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Spatial Disorientation During a Coordinated Turn
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During a banked turn without suf� cient visual cues, a pilot can become disoriented and unknowingly enter
into a graveyard spiral. This occurs as a consequence of the dynamics of the semicircular canals in the inner ear
reacting to the changing attitude angles. This is a well-known phenomenon.However, what is not commonlyknown
is that spatial disorientation (SD) in a turn can also occur due to the linear sensing part of the inner ear, the otolith
mechanism. It is demonstrated how, during a steady-state, banked, coordinated turn, that is, no longitudinal or
rotational acceleration, a pilot can become disoriented. The pilot will sense a pitch-up angle and then “correct”
it by pitching down, thus, entering into a fatal spiral dive. The greater the bank angle, that is, the tighter the
turn, the more critical is the disorientation. It is shown how a quantitative understanding of the dynamics of
the vestibular otolith can be used to advantage in developing algorithms for SD � ight trainers and in de� ning
potentially hazardous � ight maneuvers for safe � ight-path planning.

Nomenclature
ax = aircraft translationalacceleration component along body

x axis
ay = aircraft translationalacceleration component along body

y axis
az = aircraft translationalacceleration component along body

z axis
fx = otolith speci� c force component along otolith x axis
f y = otolith speci� c force component along otolith y axis
n = number of G’s due to centripetal

(or normal) acceleration during turn
p = aircraft rotational velocity component about body x axis
q = aircraft rotational velocity component about body y axis
R = turn radius
Rx = distance from aircraft c.g. to head c.g. along body x axis
Ry = distance from aircraft c.g. to head c.g. along body y axis
Rz = distance from aircraft c.g. to head c.g. along body z axis
r = aircraft rotational velocity component about body z axis
V = aircraft velocity
® = otolith angle
µ = aircraft pitch angle
µL = limit on perceived pitch angle to avoid hazardous

� ight condition
µ p = perceived pitch angle
Á = aircraft bank angle
! = turn rate

Introduction

P ILOT error has been identi� ed as being the major cause of all
aircraft accidents. As much as 65% of all general aviation ac-

cidents are attributed to pilot error, followed by 43% for charter
aircraft, 35% for commuter aircraft, and 10% of scheduled jet air-
craft accidents1 (Fig. 1). However, pilot error is too generala term to
be meaningfulif correctiveactionsare to be taken.Lumped together
are such factors as poor judgment, oversight, exhaustion, schedule
pressure, negligence, and a host of other causes having negative
connotations.

However, not all pilot errors can be considered a fault of the
pilot. One signi� cant cause is spatial disorientation (SD), and this
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is certainly not a fault of the pilot. Rather, SD leads to natural mis-
perceptionsto which we are all subject.This is especially true when
we are placed into an environment in which we are not adapted to
perform.

SD related accidents can be prevented. A description of SD and
a methodology for its prevention have been presented in Refs. 2–4.
Suf� ce it to say that SD is a false perception of the actual spa-
tial orientation of the pilot and aircraft with respect to the ground.
Attitude, motion, and distances are misperceived. Pilots are espe-
ciallyprone to spatialdisorientationbecausethey areoperatingin an
environment completely foreign to their innate sense of perception.

When the senses get con� icting information or information that
cannot be interpreted,the pilot is subject to complete disorientation,
unableto makeany reasonabledecision.Worsestill is when the input
to the senses are misperceived and the pilot is lulled into a false
sense of security. Here pilots may believe that they are in control
and continue performing “as usual” when, in reality, the aircraft is
out of control.

That SD is a real problem for nonmilitary as well as military
aircraft can be seen in Figs. 2–4. During the years 1970–1975, 16%
of all generalaviationaccidentsweredue to SD.5 For theperiodfrom
1976 to 1992, the total number of fatal general aviation accidents
involvingSD were1022(Fig. 2), resultingin 2355fatalities6 (Fig. 3).
Compared to all fatalities over this period, the total fatalities6 due
to SD was 13% (Fig. 4).

One aspect of SD is a direct consequence of the motion and
tilt sensing function of the inner ear; in particular, the semicircular
canals and the utricular otolith. This is especially true under lim-
ited visibility � ight conditions such as fog, haze, clouds, and night.
Brie� y, the inner ear has two motion detecting sensors: the otoliths
and the semicircular canals. (For more detail, see Refs. 2–4 and
7–10.) The otoliths sense linear acceleration and tilt. The semicir-
cular canals sense rotational acceleration. It is the otolith that gives
rise to the G-excess and elevator illusions.These illusionsare major
contributors to SD. The semicircular canals also contribute to SD,
for example, the graveyard spin.11

The otolith is a calci� ed platform within the inner ear. It is sensi-
tive to tilt and linear acceleration of the body. However, it can only
be displaced parallel to its own surface. Therefore, it cannot sense
any gravitational force or acceleration normal to its surface. This
means that it transmits two-dimensional information from three-
dimensional inputs (Fig. 5). Thus, many different inputs can result
in the same perceived sensation. In practical terms, an acceleration
can be confused for a pitch up. The consequence is SD.

If the acceleration is in the longitudinal direction, for example,
at takeoff or landing, then the misperception is called the G-excess
illusion (Fig. 6). If the acceleration is vertical, for example, coor-
dinated turn or pullout, then it is referred to as the elevator illusion
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Fig. 1 U.S. accidents initiated by pilot error.

Fig. 2 Fatal accidents due to SD.

Fig. 3 Fatalities due to SD.

Fig. 4 Percent fatalities due to SD.

Fig. 5 Otolith mechanism.

Fig. 6 Tilt/motion equiperception.

(Fig. 6), similar to that experienced in an elevator. Understanding
the physicalmechanism is the basis for quantifying these illusions.3

A workingmodel for this mechanismhas beendevelopedin Refs. 7–

10. There, a quantitative model for calculating the actual SD state
was developed. Note that it is not the resultant force due to gravity
and acceleration that determines the misperceived attitude (a com-
mon mistake in current algorithms used for motion simulation10 ),
but rather it is the component of this resultant force that lies in
the plane of the otolith that is the key to de� ning the perceived
attitude.

Accelerations during each of the following maneuvers can result
in SD and cause the pilot to make erroneous “corrections”: take-
off (g-excess illusion), landing (g-excess illusion), climb (g-excess
illusion), coordinated turn (elevator illusion), and pullout (elevator
illusion).

This paper will concentrateon the quantitativeevaluationof spa-
tial disorientationduring a coordinated turn. (The others have been
evaluated in Refs. 3 and 8.) The perceived pitch-up angle during a
level turn is derived and its in� uence on inducing the pilot to cor-
rect by pitching down is evaluated. It will be shown that the greater
the bank angle, that is, the tighter the turn, the more critical is the
disorientation.
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Basic Equations
The key to quantitatively evaluate the effects of any aircraft ma-

neuver is to resolve the inertial and gravitational forces acting on
the otolith into the two components acting on the otolith surface
because any force acting normal to the surface is not sensed.To this
end, the equationsfor the x and y otolith speci� c force components,
that is, normalizedwith respect to gravitationalacceleration,in their
most general form8 are given by (Fig. 7)

fx D ¡[cos ® sin µ C sin® cos µ cos Á] ¡ [ax cos ® ¡ az sin ®]

¡ [. Pq Rz ¡ Pr Ry/ cos® ¡ . PpRy ¡ Pq Rx / sin ®]

¡
£©

p.q Ry C r Rz/ ¡ Rx .q2 C r 2/
ª

cos ®

¡
©
r .pRx C q Ry/ ¡ Rz. p2 C q2/

ª
sin ®

¤
(1)

f y D cos µ sinÁ ¡ ay ¡ [Pr Rx ¡ PpRz]

¡
£
q.pRx C r Rz/ ¡ Ry.p2 C r 2/

¤
(2)

For a coordinated turn, the resultant force (combined centrifugal
and gravitational) is normal to the seat (Fig. 8). This is to provide
comfort to the passengers,ease of control for the pilot, and symmet-
ric structuralloadingto the aircraft.This resultingvertical forcewill
give rise to the elevator illusion and will be perceived as a pitch-up
sensation. During a coordinated turn, the aircraft conditions are

µ D 0 (3)

az D ¡n sinÁ (4)

ay D n cosÁ (5)

Note also that

ax D p D q D Pp D Pq D Pr D 0

For this analysis, it is assumed that Rx ¼ 0 and Ry ¼ 0 so that the
yaw velocity terms in Eqs. (1) and (2) are negligible. For speci� c
aircraft, Eqs. (1) and (2) can be used in their more general form as
shown. However, for the current analysis, it suf� ces to neglect these
terms.

Under these steady-state conditions, Eqs. (1) and (2) reduce to

fx D ¡.cos Á C n sin Á/ sin ® (6)

f y D sin Á ¡ n cosÁ (7)

For a coordinated turn, fy D 0, that is, no roll or side force sen-
sation.

) tan Á D n (8)

When Eq. (8) is substituted into Eq. (6), there results

fx D ¡sin ® sec Á (9)

To � nd the pitch perceived during this maneuver, the speci� c
force fx in Eq. (9) is equated to that experienced by a body tilt in
a normal 1-g environment.7 That is, because the only force acting
on the otolith is fx , then the coordinated turn and the normal body
tilt, each having the same input fx , must necessarilyexperience the
same sensation (Fig. 8). This approach has been amply veri� ed in
Ref. 7.

Thus, for tilt in a normal 1-g environment, Eq. (1) reduces to

fx D ¡sin.µp C ®/ (10)

where µp is now the perceived tilt (or pitch) angle.
Therefore, when each fx is equated [Eqs. (9) and (10)], the

perceived pitch during a coordinated turn is

µp D sin¡1.sin ® sec Á/ ¡ ® (11)

Fig. 7 Head and otolith coordinate systems.

Fig. 8 Coordinated turn.

This equationquantitativelyde� nes the perceivedpitch as a func-
tionof bankangleduringa coordinatedturn.The bankangleÁ is also
expressedas a functionof the numberof G’s pulled in a coordinated
turn [see Eq. (8)]. Therefore, Eq. (11) may also be rewritten as

µp D sin¡1
¡p

1 C n2 sin ®
¢

¡ ® (12)

Alternatively, the number of G’s can also be expressed as a func-
tion of the turn radius, aircraft speed, and turn rate by using any of
the following forms:

n D !2 R=g D V 2=gR D !V =g (13)

Results
When Eqs. (11–13) are used, the perceived pitch for different

coordinated turns is presented in Figs. 9–11 as functions of bank
angle(Fig. 9), normal (or centripetal) acceleration(Fig. 10), and turn
radiuswith aircraftvelocity (Fig. 11). (The valueof the otolith angle
® is taken to be 28.7 deg. Although ® can vary from individual to
individual,the literaturegenerallyrefers to it as beingapproximately
30 deg. The value of 28.7 deg comes fromRef. 7, where it was found
to be the best � t to the data.)

Thus, knowing the � ight condition for a coordinated turn, the
perceived pitch can readily be calculated. For example, in Fig. 9
it can be seen that, for a coordinated turn at a 30-deg bank angle,
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Fig. 9 Perceived pitch in a coordinated turn, function of bank angle.

Fig. 10 Perceived pitch in a coordinated turn, function of normal
acceleration.

Fig. 11 Perceived pitch in a coordinated turn, function of turn radius.

the perceived pitch is 5 deg and at a bank angle of 40 deg, the
perceived pitch is 10 deg. If the bank angle were as high as 50 deg,
then the perceived pitch is 20 deg. At any of these perceived pitch
angles, if the pilot were to attempt to “correct” the apparent pitch
up by pitching down, the aircraft would enter into a spiral dive with
potentially fatal consequences.

The situation is not as severe for an aircraft executing a standard
rate turn of 3 deg/s. For this case, Eqs. (12) and (13) are used to cal-
culate the perceivedpitch for ! D 3 deg/s. The results are presented
in Figs. 12 and 13 for aircraft velocity and turn radius, respectively.
Note that in Fig. 11 it can be seen that, for a given aircraft veloc-
ity, the tighter the turn is the greater is the perceived pitch. In fact,
Eq. (13) shows that the number of G’s is inversely proportional to
the turn radius for a given aircraft velocity. However, for a given
turn rate, as in the standard turn rate of 3 deg/s, the perceived pitch
increases with increasing turn radius. This can be seen in Fig. 13
and in Eq. (13) where, for a given turn rate, the number of G’s is
proportional to the turn radius.

A pilot experiencing a perceived pitch up during a coordinated
turn under limited visibility (fog, clouds, night) will tend to pitch
the aircraft down by approximately the perceived pitch. This action
will result in a spiral dive with potentially fatal consequences.

Fig. 12 Perceived pitch for a standard turn rate, function of aircraft
velocity.

Fig. 13 Perceived pitch for a standard turn rate, function of turn
radius.

However,howseverethe spiraldive is will dependon theaircraft’s
altitudeand velocity at the start of the dive and the pitch-downangle
imposed by the pilot. An analysis of the dynamics and the ability to
recover from the dive will determine the acceptable range of pitch-
down angles from which a recoverycan be made. This dive analysis
will not be performed in this paper. Rather, Eqs. (11–13) can be
used to complement such an analysis and aid in safe � ight-path
planning. To this end, Eqs. (11–13) are rewritten in the following
form where limits are imposed on the pilot-induced pitch-down
angle (or, equivalently,perceived pitch), that is, µ p < µL . The value
of µL comes from the dive dynamic analysis.

Bank angle constraint:

Á < cos¡1

µ
sin ®

sin.µL C ®/

¶
(14)

Velocity and turn radius constraint:

V 2

R
< g

sµ
sin.µL C ®/

sin ®

¶2

¡ 1 (15)

Conclusions
It has been shown that, during a coordinated turn under limited

visibilityconditions,the elevator illusionwill be experiencedgiving
rise to a perceived pitch. From an analysis of the physical mecha-
nism of the utricularotolith in the inner ear, equations were derived
providingthe engineerwith the ability to quantitativelyevaluatethis
perceivedpitch as a functionof bankangle, numberof G’s, velocity,
and turn radius.

A very important result of this paper imposes constraints on co-
ordinated turns to avoid hazardous maneuvers. This provides the
aviationcommunitywith an added tool for safe � ight-pathplanning.

Some may assume that, under limited visibility conditions, the
pilot would rely on the instrument panel and thus not react to his
innate perceivedsense of pitch. However, as Gillingham and Previc
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have noted. “That pilots can realize being disoriented, see accurate
orientation information displayed on the attitude indicator, and still
� y into thegroundalways strainsthecredulityof non-aviators.Pilots
who have had spatial disorientation,who have experienced� ghting
oneself for control of an aircraft, are less skeptical.”

That at least 13% of all general aviationaccidentswere due to SD
substantiatesGillingham and Previc’s11 observation and reinforces
the need to incorporate quantitative spatial disorientation analyses
into � ight safetyplanningand � ight training.This paperand Refs. 2–

4 and 8–10 showhow thequantitativeanalysisof theutricularotolith
can be used to developalgorithmsfor SD � ight trainersand to de� ne
� ight safety constraints.
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