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The building industry is currently undergoing the 
most rapid and radical transformation it has e)(pe· 
rJenced in over a century. This change is in large 
measure being led by the exploitation of new design, 
fabrication and assembly processes which make 
possible the realization of buildings and structures 
that would not have been technically or economi
cally feasible even ten years ago. The dogma of 
mass production that dominated the 20th century. 
epitomized by the universal steel section, is being 
challenged by the l iberating potential of computer
aided design and manufacture, with profound impli
cations for the conceptualization and construction 
of built fo rm. 

The last period of comparably fundamental 
change, arguably, occurred in the mid-19th century 
when mass production processes for iron, steel and 
glass were developed. Architects benefited from 
deYelopments in other fields, in particular, the engi
neering innovation spawned by the design and con
struction of the railway. Conceived as a formally in
determinate, open-ended and infinitely adaptable kit 
of standard components, the railway helped to lay the 
ground rules for the development of steel in bui lding 
construction. The most notable structure to make use 
of these princ iples was the Crystal Palace in London 
designed in 1851 by Joseph Paxton, a gardener who 
worked direc tly with fabricators to make a building 
that continues to inspire architects and engineers 
today. Designed and erected in less than eight months 
and utili~ing a kit of standardi~ed parts, it was at the 
time the largest enclosure eyer built. The design and 
construct ion of the Crystal Palace were heralded as 
the first architectural applications of Adam Smith's 
prinCiples of the division of labor, which coordinated 
men, materials and machines on a vast scale. 1 In 
startling contrast to the architectural ethos of the 
day, the building was conceived not as form but as 
process. 

The decades following the construction of 
the Crystal Palace saw the deyelopment of econom
ical steel smelting methods. The conditions were 
thus created for the steellrame - made 01 standard 
components that were mass-produced in widely 
dispersed factories and brought together for rapid 
dry assembly on site - t o become the paradigm 
for the systems buildings that would dominate the 
20th century. The intrOduction of steel was impor
tant, not only because it was shaped by industrial 
processes of production, but also for its inherent 
material attributes. For the first time, architects and 
engineers had at their disposal a very strong mate
rial with enormous capacity in tension as well as 
compression. This would dramat ically change the 
nature of form and space, promoting the deyelop
ment of both high-rise and long span structures, 
liberating the building envelope from its load-bearing 
obligations, and ushering in the Machine Age. 

The Machine Age was the age of metals. 
Henry Ford 's assembly l ines in Detroit eleYated pro
duction processes to a high art, orchestrating thou · 
sands of components in time and space to create 
the emblematic mass-produced steel product olthe 
20th century, the automobile. The pressures of the 
production process pushed manulacturing out 01 
mUlti-story concrete-framed buildings and into vast 
single-story long span steel-framed structures. 
World War I spurred the deYelopment of alloy steels 
with greater strength and durability. While alloying 
resulted in only modest increases in compressive 
strength, its principal benefit was a dramatic in
crease in the tensile capabilities of steel.2 Like the 
principles of the division 01 labor, these advances in 
material science were also absorbed by Ford so 
that, by 1927, the Model T incorporated 54 different 
types 01 steet a Likewise, alter World War I, the pro
duction of aluminum became increasingly economic. 
Constituting both the means and end of production, 
metal machine tools and the predominantly metal
consumer goods they produced radically transfor-
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8 med the lives 01 ordinary people. Motor vehicles, 
non-existent in 1900, numbered 26 million in the 
United States alone by 1930:· the stage was set lor 
the development 01 the aviation industry: and metal 
products such as toasters, vacuum cleaners, refri9-
erators and all kinds 01 domestic appliances, prolifer
ated. 

In architecture, as in the daily l ives 01 con
sumers, metals and modernity were inseparable. 
Modernist preoccupations with the skeletal frame 
and the curtain wall generated the free plan, Ideas of 
universal space, and experiments with mass-pro
duced buildings. These ideas were explored In the 
1920s and '30s through Mies van der Rohe's vision
ary drawings 01 glazed skyscrapers, Buckminsler 
Fuller's promotion 01 mass-produced aluminum 
housing, and Jean Prouve's prototypes lor pressed 
melal structural systems and panelized metal clad
ding systems. They would not be realized on a large 
scale unti l after World War II, when much 01 the 
development in metal structures and cladding was 
concentrated in North America. The aluminum-and
glass-clad Equitable Building in Portland, Oregon, 
designed by Pietro Belluschi and completed in 1947, 
launched a series 01 American skyscrapers inspired 
by the ~pent-up visions 01 the twenties. -s ln contrast 
with the desire 10 build ever higher, one ol the most 
signilicant projects of the period was the low-rise 
General Motors Technical Center, commissioned in 
1945 and opened in 1956. This research campus, 
designed by Eero Saarinen, represented an extra
ordinary synthesis of metal, machines and modern
ity. Saarinen observed, - General Motors is a metal
working industry; it is a precision industry; it is a 
mass-production industry. All these things should, 
in a sense be expressed in the architecture of its 
Technical Center. Thus the design is based on steel 
-the metal of the automobile. Like the automObile 
itsel f, the buildings are essentially put together, as 
on an assembly line, out of mass-produced units.·8 
All of the buildings on the campus were conceived 
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as part 01 an open-ended and lIexible system defi
ned by I·section columns and triangular lattice truss
es on a rl90rous 1.5 m grid. Benefiting from the close 
collaboration between the architect and a client with 
expertise and a vested interest in innovative metal 
technology, the building envelope was a prefabrl· 
cated curtain wall of glass and metal-clad insulated 
sandwich panels, and the suspended ceilings were 
a specially designed cast aluminum-framed system. 
Many of these components, developed from firsl 
principles, became prototypes for standardized 
products that would subsequenlly be mass-pro
duced and marketed by others. Inspired by the car 
industry, the performance 01 these systems was as 
important as their fabrication and appearance. In 
the design 01 the General Motors Technical Center, 
much was made of the external walt, only 60 mm 
thick, which had the same thermal performance as 
a 400 mm masonry cavity wall. while the innovative 
ceiling system integrated lighting , acoustic treat
ment, sprinkler systems and air-conditioning. 

During the same period, the Case Study 
Houses commissioned In California were designed 
to serve as prototypes of mass-produced steet
Iramed housing systems. Although a number of 
prototypes were built, none was put into production. 
The most compelling example remains the 1949 
Eames House with Its oll-the-shetf structure 01 
rolled-section columns and open web steel joists 
and its steel-Iramed panelized cladding system. 
Likewise, during the 1940s and '50s, Mies van der 
Rohe was especially preoccupied with both the 
constructional and representational potential of the 
standard steel section and the articulation of struc
ture and enclosure. Working by then in America, his 
interest in refining a tectonic vocabulary was sup
ported by a nascent building industry that was 
appropriating technology - including the welding of 
steet and the extrusion of aluminum - from wartime 
enterprises? In this technologically charged envi
ronment, Mies developed the grammar of the I-beam 
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and H·column; worked through a series of iterations 
of steel, aluminum and bronze-mullioned curtain 
wails; and sought the ultimate refinement of mass 
production, the universal detail. 

Although this spirit of innovation in North 
America was short-lived, mid-century American 
Modernism inspired a new generation of European 
archi tects in the 1960s and '70s. The culmination of 
the thinking that commenced with the Crystal 
Palace might be exemplilied by two buildings that 
emphasize the elegance of industrial production: the 
Centre Pompidou by Renzo Piano and Richard 
Rogers, completed in 1977, and the 1978 Sainsbury 
Center by Foster Associates. In a remark strikingly 
reminiscent of mid-' 9th century criticisms of the 
Crystal Palace which regarded it as a fine example 
of engineering, but not Of arChitecture. Kenneth 
Frampton observes that such late-20th century 
productivist thinking "is virtually indistinguishable, 
as a 'Modernist' position, from the view which holds 
that an authentic modern architecture can and 
Should be nothing more than elegant engineering, or 
certainly a product of industrial design on a giant 
Icale."8 Yet buildings themselves, unlike automo
biles and other products 01 industrial design, have 
proved to be remarkably resistant to mass produc
tion. The Centre Pompidou and the Sainsbury 
Center are both one-off buildings and their compo
nents, although relined, have not been put into pro
dUction. In contrast, at the level of the component, 
mass-production has indeed dominated the deploy
ment of metals in architecture, resulting not only in 
universal steel sections, but also in adaptable modu
lar systems of components such as those produced 
by Halfen, Butler and Mero, to name a few. However, 
What was initially liberating became limiting over 
lime, with catalogues of standard components In
creasingly prescribing the range of possibilities for 
architects and engineers. 

While the Centre Pompidou has been cited 
as an exemplar olthe productivist school, it also 
represented a significant break from this tyranny of 
industry. Although clearly a systems building con
ceived as a kit of parts, structural elements designed 
as specially made steel castings were used in place 
of the anonymous and ubiquitous cold-rolled 
section. Peter Rice, the structural engineer for the 
Centre Pompldou, was attracted to cast steel pre
cisely because · ... although manufactured by in
dustry, it is not a hard impersonal industrial product 
but one where human intervention is very evident.· v 

The gerberette - at once an essay on the structural 
forces at work within the component and curiously 
anthropomorphic - came to symbolize this human
izing aspiration. The Centre Pompidou revived the 
dormant 19th century craft 01 metal casting with an 
infusion of the 20th century science of fracture 
mechanics, developed in the nuclear and North Sea 
oil Industries. to Steel castings are now widely used, 
contributing signif icanlly to t he increased attention 
being paid to the artiCulation of t he joint. 

Because the not ion of systems building was 
inspired by the railroad, it is ironic that further weak· 
ening of the bonds of mass production came with 
the Waterloo International Terminal 01 1 993. where 
the complex geometry of the site required a system 
that would enable each structural bay to be unique. 
Since custom steel sections would have been pro
hibitively expensive at the time, Nicholas Grimshaw 
and Anthony Hunt devised a structure of standard 
tubes that telescoped to adjust to each particular 
local condition. During the period when Waterloo 
was being designed and built, computers had been 
used by architects and engineers lor a number of 
years, principally for structural analysis and to rep
licate and greatly accelerate the drafting process. 
For the Waterloo International Terminal, they were 
also used to manage and thus make economically 
feasible the complexity of the variable steel struc
ture and double-curved glass and metal envelope. 
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Other developments expanded the potential 
applications of metals as building skins. Frank Gehry, 
whose early projects challenged the conventions of 
light wood framing, subsequently tackled sheet metal 
and radically transformed its image from that of a 
dull staple of ductworkers to a material once again 
closely aligned with modernity. Just as the designers 
of the Centre Pompidou used new technology to 
invigorate the old craft of casting, Gehry's early 
material explorations developed traditional folded 
seam roofing techniques. His fascination with metal 
attained its full potential with the integration of digital 
design and fabrication processes into the work of 
the office. If Modernism was inspired by the design 
and production of cars, boats and airplanes, then 
similarly, recent advances in the design of metal 
structures and cladding are indebted to those same 
industries, both for software and for expertise in 
fabrication techniques. 

Although a wide range of software packages 
is utilized today by architects and engineers, Gehry's 
well-known predilection is for CATlA, developed by 
the French aerospace defense industry and released 
to the public in the mid-19BOs, when it was enthu
siastically embraced by car manufacturers. His first 
project realized with CATIA, the steel- framed copper
clad fish sculpture for Barcelona's 1992 Olympic 
village, was a modest step along the path that soon 
led to the Guggenheim in Bilbao and the Experience 
Music Project (EMP) in Seattle. The form of Bilbao 
captured the popular imagination, but its construc
tion belongs to the old world order of standard steel 
sections and repetitive modules 01 cladding. Super· 
ficially, the EMP resembles Bilbao but its process of 
production was very different. It belongs to the new 
order of complex industrially produced systems in 
which every component is unique. Its metal struc
ture and cladding - while crude in many respects -
are an important step toward realizing the potential 
01 digital technology to transform mass production 
into mass customization. 

Gu~.nl>elm MUMUm. ellbao, 
Oehty Pari"",". 1991. 
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Digital technology is liberating not only bUild
ing design but also fabrication and assembly. 
Although the Experience Music Project is emblema
tic of this new order, it represents only one of the 
many innovative directions being explored. Follow
ing in the footsteps of Fordism, digital technology 
fosters the increased optimization 01 both material 
and labor. In contrast with the prohibitive time and 
cost of mechanicat retooling and the resultant de
mands of economy of scale, the reprogramming of 
digital milling equipment incurs only a modest cost 
premium, making viable the production of unique 
components. In formal terms, it has made economi· 
cally feasible the construction of buildings based 
upon increasingly complex Euclidean geometries 
and non-geometric, amorphic ordering systems. 
Moreover, digital technology is changing the process 
of on-site assembly of these intricate buildings, with 
the precision of industry lauded by Eero Saarinen 
becoming even more refined. Tolerances are shrink
ing as traditional tools of measurement yield to 
precise three-dimensional spatial coordinates pin· 
pointed by global positioning technology. 

Most importantty, the abi l ity of software to 
translate three-dimensional digital models fluently 
into two-dimensional milling data brings architects 
and engineers into much closer collaboration with 
fabricators and contractors. The consequence is a 
renewed locus on elegance in production. A new 
slrain of productivism is emerging, with designers, 
instead of being limited by the great weight of in
dustry, in possession of the tools to shape industrial 
production to tho p:l.fjiculor ncodt. of ooch projoct. 
More efficient and more precise. digital tools create 
new potential for humanization of industrial pro
duction. The conditions now exist to reconcile the 
opposition between craft and industry that was a 
by-product of the Industrial Revolution. Reaffirming 
the importance of metals as an index of modernity, 
these significant changes in the building industry 
are being led by the application 01 digital processes 



of design and fabrication to metal structures and 
enclosure systems. The receptivity of metals to this 
new technology, it might be argued, stems from the 
ease with which they can be machined, cut, folded, 
bolted, welded, extruded, cast, alloyed and readily 
combined with o ther materials. With the digital 
replacing the mechanical, architectural metals are 
proving to be even more versatile. The Machine Age 
is not over, it is simply that the tools are new. 

Ex~~ence Music Project . Seattle . Gehry Partne's. ~OOO. 
f.ery wuctural and cladding com~nent I. unique. 
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Lightness was a central architectural preoccupation 
of the 20th century, with the freedom offered by the 
skeletal frame and the curtain wall being disti lled 
into a quest for the minimal. The engineer Robert Ie 
Ricolais summarized the relevant st ructural objec
tive as ~ infinite span, ni l weight,"1 while in terms of 
enclosure, the ultimate goal was total transparency. 
Beyond serving as an aesthetic objective, t he con
cept of minimum material - of doing more with less, 
of approaching an architecture of ~almost nothing,,2 
- was regarded as evidence of maKimum indust rial 
efficiency. 

Buckminster Fuller's enduring interest in alu
minum was based upon its combinat ion of lightness 
and strength. His question, "How much does your 
building weigh?" equated lightness with environ
mental responsibilit y, setting the stage for what he 
hoped would be the widespread adoption of alumi
num for building structures and cladding. Yet his 
Dymaxion House, prototyped after World War II, 
never entered commercial production, and, while 
aluminum has been widely employed for enclosure 
systems, there are relatively few noteworthy archi
tectural examples of its structural use. Contrary to 
Fuller's equation of lightness with sustainabili ty, the 
deleterious environmental impact Of producing alu
minum, its great er cost relative to steel, and the fact 
that larger sections are required to achieve the same 
structural performance as steel have mitigated 
against its widespread adoption . Notwithstanding 
these concerns, several recently completed projects 
explore the use of aluminum for build ing structure. 
The NatWest Media Center at Lord's Cricket Ground 
in London, designed by Future Systems and com
pleted in 1999, is a fully welded seml-monocoque 
aluminum shell. The integrated structure and skin 
were mOdeled digitally, CNC cut, and assembled by 
a shipyard specializing in racing yachts. The 1999 
Lockmeadow Footbridge in Maidstone, Kent, de
signed by Wilkinson Eyre Architects, focused expli
Cilly on reducing structure to a minimal profile. The 
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sl im, lightweight skeleton and the deck of the bridge 
are combined in a single purpose-made aluminum 
extrusion that can be interlocked in series and post
tensioned, a system subsequently patented by the 
archi tect. 

The use of other metals for building struc
tures likewise remains limited. Michael Hopkins and 
Partners developed aluminum bronze structural 
cast ings for the bay windows of Bracken House in 
London, complet ed in 1992. This was expanded into 
an integrated structure and enclosure system for 
their 2000 Portcullis House, its facade and roof a 
welded assembly of 25 mm thick plate, custom eK
trusions, and castings made using continuous slip 
forming that enables the sect ion of the component 
to be continuously varied_ While technically innova
tive, the high cost of this system is likely to impede 
large-scale production and widespread use on other 
projects. 

Given its strength, st iffness and versat i lity, 
steel remains the predominant structural metal in 
the building industry. The drive to optimize the use 
of steel has been aided by the development of both 
high-strength alloys, which are increasingly being 
deployed in building construction, and more effi
cient structures. Utilizing Fazlur Khan's concept of 
bundled tubes, for eKample, the 1974 Sears Tower in 
Chicago held the record for a number of years as the 
world 's tallest building. At 11 0 stories (443 m), its 
steel struct ure weighed just 33 pounds per square 
foot (16 kg/m2), 40 percent less than the steel frame 
of the 1 02-story Empire State Building 43 years ear
lier.3 Similarly, the need to optimize steel structures 
to resist the considerable wind loads of high-rise 
buildings shaped the Glasgow Wind Tower, albei t 
with very different results. The tower turns into the 
wind like a sailboat, significanlly reducing wind load
ing and bracing_ 

In the pursuit of lightness, Buckminster 
Fuller's advocacy of tensile rather t han compressive 
structures found a wider audience than his fascina-
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tion with aluminum. The superior strength-Io-weight 
ratio of steel in tension compared to compression is 
reflected in the proliferation of tensile structures in 
the last 30 years. Tension as a form of material opti
mization figured prominently in the steel structures 
designed in the United Kingdom to celebrate the 
Millennium, where literal and visual lightness were 
equated with optimistic visions of the future. The 
dominance of steel in tensile structures is being 
challenged to a degree by the emergence of new 
cable materials like kevlar. However, while kevlar 
has a betler strength-to-weight ratio than steel, it is 
tess flexible in dealing with impact loads. Still cost
lier than steel, its use is limited to special circum
stances such as the Barcelona Tower by Foster and 
Partners, where kevlar suspension cables were used 
to avoid interference with communications transmis
sions. Of conceivably greater significance is the 
laboratory production of spider's silk. This natural 
polymer is highly elastic and can absorb 100 times 
the energy required to snap a steel thread of equal 
diameter4, and hence harbors potential - if proces
ses can be developed for large-scale production -
for both tension cables and reinforcement mesh. 

Although architects and engineers remain in 
t he thrall of the quest for lightness, this wisdom as 
an index of industrial efficiency is being challenged 
on many fronts. The use of high-strength materials 
to achieve lightness is being scrutinized in the con
text of growing concerns about sustainability. With 
studies highlighting the extra energy used to make 
these materials and the problems associated with 
their recycling, the concept of optimization is ex
panding from pure structural performance to encom
pass a more complex range of criteria.5 Even in the 
early 20th century, Henry Ford understood efficiency 
as a balance between material and labor. Material 
performance was optimized through alloying, labor 
performance by the assembly line. Similarly, the 
evolution of contemporary construction practices 
displays a relentless drive to minimize costs by 

reducing both material and the skill and quantity of 
labor. In this context, digital design and fabrication 
methods are not essentially novel, but are merely 
the latest cycle in this evolution. 

Over the past 30 years, for example, the steel 
industry in the United Kingdom has seen a signi
ficant shift in the cost ratio between material and 
labor. Over-capacity has made the market more 
competitive: even with inftation, the cost of steel as 
raw material has increased less than 50 percent, 
while labor costs have tripled. Today, the cost of a 
ton of steel- roughly equivalent to 100 man hours in 
the early 1970s - is now equivalent to just 33 man 
hours. ~ Although these fi9ures vary from country to 
country, the overall picture in developed nations 
where labor is expensive is much the same. The 
widespread use of CNC cuttin9, drilling and weldin9 
by steel fabricators during the past 20 years and the 
consequent reduction of human labor, has reduced 
the cost of standard steel frame construction in the 
UK in absolute terms. A British fabricator cites the 
indicative example of a structural steel package for 
a 40-story tower tendered in 1988 which, because of 
adverse economic conditions, was delayed. When 
finally retendered in 1999 during an economic boom, 
the steel contract was secured for approximately 10 
percent less, even without adjustment for inflation.7 

This shifting ratio between material and labor 
costs for structural steel challenges the long-held 
assumptions of architects. engineers and fabrica
tors. Minimum weight no longer automatically 
equates with lowest cost or maximum industrial effi
ciency. Instead of spl icing in heavier beam sections 
at column junctions, it may now be more cost-effec
tive to simply speci fy heavier beams throughout, 
eliminating the labor cost 01 welding splices. On 
the Great Court of the British Museum, lor example, 
although more waste material was generated, it was 
more economical to eNC cut the concealed trusses 
- designed to resist thrust at the corners of the 
space - from single sheets of 150 mm thick plate 
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than to fabricate them. Because this strategy elimi
nated t he int ernal stresses induced by the welding 
of thick steel plate, il was also the better solution 
technically. On Ihe Gateshead Millennium Bridge. 
thicker plale was specified for the box sections to 
reduce the number of labor· intensive stiffeners. 
likewise, when the cost of tubular steel sections
priced by the linear meter rather than by weight - is 
converted to cost per ton, pricing discrepancies 
emerge which reveal the lightest sections in each 
size range to be more costly.s Heavier sections, then, 
can be cost-effective. In each such instance, the use 
of heavier sect ions 01 structural steel disqualifies 
lightness as an index of maximum efficiency and 
minimum cost - an assumption still implicit in much 
of the software used by designers and fabricators. 

Since plate is the cheapest form of structural 
steel, CNC cutting and robotic welding mean that in 
certain cases, fabrication of custom profiles from 
plete may be almost as economical as using cold 
rolled sections. This opens the door for asymmetri· 
cal and varying sections in which plate thickness is 
value engi neered to deal with specific local rather 
than generic load conditions. This logic has pro
duced a shi ft from the standard wide flange structure 
structural components of the Bilbao Guggenheim 
to the purpose-made variable-depth ribs of the 
Experience Music Project. With the advent of the 
economically feasible tailor-made structural steel 
profile, the economy of the universal section is 
under challenge. 
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41 Digital processes of design and fabrication harbor 
a double potential, capable both of extending 
the reach of standardization and of making mass
cust omization economically feasible. Both avenues 
are under active exploration. Building on the eco
nomies achieved in the steel industry by the wide
spread adoption of CNC fabrication processes, an 
important initiative now seeks to use digital intell i
gence to further rationalize steel fabrication, re
ducing costs while improving quality. CIMSTEEL, a 
consortium of designers, fabricators, trade orga
nizations and software vendors from nine European 
nations, was formed in 1988 to develop an electro
nically controlled, standardized system Of design, 
calculation and production intended for use through
out the European Community. The consortium, today 
administered by the Steel Construction Institute, 
located in the United Kingdom, implemented inte
grated standards in 1998: these are supported by 
new European building codes which, while presently 
coexisting with varying national codes, are designed 
to provide uniform standards for much of Europe. 
These integrated standards received the endorse
ment of and are now being actively promoted by the 
American Institute of Steel Construction. They 
represent a model of electronically-managed pro
ductivism, one readily applicable to the large North 
American market, where uniform building codes 
have prevailed for decades, and where buildings are 
increasingly designed by specialist turnkey firms 
that seek to provide standard products across the 
continent. 

in contrast with this drive for greater simpli
fication and standardization, digital technology is 
also being used t o make complexity more economi
cal. Difficult operations like complex end cuts of 
tubular steel sect ions - executed so laboriously 15 
years ago by spline curves set out on cardboard 
templates that were wrapped around each tube, 
Which was marked and then manually cut - can now 
be executed without human intervention on the shop 
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floor. While producing more sophisticated steelwork, 
the skilled labor content is being reduced overall 
and focused increasingly upon the final assembly of 
CNC milled components. 

However, the application of digital technology 
to fabrication is only one part of the story. Both built 
form and the process by which forms are generated 
are changing dramatically. tnstead of using compu
ters simply to accelerate the drafting process, the 
proliferation of modeling software allows architects 
and engineers to draw predominantly in three dimen
sions rather than translating form and space into 
twa-dimensional modes of representation. Similarly, 
instead of using software based on polygons, they 
are increasingly using software designed to model 
curvilinear surtaces and forms. In contrast with 
the gestural free forms generated by animation soft· 
ware appropriated from the lilm industry, software 
grounded in physical or constructional logic is prov
ing more productive. Notable among these pack· 
ages are CATIA, developed for aeronautical engi
neers to produce amorphic curved surtaces, and 
MicroStation, designed to assist mechanical engi
neers in exploring the shapes of engine blocks, a 
program which solves lines and circ les interactively 
to produce geometrical curved surtaces. Used in 
conjunction with finite element structural software 
that can analyze virtually any shape, these kinds of 
digital tools are opening up a new universe of build· 
ing form. 

Architects and engineers have long under
stood the merits of performance specification. Using 
powertul three-dimensional modeling software, the 
definition of built form becomes analogous to the 
writing of a pertormance specification. Parameters 
are determined to establ ish the layout, size, relati
onship and structural capacity of components, all 
interrelated digitally. Form is manipulated within the 
rule base established by these attributes so that a 
change in one area is reflected by adjustments 
throughout. Thousands of interactive allributes that 



42 would be virtually impossible to master manually 
can be readily manipulated digitally. The increasing 
utilit8tion of parametric design strategies has been 
facilitated by the fact that, during the past ten years, 
the interface between graphic and analysis engines 
has become easier 10 navigate. likewise, given the 
increasingly direct relationship between CAD and 
CAM processes, the time-consuming and labor
intensive preparation of construction drawings and 
the translation 01 shop drawings into fabrical10n 
information is, in many cases, eliminated by the 
direct transfer of digital data from designer to eNC 
milling equipment, which can make unique building 
components as easily as identical ones. Much greater 
compluity is possible for a minimal cost premium. 
As William Mitchell observes, "From a technical view
point, simplicity and regularity hardly matter any
more. II designers want to emphasi:te these qualities, 
they must do so on other grounds."1 

The pace 01 change continues at breakneck 
speed. The software used by Aust rian fabricator 
Waagner Biro to design the structural steel, ramp 
and gla:ted envelope of the Reichstag dome, 
designed by Foster and Partners and completed in 
1999, has already been superceded in their design 
ottice by several generations of software that can 
more rapid ly manipulate si9nificantly larger data
bases. The A. Zahner Company, which fabricated 
and installed the metal cladding for several projects 
designed by Gehry, notes that the software they 
used lor the Experience Music Project cladding was 
quickly obsolete. For that building, each of the 3600 
unique cladding panels required an average of 250 
megabytes of data and a design time of 2.5 hours. 
On subsequent projects that has been reduced to 
30 megabytes and 15 minutes per panel.: As always 
in construction, time has cost implications. With 
constant scrutiny aimed at streamlining process, 
Henry Ford's principle of eliminating labor is being 
energetically applied to the human conlent of CAD
CAM technologies themselves. 
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The proliferation of a wide range of economi
cal, commercially available software means that 
digital tools are no longer limited to a few large 
offices with prestigious commissions. Moreover, 
some designers and fabricators employ their own 
code writers and in-house mathematicians to 
upgrade and customi:te commercial software pack· 
ages. And while much criticism has been directed 
against the unilorm appearance of many digitally 
driven design products, architects and engineers are 
becoming increasingly adept at tailoring CAD to 
reflect their own, rather than the software's hierarchy 
of values. The wol1< of Foster and Partners, for 
example, might be called classical in its searCh for 
perfection within a synthesi:ted whole. The office 
uses parametric design strategies to develop 
Increasingly complex geometries that are, with the 
exception of the British Museum, largely Euclidian, 
derived principally from circles, spheres and cones. 
Similarly, their goal in construct ional terms is to find 
flat panel solutions t o curved surfaces. In contrast, 
the work of Gehry Partners is more baroque. As t he 
etymology 01 the word - imperfect pearl - suggests, 
this work is concerned with amorphous rather t han 
geometrically defined curvilinear forms and with 
apparently random ordering systems. The int uitive 
whole is the sum of the parts. Yet in both oeuvres, 
the exploration of non-Cartesian space - whether 
geometric or gestural- is numerically controlled. 

The increasing importance of mathematics Is 
in turn generating a new, almost surgical precision in 
building design and construction. The tolerance for 
conventional structural steel for low-rise construction, 
lor example, has been in the range of + /. 5 -10 mm, 
a standard previously regarded as precise among 
building materials. But the inability of the computer 
to accopt opproximotions now moons that motals, 
with their inherent precision, can be fabricated and 
erected to much tighter tolerances. This increased 
accuracy Is accompanied by changes in measuring 
methods, both on the shop floor and on sile. The 
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dimensions and spatial locations of each component 
can be designed in digital models with an accuracy 
01 as many decimal places as desired. Software per
forming the task of descriptive geometry translates 
three-dimensional numerically-defined models into 
two-dimensional fabricatiOn data that accurately cuts 
components, pre-drills holes lor 'i;.:ings and services 
penetrations, and optimizes layout to minimize waste. 
Virtually without measurement, these components, 
often unique three-dimensional forms in themselves, 
are assembled manually. On site, the use of laser 
surveying and global posit ioning equipment connec
ted to digital models via bar codes or holograms on 
each precisely manufactured component means that 
the accumulation of tolerances can be eliminated 
and complex forms in structural steel can now be 
assembled to a tolerance of just + 1- 1 mm. 

In addition to allowing for deviation in the 
fabrication and assembly of materials, the concept 
of tolerance was also essential during the 20th cen
tury to accommodate the division of labor and the 
limits prescribed by labor unions. In North America, 
strong boundaries between trades resulted in loose 
fit architecture epitomil.ed by the clad and concealed 
generalized steel frame. In contrast, European archi
tects have focused on the explicit expression and 
integration of structure and enclosure, requiring 
tighter integration among building trades. This con
trast between differing construction cultures can be 
appreciated by comparing the 100 mm sphere of 
tolerance between the structure and skin of the 
Experience Music Project with the British Museum, 
where the structural steel and glazed roof were let 
as a single contract package in order to achieve the 
complex geometry and tight fit between compo
nents in a scheme that eliminates secondary struc
ture and, with it, layers of tolerance. In both con
struction cultures, the integration of CAD-CAM 
processes is changing the relationship between 
designers, fabricators and contractors. Formerly 
distanced by legal and contractual protocols, they 

are now collaborating more closely, with architects 
either supplying the geometric rulebook to consul
tants and contractors who then build their own 
three-dimensional digital models Irom lirst princi
ples Of, alternatively, architects providing the model 
and database directly to the team, hence assuming 
more direct control of and responsibility lor what 
happens on the shop 1I00r. 

Still, the triumph of mathematics Is not abso
lute, for numerically controlled design and fabrication 
must be informed by an understanding of materials. 
This factor, coupled with closer collaboration bet
ween designers and fabricators and the relative ease 
of digital fabrication, promotes the increasing use of 
lull-scale mock-ups and prototypes. This narrowing 
01 the gap between mind and hand would have been 
applauded by Jean Prouve, who, as a blacksmith, 
had a physical rather than mathematical understand
ing 01 material and for whom, as Moshen Mostafavi 
observes, "Fabrication was not the end result of a 
chain of activit ies but rather the very device which 
allowed the researCh to advance ... In place of the 
prevalent open system which created a separation 
between architecture and manufacturing, Prouve 
suggested a closed system which viewed architec
ture as an organic entity conceived and made by a 
single industry. In th is he was following in the foot
steps of others, in particular Walter Gropius and 
Konrad Wachsmann ... ~3 This renewed integration 
01 design and construction as a form of research 
directed to innovation is perhaps the most promising 
fruit of the transformation being wrought by digital 
technology. 
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67 The development of new materials and mechanized 
systems of mass production underlined the impor
tance 01 strict mathematical order. In architecture 
and industry alike, rigid and all-embracing order was 
celebrated by articulate advocates including La 
Corbusier, among others. In contrast, mathematics -
fueled philosophically by the ascendance of com
plexity theory in mathematics and science, and 
driven pragmatically by the engine of digital tech
nology - has become a flexible rather than a rigid 
o rdering device. The increasing use of parametric 
design strategies, in which form is generated by the 
manipulation of interactive attributes, is in turn sha
ping alternative conceptions of order. 

This reaction against the universal order of 
the Cartesian grid is eloquenlly expressed by 
structural engineer Cecil Balmond of Arup, who 
observes: ~ In the static perfection of the modernist 
cube, with its minimalist palette of glass and trans
parency, we see right into the emptiness of the con
tainer. Structure seems to have no response but to 
stand mute. In high-tech elaborations, we see only 
the extension of the mechanistic tradition, steel mast 
and cable, structure as machine ... If there is life to 
this geometry, perhaps we should go forward more 
cautiously, trading more on intuition, more on 
instinct than on the assumption of space being neu
tered, capable only of containerisation.'" Balmond 
is not arguing for the abandonment of mathematics. 
To the contrary, he views numbers - or numerically
driven strategies - as lools that enable designers to 
move from preconceived form toward the informaL 
A seminal project in the evolution of this mode of 
th inking is Chemnitz Stadium, a producl of the 
collaboration between Peter Kulka and Ulrich 
Konigs with Arup. In place of a single all-embracing 
ordering system, Chemnitz grows out of multiple 
superimposed systems. The result is complexity 
rather than simplicity, hidden rather than legible 
order. Moving away from the objets-types advocated 
by modernism and from the mandate of form follow-
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ing function, Chemnitz is inspired not by the maChine 
but by nature. 

Although the cloud-like roof of Chemnitz will 
not actually be built, its metaphor subsequently 
shaped the roof of the Portuguese Pavilion for the 
Hannover Expo, designed by Eduardo Souto de 
Moura and Alvaro Siza in COllaboration with Arup. 
This pavilion is not as conceptually pure as Chemnitz, 
but is a fusion of Cartesian and informal ordering 
systems. Instead of the free perimeter of Chemnitz, 
the roof of the Portuguese Pavilion is held within 
an orthogonal box. In place of the freely looped net 
of Chemnitz, the roof structure is a modified space 
frame. This neutral, repetitive, universal system, 
which belongs to the old mathematical order, is 
distorted to shape fabric membranes above and 
below. This cloud roof was modeled, analyzed 
and fabricated digitally. Two distinct NURBS (non
uniform rational beta spline) surfaces were gener
ated using Rhino software that, as with the splines 
used by naval architects, manipulates lines with 
multiple interactive control points. The double
curved top and bottom chords of the space frame 
were subsequently located to match the amorphic 
form of the surface, then connected by triangulating 
struts and nodes. The roof, while formally coherent, 
is composed of unique structural components 
ordered by variation rather than repetition. 

Informal approaches can accommodate dis
tinct architectural ends. While the buildings of Enric 
Miralles seem exuberant next to Rem Koolhaas ' 
restrained oeuvre, the work of both reveals shared 
interests in structure and order. In comparing the 
National Training Center for Rhythmic Gymnastics in 
Alicante and the Seattle Public Library, for example, 
it can be seen that both are formally indeterminate. 
Boundaries between building and context are inten
tionally blurred, fusing architecture with landscape 
and infrastructure. The Seattle Library, like the 
Portuguese Pavilion , shows the tension between 
Cartesian and informal ordering systems. Orthogo-
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nal volumes displaced within an amorphous matrix 
generate a lorm that Is visually unstable and, in 
structural terms, oilers only limited zones of conl!
nuity. Outside these zones, the structure becomes 
episodic, responding to local rather than generic 
conditions. As In Seattle, the lorm of the Alicante 
building is the product of an open-ended rather than 
a predetermined order. Structural loads are eccen
trically transferred and individual spanning members 
are propped at one end and suspended al the other. 
Varying slightly In angle and orientation, the struc
ture reacts to subtle varialions in the building at 
particular locations. Any notion of structural repeti
tion, homogeneity, anything as systematic as uni
formly distributed loads is banished in favor of im
provised connectivity,2 which endows each building 
with a sense of restless energy. 

The Sendai Medlatheque offers perhaps the 
most direct critique of the static perfection of the 
modernist cube. A regular column grid and standard 
Iloor heights are replaced by what Toyo Ito calls 
subtle, rather than Informal structure. Held within a 
CarteSian grid that is registered in the regular rhythm 
Of the glazed envelope, floors seem to float, while 
informally grouped columns are rendered as undula
ting voids. This dynamic order, as with Koolhaas and 
Miralles, seems only momentarily stable. But Toyo 
Ito goes further. redelining basic architectonic terms 
until columns become ~tubes" and floor slabs are 
"plates." In contrast with the static clarity of Le 
Corbusier's Malson Domino, the columns of Sendal 
are animated hollow tubes seemingly without struc
tural substance, and the solid slab is transformed 
into a thin stressed-skin honeycomb. The connec
tion between column and slab - the point where 
structural forces are concentrated - Is expressed as 
a void. This desire to blur and even obliterate 
conventional frames of reference is evident in the 
worX of other architects as well. In the new world of 
numerically generated form, distinctions between 
"1Ioor," · wall, M and " roof, M and concepts like 

"straight" and " symmetrical" are no longer viewed 
as the essential grammar of spatial composition but 
rather as limitations on formal Imagination. 

Distinct from these informal and Subtle 
notions 01 structure, which are conceptually driven, 
are ideas generated by material factors. Dynamic 
behavior must always be considered, even in the 
realm of rational, static structures. But with such 
complex and Irregular forms being constructed to 
ever tighter tolerances, the impact of these move
ments is magnified. The distinction between fabri
cation geometry and final geometry is critical. Para· 
metric modeling is contributing significantly to the 
understanding how structures move. likewise, 
surveyors play an increasingly important role In 
monitoring deflect ion during construction, so this 
data can be entered as a dynamic attribute in the 
building's digital database. When, for example, the 
roof of the Great Court of the British Museum was 
depropped and settled Into its final pOSition, 75 
percent of the glazing was already in place, so the 
flexibility of the steel had to be predicted and 
controlled, not in isolation, but In tandem with the 
brittle character of glass. 

Ian Ritchie, whose worX has focused on 
understanding the behavior of materials, observes: 
MMost engineers are used to working on static 
principles, which is understandable. But things 
move all the time, with temperature, with wind-load 
and snow-toad, and increasing rigidity is not Ihe 
only answer. If you can predict the movements -the 
capacity of the structure to deflect and restore itself 
- then you can design softer structures."~ Following 
a series of significant Innovations In "soft" structural 
glass assemblies, a current project turns his attention 
to metals. The Spire of Dublin, a slender stainless 
steel needle 120 m high and only 3 m diameter at the 
base, is being designed to sway gently in the wind. 
The tapering mast will be a fully welded structure of 
rolled stainless steel plate thai decreases from 
60mm thick at the base to 20mm at the top. Instead 
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of being conceived as a r igid st ructure, the spire will 
behave more like 8 blade of grass - strong enough 
to hold Itself upright, yet flexible enough 10 move 
noticeably. 

Reacting against the Cartesian grid as • cage, 
these mathematically and materially driven alterna
live strategies approach a more organic cone.plion 
of order. The rejection of the rational, systematic 
and universal in lavor of more intuitive and context
specific formal considerations is not new; it has been 
present historically as a counter-currenl to prevailing 
modes 01 productlvist thinking. Buckminster Fuller 
urged designers to abandon the static in lavor of the 
dynamic. Ellen lor La Cornusier, rigid standardiza· 
tion was tempered by the dynamic proportional 
system of the Modulor and, late in his career, by the 
subtle order of buildings such as the Chapel at Ron
champ. likewise, Alyar Aalto, described by Edward 
Ford as ~ ... the great humani~er, the enemy of rigid 
end arbitrary standards," espoused an alternatlye 
concept of Industrlall~at ion that paralleled both the 
natural world and vernacular bui lding. Instead of the 
repet ition of Identical parts, Aalto adopted a bio
logical model of "elastic standardi~ation" In which 
all members of a species are similar, yet each I. 
unique.· Aalto'. model could just as readily define 
the emerging potential of digital technologies to 
create a building culture based upon mass·customl
ution. 

Infinite yariation is now possible within a 
standard type. Digital technology, which enables 
designers to manipulate multiple dynamic para
meters and to move lIuently from design to fabri
cation, undoubtedly facilitates this approech. As 
L'architectura rJ'auJourrJ'hui noted in its "Fin de 
Sleele" issue, "New technologies allow designer. to 
Integrale programme data and to generate spatial 
solutions thai transcend Cartesian mathematics; 
they favour lormalliberties that respond to laws 
hitherto applied with only the greatest difficulty. 
They create a 'second nature' - yirtual reality - that 

dictates new constraints, themselves derived from 
the world of the .enses, both in the choice of 
parameters and in the origin of their mathematical 
proce ..... Con.idered in this way, the organic 
appear. not .0 much as a clearly defined stylistic 
family as a grouping of approaches that go beyond 
the usual borders 01 modernity. ~s Form and struc
ture, rather than being predetermined, now emerge 
through iteratiYe explorations, coalescing in un
predictable and often surprising ways. In place of 
static perfection, these dynamic and imperfect 
algorithms are being energetically pursued as more 
accurate reflections of the complexity of the real 
world. 
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The evolving balance between the authority of 
mathematics and an empirical understanding of 
materials is nowhere more evident than in the joint. 
Through the marriage 01 quantifiable structural 
forces with physical attributes and modes of fabri
cation, the joint becomes what Kenneth Frampton 
calls - ... a kind of tectonic condensation; ... an 
intersection embodying the whole in the part ... M' 
Frampton refers explicitly here to the work of Carlo 
Scarpa, whose articulation of the joint - epitomized 
by the iron and muntzmetat architrave of his 1981 
Banco Popolare - felishized (;ralt as a form of resis
tance to the prevailing ethos of industrial production. 
Yet this description may also be applied the consid
eration of materials and their connections evident In 
a range of contemporary work. 

This preoccupation, it could be argued, was 
given Impetus by the work of the structural engineer 
Peter Rice. His enduring fascination with the Joint, 
which began with the cast steel gerberettes of the 
Centre Pompidou, sought to marry structural func· 
tlon with material science and production methods 
while embracing aesthetic concerns. Rice observed 
of the gerberette, that ~its shape was almost a 
structural diagram of the forces within it. The needs 
of casting were shown by the thicknesses of the top 
and bottom. The shapes of the openings at the top 
and sides were produced by the erection sequence. 
... The essence of the design given by the use of 
cast steel was that each piece was separate, an 
articulated assembly where the members only 
tOUChed at discrete points. As in music, where the 
space between notes defines the quality, here it was 
the space between the pieces which defined the 
scale. -2 Following the Centre Pompidou, Rice 's 
explorations of the articulated joint proceeded from 
steel to embrace a catholic range of materials, 
resulting in an influential series of hybrid structures. 

Hence, current innovations in architecture 
end engineering focus not only on complex ordering 
systems but, following Rice's work, on hybrid mate-

rials systems in which steel is a supporting rather 
than principal element. Given its tensile capacities 
and connective strength, steel proves versatile in 
adding structural value to a wide range of materials. 
Of course, a supporting role for steel is nothing new; 
It is prefigured in the Renaissance era use of iron 
chains to resist the thrust of masonry domes. More 
significantly for modern architecture, its use in rein
forced concrete added tensile capacity to a material 
that is inherently strong only in compression, thus 
greatly increasing its range of span and plasticity. 
HIm" Sh,tt! is ordinarily hidden, its strength exploi
ted but not celebratea. But in projects like the 
Phoenix Central Library concrete and steel are equal 
partners, each c learly expressed while mutually 
dependent for strength. 

An exemplary expression of this partnership 
is the Portuguese National Pavilion for the 1998 
Lisbon Expo. Designed by Alvaro Siza in collabora
tion with Arup, the pavilion frames an open air plaza 
shaded by a canopy. Made of in·situ reinforced 
concrete, this canopy spans 67.5 m between heavy 
concrete buttresses. Cast in a catenary profile with a 
maximum sag of 3 m, it is supported by 1 00 stressed 
steel reinforcement cables that are housed within its 
200 mm thickness. To emphasize the visual lightness 
of the suspended membrane, the concrete is cut 
away at the junction with the buttresses, flooding 
the walls with daylight and revealing the suspension 
cables, sleeved in stainless steel. Thus exposed, 
this articulated connection is an eloquent expres
sion of the essential role played by steel in this slen· 
der concrete structure. 

While steel typically compensates for the 
weakness of concrete, concrete may also be used to 
overcome the principal drawback of steel, its 
Inherent lack of fire resistance. Although concrete 
has long been used to encase steel for fire protec
tion, a recent project by NiCholas Grimshaw and 
Partners and Buro Happold takes a fresh look at this 
issue. Millennium Point in Birmingham houses a 
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86 museum, a technology learning center, retail and 
leisure facilities. lis five·story composite steel and 
precast concrete structure is designed for maximum 
flexibility. Set on a 9 m grid, the columns are 457 mm 
diameter steel tubes that are reinforced internally 
and filled with concrete. The floor is framed In a 
tartan grid using steel column sections, with minor 
3m wide bands centered on the column grid and 
major 6 m zones at the center of each structural bay. 
The column-to-beam connection is articulated by a 
specially designed cruciform steel capital that, as in 
a reinforced flat slab, resists shear. Precast concrete 
floor planks 315 mm thick are supported on a plate 
fixed to the bottom flange of the steel beams and act 
compositely with the beams, providing enhanced 
strength due to the configuration of the column head. 
The 3 x 3 m zone around the columns - traditionally 
a no-go zone for holes in reinforced concrete con
struction - can be easily perforated for services 
penetrations, and the 3 x 6 m zones are ideal for 
stairs, toilets and mechanical plant. Services are 
distributed in a raised floor with extract at high level. 
The steel structure is clearly legible in the finished 
building which, by virtue of the concrete, satisfies 
required fire rating without additional coatings and 
casings. Totally prefabricated, the system is rapidly 
erected and amenable to future adaptations. 

The tensile capabilities of steel have also sti· 
mulated a modest renaissance in load·bearing stone 
construction. The delicate stone facade 01 the 1992 
Pavilion of the Future in Seville grew out of Peter 
Rice's desire to demonstrate that stone - relegated 
by the steel frame to the role of mere cladding - still 
has potential as a structural material. In an artful 
symbiosis, a tensile steel cable structure induces 
compression in the arches. This project in turn 
inspired others. In the 1995 Queen's Building at 
Emmanuel College in Cambridge designed by 
Michael Hopkins & Partners and Buro Happold, the 
stone frame carrying both vertical and lateral loads 
is stabilized by a post-tensioned 32 mm diameter 
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stainless steel rod in each masonry column. Stain· 
less steel eyes set into precast blocks at each floor 
level provide access for tightening the rods, making 
the structural interdependence of steel and stone 
explicit. The recent Padre Pio Church by the Renzo 
Piano Building Workshop demonstrates the potential 
of this hybrid system at a larger scale. 

In these post· tensioned masonry structures, 
stone is the "vesse l ~ holding the steel. But these 
roles are reversed in other recent projects, wi th the 
stone held by an enveloping net. Stone·filled gabions, 
developed by civil engineers as retaining structures, 
are now exploited architecturally. In the Igualada 
Cemetery (1988-96) by Emic Miralles and Carme 
Pin6s, the steel mesh is rusted and deformed to ex· 
press the pressure of the earth behind and to shape 
the emotive section of this valley of death. In sharp 
contrast, if with equal potency, the galvanized steel 
gabions of Herzog & de Meuron's Dominus Winery 
(1998) are pristine in their geometry. Just as nature 
is disciplined to the gr id of the vineyard, the rough 
and irregular basalt conforms to a rational order. 

Besides revitalizing the st ructural potential of 
masonry - one of the most venerable of building 
materials - the tensile capability of st eel and its 
connective strength have changed the perception of 
that most contemporary material, glass. More than 
mere cladding, glass is increasingly used structur· 
ally. Two projects in particular - the frameless sus· 
pended glazed skin of Willis Faber Dumas in 1975 
and the 1986 Serres of La Villette - initiated the 
structural utilization of glass, rendering superfluouS 
the steel and aluminum mullions so essential to the 
curtain wall at mid·century. Although glass can be 
mUCh stronger than steel, its structural use had been 
limited by its brittleness when subjected to bending 
and twisting. This weakness too was overcome by 
steel. Evolving from the hinged patch fixings of the 
Willis Faber building, the articulated bolt developed 
by engineers Rice Francis Ritchie for La Villette, 
with a spherical head rotating freely about its stem, 
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87 absorbs these forces and, together with the cable 
trusses, enables the glass to resist dynamic wind 
forces without fracturing. 

Such developments inspire continued inno
vation. Instead of a cable truss to deal with wind 
pressure, the suspended glass atrium wall of Tower 
Place, designed by Foster and Partners in collabora
tion with James Carpenter, makes even finer material 
distinctions. Here a cable resisting negative wind 
pressure is housed within a glass cylinder that 
resists positive pressure. The ideal of the immaterial 
membrane is almost realized in an elegant series of 
minimalist roofs engineered by Jorg Schlaich, in 
which glazed grid shells are braced by delicate fans 
of steel cables. In two 01 the largest enclosures ever 
built, moreover, the use of material membranes was 
greatly augmented by the structural capacities of 
steel. Both the ETFE-clad geodesic structure of the 
Eden Project and the fabric-clad cable net structure 
of the Millennium Dome succeed in becoming 
"almost nothing, ~ weighing less than the air they 
enclose. 

At the other end of the spectrum of scale is 
the use of metals to enhance the capacities of wood. 
Piano and Rice 's 1981 IBM Pavilion, whose cast alu
minum connectors provided the critical link between 
laminated wood struts and polycarbonate pyramids, 
inspired a number of innovative hybrid structures. 
The 1992 Carpenter's School in Murau, Austria, by 
Ernst Giselbrecht articulates the connections bet
ween timber members ironically by holding them 
apart . Like Carlo Scarpa, Giselbrecht plays a tantali
zing game of "postponing" the transfer of structural 
loads, an entertainment clearly visible in the roof-to
wall connection.3 In the Swiss Pavilion for the 2000 
Hannover Expo by Peter Zumthor, densely stacked 
t imber walls are made monolithic by expressed 
post-tensioned steel rods that can be tightened to 
compensate for the shrinkage of the green timber as 
it dries. In this dark, mysterious structure, wood and 
steel are assembled didactically to express the 

nature of each material, their structural roles, and 
their behavior over time. 

By exploring how metal s can be combined 
with other materials, the recent proliferation of 
hybrid materials systems provides fertile ground for 
the consideration 01 tectonics. In pursuit of what 
Mies van der Rohe called the · right use" of materials, 
these hybrid structures are a form of optimization 
that exploits each material In the most structurally 
effic ient and expressive way. Clearly, this impetus 
towards material pluralism is spurred by c loser col
laborations between designers and fabr icators, and 
by increasingly precise digital methods of design, 
analysis and fabrication. In th is new cycle of 
productivism, examinations of the hybrid provide 
compelling evidence of a move away from the 
faceless anomie of industrial mass production 
towards a greater understanding not only of 
mathematics and material science, but of the 
expressive and poetic dimensions of construction. 

I. Kenn.,h F.amplon. Sludl •• In TK I""'" Culfu,. 
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Artemll, 1994) pp. 33·3-4. 
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111 Machine made and mass-produced, modular metal 

cladding has been an essential component in the 
modernist kit of parts. The development of metal 
cladding systems, like metal structures, reflects the 
relentless drive for optimization and hybridization. 
Evolving from substantial cast iron facades, sheel 
metal syslems measure the thickness of metal In 
millimeters, and composite panels define Its super· 
plast ic thinness In microns. This propensity of metal 
for thinness has made it second only to glass as the 
preferred immaterial membrane of the curtain wall 
and. through the systematic aggrAoation of the re
petitive mod ute, the Cartesian logic that has defined 
the static perfection of the space contained has 
become indelibly inscribed on the container. In con
trast, current e:w:ptorations of metals for cladding 
depart from the cool, impersonal precision of the 
machine aesthetic to focus instead on the sensory 
qualit ies of the material - an ironic reversal of the 
t ransformation which Mies van der Rohe underwent, 
when he rejected the sensuous chromium-clad 
columns of his ear ly years to embrace the pragma
tic, industrially produced curtain wall. 

This renewed interest in metal's tactile cha
racter is partly a by-product of the new freedom in 
cladding design created by rainscreen systems. 
While the ralnscreen principle has been employed 
for decades for sophisticated curtain wall assem
blies, it is now widely utilized, proving to be more 
sound in practice than sealed weathering systems. 
Gehry's early use of metal cladding, although re
garded as innovative, rel ied on folded or sealed 
joints. In some instances, such as t he lead-coated 
copper cladding of the Toledo Art School of 1992, 
the weathertightness of the envelope was achieved 
by labor-intensive site-soldered seams in areas of 
low slope. Several years later, these practices seem 
archaic. The distinction between cladding and 
waterproofing, now articulated as separate layers 
of construction and materially differentiated, has 
liberated cladding from Its obligations to ensure a 

weathertight enclosure. With a diminishing perfor
mative role in terms of weatherproofing, more con
sideration can be given to appearance. The freedom 
created by the move to an open-jointed rainscreen 
on the E:w:perience Music Project is evident in both 
the more pronounced curvature and the random 
til ing of t he metal cladding. Although driven by 
markedly different aesthetic interests, Williams and 
Tsien's Museum of American Folk Art is also indeb
ted to the l iberties that can be taken with the rain
screen. The bubbles, cracks and fissures in the 
bronze cladding panels, Intol"rabl" in II sealed 
system, do not detract from the weathertight per· 
formance of the building envelope. Importantly, the 
rainscreen also optimizes the construction process, 
eliminating the costly architectural implications of 
the visible sealed joint while reducing e:w:pensive 
site-based labor. 

The interest In t he sensate and an emphasis 
upon appearance are broadening the palette of 
metals being utili zed for c ladding. Besides copper, 
used widely today for cladding rather than purely for 
roofing, the newcomer is of course t itanium. In use 
architecturally for nearly 30 years in Japan - where 
several hundred buildings have been roofed or clad 
with titanium in response to aggressive marine and 
industrial environments' - this metal came to the 
attention of the international design community only 
with the Bilbao Guggenheim. Although known for its 
high strength, light weight, and resistance to corro
sion, the widespread adoption of titanium is likely to 
remain limited in the short term. Like aluminum, it is 
hampered by the fact that, unlike in the aerospace 
industry where titanium is e:w:tensively used, weight 
in architecture has not proved a crit ical factor. High 
costs - a consequence of titanium's inefficient, 
energy-hungry, and environmentally unfriendly pro
duction process - further impedes its use. However, 
a fast electrolytic process developed at Cambridge 
University promises to Increase output and reduce 
titanium prices to the level of stainless steels. II this 
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new process can be successfully scaled up to full 
production, the use of aluminum as well as stainless 
steel for building cladding may be challenged.2 

There has also been a resurgence of Interest 
in weathering steel. Originally developed for railroad 
rolling stock and bridges, weathering steel gained 
an architectural follo'Ning for its rich color and 
texture. Its architectural use was inaugurated by the 
structure and cladding 01 the 1964 John Deere 
Headquarters by Kevin Roche John Dinkeloo and 
Associates, and by the modular clip-on cladding 
panels used In the first phase of the Free University 
of Berlin in 1973, which were detailed by Jean 
Prouve. Although a number of buildings clad with 
weathering steel followed in the 1970s, there were 
numerous problems - In particular with arresting the 
oxidation process to prevent failure. Consequently 
virtually abandoned as a cladding material, Its 
current renaissance IS another by-product olthe 
Increasing utilization of the open-Jointed, ventilated 
rainscreen strategy. 

Metals as diverse as stainless steel and 
weathering steel are typically exploited for their 
intrinsic color and texture. But more attention is now 
being given to applied color, which has broadened 
from opaque paints and enamels to Include transpa
rent aCld·bath Interference costin\!$ that anhance 
rather than conceal the character of the metal. like
wise, moving away from the high value formerly 
placed on pristine machined surfaces, effort Is being 
invested in developing tactile and Irregular surface 
qualities. Capable of being curved, twisted and 
deformed without adversely affecting performance, 
and receptive to processes like bead-blasting and 
bladder-pressing that can produce either regular 
or irregular shapes, metals are once again being 
appreciated for their malleability. Besides proving 
highly compatible with the voluptuous volumes 
spawned by digitally-driven design, this quality is 
being exploited by architects more interested in 
supple surface than Sculptural form. Building upon 

lessons learned from the ~Signal Box 4 Auf dem 
Wolf- of 1995 in Basel, Herzog & de Meuron's pro· 
posed cladding for the De Young Museum in San 
Francisco is a disciplined exploration of the malle
ability 01 copper. Here, the three·dimensionai 
potential of flat copper sheet is deyeloped by an 
embossed dot grid in which the spacing of the dots 
is regular, but the depth and positiye or negatiye 
direction of embossment varies. This is oyerlaid by a 
second grid of perforat ions, ranging from approxi
mately 6 to 50 mm in diameter. Where perforations 
coincide with embossment, the circular holes 
naturally become ellipses. At close range, the pattern 
is apparently random but, at a distance, an image -
created the way that photos are translated to dot 
screens for publication - is discernible. Rellecting a 
carefully judged balance between repetition and 
Yariation, the standard panel size and assembly can· 
form to the economy required by mass production, 
and the yariable surface treatment, which renders 
each panel unique, Is made feasible by digital pro· 
duction. As the copper takes on the soft green patina 
of age, the image will become eyen more subtly im
printed into the material. 

The De Young Museum proposal, like anum, 
ber of other Herzog & de Meuron projects, raises the 
issue of narratiyo content In cladding. Just as Cllcil 
Balmond comments upon the muteness of structure 
in the mechanized aesthetic of Modernism, it could 
be said that the minimalist perfection of the glass 
and metal curtain wall is in the end a blank page. 
Herzog & de Meuron address this blankness, both 
by using an image, which comes into focus as 
viewers moye from near to far, and by Incorporating 
the weathering process to introduce a narratiye 
that unfolds in lime. Similarly, In Shim Sutcliffe's 
Weathering Steel House in Toronto, care is taken to 
detail the cladding so that Yarying rather than uni
form patterns of staining will emerge. The metallic 
pigments that color the concrete of Gigon/Guyer's 
Signal Box in Zurich, which importantly are integral 
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rather then applied, were used precisely because of 
the unpredictable changes in color that will develop 
over time. And in Williams & Tsien's Museum of 
American Folk Art in New York, t he bronze cladding 
was developed speci fically to record the process of 
ils own fabrication; replacing the blank page, this 
narrative is legibly inscribed by the marks of making. 

Besides assuming narrative rolas, metals are 
increasingly exploited to improve the environmental 
performance of the building envelope. Given the 
increased attention accorded to energy considera
tions, metals have found a wide range of applications 
as mediators, which are as varied as the mechanized 
stainless steel lenses of Jean Nouvel 's Institut du 
Monde Arabe of 1987 or the pliant chain mail curtain 
of the 1992 Dutch House by OMA. Metals also have 
potential as smart materials. An important impact of 
the new electrolytic process of titanium production 
may be not in structural sections or cladding, but in 
the cheaper production of new alloys. Nickel -titanium 
alloys, for example, which can be designed to change 
shape at specific temperatures, could be used to 
activate cladding and sun shading systems without 
external power sources.3 

Perhaps most provocative in performative 
terms is OMA's proposed envelope for t he San 
Francisco Prada which, in complete contradiction to 
the Modernist dogma of the curtain wall , takes on a 
struct ural as well as an environmental role. Instead 
of being conceived as a repetit ive, st ick-bui lt k it of 
parts, this metal skin is var iable and monolithic. The 
aspiration for immaterial ity is supplanted by em
phatic thickness, both of the stainless steel and t he 
glass, transforming the thin membrane into a pal
pable skin. This impulse towards thickness, also 
evident in the structural use of metals, is promoted 
by digitally controlled milling processes, which can 
work thick plate as easily and quickly as thin. And as 
William Mitchell notes, "Multi-axis mil ling machines 
eJltend the idea of computer-controlled cutting from 
two-dimensional sheets to three-dimensional solids. 
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This technology is eJltensively used in the automobile 
industry for full-scale prototyping of metal parts. n. 
With muitl -aJlis milling now economically feasible in 
the building industry, a tantalizing potential is 
created for metal carving and t he milling of form
work for large-scale metal cast ing. Moving beyond 
the frame and the thin skin, digital technology, 
together with the new economy of construction It is 
creating, opens the door to exploration of the 
stereotomic and plastic potential of metal c ladding 
in architecture. 
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