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1

Materials, Symbols, and Ideologies

of Progress

In 1989 the Ripley’s Sunday comic strip featured the British Mosquito com-
bat airplane (figure 1.1), which

during World War 11 . . . was one of the fastest planes in existence. The photo-
graphic reconnaissance version of this aircraft . . . was able to fly non-stop over
Europe so high it was neither seen nor heard. It was constructed entirely of
wood.

Believe it or not!!

Ripleys claim is accurate and even understates the Mosquito’s success in
combat against metal aircraft.” Ripleys does not seek to provide historical
instruction, however, but rather to evoke surprise and disbelief. Why
should a successful airplane with a wood structure evoke surprise and dis-
belief? The reason lies in the symbolic meanings that our modern techno-
logical culture associates with different materials. Wood symbolizes pre-
industrial technologies and craft traditions, while metal represents the
industrial age, technical progress, and the primacy of science. The airplane
is one of the defining technologies of the twentieth century, the age of sci-
ence-based industry. The wooden airplane is thus a symbolic contradiction,
representing both science and craft, modernity and tradition.

A simple argument lies at the heart of this book. The symbolic meanings
of airplane materials influenced more than just cultural perceptions; they
also shaped the technical history of the airplane, promoting the shift from
wood to metal between the world wars. Wood remained the dominant mate-
rial for airplane structures throughout World War 1, although a few metal
airplanes did appear near the end of the war. After the armistice, advocates
of metal airplanes challenged the hegemony of wood, advancing technical
arguments for replacing wood with steel and aluminum alloys. But at the
same time, these advocates also elaborated new cultural meanings for air-
plane materials. Proponents of metal drew upon existing symbolism to link
metal with progress, modernity, and science, while associating wood with
backwardness, tradition, and craft methods.

These symbolic associations gained their significance from a set of beliefs
deeply embedded within the aviation community—the ideology of techno-
logical progress. This ideology posited the inevitable progress of technology
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THE BRITISH MOSQUITO d
DURING WORLD WAR TI, WAS ONE OF THE FASTEST PLANES IN
EXISTENCE. THE PHOTOGRAPHIC RECONNAISSANCE VERSION OF
.THIS AIRCRAFT, POWERED BY ROLLS ROYCE ENGINES, WAS ABLE
TO FLY NON-STOP OVER EUROPE SO HIGH IT WAS NEITHER,

SEEN NOR HEARD. IT WAS CONSTRUCTED ENTIRELY OF WOODJJ
t - 5-

Figure 1.1. The wooden airplane in popular culture: a symbolic contradiction.
©1997 Ripley Entertainment Inc., registered trademark of Ripley Entertainment
Inc.

for human betterment, but it did not indicate which specific technical
changes would be deemed progress. By linking metal with modernity and
wood with tradition, advocates of metal laid claim to the rhetoric of prog-
ress, constructing a narrative that predicted the inevitable replacement
of wood by metal in airplane structures. These beliefs constituted a spe-
cific form of the ideology of progress, which I term the progress ideology of
metal.

The progress ideology of metal was widely accepted within the culture of
aviation between the world wars. But culture alone cannot explain the ulti-
mate triumph of metal. Metal also benefited from its links to power, most
importantly the power of the military to shape the technical development of
the airplane. In the United States and abroad, air forces doggedly supported
the development of metal airplanes, despite discouraging early results.
Without military support, metal would have never succeeded in dominating
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high-performance airplanes by the start of World War II. Thus, military
influence supplies the second major theme for this book.?

Culture and power are not independent variables, however. Without the
military’s power to command scarce resources, symbolic meanings could
never have provided the technical and financial support that metal airplanes
needed. Yet without the cultural authority provided by these symbolic
meanings, military personnel would have found it difficult to justify their
persistent support for the new technology. In the shift from wood to metal
airplanes, culture and power were intertwined.*

The shift from wood to metal did not occur solely on a terrain of mean-
ings but also in the material world. This world did not always conform to
the meanings imposed on it. Metal airplanes, for example, did not prove as
cheap, durable, and fireproof as proponents originally claimed. When dis-
crepancies arose between meanings and the material world, sometimes the
meanings yielded, as when engineers finally acknowledged that airplanes
cost more to produce with metal than with wood. At other times the mate-
rial world proved more malleable, transformed by the ingenuity of engi-
neers, designers, and scientists. In some instances, the discrepancies be-
tween meanings and the material world persisted, as in the case of fire
safety, which was repeatedly invoked as an advantage for metal despite con-
siderable evidence that aluminum airplanes were no safer than wooden
ones.’

My account of the shift from wood to metal airplanes, therefore, involves
interactions among culture, power, and the material world. By focusing on
the role of culture and power, my account differs fundamentally from the
standard technical histories of the airplane, which portray the shift to metal
as a key step in the technical progress of aviation. The standard histories are
classic exercises in Whig historiography, judging the past in terms of its
contribution to the present. The heroes of this standard story are the pio-
neers and prophets of the victorious path that led to the all-metal stressed-
skin airliners developed in the United States during the early 1930s. In ef-
fect, the standard account accepts at face value the arguments advanced by
proponents of the victorious path. These technical histories do little more
than codify the aviation community’s own mythology, and thus cannot eval-
uate the basic assumptions of that community.®

Constructing this new account involves more than just reinterpreting ex-
isting historical data with greater sensitivity to nontechnical factors; it also
requires work to uncover the lost history of unsuccessful airplanes. In the
history of technology, failed machines and abandoned projects far outnum-
ber the successes, but these failures are for the most part obliterated from
the historical record, left ignored in dusty archives like old cars in an aban-
doned junkyard. The progressivist history of technology discourages atten-
tion to failed alternatives, focusing instead on the steps leading directly to
the successful technology, making the victorious technology appear as the



6 CHAPTER ONE

inevitable outcome of prior developments. Yet any satisfactory explanation
of technological change requires as much attention to failure as to success.
It is only through attention to failures that historians can isolate the factors
that led to the successful alternative.”

In telling this story of both failure and success, technical details matter.
These details are necessary to understand the struggles of engineers trying
to make airplanes conform to the metallic ideal, struggles that reveal the
influence of ideology on technical choice. At times, this influence is directly
apparent in the rhetoric of engineers, airplane designers, manufacturers,
and military officers, who openly expressed their prejudices against wood.
More often, though, I have had to uncover this influence through the careful
analysis of technical arguments about airplane structures, manufacturing
methods, durability, and strength of materials. I have done my best to make
this analysis accessible to nontechnical readers. At the same time, I have
tried to include enough detail to satisly aviation experts, though in general
I have leaned toward accessibility.

My account centers on a specific technical community, that of American
aviation.® Although all the major aviation powers participated in the shift to
metal, American manufacturers developed the first truly successful air-
planes using all-metal, stressed-skin structures, which became the domi-
nant form of metal construction by World War I1. This American lead was
not very great, however. Aviation technology was thoroughly international
in the interwar period, in part because of its military potential, which en-
couraged governments and manufacturers to keep close tabs on technical
developments in other countries. Furthermore, there was no shortage of
enthusiasm for metal in Germany, France, and Britain. Nevertheless, I have
chosen to focus on a specific national community because the problems
involved in the choice of airplane materials differed from country to coun-
try. These differences arose in part because of variations in resource endow-
ments: Britain, for example, had little aircraft timber, limited domestic
sources of aluminum, but ample supplies of steel. At the same time, the
meanings of materials also varied with national context, as demonstrated by
Canadian support for wooden airplanes during World War II (see chapter
ten). 1 have, therefore, only examined the experience of other countries
when it directly influenced events in the United States, or when it provides
contrasts that elucidate American developments. '

From Wood to Metal

This book examines the displacement of wood by metal as the dominant
material for airplane structures between the world wars. No heroic inven-
tions explain the shift, although numerous small innovations contributed
to the success of metal. Nevertheless, in the twenty-seven years from the
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end of World War 1 to the end of World War II, metal almost completely
replaced wood. During World War 1, the major combatants built approx-
imately 170,000 airplanes, almost all using wooden construction.” Dur-
ing World War 11, the major powers produced roughly 750,000 airplanes,
the vast majority with metal structures.'” A comparable shift to metal oc-
curred in commercial aircraft. Only in small, private airplanes and military
trainers did wood retain its place as a structural material through World
War 1L

Wood remained unchallenged as the dominant material for airplane
structures until late in World War 1. In the typical airplane of the war, wood
comprised all major structural elements, with metal used only for fittings
and tension wires (figure 1.2). The wings consisted of two spruce spars
running the length of the wing, with wooden ribs placed crosswise to give
the wing its shape. Strong steel wire braced the resulting grid of spars and
ribs, creating a framework to support the linen cloth that formed the wing
surface. A similar rectangular frame of wooden struts, also wire braced,
formed the fuselage. Even the landing gear was likely to be of wood."!

Despite the dominance of wood, early airplane designers had not ignored
metal. Even before the Kitty Hawk flights, airplane pioneers Maxim and
Langley had experimented with metal structures. The French airplane
builder Breguet began using steel in 1910, and other designers experi-
mented with the metal monocoque fuselage as early as 1912."> Nevertheless,
on the eve of World War I no airplane in production had a metal structure.

Like many developments in aviation, the metal* airplane was a child of
World War 1. Chapter two recounts these wartime origins, and the postwar
enthusiasm that ensued. Germany was the first nation to make widespread
use of metal in aircraft structures. Over a thousand German warplanes used
the welded steel-tube fuselage developed by Anthony Fokker. But a much
more potent symbol was the all-metal airplane of Hugo Junkers. Junkers’
first airplane used sheet iron, but in later models he switched to duralumin,
a high-strength alloy developed shortly before the war. By the end of the
war, Junkers and other German manufacturers had developed numerous
metal designs, and a few metal airplanes even made it into combat. The U.S.
Army also experimented with metal aircraft during the war, though with
less success than the Germans.

* In discussing the use of metal in aircraft, one needs to distinguish between all-metal
construction and the partial use of metal. The aeronautical community did not apply a consis-
tent terminology. “All-metal” generally referred to airplanes that used metal almost exclusively
for both the internal structure and the external covering, while the term “metal airplane” also
included aircraft with internal metal structures but fabric or wood covering. I follow this usage
in the book when referring to “all-metal” and “metal airplanes.” Many airplanes, however, used
both wood and metal structures, for example a metal fuselage and wood wings. Such airplanes
were sometimes referred to as metal, at other times as wood, and sometimes as “composite.” In
this book, “wooden airplane” or “wooden construction” refers to any airplane in which a major
part of the structure was made of wood.
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Figure 1.2. Typical airplane structure of World War I, showing the wing framework

and fuselage. The entire structure is wood, with metal used only for tension wires

and fittings. A. ]. Sutton Pippard and ]. Laurence Pritchard, Aeroplane Structures

(London: Longmans, Green, 1919), figs. 12, 16.
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After the war, news of the German metal airplanes generated tremendous
excitement among the Allies, especially in the United States. American avia-
tion engineers quickly applied themselves to the design and construction of
metal aircraft, with substantial support from the army and navy. Yet despite
the optimistic predictions of metal’s supporters, wood remained widespread
in aircraft structures into the early 1930s.

Chapter three examines the technical reasons behind this continued use
of wood, along with the cultural factors underlying the strong support for
metal. This chapter presents the heart of my argument. Advocates of metal
made a strong case for its advantages over wood, yet in practice metal failed
to fulfill expectations. This failure resulted from what 1 call the technical
indeterminacy of the choice between wood and metal. Experience with
metal airplanes in the 1920s showed that the claims made by metal’s propo-
nents for fire safety, durability, lightness, and lower production costs were
uncertain at best. Metal indeed had definite advantages, but it also faced
serious problems not present in wood construction. No accepted criteria
existed for balancing these advantages and disadvantages. Neither technical
arguments nor practical experience could convincingly demonstrate the su-
periority of metal.

Support for metal did not, in fact, draw its strength principally from tech-
nical arguments, but rather from symbolic meanings as articulated in the
progress ideology of metal. Chapter three concludes with an examination of
this ideology. Metal’s supporters expressed this ideology quite openly, in-
sisting that the shift from wood to metal was an inevitable aspect of techni-
cal progress. They argued that the airplane would repeat the shift to metal
undergone by prior wood-using technologies such as shipbuilding and
bridge construction. This ideology provided more than just useful rhetoric
to supporters of metal: it also inhibited public expressions of support for
wood while insuring that metal received a disproportionate share of funds
for research and development.

Chapters four and five examine early attempts to develop metal airplanes
after World War I for military and commercial use. The military led the way
in the early development of metal airplanes, as discussed in chapter four.
The army and navy officially endorsed metal construction in 1920 and dog-
gedly supported metal airplane projects despite repeated failures. The
armed forces gave contracts to favored manufacturers for experimental
metal types, while also underwriting research in government laboratories on
the problems of metal construction. When researchers discovered a serious
corrosion problem with aluminum airplanes in 1925, the navy orchestrated
a concerted federal effort to find a solution. After 1925, metal also spread to
commercial aviation, when Henry Ford started building metal airliners.
Chapter five details Ford’s venture into metal aircraft production, which
ended as a multi-million-dollar failure. Ford’s failure notwithstanding, his
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support for metal construction encouraged other manufacturers to develop
metal commercial airplanes.

Despite the strength of the progress ideology of metal, the technology of
wooden airplanes did not remain static in the 1920s. Chapter six describes
one such development, the plywood stressed-skin airplane. This form of
construction demonstrated its viability in the Lockheed Vega, the fastest
single-engine commercial airplane of the late 1920s. The streamlined,
stressed-skin Vega anticipated the sleek metal airliners of the 1930s. Never-
theless, the progress ideology of metal inhibited development of airplanes
like the Vega. The federal government provided only minimal support for
research on wood construction while vigorously supporting research on air-
craft metals. In the late 1920s, the federal government began eliminating
support for research on wood glues, even though the majority of commer-
cial aircraft still relied on glued joints. In 1931 deterioration of glued joints
contributed to the crash of a Fokker trimotor that killed football coach
Knute Rockne.

Meanwhile, the military continued to support development of metal air-
planes, despite the repeated failures of the early 1920s. In the early 1930s,
both the army and navy finally developed all-metal airplanes suitable for
combat use. Chapter seven recounts these developments. In parallel with
the military’s continued support for metal construction, a number of private
firms sought to develop comparable designs for commercial aircraft. These
all-metal, stressed-skin airplanes had limited success until after the Rockne
crash in 1931, when the airlines turned decisively in favor of all-metal con-
struction. After the introduction of the Boeing 247 in 1933 and the Douglas
DC-2 in 1934, all-metal airplanes became standard for scheduled air travel
in the United States. Chapter eight describes the triumph of these all-metal
airliners and the role of military support in their development.

Innovation in wooden construction continued, however, even after the
apparent triumph of metal. In the late 1930s, a few creative designers devel-
oped molded plywood airplanes using new resin adhesives based on ther-
mosetting plastics. These new adhesives eliminated the worst problems of
traditional wood glues, especially the tendency to deteriorate when damp.
Chapter nine describes the development of these “plastic” airplanes in the
late 1930s and their failure to gain military support before World War II.

Mobilization for World War 1l dramatically reversed the decline of
wooden airplanes in the United States, a story told in chapter ten. When a
serious aluminum shortage developed in late 1940, the army launched a
major program to increase the use of wood in noncombat airplanes. The
military could not reverse two decades of neglect overnight, however, and
in 1943 army officers pronounced the wooden airplane program a failure. In
contrast to the United States, other countries had considerably more success
with wooden airplanes. The most striking example was Britain’s all-wood



MATERIALS, SYMBOLS, AND IDEOLOGIES 11

Mosquito, one of the best combat airplanes of the war, which convincingly
demonstrated the untapped technical potential of wooden construction.
Nevertheless, the wartime revival of the wooden airplane proved tempo-
rary; wood found few places in the postwar world of jet aircraft and guided
missiles.

The book concludes with an epilogue on the recent development of non-
metallic materials for airplanes structures. These “composite” materials
have recently emerged as major challengers to light alloys in airplane struc-
tures. Composites have more in common with wood than metal and in a
very real sense represent a continuation of the alternative path started by
molded plywood airplanes. The origins of composite materials lie in re-
search on fiber-reinforced plastics during the 1930s, research directly linked
to studies of resin-bonded wood veneers. The new nonmetallic composites
have long lost any association with wood, but symbolic meanings still play
a role in the competition between composites and metal. Until the mid-
1960s, “fiber-reinforced plastics” had been the accepted technical term for
the materials now called “composites.” The shift in terminology represents
a clear attempt to control the symbolic meaning of the new materials, to
disassociate “composites” from the negative connotations of “plastics.”

Materials and Symbolic Meanings in History

The progress ideology of metal arose in the early 1920s as a response to
specific problems of airplane design. This ideology was local to the commu-
nity of aviation at this particular historical moment, yet it was not without
a broader history, having emerged from a synthesis of two related aspects of
modern industrial culture. The first aspect concerns the symbolism of in-
dustrial materials that preceded the airplane, in particular the tendency to
characterize historical periods by specific materials. But these symbolic
meanings only assumed their significance within another aspect of indus-
trial culture, the ideology of technological progress that arose in the nine-
teenth century.

The symbolism of materials plays a role in every technological artifact.
According to Robert Friedel, artifacts convey cultural meanings not just
through their form but also by their materials. Different materials have dif-
ferent symbolic meanings, or ‘values® in Friedel’s terminology. These values
are in no sense inherent in the material themselves but are relative to a
specific cultural context. Even the functional characteristics of materials are
culturally relative, for function is, according to David Pye, nothing more
than collective agreement about the proper use of a thing. Friedel notes,
furthermore, that the values associated with materials are distinct from the
values associated with an artifact, although they obviously influence each
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other.” This distinction is crucial to understanding the historical emer-
gence of the progress ideology of metal, for while the form of early airplanes
represented modernity, their use of wood symbolized tradition.

The specific linking of metal with modernity and wood with tradition was
the product of nineteenth-century industrialization. But the connection be-
tween materials and the march of history was not new. The classical Greek
tradition had its Gold, Bronze, and Iron ages; nineteenth-century archaeol-
ogy converted these ages into a progressive schema by substituting stone for
gold. By the late nineteenth century, industrial civilization had become in-
creasingly characterized by a shift from the organic to the inorganic. Writ-
ing at the turn of the century, Werner Sombart gave this idea formal expres-
sion in his Moderne Kapitalismus. Sombart viewed the displacement of wood
by metal as part of the general trend “toward the economic emancipation of
men from the limits of organic nature.” Lewis Mumford continued this line
of analysis in the early 1930s, using materials and power sources to identify
three major epochs in the history of technology: the Eotechnic age of wood
and water power; the Paleotechnic age of coal, iron, and steam; and the
Neotechnic age of synthetic materials and electricity.'

With the growing use of iron and steel in bridges, buildings, and ships,
wood became increasingly identified as a traditional material antithetical to
the onward march of the industrial age (figure 1.3). Aesthetic critics of in-
dustrialism like John Ruskin and William Morris praised the virtues of
wood and stone while condemning the new techniques for mass-produced
ornament, such as cast iron. Anticipating Sombart, Ruskin also saw in the
industrial age a shift from the organic to the inorganic, a shift Ruskin con-
demned.'” Emerson, in contrast, welcomed the new materials as harbingers
of material progress: “Who would live in the stone age or the bronze or the
iron or the lacustrine? Who does not prefer the age of steel, of gold, of coal,
petroleum, cotton, steam, electricity, and the spectroscope?”'® The utopian
literature of the late nineteenth century reflected this association of new
materials with progress. Aluminum was one of the most prominently fea-
tured technologies in utopian fiction, along with high-speed trains and elec-
tricity. Aluminum forged an especially durable link with progress, first
through its identification with scientific chemistry and later by virtue of its
dependence on the magical power of electricity, another powerful symbol of
progress.'’

The symbolic connection between inorganic materials and progress in-
tensified in the early twentieth century. Wood had no place in machine-
age aesthetics. Modernist architects turned Ruskin on his head, rejecting
traditional materials as unsuited to “machines for living.” Le Corbusier was
typically strident on this issue, praising the influence of industry on mate-
rials of construction. The first step in the industrial transformation of build-
ings, claimed Le Corbusier, was “the replacement of heterogeneous and
unreliable natural materials by homogenous artificial materials subject to
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Figure 1.3. Metallic modernity: The Corliss engine at the Philadelphia Centennial
Exposition. Metal structures and metallic machinery defined modern technology, as
demonstrated by this famous illustration of President Grant and Dom Pedro starting
the great Corliss steam engine at the Philadelphia Centennial Exposition of 1876.
Harpers Weekly 20 (May 27, 1876): 421.
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laboratory tests.”*® This language was remarkably similar to contemporary
criticisms of wooden airplanes made by English, German, and American
engineers (see chapter three). Even Mumford praised the shift from wood to
metal and argued that even more progress would be achieved by substitut-
ing aluminum for iron."

The identification of industrial progress with a shift from the organic to
the inorganic, and from wood to metal, contains a grain of truth. In other
words, it is mostly false. The increased use of iron during the nineteenth
century resulted from changes in the relative prices of iron and timber, due
largely to improved methods for smelting and refining iron. In countries
with ample supplies of timber, such as the United States, wood played a
much larger role in industrialization. Wood, furthermore, did not disap-
pear, especially as a structural material, where it found continued use in
bridges and buildings. As Gregory Dreicer has argued, wood remained the
preferred material for innovative designs in nineteenth-century truss
bridges.”” Wood itself became an industrial product, cut into standardized
shapes, peeled or sliced into thin veneers by massive machines, and steamed
into curved forms for quantity production. In the 1920s, Frank Lloyd
Wright acknowledged this industrial basis of wood, a material whose “finer
properties . . . have been emancipated by the machine.” Wright argued for
a new aesthetic of wood suited to modern civilization, but he remained
largely alone in his understanding of wood as a machine-age material !

The dichotomy of wood versus metal mirrored the opposition of tradition
and modernity. This opposition has been a fundamental tenet of the idea of
progress since the Enlightenment. Inspired in part by dramatic changes in
science and technology, the Enlightenment inaugurated the very concept of
modernity itself, along with the orientation toward the future that is the
hallmark of the modern age.”” Our modern technological civilization de-
pends on this orientation toward the future, because rapid change requires
a willingness to challenge ideas and practices based upon tradition. But this
orientation toward the future, this faith in progress, comes at a cost, becom-
ing a “prejudice against prejudice,” to use Gadamer’s phrase. This prejudice
against prejudice, this critique of tradition that denies the role of tradition
in critique, turned the Enlightenment’s orientation toward the future into
the ideology of progress, the unquestioned faith in the unending improve-
ment of human civilization.”

The Enlightenment ideology of progress was modified in the nineteenth
century by the great technological transformations of industrialization. Ac-
cording to Leo Marx, “new mechanical inventions,” especially the railroad,
“had the effect, as nothing else did, of certifying the reality of progress.”
American popular culture seized upon the machine as undeniable evidence
of human progress. By the late nineteenth century, most Americans came to
define progress in material and technological terms, thus displacing earlier
moral and spiritual conceptions.** In a preface to the American edition of
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]. B. Bury’s classic study of the idea of progress, Charles A. Beard chided
Bury for neglecting the role of technology. “Technology is the fundamental
basis of modern civilization, supplies a dynamic force of inexorable drive,
and indicates the methods by which the progressive conquest of nature can
be effected.”®

Beard’s clear articulation of the ideology of technological progress was a
response to growing criticism of “machine civilization.”*® Such criticism
had little influence within the engineering profession, where faith in tech-
nological progress provided an essential element of professional identity. In
speech after speech, argues Edwin Layton, engineers claimed “that their
group had a unique and vital role to play in social progress.” At the same
time, engineers wrapped themselves in the mantle of “science,” in part to
distinguish their expertise from the traditional knowledge of craft workers.
Science and progress thus formed a central part of the professional identity
of the engineer.”’”

Engineers proved particularly receptive to the rhetoric linking metal and
progress. For mechanical engineers especially, “wood was anathema to the
ideals of precision, power and production” that defined the profession and
clearly distinguished engineers from millwrights and carpenters. Craft skills
remained essential for working with metal as well as wood, but metal’s uni-
formity made it attractive to engineers designing tasks for less-skilled work-
ers, especially in mass-production industries. For civil engineers, the highly
visible monuments of Victorian engineering, especially the great metal
bridges, created prominent symbols linking metal with technical progress.*®
When American engineers entered aviation in large numbers during World
War 1, displacing the self-taught designers who had previously dominated
the fledgling industry, they brought with them their prejudices against
wood in engineering structures.

It was these engineers, faced with the clash between the modernity of
aviation and the traditionalism of wood, who clearly articulated the prog-
ress ideology of metal. This ideology provided aviation engineers with an
interpretive framework that made sense of the contradictory symbols of the
wooden airplane, while resolving the indeterminacy of the choice between
wood and metal. These engineers decided, in effect, that the future of air-
planes lay with metal, and they took the necessary steps to make this future
a reality.

Indeterminacy, Symbolism, and Ideology:
Theoretical Implications

My account of the shift from wood to metal airplanes raises a number of
methodological issues of broad significance to the history of technology.
Most centrally, my interpretation seeks to bring culture into hardware
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history, that is, to show that cultural factors directly shape the details of
technical change. The relevance of culture has been obscured by the domi-
nant assumption that technology is a form of instrumental rationality, a
process of matching means to given ends. But instrumentalism fails to
provide an adequate account of technical choice, because technical choice
always possesses significant indeterminacy with regard to technical criteria.
This indeterminacy opens technical change to the influence of culture, most
notably culture conceived in terms of symbolic meanings that play a di-
rect role in technical choice. But symbolism is not neutral; it can become
linked with systems of power in a way that distorts understanding and
restricts human choices. In such cases, symbolic systems become ideolo-
gies, and these ideologies can exert a powerful influence on technical
change.

Over the past thirty years, historians of technology have become tremen-
dously more sophisticated in producing hardware histories, the detailed ac-
counts of changes in technological artifacts and processes. Unlike the old
hardware history, epitomized by Robert Woodbury’s Studies in the History of
Machine Tools, this “new hardware history” is thoroughly informed by con-
textualist historiography, situating the development of specific artifacts
within larger institutional and social contexts. The new hardware history
has produced nuanced accounts of invention and engineering design, re-
vealing clearly the ambiguous role of scientific knowledge, the uncertainties
accompanying technical choices, and the social processes involved in tech-
nical change. Historical research inspired by the sociology of scientific
knowledge has taken this process even further, convincingly demonstrating
the indelibly social and political character of the most recondite and scien-
tific modern technologies.”

Yet despite this theoretical and empirical sophistication, most hardware
history remains marginal to mainstream history and social theory. This mar-
ginality is rooted in a powerful presupposition contained within the very
concept of technology itself, instrumentalism. According to sociologist
Mark Shields, this “instrumentalist presupposition” consists of the premise
that technologies are rationally determined means applied to given ends. In
this view, technology is governed by a utilitarian logic in which categories
like efficiency and profitability determine the course of technical change.
Successful technologies are therefore those best adapted to the ends they
serve. Although the purposes of technology may vary with time and culture,
technology as means is merely the expression of a universal logic of practice,
constrained only by limitations in knowledge and resources.*

As a first approximation, the instrumentalist premise provides a reason-
able explanation for most technological change. After all, instrumentalism
reflects the official doctrine of the technical professions, which insist upon
their ability to match means to ends within an area of expertise.*! Further-



MATERIALS, SYMBOLS, AND IDEOLOGIES 17

more, questions of technical efficacy remain central to understanding past
technologies.

As an unexamined assumption, however, instrumentalism imposes con-
siderable burdens on the history of technology. More than anything else, the
instrumentalist assumption separates technology from other domains of
human endeavor. In instrumentalist terms, a technology is judged solely by
its efficacy in serving specific ends and not as a product of meaningful
human action.* By isolating technology from the sphere of meaning, instru-
mentalism also separates technology from culture, exiling culture to the
periphery of technical change, where it speaks only to ends while remaining
silent on means.

There are two basic arguments for demonstrating the inadequacy of in-
strumentalism, one “strong” and the other “weak.” The strong argument
asserts that symbolism is implicated in all human action, including tech-
nical action. In this form of the argument, purely instrumental action is
impossible because the very criteria used to determine if an action is instru-
mental, criteria like efficiency and efficacy, are themselves symbolic con-
structs whose meaning varies with time and place.”® The weak argument, in
contrast, starts from within the concept of instrumental reason itself, dem-
onstrating that the process of technical choice is itself indeterminate. This
concept of technical indeterminacy means simply that an artifact or techni-
cal process is only in part determined by the application of technical knowl-
edge to particular human purposes. Even given clearly specified objectives,
the requisite empirical data and relevant scientific theories, a designer still
has considerable freedom to choose the form of the artifact. Although I
subscribe to both forms of the argument, I prefer the version based on tech-
nical indeterminacy. The argument from indeterminacy encourages a more
direct engagement with the technical arguments themselves while also cre-
ating a basis for dialogue with defenders of instrumentalism.

The concept of technical indeterminacy has received support from socio-
logical theories of technical change, most importantly the approach termed
“social construction of technology.”** Using arguments derived from the
sociology of knowledge and the post-empiricist philosophy of science, the
social constructivists make the idea of technical indeterminacy a key prem-
ise. In a seminal article, Trevor Pinch and Wiebe Bijker focus on the “inter-
pretive flexibility” of artifacts, which means “not only that there is flexibility
in how people think of, or interpret, artefacts, but also that there is flexibil-
ity in how artefacts are designed.” Donald MacKenzie describes the same
concept as “contingency of design.” By emphasizing the indeterminacy of
design, the social constructivists have opened up technical change to a vari-
ety of explanatory strategies, including those that focus on competing inter-
est groups, state power, gender relations, and power struggles on the shop
floor.®
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The concept of technical indeterminacy predates the work of Pinch and
Bijker, however, and can be demonstrated without recourse to the sociology
of knowledge. Historians of technology have long argued that technical
change involves a creative, artistic component that cannot be reduced to a
set of propositional rules.*® More directly, the organizational theorist
Donald Schén has argued that technical indeterminacy results from inevi-
table uncertainties in the design process, uncertainties produced by in-
complete knowledge.’” Design theorist David Pye arrives at the same result
from the opposite direction. While Schon suggests that the design process
is underdetermined due to incomplete knowledge, Pye argues that the pro-
cess is overdetermined due to inevitable conflicts among the technical crite-
ria. According to Pye, the desirable characteristics of any designed object are
incompatible. Since the requirements are incompatible, the object cannot be
“the logical outcome of the requirements.” The designed object represents
a compromise among the conflicting requirements, which implies that the
designer has to choose which requirements will fail to be met and the extent
of the failure.*®

Airplane engineers and designers recognized the inevitability of conflict
among design requirements and the resulting necessity for compromise.
According to T. P Wright, the chief engineer of the airplane division of the
Curtiss Aeroplane & Motor Company:

It sometimes seems that there exists no element of design which does not conflict
directly with every other element. Conflicts, requiring compromises, exist be-
tween such important elements as weight saving and structural strength; between
weight saving and low production cost; high performance and commodious fuse-
lage size; high cruising speed and low landing speed; high power loading and low
operating expense; and many others.

Other aeronautical engineers echoed Wright's observations.*

Technical indeterminacy reveals the insufficiency of the instrumentalist
premise. Technical criteria cannot by themselves dictate the choice among
alternatives. On what basis, then, do engineers and designers choose? They
are neither efficiency-maximizing automatons nor passive pawns of social
forces. Rather, designers base technical choices on an interpretive under-
standing of the design criteria and context, an understanding mediated by
culture, where culture is defined as a system of symbols and practices that
people use to make sense of their world.*

The concept of technical indeterminacy opens the door to culture, but
culture still needs to be invited inside. Recently, a number of scholars in
science and technology studies have proposed doing just that, broadening
the social-constructivist approach by integrating culture into accounts of
scientific and technological change.*! In a review article on the history of
technology, John Staudenmaier identified an emerging theme in the history
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of technology based on such an approach, one that he termed the “symbolic
construction of technology.” According to Staudenmaier, works falling
under this rubric argue that a technology succeeds “in part because it has
achieved . . . compelling symbolic status within the cultures affective and
cognitive frames of reference.”*

Staudenmaier’s analysis points to symbolism as a key concept linking
culture with technical choice, based on the recognition that technologies
have symbolic meanings as well as material effects.” Indeed, cultural histo-
rians have not ignored the symbolic dimensions of technology. Over the
past three decades, they have produced a substantial literature that focuses
on the cultural significance of technologies from sewers to airplanes.**

For the most part, however, this attention to culture has not influenced
the study of technical choice itself. Most cultural historians treat technolo-
gies like the stars, whose rich symbolic meanings have not changed their
material characteristics. Technologies are not natural objects, however, but
rather the products of human choices. These choices involve more than
rational calculation or the play of social forces. Like all human choice, tech-
nical choices are the result of interpretations shaped by systems of symbolic
meanings. In this way, symbolism directly influences technical change.*®

Symbols form systems of meaning, interpretive frameworks that guide
human action.*® Such frameworks provide the preconditions necessary for
all understanding and are not necessarily distorting. Symbolic systems can,
however, become sources of distortion when linked to relations of power
and forms of domination. In this context, symbolic systems become ideolo-
gies. While the classic type of ideology is political, the symbolic meanings
of technology are also subject to ideological distortion as much as symbolic
meanings in the political sphere. As symbolic systems, ideologies of tech-
nology shape technical choice just like more “neutral” design traditions. But
in contrast to design traditions, which merely direct attention toward cer-
tain types of solutions, ideologies of technology promote the active suppres-
sion of particular alternatives.*’

David Noble provides a paradigmatic example of such influence in his
analysis of the development of numerically controlled machine tools after
World War II. In Noble’s account, the Air Force, MIT, and General Electric
favored the development of complex, digitally programmed devices that
tended to remove expertise from the machinist on the shop floor. At the
same time, these organizations repeatedly rejected the alternative record-
playback technology, despite its promise to provide cheaper, user-friendly
devices better suited to the vast majority of small machine shops. Record-
playback systems did not fail because of technical inadequacies, according
to Noble. Within the ideological framework of the military-university-
industrial complex, the record-playback system did not represent an accept-
able solution, in part because it permitted too much control to remain with
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the machinist on the shop floor. But as Noble and Harley Shaiken have
shown, the successful numerical control technology also failed to live up to
its ideological billing, as manufacturers often found it necessary to continue
employing skilled machinists on the new machines. Although Noble does
not use the concept of symbolic meaning, in effect he shows that the suc-
cess of numerical control depended as much on what it symbolized as on
what it achieved in practice. In other words, numerical control succeeded
because it symbolized the ideals of total control, technical elegance, and
de-skilling that were central to the ideology of the military-university-
industrial complex.*®

Aside from Noble, only a few scholars have explicitly addressed the role
of ideology in shaping technical change.* In part, this neglect results from
the dominant instrumentalist view of technology as an exemplar of rational
action. But leaving technology aside, the concept of ideology itself has come
under attack from a variety of intellectual directions. Critics argue that the
word has taken on so many divergent meanings as to make it practically
useless. In traditional usage going back to Marx, ideology implies irrational-
ity, dogmatism, and a lack of objectivity. This pejorative sense, critics con-
tend, makes ideology more a weapon of political rhetoric than a tool of
intellectual analysis. In other contexts, in contrast, the concept of ideology
has evolved into a neutral term, one that has expanded to cover all human
ideas and cultural systems. In this all-encompassing sense, ideology loses all
utility as an analytical concept.”®

Yet despite these apparently conflicting definitions, the concept of ideol-
ogy remains essential, especially for making the moral judgments implicit in
the practice of history. But to retain ideology as a useful analytical as well as
evaluative tool, the historian needs to combine both types of definition, the
pejorative and the neutral. Paul Ricoeur achieves such a synthesis by draw-
ing on Marx, Weber, and Geertz to define three levels of ideology: integra-
tion, legitimation, and distortion.”!

Following Geertz, Ricoeur insists that at its deepest level ideology must
be understood as a symbolic system not as a set of ideas. According to
Geertz, ideology functions as an explicitly articulated symbolic system that
helps define a community and provide a common program of action. In this
integrative role, ideology allows a community to make sense of situations in
which myth and tradition prove inadequate, as they so often do during
periods of rapid social change.”” At the same time, argues Ricoeur, ideolo-
gies provide legitimation, ensuring at least some degree of consent from the
governed, consent that is necessary to sustain every system of power, how-
ever tyrannical. At this level, ideologies do not necessarily sustain systems
of domination: they can legitimate both just and unjust structures of power.
But legitimation always involves an element of distortion, and distortion is
central to the concept of ideology. As systems of distortion, ideologies limit
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choice by suppressing alternatives, making specific choices seem inevitable
and natural. In this way, ideologies present the contingent as necessary and
the particular as universal.”®

Within the community of American aviation, the progress ideology of
metal operated primarily on the first and third levels. First, this ideology
helped the aviation community define itself as part of the technological van-
guard, as the bearer of the most exciting technology of the new century.
For aviation engineers in particular, working with wood was incompatible
with this self-definition. At the same time, the progress ideology of metal
also functioned as a system of distortion by representing the shift to metal
as a necessary and universal stage in airplane design. This ideology did
help identify the technical potential of metal airplanes, but it blinded avia-
tion engineers to the advantages of wood structures, preventing them
from appropriating the useful and valid aspects of the wood tradition. The
American aviation community worked hard to solve the problems of metal
construction. At the same time, this community systematically ignored ar-
guments and evidence that supported wood, while actively discouraging
research and practical efforts to improve wooden airplanes.
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Engineering Enthusiasm:
World War I and the Origins of
the Metal Airplane

ACCORDING TO MOST aviation historians, the trend toward all-metal airplane
structures began in Germany during World War 1. Indeed, German engi-
neers designed and built the first metal airplanes produced in quantity and
used in service. German engineers also built several all-metal airplanes with
stressed-skin structures, anticipating what became the dominant system of
airplane design. Yet the precise German contribution to all-metal construc-
tion remains ambiguous. The first truly successful airplanes with stressed-
skin, all-metal structures were American not German.'

Yet Germany contributed more than technical advances to the develop-
ment of all-metal airplanes. German work in metal construction, when it
became known after the end of the war, generated a wave of enthusiasm for
metal airplanes among Germany’s former enemies, especially the United
States. Americans had also worked on metal aircraft during the war, but this
work sparked none of the excitement that greeted the first German all-metal
airplanes in the United States.

German Metal Airplanes of World War I

Germany began World War 1 with some 450 warplanes, compared to 600
for the French and just 160 for the British. Initially the combatants used
airplanes only for reconnaissance, but they soon developed techniques for
air-to-air combat, tactical ground support and strategic bombing. As expec-
tations of a short war proved unfounded, air power assumed an increasingly
important role in the conflict, and the major powers launched programs to
produce airplanes on a large scale. These programs transformed fledgling
companies into massive enterprises supported by government-run research
and engineering establishments. In a long war, Germany had no hope of
matching the Entente’s capacity for aircraft production. German industrial
inferiority placed a premium on the search for technological superiority.
Germany’s wartime development of metal airplanes was part of this search
for technical advantage, a search that grew increasingly desperate as the war
dragged on.’
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The use of metal in German aircraft during the war took two paths. One
proved useful on a wide scale, while the other had a much stronger symbolic
impact. The first and more practical development was the substitution of
steel tubing for wood in fuselage structures. The more symbolic develop-
ment was the construction of military aircraft made entirely of metal.

The steel-tube fuselage first achieved widespread success through the
work of Anthony H. G. Fokker (1890-1939). Fokker, a flamboyant Dutch-
man working in Germany, was already a well-known flyer and airplane
builder before the war. In early 1914 he developed a new model, the M5,
patterned after a French monoplane, the Morane-Saulnier. Instead of copy-
ing the French airplane’s wooden fuselage, Fokker had Rheinhold Platz, a
skilled welder who would later become Fokker’s chief engineer, design and
build a fuselage framework of welded steel tubing. Platz had already built a
steel-tube fuselage for an earlier, unsuccessful Fokker design, the M2 of
1913. The M5 proved successful, and Fokker quickly adopted the welded
steel-tube fuselage for all his designs, while continuing to use wood for his
wings. Fokker's airplanes found favor with the German military, and the
German army purchased over a thousand Fokker fighters with steel-tube
fuselages.’

The M5 fuselage designed by Platz was simple, light, and easy to manu-
tacture. In form, the Fokker fuselage followed the wood structures of the pe-
riod (figure 2.1). Four tubes called longerons ran the length of the fuselage,
forming the edges of a long, roughly rectangular box. The longerons con-
verged somewhat toward the tail, giving the fuselage a tapered look. The
longerons were connected by vertical struts, also of steel tubing, which were
butt-welded to the longerons. Steel wire provided the diagonal bracing that
kept the rectangular structure rigid. Fokker used tubing of mild steel, which
was easy to weld. The heat of welding sometimes distorted the longerons,
which were easily trued by a little hammering. The completed framework
was covered with fabric or plywood.*

While Fokker was busily building his steel-tube airplanes for the German
army, other German designers were experimenting with a more radical de-
parture from current practice—building airplanes entirely of metal. Not
only did these designers extend the use of metal from the fuselage to the
wings, but they also went one step further, replacing fabric or plywood
coverings with sheet metal. The most important of these designers were
Hugo Junkers and Claude Dornier.”

Hugo Junkers (1859-1935) was a successful inventor, industrialist, and
engineering professor at the Aachener Technische Hochschule. Junkers be-
came involved in aircraft design in 1909 when he collaborated with fellow
professor Hans Reissner in designing and building an airplane called the
Ente (Duck). Reissner’s Ente had a monoplane wing covered with corru-
gated aluminum. Junkers soon became convinced that the ideal airplane
would be one approaching a “flying wing,” an airplane consisting almost
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Figure 2.1. A 1918 Fokker V-37 steel-tube fuselage structure. National Air and Space
Museum, Smithsonian Institution (SI neg. no. A 43641-10).

entirely of a large hollow wing enclosing engines, cargo, and passengers,
with no external bracing. Junkers received a German patent for this idea in
1910. In 1912 he left the Technische Hochschule to devote himself full-time
to his inventive work, financed by profits from his patented “geyser” bath-
water heater, still common in European kitchens and baths.®

Junkers was no theorist, and he had a strong sense of the practical, as
demonstrated by his numerous successful inventions for home and factory.
Yet when it came to airplanes, Junkers became a visionary. He was driven by
two idées fixes: devotion to the unbraced monoplane and an unwavering
commitment to all-metal construction. Both these obsessions were clearly
foreshadowed in Reissner’s Ente and Junkers’ 1910 flying-wing patent. In
1914 Junkers began the serious work required to translate these ideas into
practice, to make the impractical practical. The result was the J1, an all-
metal fully cantilevered monoplane fighter (figure 2.2).”

Early in 1915, Junkers moved from Aachen to Dessau, site of his bath-
heater factory, where he established a laboratory to develop his all-metal
airplane. The army gave Junkers a contract for a prototype of the J1 after
visiting his laboratory in May. Construction of the J1 began in August. The

* Fully cantilevered wings, also termed unbraced or internally braced, lacked the external
struts common in the 1920s. These struts added strength but increased aerodynamic drag.
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Figure 2.2. The unsuccessful J1, 1916. Hugo Junkers’ first all-metal airplane was
made from sheet iron. National Air and Space Museum, Smithsonian Institution (51
neg. no. 96-15636).

J1's structure prototype embodied a number of novel features. Junkers de-
signed the wings of the J1 using a principle he called the “supporting cover,”
in which “all tensile, compressive and shearing forces are taken up by the
wing cover.” This principle anticipated the stressed-skin designs that have
dominated metal airplane construction since the 1930s. Junkers built his
wings of soft sheet iron (Eisenblech), between 0.5 and 1 mm thick. Junkers
stiffened the thin iron sheets by welding a second, corrugated sheet to the
inside surface, using the new process of electric resistance welding. The
wing was assembled from these stiffened panels.”

Flight testing of the J1 began in December. The airplane was not well
received by the military authorities, despite its impressive top speed of
106 mph with a 120-horsepower motor. Junkers attributed this poor re-
ception in part to “the prejudice against metal construction” and also to the
mistrust of unbraced wings by pilots. In fact, as Junkers himself later admit-
ted, the J1 was heavier than a comparable wooden airplane and had a very
poor rate of climb. A good rate of climb was essential for combat, so the
army made additional orders conditional on its improvement.®

The failure of the J1 led Junkers to make fundamental changes in his
approach to metal construction. His most important step was the substitu-
tion of duralumin for sheet iron. Duralumin was a high-strength aluminum
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alloy developed in 1906 by Alfred Wilm, a German metallurgist. About
1908 Wilm granted an exclusive license for the German production of his
alloy to the Durener Metallwerke, which marketed it under the trade name
Duralumin, often shortened to dural. Duralumin consisted of aluminum
alloyed mainly with copper, with smaller amounts of magnesium and man-
ganese. The key to duralumin’s strength was its heat treatment. Heat treat-
ment involves the controlled heating and cooling of a metal in the solid state
to produce desired characteristics, such as hardness or ductility. One com-
mon type of heat-treatment, quenching, is used to increase the strength and
hardness of steel by rapidly cooling the red-hot metal in water or other
liquids. Wilm was experimenting with similar processes for aluminum al-
loys, but his alloys did not behave as expected. Instead of increasing in
strength and hardness immediately upon quenching, Wilm’s heat-treated
alloy gained strength through a process known as age (or precipitation)
hardening, in which the quenched alloy gradually hardens over a period of
several days. Age-hardened duralumin has the tensile strength and ductility
of mild steel, with just over one-third the weight. Like heat-treated steel,
duralumin and related alloys also lose strength when welded, making rivets
the preferred joining technique.’

In addition to switching from iron to duralumin, Junkers abandoned the
supporting cover because of its excessive weight. He then developed a new
type of all-metal wing and fuselage structure using a duralumin-tube frame-
work covered by dural sheet, which was corrugated to improve its stiffness
(figure 2.3). The corrugations ran in the direction of flight to avoid exces-
sive air resistance, which prevented the cover from carrying any of the main
bending loads of the wings, although it did contribute to the torsional
strength of the wing.'”

Junkers’ first success using this new structural system was the J4 armored
biplane of 1916. The army had insisted on the biplane wing, despite Junk-
ers’ preference for the monoplane. The J4 was designed for ground obser-
vation and combat directly above the trenches. Such an airplane required
neither a good rate of climb nor high speed but rather ruggedness of con-
struction and resistance to ground fire. The all-metal airplane proved well-
suited to this task. The J4 became the first all-metal airplane to enter pro-
duction. In all, 227 were manufactured, although the Armistice arrived
before many of these saw combat. Junkers also built a few all-duralumin
monoplane fighters near the end of the war."!

The second major pioneer of German all-metal aircraft construction was
the engineer Claude Dornier (1884-1969). Dornier had experience in metal
aircraft structures through his work for the Luftschiffbau Zeppelin begin-
ning in 1910. This company was formed in 1908 to build rigid airships, also
know as zeppelins, for Count Ferdinand von Zeppelin. In contrast to non-
rigid airships (blimps), rigid airships use internal metal structures to se-
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Figure 2.3. Typical Junkers wing construction. This wing assembly, probably for the
J9, is typical of those developed after Junkers switched to duralumin. National Air
and Space Museum, Smithsonian Institution (Wright-McCook photo no. 9419).

cure the gas bags and maintain the airship’s exterior shape. Such structures
allowed rigid airships to reach huge dimensions, which gave the zeppelin
a flight range and load capacity far superior to any airplane before World
War I1. In 1914 the Zeppelin company began using duralumin for its airship
structures, which created a large demand for the alloy and gave the Zeppelin
engineers invaluable experience in using the new material. Spurred on by
the fanatical nationalism of Count Zeppelin, the German military invested
considerable resources to turn the rigid airship into a military weapon,
using it for dramatic but ineffective bombing raids on British cities.'?

At the beginning of the war, Count Zeppelin became convinced of the
need to complement the airship with large, long-range bombing airplanes.
In mid 1914, Zeppelin organized a company at Staaken to build these
planes, which became known as R-planes (for Riesenflugzeuge, or giant air-
planes). The Staaken organization turned out R-planes using conventional
mixed wood-and-metal construction, similar to Fokker practice. However,
Count Zeppelin also believed in the ultimate superiority of all-metal air-
planes, and in late 1914 he placed Dornier at the head of a separate project
to build all-metal seaplanes in the town of Seemoos on Lake Constance."’

There, Dornier built a line of metal seaplanes for the German navy.
Dornier’s seaplanes used a mix of alloy steel and duralumin. In contrast to
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Junkers, Dornier was less dogmatic about all-metal construction and the
unbraced monoplane. Dornier covered all his seaplane wings with fabric
and supported them with external bracing. Steel was used for highly
stressed parts, such as the wing spars and fuselage structures, while duralu-
min was employed in the hull covering and wing ribs. Despite the experi-
ence of the Zeppelin organization with duralumin, it remained an exotic
and unpredictable alloy, which convinced Dornier to avoid duralumin for
highly stressed parts. For example, one of Dornier’s engineers reported that
duralumin sheet “had the unpleasant tendency to disintegrate in spots to a
white powder.” Dornier’s seaplanes followed Zeppelin airship practice, with
the main structure consisting of truss or lattice beams fabricated from riv-
eted steel strip rolled into special flanged shapes. Dornier built four large
seaplanes during the war, only one of which saw military service.'*

Dornier also tried his hand at an all-metal design, developing a biplane
fighter with dural-covered wings, the D1, in early 1918. Dornier achieved in
duralumin what Junkers had attempted in iron, producing an all-metal wing
in which the smooth skin contributed substantially to the strength of the
wing, using the principle of the “fully supporting cover” (volltragende Aufs-
enhaut). Dornier rejected the corrugated duralumin used by Junkers, and
instead borrowed from his experience with smooth metal coverings for
flying boat hulls. In his metal boat hulls, Dornier stiffened the duralumin
hull by riveting U-shaped channels to both sides of the hull covering, plac-
ing the external channels in the direction of the air flow while the internal
channels ran at right angles to those on the outside. Dornier’s fighter used
a similar system for its fuselage and wings, although the rear portion of the
wing remained covered with fabric to facilitate production and reduce
weight (figure 2.4). The D1 performed well in a competition for new fight-
ers held in the summer of 1918, despite a crash due to wing failure that
killed the commander of the Richthofen squadron. However, Dornier’s ex-
perience with the D1 convinced him that metal-covered wings increased
both weight and production costs, and he returned to fabric covering in his
postwar designs.'’

Whether one judges the German all-metal airplane program a success or
failure depends on the criteria used. In narrow technical terms, the all-metal
airplanes were impressive demonstrations of engineering ingenuity. On the
other hand, German metal aircraft played a minimal role in combat and
certainly failed to demonstrate any advantage over all-wood or mixed wood-
and-metal structures. In addition, the development of metal airplanes di-
verted technical talent from other pressing wartime needs, in particular the
quantity production of combat-worthy airplanes. The Fokker steel-tube fu-
selage was well adapted to production, but the same was not true of the
all-metal designs. For example, the Junkers J4 armored biplane required
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Figure 2.4. Dornier D1 metal wing construction, with fabric removed from trailing
edge to reveal the metal-covered box spar. Official Navy photo in U.S. Air Services 10
(March 1925): 14.

four times as much labor as standard designs. Fokker, who had been forced
into a merger with Junkers in 1917, later criticized Junkers for his impracti-
cal commitment to all-metal construction despite the pressing demands of
wartime production. In any case, by the spring of 1918, metal shortages had
become severe enough to preclude large-scale production of metal airplanes
like the Dornier D1.1°

German metal airplanes remained little known during the war, gaining
prominence only after the Armistice, when they inspired tremendous en-
thusiasm in France, Britain, and especially the United States. But before
Americans learned of German developments, the U.S. government launched
its own program to develop metal structures for military airplanes. This
program achieved modest success but generated none of the enthusiasm
that would later greet German developments.
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Wartime Metal Airplane Work in the United States

While European aircraft production expanded massively at the beginning of
World War I, American aircraft production remained minuscule in compar-
ison, increasing from 49 airplanes in 1914 to only 411 in 1916 (see table 1).
When the United States declared war in April 1917, the nascent airplane
industry was ill-prepared for wartime demands. The industry consisted of
dozens of small firms, most of which had never produced more than ten
airplanes. Congress quickly appropriated tens of millions of dollars for air-
craft purchases, and the military deluged the industry with orders for thou-
sands of airplanes. When the war ended eighteen months later, the Ameri-
can aircraft industry had delivered 13,894 aircraft and 41,953 engines. It
had achieved a peak annual production rate of twenty-one thousand air-
planes. Unfortunately, American production came too late to influence the
war, and most of the aircraft produced had become obsolete before they
were delivered. Massive waste pervaded the program, prompting bitter con-
gressional investigations that blackened the public image of the industry for
years.!”

When the United States entered the war, little was known about German
work on metal airplanes. At that time all American airplanes were built of
wood, with the exception of a few models designed by Grover Loening of
the Sturtevant Airplane Company.'® The army concentrated on producing
large numbers of proven designs, rather than developing new types. Never-
theless, the army and other federal agencies undertook a number of projects
to develop new types of aircraft, including a project to substitute metal
structures for wood in existing airplanes.

Shortly after declaring war, the United States embarked upon a massive
program to build twenty-nine thousand airplanes for the Allies. This pro-
gram required huge increases in the production of airplane lumber. Large
stands of virgin Sitka spruce in the Pacific Northwest provided the main
source for the high-quality, straight-grained wood most favored by airplane
builders. Much of the U.S. war effort was hampered by supply bottlenecks
and a lack of coordination, and spruce production was no exception.'” A
few months after the declaration of war, spruce shortages began to hinder
the aircraft program. In September of 1917, the National Advisory Commit-
tee for Aeronautics (NACA) urged the president to exempt spruce workers
from the draft due to “a disastrous shortage of labor” hampering spruce
logging and milling.”® Continuing problems led the federal government to
establish the Spruce Production Corporation, which assumed control of air-
craft lumber production. By spring 1918, this organization was able to sup-
ply the massive amounts of spruce demanded by the United States and its
allies.!
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TABLE 1
Aircraft Produced in the United States, 1920-1939

Total Military Other

1913 45 14 29
1914 49 15 34
1915 178 26 152
1916 411 142 269
1917 2148 2,013 135
1918 14,020 13,991 29
1919 780 682 98
1920 328 256 72
1921 437 389 48
1922 263 226 i
1923 743 687 56
1924 =i A7 60
1925 789 445 g
1926 1,186 478 708
1927 1,995 609 1,386
1928 4,346 847 3,499
1929 6,193 779 Sl ey
1930 3,437 836 2,601
1931 2,800 853 1,047
1932 1,396 500 896
1933 13324 331 993
1934 11115 393 V220
1935 1,710 336 bS5
1936 3,010 858 2152
1937 3,773 858 2,915
1938 3,623 925 2,698
1936 5,856 921 4935

Source: U.S. Bureau of the Census, Historical Statistics of
the United States: Colonial Times to 1956 (Washington,
D.C.: U.S. Department of Commerce, 1960), 466.

Note: “Military” figures are airplanes for the U.S. Army
and Navy; military exports are included in “Other.”

Before spruce production had reached adequate levels, the federal gov-
ernment also began research on substitute materials. One of these projects
concerned the development of metal airplane structures. This project was
supervised by the NACA, a federal agency established in 1915 to advise the
federal government in matters pertaining to aviation. During the war the
NACA took an active role in coordinating aeronautical research through a
system of technical committees devoted to specific problems and broad re-
search areas. Members of the technical committees came primarily from
government agencies involved in aviation, including the NACA itself. The
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NACA had no research facilities of its own but rather provided advice and
technical supervision for projects undertaken by other federal agencies.
Under the NACAs guidance, the army and the Bureau of Standards
launched a joint program to develop metal airplane structures. The program
began in September 1917, when the NACA asked the Bureau of Standards
to examine the possibility of making wing spars of metal. Calculations and
tests at the bureau suggested that commercially available steels and new
aluminum alloys might be practical alternatives to wood.*?

Soon after starting the program, the Bureau of Standards found a private
manufacturer eager to participate in the development of metal aircraft, the
Empire Art Metal Company of College Point, New York, which advertised
itself as a manufacturer of “hollow steel doors and interior trim, etc.” This
background was not as irrelevant as it might seem, because metal aircraft
production required skill in forming complex shapes from sheet metal.”?
The company did not, however, have any experience in designing airplane
structures. In November 1917, it unveiled a metal structure for the Curtiss
JN-4, the army’s mainstay wood-and-fabric training airplane. The entire
structure was fabricated from low-carbon steel. Empire’s initial effort dem-
onstrated skillful fabrication techniques and excellent detail design, but the
structure came nowhere near matching the strength of the JN-4s wooden
airframe. The Bureau of Standards then sent staff scientist H. L. Whittemore
to the Empire plant to assist the company’s engineers in solving the struc-
tural design problems.**

Experiments at the Empire company in the fall of 1917 revealed that mild
steel could not compete with spruce in terms of weight. The Bureau of Stan-
dards and the army then turned to other types of steel and aluminum alloys.
Metallurgists of the time could produce a variety of steels with markedly
different properties. Low-carbon steel, though easy to weld and available in
a wide variety of shapes, developed a relatively low tensile strength of sixty
thousand pounds per square inch. For steel to compete with spruce, army
engineers believed that they needed steel with a tensile strength of more
than one hundred thousand pounds per square inch. The strength of steel
could be increased through various techniques, including heat treatment
and the addition of alloying substances. Experiments with alloy steel at the
Empire factory proved disappointing, but heat-treated steels showed more
promise. However, they proved difficult to form and lost their strength
when welded. In an attempt to solve these problems, the Bureau of Stan-
dards developed methods for heat-treating steel structures after fabrication,
but the procedures remained experimental.’

At the urging of the army and the Bureau of Standards, the Empire com-
pany began experimenting with duralumin, the metal of the German zeppe-
lins. At this time, the U.S. Army knew nothing of German use of duralumin
in airplanes. Moreover, before the war no American company had produced
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duralumin. Beginning in 1916, the navy urged the Aluminum Company of
America (Alcoa) to develop a duralumin-type alloy for a rigid airship. Later
that year, Alcoa received duralumin samples from a German zeppelin that
had crashed in France. After the United States entered the war, Alcoa gained
access to German patents seized by the U.S. government. The secrets of pro-
ducing high-quality duralumin remained elusive, however, and Alcoa found
it difficult to move from experimental to quantity production. Through the
end of the war, duralumin remained an experimental metal available only in
limited quantities.*

The Empire company received its first delivery of duralumin from Alcoa
in February 1918. Initial tests suggested that duralumin wing spars would
be competitive with spruce. That spring, the Empire company built two
more sets of wings for the Curtiss JN-4, this time with duralumin spars,
steel ribs, and fabric covering. These wings were delivered to the army’s
aircraft engineering center at McCook Field near Dayton, where they re-
ceived strength and flight tests.”’

The strength or “static” tests were relatively simple, but nevertheless es-
sential for designing new airplanes. To test a small component like a rib or
spar, the engineers fixed the test item in a jig and hung weights that simu-
lated the loads expected in flight. More weights were added until the part
failed. A metal component was considered equal in performance to a wood
part when it sustained an equal or greater load but weighed no more than
the wood part. If the metal part supported a larger load but weighed more,
the results were ambiguous.?® Static tests of complete wings followed a sim-
ilar procedure. The wings were attached upside down in a jig, and then
loaded with sand bags to simulate the distribution of air pressures on the
wing in flight. The engineers increased the load until the wing collapsed
(figure 2.5). The maximum load sustained without failure determined the
load factor, a measure of airplane strength that consisted of the maximum
load divided by the normal load in steady flight. As with ribs and spars, the
metal wing was superior to the wood wing only if it sustained at least as
great a load but weighed less.”

The Empire company’s first metal wings were not competitive with wood.
These wings, built in spring 1918, included the set with duralumin spars
and steel ribs, as well as two all-steel designs. The army performed static
tests on each design at McCook Field. It also tested a set of standard wood
JN-4D wings for comparison. The wings with duralumin spars were signifi-
cantly weaker than the wood wings, supporting 17 percent less load than
wood wings of nearly equal weight. The steel wing also failed to match the
strength of the wood wing, while weighing significantly more. Late in 1918,
McCook Field received and tested another all-steel wing from the Empire
company. This wing used alloy steel, heat treated after fabrication. It
weighed 425 pounds, 7 percent more than the wood wing, but it supported
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Figure 2.5. Results of a static test of the JN-4 metal wing structure, 1918. From
K. M. Lane and Alexander Klemin, “Sand Load Test of JN-4 (Art Metal) Steel
Wings,” n.d., box 193, Klemin Papers, Department of Special Collections, Univer-
sity Research Library, UCLA.

a load of 13,160 pounds without failure, a 19 percent advantage. The engi-
neers concluded that “by reducing the weight of the steel wings slightly they
could be made quite as light and strong as the wood wings.”* By this time,
of course, the war was over, and metal airplanes would make no contribu-
tion to the U.S. war effort.

Three months after the Armistice, the army’s Airplane Engineering Divi-
sion at McCook Field published a detailed (but still confidential) account
summarizing the wartime program in metal construction. In this report,
army engineers cautiously endorsed metal wing structures. Metal had cer-
tain advantages in quantity production, they argued, and offered greater
uniformity than wood. In certain cases metal structures had greater strength
than wood for equal weight, although this required “an entirely new type of
construction.” The McCook field engineers remained pessimistic about
prospects for all-metal airplanes, however, and insisted that metal was not




ENGINEERING ENTHUSIASM 35

suited to fuselage construction. The army had received some design propos-
als for all-metal airplanes that “even go so far as to suggest light sheet-metal
coverings on the wings and control surfaces,” but the engineers argued that
such designs were “certain to be very much heavier than the standard type.”
The engineers remained unimpressed by the information they had received
on German all-metal airplanes, claiming that “none of them proved very
successful.” All-metal construction might be suitable for some warplanes,
the report concluded, especially those used for close combat support, but
“for commercial planes, wood will always play an important part.”*! This
sober assessment appeared quite justified in light of the modest results
achieved. In little more than a year, however, such sober engineering judg-
ments would be completely submerged in a wave of enthusiasm for metal
airplanes.

Postwar Germany and the Neue Stil

During the revolutionary turmoil that followed the signing of the Armistice
in November 1918, the German aircraft industry contracted sharply. The
German army continued to buy a few aireraft, but it could furnish no new
orders. With the collapse of the military market, German aircraft builders
sought to apply wartime technical developments to a market that did not
yet exist—commercial air transport. Builders of metal aircraft stood at the
forefront of this postwar movement. They applied themselves eagerly to
the design and construction of new aircraft suited to carrying passengers
and freight, preferably at a profit. After January 10, 1920, the Versailles
treaty forbade military aeronautics and severely restricted commercial
aviation, but many German aircraft companies continued production
abroad while maintaining design bureaus in Germany. Despite these restric-
tions, German designers pushed ahead with the development of all-metal,
fully cantilevered monoplanes, designs that came to symbolize the modern
airplane.*?

Junkers and Dornier, the wartime leaders in metal construction, were at
the vanguard of commercial metal aircraft design. As soon as the Armistice
was declared, Junkers assembled his engineering staff and announced that
the company would henceforth focus on commercial air transport. In early
1919, Junkers began work on a purely commercial model based on his war-
time experience with metal. The prototype passed its government certifica-
tion tests on June 25. This airplane became known as the F13 (figure 2.6)
and closely followed the structural practice and aerodynamic layout of
Junkers’ 1918 monoplane fighters. The F13 was an all-metal, low-wing, un-
braced monoplane, constructed almost entirely of duralumin. It had an en-
closed cabin and cockpit, with room for five passengers. A single 185-horse-
power motor powered the F13, giving it a top speed of 106 mph and a



36 CHAPTER TWO

Figure 2.6. Junkers F13 all-metal passenger monoplane, marketed in the U.S. as the
JL-6. National Air and Space Museum, Smithsonian Institution (SI neg. no. 96-
15637).

cruising speed of about 87 mph. This airplane retained the corrugated du-
ralumin wing and fuselage covering used in Junkers’ wartime designs, as
well as the duralumin-tube framework. Only a few were built in 1919, but
in 1920 production of the F13 increased to seventy-three aircraft.>?

Meanwhile, Dornier applied his experience at Seemoos to the design of
commercial flying boats based on scaled-down versions of the navy R-
planes. His first model, the GSI, was an eight-passenger monoplane flying
boat, powered by two 260-horsepower engines, giving it a top speed of
112 mph. The plane had originally been ordered by the German navy, but
its design was modified for civil use after the Armistice. Like Junkers,
Dornier closely followed his wartime design practice, using steel for highly
stressed parts, duralumin for the hull and other lightly stressed compo-
nents, and fabric for the wing covering. In 1921 Dornier built the Delphin
(Dolphin), his first single-engine boat designed purely for civil aviation, and
two land planes. On May 5, 1921, the Allied powers issued the London
Ultimatum to force the Germans to comply with the aeronautical provisions
of the Versailles treaty. The ultimatum halted production of the Dornier
airplanes, although Dornier did continue some production abroad.**

The most widely noted addition to the ranks of German metal aircraft
designers was Adolf Rohrbach (1889-1939), a Zeppelin engineer who had
worked with Dornier at Seemoos during the war. Shortly before the Armi-
stice, Rohrbach was sent to the Zeppelin R-plane plant at Staaken to begin
building all-metal R-planes. The end of the war halted this work. Rohrbach
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Figure 2.7. The huge Staaken E4/20 all-metal passenger monoplane, ordered de-
stroyed by the Allies in 1922. National Air and Space Museum, Smithsonian Institu-
tion (SI neg. no. 76-17370).

then designed a large all-metal passenger airplane, probably based on war-
time plans for an all-metal bomber. Construction of the airplane, known as
the Staaken E4/20 (or E.4.250), began in May 1919, but was not completed
until September 1920 (figure 2.7). The Staaken E4/20 was probably the larg-
est passenger transport of the period. Its four 240-horsepower engines were
buried in the leading edge of a thick monoplane wing. The structure was
formed almost entirely from flat duralumin sheet, including the fuselage
skin and most of the wing. Specially shaped “stringers” riveted to the inside
of the skin provided additional stiffness, similar to Dornier practice. The
plane had a top speed of 144 mph, and could carry up to eighteen passen-
gers. However, its load-carrying efficiency was quite low, with its useful
load amounting to only 28 percent of its gross weight, and it had a very high
landing speed of 80 mph. After its test flights, the Inter-Allied Aeronautical
Control Commission judged the Staaken E4/20 to have military value,
which contravened the Versailles treaty. The commission ordered the air-
craft destroyed, and it was scrapped in November 1922.%

Many aviation historians portray Rohrbach’s work, and the Staaken E4/20
in particular, as forerunners of the modern all-metal airplane.”® Indeed, the
Rohrbach airplane anticipated the main features of seminal designs like
the DC-1 of 1933, namely the unbraced monoplane with a stressed-skin
structure built primarily of aluminum-alloy sheet. Yet the Staaken was far
from an efficient airplane. Rather, it embodied technological enthusiasms
nurtured by war, its grand size deriving more from German desire for
long-range bombers than any realistic appraisal of civilian air transport, and
its esoteric material a byproduct of another wartime excess, the military
zeppelin. No airplane of its size would prove successful in civil aviation
before the 1930s. The Allies were indeed justified in ordering the airplane
destroyed, for it was more appropriate for military than civilian purposes.’’
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Despite its technical limitations, the Staaken helped define an ideal type
for the modern airplane. This ideal type contained two key elements: all-
metal construction and fully cantilevered (unbraced) monoplane wings.
Both elements had strong abstract appeal, metal as a symbol of modernity
and the unbraced monoplane as an approximation of the flying wing, which
theoretically eliminated most parasitic drag. In 1924, C. W. Erich Meyer,
editor of the Deutsche Motor-Zeitschrift, made this ideal type explicit in an
article on recent German airplanes. Meyer termed the new design trend the
neue Stil or neue Schule (new style or school), in contrast to the alte Stil (old
style) represented by wood-and-fabric biplanes. As examples of the new and
old styles, Meyer juxtaposed photographs of two airplanes. Representing
the alte Stil was an Italian Caproni triplane flying boat, a massive, cumber-
some assemblage of wood and cloth criss-crossed with steel wires. For the
neue Stil, Mayer presented the three-engine Junkers G23, an all-metal un-
braced monoplane. The boxy Junkers with its corrugated covering was
poorly streamlined even compared to the metal airliners of the mid-1930s,
but next to the Caproni it seemed a striking exemplar of sleek modernism.
But perhaps more striking was the nature of Mayer’s argument, which in
essence made an aesthetic claim about the style appropriate for a modern
airplane.”®

Not all proponents of metal adhered to the neue Stil. More often than not,
however, support for metal went hand in hand with advocacy of the inter-
nally braced monoplane. Proponents of this ideal type rarely clarified the
necessity of the connection between metal and the monoplane but saw both
as necessary elements for efficient air transport. The evocative power of the
neue Stil in part explains the enthusiastic reception of the German postwar
airplanes in the United States.

The German metal airplanes revealed many aspects of the future of metal
construction. All-metal airplanes raised difficult design problems, which
could only be solved with considerable support from the military. All-metal
structures tended to weigh more than comparable wood-and-fabric air-
planes, and they proved difficult to manufacture. Despite the engineering
ingenuity of these designs, the best type of airplane structure had yet to be
decided. But most importantly, the German metal airplanes revealed the
tremendous enthusiasm that metal construction inspired, an enthusiasm
that soon infected Germany’s former enemies.

Enthusiasm Triumphant: Postwar Response to
German Metal Aircraft

Although the Allies knew of German metal airplanes during the war, these
airplanes generated little concern among military authorities, probably be-
cause metal airplanes did not afford the Germans any clear advantage in
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combat. After the war, however, German metal airplanes attracted attention
completely out of proportion to their technical achievements. Among the
former Allies, enthusiasm for metal aircraft blossomed in the early 1920s
in direct response to the German designs. In France, Britain, and especially
the United States, metal construction became one of the hottest topics in
aviation.

At the end of World War 1, all the belligerents drastically slashed orders
for military aircraft.’® Despite these reductions, technical change in aviation
continued at a fast pace in the immediate postwar years, propelled by the
momentum of wartime research. During the war, all major powers had es-
tablished military air arms and aeronautical research facilities, and these did
not disappear at the end of the war. The war created real aircraft industries
out of prewar workshops, complete with well-equipped factories, test facili-
ties, and experienced designers. Faced with a superabundance of technical
expertise as well as excess capacity, the aircraft industries in Germany,
France, Britain, and the United States turned enthusiastically toward com-
mercial aviation, hoping to exploit the substantial experience gained with
wartime aircraft. These efforts went largely unrewarded, since air transport
remained unprofitable without substantial government subsidies, and sur-
plus military equipment satisfied the needs of most sports flyers.*’

Information on German metal airplanes emerged slowly after the Armi-
stice. During the war, Allied military authorities obtained some data from
German airplanes that landed or crashed in Allied territory, but this infor-
mation remained sketchy. During the revolution and counterrevolution in
Germany following the Armistice, little additional information became
available. The Germans did their best not to cooperate with Allied authori-
ties in implementing the Armistice agreement.*! Details about the German
designs only became available after the Versailles treaty went into effect in
January 1920.

Even before 1920, however, confidential military reports revealed a grow-
ing excitement about German metal airplanes among the officers who had
a chance to inspect them. In early 1919, the Paris office of the American
Expeditionary Force reported on a Junkers single-seat monoplane fighter
abandoned in Belgium. The report praised the Junkers as “in some respects
the most remarkable of all the Airplanes built by the Germans.” According
to the report, the all-metal construction made the Junkers “absolutely
weather-proof, and also less liable to destruction by fire.”** As later events
would tragically demonstrate, aluminum construction in fact offered little
protection against airplane fires. In July the British Air Ministry produced a
detailed, printed report on the same Junkers model. This report found the
structural design to be of “great importance,” and claimed that Junkers had
“separated himself completely from the influence due to the use of the wood
spars and ribs that are almost universally employed in a non-metal wing.”
The British report also argued that the all-metal Junkers resisted the effects
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of weather better than wood-and-fabric construction, despite evidence that
the duralumin covering had become brittle.** This brittleness provided a
hint of the severe corrosion problems that would become apparent a few
years later.

As information on German metal airplanes became more widely avail-
able, it generated tremendous enthusiasm among the French and British.
The designs of the Junkers and Zeppelin organizations particularly im-
pressed the French. In a January 1921 report on German aeronautics, the
French undersecretary of state for aviation concluded that the Junkers F13
was “the craft of the future.” The report of the Inter-Allied Aeronautical
Control Commission, a French-dominated agency charged with enforcing
the Versailles treaty, waxed poetic about German metal airplanes, and de-
scribed Hugo Junkers in almost mythic terms. With encouragement from
the French Air Ministry, French designers quickly produced a variety of
duralumin aircraft as early as 1920. A 1923 American report on French
aviation noted that “all-metal construction is the fashion of the hour and the
constructors follow the leader like so many fashionable dressmakers.”**
Like the French, the British also promoted metal aircraft in the postwar
period, but they preferred high-strength steels to duralumin, due in part to
the absence of domestic supplies of bauxite. By 1924 the British Air Ministry
had gained enough confidence in metal construction to require that all
“vital parts” of new military aircraft be built of metal. ¥

American interest in German metal aircraft remained muted until early
1920, in part because of the paucity of information available to the public.*®
In the spring of 1920, the British Air Ministry released descriptions of cap-
tured Junkers and Dornier models, descriptions that were widely repro-
duced in the American technical press.*” But such technical data failed to
generate much interest in the American aviation community. American en-
thusiasm for metal construction was finally stimulated not by technical data
but rather by the demonstration of an actual all-metal airplane in the United
States, the Junkers F13 transport.

The F13 owed its presence in the United States to the promotional efforts
of John M. Larsen. Before he took up aviation, the Danish-born Larsen had
worked in the dairy industry, introducing Danish butter-making techniques
to the United States and selling his own brand of industrial ice-making ma-
chinery.*® In late 1919, Larsen went to Europe to look for financial opportu-
nities in postwar aviation. He later claimed that he had intended to sell
American airplanes in Europe but was so impressed by the Junkers that he
immediately obtained a license to build them in the United States. How-
ever, it appears more likely that he had heard of German metal airplane
work and sought to profit from its introduction into the United States, as he
had previously done with Danish dairy technology. Larsen obtained a li-
cense from Junkers to build the F13 in the United States. He also bought
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eight F13s directly from Junkers, followed by fifteen more before the end of
the year.*

In May and June, Larsen launched a widespread effort to promote the
F13, which he marketed in the United States as the JL-6 (for “Junkers-
Larsen”). The all-metal Junkers generated tremendous excitement in the
military and among manufacturers. Larsen took special pains to interest the
army, demonstrating the airplane to influential officers in the Army Air Ser-
vice, including Maj. William C. Ocker. After a brief flight in the JL-6, Ocker
sent a report on the JL-6 to Gen. Charles T. Menoher, chief of the Air Ser-
vice. In this report, Ocker praised the JL-6 as “the airplane of the future” and
recommended its purchase for further study. Such endorsements convinced
Menoher, himself not a flyer, to embrace the metal airplane. In early June,
Menoher wrote Larsen that “there can be no question that the all-metal
plane is here and it behooves the rest of us to get busy in the near future if
we hope not to be left entirely behind in the race.” Larsen continued his
promotional efforts in June, staging a number of flights to publicize the
passenger-carrying capability of the F13. On June 12, two army officers
raced a pair of JL-6 airplanes from Washington to Long Island with full
passenger loads at an average speed of 102 mph for the faster plane. Col.
W. K. Wilson, who piloted the winning plane, heralded the JL-6 as intro-
ducing “a new era in aviation.”*"

Such hyperbole typified the reception of the JL-6, as demonstrated by
reporting in the New York Times:

Aircraft design and construction will have to be completely revolutionized as the
result of the success of an all-metal aircraft, the product of German genius, in the
opinion of prominent American aircraft manufacturers and Army Air Service offi-
cials. . . . Tt was said on good authority that one American company was going out
of business, realizing the futility of continuing to manufacture planes along the
present lines of construction.”

This favorable publicity paid off for Larsen, who sold eight of the Junkers to
the U.S. Air Mail at $25,000 each, quite a high price for the time, and six
more to the army and navy.*

The JL-6 drove no American company out of business and did not revolu-
tionize American aviation. However, the excitement generated by the JL-6
directly inspired a movement to develop metal airplanes in the United
States. This movement first found programmatic expression in the 1920
annual report of the NACA.

At the end of World War 1, the NACA still had not found a clear role
within the federal government. During the war, the army, the navy and the
Bureau of Standards established centers for aviation research, but the NACA
did not gain its own research facilities until the opening of the Langley
laboratory in 1920. In the mid-1920s, the NACA would become the leading
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American institution for research in aerodynamics. In 1920, however, the
NACA remained just one of several federal agencies competing for influence
over the federal aeronautics establishment.”® By supporting research in
metal airplanes, NACA staff hoped to position the agency at the forefront of
aviation technology, insuring the NACA a central place in postwar aviation.

The NACA showed some interest in metal aircraft construction before
1920, but it only developed a real enthusiasm for metal after the arrival of
the Junkers transports.”® In July, Leigh M. Griffith, the senior engineer at
Langley, visited the Engineering Division of the Army Air Service at
McCook Field, which had just received the army’s first JL-6. The Engineer-
ing Division continued McCook Field’s wartime role as a development and
test center for new military aircraft. The Engineering Division proposed to
spend $250,000 to develop all-metal airplanes, but, reported Griffith, the
army engineers had no clear program for spending this money. Griffith be-
lieved that the NACA “could become an important factor in the direction of
this all-metal development” if it submitted a well-defined program for re-
search on metal construction.”

Griffith’s proposal for a research program was received favorably at
NACA headquarters in Washington.’® In a clear lapse of institutional mem-
ory, discussions of the proposed program contained no reference to the
metal airplane work of the Empire company, whose results justified only
cautious support for metal. Instead, discussions of the program revealed the
powerful though unarticulated influence of the neue Stil, which combined
metal construction and the fully cantilevered monoplane in a single aes-
thetic construct. In a memo to the executive committee on the proposed
program, NACA executive officer George Lewis shifted back and forth be-
tween problems of metal construction and internally braced wings, with no
justification for their inclusion in a single program. A major component of
the draft program involved aerodynamic research regarding the properties
of thick wings, which at that time were a necessity for fully cantilevered
construction. The program also proposed research into the properties of
duralumin and the most effective types of metal structures.’”

In the end, the NACA technical committees failed to agree on a compre-
hensive research program. Nevertheless, enthusiasm for metal airplanes
found voice in the NACAS annual report for 1920, which contained a ring-
ing endorsement of all-metal construction. The report discussed airplane
materials in what appeared to be sober, technical language:

All-metal construction of airplanes has received the careful attention of airplane
manufacturers in Europe, with the result that apparently successful models have
been constructed. The war was fought with machines constructed of wood, which
from many standpoints is most unsatisfactory. . . . Wood has a nonhomogenous
structure, is uncertain in strength and weight, warps and cracks, and weakens
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rapidly when exposed to moisture. The advantages of using metal construction
for airplanes are apparent, as the metal does not splinter, is more homogeneous,
and the properties of the material are much better known and can be relied upon.
Metal also can be produced in large quantities, and it is felt that in the future all

large airplanes must necessarily be constructed of metal *®

The dispassionate tone of the report deceptively presented the superiority of
metal as an established technical fact, yet this “fact” depended on the very
research that the NACA was proposing to undertake.

The excitement generated by the JL-6 and the NACAs endorsement of
metal helped stimulate a burst of activity in the design and construction of
metal airplanes. The Army Air Service and the Navy Bureau of Aeronautics
quickly established major metal aircraft programs. Both services let con-
tracts with manufacturers for experimental all-metal aircraft. The navy de-
veloped duralumin fabrication techniques at the Naval Aircraft Factory, and
actively transferred these techniques to airplane manufacturers. By 1922
four firms were using duralumin for navy airplanes. In 1924 William Stout
produced the first American all-metal commercial airplane. As early as
1923, some advocates of metal construction felt enough confidence to con-
clude that the “problem today is not the choice between wood and metal but
rather how best to design and fabricate metal parts.””

This confidence proved premature. Although Fokker’s welded steel-tube
fuselage became standard by the mid-1920s, all-metal aircraft remained the
exception. Beginning in 1925, Henry Ford put his skills and money behind
Stout’s all-metal airplanes, but few imitators followed.” Statistics of U.S.
commercial aircraft demonstrate the continued dominance of wood wing
structures. In 1930, there were 130 types of commercial aircraft certified by
the federal government for use in interstate commerce. Of these 130, 107
used wood wing spars while fifteen used metal spars. Only seven of these
fifteen also used metal covering, and four of these metal-covered airplanes
were Fords. Thus in 1930, all-metal construction accounted for only 5 per-
cent of the types of commercial aircraft in production.®!

The persistence of wood wing spars into the early 1930s seems surprising
in light of the NACAs unequivocal statement in 1920 on the advantages of
metal. However, the aeronautical community’s endorsement of metal was
not the result of a careful consideration of its practical advantages. These
advantages would only arise at the end of a long period of development, and
even then the relative merits of wood and metal remained open to debate.
During the 1920s, the choice between wood and metal remained highly
indeterminate.
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Metal and Its Discontents

WHY DID THE AVIATION COMMUNITY s0 enthusiastically embrace metal air-
planes in the early 1920s? The achievements of German designers hardly
seem to justify the reaction; their wartime metal airplanes demonstrated no
particular advantages over traditional construction, while suffering from
some obvious drawbacks. American wartime research provided even less
evidence in favor of metal. Nevertheless, French, British, and American en-
gineers began advocating metal construction before they had a chance to
study German airplanes in detail.

One certainly expects sellers of consumer goods to tout every new varia-
tion in their products as revolutionary, but engineers are supposed to be
swayed by hard technical arguments that allow them to match available
technical means with desired ends. Indeed, advocates of metal did advance
technical arguments to support their position. Yet when examined in detail,
these arguments prove equivocal. Throughout the 1920s, neither theory
nor experience could demonstrate the superiority of metal for airplane
structures.

Technical criteria cannot explain the enthusiastic support for metal con-
struction in the 1920s. Rather, this support derived from the culture of the
aeronautical community, its traditions, prejudices, and symbols. Within
this culture, metal symbolized progress and science, while wood repre-
sented stasis and craft practices. When combined with the period’s powerful
faith in technological progress, these symbolic associations shaped the judg-
ments of engineers and airplane designers, justifying their belief in the in-
nate superiority of metal over wood and encouraging them to view the tri-
umph of metal as inevitable.

Technical Indeterminacy: Experience versus Rhetoric

Advocates of metal airplanes did not see any ambiguity in the choice. After
World War 1, they launched a widespread campaign against wood in the
technical press, characterizing it as impermanent, imprecise, and unreliable,
having all the undesirable characteristics of organic products of nature. To
metal they ascribed all the permanence and precision of the inorganic mate-
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rials that formed the basis of modern material culture. The technical argu-
ments advanced by these advocates were fairly uniform, whether published
in Germany, France, Great Britain, or the United States. These arguments
claimed a multitude of advantages for metal in fire safety, weight efficiency,
manufacturing costs and durability. Yet in each of these four areas, practical
experience with metal airplanes in the 1920s failed to confirm metal’s pur-
ported superiority.’

During and after World War I, fires caused many airplane accidents. A
major benefit of metal, according to its advocates, was increased safety from
fires. For example, Samuel W. Stratton, head of the Bureau of Standards,
declared the early Junkers airplanes to be “incombustible.” An army pilot
who examined the Junkers JL-6 in June 1920 told the New York Times that
“fireproof” metal construction had a “big advantage” over wood. Larsen
himself argued that “these metal machines eliminate the aviator’s greatest
fear—fire.”?

Yet when the fire safety of the JL-6 was put to the test, it proved to be
tragically exaggerated, to the detriment of the U.S. Air Mail. The Air Mail
purchased eight JL-6% from John Larsen in the summer of 1920 for
$200,000. Unfortunately, the JL-6 had serious defects in its fuel system.
Less than one month after the Air Mail began using the JL-6 that August,
one pilot narrowly escaped death when his feet were suddenly enveloped in
flames that burned through the metal floor. The next day two pilots were
killed when their Junkers caught fire in flight. The Junkers were grounded,
but they soon returned to service. On September 14, just two weeks after the
first fatal accident, another JL-6 burst into flames while flying over Ohio,
killing its two crew members. Despite extensive changes to the fuel system,
another Junkers was destroyed in a fatal crash in February 1921, probably
as the result of a fire. After this incident, the Post Office sold the four re-
maining JL-6s for a mere $6,044.°

As the Air Mail’s experience with the JL-6 demonstrates, the chief fire
danger for airplanes in the 1920s came from combustible fuels, not struc-
tural materials. Thin sheets of aluminum provided little protection against
fuel fires. Aluminum alloys melt at about 1000 degrees E, roughly half the
melting point of steel. Additional experience in the 1920s confirmed that
metal offered little protection against airplane fires. In 1930, MIT professor
Joseph Newell observed that crash fires “completely consumed” the struc-
tures of aluminum airplanes, leaving “no more evidence of . . . [the| original
shape than would a spruce structure.” Although wood-and-fabric airplanes
also provided little protection against fire, chemical retardants could dra-
matically increase their fire resistance. In one demonstration, a specially
treated wooden airplane was flown with burning gasoline-soaked rags at-
tached to its wings.*
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However questionable the initial claims for metal’s superiority in fire re-
sistance, this issue was minor when compared with metal’s greatest liability:
weight, or more precisely, weight in relation to strength. As designers began
accumulating experience with metal wing construction during the early
1920s, they discovered that it was very difficult to build a metal wing as light
as a wood structure. Neither theoretical comparisons, laboratory tests, nor
practical experience could demonstrate a clear advantage in weight effi-
ciency for either wood or metal.

No theme is more central to the history of airplane design than the strug-
gle to control weight. “Without doubt,” argued T. P Wright, a prominent
airplane designer, “weight and weight distribution, or balance, are of more
importance in airplane design than in any other branch of engineering.” To
be useful, an airplane had to carry, in addition to its own weight, a “useful
load” consisting of passengers, freight, gas, oil, and crew. The weight of the
airplane itself was termed “weight empty.” The sum of weight empty and
useful load, the total weight carried in flight, was called “gross weight.””

Within the boundaries of gross weight, variations in weight empty and
useful load are a zero-sum process. Every ounce eliminated from weight
empty adds to the useful load, and conversely every item added to weight
empty reduces useful load by an equal amount. These principles gave de-
signers of aircraft structures a clear goal—to create structures of minimum
weight while maintaining adequate strength, as specified by government
safety regulations. Aeronautical engineers therefore had to negotiate a
treacherous path between two sources of failure, excess weight and inade-
quate strength. These engineers pushed the limits of structural design, de-
veloping amazingly light structures that supported huge loads. Aeronautical
engineers, noted aviation pioneer Grover Loening, thought it “nothing ex-
traordinary” to build a six-hundred-pound wing structure, “really a bridge,”
that could support more than twenty tons. Quite often, however, airplane
designers found it impossible to keep airplanes within their estimated
weights while meeting strength requirements. According to Jerome C. Hun-
saker, the navy’s top aeronautical expert, designers “risk their reputations
with weight estimates.” An overweight airplane was an unsuccessful air-
plane, unable to carry the useful load specified in the design.®

In the early postwar years, many airplane designers hoped that metal
structures would prove lighter than wood. A few well-publicized cases
seemed to confirm these hopes, most notably a set of metal wings designed
for the navy in 1922 by Charles Ward Hall, an experienced civil engineer
turned airplane designer. However, Hall’s success remained exceptional.’
More typical was the army’s unsuccessful program to develop metal aircraft
in the early 1920s. As part of this program, the Army Air Service in late 1920
contracted with the Gallaudet Aircralt Company for a monoplane bomber
with metal-framework wings and an all-metal fuselage, named the DB-1.
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The company promised the army an airplane with a weight empty of 3,800
pounds and a useful load of 3,250 pounds, including bombs. As delivered
in late 1921, the prototype DB-1 exceeded the estimated weight empty by
more than a ton, which reduced the useful load to about one thousand
pounds. After deducting the weight of fuel and crew, this useful load was
barely enough for a hand grenade.®

Although the weight excess of the DB-1 was extreme, by the mid-1920s
even supporters of metal construction admitted to weight problems, espe-
cially in wing structures. “Metal wings are undoubtedly heavier than those
of wood and fabric,” reported an army spokesman in a 1925 article hail-
ing the advantages of metal. In a 1929 textbook, Alexander Klemin, a lead-
ing aeronautical engineer, estimated that metal wings weighed on average
from 25 to 36 percent more than wood wings. Klemin did admit that some
engineers could produce metal wings lighter than their wood counter-
parts, but such designs were possible “only in special cases and after long
experience.”

One might think it relatively easy for engineers to determine which ma-
terial would give the lightest structure: they could simply choose the mate-
rial with the greatest ratio of strength to density. Such simple comparisons
are inadequate, however, because no single measure of strength suffices to
describe the behavior of a material. Materials exhibit different strength
properties when subject to compression, tension, shear, torsion, and bend-
ing. A material might prove superior according to one criterion but infe-
rior according to another. In addition, some materials, such as wood, are
highly anisotropic, meaning that their properties vary with direction. For
example, Sitka spruce has almost twenty-eight times more tensile strength
parallel than perpendicular to the grain. Materials also fail in a multitude of
ways, making comparisons difficult. Materials fracture, crumple, crush,
crinkle, buckle, rupture, tear, deform, or creep, to use some of the terms
current in interwar aeronautical engineering. All these differences make ma-
terial properties an imperfect indicator of weight efficiency in complete
structures. '

Despite these difficulties, engineers did publish theoretical and empirical
analyses of the relative weight efficiencies of aircraft materials, though the
results often proved difficult to interpret. In a 1927 paper, Air Corps engi-
neer J. A. Roché compared the weight efficiency of wood and metal using
several different criteria. For parts of equal ultimate tensile strength, spruce
was lighter than all but the strongest heat-treated alloy steels, and even these
had only a 2-percent advantage over wood. Airplane parts were more likely
to fail in compression than in tension, however, a fact that limited the sig-
nificance of the tensile strength comparison. When comparing compressive
strength, Rochés data showed a definite advantage for metal. For short
blocks of equal strength, army tests demonstrated that aluminum alloy
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weighed 13 percent less than spruce, while heat-treated alloy steel weighed
24 percent less.!!

These comparisons offered no clues to the greater weight of metal wing
structures; in fact they ignored metal’s greatest liability. The key problem
lay not in the compressive strength of short, thick parts, but rather in the
strength of the long, thin parts common in aircraft structures. A completely
different type of failure determined the strength of such parts—compressive
buckling. The nontechnical reader can understand buckling by experiment-
ing with a sheet of paper. If one grasps opposite edges of the sheet and pulls,
the paper will resist a moderate amount of force without tearing. However,
if the edges are pushed toward each other, the paper provides almost no
resistance, usually bending in the middle of the sheet. This bending is com-
pressive buckling.!> Whenever a structure relies on thin sheets or long
slender parts in compression, the possibility of buckling exists. In metal
airplanes, the high density of the material necessitated thin cross sections
compared to wood. For sheets of equal weight, aluminum is one-fifth as
thick as spruce plywood, while steel is only one-fourteenth as thick."’

Curiously, aeronautical engineers did not publish quantitative compari-
sons of the relative buckling strength of wood and metal before the late
1930s, even though the comparisons are relatively straightforward. The
mathematical treatment of buckling goes back to Leonhard Euler, who in
1744 analyzed the elastic buckling of long slender columns. Aeronautical
engineers knew Euler’s analysis well, often referring to long slender parts in
compression as “Euler struts.”'* Most buckling failures in metal aircraft
were not those of the Euler strut, however. Designers rarely used columns
so slender as to fail in the Euler range, because of the low stresses they could
support. Buckling failures in metal airplane members usually occurred in
small areas where the thin metal experienced high compressive stresses, for
example the top of the wing spar. Such buckling could then cause the failure
of the entire member, weakened by buckling at one point. In effect, part of
the area under compression would behave as an Euler strut, losing its ability
to carry large compressive loads (figure 3.1). Engineers commonly referred
to such failures as local buckling or crinkling. Practical experience with
local buckling first arose with the new wrought-iron bridges in the mid-
nineteenth century, specifically the Britannia Bridge over the Menai Straits
in Wales. In experiments connected with the design of the bridge, Eaton
Hodgkinson established that the buckling load of a thin plate varied as the
cube of its thickness, a result in accord with Euler’s almtlysis.H For flat plates
of equal weight, thickness varies inversely with density, giving less dense
materials like wood a great advantage in buckling strength.

Quantitative comparisons of buckling strength appeared in the late
1930s, when new plastics rekindled interest in the relative weights of air-



METAL AND ITS DISCONTENTS 49

l

l Load

Beam under load

Top flange under compression

Bottom flange in tension

Top flange of loaded beam is under
T compression, and subject to local
buckling like the Euler strut
Behavior of an Euler strut.
As load increases, strut will
fail by elastic buckling

Figure 3.1. Elastic buckling, showing the analogy between an Euler strut and the
compression flange of a beam in bending. Adapted from Nathan Rosenberg and
Walter G. Vincenti, The Britannia Bridge (Cambridge: MIT Press, 1978), 20.

plane materials (see chapter nine).'® These comparisons showed how great
a handicap metal had to overcome in structures limited by buckling
strength. In a 1942 textbook, engineering professor John Younger estimated
the relative weights of wings of equal buckling strength, calculated on the
basis of flat plates. According to Younger’s calculations, if a plywood wing
weighed 100 pounds, an aluminum wing of equal strength would weigh 255
pounds, and a steel wing 500 pounds. These calculations show why buck-
ling was the most serious problem faced by metal airplane designers. Such
calculations provided some of the strongest arguments in favor of wood. For
these same reasons, proponents of metal usually preferred aluminum to
steel, since aluminum was only one-third as dense.”

An army project to develop metal wing spars illustrates the difficulties
that compressive buckling posed for designers of metal structures. In 1925
McCook Field requested bids for metal wing spars designed for identical
ten-ton loads; bids for thirty different spars were accepted. The Air Corps
also tested some standard wood spars for comparison (figure 3.2). The
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Figure 3.2. Samples of spars tested at Wright Field. Note the buckling failures in the
top flanges of the metal spars at center left. A. S. Niles, “Tests on 6% Inch Metal
Spars,” Air Corps Technical Report, no. 2895, Oct. 1, 1927, 35, copy in Library of
Congress.

initial results, published in 1927, showed that no metal spar performed as
well as the best wood spars. According to the report, the principal cause of
failure was “the liability of [metal] spars to fail by lateral buckling of the
compression flange. The wood spars did not show the slightest tendency to
buckle.” The authors attributed the poor showing of metal not to any inher-
ent deficiency but rather to the designers’ lack of experience with metal
construction. Neither did they see any inherent advantage in metal, ascrib-
ing relative merit to the skill of the designer not the material.'®

Some advocates of metal, aware of the buckling problem, believed metal
better suited to large airplanes. Buckling became less serious as airplanes
increased in size, because the buckling strength of thin parts increased with
the cube of thickness. Although this relationship was only dimly perceived
at the time, many proponents of metal were also advocates of large air-
planes. However, no one in the 1920s could predict how big airplanes had
to become before buckling ceased to be a serious concern. Even in 1930, the
largest American passenger airplanes revealed no clear advantage for metal
in terms of weight efficiency.! The historical record presents very little evi-
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dence that airplane designers turned to metal to meet future requirements
for large airplanes.”®

After 1930 another design trend, the increasing use of stressed-skin struc-
tures, more than offset the reduction in buckling promised by larger air-
planes. In a stressed-skin (or monocoque) structure, the covering con-
tributes a large part of the structures strength, in contrast to framework
structures, whose strength depends primarily on a skeleton of structural
members (see chapter eight). Stressed-skin structures solved two problems
at once, providing a streamlined external surface for the airplane as well as
a load-bearing structure. At the same time, stressed-skin structures made
buckling failures more likely. In a framework structure, most of the mate-
rial is concentrated in a few major members with relatively thick cross sec-
tions, whereas a stressed-skin structure spreads its material over a large
area, resulting in relatively thin cross sections. For all-metal stressed-skin
structures, preventing buckling failures became the designer’s most vexing
task.”!

Many engineers recognized the unreliability of comparisons based on ma-
terial properties and insisted that only complete structures provided a basis
for judgment. Edward P. Warner, a prominent aeronautical engineer, ar-
gued in 1927 “that the only possible basis of comparison is a direct balanc-
ing of the weights of complete subassemblies in metal and in wood.” Com-
parisons of material properties did not give due credit to metal, claimed
Warner, since they neglected its ability to be formed into more efficient
shapes, like tubing. Unfortunately, the comparison of complete structures
was also not decisive. Warner admitted that the efficiency of a complete
structure depended as much on the skill of the designer as on the choice of
material.**

Advocates of metal had always assumed that ingenuity would solve the
buckling problem, and by the late 1920s this assumption proved justified.
By the end of the decade, several firms were building metal-winged air-
planes with weight efficiencies comparable to wooden-winged airplanes.??
However, preventing buckling led to a new problem: metal structures cost
much more to produce than equivalent wood structures.

Designers of metal airplanes relied on two main techniques to prevent
buckling, both used widely in German metal airplanes during World War 1.
The first technique involved complex curved shapes, such as the corrugated
coverings favored by Junkers. Curving a flat sheet greatly increases resis-
tance to buckling perpendicular to the radius of curvature, as one can dem-
onstrate by pressing on the ends of a rolled sheet of paper. The British took
this technique to extremes with elaborate shapes for steel spars. Curved
shapes, however, only increase buckling strength in one direction. To in-
crease buckling strength in all directions, engineers attached reinforcing
“stringers” to the metal sheet, breaking it up into small panels, as visible in



52 CHAPTER THREE

the Dornier and Rohrbach designs. These stringers kept the edges of each
panel rigid, preventing buckling as long as the stringers themselves did not
buckle.**

Although these techniques improved the weight efficiency of metal air-
planes, they had a price, quite literally. All-metal designs required a mas-
sive amount of riveting and a large number of different parts, which greatly
increased labor costs. Initial costs are typically high in the early stages of
most innovations, and metal airplanes proved no exception. But even as
manufacturers gained experience, all-metal airplanes still remained far more
expensive than composite airplanes built with wood wings and steel-tube
fuselages.

Proponents of metal admitted that wood had some advantages for build-
ing experimental designs and small quantities, but they insisted that these
advantages would disappear with quantity production. Metal, argued Hugo
Junkers, was essential for “modern methods of manufacture, such as . ..
interchangeability, standardisation, [and] wide application of machine
work.” William Stout asserted, with characteristic hyperbole, that small
metal airplanes could be produced at even lower cost than cars or trucks,
given an equally large market. A 1930 survey of American airplane manu-
facturers found that “many [manufacturers] consider general use of metals
or alloys as necessary to attain mass production,” a goal “of vital importance
to the progress of the . . . industry.”?

Despite the supposed advantages of metal in production, early metal air-
planes cost considerably more than those built with composite structures.
In 1924 Admiral William A. Moffett, head of the Navy Bureau of Aeronau-
tics, reported that the “high cost of this type of construction” continued to
limit the navys use of metal airplanes; the following year Comdr. H. C.
Richardson reported to Congress that metal flying boats were costing the
navy five to six times more than comparable wooden types.*® The devel-
opment costs of metal airplanes were particularly high, as demonstrated by
the armys DB-1 metal bomber. The first DB-1 prototype cost Gallaudet
$148.000, which included a $43,000 loss on the fixed-price contract. The
Air Service paid Gallaudet another $150,000 to redesign the DB-1, but the
new model also proved unsatisfactory. The DB-1 was among the most costly
development projects undertaken by the Air Service in the early 1920s; only
the huge Barling NBL-1 bomber cost more.*’

The widespread faith that metal airplanes would ultimately prove cheaper
to build than wood airplanes helped sustain support for metal construction
during the 1920s. Yet subsequent experience proved this faith unfounded.
Metal airplanes remained more costly than mixed wood-and-metal types
throughout the 1930s, even though costs gradually decreased as airplane
manufacturers gained experience with metal. A 1930 German study, which
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examined both European and American airplane construction, found “all-
metal construction . . . much more expensive than mixed construction.” In
1932 the plant manager of the Boeing Airplane Company reported that all-
metal fuselages cost Boeing twice as much as fabric-covered types when
produced in the same quantities. Preliminary studies at Boeing indicated
that all-metal wings would also cost twice as much as those built of wood
and fabric. As late as 1939, large metal airplanes still required twice as
many hours of labor per airframe pound as typical wood-and-fabric biplanes
of 1922, despite the widespread application of machine tools to metal air-
plane production during the 1930s. Large-scale production in World War 1
lowered these costs considerably, but even then all-wood designs like the
de Havilland Mosquito cost no more to produce than comparable metal
airplanes.”®

Metal failed to live up to expectations for cheaper production because
these expectations rested on two demonstrably false premises: first, that
wood was unsuited to quantity production, and second, that airplanes
would follow the paradigm of mass production in the automobile industry.
From the early nineteenth century, inventors and entrepreneurs had ap-
plied specialized machinery and systematized procedures to the large-scale
production of wooden products. Woodworking machinery provided the
foundation for the first system approximating the modern concept of mass
production, the Royal Navy’s pulley-block factories at Portsmouth. This
well-publicized system had a daily production capacity of 1,420 wooden
pulley blocks, all manufactured with steam-powered machines that pro-
duced interchangeable parts using little skilled labor. In the 1850s the Aus-
trian firm Thonet Brothers was building fifty thousand pieces of bentwood
furniture annually at a single factory, and in the early 1880s the Singer
Manufacturing Company was manufacturing nearly one million plywood
sewing-machine cabinets each year. More complex structures also proved
amenable to “mass” production. By 1895 Studebaker Brothers had become
the largest manufacturer of wagons and carriages in the United States, with
an annual output reaching seventy-five thousand vehicles. In the 1920s, a
British manufacturer applied mass-production methods to wooden railroad
cars, reducing manufacturing time from six weeks to six days.”

The natural variability of wood may indeed have limited the rigorous
application of Fordist mass production methods. But airplanes never had
any prospect of being produced in quantities comparable to automobiles,
except in the delusions of aviation enthusiasts. Annual production of Ford’s
Model T peaked at 1.8 million units in 1925, while the entire U.S. airplane
industry produced only 45,201 airplanes of all models in the twenty years
from 1920 to 1939. Even during World War II, production runs for military
models rarely exceeded ten thousand for the entire war, and Fordist mass
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production remained a chimera. Mass production was even more unrealistic
for commercial aircraft. For manufacturers in the 1920s, “quantity produc-
tion” meant “an order for fifty or one hundred machines.” Passenger airlines
promised no large market; in 1924 E. P Warner estimated future American
demand for commercial transport aircraft at seventy airplanes per year.
Warner’s estimate was actually a bit high. In 1938 the industry produced for
domestic use only fifty-three multiengine airplanes, the dominant type for
airline travel, while domestic air carriers needed a total fleet of only 260
airplanes to serve the largest air travel market in the world. For civil air-
craft, by far the largest market was for small, privately owned, single-engine
models, precisely the types dominated by wood-and-fabric construction.”

Advocates of metal repeatedly invoked fire safety, weight efficiency, and
production costs as arguments in favor of metal, even though practical ex-
perience proved equivocal. But another issue provided the most potent ar-
gument for metal—durability. Durability was one of the most frequently
cited advantages of metal. Wood, said Junkers, “is subject to . .. fire and
decay, and splinters when breaking; it bursts and warps from the effect of
humidity . . . and the glued joints split; finally it is attacked by insects. . . .
Metal is free from all such drawbacks.”! Indeed, metals are in general more
durable than wood, but both deteriorate when left unprotected. Wood rots,
steel rusts, and aluminum corrodes. In the 1920s, only practical experience
could determine metal’s true advantage in durability, ideally through stud-
ies involving comparable wood and metal airplanes operating under similar
conditions. If such studies were ever done, they were never made public. In
any case, practical experience soon demonstrated that duralumin too had
durability problems, problems comparable in severity to those of wood.

In the early postwar years, airplane operators had little information on
durability, but soon discovered that heat and humidity were very hard on
wood-and-fabric. Airplane operators quickly recognized that maintenance
varied considerably with climate and type of service. Wood-and-fabric air-
planes deteriorated much faster in tropical than in temperate climates. As
early as 1920, the U.S. Navy found that its wood airplanes in Panama rotted
“very quickly,” even when kept in hangars. Colonial airlines in French Gui-
ana and the Belgian Congo became convinced that “all-metal seaplanes are
an absolute necessity in the tropics” due to the warping, rot, and alignment
problems experienced with their wood-and-fabric ships.**

Proponents of duralumin were initially very sanguine about its durabil-
ity.?® As the use of duralumin spread, however, reports of corrosion prob-
lems began to accumulate, and by 1925 evidence of an especially insidious
type of corrosion began to appear—intercrystalline embrittlement. In com-
mon types of corrosion, chemical reactions eat away the surface of the metal
while leaving the properties of the underlying material unchanged. Inter-
crystalline embrittlement, on the other hand, produces little change on the
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Figure 3.3. Intercrystalline corrosion. The magnified cross-section of an aluminum
alloy sheet shows penetration of corrosion into the sheet. Henry S. Rawdon, “Corro-
sion Embrittlement of Duralumin, 1I,” U.S. NACA Technical Note no. 283 (April
1928).

surface, but instead proceeds into the metal along the grain boundaries of
the alloy’s crystalline structure (figure 3.3). This process changes the physi-
cal structure of the metal, producing a marked reduction in ductility and
tensile strength. Embrittled duralumin gives little warning of impending
failure, which made it especially dangerous to airplanes in flight.**

The effects of intercrystalline embrittlement were observed for several
years before the cause was identified. Salt water and tropical conditions
proved as hard on duralumin as on wood. In the early 1920s, a German
airline using Junkers seaplanes in Colombia found that duralumin parts
deteriorated rapidly in the high heat and humidity, sometimes needing re-
placement in a matter of weeks. In the United States, a Post Office JL-6
began showing evidence of embrittlement after only two months of service.
In late 1924, after two years’ exposure on a Virginia seashore, the wing
covering of a retired navy JL-6 had become so brittle that it could easily
be pierced by a finger. This covering had originally been strong enough to
walk on.»

In late 1924, materials scientists at the Bureau of Standards finally diag-
nosed the problem as intercrystalline embrittlement. Further tests showed
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the problem to be widespread. The bureau’s findings caused considerable
concern in the federal aeronautics establishment. When the navy airship
Shenandoah (the ZR-1) crashed in September 1925, the Bureau of Standards
found widespread intercrystalline corrosion in parts of the wreckage. Al-
though the corrosion did not contribute to the accident, the bureau’s study
gave further publicity to the embrittlement problem.*

These corrosion problems led a number of engineers to conclude that
metal airplanes were not very durable. Duralumin corrosion was especially
troublesome for the navy, because the salt environment accelerated corro-
sion. In 1930 Lt. Lloyd Harrison of the Navy Bureau of Aeronautics summa-
rized his years of experience with metal airplanes: “We have found that
wood . . . was much more reliable than metal during the same period, with
regard to the main structural elements.” In another context, MIT professor
Joseph Newell repeated with approval a comment made to him by the chief
engineer of “one of our most progressive airplane companies. . . . ‘For dura-
bility and dependability I'll have my all-metal airplanes made of wood.””
Newell admitted, however, that a recently developed duralumin product,
known as Alclad, promised improved corrosion resistance, and Harrison
thought that the navy’s problems with duralumin corrosion were “in the
way of being solved.”’

The aviation community did indeed mobilize its resources to solve the
duralumin corrosion problem, most successfully through the development
of Alclad, an aluminum alloy bonded to a coating of pure aluminum. Alclad
was the result of a concerted effort by the federal government and the Alu-
minum Company of America (Alcoa) to solve the problem of intercrys-
talline corrosion (see chapter four). No similar efforts were undertaken to
solve the durability problems of wood airplanes (see chapter six).

Thus neither theory nor experience seem to justify the enthusiastic sup-
port given to metal airplanes during the 1920s. In fire safety, weight, pro-
duction costs and durability, metal failed to demonstrate any marked ad-
vantage over wood. Nevertheless, support for metal construction enabled it
to spread despite its problems, so that by the mid-1930s wood had been
completely eliminated from major classes of American aircraft, including
multimotored passenger airplanes and all U.S. combat aircraft.

Given the indeterminacy of the technical case for metal, how can one
explain its success? Metal did appear to offer advantages for certain specific
applications, such as flying boats, due to the considerable weight in mois-
ture absorbed by wooden hulls.*® But advantages in specific applications
cannot explain the nearly universal support for metal structures in all types
of aircraft. In most applications, the technical criteria did not clearly favor
metal.

Because of the indeterminacy of the technical criteria, instrumentalist ex-
planations that rely solely on technical factors are clearly inadequate. Histo-
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rians of technology have, however, gone far beyond such technological de-
terminism and now employ a variety of more sophisticated approaches,
using concepts such as systems, presumptive anomalies, social construc-
tion, and entrepreneurial strategies. Each of these recent methodological
innovations suggests possible explanations for the shift from wood to metal
airplanes.

One of the most powerful is the systems approach pioneered by Thomas P
Hughes, who argues that technological change is shaped by the need to
overcome “reverse salients” that limit the growth of functionally integrated
sociotechnical systems. Civil aviation did indeed become a large-scale tech-
nological system during the interwar period, but the problems with wood
did not constitute a reverse salient preventing the continued expansion of
the system. Commercial aviation grew rapidly in the late 1920s, in no way
inhibited by the use of wood structures.** Nor was support for wood the
result of far-sighted engineers who recognized “presumptive anomalies,”
inherent limits in the continued improvement of particular technologies.
Although one can persuasively argue that modern large airplanes would be
impractical with the wood technology of the interwar period, there is no
evidence that interwar engineers based their support for metal on any clear
conception of future requirements.®

Other possible explanations can be derived from the social construction
approach, which focuses on the role of competing social groups in shaping
technical change. Although social construction is in principle compatible
with attention to symbolic meanings, in practice this approach has focused
on economic interests, bureaucratic politics, and other struggles for power
between social groups. In any case one would be hard pressed to correlate
support for metal with identifiable social groups; this support came from
established companies and independent inventors, private enterprise and
government bureaucracies, college-educated engineers and autodidacts.”!

Finally, one cannot explain the success of metal through the entrepre-
neurial strategies of supplier firms and the interaction of these strategies
with market structures. Suppliers of aircraft metals, in particular Alcoa, did
have more market power and better research facilities than suppliers of air-
craft lumber, and in theory were better positioned to offer airplane compa-
nies the materials they needed. Yet all the evidence suggests that the metals
suppliers were followers rather than leaders, responding to the aeronautical
community’s enthusiasm for metal aircraft.*?

None of these possible explanations explicitly addresses the phenome-
non central to understanding the shift to metal airplanes: the symbolic
meanings of airplane materials. No explanation that posits utility-maximiz-
ing rational actors nor any approach that limits itself to an objective logic of
markets, firms, or other social structures can adequately explain the victory
of metal airplanes.*® To understand the aviation community’s support for
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metal airplanes one must go beyond such explanations and examine the
culture of the aeronautical community along with the specific ideology that
helped justify support for metal.

Metal and the Ideology of Progress

The clue to the aviation community’s support for metal lies in the symbolic
meanings that the aviation community associated with various materials.
For this community, wood symbolized pre-industrial technologies and craft
traditions, while metal represented the industrial age, technical progress
and the primacy of science. These symbolic meanings were not just vague,
implicit assumptions. Leading figures in the aviation community made their
beliefs quite explicit, articulating these symbolic associations into a specific
ideology of technical progress, a progress ideology of metal. According to
this ideology, the shift to metal was an inevitable consequence of technical
progress, part of the shift of engineering from art to science. This ideology
was a key factor in the demise of wooden aircraft.**

The idea that ideology shapes technical choice conflicts with the domi-
nant conception of technology as an archetype of rational discourse and
action. For many people, ideology implies irrationality and dogmatism.
This view centers on a definition of ideology as distortion. Although the
progress ideology of metal did blind the aviation community to the techni-
cal potential of wooden construction, the concept of ideology as distortion
does not explain its enduring power. Like all ideologies, the progress ideol-
ogy of metal also had integrating and legitimating functions. At the level of
integration, ideologies are explicit symbolic frameworks that help define
communities by providing a common program of action. Ideology guides
action by allowing people to make sense of a situation when myth and tradi-
tion prove inadequate, as they so often do with rapidly changing technolo-
gies.” The progress ideology of metal represented an attempt by the avia-
tion community to make sense of the symbolic contradiction inherent in the
wooden airplane, the clash between the modernity of aviation and the tradi-
tionalism of wood. The belief in the inevitability of metal helped resolve this
contradiction by defining the wooden airplane as a transitional technology
in the path to metal construction.

Two themes dominated the progress ideology of metal, the first linking
metal with progress and the second associating metal with science. In the
early 1920s, proponents of metal were especially vocal in their insistence
that the shift to metal was the inevitable consequence of technical progress.
“All the history of engineering relates the gradual displacement of timber by
lighter and more durable structures of steel,” argued John D. North, a prom-
inent British advocate of metal construction. In 1925 Lt. Corley McDar-
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ment, an army spokesman, expressed the same view: “Just as the trend of
engineering has always been toward replacing wood with metal, so has the
new branch . . . followed tradition. . . . The use of metal in aircraft construc-
tion is therefore only a natural consequence in the growth of engineering.”
J. B. Johnson, the army’s chief materials expert at McCook Field, echoed
these sentiments: “There is little doubt that the future airplane will be built
entirely of metal on account of its uniformity and permanency.”*

Proponents of metal supported this claim of inevitability by making his-
torical analogies with past triumphs of metal. French designer M. E. De-
Woitine argued that the replacement of wood by metal was a repeating pat-
tern in new technologies, which the airplane was destined to recapitulate.
Wood dominated early airplanes because “wood is by nature essentially a
material for new industries . .. ideal for the inventor, who ... obtained
results with but little design and calculation.” As the technology advanced,
metal would become dominant, just as it had in other industries. “I cannot
conceive that the ultimate airplane can be in anything else but metal,” con-
cluded DeWoitine, “in the same way that metal ships today completely re-
place the wooden ships of days gone by.” The analogy of the wooden ship
also inspired William Stout: “In a comparatively few years from now [1922],
wooden airplanes in the air will be scarcer than wooden ships on the sea.”™*’

Two navy engineers invoked a very specific historical analogy, that of the
steel railway coach, as an object lesson in the “struggle between metal and
wood.”

At first it was a question of sacrificing low structural weight to satisfy the public
demand for a safe vehicle; but later when the standard structural shapes gave way
to special shapes developed for the purpose and when designers became more
experienced and specialized|,] the steel railway coach became lighter than the
wooden coach.

Thus, even though the first metal planes might be heavier than comparable
wood designs, as indeed they were, this shortcoming would soon pass with
the progress of metal construction.*®

This use of historical analogies was rather ironic given the devotion of
metal’s supporters to creating novelty through technical progress. Never-
theless, these analogies made rhetorical sense because they created the myth
of a broad, autonomous historical process, one that operated by substituting
new materials for old. Proponents of metal credited this process with nu-
merous great achievements, all viewed by the engineering community as
symbals of technical progress. Metal’s supporters thus rested their case for
the future progress of aviation on the past triumphs of metal over wood.

The second aspect of this progress ideology concerns the “scientific”
character of metal. This theme was rarely fully articulated but found ex-
pression in the argument that metal permitted greater accuracy in stress
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calculations than did wood.* Design in metal was considered more scien-
tific because metal better met the assumptions of the theory of elasticity,
assumptions that included a linear relationship between stress and strain
and also the absence of time-dependent plastic deformations like creep.
However, highly refined calculations were of little use in design, because
safety standards were based on ultimate (breaking) load, which occurred
when stresses had passed far beyond the elastic limit. Due to the limitations
in structural theory, designers assumed elastic behavior when calculating
ultimate loads, thus limiting any advantage to be gained from increased
accuracy in the elastic range.”®

The “scientific” argument for metal derived its force from the assumption
that technological progress involves a trend from art to science. This as-
sumption was made explicit in a semi-official article written by Corley Mc-
Darment, a lieutenant in the War Department’s information division. Al-
though “flying started as an art,” argued McDarment, “aviation is now
crying out to science” to solve its problems. Aviation must wait a while
“before the pure art in airplane construction gives way to pure science.”
Nevertheless, continued McDarment, science has already assumed a major
role in airplane design and has promoted the shift to metal. “It was the
finger of science that pointed to metal in airplane construction.” Wood and
fabric construction do not “enable a manufacturer to say: ‘This is true, and
that is true.’” Metal, on the other hand, permits accurate predictions,
claimed McDarment, who was presumably referring to stress calculations.
“The scientific mind likes to build upon the most reliable figures obtainable.
And these are certainly to be found among metal workers.” According to
this logic, the ineluctable movement of engineering from art to science dic-
tated the use of metal.”!

“Science” in this context did not refer to a logically coherent system of
ideas or an epistemological method. Rather, science was an attribute of a
technological style, one that valued the use of theoretical models, complex
calculational procedures, and extensive, systematic empirical research. The
belief that metal was more scientific than wood was itself a cultural preju-
dice. “Science” did not adhere to specific materials; its techniques and ethos
were as applicable to wood as to metal. In fact, wood had as much if not
more to gain from the application of science, because scientists had devoted
less effort to wood research and because wood’s mechanical properties are
more complex than metal’s.”

The preference for “science” in technology over nonscience was another
cultural prejudice, a central legitimating ideology for engineers in the early
twentieth century. The techniques subsumed under the concept of science
did offer some practical advantages, but the legitimating, ideological func-
tions of science often exceeded its instrumental role in engineering design.
Most aviation engineers understood the limited utility of science, and ar-
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gued persuasively that airplane design involved much more than applied
science. Nevertheless, science as a cultural concept had symbolic power,
which the advocates of metal appropriated to their cause.”

Some engineers recognized the ideological character of support for metal,
noting the nontechnical factors influencing the debate. In 1923 A. P. Thur-
ston, a British engineer and an early supporter of metal, noted a “tendency
to make all-metal construction a fetish, that is, . . . to construct every part of
the machine of metal whether metal is the most suitable material or not.”
Edward P. Warner saw engineers’ support for metal as partly “psychologi-
cal.” Defenders of wood were fighting a losing battle, said Warner. “One of
the reasons is psychological . . . and is by no means unimportant. We who
work directly with airplanes may have fallen under the spell of the peculiar
virtue that is supposed to inhere in a material so generally used in other
engineering structures.” The German airplane designer Heinrich Focke
encountered the same attitude among engineers on the other side of the
Atlantic. “The preference for metal construction does not rest on purely
technical (sachlichen) grounds. The engineer feels a certain reluctance about
working with an unfamiliar material such as wood.” These psychological
factors, this reluctance, and the fetish for metal were all manifestations of
progress ideology.™

The progress ideology of metal was no mere epiphenomenon but had
demonstrable effects on the aviation community as a whole. Its first effect
was to define the terms of the debate over aircraft materials. Second, this
ideology inhibited the public defense of wooden construction, producing a
one-sided debate in the aviation press. Third, it undermined the arguments
in support of wood that did appear, since even wood’s defenders acknowl-
edged the inevitable triumph of metal.

The very terms of the debate about aircraft materials reveal the influence
of the progress ideology of metal. Airplane designers did not simply decide
to use “metal” or “wood,” but rather selected specific materials, such as
Sitka spruce or 17ST aluminum alloy. Nevertheless, most debates about
airplane materials posed a choice only between two broad classes of materi-
als, wood and metal. Within each of these categories were hundreds of ma-
terials with an extraordinary range of physical properties. Although some
advocates of metal favored steel and others duralumin, they almost invari-
ably framed the debate in terms of the dichotomy between wood and metal.
Partisans of steel or duralumin supported their favored materials with none
of the passion reserved [or the question of wood versus metal. This passion
for metal over wood reflected, as Robert Friedel has observed, “a general
attraction to the use of the inorganic over the organic.” This preference for
the inorganic was deeply embedded in the culture of engineering.*

Given the almost universal use of wood in American aircraft until the late
1920s, one would expect to find vigorous advocacy of wood in some quarter
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of the aviation community. But the case for wood was never made. Progress
ideology tends to stifle debate by making certain choices appear inevitable.
The paucity of support for wood in the aeronautical literature reveals the
strength of this ideology in aviation. Not a single article appeared in the
American aviation press in the 1920s in defense of wooden construction.”®
Lieutenant McDarment noted this absence in 1925: “The wood and fabric
people . . . are not doing much talking in defense of these materials.” There
were occasional spirited defenses of wood against the claims of metal’s ad-
vocates, but these never appeared in the aviation press. One such article
appeared in the Journal of Forestry in 1924, hardly standard reading for
aeronautical engineers. In 1930 wood expert George Trayer published an-
other well-argued defense of wood in the journal Southern Lumberman, in
which he advocated continued research on wooden aircraft construction.
Yet such arguments were almost never heard within the aviation commu-
nity, despite the continued widespread use of wood in both military and
civilian airplanes well into the 1930s.””

Even when manufacturers were willing to defend wood in public, prog-
ress ideology structured the debate in a way that handicapped the sup-
porters of wood. A publicity newsletter for the Fokker Aircraft Corporation
illustrates this point. The company’s founder, Anthony Fokker, was one of
the most successful and innovative designers of American transport aircraft
in the interwar period.”® But his company’s progressive image seemed
threatened by its continued use of wood wings. The 1926 newsletter, en-
titled “Why Are There No Fokker ‘All Metal’ Airplanes?” is written in a
defensive tone. The newsletter acknowledged the historical trend from
wood to metal, as evidenced by ships, railroad cars, and automobiles. It
accepted the logic of those who “feel that the airplane is bound some day to
go through this same process. ... Against the eventual prospect of such
development nothing can be said.” 1f Fokker airplanes continued to use
wood, this indicated not conservatism but “that all is not well with all[-]
metal construction.” The newsletter enumerated these disadvantages, ar-
guing against metal wings on the grounds of safety and ease of repair. At the
same time, the newsletter defended Fokker’s reputation as a technically pro-
gressive company, despite its continued use of wood. “In the Fokker facto-
ries, both in the United States and abroad, the spirit of progress, of constant
improvement, dominates.”*

The Fokker company’s defense of wood actually served to undermine its
continued use. The argument for metal was based not on technical compar-
isons alone, but also on historical analogies shaped by the progress ideology
of metal. The newsletter accepted the logic of this argument, which dictated
the inevitable triumph of metal. The Fokker company merely quibbled over
the timing. It argued, in essence, that metal suffered from a few teething
problems, which made the continued use of wood necessary for the time
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being. This defense of wood actually helped justify the concentration of
research and development work on metal construction, and the subsequent
neglect of wood. And this newsletter appeared in 1926, when every Ameri-
can commercial airplane in production used wood except for the Fords.

The progress ideology of metal involved more than empty rhetoric; these
debates were not sideshows to the real decisions being made in the engi-
neering departments of airplane firms. This ideology provided a cognitive
framework that encouraged basic research and practical efforts to improve
metal construction, while discouraging attempts to solve the problems of
wood. The dominant belief in the inevitable triumph of metal directly
undermined the planning and research necessary for the continued use
of wood.



4

An Old Role for the Military:
Government Support for
Metal Airplane Construction

MILITARY SUPPORT was essential to the success of American metal airplanes.
Between the world wars, the army and navy promoted metal airplanes fi-
nancially, technically, and ideologically. Beginning in the summer of 1920,
the air arms of both services launched major programs to develop metal
airplanes suitable for military use. These programs produced multiple
failures; by 1925 neither service had acquired metal airplanes suitable for
operational squadrons. Despite these failures, the army and navy persisted
with efforts to develop metal airplanes, finally achieving success at the end
of the decade.

The centrality of military support to the development of metal airplanes
should come as no surprise. Warfare has shaped technical change from the
beginning of human history, while military needs played a key role in the
emergence of Western technology during the Early Modern period. In
the nineteenth century, the military provided essential support for a num-
ber of important new technologies, including interchangeable parts, rail-
roads, and steel. In the twentieth century, military influence rose to a new
level, creating entirely new industries that served both civilian and mili-
tary purposes, including nuclear power, radar, space flight, computers, and
microelectronics.! But the first such industry was aviation. Without military
support, the airplane would have remained little more than a curiosity
suited to entertaining crowds at county fairs.

As David Edgerton has argued, the airplane’s dependence on military
support clashes with the liberal ideal that technologies should develop natu-
rally from forces operating within civil society. From the perspective of this
liberal ideal, military influence is an artificial distortion of the normal, mar-
ket-driven process of technical change. The standard technical histories of
aviation all reflect this view, attributing major advances to commercial fac-
tors.® A few members of the aviation community accepted this liberal myth,
and argued that military influence was inimical to civil aviation. Promoters
like William Stout dreamed of producing airplanes that could support
themselves financially as well as aerodynamically, without any need for gov-
ernment assistance. Fortunately for the industry, no one took Stout’s rheto-
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ric seriously. If market discipline had ever been imposed on the industry, it
would have collapsed immediately. Most commentators acknowledged the
military as the engine of aeronautical progress, even in the United States,
which had the world’s largest civilian air transport market. As the Aeronau-
tical Chamber of Commerce stated in its 1923 annual report, “the problems
of military and commercial aviation are inseparable.”

Military dominance of aviation derived in part from the sheer size of gov-
ernment purchases. According to a 1940 financial analysis by George S.
Armstrong & Company, “long before the present conflict had started,” avia-
tions “close integration with military demands and service” distinguished
it from “practically all other industries.” Only the ordnance industries de-
voted a larger proportion of their output to the military.’ Available statistics
on American aviation sales show that the dollar volume of military pur-
chases exceeded civilian sales by a wide margin between the world wars,
despite tight military budgets. Military dominance was almost total in the
first half of the 1920s, when commercial production was negligible. From
1920 through 1923, the military spent roughly $40 million to buy aircraft
and engines. During this same period, the industry produced only 213 air-
planes for civilian and export markets, a figure that represented less than
$1 million in sales. Although civilian sales exceeded military sales by a wide
margin in 1929, that year proved anomalous; in most years military pur-
chases continued to outpace commercial sales. The proportion of sales de-
voted to military production increased in the late 1930s even before the
United States began preparing for war; in 1936 and 1937, military sales
accounted for two-thirds of the total market.®

Aviation differed from other industries by more than just proportion of
output consumed by the military. According to the Armstrong report, avia-
tion was also distinguished “by the extent to which developments and
improvements in design, function and manufacturing . . . have been stimu-
lated and supported by governmental appropriation as dictated by transcen-
dent national policy.”” Military demands for improved performance con-
trolled the pace and direction of technical change. Most civil aircraft were
small, low-powered “puddle-jumpers,” while the military dominated the
market for larger, faster planes. Designers of commercial transports always
kept one eye on military requirements, and almost invariably attempted to
sell their equipment to the army or navy. At the same time, manufacturers
of commercial planes borrowed heavily from military designs. The military
air arms spent millions annually on research and development, transferring
the results of successful projects to industry for production. Both of the
military services maintained large civilian engineering staffs that dwarfed
the technical capabilities of private manufacturers. In 1924 the Army Air
Service’s Engineering Division maintained a stalf of more than one thou-
sand civilians at an annual cost approaching $2 million, while the Naval
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Aircraft Factory at Philadelphia employed thirteen hundred civilians. The
military also exerted considerable control over the aeronautical research
agendas of other federal agencies, especially the Bureau of Standards and the
National Advisory Committee for Aeronautics (NACA).®

Military domination of technical trends was particularly evident in the
development of metal construction. Both the army and navy designed and
built their own prototype metal airplanes in the early 1920s and then con-
tracted with private manufacturers for production versions. These projects
gave military engineers valuable experience in the design problems of metal
airplanes, experience that was then applied to airplanes developed under
contract. The army and navy let contracts for numerous metal airplanes in
the early 1920s when there was little civil demand for conventional air-
planes, let alone novel types. In addition, the military repeatedly issued
statements in support of metal construction, which encouraged manufac-
turers to develop metal airplanes even in the absence of government con-
tracts. Thus while military support was essential for the success of metal
construction, the industry did not receive a free ride with regard to devel-
opment costs. Airplane manufacturers shared the military’s enthusiasm
for metal and were willing to invest their own funds in developing metal
airplanes.’

Military contracts served as the principal means for the military to shape
the technical development of the airplane. The contracting process for new
airplanes remained quite flexible, despite periodic attempts by Congress to
impose a rigid system of competitive bidding. At one extreme, companies
sometimes developed new airplanes as speculative ventures, with no assur-
ance that the army or navy had any interest in the type. The military often
encouraged such ventures by lending the manufacturer engines, armament,
and other equipment under a bailment contract. At the other extreme, the
military often negotiated contracts for experimental airplanes directly with
a single manufacturer, without even the pretense of competition, sometimes
providing partial payments before delivery of the airplane to help keep the
firm in business. Most experimental contracts, however, fell between these
extremes, following standard procedures that included both negotiation
and competition. '

Within the army, development of new airplanes was the responsibility of
the Army Air Service, established by President Wilson in May 1918. The
Army Reorganization Act of June 4, 1920, recognized the Air Service as both
a combatant and a supply organization. In its combat role, it had a status
similar to the artillery, tactically subordinate to field commanders. More
importantly, the Air Service controlled the development and supply of its
own equipment. Within the Air Service, responsibility for these supply
functions fell to the Engineering Division at McCook Field, Ohio. In 1926
Congress reorganized the Air Service as the Air Corps, and the Engineer-
ing Division became the Materiel Division. In 1927 the Materiel Division
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moved to larger quarters at nearby Wright Field, now Wright-Patterson Air
Force Base.!!

By the early 1920s, the Engineering Division had developed a standard
process for procuring new airplanes. Within the division, responsibility for
new airplanes fell to the Airplane Section. Other sections were responsible
for the development of power plants, equipment, and armament. A new
airplane generally began with a detailed performance specification, devel-
oped in conjunction with tactical personnel outside of the Engineering Divi-
sion. The specification stated the loads, armament, and equipment to be
carried, as well as performance. The performance data included figures for
high speed, ceiling, rate of climb, and range. Occasionally the Engineering
Division required a specific type of construction, such as a monoplane or a
steel-tube fuselage, but in general the division left these decisions up to the
manufacturers. It then issued the specification in a circular proposal to the
industry, which responded with preliminary designs and bids. Price was
rarely the decisive factor in choosing among manufacturers at this stage.'?

In the next step of the procurement process, the Engineering Division
negotiated a contract with the chosen manufacturer for two or three air-
planes, sometimes requiring extensive changes in the manufacturer’s design
based on the division’s own experience and calculations. The Engineering
Division continued to offer technical advice to the manufacturer through-
out the life of the contract. Most contracts required the manufacturer to
supply a wind tunnel model, which was tested at McCook Field to check
performance predictions, and a detailed stress analysis showing that each
structural member and fitting would develop the required strength. In most
cases, the first airplane produced was used for static testing and consisted
only of the airframe. Assuming that the airplane passed its static test, the
next one was used for flight tests. If the division and operating personnel
judged the performance satisfactory, the manufacturer received an addi-
tional order, typically for about ten airplanes, which were sent to the air-
fields or tactical units for “service” tests by army pilots. The Engineering
Division did not control the service tests, which in effect gave the pilots veto
power over new designs. If the plane passed its service tests, it could be
adopted as a standard Air Service type and possibly ordered in quantity. The
entire procedure, from the development of a specification to the adoption of
the airplane as standard equipment, could take two or more years."?

Enthusiasm and Failure: The Army’s Early
Experience with Metal

American enthusiasm for metal airplanes was ignited by the arrival of the
all-metal Junkers J1-6 in mid-1920 (see chapter two). John Larsen, the able
promoter of the JL-6, wisely focused on military officials in his efforts to sell
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the airplane, and the military proved highly receptive to his sales pitch. But
Larsen’s influence far exceeded the half-dozen metal airplanes that he man-
aged to sell to the army and navy. More importantly, Larsen’s sales cam-
paign prompted the army to embark on a vigorous program to develop
metal aircraft construction. This program, however, proved less than a stel-
lar success. The army completed three major metal airplane projects in the
first half of the decade; none produced a satisfactory airplane. This experi-
ence confirmed the difficulty of producing metal airplanes comparable to
wood structures in weight, strength, and cost.

The army’s interest in metal airplanes remained muted until late in the
spring of 1920, when Larsen’s lobbying campaign reached senior military
officers.!* By mid-June, Larsen had built up considerable support among
these officers. Not one of them had made a detailed technical inspection of
the JL-6, nor had any independent tests verified Larsen’s claims for the air-
plane. Yet based on these officers’ cursory examination of the JL-6, both the
army and navy jointly endorsed the development of metal airplanes as a
major goal for each service’s air arm. In a rare instance of interservice co-
operation, this endorsement was made by the Aeronautical Board, a com-
mittee created in 1920 by the army and navy to eliminate duplication of
effort between the services.”

The endorsement of metal came at a meeting of the Aeronautical Board’s
Technical Committee on June 18 at McCook Field. The five army and five
navy officers present adopted a resolution recommending “that the acquisi-
tion and construction of all-metal airplanes be considered at once by both
the War and Navy Departments.” The resolution also urged the purchase
of existing all-metal types for testing and evaluation. The committee spe-
cifically recommended buying six JL-6 airplanes, three for the army and
three for the navy, with metal pontoons for the navy planes to permit oper-
ation on water. The proposed program for the JL-6 included the study of
construction methods, performance, flying qualities, and durability. The
full Aeronautical Board approved the recommendation of the Technical
Committee and urged the rapid development of all-metal airplanes by both
services.'®

The Aeronautical Boards endorsement of metal construction did not
commit the Air Service to any particular strategy for investigating the new
technology, except to buy and test the JL-6. In fact, the resolution did not
insist that the army and navy actually adopt metal airplanes at all, only that
each service consider such adoption. The Air Service faced a choice between
two divergent approaches to fulfill the Aeronautical Board’s mandate, one
restrained and the other aggressive. In the more restrained approach, the Air
Service would merely sample existing technologies and gently encourage
manufacturers to adapt them to existing military requirements. Such an
approach did not satisty the enthusiastic advocates of metal construction.
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These advocates urged the Air Service to plunge headlong into metal con-
struction, aggressively developing all-metal airplanes in the neue Stil.

The Engineering Division began formulating its strategy for developing
metal airplanes in mid-July. Initially, the Division proposed spending
$250,000 for “development work” related to metal airplanes. Capt. Vir-
ginius E. Clark, then chief engineer at McCook, advocated some restraint,
favoring a two-step approach to the problem. The first step would involve
adapting metal construction to current Air Service types, namely externally
braced biplanes with fabric covering. After making some progress in the first
step, the Engineering Division would then concentrate on internally braced
designs of the Junkers type. Despite the element of conservatism in Clark’s
two-step program, he retained “the greatest faith in the ultimate successful
development of the all-metal internally braced machines,” that is, airplanes
of the neue Stil."”

Clark’s caution was soon swept aside by enthusiasm for metal construc-
tion. In August of 1920, the Engineering Division proposed an ambitious
$10 million budget for fiscal year 1922 (which began July 1, 1921), double
the appropriation for the previous year. Metal airplanes figured prominently
in the proposed expenditures. Out of the $840,000 budget for “Airplane
Research and Development,” research in metal construction accounted for
$235,000. This research program included studies of internally braced du-
ralumin wings, fuselages of tubular and sheet dural construction, metal tail
surfaces, and sheet-metal wing and fuselage coverings. These figures did not
include civilian pay, which totaled $2.6 million for all projects. Even more
ambitious was the proposed purchase of fifty-nine experimental airplanes at
a cost of $2,665,000. These airplanes represented new models for each of
the fifteen different service types desired by the Air Service. Of these fifteen,
seven were specified as all-metal, with metal suggested as an option for an
additional three types.'®

These plans were wildly optimistic in an era of presidential and congres-
sional parsimony unmatched in this century. The public’s bitter aftertaste of
World War 1 prompted especially sharp reductions in military spending.
War Department expenditures were cut by more than half between 1921
and 1922, from $1.1 billion to only $458 million. The Engineering Division
did not fare badly in this climate, obtaining an appropriation of $4.3 million
in fiscal year 1922, down from $5 million in the previous year. Nevertheless,
this restricted appropriation prevented the Air Service from taking a head-
long plunge into the new metal technology.'

This enforced caution proved fortuitous for the Air Service, for each of
its initial forays into metal construction ended in failure (with the excep-
tion of work on the welded steel-tube fuselage). The first fiasco was with an
observation plane built by the Empire company, which the army had or-
dered in late 1919, before the arrival of the JL-6. This metal-frame, fabric-
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covered biplane embodied the experience gained by the company in metal
construction during the war, and was also its first attempt at the design and
manufacture of a complete airplane. Empire delivered its first airplane to
McCook by October 1920, and army engineers began subjecting it to static
tests. In almost every single test, the airplane failed to support the required
load factors. In November the Air Service reported laconically that “the
structural strength was unsatisfactory, and the development of this airplane
has been abandoned.”*°

This single setback did not deter the Engineering Division, which had
firmly committed itself to developing metal airplanes. In September 1920,
the Engineering Division requested submissions from manufacturers for a
design competition covering five different airplane types. In a design com-
petition, the Air Service asked for preliminary designs and made small cash
awards for the best submissions. If the Engineering Division found a partic-
ular proposal promising, it would negotiate a fixed-price contract with the
manufacturer for the construction of experimental airplanes from the com-
pany’s design. The September design competition required at least partial
metal construction in all five specifications.*!

Also in September 1920, the Engineering Division started designing its
own all-metal internally braced monoplane. This airplane, designated the
CO-1 (for Corps Observation), was the Division’s own attempt to produce an
airplane of the neue Stil. The CO-1’s structure consisted primarily of duralu-
min, except for some heat-treated alloy steel in highly stressed parts of the
Pratt-truss wing spars. Following Junkers’s practice, corrugated duralumin
covered both the wings and the monocoque fuselage (figure 4.1). The CO-1
was powered by a four-hundred-horsepower Liberty engine, a reliable work-
horse developed during the war. Construction of the CO-1 began at
McCook Field in early 1921, and the first airplane was finished by Novem-
ber. The initial flight of the CO-1 took place in March 1922. J. A. MacReady,
chief of the Engineering Division’s Flying Section, reported favorably on the
airplane’s flying qualities. MacReady found the CO-1 to be a “far easier
‘plane to fly than . . . the JL-6,” but noted its poor side visibility due to the
location of the wing, a serious drawback in an observation plane.*

In April 1922 the Engineering Division began negotiations with manufac-
turers for production of the CO-1. William Stout, who was then building an
all-metal torpedo bomber for the navy, refused to manufacture the CO-1
unless he could redesign it to his liking. The Engineering Division had bet-
ter luck with the Gallaudet Aircraft Company of East Greenwich, Rhode
Island. This company was founded in 1910 by Edson Fessendon Gallaudet,
a Yale graduate with a physics doctorate from Johns Hopkins. Gallaudet was
a moderately successful contractor to the Air Service, supplying airplanes
worth more than $600,000 during the 1920 and 1921 fiscal years. Gallaudet
had recently received two contracts from the Air Service to produce metal
airplanes of Gallaudets own design, making the firm a logical choice to
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Figure 4.1. Army CO-1 observation plane, McCook Field’s first attempt at all-metal
construction. National Archives at College Park, Record Group 18-WP, photo
no: 11357,

produce the CO-1. In June 1922, Gallaudet began working on a $110,000
contract to build three CO-1s.

Meanwhile, tests of the CO-1 continued during the first half of 1922. The
Engineering Division completed a second CO-1, and performed additional
flight tests. Despite MacReady’s favorable initial report, subsequent test
pilots developed a strong dislike for the airplane. They reported poor com-
bat visibility, annoying vibrations, and insufficient maneuverability. One
pilot thought the CO-1 “absolutely worthless as a military *plane.” The final
flight test report concluded that “this airplane lacks so much in flying
qualities . . . that it does not fulfill the requirements of a military airplane for
corps observation work.” Finally, a July report on the static tests revealed
that the CO-1, like the Empire airplane before it, failed almost every
strength requirement. The report recommended a substantial redesign of
the structure.**

Despite these negative reports, the Engineering Division permitted Gal-
laudet to proceed with production of the three CO-1s. Gallaudet deliv-
ered the first CO-1 in early 1923. Unfortunately, this single airplane cost
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Gallaudet almost the entire amount allocated for all three airplanes under
the fixed-price contract. The company requested the Engineering Division
to cancel the order for the remaining two airplanes, and the Division agreed.
In March the Air Service ordered Gallaudet to stop work on the contract,
and an audit found that Gallaudet was entitled to almost $89,000 for its
work on the one airplane. The Air Service had already spent nearly $185,000
at McCook field on engineering, building, and testing the CO-1, for a total
cost approaching $274,000 for three unsatisfactory airplanes.?” Thus ended
the Engineering Division’s own attempt to design an all-metal airplane of
the neue Stil.

The CO-1 was not Gallaudets first venture in metal airplane construction
for the army nor its first failure. When Gallaudet began working on the
CO-1 in mid-1922, it already had two army contracts for metal airplanes,
one for a bomber and the other for a pursuit plane. Gallaudet began design-
ing the bomber in the fall of 1920 in response to an Air Service competition
for a single-engine day bomber. Gallaudet’s design was for an internally
braced monoplane with a metal structure. The day before Christmas, the
Engineering Division signed a contract with Gallaudet to build three of
these bombers, known as the DB-1 (for day bomber).20

Like the CO-1, the DB-1’s development was also fraught with problems.
The initial performance and weight estimates looked very promising. Gal-
laudet had promised to deliver an airplane with a gross weight of 7,050
pounds, a useful military load of 3,250 pounds, including 600 pounds of
bombs, and a high speed of 141 mph. When Gallaudet delivered the first
DB-1 in December 1921, almost one year after receiving the order, the Engi-
neering Division found the airplane seriously overweight. The original de-
sign estimated the weight empty at 3,800 pounds, but the DB-1 as delivered
weighed 5,969 pounds, exceeding the estimate by more than a ton. Roughly
280 pounds of the weight increase was due to the engine, over which Gal-
laudet had no control, but most of the increase resulted from the metal
structure. As delivered, the DB-1 had a monocoque fuselage and fabric-
covered wings, built primarily of duralumin with some steel in the wing
spars and landing gear (figure 4.2). At about the same time as Gallaudet
delivered the first DB-1, the Engineering Division received results of the
wind tunnel tests conducted at MIT. The test report revealed disappointing
aerodynamic efficiency for the airplane, as measured by a poor lift-to-drag
ratio of 6.6. Using the wind-tunnel data and the higher weight, the Engi-
neering Division reduced its estimate of the DB-1s top speed to only
115 mph, 36 mph below the original estimate.?’

The Division completed static tests on the DB-1 at the end of December
1921. These tests revealed weakness in the wings and problems with the
controls. The wing failed at a load factor of 4.5 by buckling in the upper
flange of the front spar, below the required load factor of 5.5. In addition,
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Figure 4.2. Gallaudet DB-1 metal bomber. This first version shows the wing struc-
ture and monocoque fuselage. National Air and Space Museum, Smithsonian Insti-
tution (Wright-McCook photo no. 11304).

the elevator controls would not work properly. The elevator control wires
passed over pulleys attached to the fuselage skin, which buckled slightly
under load, interfering with operation of the elevator. Civilian engineer
D. B. Weaver, author of the static-test report, recommended a major re-
design of the structure and control system. Weaver concluded that the
monocoque fuselage was especially overweight, and that its redesign would
produce a significant reduction in weight.*®

In addition to weight and performance problems, the DB-1 was plagued
by excessive costs. Shortly after delivery, E. E Gallaudet began complaining
of losses under the fixed-price contract. Gallaudet claimed that the airplane
had cost him $45,000 more than the $103,000 that the Air Service was
paying for it. The disappointing results led the Engineering Division to
question the entire DB-1 project. On January 4, 1922, the officers involved
in the project met to discuss the changes that needed to be made to the
DB-1. They decided that Mr. Gallaudet would bear “the burden of proof” to
demonstrate that he could build a metal airplane of satisfactory weight. If
not, the Air Service would consider canceling the contract.?”

After receiving detailed advice from the Engineering Division in January
1922, Gallaudet agreed to a series of changes that constituted almost a com-
pletely new design for the DB-1. These changes were incorporated into a
new cost-plus contract for the second airplane, now designated the DB-1B.
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The new design abandoned the monocoque duralumin fuselage for a welded
steel-tube structure, and also used a standard Air Service wing section in-
stead of one developed by Gallaudet. Wind tunnel tests indicated a greatly
improved lift-to-drag ratio of 9.1, and static tests on a sample spar indicated
sufficient strength. When delivered in May 1923, the DB-1B weighed 5,348
pounds, a reduction of 621 pounds. With an increase in gross weight, this
reduction gave the DB-1B the desired useful load of 3,500 pounds, includ-
ing a 600-pound bomb load. When flight tests started in August, however,
the DB-1B was found to have very poor control characteristics. The most
serious problem was a pronounced tendency to roll to the right at speeds
above 120 mph. Lt. Ernest Dichman, an engineering officer at McCook
Field, concluded that the control problems would “have to be corrected
before this airplane can be considered in any degree successful.” But after
spending $253,000 for two unsatisfactory versions of the DB-1, the Engi-
neering Division decided to abandon the project.*®

The Air Service undertook another metal airplane project in the early
1920s that repeated the failures of the CO-1 and DB-1. This project involved
a contract with Gallaudet for three all-metal pursuits designated the PW-4.
Gallaudet designed a partially cantilevered biplane with a duralumin mono-
coque fuselage, with ribs fashioned from duralumin sheet, and spars of
heat-treated steel and duralumin. Unlike the DB-1, the PW-4’s wings were
covered by duralumin instead of fabric. Gallaudet delivered the first air-
plane on January 30, 1922. In static tests of the PW-4 that spring, the tail
surfaces and controls proved unsatisfactory. The Engineering Division post-
poned a decision on the PW-4’s future pending static tests on a Dornier DI,
which shared many structural features with the PW-4. (The army had ob-
tained the D1 from the navy, which had purchased the airplane in Swit-
zerland.) In September 1922 the Air Service canceled the contract for the
remaining two planes and abandoned further development of the PW-4.%!

The Engineering Division had more success in promoting the welded
steel-tube fuselage developed by Anthony Fokker. As part of the metal air-
plane work begun in the fall of 1920, McCook Field designed a pursuit
plane with a welded steel-tube fuselage, the PW-1; at about the same time,
the Engineering Division also ordered another pursuit with a steel-tube fu-
selage, the Curtiss PN-1. Neither airplane entered production. The Air Ser-
vice also bought twelve Fokker monoplane fighters from Holland; these
were designated the PW-5 and gave the Air Service experience with both the
steel-tube fuselage and monoplane wings. The Engineering Division slowly
gained confidence in the Fokker fuselage, and in February 1923 the Air
Service gave Boeing a contract to remodel three wooden DH-4s with welded
steel-tube fuselages. The results proved satisfactory, and the Air Service gave
Boeing a contract for fifty more DH-4s. In the next fiscal year, 1924, the Air
Service awarded Anthony Fokker’s new American company a contract to
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remodel one hundred DH-4s with steel-tube fuselages, and Boeing received
a contract to remodel another 127. The new fuselages for the DH-4s cost on
average only $2,400 per airplane, a fraction of the cost of duralumin mono-
coque fuselages. By fiscal year 1924, the Air Service had begun placing pro-
duction orders for new airplanes using the steel-tube fuselage, including
twenty-five Curtiss PW-8 pursuits and twenty TW-3 training planes. At the
end of the fiscal year, welded steel-tube fuselages had become standard for
almost all new airplanes procured for service use.**

The steel-tube fuselage provided the only success in the Air Service’s pro-
gram to develop metal airplanes in the early 1920s. The steel-tube fuselage
was a significant improvement over the wooden frameworks it replaced, but
this development failed to spark the enthusiasm that accompanied all-metal
aircraft. The steel-tube fuselage still required fabric or plywood covering,
and it failed to eliminate pre-industrial wood from the wings.

Except for the steel-tube fuselage designs, every metal airplane that the
Air Service attempted to develop between 1920 and 1923 ended in failure.
These failures illustrate two of the problems with metal discussed in chapter
three, weight and cost. In the early stage of a new technology, one would
expect costs to be high and difficult to predict. The weight and strength
problems were more serious, however. In particular, American airplane de-
signers found it very difficult to predict the strength of metal airplane struc-
tures, due largely to the prevalence of buckling failure. Major H. S. Martin,
chief engineer at McCook Field, made this point explicitly in a discussion of
the stress analysis of the DB-1. Stress analysis techniques of the time were
moderately accurate for certain types of structures, such as pin-jointed
trusses and simple beams in bending. The methods were less accurate for
complex structures, however, especially those that failed by buckling. Mar-
tin had little faith in the predictive power of the stress analysis for metal
airplanes. He criticized the presence of a thin projecting lip in the DB-1’s
metal spars, which Martin thought “likely to crinkle.” “It is impossible to
say,” concluded Martin, “whether or not the section would develop the re-
quired strength.” Indeed, the spar did not develop the required strength,
and failed by buckling.*®

The Retreat from Enthusiasm

The repeated failure of the army’s metal airplane projects changed the atti-
tude of the Engineering Division toward metal construction. Although the
Air Service never repudiated the goal of the all-metal airplane, the Engineer-
ing Division adopted a more conservative approach. This new approach
rejected immediate attempts to acquire airplanes of the neue Stil in favor of
the evolutionary development of metal structures. Instead of all-metal fully-



76 CHAPTER FOUR

cantilevered monoplanes, the Air Service decided to stick with fabric cover-
ings and externally braced biplanes. Already in 1922, the Engineering Divi-
sion had become wary of metal wing coverings. In a memo regarding a
design competition for an “all-metal” bomber, Maj. L. W. McIntosh, acting
chief of the Engineering Division, noted that the specification permitted
fabric coverings. McIntosh believed that fabric would save weight and ease
inspection and repairs. In addition, the division had also grown wary of the
monoplane. Although the design specification permitted a monoplane,
wrote McIntosh, “this division believes a monoplane undesirable.”**

The appearance on the American market of another German all-metal
airplane of the neue Stil revealed the reasons behind the new attitude of the
Air Service, This airplane, a single-seat pursuit known as the Dornier-
Wright WP-1, was introduced to the American market in 1923 by the
Wright Aeronautical Corporation, a major military supplier of aircraft en-
gines. The WP-1 was structurally similar to the wartime Dornier D1 (see
chapter two). Dornier built this airplane in Switzerland to circumvent the
Versailles treaty’s prohibition against the manufacture of military aircraft in
Germany. The WP-1 had a duralumin monocoque fuselage and an inter-
nally braced monoplane wing mounted on struts above the fuselage in the
“parasol” arrangement. The wings consisted of heat-treated steel spars,
stamped duralumin ribs, and a partial duralumin covering.”

The Wright company worked hard to sell the WP-1 to the Air Service. In
a letter to Maj. Gen. Mason M. Patrick, chiel of the Air Service, Wright
company president Frederick Rentschler reiterated the standard arguments
in favor of metal construction. Rentschler insisted “that the airplane of the
future would be of all metal construction,” arguing that metal would in-
crease “durability and reliability,” and eventually reduce production costs.
Rentschler admitted that “almost prohibitive” production costs had inhib-
ited the development of metal airplanes and that it appeared “seemingly
impossible” for metal airplanes to match the performance of wood-and-
fabric types. The WP-1, claimed Rentschler, had solved these problems. The
Wright company offered to build the WP-1 in the United States, presumably
under license from Dornier, but only if it could obtain a production order
from the Air Service.*

General Patrick instructed the Engineering Division to report on the Dor-
nier-Wright airplane. The Engineering Division did not receive the WP-1
with open arms, in sharp contrast to the embrace of the Junkers JL-6 less
than three years earlier. The intervening experience with metal construction
had cooled the enthusiasm of the army’s aviation experts. Although the
McCook Field engineers acknowledged the skillful construction of the
WP-1, they reported emphatically that the Dornier design “is not the type
which is desired for service use.” The division’s engineers objected to both
the monocoque fuselage and the metal-covered wing. The monocoque fuse-
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lage made maintenance and inspection difficult in comparison to steel-tube
construction, “One has only to put this airplane [the WP-1] beside the Cur-
tiss [probably the PW-8] to see that the steel frame structure with fabric
covering and removable cowling offers marked advantages for a military
airplane.” The WP-1’s gas and oil tanks, mounted internally in the fuselage,
could only be accessed through the cockpit, “a decidedly poor arrangement,
but one that is almost imperative in a monocoque fuselage.” The metal fuse-
lage covering also prevented inspection of the joints between the wing struts
and the fuselage. Deterioration of this joint could cause loss of the wing
during the violent maneuvers required of pursuit airplanes. The report on
the WP-1 questioned the use of duralumin for any structural parts that
could not be easily inspected.*’

The Engineering Division also objected to the WP-1’s fully cantilevered
monoplane wing. It had concluded that internally braced monoplane wings
were undesirable for pursuit planes. Writing for division chief McIntosh,
A. H. Hobley complained of “too frequent” structural failures with this type
of wing. Hobley mentioned the crashes in a recent Spanish exhibition of two
monoplanes, one wood and the other metal. These accidents confirmed the
army’s own experience with monoplane pursuits, which included the death
of an army test pilot in a Fokker monoplane due to wing flutter, and persis-
tent flutter problems with the Fokker PW-5 pursuit. This distrust of the
WP-1 wing proved justified when one of the wrecked Spanish monoplanes
turned out to be a Dornier-Falke pursuit similar to the WP-1. This airplane
crashed when the wing failed after experiencing wing flutter at full speed in
level flight. This information reinforced McIntosh’s recommendation
against the Dornier-Wright WP-1, and led him to denounce the “reprehen-
sible” behavior of foreign designers, by implication Fokker and Dornier,
who failed to inform the Air Service of safety problems in airplanes being
tested at McCook Field.*®

The Dornier-Wright plane gave the Engineering Division the opportunity
to make explicit its ideas about the proper path for the development of
metal construction. The division believed that the best fuselage consisted of
a rigid steel-tube structure covered with fabric aft of the metal-cowled en-
gine compartment. The “most desirable” wing would have a metal frame-
work, covered with fabric, “closely akin to the conventional wooden wing.”
Such wings could be stored uncovered and then closely inspected before
being covered with fabric and placed in service. Metal wing coverings made
such a procedure very difficult. A 1925 Air Service publication made the
preference for fabric explicit: “It is now the policy of the Air Corps, in prac-
tically all of the service types of airplanes, to insist, as far as possible, on a
wooden or metal structure covered with fabric.”

The Engineering Division’s more conservative approach was reflected in
the draft chapter on aircraft materials for a book titled Airplane Design. The
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authors, civilian engineers at McCook Field, incorporated the lessons
learned from the unsuccessful attempts to develop all-metal airplanes. The
McCook engineers acknowledged the complexity and uncertainty involved
in the choice of materials:

The problem [of choice of materials] cannot be solved by the simple method of
subjecting test specimens of the various possible materials to tension, bending,
and compression tests and selecting the material which gives the best ratio of
strength to weight; but many other factors must be considered, some of which are
incapable of being expressed mathematically. ... Tests may show that a new
material is stronger in every way tested than some other material that has been
used successfully for a long time, yet when the new material is substituted for the
old, it proves to be entirely unsatisfactory due to some property not indicated by

the tests.®

This statement was an implicit rebuke to the categorical claims made by
advocates of metal construction. Practical experience could provide the
only clear test for the suitability of a particular material.

The Engineering Division’s first opportunity to implement its more cau-
tious approach was provided by a design competition for a night bomber.
The competition, which closed in February 1923, called for an “all-metal”
airplane, with fabric covering permitted, having a top speed of 110 mph and
a useful load of 2,770 pounds, about five hundred pounds less than the
DB-1. Most of the major airplane builders submitted designs. None of the
proposed designs satisfied the structural engineers at McCook Field. Alfred
S. Niles, writing for the structures unit, judged all of the designs “highly
experimental” because of the requirement for metal construction. Niles was
then a twenty-nine-year-old structural engineer with a bachelor of science
in civil engineering from MIT; he later became a professor at Stanford and
a leading expert on aeronautical structures. According to Niles, “the mem-
bers of the structures unit are unanimous in feeling that it would be inadvis-
able to build any of the proposed designs at the present time with our very
limited knowledge of metal construction.” Instead, Niles proposed a more
modest approach. Rather than complete airplanes, he suggested the pur-
chase of parts of the designs, such as fuselages, ribs and wing spars, from
each of the manufacturers. These parts would be tested under uniform con-
ditions, allowing the Engineering Division to evaluate a variety of structural
types at a much lower cost than that required for complete airplanes.!

Limited funding made Niles’s proposal especially attractive. The Engi-
neering Division had already spent close to $578,000 on the three Gallaudet
contracts and the McCook Field CO-1, without receiving a single satisfac-
tory airplane. Meanwhile, the Engineering Division’s budget had continued
to shrink. Its fiscal year 1923 appropriation fell to $3.5 million, down from
$4.3 million in fiscal year 1922. In a draft of the 1923 annual report, Major
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McIntosh complained bitterly that “the continued decrease of appropria-
tions permit [sic] only the solving of the more important problems at hand
in the quickest manner possible.” Despite McIntosh’s protests, the shortage
of funds actually forced the Engineering Division to develop a long-range
strategy for the development of metal structures, a strategy based on Niles’s
proposal for testing metal components.*

At the end of March 1923, the Engineering Division launched the first
study inspired by the new strategy. The division asked manufacturers who
had submitted designs for the all-metal day bomber to provide price quotes
on metal ribs, spars, and fuselages, all designed for the same loading condi-
tions. A tight budget precluded orders for the fuselages, which cost up to
ten times more than the spars and ribs combined. Most manufacturers were
willing to supply two spars and six ribs for between $2,000 and $3,000, a
bargain compared to the cost of a complete airplane. A number of estab-
lished manufacturers received orders, including Boeing, Douglas, Aero-
marine, and LWE*

This first metal spar study did not yield any definite results about the best
type of metal construction, but it did provide a glimpse of the difficulties
that compressive buckling would pose for spar designers. By the end of the
project, the Engineering Division had tested seven metal spars, and also one
wood spar for comparison. The initial results of the spar tests indicated that
the wood spar was “a little more efficient” than the metal spars.** The tests
also revealed “the marked tendency of such [metal] spars to fail by buckling
or crinkling of the compression members.” However, most of the failures
also involved failures of fittings, making it “impossible to separate the effect
of the fitting from that of the spar construction.” These problems prevented
the engineers from reaching any broad conclusions about the relative merits
of different types of construction.®

The interim results were sufficiently encouraging to convince Niles of the
need to broaden and extend the tests. Niles proposed a “continuing study to
cover several years” to develop metal spars superior to those of wood. This
study would follow the lines of the original project, involving contracts with
a variety of manufacturers for metal spars subjected to identical tests at
McCook Field “in competition with wood spars.” Niles made it clear that
the comparison with wood was not intended to evaluate the relative merit
of the materials. Rather, the goal was to help develop metal spars more
efficient than existing wood spars. Niles thought metal spars “of great im-
portance for the future of airplanes,” and he believed it possible “eventually
to develop metal spars lighter than wood for nearly every case.” This confi-
dence was not misplaced, in part because McCook Field had abandoned all
projects related to improving the design of wood spars. Still, Niles coun-
seled patience, and warned that superior metal spars “should not be ex-
pected for some time.”*°
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Niles’s proposal became the basis for an extensive study of metal spars
designed for the requirements of a single-bay observation biplane. The
study began in earnest in early 1925, when the Engineering Division re-
quested bids from the industry for metal spars, 6' inches deep and 7 feet
long, all required to support identical loads. Most of the spars were supplied
by major manufacturers and independent engineers, while others were de-
signed and built at McCook Field. By August 1926 the McCook engineers
had tested forty-one spars, including thirteen different types of metal con-
struction; six months later they had tested twenty-three more. The variety
and complexity of the metal spars is striking, comprising almost every
major type of metal construction. The spars included box beams, channel
trusses, tubular trusses, plate girders, hourglass sections, dumbbell trussed
webs, and tube frameworks. Most designers used duralumin; a few em-
ployed steel. All received detailed data from the Engineering Division on the
tests of their spars, including an analysis of failure at ultimate load. Design-
ers used this information to improve subsequent spars of the same type,
with as many as five different variations being tested.*” In effect, the spar
study served as a training program to diffuse the knowledge needed for
metal airplane construction to a large part of the aviation industry.

A progress report on the study was prepared in August 1926, partly in
response to widespread interest from manufacturers. The report demon-
strated the inconclusive nature of even the most straightforward experi-
ments, at least with regard to questions of design. The test results revealed
the superiority of the wood spars (see chapter three), which proved some-
what embarrassing, since Niles had championed the study as a means for
developing better metal spars. The results clearly implied that wood was the
better material for spars in terms of weight efficiency, at least with regard to
the hypothetical observation airplane under consideration.*

However, the results were also open to an interpretation that led in a
different direction. Rather than granting any innate advantage to wood,
Niles and his coauthor E. C. Friel attributed the superior performance of the
wood spars to their greater refinement in design. Niles and Friel argued that
European reports of better strength-to-weight ratios for metal spars did not
apply to American conditions. “The development of the wood spar has not
progressed as far in Europe as in the United States, while in Europe that of
metal has progressed much further.” When both wood and metal spars had
achieved equal levels of development, argued Niles and Friel, the relative
merit of designs would depend more upon the skill of the designer than the
choice of materials.*

Niles and Friels analysis of relative levels of development certainly con-
tained some truth, but it was also a well-worn strategy for defending a new
technology that failed to perform as expected. The concept of equal levels of
development is much less precise than strength-to-weight ratios. The metal
spars in the study represented the best efforts of American aeronautical en-
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gineers, who were well informed about European developments. Engineers
in the American airplane industry had been working on metal construction
since 1920. Furthermore, wooden wing spars remained relatively simple,
both in design and construction. An observer comparing wood and metal
spars would not have concluded that the wood spars were more highly de-
veloped. Existing test data did make wood spars easier to design than metal,
but this reflected the greater simplicity of most wood spars, which made
such test data easy to obtain. The real problem with metal spars was the low
buckling strength of the metal, which increased the complexity of the de-
sign process. Designers of wood spars could usually ignore buckling. In
other words, the problem with the metal spar was not its low level of devel-
opment but its need for a higher level of development before it could com-
pete with wood.”

Although Niles had explicitly designed the study to advance the cause of
metal construction, some of the more vigorous advocates of metal found
fault with his conservative approach. They attacked the basic premise of the
study, insisting that the hypothetical two-spar, fabric-covered wing was not
suited to metal construction. Some engineers argued that the Junkers
multispar design or the Rohrbach single-box spar should serve as the model
for development. Niles and Friel countered by noting that the two-spar
framework “was taken from analogy to metal structures like steel-truss rail-
road bridges.” They pointed out that steel framework structures had com-
pletely superseded the hollow-box (“tubular”) designs of early English iron
railroad bridges like the Britannia bridge, which were analogous to the
Rohrbach-type stressed-skin wing. Niles and Friel argued that until all-
metal wings “can show a superiority they have not yet proved,” develop-
ment should focus on open frameworks.”!

In tests conducted during the winter of 1927, one metal spar finally
proved superior to at least some of the wood spars. The Douglas Aircraft
Company designed the spar, which was of dural box construction with a
corrugated web. The spar surpassed the strength-weight ratio of the wood
I-spars, but remained slightly inferior to the best wood box spar. The weight
difference between the Douglas spar and the best wooden spar amounted to
only one pound over its seven-foot length. These results finally demon-
strated that an acceptable metal spar could be designed for observation air-
planes, at least in terms of weight-to-strength ratios.”

Dogged Persistence: The Navy’s Support for Metal Airplanes

The U.S. Navy played a major role in developing metal airplanes, a role at
least as important as the army’s, despite the navy’s smaller budget. The navy
found metal airplanes just as troublesome as the army did and encountered
similar problems with weight and cost. But the navys metal airplanes
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proved somewhat more successful than the army’s, managing to get past the
prototype stage and into service tests. In service, these airplanes revealed
another difficulty, expensive maintenance costs, especially when aluminum
alloys came into contact with salt water.

The navy made its first contribution to metal construction by convincing
Alcoa to begin U.S. production of duralumin-type alloys. The navy’s interest
in duralumin began well before the postwar enthusiasm for metal airplanes.
By 1916 Germany’s use of military zeppelins had sparked the navy’s interest
in rigid airships. Rigid airships promised to provide the navy with long-
range scouting ability far in excess of anything that airplanes could provide.
In July 1916, Adm. David W. Taylor, chief constructor of the navy, asked
Alcoa to develop a high-strength aluminum alloy similar to that used in
German zeppelins. For additional assistance, Taylor brought in the Bureau
of Standards, which had considerable expertise in nonferrous metallurgy.”

Alcoa succeeded in producing a duralumin-type alloy in laboratory quan-
tities not long after the American declaration of war in April 1917. Alcoa’s
laboratory success was aided by research at the Bureau of Standards, where
metallurgist Paul Merica discovered the fundamental chemical mechanism
of precipitation hardening in aluminum alloys. But Alcoa metallurgists
found it hard to translate their laboratory success into commercial produc-
tion, experiencing considerable difficulty producing duralumin sheet of a
quality acceptable to the navy. Production problems continued even after
December 1919, when Alcoa accepted contracts to deliver duralumin for the
navy’s first rigid airship, the ZR-1.7*

Under constant prodding from the navy, Alcoa worked hard to develop
reliable production methods for this new alloy, named 17S by Alcoa. The
navy did its best to help Alcoa, even engaging in industrial espionage to
discover the production secrets of European firms. Not until spring 1921
was Alcoa able to deliver sufficient quantities of 17S for construction of the
ZR-1. By late 1922, Alcoa was finally able to produce 17S consistently, even
exceeding the strength and uniformity of German duralumin. Alcoa cer-
tainly deserves credit for overcoming the difficult technical problems in-
volved in producing duralumin. But without the technical assistance of the
U.S. government and the determination of navy officers to have a domestic
supply of duralumin, Alcoa would have had little incentive to become a
commercial supplier of aluminum alloys for aircraft structures.”

Aside from encouraging the domestic production of duralumin, the navy
did little to promote metal airplane construction before the summer of
1920. After the official endorsement of metal construction by the Aeronauti-
cal Board in June 1920, the navy too began letting contracts for metal air-
planes. The army and navy did little to keep each other informed about their
metal airplane projects, despite the call for cooperation by the Aeronautical
Board. If navy engineers had kept abreast of the army’s contracts, they
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would have found distressing parallels with their own experimental air-
planes, which repeatedly proved too costly, too heavy, and too difficult to
maintain.

The navy’ first all-metal airplane had much in common with the Gal-
laudet DB-1. This airplane, designated the ST, was a torpedo bomber de-
signed and built by Stout Engineering Laboratories of Detroit. William
Bushnell Stout, the company’s president, was an engineer, publicist and
inventor. Stout had much in common with professional inventors of the late
nineteenth and early twentieth centuries, men like Thomas Edison and
Elmer Sperry. These inventors clearly understood that a successful inven-
tion depended on effective promotional skills as well as technical achieve-
ments. Stout had taken the importance of public relations to heart; all that
separated Stout from Sperry and Edison was his lack of technical ability.*®

Stout’s career demonstrates how far enthusiasm can compensate for such
shortcomings. Stout was born in Quincy, Illinois, in 1880, the son of a
Methodist minister. He obtained a degree in mechanical engineering from
the University of Minnesota in 1904, after which he made his living design-
ing toys and writing do-it-yourself articles. Stout founded an aviation jour-
nal in 1914 and then joined the aircraft division of the Packard Motor Car
Company in 1917. In 1918 he began building airplanes on his own. Stout’s
first airplane was a small monoplane with a fully cantilevered plywood-
covered wing, ordered by the army near the end of World War 1. This air-
plane, known as the “batwing” because of its long wing chord, suffered from
very poor visibility, which convinced the army to abandon the project. After
the armistice, Stout returned to Detroit, where he built a commercial ver-
sion of the batwing. He found no buyers, probably because of the plane’s
poor control during landings.”’

Stout was an early enthusiast of the fully cantilevered monoplane but a
later convert to metal construction. In April 1920 he began discussing a
possible design for a plywood torpedo monoplane similar to his earlier de-
signs. Later that month, Stout caught wind of the duralumin JL-6, and he
immediately embraced the new material. In early June he wrote Col. Thur-
man Bane, chief of the Engineering Division, about the JL-6: “I have just
been up in a German Junker [sic] plane at Mineola, and am sore all over that
the Germans should have beaten us to it on our own ground.””® Henceforth,
Stout became an advocate of the neue Stil, the all-metal, fully cantilevered
monoplane. He doggedly pursued this goal until he finally produced a suc-
cessful airplane of the neue Stil. The navy provided a large part of the sup-
port Stout needed to reach this goal, but it derived little benefit from Stout’s
eventual success.

Stout’s conversion experience coincided neatly with the navy’s decision
to build metal airplanes. In late June, Lt. Comdr. Jerome C. Hunsaker ap-
proved Stouts new plan to build the torpedo plane in metal. Hunsaker, a
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1908 graduate of the Naval Academy, was perhaps the most technically
astute officer in American military aviation. After Annapolis, Hunsaker re-
ceived advanced training in naval architecture from MIT, earning his mas-
ter’s degree in 1912. In 1913 he returned to MIT to establish the first Amer-
ican degree program in aeronautical engineering. He received MIT's first
doctorate in aeronautical engineering in 1916 and then joined Admiral Tay-
lor to head the Aircraft Branch at the navy’s Bureau of Construction and
Repair.” Despite Hunsaker’s technical credentials, he failed to perceive the
risk he was taking with Stout.

Stout quickly negotiated a $170,000 contract for three all-metal, twin-
engine monoplanes designed to carry a 1,650-pound torpedo at 110 mph,
with the first plane due on January 1, 1921. Stout promised an empty weight
of 4,600 pounds and a useful load of 4,000 pounds, quite optimistic figures
at that time. Stout soon exhausted his available capital, and in November
the navy agreed to provide him with progress payments, a departure from
the standard practice of withholding payment until delivery of an acceptable
airplane. On December 7, with the first airplane due in twenty-four days,
Stout asked for his first of many extensions. By October 1921, Stout had
spent almost the entire contract amount without finishing the first airplane.
Stout demanded substantial additional funding to complete the contract,
insisting that he had created “an organization for the development of metal
structures second to none in the world,” while offering no specific proposals
to solve the many problems that plagued his work under the contract.®

The navy had already paid Stout $92,000, even though he had not deliv-
ered a single airplane. Despite Stouts failure to fulfill the contract, the
navy’s engineers seemed ready to accept Stout’s every excuse, so thrilled
were they by the allure of the all-metal airplane. In May 1921, Taylor had
told the secretary of the navy that “from all information available, [Stout]
leads other aircraft manufacturers in this country in skill in all-metal air-
plane construction.” Meanwhile, navy inspectors reported on the poor orga-
nization of the engineering and manufacturing work, which contributed
heavily to Stout’s excessive costs. Stout had also failed to install an adequate
system of weight control to keep the airplane near its design weight; such
systems were fundamental to airplane manufacturing. In assessing the proj-
ect for the Bureau of Construction and Repair, Lt. Comdr. Garland Fulton
lamented Stouts lack of an experienced technical staff, whose expertise
could have saved the project thousands of dollars. Still, insisted Fulton,
“this is too big an investment to throw away.” Fulton refused to condemn
Stout, insisting that the project “must be considered from an engineering
standpoint and an appreciation of the pioneer and research character of the
work Mr. Stout has done.” The navy canceled the existing contract in late
October, paying Stout $141,000, and gave Stout a new contract to complete
the three torpedo planes.®!
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Figure 4.3. Stout ST-1 all-metal torpedo bomber in flight, May 31, 1922. Note the
torpedo under the fuselage. National Air and Space Museum, Smithsonian Institu-
tion (SI neg. no. 96-15638).

The new contract did little to improve Stout’s engineering skills. By early
December it appeared that the first airplane would be a thousand pounds
over its contract weight, much like the DB-1. After spending another
$75,000 of the navy’s money, Stout finally delivered the first airplane in the
spring of 1922 (figure 4.3). Flight tests began in late May and showed
the plane to be longitudinally unstable. Adm. William A. Motfett, Chief of
the navy’s new Bureau of Aeronautics, reported the test results to Stout.
“Frankly,” wrote Moffett, “I do not feel justified in asking our test pilots to
fly a plane of the characteristics indicated in the trial board’s report.” Cor-
recting the instability would have required a complete redesign of the air-
plane. According to Molffett, the navy had spent $216,000 with “very little
to show for this expenditure.” Moffett canceled the contract, ending Stout’s
relationship with the navy.®?

In November 1922, the secretary of the navy appointed a board of engi-
neering officers, among them Jerome Hunsaker, to report on Stout’s accom-
plishments. The board’s report was filled with backhanded compliments,
though it contained little direct criticism of Stout. The officers concluded
that the knowledge gained was of considerable use to Stout but of little
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value to the navy. In an accompanying memo to files, Hunsaker revealed his
true assessment of Stout’s contribution. Stout had not developed a single
technique, process, or tool superior to those used elsewhere, claimed Hun-
saker. Stout’s methods compared unfavorably with those at the Naval Air-
craft Factory (NAF), which Hunsaker visited to prepare the report on Stout.
NAF engineers had produced numerous manufacturing innovations for
building the duralumin girders of the airship ZR-1; these techniques were
readily applicable to duralumin airplane construction. Many of the basic
techniques for working with duralumin were developed in England by
Vickers; Hunsaker himself had helped transfer those techniques (in part
through industrial espionage) to Alcoa and the NAE The NAF's manufac-
turing techniques were in general much simpler than Stouts, whose meth-
ods tended to be “unnecessarily elaborate and costly.” Stout did manage to
produce an excellent set of metal pontoons for the torpedo plane, but only
after Stout’s young chief engineer, George Prudden, consulted closely with
NAF engineers who had already designed successful metal pontoons. Hun-
saker noted with disdain that Stout’s lack of real achievement did not pre-
vent him from claiming “astonishing success with his metal fabrication.”®

Although the navy gained little from Stout, Stout benefited tremendously
from his work for the navy. In just two years, Stout milked the navy for what
amounted to a $200,000 training program in metal construction, despite his
almost complete lack of relevant expertise. Stouts real prowess lay not in
his technical skills but in his ability to manipulate the symbols of progress
to obtain financing for his airplane work.

The navy also funded several other metal airplane projects in the early
1920s, projects supervised by engineers with far more technical ability than
Stout. Yet these projects too proved unsuccessful, demonstrating that the
problems of metal construction stemmed from something more than the
competence of the individual designer.

The first project involved the design and construction of metal wings for
the Curtiss HS-2 flying boat, the navy’s standard single-engine patrol boat
during the early postwar years. In May 1920, the navy signed a $35,600
contract for two sets of HS metal wings to Charles Ward Hall, a skillful
structural engineer with a Cornell degree in civil engineering. Hall intended
to use duralumin sheet and tubing in his design, but Alcoa proved unable to
supply him with dural tubing, so Hall used mild steel instead. Hall delivered
the first set of wings, without their fabric covering, in January 1922. In
terms of meeting the contract specification, the wings proved a tremendous
success. Hall's metal wings had no trouble supporting the required load
factor of six, and they also weighed some 28 percent less than the wooden
HS-2 wings, a savings of about 366 pounds from the 1,320 pounds of the
wood wings. Of course, this comparison did not take into account possible
savings that could have been achieved by a more skillful redesign of the
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Figure 4.4. Delicate structure of C. W. Hall’s metal HS-2 wings. National Air and
Space Museum, Smithsonian Institution (Wright-McCook photo no. 29890).

HS-2 wings in wood; such a redesign could have “undoubtedly” reduced
their weight by 10 percent or more, according to an internal navy report.
More seriously, the numerous small fittings and delicate pieces in the Hall
wings made them too fragile for service use and too complex for economical
production (figure 4.4). Although the wings performed well in flight tests,
they were easily damaged by ground crews and rough seas. During a test
flight in 1923, waves seriously damaged the Hall wings when the pilot made
a forced landing in the Chesapeake Bay; the pilot claimed that “the standard
HS-2 wing would have suffered no damage in such a sea.” The navy decided
that the wings were not worth the estimated $9,300 repair cost, and it aban-
doned the project.®*

The navy was encouraged by early results with the HS-2 wings. Not long
after delivery of the metal wings, the navy asked Hall to redesign an entire
airplane in metal. The navy chose the new TS-1 biplane fighter, its first
airplane designed to operate from an aircraft carrier. The navy rejected
Hall's bid of $179,000 for the three small airplanes, which Curtiss was
building in wood for less that $12,000 each. Instead, the navy urged Hall to
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cooperate with Curtiss to reduce costs. In early 1923 Hall signed on as a
subcontractor to Curtiss. Curtiss then received a $105,000 contract for two
metal versions of the TS-1, which received the navy designation F4C. When
delivered in September 1924, the F4C weighed a substantial 233 pounds
less than the 1,242-pound TS-1, with most of the savings achieved in the
wings. Even so, this comparison was “somewhat unfair” to the wooden TS-1
wings. Hall had designed the F4C using the gross weight of the land plane
version of the TS-1, which was 10 percent less than the gross weight of the
seaplane version that the TS-1 wings were designed to support. Despite the
F4C’s weight reductions and acceptable performance, the navy decided not
to produce the design because the structure’s numerous small parts made it
expensive to produce and difficult to repair.®’

The navy developed two more metal airplanes in the early 1920s, both
built by the Glenn L. Martin Company. Glenn Martin was a successful air-
craft manufacturer, though with modest technical training. To launch his
firm into metal construction, he enticed Dr. Georg Madelung to come join
his company in Cleveland. Madelung was an experienced German aeronau-
tical engineer who had worked with Junkers during the war. In 1922 the
Bureau of Aeronautics awarded Martin contracts for two metal seaplanes,
the MO-1 and MS-1. The MO-1 was a three-seat, single-engine monoplane
for observation work: the diminutive MS-1 was designed for easy disassem-
bly to allow its use aboard submarines. The navy ordered thirty-six MO-1s
and six MS-1s. Both airplanes had fabric-covered structures, with steel-tube
fuselages and fabric-covered duralumin wings, although the MO-1 wings
used wooden ribs.®®

When delivered in 1923, neither plane proved successful. The MS-1 han-
dled poorly in the water, requiring nearly calm seas for safe takeoffs and
landings. The MO-1 performed sluggishly, and suffered from severe vibra-
tion, raising fears of fatigue failures in the metal structure. Both airplanes
experienced serious maintenance problems, especially with corrosion. The
metal pontoons of the MS-1 leaked at the seams, and the duralumin struts
corroded on the inside. One officer criticized the MS-1 for its “poor design,
material and workmanship,” and recommended removing the airplane from
service. Despite attempts to correct the problems with the MO-1, flying
officers continued to oppose the airplane. In October 1924, an investigative
board heard testimony regarding the suitability of the MO-1 for use on
ships. Lt. Comdr. Karl E Smith, an aircraft squadrons engineering officer,
recounted the airplane’s flaws, giving special attention to the corrosion
problems, which Smith had observed while the airplanes were still in the
factory. If the MO-1 were installed on ships, insisted Smith, it would “do
more to give aviation in the Fleet a ‘black eye’ than any other one act.”®’

By 1925 the army and navy had spent almost $2 million to develop or
purchase complete metal airplanes, without receiving a single acceptable
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model.®® These projects demonstrated that metal construction was tremen-
dously expensive, that most metal airplanes weighed more than wood de-
signs, especially when using metal coverings, and that metal airplanes were
not necessarily more durable than wood. These projects did not fail due to
the idiosyncrasies of individual designers. Well-established firms like Gal-
laudet and brash upstarts like Stout, creative structural designers like Hall
and German-trained aeronautical engineers like Madelung all proved
equally inept at metal construction.

The disappointing results with early metal airplanes seemed to falsify the
claims of prometal advocates, who had insisted that metal airplanes would
be cheaper, lighter, and especially more durable than those of wood. These
results should have provided strong arguments in favor of wood construc-
tion. Yet the repeated failure of metal airplanes did not revitalize the debate
over airplane materials; instead these failures remained buried in the lower
levels of the military bureaucracy, almost completely ignored by the trade
press and all but lost from aviation history. After such a string of failures, it
is amazing that the army and navy continued to provide any support at all
for metal construction. Yet the military engineers were not dissuaded; they
merely made a strategic retreat into research, convinced that the true poten-
tial of metal construction had yet to be realized. This conviction was indeed
correct, but it could not be justified on technical criteria alone. The mili-
tary’s continued support for metal drew strength from progress ideology,
which posited metal construction as a necessary step in the historical devel-
opment of aviation. This ideology allowed military engineers to interpret
failures as learning experiences, minor detours in the search for the true
path to the metal airplane.®

Military Sponsorship of Metal Research

The category of “research and development” is a modern one, reflecting the
conceptual subordination of engineering to science after World War I1. The
intimate linking of these two terms implies that the development of specific
technologies is based upon prior scientific research. In recent years, histo-
rians of technology have done much to rehabilitate the concept of develop-
ment, which they define as the process of transforming a design concept
into a physical artifact suited to the needs of specific users. In this view,
development becomes a highly creative process that is not subordinate to
research but instead uses research as one of many resources needed to pro-
duce a successful technology.”

The military’s metal airplane projects all fall within the modern category
of development, although the military did not use this term in the early
1920s. The army classified its exploratory work as “experimentation and
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research,” which included everything from laboratory experiments to the
purchase of airplane prototypes. In addition to development projects, the
army and navy also supported projects that in modern terminology would
be called applied research. In the interwar period, the military viewed this
research not as a necessary prior step in developing new technologies but
rather as an ancillary process to help resolve the more intractable problems
uncovered in design and operation. This research proved crucial to the de-
velopment of metal aircraft, providing essential design data and solving
major problems that inhibited the widespread use of metal airplanes. Air-
plane manufacturers were in no position to support this research them-
selves, because their small size and the vigorous competition between firms
limited research spending.”™

Following World War I, most aviation research was performed by four
entities, the NACA, the Bureau of Standards, and the two military air ser-
vices.”* The NACA coordinated this research through its system of technical
committees. These committees always had representatives from the army
and navy, along with participants from other federal agencies involved in
aviation. In practice, the military set the agenda for federal aviation re-
search. The military air arms did some research in their own facilities, but
most of their research was performed at other federal agencies. The army
and navy sometimes sent research requests directly to these agencies; at
other times they would first consult with the relevant NACA committee,
which would then direct a request to the appropriate agency. In general, the
army and navy provided funds to support this research, but the NACA often
contributed as well.”

In the division of labor that developed in federal aviation research after
the war, the Bureau of Standards performed most of the work on aircraft
metals. Its role in aircraft metals developed naturally from its expertise in
metallurgy and testing and from its supervision of metal airplane develop-
ment during the war. This role made the Bureau of Standards the single
most important agency for aviation research in the early 1920s, until
eclipsed by the NACA later in the decade. The bureau devoted some of its
own budget to aviation, but most of the funding came through transfers
from the army and navy. Between 1917 and 1925, the army, the navy, and
the NACA transferred a little more than $1,231,000 to the bureau for avia-
tion projects, while the bureau itself allotted about $393,000 of its own
funds.™

As airplane designers began using the new aluminum alloys, they found
little reliable information on basic properties of the materials. Alcoa pro-
vided data on ultimate tensile strength and elongation (a measure of ductil-
ity), but much remained unknown. In particular, airplane designers knew
little about the fatigue strength or corrosion resistance of the new alloys,
information essential for designing safe airplanes. Under navy sponsorship,



AN OLD ROLE FOR THE MILITARY 91

the Bureau of Standards took the lead in research on duralumin, providing
design data on duralumin fatigue and discovering a solution to the danger-
ous problem of intercrystalline corrosion.

Fatigue refers to the failure of a material when subjected to repeated
stresses at loads less than its ultimate strength. For example, a piece of steel
loaded to three-fourths of its ultimate load has a 25 percent margin of safety,
but the steel can still break if this load is removed and applied repeatedly,
say one hundred thousand times. This number may seem large, but an air-
craft engine operating at two thousand revolutions per minute produces
120,000 oscillations per hour.”” Any time a metal part is subject to vibra-
tion, aeronautical engineers worry about fatigue.

Fatigue failures give little warning, making them especially dangerous in
airplane structures. “They simply happen and, from a flying standpoint, that
is of vital importance,” noted a McCook Field engineer. When airplane de-
signers began using duralumin in the early 1920s, little was known about its
fatigue properties. Engineers had a fairly good empirical understanding of
fatigue in steel but not in aluminum alloys. Most steels have an “endurance
limit”; at stresses below this limit, an infinite number of repeated loadings
will not cause failure. In steel the endurance limit is about one-half the
ultimate stress. Early studies of duralumin could not find an endurance
limit, and indeed modern research has found no such limit. Early duralu-
min airplanes also had problems with fatigue in practice. In the fall of 1920,
an NACA memo noted the “serious difficulty [that] has been experienced
with the failure of duralumin due to fatigue,” while Jerome Hunsaker re-
marked that “designers are at sea as to the fatigue resisting properties of
duralumin.” Hunsaker urged the NACA Committee on Materials to initiate
a study of duralumin fatigue. The Materials Committee complied, assigning
the research to the Bureau of Standards.”

To mimic service conditions, the Bureau of Standards developed special
machines to test flexural fatigue, the most likely type of fatigue in metal
airplane structures. These tests constituted the first extensive study of flex-
ural fatigue in thin sheet metal and continued for three years with navy
funding. Some dural samples were subjected to 200 million repetitions,
which for one sample required 389 days of continuous testing. The study
confirmed the absence of an endurance limit in duralumin, which meant
that dural could fail by fatigue even at very low stresses, given enough repe-
titions. At 100 million repetitions, for example, dural had only one fourth
its ultimate strength. The bureau’s data allowed designers to make rough
estimates of the life of duralumin parts; for example, the bureau calculated
that the structure of the airship Shenandoah (the ZR-1) would last at least
forty years. The apparent precision of such calculations was deceptive, how-
ever; fatigue failures often occurred much sooner because of unforeseen vi-
brations, variations in service conditions, and stress concentrations caused
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by rivet holes and sharp corners. Extensive research in fatigue has contin-
ued in the post—-World War 11 era, but fatigue failures still pose a threat to
present-day airplanes.”’

The navy also took the lead in initiating research on duralumin corrosion
at the Bureau of Standards, research that would eventually uncover the dan-
gerous phenomenon of intercrystalline embrittlement. Intercrystalline em-
brittlement was an especially insidious form of corrosion (see chapter
three), penetrating into the material along the grain boundaries while leav-
ing the surface almost unchanged. At early stages, this corrosion produced
a measurable reduction in strength, ductility, and resistance to fatigue; at
advanced stages the corroded sheet would disintegrate into little jagged
pieces.’®

The navy had always worried about the corrosive effect of salt water on
duralumin. The navy began exposure tests as soon as the material became
available from Alcoa. In 1919, the navy brought in the Bureau of Standards
to supplement the exposure tests with laboratory experiments. Initial re-
sults seemed encouraging but inconclusive, in part due to the lack of stan-
dardization and inconsistent quality of duralumin.” Despite this inconclu-
sive research, proponents of duralumin were quick to declare the material
immune from attack by sea water, even after evidence of duralumin corro-
sion began to mount. In 1924, Lt. E O. Carroll, an engineering officer at
McCook Field, insisted that duralumin was “not affected by salt-water or
atmospheric conditions.” Carroll appeared completely ignorant of the
navy’s experience with corrosion in duralumin airplanes like the MS-1 and
MO-1, illustrating the lack of communication between the Army Air Service
and the Navy Bureau of Aeronautics.®

The progress ideology of metal may have encouraged the aviation com-
munity to overlook mounting evidence of intercrystalline corrosion. Many
early tests reported the presence of a fine white powder on the surface of the
metal, sometimes accompanied by pitting. Later studies identified these
characteristics as clear signs of intercrystalline corrosion, but researchers at
the Bureau of Standards and elsewhere missed their significance. The bu-
reau also overlooked more compelling evidence of intercrystalline corro-
sion. In the fall of 1920, after a mere two months of service, the duralumin
covering of a Post Office JL-6 began to disintegrate on one of its tail surfaces.
The Post Office sent the offending material to the Bureau of Standards,
which subjected it to careful analysis. The sheet showed “extreme brittle-
ness,” with several inches missing from the original edge of the sheet, “leav-
ing a ragged edge with cracks extending into the sheet.” Microscopic exam-
ination revealed a “network of very fine intercrystalline cracks throughout
the alloy,” direct evidence of intercrystalline corrosion. The bureau’s report
downplayed the problem, describing it as sporadic, and suggested that it
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had probably resulted from variations in quality of the German duralumin
in conjunction with chemical or electrolytic action.®!

By 1924 enough additional evidence had accumulated to force the navy
to act. Its JL-6 airplanes had not stood up well in service, and in 1922 it
retired one of the airplanes to the Hampton Roads Navy Yard for exposure
tests near salt water. In July 1924, a navy report concluded that the JL-6
wings were still “in excellent condition” after two years of exposure. A mere
two months later, however, another inspection produced a startling discov-
ery: the corrugated wing covering had become so brittle that holes could
easily be kicked through it. Even more disturbing was the visual appearance
of the material. The surface showed no evidence of serious corrosion, and
would even take a shine, although “practically all of the physical strength of
[the] duralumin has disappeared.”®

The navy immediately sent samples of the JL-6 wing covering to the Bu-
reau of Standards, along with other duralumin parts that had been subjected
to a variety of exposure tests. By December, the bureau had uncovered the
cause of the problem—intercrystalline corrosion. The bureau’s report cau-
tioned against panic, noting that the results were from a single sample. But
analysis of additional samples showed the problem to be widespread. In
early 1925, the navy sent the bureau samples of material used for girders on
the airship Shenandoah. When the tests revealed intercrystalline corrosion
in this material, the navy and Bureau of Standards began mobilizing re-
sources to find a solution.®

The navy and the bureau coordinated their efforts through the NACAs
Committee on Materials, which was chaired by George Burgess, director of
the Bureau of Standards. On April 16, the Materials Committee held a spe-
cial meeting at the Naval Aircraft Factory devoted almost entirely to dural-
umin corrosion; this meeting asked the Bureau of Standards to prepare a
research program on the protection of duralumin from intercrystalline cor-
rosion. The bureau worked closely with the navy to map out the research
strategy. The navy insisted that the bureau first concentrate on an “engi-
neering solution,” that is, an empirical study of protective coatings and
other measures “to enable the confident use” of duralumin by airplane man-
ufacturers. The bureau responded with a comprehensive program to test the
influence of almost every conceivable variable on the problem. The program
involved accelerated corrosion tests in which dural samples were sprayed
with a mist of salt water and hydrogen peroxide. The bureau received fund-
ing from the navy, the army, and the NACA for this research, at a cost of
$10,000 for the first year alone, a relatively large allotment for this type of
project. Maj. Leslie MacDill, chief engineer at McCook Field, readily agreed
to supply the $2,500 requested by Burgess, adding that the project was “of
sufficient importance to justify furnishing additional funds if necessary.”®*
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The insidious nature of intercrystalline corrosion made it an obvious
threat to aviation safety, a threat that might have undermined support for
metal construction in the aviation industry. Except for a few isolated indi-
viduals, however, advocates of metal never lost faith. The navy, the NACA,
and the Bureau of Standards remained optimistic, both in public and in
private, insisting that intercrystalline corrosion was a solvable problem. In
September 1925, the crash of the airship Shenandoah brought public atten-
tion to intercrystalline corrosion because of its presence in the airship’s
structure, even though this corrosion had not contributed to the accident.
This publicity sparked an extraordinary discussion at the February 1926
meeting of the NACA Materials Committee. Starr Truscott, a civilian mate-
rials expert at the Navy Bureau of Aeronautics, demanded that the NACA
publicly endorse the “suitability of duralumin for aircraft construction” in
order to counteract the negative publicity appearing in the popular and
technical press. The navy, Truscott revealed, hoped to obtain funding for
two more rigid airships and feared that the critical reports would threaten
the projects. After much discussion in favor of duralumin, the Materials
Committee complied with Truscott’s request and endorsed the release of a
supportive statement.®?

The NACAs endorsement of duralumin was clearly premature. The bu-
reaw’s research had yet to produce a clear solution to the problem, and in
any case the preliminary laboratory results would require confirmation
through long-term exposure tests. The NACAS technical experts were eager
to endorse duralumin before learning the results of the very research they
were sponsoring; such eagerness blatantly contradicts the purported objec-
tivity of technical experts. Nevertheless, the NACASs optimistic assessment
of duralumin made perfect sense in the interpretive framework provided by
the progress ideology of metal.®

Fortunately for the members of the Materials Committee, the Bureau of
Standards delivered the results they had optimistically predicted. Within a
vear of starting the study, the bureau had discovered a fundamental solution
to intercrystalline corrosion: coating the duralumin with a layer of commer-
cially pure aluminum. The bureau had proposed testing such a coating in its
June 1925 proposal for the corrosion study. At the May 1926 meeting of the
NACA Materials Committee, Dr. H. W. Gillett, the bureau’s lead scientist on
the study, reported that aluminum-covered dural samples appeared un-
harmed in the accelerated corrosion tests. The following month Gillett
wrote up a draft patent application, which he hoped would forestall any
private firm from laying claim to the discovery. The patent application de-
scribed a variety of methods for bonding the pure aluminum coating to the
underlying alloy. Gillett favored a metal vapor process, but the draft patent
described a variety of other techniques, including pouring molten alumi-
num around an ingot of duralumin before rolling it into sheets.*”
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One year after Gillett had presented his findings on aluminum-coated
duralumin to the NACA Materials Committee, Alcoa announced its solu-
tion to the intercrystalline corrosion problem—Alclad. Alclad consisted of
duralumin bonded to a thick coating of pure aluminum, which was applied
to the duralumin ingot before it was rolled into sheets, precisely as de-
scribed in Gillett's patent application. Alcoa announced Alclad in a paper
presented by Edgar H. Dix, an Alcoa metallurgist, to the annual aircraft
conference held at the NACAs Langley laboratory on May 24, 1927. Dix’s
paper did not acknowledge the work of the Bureau of Standards. In a clear
attempt to assert Alcoa’s priority, Dix claimed that Alcoa had conducted
unsuccessful experiments with pure aluminum coatings as early as 1921.
These experiments had nothing to do with intercrystalline corrosion, how-
ever, since the problem was not identified until three years later. H. W,
Gillett and other researchers at the bureau clearly felt slighted by Dix. In a
letter written three days after the announcement of Alclad, Gillett and his
colleague H. L. Whittemore wrote to the NACA, insisting that the bureau
had done the “fundamental work on the adaptability of aluminum coatings
for duralumin.” They credited Alcoa with solving the “second step, the
working out of the commercial difficulties.”®®

The bureau’s scientists appear justified in their priority claim. Zay Jef-
fries, head of metallurgical research at Alcoa, was a member of the NACA
Materials Committee and had been an active participant at the May 1926
meeting where Gillett announced the results of his aluminum coating tests.
The Materials Committee received updates on the bureaus work at every
meeting, giving Alcoa privileged access to this research. Dix himself admit-
ted in an internal Alcoa memo that Gillett’s experiments had helped inspire
Alclad. Nevertheless, Alcoa did its best to present Alclad as a triumph of
industrial research. In reality, a direct line runs from the military to Alclad.
It was the product of federal research at the Bureau of Standards, research
initiated and funded by the military.®® As chapter six will show, the govern-
ment’s support for this research bore almost no relation to the contempo-
rary importance of duralumin in aviation; this support was based almost
entirely on faith in the future role of metal.

In the early 1930s, Alclad would provide an essential element for the
development of commercial airplanes with all-metal structures. But even
before the development of Alclad, airplane manufacturers attempted to
develop metal airplanes for commercial use. These attempts foundered on
the same shoals that sunk the military’s metal airplane projects. Without
substantial military support, even the wealthiest corporations in America
proved unable to turn metal airplanes into a profitable business.
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Metal and Commercial Aviation I:
Henry Ford Takes Flight

ALTHOUGH THE MILITARY was the dominant force behind the development of
metal airplanes in the 1920s, manufacturers of commercial airplanes also
made key contributions. Many proponents of commercial aviation were
even more enamored of metal than their military counterparts. The military
contribution was larger simply because its resources far exceeded those of
commercial firms.

Commercial aviation in America developed directly from military tech-
nologies. After World War I, American commercial airplanes differed little
from military aircraft in materials and structures. In the early postwar years,
metal proved just as unsuitable for commercial as for military use, with the
exception of the steel-tube fuselage, which was adopted for commercial
models as soon as it became standard for military planes. A number of air-
plane firms attempted to build commercial metal airplanes in the early
1920s, but few finished more than a single vehicle.

Developing a metal airplane was an expensive and frustrating process,
one that proved just as difficult for private firms as for the military. Few
firms could combine the capital and expertise needed to produce metal air-
planes for an air transport market that remained almost entirely hypotheti-
cal. Nevertheless, a number of small companies gave it a try; one of these
was the Stout Metal Airplane Company, established by William Stout after
his unsuccessful navy contracts.! When Stout joined forces with Henry
Ford, the richest industrialist in America, advocates of metal airplanes
gained the most powerful ally possible. Yet even Henry Fords vast wealth
and talented engineers could not turn metal airplane production into a prof-
itable business.

American Air Transport in the 1920s

Before 1925, there was little demand for commercial aircraft. Immediately
following the war, American manufacturers developed a number of promis-
ing passenger and freight airplanes to supply dozens of proposed airlines.
Most of these new airlines were stillborn, however, in part due to the 1921
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recession but also because of the inability of scheduled routes to succeed
without government subsidies. Manufacturers had even less success than
operators, because the few commercial operations that did survive relied
primarily on converted war-surplus equipment. From 1919 to 1924, Ameri-
can manufacturers produced less than one hundred airplanes annually for
customers other than the American military (table 1).?

Commercial airplane production began to increase in 1925. The deple-
tion of war surplus stocks encouraged this trend, but far more important
was the contracting of the U.S. Air Mail to private carriers. Before 1925 the
Post Office ran the Air Mail as a government operation using war surplus
DH-4 observation planes. Under government operation, the Air Mail be-
came the largest air transport enterprise in the world and the first to engage
in regular night flying.> With the passage of the Kelly Act in February 1925,
the Post Office began letting airmail contracts to private operators. The
prospect of mail contracts brought a surge of private capital into air trans-
port. At the same time, the Kelly Act created a market for new transport
airplanes to replace the Post Office’s obsolete DH-4s. By 1927 private car-
riers had taken over all of the federally operated airmail routes. Post Of-
fice payments to the private carriers exceeded Air Mail revenue by a con-
siderable amount, thus providing American aviation with a camouflaged
subsidy.*

Contracting the Air Mail also helped create a market for passenger travel
by air. Prior to 1925, all of the pioneer airlines ended in financial failure.
The Kelly Act helped create a structure of privately owned, regularly sched-
uled air transport that formed the backbone of an emerging passenger net-
work. The contract mail carriers established the ground facilities needed
to keep their planes in the air, and they gained experience with maintain-
ing regular schedules. Mail loads rarely filled the planes to capacity, and
many mail contractors began to carry a few passengers along with the
mail. In addition, the Air Commerce Act of 1926 established federal regu-
lation of interstate air commerce, which helped improve public confidence
in air travel by licensing pilots and establishing safety standards for air-
planes. Lindbergh’s transatlantic flight in May 1927 further boosted enthu-
siasm for aviation. Airlines expanded passenger capacity at a rapid rate, add-
ing larger airplanes designed for increased passenger comfort. Between 1928
and 1929, the number of passengers on U.S. airlines surged 335 percent,
pushing the United States from third to first place in air travel worldwide.
The number of passengers more than doubled again in 1930, to almost
375,000, which earned the airlines $7 million. Although passenger travel in
1930 still produced only half as much gross revenue as air mail payments,
air travel had become an essential component of the emerging air transport
system.’
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Markets and Technical Choice

Superficially, commercial operation of airplanes appears to allow much less
room for the influence of ideology on technical choice than does the peace-
time military. The true test of military technology comes only during war-
time, while commercial technology must prove itself on a daily (or at least
quarterly) basis, judged by the objective criterion of profitability. Even if
ideology might bias engineers in the commercial sector toward a particular
technology, market competition would prevent its adoption if there were a
more cost-effective alternative. Market mechanisms apparently insure the
adoption of the most effective technology among the available alternatives.
According to this logic, metal was clearly superior to wood by virtue of the
success of the all-metal airliner. If metal had not been superior, manufac-
turers and airlines that switched to metal would have gone out of business
due to competition from firms that retained wood construction.®

The argument that market mechanisms insure technical progress is one
part of what David Noble has characterized as the dominant “Darwinian”
view of technical change. According to Noble, this view posits three succes-
sive “filters” that supposedly insure the survival of only the fittest technolo-
gies. First is the “objective technical filter” based on scientific rationality,
second the “pecuniary rationality of the hard-nosed businessman,” and
third the rationality of the competitive market. As I argued in chapter one,
technical indeterminacy removes much of the selective power from the first
filter. The rationality of individual firms also fails to insure selection of the
fittest technologies, as discussed below. Noble dismisses the third filter, the
competitive market, as a myth “too easily overwhelmed by the force of mo-
nopoly and the state.” But even when competitive markets do exist, they fail
to select the “best” technology, as some recent work in economic theory and
history demonstrates.’

The idea that competitive markets insure technological progress rests im-
plicitly on neoclassical economic theory, which has proved thoroughly un-
suited to the task of explaining technical change. In essence, neoclassical
theory treats changes in technological knowledge as a consequence of “ex-
ogenous variables,” that is, factors external to economics. Within the exist-
ing range of technological knowledge, firms supposedly choose among a
range of alternatives according to the relative prices of the inputs to the
production process, which include labor, capital, and materials. However,
new technologies do not, like Athena, erupt on the economic scene fully
grown. As historians of technology have repeatedly demonstrated, the
transformation of an invention from idea to practical product involves a
long and expensive process of development and innovation. This develop-
ment process occurs predominantly within profit-motivated business firms.
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Only the most dubious assumption could consider the development process
as economically exogenous.®

As soon as one attempts to account for technological development, how-
ever, one finds that it violates basic precepts of neoclassical theory. In gen-
eral, neoclassical theory cannot adequately account for the learning pro-
cesses that occur in the course of economic activity. Such learning processes
are a central facet of technical change. Observers have frequently noted that,
as more and more people adopt a new technology, it becomes better and
cheaper. In other words, not only do improvements in a technology entice
more people to adopt it, but the very act of adoption directly lowers the
costs to subsequent users. Economists label this phenomenon “increasing
returns to adoption.™

The phenomenon of increasing returns is a direct result of learning pro-
cesses and other facets of technical change ignored by neoclassical theory,
in particular technical interrelatedness, economies of scale, and “learning
curve” effects. Interrelatedness means that an individual or firm will de-
velop new devices that fit into the existing technological complex or system,
even if the resulting complex is suboptimal, in an economic sense, with
regard to alternative arrangements. For example, a high-efficiency light bulb
that could only operate at 220 volts would be of little use connected to the
standard American outlet of 110 volts. Technical interrelatedness also in-
sures that manufacturers design their products to fit existing skills, as in the
keyboard manufacturers who continue to produce the qQwerry keyboard
despite numerous studies that demonstrate its inefficiency compared to al-
ternative arrangements of the keys. Technical economies of scale are clearly
evident in electric utilities, where a large customer base decreases the varia-
tion between daytime and nighttime load, thus improving the utilization of
invested capital. Finally, new technologies benefit from the learning curve,
an empirical phenomenon ubiquitous in manufacturing. The learning curve
results from the simple fact that the longer one does something, the better
one gets at it. In manufacturing, this process reduces the cost of production
with each additional unit of output, even though the basic technology and
capital invested remain constant. The classic example of learning curve was
discovered in the production of airframes during the 1930s.1°

A number of economists have produced relatively simple models of tech-
nical choice that incorporate the hypothesis of increasing returns. These
models try to predict what happens to two new technologies competing in
a particular market. Four interesting results emerge. The first result is that
one technology will eventually eliminate or “lock-out” the other, despite the
continued presence of users who initially prefer the unsuccessful technol-
ogy.!! Second, these models suggest that the successful technology is not
necessarily the best in terms of long-run economic potential. Even though
“every agent acts rationally, . . . an inferior technology can dominate the
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market.”'? Third, the path of technical change affects future choices. Initial
advantages can be crucial, and small events can have a major, long-term
impact.” Fourth, these models predict that expectations of success tend to
be self-fulfilling, reducing the time required before a single technology locks
out its rivals. According to economic historian Paul David, this type of anal-
ysis suggests that “a particular system could triumph over rivals merely
because the purchasers . . . expected that it would do so.”'* Among manu-
facturers of commercial aircraft, the choice of materials was indeed shaped
by such expectations of success.

Just as markets do not insure the success of the optimal technology, nei-
ther do the attempts of business firms to act rationally. Firms make invest-
ment decisions based on predictions about the potentialities inherent in a
given technology, but these predictions are characterized by uncertainty
rather than risk. Risk involves known probabilities, as in an honest game of
blackjack, whereas uncertainty involves unknown probabilities. When deal-
ing with risk, one can make rational economic calculations, but with uncer-
tainty the scope for such rationality is limited. Uncertainty is inherent in
development and innovation; one can never be certain that a desired novel
result is technically feasible, and one can never be sure what markets will
exist for a new technology. The development process can be viewed as a
means for converting uncertainty into risk, but this process requires that
investments be made before the risks are known. In other words, it can cost
a firm more to obtain the information needed to act rationally than the firm
would save by acting rationally. As a result, firms continue to live with
uncertainty, allowing technical decisions to be guided by other forms of
persuasion, in particular the technological enthusiasms of people with con-
trol over the development process."”

Air transport operators in the early 1920s faced great uncertainty with
regard to the air transport market they were trying to create. The aeronauti-
cal community could not even agree on what qualities were desirable in a
commercial airplane. At one point Aviation editorialized on the need for
speed in commercial aircraft, since “the principal factor which marks the
aircraft as superior to other means of travel is high speed.” A few years later
the same journal argued for low power loadings, which meant the ability to
carry a large load with low horsepower, which could only be achieved at the
expense of speed. Given this uncertainty, manufacturers remained reluctant
to develop airplanes to meet the “as yet largely hypothetical requirements of
air transport.”°

Although uncertainty regarding operating costs waned as transport oper-
ators gained experience, the air transport market remained mysterious
through the end of the decade. As late as 1930, the technical committee of
the United Aircraft and Transport Corporation (UATC) reported that “the
relative ability of various sizes and types of airplanes to produce income is
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still not well established.” The UATC was the largest and most integrated of
the aviation conglomerates of the late 1920s and included some of the most
important transport operations and manufacturers of the time. The techni-
cal committee consisted of top managers in the UATC's subsidiaries, who
collectively possessed as much experience as any group of aviation experts.
Despite this experience, the committee still found it impossible to predict
the most profitable trend in airplane design.'’

Operators of the pioneering airlines of the early 1920s recognized the
uncertainty of cost predictions. One of these operators was Earl D. Osborn,
a former employee of Aeromarine Airways, which prospered briefly in the
early twenties by ferrying drink-deprived Americans from Miami to Nassau
and from Key West to Havana. In 1923 Osborn summarized his experiences
with measuring airline operating costs:

The most perfect system of cost accounting . . . will give misleading results if the
industry to which it is applied is unstable. Nobody has yet claimed that air trans-
portation has gone beyond that stage. . . . The system chosen for a given industry
and its application must be the result of long experience.

Osborn found depreciation estimates particularly difficult. Depreciation
formed a large percentage of total costs and had to be calculated, yet there
was “really no empirical rule in this matter.” Operators had not gained
enough experience to determine how much use an airplane could endure.
An airplane appeared more likely to become useless through technological
obsolescence than from deterioration.'®

The economic uncertainties inherent in new technologies leave gaping
holes in the supposedly rational process of technical change, holes through
which culture and ideology cannot help but enter. These uncertainties
clearly existed in commercial airplane design, and the resultant holes in
technical rationality readily accommodated the progress ideology of metal.

William Stout, Henry Ford, and the Maximalist Strategy

Within the commercial aviation community, advocates of metal fell into
two groups, each supporting a different strategy for reaching their common
goal. The first group, the maximalists, included those engineers and design-
ers inspired by the Junkers JL-6. They sought the immediate development
of airplanes of the neue Stil, all-metal fully cantilevered monoplanes. The
most successful member of this group was William Stout, who built the first
American commercial airplane of the neue Stil and then convinced Henry
Ford to manufacture airplanes based on this design. But aside from Stout
and Ford, the maximalists had very few adherents until the late 1920s. Al-
most the entire remainder of the aviation community fell into the second
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group, the gradualists. This group favored the piecemeal substitution of
metal frameworks for wood, starting with the fuselage. Anthony Fokker’s
steel-tube fuselage exemplifies the gradualist strategy, despite Fokker’s con-
tinued use of wood wings, because Fokker too professed belief in the even-
tual transition to metal.'

William Stout was the leading American advocate of the maximalist strat-
egy. In mid-1922, when the navy canceled Stout’s contract for the all-metal
torpedo bomber, Stout turned his attention to the development of an all-
metal passenger airplane. By then, Stout was an experienced airplane de-
signer—experienced in failure. He had produced three prototype airplanes,
two in wood and a third in metal, but none had acceptable flying qualities.
Despite Stout’s repeated failures, he continued to succeed in business,
adeptly exploiting the symbolism of metal to persuade investors to finance
his next prototype.*

On November 6, 1922, Stout formed the Stout Metal Airplane Company
to develop his ideas for an all-metal commercial airplane. Stout located the
new company in Detroit, which proved strategic, for he was able to tap the
industrial wealth emerging from the automobile industry. Stout funded his
new company by obtaining $1,000 investments from a large number of indi-
vidual stockholders, as well as a substantial infusion of cash from R. A.
Stranahan, president of the Champion Spark Plug Company, who had
funded some of Stouts earlier projects. In his mimeographed prospectus,
Stout wryly guaranteed potential investors that they would never see their
money again, given the dim commercial prospects of his venture. Stout suc-
ceeded in attracting many automobile industrialists, among them Walter P.
Chrysler, R. E. Olds, Harvey Firestone, Paul W. Litchfield, Charles E Ket-
tering, William S. Knudsen, Albert Champion, and others. Eventually, Stout
obtained 138 stockholders, mostly prominent industrialists and bankers.*'

These 138 men did not invest in Stout’s company primarily for financial
gain. Rather, the symbolic power of Stout’s rhetoric proved as persuasive as
the prospect of speculative returns. In Stouts rhetoric, metal provided an
essential link between the airplane and mass production, due to the widely
held belief that wood was unsuited to quantity production. Stout artfully
constructed analogies between the airplane and the automobile, arguing
that mass production would bring the same benefits to the aviation industry
that it had to automobile manufacturers.*? Stout’s arguments struck a re-
sponsive chord among Detroit industrialists, including their most promi-
nent member, the father of mass production himself—Henry Ford.

Ford’s involvement with aviation went back to World War L. In the sum-
mer of 1917, he proposed using his facilities to build 150,000 airplanes
using mass production methods. Airplanes, claimed Ford, could be built in
the thousands, just like automobiles. Ford had little government support
and soon dropped this project. Instead, he helped to produce aircraft en-
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gines for the American war effort. Ford’s direct involvement in aviation
ended with the Armistice, but he continued to follow aeronautical develop-
ments. In part Henry was spurred on by his son Edsel, who had a keen
interest in aviation.”

Stout’s route to the Fords was through William B. Mayo, a top Ford
Motor Company engineer nominally in charge of aviation activities. Mayo
was one of the original subscribers in Stout’s metal airplane company, and
it did not take Stout long to begin exploiting this connection to the richest
industrialist in America. With funds from his first thirty investors, Stout
had built a small four-seat metal airplane, the Air (or Aerial) Sedan. With
the first flight of the Air Sedan in February 1923, Stout immediately began
soliciting additional investments. In March he wrote Mayo to seek help
from the Fords. Mayo forwarded Stout’s letter to Edsel, recommending that
he and his father make a small investment in Stout’s company. In December
Edsel invested $2,000 in Stout’s company. He also became a director.**

Stout’s Air Sedan differed significantly in structural design from his un-
successful torpedo bomber. Much like Junkers before him, Stout abandoned
the smooth metal covering in favor of corrugated duralumin. Stout found it
easy to imitate Junkers, in part because of the opportunity he and his chief
engineer George Prudden received in January 1921 to examine a JL-6 at the
Anacostia Naval Station, while Stout was still working on his navy con-
tract. Except for the corrugated covering, the Air Sedan resembled Stout’s
earlier Batwing designs with its bulging fuselage and long wing chord
(figure 5.1). With its ninety-horsepower engine, the Air Sedan proved over-
weight and underpowered. Substitution of a 150-horsepower engine im-
proved its performance. Still, the Air Sedan was too expensive for private
flyers yet too small for profitable commercial use. In addition, there are no
independent reports of the airplane’s flight characteristics; given the previ-
ous performance of Stout’s designs, its flying qualities probably left much to
be desired.”

In mid-1923, Stout recognized the need for a larger airplane. He decided
to build an eight-passenger model around the four-hundred-horsepower
Liberty motor, a reliable and inexpensive war-surplus engine. George Prud-
den later claimed credit as the principal designer of this airplane, a claim
supported by the recollections of other engineers who had worked with
Stout. Stout named this new model the “Air Pullman,” and punningly
dubbed it the Maiden Detroit. The Maiden Detroit took its first {light in April
1924, With this airplane Stout (or more likely Prudden) abandoned the
long-chord Batwing design and instead adopted a high-wing layout reminis-
cent of the Fokker transports, which had a reputation for excellent flying
qualities. The Air Pullman continued to use the corrugated covering, mak-
ing it look like a cross between the Junkers and Fokker designs (figure 5.2).
The wing consisted of three dural spars, cross-braced and covered with
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Figure 5.1. Stout Air Sedan. William Stout stands at far left, beside his first all-metal
passenger airplane. National Air and Space Museum, Smithsonian Institution (SI
neg. no. 80-4504).

Figure 5.2. Stout Air Pullman. William Stout’ first successful airplane served in the
U.S. Air Mail. National Air and Space Museum, Smithsonian Institution (SI neg. no.
96-15639).
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0.014-inch corrugated dural sheet. A boxy metal framework formed the fu-
selage, which was also covered in corrugated dural.*

In 1924 there was still little private demand, so Stout tried to sell his new
model to the military and the Air Mail. Both the army and the Post Office
were favorably impressed. In May Stout invited representatives from the Air
Service’s Engineering Division to Detroit to inspect the Air Pullman. Stout
claimed publicly that he had made no attempt to follow military design, but
he told the inspectors from the Engineering Division that he had followed
the structural requirements of the Air Service Handbook. The inspectors
pronounced the Air Pullman’s flying qualities “far superior to the Junker
[sic] JL-6.” The Engineering Division invited Stout to bring his plane to
McCook Field for tests. Meanwhile the Post Office also took an interest in
the Air Pullman. In April, Paul Henderson, chief of the Air Mail, commented
favorably on Stouts new airplane, which was then purchased by the Post
Office.””

The Air Pullman was received with considerable enthusiasm by the avia-
tion community, but a closer examination of the data shows that its per-
formance was not remarkable. Comparisons are difficult for commercial
airplanes built before the Civil Aeronautics Act of 1926, which legislated
federal regulation of airplane safety. These regulations established proce-
dures for determining gross weight, which was the maximum weight at
which the airplane could safely take off, fly, and land. Given a long enough
runway and a good head wind, a heavily overloaded airplane could get air-
borne and fly safely, as long as the pilot avoided any abrupt maneuvers. The
permissible gross weights of military aircraft were limited by the army and
navy design handbooks, but commercial airplanes faced no such restric-
tions before 1927. In addition, other performance characteristics, such as
maximum speed, depended significantly on test conditions. A lightly loaded
plane could fly faster than one with a full load, and top speed also varied
with altitude. Even seemingly simple data like weight empty could vary
significantly. Many passenger airplanes were convertible to freight trans-
ports, and the absence of passenger accommodations produced a consider-
able savings in weight. To be comparable, weight empty figures had to refer
to similarly outfitted aircraft.?®

With these caveats in mind, one can compare the performance of the Air
Pullman with other transport planes of the time. During a one-month pe-
riod shortly after the first flight of the Air Pullman, Stout provided three dif-
ferent sets of figures for the weight of the airplane. Alfred Verville, a civilian
engineer at McCook Field, drew up a table comparing the performance of
the Air Pullman with three existing army transports, using the earliest (and
most favorable) figures provided by Stout (table 2). All four airplanes used
the same Liberty engine, leaving variations in performance to differences
in the airframes. Even with the more favorable figures, the Stout transport
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TABLE 2
Comparative Performance of Four Liberty-engine Transport Planes, 1924

Stout Stout Douglas

Fokker LWE  (original)  (revised) wcC

Gross weight (lbs.) 7,993 7,016 6,000 5,708 9,162
Weight empty (Ibs.) 5,030 4317 3,575 3,638 4433
Useful load (lbs.) 2,963 2,699 2,425 2,070 4,729
Load efficiency factor® 37 38 40 36 52
Wing area (sq. ft.) 958 759 600 600 565
Top speed (mph) 100.8 94.63 116 110 103.68
Landing speed (mph) 68 52 62 60
Climb at sea level (ft./min.) 400 315 700 450

Sources: Except for the “Stout (revised)” column, these figures are from a blueprint accom-
panying A. V. Verville to C. W. Pyle, “Stout All-metal Transport,” 29 Apr. 1924, USAF/5CC,
RD3135, 452.1-Stout Metal Air Transport/1924. 1 have used penciled changes where present on
the original document. Except for top speed, the “revised” column is from L. W. McIntosh to
C/AS, “Stout All-Metal Transport,” 20 May 1924, AAF/E166, box 985, 452.1-All Metal Planes.
The top speed of 110 mph is from John T. Nevill, “Ford Motor Company and American Aero-
nautic Development,” Aviation 27 (1929): 44.

aLoad efficiency factor equals useful load expressed as a percent of gross weight (UL/
GW x 100).

did not stand out, appearing somewhat superior in top speed but inferior
in load carrying ability. The later, more realistic figures did even less to
recommend the Air Pullman. In terms of structural efficiency, measured as
the ratio of useful load to gross weight, the Air Pullman finished last at
36 percent, slightly below the Fokker and far below the Douglas World
Cruiser biplane, with its impressive 52 percent efficiency. The Air Pullman
also had the smallest useful load, meaning that it could carry less fuel and
cargo than the other airplanes. The Fokker’s useful load exceeded the Air
Pullman’s by 43 percent. To its credit, the Air Pullman was the fastest of the
group by 6 mph, which probably was due to its lower gross weight. For a
given engine, top speed varies inversely with weight. Compared with the
other airplanes, the Air Pullman sacrificed load for speed, which was not an
unreasonable design choice. More significantly, the Air Pullman demon-
strated that there was no mystery to the German all-metal airplanes; Ameri-
can engineers could also produce airplanes comparable to the JL-6.%

After the McCook Field engineers inspected the Air Pullman in May, the
army began negotiations with Stout over a possible order. Despite the favor-
able initial report, doubts remained. The Engineering Division expressed
concern about the airplane’s structure, which was designed using assump-
tions “of doubtful accuracy.” The Division insisted that the Air Pullman
undergo extensive structural testing before being accepted by the Air Ser-
vice. The recollections of John G. Lee demonstrate the wisdom of this cau-
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tious approach. Lee was an MIT-trained aeronautical engineer hired by
Stout in 1925 to redesign the wings of the Air Pullman. Decades later, Lee
recalled the structural design of the Air Pullman as “perfectly awful,” violat-
ing all he had learned at MIT and the Curtiss Aeroplane Company. “The
truth was, nobody knew where the loads went, or what they were, or how
strong the structure was.” Stout apparently realized that the airplane would
probably not pass muster at McCook Field, and in June wrote the chief of
the Engineering Division, rejecting the division’s conditions. The army, said
Stout, could take it or leave it: “Until this plane is developed to a point it is
worth buying on regular purchase orders, on the same basis as trucks,
motor cars, or soap, then we are not interested in selling it” to the military.*

The Engineering Division’s doubts remained private. Meanwhile, the fa-
vorable public reception of the Air Pullman gave Henry Ford the confidence
he needed to become significantly involved with aviation. During the con-
struction of the Air Pullman, William Mayo had kept tabs on Stout’s opera-
tions through visits to the Stout plant. Early in the summer of 1924, Henry
Ford invited Stout to Dearborn to help him pick a site for an airport to be
built on nearby Ford company property. Construction began immediately,
and soon thereafter Ford offered to build a factory for Stout next to the new
airport. Ford’s involvement with Stout was formally announced in the Ford
News on July 15. Ford explained that he was aiding aviation with a view
toward the mass production of aircraft, so that planes could be built “by the
thousands or by the millions.™!

The Stout Metal Airplane Company moved into the new factory in Janu-
ary 1925, and began building a second Air Pullman, dubbed the Maiden
Dearborn. Ford’s support was essential for keeping Stout’s company afloat,
since Stout had received no additional orders for the Air Pullman after the
sale of the prototype to the Post Office. Ford purchased the Maiden Dear-
born in April and started a scheduled air transport service between Detroit
and Chicago for company business, primarily freight. Ford’s entry into the
air transport business generated great publicity in the popular press. In the
mid-1920s the Ford phenomenon was at its zenith; the Ford Motor Com-
pany was still producing Model Ts by the million, making “Fordism” synon-
ymous with mass production. Ford had yet to stumble, as he would in the
late 1920s, when the company switched to the Model A. Meanwhile, Ford
remained Stout’s only customer, ordering four more Air Pullmans for the
company airline.?

Soon after starting the company airline, Henry Ford moved to become
directly involved in airplane production. He offered to buy Stout’s company
at twice the original price, provided that Ford could obtain all of the stock.
By mid-1925, Stout had obtained $185,000 from individual investors and
$150,000 in cash from Stranahan. These sums were huge by the standards
of the time; even the military could not afford $300,000 to develop a new
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airplane. Under an agreement negotiated by Mayo in July, Ford also paid
Stout more than $500,000 for his interest in the company. On July 31, 1925,
the Stout Metal Airplane Company became a division of the Ford Motor
Company. Ford retained most of Stout’s staff, but in practice Mayo ran the
company, and Henry Ford retained ultimate control. Stout remained on as
a vice-president with an annual salary of $20,000.%®

The public viewed Ford as a shrewd businessman as well as a brilliant
engineer. Despite this reputation, Ford’s entry into airplane manufacturing
owed more to a hubristic belief in the universality of his mass production
methods than to actual knowledge of the requirements of air transport. Ford
too believed in the unsuitability of wood for mass production, so his com-
mitment to mass production led directly to his enthusiasm for metal air-
planes. In the spring of 1925, just before Ford bought Stouts company,
Henry and Edsel held discussions with Clement M. Keys, owner of the Cur-
tiss Aeroplane and Motor Company. Keys was organizing an air transport
company to fly between New York and Chicago, and he sought the Fords’
participation in the venture. According to Keys, the Fords were “all ‘hipped’
on metal ships,” although they admitted their lack of knowledge and ap-
peared willing to take advice. The Fords declined to participate in Keys’ new
venture but continued to discuss possible cooperation with Curtiss. Months
later, after Ford had completed the purchase of Stout’s company, Keys still
found Ford quite naive about aviation, proceeding “in about the same frame
of mind that Curtiss was in when he built his first motor or first airplane.”
Subsequent events would demonstrate the validity of Keys’s assessment.*

With the sale of Stout’s company complete, Mayo directed Stout to begin
work on a three-engine version of the Air Pullman. Trimotors, as such
planes were called, became popular for passenger aircraft after 1925 due to
their ability to keep flying if one engine failed. Both Junkers and Fokker
developed trimotor versions of their monoplane transports in the first half
of 1925. Mayo became convinced of the need to produce a trimotor Air
Pullman after a July meeting with Post Office officials, who were worried
about the safety of single-engine airplanes for the Air Mails night-flying
operations. Stout immediately set to work designing the new trimotor. Un-
fortunately, Stout was soon deprived of his most skilled engineer, George
Prudden, who was fired in early September for talking to the press at the
crash site of the Shenandoah, where he had been sent to prepare a first-hand
report for Henry Ford. Without Prudden’s help, Stout designed a monstros-
ity. Two air-cooled engines were bolted directly to the front wing spar, with
a section of the leading edge removed from each wing to make space (fig-
ure 5.3). The engines created turbulent flow across the wings, destroying lift
for the portion of the wing behind the engines.”

When the new airplane first flew in November 1925, its performance
proved abominable. The test pilots were furious at Stout. The airplane
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Figure 5.3. William Stouts disastrous first trimotor, 1925. National Air and Space
Museum, Smithsonian Institution (SI neg. no. A-42247).

landed at a dangerously high speed and proved extremely difficult to con-
trol. An enraged Henry Ford relieved Stout of design duties and placed
Harold Hicks in charge of airplane design. According to Hicks, Ford in-
structed him “to keep Stout out of the design room. He said that for the first
time in his life, he had bought a lemon and he didn’t want the world to
know about it.” Ford also told Hicks that Stout would continue to receive
credit for all the design work performed by Hicks and his staff.?

The failure of Stout’s trimotor ended his influence on the technical devel-
opment of American aviation. However, the fact that he had any influence
at all dramatically illustrates the role of the progress ideology of metal in
aviation history. Ample evidence attests to Stouts incompetence as an air-
plane designer. Other prominent designers have had their technical ability
questioned, for example Glenn Martin and Anthony Fokker, but at least
these men knew how to employ competent subordinates and could distin-
guish between sound ideas and poppycock. These men also had many suc-
cessful airplanes to their credit, unlike Stout, who could claim at most one
success out of the six major airplane projects he had supervised. Despite
his repeated failures, Stout coaxed investments and contracts worth hun-
dreds of thousands of dollars from the army, the navy, and Detroit business-
men. If one includes Ford’s payment to Stout for the metal airplane com-
pany, Stout received more than $1 million for his metal airplane work.
Stout’s “success” was not based on technical accomplishments but rather on
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his rhetorical skills. Yet rhetorical skills alone do not explain Stout’s suc-
cess; his promotional letters are reminiscent of advertising copy, not the
sort of language that ordinarily sways experienced engineers and hard-
nosed businessmen. Stout’s greatest strength lay not in his mastery of rheto-
ric, but rather in his recognition of the powerful symbolic link between
metal airplanes and aviation progress, a link he reinforced and shamelessly
exploited.’”

Henry Ford was not going to let Stout’s incompetence drive him from the
airplane business. Hicks assembled a talented group of young airplane engi-
neers and set them to work completely redesigning a new trimotor with no
interference from Stout. In January a fire destroyed Stouts prototype tri-
motor along with the entire Stout factory building, giving Ford a clean slate
for the new trimotor. Many insiders were convinced that someone close
to Henry Ford set the fire to erase all evidence of Stout’s bungling. Ford
soon had the factory rebuilt, and the new trimotor, named the 4-AT, had its
first flight on June 11, 1926. The 4-AT followed the same general layout as
the Air Pullman, retaining the corrugated duralumin covering and dural
framework, and provided room for eight passengers and a crew of two (fig-
ure 5.4). The 4-AT proved quite successful as a passenger and mail transport
and was bought by numerous airlines. Ford sold a total of seventy-eight
4-ATs, making it the first commercial metal airplane produced in quantity
in the United States. In 1928 Ford’s aircraft division enlarged the 4-AT and
installed more powerful engines. This new model was designated the 5-AT,
of which 116 were produced through 1932. The Ford trimotors were among
the most common large transports of the late 1920s and early 1930s.%®

The success of the 4-AT and 5-AT seemed to vindicate Henry Ford’s faith
in metal airplanes. Yet the Ford Motor Company'’s venture into airplane
production did not last. Ford’s airplane activities peaked in 1929, when the
company sold a record eighty-six trimotors. Production reached a pace of
four planes per week over the summer of 1929, and the workforce totaled
1,850 men. At the same time, Ford launched a major expansion in factory
space, with a planned production capacity of one plane per day. Even before
the October stock market crash, however, aviation journalist John T. Nevill
noted the limited growth potential in the market for large transport planes,
which were more analogous to railroad coaches or buses than to automo-
biles. Under normal circumstances, Ford would have had trouble keeping
his expanded factory busy producing trimotors. But with the onset of the
Depression, sales plummeted to only twenty-six planes in 1930 and twenty-
one in 1931. Meanwhile, Junkers had initiated patent litigation against the
Ford trimotors, which limited Ford’s access to foreign markets. By 1932
Henry Ford faced rapidly mounting losses, weak domestic demand, restric-
tions on exports, and few prospects for military sales. In addition, his auto-
mobile business was losing tens of millions of dollars, and development of
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Figure 5.4. Ford 4-AT. This successful trimotor has been wrongly attributed to Wil-
liam Stout. National Air and Space Museum, Smithsonian Institution (SI neg.
no. A-46899H).

the new V-8 auto engine demanded his undivided attention. Ford had no
time for the aircraft division, which sold only three trimotors in 1932. That
July, Henry Ford laid off all but a skeleton staff at the aircraft division. He
ceased all operations the following year.*

Ford’s involvement in airplane manufacturing was never profitable, even
when sales reached their peak. Despite the Ford company’s vast skill in
production engineering, metal airplanes did not prove cheaper to build than
composite wood-and-metal types. The Ford trimotors competed directly
with the Fokkers, which had plywood-covered wood wings and fabric-
covered, welded steel-tube fuselages. The Ford 5-AT and the Fokker F-10A
used the same Pratt & Whitney engines and had almost identical weights,
performance figures, and sale prices, and they sold in similar quantities. In
1927 Fokker claimed that the Ford company provided a subsidy of $40,000
to $50,000 per plane due to the high costs of all-metal construction. Fokker
had good reasons to exaggerate, but his estimate was not too far off the
mark. Ford’s accounting practices make it almost impossible to disaggregate
costs, but total losses from Ford’s aviation activities were staggering. Be-
tween 1925 and 1931, Ford sold just over $11.1 million in airplanes and
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airplane parts; losses amounted to more than $5.6 million, not including
depreciation and an unsalable inventory of $1.27 million. If one excludes
operations of the Ford company airline, and includes depreciation and un-
sold inventory, total losses on airplane production amounted to at least
$5 million, or roughly $25,000 for each airplane. Even in robust years, sales
of the Ford trimotors barely covered productions costs; only the year 1929
showed a profit on manufacturing operations alone, due largely to Ford’s
practice of excluding unsold inventory from operating costs.*

The financial problems of Ford’s aircraft division were due in part to its
lack of involvement in the military market. The Depression provided the
immediate impetus for Fords decision to abandon the aircraft business.
However, a number of manufacturers with lesser financial resources sur-
vived the Depression, most notably Douglas, Curtiss-Wright, and Boeing
(as part of United Aircraft and Transport). All of these firms had substantial
military contracts. Ford initially had no interest in producing military air-
craft, although the company did sell twenty-two trimotors to the army and
navy. In 1931, after the collapse of the commercial airplane market, Ford
entered a converted trimotor in an army bomber competition, but the air-
plane’s performance was far inferior to the twin-engine Boeing B-9 proto-
type. The modifications to the trimotor interfered with its aerodynamics,
resulting in “semi-dangerous” flying qualities. In addition, the army’s trial
board found placement of the armament unacceptable. With no experience
in designing combat aircraft, Ford engineers proved unable to produce a
remotely acceptable military airplane. Despite entreaties from Mayo, neither
the army nor navy was willing to spend money to keep Ford in the airplane
business.*!

Both the popular and technical press had heralded Ford’s entry into avia-
tion as the start of a new era, but in practice Ford had little direct impact on
the technical course of airplane design. Despite frequent refinements in the
design of the trimotors, Ford did little to change the structural practices first
used by Stout on the 1923 Air Pullman, in particular the use of corrugated
coverings. Corrugation was the easiest way to give compressive strength to
thin sheet metal. In the late 1920s, however, American designers of metal
airplanes began to abandon corrugated coverings in favor of stiffened flat
sheet (see chapter seven). Corrugated skins created manufacturing prob-
lems, being more difficult to shape and attach to the structure than smooth
skins. In addition, corrugated wing coverings were not suited to the faster
airplanes of the early 1930s. To prevent excessive wing drag, the corruga-
tions had to run in the direction of flight, but even so, the corrugated skin
significantly increased drag. The corrugations also prevented the skin from
contributing much strength to the structure. Corrugated sheet has little
strength perpendicular to the corrugations, tending to fold up or expand
like an accordion. A corrugated wing covering could not resist the primary
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bending forces on the wing. Flat sheet, in contrast, could be stiffened inter-
nally to resist these bending stresses.

In retrospect, the Ford Motor Company’s involvement in commercial avi-
ation was clearly a failure. The company lost millions while contributing
little technically to the all-metal stressed-skin construction that came to
dominate passenger airplanes after 1933. Henry Ford viewed the problem
primarily in terms of production, but even here his engineering expertise
and vast financial resources proved unable to bring the construction costs of
metal airframes down to the level of composite types. Ford built nearly two
hundred trimotors, but even this push down the learning curve failed to
make metal airplanes a profitable business. Ford’s failure resulted directly
from the progress ideology of metal, which blinded him to the difficult
problems involved in the efficient production of metal aircraft structures.®

Despite his eventual failure, Henry Ford’s involvement in airplane pro-
duction did much to advance the cause of metal, especially in commercial
airplanes. The Ford company advertised its airplanes heavily, stressing the
advantages of all-metal construction. THIS 1s THE DAY OF METAL, proclaimed
the headline of a 1928 Ford advertisement, which insisted with standard
prometal rhetoric that “all the experience of the past points to the necessity
of metal construction in vehicles for transportation.” These advertisements
even repeated the oft-falsified claim that metal construction was fireproof.
The Ford advertisements argued that metal created the impression of safety
needed to attract paying customers, an important consideration in the early
days of air travel. Even at the time, observers recognized the significance of
Ford’s prometal advertising. The authors of a 1930 investment analysis, for
example, refrained from endorsing either wood or metal construction. Nev-
ertheless, they noted that “the Ford advertising has created considerable
popular preference for metal airplanes. The factor to decide this question
may be advertising.” Although Ford’s advertising did not decide the ques-
tion, it did popularize the progress ideology of metal, cementing the associ-
ation between metal and progress and easing the way for other firms to
develop commercial metal airplanes.**

And metal airplanes did indeed benefit from the association between
metal and progress. While Henry Ford, the army and the navy were putting
millions into metal airplanes, a few manufacturers continued to develop
innovative wooden airplanes. But these innovators received very little help
from the federal research establishment, in sharp contrast to the tremen-
dous support received by developers of metal airplanes.
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Neglected Alternative I:
Plywood Stressed-skin Construction

No ibEoLOGY ever dominates completely. Regardless of the social glue that
holds particular communities together, individuals can always make room
for alternative visions and strategies that conflict with dominant ideologies.
Such alternative strategies did exist within the American aviation commu-
nity of the 1920s. Despite the strength of the progress ideology of metal, a
number of firms worked to improve wood airplane structures, and one fed-
eral agency received funding for serious research related to wooden air-
planes. These efforts produced, among other things, the Lockheed Vega, the
fastest single-engine commercial airplane of the late 1920s.

The “airframe revolution” of the early 1930s contained three main ele-
ments: all-metal construction, the fully cantilevered monoplane, and
stressed-skin structures. Both contemporary observers and historians have
viewed these elements as related. In the early 1920s, the idea of the neue Stil
firmly linked metal with the unbraced monoplane, while later in the decade
designers and researchers conceptualized stressed-skin structures almost
entirely in terms of metal. In the early 1930s, the military and commercial
airlines adopted stressed-skin structures and all-metal construction at the
same time.

There was, however, no inextricable link between metal and stressed-skin
structures. Stressed-skin structures were particularly susceptible to buck-
ling failures (chapter three). This susceptibility provided a strong argument
in favor of plywood, which possessed superior buckling strength compared
to aluminum or steel. The advantage of plywood was not merely theoretical.
A number of manufacturers in the 1920s developed successful wooden air-
planes with stressed plywood coverings, demonstrating the viability of ply-
wood structures as an alternative to metal stressed-skin airplanes. These
manufacturers also benefited significantly from federal research, although at
a level far below that devoted to metal construction. Belief in the inevita-
bility of metal construction led the aviation community to neglect wood
research, even in problems widely recognized as critical, limiting the ability
of plywood to compete with the new metal structures. Despite the promise
shown by plywood stressed-skin airplanes and the clear utility of wood re-
search for airplane designers, the progress ideology of metal undermined
further developments along this alternative path.
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Early Stressed-skin Plywood Structures

Plywood was the key to using wood in stressed-skin structures. Plywood
consists of several layers of wood veneer, arranged with the grain of adjacent
layers at right angles and held together with glue. Although woodworkers
have used veneer for centuries, plywood is an industrial product, dependent
on the machinery used to cut large thin layers of wood from logs. Plywood
offers several advantages over standard forms of lumber. By crossing the
grains of the veneers, plywood compensates for the highly directional prop-
erties of wood, giving the sheet strength in two directions instead of just
one. This property permits the use of plywood in thicknesses that would be
impossibly fragile with single veneers. Plywood also reduces the variability
of wood by allowing adjacent layers to compensate for small defects and
variations. The thin veneers are also easier to inspect for defects than solid
lumber. In addition, plywood can be more easily formed into curved shapes
than solid wood.!

One of the earliest uses of plywood in airplane structures was for mono-
coque fuselages. The monocoque fuselage initially attracted the interest of
airplane designers who sought a well-streamlined body with unobstructed
interior spaces. The first technically successful application of plywood
monocoque construction was in the Deperdussin racing plane of 1912.
Fuselages of the Deperdussin type were built in three layers, with each layer
consisting of strips of tulip-wood veneer wound spirally around a tempo-
rary frame. The workers first tacked a layer of veneer in place, and then
glued a layer of linen over the veneer. The linen was followed by a second
layer of veneer wound in the opposite direction, so that the grain of the two
layers of veneer crossed at right angles. Another layer of fabric was added,
followed by the third layer of veneer wound opposite to the second layer.
When the glue had dried sufficiently, the framework was collapsed and re-
moved from the shell .

The monocoque Deperdussin won the prestigious Gordon Bennett race
in 1912, and a number of designers in France and elsewhere imitated its
construction. Manufacture of the Deperdussin-type fuselage was difficult,
however, and involved much skilled hand labor. Furthermore, drying time
for the glue lengthened the production process. Each fuselage shell required
about seven days before it could be removed from the temporary frame.’
These disadvantages in production outweighed the advantages in stream-
lining. Until the adoption of the steel-tube fuselage in the early 1920s, most
manufacturers continued to build wooden framework fuselages covered
with fabric or plywood.

When the United States entered World War I, army engineers at Mc-
Cook Field decided to take another look at the monocoque fuselage. These
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engineers recognized that the difficult manufacturing process of the Deper-
dussin fuselage was not an inherent characteristic of wood monocoque
structures, and they launched a study to simplify the production of wood
monocoques. This study focused on semimonocoque structures, which in
general weighed less than “true” monocoques. Semimonocoques used bulk-
heads and longerons (or stringers) to reinforce the inside of the wood shell,
while the true monocoque derived all of its strength from the shell itself.
The army brought in two plywood manufacturers and a furniture maker to
design and build experimental semimonocoque fuselages. These firms in-
vestigated a number of methods to speed the production process. All of the
methods involved molding flat sheets of plywood to the required shape, in
contrast to the Deperdussin process, which relied on the pliability of indi-
vidual veneer strips.*

Two of the firms developed similar methods for molding large sheets of
plywood. One firm was the Haskelite Manufacturing Company, a plywood
manufacturer located in Grand Rapids, Michigan. In the Haskelite process,
a plywood sheet was first boiled for several hours to make it pliable. Metal
clamps then gripped the edges of the sheet, holding it above a cast-iron die.
A hydraulic press forced the die into the plywood sheet, producing the de-
sired shape. Steam pipes heated the mold to speed drying. When dry, the
curved plywood was glued and nailed to the longerons and bulkheads.
Using the Haskelite process, the entire covering of the twenty-five-foot fuse-
lage comprised only five pieces.’

Neither of the large-panel methods proved successful before the Armi-
stice. The McCook Field engineers found that the best results were obtained
when the face grain (the grain of the outer layers of veneer) ran parallel to
the longitudinal axis of the fuselage. However, the Haskelite molding pro-
cess only worked on plywood with the face grain running circumferentially.
A third process, involving smaller panels formed directly onto the frame-
work, permitted the use of plywood with longitudinal face grain. This
method demonstrated its practicality, but the Armistice ended the project
before production could begin.®

At the end of the study, the McCook Field engineers were quite optimis-
tic about the potential of the wood monocoque. They concluded that wood
monocoques could be built lighter than framework types, and that they
were “an excellent production proposition.” Designers could easily obtain a
well-streamlined shape with a monocoque fuselage. In addition, plywood
veneers could be cut from timber rejected as unfit for standard aircraft con-
struction, thus easing concerns over wood shortages. Monocoque structures
also needed less maintenance, since they did not require the frequent ad-
justments necessary to maintain the alignment of wire-braced wood frame-
works. These opinions led Lt. Col. Jesse G. Vincent, wartime head of Mc-
Cook Field, to endorse further development of the plywood monocoque
over the metal fuselage.”
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Development of the wood monocoque fuselage continued after the war,
building on the work at McCook Field. Not long after the Armistice, Alfred
Verville, a civilian engineer at McCook, designed a racing monoplane based
around a monocoque fuselage of the Deperdussin type. Verville simplified
the Deperdussin process by building the fuselage in two half shells. The
army entered the Verville racer, designated the VCF, in the 1920 Pulitzer Air
Race, the most important aerial competition in the United States. The VCP
won the race with an average speed of 178 mph. Not to be outdone, the navy
decided to compete in the 1921 Pulitzer race, and it turned to the Curtiss
Aeroplane and Motor Company. Following Verville’s example, the Cur-
tiss company designed the first of a series of biplane racers with plywood
monocoque fuselages. Army and navy variants of the Curtiss racers domi-
nated American racing through 1925.8

After the Armistice, Curtiss and other manufacturers also designed ply-
wood monocoques for new commercial models. Unfortunately, manufac-
turers could sell few new airplanes of any type in the early postwar years due
to the glut of war-surplus airplanes. In 1919 Curtiss developed two com-
mercial airplanes for the anticipated postwar market, the Oriole and the
Eagle. Both models had plywood monocoque fuselages. The Oriole was a
three-seat, open-cockpit biplane, while the Eagle carried six to eight passen-
gers in a comfortable enclosed cabin. Little is known about Curtiss produc-
tion methods for its monocoque fuselage, but Curtiss engineers obviously
believed that their methods would allow them to meet the expected robust
demand. The production potential of the Curtiss fuselage was never tested,
however. Curtiss built only a few Eagles, while sales of the Oriole amounted
to a few dozen at most.”

More interesting from a production standpoint was the Loughead S-1 of
1919. Brothers Malcolm and Allen Loughead had established the Loughead
Aircraft Manufacturing Company in 1916. The S-1 was a single-place sport
biplane, designed to serve the demand expected from thousands of demobi-
lized army pilots for a small, low-cost airplane. Anthony Stadlman, Loug-
head’s head of production, worked out a plywood molding method for the
S-1 superior to those developed for McCook Field during the war. Malcolm
Loughead applied for a patent on this process in 1919.'° The S-1 fuselage
skin was formed in halves in a concrete mold cast in the precise shape of the
fuselage. Workers placed three layers of spruce veneer strips in the mold,
each layer well coated with glue. A layer of cloth separated each veneer
layer, as in the Deperdussin fuselage. All the layers were assembled at one
time. A cover was then clamped over the mold, and a rubber bag inside the
cover was inflated, placing uniform pressure on the shell. This pressure was
maintained until the glue set. Workers then glued the completed half-shell
to the bulkheads and stringers.!!

The Loughead brothers spent almost $30,000 on the S-1 prototype, but
they failed to sell a single airplane due to the postwar collapse of the airplane
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market. In 1921 the company suspended operations, and the Lougheads
temporarily abandoned the airplane business.!'? Nevertheless, the S-1 fuse-
lage bore fruit a few years later in the Vega of 1927.

In December 1926, Allen Loughead established a new company to pro-
duce a single-engine passenger monoplane based around a monocoque fuse-
lage similar to the one developed for the S-1. Allen Loughead named the
new firm the Lockheed Aircraft Company, using the phonetic spelling of the
family name. Aircraft designer John Northrop, who had previously worked
on the S-1, was the chief engineer for the Vega, as the new airplane was
called. Northrop laid out a closed-cabin, fully cantilevered monoplane. The
Vega’s careful streamlining was more reminiscent of a racing plane than of
the commercial airliners of the day, a resemblance that Lockheed empha-
sized in its descriptions of the Vega. The Vega was powered by the reliable
Wright Whirlwind, the same engine that took Charles Lindbergh across the
Atlantic. The Vega carried from four to six passengers at a cruising speed of
110 mph, with a top speed of 135 mph. It flew faster than competing air-
planes of similar size and power, such as the Fokker Universal, which had
a top speed of 118 mph, or the Stinson SM-1, with a top speed of 125 mph."?

The speed and load-carrying efficiency of the Vega made it well suited for
record-breaking flights. The first Vega disappeared during a race from Oak-
land to Hawaii in August 1927, while in April 1928 explorer George W.
Wilkins took the third Vega on a 2,200-mile exploration flight across the
Arctic from Alaska to Norway. That August, a Vega with a 420-horsepower
Pratt & Whitney Wasp engine became the first airplane to fly nonstop from
Los Angeles to New York. With an advertised top speed of 170 mph, guaran-
teed to within 5 percent, the Wasp-powered Vega was the fastest commer-
cial airplane of the late 1920s able to carry more than two passengers.'*

The addition of the NACA engine cowl further increased the performance
of the Vega and its variants. The first commercial airplane to use the new
NACA cowl was the Lockheed Air Express, a modified Vega designed for
combined mail and passenger transport. The cowl increased the top speed
of the Air Express from 157 to 177 mph. In February 1929 the cowled Air
Express set a new nonstop record from Los Angeles to New York. The re-
duction in drag produced by the NACA cowling was especially advanta-
geous when combined with the streamlined monocoque fuselage, produc-
ing a smooth contour from propeller to tail. With an NACA cowl, the top
speed of the Vega increased to 180 mph. Amelia Earhart owned such a Vega,
and used it in 1932 to become the first woman to fly solo across the Atlantic
(fgure 6.1).1°

The performance figures and record-setting flights of the Vega brought
Lockheed numerous orders. The ease of producing the molded monocoque
fuselage helped Lockheed meet this demand. Manufacture of the Vega fuse-
lage followed the procedure developed for the Loughead S-1. The reinforced



PLYWOOD STRESSED-SKIN CONSTRUCTION 119

Figure 6.1. Amelia Earhart’s wooden Lockheed Vega with NACA cowling. National
Air and Space Museum, Smithsonian Institution (SI neg. no. A-45812D).

concrete molds were relatively inexpensive and easy to make. The fuselage
shell itself consisted of three layers of spruce veneer with the face grain
longitudinal. Each layer was first assembled from veneer strips and held
together with paper tape. This method permitted each layer to be handled
as a unit, reducing the time required for handling and applying the glue.
Using the pre-assembled layers, it took only twenty minutes to assemble a
complete shell in the mold. When all three layers had been covered with
glue and placed in the mold, a heavy cover with a large rubber bag on the
inside was bolted onto the mold. The bag was inflated to twenty pounds per
square inch, placing the fuselage shell under uniform pressure. The shell
remained under pressure for eight hours before being removed for drying
(figure 6.2). When dry, the completed shell was glued and nailed to the
framework of longerons and laminated-spruce rings.'®

The wooden Lockheeds sold well until the 1929 stock-market crash and
were used by many airlines. The Wasp-powered Vega was priced under
$20,000, costing no more than competing models while providing substan-
tially greater speed. With its monocoque fuselage and plywood wing, the
Vega seemed to provide a clear advantage in performance with no increase
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Figure 6.2. Molding the Vega’s plywood fuselage. A completed fuselage half-shell is

being removed from the mold. National Air and Space Museum, Smithsonian Insti-
tution (SI neg. no. 83-332).

in production costs. Sales of the Vega grew from thirty-one in 1928 to sixty-
eight in 1929, which compared well with the eighty-six Ford trimotors sold
in 1929. Even though the Ford carried twice as many passengers as the
Vega, the two planes had roughly the same cost per seat-mile, according to
estimates made later by E. P Warner."’

Lockheed’s success with the Vega made it an attractive target in the great
merger wave that swept over the airline industry in the late 1920s. In 1929
the Detroit Aircraft Corporation bought the Lockheed company and in 1930
developed a metal monocoque fuselage for the Vega. The metal fuselage did
not help the company’s profitability, however, and in 1931 both Lockheed
and its Detroit parent were in receivership. In 1932 Lockheed found new
owners, who built a few more wooden Lockheeds while developing a new
twin-engine all-metal airliner. Even with the decline in sales after 1929,
more than 180 wooden Lockheeds were built between 1927 and 1934.'8

The Vega was not only a prime example of the plywood monocoque fuse-
lage but also of the stressed-skin plywood wing. Most airplanes in the 1920s
used fabric wing coverings, which did not contribute to structural strength.
The Lockheed wing, on the other hand, had a covering of */32-inch spruce
plywood, which increased both the strength and rigidity of the fully canti-
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Figure 6.3. Internal structure of a Fokker F-10A wooden wing, which was later
covered with plywood. National Air and Space Museum, Smithsonian Institution (SI
neg. no. 96-15634).

levered wing. Lockheed’s initial advertising for the Vega credited Anthony
Fokker with the development of the fully cantilevered plywood-covered
wing." Fokker first used plywood-covered wings on the V-1 experimental
monoplane fighter of 1916, the first of his airplanes to use a thick, fully
cantilevered wing. A subsequent design of this type went into production
near the end of the war as the D-VIII fighter. After the war, Fokker built a
series of passenger airplanes with plywood-covered monoplane wings and
steel-tube fuselages. The standard Fokker wing was based around two ta-
pered box spars. The spars were deepest at the wing root, where the largest
loads occurred, and became thinner toward the wing tips to correspond
with decreasing loads. The flanges (top and bottom) of the spar consisted of
solid or laminated spruce, joined by plywood on the sides to make a hollow
rectangle. Solid plywood ribs connected the two spars, and a plywood skin
covered the whole wing assembly (figure 6.3).° The Vega wing structure
followed Fokkers twin-box-spar design, but with truss ribs instead of solid
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plywood. Due to the large number of parts and extensive gluing, assembling
a Vega wing took ten experienced woodworkers about a week.*!

Aside from Fokker and Lockheed, few American airplane manufacturers
used plywood wing coverings. The Curtiss racers provide the main excep-
tion. The wings of the Curtiss racers employed multiple spars and a special
two-layer spruce plywood, called Curtiss-ply. This form of construction had
been suggested in 1921 by Armin Elmendorf, a consulting engineer for the
Haskelite company. To take advantage of the plywood covering, noted El-
mendorf, one needed to redesign the wing spars “so as to throw stresses into
the covering.” He suggested replacing the spars with longitudinal plywood
webs spaced fairly close together, giving a typical wing roughly six webs.
Curtiss appears to have followed this design in its racers and on early ver-
sions of the PW-8 fighter developed from the racers. On the PW-8, the spars
and ribs were spaced to create square cells, which were then covered by the
Curtiss-ply, giving the structure rigidity. Curtiss referred to this wing as
“cellular,” clearly anticipating the multicellular metal wing on the Northrop
Alpha (chapter eight).?

The Neglect of Wood Stressed-skin Construction

Despite the impressive performance and commercial success of the Lock-
heed Vega, the stressed-skin plywood structure found few imitators among
American manufacturers. By the mid-1930s, wood monocoque fuselages
and plywood-covered wings had almost completely disappeared from
American military and commercial airplanes.”” These plywood structures
clearly anticipated the stressed-skin metal airplanes of the early 1930s, yet
they had little influence on the development of metal stressed-skin con-
struction (see chapter eight). The reasons for the decline and neglect of
plywood are complex. In the early 1920s, plywood suffered due to the gen-
eral mistrust of permanent coverings, whether of wood or metal. Airplane
builders and operators preferred fabric coverings, which needed periodic
replacement, allowing inspection of the internal structure. But plywood
structures faced a more serious impediment in the late 1920s, when interest
in stressed-skin construction blossomed. Within the framework provided
by the progress ideology of metal, the only acknowledged advances in air-
plane structures were those that involved a shift to metal. As a direct result
of these beliefs, practically all stressed-skin research and development was
performed on metal structures.

Several factors limited the success of the plywood monocoque fuselage in
the early 1920s. Both the army and the navy’ preference for fabric coverings
discouraged further development of plywood monocoques, in view of the
military’s complete dominance of the airplane market in the early 1920s.
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Despite earlier experiments with wood and metal monocoques, by early
1923 the monocoque fuselage had clearly fallen into disfavor among Mc-
Cook Field engineers, who preferred the easier maintenance permitted by
the fabric-covered welded steel-tube fuselage (see chapter four). When Cur-
tiss developed the new PW-8 pursuit for the army in 1923, it abandoned the
wood monocoque that had proven so successful on its racing planes, and
settled instead on a welded steel-tube fuselage.**

There was nothing irrational in the army’s preference for the higher drag
but lower maintenance of the boxy steel-tube fuselage. The aerodynamic
advantages of the monocoque fuselage remained limited for the relatively
low-speed airplanes of the time. Most airplanes of the early 1920s suffered
from high levels of parasitic drag. The reduction in drag provided by a
monocoque fuselage was small compared to the remaining drag due to
struts, bracing wires, landing gear, open cockpits, and especially the ex-
posed cylinders of air-cooled engines. In addition, these other drag-produc-
ing elements directly interfered with the smooth airflow over the fuselage,
making it impossible to realize the theoretical improvement in drag as mea-
sured on the fuselage alone. Only when various sources of drag were re-
duced together would the advantages of the monocoque fuselage become
apparent.”

Concern over the durability of plywood also influenced decisions in favor
of the welded steel-tube fuselage in the 1920s. For example, in the mid-
1920s, Boeing engineers rejected the plywood monocoque fuselage in favor
of welded steel tubing for a new mail plane, based on their belief that the
wood monocoque was insufficiently rugged for hard service. Experience
with the Lockheed Vega, however, including its use for Arctic exploration,
suggests that the plywood monocoque could withstand very rough handling
indeed. The Boeing decision does not appear to have been based on any
actual operating experience with plywood monocoques.?®

For similar reasons, stressed plywood wings also remained the exception
in the 1920s. The army’s objection to permanent fuselage coverings applied
equally to wings. In addition, the increased stiffness produced by the ply-
wood skin was of greater advantage to fully cantilevered monoplanes than
to the more common biplanes and braced monoplanes. External bracing
added considerable stiffness to the wings, lessening the benefits of a stressed
skin. The advantage of stressed coverings only became apparent in the late
1920s with the growing interest in high-speed, fully cantilevered mono-
planes. By this time, however, stressed-skin development was conceived
entirely in terms of metal.

As with metal structures, the difficulty of making stress calculations also
inhibited the adoption of plywood airplanes. Stress calculations were much
more difficult to make for stressed-skin than for framework structures, due
to problems in predicting buckling failures. Without a theoretical basis for
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calculating the strength of stressed-skin structures, designers had to rely
heavily on empirical testing. As Walter Vincenti has argued, engineers rou-
tinely develop rational design methods in the absence of theory by means of
systematic parameter variation. This process involves tests on representa-
tive components, and the reduction of test results to a series of equations or
tables applicable to a range of expected design conditions.”’ In airplane de-
sign, such data depended on the materials tested, and one could not safely
use data from one material to design structures in another.”® Extrapolation
from metal to wood was especially problematic, given wood’s anisotropic
properties and its very different mode of compression failure.

Designers of plywood monocoques clearly recognized the need for exten-
sive testing as early as 1920. According to Armin Elmendorf of Haskelite,
tests on monocoque and semimonocoque fuselages showed that “failure
does not take place in compression . . . until after collapse due to buckling.
The engineer must therefore design the monocoque fuselage so as to get
maximum buckling strength.” Unfortunately, engineers had no reliable
equations telling them how to design a fuselage skin for maximum buckling
strength, especially with regard to plywood, where stiffness varies with di-
rection. Given the limits of calculation, engineers had to rely on extensive
testing to design an optimal monocoque fuselage. The Haskelite company
did perform a series of such tests, but the company apparently abandoned
this research as interest in plywood monocoques declined.*

In the late 1920s, growing interest in stressed-skin construction led to a
resurgence in research on the strength of thin-walled structures. Plywood
found almost no place in these studies. The navy initiated this research in
1927, when it asked the Bureau of Standards to conduct a study of the
strength of flat metal plates under edge compression, information important
for the design of flying-boat hulls. This research relied heavily on parameter
variation, and was performed entirely on metals. The bureau tested sheets of
four different metals in six thicknesses and six widths, for a total of 144
tests. McCook Field engineers were also interested in this study because of
its possible application to wing coverings, but in early 1927 they did not
consider stressed coverings important enough to justify an extensive re-
search program. Within a few months, however, the Materiel Division
changed its tune and began planning its own study of stressed-skin struc-
tures, beginning with tests of corrugated metal in compression. All the pro-
posed tests involved metal components. By early 1928, Capt. Carl Greene
and John Younger of McCook Field had begun a study to develop a metal
“skin stressed wing,” with some of the research to be performed by Alcoa.
As part of this project, the army engineers first tested the torsional strength
of box beams with thin plywood sides, and then extended the tests to du-
ralumin. Plywood structures, however, were not themselves a subject of
research but merely a means to help develop an all-metal wing. The ply-
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wood tests were completed in 1928, but the army did not publish the re-
sults. Until the late 1930s, the NACA, the army, and the navy showed no
interest in studying wood stressed-skin structures.*

By 1930 the term stressed-skin construction referred almost exclusively to
metal in the eyes of researchers in federal agencies, universities, and air-
plane companies. In 1929 MIT aeronautical engineering professor Joseph
Newell, formerly of McCook Field, began a study of reinforced plates under
edge compression. This study focused on duralumin, but some plywood
panels were tested. By 1931 the tests indicated that corrugated dural gave
the best weight-to-strength ratio, but also that reinforced plywood was su-
perior to stiffened flat duralumin sheet. Nevertheless, most of Newell’s re-
search focused on flat dural sheet, and he did not mention the plywood
results in his journal articles, which gave useful guidelines for designing
metal stressed-skin structures. Newell was one of the few engineers to ex-
press doubts about the wisdom of all-metal construction, making his omis-
sion of the plywood data even more striking.’! Other researchers and de-
signers working with stressed-skin structures did not even consider wood as
an alternative material. When New York University professor Alexander
Klemin polled industry and government engineers in 1930 about stressed-
skin design, both his questions and the answers were framed exclusively in
terms of metal construction.”

Military and civil interest in stressed-skin structures continued to grow in
the early 1930s. In May 1931, the NACA established a temporary subcom-
mittee on monocoque design to oversee research at the Bureau of Standards
and the NACASs Langley Laboratory. The subcommittee defined its scope
entirely in terms of metal, claiming that research on stressed-skin structures
was “a result of the present trend toward all-metal airplane construction.”
The experimental studies supervised by the subcommittee were almost ex-
clusively conducted with duralumin and stainless steel. Much of the re-
search concerned practical design questions, such as the proper spacing of
rivets.” Such practical research provided significant benefits to designers of
metal stressed-skin structures, benefits not available to designers of wooden
airplanes.

The limitation of stressed-skin research to metal clearly demonstrates the
power of the progress ideology of metal to promote a particular develop-
mental path. There was absolutely no technical reason to restrict stressed-
skin research to metal; in fact, the shift to stressed-skin structures created
new opportunities for low-density materials like plywood. With their high
densities, metals exacerbated the buckling problems inherent in all thin-
walled structures, a fact easily demonstrated in the 1920s using elemen-
tary equations for buckling strength (see chapter three). Yet if engineers
noticed that stressed-skin construction provided an argument in favor of
wood, they did not think it worthy of mention. A 1927 French report briefly
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noted that the continued use of wood might aid the transition to monoco-
que structures, but such observations were extremely rare. Typical discus-
sions of stressed-skin construction simply ignored wood. For example, a
1932 article on “The Monocoque Fuselage” stated simply that “comparison
[of metal] with wood construction is not warranted,” without giving any
justification.** Because aviation engineers viewed monocoque design as an
aspect of all-metal construction, most of them ignored the potential benefits
of wood monocoques.

NACA Wood Research and the Durability of Glues

Another factor that discouraged the development of plywood stressed-skin
structures, and of wooden airplanes in general, was distrust of glued joints.
Gluing provided by far the strongest joints between wood parts, far stronger
than screws or nails, and so was indispensable to wooden airplane struc-
tures. Critics of wood construction correctly identified glued joints as the
place where deterioration began in wooden airplanes. Researchers in wood
structures had long recognized the need to improve the durability of glues,
yet the widespread belief in the inevitable triumph of metal discouraged
the aviation community from pursuing such research. Instead, aviation re-
search remained focused on problems of metal construction, despite the
widespread use of wood in airplane structures into the 1930s. This neglect
of wood research is strikingly demonstrated by the NACA’s lukewarm inter-
est in the durability of glues, especially when contrasted with the NACAs
vigorous response to intercrystalline corrosion in aluminum alloys. These
radically different responses clearly bear the imprint of the progress ideol-
ogy of metal.

By 1920 airplane builders had made considerable progress with wood-
working glues, especially with glues for making plywood. Before World
War 1, the structural use of plywood was hindered by the lack of water-
resistant glues. Traditional hide and bone glues produced strong joints but
remained water soluble, making their use unwise in structures exposed to
the weather. By World War I, however, manufacturers were gluing veneers
with blood-albumin and casein glues, both of which became insoluble after
setting. Albumin glues required heat to set, whereas casein glues could be
applied cold. Widespread use of these glues in the United States was a direct
result of military demand for water-resistant plywood during World War 1.
During the war, the Forest Products Laboratory (FPL) developed tests for
the water resistance of plywood glues. These tests included boiling a ply-
wood sample in water for twenty-four hours and soaking a sample in cold
water for two weeks. By 1918 McCook Field engineers had identified over
a dozen commercial plywood glues that could survive these tough tests.*
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After World War I, the cold-setting casein glues became the most popular
adhesive for airplane construction. Unfortunately, the long-term durability
of casein glues remained uncertain, especially under moist conditions. FPL
research during World War I had revealed the weakening of casein glues
when wet, but the brief FPL tests did not uncover the tendency of casein to
deteriorate when kept in prolonged contact with moisture. Casein glues
softened in the presence of moisture, and after prolonged exposure behaved
like soft cheese. They also made good food for various microorganisms.*

Supporters of metal construction often cited the impermanence of glues
as an argument against construction in wood, plywood in particular. In
1925, an Air Service officer told a congressional committee that plywood
structures on army airplanes deteriorated more rapidly than those of solid
wood. William Stout claimed that after six months any airplane built of
plywood would suffer from “veneer-eal” disease, a problem that “none of
you can overcome no matter how you build it.” Both army and navy officers
in the mid-1920s agreed that the deterioration of airplane structures began
in the glued joints.*

Nevertheless, properly maintained wooden airplanes could last for many
years. Dutch studies in the 1920s showed that plywood-covered Fokker
wings retained their strength after years of service, even in tropical condi-
tions. The Royal Dutch Airlines (KLM) successfully used Fokker plywood-
covered wings in the tropics and on the Holland to Java route through the
mid-1930s. Many Lockheed Vegas remained in hard airline service until the
late 1930s. One Vega flew scheduled routes in Alaska into the 1950s, finally
ending its career when it crashed after running out of gas. Other wooden
Lockheeds served Mexican routes from the early 1930s into the 1940s.%®

Given the acknowledged problems with glued joints and their near ubig-
uity in airplane structures, one would expect to find concerted research to
insure the durability of wood glues. For a variety of reasons, no such efforts
were made. Within the federal government, research on wooden airplanes,
including glue research, was coordinated through the NACAs Subcommit-
tee on Woods and Glues, established in 1920 as a subcommittee of the
Committee on Materials for Aircraft.** The FPL, a part of the Forest Service
within the Department of Agriculture, performed most of this research. The
FPL maintained a well-equipped research facility in Madison, Wisconsin; in
1921 the FPL employed 220 “engineers, wood technologists, chemists,
manufacturing specialists, and assistants.” During World War I, the FPL
had played a major role in airplane research, especially in the development
of water-resistant airplane glues.*

Most of the FPI’s funding for airplane research came from the army and
navy. However, these funds were sharply curtailed at the end of World War
L. For fiscal year 1920, which began July 1, 1919, Congress slashed the War
Departments request for aircraft research at the FPL from $100,000 to
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$25,000, which was hardly enough to continue ongoing projects. In fiscal
year 1921, the Air Service increased its funding of FPL projects to $50,000.
But by the summer of 1920, enthusiasm for metal airplanes had enveloped
the army, which soon began to limit funds for research in wood structures.
In August 1920, Thurman H. Bane, the chief of the Air Service Engineering
Division, recommended against transferring additional funds to the FPL:

It is desired to devote as much money as possible during the current fiscal year to
the investigation of metal, in connection with airplane construction. If metal
construction proves feasible, which in the opinion of the undersigned it will, the
work at the Forest Products Laboratory will become less important in connection
with airplane engineering, as it is hoped that we will get away almost entirely
from wooden construction.

Thus as early as 1920, before the army or anyone else had made a seri-
ous study of the merits of the metal airplane, research in metal construc-
tion was displacing wood research.*’ Bane used the expected success of
metal construction to deny wood researchers the funds they needed to help
wood compete against metal. This rationale would be repeatedly invoked
throughout the 1920s.

Despite constraints on funding, researchers at the FPL did attempt to
develop more durable and water-resistant glues. As early as April 1920, the
NACA Subcommittee on Woods and Glues noted that “development of a
waterproof glue is urgently needed.”*? By February 1921 the FPL had begun
research to develop such a glue. The problem of glue durability, reported
the FPL in 1921, “is of great importance in the construction of aircraft,
where the value of glues that will stand indefinite exposure to water or high
humidity without weakening is obvious.”* As part of this study, FPL re-
searchers tested the effectiveness of preservatives in increasing the durabil-
ity of casein glue. This research continued at a low level through 1925,
largely supported by navy funding.*

In 1925 the FPIs glue research encountered a funding crisis. George
Trayer, a senior FPL researcher and the new chairman of the NACA Sub-
committee on Woods and Glues, detailed this crisis in an October 1925
memo to the subcommittee. The army and navy funded specific short-term
projects at the FPL, explained Trayer, but did not support the long-term
research needed to study the durability of glues under prolonged exposure
to moisture. According to Trayer, “the future status of wood in aircraft con-
struction” depended on a comprehensive understanding of the durability
problem. Beginning that summer, however, the army and navy ceased to
provide funds for glue research. To save the program, Trayer appealed to the
NACA to fund a long-term study on the durability of wood glues.*

The NACA's Committee on Materials was willing to support Trayer’s pro-
posal. At its October meeting, the committee requested NACA funds for a
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three-year study at the FPL on the durability of glued joints. The NACA did
not treat the matter with any urgency, however, and a year later the FPL had
still not received authorization to begin the study. Eventually, the NACAs
Executive Committee approved a “Study of the Resistance of Glues to Pro-
longed Exposure to Damp Conditions,” and provided the FPL with $2,500
annually for three years (fiscal years 1927-1929), with additional funding
provided by the FPL and the navy. The study continued for another two
years without support from the NACA . *

Trayer correctly perceived the importance of the glue study to the contin-
ued use of wooden airplanes. Nevertheless, the FPL was under no pressure
from the NACA or the military to generate practical results. The laboratory
proceeded at a leisurely pace, carefully developing experimental protocols
before investigating practical methods to improve the durability of glues.
During the first year of the study, FPL researchers focused on techniques for
testing the mechanical properties of thin films of glue. They also began a
series of long-term tests in the “fungus pit” to measure the effectiveness of
antifungal agents on casein and albumin glues.*” Research continued in this
scientific vein the following year, focusing on “new methods for studying
the essential physical and chemical properties of glues.” The FPL scientists
carefully studied the chemistry of casein glues, and began investigating the
microbes that attacked different adhesives. Large-scale exposure tests of
glued joints began only after the FPL had spent almost two years examining
the fundamental properties of existing animal, casein, and blood albumin
glues. These tests exposed glued joints to a wide variety of natural and arti-
ficial environments. The researchers hoped to find connections between the
exposure tests and the fundamental properties of glues.* The exposure
tests, however, required several years to yield useful results.

Unfortunately for the FPL glue study, the NACA began losing interest in
wooden airplanes well before the study yielded practical results. George
Lewis, the NACA's director of research, had long been a supporter of metal
construction. As the pace of metal airplane development quickened in the
late 1920s, Lewis grew increasingly unfriendly to research on woods and
glues. In 1928 the FPL asked the NACA to publish a manual on aircraft
gluing practices that the laboratory had prepared for the navy a few years
earlier. NACA publications provided the single best route for communicat-
ing research results to the aircraft industry. Lewis refused, however, insist-
ing that “such a report is not as important as it was several years ago” due
to the “steady increase in the use of metal in the construction of aircraft.”
Metal construction was already “practically standard” for fuselages, claimed
Lewis, and was now spreading to the wings. Although there was some truth
in Lewis’s claim about the spread of metal construction, the fact remained
that the vast majority of aircraft in service and in production used wooden
wings. Even the army, which had recently renewed its strong support for
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metal construction, had only two combat types with metal wing structures,
the Thomas-Morse O-6 and the Curtiss B-2.%

Carlile P Winslow, director of the FPL, was clearly miffed at this dismis-
sive response from the NACA. In his reply to Lewis, Winslow correctly
pointed out that “wood is still being used in most commercial planes.”
Winslow also noted “the rapid growth of commercial aircraft,” which in-
sured “that the [gluing] manuscript would still serve a very useful purpose,”
despite the increased use of metal construction. Winslow, in fact, had a
much more realistic view of the place of wood in the aircraft industry than
Lewis. Unlike Winslow, however, Lewis was in a position to influence the
funding of aeronautical research and thus to make his views self-fulfilling.
The FPL finally managed to get its aircraft gluing manual published in 1930
as a technical bulletin of the Department of Agriculture, but in this form it
was unlikely to receive wide distribution in the aircraft industry.*®

Lewiss decision on the FPL gluing manual was symptomatic of the
NACAS increasing reluctance to support research on wood construction.
The 1928 NACA annual report reflected this attitude, stating that the trend
toward metal construction rendered additional studies of woods and glues
unnecessary, despite the fact that “wood will undoubtedly be used for some
time to come.” The Subcommittee on Woods and Glues would henceforth
initiate no new research, according to the report, but would rather focus on
completing projects already under way at the FPL.>! This declining support
for wood research closely reflected military priorities. As the 19290 NACA
annual report revealed, the army and navy had “practically ceased to initiate
activities regarding woods and glues.”* By 1929 both military services had
committed themselves to developing all-metal air forces, and were focusing
their research efforts on metal construction. This research, however, ap-
plied more to a desired future than the practical needs of the present. In
1929 Edward P Warner conducted a survey of the aircraft industry; this
survey found that 92 percent of commercial airplanes then being built used
wood for the wing spars and other structural parts. In other words, all but
8 percent of commercial airplanes then in production could have benefited
from practical research in wood structures, especially research to improve
the durability of wood glues.”

Despite the lack of new projects, the FPL still had considerable unpub-
lished data from prior research. In 1929 Trayer convinced the NACA to
publish the results of this research. The FPI's aeronautical activities over
the next two years consisted primarily in preparing these reports for the
NACA, although work on the glue durability study did continue at a re-
duced pace. By March 1931, the FPL had completed the last of five reports
based on previous research. The results of the glue durability study, how-
ever, were never published.’
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On April 6, 1931, George Lewis recommended replacing the Subcommit-
tee on Woods and Glues with a Subcommittee on Miscellaneous Materials.
In justifying his decision, Lewis again overstated the importance of metal in
aircraft production, while revealing the NACAS bias toward military needs.
He claimed that “practically all military and naval airplanes are all-metal,
although many commercial airplanes are still being built with wood as part
of their structure.” In fact, most commercial aircraft continued to use
wooden wings, although metal had become common on large aircraft. A
survey of airplane types published about six weeks prior to Lewis’s memo-
randum found that more than 83 percent of all models in production used
wooden wing spars. While it was true that most army planes under develop-
ment had metal structures, the majority of army planes in service used
wooden wing spars, and the army was still buying new wooden-winged
pursuits (see chapter seven).””

If the aircraft industry had been indifferent to the results of wood re-
search, the demise of the Subcommittee on Woods and Glues would not
have affected the future course of airframe design. The industry, however,
remained very interested in the FPI’s research. The decision to disband the
Subcommittee on Woods and Glues was approved at a meeting of the Exec-
utive Committee on April 23, 1931. At this same meeting, George Burgess,
chairman of the Committee on Materials, reported that the new FPL reports
published by the NACA “have been very much in demand by those inter-
ested in the design of aircraft.””® At the same time, the FPL was fielding
requests from airplane designers for information related to the strength of
plywood stressed-skin structures. Some manufacturers undoubtedly recog-
nized the advantage of plywood in buckling strength, and logically turned
to the FPL for help. Unfortunately, the FPL had done no studies of plywood
stressed-skin construction. Just one month before the disbanding of the
Subcommittee on Woods and Glues, George Trayer brought up the ques-
tion of the buckling strength of plywood sheets at a meeting of the Commit-
tee on Materials, noting the inquiries that the FPL had received from the
aircraft industry. Trayer expressed the FPI's willingness to study the topic
if the committee considered it important for aircraft design. The ensuing
discussion noted Fokker’s continued use of plywood-covered wings, but in
the end the committee referred Trayer to the Subcommittee on Aircraft
Structures, which was just beginning its study of monocoque design. This
research was conceived exclusively as a problem in metal construction.?’

The NACAS lukewarm pursuit of the glue study contrasts sharply with
its vigorous response to the intercrystalline embrittlement of duralumin
(see chapter four). The NACA first became aware of the problem of dural
embrittlement in a February 1925 letter to George Lewis from George K.
Burgess, head of the Bureau of Standards and chairman of the NACA
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Committee on Materials. Immediately upon learning of the dural problem,
Lewis instructed Burgess to make the problem a top priority. Burgess
quickly mobilized support from the army, navy and private companies, in-
cluding Alcoa. In April the Committee on Materials convened a special ses-
sion at the Naval Aircraft Factory in Philadelphia, bringing together users
and producers of duralumin for a discussion of the embrittlement problem.
By the summer of 1925, the Bureau of Standards had launched a major
study on the prevention of intercrystalline corrosion. This study included
basic research into the corrosion mechanism as well as extensive testing of
a wide variety a protective coatings. If the basic research had proved unfruit-
ful, the exposure tests would still have provided practical guidance to air-
plane manufacturers. By 1927 the NACA-sponsored research had yielded
practical results in terms of recommendations for protective coatings.
Alcoa’s involvement in the research also proved fruitful that same year,
when the company introduced Alclad, Alcoa’s solution to the embrittle-
ment problem. By 1928 the NACA had published a comprehensive series
of reports detailing the theoretical and practical aspects of intercrystalline
corrosion.”®

The FPL glue study, in contrast, was conducted with no sense of urgency.
The FPL proceeded in good scientific fashion, first undertaking basic re-
search before attempting to find a practical solution. After three years, the
FPL study had produced no results of practical use to the aircraft industry.
The NACA never once urged the FPL to step up the pace of its research, nor
did it encourage cooperation between the FPL and airplane manufacturers.

The contrast between the intercrystalline corrosion and glue studies
could not be sharper. The NACA responded to the corrosion problem as if
it posed an immediate threat to the aviation industry, while it treated glue
durability like an issue of incidental academic interest. In fact, almost the
reverse was true. In the mid-1920s duralumin was of little importance to the
American aircraft industry, and only one major manufacturer, Ford, had
committed itself to duralumin airplanes. On the other hand, the over-
whelming majority of aircraft depended for their safety on the reliability of
glued joints. By discouraging research on the problems of wood, the belief
in the inevitable triumph of metal became a selt-fulfilling prophesy.

The Knute Rockne Crash

Lack of research on wood glues undoubtedly helped accelerate the decline
of wooden airplane construction. In 1931 wood wings were on the wane
among new military models and the largest commercial airplanes. Yet wood
still remained the most important material in the wings of commercial air-
planes. But one fatal accident in 1931 also proved fatal to the wooden air-
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liner. On March 31, a three-engine Fokker F-10A crashed in Kansas, killing
all eight occupants, including famed Notre Dame football coach Knute
Rockne.

The crash made front-page news throughout the country, and would
have been the lead story but for a thousand people killed by an earthquake
that devastated Managua that same morning.”” Department of Commerce
investigators immediately began searching for the cause of the accident.
Witnesses had reported hearing the engines sputtering and seeing a wing
break off before the crash. Ice on the wing appeared to be a major factor. But
when inspection of the interior of some Fokker wings revealed serious dete-
rioration of the glued joints, apparently due to moisture that had accumu-
lated inside the wing, the Department of Commerce ordered the planes re-
moved from passenger service. The order only applied to F-10s and F-10As
built in 1929, but it still grounded thirty-five aircraft, hampering operations
on most of the major airlines. These Fokkers were permitted to fly again
only after federal inspectors had examined the wing structure of each air-
plane. Most of the planes resumed passenger service after seven weeks,
while a few returned later after reconditioning. The Department of Com-
merce also ordered periodic inspections of the interiors of Fokker wings,
which required the removal of the plywood covering, a costly procedure.
Although the investigators failed to establish a definitive link between the
glue deterioration and the Rockne crash, the public and the industry lost
confidence in Fokker’s wooden wings. After 1931 few Fokkers remained in
service on U.S. airlines.®

General Motors, which controlled the Fokker Aircraft Company, moved
quickly to shift the company to all-metal construction. In July, General Avi-
ation, the parent company of Fokker Aircraft, replaced Fokker’s chief engi-
neer, Albert A. Gassner, with Herbert V. Thaden, a designer of all-metal
airplanes. Thaden had become part of General Aviation when it bought Tha-
den’s firm the previous February. Shortly after Gassner’s departure, An-
thony Fokker resigned as engineering director of Fokker Aircraft under an
agreement that permitted him to retain the rights to the Fokker name. In
August, General Aviation renamed its Fokker subsidiary the General Avia-
tion Manufacturing Company. Anthony Fokker returned to the Nether-
lands to continue building airplanes under his own name.?!

Because the aeronautical community accepted the logic of the progress
ideology of metal, the Rockne crash was interpreted as revealing a funda-
mental flaw in wood construction. The New York Times editorialized that
the new inspection requirements signaled the end of wooden aircraft.®?
Wood did remain in fabric-covered wings, where frequent inspection was
possible, but the Rockne crash inhibited further development of wood
stressed-skin structures until the end of the decade. Yet these consequences
did not follow ineluctably from the technical circumstances of the Rockne
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crash. Both metal and wood airplanes had suffered accidents due to the
deterioration of materials, but in metal these failures served to locate prob-
lems to be solved. Engineers could have reached similar conclusions with
regard to the glue deterioration in the Fokker wings, seeing it as a solvable
problem in an otherwise sound design. Had the NACA pursued research on
glue durability with as much vigor as research on duralumin corrosion,
perhaps the gluing problems in the Fokker planes could have been avoided.
By 1932 the FPL was reporting “remarkable results” from its long-term ex-
posure tests, but these results came too late to help Anthony Fokker or
Knute Rockne.®® Even if the FPL research had not been able to prevent the
Rockne crash, a better understanding of airplane glues might have given
manufacturers enough confidence to continue with wood construction.

In a 1938 retrospective lecture, E. P Warner, MIT aeronautics professor
and former editor of Aviation, questioned the consequences of the Rockne
crash:

The condemnation [of wooden structures] may have been too hasty and too se-
vere, for it is quite possible that protective treatments and water-proof adhesives
can yet be found that will overcome the liability to deterioration that is wood’s

weakest point.®*

In 1938, such improvements were more than just a possibility. Several man-
ufacturers were already developing new wooden airplanes based on syn-
thetic resin adhesives. Nevertheless, the aviation community’s persistent
prejudice against wooden airplanes inhibited the widespread application of
these innovations (see chapter nine).

The long-term consequences of the Rockne crash are difficult to gauge.
The general trend to metal construction in commercial aircraft clearly pre-
dates the Rockne crash. However, this single accident did force Anthony
Fokker from the American aviation scene, and thus removed the last power-
ful advocate of wood in large passenger aircraft. In addition, the Rockne
crash eliminated dozens of Fokker aircraft from airline service, creating an
immediate demand for new equipment. Wood had no place as a structural
material in this new generation of passenger airplanes. But without contin-
ued military support for metal construction, airplane manufacturers would
have been unable to provide these new all-metal airliners.
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Persistence Pays Off:
Military Success with Metal Airplanes

By THE mMiD-1920s, the military’s vigorous support for metal construction
had failed to produce a single metal airplane suitable for service use. Both
the army and navy had cooled in their enthusiasm for all-metal airplanes,
and each service seemed resigned to purchasing airplanes with steel-tube
fuselages and fabric-covered wooden wings, at least temporarily. Despite
this more pragmatic attitude, the earlier efforts to develop metal airplanes
had generated considerable momentum, both in the military and among
private manufacturers.' The military’s continuing pronouncements in favor
of metal construction encouraged private manufacturers to risk their own
funds on new prototypes, even when military contracts were not forth-
coming. Military projects also helped diffuse the skills needed to design and
build metal airplanes throughout the aviation industry. The army’s metal
spar study provided many airplane companies with experience in designing
metal structures, while the duralumin fabrication techniques developed at
the Naval Aircraft Factory were freely transferred to any company with a
navy contract (see chapter four). In time, this momentum began to yield
success. By the late 1920s and early 1930s, both the army and navy were
purchasing metal airplanes as standard service types.

The army and navy pursued somewhat different strategies for meeting
their goal of all-metal construction during the second half of the 1920s.
Both services continued to support some metal airplane projects, though at
lower funding levels than in the early 1920s. The army used the momentum
for metal construction to convince manufacturers to contribute substan-
tially toward development costs. This strategy led to the Thomas-Morse O-6
observation plane, the army’s first metal airplane successful enough to
undergo service tests, and its successor, the Thomas-Morse O-19, the army’s
first metal airplane to be procured in quantity. In contrast to the army, the
navy vigorously pursued the development of large metal flying boats at its
own facility, the Naval Aircraft Factory (NAF). NAF personnel designed and
built a series of experimental airplanes to perfect the metal flying boat; in
the late 1920s the NAF transferred these designs to industry for production.
Meanwhile, the Air Corps had become concerned about a potential shortage
of aircraft timber, which provided an excuse for increased efforts to ob-
tain suitable metal airplanes. At the same time, the army began losing its
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aversion to metal coverings. It began encouraging the development of
monocoque metal fuselages and research on all-metal stressed-skin con-
struction. By 1933, the army had adopted metal airplanes as standard equip-
ment for all of its combat types.

The Army’s Renewed Development of Metal Aircraft

Despite the conservative approach adopted by the Engineering Division in
1923, the army never abandoned the goal of all-metal construction. In a
1924 letter to an airplane company working on metal designs, Maj. Leslie
MacDill, the chief engineer at McCook Field, agreed that “we will eventually
need some type of metal construction.” Brig. Gen. William Mitchell, then
assistant chief of the Air Service, was also a strong supporter of metal con-
struction. Although Mitchell had no direct command over technical matters
at the Engineering Division, he did have influence over the types of air-
planes selected. In a 1924 conference with the section chiefs of the Engi-
neering Division, Mitchell stated that “we should build nothing but metal”
as soon as adequate designs became available. Mitchell’s shrill advocacy of
an independent air force soon cost him his post as assistant chief of the Air
Service. Nevertheless, his views on metal aircraft were accepted even by
high-ranking army officers, whom most flying officers viewed as hostile to
the Air Service. In a January 1925 article prepared by the army’s Information
Division, a part of the General Staff, Lt. Corley McDarment wrote that “one
can scarcely doubt that the future airplane will be of metal construction.”
McDarments article could not have been published without official review
and clearly reflected the thinking of high-ranking staff officers concerned
with aviation.?

The Air Service also felt pressured to do more regarding metal construc-
tion as a result of congressional hearings begun in late 1924 by the House
Select Committee of Inquiry into Operations of the United States Air Ser-
vices, headed by Rep. Florian Lampert of Wisconsin. The Lampert Commit-
tee’s primary mandate was to investigate charges of collusion between the
military and a supposed “aircraft trust” organized around the Manufac-
turers Aircraft Association. This association administered a patent pool
established during World War I at government insistence. During the hear-
ings, committee members repeatedly grilled Air Service officers about pro-
curement policies. An early witness was Brigadier General Mitchell, who
claimed that the United States lagged in metal construction. When Air Ser-
vice chief Mason M. Patrick testified, Rep. Frank R. Reid demanded an ex-
planation for “the delay in developing an all-metal ship.” General Patrick
acknowledged the desirability of all-metal construction but argued that the
industry had failed to solve the problems associated with it. When Patrick
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mentioned German all-metal construction, Reid asked rhetorically: “These
foreigners are no better inventors than we are, are they?” Reid suggested
that the continued use of wood was due to the aviation industry having
“fallen down in developing an all-metal plane,” a charge Patrick denied.’

Not long after General Patrick’s testimony before the Lampert Commit-
tee, the Air Service renewed it efforts to obtain a satisfactory metal airplane
for service use. This airplane would eventually be produced by the Thomas-
Morse Aircraft Company. Thomas-Morse was an experienced manufacturer
of military aircraft, having received more than $1 million in Air Service
contracts in fiscal year 1920 alone, primarily for its pursuit airplane. The
company soon turned to metal construction and provided the army with
three all-metal racing planes, designated the R-5. The R-5 had a corrugated
metal covering on the fuselage and tail surfaces. In the 1922 Pulitzer Race,
the R-5 proved no match for airplanes of wood construction, especially the
Curtiss racers with their wood monocoque fuselages (see chapter six). Tho-
mas-Morse continued to develop duralumin military airplanes, building
four different prototypes through 1924. McCook Field supported some of
these projects by lending the company engines and instruments, but it
found none of the completed airplanes sufficiently promising to justify or-
ders or contracts for further development.*

In April 1924, Thomas-Morse began threatening to cease operations if no
government orders were forthcoming. In a report to the company’s board of
directors, company vice president B. Douglas Thomas complained of the
conservative attitude of the Engineering Division to new forms of construc-
tion. Thomas-Morse had taken up metal construction, he said, due to “per-
sistent encouragement from Washington and McCook Field to abandon
wooden construction for either steel tubing or duralumin.” While other
companies took up steel-tube construction, Thomas-Morse turned to du-
ralumin, in part because European designers appeared far ahead of Ameri-
cans in duralumin airplane design. Thomas attributed the division’s con-
servatism to its limited funds, which made it reluctant to take risks on
airplanes with novel features. However, insisted Thomas, his company had
proven “that duralumin airplanes are perfectly practicable.” Thomas de-
fended the companys most recent design, submitted for an observation
plane competition, against Engineering Division criticism of its dural
monocoque fuselage. The company had begun construction before the com-
petition was announced, and the plane was already two-thirds complete.
Thomas-Morse faced a dilemma. Either it should complete the airplane de-
spite Engineering Division criticism, or it should “abandon the project and
disband our organization.”

Thomas’s complaints elicited a surprisingly sympathetic response from
the Engineering Division. Chief Engineer MacDill replied that he was
“loathe to see such pioneer work in metal construction . . . come to naught.”
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MacDill noted that resistance to the monocoque fuselage came from the
tactical units, which objected to its inherent maintenance problems.
MacDill refused to rule out the monocoque fuselage for future airplanes. A
few months later, the Engineering Division accepted an offer from Thomas-
Morse to sell the Air Service a prototype training plane at cost. The division
wanted to use this airplane for service tests of the durability and mainte-
nance requirements of the monocoque fuselage. Although the airplane did
not meet the required factors of safety, the division argued that it could be
flown safely as long as stunting was avoided. Unfortunately for Thomas-
Morse, Air Service chief Patrick rejected the request to purchase the air-
plane, citing fiscal constraints.®

Thomas-Morse continued to press for army funding of its development
efforts and renewed its threats to close if no contracts were forthcoming.
Engineering Division chief John E Curry urged General Patrick to help
Thomas-Morse stay in business. The failure of Thomas-Morse would consti-
tute a “serious setback” to American efforts to develop metal airplanes.
Curry acknowledged the difficulties involved in procuring metal airplanes,
noting that metal airplanes were costly to develop, especially those with
metal coverings, due to the impossibility of accurate stress calculations.
This difficulty required the purchase of two versions of the prototype, one
for flight tests and another (without an engine) for static tests. According to
Curry, new metal airplanes presented a two-fold risk in addition to their
high cost. To be successful, both the airplane’s structure and its aerodynam-
ics had to prove satisfactory. An airplane with unsatisfactory flying qualities
could not provide a fair test of metal construction. As a solution, Curry
suggested that Thomas-Morse be invited to reproduce in metal a wooden
airplane of proven aerodynamics. The metal airplane would follow in gen-
eral the dimensions of the steel-tube and wood plane, allowing for a side-by-
side test of the two types of construction.’

General Patrick endorsed Curry’s proposal for Thomas-Morse to build a
metal version of a proven army airplane. In late 1924, the Engineering Divi-
sion chose the Douglas O-2 observation plane to replace the aging DH-4Bs.
The O-2 was a single-bay biplane of standard composite construction. The
division was extremely pleased with the performance and flying qualities of
the Douglas airplane and asked Thomas-Morse to reproduce the O-2 in
metal. On April 21, 1925, the company signed a contract to deliver five
metal observation planes and one static test model at a cost of $128,490.
The Air Service designated this airplane the XO-6, with the X indicating an
experimental model. The Materiel Division dropped the X prefix when an
airplane was released for service tests.®

The O-6 was not entirely successful, but it came closer to meeting mili-
tary requirements than did any of the army’s previous metal airplanes. The
airplane had a dural monocoque fuselage with a corrugated skin, character-
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Figure 7.1. Thomas Morse XO-6, the U.S. Army’s first successful metal airplane.
National Archives at College Park, Record Group 18-WP, photo no. 30473.

istic of Thomas-Morse designs since 1921 (figure 7.1). The wings used ex-
truded dural spars, which Thomas-Morse had spent several years devel-
oping. The wings also had an interesting combination of fabric and metal
coverings, with corrugated duralumin on the top surfaces and fabric on the
bottom. The airplane easily passed its static tests, but flight tests of the
prototype, delivered in April 1926, revealed control problems. Correction of
these problems delayed completion of the contract until the first half of
1927.°

The O-6 performed respectably but not well enough to justify the in-
creased cost. Despite Thomas-Morse’s accumulated experience with the de-
sign and construction of metal airplanes, the company’s costs exceeded the
contract price by a considerable margin. In January 1927 Thomas-Morse
renewed its threats to go out of business as a result of losses on the 0-6
contract and the absence of new orders. The company had already spent
$80,000 more than the revised contract price of $135,220, and the contract
was not yet complete. Thomas-Morse claimed that the weight and perfor-
mance of the 0-6 was comparable to the latest model of the O-2, but Gen-
eral Patrick disputed this claim, insisting that the plane was overweight and
had unsatisfactory performance. By mid-1927, Thomas-Morse had cor-
rected the control problems, and the Materiel Division (successor to the
Engineering Division) released the five airplanes for service tests to deter-
mine “the practicability of aluminum alloy construction.” After a year of
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service tests, the O-6 proved acceptable in terms of maintenance, but perfor-
mance remained “below . . . requirements.”*’

Despite the inadequacies of the O-6, it did serve to familiarize the Air
Corps with the metal monocoque fuselage, in particular demonstrating that
the earlier fears of maintenance difficulties were exaggerated. Nevertheless,
the Air Corps remained unwilling to buy a metal airplane with inferior per-
formance and a higher price than standard wooden-wing types. Without
additional orders, further development of the O-6 appeared in jeopardy due
to the precarious finances of the Thomas-Morse company. In January 1927,
Thomas-Morse made a direct plea for additional support to Assistant Secre-
tary of War E Trubee Davison, insisting that the company had invested
large sums of money to develop metal airplanes “in direct response to the
expressed desires of the Government.” Thomas-Morse claimed to have
spent a total of $743,000 on metal airplane work since 1921, for which it
had received only $238,000 from the army. In reply to an inquiry from
Davison, Brig. Gen. William E. Gillmore, chief of the Materiel Division,
defended the Air Corps’ progress in acquiring metal airplanes. Gillmore
used the ambiguous terminology of metal airplanes to his advantage, in-
cluding wooden-winged types with steel-tube fuselages in his list of metal
airplanes purchased by the army In fact, Gillmore’s list showed that the
army had only two metal-winged airplanes under development, the Curtiss
XB-2 and the Huff-Daland XHB-1 bombers. Meanwhile, Gillmore advised
General Patrick against giving Thomas-Morse more work until it had com-
pleted the O-6 contract.'

Thomas-Morse did not disband after completing the O-6 contract, de-
spite the company’s threats. In 1927, Thomas-Morse took the experience
gained from the O-6 back to the drawing board, and produced an improved
version at its own expense. The flying qualities of this airplane impressed
the engineers at the Materiel Division, and in fiscal year 1928 the army
bought three additional test versions of the airplane, designated the O-19.
With the O-19, the Air Corps had finally acquired an airplane with perfor-
mance comparable to, but not better than, existing wooden-winged types
like the Curtiss O-1E and the Douglas O-2H. The Air Corps adopted the
0-19 as a standard type in fiscal year 1930, giving Thomas-Morse an order
for 70 of the O-19B version. The Air Corps bought 180 of the O-19 and its
variants through fiscal year 1931, making the O-19 the first metal airplane
procured in quantity for the U.S. Army.'?

The success of the Thomas-Morse O-19 was not due to the inexorable
progress of superior technology. Rather, the 0-19%s success resulted from
the slow accumulation of experience in metal design by an aircraft company
familiar with military requirements. Although the army provided significant
financial support for this learning process, Thomas-Morse supplied the bulk
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of the funding itself. Thomas-Morse proved willing to invest heavily in these
projects because the company shared the Air Corps’ belief in the inevitable
triumph of the metal airplane.

In-House Development: The Navy’s Metal Flying Boats

Like the army, the navy never abandoned the goal of metal airplanes, despite
the unsuccessful designs of the early 1920s. Unlike the army, which contin-
ued to rely almost entirely on private contractors for the design of prototype
metal airplanes, the navy turned to the Naval Aircraft Factory for develop-
ment of a new generation of metal flying boats. The NAF was in many ways
comparable to McCook Field, being a large organization dedicated to the
development of military airplanes and their equipment. Unlike McCook
Field, however, the NAF retained significant design and manufacturing ca-
pabilities. In addition, the Engineering Division at McCook (later the Mate-
riel Division at Wright Field) had primary responsibility for airplane pro-
curement, a function that the navy retained in Washington at the Navy
Bureau of Aeronautics. The NAF often operated like an outside contractor
to the Bureau of Aeronautics, even bidding on competitive contracts let by
the bureau.!

The NAF developed considerable expertise in duralumin structures dur-
ing the design and construction of the airship Shenandoah in the early
1920s. By 1924, after Stout, Martin, and Hall had failed to produce metal
airplanes suitable for regular military use, the NAF assumed the leading
role in developing metal airplanes for the navy. The NAF had been closely
involved in metal airplane work since 1920, when the factory tested the
Junkers JL-6. The NAF continued to keep close tabs on German metal air-
planes, testing the Dornier D1 fighter and CS-2 flying boat in the early
1920s. In 1922 the NAF began designing an all-metal biplane, the NM-1, in
open imitation of Dornier and Staaken practices. This project had its origins
in late 1920, when Admiral Taylor requested that the NAF build an “experi-
mental plate wing.” When completed in late 1924, the all-metal NM-1
closely resembled the Dornier D1. Although the NM-1 passed its tests at the
NAF, the Bureau of Aeronautics chose not to continue the project. Accord-
ing to H. C. Richardson at the Bureau, “the plate duralumin all metal con-
struction is not advantageous from a weight standpoint.” In both weight
and cost, the NM-1 compared unfavorably to the old DH-4 observation
plane. These results convinced the NAF to focus on a simpler and lighter
type of wing construction.!*

Another line of development at the NAF proved more fruitful for metal
airplanes: flying boats. These had always been important for naval aviation,
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since they allowed airplanes to operate safely over the open ocean in close
cooperation with surface vessels. But the design of flying boats presented
some of the most vexing problems of any airplane type. Flying boats had to
be both seaworthy and airworthy, and their designers needed experience in
both naval architecture and aeronautical engineering. Hull design was par-
ticularly troublesome, forcing compromises between the requirements for
taxiing, take-off, landing, and flight. Furthermore, all of these requirements
had to be met while keeping weight to a minimum.?

Metal construction offered some very real advantages to designers of sea-
plane hulls. The traditional wooden boat construction used in seaplane
hulls was already rather heavy. Plywood was not used extensively due to its
limited durability in wet conditions. Furthermore, all the waterproof coat-
ings available in the early 1920s were of limited effectiveness, allowing large
increases in weight from water soakage. These increases could be consider-
able. Some published reports claimed that soakage could amount to as
much as 10 percent of a seaplane’s weight. Typical soakage probably
amounted to half that amount, but a 5 percent increase in weight empty still
posed a major liability for wooden hulls. Metal hulls eliminated the soakage
problem. !¢

Metal seaplane work at the NAF began in 1921 with the design of duralu-
min floats for the Curtiss N-9. The metal floats proved much lighter than
the original wooden ones, even before accounting for soakage. But like
much early metal airplane work, the seaplane floats were tremendously
more expensive than their wooden counterparts, roughly $7,000 versus
$900 per wooden float. Commander H. C. Richardson, a senior engineering
officer at the Bureau of Aeronautics, hoped that the superior durability of
the metal float would justify the increased cost, but experience proved
otherwise. In 1922 the NAF sent several sets of metal floats to the Pensacola
Air Station for service tests. Two years later, the Bureau of Aeronautics re-
ceived a strongly worded letter from Pensacola complaining that the metal
floats corroded, were easily damaged, and were very difficult to repair. Al-
though the Pensacola letter acknowledged that the lower weight of the
metal float did improve performance, “all things considered . . . it is not
believed that the adoption of duralumin floats at this time is justified.” Next
to this sentence, someone at the Bureau of Aeronautics had boldly penciled
“Wrong.”!"

Complaints like the ones from Pensacola did not dissuade the navy from
developing metal boats but rather served to focus the NAF on problems that
needed to be solved. The NAF worked methodically to improve the durabil-
ity and lower the production costs of metal structures. In August 1923 it
began work on a metal hull for its new PN-7 flying boat, which had a tradi-
tional wooden hull and fabric-covered wooden wings. The hulls were com-
pleted in 1925 and provided significant weight savings. Before the end of the
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year, two of these new airplanes, designated the PN-9, were used in an at-
tempt at a first-ever flight from San Diego to Hawaii. One turned back early
in the flight. The other ran out of fuel two hundred miles from Hawaii. The
second PN-9 and its crew spent nine days sailing in heavy seas without
major damage to the duralumin-covered hull, an impressive demonstration
of the robustness of the new construction. Meanwhile, the NAF had begun
work in 1925 on fabric-covered duralumin wings for the PN-type boats. The
new type was designated the PN-10, but design changes, fabrication diffi-
culties, and slow delivery of materials delayed completion of the metal
wings until mid-1927. The PN-10’s structure met expectations, but its lig-
uid-cooled Packard engine proved troublesome. In 1927 the NAF began
work on a new flying boat, the PN-11, intended to embody all the lessons
learned from the earlier models. When completed in 1929, the PN-11 be-
came the NAF’s “definitive” metal flying boat.'®

Admiral Moffetts vision for the NAF did not include production of stan-
dard types. With the experimental work on the metal boats complete by the
late 1920s, the Bureau of Aeronautics began letting contracts for the con-
struction of flying boats based on the PN designs. Contracts were let to four
manufacturers for five different flying boat types, all derived from the PN-10
and PN-11. These four—Douglas, Martin, Hall, and Keystone—all benefited
from close cooperation with the NAE For example, the navy lent Martin a
PN-12, a modified PN-10, for use in the design of the Martin PM-1. Private
manufacturers also received detailed design drawings and help with manu-
facturing techniques.'

The NAF spent well over $1.5 million on the PN series, patiently working
out the problems of metal design that would have bankrupted any private
manufacturer. By transferring these government designs to private industry,
the navy provided a significant boost to metal construction in general.?’ In
particular, Douglas and Martin both became major producers of all-metal
airplanes in the early 1930s, Douglas with commercial transports and Mar-
tin with army bombers.

The Wood Supply and the Army’s Support for Metal

While the navy made slow but steady progress in its development of metal
flying boats, the armys support for metal airplanes remained muted
through the mid-1920s. Although the Air Service never abandoned its goal
of a metal air force, the sense of urgency ebbed after the expensive failures
of the early 1920s. Aside from the metal spar study and the Thomas-Morse
0-6, the Air Service sponsored no major metal airplane projects from 1924
through 1927. In 1928, however, fears of timber shortages prompted the Air
Corps to reassert the goal of acquiring metal airplanes.
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Advocates of metal often claimed that insufficient timber supplies fa-
vored the adoption of metal. Concern over the wartime supply of aircraft
timber was one of the original motivations behind support for metal aircraft
construction during World War 1. As supply problems eased after the war,
engineers tended to emphasize the supposed technical advantages of metal
rather than its value as an ersatz material.?! Nevertheless, fears of wartime
timber shortages continued to trouble military leaders throughout this pe-
riod. In response, the army buried its collective head in the sand, ritually
invoking the inevitable triumph of metal construction as the solution to
potential problems with wartime wood supplies. These problems were po-
tentially very serious; but the army made no plans to solve them. Neither
did it plan for possible shortages in aircraft metals. When the army began
mobilizing for World War 11, the shift to metal airplanes was almost com-
plete, and timber shortages presented few problems. Instead, the army
found its production program limited by shortages of aluminum (see chap-
ter ten).

As early as 1921, the army began using the prospective shift to metal
construction as an excuse to avoid planning for spruce production. Spruce
was the wood most favored for aircraft structures because of its straight
grain, low density, and high ratio of strength to weight. Memories remained
fresh of the bottlenecks and disorganization that plagued the early spruce
production program during World War 1. The federally owned Spruce Pro-
duction Corporation was still in the process of disposing of the sawmills
and other property that it had used to meet the demand for aircraft lumber
during the war. Late in the spring of 1921, the Seattle Chamber of Com-
merce wrote to Secretary of War John W. Weeks, urging planning for spruce
production in case of a military emergency. Washington State had the larg-
est and highest quality reserves of aircraft spruce in the continental United
States, and orderly exploitation of the resource clearly concerned Seattle’s
businessmen. The secretary’s response, drafted by the Air Service, rejected
the advice of the Chamber of Commerce. Weeks declined to support plan-
ning for spruce production, suggesting that the trend to metal construction
rendered such plans unnecessary. “Wherever possible,” wrote Weeks,
“spruce and other woods are being replaced by metal. . . . We all hope that
the next war will be far in the future and it is entirely probable that very
little, if any spruce will be required.” Yet in the very next sentence Weeks
admitted that “a large quantity of spruce is essential for the construction of
the types of aircraft now in service” and that “we must prepare for any
emergency.” This sentence directly contradicted Weeks’s rejection of the
Chamber’s advice, yet no one seemed to notice the logical inconsistency.
The presumed future triumph of metal provided an excuse for compla-
cency, even with regard to the present.”
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Such complacency was not universal within the Air Service. In late 1922,
Maj. Oscar Westover took exception to the lack of postwar planning for
spruce production. Westover had spent twenty-two months in the early
1920s helping the Spruce Production Corporation dispose of its property.
This work had familiarized him with the production of aircraft lumber,
which required skills and equipment not found in commercial sawmills.
Westover was convinced that commercial mills could not be relied upon to
produce sufficient quantities of aircraft spruce in the event of an emergency.
Given the wholesale dismantling of the government’s spruce production
capability, Westover lamented the lack of planning and urged conservation
of the Sitka spruce stands that provided the best aircraft lumber. He took his
case over the heads of his superiors directly to the secretary of war. West-
over responded directly to the argument that the prospective shift to all-
metal aircraft rendered planning for spruce production unnecessary. He did
not deny the eventual triumph of metal construction, but accurately pre-
dicted that aircraft spruce would continue to be needed for another ten
years to meet wartime requirements.*’

Westover’s pleas fell upon deaf ears, and the army continued to avoid
planning for spruce production. The greatest threat to supplies of aircraft
timber was the depletion of the virgin Sitka spruce stand in the Pacific
Northwest. There, huge trees grew to between twelve and fifteen feet in
diameter with very straight grain, providing the long, unblemished lumber
required for wing spar construction. Using the best methods, only about
10 percent of the lumber from these trees was suitable for aircraft use. But
Sitka spruce was also favored as a source of pulp by paper mills, and com-
mercial logging was rapidly depleting the best stands. Instead of conserving,
however, the army continued to invoke metal aircraft as a solution to poten-
tial spruce shortages, and the shortages in turn bolstered the argument for
metal construction.**

Despite the optimistic predictions of metal’s advocates, in 1926 the army
still depended on wooden wing structures for all of its standard service
types. This continued dependence stimulated renewed concern over spruce
supplies. In mid-1926, the Materiel Division estimated a current need for
1 million board feet of aircraft spruce annually, based on a survey of major
airplane companies. Most of this spruce was used for wood wing spars,
which new airplanes would continue to use “for several years at least,” ac-
cording to Maj. Ira Rader, who prepared the estimate. In case of mobiliza-
tion, the Air Corps would require almost 34 million board feet of aircraft
spruce in the first 24 months. This figure represented an almost immediate
fifteen-fold increase in the production of aircraft spruce, and the Air Corps
had taken no steps to insure that such a supply would be available. Rader’s
estimate clearly demonstrated the need to plan for emergency spruce
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production. In response, the Materiel Division hired Charles Van Way, a
retired army officer who headed the U.S. Spruce Production Corporation, to
conduct a study of the problem.?

Van Way did not complete his study until early 1928. His report urged
action to insure adequate spruce supplies for mobilization. He noted that
commercial logging had already depleted much of the old-growth timber
that had been available for aircraft production during World War 1. Van
Way estimated the remaining supply of aircraft lumber available under com-
mercial conditions at 139 million board feet. Although this amount ap-
peared sufficient for the immediate future, Van Way expected much of this
readily available spruce to be logged in the next six to eight years. Spruce
would still be available, but only through selective logging, an expensive
alternative to commercial practice. Van Way proposed that the Army estab-
lish a reserve of 4 million board feet of cut aircraft spruce to meet the re-
quirements of the first few months of mobilization. Properly dried and
stored, this reserve lumber would last indefinitely. Van Way predicted that
this reserve could be purchased in peacetime for one-half its wartime cost.
Total cost of the reserve would be about $1.2 million, including shelter and
handling.*®

Van Way’s report passed first through Materiel Division chief Gillmore,
who refused to endorse the proposed spruce reserve, insisting that metal
aircraft offered an alternative. The Air Corps would be unprepared for war
in the next few years, argued Gillmore, whether the war were fought with
metal or wooden-winged airplanes. Gillmore suggested that progress in
metal wing structures might render a spruce reserve unnecessary by the
time funds for it could be appropriated. He also repeated the widely held
belief that the excessive cost of metal airplanes would disappear in wartime,
once quantity production began. Gillmore presented Maj. Gen. James E.
Fechet, the new chief of the Air Corps, with two alternatives, either spend
more than $1 million dollars on a spruce reserve, or “expedite the develop-
ment of all-metal airplane structures.” Gillmore endorsed the latter alterna-
tive, which incidentally promised a great deal more engineering work for
the Materiel Division.*’

Fechet initially decided to reject Gillmore’s recommendation against the
spruce reserve. Fechet was somewhat less certain than Gillmore that rapid
progress in metal construction would provide adequately for the nation’s
defense. However, the Materiel Division continued to argue in favor of in-
creased support for metal, directly lobbying Assistant Secretary of War C. B.
Robbins, who was responsible for deciding the issue. Jacob Fickel, writing
for the Materiel Division, noted that metal fuselage and empennage con-
struction had already reduced spruce requirements by 40 percent. He men-
tioned the metal-winged Curtiss B-2 bomber then under procurement, and
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the new Thomas-Morse observation plane undergoing service tests. Addi-
tional metal airplane projects were scheduled for fiscal year 1930. Fickel
also demonstrated the flexibility of technical rhetoric in an interesting twist
on the relative durability of wood and metal wings. The principal problem
with metal wings, argued Fickel, was the lack of durability sufficient to
ensure a five-year service life. But this lack of durability was “not a war
problem, for wings can be built now of all metal construction which would
meet war conditions.” In other words, lack of durability, seen as a major
defect in wood construction, was not a defect when ascribed to metal, at
least for airplanes in wartime.®

In the end, the Materiel Division’s view prevailed. In March 1928, Secre-
tary Robbins rejected Fechet’s request for a spruce reserve. Instead, Robbins
pledged “to support any reasonable program of the Air Corps in research
and experimental development of the all metal plane.” The NACA appears
to have had some influence on this decision. Robbins had written the NACA
asking advice on the spruce reserve. NACA Chairman Joseph Ames declined
to endorse any particular policy, but he did highlight the NACAs research
on metal construction, and proclaimed that “the general trend of develop-
ment in airplanes . . . is definitely toward the more widespread use of all-
metal construction.” In April 1928, one month after Robbins had rejected
the spruce reserve, Fechet reversed himself and endorsed the assistant secre-
tary’s decision.”

It took several more years to develop satisfactory metal pursuits and
bombers, but the decision against the spruce reserve closed the door on
significant new designs in wood. The army had firmly decided to fight the
next war with metal airplanes. No sensible manufacturer would have con-
tinued to focus on developing better wooden warplanes.

Upon closer examination, the army’s fears of spruce shortages appear
excessive. Van Way's estimate of 139 million board [eet represented roughly
a one-hundred-year supply at current consumption levels in the aircraft
industry. Conserving this resource by limiting less essential uses was cer-
tainly conceivable, although perhaps impractical given the political climate
of the late 1920s. Furthermore, there was little danger of a complete exhaus-
tion of spruce resources. Van Way’s estimate only covered Sitka spruce
available under commercial conditions; a vastly greater amount would have
become available during wartime, although at a higher cost. The estimated
stand of Sitka spruce in the United States in 1929 amounted to 29.5 billion
board feet, of which 11.5 billion were in Washington and Oregon and the
remainder on the southern Alaskan coast. Considering only the Washing-
ton and Oregon spruce and assuming conservatively that only 4 percent of
each tree was suitable for aircraft lumber, the potential yield amounted to
almost half a billion board feet. This figure represented enough spruce for



148 CHAPTER SEVEN

920,000 small planes or 92,000 large planes using existing construction
methods. Nor would the higher cost of this less accessible spruce have been
prohibitive. The cost of wood in the late 1920s accounted for only a tiny
fraction of the price of an airplane; even a doubling of wood prices would
have caused roughly a 7 percent increase in selling price. Finally, a number
of alternative species appeared suitable for aircraft use, greatly expanding
the potential supply.*®

Aside from the potential supply of Sitka spruce, alternative types of wood
construction promised to expand vastly the amount of wood suitable for
aircraft use. Experiments conducted by the Bureau of Standards during
World War I showed that wing spars of laminated wood were as strong as
spars cut from solid stock. These laminated spars consisted of several layers
of wood glued together, allowing the use of smaller pieces, thus reducing
the importance of the massive Sitka spruce trees needed for large pieces of
aircraft lumber. Fokker wing spars had successfully used laminated wing
spars for years (see chapter six). For similar reasons, aircraft plywood was
even less dependent on Sitka spruce. During World War I, the army built
experimental plywood fuselages using woods rejected as unfit for use in
standard aircraft.?!

Although the army’s concern with the adequacy of wood supplies was
quite sensible, this concern did not extend to metal. Military planners
seemed simply to assume that adequate resources and production capacity
would be available to meet wartime requirements for airplane metals. Fig-
ures on iron ore reserves and steel production capacity supported this as-
sumption for steel, but aluminum was a different matter. In early 1924,
McCook Field conducted a survey of worldwide supplies of metals used in
aircraft construction. This study indicated potential supply problems with
domestic sources of bauxite. Using 1922 figures, the report concluded that
“there is considerable doubt whether the domestic high grade bauxite alloys
can last more than twenty years at the present rate of production.” In 1922,
bauxite imports amounted to only 10 percent of domestic production, but
from 1925 on imports generally supplied over half of the total U.S. con-
sumption. Dependence on foreign supplies for crucial materials usually in-
duces severe anxiety among military planners. However, no such concerns
arose in the development of an air force built predominantly of aluminum.3?
After the Japanese attack on Pearl Harbor, aluminum production was se-
verely threatened when German submarines in the Caribbean attacked U.S.-
bound bauxite transports from South America, which cost many merchant
seamen their lives (see chapter ten). The imprint of the progress ideology of
metal is clearly evident in this dramatic contrast between the exaggerated
concern over spruce supplies and the lack of attention paid to the corre-
sponding problem in metal.
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The Army Adopts the Metal Airplane, 1929-1933

The April 1928 decision against a spruce reserve marked the beginning of a
shift at Wright Field toward more support for experimental metal airplanes.
Still, limited funds kept the “metallization” program modest. The decision
against a spruce reserve did not create a sense of urgency, largely because of
the remoteness of any military threat. The Materiel Division’s annual report
for fiscal year 1928 remained cautious concerning metal, insisting that “a
definite and favorable answer to all problems . . . should be obtained before
metal construction is generally adopted for peacetime use.” The only evi-
dence in the annual report of the decision to expedite metal construction
was a commitment to purchase sample metal airplanes of all types for ser-
vice tests, “in order that there need be no fear of a shortage of spruce in
event of emergency.”* After 1928, though, metal airplanes received the
bulk of the funding devoted to new types of aircraft.

The most important change in technical direction with regard to the
army’s metal program in 1928 involved the shift in structural research at
Wright Field from framework to stressed-skin structures. The new experi-
ments involved tests on a series of box-beam wings, “similar to the Adolph
Rohrbach construction.” This type of wing consisted of a single box spar of
roughly rectangular shape, covered on all four sides with aluminum alloy.
The top and bottom of the box conformed to the wing profile, and thus
provided an external covering while contributing to the structural strength
of the spar. With the addition of leading and trailing edge sections, the box
spar became a complete wing. The Materiel Division also began a more gen-
eral program of research into stressed-skin construction, including theoreti-
cal and experimental work on flat and corrugated sheets.’

The pace of the Materiel Division’s metal airplane work began to increase
in fiscal year 1929. Research into stressed-skin wings continued, but it was
hindered by the loss of experienced personnel to private industry, a conse-
quence of the booming commercial market and the higher salaries avail-
able in the private sector. The most important new metal airplane was the
Thomas-Morse O-19. The division also planned to purchase the Douglas
0-22, a wooden-winged observation plane with a metal monocoque fuse-
lage, indicating the Materiel Division’s acceptance of monocoque construc-
tion. The Division also bought ten of the metal-framed Curtiss B-2 twin-
engine biplane bombers, whose prototypes had proved satisfactory in tests
the previous year. The B-2 had welded steel-tube wing spars and duralumin
ribs. These metal wings were the result of Curtiss’s work with Charles Ward
Hall on the Navy F4C, providing a clear example of the diffusion of exper-
tise on metal structures. The division also purchased the P-12 pursuit,
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Figure 7.2. Materiel Division fifty-five-foot metal wing. Note the corrugated upper
flange of the box beam, which will later be covered with smooth dural sheet. Na-
tional Air and Space Museum, Smithsonian Institution (Wright-McCook photo
no. 39681).

developed as a speculative venture by Boeing. Derived from Boeing’s PW-9,
the P-12 retained the wooden biplane wing while replacing fabric with cor-
rugated duralumin on the tail and control surfaces, and also substituting
dural tubing for steel in the fuselage. More importantly, in May 1928 Wright
Field moved ahead with plans to develop a metal fighter, ordering the XP-9
from Boeing, the leading producer of fighters for the Air Corps. The XP-9
was to have a dural monocoque fuselage and fabric-covered metal wings.
Unlike the Thomas-Morse fuselages, the XP-9 had a smooth rather than
corrugated skin. Various problems delayed completion of the contract by
more than a year. Boeing finally delivered the XP-9 in September 1930, but
performance proved disappointing.*

The Air Corps’ adoption of metal construction gathered momentum in
fiscal year 1930, despite the failure of the Materiel Division to obtain in-
creased funding for metal airplane work.?® During fiscal year 1930 the Mate-
riel Division continued to study stressed-skin structures and to buy metal

b
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airplanes. Stressed-skin experiments included the construction of two box-
spar wings, one with a twenty-seven-foot and another with a fifty-five-foot
span (figure 7.2). The division also produced a lengthy report on metal wing
construction. Many industry engineers visited Wright Field to discuss this
structural research, which undoubtedly encouraged designers to incorpo-
rate metal stressed-skin structures into new military models. After success-
ful service tests of the Thomas-Morse O-19, the Air Corps gave the company
the order for seventy airplanes. The Materiel Division purchased a few more
metal-frame types as experimental models, including its first metal pursuit
since 1922, the Berliner-Joyce XP-16. In addition, the division ordered two
Douglas metal types for delivery the next fiscal year, the XO-31 and the
twin-engine XO-35, which was also purchased in a light bomber version,
the XB-7. These Douglas models had corrugated dural monocoque fuselages
similar to the Thomas-Morse O-19, and fabric-covered metal wings.”’

By mid-1931, metal airplanes dominated the new models being devel-
oped for the Air Corps. Even the Fokker Aircraft Corporation, long a pro-
ponent of wooden wing construction, developed a metal-winged attack
monoplane, the XA-7. Excluding training planes, which continued to use
wood construction, and transport planes, which were versions of commer-
cial airplanes, the Materiel Division had ordered or was considering for pur-
chase nineteen new airplane types, of which all but five had metal struc-
tures. Both attack planes under consideration used metal-framework wings,
as did two out of three light bombers. All three heavy bombers employed
all-metal construction, in which metal replaced the fabric wing covering. Of
the three airplanes under consideration for the single-engine observation
type, all had metal monocoque fuselages and metal wings. The division also
ordered twenty-five of the Berliner-Joyce P-16 two-place metal pursuits. The
main exception in the trend to metal was the single-place pursuit category,
where the two new airplanes under contract were based on the wooden-
winged Curtiss P-6. The Materiel Division also ordered five wooden-
winged, twin-engine Fokker XO-27 observation planes for service tests,
while awaiting delivery of the metal Douglas O-35.>® The use of metal even
increased in existing standard types. In March 1931 the Air Corps ordered
135 P-12Es, a new version of the wooden-winged Boeing P-12 pursuit with
a dural monocoque fuselage in place of the fabric-covered metal-framework
structure.”

In mid-1931, the Air Corps was well on the way to a metal air force, even
though most of its standard airplanes in service still had wooden wing spars.
Among the new airplanes being considered for purchase in 1931, dural
monocoque fuselages and fabric-covered metal wings predominated, with a
clear trend to monoplanes instead of biplanes. Meanwhile, the Materiel Di-
vision continued its research program in all-metal, stressed-skin wing struc-
tures, indicating the division’s desire to replace fabric coverings with
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Figure 7.3. Boeing all-metal YB-9 bomber and P-26 pursuit. National Archives at
College Park, Record Group 18-WP, photo no. 45258.

metal.*” Two new airplane projects, both under way by 1931, would finally
succeed in producing all-metal, stressed-skin models suitable for standard
army types. Boeing developed both airplanes, the YB-9 bomber and the P-26
pursuit.

Boeing began work on the YB-9 bomber in 1930 after the Air Corps issued
a circular proposal for an advanced heavy bomber. Boeing was one of three
manufacturers in 1931 to compete in this category by building prototypes
at their own expense for army tests. The YB-9 was a sleek all-metal mono-
plane with a retractable landing gear and two cowled, air-cooled engines
faired into the leading edge of the wing (figure 7.3). Ford also developed a
bomber for this competition, but the Ford’s boxy framework and corrugated
duralumin covering was clearly outclassed by the Boeing design (see chap-
ter five). The YB-9 first flew in April 1931, and its speed was impressive,
better than most pursuit airplanes then in service. In August the army pur-
chased the first two prototypes and ordered an additional five for service
tests, designated Y1B-9A, which Boeing delivered between July 1932 and
March 1933.#

Boeing based the twin-engine YB-9 on its much smaller single-engine
Model 200, the Monomail, a low-wing commercial monoplane designed for
mail transport (figure 8.2). The Monomail first flew in May 1930, and was
Boeing’s first all-metal airplane. Although little is known about the motives
behind the Monomail’s production, its development clearly reveals the in-
fluence of military support for metal construction. According to Harold
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Mansfield’s somewhat fanciful account, Boeing executives Claire Egtvedt
and Eddie Hubbard conceived the Monomail in September 1928, five
months after the contract for the XP-9. The Monomail’s smooth-skinned
monocoque fuselage closely followed that of the XP-9. The most radical
structural departure in the Monomail was its all-metal stressed-skin wing.
The Boeing engineers designed this wing with help from an Army report on
internally braced wings by E. C. Friel, an engineer at Wright Field. The
Monomail wing had two Warren-truss spars of square dural tubing and
Warren-truss ribs, covered with an interior layer of corrugated dural. This
corrugated dural was then covered with flat dural sheets to create a smooth
wing exterior. The Monomail wing, with a span of 59 feet, followed many of
the design details of the Materiel Division’s fifty-five-foot cantilever wing,
designed during 1928 and 1929. The YB-9, built soon after the Monomail,
closely followed the design of the Monomail’s fuselage and wing struc-
tures.* Thus even though the YB-9 was derived from a commercial airplane,
this commercial airplane was itself heavily dependent on prior military
support.

The Air Corps’ second major step to all-metal construction was the
Boeing P-26, a one-seat monoplane pursuit (figure 7.3). In mid-1931, the
Materiel Division began working with Boeing on the design of a new all-
metal pursuit that would incorporate the company’s growing expertise with
metal stressed-skin construction. Boeing signed a bailment contract in De-
cember, and the first model flew in March 1932. After tests, the Army
bought the two prototypes in June and assigned them the designation XP-
26. Following brief service tests, the Air Corps gave Boeing a contract for
111 P-26As in January 1933, at a total cost of $1.2 million including spare
parts and design data.®

With the P-26, metal construction appeared to have overcome its severe
cost disadvantage in comparison with composite construction, although in
real terms the metal airplane remained more costly. The unit cost of the
P-26A airframe was only $9,999, compared to $10,644 for the Boeing P-12C
pursuit, a wooden-winged biplane with a framework fuselage, ordered in
1930. Both models were produced in similar quantities, implying that metal
construction had ceased to impose a cost burden. However, price deflation
between 1930 and 1933 obscures the cost comparison between wood and
metal construction, and the shift from biplane to monoplane reduced costs
regardless of the choice of materials. The wholesale price index for inter-
mediate manufactured goods decreased by 20 percent between 1930 and
1933, as did wages in manufacturing. These decreases more than accounted
for the 6 percent price drop from the P12-C to the P-26A. In addition, bi-
planes generally cost more to manufacture than monoplanes of the same
size due to the biplane’s greater number of parts and fittings. Nevertheless,
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the price increase in real terms of the P-26 (about 14 percent) was quite
reasonable considering its all-metal construction and substantially in-
creased performance.**

Quantity orders for the P-26 gave the Air Corps an all-metal fighter, but
the Air Corps had yet to decide on an all-metal bomber, even though all
signs pointed to the Boeing YB-9. Unfortunately for Boeing, the YB-9 was
just a little before its time. In 1931 the Glenn L. Martin Company began
work on a prototype for a light bomber, planned as a twin-engine mono-
plane with a metal monocoque fuselage and fabric-covered metal wings. By
the time the Martin bomber was delivered to the army in March 1932, about
a year later than the Boeing YB-9, it had an all-metal stressed-skin wing like
the YB-9. Testing at Wright Field led to major changes in the airplane,
whose gross weight increased by almost two thousand pounds, giving the
Martin plane a useful load about equal to the YB-9. The Martin bomber was
also 19 mph faster than the Boeing and had better structural efficiency, with
a ratio of useful load to gross weight of almost 42 percent, as opposed to
under 38 percent for the YIB-9A. The Martin prototype was purchased by
the Air Corps as the XB-10 in January 1933. At the same time, the Air Corps
ordered forty-eight additional Martin bombers at a cost of $2.44 million.*
Together, the production orders for the P-26 and B-10 firmly established
all-metal stressed-skin monoplanes as standard construction for the Air
Corps’ combat airplanes.

The army’s new all-metal airplanes performed better than the composite
wood and metal models they replaced, but this improvement did not repre-
sent the logical triumph of an inherently superior technology. As the mili-
tary’s adoption of metal demonstrates, the “success” of metal airplanes was
as much the result as the confirmation of claims for metal’s superiority. This
success was only achieved after a long struggle to overcome the problems
associated with metal construction. In the shift to metal airplanes, little
attention was paid to other materials and forms of construction that could
have met the same requirements. In fact, new forms of wood construction
offered considerable promise for airplane design, yet the military systemati-
cally neglected these new developments (see chapter nine).

By the early 1930s, the momentum toward all-metal airplanes seemed
almost unstoppable. This momentum influenced commercial as well as
military airplane design. Commercial designers did not stand still to await
the definitive military metal airplane. Although strongly influenced by the
military, designers of commercial airplanes increasingly developed their
own metal airplanes in the late 1920s and early 1930s. After the Rockne
crash in 1931, these trends ushered in a new generation of commercial air-
planes, the all-metal, stressed-skin airliners.
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Metal and Commercial Aviation II:
The Triumph of the All-metal Airliner

TuE success of metal airplanes in the early 1930s was not limited to the
military. Wood structures also disappeared from the most highly developed
type of commercial airplane, the multimotor passenger transport, or air-
liner. These airplanes carried most of the passengers in the booming air
travel market of the interwar years, and much of the mail as well. Beginning
in the late 1920s, a handful of manufacturers followed Fords lead and de-
veloped metal airplanes for the passenger market. These new metal airliners
benefited from military research and borrowed freely from military designs.
After 1929 manufacturers of transport airplanes followed the military trend
to stressed-skin construction, adopting a smooth exterior covering instead
of the corrugated sheet favored by Ford and Junkers. Despite the trend to-
ward metal, wooden-winged Fokkers retained a large share of the market
for multimotor airliners. But after the 1931 crash of a Fokker trimotor
that killed Knute Rockne, the airlines turned decisively in favor of all-metal,
stressed-skin construction. With the introduction of the Boeing 247 in 1933
and the Douglas DC-2 in 1934, the all-metal airliner assumed its mod-
ern structural form, a form that remained basically unchanged for half a
century.

Metal Transport Airplanes of the Late 1920s

For two years Ford stood as the only significant builder of metal commercial
airplanes in the United States, but starting in 1927 other manufacturers
entered the field. Some followed the maximalist path, producing all-metal
planes similar to the Ford trimotor, while others pursued the gradualist
strategy, developing fabric-covered metal structures patterned after military
designs. The maximalists were all new entrants into airplane construction.
Established firms, on the other hand, chose the gradualist strategy. These
firms typically had close ties to the military and were able to borrow metal
wing structures directly from their military models.

Within a few years of Ford’s decision to build metal airplanes, three
smaller companies introduced all-metal transports patterned after the Ford
designs, although none of these models sold well. The first of the new
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designs appeared in the spring of 1927. It was a monoplane built by the
Hamilton Metalplane Company of Milwaukee, whose president, Thomas
Hamilton, also headed a successful propeller company. The Hamilton plane
was openly imitative of Stout’s Air Pullman, even down to the name of the
prototype, the Maiden Milwaukee. As in the Air Pullman, the Hamilton wing
consisted of three spars, with corrugated dural on the wings and fuselage.
About six months after the Hamilton monoplane was announced, George H.
Prudden came out with a smaller version of the Ford trimotor. Prudden had
worked as Stout’s chief engineer during design of the first metal transports,
a position he briefly retained when Stout’s company became part of the Ford
Motor Company (see chapter five). When Prudden was fired in September
1925, he moved to San Diego and founded a company to develop his own
trimotor. The Prudden transport followed the general outline of the Ford
trimotor, including the corrugated covering. In November 1927, soon after
the new trimotors first flight tests, Prudden announced the start of produc-
tion at an improbable rate of two planes per week. In fact, Prudden built
only one trimotor in 1927 and had no sales until February 1928, when a
sightseeing company bought one plane for aerial tours of Yosemite National
Park. That same month a third all-metal commercial plane was announced,
the Thaden T-1, designed by Herbert V. Thaden, founder of the Thaden
Metal Aircraft Company of San Francisco. The T-1 was a single-engine,
strut-braced monoplane, carrying up to six passengers. Like the Prudden
and Hamilton designs, the Thaden was covered in corrugated duralumin. Its
wings differed from Stout’s in the use of a Rohrbach-type box spar instead
of truss spars, Thaden’s planes also failed to sell well, and in 1929 the com-
pany was bought for $100,000 by a Pittsburgh holding company. The re-
named Pittsburgh Metal Airplane Company produced only a few airplanes
before being sold in 1930 due to heavy losses.

While Ford and his smaller imitators were following the maximalist path,
other firms pursued the gradualist strategy, developing fabric-covered metal
wing structures. Among the first was the Russian aviation pioneer Igor
Sikorsky, who emigrated to the United States after World War 1. In 1924
Sikorsky tested his first American airplane, the S-29, a ten-passenger twin-
engine biplane with a fabric-covered steel and dural structure. Sikorsky
built only one S-29. Over the next few years, he built nine more airplanes in
eight different models, most with duralumin-framework wings, until finally
achieving commercial success in late 1928 with the eight-passenger S-38.
The S-38 was a twin-engine amphibian, a flying boat with a retractable land-
ing gear that enabled it to fly from both land and water. Aside from the
Fords, the S-38 was the first metal-winged commercial airplane to be built
in large numbers in the United States, with fifty-five completed by the end
of 1929 and a total of 114 built through the early 1930s.

Two other firms introduced metal-framework passenger planes in the late
1920s, Curtiss and Boeing. In contrast to Sikorsky, both were large military
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contractors, and their military experience directly influenced the design of
their commercial airplanes. The first airplane to appear was the Boeing 80,
a twelve-passenger trimotor biplane that first flew in August 1928. The Boe-
ing 80 had a steel and duralumin-tube fuselage, dural-tube wing-spar
trusses, and duralumin ribs. The wings were fabric-covered except for wood
wing tips. The wings of the model 80 were based directly on an unsuccessful
navy model, the PB-1, a long-range flying boat that Boeing built in late 1924.
Like the model 80, the PB-1 employed truss-type wing spars and wooden
wing tips. Although published details on the PB-1 are lacking, the airplane’s
metal wings were undoubtedly designed in close cooperation with engi-
neers at the NAFE. Boeing produced only four model 80s before introducing
the model 80A, which used larger engines, increasing passenger capacity to
eighteen. Boeing built a total of sixteen model 80s, including all variants.?

The military influence was even more direct on the Curtiss transport, the
Condor. The Condor was converted from the Curtiss B-2 twin-engine
bomber, first flown in 1927 but not ordered in quantity until 1929. The B-2
wings used welded steel-tube wing spars and duralumin ribs with fabric
covering. In 1928 the Army permitted Curtiss to develop a commercial ver-
sion of the B-2. The first Condor transports differed from the B-2 primarily
in the fuselage, which was modified to accommodate eighteen passengers.
The first three Condors followed the B-2 design down to gunners’ cockpits
behind the engines, which were merely faired over in the transport. Curtiss
built only three more Condors, although without the gunners’ cockpits.”

Before 1930 the shift to metal among commercial airplanes was little
more than a trickle. Of the 130 types of American airplanes certified for
use in passenger service in 1930, 88 percent used wood for the main wing
structures. Of the 12 percent with metal wings, only the Ford and Sikorsky
models came close to commercial success. Nevertheless, by 1930 metal
types had become the majority for multimotor passenger airplanes, a trend
that would intensify in the early years of the decade.’

Despite the trend to metal in large passenger airplanes before 1930, these
aircraft did not incorporate the type of metal structures that would come to
dominate the most successful metal airliners. The new airplanes would be
based neither on the corrugated-skin all-metal types nor the fabric-covered
metal frameworks. By 1930 a few firms were working on another form of
all-metal construction that would come to define the modern airliner, and
displace all other types of structures for large commercial aircraft.

Stressed-Skin and Commercial Metal Airplanes
One type of structure dominated the new generation of all-metal airliners

that emerged in the early 1930s—stressed-skin construction. These new
metal airliners shared common roots with their military cousins and
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benefited from the same government-funded research. The first successful
metal stressed-skin airliners appeared in 1930, the Boeing Monomail and
the Northrop Alpha. These two small airplanes paved the way for the “mod-
ern airliner”—the all-metal, twin-engine planes that replaced the Fokker
trimotors after the Rockne crash.

Until the early 1930s, most American passenger airplanes had framework
structures, which derive their strength from a skeleton of members arranged
to resist the loads imposed on the structure. These structures derive little
strength from their coverings, even rigid coverings like the corrugated du-
ralumin or plywood that sheathed the framework fuselages of the Fokker
and Ford transports.

Even in the 1920s, framework airplanes faced competition from another
type of structure, one that derived much of its strength from its smooth,
load-bearing skin. Engineers have used a variety of terms to describe this
type of structure, among them stressed-skin, monocoque, shell, and thin-
walled. All refer to structures in which the covering contributes a large part
of the structures’ strength. In the 1920s, the most common term was mono-
coque, but after 1930 the term stressed-skin became widespread. Monocoque
usually referred to fuselage construction, though it was occasionally used
for wings as well. The term was first applied to the wooden Deperdussin
racer of 1912 (see chapter six). Its fuselage was a “true” monocoque, with
no vestige of a framework.® True monocoque fuselages were rare, however,
due to the low buckling strength of the thin shell, especially when using
metal. Most practical monocoques were reinforced, usually with longitudi-
nal “stringers” and transverse rings. These structures were sometimes re-
ferred to as semimonocoque. In semimonocoque structures, the grid of
stringers and rings resembled a framework, somewhat blurring the bound-
ary between monocoques and frameworks and creating some terminological
confusion.” For this reason, stressed-skin provides a more useful rubric than
monocoque, clearly encompassing all aircraft structures that use the covering
as a load-bearing element.®

Stressed-skin construction proved attractive to airplane designers be-
cause it solved two problems at once, providing an external surface as well
as the load-bearing structure. Monocoque fuselages also appealed to de-
signers seeking to reduce drag. The monocoque fuselage provided a well-
streamlined shape with a circular or oval cross-section, while the framework
fuselage had a rectangular cross-section that requires external fairings to
produce a streamlined shape.’

Despite these advantages, a number of factors hindered the spread of
stressed-skin construction after World War 1. One was the difficulty in pre-
dicting the strength of such structures. Monocoque structures generally
failed by compressive buckling, which proved much less amenable to calcu-
lation than typical failures in beams and framework structures. Aeronautical
engineers received little help from other technical fields, except perhaps
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naval engineering. Due to weight requirements, airplanes had much thinner
sections than other engineering structures. This difference rendered “all ex-
perience gained in machine or bridge construction . . . practically inapplica-
ble to airplanes.” Although mathematical analysis of stressed-skin struc-
tures became a major field of aviation research in the 1930s, the design of
these structures remained thoroughly empirical.'’

Problems of weight also limited the appeal of stressed-skin structures,
especially for metal wings. Junkers abandoned the stressed-skin wings used
in his first all-metal fighter due to their excessive weight. As Junkers him-
self admitted, his construction “allowed only to a small degree the utili-
sation of the compressive strength of the material.” In the early 1920s,
American attempts to design airplanes with fully stressed coverings, for ex-
ample the Stout ST and Gallaudet DB-1, also proved unsuccessful, largely
due to excessive weight caused by the low buckling strength of thin metal
coverings.'!

Maintenance problems created further obstacles to the widespread adop-
tion of monocoque structures. The army rejected metal coverings in the
early 1920s in large part because of difficulties in maintenance. Stressed
coverings prevented the inspection of the structure for deterioration and
greatly complicated the removal and installation of equipment. To meet
these objections, designers had to provide removable panels for access and
inspection, which increased the complexity of the structure.'?

Despite these problems, a number of factors began to work in favor of
stressed-skin construction later in the decade. Most importantly, stressed-
skin found an important ally in the progress ideology of metal. Advocates of
metal airplanes sought not only to eliminate wood structures but also fabric
coverings, since fabric also suffered from an association with pre-industrial
materials. However, even the thinnest practical dural sheet weighed six
times more than doped and painted fabric. Simply replacing fabric with
metal would have produced a prohibitive weight increase. Metal covering
could only be justified by putting it to work, that is, by making it bear part
of the wing and fuselage loads, thus permitting a reduction in the weight of
the internal structure."”

By itself, the progress ideology of metal cannot explain the shift to
stressed-skin construction. The symbolism of fabric had little evocative
power compared to that of wood, and many designers happily continued to
use fabric-covered metal wings. In the United States, the question of mono-
coque versus framework structures was not even clearly formulated until
the late 1920s. Stressed-skin construction only became a recognizable topic
in the late 1920s when the army and navy began supporting research on
stressed metal coverings.

A number of factors encouraged this military support. Advocates of
stressed-skin designs argued that monocoque structures could be pierced by
bullets and shells without failing, a clear military advantage. A more direct
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stimulus was the navy’s interest in improving the design of metal flying-boat
hulls, improvements that depended on better information about the behav-
ior of metal plates. In early 1927 the Bureau of Standards began research for
the navy on the behavior of thin metal sheets in compression. The results of
this research, published in 1930, stimulated the development of some of the
first practical design formulas for metal monocoque structures.'*

In fiscal year 1928, the army took up stressed-skin research when Wright
Field engineers began a major, multiyear project to develop an all-metal
stressed-skin wing. This project focused self-consciously on wings of the
type used by Adolph Rohrbach in his all-metal flying boats and involved a
theoretical analysis of the stresses in this type of wing, as well as the design
and testing of experimental wings. The Rohrbach wings were based around
a single “box” spar, a tapered structure of rectangular cross section that ran
the entire length of the wing. The sides of the “box” consisted of lattice
girders fashioned from sheet duralumin, while the top and bottom con-
sisted of dural sheet, with U-shaped stringers riveted to the inside of the
sheet parallel to the spars. The Rohrbach wing had no traditional ribs but
rather widely spaced bulkheads that maintained the shape of the box. The
wing was made complete with the addition of the leading and trailing edges,
separate structures that were bolted to the front and back of the box (fig-
ure 8.1).1°

The reasons for Wright Field’s interest in stressed-skin wings are unclear.
Peter Brooks has suggested that Adolph Rohrbach directly sparked the re-
newed American interest in stressed-skin construction during the late
1920s, arguing that to “Rohrbach ... must undoubtedly go much of the
credit for the form of construction adopted by the Americans for the ‘mod-
ern’ airliner.” Brooks claims that Rohrbach influenced American designers
through a paper presented to the Society of Automotive Engineers and pub-
lished in January 1927, a claim repeated by many historians of aviation.
There is, however, little evidence that Rohrbach’s paper had sufficient im-
pact to shift the course of American airplane development. Rohrbach de-
voted most of his paper to manufacturing problems of a rather mundane
variety. His discussion of the box-spar wing amounted to only half a page,
with little information on its technical merits. American publications had
described the Rohrbach wing structure in some detail as early as 1921, and
Rohrbach’s paper provided little new information. Both the army and navy
were already quite familiar with Rohrbach’s designs, the navy having built
a Rohrbach-type wing for the NM-1 in the early 1920s (see chapter seven).
The army’s interest in box-spar wings was not the result of trans-Atlantic
technology transfer but rather a reconsideration of a previously rejected
design in light of new conditions.!®

The real impetus behind the development of stressed-skin structures was
the pressure for increased speeds, coming initially from the military. Grad-
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Figure 8.1. Rohrbach metal box-spar construction, c. 1927. Note the central box
beam with detachable leading and trailing edges. National Air and Space Museum,
Smithsonian Institution (SI neg. no. 92-13553).

ual improvements in the power and weight efficiency of aircraft engines
permitted the army to demand higher speeds for new combat planes. For
example, in fiscal year 1929 the army contracted with Boeing to produce an
experimental all-metal monoplane pursuit with a top speed of 225 mph (the
XP-9).Y7

Higher speeds favored stressed-skin construction on a number of counts,
most directly by putting pressure on designers to minimize drag. Higher
speeds reduced the proportion of drag attributable to unavoidable “in-
duced” drag, the resistance created by the lift of the wing. The remaining
“parasitic” drag resulted from disturbances to the flow of air past the air-
plane and also the friction of the air on the airplane’s skin. This parasitic
drag could be reduced by careful streamlining to insure a smooth flow of air.
Such streamlining was easier for a monocoque fuselage than a framework
structure. Designers did streamline framework fuselages by using external
fairings, but at the expense of increased complexity and weight. The mono-
coque fuselage, in contrast, provided a well-streamlined shape with little
fairing, while permitting full utilization of the enclosed space without the
obstructions present in framework structures.'®
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The demand for higher speeds promoted stressed-skin construction for
wings as well as fuselages. Beginning in the late 1920s, designers became
willing to accept the disadvantages of higher wing loadings in order to in-
crease speeds. Wing loading refers to the weight of the airplane divided by
the wing area. Higher wing loadings lowered drag by reducing the size of the
wing, but with the drawback of increased landing speed. At the same time,
higher wing loadings increased the force per unit area that a stressed-skin
wing had to absorb, thus permitting the use of thicker skins, which were
more resistant to buckling. These more concentrated forces reduced the
weight disadvantage of the stressed-skin wing in comparison to the frame-
work wing. At the time, however, aviation engineers apparently did not
understand this relationship.'

General adoption of the unbraced monoplane also favored stressed-skin
structures but by a more circuitous route. Unbraced monoplanes reduced
drag by eliminating all exposed parts of the wing structure that did not
contribute to lift, such as bracing wires and the interplane struts used with
biplane wings. A monoplane wing has much less torsional stiffness than an
equivalent biplane wing, making the monoplane wing more susceptible to
the problems of divergence and flutter. In divergence, a wing develops a
significant twist at high speeds, which can tear the wing from the fuselage.
Insufficient stiffness also contributes to flutter, large-amplitude vibrations
that can literally shake a wing to pieces at high speeds. Stressed-skin wings
proved significantly stiffer than framework structures of equal weight.*°

The army’s research at Wright Field confirmed the stiffness advantage of
stressed-skin wings, both theoretically and experimentally. In 1929 John E.
Younger, a civilian engineer at Wright Field, developed a theoretical analy-
sis of the contribution of stressed coverings to torsional stiffness. Two years
later a series of tests by the Air Corps demonstrated that stressed-skin wings
had superior torsional stiffness. This research helped convince the army to
buy airplanes with stressed-skin wings, starting with the Boeing XB-9 in
August 1931 (see chapter seven).?!

Even before the army began buying airplanes with stressed-skin metal
wings, several commercial models appeared using stressed-skin structures
with smooth metal skins. The most influential were the Boeing Monomail
and the Northrop Alpha. Although they were direct antecedents to the two
airplanes that established the dominance of the all-metal airliner, the Mono-
mail and Alpha received only moderate attention when they first flew in the
spring of 1930. Both models broke with the design practice of Junkers-type
all-metal airplanes, substituting a smooth, internally stiffened dural skin for
the corrugated covering. Both were fully cantilevered low-wing mono-
planes, driven by a single well-cowled air-cooled engine. With these models,
the ideals of the neue Stil finally achieved realization in a commercially via-
ble form.*
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Figure 8.2. Boeing Monomail all-metal mailplane. National Archives at College
Park, Record Group 18-WP, photo no. 38781.

The Monomail, also known as the model 200, was designed as a fast mail
carrier with no provision for carrying passengers (figure 8.2). Its design was
directly influenced by the army’s metal airplane work (see chapter seven).
The Monomail represented a profound shift in design philosophy for Boe-
ing, which had previously followed the gradualist strategy with regard to
metal airplanes. The new philosophy proved successful in the Monomail, in
terms of performance if not profits. The Monomail performed substantially
better than Boeing’s model 40, the single-engine, wooden-winged biplane
that launched Boeing as a successtul contract airmail carrier. Table 3 com-
pares the Monomail with the Boeing 40-B of 1928. With only fifty more
horsepower, the Monomail flew 26 mph faster than the 40-B and carried
over seven hundred pounds more useful load. On the other hand, the
Monomails ceiling was a thousand feet lower than the 40-Bs, and it could
barely get airborne from some of the high-altitude airfields along the Seattle-
Chicago mail route.”

Although the Monomail represented a real advance over the previous
generation of mail transports, it did not provide clear evidence for the supe-
riority of metal construction or of the neue Stil in general. The Monomail
involved so many changes from the model 40 that the factors responsible for
its improved performance are difficult to isolate. The path from the 40-B to
the Monomail involved a shift from biplane to monoplane; framework to
stressed-skin; and wood, steel, and fabric to duralumin. In addition, the
Monomail was one of the first commercial airplanes to employ a retractable
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TABLE 3
Comparative Performance of Single-engine Mail Planes, 1930
Carrier

Boeing 40-B Monomail Pigeon II
Horsepower 525. 575 600
Gross weight (Ibs.) 6,079 8,000 7,600
Weight empty (lbs.) 5940 4,758 4,235
Useful load (Ibs.) 2537 3,242 3.365
Load efficiency factor® 42 il 44
Wing area (sq. ft.) 547 535 550
Wing loading (lbs./sq. ft.)" 11.1 14.9 13.8
Top speed (mph) 132 158 150
Service ceiling (ft.) 15,000 14,000 14,200

Sources: Peter M. Bowers, Boeing Aircraft since 1916, 2d ed. (London: Putnam,
1968), 112, 176; Peter M. Bowers, Curtiss Aircraft, 1907-1947 (London: Putnam,
1979), 195-96.

* Load efficiency factor equals useful load expressed as a percent of gross weight
(UL/GW x 100).

b Wing loading equals gross weight devided by wing area.

landing gear to reduce drag. In any case, the Monomail’s performance does
not seem remarkable compared to a contemporary mail plane of standard
construction, the six-hundred-horsepower Curtiss Carrier Pigeon II of
1929. This traditional wooden-winged biplane was slower than the Mono-
mail by 8 mph, but it carried 123 additional pounds of useful load with a
weight efficiency of 44 percent (table 3). In terms of performance, the neue
Stil had yet to demonstrate any clear advantage.”

Boeing gained more from the Monomail in experience than in revenues.
Even before it was completed, the Monomail served as the basis for design
of the YB-9 twin-engine bomber for the army. But the Monomail itself never
went into production. Boeing built only one additional Monomail, the
model 221, with a fuselage modified to carry passengers in addition to
mail.*® The published record does not reveal why the Monomail did not
enter production. Given the history of metal construction, it probably suf-
fered from excessively high manufacturing costs.

The second successful example of the neue Stil to appear in the spring of
1930 was the Northrop Alpha, designed by John K. Northrop, who had pre-
viously designed the wooden Lockheed Vega. Like the Monomail, the Alpha
was a low-wing all-metal monoplane using stressed-skin construction and
a smooth skin (figure 8.3). Northrop left Lockheed in 1928 and founded the
Avion Corporation to develop metal airplanes. In 1929 Avion became the
Northrop division of the United Air & Transport Corporation (UATC),
which also owned Boeing and Pratt & Whitney. Although William Boeing
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Figure 8.3. (Top) All-metal Northrop Alpha (Army Y1C-19). (Bottom) A cross-
section of the “multispar” wing. National Air and Space Museum, Smithsonian Insti-
tution (top, USAF photo no. 167068; bottom, SI neg. no. 96-15635).

played an active role in acquiring Northrop’s company for the UATC, the
Alpha does not appear to have influenced the Monomail project, which was
already well under way when Northrop became part of the UATC.*°

In many respects the Alpha was a metal version of the Vega. Like the
Vega, the Alpha carried six passengers and reached a top speed of 170 mph.
It was not the Alpha’s aerodynamics that drew attention, however, but
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rather its metal structure, which Aviation magazine pronounced “a radical
and promising innovation.” Northrop took pains to make the Alpha easier
to manufacture than previous metal airplanes, forming all parts from dural
sheet rather than costlier extrusions and castings. Its wings employed what
Northrop termed a multicellular structure, harking back to the plywood
stressed-skin wings used in the Curtiss racers of the early 1920s (see chapter
six). The Alpha’s wing structure had multiple spars spaced roughly twelve
inches apart, and intersecting ribs at twenty-four-inch intervals, thus creat-
ing rectangular cells. Flat duralumin sheet was riveted to the spars and ribs,
forming the external wing surface. The spars took the shear loads in bend-
ing, while the upper and lower wing coverings carried the compression and
tension loads, which in a normal spar would have been absorbed by the
flange. The wing covering was reinforced by stringers running parallel to the
spars, as in Rohrbach practice, preventing the covering from buckling under
the main bending loads. Northrop produced about ten of the first version of
the Alpha, five of which entered service for TWA in 1931.%

The Alpha provided good evidence for the viability of all-metal, stressed-
skin construction, but like the Monomail it still failed to demonstrate clear
superiority in performance over composite structures or wood mono-
coques. The three years after 1930, however, would insure the dominance
of all-metal transport airplanes. By the end of 1930 the winds of change had
clearly begun to blow in the direction of all-metal construction, generated
primarily by the military’s commitment to metal airplanes. This commit-
ment assumed even greater importance with the collapse of the commercial
airplane market as the industry sank deeper into the Depression. Neverthe-
less, the military could not dictate designs for the commercial market. In
1930, metal construction still cost more than wood, especially since the
economies expected from mass production never materialized. In addition,
all-metal construction did not appear to have any significant advantage over
wood in terms of structural efficiency.?® But by 1933 two other factors had
turned the airlines decisively to all-metal airplanes—maintenance costs and
public perceptions of safety.

By the early 1930s, evidence began to point toward lower maintenance
costs for all-metal construction. Maintenance accounted for a large part of
an airliner’s direct operating costs, typically 20 to 25 percent, roughly half
of which was attributable to the airframe.?” Proponents of metal had always
asserted that metal airplanes cost less to maintain than those of wood and
fabric, but practical experience during most of the 1920s contradicted this
claim. However, by about 1930 some airlines concluded that metal cover-
ings cost significantly less to maintain than fabric or plywood. Fabric
needed regular replacement, typically after every 750 to 1,000 flying hours.
As early as 1926, Adolf Rohrbach had argued that eliminating the periodic
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replacement of fabric offset the increased cost and weight of metal cover-
ings. Unfortunately, the corrosion problems experienced with duralumin
negated any theoretical savings. The balance in maintenance costs appears
to have tipped in favor of metal with the widespread adoption of Alclad
beginning in 1928, although the evidence remained inconclusive for several
years. Alclad was used on the corrugated skin of the Ford trimotors, which
saw extensive service on many airlines, permitting the airlines to make com-
parisons with other types of wing coverings. In 1930 a preliminary study
of maintenance costs for the airlines of the UATC concluded that metal
coverings were preferable to wood and fabric. This result corroborated a
similar study by Pan American, which found that metal coverings “quite
definitely” had lower maintenance costs than wood or fabric. A survey of
the maintenance chiefs of all major airlines produced similar results in
1932, although the consensus still held that fabric-covered airplanes
weighed less than those of metal and that fabric offered advantages for emer-
gency repairs.’

The lower maintenance costs of metal-covered airplanes supplied impor-
tant evidence in support of all-metal construction, but this evidence does
not appear to have been a major stimulus to its adoption. Lower mainte-
nance costs favored metal only if the savings offset the increased cost of
metal construction. Such comparisons depended on the assumptions used
to calculate depreciation, assumptions that remained fairly arbitrary. The
life of an airplane was usually determined by obsolescence rather than dete-
rioration, and obsolescence was extremely difficult to estimate. In addition,
replacing fabric represented a very small part of the total cost of operating
an airline, so the advantage of metal was unlikely to be decisive. Finally, the
lower maintenance costs of metal coverings were not inherent; improved
plywoods in the late 1930s reduced the relative advantage of metal (see
chapter nine). Nevertheless, evidence on maintenance costs undoubtedly
swayed some airlines toward purchasing all-metal designs, and helped pro-
mote continued development of metal airplanes.®

Maintenance costs were not responsible for the final, decisive shift to the
all-metal airliner in the early 1930s. Instead, it was Knute Rockne’s death in
the 1931 crash of a Fokker trimotor that spelled the end of the wooden
airliner (see chapter six). In 1931 Fokker was the only major manufacturer
still producing large, wooden-winged, multimotor passenger airplanes suit-
able for airliner service. The accident led to discovery of glue deterioration
in the wings of several Fokker F-10As. The Aeronautics Branch of the De-
partment of Commerce first grounded the suspect Fokkers and then re-
quired the airlines to undertake costly periodic inspections of the returning
airplanes. But even with the new inspection procedures, the airlines had lost
confidence in the Fokker construction. Not long after the Fokkers returned
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to service, Pan American Airways retired its seven F-10As, and over the next
three years other major airlines gradually withdrew their Fokker trimotors
from service. Anthony Fokker was forced from the company he had
founded, and his chief engineer, Albert Gassner, was replaced by Herbert V.
Thaden, a strong advocate for metal airplanes. Anthony Fokker returned to
Holland, and the United States lost its most important advocate for wooden
airplanes.*

The Triumph of the Twin-Engine Metal Airliner

The gradual withdrawal of the Fokkers from airliner service created a de-
mand for new airplanes as air travel continued to grow despite the Depres-
sion. With Ford no longer producing airplanes, development of new models
fell to the remaining major airplane manufacturers. The resulting twin-
engine, all-metal monoplanes revolutionized air transport, completely re-
placing the trimotors that had formed the backbone of passenger air travel.
These new designs sharply increased flying speeds, reduced costs, and facil-
itated a rapid rise in passenger traffic with fewer airplanes. In 1931 the
domestic airline fleet consisted of 490 airplanes, mostly Fords and Fokkers.
By 1938, the domestic airline fleet had declined to only 260 airplanes, con-
sisting almost entirely of the new twin-engine models. Yet this transformed
airline fleet carried more than twice as many passengers and twice as much
mail as the airline fleet of 1931.%

The rise of the twin-engine, all-metal monoplane airliner in America is an
oft-told story, beginning with the Boeing 247, the first “modern” airliner,
and culminating with the Douglas DC-3. This story has become an essential
element of the mythology of aviation, based primarily on recollections of
participants and information from public-relations departments of airplane
manufacturers. Accounts of these events exaggerate the connections to Ger-
man developments in metal aircraft while minimizing the direct contribu-
tions of the American military. These accounts uncritically view the shift to
metal as an example of technical progress, which thus requires little expla-
nation.** As I have argued throughout this book, the rise of metal airplanes
requires considerable explanation and cannot be understood without refer-
ence to the technical prejudices of the engineering community and the
influence of the military on design trends. When the metal airliner finally
came of age in 1933, it owed its success to more than a decade of develop-
ment inspired by these prejudices, with funding and technical direction
from the army and navy.

The first of the new models to appear was the Boeing 247. Boeing engi-
neers first considered developing a twin-engine transport based on the YB-9
bomber in early 1931, while the YB-9 was still under construction, but this
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initial proposal was shelved due to insufficient single-engine performance.
Then came the Rockne crash at the end of March, and the successful first
flight of the YB-9 in April. The new bomber proved to have excellent perfor-
mance, with a top speed of more than 170 mph. In September Boeing began
working seriously on a twin-engine all-metal transport patterned after the
YB-9. The new airliner was intended to supply the recently formed United
Air Lines, a consolidation of the transport operations of the UATC, Boeing’s
parent company. In November, United Air Lines agreed to buy sixty of the
new airplanes, designated the Model 247. With an initial price estimated at
about $41,000 (later rising to $68,000), this was the largest single commer-
cial aircraft order ever received by an American manufacturer. Production of
the 247 began in earnest in March 1932, though the first plane was not
ready for flight tests until February 1933. When it finally flew, the 247 ex-
ceeded expectations, with a maximum speed of 182 mph and a cruising
speed of 161 mph. The 247 entered airline service with United at the end of
March. Using the 247, United established a transcontinental schedule of
just under twenty hours, seven hours faster than TWAs competing time
using Ford trimotors.*

As far as the Air Corps was concerned, the 247 relied so closely on the
design of the YB-9 that its early sale abroad would have constituted a secu-
rity breach. While the first airplane was still under construction, the Air
Corps received word of Japanese interest in buying the 247. Brig. Gen.
H. Conger Pratt, chief of the Materiel Division, warned Boeing against such
a sale. The Air Corps’ policy was not to hinder the export trade unless it
compromised military secrets. In Pratts opinion, that was precisely what
foreign sales of the 247 would do: “In this instance the commercial trans-
port in question is a direct development of a military type which is still in
a Service Test stage, and it incorporates structural and design improvements
that are directly the result of developments of both your company and the
Materiel Division.” Boeing promised not to sell the airplane abroad without
government permission.*®

The corporate connection between Boeing and United Air Lines sparked
the development of a rival airplane that was to make the 247 obsolete—the
Douglas DC-1. When Boeing began working on the 247 for United, other
airlines got wind of the project. With a projected cruising speed of over
150 mph while carrying ten passengers and mail, the 247 promised to give
United a major advantage over its competitors. Transcontinental and West-
ern Air (TWA), a major trunk-line competitor to United, approached Boe-
ing about purchasing the 247. Boeing was willing to sell to TWA, but the
UATC board in New York refused to allow the sale until Boeing had filled
United’s order for sixty airplanes. TWA was unwilling to wait and also re-
luctant to become dependent on the products of a manufacturer allied with
a rival airline. So, on August 2, 1932, TWA submitted a terse, two-page
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Figure 8.4. Douglas DC-1 prototype with TWA markings, March 6, 1934. Courtesy
Douglas Products Division, Boeing Company, Long Beach, Calif., photo no.
SM5807.

letter to five manufacturers requesting bids for an airliner to rival the 247.
This letter specified a trimotor monoplane, preferably of all-metal construc-
tion, with a twelve-passenger capacity and a cruising speed of 150 mph. The
Douglas Aircraft Company responded with a proposal for a twin-engine,
all-metal airliner, the DC-1.%7

TWA accepted the Douglas proposal for a twin-engine design instead of
a trimotor after Douglas gave firm guarantees on single-engine performance.
Douglas received a $125,000 contract for the DC-1 prototype, with an op-
tion for purchase of another sixty at a unit price of $58,000. The DC-1
prototype first flew on July 1, 1933, only 11 months after TWA first ex-
pressed interest in the project and little more than eight months after
Douglas received its contract (figure 8.4). In performance the DC-1 signifi-
cantly outpaced the Boeing 247, reaching a top speed of 210 mph and a
cruising speed of 190 mph at eight thousand feet, while carrying twelve
passengers. TWA placed an initial order for twenty-five of the new airliners,
modified to carry fourteen passengers, at a price of $65,000 each. This air-
plane became known as the DC-2 and began service for TWA in May 1934,
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a little over a year after the 247. In 1935 Douglas widened the DC-2 fuselage
and substituted more powerful engines, increasing passenger capacity to
twenty-one with only a slight increase in operating costs. This new plane,
the DC-3, entered service in 193638

The DC-2 proved tremendously successful, and the DC-3 even more so.
By the spring of 1935, Douglas had received orders for 102 DC-2s, and
would eventually produce 220. Douglas built about six hundred DC-3s for
civil use, and thousands more for the military during World War II. The
DC-3 quickly came to dominate the fleets of U.S. airlines. By the end of
1941, 270 of the 350 planes in the domestic airline fleet were DC-3s, and
another thirteen were DC-2s. Together these two Douglas models ac-
counted for 87 percent of all available airline seats.”

The story of the DC-1, -2, and -3 is one of the central myths of the popu-
lar history of aviation. According to this myth, Douglas was “a small, strug-
gling firm in Santa Monica” with little background building commercial
airplanes and not “one iota of experience in designing a metal airplane.”
However, in airplane design heroics are a poor substitute for practical expe-
rience, especially in metal monocoque construction, where engineers lacked
well-developed design criteria and instead relied on extensive testing of
components and assemblies. Rather than heroics, the success of the DC-1
was largely dependent on Douglas’s position as a major military supplier.*

In the first sentence of its announcement of the DC-1, Aviation magazine
noted that “the output of the Douglas plant . . . has to date been definitely
militaristic.” Between 1921, when Donald Douglas began building air-
planes, and the end of 1933, when production of the DC-2 began, the
Douglas company built 1,100 airplanes, almost all for the U.S. military, pri-
marily the army. In 1930, with the Depression battering commercial aircraft
producers, Douglas sales rose to more than $4 million, more than 10 per-
cent of all sales by domestic aircraft manufacturers ($34 million, excluding
engines). Douglas sales fell some during the next three years due to reduc-
tions in military aircraft purchases, but the company remained profitable
while other firms suffered heavy losses or closed down completely. As late
as 1934, when sales of the DC-2 were increasing rapidly, Douglas earned
84 percent of its gross income from sales to the U.S. government, mostly the
army.*!

Douglas Aircrafts close relationship to the military aided the develop-
ment of the DC-1 in two ways, financially and technically. Its strong mili-
tary sales gave it sufficient capital for the development of the DC-1. Devel-
opment costs of the DC-1 totaled $307,000, which probably exceeded that
of any previous commercial airplane. Engineering costs alone approached
$83,000, of which the largest part was undoubtedly for stress analysis. An-
other reason for the high development cost was the need for extensive static
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tests, both for design of the structure and to insure that the completed air-
plane met strength requirements. More than four hundred separate tests
were performed on the DC-1 and its structural components. The contract
with TWA gave Douglas only $125,000 for the DC-1, resulting in a net loss
of $182,000. Losses continued when production began. The first twenty-
five DC-2s sold to TWA produced a net loss of $266,000, for a total loss of
roughly $450,000. Douglas would never have been able to absorb this loss
if it had been dependent on commercial sales.*?

However significant the financial contribution of the military to Douglas’s
ability to build the DC-1, the military’s technical contribution was perhaps
more important. The direct contribution of military designs to the DC-1 is
difficult to uncover without access to internal company documents. Never-
theless, the available evidence shows that Douglas’s close relationship with
the army and navy gave the company the technical background necessary to
build the DC-1. Almost all of the airplanes that Douglas produced for the
army during the 1920s were fabric-covered biplanes of composite construc-
tion, with welded steel-tube fuselages and wooden framework wings.
Douglas did, however, follow the army in its gradual adoption of metal
construction. As early as March of 1923, Douglas submitted a design to the
Air Service for an all-metal bombing plane. Douglas participated in the
army’s first metal spar study beginning in 1923, which gave Douglas experi-
ence with duralumin design and fabrication. In 1927 Douglas produced the
first metal spar that exceeded the performance of a wood spar in the army’s
spar study (see chapter four). When Thomas-Morse finally convinced the
army of the benefits of the corrugated metal monocoque, Douglas followed
with its own metal designs. The first was the X0O-31 monoplane in 1930,
with fabric-covered metal wings and a corrugated monocoque fuselage like
that of the Thomas-Morse. Douglas also benefited from the Navys work
on metal flying boats, receiving a $1.5 million contract at the end of 1929
to produce twenty-five PD-1 metal flying boats patterned after the NAF’s
PN-12.¥

Meanwhile, Douglas had begun to investigate smooth metal mono-
coques, guiding a research project at Stanford and supplying the necessary
test specimens. Caltech conducted similar research under contract from
Douglas. When the Air Corps purchased five service test models of the
0-31, Douglas converted the fuselage to a smooth dural monocoque. A sim-
ilar process occurred with two twin-engine army models, the O-35 and the
B-7, both built originally with corrugated monocoques and then redesigned
for smooth monocoques. Thus when TWA's request for an all-metal airliner
arrived in August of 1932, Douglas had already designed and built army
models with smooth metal monocoques. Finally, Douglas engineers work-
ing on the DC-1 were undoubtedly familiar with the army’s work on
stressed-skin metal wings.**
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Figure 8.5. DC-1 inner wing section, May 11, 1933. Note the corrugated upper
flange, similar to that of the Wright Field metal wing. Courtesy Douglas Products
Division, Boeing Company, Long Beach, Calif., photo no. SM4638.

One aspect of the DC-1 mythology links its wing design to the multicellu-
lar metal wing that John K. Northrop used on his Alpha transport. Northrop
left the UATC in 1931 and established a new company in early 1932 as a
Douglas subsidiary. This subsidiary built single-engine, all-metal airplanes
similar to the Alpha. Supposedly, Douglas thus gained access to Northrop’s
experience in metal construction. The DC-1 did incorporate elements of the
Northrop wing, including multiple spars and the use of the wing covering
to support most of the main bending loads. In addition, Douglas publica-
tions followed Northrop in referring to the DC-1s wing construction as
multicellular. This link to Northrop suggests a civilian antecedent for the
DC-1 wing, since Northrop had little involvement with the military. How-
ever, the inner section of the DC-1 wing, the part containing the engine
nacelles, used corrugated sheet inside the upper surface of the wing, remi-
niscent of the experimental army wings and the Monomail (figure 8.5)
rather than the Alpha. Northrop also had no direct role in the design of the
DC-1 according to Arthur Raymond, chief engineer on the DC-1 project.
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The Douglas company’s emphasis on the DC-1's similarities to the Alpha
was a useful sales strategy, since it permitted the sales staff to argue that the
DC-1 wing structure had already proven reliable in airline service with the
Alpha.¥

The success of the DC series marked the arrival of metal construction as
a mature technology. Decades of refinements brought no fundamental
changes to the airframes of commercial airplanes. Today’ jet airliners use
improved aluminum alloys and new production techniques and are de-
signed with more sophisticated methods of stress analysis, but their struc-
tures clearly hark back to the DC-1 and other all-metal airplanes of the
mid-1930s.%° Only recently has metal’s hegemony in large airliners been
challenged by a new generation of composite materials; these new materials
have more in common with wood than metal (see the epilogue).

The triumph of the metal airliner in the 1930s suggests that metal had
clearly proven its superiority to wood, at least with respect to the technical
practices then available for airplane construction. In a sense this superiority
was quite real, especially once metal became dominant and thus benefited
from an accumulation of practical experience in design, manufacturing, and
maintenance. Perhaps the success of the metal airplane resulted simply
from the inherent technical superiority of metal over wood. As this and
earlier chapters have shown, however, the “inherent” technical characteris-
tics of metal only emerged as the product of sustained human efforts to
transform the material world. Due to the prejudices of the engineering com-
munity, as embodied in the progress ideology of metal, metal construction
benefited from a considerably higher level of effort than wood in the realiza-
tion of its supposedly inherent characteristics. Still, the aeronautical com-
munity never completely abandoned wood, and a number of firms con-
tinued to improve wood construction even after the triumph of the metal
airliner. These efforts gained renewed vigor with the introduction of syn-
thetic resin adhesives in the early 1930s.
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Neglected Alternative II:
Synthetic Resin Adhesives

Forrowing KNUTE ROCKNE'S DEATH in the crash of a wooden-winged Fokker
trimotor in 1931, the fortunes of wood reached their nadir. The army and
navy finally began ordering all-metal combat airplanes in quantity and soon
eliminated all vestiges of wood in new combat models. The largest air-
lines committed themselves to buying all-metal, multi-engine airliners,
and manufacturers got busy creating the airplanes to fit the bill. Wood re-
mained dominant in the wings of “puddle jumpers,” sport planes, and small
transports carrying less than five passengers, but these structures remained
simple and the technology static. Even the manufacturers of these small
airplanes began developing all-metal types. Federal research in wooden air-
craft ceased completely. Although George Trayer of the Forest Products
Laboratory (FPL) remained a member of the NACAs Subcommittee on Mis-
cellaneous Materials, wood disappeared from the subcommittee’s agenda,
and the FPLs research in aircraft woods quickly evaporated due to lack of
funding.

The progress ideology of metal relied on an image of metal as a dynamic
material, capable of improvement, while wood was seen as static, fixed by
nature. But in fact no material is fixed by nature; all are capable of improve-
ment through human intervention.! In the aircraft industry, demands for
improved materials provided a major incentive for the development of new
alloys, while also stimulating advances in basic metallurgy. These demands
did not have a comparable effect on the technology of wood, because wood
research was discouraged by expectations of the shift to metal. Nevertheless,
the application of human ingenuity to wood technology could produce
major advances, as developments in the 1930s demonstrated. Plastic resins
provided the key to these improvements. These resins were suitable for
more than just radio cabinets; they also made excellent wood adhesives,
eliminating the worst problems of traditional glues. Synthetic resin adhe-
sives served as a link between wood and plastics, connecting some of the
oldest materials of human culture with some of the newest, both physically
and symbolically.
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Resin Adhesives and the Renaissance of Wood Engineering

Resin adhesives were a direct application of the material that launched the
plastic age—Bakelite, the first synthetic polymer plastic. Bakelite, invented
in 1907 by the Belgian-born American chemist Leo Baekeland, was the trade
name for a class of thermosetting plastics made from phenol-formaldehyde
resins. These resins remained soft until molded under heat and pressure,
when they formed a hard, durable, waterproof, fire-resistant material.
Through the efforts of Leo Baekeland, Bakelite soon became widely used in
the electrical and automobile industries. During the interwar years, pheno-
lic plastics became common in a wide variety of consumer products.?

As a structural material, pure Bakelite had its limitations. Although Bake-
lite was reasonably strong in compression, it was also quite brittle and rela-
tively weak in tension. With the addition of reinforcing materials such as
cotton fabric or wood pulp, the strength properties of Bakelite improved
dramatically. By varying the number and orientation of reinforcing fibers
(known as “fillers”), engineers could design materials with strength charac-
teristics and densities suited to particular applications.’

Bakelite also proved viable as a wood adhesive, which was to have tre-
mendous significance for airplane structures. Unlike casein or albumin
glues, Bakelite formed a water-resistant, durable bond, immune to mold and
fungi. It did not take Leo Baekeland long to discover the affinity of Bakelite
for wood; in fact, he had been searching for an improved wood preservative
when he first synthesized Bakelite.* In 1912 Baekeland patented a method
for using phenolic resin as a plywood adhesive, but his method of applying
the resin proved too expensive for commercial use. In 1919 a Westinghouse
employee, John R. McClain, patented a method for applying the resin in the
form of a dry film, eliminating the problems associated with the solvents. In
McClain’s process, the film consisted of paper or fabric impregnated with a
carefully controlled amount of phenolic resin. These sheets were then in-
serted between individual layers of veneer, and the assembled layers were
compressed by a heated press, which transformed the resin into its hard-
ened state.’

At first, American plywood manufacturers showed little interest in phe-
nolic resins, but by the early 1930s the new adhesives were creating quite a
stir in the plywood industry. Commercial production of phenolic glue films
started first in Germany, where the Essen firm of chemist Thomas E. Gold-
schmidt introduced the Tego film in 1926. American plywood made with
Tego film became available in 1930.° Shortly thereafter American firms de-
veloped new methods using dry resin powders and colloidal suspensions,
and by 1933 American manufacturers were producing resin plywood using
all three methods: film, dry powder, and colloid.”
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Proponents of resin plywoods quickly proclaimed their development
“revolutionary.”® The moisture resistance of the new plywoods made them
suitable for building exteriors, boat hulls, and seaplane pontoons.” Test data
demonstrated the superiority of resin-bonded plywood, especially with re-
gard to durability in damp conditions. For freshly made plywood, the resin
bond tested a bit stronger than the best traditional glue. This advantage
became dramatic when plywood samples underwent accelerated exposure
tests. Resin-bonded plywood remained completely unaffected by exposure
in a “mold pit,” whereas the traditional plywoods lost all shear strength after
two to seven weeks. In addition, the phenolic resins considerably reduced
the rate of moisture absorption.'

The new plywoods quickly found uses in a number of demanding envi-
ronments. The steamship Washington, which, upon completion in 1933,
was the largest ship ever built in the United States, used 425,000 square feet
of resin-plywood bulkheads. These bulkheads consisted of a layer of asbes-
tos paper under attractive hardwood face veneers, all bonded to a balsa-
wood core, making a stiff, lightweight and practically fireproof structure
that also provided excellent thermal and sound insulation. The manufac-
turing process relied on a phenolic resin developed by General Plastics in
cooperation with the Haskelite Manufacturing Company, which had been a
major supplier of aircraft plywood (see chapter six)!!

The new adhesives and other advances in wood engineering produced a
minor renaissance in wood structures during the 1930s, with considerable
assistance from the Forest Products Laboratory in Madison. In the mid-
1930s, FPL engineers developed a new system of prefabricated housing that
used resin-bonded plywood panels designed according to stressed-skin
principles developed for wooden aircraft. This system received a fair
amount of publicity, some of it during a visit from Eleanor Roosevelt, and
by 1939 five companies were assembling prefabricated houses based on the
FPLs designs. The FPL also did pioneering research in laminated arch con-
struction. Using improved gluing practices to join small pieces of lumber,
wood engineers could create solid arches “of practically unlimited size.”
These arches provided an alternative to steel framing in structures requir-
ing large open spaces, such as school auditoriums and churches. The intro-
duction of improved timber connectors, first developed in Germany, also
helped revive wood structures. By the late 1930s, these connectors were
being used to build timber roof trusses with two-hundred-foot spans and
wooden radio towers up to six hundred feet high.'?

Outside of aviation, proponents of wood construction used these devel-
opments to try to break the symbolic link between wood and traditional
technologies. The new techniques clearly demonstrated that wood too
could be progressive, that wood, like metal and plastic, could benefit from
scientific research. Progress in wood structures, claimed proponents, gave
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lie to the idea that “to design in timber is to be old fashioned.” Modern
research could increase the “rational use” of wood. Popular journals publi-
cized the FPL's “practical research triumphs,” which helped dispel the no-
tion of wood as a traditional craft material. Modernist designers, who had
ignored wood “because of its strong traditional associations,” found creative
uses for the new plywoods, using molding techniques to produce prize-
winning furniture designs.”

Neglect of Resin Adhesives in Aviation

Despite these improvements in wood engineering, the American aeronauti-
cal community remained remarkably blind to the benefits of new wood
technologies, a blindness that was particularly striking with regard to resin-
bonded plywoods.'* By drastically reducing the problem of deterioration,
the new resins eliminated the most serious objection to the use of plywood
in airplanes. Even Alexander Klemin, usually an astute observer of aviation
trends, remained oblivious to the benefits of the new adhesives. In a 1935
article, this influential aeronautical engineer argued that “wood, and the
glue which is almost an unavoidable concomitant of it, are organic mate-
rials, subject to bacterial and other types of decay” This factor, among
others, made metallization “inevitable,” so that “today there can be no fur-
ther argument on the topic Metal vs. Wood.”"?

Klemin’s comments were particularly remarkable because they appeared
in the same issue of Aero Digest as an article by T. C. Bennett, who used the
advantages of resin adhesives to argue for the wider use of plywood in air-
planes. Bennett, a 29-year-old engineer at the Naval Aircraft Factory, in-
sisted that wood for airplanes was “not so much a dead material as . . . an
unfashionable one.” While Klemin proclaimed the conclusive triumph of
metal over wood, largely due to problems with glues, Bennett presented
data on the excellent strength and durability of Tego-film plywood. In addi-
tion to praising resin adhesives, Bennett also reopened the question of the
relative weight of wood and metal. He noted that plywood had a clear
weight advantage over duralumin on the basis of “crippling” (i.e., buckling)
stress. Bennett's comments represent the first instance in the U.S. technical
press in which a defender of wood clearly appealed to wood’s superior buck-
ling strength. Bennett noted the considerable advantages of this superior
buckling strength for stressed-skin structures, though he made no attempt
to quantify his argument.'®

Given the difficulty in keeping up with numerous technical fields, Kle-
min’s ignorance of the new adhesives is perhaps excusable. But Klemin was
not alone; neglect of resin plywoods was widespread in the aviation commu-
nity, extending even to the NACA, which had a federal mandate to evaluate
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and coordinate aviation research. In the case of the NACA, this neglect in-
volved more than passive ignorance, but rather an active rejection of re-
search on the new adhesives, as demonstrated by the work of the Com-
mittee on Aircraft Materials.

This committee had the principal responsibility within the NACA for
evaluating research on aircraft materials. The committee included represen-
tatives from all government agencies engaged in research in the field, in-
cluding George Trayer of the Forest Products Laboratory. Trayer, former
chairman of the NACAs disbanded Woods and Glues Subcommittee, had
remained a member of the Materials committee despite the NACAs declin-
ing interest in wood research (see chapter six). At the March 1934 meeting
of the committee, Trayer reported excellent results from FPL tests of resin
plywoods, and he distributed samples showing no evidence of glue failure
after nearly three years of severe exposure. Trayer’s presentation generated
not a single comment, in contrast to lively discussions of topics related
to metal.'” The following year, Trayer explicitly asked the NACA to sup-
port the FPLs research on resin plywoods, but the request was rejected “in
view of the fact that wood is being superseded by metal in modern aircraft
construction.”®

Wood Meets Plastic: German Research in Aviation Materials

After more than a decade of constant propaganda in favor of metal, wood
had too little currency in the aeronautical community to compel its recon-
sideration, whatever the potential of the new adhesives. Instead, wood re-
entered the debate through its link with plastics, one of the most potent
symbols of technological progress in the interwar period. Popular enthusi-
asm for plastics blossomed in the 1930s. Plastics directly illustrated the
benefits of modern science, specifically the science of synthetic organic
chemistry, which promised to create a world of material abundance filled
with wondrous new products. The image of phenolic materials differed con-
siderably from that of the first widely used plastics, such as celluloid, which
were generally perceived as cheap substitutes. Durable, impervious, and
fireproof, Bakelite had the qualities needed to compete directly with other
materials in industrial settings. During the 1930s, the chemical industry
quite self-consciously worked to counter the ersatz image of plastics inher-
ited from celluloid, using all the tools of public relations to link plastics
with modern, machine-age aesthetics. The popular press was soon herald-
ing the arrival of a utopian “Plastic Age.”"

Phenolic resin adhesives blurred the boundary between wood and plas-
tics, rhetorically as well as materially. The trade press abetted this process
by using the term “plastic plywood” for resin-bonded veneers. Researchers
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also undermined this boundary by exploring novel ways of combining wood
veneer and thermosetting resins. Among the first to investigate this fuzzy
boundary were German materials scientists, who conducted pioneering re-
search on plastics for airplane structures beginning in the late 1920s. In
1928 Otto Kraemer, a research scientist at the Deutsche Versuchsanstalt fiir
Luftfahrt (DVL, the German counterpart of the NACA), began investigating
commercially available phenolic plastics combined with fibrous fillers like
wood pulp or cotton cloth. These plastics developed good strength/weight
ratios, but compared poorly to wood in terms of stiffness, calculated as the
ratio of elastic modulus to density. Insufficient stiffness could cause an air-
plane structure to flap itself to pieces at high speeds, so stiffness was an
important characteristic.*

By 1933, Kraemer’s search for a stiffer plastic had led him back to wood.
Instead of paper or fabric, Kraemer began using very thin birch veneers
(from 0.1 to 0.3 mm) impregnated with phenolic resin and then laminated
into sheets about 1 cm thick consisting of fifty to a hundred layers of veneer.
For a given weight, the strength and elastic characteristics of this material
were equal or superior to those of solid birch. According to Kraemer, his
tests demonstrated that laminated “wood-plastics” (Holzkunstharzstoffe)
had significant advantages over normal wood without the low elastic modu-
lus of other plastics. In principle, suggested Kraemer, complex structures
could be molded from this improved wood in a single operation, offering
considerable advantages in production.”!

Unfortunately, the resin-impregnated wood proved very difficult to glue
because the pores of the wood were already completely filled with resin,
preventing the glue from penetrating far enough to form a strong bond. To
obtain a gluable material of lower density, the DVL researchers returned to
using the phenolic resin as an adhesive only, though they retained thin
veneers (0.4 mm), laminating forty-five to fifty veneers with Tego film to
produce a single sheet. This material had most of the advantages of the
impregnated wood while being easy to glue.?? In particular, one type of
laminated beech developed a ratio of compressive strength to specific grav-
ity of 20,500 pounds per square inch, 55 percent higher than solid beech
and about 9 percent higher than aluminum alloy. For equal weight, natural
wood has a lower compressive strength than aluminum alloy when buckling
is not a factor, so this improvement was quite significant. Although the
laminating process significantly increased the density of the beech, its spe-
cific gravity remained only one third that of aluminum.”?

This German research revealed how plastics could provide a pathway
linking wood with the ideology of progress. There was a close affinity be-
tween research in wood and in reinforced plastics, at least when researchers
did not erect artificial boundaries. This affinity is clear to some present-day
materials scientists, who describe wood as a natural fiber-reinforced plastic,
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consisting of cellulose fibers embedded in a lignin resin.** Phenolic plas-
tics were often strengthened with wood flour or paper made from wood
pulp. The boundary between the categories “wood” and “plastic” was thus
not at all clear, though these two categories carried quite different symbolic
associations. By blurring the boundary between “natural” wood and “artifi-
cial” plastics, the German research demonstrated the possibility of signif-
icantly improving wood as a structural material, in direct refutation of
those who insisted that the characteristics of wood were fixed by nature.
The DVL scientists achieved these results with a fairly modest research pro-
gram. In Germany, as in the United States, aviation researchers focused on
metallic materials, giving “comparatively little notice” to the new synthetic
adhesives.”

Back in the United States, the NACA was slow to investigate plastics for
aircraft structures, despite promising results from German and British re-
search.”® When the NACA did begin to examine plastics in the mid-1930s,
it ignored the links with wood already established by the Germans. The
NACA first took up plastics in 1936, when it approved a literature review
that was not completed until late 1937. In mid-1938 the NACA approved a
$6,500 project at the Bureau of Standards to develop a “reinforced plastic”
suitable for airplane structures, despite skepticism from navy representa-
tives. Discussions of this program made no mention of wood, though the
NACA did propose to examine a variety of “reinforcing agents,” which
might have included wood veneers.?’

Synthetic Resins and Molded Airplanes

Although the NACA ignored the links between wood and plastics, a number
of American engineers had already begun developing airplanes based on the
new plastic plywoods. These projects involved methods for building air-
planes from large sections of molded, synthetic-resin plywood. By 1938
commercial developments had already surpassed the NACA-sponsored re-
search. When the NACAs Miscellaneous Materials subcommittee dis-
cussed the plastics research program in 1938, George Lewis, the NACAs
research director, recommended that the Bureau of Standards examine a
commercial material called “Duramold.””® Duramold was indeed one of the
most significant applications of phenolic resins to aircraft structures, and
hence a suitable topic for plastics research. But Lewis appeared unaware
that Duramold consisted mainly of thin wood veneers, and thus was one of
those materials on the boundary between wood and plastics. By taking ad-
vantage of Duramolds association with plastics, the developers of Dura-
mold helped put wood back on the agenda of aviation research in the United
States.”
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Duramold was a direct outgrowth of dissatisfaction with all-metal con-
struction in the mid-1930s. Around 1935, Sherman Fairchild, president of
the Fairchild Engine and Airplane Corporation, began to have doubts about
the suitability of the newly dominant all-metal construction for quantity
production and high-speed flight. The key problem, according to Fairchild
and his vice-president for engineering, Virginius E. Clark, was the lowly
rivet, necessitated by the difficulty of welding duralumin-type alloys, and
required in huge numbers to fasten the intricate network of reinforcements
to the external metal skin. Even a small all-metal airplane could require
more than fifty thousand rivets at a cost of five cents each, while the rivets
in a medium-sized metal airplane could exceed half a million.*® As Clark
put it a few years later, “any type of structure which demanded such a mul-
tiplicity of reinforcing parts and so many thousands of rivets did not consti-
tute the best final answer for rapid and inexpensive production.™’ In addi-
tion, rivets made it very difficult to obtain the extremely smooth external
surfaces needed by high-speed airplanes. Although engineers developed
various methods of flush riveting to deal with this problem, smooth riveted
surfaces remained difficult and expensive to manufacture.*

Fairchild assigned the task of eliminating the rivet to Clark, an experi-
enced and creative aircraft engineer most famous for developing the widely
used Clark-Y airfoil during World War 1. Scientific American described
Clark as a “well-girthed, patient voiced gentleman . . . with kind manners,
an abstracted air, and blue eyes as cold as calculus.” Born in 1886, Clark
began his professional life as a naval officer, graduating from the Naval
Academy in 1907. From 1914 to 1915 he attended MIT’s postgraduate engi-
neering course in aeronautical engineering, the first formal program in aero-
nautical engineering in the United States. He then served as the army’s chief
aeronautical engineer from 1915-1920, receiving a commission as an army
officer during World War 1. After leaving the army, Clark worked for a series
of airplane manufacturers as vice-president or chief engineer before landing
at Fairchild in the 1930s.*

Clark’s search for a rivetless construction quickly led him to molding
techniques using resin-bonded plywood. In addition to his success as a de-
signer of metal airplanes, Clark also had a background in plywood molding,
having supervised the development of a molded plywood fuselage at Mc-
Cook Field during World War 1 (see chapter two). Clark had himself ob-
tained a patent on a molded wing structure in the early 1920s.>* With sup-
port from Fairchild, Clark began working with the Haskelite Manufacturing
Corporation and its head, George Meyercord, “one of the most fertile minds

. in the plywood field.” It was quite natural that Clark and Fairchild
would turn to Haskelite, given the company’s experience with aircraft ply-
wood and its role in developing resin-bonded plywood. The Fairchild and
Haskelite companies jointly developed a bag-molding technique for produc-
ing airplane parts of phenolic plywood, termed “Duramold” by Clark.*
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Figure 9.1. Fairchild F-46 with Duramold fuselage. National Archives at College
Park, Record Group 18-WP, photo no. 62546.

In 1937 Clark designed a five-place commercial airplane with a Duramold
fuselage, the Fairchild F-46, which completed its first flight on December 53,
1937 (figure 9.1). The F-46 had excellent performance characteristics, but
it failed to sell and only the prototype was completed. Costs of the project
began to mount even before the first flight of the F-46, so Fairchild created
a wholly-owned subsidiary, the Duramold Aircraft Corporation, to take
over the project. With Clark in charge, the new subsidiary took over mar-
keting of the F-46 and further development of the Duramold process.*

The Duramold process represented a synthesis of two lines of develop-
ment in wood products: molded plywood and resin-bonded “improved”
wood. Bag-molding techniques were not new to airplane construction, hav-
ing been used quite successfully on the Lockheed Vega. But in contrast to
the casein-glued Vega fuselage, Duramold required molding pressures as
high as 100 pounds per square inch and temperatures up to 280 E, which
made the molding equipment more complicated. The Duramold process
initially used a pressure bag placed over a steam-heated convex cast-iron
die, which was similar to Haskelite’s unsuccessful approach to molding fu-
selage panels in World War I (except for the pressure bag). Duramold also
differed from earlier molded plywoods in its use of phenolic resins and thin
veneers of /48 in. (0.5 mm) to /20 in. (1.3 mm) thickness, reminiscent of
Kraemer’s work at the DVL. These thin veneers were easily bent into the
compound curvatures needed for streamlined surfaces.’’

The Duramold process permitted dramatic increases in speed of produc-
tion, even allowing for exaggerated claims. The F-46 fuselage consisted of
two half-shells molded on the same die and then assembled with casein
glue. Due to the high buckling strength of Duramold, the fuselage required
very few internal stiffeners, simplifying assembly. Meyercord estimated that
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a single die could turn out a complete fuselage shell in two hours. Later
reports claimed that it had taken nine men at Haskelite only a single hour
to produce the first fuselage half-shell. According to Clark, assembly of the
fuselage at Fairchild required just five hours and twenty minutes, although
he did not specify the number of workers and did not include interior fur-
nishings.*® Even with this incomplete data, the Duramold fuselage clearly
required just a fraction of the labor needed for a comparable all-metal fuse-
lage, which could require up to six person-months to complete.*

Despite the promising results of the prototype and the confident claims
of Duramold’s developers, the process was far from ready for quantity pro-
duction. Duramold differed so much from ordinary plywood that it was in
effect an entirely new airplane material. The application of any new material
to airplane construction involves considerable difficulties, as demonstrated
by the early problems with metal construction. Even with help from ply-
wood manufacturers or resin suppliers, no airplane manufacturer had the
financial and technical resources to develop an entirely new system of air-
plane construction. Only the federal government could provide the neces-
sary support to continue development of the Duramold process, a fact that
Virginius Clark understood very well. So, like practically every innovator in
airplane technology since the Wright brothers, Clark turned to the military,
specifically the Army Air Corps.

Clark was an almost legendary figure in the history of army aviation. He
had personal ties with many pioneers in army aviation, including H. H.
Arnold, who in early 1938 was assistant chief of the Air Corps. But despite
Clark’s credentials and connections, persuading the Air Corps to buy Dura-
mold airplanes would prove a difficult task, given Wright Field’s antipathy
to wood. Clark’s strategy was quite explicit: he would portray Duramold as
plastic rather than wood. Clark understood quite clearly that the success of
Duramold depended not only on its technical characteristics but also on its
symbolic meanings.

In early January, Clark began a vigorous campaign to sell the Duramold
process to the Air Corps. He started at the top, writing directly to Oscar
Westover, chief of the Air Corps. Arnold, then acting chief, responded posi-
tively, informing Clark that “the Air Corps is extremely interested in this
development.” With this endorsement from Arnold, Clark began the hard
work of convincing the Materiel Division at Wright Field. Clark began by
submitting a ten-page letter, emphasizing Duramold’s suitability to quantity
production in wartime. Clark had no illusions about the negative reputation
of wood in aviation circles, and he did his best to disassociate Duramold
from wood. The material was based on wood, he admitted, but “we prefer,
insofar as possible, to avoid the use of this word because of the unpleasant
associations resulting from most unhappy experiences with ‘wooden’ air-
planes in times past.” According to Clark, he named the new material
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“Duramold” in order to emphasize the vast difference between it and more
common forms of wood.*

Unfortunately for Clark, his letter was not the first communication re-
ceived at Wright Field concerning Duramold. In late 1937 Meyercord had
written a letter to an army officer in Chicago describing the advantages of
the new process in general terms but providing few technical details. Meyer-
cord emphasized the advantages of Duramold for quantity production and
its complete reliance on domestic materials, all important attributes in war-
time. His letter found its way to J. B. Johnson, longtime head of the Mate-
rials Laboratory at Wright Field and the army’s chief expert on aircraft ma-
terials. Johnson, a metallurgical engineer by training, had no time for wood.
In an internal memo, Johnson gave a point-by-point rebuttal of Meyercord’s
letter in a tone ranging from dismissive to hostile. The Haskelite material, he
insisted, was “simply” plywood glued with a synthetic adhesive, which
would not improve its strength properties significantly. The plywood might
be more moisture resistant, but the outer layers would still deteriorate.
Johnson did not fear wartime shortages of metals, insisting that “the supply
of raw materials for emergency production appears to be sufficient” in light
of the Air Corps’ use of welded steel-tube fuselages in training airplanes.
Johnson also dismissed the argument that plywood airplanes might offer an
alternative raw material and additional production facilities during war-
time, claiming that the potential supply of aircraft plywood “is not abun-
dant.” In effect, Johnson rejected the argument that Duramold represented
a new material, full of promise and ripe for development. Instead, he in-
sisted on classifying Duramold as plywood, a discredited material in the
eyes of the technical staff at Wright Field.*!

Despite Johnson’s negative assessment, Arnold’s support for Clark forced
Wright Field to take Duramold seriously. Clark supplied samples of Dura-
mold for testing, and arranged through Arnold to have the F-46 proto-
type flown to Wright Field for examination. After a January 13 conference
with Clark at Wright Field, senior officers at the Materiel Division recom-
mended support for “reasonable development of this process.”** Neverthe-
less, Lt. Col. Oliver P. Echols, acting chief of the Materiel Division, balked
at the proposed $225,000 figure, insisting that a “costly” program to de-
velop a Duramold airplane “should not be undertaken at this time.”*

Westover and Arnold were not dissuaded. They were impressed by
Clark’s offer to build one thousand training planes in less than one year at
a price of only $2,520 each, after completion of the development contract
then under discussion.*” In mid-February Westover asked for a $500,000
increase in the fiscal year 1939 Air Corps budget to fund research and devel-
opment relating to “plastic” airplanes. Westover emphasized the possibility
of “rapid and low cost production,” and noted the support for this goal
expressed by members of the House Appropriations Committee in a recent
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hearing on the military budget. Westover framed his request in terms of
plastics, never mentioning that wood was the primary constituent of the
materials he proposed to develop. However, the secretary of war was not
convinced, and he directed that the proposal be rejected on the grounds that
“the present highly satisfactory all-metal airplane is the result of a long pe-
riod of development at considerable expense. We should concentrate on the
perfection of metal airplanes.”®

In many respects this response was quite justifiable, given the limited
development funds available to the War Department. But such reasoning
would also have justified the rejection of research in metal airplanes in the
early 1920s, given the need to perfect the wood-and-fabric airplanes devel-
oped during World War 1. In addition, by 1938 the rising threat of a Euro-
pean war might have given the army cause to think twice about the need for
rapid production of airplanes. The European arms race had already begun to
worry President Roosevelt, who in late January requested from Congress
almost $17 million in additional funding for the army “in the light of the
increasing armaments of other nations.” In addition to $9 million for anti-
aircraft weapons, this request included more than $6 million for “aids to
manufacture,” showing that mobilization for war production had become a
serious concern.*

For the six months following the rejection of Westover's request for addi-
tional funds, Wright Field continued trying to negotiate a more modest
contract with Clark. During the interwar period, airplane manufacturers
typically took a loss on such “experimental” contracts, hoping to make up
the difference on later production orders. But with no other orders or con-
tracts, the Duramold company was not in a position to take such a loss. In
early 1938, continuing losses on the project prompted the Fairchild com-
pany to sell a majority share of the Duramold subsidiary to a group of out-
side investors, who renamed the company Clark Aircraft Corporation. Even
with the additional funds these investors provided, the company remained
unable to absorb a big loss on an experimental contract.” The cost of the
steam-heated, cast-iron molds remained the biggest stumbling block. Clark
estimated that the costs for even a single basic-training airplane would
amount to $132,000 for the molds alone, along with more than $100,000 in
strength tests and engineering work. Meanwhile, Wright Field had begun
negotiating with Eugene Vidal, who was developing a rival method of plas-
tic plywood construction. General Robins, chief of the Materiel Division,
advised against any contract with Clark, insisting that the same information
could be obtained from Vidal for only $32,000.* Vidal’s research, however,
was several years behinds Clark’s, and Vidal’s process relied heavily on ther-
moplastic resins, which the NACA had already rejected as unpromising for
airplane structures.®
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In the end, neither Vidal nor Clark received a contract for an experimen-
tal plastic-plywood airplane in fiscal year 1939, though Vidal did receive a
small contract to provide a molded wing assembly to Wright Field for test-
ing.” By failing to give significant support to molded-plywood projects, the
Air Corps lost a major chance to develop an alternative method of airplane
construction before World War I1. In mid-1939 Clark Aircraft was sold back
to the Fairchild company, where it once again became a wholly owned sub-
sidiary and returned to its original name. Sherman Fairchild financed this
purchase by selling Howard Hughes the rights to use the Duramold process
for large airplanes, a transaction that would lead to the most infamous
wooden airplane project of World War 11. Clark left the Duramold company
and was soon working as a consultant for Hughes. The original F-46 contin-
ued flying into the 1970s, with its owners reporting “virtually nil” mainte-
nance for the Duramold fuselage.’!

Meanwhile Arnold, who became chief of the Air Corps in September
1938, apparently decided that Duramold was more wood than plastic. Dur-
ing congressional testimony in early 1939, Arnold dismissed the new mate-
rials because they were “not the true plastic,” that is, they could not be used
“to pour airplanes . . . just as you pour concrete now.” Rather than plastic,
Arnold described these materials as “impregnated wood,” which despite
showing some promise was “not a step in the right direction.” Clark’s at-
tempt to connect Duramold with plastics had apparently failed to convince
Arnold. As long as Duramold remained linked to the symbolism of wood, it
could not represent “a step in the right direction.”*?

War Jitters and Wooden Airplanes

Arnolds dismissal of molded plywood seems rather surprising in light of
FDR’s proposal little more than two weeks earlier for a dramatic expansion
in military aviation. In a message to Congress on January 12, 1939, Presi-
dent Roosevelt called for a $525 million increase in defense spending, of
which $300 million was earmarked for army aviation. FDR’s proposal was
a direct response to rising German belligerence and especially the Munich
crisis of the previous September, when French and British negotiators
agreed to dismember Czechoslovakia to appease Hitler. Observers at the
time attributed Hitler’s success in Munich to the strength of the Luftwaffe,
an assessment that FDR embraced.”

More than anything else, it was this threat of war that revived public
interest in wood airplanes. By itself, the technical promise of synthetic adhe-
sives could not overcome the opposition to wood rooted in the progress
ideology of metal. Proponents of synthetic adhesives did get some attention
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by invoking the symbolism of plastics, but this strategy could not prevent
critics from pointing out that materials like Duramold consisted mainly of
wood veneers. The prospect of war, however, brought problems of produc-
tion to the foreground. Wood offered potential solutions to some of these
problems, in particular shortages of metals, labor, and production facilities.
Furthermore, the issue of production gave defenders of wood an opportu-
nity to air a whole range of technical arguments concerning choice of mate-
rials, in particular arguments regarding buckling strength. In the late 1930s
and early 1940s, defenders of wood airplanes presented a stronger public
case than they ever had in the 1920s and early 1930s.

Renewed interest in wood first emerged in Europe, where the growing
threat of Nazi Germany was most keenly felt. In November 1938, the British
journal Aeroplane published an article defending wood by E G. Miles, a
designer of small commercial airplanes and military trainers. Miles insisted
that metal airplanes had “not lived up to early expectations” for quantity
production. Wood airplanes, he claimed, offered a number of advantages
over metal in design and production. They could be designed more quickly,
and they could take advantage of skilled labor in the wood-working trades.
Miles predicted that costs would be lower and the supply of material greater.
He insisted that, except for large aircraft, wood airplanes could meet the
same demanding specifications as metal airplanes with regard to speed and
durability.>*

In the United States, the developers of Duramold renewed the debate over
wood airplanes when they began publicizing the process, focusing on Dura-
mold’s advantages for quantity production and its links to plastics. Fairchild
and Haskelite had kept quiet about Duramold while Clark was negotiating
for an army contract, no doubt to avoid alerting potential competitors. This
situation changed in early 1939, when George Baekeland, son of the inven-
tor of Bakelite, described the Duramold process in testimony before Con-
gress. In his testimony, Backeland emphasized Duramold’s production ad-
vantages, particularly for wartime, claiming that an entire wing or fuselage
could be molded in only two hours. Baekeland never mentioned the use of
wood, referring only to “plastics in combination with some other mate-
rials.” Although Baekeland’s discussion of Duramold occupied barely three
out of twenty-five pages of his testimony, newspapers and popular maga-
zines seized on the theme of “plastic” airplanes.”

Baekeland’s testimony helped revive discussion of plastic plywood air-
planes in the technical press, where advocates of wood reopened the old
debate over the relative weights of airplane materials. As if struck by revela-
tion, these advocates suddenly discovered the advantage of low-density ma-
terials in buckling strength. Virginius Clark made the case most effectively
in a paper on Duramold that he presented at an engineering conference in
May. He cleverly started by discussing the relative merits of aluminum and
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steel. In aircraft structures, compressive stresses posed the toughest design
problem. Designers did not prefer aluminum because of its inherent ratio of
compressive strength to weight; alloy steels were in fact superior to alumi-
num by this measure. Rather, argued Clark, aluminum’ superiority was a
result of its lower density, which permitted aluminum parts to be almost
three times thicker than those of steel for the same weight, giving a buckling
strength 7.65 times greater than steel for an unreinforced flat plate. But even
aluminum alloy sheets were too thin to take compression stresses without
extensive reinforcements. These reinforcements were responsible for the
continued high production costs of all-metal airplanes, despite progress in
labor-saving methods. The answer, said Clark, lay in a low-density material
like Duramold, which combined the good mechanical properties of wood
with the reliability and durability of thermosetting plastics. According to
Clark’s calculations, a Duramold cylinder five feet in diameter could sup-
port 80 percent more force in compression than a reinforced aluminum
alloy cylinder of the same weight.”

Throughout 1939 and into 1940, a flurry of articles in American periodi-
cals highlighted the new opportunities created by resin adhesives and ply-
wood molding techniques. In most cases, wartime production advantages
received more attention than buckling strength, even before the German
invasion of Poland. For example, in an article in Scientific American, jour-
nalist Forest Davis pronounced molded plywood airplanes of “tremendous
wartime significance.” Airplanes were “a machine-age paradox,” argued
Davis, still largely made by hand while “automobiles roll off the assembly
line like shelled peas into a basket.” Duramold provided the solution,
making possible “a practically unlimited supply of stout, cheap, fast air-
planes.”” H. O. Basquin of Haskelite provided a similar but more sober
assessment, pointing to the 170,000 workers in the furniture industry who
could be shifted to wooden airplane production in wartime. Manufacturers
of small airplanes appeared to be increasing their use of plywood, and a
variety of small wooden airplanes were under development. Although wood
still remained irrelevant to the vast majority of aviation engineers, the
wooden airplane did appear poised for at least a small comeback.>®

With the growing interest in wood construction, three more firms began
working on plywood molding techniques. The second company to enter the
field was the Aircraft Research Corporation, organized in 1937 by Eugene
Vidal. Vidal had been director of civil aeronautics at the Commerce Depart-
ment in the mid-1930s, where he tried to develop a $700 all-metal personal
airplane. The project proved a failure, but when Vidal left government ser-
vice he formed Aircraft Research to continue work on low-cost airplanes.”
Vidal soon discovered molded plywood, and he began developing a new
process. At first the Vidal process relied on thermoplastic rather than the
thermosetting resins. Thermoplastic resins made manufacturing easier, but
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were weaker and less durable than the thermosetting adhesives used in the
Duramold process. A significant innovation in the Vidal process was the
molding of stiffeners and the skin in a single step. Vidal built a small sev-
enty-five-horsepower airplane that was flying by early 1940, and in 1941 the
Langley Aircraft Company produced a twin-engine passenger airplane using
the Vidal process. A third process, dubbed “Aeromold,” was developed by
the Timm Aircraft Company of Van Nuys, California. The Timm company
began work on molded plywood in 1938, but by mid-1940 the company had
yet to fly its first airplane. Finally, the Hughes Aircraft Company began
working on molded plywood after Howard Hughes bought partial rights to
the Duramold process in mid-1939. By the spring of 1940, Hughes Aircraft
had a small research program under way, with V. E. Clark assisting as a
consultant.®

By early 1940, the promise of molded plywooed airplanes had enticed four
small companies to begin serious development work. But these companies
still had a long way to go to translate promise into practice. As Donald
MacKenzie has pointed out, the inherent potential of a technology, which
he terms the “intrinsic” properties, are ultimately irrelevant in choices be-
tween competing technologies. When choosing capital goods, most engi-
neers and managers base their decisions on extrinsic properties, that is,
what the technology achieves in practice. But what a technology achieves in
practice depends heavily on the resources devoted to its development. Be-
liefs about intrinsic properties can influence the allocation of resources to
competing technologies, becoming in effect self-fulfilling prophecies, pro-
moting the success of the technology that people believe has the most po-
tential to succeed.®!

Proponents of Duramold understood this process, which explains why
they went public after Clark failed to obtain a development contract from
the army. Their rhetorical strategy in many ways mirrored that followed by
advocates of metal in the 1920s. Proponents of molded plywood had little
time for arguments about indeterminacy but instead focused on the particu-
lar characteristics that offered the most promise for their material, such as
buckling strength and ease of manufacture. They minimized the practical
problems involved in achieving these results, just as advocates of metal had
minimized the problems they needed to overcome.®> Through their inter-
ventions in the technical press, proponents of molded plywood hoped to
convince the aeronautical community to devote its resources to solving
the considerable development problems that stood between promises and
reality.

And the problems were indeed daunting. After more than a decade of
neglect of wood airplanes, metal had a vast advantage in available design
data, accumulated experience in manufacturing, and lessons learned from
commercial and military service. As with metal construction in the 1920s,
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only the military had the resources to compensate for this disadvantage, but
the U.S. military had little interest in changing the status quo. This attitude
persisted until 1941, when a major shortage of aluminum threatened the
viability of the aircraft mobilization program. Only then did the U.S. gov-
ernment give substantial support to wood construction. By then, however,
it was already too late to save the wooden airplane.
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World War II and the
Revival of the Wooden Airplane

RARELY DOES AN ABANDONED TECHNOLOGY get a second chance. But wooden
airplanes did get a second chance, one provided by the production demands
of World War II. During the war, aluminum shortages and overtaxed metal-
working industries constrained ambitious aircraft programs among all
major belligerents. In the United States, the army responded to the alumi-
num shortage by launching a major program to substitute wood for alumi-
num in noncombat airplanes. While the aluminum shortage lasted, wood
seemed to cast off its traditional symbolic associations, at least in public,
and became “modern” enough for use in airplanes. But the military and the
aviation industry could not reverse two decades of neglect overnight, and
the American wooden airplane program made only a minor contribution to
the war effort. Other combatants, in contrast, had much more success with
wood, using it to build some of the best combat airplanes of the war.

The Aluminum Shortage in the United States

From the end of 1940 until the summer of 1943, the American airplane
industry faced a severe shortage of aluminum, the single most important
material for military aircraft. This shortage resulted directly from the expan-
sion of U.S. military aircraft production that began soon after the Czech
crisis of September 1938. Hitler’s bellicose Nuremberg speech, along with
the British and French capitulation at Munich, convinced President Roose-
velt that he needed to expand U.S. air power. On November 14, 1938, FDR
startled his senior advisers by calling for an air force of twenty thousand
planes and the capacity to produce twenty-four thousand more each year. At
this time the Air Corps had only twenty-one hundred serviceable aircraft.
FDR eventually reduced his request to three thousand aircraft, in part to
fund necessary expansion of ground facilities such as airfields and service
depots. Congress acted quickly, allocating $178 million for the purchase of
over thirty-two hundred airplanes to begin July 1939." The Czech crisis also
sparked a rapid growth in foreign demand for American military airplanes.
Foreign orders, led by the increasingly desperate French and British, soon
dwarfed the Air Corps’ own expansion program. By the end of 1939, the
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U.S. aircraft industry had amassed a backlog of $400 million in export or-
ders alone.”

These orders were just a prelude to what was in store for the U.S. aircraft
industry. On May 10, 1940, the German Blitzkreig turned west with the
invasion of the Low Countries. Six days later, FDR asked Congress for an air
force of fifty thousand airplanes and an annual production capacity of fifty
thousand, roughly a tenfold increase over current production. According to
L. B. Holley, “the Presidents call for 50,000 aircraft marked the real begin-
ning of ‘wartime’ mobilization for the Air Corps.” By the summer of 1940,
the mobilization program began to pick up speed, and huge increases in
defense spending “sent disturbing shock waves through the national econ-
omy.” After Pearl Harbor, FDR raised production goals dramatically, de-
manding 60,000 airplanes for 1942 and 125,000 for 1943. The new goals
placed incredible demands on the aircraft industry and its suppliers.’

Before FDR’s fifty-thousand-airplane program, Air Corps planners and
the aluminum industry had done almost nothing to insure adequate alumi-
num supplies for wartime airplane production. Since the 1920s the Air
Corps had worried more about supplies of airplane woods than metals (see
chapter seven). Military planners repeatedly insisted that aluminum sup-
plies were ample to meet any “emergency,” the standard euphemism for
war.* Although Air Corps planners had given some attention to increasing
the capacity of airplane plants, they had “virtually ignored” possible short-
ages of aircraft materials and accessories. Conditioned by interwar parsi-
mony, the planners had little inkling of the numbers of airplanes that the
president and armed forces would demand, especially when the United
States got involved in a shooting war.” Yet even a glance at World War I
would have given a sense of the possible magnitude of production in a
shooting war; during just nineteen months of belligerency, the U.S. aircraft
industry produced almost fourteen thousand airplanes and achieved an an-
nual production rate of twenty-one thousand airplanes by the Armistice.®
Given the almost universal agreement in the late 1930s that airplanes would
play a vastly greater role in the coming war, annual production rates of two
to four times the number achieved at the end of World War I should not
have been shocking.

The production levels demanded by FDR exceeded the wildest dreams of
American military planners. Nevertheless, they remained sanguine about
aluminum supplies until a serious shortage developed in early 1941. Spot
shortages appeared even at the beginning of the expansion program in 1939,
providing hints of future problems. At first, Alcoa produced more than
enough bulk aluminum to meet demand, but fabricators had difficulty sup-
plying the specific forgings, castings, and extrusions needed by aircraft
builders.” The situation became more serious as FDR’s fifty-thousand-
airplane program gathered momentum. In September 1940, the Glenn L.
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Martin Company began reporting serious disruptions due to late deliveries
of aluminum castings, forgings, and sheet. By December similar reports
were flooding the Air Corps. Two days before Christmas, Northrop Aircraft
Corporation announced that it was curtailing output due to late deliveries
from Alcoa. Alcoa responded by denying that any shortage existed. Similar
denials were issued by Edward R. Stettinius, head of the Materials Division
at the National Defense Advisory Commission (NDAC), the organization
established by FDR in May 1940 to coordinate defense production. NDAC
planners had calculated that no shortage existed, so Stettinius continued to
insist, as he had since the fall, that adequate aluminum supplies would be
available to meet both military and civilian needs.”

In early 1941, however, the Office of Production Management (OPM),
successor to the NDAC, finally acknowledged that it was facing a serious
aluminum shortage. New estimates predicted a major shortfall by early
1942, and every revision of the production plans seemed to increase the
predicted shortfall. Aluminum ingot was only half the problem. Aircraft
required not ingot but sheets, tubing, extrusions, castings, and forgings, all
fabricated from high-strength aluminum alloy with specialized equipment.
By June 1941, for example, airplane manufacturers were experiencing a
major shortage of high-strength extrusions. The OPM responded to the cri-
sis by restricting civilian use of aluminum. Alcoa began curtailing civilian
shipments in February, and by August the OPM had eliminated civilian use
of primary aluminum for all but the most essential purposes. Despite the
civilian cutbacks, only the most pressing defense orders received their full
allotment of aluminum in 1941.°

The shortages of early 1941 prompted the government to take decisive
action to increase aluminum production. Shortly after FDR announced his
fifty-thousand-airplane program, the NDAC estimated that annual produc-
tion of fifty thousand airplanes would require roughly 500 million pounds
of aluminum per year, an amount equal to Alcoa’s entire planned ingot
capacity in 1942. These estimates provoked little concern at the NDAC,
where planners relied on the military’s current production program rather
than likely wartime requirements. In the private sector, the Alcoa monopoly
had little incentive to expand capacity for a war that the United States might
never enter, leaving Alcoa with surplus capacity.'® Alcoa did agree to a small
expansion in the summer of 1940, adding plans to increase capacity to
690 million pounds by July 1942. The shortages of early 1941 made it clear
that Alcoa’s plans were woefully inadequate, and the federal government
stepped in to finance a massive 600-million-pound increase in aluminum
capacity. Increased production goals after Pearl Harbor prompted another
massive program to expand aluminum capacity, this time by 640 million
pounds annually.'!
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Despite the huge expansion program, airplane production goals contin-
ued to outpace the growth of aluminum supplies into 1943. In a March
1942 report for the War Production Board, successor to the OPM, consul-
tant Mordecai Ezekiel argued that the president’s 1943 goal of 125,000 air-
planes “seems far outside the realm of possible attainment.” According to
Ezekiel, the most serious constraint was production capacity for airframes
and propellers, but aluminum shortages also threatened to limit aircraft
production. He predicted a significant shortfall in total aluminum through
August 1942 and a continuing shortage of high-strength sheet, the most
basic material for airframe construction, until mid-1943. Forgings were par-
ticularly short, with deliveries running only 75 percent of requirements."?
To make matters worse, bauxite supplies also became critical. Until Pearl
Harbor, the U.S. imported over half its bauxite needs, mostly from Guiana.
In early 1942, German submarines began attacking ore boats, and imports
began to plummet, reaching 30 percent of their February amount by June.
Despite a massive expansion of domestic bauxite mining and an improved
shipping situation in the fall, imports remained below requirements until
the first quarter of 1943."

The aluminum shortage finally eased in the summer of 1943, as ex-
panding aluminum production finally caught up with the needs of the air-
craft industry. By the end of 1943, U.S. refining capacity reached well over
2 billion pounds of primary aluminum, and output totaled 1.8 billion
pounds, more than a fourfold increase since 1940."* With ample supplies of
aluminum, the U.S. aircraft industry was able to produce almost one hun-
dred thousand airplanes in 1944. This increase was even more impressive in
terms of airframe weight, since heavy bombers constituted an increasing
proportion of the aircraft produced."

The expansion of aluminum production was indeed a heroic achieve-
ment, but one made necessary by a serious lack of foresight among military
planners. Nevertheless, the fact remains that aluminum shortages con-
strained the expansion of airplane production during the early war years of
1941 and 1942.° Proponents of wood airplanes had predicted such short-
ages in 1939 and 1940, but the military ignored these warnings. Only when
the aluminum situation became critical did the army and navy begin a seri-
ous effort to substitute wood for metal in military airplanes.

Wooden Airplanes: Procurement with Prejudice
In response to the aluminum shortage of World War II, the U.S. military

launched a major program to use wood in airplanes. In total, the army and
navy purchased some twenty-seven thousand airplanes that used wood for
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a significant part of the structure, along with nearly sixteen thousand gliders
built largely of wood. These figures imply that wood airplanes made a signif-
icant contribution to the U.S. war effort, amounting to some 9 percent of the
three hundred thousand airplanes produced for the military from July 1,
1940, to August 30, 1945.'7 But a closer look reveals this contribution to be
less than it seems. With one exception, none of these wooden types were for
combat, and the one combat airplane never entered production. The vast
majority were relatively light-weight, low-performance training airplanes,
mostly based on designs from the 1930s that did not take advantage of
synthetic adhesives or molding techniques. In terms of airframe weight, a
more reliable index of manufacturing effort, wooden airplanes accounted
for only about 2.5 percent of the total.'® Furthermore, most of the models
produced in quantity used wood for just a small part of the total structure,
such as the wing spars. In the final analysis, wood structures did not make
a major contribution to U.S. air power during World War I11."°

This minimal role for wood constituted a clear failure for the U.S. aircraft
program. With the onset of the aluminum shortage in early 1941, the army
and navy laid plans for a major expansion of wooden aircraft production,
plans that grew even larger after Pearl Harbor. The cumulative effect of the
progress ideology of metal, however, prevented the success of the program.
The aircraft industry and the military had neglected wood for years and
found themselves with neither the basic information nor the practical expe-
rience necessary for the design, production, and maintenance of wooden
airplanes. In addition, wood construction continued to face considerable
prejudice within the military, especially at Wright Field. By 1941 these prej-
udices had become self-fulfilling prophecies.

The aircraft industry and the military had not been entirely oblivious to
the potential need for wooden airplanes, but effort remained minimal before
1941. In the spring of 1940, an NACA survey found a large number of
manufacturers conducting design studies or small-scale experiments related
to wood construction. Only a few companies, however, were actively devel-
oping new wooden airplanes. Neither the army nor navy had active pro-
grams to promote the use of wood in aircraft structures. Among the four
companies working on molded airplanes, only Vidal had military support,
in the form of a small contract from Wright Field for a static test model of
a basic trainer, designated the BT-11. The navy had requested bids on “plas-
tic” versions of two basic trainers, but had not signed any contracts.?

With the onset of the aluminum shortage in early 1941, military support
for wooden airplane projects grew rapidly, although without any acknowl-
edgment of a change in policy. An NACA survey that summer reported a
“tremendous increase” in the use of plywood and plastics in the aviation
industry. Every one of the forty-six airplane manufacturers surveyed re-
ported doing at least some work in plywood parts or structures, while only
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two expressed decidedly negative opinions. Early in the year, Wright Field
began asking some of the army’s largest suppliers to establish programs for
converting aluminum airplane parts to plywood or plastics, and by mid-
1941 these programs were well under way. North American Aviation had an
especially active substitution program for the AT-6, the most widely used
advanced trainer in the war. Five small companies had contracts with
Wright Field to develop additional plywood parts for the AT-6 and Vultee
BT-13, the Air Corps’ mainstay basic trainer. Three major manufacturers
were developing all-wood bombing trainers for the army; two of them,
Beech and Fairchild, received production contracts before the end of the
year. The Air Corps also accelerated orders for its wood primary trainers
already in production; by August 1941 Fairchild was building four PT-19
trainers a day. Cessna began building a twin-engine trainer for the army
based on its commercial light transport. Wooden airplanes appeared poised
to play a major role in American mobilization.*!

Plans for wooden airplanes grew even more ambitious after Pearl Harbor.
By March 1942, Wright Field had plans to order some sixteen thousand
wooden airplanes, twenty-eight thousand wooden propellers, and three
thousand wooden gliders. Wright Field staff estimated that the substitution
program would save some 45 million pounds of aluminum in the produc-
tion of existing airplanes, largely by using plywood for nonstructural parts.
One example was the North American AT-6C, which used more than twelve
hundred pounds less aluminum than the original AT-6 airframe. Although
North American engineers achieved most of the reduction with a steel wing,
the new version also had a plywood monocoque rear fuselage. North Amer-
ican built nearly three thousand AT-6Cs before switching back to aluminum
when the shortage eased. In March the army ordered four hundred more
Fairchild AT-13s, the new all-wood crew trainer, a fivefold increase over the
original order. In an even more ambitious project, the army launched plans
for large-scale production of a wooden transport to be developed by Curtiss-
Wright. Curtiss-Wright received an order for two hundred airplanes in
March; in December, Wright Field placed orders for an additional twenty-
four hundred planes at a total estimated cost of over $400 million, including
the cost of constructing two huge new factories.?

The military’s apparent embrace of wooden airplanes was accompanied
by a torrent of articles in the trade and technical press extolling the vir-
tues of wood construction. The incessant criticism of wood during the pre-
vious two decades seemed simply to evaporate; plywood became “the
hottest subject . . . in aviation.” The aviation press commended wood struc-
tures for their simplicity of construction and low production costs. Wood
was no “mere temporary substitute,” ventured one author, but was likely to
be “a serious competitor of metal” in postwar commercial airplanes. The
trade journal Aviation Week ran a series of articles by Eugene Vidal’s chief
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engineer on the principles of plywood airplane design, while also publish-
ing articles on new synthetic adhesives. Although one or two authors ex-
pressed some ambivalence, questioning the more extravagant claims of
wood’s supporters, there was none of the wholesale condemnation of wood
so common in prewar discussions. Wooden airplanes also caught the atten-
tion of the popular press, with the Saturday Evening Post featuring Eugene
Vidal in an article titled “Airplanes and Bathtubs: Cooked to Order.”*

Yet prejudice against wood had not disappeared from the aviation com-
munity. Alfred A. Gassner, chief engineer of the Duramold Aircraft Com-
pany, commented publicly about this prejudice in early 1942, As chief engi-
neer of Fokker Aircraft in the early 1930s, Gassner had direct experience
with the effects of progress ideology on wood construction. Gassner later
moved to Fairchild, where he designed a successful all-metal seaplane be-
fore moving to the Duramold company when it was repurchased by Fair-
child. In a technical paper on Duramold in early 1942, Gassner complained
about the “antagonism or disinterest the average engineer has against
wood,” and he condemned the refusal of most engineers to accept wood as
a legitimate material for engineering structures. According to Gassner, “the
average engineer ... will not readily admit that wood can be improved.”
Nevertheless, he argued, the advantages of thin veneers and synthetic resins
should dispel the tendency “to see only metals as full-fledged engineering
material,” so that “wood in its modern technical conception should find
again a good place in the minds and hearts of engineers.”** Gassner was
clearly trying to cast off the traditional symbolism of wood by insisting that
it too could be a progressive, scientific material.

Gassner’s arguments had little influence on the engineers and officers at
Wright Field, where antipathy to wood remained strong, despite its rehabil-
itation in the aircraft press. J. B. Johnson, the army’s chief expert on aircraft
materials, continued to oppose wooden airplanes using all the familiar argu-
ments, including poor durability, moisture absorption, and lack of uniform-
ity. “Wherever possible,” insisted Johnson in June 1942, airplane manufac-
turers “would continue to use metal structures.” In a similar vein, a senior
engineering officer advised a prospective manufacturer against building a
wooden transport airplane, noting that “the Army Air Forces prefers [sic]
all-metal airplanes to those constructed of plywood.”” Although Wright
Field personnel had responsibility for airplane development and produc-
tion, they did not embrace the army’s wooden airplane program.

Within the army, support for wooden airplanes came not from Wright
Field but from Washington, where the Air Corps was under intense pres-
sure to make at least a show of meeting the president’s massive production
goals.*® General Arnold repeatedly pushed Wright Field personnel to buy -
more wooden airplanes despite their strong objections. These tensions were
clearly revealed in a July 1941 telephone conversation between Maj. Orval
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Cook, a senior technical officer in the Production Division at Wright Field,
and Lt. Col. Bennett E. Meyers, General Arnold’s assistant in Washington
for aircraft procurement. During the conversation, Cook questioned the
need for the wooden crew trainers being developed by Fairchild and Beech
in the summer of 1941. Cook noted the massive expansion under way in
aluminum refining, arguing that “by the time these trainers get into pro-
duction there won't be any necessity, we hope, for conserving aluminum.”
Meyers sympathized with Cook, but noted that Arnold thought otherwise.
According to Meyers, “General Arnold insists that we immediately embark
on a program of substituting wood airplanes for all trainers.”*’

Wright Field personnel remained unhappy enough about wood train-
ers and transports, but above all they feared requirements to purchase
wooden combat aircraft. After a conference in Washington in March 1942,
Brig. Gen. K. B. Wolle, chief of the Production Division at Wright Field,
remarked upon the “great amount of pressure” being applied to the Air
Corps to buy wooden combat airplanes. So far, noted Wolfe, Wright Field
had “countered” this pressure by using wood in noncombat aircraft. Gen-
eral Arnold did not remain unaware of these attitudes, and he became in-
creasingly annoyed at Wright Field’s “apparent procrastination” in promot-
ing the use of wood and plastics in airplanes. Arnold threatened personnel
changes unless the situation improved.*®

Maj. Gen. Oliver P. Echols, head of Wright Field, defended his organiza-
tion against Arnold’s criticism, insisting that the problem “has been prose-
cuted most vigorously.” But further remarks by General Wolfe show contin-
ued prejudice against wood. In December 1942, H. H. Kindelberger of
North American Aviation telephoned Wolfe to complain about the wooden
fuselages that the Air Corps was requiring for the North American AT-6.
Wolle responded by condemning the entire wooden airplane program, ar-
guing that it would be better to have fewer planes than to buy wood trainers.
“We fought, bled and died over this wooden program,” continued Wolfe,
“and we were finally sold down the river on it. . . . So far as I am concerned,
1 would like to just push a few of these [wooden]| jobs out into the training
crowd and let them see what they are up against.” Wolfe also complained
about the “wooden cargo thing on our neck,” a reference to the Curtiss-
Wright C-76, and concluded that “we are just making a lot of trouble for
ourselves on this wooden program.”*

The Wooden Airplane Falters
Harsh as Wolfe’s comments might seem, they were based on more than just

prejudice. Despite the confident claims of wood’s proponents, the army
found it very difficult to procure wooden airplanes comparable to those
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designed in metal. Serious problems appeared in all areas, including design,
production and maintenance.

Nowhere were the problems more serious than in the design process,
where the industry lacked both basic engineering data and personnel with
experience in wooden aircraft design. Designers of wood airplanes fre-
quently lamented the paucity of available data. In a mid-1941 meeting of the
NACA Subcommittee on Miscellaneous Materials, manufacturers com-
plained bitterly. Airplane companies were under intense pressure to develop
new wooden airplanes quickly to help alleviate the aluminum shortage. But
without adequate data, designers were forced to rely on “cut and try meth-
ods,” that is, educated guesses and static tests of full-scale components.
Engineers at the Martin company, for example, had developed weight-
saving plywood bomb-bay doors for a twin-engine bomber, but they “did
not know why [the design] worked.” Alfred Gassner of the Duramold
company complained that he lacked even the most basic strength data for
wood and plywood.* Designers particularly needed information on the
strength of reinforced plywood panels, the basic component of stressed-skin
construction. For metal airplanes, years of research with aluminum struc-
tures allowed designers to calculate optimal values for such variables as
skin thickness and spacing between the reinforcing “stringers.” The lack
of comparable research on wood forced manufacturers to conduct expen-
sive and time-consuming tests of their own.>! Most design data was based
solely on experiments with metals, rendering it almost useless for wood
structures.*

To rectify this acute lack of design data, the Forest Products Laboratory
launched a major research project in July 1941 to develop design criteria
crucial to the successful use of wood in aircraft. This project resulted largely
from the efforts of George Trayer, former airplane expert at the FPL, now
head of the Forest Products Division of the U.S. Forest Service in Washing-
ton. In the summer of 1940, Trayer “began to wear out shoe leather around
Washington” to generate support for a research program in wooden air-
planes as insurance against possible shortages of aluminum. Although at
first Trayer “did not get much of a reception,” he eventually received sup-
port from the heads of the Army Air Corps and the Navy Bureau of Aeronau-
tics. The Agriculture Department requested $300,000 for wooden airplane
research at the FPL, but the request was cut in half during the budget pro-
cess. Funds did not become available until July 1941, when the aluminum
shortage had already become a major crisis.”

The FPL could not make up for almost two decades of neglect with just
a few months of research. No organization in the United States had a better
scientific understanding of wood, but application of this knowledge to air-
plane structures required time, especially time to learn the industry’s prob-
lems and to try out solutions in practice. Pressured by the aluminum short-
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age, the military and the industry could not wait for research results. In
February 1942, the War Production Board asked the FPL to produce two
handbooks on the design and fabrication of wooden airplanes. One hand-
book would be supervised by the Army-Navy-Civil (ANC) Committee, the
government entity that set design standards for U.S. airplanes. The standard
ANC handbook for aircraft structures, ANC-5, contained only a “very in-
complete section on wood.” Participants at a planning conference in Wash-
ington agreed that the design manual was “urgently needed,” especially the
section on design details.** Back in Madison the FPL researchers put their
full effort into producing the manuals, completing them in July. Only then
were the FPL researchers able to devote their attention to pressing new
research problems, such as understanding the complex behavior of plywood
stressed-skin structures.*

The manuals vastly improved the availability of information on wooden
aircraft structures, but FPL staff cringed at the uncertain data they were
forced to include in the report. As Trayer put it, the ANC handbook
“brought sharply into focus various points about which knowledge was
deficient or altogether lacking.” One FPL engineer, C. B. Norris, wrote a
report to the ANC Committee detailing his reservations about the hand-
book. In this report, Norris listed the parts of the handbook that relied on
preliminary or incomplete data. Some formulas were based on unpublished
studies with such confidence-generating titles as “Approximate Tentative
Method of Calculating the Strength of Plywood.” Other formulas were de-
rived mathematically and needed empirical confirmation. Norris showed
where further research was needed to produce a reliable and authoritative
handbook.*

Despite these shortcomings, the new handbooks provided much of the
design data that the airplane industry needed—eighteen months too late.
The time had passed for designing new wooden airplanes that could reach
production before the end of the aluminum shortage. By August 1942, when
the manuals were released to manufacturers, the army was already procur-
ing wooden airplanes designed without the benefit of reliable data.

Even with the new handbooks, manufacturers faced a critical shortage of
experienced designers. Wooden aircraft design had nearly become a lost art
that no handbook could replace. According to a 1945 report, in early 1942
there were only ten aeronautical engineers in the United States with enough
experience to design high-performance wooden airplanes.’” General Echols
referred to this shortage when defending Wright Field against Arnold’s crit-
icisms, noting that the army had “to comb the industry to find engineers to
work in the [area] of wooden airplanes.” Aeronautical engineers, com-
plained wood expert George Allward, “are trained exclusively in the tech-
nique of all-metal design.” Indeed, aircraft textbooks of the time often com-
pletely ignored wood structures.*®
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The Curtiss-Wright C-76 demonstrated the difficulties that metal air-
plane companies encountered when trying to design in wood. The C-76 was
one of the most poorly designed airplanes to make it into production during
the war. The airplane had its origins in the army’s need for a transport plane
that could land on short, unimproved airstrips near the front lines. Wright
Field began discussing the project with Curtiss-Wright in February 1942; in
March the army asked Curtiss-Wright to produce two hundred C-76 air-
planes at a cost of almost $30 million. The contract called for a twin-engine
airplane built almost entirely of wood, capable of carrying twenty troops or
forty-five hundred pounds of cargo for six hundred miles (figure 10.1). Cur-
tiss-Wright allowed itself a ridiculously short time to design and build the
prototype, agreeing to deliver the first airplane by September, a mere six
months after the initial contract letter. With a gross weight of twenty-eight
thousand pounds, the C-76 was larger than any previous all-wood airplane
built in the United States, and it presented numerous design difficulties.
The army chose Curtiss-Wright largely for its success with the all-metal
C-46 transport, which was based on the company’s twin-engine commercial
airliner. The company had absolutely no recent experience with wooden
construction. Soon after the start of the project, a Wright Field officer
agreed that the C-76 would represent a “premature birth” if completed in
nine months, let alone six. Despite such doubts, in December the army
ordered another twenty-four hundred of the still unfinished C-76 at a pro-
jected cost of $400 million.*

Curtiss-Wright took eleven months to deliver the first C-76, but its birth
was still premature. The first airplane was seriously overweight, which re-
duced the maximum payload from forty-five hundred to thirty-one hundred
pounds. The airplane also had poor flight characteristics and was particu-
larly dangerous during landing.* The C-76 repeatedly failed its static tests,
raising doubts about its safety at full load. Its tare weight only increased
with subsequent modifications, and poor flight characteristics persisted de-
spite major changes in the design. To make matters worse, the sixth airplane
suffered a fatal crash on May 10, 1943, apparently due to a structural failure.
In June repeated failures in static tests led Wright Field to reduce the per-
missible gross weight to 26,500 pounds pending successful strengthening of
the structure, leaving the airplane with a pitiful payload of 549 pounds.*!

As early as March 1943, Wright Field staff had called for canceling the
project. Pressure against the airplane increased into the summer, and the
project became the subject of a congressional investigation. At the end of
July, General Arnold decided to cancel all but twenty-five of the 2,600 air-
planes in the contract, which resulted in a $40 million loss for the army.*

The C-76 fiasco confirmed all the prejudices of opponents to wood con-
struction.®® But the army officers closest to the project traced the failure to
Curtiss-Wright’s unfamiliarity with wooden aircraft design not to funda-
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Figure 10.1. The unsuccessful Curtiss-Wright C-76 all-wood transport. National Air
and Space Museum, Smithsonian Institution (SI neg. no. 73-1667).

mental flaws with wood as such. One report on the project complained that
“the structural design was improper for wood construction,” especially with
respect to details. The C-76 engineers clearly thought in terms of metal and
had little understanding of how to use wood effectively. For example, the
Curtiss-Wright engineers designed the airplane with two-thirds of its ply-
wood limited by shear stresses, for which plywood was only half as efficient
as aluminum. An inspector working on the project condemned Curtiss-
Wright for dealing “a damaging blow to the integrity of wood aircraft,”
while he expressed confidence that a successful airplane could be built
given sufficient time for research and development.*

The aircraft industry had little recent experience in wooden aircraft de-
sign, but it had even less experience in wooden airplane production, espe-
cially in quantity. Neither management nor workers were familiar with
modern wood production methods. By the early 1940s, few woodworkers
remained in the aircraft industry, and most aircraft workers received no
training in wood techniques.” Although proponents of wood confidently
pointed to the woodworking industries as vast reservoirs of skilled labor,
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aircraft woodwork demanded exacting standards and specialized tech-
niques not found elsewhere. Some furniture makers successfully adapted
their expertise to high-volume wooden airplane production, such as the
Grand Rapids plant that by late 1942 was building thirty-four glider floors
daily, each made from four thousand parts.” Others, however, proved less
capable, suffering from deficiencies in production engineering, supervision,
and inspection, especially in the trouble-plagued C-76 program.*

Companies that switched from casein glues to synthetic adhesives expe-
rienced another set of difficulties. Although resin-bonded plywood had
become the norm in the aircraft industry, most assembly operations con-
tinued to use cold-setting casein glue. By the late 1930s, cold-setting syn-
thetic adhesives had become available, but their use required a whole new
set of skills and procedures, including careful control of temperature and
humidity in the assembly areas. Encouraged by the military, many compa-
nies switched to the new cold-setting adhesives but lost valuable produc-
tion time developing the new gluing procedures necessary to insure reliable
joints.*7

The Fairchild all-wood trainer provides a good example of the difficulties
caused by rushing a wooden airplane into production. In March 1942
Fairchild received the second of two orders for the AT-13. Together these
orders totaled 475 planes, which were to be manufactured in a new factory
at Burlington, North Carolina. In early 1943, just when Fairchild was ready
to begin production, the army ordered the plane redesigned as a gunnery
trainer and redesignated it the AT-21. This and other major changes made
production planning extremely difficult. Inexperienced workers at the new
factory created more problems, requiring Fairchild to establish extensive
training programs. Manufacturing methods at the plant remained relatively
primitive, despite the use of some bag-molding equipment and a high-
frequency electromagnetic gluing machine. Assembly required an “enor-
mous amount” of hand labor, as illustrated by the process of attaching the
Duramold skin to the wing framework with temporary hand-nailed wooden
strips (figure 10.2). Obtaining reliable glue joints in the wing spars proved
difficult, further delaying production.

By early December 1943, the Burlington plant had managed to deliver to
the army only two airplanes out of an order that had grown to 725 planes,
prompting a congressional investigation. Just as production finally began
flowing smoothly in April 1944, the army slashed the order to 168. 1t finally
canceled the project in August. The congressional report on the project crit-
icized the army for setting completely unrealistic production schedules, es-
pecially in light of the continuing design changes and inexperienced per-
sonnel. Roughly two and a half years elapsed between the first quantity
order and smooth production, a perfectly reasonable period for a new air-
plane built with novel methods in a new factory with untrained employ-
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Figure 10.2. Manufacture of the Fairchild AT-21 wooden wing. Note the large
amount of hand work involved. From Modern Plastics 20 (March 1943): 68,
courtesy McGraw-Hill, Inc., New York.

ees—not to mention with a major redesign of the airplane halfway through
the project. But by the time Fairchild was able to produce the AT-21 in
quantity, the army no longer needed it.*

Troubles with wooden airplanes did not end when they left the factory;
unfamiliarity with wood construction also caused problems with mainte-
nance and repair. Routine procedures sufficed for older models like the
Stearman PT-17, which used fabric-covered wooden wings. New types of
wood construction, however, required new maintenance and repair proce-
dures, which the army was slow to develop. One new design was the
Fairchild PT-19, which used Duramold skins on some surfaces. When one
airfield in 1943 needed to patch a small hole in the Duramold stabilizer of
a PT-19, local personnel wrote Wright Field for instructions on “standard
repair procedures” for Duramold structures. Wright Field had no such pro-
cedures; Fairchild had not yet completed the repair manual for Duramold
airplanes, even though the PT-19 had been in service since 1940.* The
PT-19 also suffered from deterioration due to moisture accumulation in the
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plywood-covered wing, which weakened the casein glue used in assembly.
A troubleshooter from Wright Field traced the problem to the regular use of
high-pressure water hoses to wash the airplanes, a common practice for
metal planes but totally inappropriate for wood. Another difficulty with
the PT-19 occurred when rough landings damaged the wood around bolt
holes, damage that sometimes progressed to complete failure. This sort of
failure resulted not from fundamental flaws in wood structures but rather
from problems with design details, problems that could only be uncovered
through operating experience.”

Army personnel had little patience for the specific maintenance require-
ments of wood airplanes. In September 1943, the Air Service Command
went on record with a memorandum strongly opposing wooden training
airplanes, citing their high maintenance costs and a tendency “to disinte-
grate from time to time.” This memo was apparently solicited by the Pro-
duction Division at Wright Field, which had consistently opposed wood
construction. The Air Service Command pledged its support to the Produc-
tion Division in “energizing action to eliminate procurement of any type of
aircraft except that made of metal.”!

With aluminum plentiful by the summer of 1943, Wright Field was ready
to abandon wooden airplanes. At the end of September, ]. B. Johnson re-
ported to the NACA that the army was “discouraging the use of wood con-
struction” due to “disappointing results” with wood airplanes.’> Wright
Field began canceling production of wood designs in favor of proven metal
models. Promising prototypes, such as the Ryan PT-25, had no opportunity
to prove themselves in production. The army and navy cut off all support
for the FPI’s wooden airplane program for fiscal year 1944, preventing the
FPL from pursuing numerous research projects of critical importance to
wooden airplane design. The momentum of projects like the AT-21 carried
them on for almost another year, but in time they too were canceled. The
army continued developing one wooden airplane, the Bell P-77, a light-
weight, all-wood fighter. When completed in 1944, the P-77 failed to meet
performance expectations. This tiny wood fighter seemed totally out of
place in the emerging postwar world of jets and missiles, and it too was
canceled.”

A Wooden Giant: Howard Hughes and His Flying Boat

There was one wooden airplane project that Wright Field could not kill—
the most famous (or infamous) American wooden airplane of the war, How-
ard Hughes’s giant flying boat, derisively termed the “Spruce Goose.” The
project emerged in the summer of 1942, at the height of the submarine
menace and aluminum shortage, when Henry J. Kaiser proposed building a
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fleet of huge flying boats to ferry troops and supplies across the oceans.
Kaiser’s “Liberty Ships” had already made him a hero of war production, but
mounting shipping losses still outpaced new construction. In mid-1942,
however, aluminum supplies were inadequate for Kaiser’s scheme, and most
experienced airplane designers were committed to more pressing projects.
Kaiser solved these problems through a partnership with Howard Hughes,
who had a small airplane design staff in Culver City, California. Hughes also
had acquired the rights to use the Duramold process on large airplanes (see
chapter nine) and had been conducting research on Duramold since late
1939. The partnership with Kaiser provided Hughes with an opportunity to
demonstrate the capabilities of this new material on a grand scale.>*

The military had no time for Hughes or the flying-boat proposal, but
Donald Nelson at the War Production Board proved more sympathetic. At
Nelson’s recommendation, Jesse Jones of the Defense Plant Corporation
gave Kaiser and Hughes an $18 million contract to build three immense
flying boats, designated the HK-1, each with eight 3,000-horsepower en-
gines. The contract specified that these airplanes use no strategic materials,
in effect requiring wood construction, and prohibited Hughes from recruit-
ing experienced aircraft engineers from other manufacturers. Delivery of the
first airplane was scheduled for December 1943, a mere thirteen months
after the contract was signed.”

The HK-1 was an exercise of incredible technological hubris. Hughes pro-
posed to build an airplane with a gross weight of 400,000 pounds, far larger
than any previously constructed. At the time, the navy’s largest flying boat,
the Martin Mars, had a gross weight of 145,000 pounds while the army’s
largest bomber, the B-29, had a gross weight of 124,000 pounds. Major
problems have always accompanied great leaps in airplane size, regardless of
material. Yet Hughes not only proposed to build an airplane of unprece-
dented size but also to use new and relatively untested materials and con-
struction techniques. In addition, Hughes had to convince the government
that he could complete the airplanes in time for use in the war. Hughes
hoped to design and build the prototype in less time than it took to develop
a conventional metal airplane.” The requirement for rapid production led
Hughes to misrepresent the amount of development work required, despite
the frank admissions of Hughes's own wood expert, George Allward. In a
November 1942 paper for the annual meeting of the American Society of
Mechanical Engineers, Allward complained that the meager data available
for wood airplanes made their development a “formidable . . . and in many
cases, very discouraging” task.’’

Predictably, the Hughes project soon ran into trouble. By mid 1943, it
became apparent that the airplane would be late, overweight, and over bud-
get.”® In September, Donald Nelson sent his chief airplane consultant, avia-
tion pioneer Grover Loening, to investigate the project. Loening had built
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one of the first metal airplanes in the United States in 1915, although he had
not been directly involved in airplane design since the 1920s. Loening’s
twenty-three-page report contained an interesting mix of perceptive criti-
cisms combined with deep-seated prejudice against wood construction.
Loening praised the engineering skills of the Hughes team, along with the
layout and aerodynamic design of the flying boat, but he questioned the
wisdom of continuing the project in wood. Loening pointed out that
the prototype was already almost ten thousand pounds over the contract
weight and still far from complete. Using pessimistic assumptions, Loening
estimated the final weight empty at 261,500 pounds, some 36,500 pounds
more than the specified weight. As a result of this weight increase, con-
cluded Loening, “the value of this craft as a cargo carrier does not justify
proceeding with this wooden construction.”

Loening also commented on the progress of the development work,
which made late delivery of the prototype inevitable. Loening found the
progress to be reasonable, compared with other airplane projects. The slip-
page in the schedule resulted from the typical “overoptimism” of airplane
manufacturers. More problematic, though, was the Duramold process itself,
which was still under development: “the method of construction has not yet
been wholly devised and actually, the Government is financing an experimen-
tal development of a new wooden construction method—at a time when it
thought it was financing the development of a giant aircraft built on known
structural fabricating methods.” Loening blamed Hughes for creating many
of his own problems by failing to be clear about the experimental nature of
the project.*

Loening’s criticisms of the project were quite valid, but his thorough prej-
udice against wood clouded his diagnosis of the cause of the problem and
his final recommendations. In July, Loening had produced a scathing analy-
sis of the Curtiss-Wright C-76 that contained a tirade against wood reminis-
cent of the early 1920s.*! Loening included a similar denunciation of wood
in his report on the Hughes flying boat. He rejected the claim that resin
adhesives altered the fundamentals of wood construction, and he ridiculed
the supposed link between wood and plastics, insisting that the new meth-
ods amounted to no more than “old-time wooden construction with a
slightly improved glue.” But just a few paragraphs later, Loening attacked
Hughes for being too innovative, noting the problems that Hughes had en-
countered in developing molding techniques for large structural elements.
Loening also demonstrated an extremely unsophisticated understanding of
the relationship between material properties and structural weight. Loening
noted that the birch veneer components were more dense than spruce, and
therefore concluded that the molded plywood structure would weigh more
than traditional wood construction. Loening was obviously completely ig-
norant of the research in improved woods, which had demonstrated that
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Duramold-type materials could achieve compressive strength-to-weight ra-
tios comparable to aluminum alloys.** For Loening, the fundamental prob-
lem with the project was its wood construction; he therefore recommended
continuing the project but switching to metal.

Loening’s attitude was widespread among the government agencies offer-
ing advice on the project, all of which supported cancellation, sometimes
citing as justification the army’s recent abandonment of wooden construc-
tion.®® Nelson faced a variety of options, including completing the contract
for the three airplanes, completing one airplane, switching to metal, or can-
celing outright. In February 1944 he asked the Defense Plant Corporation to
cancel the project outright and solicit a proposal from Hughes to switch the
design to metal. FDR, however, overruled Nelson and ordered that funds be
provided to complete a single flying boat. In 1947 Hughes finally finished
the huge airplane, which was renamed the H-4 Hercules after Kaiser pulled
out of the project (figure 10.3). The Hercules completed only one brief test
flight at the height of a few feet, after which it became a major tourist attrac-
tion in southern California.®*

The HK-1 was undoubtedly an ill-conceived project that never had any
likelihood of contributing to the war effort. After the Republican party took
control of the Senate in the 1946 elections, a congressional committee in-
vestigated the HK-1, suggesting that Hughes had used improper influence to
have the contract reinstated in 1944. Republican senators drew heavily on
the symbolism of wood to make the project appear scandalously ill-advised.
They elicited much testimony on the unsuitability of wood for airplane
structures, drawing on all the standard prejudices. Hughes made little at-
tempt to defend Duramold, but he did point out that the HK-1 was hardly
the only multimillion-dollar failure of the aircraft program. Hughes noted
that the HK-1 had apparently crossed a threshold in increasing aircraft size,
where the aerodynamic efficiency gained in the fuselage was canceled out by
the structural inefficiency of the wing.®® In fact, only by substantially in-
creasing wing loading, that is, the weight supported per unit area of wing
surface, could large aircraft maintain structural efficiency. The wing loading
of the HK-1 was reasonable for its time but far too low to produce an effi-
cient structure in such a large airplane.® In all likelihood, the seaplane as
designed would have been equally problematic in metal.

Even as a failure, the HK-1 was still an impressive achievement. Its wing-
span remains the largest of any airplane ever built, 320 feet.” Although
definitive weight figures were never released, Hughes claimed a final weight
empty of 250,000 pounds. Increased engine power allowed him to raise the
gross weight to 449,000 pounds, giving the final airplane a respectable
though not outstanding ratio of weight empty to gross weight of about
56 percent.”® Considering all the factors that handicapped the project, such
as insufficient design data, lack of military support, mismanagement, and
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Figure 10.3. Hughes H-4 Hercules giant flying boat, with detail of fuselage interior
under construction. National Air and Space Museum, Smithsonian Institution (SI
neg. nos. 79-5026 and 71-142-12).
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wartime shortages of personnel and materials, the mere fact that the HK-1
came even remotely close to its objectives suggests that the potential of
wood construction had not been fully exploited. Nevertheless, the aviation
community had no time for wood in the postwar era, and it made no effort
to profit from the knowledge of wood construction that the project had
generated.

By the end of the war, the failure of the wooden airplane projects had
confirmed the antipathy to wood that remained widespread in the industry
and the military. Relatively successful wooden airplanes were forgotten,
among them the Beech AT-10, the Fairchild PT-19, and the Cessna UC-78,
each produced in the thousands. In any case, the overall U.S. program
clearly failed to fulfill the hopes of wooden airplane advocates.

In retrospect, failure was almost preordained, even disregarding the prej-
udices against wood. By waiting for an actual shortage of aluminum before
launching the wooden airplane program, the U.S. military insured that the
program would not achieve its main purpose, relieving the aluminum short-
age. It took less time for the U.S. government to expand the existing alu-
minum industry fourfold than to create an entirely new wooden aircraft
industry, especially given the availability of large reserves of hydropower for
aluminum production. At the same time, the accumulated knowledge
linked to the design and production of metal airplanes created a powerful
momentum that put wood at a clear disadvantage. In the midst of the at-
tempt to create a wooden airplane industry, Lockheed’s chief structures en-
gineer clearly described how this momentum worked against the wooden
airplane:

Under present conditions it would be disastrous for a large company to attempt
a large scale change-over in the basic materials of construction. Every material has
its peculiarities, extending down to such small matters as bend radii and the
sharpening of drills! Countless hours of research and experimentation with de-
tails have been spent to “lick” the little everyday problems that can ruin the
production line. It is not hard to realize why large aircraft manufacturers are
reluctant to make any major changes in materials.*

With just a little more foresight or slightly better planning, however,
wood could have played a much larger role in U.S. wartime aviation. It
would not have taken a great deal of imagination for the Air Corps to have
begun developing a few wood models in 1939, models that could have been
ready for production before Pearl Harbor. By the summer of 1940 there was
sufficient evidence to justify launching an aggressive wooden airplane pro-
gram; such a program could have made a significant contribution to reliev-
ing the aluminum shortage. The transfer of relatively modest sums to the
FPL at the beginning of the European war, say $50,000 a year, would have
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made the FPL tremendously more prepared to provide timely data for air-
plane designers. Even after the aluminum shortage had become acute, the
military could have achieved better results by concentrating its efforts on
just a few promising designs, rather than scattering the industry’s limited
expertise over dozens of major projects.”” The attitudes associated with the
progress ideology of metal, however, blinded military planners to the possi-
bilities of wood, preventing them from anticipating its potential contribu-
tion to the war effort.

History is ultimately about what did happen, not what might have hap-
pened. In light of actual results, the American experience with wooden air-
planes suggests that the critics of wood were right. Wooden wings weighed
more than metal wings, mass production proved difficult, and maintenance
problems limited effectiveness. Proponents of a rejected technology can
always argue that they needed just a little more research or practical expe-
rience to make their alternative competitive. To make such an argument
convincing, one needs to show that, at least in some cases, the rejected
alternative proved itself viable. Indeed, such cases do exist but not in the
United States.

Success Stories: Wooden Airplanes Abroad

Every major power in World War II made some attempt to use wooden
airplanes, many with considerably more success than the United States. In
fact, some of the most advanced combat airplanes of the war relied heavily
on wooden structures. Britain, the Soviet Union, Germany, and Canada all
made more and better use of wood for aircraft than did the United States.
These countries succeeded where the United States failed not because they
were immune to the progress ideology of metal: engineering prejudice
against wood transcended national boundaries. But in each country, some
specific conjunction of circumstances managed to overcome the bias against
wood. Two factors proved particularly important: a strong government
commitment to the use of wood, especially early in the war, and the pres-
ence of at least some manufacturers who had continued to design advanced
airplanes in wood.

The British used wood quite successfully during the war. This success
resulted largely from the presence of several companies that continued to
develop advanced wooden airplanes for the civilian market despite the
RAF's strong preference for metal. One of these firms, the de Havilland Air-
craft Company, produced the most famous wooden airplane of the war,
the de Havilland Mosquito, a twin-engine bomber, fighter-bomber, night
fighter, and reconnaissance airplane.
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The Mosquito was conceived by the de Havilland firm shortly after the
Munich crisis in 1938. Geoffrey de Havilland, the company’s founder, pro-
posed building a fast unarmed bomber, protected only by its speed and
maneuverability. The de Havilland design dispensed with the anti-aircraft
guns standard for bombers at the time. Not only did the drag of the protrud-
ing guns significantly reduce a bomber’s speed, but the extra weight of the
guns, ammunition, and crew substantially reduced its bomb load and range.
Without defensive armament, claimed de Havilland, his design would fly
faster than the opposing fighters. He also noted the advantages of wood
airplanes for production in wartime, when they would not compete for re-
sources with the metal-using industries. The de Havilland proposal was pre-
sented to the Air Ministry in October 1938, but the unconventional design
generated little interest. After the declaration of war the following Septem-
ber, the de Havilland firm pressed its case for the design before the Air
Ministry, and in December de Havilland received an order for the Mosquito
prototype. The Mosquito first flew in November 1940, a mere eleven
months after serious design work began. Performance exceeded expecta-
tions, and the Air Ministry placed large production orders for the airplane.”

Production deliveries began in July 1941, only nineteen months after the
project began. The airplane soon proved itself in combat, becoming “one of
the most outstandingly successful products of the British aircraft industry
in the Second World War.” The Mosquito excelled in speed, range, ceiling,
and maneuverability, making it useful in a variety of roles. Even before the
prototype flew, de Havilland began developing reconnaissance and night-
fighter variants.”> With a range of more than two thousand miles, the origi-
nal reconnaissance version could photograph most of Europe from bases in
Britain at a height and speed that made it practically immune to enemy
attack. Later modifications extended the range of the reconnaissance ver-
sion to more than thirty-five hundred miles. From mid-1942 to mid-1943,
Mosquito bombers made a series of spectacular daylight strikes against
heavily defended targets on the Continent. The attacks proved effective, but
high losses convinced the Bomber Command to abandon daylight raids.”
The Mosquito then joined the night bombing campaign. Studies of the
Allied air offensive against Germany showed the Mosquito to be far more
efficient at placing bombs on target than the large all-metal bombers that
formed the backbone of the bombing campaigns. Compared to the heavy
bombers, the Mosquito was cheaper to build, required a much smaller crew,
and suffered a much lower loss rate, only 2 percent for the Mosquito com-
pared to 5 percent for the heavy bombers. One British study calculated that
the Mosquito required less than a quarter of the investment to deliver the
same weight of bombs as the Lancaster, the main British four-engine
bomber.”
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Figure 10.4. De Havilland Mosquito, all-wood fighter, bomber, and reconnaissance
airplane. National Archives at College Park, Record Group 18-WP photo no.
108803; detail from Automotive and Aviation Industries 88 (June 15, 1943): 30.

The Mosquito owed no small part of its success to its airframe, which was
an exemplar of structural design in wood, both in technical characteristics
and ease of manufacture (figure 10.4). The fuselage consisted of two layers
of thin birch plywood over a balsa-wood core, forming a stiff, thick sand-
wich. The thickness of the shell gave it sufficient buckling strength to dis-
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pense with the numerous longitudinal stiffeners required on the skin of
metal fuselages. De Havilland had first used this sandwich construction on
its four-engine airliner, the DH-91 Albatross. The fuselage was assembled in
two halves on male molds, with workers using casein glue to attach each
layer. By the end of 1943, most Mosquito factories were using synthetic
urea-formaldehyde adhesives. Workers installed much of the interior equip-
ment in the fuselage halves before joining them together, simplifying pro-
duction considerably. The wing was a complex structure of spruce and ply-
wood, built as a single unit, fifty-four feet from tip to tip. The two spars used
laminated spruce for the flanges (the top and bottom) and birch plywood
for the webs (sides). The top of the wing was double-skinned like the fuse-
lage but separated by strips of spruce or Douglas fir instead of balsa. By
using laminated wood and plywood, the Mosquito had no need for large
pieces of high-quality aircraft lumber.”

With its structure designed for ease of manufacture, the Mosquito helped
refute arguments that wooden airplanes were unsuited to quantity produc-
tion. Total production amounted to 7,619 Mosquitos, with 6,710 completed
during the war. In addition to factories in Britain, production lines were
established in Canada and Australia. The main factory at Hatfield completed
an average of two Mosquitos daily for four years. The Mosquito’s design
permitted a large percentage of the work to be subcontracted, easing expan-
sion while reducing vulnerability to bombing. In Britain, production accel-
erated at a rate comparable to that of metal aircraft, reaching eighty per
month in February 1943, nineteen months after deliveries began. The
de Havilland subsidiary in Canada built a large plant with a mechanized
assembly line; monthly production there peaked at eighty-five airplanes in
mid-1945.7 The Mosquito cost about the same to build as the all-metal
Bristol Beaufighter, a comparable airplane in size and weight.””

The structure also proved remarkably resistant to gunfire and was easy to
repair when damaged. Opponents of wood construction had frequently
voiced their doubts about the ability of wooden airplanes to withstand gun-
fire.”® Combat experience demonstrated that the Mosquito could absorb as
much if not more punishment than a comparable metal airplane. Popular
accounts abound with descriptions of damaged Mosquitos limping home
despite huge holes in the fuselage or wing. Light damage to the airplane was
easily repaired with simple woodworking tools. In Malta, the local coffin
maker helped keep Mosquitos flying when spare parts and materials failed
to arrive.™

Outside of combat, the Mosquito airframe performed well in terms of
reliability and maintenance, though it did suffer from some problems re-
lated to its wooden structure. Early experience with the airplane showed
it to have “very few bad maintenance vices.” In the airframe, the only
“source of recurring maintenance troubles” was the engine cowling, which
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happened to be the only major part made of metal.** Concerns about the

structure did arise as a result of the relatively high rate of fatal accidents.
The great majority of these accidents resulted from pilot error, typically
pulling out of a dive too quickly, which literally snapped the wings off. The
great agility of the Mosquito made it easy for even an experienced pilot to
stress the structure beyond its design limits. Escape from the tight cockpit
was difficult, contributing to a high fatality rate in such accidents.®!

Critics of wood construction often insisted that the uncertain strength
properties of wood and the unreliability of glued joints made wooden air-
planes unsafe. Experience with the Mosquito proved these fears to be exag-
gerated. Accident investigators carefully probed any hint of manufactur-
ing defects or poor-quality wood. Only one accident was clearly attributed
to such problems, an Australian-built Mosquito with improperly glued
wings.®? A few airplanes were discovered with defective gluing, largely due
to teething problems at new production facilities. Considering that Mos-
quito factories shifted from casein to urea-formaldehyde glues during the
war, the gluing problems were relatively minor. Improved procedures and
strict quality control kept defective gluing to a minimum.®

The Mosquito also suffered weather-related maintenance problems, some
of them serious but none insoluble. The Mosquitos were generally kept
dispersed on airfields and given no special protection from the elements.
The waterproof covering did a pretty good job of keeping moisture out, but
in service some aircraft developed problems with water soakage, especially
in the tropics. De Havilland devised various minor modifications to elimi-
nate the trouble spots.** More serious problems occurred in India, where
the long dry season caused major changes in the moisture content of the
wooden structure. These changes produced large internal stresses in glued
joints due to the differential shrinkage of solid wood and plywood. In Octo-
ber 1944 a Mosquito in India broke up in flight due to deterioration in the
wing structure. A subsequent investigation found major problems in all
Mosquitos assembled with casein glue, but not in those using the new urea-
formaldehyde adhesives. Resin-glued Mosquitos soon returned to service in
India, where they performed well in operations over the Burmese jungles
despite the harsh climate. Mosquitos continued to operate in southeast Asia
after the war, flying extensive photo-reconnaissance missions over the Ma-
layan jungles from 1949 to 1955 in support of the British counterinsurgency
campaign against communist guerrillas.®

Overall, the wooden structure accounted for a small fraction of the total
maintenance required for the Mosquito. Most maintenance work was re-
lated to mechanical systems not the airframe structure. Furthermore, metal
parts were hardly immune to maintenance difficulties, as illustrated by the
continuing failures of the metal engine cowling and the serious corrosion of
a magnesium casting in the control system.*® When the wood structure did
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suffer from deterioration or manufacturing defects, users of the Mosquito
treated these in the same manner as similar difficulties with metal airplanes,
as solvable problems rather than inherent flaws.

For critics of wood construction in the United States, the success of the
Mosquito was an anomaly in need of explanation. In April 1941 General
Arnold witnessed a demonstration of the Mosquito in England and returned
to the United States thoroughly impressed. After Arnold’s visit there was
some discussion about building the Mosquito in the United States, which
ended when the British decided to build the airplane in Canada. Wright
Field then asked a number of companies to comment on the Mosquito’s
design, and received responses almost uniformly hostile. These criticisms
revealed that American engineers could not recognize a brilliantly designed
wooden airplane when they saw one. Beech Aircraft had the strongest objec-
tions, concluding that the Mosquito “has sacrificed serviceability, structural
strength, ease of construction, and flying characteristics in an attempt to use
a construction material which is not suitable for the manufacture of efficient
airplanes.” Attitudes like these made it quite difficult for American manu-
facturers to design and build successful wooden airplanes.®” The Mosquito
also came up in September 1943 at a meeting of the NACA Materials Com-
mittee, when J. B. Johnson announced the army’s decision to stop buying
wooden airplanes. When questioned about the Mosquito’s success, Johnson
attributed it to Britain’s uniform humidity. An army officer suggested that
the Mosquito might have been a better airplane if built of aluminum.®®

Perhaps. But in fact the Mosquito was built of wood, and no nation pro-
duced a comparable airplane in metal, let alone a better one. The success of
the Mosquito contradicted those who argued that wood was inherently an
inferior material for airplanes. There was nothing magic about the Mos-
quito. It owed its success largely to the uninterrupted experience of the
de Havilland firm in the design and manufacture of high-performance
wooden airplanes, beginning with the Comet racer that won the 1934 En-
gland-Australia air race. This race is more often remembered as a triumph
for the American all-metal airliner, since second and third places were taken
by a Douglas DC-2 and a Boeing 247, standard commercial airplanes that
any airline could buy.*” But de Havilland, rather than turning to metal like
the rest of the industry, used the experience gained with the Comet to de-
velop other wooden airplanes, most notably the four-engine Albatross air-
liner. The Albatross was not a great success, but it gave de Havilland the
experience needed to succeed with the Mosquito, experience that American
firms lacked.*®

The Mosquito was not Britain’s only successful wooden airplane of the
war. The rearmament program of the late 1930s awakened the British mili-
tary to its dangerous dependence on imported aluminum. Britain did not
have a large aluminum industry of its own; in 1938 British production
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amounted to only 15 percent of Germany’s. In the late 1930s, the RAF
stepped up purchases of wooden training aircraft, and by 1943 all British
training aircraft in production used all-wood or wooden-winged construc-
tion. In strong contrast to the United States, the British encountered “no
major difficulties or problems” in the production or use of wooden air-
planes. British training authorities found that wooden airplanes required
somewhat more maintenance than metal types but were much easier to re-
pair, especially after the frequent accidents that occurred with novice pilots.
Except for the Mosquito, however, the British continued to build their com-
bat planes of metal, assisted by huge imports of aluminum from Canada and
the United States.”!

Britain was not the only country to make better use of wood than the
United States. Of all the major powers in World War II, the Soviet Union
built the largest number of wooden combat airplanes. Forced industrializa-
tion had not included the development of a large aluminum industry, and
Soviet production lagged far behind that of Germany. Although the Soviet
aircraft industry had developed some aluminum airplanes, the Soviet mili-
tary had not completed the transition to all-metal construction when the
war started in 1939. As Soviet design bureaus raced to develop modern
aircraft on par with those of Germany, they relied heavily on wood and
steel, especially for fighters. When the Germans attacked in June 1941, the
most advanced Soviet fighters had wooden-winged or all-wood structures,
specifically the LAGG-3, the Mig-3, and the Yak-1. Early versions of these
aircraft were somewhat inferior to their all-metal German counterparts, but
by the end of 1942 Soviet fighters were comparable in performance to Ger-
man designs. Soviet factories turned out these airplanes in huge numbers,
despite the shortage of skilled labor and the hasty relocation of the factories
away from the German advance. When more aluminum became available
later in the war, the Soviets followed the Western lead and gradually con-
verted their designs to metal construction. Nevertheless, from the battle of
Moscow to Stalingrad, wooden aircraft played a central role in turning back
the German onslaught.”

Germany also made use of wood in its combat airplanes but only under
the pressure of severe aluminum shortages that developed well into the war.
It began the war with the world’s largest aluminum industry and little
fear of a shortage. Despite early research in resin-bonded veneers by the
Deutsche Versuchsanstalt fur Luftfahrt (DVL), the Luftwaffe remained al-
most entirely dependent on aluminum airplanes. By 1942 it became appar-
ent that aluminum supplies would not be adequate, but Germany had insuf-
ficient electric power to increase production. In August 1942 the Luftwatfe
ordered a major program to replace aluminum in airplanes with wood
and steel.”” In September the Focke-Wulf company began developing the
Ta 154, a German version of the Mosquito. The prototype performed well,
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but the project was abandoned when Allied bombing destroyed the Gold-
schmidt Tego glue-film factory. The Germans did succeed in developing
some advanced airplanes that relied heavily on wood structures, such as the
Me 163 rocket fighter and the Heinkel He 162 and Henschel Hs 132 turbo-
jets, all of which had wood wings. The Allied victory ended plans for large-
scale production of these airplanes.”

Although these German aircraft apparently performed well with their
wood structures, a postwar American survey found many flaws in the Luft-
walffe’s wooden airplane program. The authors of the study especially criti-
cized the Germans for their excessive enthusiasm for metal, quoting at
length Junkers's 1923 paper for the Royal Aeronautical Society (see chapter
three). The authors concluded that “the Germans made the familiar mistake
of neglecting the study of wood and consequently did a lot of scurrying
when the need to use the material became urgent.”® The mistake seemed
familiar, of course, because exactly the same mistake had been made in the
United States.

In contrast to Germany and the United States, Canada made effective use
of wood in its wartime aircraft program. The Canadian case is particularly
instructive because of Canada’s similarity with the United States in technol-
ogy and availability of materials. World War II provided an important stim-
ulus to Canadian nationalism. After the fall of France, anglophone Canada
gave whole-hearted support to Britain, but the Canadians insisted on giving
this support as an ally, not a colony. In the bleak summer of 1940, a British
defeat seemed a very real possibility. For Canada’s military aviators, the
threat to Britain was particularly worrisome. In the interwar years, Canada
had developed a significant airplane industry, but the country still de-
pended heavily on Britain and the United States for engines, parts, and de-
signs. After the fall of France, Britain cut off shipments of aircraft and parts
to Canada, and no replacements seemed likely from the United States for
quite some time. It appeared that Canada might be forced to depend on its
own resources for defense.”®

One key Canadian resource was timber. In a report dated May 1940, J. H.
Parkin proposed a program for developing wooden military airplanes in
Canada. Parkin, director of the Aeronautical Laboratories at the National
Research Council (NRC), presented strong technical arguments in favor of
wood structures. Parkin also stressed Canada’s large timber resources,
which included large reserves of virgin Sitka spruce. Parkin’s report was
soon followed by an even more remarkable memo from L. W. Brockington,
a top adviser to Prime Minister King. The report echoed Parkin’s arguments,
but added a new twist—the need for Canadian self-reliance.

Thus far, we have based our policy with respect to the production of war equip-
ment upon the optimistic delusion that we can depend upon Great Britain and the
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United States. The point has been reached where we can rely upon neither. Aerial
bombardment may render Britain an uncertain source of supply. . . . The United
States may limit or cut off our supplies from the necessities of its own policy, or
because of the political animosities of certain interests. Canada has now got to
stand on her own feet, and utilize the resources she has for her own defence.

At the end of July, Brockington forwarded another report outlining a de-
tailed plan for a design institute to develop wooden airplanes at an annual
cost of $450,000.°

These proposals helped launch a major Canadian program for producing
wooden airplanes. The Royal Canadian Air Force (RCAF) shared the senti-
ments expressed by Brockington and Parkin, although Brockington’s spe-
cific proposal for a design institute received little support. Air Vice-Marshall
E. W. Stedman, the chief technical officer in the RCAE strongly advocated
the construction of wooden airplanes, in sharp contrast to his counterparts
at Wright Field. The RCAF actively sought to build a wooden airplane of
British design in Canada, efforts that eventually led to Canadian production
of the Mosquito.”®

In coordination with the RCAE the NRC launched a substantial research
program to develop molded plywood construction. In July 1940 RCAF and
NRC stalf traveled to the United States to investigate the latest techniques in
wooden aircraft construction. They were especially impressed with Eugene
Vidal’s process. By the fall of 1940, Vidal had become the leading American
developer of plywood molding techniques. The Canadian government
asked Vidals company to build an experimental fuselage for the Anson
twin-engine training plane, a British design then being built in Canada. The
fuselage was a success, and in 1943 a Canadian company began manufactur-
ing the fuselages under license to Vidal. From 1943 to 1945, more than a
thousand of the Vidal Ansons were built in Canada (figure 10.5). A rugged,
reliable airplane, the Vidal Anson found wide use as civil aircraft after the
war. The Vidal Anson provided one of the largest and most successful appli-
cations of molded plywood to airplane structures during the war.”

Canada’s success with wooden airplanes presents a striking contrast to
the United States, especially with regard to the Anson. After all, the Vidal
Anson relied on technology developed in the United States. Canada suc-
ceeded in applying this technology while the U.S. Army and Navy failed,
despite Canada’s far smaller resources in research and engineering. Canada’s
achievement was not the result of a greater availability of timber or a more
severe shortage of aluminum. Per capita, Canada produced far more alumi-
num than any other country in World War 1. Although Canada was indeed
rich in timber, it was also rich in the most important raw material for alumi-
num, cheap electricity. Canada did experience some aluminum shortages
early in the war, but it quickly expanded production, surpassing Germany
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CANADIAN ANSON V. BUILT BY CANADIAN CAR & FOUNDRY CO.,LIMITED, AMHERST,NS. FIRST TEST
FLIGHT AT AMHERST FEBRUARY 24 1843,

Figure 10.5. Avro Anson V, with Vidal-designed molded plywood fuselage. National
Air and Space Museum, Smithsonian Institution (SI neg. no. 96-15633).

in 1942 to become the second largest producer of aluminum in the world.'®
Canada exported huge amounts of aluminum to both Britain and the United
States. In hindsight, Canadian aluminum was much more important than
Canadian timber for Allied aircraft production.

Canada’s success with wooden airplanes did not represent the triumph of
rationality over ideology. Rather, Canada’s achievement resulted from a
conflict between ideologies, in which Canadian nationalism proved stronger
than the ideology of progress. The idea of Canada as a forest nation has deep
roots in Canadian national consciousness.'” Canadians shared the faith
in technological progress that was behind American antipathy to wooden
aircraft. But within the context of Canadian nationalism, wooden aircraft
became a symbol of national autonomy rather than a slap in the face of
progress.

The extensive use of wood structures in wartime airplanes was an impres-
sive achievement in all these countries, given the massive neglect of wood
research and the limited experience with stressed-skin plywood airplanes.
The most successful airplanes of the period, like the Mosquito and the Vidal
Anson, proved that wooden airplanes could compete on equal terms with
all-metal designs. These airplanes succeeded because government agencies
gave wholehearted support to innovative designers. Wooden structures cer-
tainly had their problems, but manufacturers could handle these difficulties
when they treated them as engineering problems capable of solution. Given
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sufficient support and time to learn, manufacturers and users found the
problems of wooden airplanes no more intractable than those of metal.

Wood construction might not have suited all airplanes of the war, such as
large four-engine bombers. Perhaps the Mosquito represents the limit of
wooden aircraft design, which would imply that metal structures were pref-
erable for airplanes with gross weights over twenty-five thousand pounds
and wing loadings exceeding fifty-five pounds per square foot. Such a limit
seems unlikely, however, in light of the unexplored potential of veneer-
resin combinations like Duramold. The Hughes flying boat was a failure at
a design gross weight of four hundred thousand pounds, but the methods
used to build the airplane might well have succeeded on an airplane of
one-quarter the size, still larger than most four-engine bombers used in the
war. Whatever the technical limits of wooden airplanes, they clearly could
have made a much larger contribution to wartime aviation than they actu-
ally did.

The real issue is not whether wood or metal would have permitted air
forces to inflict more death and destruction on their enemies. Although
choices between specific technologies at a given time are beset with uncer-
tainty, the real indeterminacy is not between static technologies but be-
tween alternative paths of development.'® Choosing a particular path also
means adopting a vision of the future, a set of R&D problems that, if solved,
will shape the technology in a particular direction. Proponents of metal
were committing themselves to one path, the use of the high-density, high-
strength materials particularly suited to the emerging postwar era of high-
speed flight and very large airplanes, applications that needed structures
able to support large stresses in small areas. The metallic path also led di-
rectly into the brave new world of supersonic planes and missiles, where
high temperatures displaced aluminum in favor of exotic new alloys. Yet
there was still an alternative path, but it was not a wooden one.'® Innova-
tors like de Havilland and Vidal were not so much committed to wood as to
low density materials, materials that we would now call fiber-reinforced
composites. Just as the metallic path led away from aluminum in many
high-speed applications, so the nonmetallic path led away from wood ve-
neers to more completely synthetic materials.
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Epilogue: Culture and Composite Materials

O~ DecemMBER 23, 1987, an odd-looking experimental airplane named Voy-
ager landed at Edwards Air Force Base in California after an incredible nine-
day flight (figure 11.1). The Voyager and its pilots, Dick Rutan and Jeana
Yeager, had achieved one of the last remaining aviation milestones, a non-
stop flight around the world without refueling. The Voyager traversed
25,012 miles, more than doubling the previous record for a nonstop, un-
refueled flight, a record set in 1962 by a huge B-52 jet bomber. Yet the
Voyager was no massive metal behemoth. Its designer, Burt Rutan, had used
practically no metal in the entire structure. Instead, the Voyager's airframe
consisted of “advanced composites,” space-age combinations of exotic
fibers and epoxy resins. Metal’s ultimate triumph, so confidently predicted
in the 1920s, now appeared threatened by a new set of high-performance
materials.’

Or perhaps not so new. The Voyager’s structure was a variant of two ideas
that aviation engineers had investigated since the 1930s—fiber-reinforced
plastics and sandwich construction. German researchers first studied avia-
tion uses for fiber-reinforced plastics in the early 1930s (see chapter nine).
This research continued in England and the United States during and after
World War I, eventually leading to the commercially available fibrous com-
posites that Rutan used in the Voyager. Sandwich construction had first
appeared in the de Havilland Albatross in the mid-1930s, and was then used
with great success on the fuselage of the Mosquito (see chapter ten). Re-
search on sandwich materials continued after the war, though plywood and
balsa were replaced by synthetic materials. In a design reminiscent of the
Mosquito fuselage, the Voyager used a thick, load-bearing skin, formed
from a honeycombed core of synthetic Nomex paper bonded on both sides
to thin sheets of resin-impregnated carbon fibers.” In a very real sense, the
origins of the Voyager lie in the innovative wooden airplanes of the 1930s
and related research on nonmetallic structural materials.’

The full history of composite materials in aviation lies beyond the scope
of this book.* Yet a brief outline of this history reveals many parallels with
the shift from wood to metal. First, composites faced, and continue to face,
many of the same technical problems that metal had to overcome in the
1920s, problems that make the choice between composites and light alloys
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Figure 11.1. Record-setting Voyager airplane. The structure is completely nonmetal-
lic. Courtesy Dick Rutan, Voyager pilot.

indeterminate. Second, the military, which played such a key role between
the world wars, has been ubiquitous in the development of composites.
Finally, proponents of composites have also worked hard to define compos-
ites as symbols of progress, most notably by de-emphasizing the link be-
tween composites and plastics.

From Reinforced Plastics to Advanced Composites

In the 1930s, a small group of scientists, engineers, and innovative airplane
designers began research to develop fiber-reinforced plastics suitable for
airframe structures. The technical promise of these plastics arose from the
high strength-to-weight ratios of commercially available fibers like cotton
and flax, ratios up to four times higher than those of typical aircraft metals.
One cannot make airplanes out of yarn, however. To take advantage of the
strength of these fibers, they were combined with thermosetting resins of
high compressive strength, especially Bakelite. Because the resins contrib-
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uted little tensile strength, the resulting materials typically had strength-to-
weight ratios about one-quarter that of the fibers alone.”

These researchers were in fact developing composite materials some thirty
years before the term came into widespread use. Conceptually, the term
composites refers to any mechanical combination of two or more materials,
a combination that creates physical properties superior to those of each
material taken separately. Typically, composites combine a brittle material
that has strength in compression with a fibrous material that is strong in
tension. Such combinations go back to the ancient practice of adding straw
to brick. Aircraft researchers in the 1930s were thus venturing into new
territory along an old path. By combining synthetic resin plastics and natu-
ral fibers, researchers quickly found that they could produce laminated
sheet materials with specific strength properties close to those of aluminum
alloy, at least in one direction. These plastics were half the density of alumi-
num, however, allowing thicker cross-sections that provided a major advan-
tage in buckling strength, an advantage that plastics shared with wood.

Despite promising results in strength, reinforced plastics lagged behind
existing aircraft materials in one key property, stiffness, measured as the
ratio of elastic modulus to density. According to a 1937 NACA study of
aircraft plastics, researchers “realized very early” that low stiffness posed “a
major problem in the utilization of reinforced plastics for structural pur-
poses.” As airplane speeds increased during the 1930s, stiffness became in-
creasingly important, especially for wings and tail surfaces. The German
researchers Kraemer and Brenner encountered low stiffness with reinforced
plastics in the early 1930s; their search for a stiffer material led them back
to wood veneers. The de Havilland Aircraft Company developed an im-
proved structural plastic in the mid-1930s, but this material also suffered
from a low elastic modulus, roughly one-third that of aluminum or steel
when divided by density. Similar problems stymied Cambridge physicist
Norman de Bruyne, who developed one of the most promising reinforced
plastics before World War II. De Bruyne made some progress in improving
stiffness, but his material still lagged significantly behind metal and wood.®
The search for greater stiffness, especially stiffer fibers, thus became the key
to the development of successful composite materials.

During World War II, research in reinforced plastics intensified in Britain
and the United States. This research was not, however, directed to solving
the fundamental problems of reinforced plastics; rather, engineers sought to
find substitute materials to solve specific problems of aircraft production. In
Britain, this research focused on developing a cellulose-fiber composite suit-
able for use as a wing covering. Much of this work was performed by J. E.
Gordon at the Royal Aircraft Establishment (RAE). Field tests of the mate-
rial revealed a serious problem—dimensional instability due to water ab-
sorption by the cellulose fibers. In addition, cellulose-reinforced plastics
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required very high molding pressures, which necessitated huge presses and
expensive metal molds. These molding techniques proved very costly for
the short production runs of most airplane parts. Problems with moisture
absorption and cost led researchers to turn their attention to dimensionally
stable inorganic fibers and to materials suitable for low-pressure molding. In
England, Gordon’s group at the RAE launched a project to develop airplane
wings made from an asbestos-reinforced phenolic plastic, while in the
United States efforts focused on glass-fiber reinforced plastics.”

This American research was stimulated by commercial production of
glass fibers in the 1930s, later known as fiberglass after a popular trade
name. Glass fibers are tremendously strong, with strength-to-weight ratios
comparable to the strongest cellulose. In contrast to cellulose, glass fibers
are impervious to moisture but share the low specific stiffness of organic
fibers. Researchers also discovered that glass fibers do not combine well
with phenolic resins, unlike cellulose fibers. By 1943, a new class of resins
had become available, the polyesters, which bonded well with glass fibers
and required very low molding pressures. These new resins made it possible
to develop airplane structures using fiberglass plastics.®

Military aviation played a major role in developing fiberglass plastics dur-
ing World War II. A key application was for lightweight, electromagneti-
cally transparent coverings for airborne radars. But fiberglass also offered
promise as a structural material, easily surpassing aluminum alloy in spe-
cific tensile strength, though far inferior to metals in stiffness. In addition,
the new low-pressure resins eliminated many of the military’s reservations
about plastics, which stemmed largely from the production difficulties asso-
ciated with high molding pressures. In 1943 the Aircraft Laboratory at
Wright Field designed and built a glass-fiber monocoque fuselage for the
Vultee BT-15 training airplane. This fuselage used sandwich construction,
with a 7/16-inch balsa-wood core bonded on both sides to a thin sheet of
glass-fiber-reinforced plastic. The resulting fuselage weighed seventy-eight
pounds, only eight pounds more than the standard aluminum fuselage, an
impressive achievement for a first design. Even more impressive was the
strength of the fiberglass fuselage, some 67 percent greater than that of the
metal fuselage, indicating that significant weight reductions were possible.
Even with the low elastic modulus of the fiberglass plastic, the sandwich
structure proved stiffer than the metal fuselage.” Despite these promising
results, Wright Field engineers “had one outstanding objection”—the balsa-
wood core. To avoid the detested wood, Wright Field initiated research to
find a synthetic substitute for balsa, experimenting with various honeycomb
structures and plastic foams.'°

In the postwar era of jet engines, rockets, and supersonic flight, high-
performance military applications set the agenda for research in aerospace
materials. The most pressing problem was the high air temperatures pro-
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duced by supersonic flight, which quickly reduced the strength of alumi-
num alloys. Fiberglass plastics performed well at moderately elevated tem-
peratures, but they suffered from a fundamental flaw—low stiffness. The
elastic modulus of these plastics was about one-third that of steel or alumi-
num, when adjusted for density. Although clever design could compensate
somewhat for low stiffness, fiberglass structures remained unsuitable for
high-performance aircraft.!!

Even in the 1930s, it had been clear that low stiffness posed the main
barrier to widespread use of fiber-reinforced plastics in aircraft structures.
Not until the 1950s, however, did researchers turn their attention to devel-
oping new, high-stiffness fibers. Theoretical studies and laboratory experi-
ments showed that a small range of materials promised tremendous in-
creases in fiber stiffness. With support from military contracts, researchers
worked with a variety of exotic materials, some highly toxic, like beryllium,
others tremendously expensive, like boron. One of the most promising ma-
terials, however, was also among the most mundane—carbon. In Britain,
research on carbon fibers began in the early 1950s under the direction of
William Watt at the Royal Aircraft Establishment (RAE). In the United
States, Roger Bacon at Union Carbide took the lead on carbon-fiber research
in the late 1950s, with key sponsorship from the Non-Metallic Materials
Division of the Air Force Materials Laboratory at Wright Field.'* Through
laboratory experiments, these researchers were able to produce very stiff
fibers by stretching carbon at tremendously high temperatures, a difficult
process unsuited to commercial production. By 1964, however, researchers
at the RAE had developed a commercially viable technique for producing
high-stiffness carbon fibers. By the mid-1960s, carbon fibers were available
with almost nine times the specific elastic modulus of steel.'?

In 1965 an Air Force study named “Project Forecast” predicted that air-
plane structures made from the new plastics (now called “composites”)
would weigh 35 percent less than equivalent metal structures. In an at-
tempt to make these predictions come true, the Air Force Materials Labo-
ratory launched research projects to move composite materials from the
laboratory to military airplanes.'* In the early 1970s, American manufac-
turers began incorporating components made of the new materials into
combat airplanes. Civilian airliners began using carbon-fiber control sur-
faces in the late 1970s, aided by NASA contracts placed with Boeing, Lock-
heed, and McDonnel Douglas. In the 1980s, a number of companies devel-
oped all-composite business airplanes, though none has yet proved entirely
successful. Also in the 1980s, the Air Force acknowledged the existence of
two top-secret “stealth” aircraft, the B-2 and F-117, both of which are re-
ported to rely heavily on nonmetallic composite materials."

By the mid-1980s, enthusiasts were proclaiming a new materials revolu-
tion, the shift from metal to composites.'® But composites still have a long
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way to go before dethroning light alloys as the principal material for aircraft
structures. Perhaps the current situation will replay the history of the strug-
gle between metal and wood, with composites cast in the victorious role of
metal. Some proponents of composites have indeed made this comparison.
A 1968 editorial in Aviation Week proclaimed a “new revolution in aero-
space industry materials,” one whose “eventual effects may wreak as many
fundamental changes in aerospace . . . as the switch from spruce and fabric
to aluminum.” Dick Rutan, pilot of the Voyager, predicted that composites
would produce a “renaissance” in airplane design during the 1980s, just as
aluminum had in the 1930s. Aluminum had served aviation well, continued
Rutan, but now “the age of aluminum is nearly over.”"’

Uneasy Comparisons, or the Lessons of History

The history of aircraft materials does not provide clear predictions for the
future course of fiber-reinforced composites. But history does shed some
light on the current situation, which involves many of the same issues as the
earlier shift from wood to metal. Composites have both advantages and
disadvantages compared to metal; the technical case remains indeterminate.
The military continues to play a central role. And although the symbolism
of composites is far less charged than that of wood or metal, proponents of
composites have also struggled to shape cultural meanings, most notably by
disassociating composites from plastics.

Composites face many of the same challenges as did the early metal air-
planes, which had to demonstrate practical advantages over established ma-
terials in the face of inadequate design knowledge and daunting technical
problems. In theory, the main advantage of composites lies in reducing
structural weight, yet theoretical weight savings have often been difficult to
achieve in practice, in part because of government safety criteria designed
for metal aircraft. For example, the designers of the Beechcraft Starship, an
all-composite business airplane, were forced to increase the airplane’s
weight substantially before receiving the necessary safety certifications from
the Federal Aviation Administration.'® Despite predictions of eventual ad-
vantages in production, the costs of composite airplanes remain high, tre-
mendously so for the more exotic composites. Although technical details of
the B-2 “Stealth” bomber remain secret, the airplane’s composite structure
has clearly contributed to its immense costs, $2.2 billion each for the first
twenty airplanes.'® Maintenance remains problematic because composites
require entirely new repair procedures. The durability of composites has
also proved disappointing; some structures have suffered from moisture ab-
sorption while others have delaminated like poorly glued plywood.*
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As with the shift from wood to metal, the military has played the central
role in making composites competitive with established airplane materials.
This is not surprising since the military has contributed to practically every
major new technology introduced since the end of World War II. Without
heavy military support, composite materials could never have become com-
petitive with metals, which are more deeply entrenched in aviation today
than wood was in the 1920s. The USAF Materials Laboratory funded almost
every major research project in aerospace composites in the United States
during the 1960s. Even mavericks like Burt Rutan, the brilliant designer of
the Voyager and other composite aircraft, have depended on military con-
tracts for crucial support.”!

But military support has not merely allowed engineers to realize the in-
herent technical potential of composite materials. Military influence has
also steered materials research toward the needs of the military, which differ
markedly from those of the civilian market. The military’s emphasis on
high-temperature materials in the 1950s made sense for missiles and super-
sonic aircraft but not for commercial airliners. The military’s concern with
radar-evading materials undoubtedly shaped composites research in the
postwar era. The secret projects for the B-2 and F-117 airplanes began in
the 1970s; research on radar-absorbing materials goes back much earlier
than that. The paucity of reporting on radar-evading materials in the techni-
cal press before the 1980s is clearly due more to military secrecy than ab-
sence of research.”” Obviously, radar-evading materials do not have a large
commercial market. Finally, the military’s focus on exotic, costly, small-
batch materials has resulted in production methods ill-suited to the de-
mands of commercial products.”

Composites researchers did not restrict themselves to shaping the tech-
nical characteristics of the new materials; they also labored to construct
favorable cultural meanings. Just as with metal airplanes in the 1920s, pro-
ponents of composites sought to link these new materials with technologi-
cal progress. This attempt to shape meaning appears in the very category of
composite materials itself, which emerged in the mid-1960s to replace the
previous category of fiber-reinforced plastics.

The category of composite materials emerged quite suddenly in the mid-
1960s. Before the mid-1960s, the term composites was rarely applied to plas-
tic resins combined with fibers. Instead, fiber-reinforced plastics was the
standard term. But beginning in 1963, articles appeared in the technical
press to map out a general field of research on combinations of materials
with different physical properties. As articulated in the mid-1960s, compos-
ite materials encompassed all such combinations, including metals, ce-
ramics, and even wood, in addition to fiber-reinforced plastics. Neverthe-
less, fiber-reinforced plastics remained at the center of most composites
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research, although by the late 1960s the aviation press almost never referred
to these materials as plastics.*

The shift from plastics to composites did not mark a fundamental change
in research strategy for airframe materials. Instead, the new terminology
represented an attempt to control the cultural meanings of the new mate-
rials, to create a symbolic link between these materials and technological
progress. Since the 1930s, manufacturers of plastics have self-consciously
tried to link their new materials with technological utopianism and aes-
thetic modernism. Despite prophesies of an emerging “plastics age,”
though, plastics never resonated with progress in the same way as metals.
Even before World War 11, plastics carried contradictory meanings, simulta-
neously signifying “high-tech miracle materials and . . . cheap substitutes.”
The negative associations became attached to the very idea of the plastic
airplane, which Disney parodied in a 1944 cartoon. It featured Donald Duck
making a plastic airplane that melted when wet. The public perception of
plastics as cheap substitutes deepened during World War 1l and after, par-
ticularly as the less durable thermoplastics replaced the thermosetting
resins of the prewar era.”® Throughout the postwar era, many manufacturers
completely avoided the word plastic, preferring terms like synthetic or a
space-age polymer.*®

Of course, Disney cartoons do not accurately represent the beliefs of ma-
terials scientists and aeronautical engineers. But scientists and engineers do
not live in isolation. For reinforced plastics to supplant metal in airplanes,
a large number of people in industry, the military, and even Congress had
to be convinced that these materials represented the wave of the future.
Given the ambivalent symbolic meanings of plastics in postwar American
culture, the term plastics was simply unsuited to this task. The science be-
hind high-strength fibers was clear by the early 1960s, but there was no
concerted campaign to generate enthusiasm for the new materials under the
moniker of plastics. In the mid-1960s, with the appearance of technical
articles praising the virtues of materials reinforced with the new carbon and
boron fibers, composites had almost completely supplanted plastics.*”

Under the new name composites, reinforced plastic structures generated
tremendous enthusiasm, especially in the 1980s.?® Yet no rapid shift to com-
posites ensued. More than thirty years after the Air Forces “Project Fore-
cast,” which predicted weight savings of 35 percent from fiber-reinforced
composites, metal remains the material of choice for the vast majority of
civil and military aircraft.”” In contrast, it took roughly fifteen years, from
1920 to 1935, for metal to achieve its dominance over wood. Advocates of
composite materials in the 1960s had stronger technical arguments than
proponents of metal in the 1920s, yet the change has been much slower. In
a century that has supposedly experienced an accelerating rate of technical
change, this apparent conservatism seems anomalous.
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The apparent reluctance to adopt composite materials has not gone unno-
ticed. In the early 1980s, Nicholas Hoff, an emeritus professor of aeronauti-
cal engineering at Stanford, remarked upon the apparent reluctance to
adopt composites. Hoff, whose aviation career began at the end of the
wooden airplane era, suggested that new interpretations of product liability
laws were inhibiting airplane manufacturers from using composites mate-
rials. Hoff has indeed identified a historical problem, but his explanation
seems unconvincing. Since the 1920s, the aviation industry has recognized
that airplanes must conform to the strictest safety standards to ensure pub-
lic confidence in flight; product liability laws have not imposed more strin-
gent requirements.*”

Differences in symbolic meanings may provide a better explanation for
the comparatively slow adoption of composites. In the 1920s, proponents of
metal could invoke powerful, preexisting associations that linked metal
with the industrial age and wood with traditional technologies. These sym-
bolic meanings provided the basis for the progress ideology of metal, which
convinced most of the aviation community that metal’s success was certain.
Advocates of composites cannot draw on comparable symbolic resources.
As an emblem of modernity, metal has dulled somewhat during this cen-
tury, but aircraft alloys have not lost their symbolic connections to high
technology. In the early 1930s, Lewis Mumford placed aluminum and syn-
thetic polymers together as technologies of the emerging “neotechnic age.”
Mumford’s terminology did not catch on, but his schema did show that
these two materials were of equal status symbolically. Over the next thirty
years, however, the cultural status of plastics declined relative to that of
aluminum and more exotic alloys like titanium. The new category of com-
posites helped raise the symbolic status of reinforced plastics, but this
change in terminology could not give composites the same cultural advan-
tage that metals enjoyed in the interwar years.’!

Although advocates of composites have succeeded in connecting the new
materials with high technology, they have failed to generate the sense of
inevitability conveyed by the progress ideology of metal in the 1920s. Wide-
spread faith in the future of composite airplanes is essential to their success.
As Lockheed’s chief engineer E R. Shanley pointed out in 1942, any shift to
a new material is extremely disruptive, especially in production. In a mature
industry like aviation, the adoption of a new material demands support
from every sector involved in the creation and use of airplanes. The aniso-
tropic properties of composite materials require entirely new design theo-
ries, in the same way that metal airplanes stimulated the theory of thin
shells to handle the problem of compressive buckling. Even with better
theories and powerful computers, designing an airplane with new materials
still requires thousands of tests on structural components, just as it did for
early metal airplanes. In manufacturing, very little of the industry’s vast
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experience building metal airplanes can be transferred to composite struc-
tures, so manufacturing methods have become a major focus of composites
research. And even with the best laboratory testing, durability and mainte-
nance problems can only be solved through actual experience with compos-
ite airplanes in service.*? Because the success of composites depends on
coordinated action in all these sectors, their rapid adoption will only be-
come possible when a large part of the aviation community becomes con-
vinced that composites are the wave of the future.

New technologies do not arise through a process of natural selection, an
objective process that insures the survival of only the fittest variations.
Technologies are, rather, cultural expressions, reifications of human pur-
poses. For new technologies to succeed, people must believe that they will
succeed. Such beliefs depend in part on empirical evidence and reasoned
arguments. But in the face of inevitable uncertainties about the future, rea-
son alone rarely suffices, even for the most scientific of technologies. The
symbolic meanings of technical things do more than shape modern culture;
they also influence the course of technical change itself.
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