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This brief treatment of Otto Lilienthal’s overall aeronautical contribution details his aerodynamic research, the

data as well as his data-gathering technique. Lilienthal’s subsequent glider experiments also are covered from the
perspective of both their technical and inspirational contributions. The heart of the paper is a discussion of the

place of Lilienthal’s aerodynamics in the work of others, primarily the Wright brothers. Included is a reassessment
of the accuracy of Lilienthal’s famous table of lift coef® cients and the assumptions that the Wrights made in using

Lilienthal’sdata. Historically, Lilienthal’s data and their use by the Wrights has been one of the more complex and
debated aspects of the Wright story. The article presents a brief review of how Lilienthal’s contribution has been

characterized and revised over time, with a discussion of the current thinking regarding the famous Lilienthal
table of lift coef® cients.

Introduction

I N the summer of 1896, the world’s premier aeronautical exper-
imenter was Otto Lilienthal. By the time of his death in a glider

accident in August of that year, the German glider pioneer had de-
velopedand published the most advancedconceptualunderstanding
of ¯ ight to date, and he had compiled the most viable set of lift data
for an actual, ¯ ight-testedwing shape.He had more time in the air as
a pilot than anyone else, and he was publicly the most widely recog-
nized ® gure in the pioneering aviation community. By the time the
Wright brothers entered the ® eld in the late 1890s, Lilienthal had
moved aeronautics signi® cantly closer to realizing human ¯ ight.
The age of the ¯ ying machine was ® nally near at hand.

Although the desire to ¯ y was truly a millennia-old aspiration, it
was not until the close of the 18th century that any genuine technical
progress had been made toward a practical heavier-than-air ¯ ying
machine. Lighter-than-air ¯ ight had just become a reality with a
successful human ascension in a Montgol® er balloon in 1783. But
a craft that could emulate the agility and independence of bird-
¯ ight was still little more than a fanciful vision. The burgeoning
modern society of the era of the Industrial Revolution was hardly
closer to gainingwings than theaeronauticaldreamersof theAncient
World.

The path to the invention of the powered airplane witnessed its
initial great watershed during the ® rst half of the 19th century in
the person of an English baronet named Sir George Cayley. Cayley
conceived the modern airplane in its basic form as a machine with
® xed wings, a fuselage, and a tail, with separate systems to provide
lift, propulsion, and control. He understood in rudimentary form
the aerodynamic forces of lift and drag and how they related to a
¯ ying machine. During the opening decades of the 19th century, he
mounted the ® rst systematic program of aeronautical research that
included instrumental data gathering and ¯ ight testing of model
and full-size aircraft. All of this research and experimentation was
disseminated in published form. As the ® rst to grasp and articulate
these breakthrough ideas, Cayley stands as a seminal ® gure in the
birth of heavier-than-air¯ ight (for a summary of Cayley’s work, see
Ref. 1).

Just as Cayley’s work laid the ® rst meaningful foundations
for modern aeronautics, Lilienthal closed the ® rst century of true
progress toward the airplane with the next quantum leap. Together,
their achievements established a base of theoretical ideas, exper-
imental data, and practical experience that undergirded the ® nal
success of the next generation of pioneers. The inventive accom-
plishments of the Wright brothers were highly original in many
ways, and much of what they did is at the core of all modern air-
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planes.But the critical directionschartedby Otto Lilienthal, that the
Wrights initially pursued, cannot be denied as part of their success.

Otto Lilienthal (Fig. 1) was born in the small Pomeranian village
of Anklam in 1848. From boyhood, the multitude of storks that
populated the surrounding meadows spawned Lilienthal’s and his
younger brother Gustav’s interest in ¯ ight. Fascinated by the grace
and freedom of bird¯ ight, they spent countless hours observingand
analyzing the creatures’ wing movements in an effort to unlock the
secrets of natural ¯ ight. Many years later, Gustav noted that a fairy
tale fromtheir youthhad in¯ uenced them. In the story, a willow wren
is givena ride on the back of a stork and is tutoredby the stork on the
art of soaring without having to ¯ ap wings. ª This clear description
of sailing ¯ ight impressed us with the possibility of attaining such
by simple means,º Gustav recalled (Ref. 2, p. xi).

As young teenagers the Lilienthal brothers built their ® rst small
® xed-wing glider in 1862. Their mother, who always fostered her
sons’ mechanical interests,approvedof the plan, despitesome reser-
vations concerning the cost of the project. They tested the glider at
night at a nearby military parade ground to avoid ridicule from
schoolmates. This ® rst 2-m-span design was unsuccessful, but, en-
thusiasm undampened, Otto and Gustav built several more craft as
funds and breaks in schoolwork permitted (Ref. 2, pp. xi±xiv).

Lilienthal’s ® rst serious investigationsof the science of ¯ ight be-
gan in 1867 and 1868 when he and Gustav built several test rigs
to explore the mechanics and aerodynamics of the beating move-
ments of bird wings (Fig. 2). One was a full-size piloted ornithopter
suspended via rope and pulleys from a beam extending from the
side of a building, counterbalancedby a 40-kg weight. The opera-
tor would pump the ¯ apping wings with his legs and the degree to
which the pull on the counterweight was lessened was measured.
This device was followed by a smaller design mounted on a stand

Fig. 1 Otto Lilienthal, 1848± 1896.
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Fig. 2 Piloted bird-wing-beating-movement test rig, 1867.

Fig. 3 Stand-mounted ¯ apping-wing test device, 1867± 68.

(Fig. 3) that ¯ apped a pair of 0.1 m2 surfaces by means of a crank
and drop-weight arrangement (Ref. 2, pp. 28±36).

Although theseexperimentsyieldedsome interestingresults, they
contributed little to the ultimate goal of a successful airplane. Al-
thoughthe ¯ apping-wingmotion of birdswas anobviousconceptual
model formechanicalhuman¯ ight, it is technicallya completelyun-
feasible means to copy on a human scale. The exponential increase
in the power-to-weight requirements alone make ornithopters of
any appreciable size impractical if not impossible. And, of course,
if the power source on such a craft were to be the pilot, the strength
and endurance demands would be well beyond human capabilities.
Lilienthal continued intensive study of birds as a model for human
¯ ight for the rest of his life, but the later phases of his research
focused more on the shape and curvature of bird wings and their

aerodynamics during soaring ¯ ight. Lilienthal, however, never re-
jected entirely the notion of incorporating some form of ¯ apping
mechanism into his craft. In fact, his very last ® xed-wing design
before his death in 1896 featured ¯ apping wing tips for propulsion.

In 1867, in the midst of the wing-beating research, Lilienthal
entered the Royal Trade Academy to formally study mechanical en-
gineering.Having held a numberof apprenticeshipsbefore entering
the Academy, Lilienthal was a product of the highly regarded Ger-
man technical education system of his day. These credentials not
only prepared him well for future professional success as a practic-
ing engineer,but alsoaffordedLilienthala gooddegreeof credibility
when his work in the less-than-publiclyaccepted ® eld of aeronautics
began to become widely known (Ref. 3, pp. 62±72).

Lilienthalgraduatedfrom the Royal Trade Academy in July1870.
Earlier that same month, the Franco±PrussianWar beganand Lilien-
thalvolunteeredfor a one-yearstint in the PrussianRi¯ e Guard.Dur-
ing the siege of Paris, he watched the gas balloons the French used
to scout the German positionswith great interest. ª The Parisians are
watching us from a . . . balloon,º he wrote to his family, ª and they
light us up at night with large electric lights and concave mirrorsº
(Ref. 3, p. 73). The long periods of inactivity during the siege gave
Lilienthal ample opportunity to busy his mind with ¯ ight. ª When
you have to stand eight hours of guard duty, what are you supposed
to think about . . .,º he wrote Gustav. ª It is not worthwhile to speak
of it further here, but later I will tell you what peculiar conclusions
I have reached. I have already ® lled up half of my notebook with
drawingsº (Ref. 3, p. 75).

In the summer of 1871, Lilienthal left the service and returned to
his aeronautical research in earnest. The years 1871±1875 yielded
his most important work on aerodynamics.During this period he fo-
cusedon gatheringand analyzingair pressuredataon wing shapesin
an airstream.It was directlyfrom thesemeasurementsthatLilienthal
compiled his famous table of aerodynamic coef® cients that corre-
sponded to the wing shape of his highly successful hang gliders
¯ own in the 1890s.

Lilienthal began these air pressure experiments with a whirling-
arm device, similar to the ones pioneered in the previous century
for use in ballistic studies. The concept was simple. By mounting a
test shape on the end of a rotating arm, a ¯ ow of air over the object
would be generatedand the forcesactingon it couldbe observedand
measured.Cayley was the ® rst to adapt such a device to aeronautical
research. He mounted ¯ at planes to one end of a whirling arm and
measured how much weight they lifted at various angles and speeds
(Ref. 1, pp. 16±17).

Unlike Cayley, the Lilienthal arm (Fig. 4) had two identical sur-
faces mounted at both ends and the rotation of the arm was driven
with a pulley and drop-weight arrangement located centrally on the
supporting structure of the device. To measure the lift force, a bal-
ancing lever linked to the central spindle of the arm would de¯ ect
in conjunction with the lift generated by the test surfaces. Weights
were added to a tray attached to one end of the balancing lever. The
amount of weight required to maintain the lever in an equilibrium
position was equal to the lift for a given rotation speed and angle of
attack of the test surface (Ref. 2, pp. 41±46).

Lilienthal measured the drag force on the test surfaces directly
from the magnitude of the drop-weights that drove the device. The
torque on the vertical supportingrod of the whirling arm inducedby
the drop-weightsexactly balanced the torque on the vertical support
due to the aerodynamicdrag. Thus, knowledge of the magnitude of
the drop-weights led to a direct calculationof the drag force (Ref. 4,
p. 402. Anderson derives this method of measuring the drag force
by analyzingthe device;Lilienthalnever actually stated in print how
he did it.)

From the measured lift and drag forces,Lilienthalwas able to cal-
culate the resultant aerodynamic force. (The resultant aerodynamic
force is the combination of the vertical lift-force component and
the horizontal drag-force component that act on surface in a ¯ ow.)
Lilienthal then graphically plotted this resultant force data over a
rangeof anglesof attack from0 to 90 deg.Beyond thedatacollection
itself,what was especiallysigni® cantabout thisphaseofLilienthal’s
work was howhe plotted the data he generatedwith thewhirlingarm
and how he interpretedand used those graphs.This was Lilienthal’s
great, central contribution to the advancement of aerodynamics.
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Fig. 4 Lilienthal whirling arm, 1871.

Key to these breakthroughswas Lilienthal’s recognition that not
only does the magnitude of the resultant force change as a wing
moves through different angles of attack, but the direction of the
force also varies with differing angles of attack. Others before him
had argued that the resultant force is always perpendicular to the
surface, regardless of angle of attack. Lilienthal strongly disagreed.
ª [i]t is not alonethemagnitudeof this air pressurewhich is a measure
of the effect: to a greater extent the direction of the air pressure
in¯ uences the result,º he wrote (Ref. 2, p. 82).

Lilienthal plotted the changing magnitude and the changing di-
rection of the resultant aerodynamic force as a function of angle of
attack in two ways. In one he oriented the vertical lift component
of the resultant force normal, or perpendicular, to the surface being
tested. In the other, the lift componentwas normal to the ¯ ow. With
the ® rst, Lilienthal generated what today we call normal and axial
coef® cients. (Lilienthal used the terms normal and tangential.) Al-
though rarely used in modern engineering practice, these were the
type of coef® cients that Lilienthal published in his famous table of
air pressure data that was widely disseminated after his death and
used by many experimenters,including the Wright brothers (Ref. 2,
pp. 43±44).

With the second method of graphing the data (Fig. 5), Lilienthal
created what is known in modern terminology as a drag polar, al-
though he never called it that. In basic form, a drag polar is a plot
of coef® cient of lift vs coef® cient of drag. The coef® cient of lift or
drag for any angle of attack can be taken from the curve by simply
reading off the vertical and horizontal coordinates of the point on
the curve corresponding to the angle of attack of interest (Ref. 4,
pp. 404±405).

Lilienthal’s use of these clever means of graphing the resultant
forces calculated from the lift and drag measurements enabled him
to easily obtain aerodynamic coef® cients from the plotted curves.
He recognized that if a surface is oriented 90 deg to an oncoming
¯ ow, i.e., an angle of attack of 90 deg, the resultant aerodynamic
force is due entirely to drag and therefore has a force vector ori-
ented perpendicular to the surface. In other words, there is no lift
component to the resultant force. (This is somewhat oversimpli® ed.
There are other forces involved beyond drag. But for the purposes
of this discussion, we can think of the resultant force in this sit-
uation as being due entirely to drag.) Lilienthal drew his plots of
the resultant forces such that the vector for an angle of attack of
90 deg was set equal to a unit length of 1. Then he plotted the re-
maining resultant force vectors for further angles of attack along
the varying angular directions he calculated. Finally, he drew solid
curves connecting the tips of the force vectors. He could now ob-
tain coef® cients from these graphs by simply measuring the vertical
and horizontalcoordinatesfor any angle of attack along a particular
curve, and then take the ratio of these measurements and the length

of the vector for angleof attack90deg,whichwas givena unit length
of 1.

Lilienthal was the ® rst person to plot experimentallygathered air
pressure data in this manner, and in so doing he was the ® rst to
introduce the concept of aerodynamic coef® cients. Lilienthal was
the ® rst to calculate and articulate values, namely aerodynamic co-
ef® cients, that mathematicallydescribechanges in lift and drag on a
given surface over a range of angles of attack. Further, in the course
of these history-making achievements, he also de® nitively demon-
strated that cambered, or curved, wing surfaces were superior ¯ at
plates in terms of generating lift. This had long been suspected, but
Lilienthal determined it unequivocally by plotting drag polars of
data from curved surfaces along with that measured on ¯ at plates.
The graphs clearly showed the higher degree of aerodynamic ef® -
ciency of curved wing shapes (Ref. 2, pp. 54±59 and plates 1 and 6;
Ref. 4, pp. 419±424).

Lilienthal’s work in the early 1870s was a great leap forward.
He not only was broadening the conceptual understandingof aero-
dynamics, but he was developing a more detailed mathematical
description of what was happening on wing surfaces in a ¯ ow.
Much was left to be learned concerning the complex phenomenon
of lift and drag, but Lilienthal was beginning to bring the scienceof
¯ ight into a realm of aeronauticalengineeringthat was recognizably
modern.

As Lilienthal was conducting his air pressure tests, potential ex-
perimental errors inherent in the whirling-arm device were a con-
cern. Obviously, as the arm rotated, it created a local circulation
of the air, which caused an undesired disturbance of the ¯ ow over
the test surfaces. In 1874, Lilienthal designeda different type of test
rig to make comparativemeasurements.Rather than moving the test
surface through still air with a whirlingarm, the new device held the
surface stationary and exposed it to the natural wind (Fig. 6). The
simple mechanism mounted the test surface on a horizontal pivot
arm with a counterweight, which was in turn linked to a vertically
oriented spring scale. When the natural wind imparted a lift force
on the test surface, the magnitude could be read from the scale. To
measure drag, the pivot arm was merely reoriented vertically and
the spring scale horizontally.Although this approach eliminated the
problems of circulatory ¯ ow of the whirling arm, it introduced its
own avenuesfor error.Becauseof the continuallyshifting speedand
direction of the natural wind, Lilienthal had to make instantaneous
and simultaneousmeasurements of the aerodynamic forces and the
wind velocity. No matter how careful the readings are taken, any
data gathered under such uncontrolled conditions certainly would
be suspect (Ref. 2, pp. 74±77).

Lilienthal plotted the new data collected in the natural wind just
as he had the whirling-armdata. He found that the lift-to-dragratios
were signi® cantly higher for the natural wind data over the whole
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Fig. 5 Lilienthal aerodynamic data plotted as a function of angle of attack. On the left, the lift component of the resultant aerodynamic force is
normal to the surface. On the right, the lift is plotted normal to the ¯ ow. The solid curve is data gathered in the natural wind; the broken line is data
gathered with the whirling arm. The curve on the right is the ® rst example of a drag polar.

Fig. 6 Lilienthal’s devices for testing in the natural wind: The instru-
ment on the left measured drag; the device on the right measured lift.

range of angle of attack. Concerned over the large discrepancy,
Lilienthal conducted experiments to investigate extraneous effects
of the natural wind on his aerodynamic data. After trials under a
variety of conditions,he concluded that, ª The discrepanciesare due
to the errors introducedby the whirlingmachine . . .º (Ref. 2, p. 82).
Nevertheless,although he felt more comfortablewith the data from
the natural wind, he was clearly aware of the inadequacy of his
data-gathering techniques.

After 1875, the pace of Lilienthal’s aeronauticalwork slowed dra-
matically. In fact, from 1881 to 1888 he performed no experiments
at all. During this period Lilienthal focused on family and business
matters. He married in 1878 and the ® rst of four children arrived
the following year. Also, beginning in 1880, Lilienthal’s research
partner, his brother Gustav, left Germany for eight years. After six
years in Australia, Gustav operateda business in Paris for two more
yearsbefore returninghome in 1888.These years saw Lilienthalrise
to prominence as an engineer and local businessman.He had estab-
lished his own manufacturingplant near Berlin that producedsteam
engines, boilers, mining equipment, and marine foghorns among
otherthings.Lilienthalalsosecurednumerouspatentsin these ® elds.
In 1886, he moved into a well-appointed home he had built in the
Berlin suburb of Gross-Lichterfelde. (For biographicalmaterial on
Lilienthal, see generally Ref. 3; see also Ref. 5.)

With the return of Gustav and business and family matters in
good order, Lilienthal resumed his aeronauticalwork in 1888. With
still no data from other experimenters to compare, he began with
veri® cation of his 1870s data with improved instruments, among
them a 7-m whirling arm. The experiments of 1888 showed no
appreciabledifferencesfrom thedatacollecteda decadeearlier.With
this work Lilienthal brought to a close the core of his contribution
to the advancement of aerodynamics.

In 1889,he publishedhismagnumopus,Der Vogel¯ ug alsGrund-
lage der Fliegekunst (Ref. 2, p. xi). In this remarkable volume,
Lilienthal presented all of his data collection techniques, experi-
mental ® ndings, theoretical analyses, and graphical representations
of his critical air pressure data. Interestingly, the famous Lilienthal
table did not appear in the book. However, the graphs of the normal
and axialcoef® cientsfromwhich the tablewas drawnwere included.
The table was ® rst published in 1895, in a German handbook on
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Fig. 7 Lilienthal gliding in his standard monoplane glider, 1894.

Fig. 8 Lilienthal making a public gliding demonstration at Gross±
Lichterfelde in 1895.

Fig. 9 Lilienthal ¯ ying one of his biplane designs, 1895.

aeronautics compiled by Hermann Moedebeck, and subsequently
was reprinted in numerous places including Octave Chanute’s
widely circulated article, ª Sailing Flight.º 6, 7 After a decade and
a half of imaginative and rigorousexperimental research,Lilienthal
now turned to the secondphaseof his in¯ uential aeronauticalcareer:
the construction and testing of a series of elegant piloted gliders.

Between 1891 and 1896 Lilienthal made close to 2000 brief
¯ ights in 16 different glider designs based on his aerodynamic in-
vestigations (Figs. 7±9). Most were monoplanes with stabilizing
tail surfaces mounted at the rear. He also tried a few biplane and
folding-wingdesigns,but the originalmonoplaneglider,or Normal-
Segelapparat (standard sailing machine) as he called it, produced
the best results. Upon seeing an assembled Lilienthal glider, Robert
Wood, a Boston-based news correspondent,commented enthusias-
tically, ª Here was a ¯ ying machine, not constructedby a crank, . . .,
but by an engineer of ability. . . . a machine not made to look at, but
to ¯ y with.º8

The glidershad split willow frames coveredwith cotton-twillfab-
ric sealed with collodion to make the surface as airtight as possible.
Collodion is a viscous solution of nitrated cellulose in a mixture of
alcohol and ether that dries to form a tough elastic ® lm. The wings
ranged in area from 10 to 20 m2 and could be folded to the rear for
easier transport and storage. Control was derived by shifting body-
weight. The pilot cradled himself vertically in a harness suspended
below an elliptical opening between the wings. Swinging his legs

from side to side and fore and aft, the pilot could adjust the centerof
gravity and thereby maintain equilibrium.Lilienthal did most of his
gliding from a man-made hill he had constructed near his home at
Gross±Lichterfeldeand from the hills surrounding the small village
of Rhinow, about 50 miles from Berlin. His best efforts with these
gliders covered over 1000 ft and were 12±15 s in duration.

In the summer of 1896, Lilienthal’s aeronautical experiments
came to an abrupt end. On August 9, while soaring in one of his
standard monoplane gliders, a strong gust of wind caused the craft
to nose up sharply, stall, and crash from an altitude of 50 ft. Lilien-
thal suffered a broken spine and died the following day in a Berlin
hospital.9

As dramatic as they were, Lilienthal’s glider experimentsactually
contributedrelativelylittle to the technicaladvancementof aeronau-
tics. The principal problem was his means of controlling the craft.
Lilienthal’s technique of shifting body weight as a means of main-
taining equilibrium did place him ahead of other experimenters in
so far as he recognized the need for a control system and gave at-
tention to developing one. But, as revealed in his fatal crash, the
control responseof his method was very limited. Even more signif-
icant, shifting body weight as a means of control placed a severe
restriction on the aircraft’s size. Because control was achieved by
altering the aircraft’s center of gravity as a result of repositioning
the pilot’s body weight, the weight of the aircraft had to be kept
comparatively low. This presented a great problem in the design of
a powered airplane. Any aircraft capable of lifting an engine and
pilot, let alone any sort of a payload,would be of a size so large that
shifting body weight would be totally ineffectual.

Further, the airfoil of Lilienthal’s gliders, although extensively
testedand documentedduringhis earlier aerodynamicresearch,was
very inef® cient in actual practice. Lilienthal always preferreda per-
fect arc for the shapeof his gliderwingswith a very deep camber of 1
in 12. His investigationsdemonstratedthat a curved surface was the
most ef® cient shape, but he never abandoned the perfect arc in his
gliders to experiment with parabolic airfoils, which later proved to
be superior. The deeply cambered perfect arcs of Lilienthal’s glider
wings resulted in aerodynamic ef® ciency and stability problems.

Despite the technical limitationsof Lilienthal’s gliders, his ¯ ights
did, however, make a signi® cant contribution to the advancementof
aeronautics from a psychological point of view. He demonstrated
unquestionablythat gliding¯ ight was possible.Granted, he was ¯ y-
ing for only seconds at a time, but he was truly ¯ ying. Lilienthal’s
tentative trips through the air made headlines everywhere. He was
hailed the ª Flying Man,º the ª Winged Prussian,º and the ª German
Darius Green.º10 InspirationalphotographsshowingLilienthalsoar-
ing gracefullyover hillsidesappeared in newspapersand magazines
the world over, and made him quite a sensation in an age when, for
most, human ¯ ight still seemed a distant possibility at best. This
notoriety and visible proof that a human being could actually ¯ y
contributedas much to spurring other experimenters forward as did
Lilienthal’s groundbreakingaerodynamic research.

The impact of Lilienthal’s aeronautical work upon the next gen-
eration of experimenters, the generation that would ® nally achieve
heavier-than-air powered ¯ ight, was powerful. By the time of his
death in 1896, his book,Der Vogel¯ ug, had beenout for sevenyears.
Subsequent articles written by Lilienthal had appeared, several of
them translated into English. His table of aerodynamic coef® cients
for the wing shape of his gliders had been published. Indeed,Lilien-
thal’s achievements had been well chronicled in the aeronautical
community’s literature. Moreover, the popular press had embraced
Lilienthal. His article, ª The Flying Man,º appeared in the widely
circulated McClure’s Magazine in 1894, for example.11 In short,
with his pioneeringaerodynamicresearchand his success in the air,
Lilienthal had established a new starting point for anyone entering
the ® eld.

The most important members of the generationof pioneersto fol-
low Lilienthal were, of course, Wilbur and Orville Wright. After the
Wright brothers’ success at Kitty Hawk, they frequently cited the
death of Lilienthal as the moment they were inspired to pursue aero-
nautics. While this was probably less clear at the time than Wilbur
and Orville made it appear later, there is no questionthat Lilienthal’s
research was at the center of their thinking through much of their
own early work. To begin with, they followed Lilienthal’s lead in
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using gliders as an interim step to the powered ¯ ying machine. The
Wrights initially concernedthemselveswith the problemof control.
They correctly reasonedthat they would require extendedperiodsof
time in the air to master their craft. ª [i]f you wish to learn,º Wilbur
wrote, ª you must mount a machine and become acquaintedwith its
tricks by actual trial.º 12 Gliders of the type tested by Lilienthal were
the ideal means to gain this experience.

Even more important, Lilienthal’s aerodynamics were a critical
jumping-off point for the Wrights. Like all good engineers, Wilbur
and Orville began with a thorough literature search. They quickly
became familiar with the German experimenter’s ideas, most im-
portantly his already well-known table of air pressure coef® cients.
The Lilienthal table would occupy the Wrights’ thinking, and fre-
quently confound them, for the ® rst few years of their aeronautical
experimentation.

The brothers built their ® rst full-size glider in 1900. It was based
on Lilienthal’s coef® cients and the mathematical relationship be-
tween lift, air speed, and surface area that had become standard by
that time. Much to the Wrights’ disappointment, in actual practice
at Kitty Hawk, the lift generated by the glider was only one-third
of what their calculations predicted. Puzzled, the Wrights built a
larger glider in 1901, again using the Lilienthalpressurecoef® cients
(Fig. 10). The second craft fared little better.

At thispoint, thebrothersbeganto questiontheaccuracyof Lilien-
thal’s aerodynamicdata. They had checked and recheckedevery as-
pect of their designand calculationsand could ® nd no errors.Reluc-
tant to doubt the work of theveneratedLilienthal,Wilburand Orville
neverthelessconcluded that the pressure coef® cients obtained from
the Lilienthal table likely were at the root of the problem. In the fall
of 1901, Wilbur informed his now colleague and con® dent, Octave
Chanute, that he was ª arranging to make a positive test of the cor-
rectness of Lilienthal’s coef® cients.º 13 Only ten days later Wilbur
followed up to Chanute, ª I am absolutely certain that Lilienthal’s
table is very seriously in error.º14

The Wrights made this test with a crude wind tunnel and in-
struments of their own design. So well did the device work that
the brothers immediately built a larger, more sophisticated tunnel
(Fig. 11) and instruments to begin a broad series of aerodynamic
tests on manydifferentwing shapes.Thesewind-tunnelexperiments
performed in late 1901 were at the heart of the Wrights’ successful
path to the powered airplane. All of their subsequent design de-
cisions stemmed directly from their wind-tunnel data. The Wright
wind tunnelof 1901 is as much a part of the inventionof the airplane
as the craft that lifted off the beach at Kitty Hawk in 1903.

Despite Wilbur’s con® dent assertion to Chanute that Lilienthal
was ª very seriously in error,º the Wrights’ wind-tunnelexperiments
continuedas an impetus for reevaluatingLilienthal’s coef® cients for
some time. Not two weeks after his rejection of Lilienthal, Wilbur
admitted to Chanute, ª It would appear that Lilienthal is very much
nearer the truth than we have heretofore been disposed to think.º15

The Wrights then reminded themselves that the Lilienthal table was
for only one surface, a perfect arc of a camber of 1 in 12, a surface

Fig. 10 WilburWright testing the brothers’ 1901glider that was based
on Lilienthal’s aerodynamic data.

Fig. 11 Wright brothers’ wind tunnel.

very differentfrom their own parabolicairfoils of quite shallowcur-
vature. ª It is very evident,º Wilbur proclaimed, ª that a table [Lilien-
thal’s] based on one aspect and pro® le is worthless for a surface of
differentaspect and curvature.º He went on, ª This no doubtexplains
why we have had so much trouble ® guring all our machines from
Lilienthal’s table.º16 The following week, Wilbur yet again brings
up the subject of the Lilienthal data with Chanute. ª The Lilienthal
table has risen very much in my estimation since we began our
present series of experiments for determining lift.º17

These vacillatingstatementson the part of the Wrights have been
the source of much debate among historians over the true accu-
racy of the famous Lilienthal table. For the Wrights, however, after
1901 it clearly became a moot point. They were using wing shapes
very different from Lilienthal’s and had independently developed
an instrument to generate accurate lift and drag coef® cients. They
no longer had any reason relevant to their aeronauticalexperiments
to concern themselves with the accuracy of the table. That Lilien-
thal’s work taught the Wrights of the need to concern themselves
with aerodynamic coef® cients generally is a far more signi® cant
point from an historical perspective than the brothers’ analysis of
the table itself.

If we wish to concern ourselves with the accuracy of the table, a
modern knowledge of aerodynamics can suggest reasons why the
Wrightglidersdesignedwith Lilienthal’s dataperformedas theydid.
Lilienthal’s datamightwellhavebeenquiteaccurate.The signi® cant
differencein the locationof maximum camber of the airfoil between
the Wright craft and Lilienthal’s, along with the dissimilar aspect
ratios of the wings, could have contributed to the reduced lift of the
Wright glider. In other words, the Lilienthal data may not have been
wrong, just different, and inappropriate to the Wright design. Or,
on the other hand, the crude instruments Lilienthal used to gather
his coef® cients easily could have led to great errors in the measured
lift values. Unfortunately, Lilienthal did not publish anything that
spoke to the performanceof his gliders in terms of his data. Nor did
he record that he even designed the glidersbased on his coef® cients,
although it is hard to imagine that he did not.

Interesting as these suppositions may be, in the ® nal analysis,
it is much less important to determine the accuracy of the table
than it is to recognize the tremendous conceptual advancement to
aeronautics embodied in Lilienthal’s work. The recognition of the
varyingdirectionof the resultant forcewith angleof attack, the need
for aerodynamiccoef® cients and the means of obtaining them, con-
® rming experimentallythe superiorityof camberedairfoils, the drag
polar, the importanceof actual ¯ ying experience, and the important
psychological impact of his glider ¯ ights all were critical building
blocks leading toward the ® nal achievement of human ¯ ight. It is
for these accomplishments that Lilienthal should be remembered
as a pivotal ® gure in the history of aviation. Even though at his
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death he was still a long way from a successful powered airplane,
the progress he made was profound. Wilbur Wright summed up
Lilienthal’s place in aeronautics succinctly and eloquently: ª [H]e
was without question the greatest of the precursors . . . .º 18
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