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Air Force pararescuemen and Navy SEALs take part in free-fall parachute training on 21 January 2011 
over Marine Corps Base Hawaii. The jumpers will pull the release cords on their parachutes after 
they lose some altitude.
Courtesy of US Marine Corps/Lance Cpl Reece E. Lodder
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“Man’s fl ight through life is sustained by the 
power of his knowledge.”

Austin “Dusty” Miller, the quote on the Eagle and Fledgling 
statue at the US Air Force Academy
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 LESSON LESSON 1

What devices and steps 
do you think could 
have prevented loss 
of consciousness?

• the four zones of the fl ight 
environment

• the physical laws of gases 
according to Boyle’s law, 
Dalton’s law, and Henry’s law

• the respiration and circulation 
processes

• the effects on the human 
body of reduced pressure 
at high altitude

• the effects on the human 
body of acceleration and 
deceleration or increased 
g-forces

• spatial disorientation and 
motion sickness

• other stresses of fl ight 
operations

Payne Stewart was a well-known American 
golfer who won 11 tournaments hosted by the 
PGA Tour during an 18-year career. Besides his 

impressive wins, Stewart was also famous for the outfi ts 
he wore on the golf course—mostly old-fashioned knickers, 
often in bright patterns and colors. On 25 October 1999 he 
boarded a Learjet in Florida to head to Texas for yet another 
PGA Tour contest, the last of the season. The small business 
jet took off from Orlando International Airport with two 
crew and four passengers, including the golfer.

The fl ight was little more than 1,000 miles westward 
in clear weather. But the jet hit a technical snag just 
a few minutes into the fl ight. It crashed several hours 
later and hundreds of miles away in the wrong direction. 
From the time the jet departed Orlando International 
Airport at about 9:20 a.m. until 9:27 a.m., the crew was 
in repeated contact with air traffi c control. All seemed well. 
Transmissions between the crew and controllers largely 
related to fl ight level, the altitude at which an aircraft 
is fl ying. The crew’s fl ight plan requested an ultimate 
fl ight level of 39,000 feet, also written out as FL 390.

Around 9:21 a.m. the crew let the Jacksonville (Florida) 
Air Route Traffi c Control Center know that they were 
climbing from 9,500 feet to 14,000 feet. A controller told 
them to next climb to FL 260 (26,000 feet) and maintain 
that fl ight level. At 9:27 a.m. the crew told another 
controller in Jacksonville that they had reached FL 230. 
The controller instructed them to next aim for FL 390. 
All transmissions from the Learjet ceased after the 
crew acknowledged the last fl ight level orders.

A little more than an hour later air traffi c control still 
couldn’t raise the crew on the radio. This was unusual. 
A US Air Force F-16 test pilot got orders to check on 
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• fl ight level
• physiology
• partial pressure
• respiration
• circulation
• trachea
• bronchi
• bronchioles
• alveoli
• diaphragm
• tissue
• pulmonary arteries
• pulmonary veins
• capillaries
• hypoxia
• tunnel vision
• hyperventilation
• Eustachian tube
• decompression sickness
• decompression
• g-force
• free fall
• terminal velocity
• linear acceleration
• radial acceleration
• angular acceleration
• g-suit
• rocket sled
• spatial disorientation
• carbon monoxide
• diuretic
• dehydration

the Learjet. He fl ew within 2,000 feet of the small jet, which 
was fl ying at about 46,400 feet. A Learjet’s maximum operating 
altitude is around 45,000 feet. He reported that while the 
plane looked undamaged, the cockpit windows seemed to be 
coated in ice or some other moisture on the inside. He also 
noted that he didn’t see any fl ight control movements, that is, 
no adjustments to trims or other control surfaces.

Yet another hour later, two F-16s assigned to the Air National 
Guard in Oklahoma fl ew around the Learjet as it neared 
Minneapolis. About half an hour later two more F-16s from 
North Dakota’s Air National Guard joined the survey. Barely 
20 minutes later, the F-16s saw the Learjet turn right and 
descend. The lead pilot from North Dakota reported that 
“the target is descending and he is doing multiple aileron rolls, 
looks like he’s out of control. …” One of the Oklahoma pilots 
said, “It’s soon to impact the ground. He is in a descending 
spiral.” The plane crashed in an open fi eld in Aberdeen, 
South Dakota. No one survived.

As is usual, the National Transportation Safety Board 
investigated the crash. It found that the Learjet ran into 
trouble by at least 9:33 a.m. as the plane climbed above 
36,400 feet. Not much later the jet swerved from its intended 
route and rose above its assigned 39,000 feet all the way 
to 48,900 feet. The board wrote that the evidence showed 
the crew lost consciousness.

As you read in Chapter 2, Lesson 1, air pressure drops at 
greater altitudes to levels that make it diffi cult for humans 
to breathe. If a plane doesn’t maintain the right cabin pressure, 
crew and passengers pass out from lack of oxygen. Safety 
investigators concluded that because nothing else seemed 
wrong with the Learjet that it must have suddenly lost cabin 
pressure. With no one conscious at the controls, the plane 
just fl ew until it ran out of fuel and crashed.
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The Four Zones of the Flight Environment
Atmosphere can affect the human body just as readily 
as it impacts how an aircraft performs. Decreasing 
pressure with altitude makes it more diffi cult to 
breathe, for instance, because of the wider spread 
of air molecules. In fact pressure plays a large role 
in human health. This lesson looks at fl ight and how its 
environment interacts with physiology, which is 
the study of how the body functions.

As you read in Chapter 2, Lesson 1, the atmosphere 
is 78 percent nitrogen, 21 percent oxygen, and 1 percent 

trace gases. This composition remains the same even as you climb through the 
sky to areas of lower pressure. But the air density—the number of air molecules 
per cubic inch—and weight decrease as your aircraft ascends.

At lower altitudes where the air density and pressure are 
greater, the body can take in more air molecules with 
each breath, and each breath contains more oxygen even 
though oxygen always makes up about 21 percent of the 
atmosphere. This greater density and pressure is also why 
aircraft get more lift with less thrust at lower altitudes. 
At higher altitudes where the air contains fewer molecules, 
aircraft must exert more thrust to get enough lift. 

The four zones of the atmosphere in which fl ight takes 
place are the troposphere, stratosphere, ionosphere, and 
exosphere. Chapter 2, Lesson 1 covered most of these 
terms. However, ionosphere is new. It is a combination 
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of the mesosphere and 
thermosphere and is a 
zone of charged particles 
called ions. If you were 
to travel from Earth’s 
surface through the 
exosphere to the edge 
of space, you would 
encounter lower and 
lower pressure the 
higher you traveled. 

Most fl ight takes place 
in the troposphere 
and stratosphere. 
The troposphere is 
where you’ll fi nd the 
largest percentage 
of atmospheric mass. 
The weight of this mass is why the pressure and 
density increase the closer you get to Earth’s surface. 
It’s where weather and life are. The troposphere’s upper 
boundary differs depending on where you are fl ying, 
about four miles (eight km) above the poles and nine 
miles (14.5 km) above the equator. The pressure falls 
gradually in the lower and middle troposphere but 
then drops dramatically above that. 

Passenger airliners will fl y above the clouds in the stratosphere to avoid weather. 
Pressure continues to fall in this zone. Ozone is the principal ingredient in the 
stratosphere. It forms when solar energy strikes and splits an oxygen molecule 
(O2), and one of the lone oxygen atoms (O) drifts until it strikes and bonds to 
a complete oxygen molecule to form ozone (O3). Ozone prevents harmful solar 
radiation from reaching Earth.

Nitrogen and oxygen ions make up the mesosphere and thermosphere 
(known collectively as the ionosphere). The space shuttle generally orbited in 
the thermosphere. Atmospheric pressure keeps falling in these zones, as the pull 
of Earth’s gravity grows weaker with distance. The atoms in the exosphere are 
mostly hydrogen and helium. They have very low density, so collisions between 
atoms are rare. This zone eventually merges with space. To reach space, all launch 
vehicles and rockets must travel through all four zones, including the exosphere 
(Figure 1.1). For example, the astronauts traveled through all the regions to 
reach the moon. 

Wing TIPSWing
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The Physical Laws of Gases According to 
Boyle’s Law, Dalton’s Law, and Henry’s Law
Three scientists from centuries ago studied the relationship of gases and pressure, 
which today helps explain how the fl ight zones affect human health. The scientists 
were Robert Boyle, John Dalton, and William Henry. They each have a law named 
after them: Boyle’s law, Dalton’s law, and Henry’s law.

In Chapter 1, Lesson 5, you read about Boyle’s law, which 
looked at the relationship of pressure and volume of a gas 
at a constant temperature. Boyle maintained that when the 
pressure of a confi ned gas increases, its volume decreases, 
and when the pressure decreases, the volume increases. 
When an aircraft climbs, the drop in atmospheric pressure 
causes gases in the human body to expand. To correct this 
increase in volume, a pilot can descend to a lower altitude 
or pressurize the cabin. 

About 150 years after Boyle’s discovery, Dalton and Henry unearthed more facts 
about gases. In 1801 the British chemist Dalton looked at the example of a mixture 
of gases in a container, once again at a constant temperature. In this scenario the 
gases don’t combine to form another type of gas; they remain separate even as they 
expand throughout the space inside the container. Dalton’s law states that the total 
pressure of a mixture of gases is equal to the sum of the partial pressure that each gas exerts 
individually. Partial pressure is the amount of pressure each gas applies individually.
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According to Dalton’s law, the total pressure that the human body experiences 
is the sum of the partial pressures exerted on it by oxygen, nitrogen, and 
trace gases. (The composition of air in the lungs is somewhat different from 
the atmosphere because of water vapor and carbon dioxide, but the theory 
is the same.) The total pressure decreases with gains in altitude. But whether 
measured at sea level or at 18,000 feet, oxygen will still make up 21 percent 
of the atmosphere, nitrogen will continue to compose 78 percent, and trace 
gases will make up the remaining 1 percent.

In 1803 Henry, another British chemist, learned that the amount of gas dissolved 
in a volume of liquid is proportional to the pressure of the gas. In other words as 
pressure increases, more gas dissolves in the liquid; and as pressure decreases, 
more gas escapes the liquid. Scientists often equate this process with what 
you see when you open a bottle fi lled with a carbonated soft drink. Once you 
open the bottle, this releases pressure that allows bubbles of gas to escape, 
or undissolve. In aviation this means that when an aircraft ascends, the pressure 
drops and gases in the blood and tissues can try to escape in the form of 
bubbles. This can lead to physical problems, which will be addressed later 
in this lesson. 

The Respiration and Circulation Processes
The gases present in the human body that 
expand and compress depending on pressure 
affect two physical processes. The fi rst is 
 respiration, which is another word for breathing. 
The second is  circulation, which is the process 
of moving blood about the body. 

The body manages respiration through the respiratory system (Figure 1.2). 
The respiratory system’s main purpose is to take in oxygen and get rid of 
carbon dioxide. It does this with the help of several parts. These are:

• The trachea—The windpipe, which moves air drawn in through the nose 
or mouth into the lungs

• The bronchi—Big passageways at the bottom of the windpipe that get air 
to the lungs

• The bronchioles—Small passageways that branch off the bronchi inside 
the lungs

• The alveoli—Air sacs that are at the end of all the other passageways 
in the lungs.

Wing TIPSWing
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In addition numerous muscles expand and contract the lungs. The diaphragm is 
the principal muscle that helps the lungs draw in and expel air. It’s located right below 
the lungs. Lungs and blood vessels distribute oxygen to the body as well as retrieve 
carbon dioxide, a waste gas, from it.

The air you breathe in travels through the respiratory system’s many parts until 
it reaches the alveoli, or air sacs. Oxygen in the air then enters the bloodstream, 
which circulates to the body’s organs such as the heart. The air you breathe out 
fl ushes carbon dioxide from the body. The carbon dioxide moves from tissues 
in the body to blood vessels in the lungs and fi nally into the air sacs. When you 
exhale you are breathing out carbon dioxide from the air sacs. 

The cardiovascular system controls the circulation of blood throughout the body. 
One of the cardiovascular system’s main functions is to use blood as a way to carry 
oxygen from the lungs to organs or body tissue, that is, the cells and any substance 
found between cells that make up muscles, skin, or other body parts. It also uses blood 
to move carbon dioxide from the tissues to the lungs.

Figure 1.2 Figure 1.2 Figure 1.2 The respiratory systemThe respiratory systemThe respiratory system
Adapted from National Institutes of HealthAdapted from National Institutes of HealthAdapted from National Institutes of Health
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The cardiovascular system’s principal parts are:

• The heart

• The pulmonary arteries—Blood vessels that carry blood from the heart 
to the organs and tissues

• The pulmonary veins—Blood vessels that carry blood from the organs 
and tissues to the heart

• The capillaries—Very small blood vessels branching off arteries and veins.

The heart, which is a muscle that pumps blood throughout the body, has four 
chambers: right atrium, right ventricle, left atrium, and left ventricle (Figure 1.3). 
The body’s biggest veins—the superior and inferior vena cavae—carry blood 
that’s low in oxygen from different parts of your body to the right atrium. 
The heart then pumps it into the right ventricle. From there it fl ows to the 
lungs where the blood gathers oxygen from capillaries.

Now that the blood has plenty of oxygen, it empties into the left atrium. 
The left atrium pumps it into the left ventricle, and then the aorta, a giant artery, 
sends it back into circulation to feed oxygen to body organs and tissue. 

Figure 1.3 Figure 1.3 Figure 1.3 The heart’s The heart’s The heart’s 
four chambersfour chambersfour chambers
Adapted from National Adapted from National Adapted from National 
Institutes of HealthInstitutes of HealthInstitutes of Health
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The Effects on the Human Body 
of Reduced Pressure at High Altitude
The interactions of the respiratory and cardiovascular systems with reduced 
pressure that you fi nd at high altitudes can adversely affect the way the body 
operates. Knowing when and how to address reduced pressure will keep pilots 
and their passengers safe and comfortable. For instance, maintaining a cabin 
altitude of about 8,000 feet, which you read about in Chapter 2, Lesson 1, helps 
prevent some of the ill effects from fl ying thousands of feet above sea level.

But sometimes a system malfunction will cause an aircraft to lose cabin pressure 
or an oxygen tank to fail. The body can’t take in enough oxygen in these cases 
and the organs suffer. An aircrew must be able to recognize the body’s warning 
signs that something has gone wrong. They must also know what steps to take 
to counteract the reduced-pressure symptoms.

According to Dalton’s law, by about 12,000 feet, the partial pressure of oxygen 
is reduced enough that it begins to interfere with the human body’s normal 
activities and functions. By 18,000 feet the thinner air means the lungs can 
draw only half as much oxygen as they could at sea level.

When a body senses that it’s not inhaling enough oxygen, the breathing rate 
picks up. For instance, people breathe faster when they exercise or are under 
stress. This is because the exercise and tension produce greater than normal 

amounts of carbon dioxide. The body’s response is to 
breathe faster to fl ush out the excess carbon dioxide 
and draw in more oxygen.

At high altitudes where the air is thin, people also 
tend to breathe faster than they would at sea level. The 
following are some ill effects the body may experience 
at reduced pressure. 

Hypoxia

One hazard of reduced pressure is hypoxia. Hypoxia is a state of too little oxygen 
in the body. It impairs how the brain and other organs function. The 1999 
plane crash with the golfer Payne Stewart on board that you read about in 
the Quick Write was most likely the result of hypoxia.

Because federal regulations require aircraft to maintain safe cabin pressure 
and pilots of smaller aircraft to have masks that provide them with supplemental 
oxygen, hypoxia generally isn’t a problem. But on occasion—as with the Stewart 
crash—systems fail. This is why aircrews need to be able to recognize if they 
are exhibiting any signs of hypoxia and then address the danger right away.

Wing TIPSWing



LESSON 1 ■ Human Physiology and Air Flight 225

Flight and the H
um

an B
ody

Flight and the H
um

an B
ody

Flight and the H
um

an B
ody

Most pilots won’t face dangers from oxygen deprivation when fl ying below 
12,000 feet. However, from 12,000 feet to 15,000 feet its effects begin 
to be felt when an aircraft’s cabin altitude isn’t maintained at 8,000 feet 
or the crew isn’t getting enough additional oxygen through facemasks 
or other breathing devices.

Symptoms include increased breathing rate, headache, lightheadedness, 
dizziness, drowsiness, tingling in the fi ngers and toes, warm sensations, 
sweating, poor coordination, impaired judgment, and decreased alertness. 
They also include tunnel vision—a condition in which the edges of your sight 
gray out to a point where you only have a narrow fi eld of vision straight ahead. 
Emotions such as euphoria (great happiness) or its opposite, belligerence 
(anger, a readiness to fi ght), may show up as well. The euphoria may give 
a pilot more confi dence than he or she should have.

Oxygen starvation generally fi rst affects the brain. This means that your 
judgment is the fi rst thing to go, which makes it even trickier to recognize 
the onset of hypoxia. Pilots have only a limited amount of time—referred to 
as time of useful consciousness—to ward off the effects of hypoxia. The time 
grows shorter the greater the altitude (Figure 1.4). 

Once you spot the symptoms, the answers to hypoxia are really quite simple. 
Fly at lower altitudes, and use supplemental oxygen. Pilots can also experience 
the beginnings of hypoxia in a safe environment at a training facility to learn 
fi rsthand which signs to watch for. 

Figure 1.4 Figure 1.4 Figure 1.4 Time of useful consciousnessTime of useful consciousnessTime of useful consciousness
Reproduced from US Department of Transportation/Federal Aviation AdministrationReproduced from US Department of Transportation/Federal Aviation AdministrationReproduced from US Department of Transportation/Federal Aviation Administration

45,000 feet MSL                     9 to 15 seconds
40,000 feet MSL                     15 to 20 seconds
35,000 feet MSL                     30 to 60 seconds
30,000 feet MSL                     1 to 2 minutes
28,000 feet MSL                     2    to 3 minutes
25,000 feet MSL                     3 to 5 minutes
22,000 feet MSL                     5 to 10 minutes
20,000 feet MSL                     30 minutes or more
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Hyperventilation

A pilot can confuse the onset of hypoxia with hyperventilation because the two 
share many of the same initial symptoms. Hyperventilation is an abnormal increase 
in the volume of air breathed in and out of the lungs. It can be the result of stress or 
of fl ying at a higher altitude, either with or without oxygen. The body’s natural 
reaction to both of these situations is to breathe faster.

Breathing too quickly rids the body of too much carbon dioxide. Too little 
carbon dioxide in the bloodstream reduces the necessary amounts of calcium 
in the body. The results are lightheadedness, suffocation, drowsiness, tingling 
in the hands and feet, and coolness. Very few people actually pass out from 
hyperventilating, however.

The solution to hyperventilation is to breathe more slowly, sometimes into 
a paper or cloth bag. Carbon dioxide builds up in the bag each time you exhale. 
Then when you inhale, you get more than the usual amount of carbon dioxide, 
which eventually returns you to the proper carbon dioxide level. Just talking 
out loud can also help overcome hyperventilation.

After the Payne Stewart crash, 
an engineer at NASA decided 
something needed to be done 
to prevent more such accidents.

Over his Christmas holiday, Jan 
Zysko built a device that could 
monitor cabin pressure and 
altitude. He showed the prototype 
to managers at NASA, who handed 
Zysko and his team $100,000 to 
pursue the idea. It took them only 
six months to perfect the sensor.

Today everyone from pilots to 
skydivers and mountain climbers 
can buy a cabin pressure altitude 
monitor to warn them if the air 
pressure is too low. Now everyone 
can breathe easier at high altitudes. 

An Invention to Make Everyone Breathe Easier

The Cabin Pressure Altitude Monitor invented 
The Cabin Pressure Altitude Monitor invented 
The Cabin Pressure Altitude Monitor invented 

by Jan Zyskoby Jan Zyskoby Jan Zysko
Courtesy of Kennedy Space Center/NASA
Courtesy of Kennedy Space Center/NASA
Courtesy of Kennedy Space Center/NASA
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Trapped Gas

If you’ve ever fl own you’ve likely experienced the discomfort of gas trapped 
in your ear. This is because body cavities like the ear contain gas that expands 
during climbs and contracts during descents due to the difference between the 
air pressure outside the body and the air pressure inside the body. Trapped gas 
is therefore a good demonstration of Boyle’s law, which explains increased 
volume with decreased pressure. If gas can’t escape a cavity, it can be painful. 

Ear Block
The middle ear is a small cavity in the skull. The eardrum closes off the middle 
ear from the external ear canal. Normally the Eustachian tube—a tube leading 
from inside each ear to the back of the throat—equalizes the pressure differences 
between the middle ear and the outside world (Figure 1.5). These tubes are 
usually closed. But when you chew, yawn, or swallow, they open up and can 
equalize the pressure. Even a slight difference in pressure can cause discomfort. 

During a climb air pressure in the middle ear may be greater than air pressure 
in the external ear canal. This causes the eardrum to bulge outward. As the air 
pressure in the middle ear cavity equalizes with the lower pressure at altitude 
during a climb, a person on an airplane may experience alternating sensations 
of fullness in the ear and then it will feel clear.

During descent the opposite happens. Air pressure in the external ear canal 
exceeds the air pressure in the middle ear. With a higher outside pressure, the 
eardrum now bulges inward. This is the more diffi cult condition to relieve. 

Figure 1.5 Figure 1.5 Figure 1.5 The Eustachian tube The Eustachian tube The Eustachian tube 
allows air pressure to equalize allows air pressure to equalize allows air pressure to equalize 
in the middle ear. in the middle ear. in the middle ear. 
Reproduced from US Department Reproduced from US Department Reproduced from US Department 
of Transportation/Federal Aviation of Transportation/Federal Aviation of Transportation/Federal Aviation 
Administration Administration Administration 
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Descent creates a partial vacuum that constricts the Eustachian tube walls. 
Remedies include yawning, chewing gum, and swallowing. If none of these 
works, pinch the nostrils shut, close the lips, and very gently blow in the mouth 
and nose. These procedures force air through the Eustachian tube into the middle 
ear. Sometimes colds can hinder the equalization of pressure and even damage 
the eardrums.

Sinus Block
Another case of trapped gas is sinus block. The skull contains four sets of sinuses, 
all leading to the nasal passages. Two of the sets are the frontal sinuses, one above 
each eyebrow. The two other sets are the maxillary sinuses found in each upper 
cheek (Figure1.6).

Air pressure in the sinuses equalizes with pressure in the fl ight deck during climbs 
and descents through small openings that connect the four sets of sinuses to the 
nasal passages. Colds, infections, and allergies can produce enough congestion 
around one of these openings to slow equalization of pressure.

As the pressure difference 
increases between the sinuses and 
fl ight deck, congestion may plug 
the opening. This is a sinus block, 
and it occurs more frequently 
during descent than climb. 
A slow descent can reduce any 
pain associated with sinus block. 
A maxillary sinus block may even 
make a tooth ache. The best way 
to avoid a sinus block is not to fl y 
when you have a bad cold or are 
suffering from nasal allergies.

Sinus block and ear block also 
affect scuba divers or even someone 
diving to the bottom of a pool. 
As the diver swims deeper and deeper 
underwater, pressure increases on 
the sinuses and middle ear. It can 
be quite painful. Divers can relieve 
the difference in pressure by pinching 
their nose at the same time that 
they lightly attempt to exhale also 
through the nose. 

Figure 1.6 Figure 1.6 Figure 1.6 Frontal and maxillary sinusesFrontal and maxillary sinusesFrontal and maxillary sinuses
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Altitude-Induced Decompression Sickness

Decompression sickness  is a condition resulting from exposure to low pressure 
that causes dissolved gases in the body to form bubbles. The type of exposure that 
could cause this sickness might be fl ying in an unpressurized aircraft to high 
altitude or in an aircraft that suddenly experiences  decompression, the loss 
of cabin pressure, because of a malfunction or accident.

Nitrogen is the main gas that the body stores in its fl uids and tissues. When 
the body is exposed to decreased pressures, the nitrogen dissolved in the body 
comes out of the solution (the fl uids and tissues). If the low pressure forces the 
nitrogen to leave the solution too rapidly, bubbles form in different areas of the 
body and cause a number of signs and symptoms. The most common symptom 
is joint pain, which is known as the bends.

Decompression sickness illustrates Henry’s law because as the pressure decreases 
the amount of gas in the solution decreases as well by escaping as bubbles. 
To address any symptoms (Figure 1.7), a pilot or crew member should do 
the following:

• Put on an oxygen mask right away and switch the regulator to 
100 percent oxygen. The oxygen regulator is a device that controls 
the oxygen level in the aircraft, mixing cabin air with cylinder oxygen 
in a ratio that depends on the aircraft’s altitude. For example, below 
8,000 feet, the regulator supplies zero percent cylinder oxygen and 
100 percent cabin air. By about 34,000 feet, it supplies zero percent 
cabin air and 100 percent cylinder oxygen.

• Begin an emergency descent and land as soon as possible. Even if 
the symptoms disappear by the time the aircraft reaches the runway, 
the individual should seek medical help and continue breathing 
the supplemental oxygen.

• Not move his or her joints to try to work out any pain. The person 
should keep the affected areas as still as possible.

Treatment once the individual has returned to land may include a hyperbaric 
chamber, a sealed chamber that helps people suffering from decompression 
sickness. Some symptoms may not appear until after landing. This is another 
reason to get advice from a doctor if one has gone through a sudden 
decompression at high altitudes. 
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The Effects on the Human Body of Acceleration 
and Deceleration or Increased G-Forces
How quickly aircraft decelerate and accelerate and in what direction can also 
have an important and sometimes serious effect on the human body.

Humans are constantly exposed to the force of gravity. It’s why people fall 
to the ground when they trip over an object and a pencil hits the fl oor after 
rolling off a desk. Because of gravity these objects accelerate toward Earth’s 
surface at a constant 32 feet per second squared.

Figure 1.7 Figure 1.7 Figure 1.7 Signs and symptoms of altitude-induced decompression sicknessSigns and symptoms of altitude-induced decompression sicknessSigns and symptoms of altitude-induced decompression sickness
Reproduced from US Department of Transportation/Federal Aviation AdministrationReproduced from US Department of Transportation/Federal Aviation AdministrationReproduced from US Department of Transportation/Federal Aviation Administration

• Localized deep pain, ranging from mild (a “niggle”) to 
  excruciating—sometimes a dull ache, but rarely a sharp pain
• Active and passive motion of the joint aggravating the pain
• Pain occurring at altitude, during the descent, or many 
  hours later

• Confusion or memory loss
• Headache
• Spots in visual field (scotoma), tunnel vision, double vision 
  (diplopia), or blurry vision
• Unexplained extreme fatigue or behavior changes
• Seizures, dizziness, vertigo, nausea, vomiting, and 
  unconsciousness

• Abnormal sensations such as burning, stinging, and 
  tingling around the lower chest and back
• Symptoms spreading from the feet up and possibly 
  accompanied by ascending weakness or paralysis
• Girdling abdominal or chest pain

• Urinary and rectal incontinence
• Abnormal sensations, such as numbness, burning, 
  stinging, and tingling (paresthesia)
• Muscle weakness or twitching

• Burning deep chest pain (under the sternum)
• Pain aggravated by breathing
• Shortness of breath (dyspnea)
• Dry constant cough

• Itching usually around the ears, face, neck, arms, and 
  upper torso
• Sensation of tiny insects crawling over the skin
• Mottled or marbled skin usually around the shoulders, 
  upper chest, and abdomen, accompanied by itching
• Swelling of the skin, accompanied by tiny scarlike skin 
  depressions (pitting edema) 

Signs and Symptoms (Clinical Manifestations)Bubble LocationDCS Type

Bends Mostly large 
joints of the body 
(elbows, wrists, 
shoulders, hip, 
knees, ankles)

Brain

Spinal Cord

Peripheral 
Nerves

Lungs

Skin

Chokes

Skin 
Bends

Neurologic 
Manifestations



LESSON 1 ■ Human Physiology and Air Flight 231

Flight and the H
um

an B
ody

Flight and the H
um

an B
ody

Flight and the H
um

an B
ody

What G-Force Is

G-force is a measure of gravity’s accelerative force. At Earth’s surface its strength 
is equal to a single g-force, or 1 G. Objects such as the falling pencil or the 
tripping person are in free fall, in other words descending without a device to slow 
the descent. Because they don’t have very far to go, they hit the ground without 
gaining much accelerative force beyond 1 G, or 32 feet per second squared. 
But an object such as a plane way up in the sky gains more than 1 G as it plummets 
toward Earth. It gains speed until it either pulls out of a dive, hits the ground, 
or reaches terminal velocity, which is the point at which drag on an object equals 
the force of gravity and the object stops accelerating.

Steep turns in the air can generate a force of 
acceleration that’s many times the force of gravity. 
Fighter pilots may experience forces as high as 9 Gs. 

A pilot may experience a combination of linear, 
radial, and angular acceleration when working with 
fl ight controls. These accelerations induce g-forces 
on the body that scientists refer to as Gx, Gy, and Gz. 
The three types of g-forces act along three different axes 
that are perpendicular to one another. Think in terms 
of the x, y, and z axes you may have read about in 
your math classes.

An F-16 Fighting Falcon pilot from the 79th Fighter Squadron at Shaw Air Force 
An F-16 Fighting Falcon pilot from the 79th Fighter Squadron at Shaw Air Force 
An F-16 Fighting Falcon pilot from the 79th Fighter Squadron at Shaw Air Force Base, South Carolina, banks while heading to a training exercise. A change in speed, 
Base, South Carolina, banks while heading to a training exercise. A change in speed, 
Base, South Carolina, banks while heading to a training exercise. A change in speed, direction, or both can induce g-forces. direction, or both can induce g-forces. direction, or both can induce g-forces. 
Courtesy of USAF/MSgt Kevin J. Gruenwald
Courtesy of USAF/MSgt Kevin J. Gruenwald
Courtesy of USAF/MSgt Kevin J. Gruenwald
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Gx is a force that acts on the body from the 
chest to the back, and from the back to the chest. 
For example, �Gx is the force from chest to back 
that occurs during takeoff when an aircraft is 
gaining speed on the runway. The force from the 
increase in speed pushes the pilot back into the 
seat. The force called �Gx is the force from back 
to chest during landing. This force pushes the 
pilot forward in the shoulder strap. 

Acceleration comes in three forms. They are:

• Linear acceleration—Is a change of speed in a straight line. This type of acceleration 
takes place during takeoff, landing, and in level fl ight.

• Radial acceleration—Takes place with a change in direction such as in sharp turns, 
a dive, or pulling out of a dive.

• Angular acceleration—Results from a simultaneous change in both speed and 
direction, which happens in spins and climbing turns. 

Types of Acceleration

An F-22 Raptor performs a maximum climb takeoff during the 2010 air show 

An F-22 Raptor performs a maximum climb takeoff during the 2010 air show 

An F-22 Raptor performs a maximum climb takeoff during the 2010 air show 

at Nellis Air Force Base, Nevada, on 12 November 2010. Pilots experience linear 

at Nellis Air Force Base, Nevada, on 12 November 2010. Pilots experience linear 

at Nellis Air Force Base, Nevada, on 12 November 2010. Pilots experience linear 

acceleration during takeoffs. acceleration during takeoffs. acceleration during takeoffs. 

Courtesy of USAF/MSgt Kevin J. Gruenwald
Courtesy of USAF/MSgt Kevin J. Gruenwald
Courtesy of USAF/MSgt Kevin J. Gruenwald
Courtesy of USAF/MSgt Kevin J. Gruenwald
Courtesy of USAF/MSgt Kevin J. Gruenwald
Courtesy of USAF/MSgt Kevin J. Gruenwald
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Gy is a lateral force that acts from shoulder to shoulder. Pilots encounter this force 
during aileron rolls about their longitudinal axis. Gz is a gravitational force that 
acts on the body’s vertical axis. Applied from head to foot, such as when pulling 
out of a dive, it is �Gz. When it runs from foot to head, as in a dive, it is �Gz.

The Effects

The most hazardous g-force is along the Gz axis. A pilot experiences �Gz when 
entering a high-speed turn or pulling out of a steep dive. The cardiovascular system 
has to act quickly to keep blood fl owing to the brain to remain conscious. The body 
tries to counteract �Gz with a harder, faster heartbeat to keep the blood fl owing 
up to the head.

If the body isn’t able to respond quickly enough to �Gz, one of the fi rst signs is a 
progressive loss of vision as the aircraft enters the maneuver. The eyes are extremely 
sensitive to low blood fl ow. The fi rst thing a pilot may notice is the onset of tunnel 
vision. After that comes an even smaller fi eld of sight referred to as gun barrel vision, 
then gray out, and fi nally blackout of all vision. If the accelerating g-forces don’t let 
up, a pilot may fi nally pass out. An aircraft with enough altitude may be able to give 
a pilot enough time to recover and get out of the excessive Gs and recover sight 
and consciousness.

How quickly a pilot goes from reduced sight to unconsciousness depends on how 
fast the aircraft is accelerating. If the aircraft is gaining about 0.1 G per second, then 
a pilot will slowly lose vision but this should give him or her enough time to reduce 
Gs and handle the situation. But if the acceleration is as rapid as 1 G per second 
or more, unconsciousness can hit without any visual warning.

Even more dangerous than head-to-foot �Gz is the foot-to-head �Gz. When a pilot 
pushes over into a dive, for instance, blood can’t fl ow back down through the veins 
into the heart. Yet the arteries are carrying more blood than ever to the head. Once 
again this force affects the eyes fi rst. A pilot may experience red out, which clouds 
the vision with a fi eld of red. The next phase is loss of consciousness because while 
lots of blood is fl owing up to the brain, it’s not able to fl ow through it and back 
down toward the heart.

By being alert to the dangers of excessive g-forces, a pilot can look for warning signs 
and try to avoid situations likely to induce dangerous levels of g-force. Being in 
good physical shape also helps pilots physiologically handle the stresses of g-forces. 
Furthermore fi ghter pilots and astronauts wear the g-suit, a piece of clothing that 
protects pilots from the effects of g-forces. The suit prevents blackouts by applying 
pressure to the legs and abdomen to keep blood pressure up and blood circulating 
to the brain. The fi rst g-suits were worn during World War II for aerial combat. 
In the next lesson, you’ll read about a different set of suits called pressure suits, 
which guard against the ill effects of decreased pressure at altitude. 
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Col John Paul Stapp is known as the “fastest human on Earth.” In 1954 he also decelerated 
faster than any human on Earth. It was all because he took part in a number of military 
crash tests. Voluntarily!

Stapp had earned his medical degree in 1944 
and entered military service not long after that. 
Beginning in 1945 he studied aviation medicine, 
in other words, some of the topics you’ve been 
reading about in this lesson. Around this time 
the military decided to conduct some tests to 
see if it could increase the number of survivors 
in airplane crashes. Too many military pilots 
were dying in noncombat-related accidents that 
seemed as if they should have been preventable. 
Stapp volunteered to help with the tests.

Northrop Aircraft of California built a railroad 
track 2,000 feet long on a heavy concrete bed. 
The company placed a 1,500-pound rocket sled
on the track, which had a 45-foot mechanical 
braking system. A rocket sled is a rocket-powered 
vehicle that rides at ground level on tracks and 
is used for a variety of speed, acceleration, and 
deceleration tests. Between the late 1940s and 
December 1954, Stapp volunteered for 29 rides 
on a series of rocket sleds. The Sonic Wind I
was his last. Scientists built it for speed and 
an incredibly short braking distance.

With Stapp on board, Sonic Wind I sped him along at 632 miles per hour, a world-record 
land speed at that time. It took him only fi ve seconds to go from a standstill to a speed 
faster than a .45 bullet, subjecting him to a force of about 20 Gs. This is a prime example 
of linear acceleration at takeoff. The rocket sled then stopped in fewer than 1.4 seconds, 
exerting more than 40 Gs on Stapp’s body. That amount of g-forces is equal to hitting 
a brick wall in a car traveling 120 miles per hour. Stapp walked away from this fi nal test 
with two wrist fractures (he set one of them himself on his walk back to their labs), 
rib fractures, and eye injuries. Everything healed up nicely, though. Stapp’s offer to be the 
“human decelerator” helped the military and others fi nd ways to improve pilot and even 
automobile safety. Because of his work scientists built safer helmets and aircraft seats, 
among many other discoveries.

According to historians Stapp also gets credit for coining a famous phrase. One of his 
assistants, Capt Edward A Murphy Jr., incorrectly rigged a harness and it failed to register 
strains Stapp was being subjected to during a test. After he learned what happened, 
Stapp said that “Whatever can go wrong, will go wrong.” This saying has been called 
Murphy’s law ever since. 

Faster Than a Speeding Bullet

Col John Paul Stapp rides a Col John Paul Stapp rides a Col John Paul Stapp rides a 
rocket sled in pursuit of greater rocket sled in pursuit of greater rocket sled in pursuit of greater 
aviation safety.aviation safety.aviation safety.
Courtesy of USAFCourtesy of USAFCourtesy of USAF
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Spatial Disorientation and Motion Sickness
Flight can play tricks on the mind and make it uncertain of where exactly it is. 
Spatial disorientation refers to the lack of knowing an aircraft’s position, attitude, 
and movement. The body includes three systems that work together to fi gure out 
these three facts. They are:

• Visual system—Eyes, which sense position based on what they see

• Vestibular system—Organs found in the inner ear that sense position 
by the way the body is balanced

• Somatosensory system—Nerves in the skin, muscles, and joints, which, 
along with hearing, sense position based on gravity, feeling, and sound.

The brain pieces all of this information together, and when the three systems 
agree the brain can accurately tell you where you are and in what direction 
you’re heading. But fl ying conditions can sometimes confuse the three systems. 
This leads to spatial disorientation.

When a pilot fl ies by visual references, the eyes can correct any false readings 
coming from the other two systems. This is because the eyes can see the horizon 
and ground and use these references to balance out input from the other systems. 
But when a pilot must turn to instrument fl ight because of thick weather, incorrect 
feedback from the three systems can be disorienting.

The vestibular system in the inner ear is key to the senses of balance, motion, 
and position. It lets pilots determine movement and orientation while fl ying. The 
left and right inner ears each contain three semicircular canals that sit at right angles 
to one another. The canals sense the direction and speed of angular acceleration. 
Each canal is fi lled with fl uid and has a section full of fi ne hairs embedded in 
the cupola. Acceleration causes the tiny hairs to defl ect, which stimulates nerve 
impulses that transmit orientation through the vestibular nerve to the brain. 

Figure 1.8 Figure 1.8 Figure 1.8 The semicircular canals lie in the three fl ight axes and sense motions of roll, pitch, and yaw. The semicircular canals lie in the three fl ight axes and sense motions of roll, pitch, and yaw. The semicircular canals lie in the three fl ight axes and sense motions of roll, pitch, and yaw. 
Reproduced from US Department of Transportation/Federal Aviation AdministrationReproduced from US Department of Transportation/Federal Aviation AdministrationReproduced from US Department of Transportation/Federal Aviation Administration
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The vestibular nerve penetrates a large area at the base of each canal called 
the ampulla. The orientation of each canal lies along one of three fl ight axes 
that help pilots determine yaw, pitch, and roll (Figure 1.8).

Connected to the canals are two thin and tissuelike membranous sacs called 
the saccule and utricle. Together the saccule and utricle are often referred to 
as the otolith organs. The otolith organs sense the direction and speed of linear 
acceleration and the position, or tilt, of the head. The vestibular nerve sends 
impulses from the saccule, utricle, and semicircular canals to the brain to 
interpret motion. 

The somatosensory system sends signals from the skin, joints, and muscles 
to the brain, which interprets the signals in relation to Earth’s gravitational pull. 
The signals determine a pilot’s posture, which is the attitude or position in which 
someone sits or stands. The brain receives constant updates based on the body’s 
posture and movement in the pilot’s seat. If a pilot fl ies based on these signals, 
he or she is said to be fl ying by the “seat of the pants.” When used along with 
visual and vestibular clues, these signals can be fairly reliable. However the body 
can’t tell the difference between acceleration forces due to gravity and those 
due to aircraft maneuvers.

Spatial disorientation can lead to any number of problems. Some issues relate to 
false readings from the inner ear.

The leans can occur when a pilot enters a banked attitude too slowly to set the fl uid 
in motion in the semicircular canals. In this example the pilot has banked too slowly 
to the left. If he or she then abruptly corrects the aircraft to the right, this movement 
rolls the fl uid around in the canal. It creates the illusion of a banked attitude in this 
opposite direction to such a degree that the disoriented pilot may make the error 
of rolling the aircraft back to the left.

Another illusion is the graveyard spiral. When a pilot has been in a turn long enough, 
the fl uid in the ear canal will eventually move at the same speed as the canal. He or she 
will have the illusion that the aircraft is not turning at all. During recovery to level fl ight, 
the pilot will experience the sensation of turning in the opposite direction. As a result the 
disoriented pilot may return the aircraft to its original turn. An aircraft tends to lose altitude 
in turns unless the pilot compensates for the loss in lift. In this scenario the pilot may 
notice the loss of altitude, but the absence of any sensation of turning creates the illusion 
of being in a level descent. The pilot may pull back on the controls in an attempt to climb 
or stop the descent. This action actually tightens the spiral and increases the altitude loss. 
If carried on long enough, the plane can crash.

To counter these problems, pilots are taught that when they get spatially disoriented 
they should switch to instruments and ignore the faulty indications their bodies are 
giving them.

Vestibular Illusions
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Motion Sickness

Motion sickness, like spatial disorientation, is a product of the brain receiving 
confl icting messages about the body’s true position. For instance, a movie on a 
giant screen at a theater can sometimes induce motion sickness. This is because 
what’s taking place on the screen has a different orientation than your own posture. 
You might lean along with the movement on the screen—such as a glider swooping 
down over a massive waterfall—while in reality your seat hasn’t moved an inch. 
This visual effect can make you feel sick to your stomach. Your visual and vestibular 
systems don’t agree. The answer at the theater is simply to shut your eyes to end 
the sensory confl ict.

Motion sickness symptoms include nausea, dizziness, 
paleness, sweating, and vomiting. Student pilots 
sometimes suffer from airsickness because they aren’t 
used to the motion and spatial orientation clues. 
But they generally get over the physical reaction 
within the fi rst few lessons. Anxiety and stress can 
be part of what causes the sickness. The more you fl y, 
the more readily you’ll get over the likelihood of 
airsickness. In addition opening air vents, breathing 
supplemental oxygen, focusing on an object or point 
outside the aircraft, and not moving your head 
unnecessarily can help. 

Other Stresses of Flight Operations
Pilots sometimes create their own stress. Cigarettes, alcohol, and drugs can 
seriously degrade pilot performance, as one string of examples. Smoking tobacco 
raises the concentration of  carbon monoxide, a colorless, odorless, tasteless, and 
toxic gas, in the blood. At sea level, where normal conditions reign, its physiological 
effects are similar to fl ying at 8,000 feet. Just imagine what its effects are at 
high altitudes. 

Wing TIPSMotion sickness symptoms include nausea, dizziness, 

sometimes suffer from airsickness because they aren’t 

Wing

A pilot out West had a serious run-in with hypoxia, according to a true story told to the 
FAA. While fl ying his small aircraft over mountains at 13,500 feet, he lit up a cigarette. 
After one particularly deep drag, he passed out. He didn’t know he’d lost consciousness 
until he woke up to fi nd himself in a high-pitched dive.

With very little altitude left in which to recover, he pulled out of the nose-fi rst plunge. 
The drag on the cigarette had replaced oxygen with carbon monoxide in his brain. 
This exchange of oxygen for a toxic gas knocked him out.

The Pilot and the Cigarette
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Alcohol diminishes mental capacity. A pilot’s job calls for making hundreds 
of diffi cult decisions each fl ight. Even small amounts of alcohol can affect 
coordination, limit one’s fi eld of vision, impact memory, reduce reasoning 
power, slow refl exes, and lower one’s attention span.

Like coffee, tea, and caffeinated soft drinks, alcohol is also a  diuretic—a drink 
or other substance that drains the body of needed water.  Dehydration is the critical 
loss of water from the body. Common signs of dehydration include headache, 
fatigue, cramps, sleepiness, and dizziness. These symptoms can also impact 
pilot performance. So it’s best to avoid diuretic drinks. When the cockpit 
is hot or while fl ying at high altitudes where there’s more water loss, pilots 
should be sure to drink plenty of water.

Besides illegal drugs, which should be avoided at all 
times, prescription and over-the-counter medications 
can also pose a problem when fl ying. Some prescribed 
medications have side effects such as loss of balance 
and nausea. Federal regulations actually prohibit pilots 
from performing crew duties while using medications 
that affect the body in any way contrary to safety. The 
safest rule is not to fl y as a crew member while taking 
any medication unless approved to do so by the FAA. 
If a pilot has any questions, he or she should ask an 
aviation medical examiner, that is, someone designated 
by the FAA as having aviation medicine training. 

This lesson has covered a range of health issues relevant to fl ight. The more 
pilots know about the dangers, the more alert they’ll be to the warning signs 
and the safer they’ll be. In addition, pilots can take lots of steps to improve 
their performance as a pilot right here at sea level—they can stay in shape, 
avoid alcohol and other diuretics, and avoid smoking. In addition, they should 
get plenty of sleep, because fatigue can also affect how well they function. 
Next up will be a discussion of protective equipment for pilots and astronauts 
and aircrew training.

Wing TIPSWing
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Lesson 1 Review
Using complete sentences, answer the following questions on a sheet of paper.

1. Why does decreasing pressure with altitude make it more diffi cult 
to breathe?

2. What is physiology?

3. According to Dalton’s law, what is the total pressure that the human 
body experiences?

4. What did Henry, another British chemist, learn in 1803?

5. What is the respiratory system’s main purpose?

6. What are the cardiovascular system’s principal parts and what do they do?

7. What does oxygen starvation generally affect fi rst?

8. What type of exposure could cause decompression sickness?

9. Which is the most hazardous g-force?

10. How quickly a pilot goes from reduced sight to unconsciousness 
depends on what?

11. What is it that the eyes do when a pilot fl ies by visual fl ight rules?

12. How is motion sickness like spatial disorientation?

13. What are some stresses that can seriously degrade pilot performance?

14. What are some common signs of dehydration?

APPLYING YOUR LEARNINGAPPLYING YOUR LEARNINGAPPLYING YOUR LEARNINGAPPLYING YOUR LEARNINGAPPLYING YOUR LEARNINGAPPLYING YOUR LEARNINGAPPLYING YOUR LEARNINGAPPLYING YOUR LEARNING

15. A plane is fl ying at 25,000 feet when suddenly the cabin loses pressure. 
What dangers do the crew and passengers face? What steps should the pilot 
take to address the situation and make sure everyone gets home safe? 


