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PROBLEM STATEMENT
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■ University of Tokyo Atacama 
Observatory (TAO) to be built in next 
couple years

■ Located on summit of Cerro 
Chajnantor - altitude of 5,640 m 
(18,500 ft)

■ Base camp at San Pedro - 2,400 m 
(7,900 ft)

■ Continuous travel over 10,000 ft of 
elevation difference => intermittent 
hypoxia

How can scientists and workers live and work at the TAO site without experiencing large adverse 
health effects at the high altitude and when they readjust to life at the base camp?



Background
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HYPOXIA BASICS
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Hypoxia - decrease in amount of oxygen available to cells and tissues of the body

low inspired oxygen 
at high altitude

(hypobaric hypoxia)

decreased oxygen in 
the blood 

(hypoxemia)

decreased oxygen in 
cells & tissues

(Image Sources: patient.co.uk, mcqueens.net)



HIGH ALTITUDE HYPOXIA
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Sea Level

▪ Total barometric pressure = 760 mmHg

▪ Partial pressure of oxygen = 21%

▪ Partial pressure of arterial oxygen (PaO2) 

= (760 - 47) x 0.21 = 150 mmHg

   

Future Observatory Site – 5640 m 

▪ Total barometric pressure = 375 mmHg

▪ Partial pressure of oxygen = 21%

▪ Partial pressure of arterial oxygen 

(PaO2) =  (375 - 47) x 0.21 = 69 mmHg

 

 

→ Less than half of the typical amount!



HIGH ALTITUDE HYPOXIA
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PHYSIOLOGIC EFFECTS
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Physical
▪ Hyperventilation
▪ Decreased VO2 max
▪ Increased fatigue
▪ Increased heart rate, 

blood pressure, cardiac 
output

Acute Mountain Sickness
▪ Headache
▪ Lightheadedness
▪ Breathlessness
▪ Fatigue
▪ Insomnia
▪ Nausea

Mental
▪ Increased arithmetic errors
▪ Reduced attention span
▪ Increased mental fatigue
▪ Impaired decision making
▪ Altered short term memory
▪ Lower productivity
▪ Mood changes

Sleep
▪ Periodic breathing and apnea
▪ Frequent waking, not feeling 

well-rested, unpleasant 
dreams

(Image Source: C. Behn)



ACCLIMATIZATION AND INTERMITTENT EXPOSURE
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■ Acclimatization - adaptive physiologic responses 
that increase oxygen delivery
○ Hyperventilation
○ Increased heart rate → increased cardiac output
○ Increased hemoglobin → increased oxygen 

carrying capacity of the blood

→ Body is able to adapt to the environment!

BUT

Intermittent nature of the exposure makes 

acclimatization take years instead of months
(Richalet et al., 2002; Jimenez, 2003; Farias et al., 2012)

(Image Adapted from J. West, 2004)



ADDRESSING ALTITUDE-INDUCED INTERMITTENT HYPOXIA
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Countermeasures

Address oxygen levels
- Breathe 100% oxygen

Address hypobaria
- Descent to lower altitude
- Hyperbaric Gamow bag
- Habitat to simulate lower altitude

Previous Literature

Acclimatization

- Several studies monitoring physiologic 
parameters found similar adaptations 
(physical and mental) to chronic hypoxia 
(Antezana 2003, Richalet 2002, Brito 2007, Leon-
Velarde 2010, etc.)

- Monitoring arterial oxygen saturation and 
heart rate at high site (Sakamoto 2006)

Effects of ascent and descent
- Rapid transitions may lead to arrhythmias, 

especially in younger workers (Behn 2014)

(Image Source: iwls.com)



DESIGNING AN INTEGRATED SOLUTION
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Telescopes/antennas need to 
be at high altitudes

▪ thinner atmosphere
▪ drier
▪ less light pollution

Frequent travel between 
telescope and base camp 

increases exposure to 
intermittent hypoxia

▪ fatigue, insomnia, stress, 
dangerous work environment

▪ heart rhythm alterations 
during descent

Individual susceptibility to 
hypoxia is difficult to screen 

for or predict

Proposed Solution - A habitat that maintains higher barometric pressure, thereby decreasing the 
frequency of exposure to intermittent hypoxia

○ Must still be able to enter and exit to perform field work
○ Must still monitor health of crew

+ +



Habitat Design
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HABITAT DESIGN
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User/ 
environmentally 
defined 
requirements

NASA 
Habitability 
Standards

Existing 
Habitats & 
Architecture 
Consultant 
(Gui Trotti)



HABITAT DESIGN
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User/ 
environmentally 
defined 
requirements

NASA 
Habitability 
Standards

Existing 
Habitats & 
Architecture 
Consultant 
(Gui Trotti)

■ Maintain 850 millibar (Equivalent to San Pedro 
de Atacama)

■ 5 people in the habitat (with ability to expand to 
15)

■ 3 < number of days < 14

■ 2 hour commutes up to summit from San Pedro 
on 4 person 4x4 jeeps

■ Ability to go in and out of habitat (5x in and out 
per person)

■ Must be removable (cannot damage terrain)

■ Radio must be in ~60 Mhz range to avoid 
frequency pollution



HABITAT DESIGN
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User/ 
environmentally 
defined 
requirements

Existing 
Habitats & 
Architecture 
Consultant 
(Gui Trotti)

NASA Life Support Baseline Values and Assumptions 
Document 
NASA Human Integration Design handbook

Top-Level Design Variables
○ # people, # days, total volume, 

Concept of Operations
○ Transporting habitat, “EVA” 

time, sleep time
Human consumption and production

○ Food, Water, Air, Waste
Safety Limits

○ CO2, O2, Temp, ...

Derived ECLSS requirements
■ O2 (consumption, to fill hab), CO2 scrubbing, 

H2O vapor scrubbing, H2O consumed, Food 
Energy, Heat Production, ...

+

NASA 
Habitability 
Standards



HABITAT DESIGN
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User/ 
environmentally 
defined 
requirements

NASA 
Habitability 
Standards

Existing Habitats 
& Architecture 
Consultant (Gui 
Trotti)

■ Literature Review of existing habitats
○ HI-SEAS
○ Mars 500

■ Comparison of types of pressurized habitats
○ Inflatables, Hard Shells, Ribbed
○ Material selection
○ Modularity

(Image Sources: mars500.imbp.ru, wikipedia.org)



HABITAT OVERVIEW
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INFLATABLE HABITAT OVERVIEW
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■ Sizing
○ 922 m^3 total habitat volume
○ 3.048 m (12ft) wide floors (4.064 m at max)
○ < 13.5 (44 ft) length for transport

■ Modules independently operated
○ Expandability
○ Machine shop, workout, etc.

■ “Connection” platforms connect modules
○ Isolate emergencies

■ Centralized ECLSS
○ Maintenance
○ Replaceability

■ Raised platform
○ Weather (snow)
○ Removable habitat

■ Habitation
○ Storage, Consumables for crew of 5, 6 days

35 m

22 m



ARCHITECTURAL FEATURES
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■ Airlocks
○ Dual entry separates work modules from habitation modules
○ Minimal loss in total pressure

■ ECLSS trailer
○ Air, Water, Waste tanks

■ Japanese “Bedrooms”
○ Private, individual, ECLSS controlled sleeping quarters

■ Raised platforms with embedded emergency system
■ Reconfigurable layout



“EVA” 
Design
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EVA REQUIREMENTS
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“Extra Vehicular Activity” = work being done 
outside of the habitat

Goal: Eliminate any intermittent hypoxia effects

Solution: Maintain the same partial pressure of 
oxygen between the habitat and “EVA” work

Options:
1. Add pressure on the body (spacesuit)
2. Adjust concentration of oxygen (SCUBA)

Considerations:
● Garment must not interfere with work
● Comfortable, easy to don/doff
● Integrate with sensors to monitor vitals

Risks:
● Decompression Sickness
● Oxygen Toxicity

EVA REQUIREMENTS

(Image Sources: er.jsc.nasa.gov/seh/suitnasa.html, wikipedia.org)



EVA REQUIREMENTS
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PARTIAL PRESSURE OXYGEN CALCULATION
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Quantity Description Sample 
value

pAO2 The alveolar partial pressure of 
oxygen (pO2)

107 mmHg 
(14.2 kPa)

FIO2 The fraction of inspired gas that is 
oxygen (expressed as a decimal).

0.21

PATM The prevailing atmospheric 
pressure

760 mmHg 
(101 kPa)

pH2O The saturated vapour pressure of 
water at body temperature and the 
prevailing atmospheric pressure

47 mmHg 
(6.25 kPa)

paCO2 The arterial partial pressure of 
carbon dioxide (pCO2)

40 mmHg 
(4.79 kPa)

RER The respiratory exchange ratio 0.8

Sample Values given for air at sea level at 37°C.

Alveolar 
Gas 

Equation



PARTIAL PRESSURE OXYGEN CALCULATION
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Fixed Variables Constants

PAO2 FIO2 Patm Extra 
Pressure 
on Skin

PH2O PaCO2 RER

Habitat 101.5 21% 850 0 62.66 53.33 0.8

EVA  
(No Suit) 101.5 37.3% 500 0 62.66 53.33 0.8

EVA 
(Suit) 101.5 32% 500 74.8 62.66 53.33 0.8

(Pressures in millibars) 

Our Results - Calculating Fraction of Inspired O2 to match Habitat and EVA 

“Suit” would 
need to apply 
74.8 mbars 
(56.1 mmHg) of 
pressure.

● Balancing risk of decompression sickness (DCS) and oxygen toxicity
● Maintaining alveolar partial pressure oxygen = reduces DCS risk
● Higher concentration of oxygen = increases oxygen toxicity risk 

○ below 100% oxygen use = less of a risk



OPERATIONAL DESIGN
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● Use PADI Dive Tables to create a 
schedule of work and rest 

○ Lower risk of DCS
● Model operations as repetitive dives 

breathing Nitrox 32 or 36 to lowest 
depths (45-50 ft)

○ Our scenario is a 8.28 ft dive
● Keeps track of residual Nitrogen in 

the body



OPERATIONAL SCHEDULE - 32% O2
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Based on PADI Dive Tables



OPERATIONAL SCHEDULE - 36% O2
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Based on PADI Dive Tables



HELMET INSPIRATION
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HELMET INSPIRATION
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OXYGEN CONCENTRATOR TECHNOLOGY
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● Concentrates 
oxygen from 
ambient air to 
supply an oxygen 
enriched gas 
mixture

● 90-95% pure 
oxygen is released



CONTINUOUS GAS BLENDING WITH NITROX STIK
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● Uses pure oxygen and patent 
pending “Stik” to homogeneously 
mix air and oxygen at the inlet of 
a high-pressure air compressor

● While compressor is running, 
throttles oxygen supply until 
desired oxygen concentration is 
achieved

● Oxygen analyzer monitoring the 
outlet of compressor will indicate 
desired oxygen concentration

● Safely make Nitrox up to 40%



SUIT OVERVIEW 
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● Suit option will depend on desired enriched oxygen mixture used
● Options: 

○ Use 32% oxygen with suit, shorter or no prebreathe in airlock
○ Use 37% oxygen with no suit, possibly a longer prebreathe in airlock 

● Looking for anything that can provide 50-65 mmHg to compensate for 37 to 32 percent oxygen 
composition

● Options:
○ Compression garment like Jobst medical systems
○ CEP compression sleeves
○ Other athletic compression garments

http://www.innovationintextiles.com/lycra-sport-fabric-in-mercury-compression-
line/

http://www.jobst-usa.com/https://bridgerridgerun.files.com/cep.jpg



Sensor Suite
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DESIRED MEASUREMENTS
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Most important measurements based on basic physiological, environmental specific, and hypoxia-specific 
parameters of interest

■ Body core temperature
■ Heart rate & heart rate variability
■ Blood pressure
■ Oxygen saturation
■ Carbon dioxide saturation
■ Activity intensity



SENSOR SELECTIONS
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Measures:
■ Heart rate
■ Heart rate variability
■ Core body temperature

Worn like headphones - can easily wear inside 
helmet

Bluetooth transmission; 2.4 GHz radio 
frequency

Link: http://www.cosinuss.com/en/sports

Cosinuss C-SP01

http://www.cosinuss.com/en/sports


SENSOR SELECTIONS
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Measures:
■ Omni-directional acceleration
■ Step counts
■ Correlates with activity level/energy

Worn on wrist or clipped onto belt

On board memory; 32 Hz sampling rate

Link: ActiCal

ActiCal

http://www.bmedical.com.au/shop/activity-heat-research/actical.htm


SENSOR SELECTIONS

HYPOXIA • MAY 6, 2015 36

Measures:
■ Heart rate
■ Blood pressure
■ Blood O2 and CO2 levels
■ ECG (heart beat rate & regularity)
■ Bioimpedance => body fat
■ Galvanic skin response => amount of sweat
■ Skin & core temperatures

Worn on wrist like watch

Bluetooth & Wi-Fi; real-time display

Link:Samsung Simband

Samsung Simband

http://www.samsung.com/us/ssic/pdf/Samsung_Simband_Backgrounder.pdf


CONCLUSIONS 
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We have created a conceptual design of a 
countermeasure including a pressurized 

habitat, exploration capability, and 
monitoring techniques for further 

understanding of this physiologic issue

Potential for collaboration on future 
work….coming soon!



Outreach
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OUTREACH WITH SWE KEYS
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“Humans in Extreme Environments!”



OUTREACH WITH SWE KEYS
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Design a Habitat or Suit for Mars!
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HABITAT POWER
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● Considerations - lighting, environmental control, 
appliances, electronic devices, water heater

● Est. Total Wattage = ~39 kW
Est. Total kWh per day = ~229 kWh

48 kW: ~$14,500
15.7 L/hour of propane
2630 L propane weekly
>$25,000 propane annually

Option #1: Generator Option #2: Solar Panels
100%: 120 panels (310 W)

  244 square meters
  $36,300   

50%: 60 panels
122 sq. m
$18,150

Option #3: Combination

Emergency power to maintain 
vital functions = 22 kW in 1 hr

Generator + emergency solar:

12 solar panels (310 W)
24 square meters
$3500

Solar + emergency generator:

22 kW generator
$8,730
15.7 L/hour of propane
1 hr propane = $3



HABITAT DESIGN
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Top-Level Design Variables Concept of Operations

Human consumption and production
Safety Limits



NASA HABITABILITY STANDARDS
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Derived ECLSS requirements


