi, 
ambient 2 cycles

30 % change 
in capacity; 16 
% irreversible 
capacity loss

70% loss at 0.1 
psi; 28% irrev. 
capacity loss

4. 10 cycles at 9 psi; 
10 days storage; 
test, 10 days storage, 
25 cycles at 9 psi, 
ambient 2 cycles

12 % change 
in capacity; 
8% irreversible 
capacity loss

18% loss at 9  
psi; 12% irrev. 
capacity loss

5. One charge at 
0.1 psi; storage at 
ambient for 20 days, 
2 cycles ambient 
pressure 

15.9 % loss 
after 0. 1psi 
cycle, 1% 
irreversible 
capacity loss

33.5 % loss 
after 0. 1psi 
cycle, 1.4% 
irreversible 
capacity loss

Figure 6.  Cycle Life Performance (30 cycles) of 
SKC li-ion polymer cells under 0.1 psi vacuum and 

restrained conditions.
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Figure 7. Cycle Life Performance (30 cycles) of 
Wanma li-ion polymer pouch cells under 0.1 psi 

vacuum and restrained conditions.

Figure 8. Cycle Life Performance (30 cycles) of 
Wanma li-ion polymer pouch cells under 0.1 psi 

vacuum and unrestrained conditions.

The Kokam li-ion polymer pouch cells exhibited no change 
in capacity between the 1st and 25th cycle at 8 psi pressure 
conditions but the difference between ambient pressure 
capacity and the first 8 psi condition cycle was about 1.4 %.  
Under 0.1 psi pressure conditions, the cells lost about 2.3 % 
between the first and 25th cycle (Fig. 9).  The difference in 
capacity between the ambient pressure capacity and the first 
cycle under 0.1 psi condition was almost 14 %.  
The GMB li-ion polymer pouch cells exhibited no change 
in capacity between the 1st and 25th cycle at 8 psi pressure 
conditions but the difference between ambient pressure 
capacity and the 8 psi condition cycles was about 12 %.  
Under 0.1 psi pressure conditions, the cells lost about 
11 % between the 1st and 25th cycle.  The difference in 
capacity between the ambient pressure capacity and the 
1st cycle under 0.1 psi condition was almost 11 %.  

Figure 9. Cycle Life Performance (25 cycles) of Kokam 
li-ion polymer pouch cells under 0.1 psi vacuum and 

unrestrained conditions.

The Kokam and GMB li-ion polymer pouch cells were 
also subjected to deep space vacuum (~10-3 Torr).  The 
capacity trends observed for the Kokam and GMB cells 
while undergoing charge and discharge cycles in deep 
space vacuum environments followed by ambient charge/
discharge cycles is provided in Table 4.  It was observed 
that the cells lose significant capacity under deep space 
vacuum even with just two cycles, but they are able to 
regain a significant capacity when cycled under ambient 
conditions after 25 cycles, thus reducing the irreversible 
capacity loss.

Table 4.  Capacity Trends for Kokam and GMB Li-ion 
Polymer Pouch Cells In Deep Space Vacuum Tests

The Kokam and GMB li-ion polymer pouch cells 
exhibited a difference in capacity loss between the 
restrained and unrestrained conditions that was only 
slightly less than the SKC li-ion pouch cells.  The Kokam 
and GMB li-ion pouch cells did not exhibit any change 
in mass in any of the tests conducted at various pressure 
environments.  
The iPad cells and battery displayed behaviors that 
were similar to the other pouch cells studied.  The cells 
exhibited significantly lower loss at 8 psi (Fig. 10) 
compared to those cycled at 0.1 psi (Fig. 11 and Table 5).

Table 5.  iPad Li-ion Polymer Pouch Cell Capacity 
Trend Under the Various Pressure Conditions

Figure 10. iPad Li-ion Polymer Pouch Cell Capacity 
Trend Under 8 to 10 psi Pressure Conditions.

Figure 11. iPad Li-ion Polymer Pouch Cell Capacity 
Trend Under 0.1 psi Vacuum Conditions.

Table 6 provides the trend observed with the iPad cells 
and pack after exposure to the 8 to 10 psi pressure 
environment for 6 hours, storage for 2 months and then 
charge/discharge cycled once a day for 30 days.  It was 
observed that the loss in capacity for the pack is higher 
during the cycles carried out every single day (20 % 
loss) after the two month storage period than after the 6 
hour low pressure environment exposure (1% loss).  The 
first capacity cycle after the two-month storage period 
showed a loss of 8.7 % for the pack.  Similar trends were 
observed for the single cells.

Table 6. iPad Li-ion Polymer Pouch Cell and Pack 
Capacity Trend Under the 8 to 10 psi Conditions

The Varta li-ion polymer cells were subjected to 
charge/discharge cycles in a vacuum environment in 
the restrained and unrestrained configurations.  The 
performance of the cells indicated that a capacity loss 
of 7% is encountered when the cells are not restrained 
during cycling in a vacuum environment but the trend 
in the capacity with cycle life is almost identical for 
the restrained and unrestrained cells after 50 cycles  
(Fig. 12).

Figure 12.  Charge/Discharge Capacity Trend for the 
Varta li-ion polymer cells Under Vacuum Environment.

The cross sections of the pouches and the analysis of 
the materials indicated similar material compositions in 
the various pouches although the thickness of the layers 
varied between the cells from different manufacturers.  
The internal construction of the cell/electrode windings 
was also studied.  It was concluded that the tolerance of 
a cell design to the low pressure and vacuum conditions 
depended on the internal construction of the electrode 
stack and how well it was held together. The lack of 
separation between the electrodes under a reduced 
pressure or vacuum or deep vacuum condition is also 
reflected in the better performance of the restrained 
cells compared to those without restraints.  Although 
the composition of the pouch did not have any effect, 
the thickness of the pouch may have played a role in the 
robustness of the cell design.  
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Figure 7. Cycle Life Performance (30 cycles) of 
Wanma li-ion polymer pouch cells under 0.1 psi 

vacuum and restrained conditions.

Figure 8. Cycle Life Performance (30 cycles) of 
Wanma li-ion polymer pouch cells under 0.1 psi 

vacuum and unrestrained conditions.

The Kokam li-ion polymer pouch cells exhibited no change 
in capacity between the 1st and 25th cycle at 8 psi pressure 
conditions but the difference between ambient pressure 
capacity and the first 8 psi condition cycle was about 1.4 %.  
Under 0.1 psi pressure conditions, the cells lost about 2.3 % 
between the first and 25th cycle (Fig. 9).  The difference in 
capacity between the ambient pressure capacity and the first 
cycle under 0.1 psi condition was almost 14 %.  
The GMB li-ion polymer pouch cells exhibited no change 
in capacity between the 1st and 25th cycle at 8 psi pressure 
conditions but the difference between ambient pressure 
capacity and the 8 psi condition cycles was about 12 %.  
Under 0.1 psi pressure conditions, the cells lost about 
11 % between the 1st and 25th cycle.  The difference in 
capacity between the ambient pressure capacity and the 
1st cycle under 0.1 psi condition was almost 11 %.  

Figure 9. Cycle Life Performance (25 cycles) of Kokam 
li-ion polymer pouch cells under 0.1 psi vacuum and 

unrestrained conditions.

The Kokam and GMB li-ion polymer pouch cells were 
also subjected to deep space vacuum (~10-3 Torr).  The 
capacity trends observed for the Kokam and GMB cells 
while undergoing charge and discharge cycles in deep 
space vacuum environments followed by ambient charge/
discharge cycles is provided in Table 4.  It was observed 
that the cells lose significant capacity under deep space 
vacuum even with just two cycles, but they are able to 
regain a significant capacity when cycled under ambient 
conditions after 25 cycles, thus reducing the irreversible 
capacity loss.

Table 4.  Capacity Trends for Kokam and GMB Li-ion 
Polymer Pouch Cells In Deep Space Vacuum Tests

The Kokam and GMB li-ion polymer pouch cells 
exhibited a difference in capacity loss between the 
restrained and unrestrained conditions that was only 
slightly less than the SKC li-ion pouch cells.  The Kokam 
and GMB li-ion pouch cells did not exhibit any change 
in mass in any of the tests conducted at various pressure 
environments.  
The iPad cells and battery displayed behaviors that 
were similar to the other pouch cells studied.  The cells 
exhibited significantly lower loss at 8 psi (Fig. 10) 
compared to those cycled at 0.1 psi (Fig. 11 and Table 5).

Table 5.  iPad Li-ion Polymer Pouch Cell Capacity 
Trend Under the Various Pressure Conditions

Figure 10. iPad Li-ion Polymer Pouch Cell Capacity 
Trend Under 8 to 10 psi Pressure Conditions.

Figure 11. iPad Li-ion Polymer Pouch Cell Capacity 
Trend Under 0.1 psi Vacuum Conditions.

Table 6 provides the trend observed with the iPad cells 
and pack after exposure to the 8 to 10 psi pressure 
environment for 6 hours, storage for 2 months and then 
charge/discharge cycled once a day for 30 days.  It was 
observed that the loss in capacity for the pack is higher 
during the cycles carried out every single day (20 % 
loss) after the two month storage period than after the 6 
hour low pressure environment exposure (1% loss).  The 
first capacity cycle after the two-month storage period 
showed a loss of 8.7 % for the pack.  Similar trends were 
observed for the single cells.

Table 6. iPad Li-ion Polymer Pouch Cell and Pack 
Capacity Trend Under the 8 to 10 psi Conditions

The Varta li-ion polymer cells were subjected to 
charge/discharge cycles in a vacuum environment in 
the restrained and unrestrained configurations.  The 
performance of the cells indicated that a capacity loss 
of 7% is encountered when the cells are not restrained 
during cycling in a vacuum environment but the trend 
in the capacity with cycle life is almost identical for 
the restrained and unrestrained cells after 50 cycles  
(Fig. 12).

Figure 12.  Charge/Discharge Capacity Trend for the 
Varta li-ion polymer cells Under Vacuum Environment.

The cross sections of the pouches and the analysis of 
the materials indicated similar material compositions in 
the various pouches although the thickness of the layers 
varied between the cells from different manufacturers.  
The internal construction of the cell/electrode windings 
was also studied.  It was concluded that the tolerance of 
a cell design to the low pressure and vacuum conditions 
depended on the internal construction of the electrode 
stack and how well it was held together. The lack of 
separation between the electrodes under a reduced 
pressure or vacuum or deep vacuum condition is also 
reflected in the better performance of the restrained 
cells compared to those without restraints.  Although 
the composition of the pouch did not have any effect, 
the thickness of the pouch may have played a role in the 
robustness of the cell design.  
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CONCLUSIONS

The extensive studies carried out under this test program 
indicated that the li-ion polymer pouch cells can provide 
very good rate capability and cycle life.  Under off-
nominal or abusive conditions single cells that do not 
have a protective circuit board, perform similar to cells 
in the metal can containers that do not have internal 
protective features and hence should be designed with 
the required fault tolerance when used in battery packs 
for human-rated space applications as well as ground 
applications.  The li-ion polymer pouch cells that 
are fitted with a protective circuit board on each cell 
are better equipped to handle unsafe or off-nominal 
conditions than those without.  The li-ion polymer 
pouch cells need to be restrained in order to obtain a 
good cycle life as well as to be able to withstand low 
pressure space environments.  The cells have a higher 
tolerance to the reduced pressure environments of 8 to 
10 psi, displaying minimal or almost no degradation 
compared to those exposed to 0.1 psi (5 Torr) to ~10-

5 Torr vacuum environments.  Hence flight acceptance 
tests for pouch format li-ion cells that use a vacuum leak 
check method may have to be modified to use the low 
pressure exposure condition (8 to 10 psi) for leak checks. 
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ABSTRACT

Removal of debris from orbit becomes an increasing ur-
gency because the growing amount of non-controlled
spacecraft, residuals from launchers and other items or-
biting around the Earth pose an increasing threat of colli-
sion with operational satellites. Also, for larger bodies in
lower orbits the threat of uncontrolled impact on ground
after re-entry exists. Whereas in very low orbits all bodies
will decay after some time due to the residual atmosphere,
in higher orbits they will stay for considerable time or
practically forever. For objects in higher orbits and for
those posing the threat of uncontrolled impact, active re-
moval will be the sole remedy. The tasks to be performed
from approach to contact and the technical challenges to
be mastered to achieve capture and removal from orbit are
discussed in this paper. The major challenges are the far
range approach without navigation interfaces on the tar-
get, relative position control of the chaser in close vicinity
of a tumbling target, capture of such target without cap-
ture interfaces and the establishment of a structural con-
nection, which is stiff enough for controlled deorbitation.

1 DEBRIS IN DIFFERENT ALTITUDES

In Low Earth Orbits (LEO), orbiting bodies will due to the
residual atmosphere be slowed down, loose altitude, and
will eventually burn up in the atmosphere, with the residu-
als of larger and denser bodies falling back to ground. The
higher the orbital altitude, the longer the body will stay
in orbit, e.g. a couple of days in a 250 km orbit, of the
order of 100 years in a typical 800 km Sun-synchronous
orbit (SSO), and practically forever in navigation satel-
lite orbits (Medium Earth Orbits, MEO, ≈ 20000 km)
and in communication- or meteorological satellite orbits
(Geosynchronous Earth Orbit, GEO, ≈ 36000 km).

Whereas in all orbits, uncontrolled bodies form a potential
collision hazard, in GEO, if not removed to a higher grave-
yard orbit, incapacitated spacecraft cause also an addi-
tional commercial loss. Uncontrolled objects in GEO will,
as a result of orbital disturbances, drift slowly in East/West
direction, but also in North/South direction, crossing the
equator twice each orbit. Eventually they will sweep over
a relatively large area on the geostationary rim. This is of
considerable commercial concern, as it may cause at times

Figure 1: Population of objects in orbit (artist view)

the non-availability of valuable orbital slots. For this rea-
son, as a rule, GEO-satellites are transferred by their own
means to a graveyard orbit at end of life. Nevertheless,
there are incapacitated satellites left in GEO, which could
not be de-orbited.

Except for the above mentioned cases of bodies in LEO,
that will eventually be removed from orbit by decay and
burn up in the atmosphere, the only possibility of removal
from orbit is the capture and active de-orbiting of the body
in question to ground or to a safe orbital altitude. How-
ever, even when they decay slowly, such as for objects
in higher LEO which will stay for a long time in orbit,
capture and active de-orbiting would be the only way to
mitigate the collision risk for other spacecraft. Active de-
orbiting could become necessary also for large and dense
bodies in LEO, because of the danger of uncontrolled im-
pact on ground, they may create.

The highest density of debris and, therefore, the highest
threat of collision in orbit exist in LEO in near polar or-
bits (Fig. 1). Since all these orbits intersect in the two
pole regions, the probability of collision is additionally
increased. Even if these orbits have the same inclination,
because of the unlimited possibilities for the location of
the ascending node, they can intersect even at large angles.
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pressure space environments.  The cells have a higher 
tolerance to the reduced pressure environments of 8 to 
10 psi, displaying minimal or almost no degradation 
compared to those exposed to 0.1 psi (5 Torr) to ~10-
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Removal of debris from orbit becomes an increasing ur-
gency because the growing amount of non-controlled
spacecraft, residuals from launchers and other items or-
biting around the Earth pose an increasing threat of colli-
sion with operational satellites. Also, for larger bodies in
lower orbits the threat of uncontrolled impact on ground
after re-entry exists. Whereas in very low orbits all bodies
will decay after some time due to the residual atmosphere,
in higher orbits they will stay for considerable time or
practically forever. For objects in higher orbits and for
those posing the threat of uncontrolled impact, active re-
moval will be the sole remedy. The tasks to be performed
from approach to contact and the technical challenges to
be mastered to achieve capture and removal from orbit are
discussed in this paper. The major challenges are the far
range approach without navigation interfaces on the tar-
get, relative position control of the chaser in close vicinity
of a tumbling target, capture of such target without cap-
ture interfaces and the establishment of a structural con-
nection, which is stiff enough for controlled deorbitation.

1 DEBRIS IN DIFFERENT ALTITUDES

In Low Earth Orbits (LEO), orbiting bodies will due to the
residual atmosphere be slowed down, loose altitude, and
will eventually burn up in the atmosphere, with the residu-
als of larger and denser bodies falling back to ground. The
higher the orbital altitude, the longer the body will stay
in orbit, e.g. a couple of days in a 250 km orbit, of the
order of 100 years in a typical 800 km Sun-synchronous
orbit (SSO), and practically forever in navigation satel-
lite orbits (Medium Earth Orbits, MEO, ≈ 20000 km)
and in communication- or meteorological satellite orbits
(Geosynchronous Earth Orbit, GEO, ≈ 36000 km).

Whereas in all orbits, uncontrolled bodies form a potential
collision hazard, in GEO, if not removed to a higher grave-
yard orbit, incapacitated spacecraft cause also an addi-
tional commercial loss. Uncontrolled objects in GEO will,
as a result of orbital disturbances, drift slowly in East/West
direction, but also in North/South direction, crossing the
equator twice each orbit. Eventually they will sweep over
a relatively large area on the geostationary rim. This is of
considerable commercial concern, as it may cause at times
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the non-availability of valuable orbital slots. For this rea-
son, as a rule, GEO-satellites are transferred by their own
means to a graveyard orbit at end of life. Nevertheless,
there are incapacitated satellites left in GEO, which could
not be de-orbited.

Except for the above mentioned cases of bodies in LEO,
that will eventually be removed from orbit by decay and
burn up in the atmosphere, the only possibility of removal
from orbit is the capture and active de-orbiting of the body
in question to ground or to a safe orbital altitude. How-
ever, even when they decay slowly, such as for objects
in higher LEO which will stay for a long time in orbit,
capture and active de-orbiting would be the only way to
mitigate the collision risk for other spacecraft. Active de-
orbiting could become necessary also for large and dense
bodies in LEO, because of the danger of uncontrolled im-
pact on ground, they may create.

The highest density of debris and, therefore, the highest
threat of collision in orbit exist in LEO in near polar or-
bits (Fig. 1). Since all these orbits intersect in the two
pole regions, the probability of collision is additionally
increased. Even if these orbits have the same inclination,
because of the unlimited possibilities for the location of
the ascending node, they can intersect even at large angles.

RENDEZVOUS WITH AND CAPTURE / REMOVAL OF NON-COOPERATIVE BODIES
IN ORBIT

The Technical Challenges

Wigbert Fehse
retired (formerly ESA/ESTEC, Noordwijk, NL) e-mail: wigbert.fehse@gmail.com

ABSTRACT

Removal of debris from orbit becomes an increasing ur-
gency because the growing amount of non-controlled
spacecraft, residuals from launchers and other items or-
biting around the Earth pose an increasing threat of colli-
sion with operational satellites. Also, for larger bodies in
lower orbits the threat of uncontrolled impact on ground
after re-entry exists. Whereas in very low orbits all bodies
will decay after some time due to the residual atmosphere,
in higher orbits they will stay for considerable time or
practically forever. For objects in higher orbits and for
those posing the threat of uncontrolled impact, active re-
moval will be the sole remedy. The tasks to be performed
from approach to contact and the technical challenges to
be mastered to achieve capture and removal from orbit are
discussed in this paper. The major challenges are the far
range approach without navigation interfaces on the tar-
get, relative position control of the chaser in close vicinity
of a tumbling target, capture of such target without cap-
ture interfaces and the establishment of a structural con-
nection, which is stiff enough for controlled deorbitation.

1 DEBRIS IN DIFFERENT ALTITUDES

In Low Earth Orbits (LEO), orbiting bodies will due to the
residual atmosphere be slowed down, loose altitude, and
will eventually burn up in the atmosphere, with the residu-
als of larger and denser bodies falling back to ground. The
higher the orbital altitude, the longer the body will stay
in orbit, e.g. a couple of days in a 250 km orbit, of the
order of 100 years in a typical 800 km Sun-synchronous
orbit (SSO), and practically forever in navigation satel-
lite orbits (Medium Earth Orbits, MEO, ≈ 20000 km)
and in communication- or meteorological satellite orbits
(Geosynchronous Earth Orbit, GEO, ≈ 36000 km).

Whereas in all orbits, uncontrolled bodies form a potential
collision hazard, in GEO, if not removed to a higher grave-
yard orbit, incapacitated spacecraft cause also an addi-
tional commercial loss. Uncontrolled objects in GEO will,
as a result of orbital disturbances, drift slowly in East/West
direction, but also in North/South direction, crossing the
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the non-availability of valuable orbital slots. For this rea-
son, as a rule, GEO-satellites are transferred by their own
means to a graveyard orbit at end of life. Nevertheless,
there are incapacitated satellites left in GEO, which could
not be de-orbited.

Except for the above mentioned cases of bodies in LEO,
that will eventually be removed from orbit by decay and
burn up in the atmosphere, the only possibility of removal
from orbit is the capture and active de-orbiting of the body
in question to ground or to a safe orbital altitude. How-
ever, even when they decay slowly, such as for objects
in higher LEO which will stay for a long time in orbit,
capture and active de-orbiting would be the only way to
mitigate the collision risk for other spacecraft. Active de-
orbiting could become necessary also for large and dense
bodies in LEO, because of the danger of uncontrolled im-
pact on ground, they may create.

The highest density of debris and, therefore, the highest
threat of collision in orbit exist in LEO in near polar or-
bits (Fig. 1). Since all these orbits intersect in the two
pole regions, the probability of collision is additionally
increased. Even if these orbits have the same inclination,
because of the unlimited possibilities for the location of
the ascending node, they can intersect even at large angles.
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The ’right ascension of the ascending node’ (RAAN) is the
second angle defining the orbital plane in inertial space.

Because of the unlimited possibilities of inclination and
RAAN, a servicing spacecraft in LEO and MEO has to
be launched into the particular orbital plane of the tar-
get spacecraft in question and can rendezvous only with
this particular target. Larger plane changes are very costly
(in LEO > 1300 m/s for 10◦) and may not be achievable.
With electric propulsion they would need very long time.

It is obvious that such ’one-off’ mission would be eco-
nomically viable only, if the threat posed by the target
vehicle is very high, either due to the potential damage
by collision with other spacecraft, or due to the potential
damage to ground features at re-entry. In any case, the
amount of investment, which can be made for a servicing
vehicle for such mission will be limited.

Figure 2: Satellite population in LEO [1]

Figure 3: Satellite population in GEO [1]

In GEO, all active satellites are in contrast to LEO and
MEO in a single orbital plane and altitude. Therefore, a
single servicing vehicle could reach in principle a number
of different satellites. However, incapacitated satellites
will not stay in their original position, but will, as men-
tioned above, drift due to the disturbances acting on them.
These are the solar pressure and the the forces due to the
non-spherical shape of the Earth. As a result, incapaci-
tated spacecraft in GEO will drift in-plane (East-West) as
well as develop an increasing out-of-plane (North-South)

motion. Such objects with i > 0 can be seen in Fig. 1.
To arrive at such target orbit, significant propellant will
be required by chaser. After de-orbiting into a higher
’graveyard orbit’ of one incapacitated target spacecraft,
such vehicle may not have sufficient propellant to serve
yet another incapacitated GEO spacecraft (except perhaps
for use of electric propulsion over long time, but a plane
change of only 1◦ costs already ≈ 58 m/s).

In MEO, which is mainly populated by navigation satel-
lites, both the population and the collision risk of space-
craft is low. For this reason, in the following only LEO
and GEO cases will be be considered.

2 APPROACH & CAPTURE TASKS

To actively remove a body from orbit, a vehicle has to be
placed into the target orbital plane, has to approach and
eventually to connect to such body. However, in contrast
to regular rendezvous operations, such as for servicing of
space stations, the target is not designed for rendezvous
and capture, will neither have absolute navigations sensors
operating, nor dedicated interfaces for relative navigation
and also no dedicated interfaces for capture and physical
connection. As an additional problem for capture, an inca-
pacitated spacecraft may rotate about unknown axes (tum-
bling).

Figure 4: Debris capture mission (ESA)

For approach and successful capture the following actions
must be performed:

• Prior to start of the approach, the orbital parameters
of target body must be determined by measurements
from ground as precisely as possible.

• The chaser must be injected into an orbital plane
close to that of the target. After plane corrections, it
must be guided by ground measurements of the tar-
get and absolute navigation of the chaser as closely
as possible to a relative range between chaser and tar-
get, from whereon relative navigation needs to com-
mence.

The minimum range at which relative navigation
measurements between the two vehicles needs to be
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For approach and successful capture the following actions
must be performed:

• Prior to start of the approach, the orbital parameters
of target body must be determined by measurements
from ground as precisely as possible.

• The chaser must be injected into an orbital plane
close to that of the target. After plane corrections, it
must be guided by ground measurements of the tar-
get and absolute navigation of the chaser as closely
as possible to a relative range between chaser and tar-
get, from whereon relative navigation needs to com-
mence.

The minimum range at which relative navigation
measurements between the two vehicles needs to be
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started, depends on the accuracy of the orbital pa-
rameters of the target measured by ground (see sec-
tion 4.1). Not only the accuracy of the position, but
also that of the velocities in x-,y- and z-direction will
determine the range, where relative navigation needs
to start in order to ensure approach safety. From this
range onwards the chaser must approach the target
body by its own relative navigation without any co-
operation by the target.

• Using onboard relative navigation means, the chaser
must be transferred to close vicinity of the target
body, where it must assume position-, attitude- and
rate conditions, which allow capture by a mechanical
capture device. This may have to include fly-around
manoeuvres to reach particular features of the target
surface, and possibly the motion of the capture tool
needs to be synchronised with that of the tumbling
target body.

• After capture, a connection between chaser and tar-
get body must be achieved, which is stiff enough
to allow for controlled deorbitation, i.e. allows for
attitude- and trajectory control of the compound.

• De-orbitation in LEO will eventually end by burn-up
in the atmosphere or, depending on the risk of ground
damage, in a controlled re-entry, where any residuals
will hit the ground surface at safe areas.
In GEO and MEO, the target body will have to be
de-orbited into a higher ’graveyard orbit’.

3 CHALLENGES TO BE MASTERED

According to the tasks listed above, the most important
questions to be answered, before a mission to retrieve a
debris object in LEO or GEO can be conceived, are:

• How close do we get to the target with absolute mea-
surements from ground for position and velocities,
before relative navigation by sensors on the chaser
needs to be started?

• What types of sensors can we use for relative navi-
gation measurements between the chaser vehicle and
the target, from far range down to a range where it
can be captured, with a target which does not pro-
vide any sensor interfaces ?

• How can we control the position of the chaser at very
short range, when the attitude of the debris object
is not known and when this object is rotating (tum-
bling) with unknown rates about unknown axes ?

• How can we capture an incapacitated spacecraft or
other debris object, which was not designed for this
purpose and which has very fragile structures such as
solar panels and antennas on its surface ?

• How can we establish after capture a stiff enough
structural connection between chaser and target that
allows for a controlled deorbitation (orbit- and atti-
tude control)?

If all these issues can be solved, the final step, de-orbiting
by a set of dedicated boosts, is a standard operation, which
requires the availability of sufficient propellant on the
chaser vehicle, but does not pose any additional technical
challenge. Proposals have been made to attach large sails,
inflatable balloons or expanding foam to debris objects af-
ter capture, which would accelerate their decay (see sec-
tion 8.3). This makes sense, however, only for objects
which will fully burn up during reentry. Where the risk
exist that residuals fall back to ground, it must have an
acceptable value, or the de-orbiting and reentry must be
controlled by using a servicing vehicle.

4 FAR RANGE PROBLEMS

4.1 General navigation problems

Starting the approach, guided by ground measurements of
the target’s absolute values of position and velocity, the
range where relative navigation needs to start, is dictated
by the accuracy of such measurements and by safety con-
siderations. It can be e.g. argued that if the next measure-
ment by ground can be performed only after ’n’ orbits, the
range, down to which ground measurements are sufficient
must be not shorter than the progress due to drift caused
by the possible position- and velocity errors within ’n+1’
orbits.

With absolute measurements, the relative navigation error
is the sum of the absolute errors. So, even if the chaser
has its own navigation means on board, the uncertainty of
position and velocities of the target governs the relative
errors (Fig. 4.1). E.g. in LEO, the chaser may have satel-
lite navigation on board, which may provide an absolute
position accuracy of 15 - 30 m, and an absolute velocity
accuracy of < 0.1 m/s. However, if e.g. the target position
in all directions is not known better than a few 100 m and
its velocities not better than 0.5 m/s, the unobserved rela-
tive progress between the two bodies may be as much as 8
km per orbital revolution. For the minimum range, where
relative navigation needs to start, 20 - 50 km are generally
assumed.
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Figure 5: Navigation errors of chaser and target [2]
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which will fully burn up during reentry. Where the risk
exist that residuals fall back to ground, it must have an
acceptable value, or the de-orbiting and reentry must be
controlled by using a servicing vehicle.

4 FAR RANGE PROBLEMS

4.1 General navigation problems

Starting the approach, guided by ground measurements of
the target’s absolute values of position and velocity, the
range where relative navigation needs to start, is dictated
by the accuracy of such measurements and by safety con-
siderations. It can be e.g. argued that if the next measure-
ment by ground can be performed only after ’n’ orbits, the
range, down to which ground measurements are sufficient
must be not shorter than the progress due to drift caused
by the possible position- and velocity errors within ’n+1’
orbits.

With absolute measurements, the relative navigation error
is the sum of the absolute errors. So, even if the chaser
has its own navigation means on board, the uncertainty of
position and velocities of the target governs the relative
errors (Fig. 4.1). E.g. in LEO, the chaser may have satel-
lite navigation on board, which may provide an absolute
position accuracy of 15 - 30 m, and an absolute velocity
accuracy of < 0.1 m/s. However, if e.g. the target position
in all directions is not known better than a few 100 m and
its velocities not better than 0.5 m/s, the unobserved rela-
tive progress between the two bodies may be as much as 8
km per orbital revolution. For the minimum range, where
relative navigation needs to start, 20 - 50 km are generally
assumed.
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Figure 5: Navigation errors of chaser and target [2]
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Since the target will not provide any aids for rendezvous-
sensors, such as transponders or reflectors, only sensors
are suitable, which can detect the reflections of the surface
of the target object or the radiation of the body due to
its temperature. These can be RF-sensors, such as radar,
or optical sensors, such as laser range finder and camera
type of sensors. Power requirements for sensors without
dedicated interfaces will be, however, high at far range, if
no external illumination can be used.

Rendezvous and capture operations with incapacitated
spacecraft are feasible, e.g. if the chaser vehicle can pro-
vide sufficient resources to operate a skin-tracking radar
with a range of more than 20 km and an accuracy of
at least 1 % of range. This was first demonstrated by
the Space Shuttle on flight STS-51-A in November 1984,
when the Orbiter retrieved two communication satellites,
PALAPA B-2 and WESTAR VI, which were stuck in LEO
after the transfer stage PAM-D had in an earlier STS-
mission failed to ignite after deployment. The Ku-band
radar of the Shuttle had a mass of more than 130 kg and a
power consumption of more than 400 W in the skin track-
ing mode, providing a max. range of about 22 km. It
has to be pointed out that the power requirements for such
sensors increase with the 4th power of the range.

In contrast to the US Space Shuttle, any spacecraft, that
cannot return to ground, can operate after launch only in
one particular orbital plane, with very limited possibilities
for plane change. As a result, if for each removal a new
servicing spacecraft will be required, it is questionable
whether it can be afforded to make such dedicated space-
craft large enough and provide it with sufficient resources
to support a heavy, bulky and power demanding radar in-
stallation for such a range. Also laser range finder/LIDAR
type of sensors for ranges of more than a few kilometres
would cause too heavy problems concerning power con-
sumption and additionally would cause problems concern-
ing safety.

This leaves a gap between the range, down to which abso-
lute navigation measurements by ground can be used and
the range, from where on navigation by laser range finder
/LIDAR type of instruments can commence.

4.2 Range sensing by angle measurements

If power-, mass- and volume requirements for skin-
tracking radars with an operational range of a few tens
of kilometres cannot be afforded for a chaser vehicle
of reasonable size, the sole possibility is, to use exter-
nal illumination for the sensors, i.e. illumination by the
Sun. This immediately leads to cameras, which are small,
lightweight and do not need much power. Cameras at far
range can, a priori, only measure angles to the target and

can not directly obtain range information. This can be ob-
tained by triangulation. However, the lateral extensions
of a satellite, seen at distances of a few tens of kilome-
tres, are too small. The navigation problem in the far- and
medium range rendezvous phases needs thus to be solved
in a different way.

With a camera, at distances of a few tens of kilometres,
suitable range information can possibly be obtained only
by triangulation of the lateral extensions of the trajectory,
as shown in Fig. 4.2. If the maximum lateral excursion
is known, the range R can unambiguously be determined
by propagating the trajectory with the line of sight (LOS)
angle θ and the time t.

However, for a general drift trajectory, e.g. at start of rela-
tive navigation, the lateral excursion will not be known,
rendering the case unobservable. Generally, without a
calibrated manoeuvre, measurements will be ambiguous,
since two scaled trajectories may have at the same time the
same measured angles, but at two different ranges. Once
a manoeuvre is performed, which would yield a known
maximum lateral excursion, the initial ambiguity of the
range can be resolved [3]. The trajectory can be propa-
gated in an onboard navigation filter, starting with the ini-
tial knowledge of the range by ground measurements and
lateral manoeuvres, updated continuously with the mea-
sured LOS-angles, time and the applied forces.
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Figure 6: Range determination by angle-only measure-
ments and orbit propagation [2]

Range determination by angle-only measurements and or-
bit propagation can be performed only, as long as the tar-
get is visible. As discussed below in section 5, suitable
illumination will be available in LEO only during a part
of the orbit. Whenever measurements are not available,
chaser control will have to continue without relative navi-
gation information and without starting new manoeuvres.

Thus, with cameras only, it can be envisaged that the
acquisition of relative navigation measurements in LEO
will have to start at a larger range to allow for succes-
sive navigation improvement and trajectory corrections.
Whereas in regular rendezvous strategies, such as for the
ATV, relative navigation starts at about 30 km range, and
for the space Shuttle, at 20 km, in rendezvous with non-
cooperative targets with ’camera only navigation’ a range
of 50 km or more may be necessary.
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of the target object or the radiation of the body due to
its temperature. These can be RF-sensors, such as radar,
or optical sensors, such as laser range finder and camera
type of sensors. Power requirements for sensors without
dedicated interfaces will be, however, high at far range, if
no external illumination can be used.

Rendezvous and capture operations with incapacitated
spacecraft are feasible, e.g. if the chaser vehicle can pro-
vide sufficient resources to operate a skin-tracking radar
with a range of more than 20 km and an accuracy of
at least 1 % of range. This was first demonstrated by
the Space Shuttle on flight STS-51-A in November 1984,
when the Orbiter retrieved two communication satellites,
PALAPA B-2 and WESTAR VI, which were stuck in LEO
after the transfer stage PAM-D had in an earlier STS-
mission failed to ignite after deployment. The Ku-band
radar of the Shuttle had a mass of more than 130 kg and a
power consumption of more than 400 W in the skin track-
ing mode, providing a max. range of about 22 km. It
has to be pointed out that the power requirements for such
sensors increase with the 4th power of the range.

In contrast to the US Space Shuttle, any spacecraft, that
cannot return to ground, can operate after launch only in
one particular orbital plane, with very limited possibilities
for plane change. As a result, if for each removal a new
servicing spacecraft will be required, it is questionable
whether it can be afforded to make such dedicated space-
craft large enough and provide it with sufficient resources
to support a heavy, bulky and power demanding radar in-
stallation for such a range. Also laser range finder/LIDAR
type of sensors for ranges of more than a few kilometres
would cause too heavy problems concerning power con-
sumption and additionally would cause problems concern-
ing safety.

This leaves a gap between the range, down to which abso-
lute navigation measurements by ground can be used and
the range, from where on navigation by laser range finder
/LIDAR type of instruments can commence.

4.2 Range sensing by angle measurements

If power-, mass- and volume requirements for skin-
tracking radars with an operational range of a few tens
of kilometres cannot be afforded for a chaser vehicle
of reasonable size, the sole possibility is, to use exter-
nal illumination for the sensors, i.e. illumination by the
Sun. This immediately leads to cameras, which are small,
lightweight and do not need much power. Cameras at far
range can, a priori, only measure angles to the target and

can not directly obtain range information. This can be ob-
tained by triangulation. However, the lateral extensions
of a satellite, seen at distances of a few tens of kilome-
tres, are too small. The navigation problem in the far- and
medium range rendezvous phases needs thus to be solved
in a different way.

With a camera, at distances of a few tens of kilometres,
suitable range information can possibly be obtained only
by triangulation of the lateral extensions of the trajectory,
as shown in Fig. 4.2. If the maximum lateral excursion
is known, the range R can unambiguously be determined
by propagating the trajectory with the line of sight (LOS)
angle θ and the time t.

However, for a general drift trajectory, e.g. at start of rela-
tive navigation, the lateral excursion will not be known,
rendering the case unobservable. Generally, without a
calibrated manoeuvre, measurements will be ambiguous,
since two scaled trajectories may have at the same time the
same measured angles, but at two different ranges. Once
a manoeuvre is performed, which would yield a known
maximum lateral excursion, the initial ambiguity of the
range can be resolved [3]. The trajectory can be propa-
gated in an onboard navigation filter, starting with the ini-
tial knowledge of the range by ground measurements and
lateral manoeuvres, updated continuously with the mea-
sured LOS-angles, time and the applied forces.
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Range determination by angle-only measurements and or-
bit propagation can be performed only, as long as the tar-
get is visible. As discussed below in section 5, suitable
illumination will be available in LEO only during a part
of the orbit. Whenever measurements are not available,
chaser control will have to continue without relative navi-
gation information and without starting new manoeuvres.

Thus, with cameras only, it can be envisaged that the
acquisition of relative navigation measurements in LEO
will have to start at a larger range to allow for succes-
sive navigation improvement and trajectory corrections.
Whereas in regular rendezvous strategies, such as for the
ATV, relative navigation starts at about 30 km range, and
for the space Shuttle, at 20 km, in rendezvous with non-
cooperative targets with ’camera only navigation’ a range
of 50 km or more may be necessary.
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5 ILLUMINATION PROBLEMS

Radial boost manoeuvres [4] create relative trajectories,
which describe a full revolution per orbit (Fig. 5). In
GEO, with an orbital period of 24 h, such trajectory is
synchronised with the relative motion of the Sun.

Figure 7: Radial boost trajectory
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This allows to devise an approach trajectory sequence,
with subsequent 1/2 orbit transfers on the target orbit and
with fly-arounds at close range, for which the target at all
times has favourable illumination conditions. Eclipses by
the Earth shadow will be relatively short (max. 74 min)
and will occur only at ± 23 days around the equinoxes.
Under such conditions, angle only navigation with cam-
era measurements will be possible practically all along the
approach. An approach strategy with such features (Fig.
5) has been proposed by SENER for the Orbital Life Ex-
tension Vehicle (OLEV) project [6].

Unfortunately, illumination conditions in LEO are much
worse. With an orbital period of the order of 90 - 100
min, the Sun direction changes relatively quickly and for
a large part of the orbit the spacecraft are in the shadow
of the Earth, making measurements by a camera impossi-
ble. To illuminate the target surface in front of the chaser,
the Sun must be behind the chaser. As a result, practi-

cally only during about 1/4 orbit suitable illumination is
available (Fig. 5).

A solution to this problem could be the use of infrared
sensitive cameras, which must be able to detect at long
distance the infrared radiation of a body warmed up during
the illuminated part of the orbit.
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During periods, where no measurements of the target by
the camera are possible, the navigation filter of the chaser
must propagate the trajectory, possibly augmented by ab-
solute navigation measurements from its satellite naviga-
tion device (GPS, Galileo).

Also, during those periods without relative navigation,
present trajectory elements may be ended by a stop boost,
but a new trajectory cannot be started, because the naviga-
tion accuracy will be uncertain. Free drift or hold points
controlled by absolute satellite navigation will have to fol-
low, until relative navigation measurements are available
again. This will increase the duration of the approach but
also the range, where relative navigation must be started,
as mentioned above.

6 COMMUNICATION ISSUES

In GEO uninterrupted communication is possible with
ground stations, which are in the visibility range of the
chaser antenna. With an aperture of ≤ 10◦, the commu-
nication antenna of the chaser would see the entire Earth,
which makes the location of the ground station uncriti-
cal. Because of the continuous communication possibil-
ity, many tasks of vehicle management and guidance can
in the GEO case be done on ground.

In LEO, a limited distribution of ground stations is avail-
able, providing communication windows of only a few
minutes. In the subsequent orbit the same stations may
not be observable. Fig. 6 shows communication windows
for a satellite in a polar orbit of i = 98, 4◦ and 766 km
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with subsequent 1/2 orbit transfers on the target orbit and
with fly-arounds at close range, for which the target at all
times has favourable illumination conditions. Eclipses by
the Earth shadow will be relatively short (max. 74 min)
and will occur only at ± 23 days around the equinoxes.
Under such conditions, angle only navigation with cam-
era measurements will be possible practically all along the
approach. An approach strategy with such features (Fig.
5) has been proposed by SENER for the Orbital Life Ex-
tension Vehicle (OLEV) project [6].

Unfortunately, illumination conditions in LEO are much
worse. With an orbital period of the order of 90 - 100
min, the Sun direction changes relatively quickly and for
a large part of the orbit the spacecraft are in the shadow
of the Earth, making measurements by a camera impossi-
ble. To illuminate the target surface in front of the chaser,
the Sun must be behind the chaser. As a result, practi-

cally only during about 1/4 orbit suitable illumination is
available (Fig. 5).

A solution to this problem could be the use of infrared
sensitive cameras, which must be able to detect at long
distance the infrared radiation of a body warmed up during
the illuminated part of the orbit.
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During periods, where no measurements of the target by
the camera are possible, the navigation filter of the chaser
must propagate the trajectory, possibly augmented by ab-
solute navigation measurements from its satellite naviga-
tion device (GPS, Galileo).

Also, during those periods without relative navigation,
present trajectory elements may be ended by a stop boost,
but a new trajectory cannot be started, because the naviga-
tion accuracy will be uncertain. Free drift or hold points
controlled by absolute satellite navigation will have to fol-
low, until relative navigation measurements are available
again. This will increase the duration of the approach but
also the range, where relative navigation must be started,
as mentioned above.

6 COMMUNICATION ISSUES

In GEO uninterrupted communication is possible with
ground stations, which are in the visibility range of the
chaser antenna. With an aperture of ≤ 10◦, the commu-
nication antenna of the chaser would see the entire Earth,
which makes the location of the ground station uncriti-
cal. Because of the continuous communication possibil-
ity, many tasks of vehicle management and guidance can
in the GEO case be done on ground.

In LEO, a limited distribution of ground stations is avail-
able, providing communication windows of only a few
minutes. In the subsequent orbit the same stations may
not be observable. Fig. 6 shows communication windows
for a satellite in a polar orbit of i = 98, 4◦ and 766 km
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altitude (similar to Envisat) with all ground stations of the
ESA ESTRACK network. In Fig. 6, visibility periods for
a satellite in a 400 km altitude orbit but the same other
parameters are shown.

after start

0 1 2 3 4 5 6 7 8

1514131211109

181716 19 20 21 22 23

Malindi

Svalbard

Kiruna

Cebreros

Santa Maria

Maspalomas

Kourou

Santiago

Perth

Malindi

Svalbard

Kiruna

Redu

Cebreros

Santa Maria

Maspalomas

Kourou

Santiago

Perth

Malindi

Svalbard

Kiruna

Redu

Cebreros

Santa Maria

Maspalomas

Kourou

Santiago

17:0016:0015:0014:0013:0012:0011:00

03:00 04:00 05:00 06:00 07:00 08:00 09:00 10:00

18:00

02:00

16

24

01:0024:0022:00 23:0021:0020:0019:00

02:00

10:00

h

h

h

Perth

Redu

18:00

hour
after start

8

hour
after start

hour

Figure 10: Comm’s windows for 766 km polar Orbit
.

Santiago

hour

after start
hour

after start
hour

0 1 2 3 4 5 6 7 8

15141312111098

181716 19 20 21 22 23

Perth

Malindi

Svalbard

Kiruna

Redu

Cebreros

Santa Maria

Maspalomas

Kourou

Santiago

17:0016:0015:0014:0013:0012:0011:00

03:00 04:00 05:00 06:00 07:00 08:00 09:00 10:00

18:00

02:00

16

24

01:0024:0022:00 23:0021:0020:0019:0018:00

02:00

10:00

h

h

h

Perth

Perth

Malindi

Malindi

Svalbard

Svalbard

Kiruna

Kiruna

Redu

Redu

Santa Maria

Santa Maria

Cebreros

Cebreros

Maspalomas

Maspalomas

Kourou

Kourou

after start

Figure 11: Comm’s windows for 400 km polar Orbit

Figures 6 and 6 demonstrate that without use of relay
satellites in GEO, communication windows in LEO will
be quite short, with a typical duration of the order of 12
min in the 766 km orbit and of 7 min in the 400 km orbit.
With the ESTRACK ground stations in sequence, uninter-
rupted coverage of up to 25 min in the 766 km orbit and up
to 18 min in the 400 km orbit may be achieved two or three
times per day, with very little coverage in the intermediate
orbits. It needs to be pointed out that communication cov-
erage in orbits with other inclinations is worse than that in
polar orbits. In a polar orbit, if a ground station exists in
the polar region, practically at every revolution a ground
contact will occur. In orbits with lower inclination, there
may be subsequent orbits without any ground contact.

In addition to the illumination problems in LEO, if no re-
lay satellite can be used, the lack of frequent and long
enough communication windows would complicate the
approach to a non-cooperative target and would require
high onboard autonomy of the chaser vehicle. Also, the

last part of the approach to enable capture operations and
the capture operations themselves will need some time.
With ground stations only this time may be too limited.

Use of relay satellites will render the service vehicle sys-
tems more complex (antennas, transmitters, receivers) and
its operations more costly (rent of relay satellite services).
However, it would ease rendezvous and capture opera-
tions significantly. A single relay satellite covers some-
what less than 50 % of the orbit. The NASA TDRSS
fleet presently consists of 9 Relay satellites located at var-
ious locations on the geostationary rim, which provides
for LEO spacecraft continuous communication capability
around the orbit. ESA will start up the European Data Re-
lay System (EDRS) by launching the first EDRS payload
with an commercial Eutelsat communication satellite in
2014 and a second one in 2016.

7 SHORT RANGE APPROACH

The task of the short range rendezvous operations is to
bring the chaser into close vicinity of the target and to
align the capture tool either with the target as a whole,
or with a particular feature on its surface, at which the
capture tool can engage. The approach may include fly-
arounds to inspect the target object, to identify suitable
features for capture, to identify attitude and attitude rates
etc. and to access the feature to be captured.

Approach safety requires that from ranges of the order of
two or three kilometres downwards continuous measure-
ment of relative position or of range and LOS angles is
available with an accuracy of better than 1% of range [4].
Whereas in GEO, because of the favourable illumination
conditions cameras can be used down to very close range
or even to contact, in LEO, the sensors will have to pro-
vide their own illumination, so that they can provide mea-
surements over the entire orbit. Since RF-type of sensors,
such as Radar, would not provide sufficient accuracy in
the very close range, and since for cameras the power re-
quirements for illumination of the complete field of view
(FOV) will become very high beyond a few hundred me-
tres, the best choice for the short range approach appears
to be scanning laser range finder or LIDAR type of sen-
sors (Fig. 7). Such sensors can measure range and LOS
angles for each point of their FOV, which can also be used
to determine attitude and tumbling rates. The max. range
of such instruments will be of the order of 1 - 2 km.
This does not take away of course that for the capture op-
erations at very short range additionally cameras with ar-
tificial illumination may be needed.

In GEO, as the target satellite is known, a camera sensor
could initially use the solar panels as the largest features
of the target satellite to determine the range. At closer
range, the extension of features of the satellite body on

altitude (similar to Envisat) with all ground stations of the
ESA ESTRACK network. In Fig. 6, visibility periods for
a satellite in a 400 km altitude orbit but the same other
parameters are shown.
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Figures 6 and 6 demonstrate that without use of relay
satellites in GEO, communication windows in LEO will
be quite short, with a typical duration of the order of 12
min in the 766 km orbit and of 7 min in the 400 km orbit.
With the ESTRACK ground stations in sequence, uninter-
rupted coverage of up to 25 min in the 766 km orbit and up
to 18 min in the 400 km orbit may be achieved two or three
times per day, with very little coverage in the intermediate
orbits. It needs to be pointed out that communication cov-
erage in orbits with other inclinations is worse than that in
polar orbits. In a polar orbit, if a ground station exists in
the polar region, practically at every revolution a ground
contact will occur. In orbits with lower inclination, there
may be subsequent orbits without any ground contact.

In addition to the illumination problems in LEO, if no re-
lay satellite can be used, the lack of frequent and long
enough communication windows would complicate the
approach to a non-cooperative target and would require
high onboard autonomy of the chaser vehicle. Also, the

last part of the approach to enable capture operations and
the capture operations themselves will need some time.
With ground stations only this time may be too limited.

Use of relay satellites will render the service vehicle sys-
tems more complex (antennas, transmitters, receivers) and
its operations more costly (rent of relay satellite services).
However, it would ease rendezvous and capture opera-
tions significantly. A single relay satellite covers some-
what less than 50 % of the orbit. The NASA TDRSS
fleet presently consists of 9 Relay satellites located at var-
ious locations on the geostationary rim, which provides
for LEO spacecraft continuous communication capability
around the orbit. ESA will start up the European Data Re-
lay System (EDRS) by launching the first EDRS payload
with an commercial Eutelsat communication satellite in
2014 and a second one in 2016.

7 SHORT RANGE APPROACH

The task of the short range rendezvous operations is to
bring the chaser into close vicinity of the target and to
align the capture tool either with the target as a whole,
or with a particular feature on its surface, at which the
capture tool can engage. The approach may include fly-
arounds to inspect the target object, to identify suitable
features for capture, to identify attitude and attitude rates
etc. and to access the feature to be captured.

Approach safety requires that from ranges of the order of
two or three kilometres downwards continuous measure-
ment of relative position or of range and LOS angles is
available with an accuracy of better than 1% of range [4].
Whereas in GEO, because of the favourable illumination
conditions cameras can be used down to very close range
or even to contact, in LEO, the sensors will have to pro-
vide their own illumination, so that they can provide mea-
surements over the entire orbit. Since RF-type of sensors,
such as Radar, would not provide sufficient accuracy in
the very close range, and since for cameras the power re-
quirements for illumination of the complete field of view
(FOV) will become very high beyond a few hundred me-
tres, the best choice for the short range approach appears
to be scanning laser range finder or LIDAR type of sen-
sors (Fig. 7). Such sensors can measure range and LOS
angles for each point of their FOV, which can also be used
to determine attitude and tumbling rates. The max. range
of such instruments will be of the order of 1 - 2 km.
This does not take away of course that for the capture op-
erations at very short range additionally cameras with ar-
tificial illumination may be needed.

In GEO, as the target satellite is known, a camera sensor
could initially use the solar panels as the largest features
of the target satellite to determine the range. At closer
range, the extension of features of the satellite body on
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altitude (similar to Envisat) with all ground stations of the
ESA ESTRACK network. In Fig. 6, visibility periods for
a satellite in a 400 km altitude orbit but the same other
parameters are shown.
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Figures 6 and 6 demonstrate that without use of relay
satellites in GEO, communication windows in LEO will
be quite short, with a typical duration of the order of 12
min in the 766 km orbit and of 7 min in the 400 km orbit.
With the ESTRACK ground stations in sequence, uninter-
rupted coverage of up to 25 min in the 766 km orbit and up
to 18 min in the 400 km orbit may be achieved two or three
times per day, with very little coverage in the intermediate
orbits. It needs to be pointed out that communication cov-
erage in orbits with other inclinations is worse than that in
polar orbits. In a polar orbit, if a ground station exists in
the polar region, practically at every revolution a ground
contact will occur. In orbits with lower inclination, there
may be subsequent orbits without any ground contact.

In addition to the illumination problems in LEO, if no re-
lay satellite can be used, the lack of frequent and long
enough communication windows would complicate the
approach to a non-cooperative target and would require
high onboard autonomy of the chaser vehicle. Also, the

last part of the approach to enable capture operations and
the capture operations themselves will need some time.
With ground stations only this time may be too limited.

Use of relay satellites will render the service vehicle sys-
tems more complex (antennas, transmitters, receivers) and
its operations more costly (rent of relay satellite services).
However, it would ease rendezvous and capture opera-
tions significantly. A single relay satellite covers some-
what less than 50 % of the orbit. The NASA TDRSS
fleet presently consists of 9 Relay satellites located at var-
ious locations on the geostationary rim, which provides
for LEO spacecraft continuous communication capability
around the orbit. ESA will start up the European Data Re-
lay System (EDRS) by launching the first EDRS payload
with an commercial Eutelsat communication satellite in
2014 and a second one in 2016.

7 SHORT RANGE APPROACH

The task of the short range rendezvous operations is to
bring the chaser into close vicinity of the target and to
align the capture tool either with the target as a whole,
or with a particular feature on its surface, at which the
capture tool can engage. The approach may include fly-
arounds to inspect the target object, to identify suitable
features for capture, to identify attitude and attitude rates
etc. and to access the feature to be captured.

Approach safety requires that from ranges of the order of
two or three kilometres downwards continuous measure-
ment of relative position or of range and LOS angles is
available with an accuracy of better than 1% of range [4].
Whereas in GEO, because of the favourable illumination
conditions cameras can be used down to very close range
or even to contact, in LEO, the sensors will have to pro-
vide their own illumination, so that they can provide mea-
surements over the entire orbit. Since RF-type of sensors,
such as Radar, would not provide sufficient accuracy in
the very close range, and since for cameras the power re-
quirements for illumination of the complete field of view
(FOV) will become very high beyond a few hundred me-
tres, the best choice for the short range approach appears
to be scanning laser range finder or LIDAR type of sen-
sors (Fig. 7). Such sensors can measure range and LOS
angles for each point of their FOV, which can also be used
to determine attitude and tumbling rates. The max. range
of such instruments will be of the order of 1 - 2 km.
This does not take away of course that for the capture op-
erations at very short range additionally cameras with ar-
tificial illumination may be needed.

In GEO, as the target satellite is known, a camera sensor
could initially use the solar panels as the largest features
of the target satellite to determine the range. At closer
range, the extension of features of the satellite body on
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the focal plane can be used to determine range, attitude
and attitude rate (Fig. 7). During all the approach down
to the close vicinity of the target, Sun illumination will be
sufficient for the sensor measurements. However, since
at very close range the body of the chaser vehicle may
cast shadow on the target features to be evaluated, either
artificial illumination for the camera or a LIDAR type of
sensor may still be needed.

Figure 13: 3D Feature evaluation, Camera sensor [2]

In the short range approach, disturbances play a larger
role concerning the evolution of the trajectory. The most
important disturbances are the drag of the residual at-
mosphere in LEO [4] and solar pressure in GEO [5].
The presence and strength of these disturbances require
that short range trajectories must be controlled first by
mid-course corrections and eventually, at close range, by
closed loop control.

The last part of the approach will depend on the attitude,
tumbling rates and features chosen for capture of the target
object and on the method of capture selected for the case
in question. The approach may include fly-arounds, final
approaches at various angles and hold points out of the
target orbit and out of the orbital plane.

8 CAPTURE AND ATTACHMENT

8.1 Capture tools

As incapacitated satellites and other debris bodies do not
provide dedicated interfaces for capture, there are only
two options, either to find a structural feature on the sur-
face, which can serve as capture interface, or to embrace
the complete body. If a structural feature suitable for cap-
ture can be found, the capture tool of the chaser must be
brought into a position and attitude to be able to attach to
that feature.

Figure 14: Example: Capture by manipulator arm, DEOS
[13]

If the attitude of the target is stable, such operation can be
performed by a manipulator arm on the chaser, as shown
in the example of Fig. 8.1, or even by direct docking,
if a suitable interface can be found. For communication
satellites in GEO, the exhaust nozzle of the apogee boost
motor (Fig. 8.1) has been identified as the most suitable
interface [7]. For spinning satellites, it has been proposed
to put the docking tool on a spun-up table mounted on the
chaser and to spin down the compound after docking with
help of the chaser thrusters.
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Figure 15: Capture of GEO satellite [2]

If the target body rotates about more axes (tumbling), cap-
ture becomes more complex. A large number of different
types of capture tools have been proposed, such as large
arms and grippers (Fig. 8.1), flexible grippers [14], teth-
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face, which can serve as capture interface, or to embrace
the complete body. If a structural feature suitable for cap-
ture can be found, the capture tool of the chaser must be
brought into a position and attitude to be able to attach to
that feature.

Figure 14: Example: Capture by manipulator arm, DEOS
[13]

If the attitude of the target is stable, such operation can be
performed by a manipulator arm on the chaser, as shown
in the example of Fig. 8.1, or even by direct docking,
if a suitable interface can be found. For communication
satellites in GEO, the exhaust nozzle of the apogee boost
motor (Fig. 8.1) has been identified as the most suitable
interface [7]. For spinning satellites, it has been proposed
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chaser and to spin down the compound after docking with
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If the target body rotates about more axes (tumbling), cap-
ture becomes more complex. A large number of different
types of capture tools have been proposed, such as large
arms and grippers (Fig. 8.1), flexible grippers [14], teth-
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ers with grippers or large nets as frond ends (Fig. 8.1),
and even harpoons [15]. The figures shown, shall serve
just as examples to illustrate the principle. Some of these
concepts may work with target objects, which have a sta-
ble attitude, but may have problems with tumbling bodies,
others may face difficulties with targeting of their nets,
grippers or harpoons, others with the de-tumbling of the
target object after capture and eventually with the estab-
lishment of a structural connection with the chaser, which
is stiff enough to allow for attitude and trajectory control
during reentry. Some of the more important problems are
discussed below.

Figure 16: Example: Capture by large gripper [8]

Figure 17: Example: Capture by tether/net and
tether/gripper, ROGER study (courtesy ESA)

Targeting of tethers with nets, harpoons or a grippers will
not be straight forward. Orbital dynamics will bend the
trajectory of the front-end according to the ejection veloc-
ity applied. Figures 8.1 show the trajectory evolution for
ejection velocities of 0.5 m/s in x- (V-bar) and z- (R-bar)
direction in a 400 km orbit, calculated from the tangen-
tial and radial thrust equations [4]. It is assumed in these

figures that the tether will not apply significant forces on
the front-end during flight. Ejecting the tether tools in z-
direction requires that the chaser flies on a different orbital
altitude than the target. This will add an additional com-
plexity to the targeting, as the chaser will move with a
velocity in ± orbit direction of ẋ = 3/2ω∆z relative to
the target [4]. An interesting method of controlling the
trajectory based on tether tension is described in [10].

Figure 18: Trajectory evolution for ejection of capture
tools in x- and z-direction

In a similar way as for targeting with nets, harpoons, grip-
pers and other tether front-ends ejected by the chaser, the
haul-back of the tether with the captured object will be
affected by the orbital dynamics. Whereas on ground, in
water and air, drag provides a counterforce opposite to the
pull-direction, such braking force is not available in orbit.
However, orbit dynamics will produce a lateral (in-plane)
motion component. Also, if the pull-force does not go
through the centre of mass of the captured body, a torque
is produced and a rotation result. As tether forces act on
both bodies in opposite direction, all tether actions will
have also repercussions on attitude and trajectory control
of the chaser. Only little information is available on the
haul-back tether dynamics between two bodies in orbit,
and overall feasibility is not yet established.

The same issues apply to the idea of a ’space tug’, where
the captured body is attached during de-orbiting by a
tether to the active vehicle. To avoid the tether becoming
slack, either a constant thrust force needs to be applied by
the servicer or the tether needs to be pulled inwards. The
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motion component. Also, if the pull-force does not go
through the centre of mass of the captured body, a torque
is produced and a rotation result. As tether forces act on
both bodies in opposite direction, all tether actions will
have also repercussions on attitude and trajectory control
of the chaser. Only little information is available on the
haul-back tether dynamics between two bodies in orbit,
and overall feasibility is not yet established.

The same issues apply to the idea of a ’space tug’, where
the captured body is attached during de-orbiting by a
tether to the active vehicle. To avoid the tether becoming
slack, either a constant thrust force needs to be applied by
the servicer or the tether needs to be pulled inwards. The
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tethered space debris will make more or less undamped
oscillatory lateral motions, which will have repercussions
on the attitude of the servicer. A lot of analysis and verifi-
cation needs to be performed, before this could become a
viable solution

In contrast, with a manipulator arm a more stiff connec-
tion will be established already at capture. Interactions
between manipulator and chaser attitude and position can
be controlled more easily, as chaser and target are firmly
connected. If necessary, attitude and position control can
be switched off as long as the manipulator operations go
on, and chaser attitude be reestablished thereafter [11].

8.2 Chaser control at capture

D

d

Figure 19: Chaser control at capture of tumbling target
[2]

To establish a relative position of the chaser to the object
to be captured, the chaser needs to measure the range to
that object. If the attitude of the target orbit is stable, a
measurement surface to surface will be sufficient. How-
ever, if the target is tumbling, control by a surface to sur-
face measurement (distance ’d’ in Fig. 8.2) alone would
result in a wobbling of the chaser position. To achieve a
stable position, the distance ’D’ between the two centres
of mass (CoM) must be used for position control. For cal-
culating this from the measurement of the distance ’d’, the
shape of the target body, the location of its (CoM) and its
3-axis rotation rates must be known. The tumbling rates
can be established (possibly evaluated by ground) by mea-
surements with a camera or an imaging LIDAR from a
safe point prior to the final approach. If the target is a
satellite, the exact dimensions will be known and a pre-
cise modelling can be uploaded to the chaser. With such
modelling and the measurements of ’d’, the position of
the chaser CoM with respect to that of the target can be
controlled.

8.3 Attachment & control for de-orbiting

After capture, a connection between chaser and target
must be established, which is stiff enough to transmit the
control forces an torques acting for trajectory- and attitude

control during deorbitation. The surface features of satel-
lites are, however, very fragile and only few structural fea-
tures can support any loads. Most parts of the surfaces are
covered by solar arrays, antennas, scientific instruments
etc., which are neither suitable for capture nor for attach-
ment. The most suitable feature for attachment will be the
interface ring, which attached the satellite to its launcher.
Since capture- and attachment feature may not be on the
same side, the captured object may have to be rotated and
translated to fit the suitable attachment surfaces of chaser
and target to each other.

Attachment of the two bodies to each other by force
(preload) will be sufficient, as long as the control forces
and torques do not become larger than the preload, and as
long as low stiffness of the connection does not affect the
control loop. The necessary preload can be applied by the
manipulator, tether or other tool used. Fig. 8.3 shows the
principle of such an attachment which has been proposed
for the attachment of a servicer (OLEV) to communica-
tion satellites in GEO. The preload will here be applied
by a capture tool for docking as indicated in Fig. 8.1.

F

Figure 20: Structural connection of GEO satellite [2]

The connection of chaser and target by a large gripper
(Fig. 8.1) may be sufficient, provided the structural stiff-
ness of the connection allows for attitude- and orbit con-
trol of the compound. For captures using tethers with nets,
harpoons or grippers as front ends, it may become difficult
to attach the most suitable feature of the target body to the
attachment location on the chaser without the help of an
additional manipulator.

Once attached, the joint CoM needs to be determined, to
enable attitude and orbit control of the compound. The
captured debris must then be deorbited, either to a grave-
yard orbit for GEO debris or for eventual burn up in the
atmosphere in case of LEO debris. The latter will be done
by a number of perigee lowering manoeuvres, as indicated
above in Fig. 2.

To save propellant, the use of large sails, balloons or even
expandable foam [17] augmenting deorbiting, has been
proposed. The decay rate depends on the residual den-
sity at the orbital altitude and on the area to mass ratio of
the decaying body. In Fig. 8.3, the relation between the
area to mass ratio and the decay time is shown. Typical
satellites have a ratio of area/mass > 0.01. A deployable
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Figure 19: Chaser control at capture of tumbling target
[2]
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Figure 20: Structural connection of GEO satellite [2]

The connection of chaser and target by a large gripper
(Fig. 8.1) may be sufficient, provided the structural stiff-
ness of the connection allows for attitude- and orbit con-
trol of the compound. For captures using tethers with nets,
harpoons or grippers as front ends, it may become difficult
to attach the most suitable feature of the target body to the
attachment location on the chaser without the help of an
additional manipulator.

Once attached, the joint CoM needs to be determined, to
enable attitude and orbit control of the compound. The
captured debris must then be deorbited, either to a grave-
yard orbit for GEO debris or for eventual burn up in the
atmosphere in case of LEO debris. The latter will be done
by a number of perigee lowering manoeuvres, as indicated
above in Fig. 2.

To save propellant, the use of large sails, balloons or even
expandable foam [17] augmenting deorbiting, has been
proposed. The decay rate depends on the residual den-
sity at the orbital altitude and on the area to mass ratio of
the decaying body. In Fig. 8.3, the relation between the
area to mass ratio and the decay time is shown. Typical
satellites have a ratio of area/mass > 0.01. A deployable
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Figure 21: Decay depending on area/mass ratio (courtesy
U. Marguery [12])

sail can easily increase this ratio by a factor of 2, which
will decrease the decay time by a factor of >2. Obvi-
ously, such sails cannot replace perigee lowering manoeu-
vres, but it will accelerate the decay significantly, once the
perigee is getting into the denser layers of the atmosphere.

9 CONCLUSIONS

Active deorbiting of space debris will become necessary
to remove incapacitated spacecraft and other debris ob-
jects from orbits, where they form a hazard for collision
or uncontrolled impact on ground, or cause a commercial
loss (GEO). Except for the servicing of still active GEO
satellites, removal of space debris will require a dedicated
service vehicle and launch for each single item, because
all these items move in different orbital planes, and any
change of plane will require a large amount of energy.

Since a spacecraft and a launch for each capture will
be required, active removal by a service vehicle will be
costly. Thus, it will initially be economically interest-
ing for the capture and de-orbiting of very large non-
functioning satellites (e.g. ENVISAT, METOP-A), ei-
ther to prevent collision with functioning satellites in key
strategic orbits like the Sun-synchronous orbits (SSO), or
to prevent hazards of uncontrolled impact on ground. In
addition to the collision danger, there may be the above
mentioned case of GEO satellites, where removal could
economically be justified by the value of the location.

ESA and NASA have started programmes concerning the
mitigation of space debris, and other agencies pursue re-
lated activities. Such activities include studies and re-
search & technology programmes for debris object re-
moval and even demonstration missions.

Active removal of space debris will be a very complex op-
eration, including a number of technical challenges, which
need to be mastered, if such mission shall be successful.
In LEO, the operations will be complicated by the lack of
continuous Sun-illumination and, if relay satellites cannot
be used, of communication with ground. The technical
challenges include:

• the relative navigation in the far rendezvous range,
for which no suitable sensors and sensor interfaces
on the target are available,

• the control of the chaser vehicle in terms of relative
position and attitude, to enable capture,

• the physical capture of an object, which provides no
dedicated interfaces,

• the establishment of a connection between chaser
and target, which is stiff enough to allow for attitude
and orbit control of the compound during deorbiting.

Many papers have been published on concepts, how to
capture and remove from orbit incapacitated spacecraft
and other large debris. Most of these publication deal with
mechanical problem of capture of non-cooperative bodies,
fewer publications deal with the problem of the interaction
between control of the chaser spacecraft and the capture
process by a manipulator, and very little has been pub-
lished so far on the problem of navigation and guidance in
the far range without direct range measurement.

The discussion shows that valid solutions for each of the
challenges can be found only, when also the other techni-
cal problems are considered, i.e. when solutions are devel-
oped in the proper context of a complete mission design.
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sail can easily increase this ratio by a factor of 2, which
will decrease the decay time by a factor of >2. Obvi-
ously, such sails cannot replace perigee lowering manoeu-
vres, but it will accelerate the decay significantly, once the
perigee is getting into the denser layers of the atmosphere.

9 CONCLUSIONS

Active deorbiting of space debris will become necessary
to remove incapacitated spacecraft and other debris ob-
jects from orbits, where they form a hazard for collision
or uncontrolled impact on ground, or cause a commercial
loss (GEO). Except for the servicing of still active GEO
satellites, removal of space debris will require a dedicated
service vehicle and launch for each single item, because
all these items move in different orbital planes, and any
change of plane will require a large amount of energy.

Since a spacecraft and a launch for each capture will
be required, active removal by a service vehicle will be
costly. Thus, it will initially be economically interest-
ing for the capture and de-orbiting of very large non-
functioning satellites (e.g. ENVISAT, METOP-A), ei-
ther to prevent collision with functioning satellites in key
strategic orbits like the Sun-synchronous orbits (SSO), or
to prevent hazards of uncontrolled impact on ground. In
addition to the collision danger, there may be the above
mentioned case of GEO satellites, where removal could
economically be justified by the value of the location.

ESA and NASA have started programmes concerning the
mitigation of space debris, and other agencies pursue re-
lated activities. Such activities include studies and re-
search & technology programmes for debris object re-
moval and even demonstration missions.

Active removal of space debris will be a very complex op-
eration, including a number of technical challenges, which
need to be mastered, if such mission shall be successful.
In LEO, the operations will be complicated by the lack of
continuous Sun-illumination and, if relay satellites cannot
be used, of communication with ground. The technical
challenges include:

• the relative navigation in the far rendezvous range,
for which no suitable sensors and sensor interfaces
on the target are available,

• the control of the chaser vehicle in terms of relative
position and attitude, to enable capture,

• the physical capture of an object, which provides no
dedicated interfaces,

• the establishment of a connection between chaser
and target, which is stiff enough to allow for attitude
and orbit control of the compound during deorbiting.
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capture and remove from orbit incapacitated spacecraft
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mechanical problem of capture of non-cooperative bodies,
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the far range without direct range measurement.

The discussion shows that valid solutions for each of the
challenges can be found only, when also the other techni-
cal problems are considered, i.e. when solutions are devel-
oped in the proper context of a complete mission design.
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Cardiopulmonary resuscitation (CPR) is an 
emergency procedure to return life to a person in 
cardiac arrest. This is indicated in those who are 
unresponsive with no breathing or only gasps. 
Studies have shown that the priority should be given 
to good external chest compressions, and to avoid the 
case where artificial ventilation may compromise 
survival [1]. Consistently with human space flight 
programs aboard the International Space Station 
(ISS), the Evetts-Russomano method seems to be 
appropriate to rescue a victim of cardiac arrest in 
microgravity [2, 3, 4, 5] but, in hypogravity, as far as 
we know, no method is yet appropriate to rescue 
astronauts [6]. According to our trial, using the 
classical basic life support (BLS) technique does not 
provide good results, especially during extended 
periods of resuscitation. The Seated Arm-Lock 
(SeAL) method seems to offer improved outcomes in 
simulated hypogravity. 
 
SEVERAL DECADES AFTER the United States (U.S.) 
Project Apollo, responsible for the landing of the first 
humans on the Moon in 1969 [7], aiming to land a man 
on the Earth's satellite and to return him safely [8], 
many nations are mastering new space technologies and 
long-duration human space flights. Collaborative space 
agencies and partners just defined a global exploration 
roadmap to destinations where humans may someday 
live and work [9]. Deep space missions are the main 
stepwise goal to enhance Earth safety, to extend human 
presence and to search for life. For that, the ISS should 
provide a sustainable operating platform to near-Earth 
asteroid exploration and extended duration crew 
missions in the Lunar vicinity and surface, before 
missions to Mars. Since we were sending humans into 
extreme environments, medical crews continuously 
develop countermeasures to ensure safety and rescue. 

Today, it is of utmost importance and our duty as 
spacefaring humans to develop specific basic life 
support techniques to rescue astronauts on a low-gravity 
surface before an  extended human mission is embarked 
upon. 
Cardiac function and mass are diminished by long-term 
spaceflights. This effect is generated by a fluid shift 
from the lower to the upper body, resulting in upper 
body blood volume expansion [10]. This stimulates 
central volume carotid, aortic and cardiac receptors 
inducing a transient increase in diuresis and natriuresis. 
The size of the heart decreases, with modified cardiac 
filling, stroke volume and cardiac output [11]. Data 
from magnetic resonance imaging measurements show 
a 14% reduction in left ventricular mass pointing out a 
cardiac remodeling compromising myocardial function 
[11]. Arteries also change, responding to smaller 
volume by constricting to keep the blood flowing since 
they no longer see the sheer forces that stimulate arterial 
walls. Endothelial lining remodels wall with a 
lipid/protein and inflammation environment, inducing a 
local or systemic damage [11]. This data show that 
spaceflights can be physiologically deleterious. A long-
duration journey out of Earth could then bring about 
chronic myocardial remodeling leading to heart failure 
and cardiac arrest. Therefore, providing efficient CPR in 
a low-gravity environment out of Earth should be the 
priority of any planned mission to the Moon or Mars. 
The proposed technique does not require equipment and 
considers the contraints expected during external 
exploration, taking into account that incidences may or 
may not occur within planetary habitats. 
Performing the classic method of basic life support in 
simulated hypogravity is unstable and each compression 
pushes you away from the victim, resulting in a 
decreased rate and compression depth. The position 
requires more arm flexion and good arm strength, and 

 

quickly becomes tiring; it may also be hard for 
deconditioned or weaker crew to perform. For this 
reason we have developed a new cardiopulmonary 
resuscitation method in order to improve BLS during 
future missions on the surface of the Moon and Mars. 
The Seated Arm-Lock method was devised as a means 
to combat the main problem in performing 
cardiopulmonary resuscitation in hypogravity. Namely, 
the increased difficulty in achieving adequate depth of 
compression without the rescuer becoming exhausted or 
being pushed away from the victim. The solution 
involves the rescuer straddling the victim with the 
victims arms being locked in behind the rescuers knees. 
The rescuers knees should be in the shoulder area of the 
victim and his toes by the victims hips, pointed 
backwards. The position prevents the rescuer being 
pushed away from the victim by using the arms as 
strong and comfortable pivot points. No residual tone is 
required in the victims arms. 
 
MATERIALS AND METHOD 
 
Protocol 
Subjects were required  to practice CPR using the 
Seated Arm-Lock technique prior to the beginning of the 
experiment under conditions of +1Gz and in simulated 
hypogravity on the Moon and Mars. The SeAL for basic 
life support was compared to the classical method of 
BLS. The frequency and depth of chest compression 
was recorded continuously through out a 3min protocol 
(30 compressions and 6 seconds break as per the 30:2 
ratio from the American Heart Association guidelines) 
[5, 12]. The perceived exertion of the subject was taken 
using the Borg Scale. The heart rate was recorded after 
each trial. 
 
Equipment 
The European Space Agency (ESA) provided us with a 
full-body CPR mannequin (Resusci Anne SkillReporter, 
Laerdal Medical Ltd., Orpington, UK) able to measure 
external chest compression (ECC) depth and rate (± 
SD). Real-time feed-back of each compression was 
provided by a small light-emitting diode (LED). 
Coloured lights of the LED indicated depth of ECCs 
(red, 0-39mm; yellow, 40-49mm; green, 50-60mm). An 
electronic metronome established an effective ECC rate 
of 100 compressions.min-1 [4, 5]. 
To simulate hypogravity, we used a modified cable-
cross over fitness machine also provided by the ESA. 
The volunteer wore a harness connected to the 
counterweights via a pulley system and a steel cable. 
The amount of counterweight  to use for the volunteer 
was calculated by working out his relative mass in the 
simulated conditions using two equations [13] : 
 

RM = (0.6BM x SGF)/1Gz   Eq.1 
CW = 0.6BM - RM    Eq.2 

 
where Eq.1 enables to calculate the relative mass of the 
subject (RM = relative mass in kg, BM = body mass on 
Earth in kg, SGF = simulated gravitational force in m.s-

2, 1Gz = 9.81m.s-2) and Eq.2 gives the counterweight 
(CW in kg) to use to simulate hypogravity. 
 
Data analysis 
The results are shown as a preliminary trial with n=1 
participant. No statistics are available. 
 
RESULTS 
 
Considering the gravitational force on the Moon 
(+0.162Gz) and on Mars (+0.387Gz), and a subject 
weight of 82kg, we applied a counterweight of 42kg to 
simulate hypogravity on the Moon and 31kg for the 
hypogravity field on Mars. 
On Earth, with no counterweights, we found equivalent 
mean compression depth between the classical BLS and 
the SeAL (42±2mm). On Mars, the SeAL should provide 
an improved mean compression depth (45±6mm) rather 
than on the Moon (42±4mm). Moreover, we were able 
to provide 100 ECC.min-1, which it was impossible in 
the regular case. The most important thing to notice is 
that the SeAL technique offers a high level of stability, 
much greater than the regular method allows in 
simulated hypogravity. 
 

 

 
 
The heart rate increased similarly between the two 
methods after performance on Earth (81±2bpm), on the 
Moon (150±2bpm) and on Mars (110±5bpm), so that 
the SeAL is not more physically demanding: only the 
environmental contraints enhance the difficulty to 
perform efficient resuscitation work. This idea is 
confirmed by using a Borg Scale to evaluate the 

Figure 1 External chest compression depth in 
different simulation of hypogravity compared to the 
Earth. In grey, the regular method of basic life 
support, in black, the SeAL. 
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Cardiopulmonary resuscitation (CPR) is an 
emergency procedure to return life to a person in 
cardiac arrest. This is indicated in those who are 
unresponsive with no breathing or only gasps. 
Studies have shown that the priority should be given 
to good external chest compressions, and to avoid the 
case where artificial ventilation may compromise 
survival [1]. Consistently with human space flight 
programs aboard the International Space Station 
(ISS), the Evetts-Russomano method seems to be 
appropriate to rescue a victim of cardiac arrest in 
microgravity [2, 3, 4, 5] but, in hypogravity, as far as 
we know, no method is yet appropriate to rescue 
astronauts [6]. According to our trial, using the 
classical basic life support (BLS) technique does not 
provide good results, especially during extended 
periods of resuscitation. The Seated Arm-Lock 
(SeAL) method seems to offer improved outcomes in 
simulated hypogravity. 
 
SEVERAL DECADES AFTER the United States (U.S.) 
Project Apollo, responsible for the landing of the first 
humans on the Moon in 1969 [7], aiming to land a man 
on the Earth's satellite and to return him safely [8], 
many nations are mastering new space technologies and 
long-duration human space flights. Collaborative space 
agencies and partners just defined a global exploration 
roadmap to destinations where humans may someday 
live and work [9]. Deep space missions are the main 
stepwise goal to enhance Earth safety, to extend human 
presence and to search for life. For that, the ISS should 
provide a sustainable operating platform to near-Earth 
asteroid exploration and extended duration crew 
missions in the Lunar vicinity and surface, before 
missions to Mars. Since we were sending humans into 
extreme environments, medical crews continuously 
develop countermeasures to ensure safety and rescue. 

Today, it is of utmost importance and our duty as 
spacefaring humans to develop specific basic life 
support techniques to rescue astronauts on a low-gravity 
surface before an  extended human mission is embarked 
upon. 
Cardiac function and mass are diminished by long-term 
spaceflights. This effect is generated by a fluid shift 
from the lower to the upper body, resulting in upper 
body blood volume expansion [10]. This stimulates 
central volume carotid, aortic and cardiac receptors 
inducing a transient increase in diuresis and natriuresis. 
The size of the heart decreases, with modified cardiac 
filling, stroke volume and cardiac output [11]. Data 
from magnetic resonance imaging measurements show 
a 14% reduction in left ventricular mass pointing out a 
cardiac remodeling compromising myocardial function 
[11]. Arteries also change, responding to smaller 
volume by constricting to keep the blood flowing since 
they no longer see the sheer forces that stimulate arterial 
walls. Endothelial lining remodels wall with a 
lipid/protein and inflammation environment, inducing a 
local or systemic damage [11]. This data show that 
spaceflights can be physiologically deleterious. A long-
duration journey out of Earth could then bring about 
chronic myocardial remodeling leading to heart failure 
and cardiac arrest. Therefore, providing efficient CPR in 
a low-gravity environment out of Earth should be the 
priority of any planned mission to the Moon or Mars. 
The proposed technique does not require equipment and 
considers the contraints expected during external 
exploration, taking into account that incidences may or 
may not occur within planetary habitats. 
Performing the classic method of basic life support in 
simulated hypogravity is unstable and each compression 
pushes you away from the victim, resulting in a 
decreased rate and compression depth. The position 
requires more arm flexion and good arm strength, and 

 

quickly becomes tiring; it may also be hard for 
deconditioned or weaker crew to perform. For this 
reason we have developed a new cardiopulmonary 
resuscitation method in order to improve BLS during 
future missions on the surface of the Moon and Mars. 
The Seated Arm-Lock method was devised as a means 
to combat the main problem in performing 
cardiopulmonary resuscitation in hypogravity. Namely, 
the increased difficulty in achieving adequate depth of 
compression without the rescuer becoming exhausted or 
being pushed away from the victim. The solution 
involves the rescuer straddling the victim with the 
victims arms being locked in behind the rescuers knees. 
The rescuers knees should be in the shoulder area of the 
victim and his toes by the victims hips, pointed 
backwards. The position prevents the rescuer being 
pushed away from the victim by using the arms as 
strong and comfortable pivot points. No residual tone is 
required in the victims arms. 
 
MATERIALS AND METHOD 
 
Protocol 
Subjects were required  to practice CPR using the 
Seated Arm-Lock technique prior to the beginning of the 
experiment under conditions of +1Gz and in simulated 
hypogravity on the Moon and Mars. The SeAL for basic 
life support was compared to the classical method of 
BLS. The frequency and depth of chest compression 
was recorded continuously through out a 3min protocol 
(30 compressions and 6 seconds break as per the 30:2 
ratio from the American Heart Association guidelines) 
[5, 12]. The perceived exertion of the subject was taken 
using the Borg Scale. The heart rate was recorded after 
each trial. 
 
Equipment 
The European Space Agency (ESA) provided us with a 
full-body CPR mannequin (Resusci Anne SkillReporter, 
Laerdal Medical Ltd., Orpington, UK) able to measure 
external chest compression (ECC) depth and rate (± 
SD). Real-time feed-back of each compression was 
provided by a small light-emitting diode (LED). 
Coloured lights of the LED indicated depth of ECCs 
(red, 0-39mm; yellow, 40-49mm; green, 50-60mm). An 
electronic metronome established an effective ECC rate 
of 100 compressions.min-1 [4, 5]. 
To simulate hypogravity, we used a modified cable-
cross over fitness machine also provided by the ESA. 
The volunteer wore a harness connected to the 
counterweights via a pulley system and a steel cable. 
The amount of counterweight  to use for the volunteer 
was calculated by working out his relative mass in the 
simulated conditions using two equations [13] : 
 

RM = (0.6BM x SGF)/1Gz   Eq.1 
CW = 0.6BM - RM    Eq.2 

 
where Eq.1 enables to calculate the relative mass of the 
subject (RM = relative mass in kg, BM = body mass on 
Earth in kg, SGF = simulated gravitational force in m.s-

2, 1Gz = 9.81m.s-2) and Eq.2 gives the counterweight 
(CW in kg) to use to simulate hypogravity. 
 
Data analysis 
The results are shown as a preliminary trial with n=1 
participant. No statistics are available. 
 
RESULTS 
 
Considering the gravitational force on the Moon 
(+0.162Gz) and on Mars (+0.387Gz), and a subject 
weight of 82kg, we applied a counterweight of 42kg to 
simulate hypogravity on the Moon and 31kg for the 
hypogravity field on Mars. 
On Earth, with no counterweights, we found equivalent 
mean compression depth between the classical BLS and 
the SeAL (42±2mm). On Mars, the SeAL should provide 
an improved mean compression depth (45±6mm) rather 
than on the Moon (42±4mm). Moreover, we were able 
to provide 100 ECC.min-1, which it was impossible in 
the regular case. The most important thing to notice is 
that the SeAL technique offers a high level of stability, 
much greater than the regular method allows in 
simulated hypogravity. 
 

 

 
 
The heart rate increased similarly between the two 
methods after performance on Earth (81±2bpm), on the 
Moon (150±2bpm) and on Mars (110±5bpm), so that 
the SeAL is not more physically demanding: only the 
environmental contraints enhance the difficulty to 
perform efficient resuscitation work. This idea is 
confirmed by using a Borg Scale to evaluate the 

Figure 1 External chest compression depth in 
different simulation of hypogravity compared to the 
Earth. In grey, the regular method of basic life 
support, in black, the SeAL. 
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perceived exertion after each trial, consisting of a 
numerical range from 6 to 20 and verbal cues 
corresponding to each number (very light, 6; light, 11; 
hard, 15; exhaustion, 20). Results are similar between 
the two methods on Earth (10), on the Moon (17) and on 
Mars (13). 
 

 
 

 

 
 
DISCUSSION 
 
Currently, the Evetts-Russomano (ER) method seems to 
be the best technique to increase chances of 
resuscitation in microgravity [5, 13] compared to other 
methods [2] like the Bear Hug, which provides a good 
rate of compression (90 per minute), but the depth is 
below guidelines (36 mm) or the Hand Stand which 
involves a vertical-inverted position, provides adequate 
external chest compressions depth (40 mm) and rate (98 
per minute), however the position  is unstable, and it 
may take time for the rescuer to find a good balance. 

The ER has an adequate ECC depth (42 mm), yet the 
rate is low (80 per minute). 
The classical basic life support and the Seated Arm-
Lock method are equivalent in rate and depth of 
compressions, and our results meets the American Heart 
Association (AHA) guidelines [12] concerning CPR on 
Earth. The SeAL position however shows more stability 
and comfort. Locking the arm of the victim with your 
legs prevents you from being pushed away from 
him/her during chest compressions. The rescuer is not 
quite seated on the abdomen, but he has his knees close 
to the axillae of the victims shoulders, with his own 
shoulders directly above the cardiac area, offering more 
precision for compression, and the ability to use arm 
flexion to enhance the strength of the compression if 
necessary. However it is hoped that the locking of the 
victims arms behind the rescuers knees will decrease the 
need for arm flexion by providing a stable point of 
attachment between victim and rescuer, allowing the 
rescuer to mainly use his shoulders and torso to provide 
the power of compression. If the victim has upper-limb 
trauma, using this technique will depend on the extent 
of injury but in most cases, the priority would be to 
provide chest compressions before attending to 
problems in the limbs. Moreover, the SeAL is easy to 
carry out and fill the 2-3 minutes gap between the 
cardiac arrest and the rescue. 
 

 
 

 
 
CONCLUSION 
 
The Seated Arm-Lock method could be used both on the 
Moon and on Mars, and seems to be a better option than 
the regular method. It addresses the issues associated 
with the classical method such as exertion and stability, 
and allows for an easy transition for people who already 
know the classical method. Furthermore, there is no loss 
of accuracy of hand positioning. However, this work is 

Figure 2 Heart Rate and Perceived Exertion after 
different simulation of hypogravity compared to the 
Earth. In grey, the regular method of basic life 
support, in black, the SeAL. 

Figure 3 The Seated Arm-Lock method in simulated 
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preliminary and needs a complete trial, specially 
designed for the SeAL with trained volunteers. In 
summary, this method of cardiopulmonary resuscitation 
is a way of securing yourself to the victim that does not 
require the use of additional equipment. It is 
comfortable for both parties and makes adequate 
compression depth more achievable than the classical 
method in simulated hypogravity. 
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During the post-EVA debrief, Parmitano reported that 
he had impaired visibility and breathing, with water 
covering his eyes, nose, and ears. In addition, he had 
audio communication issues because of the water. When 
returning to the airlock, Parmitano had to rely on manual 
feel of his safety tether’s cable for pathway directions. 
The event was classified as a High Visibility Close Call 
and a Mishap Investigation Board (MIB) was created. A 
related concern occurred during a post-EVA 23 suit dry-out 
procedure. A vacuum cleaner was used and unexpectedly 
suctioned O2 from the suit’s secondary high pressure oxygen 
tank, causing a potentially hazardous mix of electricity and 
pure O2, which could have ignited flammable materials in 
and around the vacuum cleaner, although fortunately no 
incident of this nature occurred. This paper will discuss the 
mishap, the results from the subsequent investigation, and 
lessons to be learned from the event. 
The Mishap Investigation Board was commissioned by 
William H. Gerstenmaier, Associate Administrator for the 
Human Exploration and Operations Directorate at NASA 
Headquarters in Washington, D.C. on July 22, 2013.  The 
final report, reference [1], was submitted on December 
20, 2013. The MIB members appointed were Chairman 
Chris Hansen, Dr. Sudhakar Rajulu and Mike Foreman 
of the Johnson Space Flight Center, Joe Pellicciotti of 
the Goddard Space Flight Center, and Richard Fullerton 
from NASA Headquarters. The MIB investigation ran 
concurrently with an ISS Program investigation and relied 
on multiple experts to complete its work.

2. BACKGROUND 

The International Space Station is located in low Earth 
orbit about 400 km (250 mi) above the Earth’s surface. It 
serves as a microgravity and space environment research 
laboratory for the physical and natural sciences. The ISS is 
also a tested of spacecraft systems and equipment required 
for future missions to the Moon and Mars. ISS EVAs, 
or spacewalks, are performed outside the spacecraft to 
build and maintain the orbital laboratory: installing new 
components; re-wire systems, modules, and equipment; 
monitor, install, and retrieve scientific experiments. EVAs 
also provide critical contingency capability to assure ISS 
viability and crew safety.

ABSTRACT

The Space Station program convened a Mishap 
Investigation Board (MIB) to investigate a High Visibility 
Close Call which occurred during US Extravehicular 
Activity (EVA) 23 on July 16, 2013. The MIB established 
the specific cause for the potentially catastrophic water 
leakage inside the Extravehicular Mobility Unit (EMU), 
which was a clog inside the EMU Fan Pump Separator, 
caused by inorganic material that led to water spilling into 
the vent loop. Additionally, the MIB identified Root Causes 
as any of the multiple factors (events or conditions, that 
are organizational factors) that contributed to or created 
the proximate cause and subsequent undesired outcome. 
Root causes are ones that if eliminated or significantly 
modified, would have prevented the undesired outcome. 
Trouble-shooting also identified a catastrophic failure 
mode previously unknown to the ISS program. The 
lessons learned resulted in 49 separate recommendations 
to the ISS Program to correct these issues that led to this 
incident and prevent future such mishaps. Many of these 
recommendations were being implemented before the 
report was complete, and all of them are being specifically 
addressed by the ISS Program. Additional insights from 
NASA astronaut and EVA 23 spacewalker Christopher 
Cassidy are included to provide additional insight to the 
incident and the resulting lessons learned.

1. INTRODUCTION

On July 16, 2013, Christopher Cassidy (EV1) and European 
Space Agency (ESA) astronaut Luca Parmitano (EV2) 
exited the International Space Station US Airlock to begin 
U.S. Extravehicular Activity 23 (US EVA 23). Roughly 
44 minutes into EVA 23, Parmitano reported water inside 
his helmet on the back of his head. The EVA ground team 
and the crew members were unable to identify the water’s 
source. As Parmitano continued to work, the amount of 
water in his helmet increased and eventually migrated from 
the back of his head onto his face. EVA 23 was terminated 
early and the crew safely ingressed the airlock. A nominal 
rate was used to re-pressurize the airlock followed by an 
expedited suit removal. The water quantity introduced into 
his helmet was later determined to be almost 1.4 liters.

Figure 1. Extravehicular Mobility Unit (EMU)

The current ISS Extravehicular Mobility Unit (EMU) 
(shown in Fig. 1), a complex spacesuit that provides 
protection from the extreme conditions of space, is a mobile 
life support system with an oxygen supply, electrical 
power, water-cooling equipment, ventilating fan, and an 
in-suit drink bag. The EMU was originally developed for 
use on the U.S. Space Shuttle to mitigate failure scenarios 
in which the Shuttle payload bay doors failed to close and 
lock properly prior to atmospheric re-entry. An additional 
postulated failure scenario involved achieving “rescue” 
of a disabled orbiter by EVA crewmembers entering 
a depressurized vehicle and accessing the flight deck. 
This particular risk mitigation approach required that the 
EVA suit and the Portable Life Support System (PLSS) 
assembly be sized—width and depth—to pass through 
the Shuttle hatch openings to the flight deck. The EMU 
has since evolved from a suit to mitigate Shuttle failure 
scenarios to one capable of deploying, capturing, and 
repairing satellites, and enabling astronauts to assemble, 
repair, and maintain the ISS.
As mission objectives expanded, the once single-mission 
EMU certification was incrementally extended to an 
operational life of multiple years on the ISS. The evolution 
of the suit over the years resulted in a long history of 
issues that led to many modifications to the EMU. The 
Quest Joint Airlock module in the U.S. segment of the 
ISS maintains the habitable environment when astronauts 
are exiting or entering the spacecraft for EVA operations. 
It consists of two main parts: the equipment lock and 
the crew lock. The equipment lock is where the EMUs 
are stored and preparations for spacewalks are carried 
out. The crew lock is depressurized during spacewalks. 
Continuous flight of the ISS requires spacesuits to be 
left on-board for longer periods of time than the suit’s 
original Shuttle certification allowed.
At the beginning of the ISS Program, EMUs were 
delivered by the Space Shuttle; a complement of suits 
was left on ISS when the Shuttle Orbiter un-docked. On 
subsequent Shuttle missions, suits were replaced and 
returned to the ground for maintenance and refurbishment. 

Originally, the maintenance cycle for an individual 
suit was after each Shuttle flight. Suit requirements 
supported three EVAs before ground conditioning. In 
order to support continuous ISS operation, the period 
of EMU maintenance cycles was extended to one year 
or 25 EVAs. This maintenance period was extended to 
two years in 2002 and to three years in 2007. The current 
operational certification is 6 years. NASA’s decision to 
retire the Shuttle fleet in 2011 required another change to 
the EMU operations concept. The complement of EMUs 
on ISS was increased from three to four. Additional 
ground processing is required for the EMU hardware 
to meet this longer 6-year maintenance interval. This 
processing includes cleaning or replacing water filters 
along with the stripping and recoating of areas with 
known susceptibility to corrosion.

3. EVENTS IMMEDIATELY LEADING UP TO 
MISHAP

Prior to EVA 23, Cassidy had completed five EVAs, 
totaling 29 hours and 43 minutes. Parmitano had 
completed one EVA (EVA 22), which was 6 hours and 7 
minutes. On May 12, 2013, ISS crewmembers conducted 
US EVA 21. An EVA crewmember on this EVA wore 
EMU 3011, the EMU that experienced the close call on 
EVA 23. The crewmember did not experience water in 
the suit during EVA 21. 
On July 9, 2013, just one week prior to EVA 23, Cassidy 
and Parmitano conducted US EVA 22 with the same 
EMUs that would be worn on EVA 23. When Parmitano 
removed his helmet post-EVA 22, he discovered between 
0.5 and 1 liter of water in the helmet. Cassidy reported 
that when he was face-to-face with his partner at the 
airlock hatch prior to ingress, there was no visible 
indication of water in Parmitano’s helmet. Therefore, 
the crew concluded that the water must have entered 
the helmet during re-pressurization activities. Also, 
during EVA 22 repress, Parmitano was looking down 
and leaning forward. It was concluded that he likely 
had pressed on the drink bag (shown in Fig. 2) with his 
chest and could have pinched the bite valve open with 
his chin, releasing water into his helmet. The ground 
team accepted the crew’s drink bag leak suggestion and 
the presence of excessive water in the helmet was not 
investigated further. The crew cleaned up the residual 
water, and the ground team sent up procedure changes for 
EMU stowage to help the equipment dry out. The ground 
team instructed the crew to use a new drink bag for the 
upcoming EVA 23. There was no discussion of water in 
the helmet during EVA 23 pre-briefs which were held on 
July 11 and July 15.
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Figure 2. Drink bag used inside EMU during spacewalks

4. EVENTS AT THE TIME OF THE MISHAP

On July 16, roughly 38 minutes into US EVA 23, 
Parmitano (wearing EMU 3011) had a “CO2 Sensor Bad” 
alarm in his suit. At 44 minutes, he reported feeling water 
inside his helmet on the back of his neck and head. Less 
than 10 minutes later, he reported an increase of water 
behind his head. Neither the ground team nor the flight 
team were able to identify the water source. Cassidy 
visually confirmed the pooling water. The amount of 
water continued to increase. At 23 minutes after the 
first report of water, the Mission Control Team called 
an EVA termination, directing Parmitano to translate 
back to and ingress the airlock. An EVA termination 
allows for a crewmember with an EMU issue to return 
to the safety of the airlock while the other crewmember 
safes the worksite, followed by a nominal and orderly 
re-pressurization of the airlock. During his translation 
to the Airlock, the water behind Parmitano’s head 
began to migrate onto his face. During this maneuver, 
he experienced intermittent communication difficulties 
with the ground. Next, Cassidy ingressed into the 
airlock which was then re-pressurized (at the nominal 
rate). The suit removal for Parmitano (shown in Fig. 3) 
was expedited. Video downlink confirmed significant 
water covering the helmet interior when the helmet was 
removed. Parmitano’s Liquid Cooling and Ventilation 
Garment (LCVG) was relatively dry, however his 
communications cap and helmet interior were completely 
soaked with water.

Figure 3. ISS Crew Members removing Luca Parmitano’s 
helmet after EVA 23

During a post-EVA debrief, Parmitano reported having 
impaired visibility and breathing with water covering his 
eyes, nose, and ears during his translation to the Airlock. 
In addition, he mentioned having audio communication 
issues due to water in his communication cap. At the same 
time, the sun also had just set, making the environment 
very dark. The combination of the presence of water 
inside the helmet and darkness due to the loss of sunlight 
so significantly reduced visibility that Parmitano was 
forced to rely on the manual feel of the safety tether cable 
for pathway direction for the return to the airlock.

5. A VIEW FROM INSIDE – THOUGHTS FROM 
ASTRONAUT CHRISTOPHER CASSIDY 

When one is about to do, or just starts doing, something 
that they have been looking forward to for a long time 
there is always a certain level of excitement and happy 
emotions involved. For astronauts, EVA is exactly that. 
It comes with many months of pre-flight training, and 
weeks of in-flight preparation of the plan, the suits, and 
the hardware. Even the act of getting out the door is a 
multi-hour process. So when it finally happens, and I find 
myself looking through my visor, between my toes at 
the world zipping by at 5 miles per second, I’m always 
relieved that no little gremlins had crept into our world to 
prevent the occasion from happening. Such was the case 
on July 16th…or so we thought! I distinctly remember 
what went through my head when I heard Luca say that 
there was water in his helmet: “Oh that is going to take 
the ground about 20 minutes to think through, but we 
should be OK, because we are about 40 minutes ahead 
of the planned timeline.” I continued to work as quickly 
as I could while talking with Luca about the possible 
sources. Then he said something that made me switch my 
thinking from this being simply a speed bump in our plan 
to “this is serious and this EVA is over.” That key piece of 

information was the temperature of the water. When he 
said that the water was very cold, I knew we were done.
The water in the drink bag is basically body temperature 
because of its location next to our chest. Sweat and urine 
are also obviously body temperature. Cooling water, 
however, is somewhere in the high 30’s after it passes 
over the frozen sublimator. In the heat of the moment, I 
couldn’t understand how cooling water could get to his 
head, but I just knew that Luca needed to head back to 
the airlock. Right about this time is when Flight Control 
voiced up that we would be terminating this spacewalk.
In the military, we say that problems happen at the fold 
of the map, at the intersection of four grid-squares at 
night. This seemed to now be the situation we found 
ourselves in, because just then the sun set and darkness 
once again engulfed us. Because of the planned routing 
of our safety tethers, the long retractable dog leash-like 
reels that keep us connected to the ISS, Luca and I had 
to take different paths back to the airlock. I will forever 
have the image in my brain of Luca’s silhouette moving 
aft on the top of Node 1, and then disappearing into the 
blackness and around the corner, back to the airlock. At 
that moment I had the sickening thought that I was not 
with my “dive buddy” when he might need me. I gave 
very serious thought to telling him to stop, connecting 
to him, and releasing my tether so that we could go back 
as a pair. In those few seconds I talked myself out of this 
plan because if I worked efficiently, we would only be 
apart for 5-7 minutes, or less, and at the time we were 
communicating fine.
Unfortunately it was during these short minutes of 
separation that the water migrated around his head and 
the problem went from potentially bad to serious as he 
blindly retraced his safety tether back to the airlock. I 
was about half way back when he arrived at the hatch 
and the Flight Control team and I confirmed with Luca 
to just get inside and I would get the hatch closed. The 
volume of the airlock is rather small and it is somewhat 
difficult to see each other’s faces due to the nature of how 
we align ourselves head to toe. With the hatch closed, and 
the pressure increasing, I was finally able to maneuver to 
see his face and what I saw startled me. The water was 
obviously in his ear cups because he couldn’t hear very 
well, but I could see it in his eyes, over his nose, and 
most notably very close to his mouth. I remember being 
very thankful that the whole team took the actions when 
we did because, in aviation terms, we didn’t have much 
runway in front of us.

6. EVENTS FOLLOWING THE MISHAP — 
INCLUDING IDENTIFYING A NEW HAZARD

Initial troubleshooting of the incident began the day 
after the EVA. The crew inspected the drink bag and 

determined that no visible cuts, holes or other damage 
existed. The crew then filled the drink bag and applied 
pressure. No leaks were noted. EMU water recharge was 
performed nominally and 3.84 lbm (1.75 Liters) of water 
went into the suit. This correlated with the crew report of 
1 to 1.5 L of water in the helmet post-EVA in addition to 
what would nominally be expended by the suit during a 1 
hour and 40 minute EVA. After water recharge, the crew 
executed water leak troubleshooting steps: The PLSS fan 
was turned on with the Secondary Oxygen Pack (SOP) 
Check Out Fixture (SCOF) installed to cover the Vent 
port and O2 Actuator in IV setting for approximately 14 
minutes. The installed SCOF is shown in Fig. 4.  

Figure 4. EMU SOP Check Out Fixture (SCOF)

No off-nominal conditions were noted and inspection 
of the suit revealed no visible water. When the SCOF 
was removed per procedure, the crew reported hearing 
a “sucking” sound and the fan stopped operating. The 
crew was directed to turn off the suit fan and move the O2 
Actuator to OFF. The crew then turned the suit fan back 
ON and again set the O2 Actuator to IV. The fan briefly 
began spinning and then shut down almost immediately, 
with the crew reporting a water “sucking” or “gurgling” 
sound. Subsequent inspection revealed water in the 
METOX canister (CO2 scrubber) outlet and suit inlet 
ports. The crew additionally reported seeing droplets of 
water in the neck vent port (called T2). While the crew 
was awaiting further direction from the ground, the 
Infrared (IR) CO2 transducer in the suit began to show 
an increase in its reading and eventually went off-scale 
high, most likely due to moisture in the vent loop near 
the CO2 transducer. 
After the fan in the EMU water separator pump was 
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the airlock. Right about this time is when Flight Control 
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of the map, at the intersection of four grid-squares at 
night. This seemed to now be the situation we found 
ourselves in, because just then the sun set and darkness 
once again engulfed us. Because of the planned routing 
of our safety tethers, the long retractable dog leash-like 
reels that keep us connected to the ISS, Luca and I had 
to take different paths back to the airlock. I will forever 
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very serious thought to telling him to stop, connecting 
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as a pair. In those few seconds I talked myself out of this 
plan because if I worked efficiently, we would only be 
apart for 5-7 minutes, or less, and at the time we were 
communicating fine.
Unfortunately it was during these short minutes of 
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the problem went from potentially bad to serious as he 
blindly retraced his safety tether back to the airlock. I 
was about half way back when he arrived at the hatch 
and the Flight Control team and I confirmed with Luca 
to just get inside and I would get the hatch closed. The 
volume of the airlock is rather small and it is somewhat 
difficult to see each other’s faces due to the nature of how 
we align ourselves head to toe. With the hatch closed, and 
the pressure increasing, I was finally able to maneuver to 
see his face and what I saw startled me. The water was 
obviously in his ear cups because he couldn’t hear very 
well, but I could see it in his eyes, over his nose, and 
most notably very close to his mouth. I remember being 
very thankful that the whole team took the actions when 
we did because, in aviation terms, we didn’t have much 
runway in front of us.

6. EVENTS FOLLOWING THE MISHAP — 
INCLUDING IDENTIFYING A NEW HAZARD

Initial troubleshooting of the incident began the day 
after the EVA. The crew inspected the drink bag and 

determined that no visible cuts, holes or other damage 
existed. The crew then filled the drink bag and applied 
pressure. No leaks were noted. EMU water recharge was 
performed nominally and 3.84 lbm (1.75 Liters) of water 
went into the suit. This correlated with the crew report of 
1 to 1.5 L of water in the helmet post-EVA in addition to 
what would nominally be expended by the suit during a 1 
hour and 40 minute EVA. After water recharge, the crew 
executed water leak troubleshooting steps: The PLSS fan 
was turned on with the Secondary Oxygen Pack (SOP) 
Check Out Fixture (SCOF) installed to cover the Vent 
port and O2 Actuator in IV setting for approximately 14 
minutes. The installed SCOF is shown in Fig. 4.  

Figure 4. EMU SOP Check Out Fixture (SCOF)

No off-nominal conditions were noted and inspection 
of the suit revealed no visible water. When the SCOF 
was removed per procedure, the crew reported hearing 
a “sucking” sound and the fan stopped operating. The 
crew was directed to turn off the suit fan and move the O2 
Actuator to OFF. The crew then turned the suit fan back 
ON and again set the O2 Actuator to IV. The fan briefly 
began spinning and then shut down almost immediately, 
with the crew reporting a water “sucking” or “gurgling” 
sound. Subsequent inspection revealed water in the 
METOX canister (CO2 scrubber) outlet and suit inlet 
ports. The crew additionally reported seeing droplets of 
water in the neck vent port (called T2). While the crew 
was awaiting further direction from the ground, the 
Infrared (IR) CO2 transducer in the suit began to show 
an increase in its reading and eventually went off-scale 
high, most likely due to moisture in the vent loop near 
the CO2 transducer. 
After the fan in the EMU water separator pump was 
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flooded, the ground team developed a procedure for 
drying out EMU 3011’s Vent Loop using a wet/dry 
vacuum at the crew’s next available opportunity. After the 
crew executed the EMU 3011 vent loop wet/dry vacuum 
and dry-out activity, the EVA officer in Mission Control 
noticed a nearly 500 psi reduction in SOP pressure had 
occurred during a Loss of Signal (LOS), a time period 
where there is no telemetry available between the ground 
and ISS. Pressure in the SOP dropped from an initial 
value of 5580 psi to 5081 psi. The crew reported the 
SOP pressure gauge read ~5200 psi which matched the 
telemetry data within the allowable +/- 490 psi range for 
the gauge.

Figure 5. Extravehicular Mobility Unit (EMU) With 
Water in Helmet During Post-EVA 23 Screening Test

On July 26, during EMU 3011 troubleshooting, it was 
noticed that the SOP pressure reading had increased to 
5271 psi; the increase being due to the warming of the 
bottle contents after the expansion cooling experienced 
during the inadvertent flow initiation. The use of a wet/
dry vacuum during this troubleshooting procedure was 
an off-nominal operation. The EMU team did not fully 
appreciate that the SOP would engage and flow with the 
EMU O2 Actuator in the OFF position. The transmitted 
procedure was not fully ̀ validated on the ground, and once 
implemented aboard ISS, caused an unsafe condition that 
exposed the crew and ISS to a potential fire hazard during 
inadvertent activation of the EMU SOP. 
A mechanical design review that was conducted after 
this incident indicated that the vacuum force was enough 
to partially open the SOP regulator valve. The vacuum 
produced by the vacuum cleaner in the vent loop provided 
enough delta-Pressure to cause the bellows of the SOP 
regulator to overcome the spring force designed to keep 
the regulator closed. When this occurred, it created a 
potentially hazardous mix of electricity and pure O2, 
which could have ignited flammable materials in and 
around the vacuum cleaner.

During discussions of the post-EVA 23 SOP issue, 
interviewees indicated that there was at least a perceived 
pressure to perform the dry out procedure at the next 
available crew opportunity rather than take the time to 
perform a proper procedure verification on the ground 
using high-fidelity flight hardware. Only a fit check of the 
wet/dry vacuum on a non-functional Class-3 EMU was 
performed. 
Several further troubleshooting steps were performed 
on orbit, including an unmanned run of the EMU at 
ambient, shown in Fig. 5, removal and inspection of an 
internal valve and filter shown in Fig. 6, and removal and 
inspection of a gas trap, shown in Fig. 7. 

Figure 6.  Valve and Filter from EMU 3011 Post-Anomaly

Figure 7. Gas Trap from EMU 3011 Post-Anomaly

7. CAUSES OF THE MISHAP

The top-level Fault Tree is shown in Fig. 8. The causes for 
this mishap evolved from (1) inorganic materials causing 
blockage of the drum holes in the EMU water separator 
resulting in water spilling into the vent loop; (2) the NASA 
team’s lack of knowledge regarding this particular failure 
mode; and (3) misdiagnosis of this suit failure when it 
initially occurred on EVA 22.
The source of the inorganic materials blocking the water 
separator drum holes had not been experienced during 
an EVA before and was still undergoing investigation 
at the time this paper was written. The results of this 
investigation will ultimately lead to resolution of this 
issue; however, since the investigation into the source of 
the debris is expected to continue for many months, the 

MIB did not have the required data to determine the root 
causes of the contamination source, which must ultimately 
be determined to prevent future mishaps. Because the  
hardware investigation must continue, the MIB report 
was divided into two unique areas of focus. First, the 
report focuses on the hardware failure investigation and 
understanding of the hardware involved, work completed 
to date, preliminary results, and future work needed to 
determine root causes. Second, the report focuses on real-
time operation activities that can be improved to help the 
ground control teams and crew quickly recognize and 
react rapidly to emergencies of this type. Since this failure 
had not been seen previously or anticipated, the NASA 
team did not know or understand that an event like this 
could occur. Without this awareness, the team’s response 
to the failure took longer than it typically should have. 
The team applied what they did know to the symptoms 
they saw during EVA 23. Several possible causes were 
discussed in real-time between the flight control team and 
the crew members. Ultimately, the team came to the correct 
conclusion that the water in Parmitano’s helmet was more 
serious than anything that could be explained by previous 
experience and the EVA was terminated. In addition, the 
lack of understanding of this failure mode, along with 
several other reasons discussed in the report, caused the 
team to misdiagnose the failure when it initially occurred 
at the end of EVA 22. Had the issue been discussed in 
more detail at the end of that EVA, the team likely would 
have realized that the water experienced in the helmet 
was “out of family” and needed to be investigated further 
before pressing ahead to EVA 23. That investigation 
most likely would have discovered this failure mode and 
EVA 23 would have been postponed while the issue was 
resolved, thus preventing this mishap. The MIB strongly 
believed that both spacewalkers and the flight control 
team performed well given what they knew at the time 
of this mishap. Parmitano’s calm demeanor in the face of 
his helmet filling with water possibly saved his life. The 
flight control team quickly discussed and sorted through 
multiple possible explanations for the water in the helmet. 
The ISS Program also assembled an investigation team 
which responded to this failure with a level of concern 

and applied resources that demonstrated its awareness of 
both the seriousness of this event and the importance of 
fully understanding and correcting the deficiencies that 
allowed it to happen. Many of the recommendations in 
the report had already been implemented prior to release 
of the report as a result of the involved organizations’ 
proactive response.

8. ROOT CAUSES OF THE MISHAP

A Root Cause is one of multiple factors (events 
or conditions, that are organizational factors) that 
contributed to or created the proximate cause and 
subsequent undesired outcome and, if eliminated or 
modified, would have prevented the undesired outcome. 
Typically, multiple root causes contribute to an undesired 
outcome. Additional root causes to the hardware failure 
will be identified as the investigation of the inorganic 
materials found in the Fan/Pump/Separator continues.
The MIB identified the following five Root Causes:

1) Program emphasis was to maximize crew time 
on orbit for utilization.

The ISS Program must place a strong emphasis on 
performing utilization (science) with the ISS; it is in fact 
the very reason ISS exists. However, the strong emphasis 
on utilization was leading team members to feel that 
requesting on-orbit time for anything non-science related 
was likely to be denied and therefore tended to assume 
their next course of action could not include on-orbit 
crew time. The danger with that thought process is that 
lower level team members were in effect making risk 
decisions for the Program, without necessarily having a 
Program wide viewpoint or understanding the risk trades 
actually being made at a Program level.

2) ISS Community perception was that drink bags 
leak.

The MIB could not identify a clear reason why the EVA 

UO-1

EVA crew member (EV2) exposed to 
potential loss of life during EVA 23.

ECFT-1

ISS Program performed EVA 23 
without recognizing EMU failure on 

EVA 22.
ECFT-2

EMU 3011 Helmet had large quantitiy of 
water during EVA 23.

ECFT-3

Flight Control Team/Crew did not 
terminate EVA as soon as water was 

reported in the helmet.
ECFT-4

Flight Control Team sent EV2 back to 
Airlock unaccompanied during EVA 

termination.

Figure 8. Top-Level Event and Causal Factor Tree
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flooded, the ground team developed a procedure for 
drying out EMU 3011’s Vent Loop using a wet/dry 
vacuum at the crew’s next available opportunity. After the 
crew executed the EMU 3011 vent loop wet/dry vacuum 
and dry-out activity, the EVA officer in Mission Control 
noticed a nearly 500 psi reduction in SOP pressure had 
occurred during a Loss of Signal (LOS), a time period 
where there is no telemetry available between the ground 
and ISS. Pressure in the SOP dropped from an initial 
value of 5580 psi to 5081 psi. The crew reported the 
SOP pressure gauge read ~5200 psi which matched the 
telemetry data within the allowable +/- 490 psi range for 
the gauge.

Figure 5. Extravehicular Mobility Unit (EMU) With 
Water in Helmet During Post-EVA 23 Screening Test

On July 26, during EMU 3011 troubleshooting, it was 
noticed that the SOP pressure reading had increased to 
5271 psi; the increase being due to the warming of the 
bottle contents after the expansion cooling experienced 
during the inadvertent flow initiation. The use of a wet/
dry vacuum during this troubleshooting procedure was 
an off-nominal operation. The EMU team did not fully 
appreciate that the SOP would engage and flow with the 
EMU O2 Actuator in the OFF position. The transmitted 
procedure was not fully ̀ validated on the ground, and once 
implemented aboard ISS, caused an unsafe condition that 
exposed the crew and ISS to a potential fire hazard during 
inadvertent activation of the EMU SOP. 
A mechanical design review that was conducted after 
this incident indicated that the vacuum force was enough 
to partially open the SOP regulator valve. The vacuum 
produced by the vacuum cleaner in the vent loop provided 
enough delta-Pressure to cause the bellows of the SOP 
regulator to overcome the spring force designed to keep 
the regulator closed. When this occurred, it created a 
potentially hazardous mix of electricity and pure O2, 
which could have ignited flammable materials in and 
around the vacuum cleaner.

During discussions of the post-EVA 23 SOP issue, 
interviewees indicated that there was at least a perceived 
pressure to perform the dry out procedure at the next 
available crew opportunity rather than take the time to 
perform a proper procedure verification on the ground 
using high-fidelity flight hardware. Only a fit check of the 
wet/dry vacuum on a non-functional Class-3 EMU was 
performed. 
Several further troubleshooting steps were performed 
on orbit, including an unmanned run of the EMU at 
ambient, shown in Fig. 5, removal and inspection of an 
internal valve and filter shown in Fig. 6, and removal and 
inspection of a gas trap, shown in Fig. 7. 

Figure 6.  Valve and Filter from EMU 3011 Post-Anomaly

Figure 7. Gas Trap from EMU 3011 Post-Anomaly
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The top-level Fault Tree is shown in Fig. 8. The causes for 
this mishap evolved from (1) inorganic materials causing 
blockage of the drum holes in the EMU water separator 
resulting in water spilling into the vent loop; (2) the NASA 
team’s lack of knowledge regarding this particular failure 
mode; and (3) misdiagnosis of this suit failure when it 
initially occurred on EVA 22.
The source of the inorganic materials blocking the water 
separator drum holes had not been experienced during 
an EVA before and was still undergoing investigation 
at the time this paper was written. The results of this 
investigation will ultimately lead to resolution of this 
issue; however, since the investigation into the source of 
the debris is expected to continue for many months, the 

MIB did not have the required data to determine the root 
causes of the contamination source, which must ultimately 
be determined to prevent future mishaps. Because the  
hardware investigation must continue, the MIB report 
was divided into two unique areas of focus. First, the 
report focuses on the hardware failure investigation and 
understanding of the hardware involved, work completed 
to date, preliminary results, and future work needed to 
determine root causes. Second, the report focuses on real-
time operation activities that can be improved to help the 
ground control teams and crew quickly recognize and 
react rapidly to emergencies of this type. Since this failure 
had not been seen previously or anticipated, the NASA 
team did not know or understand that an event like this 
could occur. Without this awareness, the team’s response 
to the failure took longer than it typically should have. 
The team applied what they did know to the symptoms 
they saw during EVA 23. Several possible causes were 
discussed in real-time between the flight control team and 
the crew members. Ultimately, the team came to the correct 
conclusion that the water in Parmitano’s helmet was more 
serious than anything that could be explained by previous 
experience and the EVA was terminated. In addition, the 
lack of understanding of this failure mode, along with 
several other reasons discussed in the report, caused the 
team to misdiagnose the failure when it initially occurred 
at the end of EVA 22. Had the issue been discussed in 
more detail at the end of that EVA, the team likely would 
have realized that the water experienced in the helmet 
was “out of family” and needed to be investigated further 
before pressing ahead to EVA 23. That investigation 
most likely would have discovered this failure mode and 
EVA 23 would have been postponed while the issue was 
resolved, thus preventing this mishap. The MIB strongly 
believed that both spacewalkers and the flight control 
team performed well given what they knew at the time 
of this mishap. Parmitano’s calm demeanor in the face of 
his helmet filling with water possibly saved his life. The 
flight control team quickly discussed and sorted through 
multiple possible explanations for the water in the helmet. 
The ISS Program also assembled an investigation team 
which responded to this failure with a level of concern 

and applied resources that demonstrated its awareness of 
both the seriousness of this event and the importance of 
fully understanding and correcting the deficiencies that 
allowed it to happen. Many of the recommendations in 
the report had already been implemented prior to release 
of the report as a result of the involved organizations’ 
proactive response.
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modified, would have prevented the undesired outcome. 
Typically, multiple root causes contribute to an undesired 
outcome. Additional root causes to the hardware failure 
will be identified as the investigation of the inorganic 
materials found in the Fan/Pump/Separator continues.
The MIB identified the following five Root Causes:

1) Program emphasis was to maximize crew time 
on orbit for utilization.

The ISS Program must place a strong emphasis on 
performing utilization (science) with the ISS; it is in fact 
the very reason ISS exists. However, the strong emphasis 
on utilization was leading team members to feel that 
requesting on-orbit time for anything non-science related 
was likely to be denied and therefore tended to assume 
their next course of action could not include on-orbit 
crew time. The danger with that thought process is that 
lower level team members were in effect making risk 
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community at large had the perception that the EVA drink 
bags leaked, other than a history of leakage with earlier 
designs. When presented with the suggestion that the 
crew member’s drink bag leaked out the large amount of 
water that was found in the helmet after EVA 22, no one 
in the EVA community challenged this determination and 
investigated further. Had that conclusion been challenged, 
the issue would likely have been discovered prior to EVA 
23 and the mishap would have been avoided.

3) Flight Control Team’s perception of the anomaly 
report process as being resource intensive made 
them reluctant to invoke it.

Based on interviews and MIB investigation, it was clear 
that several ground team members were concerned that 
if the assumed drink bag anomaly experienced at the end 
of EVA 22 were to be investigated further, it would likely 
lead to a long, intensive process that would interfere with 
necessary work needed to prepare for the upcoming EVA 
23, and that this issue would likely not uncover anything 
significant enough to justify the resources which would 
have to be spent.

4) No one applied knowledge of the physics of 
water behavior in zero-g to water coming from 
the PLSS vent loop.

The MIB learned that while there is a significant amount 
of knowledge about the way water behaves in zero-
gravity, the ground teams did not properly understand 
how the physics of water behavior inside the complex 
environment of the EMU helmet would manifest itself. 
The teams believed that if significant water entered the 
helmet through the vent loop that it would cling to the 
inner surface of the helmet rather than cling to the crew 
member’s head. They also believed that if a significant 
amount of water entered the vent loop, the Fan/Pump/
Separator would likely stall, as it had in 1-G when 
significant water entered the vent loop. Therefore, the 
significant hazard it presented was not anticipated.

5) The occurrence of minor amounts of water in 
the helmet was normalized.

Through interviews with ground personnel and review of 
data from previous EMU performance, it was clear that 
some water entering the helmet was considered normal 
by the ground teams. Despite the fact that water carryover 
into the helmet presented a known hazard of creating eye 
irritation due to its interaction with anti-fog agents, and 
also presented a potential fogging hazard, the ground 
teams grew to accept this as normal EMU behavior. 
Since these smaller amounts of water carryover had 
never caused a significant close call, it was perceived to 

not be a hazardous condition. When water began entering 
Parmitano’s helmet, the ground team discussed anti-fog/
eye irritation concerns and visibility concerns; however, 
a more hazardous condition was not expected because 
the presence of water in the helmet had been normalized.

9. SUMMARY OF RECOMMENDATIONS

The Mishap Investigation Board made 49 
recommendations to the ISS Program to correct the issues 
that led to this mishap, or correct issues discovered that 
could lead to future mishaps. All of the recommendations 
will not be discussed in this paper, however, the 
recommendations fall into general categories that are 
worthy of discussion. 

Program Management structure: The EVA 
management office evolved over the years to be a 
separate organization which developed its own language, 
processes and risk management philosophies. However, 
the ISS Program was very dependent on EVA to maintain 
the safety and operation of the ISS. The separation 
between the offices led to risk decisions being made by 
each organization without full insight of the implications 
of those risks to the other organization. 

Safety documentation: The ISS program and EVA 
activities had been extremely successful historically. 
This led to an almost unconscious belief that the safety 
documentation that explained hazards and dictated their 
control was no longer important. By failing to continually 
review and update these documents, the opportunity to 
identify a hidden potential hazard was missed. 

Hardware upgrades: The EMU has been in operation 
successfully for over 30 years. Yet when issues arose, 
like CO2 sensors failing and anti-fog material irritating 
the eyes of astronauts, they were often just accepted 
as the price of doing business. This led to a form of 
complacency and normalization of deviance. Hardware 
upgrades to combat smaller issues must continually be 
investigated and improvements traded in systems with 
significant hazards. 

Flight Rules and Procedures: It was recognized early on 
in the investigation that the flight rules and procedures for 
recognizing and dealing with the hazard of water entering 
the helmet must be made very clear, be implemented, and 
be rigorously trained into the flight control teams and the 
astronauts themselves.

Tracking water quality: Years of operation of the ISS 
have identified that water quality in such complex systems 
is dynamic and continually changing. Systems that are 

sensitive to water quality (equipment and humans!) 
depend on a good understanding of the water quality to 
which they are being subjected. Processes need to be put 
in place to track water quality to the level required for 
systems that are sensitive to it. 

10. LESSONS LEARNED

In the history of human space flight, the hardest lessons 
learned have often come at the expense of the health 
and lives of our people. In this mishap, the opportunity 
to learn serious lessons about how to improve the safety 
of our astronauts was provided without the high cost 
of human lives. It would be a tragedy not to take that 
opportunity to learn from our mistakes.

It must be noted that the failure investigation into the 
hardware failure is ongoing. That investigation is already 
uncovering many more lessons learned that should be 
studied and acted upon, along with those identified in this 
investigation. For this investigation, there are several key 
lessons learned that must be remembered.

A preoccupation with failure is critical for maintaining a 
highly reliable organization. Human nature pushes people 
into looking for patterns and categorizing information to 
save energy. However, when successful organizations 
who deal with complex and hazardous environments 
begin assuming that they understand everything 
perfectly, simply because they have been successful in 
the past, they become subject to complacency, and the 
cost is failure. 

Speak up: Often after tragedies we find individuals being 
overtly pressured by managers and higher authorities to 
accept risk with which they are not comfortable. This 
issue can exist; however, an equally dangerous behavior 
that is far more subtle was discovered in this mishap. Dr. 
David Aiken stated it concisely: “People in groups tend 
to agree on courses of action which, as individuals, they 
know are stupid.” Group think must be actively fought 
against with constant public questioning, diversity of 
thought, and the promotion of a culture that accepts such 
behavior as healthy. 

A failure of imagination: The Apollo 1 fire was referred 
to by Frank Borman as a failure of imagination. They 
couldn’t imagine a ground test could be hazardous. In this 
mishap, many very smart individuals couldn’t imagine 
water in this situation could be so hazardous. 

Anyone, in any organization (safety, engineering, 
operations, flight crew, etc.) could have had an impact 
on preventing this mishap. A simple question at the right 

time could have prevented it. Organizations must find 
ways to make every individual on their teams understand 
that they are as responsible for the safety of others as 
anyone else and that they have the ability to personally 
save lives.
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community at large had the perception that the EVA drink 
bags leaked, other than a history of leakage with earlier 
designs. When presented with the suggestion that the 
crew member’s drink bag leaked out the large amount of 
water that was found in the helmet after EVA 22, no one 
in the EVA community challenged this determination and 
investigated further. Had that conclusion been challenged, 
the issue would likely have been discovered prior to EVA 
23 and the mishap would have been avoided.

3) Flight Control Team’s perception of the anomaly 
report process as being resource intensive made 
them reluctant to invoke it.

Based on interviews and MIB investigation, it was clear 
that several ground team members were concerned that 
if the assumed drink bag anomaly experienced at the end 
of EVA 22 were to be investigated further, it would likely 
lead to a long, intensive process that would interfere with 
necessary work needed to prepare for the upcoming EVA 
23, and that this issue would likely not uncover anything 
significant enough to justify the resources which would 
have to be spent.

4) No one applied knowledge of the physics of 
water behavior in zero-g to water coming from 
the PLSS vent loop.

The MIB learned that while there is a significant amount 
of knowledge about the way water behaves in zero-
gravity, the ground teams did not properly understand 
how the physics of water behavior inside the complex 
environment of the EMU helmet would manifest itself. 
The teams believed that if significant water entered the 
helmet through the vent loop that it would cling to the 
inner surface of the helmet rather than cling to the crew 
member’s head. They also believed that if a significant 
amount of water entered the vent loop, the Fan/Pump/
Separator would likely stall, as it had in 1-G when 
significant water entered the vent loop. Therefore, the 
significant hazard it presented was not anticipated.

5) The occurrence of minor amounts of water in 
the helmet was normalized.

Through interviews with ground personnel and review of 
data from previous EMU performance, it was clear that 
some water entering the helmet was considered normal 
by the ground teams. Despite the fact that water carryover 
into the helmet presented a known hazard of creating eye 
irritation due to its interaction with anti-fog agents, and 
also presented a potential fogging hazard, the ground 
teams grew to accept this as normal EMU behavior. 
Since these smaller amounts of water carryover had 
never caused a significant close call, it was perceived to 

not be a hazardous condition. When water began entering 
Parmitano’s helmet, the ground team discussed anti-fog/
eye irritation concerns and visibility concerns; however, 
a more hazardous condition was not expected because 
the presence of water in the helmet had been normalized.

9. SUMMARY OF RECOMMENDATIONS

The Mishap Investigation Board made 49 
recommendations to the ISS Program to correct the issues 
that led to this mishap, or correct issues discovered that 
could lead to future mishaps. All of the recommendations 
will not be discussed in this paper, however, the 
recommendations fall into general categories that are 
worthy of discussion. 

Program Management structure: The EVA 
management office evolved over the years to be a 
separate organization which developed its own language, 
processes and risk management philosophies. However, 
the ISS Program was very dependent on EVA to maintain 
the safety and operation of the ISS. The separation 
between the offices led to risk decisions being made by 
each organization without full insight of the implications 
of those risks to the other organization. 

Safety documentation: The ISS program and EVA 
activities had been extremely successful historically. 
This led to an almost unconscious belief that the safety 
documentation that explained hazards and dictated their 
control was no longer important. By failing to continually 
review and update these documents, the opportunity to 
identify a hidden potential hazard was missed. 

Hardware upgrades: The EMU has been in operation 
successfully for over 30 years. Yet when issues arose, 
like CO2 sensors failing and anti-fog material irritating 
the eyes of astronauts, they were often just accepted 
as the price of doing business. This led to a form of 
complacency and normalization of deviance. Hardware 
upgrades to combat smaller issues must continually be 
investigated and improvements traded in systems with 
significant hazards. 

Flight Rules and Procedures: It was recognized early on 
in the investigation that the flight rules and procedures for 
recognizing and dealing with the hazard of water entering 
the helmet must be made very clear, be implemented, and 
be rigorously trained into the flight control teams and the 
astronauts themselves.

Tracking water quality: Years of operation of the ISS 
have identified that water quality in such complex systems 
is dynamic and continually changing. Systems that are 

sensitive to water quality (equipment and humans!) 
depend on a good understanding of the water quality to 
which they are being subjected. Processes need to be put 
in place to track water quality to the level required for 
systems that are sensitive to it. 

10. LESSONS LEARNED

In the history of human space flight, the hardest lessons 
learned have often come at the expense of the health 
and lives of our people. In this mishap, the opportunity 
to learn serious lessons about how to improve the safety 
of our astronauts was provided without the high cost 
of human lives. It would be a tragedy not to take that 
opportunity to learn from our mistakes.

It must be noted that the failure investigation into the 
hardware failure is ongoing. That investigation is already 
uncovering many more lessons learned that should be 
studied and acted upon, along with those identified in this 
investigation. For this investigation, there are several key 
lessons learned that must be remembered.

A preoccupation with failure is critical for maintaining a 
highly reliable organization. Human nature pushes people 
into looking for patterns and categorizing information to 
save energy. However, when successful organizations 
who deal with complex and hazardous environments 
begin assuming that they understand everything 
perfectly, simply because they have been successful in 
the past, they become subject to complacency, and the 
cost is failure. 

Speak up: Often after tragedies we find individuals being 
overtly pressured by managers and higher authorities to 
accept risk with which they are not comfortable. This 
issue can exist; however, an equally dangerous behavior 
that is far more subtle was discovered in this mishap. Dr. 
David Aiken stated it concisely: “People in groups tend 
to agree on courses of action which, as individuals, they 
know are stupid.” Group think must be actively fought 
against with constant public questioning, diversity of 
thought, and the promotion of a culture that accepts such 
behavior as healthy. 

A failure of imagination: The Apollo 1 fire was referred 
to by Frank Borman as a failure of imagination. They 
couldn’t imagine a ground test could be hazardous. In this 
mishap, many very smart individuals couldn’t imagine 
water in this situation could be so hazardous. 

Anyone, in any organization (safety, engineering, 
operations, flight crew, etc.) could have had an impact 
on preventing this mishap. A simple question at the right 

time could have prevented it. Organizations must find 
ways to make every individual on their teams understand 
that they are as responsible for the safety of others as 
anyone else and that they have the ability to personally 
save lives.
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Safety Design for Space 
Systems
Elsevier 2009

Progress in space safety lies 
in the acceptance of safety 
design and engineering as an 
integral part of the design and 
implementation process for new 
space systems. Safety must be 
seen as the principle design 
driver of utmost importance from 
the outset of the design process, 
which is only achieved through 
a culture change that moves all 
stakeholders toward front-end 
loaded safety concepts. Superb 
quality information for engineers, 
programme managers, suppliers 
and aerospace technologists.

Safety Design for Space 
Systems, Chinese Edition
2011

Progress in space safety lies 
in the acceptance of safety 
design and engineering as an 
integral part of the design and 
implementation process for new 
space systems. Safety must be 
seen as the principle design 
driver of utmost importance from 
the outset of the design process, 
which is only achieved through 
a culture change that moves all 
stakeholders toward front-end 
loaded safety concepts. Superb 
quality information for engineers, 
programme managers, suppliers 
and aerospace technologists.

Space Safety Regulations 
and Standards
Elsevier 2011

Space Safety Regulations and 
Standards is the definitive book 
on regulatory initiatives involving 
space safety, new space safety 
standards, and safety related to 
new space technologies under 
development. More than 30 
world experts come together in 
this book to share their detailed 
knowledge of regulatory and 
standard making processes in 
the area, combining otherwise 
disparate information into 
one essential reference and 
providing case studies to 
illustrate applications throughout 
space programs internationally.

Safety Design for Space 
Operations
Elsevier 2013

Safety Design for Space 
Operations provides the 
practical how-to guidance and 
knowledge base needed to 
facilitate effective launch-site 
and operations safety in line 
with current regulations. With 
information on space operations 
safety design currently disparate 
and difficult to find in one 
place, this unique reference 
brings together essential 
material on: Best design 
practices, Advanced analysis 
methods, Implementation of 
safe operation procedures, 
Safety considerations relating 
to the general public and the 
environment in addition to 
personnel and asset protection, 
in launch operations.

ALSO AVAILABLE IN BOOKSTORES
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