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BY ILA BERMAN
GREEN  MACHINES  FOR  LIVING

Our ongoing search for new architectural materials, systems and technolo-

gies to support contemporary living with more energy efficient buildings—

continues, yet also directly challenges, a trajectory initiated in the early 

part of the 20th century, when the revolutionary products of engineering 

and industry had originally inspired new conceptual, spatial and material 

models for architecture. The Maison Citrohan of 1921, for example, one of 

the most infamous architectural products that glorified the industrializa-

tion of this era, was introduced by Le Corbusier as a “Machine for Living In.” 

This house was to be made of standardized industrial components—a “kit 

of parts”, whose mode of manufacture and fabrication would emulate the 

modern processes of assembly intrinsic to the making of a car within the 

automobile industry. Perceived to be potentially mobile as it floated above 

the ground plane—seemingly akin to the object that was its namesake—

the Maison Citrohan was intended to be a prototype for modern living that 

symbolically raised function, geometry and industry to the level of art. 
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This progressive emblem of house-as-machine, which found its apotheosis 

in the Villa Savoye built ten years later, was re-contextualized from 1929-

45 in America as a real product of industry when Buckminster Fuller’s 

design for the Dymaxion House revolutionized the concept of dwelling 

by redirecting the technologies of the post-war aircraft industry—in this 

case the aluminum parts of the fuselages of B29s—toward the prefabri-

cation of actual machines for living. Fuller’s pragmatic and positivist ap-

proach, which countered Le Corbusier’s symbolic and typological branding 

of a new modern architecture, was an attempt to remobilize and recycle 

the industrial technology developed for military production, in order to at-

tain a new level of construction efficiency within the housing industry that 

would be technologically advanced, economically accessible, and ecologi-

cally responsible. Fuller’s houses were intended to be off-grid autonomous 

buildings made of lightweight high strength aluminum supported on a 

single central strut that contained their own composting, water collection 

and gray water recycling systems. The first full-scale Dymaxion prototype 

completed in 1945, which was a prefabricated product intended to rede-

sign, not simply a single house but an entire construction industry (that 

Fuller claimed would do nothing less than “re-house the world” within the 

context of a post-war housing shortage), was planned to have the most 

minimal ecological footprint possible.  Each was designed to be 1075 

square feet in living area, 6,000 pounds in weight (eventually to become 

2000 pounds with advanced material engineering), and purchasable at a 

cost of $6,500. Despite enthusiastic reviews and overwhelming consumer 
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interest, the Dymaxion house lacked the financial support required for 

the initial industrial tool-up to put it into mass-production and thus was 

never actualized within the housing market in America. 

Of course, it was not only for lack of resources that such an invention was 

not easily incorporated into the architectural fabric of existing society, but 

also because of this prototype’s resistance to cultural convention and its 

mechanistic dissociation from the natural landscapes that it was meant 

to occupy. Despite the American enthusiastic acceptance of the machine, 

it was perhaps also anticipated that one would be less comfortable truly 

living within a literal manifestation of it, and that the conflation of domes-

tic architecture with modern technology was to be destined for a differ-

ent trajectory. As elaborated in Leo Marx’s writings on “The Machine in 

the Garden,” the paradox of the American imaginary, stretched as it was 

between the utopian pastoral ideal on the one hand, and the advance of 

modern industrialization on the other, embodied 

the most profound contradiction of values, seem-

ingly committed to both a bucolic form of rural 

happiness and its technocratic antithesis as evi-

denced by this society’s overwhelming desire for 

industrial productivity and economic wealth.  This 

dichotomy of competing values, and the urge to 

find a middle ground between the hard social and 

collective reality of the overcivilized city, and the 

uncertainties of its surrounding wild nature, are 

in part what has led to the American embrace of 

the suburban landscape (indicative of a longing 

for a more domesticated “natural” environment), 

while simultaneously demanding that this expan-

sive field of freely individuated dwellings dotting an artificially-produced 

lawnscape be adequately supported by the most advanced of modern 

technological amenities. 

Unlike the European mind that has historically linked advanced civili-

zation to the cultural development of its cities, the American desire to 

both reconnect with an “unspoiled” virgin territory (as an instantiation 

of a new pure beginning for Western civilization), and simultaneously 

colonize and control the vastness of this undomesticated terrain through 
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an emphasis on the intensive co-evolution of agriculture and engineering, 

finds its manifestation in the specificity of its modes of occupying this 

landscape. In architectural terms, the ideal embodiment of this occupation 

inevitably returns us to Frank Lloyd Wright’s domestic architecture, one 

that was emblematic of a model of American living understood to deep-

ly connect dwelling with the landscape from which it emerged. Wright’s 

Prairie and Usonian houses, for example, were constituted by low-lying 

extended horizontal organizations (an emulation of the expansiveness of 

the American geography and its endless horizon) that incorporated ab-

stract geometries with natural as well as industrial materials, and were 

defined according to an earthbound syntax that characterized the embed-

ded relationship that these buildings had to their sites. These architectural 

tactics were intended to produce a specifically American lexicon for the 

development of domestic architecture in harmony with the landscape, that 

was then integrated within a larger strategy for collective occupation rep-

resented by Wright’s anti-urban proposal for Broadacre city. A field condi-

tion that dispersed individuals and buildings across a seemingly endless 

terrain—the antithesis of the ordered Cartesian social utopias of dense 

urban living espoused by Wright’s European counterparts—the endless 

organic patchwork of Broadacre city, and the earlier Jeffersonian model 

of land colonization that it referred to, anticipated the suburban attitude 

toward privatized collective life that would eventually dominate, and lead 

to the ubiquity of American x-urbanism. As Wright had written in his first 

book on city planning in 1932—The Disappearing City—that the city would 
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be everywhere and nowhere, and that it would emerge organically rather 

than be planned or designed, is of course the legacy that has lead to the 

sprawl that defines our current suburban condition.  

Almost eighty years later, when the impact of our uncontained occupation 

and industrial instrumentalization of the natural landscape has led to glob-

al warming and the rapid depletion of our natural resources, we are now 

searching for new architectural and engineering solutions to transform the 

ways in which we design artifacts for both individual and collective forms 

of inhabitation. That the private single family home, indicative of the cor-

nerstone of the American suburban domestic condition, would become 

the building type adopted by the United States Department of Energy 

for the Solar Decathlon competition, is therefore questionable although 

not surprising. This choice of building type, although problematic in that 

it represents the locus of one of the conditions responsible for our cur-

rent environmental issues, perhaps also represents the starting point from 

which we need to move in order to adequately find a solution to the prob-

lems that this architectural type has engendered. The imperative to look 

for strategies to support the sustainability of the planet through design, 

that limit our environmental footprint (perhaps through collective forms of 
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The small environmental footprint and compressed conditioned space is 

therefore countered by the expansive perceptual experience of the house 

as it horizontally migrates into and becomes a part of this landscape—a 

condition that is further facilitated by the subtle erasure of the boundary 

between interior and exterior spaces through vast openings and glazed 

transparent surfaces. The idea that this landscape and the environment of 

which it is a part would also become reconceptualized as a biotic machine 

for the production and regeneration of energy and food, and the remedia-

tion and recycling of water as a part of the extended systems of the house 

itself, challenges us to rethink the larger natural and cultural cycles that 

are conjoined with dwelling, and our impact on, and exchanges with our 

local surroundings. 

The asymmetry of the house’s spatial organization, a direct response to 

movements that defines the sun’s changing position during the course of 

the day as well as the occupant’s variable patterns of inhabitation, rec-

ognizes the fluidity and specificity that is common to life forms, climatic 

conditions and natural environments. Unlike those earlier ‘machines for 

living in’—intent on neutralizing, universalizing and idealizing the specific-

ity of their environs (as was evident in their tendency to emulate bound or-

thogonal and/or symmetrical organizations)—the bent tube of the Refract 

‘housing’ rather than individual ‘houses’) while also curbing the incessant 

drive to accelerate the cycle of production and consumption, will certainly 

be among the most important endeavors facing the next generation of ar-

chitects and designers. 

The Refract House, represents one trajectory as a response to this chal-

lenge. It is an energy-efficient prefabricated solar-powered home—a 21st 

century machine for living in—designed to be emblematic of the ideal of 

contemporary California living. It’s highly compact enclosed area of 530 

square feet, is intended to sit lightly upon the earth, minimizing the car-

bon footprint associated with the necessity to environmentally condition 

enclosed occupiable space, while simultaneously expanding into, and be-

coming a part of its surrounding landscape. The interior space of the house 

is both visually and physically continuous with a 700 square foot deck 

space that defines an occupiable outdoor courtyard and living space—an 

artificially constructed topography that supports an edible garden, natural 

water filtration system and rainwater catchment and collection system. 

Since water conservation in both California and across the globe is one of 

our most critical environmental concerns, the water system of the house, 

used to both recycle gray water and filter rain runoff using riparian plants 

and gravel, provides a catchment and collection pool as part of the build-

ing’s extended landscape to store water for dry season garden irrigation. 

As with the early houses of Wright, and in response to the ubiquitous de-

sire in California to be directly immersed in the surrounding terrain, the 

extended linear footprint of the house amplifies its relationship to the 

ground while wrapping the site in order to partially contain and define its 

adjacent geography as an expanded, yet delimited, surface for occupation. 
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House acts as a flexible spatial and material modulator that efficiently me-

diates between continuously changing internal activities and external en-

vironmental conditions. The material surfaces, spaces and technologies of 

the building, selectively capture and control, but also subtly modify, adjust 

and adapt to the shifting movements of light and thermal energy, moisture 

and water flow, while simultaneously attempting to maximize the absorp-

tion and transformation of energy derived from the unlimited power of the 

sun. The configuration and southerly orientation of the occupiable spaces 

of the house, and the wide openings, glazed endcaps and operable clere-

stories that perforate its exterior skin, maximize the admittance of high 

quality sunlight and ambient daylighting and therefore almost eliminate 

the need for electrical lighting during the day, while facilitating natural 

ventilation and amplifying the environmental connection between the in-

terior and exterior of the house. These strategies, in combination with the 

compactness and efficiency of the architecture’s spatial organization, lay-

ered ventilated cladding, moveable shading systems, interior LED lighting 

and exterior self-contained solar-powered LED fixtures, further contribute 

to minimizing the electric energy load of the house and its subsequent 

carbon footprint. 

Refraction, which refers to the altered course that results when a wave of 

energy passes from one medium to another, is a concept that is manifest 

in the attitude of the house towards its environs, which is one of respon-

sive engagement and flexible modulation that alters and transforms the 

continuous flows of energy circulating within and through the house. Within our 

contemporary digital milieu, flexible modulation is not limited to the automated 

movements of mechanical and material systems, but also incorporates instru-

mentation such as environmental, flow and pressure sensors, weather monitoring 

systems, and energy and water consumption tracking devices to enable this living 

machine to be digitally responsive to environmental changes in real time, and to be 

calibrated to the needs and desires of its inhabitants. The integration of embedded 

tracking and control systems, and interactive computer technologies that enable 

this information to be readily accessed via an iPhone application specifically de-

signed for the remote monitoring of the house’s environmental performance, fur-

thers this endeavor by not only producing a “smart house”—seemingly aware of its 

own artificial metabolism and environmental responsiveness—but also enables its 

inhabitants to be drawn into this feedback loop to increase their environmental in-

telligence and ensure their active responsive participation in modulating their own 

consumptive habits. Interactive embedded technologies have thereby made our 

spaces, systems and materials seemingly more intelligent, expanding the use value 

of our designed objects by engendering them with surface and material sensibilities 

with new performative properties.

The material approach to the Refract house, perhaps situated at the other end of 

this high-tech low-tech spectrum, redefines ecological responsibility in other terms 

that are as critical to the concept of environmental performance as the systems 

described above. Within this context, the house’s environmental responsiveness 

is equally a measure of its capacity to recycle and reuse the secondary byprod-

ucts—essentially the “waste”—of cultural production, while simultaneously limiting 

natural materials to those that can be sustainably harvested and regenerated. The 
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intention of this strategy, which focuses on the surplus waste products of 

our industrialized consumer-oriented society, consciously attempts to in-

vert the nature-culture continuum by generating new matter from the re-

fuse of disused cultural artifacts. The California redwood siding that forms 

the house’s exterior rainscreen is thereby reclaimed from local fire dam-

aged stock, the elm flooring and decking is recycled from trees that died of 

Dutch Elm disease, and the open-web bamboo I-joists and interior finishes 

are derived from sustainably harvested wood 

and regenerative materials. Given that trash 

is currently our largest renewable resource, 

its repotentialization in the Refract House 

extends its useable life while enabling a new 

set of post-acculturated materials to emerge. 

Billboards discarded after their limited ad-

vertising life are thus salvaged and used as 

the exterior wall waterproofing membrane 

that wraps the house, and recycled denim as 

well as biodegradable soybean-based insulation provides its thermal insu-

lation. Even the interior objects, such as the lighting fixture made from dis-

posable straws, and the ceramics and glasses from recycled wine bottles 

were designed with the intent of transforming our attitude toward cultural 

production. If steel, concrete and glass were the new homogeneous in-

dustrial materials that signified modernity, and plastics represented the 

utopian futures of the 60s, for our future one of our most important raw 

materials will be trash. 

Embracing cultural continuity, while also radically breaking from previous 

historical paradigms, the Refract House is one of a number of contempo-

rary architectural artifacts participating in the Solar Decathlon that might 

be imagined to constitute a new set of flexible and biotically-integrated 

“machines for living in.” These millennial dwelling machines represent an 

entirely new attitude toward materiality that undermines the “truths” as-

sociated with the authenticity of modern materials while blurring earlier 

distinctions between natural and industrial archetypes through the use of 

recycled technological products (secondary rather than originary cultural 

products) and biodegradable and regenerative (rather than exhaustible) 

natural materials. These new machines for living also establish a defini-

tion of programmed occupation that goes beyond the limited framework 

of modern utilitarian functionalism, and provide a transformed under-

standing of environmental efficiency and performance that exceeds pre-

vious aspirations toward universally-controlled artificial environments 

fueled by limited natural resources by enabling the flexible modulation 

of one’s own domestic environs using passive environmental strategies in 

combination with active systems that are powered by harvesting alterna-

tive renewable energy sources. If historically, the machine was imagined 

to be the antithesis of nature, as evident in both the American model of 

the machine in the garden, and the European model of the garden embed-

ded within the machine, our future imaginary can no longer maintain this 

oppositional dialectic and must instead search for new materials and sys-

tems that are part of a larger enviro-technological continuum—a blending 

of nature and culture that supports the making of new living machines, 

and machines for living, that are simultaneously innovative, adaptive, and 

sustainable.

Fuller, R. Buckminster. Designing a New Industry. (Wichita, Kansas: Fuller Research Institute, 1945).
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Oxford University Press, 1964).

Wright, Frank Lloyd. The Disappearing City. (New York: William Farquhar Payson, 1932). Rewritten 
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BY NATALY GATTEGNO
Micro-Ecosystems  and  Energy  Loops

Refract House could be described quite simply as a sophisticated, highly 

calibrated, finely tuned home environment: comfortable, insular, small, 

and controlled. But it is far from a closed, introverted system. Rather, it 

is tapped into a far larger feedback loop of systems and energies that ex-

pand beyond its footprint. From the daylighting systems used to control 

interior light levels to the HVAC systems that control air quality and tem-

perature, the house is constantly negotiating inputs from its environment, 

then balancing and redistributing them internally. Refract House, though 

small in size, is expansive relative to the territory to which it connects, ac-

cessing larger inputs of solar energy and orientation, light, heat, ventilation, 

et cetera. Akin to a micro-ecosystem, it exists somewhere between these 

energy fields, between internal “comfort zone” requirements and external 

environmental pressures. This apparent conflict yields a number of chal-

lenging and provocative questions: What are the implications of scale in a 

habitat that responds to multiple environmental inputs? How does energy 

(solar, thermal, and otherwise) become a design tool? Does the building 
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envelope become the sole interface for these feedback loops between 

building and environment? Ultimately, does scale matter?

Ecosystems in ecology are described as networks of agents that self-orga-

nize into complex hierarchies of patterns and processes. The “system” in 

“ecosystem” implies the importance of interaction between multiple parts.1 

The ecology of ecosystems studies the structure and function of entire 

systems of agents, whether they are microbes, plants, animals, or build-

ings, in relation to their abiotic environment.2 Distinctly different from the 

evaluative term “environmental,” ecosystem ecology describes the behav-

ioral logics of the system: inputs and triggers as opposed to outputs and 

effects.

The architect Helene Furjan describes an ecosystemic design process 

as concerned less with an architecture of the object, and more with the 

management of external environmental influences and internal program-

matic energies.3 Energy management becomes the regulator and designer 

of these relationships. The design firm AMID [Cero 9] calls the materi-

alization of these energies “energy forms.” Energy forms are distinctly 

different from postwar investigations into material 

optimization and efficiency. Buckminster Fuller and 

Frei Otto’s visionary explorations of the relationship 

between energy and form were guided by an interest 

in material minimization and efficiency rather than 

material exchange. Exchange and feedback, however, 

characterize architectural systems that participate 

in reciprocal relationships with their environments. 

They privilege exchange over optimization in the de-

termination of the relationship between energy and form. The result is, ac-

cording to AMID [Cero 9], “a dynamic vision, with systems regulated by 

processes of energy exchange, with exteriors that dissipate, consume and 

capture energy: complex organizations defined to manage energy through 

their formal characteristics, technical devices and material definition.”4

The building is thus no longer conceived as a fixed entity determined by 

a singular energy type or influence. It is a highly complex ecosystem of 

multiple energies and influences that are in constant exchange with the 

environment in which they are situated. These energies have a distinctly 

nonvisual presence, although their influences do impact form. The invis-

ibility of these energies adds to the elusiveness of this design methodology, 

which is at once precise and measured, yet ephemeral and invisible. The 

architect Philippe Rahm writes about the “slippage of the real from the 

visible towards the invisible . . . a shift of architecture towards the micro-

scopic and atmospheric, the biological and the meteorological.”5 Architec-

ture shifts toward invisible influences (and ultimately, according to Rahm, 

becomes invisible itself), stretching between the infinitely small and the 

infinitely large, the scale of the body and the scale of weather systems. In 

response to the dissolution of built form, new representational systems 

need to be developed to measure and quantify both the invisible forces 

applied to the architectural form and the visible outcome of those interac-

tions. Further, these representational systems need to span multiple scales 

of influence, from weather patterns to temperature gradients and ergo-

nomic body comfort.

Scale, under these terms, is consequently of no importance, and subservi-

ent to the interactions between all the parts. Ecosystems describe systems 

that span scales and are able to address hyper local and global realms 

through their behavioral logics. They are constantly confronted with a 

range of environmental fluctuations that vary constantly in magnitude and 

force. The scale of ecological dynamics can therefore operate as a closed 

system with respect to local site variables, while at the same time remain 

open with regard to broader systemic influences that change over time.
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Although this publication focuses on Refract House and its building per-

formance at the level of the 2009 Solar Decathlon competition, it touches 

on multiple overlapping conditions of energy exchange that go beyond the 

building’s walls and engage various scales of operation. Refract House ex-

plores the many interactions that take place between the house and its 

broader ecosystemic environment. These larger loops and cycles are ar-

ticulated elsewhere in these pages by Kate Simonen, who describes the 

extremely broad impact of the house when seen through the lens of a car-

bon neutral design process. Peter Anderson’s discussion of the prefabri-

cated components of the house expands to consider larger infrastructural 

scales of operation, while Matt Hutchinson and Oblio 

Jenkins’s description of material cycles and assembly 

processes zooms even further into the material scale. 

Tim Hight’s description of the engineering systems, 

though extremely focused on the scale of the house 

and its inner workings, can be considered the hinge 

point where the expansive environmental energies 

intersect with the building components. Ila Berman’s 

essay makes the larger conceptual loop back out to 

machinic ecosystems, while Andrew Kudless’s presentation of the design 

process describes the collaborative loops necessary between disciplines 

and processes. 

These ecosystemic interactions are not relegated to the boundary of inside 

and outside and are not solely limited to explorations of building skin. Al-

though the term “boundary” usually describes a physical condition of sepa-

ration, for example a site of heat transfer, the concept could be expanded 

to include the larger zone of heat exchange. In Refract House, conventional 

notions of boundary, skin, and envelope are considered thick zones—ex-

tended to include the entire building in physical terms, and thickened even 

further to include the broader tentacles of energy exchange and interac-

tion that take place with the larger ecology of the site and systems. The 

boundary between building and environment merges into one thick and 

continuous ecosystem described by complex energy gradients that fluctu-

ate and evolve over time. The constant recalibration and modulation of the 

architectural enclosure describes the microecosystem of Refract House. 

Though fixed in terms of its footprint, the building is constantly modulated 

to address and respond to environmental influences.

Refract House is simultaneously looped into its surrounding environment 

and the larger web of ecosystems of production, consumption, assembly, 

and fabrication, while at the same time literally connected to the techno-

logical machinery needed to sustain the architectural comfort zone. By 

understanding the expansive web of influences interacting with the house, 

it becomes possible to understand the larger and more complex inter-

relationships between this small building and its expanded environment. 

AMID [Cero 9] call these interrelationships the “biotechnosocial” realm 

of architecture, in which everything produced—that is, architecture—can 

be defined as a manifestation of interactions among humans, nature, and 

technological objects.6 The microecology of Refract House is therefore far 

from “micro” in its impact on design and form.

1 . For a detailed discussion of this topic, see Ferenc Jordán and István Scheuring, “Network 
Ecology: Topological Constraints on Ecosystem Dynamics,” Physics of Life Reviews no. 1 
(2004): 139–72.

2. Kevin Kelly, Out of Control: The New Biology of Machines, Social Systems, and the Eco-
nomic World (Cambridge: Addison Wesley, 1994): 69–91.

3. Helene Furjan, “Eco-logics” in Softspace: From a Representation of Form to a Simulation 

of Space, eds. Sean Lally and Jessica Young (London and New York: Routledge, 2007): 115.

4. Cristina Diaz Moreno and Efrén Garcia Grinda, “Energy Forms” in Energies: New Material 
Boundaries: Architectural Design, ed. Sean Lally (London: Wiley, 2009): 83.

5. Philippe Rahm, “Meteorological Architecture” in Energies, 32.
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