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Final Frontier Design (FFD) has continued development and testing of their Intra-
Vehicular Activity (IVA) space suit.  This paper presents computational fluid dynamics 
(CFD) simulations of the ventilation inlet system of the FFD IVA space suit.  In addition, 
results of 7 microgravity flight tests are presented, which characterized the suit 
environment and human responses in human-in-the-loop tests.  The flight tests were 
approved by NASA’s Institutional Review Board and were in partnership with the 
Flight Opportunities Program, Integrated Spaceflight Services, the National Research 
Council of Canada, and ZeroG Corporation.  Extensive biomedical and environmental 
sensors collected data on a number of factors during these tests, which will be 
presented.  Comparative ground-based testing was also completed for each flight.  A 
new, flight-like test article was built for these tests, with more advanced materials and 
processes.  The IVA suit was validated for dynamic flight environments, and the 
ventilation system was optimized for more efficient and effective airflow. 
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AM = Additive Manufactured 
APR = Automatic Pressure Regulator 
atm = Atmosphere 
bpm = Beats per Minute 
CFD  = Computational Fluid Dynamics 
cfm = Cubic Feet per Minute 
CO2 = Carbon Dioxide 
EVA = Extravehicular Activity 
FFD  = Final Frontier Design 
FOP  = Flight Opportunities Program 
HITL = Human In The Loop 
IRB = Institutional Review Board 
ISS = Integrated Spaceflight Services 
IVA = Intra-Vehicular Activity 
NASA = National Aeronautics and Space Administration 
NRC = National Research Council of Canada 
O2 = Oxygen 
OCA =  Oxygen Compatibility Assessment 
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  ppm = Parts per Million 
  psi = Pounds per Square Inch 

psia  = Pounds per Square Inch Absolute  
psid = Pounds per Square Inch Differential  
PTH = Pressure, Temperature, and Humidity 
SpO2 = Blood Oxygen Saturation 
TRL = Technology Readiness Level 
TRR = Test Readiness Review 

 

 
I. Introduction 

inal Frontier Design (FFD) has continued testing and development of an Intra-Vehicular Activity (IVA) space 
suit for use in a variety of space flight scenarios.1,2,3	 	The goal of this suit project is to create an affordable, 

lightweight, and high performance IVA suit which can operate at safe pressures for suborbital or orbital flight, 
adjust to a wide range of sizes, accommodate a wide range of motions, and adapt to a variety of vehicles and 
missions.  Vehicle operating parameters are to be kept flexible for this suit; operating pressure of the vehicle is 
assumed to be above +8 psia mixed gas, with controllable inlet temperatures.  This suit is being developed for a short 
duration depressurization scenario, of less than 2 hours.  FFD has spent nearly 8 years in development of this 
generic IVA suit concept; recent work has focused on optimization of the ventilation system and pressurized 
human testing in microgravity. 

 
A. Ventilation System Optimization 

IVA space suits are used in launch, entry, and abort 
situations, and are generally pressurized only in 
emergencies, such as rapid cabin decompression or 
environment contamination.  If these events occur, an 
astronaut’s life can be in serious danger, and it is critical that 
the suit pressurize quickly and safely.  In an emergency 
situation, the suit must rapidly adjust to +3.5 to +5 psid (0.24 
to 0.34 atm) or higher.  The FFD suit's ventilation system, 
consisting of two pure oxygen inlets and a manifold, an 
automatic pressure regulator, a cooling loop system, and 
redundant pressure relief valves, is responsible for the proper 
pressurization of the space suit. 

One of the main challenges facing the ventilation system is 
evenly distributing airflow. This is important in order to 
minimize pressure drop and effectively regulate temperature 
in the suit. Pressure drop is caused by friction---both internal       Figure 1.  Ventilation system inlet plate. 
(within the fluid) and external (against walls)---as well as pipe      As of June, 2017, with circular manifold. 
differences in orientation and kinetic energy changes.  

Manifolds can introduce irregularity and pressure drop into flow profiles.  Minimizing pressure drop is also 
important to improving efficiency and performance in IVA suits, as it allows the life support system to conserve 
energy, and its batteries to last longer. 

The FFD IVA suit uses an air cooling design, as opposed to liquid cooling; liquid cooling adds cost, complexity, 
and mass to the already complex system.  It is theorized that air cooling is possible because sustained high 
metabolic activity and elevated body temperatures are not encountered in an IVA suit flight scenario.  The 
design of the ventilation system inlet as of early June 2017 can be seen in Figure 1.  It featured two inlet hoses, one 
that fed to the helmet and one that was split through a manifold and directed to the body.  The manifold outlet ports 
were not evenly spaced around this circle.  This design was necessary for the outlet tubes to be directed properly to 
the suit’s appendages (one tube to each arm, two to each leg), but resulted in irregular airflow, a large pressure drop,

F 
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and less effective cooling.  Thus, CFD models were created to optimize the performance of the ventilation system, 
create a new manifold, and more effectively regulate temperature through airflow.  CFD models utilized an airflow 
rate of 4 cubic feet per minute (cfm) to the suit, split evenly between the helmet and the manifold.   

 
B.    Microgravity Flight Testing 

FFD has partnered with Integrated Spaceflight Services (ISS)  
and the National Research Council of Canada (NRC) since 2015 
to safely integrate the IVA space suit in a dynamic microgravity 
flight environment.  In addition, FFD and ISS were given a NASA 
Flight Opportunities Program (FOP) award to conduct microgravity 
flight research.  In 2017, FFD flew 7 microgravity sorties through 
both NRC and the FOP award.  These flights were the first 
pressurized testing of FFD’s IVA suit in microgravity.  The flight 
tests were a concerted effort to qualify our suit’s airflow rates for 
adequate cooling and CO2

 washout of a human test subject in a 
flight-like environment and scenario, as well as understanding basic 
human factors.  Microgravity flights reproduce the dynamic and 
stressful physical inputs of spaceflight, thereby more accurately 
establishing the metabolic rates and heating levels expected in flight. 
Microgravity flights with a pressurized space suit mark a critical 
milestone towards the advancement of the IVA suit from Technology 
Readiness Level (TRL) 5 to TRL 6.  All testing was performed both 
on the ground as a control and in flight to better understand the effects 
of dynamic flight on human response inside the suit.  The suited 
subject remained pressurized through both microgravity and 
hypergravity portions of flight, thereby quantifying heat load for up to 
15 minutes or more while continuously pressurized.   

The FOP award included the build of a new IVA suit, our highest  
fidelity  pressure suit  build to date.   This  included full documentation               Image 2.  FFD’s IVA Space Suit   
of every manufacturing process  involved  in  making the  suit,  from  
materials sourcing, to cutting, sewing, welding, and sealing.   

A full parts list and dash number organization system was developed to further organize the 600+ parts 
involved in the IVA suit.  Materials involved in the suit build were refined and every attempt was made to reduce 
the overall material and part count.  Materials were chosen for their compatibility with pure oxygen, lack of 
toxicology issues, cost, weight, specifications, and overall appropriateness for flight. 
 

II.    Ventilation System Optimization 
 
 
A.   Methods 

The initial objective of the ventilation system optimization project was to perform CFD analysis in order to verify 
proper flow rates, trajectories, and pressure drop of the original IVA suit ventilation system. CFD studies were 
performed in SolidWorks, at a flow rate of 2 cfm (as the manifold and helmet each receive 2 cfm 
for a total of 4 cfm).  As simulation progressed, a problem with the distribution of air in the manifold was 
discovered; highly uneven outlet flows and high pressure drop observed in simulation was not intended and 
considered an abnormality.  Work then shifted toward understanding the problem and designing a solution 
compatible with the suit.  There were many design constraints that the new manifold and inlet plate had to 
satisfy.  These included the orientation of outlet body part ports from the manifold and inlet plate location.  The 
new design had the freedom to move components around on the inlet plate, change the shape of the inlet plate, 
change the shape of the manifold, or use an internal blockage or divider. 
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Many explanations for the abnormal flow trajectories in the circular manifold were brainstormed, evaluated, and 
eventually ruled out.  First, it was believed that the flow simulation was not rendering the additional trajectories, so 
the simulation was repeated with highly refined meshing.  Evaluation of the newly refined trajectories (which were 
very similar to the original trajectories) and quantitative volumetric flow rates at each outlet from the manifold 
revealed that airflow was indeed distributed unevenly within the manifold, varying by as much as 23% between 
the minimum and maximum volume flow rates.  Additional explanations for the abnormal flow rates were 
evaluated and were ultimately ruled out based upon CFD simulation. 
 
B. Results 

The final hypothesis that was investigated was supported by CFD simulations.  Airflow was not distributing itself 
evenly because the manifold outlet tubes were not evenly spaced around the circle.  Outlet ports were unevenly spaced 
to accommodate the tubes that needed to be directed to different appendages.  Thus, a new manifold design had to 
accommodate the necessity of orientation for the outlet ports.  Many geometries were considered for the manifold, 
including a diamond, pentagon, hexagon, oval, and triangle.  Several of these shapes were modeled and simulated, 
and it was found that the triangle shape improved airflow by a noticeable amount, especially with the proper 
orientation. 

 
 

 
 
 
 
 
 
 
 

 
 
Figure 3.  Velocity profile for standard tubing manifold assembly.  Note the uneven air flow within the manifold; 
flow only significantly enters 5 of the 6 tubes.  Red circles represent where flow is deficient. 
 

From the conclusions drawn from the flow trajectory results of intermediate designs, a new design was 
developed.  The new design combines a downward orientation of outlet tubes with a proper distribution of volume, 
and is nicknamed “Superman,” for its resemblance to the superhero’s logo (Figure 4).  The “Superman” manifold 
design greatly improved the flow profile through the manifold.  This shape resulted from an extensive brainstorming 
and experimentation process that has been previously noted and met both flow trajectory and volumetric flow rate 
benchmarks.  As can be seen in Figure 4, the gas flow billows both upward and downward upon entering the inlet 
plate region, producing the desired, distributed flow to the six outlet tubes.  The pressure drop diminished greatly as 
a result of this design when compared to the original circular geometry, to about 1 inch H2O over the length of 
the model.  A small vent hole was added at the top of the manifold to allow a small amount of ventilation air to 
escape directly into the torso. 
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Figure 4.  Velocity flow profiles for the ‘Superman’ manifold design.  This shape shows an even flow trajectory, 
both upward and downward (left), as well as even distribution within the manifold to the outlet tubes (right). 
 

Volumetric flow rates are even more important than flow trajectories in this application, as they determine with 
greater resolution the amount of gas delivered to each part of the suit.  Figures 5 and 6 plot the manifold outlets’ 
volumetric flow rates against iterations.  It is desirable for these flow rates to be even, as this allows for uniformly 
distributed air flow through the cooling system.  Figure 5 shows the main deficiency of the initial design: flow 
rates in the original manifold were unequal and had a deviation of over 23% between the minimum and maximum 
values. 

Figure 6 shows the Superman manifold with the added vent hole.  For this design, the flow rate deviations of the 6 
major outlet tubes again was around 4%, while the vent hole had a flow rate of 0.0308 cfm, about 10 times less than 
the other outlets.  This level of flow is ideal, as it is primarily intended as a cooling mechanism for the torso.  Note 
that the scale on Figure 6 is different to accommodate the flow rate of the vent hole. 

 
 

 
Figure 5.  Volumetric flow rate for the initial manifold design.  Note the range of nearly 25% for different flow 

paths. 
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Figure 6.  Volumetric flow rates for the ‘Superman’ manifold design.  This geometry shows much more even 

flow rates with a total range of less than 5%. 
 

Table A.  Quantitative results of CFD simulations of different manifold configurations show decreased 
pressure drop and volume flow variance with the Superman design. 

 

 

Manifold 
Configuration 

 

Range (in3/s) 
 

Percent Variance 
 

Standard 
Deviation 

 

Pressure Drop (inches H2O) 

 

Circular 
 

2.4 
 

23.4% 
 

0.9 
 

7.6 
 

Triangular 
 

1.5 
 

13.7% 
 

0.5 
 

1.1 
 

Superman 
 

0.4 
 

4.3% 
 

0.1 
 

1.1 

 
Table A shows the quantitative results from the CFD simulations for the main manifold configurations. The 

Superman manifold design results in a marked improvement across all parameters, including range, percent variance, 
standard deviation, and most importantly pressure drop. 
 

III.  Microgravity Flight Testing 
 
A. Microgravity Flight Testing Methods 

This marks the 3rd year that FFD has undertaken microgravity flight testing of their IVA suit, and the first time 
the suit was tested with the visor down and suit pressurized.  Our objectives in testing were to validate a specific air 
flow rate for adequate CO2 washout and cooling in dynamic flight, as well as to prove out basic operational 
functionality of the suit while pressurized in dynamic flight.  In prior years, a SCUBA tank system was used for air 
supply to the suit, because of its relative simplicity and lack of power requirements.  However, we found that the 
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pressure tank supply consistently limited the test time and has cut valuable test flights short because of the finite 
supply of air in the tanks.  For this reason, for all subsequent tests, a breathing air pump was used rather than 
pressure tanks for the air supply to the suit, providing essentially unlimited air to the suit.  A customized flow 
control board was developed for this year’s flights, that included an air chiller, because of the heat generated by the 
pump, as well as a digital gauge designed to work in micro- and hyper-gravity, along with a flow valve and 
emergency depress valve (see Figure 7).  Flow to the suit was carefully fixed at 4 cfm throughout the 
testing.  A temperature probe was deployed for the FOP flights, to measure air temperature inside the tubes both 
upstream and downstream of the flow control board and air chiller. 

 

 
Figure 7.  Microgravity Flow Control Board (left) and Breathing Air Pump (Right) 

 

 
A flight test chair and busy board were provided by ISS.  Both were previously flown on NRC microgravity 

flights.  The chair was made for horizontal take off and landing, but it is adaptable to other kinds of flight 
configurations.  It was modified from a race car seat and includes carbon fiber and aluminum machined components. 
The chair is custom made to fit the FFD IVA space suit and is fitted with a 5-point harness.  A busy board was 
utilized to assess the functionality of the suit for flight controls and other pilot systems.  The busy board was 
designed to be utilized during flight, and includes a throttle, joystick, switch bank, and flight simulator screen and 
computer.  The busy board can be deployed and stowed during flight, to allow for different test configurations (see 
Figure 8). 

 

 
Figure 8: Flight Seat (Left) and Busy Board (Right) 

Air	Chiller	

Flow	Regulator	

Flow	Gauge	

Dump	Valve	
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Multiple sensors were used to measure environmental and biomedical conditions during the testing.  The 
measurements were used both to verify safety limits of the human inside the suit and to quantify and meet test 
objectives.  The biomedical system utilized was an Equivital chest harness with an additional blood oxygenation 
(SpO2) sensor, provided by NRC.  The Equivital harness can measure a wide variety of different biomedical 
parameters, including breath rate, heart rate, skin temperature, position, and general activity levels according to an 
accelerometer.  The environmental sensors included pressure-temperature-humidity (PTH) data loggers placed both 
inside and outside the suit, and a CO2 sensor that measured CO2 levels in ppm, as well as temperature and humidity.   
The CO2 sensor was placed just below the helmet neck ring to measure gas levels exiting the helmet.  The sensor was 
affixed in a pocket attached to the lower neck ring; data was downloaded from the sensor to a master computer post-
flight.    

A communication system ensured reliable verbal communication with the test subject inside the suit, as well as 
all the test support crew.  Two general aviation intercom boxes were used to allow up to 5 individuals to be hard-
wired to hot mic communications headsets during flight. 

FFD was supported by NRC Canada and ISS in submitting a test protocol for Human in the Loop (HITL) testing 
of the IVA suit to NASA’s Institutional Review Board (IRB).  In addition to the Principal Investigator and ISS 
crew familiar with the testing, the team included two aero-medical doctors and a Canadian Air Force test safety 
officer.  The IRB proposal included a full description of the test protocol and equipment, an analysis of the 
associated safety hazards and mitigation steps, clearly defined test termination criteria including biomedical limits, a 
consent form and layman’s summary for the test subjects, and a detailed description of the data to be gathered and 
the process by which to make this data anonymous.  The critical biomedical limits for test termination criteria during 
operations included skin temperature not to exceed 38.5° C, heart rate not to exceed 130 bpm, and blood SpO2 not to 
fall below 90%.  Because of the nature of human biomedical monitoring, our medical safety officer determined that 
the critical biomedical limits must exceed established limits for more than 15 seconds before test termination. 
 

 
Figure 9.   CO2 Sensor, PTH Data Logger, and Equivital Biomedical Harness System 
 

The NRC microgravity flights were limited to 18 parabolas over 3 flights, while 30 parabolas were flown for each 
of 4 flights for the FOP program.  A series of tasks were developed and tested using three suit pressures: 0.6 psi 
(vent), 2 psi, and 3.5 psi.  Table B lists the tasks performed in flight, which included operating a flight simulator 
equipped with throttle, joystick and switch bank, as well as releasing/re-latching a 5-point harness.  NRC flights 
did not include the 3.5 psi pressure. The 30 parabola maneuvers were executed in sets of six, with approximately 
2-3 minutes of level flight between each set of 6 parabolas. Sharing the aircraft also limited the area of operation 
within the aircraft to about 10 m2. 
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Table B. Flight profile and parabola tasks for Flight 4. Note that some tasks were modified in 
flight, depending on the suited subject’s comfort and flight profiles. 

 
 

Parabola 
 

Task 
 

Rationale 
 

1 
 

Acclimatize in seated position, 
unbelted, visor down 

 

Allow the suited subject to experience the 
1.8G-0G-1.8G transitions 

 

2 
 

Pressurize to +2 psi gauge quickly 
 

Determine how well the suited subject can reach and 
operate pressure regulator 

 

3 
 

Pressurize to +3 psi gauge quickly 
 

Determine if the suited subject can still reach the 
pressure regulator and see the pressure gauge 

 

4 
 

Depressurize to +2 psi gauge quickly 
 

Test depressurization rate and procedure 
 

5 
 

Vent pressure 
 

The suit will deflate and could rest differently 

  

Level Flight 
 

Move suited subject to test seat, install Busy Board 
 

6 
 

Busy Board: operate switch bank 
with right hand following sequence 

 

Test operation envelope of the suited subject, and 
hand-eye coordination 

 

7 
 

Busy Board: activate flight sim (right 
hand), pitch up  (right hand), throttle 
up (left hand), pitch down (right 
hand), pause flight sim (right hand) 

 

Test arm flexion and extension, left wrist movements, 
right wrist radial and ulnar deviations, and fine 
motor skills of the suited subject and ability to 
maintain spacecraft control within the flight sim 

 

8 
 

Busy Board: activate flight sim, roll 
left from 0o (level flight) to 30o, 
throttle down from 100% to 50%, roll 
right from 30o to 0o, pause flight sim 

 

Test arm flexion and extension, left wrist movements, 
and right wrist flexion and extension, and fine motor 
skills of the suited subject and ability to maintain 
spacecraft control within the flight sim 

 

9 
 

Busy Board: activate flight sim, yaw 
left, throttle, yaw right, throttle down, 
pause flight sim 

 

Test arm flexion and extension, left wrist movements, 
and right wrist pronation and supination, and fine 
motor skills of the suited subject 

 

10 
 

Open visor by pulling on out latches 
 

To check thermal comfort of suited subject 

  

Level flight 
 

To orient aircraft within allocated airspace 
 

11 
 

Pressurize to +2 psi gauge 
 

To test suited subject's level of exertion performing 
identical tasks at +2 psi 

 

12 
 

Busy Board: per parabola 6 
 

Per parabola 6 
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13 
 

Busy Board: per parabola 7 
 

Per parabola 7 
 

14 
 

Busy Board: per parabola 8 
 

Per parabola 8 
 

15 
 

Busy Board: per parabola 9 
 

Per parabola 9 
 

16 
 

Pressurize to +3.5 psi gauge 
 

To test suited subject's increased level of exertion 
performing identical tasks at +3.5 psi 

 

17 
 

Busy Board: per parabola 6 
 

Per parabola 6 
 

18 
 

Busy Board: per parabola 7 
 

Per parabola 7 
 

19 
 

Busy Board: per parabola 8 
 

Per parabola 8 
 

20 
 

Busy Board: per parabola 9 
 

Per parabola 9 
 

- 
 

Level flight 
Pressurize to +2 psi gauge 

 

To orient aircraft within allocated airspace to execute 
the next set of parabolas 

 

21 
 

Unlatch 5-point harness with one 
hand 

 

Test ability of suited subject to quickly undo the 
harness, while maintaining a seated position 

 

22 
 

Egress about 1-2 feet upward from 
the seat; ingress back into the seat 

 

Determine how quickly the suited subject can escape 
from and return to the seat. 

 

23 
 

Re-latch harness, first attempt (focus 
on waist straps) 

 

Test how well the suited subject can find the 
appropriate buckles and reinsert them 

 

24 
 

Re-latch harness, second attempt 
(focus on the shoulders straps) 

 

Allow for time to complete the re-latch process and to 
adjust the fit of the harness 

 

25 
 

Vent completely 
 

In preparation for the next set of egress/ingress tasks, 
but this time with lower resistance to movement 

 

26 
 

Unlatch 5-point harness with one 
hand 

 

Test ability of suited subject to quickly undo the 
harness 

 

27 
 

Egress upward from the seat, then 
ingress back into the seat 

 

Determine how quickly the suited subject can escape 
from and return to the seat 

 

28 
 

Re-latch harness, first attempt (waist) 
 

Test how well the suited subject can find the 
appropriate buckles and reinsert them 

 

29 
 

Re-latch harness, second attempt 
(shoulders) 

 

Allow for time to complete the re-latch process and to 
adjust the fit of the harness 

 

30 
 

Open visor 
 

End of tests, allow the suited subject to cool down 

 
The NRC flights took place from their hangar at the Ottawa International Airport.  The Test Readiness 

Review took place on Monday, October 2, 2017, and three flights followed from October 3-5.  Three test subjects 
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and an extensive test support crew supported the testing.  The NASA FOP flights took place from the Sanford 
International Airport.  The TRR took place on Monday, November 13, 2017, and four flights followed from 
November 14-16.  Four test subjects were utilized, and a crew of 15 individuals helped support the flights with roles 
ranging from test subjects, test director, flight medical officer, suit technician, and equipment technician.  The new 
FFD IVA space suit was utilized for these flights.  One test subject suffered from air sickness and testing was cut 
short for the first flight, but otherwise the crew and subjects did not suffer from air sickness and overall safety was 
maintained.  Data was collected from all four flights, and no biomedical or environmental limits were exceeded. 
Video from 5 GoPro cameras, along with hand-held photography, was also collected.  30 parabolas per flight 
were flown, for a total of 120 parabolas via the FOP program.  In addition to flight test data, fully instrumented 
ground tests were performed prior to each flight, to ensure good suit sizing, to baseline biomedical data, to rehearse 
flight test procedures, and to collect comparison data for the flights. 

 

 
Figure 10.  Suited microgravity float test. 

 
B. Microgravity Flight Testing Results 

All seven microgravity flights were completed safely, although one instance of test subject air sickness 
required test termination.  The pre-defined biomedical limits, including blood oxygenation, heart rate, and skin 
temperature, were all within acceptable ranges throughout.  A general confirmation of the viability of the life 
support system, test protocols, and overall safety procedures was achieved.  From a test objectives standpoint, CO2 
washout and suit cooling were not fully validated; CO2 measurements were relatively coarse and the airflow system 
delivered very hot air to the suit.  Human functionality for flight controls was well established, however motions like 
latching the seat harness proved impossible.  

This report focuses on one set of flight data from the FOP flights, which is representative of the data collected 
through all seven test flights and ground control tests.  Some sensor systems did not perform as expected for several 
test runs, most notably the CO2 sensor collected zero data for multiple flights, and therefore some data from other 
flights was deemed not useful. 

As mentioned earlier, each suited subject donned a biometric harness that recorded heart rate (HR, bpm), 
breathing rate (BR, rpm), skin temperature (oC), and percentage of blood oxygen saturation (SpO2, %). The 
bioharness also recorded accelerations, but the raw data was not available. In addition, pressure (psi), relative 
humidity (RH, %), and temperature were logged with sensors located outside and inside of the spacesuit.  Finally, a 
carbon dioxide monitor located on the inside of the helmet at the bottom of visor logged the level of carbon dioxide 
(CO2, ppm), as well as the temperature and relative humidity. 

The difference between the inside and outside pressures was used to calculate the differential pressure, and is 
plotted in Figure 11.  Note that the differential pressure was always greater than 0 psi, indicating that the pressure 



12 
International Conference on Environmental Systems 

 

	

inside the suit was greater than that in the aircraft cabin at all times, even with the visor open (due to the continuous 
airflow forced through the suit).  With the visor open, the differential suit pressure was ~0.5 psi; with the visor 
closed, the vent differential pressure was ~0.6 psi. The abscissa in Figure 11 is the time elapsed taken partway into 
the flight (at 11:30:00 AM), just prior to the first (acclimatization) parabola.  From the plot in Figure 11, we can 
identify key tasks performed during the flight, thus allowing us to identify the sequence of the parabola tasks listed 
in Table B. 
 
 

 
  Figure 11. Inflight data of the differential pressure between the inside and outside of the spacesuit. 
Key parabola tasks are labeled (refer to Table B, some tasks were modified to mitigate against hyperthermia of the 
suited subject). Data from FOP Flight 2, but representative of the results from the other three flights. 

 
Figure 11 indicates fairly good control and response of the suit pressure, although the lack of accuracy of the 

analog gauge on the suit is apparent; while the gauge read +3.5 psi in flight, the measured pressure differential using 
calibrated data loggers was much lower, more like +3 psi.  Pressurizing to 3 psi essentially required turning the 
pressure regulator valve completely to allow the pressure relief valve to open. At any given set pressure, the actual 
pressure fluctuated about ±0.15 psi.  Also, note from Figure 11 that the individual parabolas appear as small 
pressure bumps upward and downward caused by the 1.8 G and 0 G portions, respectively.  The “bumps” are 
especially apparent during parabolas 21-30 in Figure 11.  Also apparent is a ramp up and down in differential 
pressure before and after the testing, which is ascribed to internal airflow in the suit. 

Figure 12 presents the readings from the skin temperature sensor of the Equivital harness, the helmet temperature 
from the CO2

 sensor, and the aircraft cabin temperature from the data logger.  The skin temperature was between 36.1 
and 37.5 oC, with the highest temperatures corresponding to the end of the +3 psi tasks. This makes intuitive sense, 
since at +3 psi, the suit has a high resistance to motion and more energy must be exerted to operate the flight sim 
controls. Moreover, the outside (i.e. the cabin) temperature shows a general decreasing trend with time.  This was 
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consistent with the lowering of the atmospheric temperature as the aircraft climbed to high altitude (between 
24,000 and 32,000 ft), and the fact that the modified aircraft had little thermal insulation around the fuselage. 
Finally, the helmet temperature shows an increasing trend, which is consistent with the fact that the suited subject 
was expending energy overtime to complete the increasingly physically challenging parabola tasks. 

It should be noted that the air pump significantly increased the temperature of the air into the suit.  Outlet 
temperatures from the pump were measured at 49° C; the chiller on the flow control board reduced these to 
approximately 30 °C.  
 

 
Figure 12. In-flight measurements, FOP Flight 2. Temperatures recorded outside the spacesuit, from 

the carbon dioxide monitor in the helmet, and the skin temperature from the biometric harness. Abscissa is the 
same as that in Figure 11. 

 
 

Relative humidity is another indicator of the suited subject’s level of comfort.  The relative humidity 
measurements were made by the same devices reported earlier used to measure the temperatures, while the 
biometric harness provides a measurement of the blood oxygen saturation, SpO2. The SpO2  sensor was located on 
the index finger of the non-dominant hand. The RH and SpO2 readings are shown in Figure 13. Note that some of 
the SpO2 measurements had reading errors resulting in extend periods (~200 s) where there was no change in the 
value.  The SpO2 values were between 91 and 99% indicating that the suited subject had a good supply of air 
(oxygen) and was not in danger of becoming hypoxic.  The RH measurements follow expected trends: the outside 
RH value decreased (from ~40% to ~15%) indicating that the cabin air was becoming dryer; the air inside the space 
suit initially lost RH (from ~ 55% to ~ 45%), but then maintained an RH between 30 and 45% for the rest of the 
parabola tasks; the RH in the helmet increased from about 50% to ~65 ±8%. The increase of RH in the helmet area 
is most likely due to the accumulation of water vapor from exhalation, but appears to level off indicating that the air 
flow in the helmet area was at least sufficient to prevent excessive buildup of water vapor in the helmet.  There does 
not appear to be any significant correlation between RH or SpO2  values and the parabola tasks, except for the 
increase of the inside RH at the 3600 s, when the suited subject would have just completed the most physically 
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demanding parabolas tasks in the suit pressurized at 3 psi.  The drop in RH after this period is consistent with the 
fact that the visor was opened to cool the suited subject. 
 

 
 

Figure 13. Relative humidity in percent (outside the spacesuit, inside the spacesuit, from the carbon 
dioxide monitor in the helmet) and oxygen saturation measurements. Abscissa is the same as that in Figure 
11. 

 
Heart and breathing rate measurements were recorded by the bioharness and are shown in Figure 14. Overall, the 

heart rate was consistent with the suited subject showing greatest levels of exertion when moving in the space suit 
pressurized at 3 psi. During these periods of high physical demand, the suited subject’s heart rate exceeded 
130 bpm, but was no more than 145 bpm. The breathing rate showed a similar dependence on the parabola tasks. The 
highest breathing rate was about 41 rpm and corresponded to parabola 27 (the second egress task). During this time 
(in the reduced gravity portion of the parabola), the suited subject rotated laterally in the seat, with the legs pointing 
to the 10 o'clock position (if facing forward were the 12 o’clock position).  The subject scrambled a bit to properly 
re-orient into the seat and this may explain the higher breathing rate here near t=4250 s. 
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Figure 14. Heart rate (bpm) and breathing rate (rpm) measured by the bioharness. Abscissa is the same 
as that in Figure 11. 

 
Measurements of the carbon dioxide (ppm) inside the space suit (without compensation for pressure) are shown 

in Figure 15.  The levels appear to correlate well with the differential pressure measurements in Figure 11, as 
expected because CO2 levels also act as an indicator of the suited subject’s exertion level.  The CO2 level in the 
helmet at t=0 s is about 400 ppm, which is consistent with the CO2  levels expected in normal ambient air within 
indoor, occupied spaces with good air circulation (between 350-1000 ppm).  However, for a majority of the time, 
the CO2  levels exceeded 3600 ppm, reaching a peak of 12,230 ppm during the first set of flight simulator tasks with 
~2 psi of pressurization (see Table B).  CO2 levels exceed 1% or 10,000 ppm only during activity spikes for short 
periods of time, and never exceed 1.4% or 14,000 ppm.  Our predefined limit for CO2

  levels is 14,000 ppm, based 
on NASA’s JSC 20584 “Spacecraft Maximum Allowable Concentrations for Airborne Contaminants.” 4 

When Figures 11 and 15 are superimposed, as shown in Figure 16, there does appear to be some 
correlation between parabola tasks and CO2 levels. 
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Figure 15. Carbon dioxide levels in ppm measured inside the helmet. Commonly accepted values of interest 
are identified by dashed lines. Some key events are identified by arrows. 

 
 

 
Figure 16.  Superposition of Figures 11 and 15. 
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A post flight survey was taken with all four test subjects, in an effort to subjectively rate the suit performance 
over a range of categories.  A Cooper-Harper Scale was used to rate the suit performance from a pilot perspective, 
with the scale as noted in Table C below.  Overall performance with the suit was “fair”, or 3 of 10, with 1 being the 
best and 10 being the worst. 
 

Table C.  Cooper-Harper Scale 
 

Rating Description Rating Description 

1 Excellent 6 Very Objectionable 

2 Good 7 Adequate Performance not Attainable 

3 Fair 8 Considerable Compensation Required 
 

4 
 

Minor but Annoying 
 

9 
 

Intense Compensation Required 

5 Moderately Objectionable 10 Control Lost 

 
Table D.  Microgravity Suited Subjective Feedback  Survey 

 

Category TS 1 TS 2 TS 3 TS 4 Average Notes 

Sizing Discomfort 5 2 7 4 4.5 Gluteal Harness is uncomfortable in HyperG. 

Overall Suit 
Functionality 

 
 

5 

 
 

2 

 
 

4 

 
 

5 

 
 

4 

 
 
Right shoulder - neck pressure point for TS 2. 

 
 
Vision 

 
 

2 

 
 

1 

 
 

3.5 

 
 

2 

 
 

2.125 
Vision area goes down as pressure increases because of 
neck ring rise. 

Temperature 7 1 2 3 3.25 Overall the suit was hot but bearable. 

Humidity 1 1 1 3 1.5 No fogging was noted 

Communications 3.5 1 2 2 2.125 Chin strap was restricting, mildly choking. 
 
Tactility 

 
1 

 
1 

 
1 

 
3 

 
1.5 

 
Could not tell between valve or harness at pressure. 

Dexterity 2 1 1 5 2.25 No notable restriction in controls 
 
Arm and Hand 
ROM 

 
 

6 

 
 

2 

 
 

4 

 
 

4 

 
 

4 

 
ROM limited beyond 3 psi. ROM difficulty mitigated in 
zero G. 

Suit-Seat Interface 6 1 4 5 4 Harness Interfered with APReS. 

OVERALL 
AVERAGE 

     
 

2.925 
 

 
 
 

IV.   Conclusions 
 
 
A.  Ventilation System Optimization 

The FFD IVA suit ventilation system was modeled and simulated using CFD. It was discovered that the 
circular manifold in use (outlet ports irregularly spaced) resulted in uneven volumetric flow to the suit’s appendages. 
This led to a new “Superman”-shaped design that allowed for proper orientation of outlet tubes, significantly 
improved airflow distribution, and reduced pressure drop. The new manifold design also improved cooling of the 
torso, by adding a small vent hole. 
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One of the main tenets of simulation is “trust but verify.” While simulation results provide great insight into flow 
trajectories and volumetric flow rates, they are just simulations. In applications as mission-critical as this one, results 
should be verified experimentally before implementation. As such, flow rate physical testing will be conducted to 
verify the CFD simulation results. 

The optimization of the ventilation system described in this report advances the goal of creating a robust, efficient, 
and safe space suit. Reducing pressure drop and improving cooling are important not only as they improve 
performance capability, but also because they reduce the mass and materials necessary for flight, which is a large 
cost-saver. 
 

B.    Microgravity Flight Testing 
The test objectives were met, with data collected validating the functionality and effectiveness of the FFD IVA 

space suit in the dynamic environment of flight.  Important questions about the level of air flow required to 
washout CO2 and keep the suited user thermally comfortable were addressed, and a general flow level of 4 cfm was 
preliminarily validated.  The suit provided a baseline of comfort and mobility for both nominal and emergency 
scenarios. 

Suit user feedback was generally very positive, with specific issues around torso and waist fit and discomfort in 
the crotch being major issues.  In general, the gloves, helmet and arms---the most critical mobility elements of the 
IVA suit---performed very well, with few complaints or reported issues.  Busy board tasks were generally 
completed without issue. 

The air pump used for this configuration of the life support system runs very hot, and the cooling system installed 
on the flow control board, while effective, did not bring outflow down to comfortable levels.  As a result, the risk of 
thermal overheating was taken very seriously during flights, and great lengths were taken to measure the inflow and 
outflow temperatures from the pump.  Future flights will likely use a second air cooler or other air cooling 
mechanism. 

FFD noted the frequent failure of the CO2 sensor system, as well as the general interface of the CO2 sensor and 
low collection sample rate of 30 seconds.  FFD is aware of the NASA general method of CO2

  measurement, 
which is focused on “inhaled levels” of CO2.  This inhalation CO2 method requires very sensitive and invasive 
equipment which may not be tenable for commercially supported human testing in flight.  FFD is considering blood 
CO2

 measurements for future fidelity and validation of the life support flow rates. 
While the communications system worked well throughout the flights, the level of wires required to have 5 

individuals online within a relatively busy area meant for a big tangle of wires during stowage, and created a trip 
and jerk hazard.  Future comms systems would ideally be wireless, or better integrated into the aircraft cabin 
environment. 

The seat and busy board performed well for the flights and some conclusions as to future changes to the 
systems were defined.  The seat has some bare metal elements that must be upholstered to reduce sharp points, pinch 
elements, and scratch potentials for the FFD suit.  The 5-point harness needs the ability to be pre-set to allow for 
better access while suited.  Finally, the busy board needs some reinforcements and a better software interface, to 
increase flight worthiness and decrease logistical drivers such as software resets and setup time. 

 
V.   Next Steps 

 
FFD has spent the last 2 years on understanding and optimizing components of the suit for optimal flow.  The 

next step is stitching together micro elements of the suit for a full enclosure flow analysis, to include inlets, 
ventilation, outlets, and a simulated human form.  Defining and reducing high pressure areas will be critical to an 
upcoming Oxygen  Compatibility  Assessment  (OCA)  to  be  performed  with  assistance  from  our  Space  Act 
Agreement in 2018.  Further materials characterizations will also take place under this OCA.  A chamber pressure 
test of our automatic pressure regulator to validate functionality in high altitude and vacuum conditions under 
nominal air flow will also be performed.  Future microgravity testing is planned in the fall of 2018 with NRC, and 
will likely utilize a more advanced sensor suite including blood CO2 measurement capability.  In addition, FFD will 
be partnering with ISS to conduct water egress testing, from both a parachute drop and capsule exit scenario, in 
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2018. 

The goal of this IVA suit development is to find commercial customers for the product, to enable safe, 
everyday high-altitude and orbital space flight for humans.  Beyond IVA, FFD plans on developing the technologies 
for Extravehicular Activity (EVA) space suits.  Many companies will require EVA technologies in the near future, 
from orbital commercial space stations to planetary surface operations.  The groundwork we have laid in this highly 
mobile, flight certified IVA space suit will inform our transition to the critical EVA market in the near future.  
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