
Membranes, textile and pneumatic architecture, tensile and compressive structures, seem to be the 
simplest construction systems and, at the same time, one of the most complex that today can be realized. 
For a long time nomadic people have adopted cloths, ropes and wooden poles to build temporary or 
semi-permanent shelters, and these primordial constructions inspired also the brilliant pioneers of light 
structures that, at the end of the 19th century, had firstly tested some of them. 
But the complex geometry and the difficult mechanics at the base of the membranes require a 
specialized competence for planning and completion. 
The international research group, composed by Italian, Greek, Portuguese and Romanian experts, tried 
not only to exchange their personal knowledge on the subject of textile architecture, but tried to decline 
it in a sustainable key, exploring the chance of using a wide range of natural materials now available on 
the building market. Some results of these researches are collected in the pages of the present essay.
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The primary human need of sheltering had 
produced different solutions according to 
places, climate and habits. 
In the deserts, Sahara, Saudi Arabia and Iran, 
the black tents were developed by the 
nomads using camel leather for matching the 
exigence of roaming in driving the transfers 
with the animals and to satisfy the need to 
easily assemble and dismantle homes and 
transport them for long journeys; the use of 
tents as a dwelling was also common for 
housing armies for long periods and in 
different environmental conditions. 
In addition to housing, these structures have 
always been used as simple shelter from 
climatic agents.

For tensile structure we mean the construction 
of covering using a membrane supported by 
cables or rigid rods, their main characteristic 
is referred to ability of sustaining loads due 
the tensile state; other important properties 
are referred to the possibility of assembling 
and disassembling with ease, of moving 
through different places and of covering large 
spans. Due to the use of thin cables stretched, 
surfaces can be created able of overcoming 
the forces imposed upon them.
Until the mid-20th century, due to the low 
demand  and lack of manufacturers of cables 
there were few technological advances, but, 
thanks to industrial growth a new 
developments arose. 

In the first models the use of joined cables and 
very light membranes produced structural 
deficiencies; the technology thus evolved later 
with the use of system of steel cables and fiber 
membranes with a high degree of strength; 
furthermore the performance of the new 
structures were improved by integrating layers 
of waterproof coatings and protection against 
ultraviolet rays and fire and using materials 
able to control the reflectivity of tents. 
Such progress was only possible thanks to the 
physical-structural studies initiated by German 
architect and engineer Frei Otto, who since 
the 1950s conducted the first scientific studies 
and the first works of roofing using tensioned 
steel cables combined with membranes.
Tensile construction can be shared into three 
categories according to their structure 
(membrane, mesh, pneumatic), while cables 
can be classified in those load-bearing or 
stabilizing; the load-bearing cables take the 
external loads and the stabilizing cables have 
the role of strengthening the load-bearing ones.
In last thirty years the tensile membrane 
structure found a significant place in the 
contemporary architecture; the producers 
have adapted to market demands by creating 
increasingly high-performance products in 
terms of resistance and durability with the 
result of greatly widening the field of 
applications and making the product much 
more interesting for design purposes. 
This change marked a turning point in the 
design of tensile structures because while in 

the past they were used only for temporary 
uses, having become more durable and then  
economically convenient, they began to be 
used also in permanent constructions. 
Therefore, in the field of stable constructions, 
the required range of services is also 
extended, thus opening up a very vast and 
interesting field of research and development 
(ElSeragy and ElNokaly, 2006). From this point 
of view, the understanding of environmental 
behavior and the performance of the 
membranes must be adequately explored in 
order to provide greater comfort for the 
occupants. Like as permanent construction 
nowadays it is mandatory also for tensile 
membrane to perform sustainable energetic 
behavior to face the need to reduce energy 
consumption; this theme stress the research 
towards new materials and structures that 
meet the occupant's needs and comfort and 
are at the same time environmentally friendly. 
In fact, textile membrane surfaces have low 
thermal mass and for this reason they let very 
rapidly the  external energy affect the indoor 
climate; for this reason actually new materials 
are developing for membrane with augmented 
thermal resistivity in terms of controlling the 
thermal gain or loss in winter and in summer.
The thermal conditions provided by a space 
enclosed by a very thin skin cannot comply the 
standards of conditioned traditionally enclosed 
environment; it is conceivable to design the 
membrane form and orientation and the 
associated thermal mass to comply different 

seasons and climates, maximizing in winter the 
diurnal solar absorption and save it inside 
while at night it should retain the day 
absorbed radiation to heat the interior space. 
In summer, the membrane should perform in 
an opposite way; the fabric structure should be 
oriented to give shade by screening solar 
radiation and the material should be chosen 
with regard to the ability to absorb and 
transmit a minimum amount of solar heat and 
apposite openings must be provided so that the 
internal heat finds a place to escape at night.
Even if it is well known that tensile 
architecture was born with the use of natural 
materials, animal or vegetal, only recently 
they are re-discovered due to the potential to 
be softly inserted in landscape whithout 
producing heavy impacts. Fabric membranes 
were used to provide adequate shade, channel 
breezes and define space but very often they 
worked in a wrong way, even if well placed 
into the image of these places and events. Of 
course there is a need for further research into 
this field in order to understand the effect 
that the form of the structure will have on its 
environmental behavior. 
The theme of environmental sustainability, and 
then of energy saving and carbon reduction, 
has not to be referred only to energy 
consumption in cooling or heating spaces 
enclosed into the tents but also to the 
resource consumption coming from the used 
materials, the storage, the re-use and the 
mode of transport. 

The importance of optimizing the performance 
of textile envelopes is thus referred to a wide 
range of needs; but only recently lightweight 
architecture began to take in serious 
consideration the importance of energy saving 
and environmental sustainability in both 
destination, as temporary structure and 
permanent, while for the past only the 
envelope mass and therefore its thermal 
inertia were considered useful for this purpose.
In the light of the previous observations it 
must be considered that in the assessment of 
the life cycle and energy efficiency of light 
buildings in terms of performance, all aspects 
related to the energy consumed, from the 
"production" phase to that of "use" of the 
structure and disposal; for the purpose of 
assessing the overall performance of a 
building, it is essential to consider both 
embodied energy and operational energy. In 
temporary buildings this aspect is even more 
relevant because the phases of construction 
and disassembly and reconstruction are 
repeated numerous times, thus increasing the 
energy balance of the structures 
exponentially; in fact, the energy consumed 
during transport, in the various phases of 
reassembly, depends on the weight, from the 
assembly system and from the distance 
between the installation sites; the design of 
these structures must therefore carefully 
calibrate the energy costs inherent, in an 
atypical life cycle compared to permanent 
buildings, because the costs of assembly and 

disassembly do not amortize over time but, on 
the contrary, multiply and increase with the 
wear of the materials. 
In terms of thermo-hygrometric comfort in the 
design of temporary architecture, the following 
must be considered: environmental factors 
(temperature, humidity, air speed), external 
factors (metabolic rate and clothing), biological 
factors (sex, age, biological characteristics ) 
and psychological factors (cultural background, 
individual expectations); in fact, the thermal 
sensation can be very influenced by many 
environmental and physiological conditions that 
can determine different levels of comfort as 
the conditions of use change (De Vita et aal, 
2018). With regard to energy efficiency, special 
attention should be paid to the 
membrane-bearing structures that collect 
condensation water on the surface of the 
membrane and accumulate water as reserve.
The eco-compatible design of tensile 
structures must take into consideration the 
geography and the climatic conditions of the 
places in a very different way from the mass 
construction because the complete absence of 
thermal inertia imposes different design 
criteria related above all to the need to 
guarantee stable indoor climatic conditions.
Among the temporary and semi-temporary 
installations, rescue structures occupy a 
special place, which require markedly 
adaptability to very different conditions, 
speed in transport and assembly and guarantee 
of comfort conditions during the period of use.

These notes want to highlight how tensile 
membrane structures are a new chapter in the 
history of building structures.
The interesting developments in the design of 
the tensor membrane structure can 
revolutionize the concept of permanent 
building. 
In this context, computer technology with the 
possibility of modeling structures and their 
behavior has opened up vast new horizons for 
design; the possibility of calculating shape and 
values for projects has determined a new 
architectural language in which the final 
outcome of the project and the behavior of 
the structure are completely predictable and 
controllable. 
The development of software for tension 
membrane structures practically does not 
place limits on the design process, the 
structures can be modeled and calculated in 
relation to different operating conditions, 
different installation cycles and different 
functions. Although there is a lot of scientific 
knowledge about tensile structures, there are 
no real design manuals. A standardized 
approach as well as a global European design 
verification standard is needed to achieve a 
harmonized security level.
The tensile structures reflect the needs of 
modern architecture and are increasingly used 
thanks to their attractiveness due to the 
spatial curvature and to the great variety of 
forms that can be achieved and to the 
possibility of obtaining large free spans. 
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Today the area of structural skins is very broad 
and the membranes are increasingly used; 
their two-dimensional measurement can be 
advantageously combined with solar shading 
and / or solar energy collection. The growing 
interest in these structures requires a 
complete standardization that is still lacking in 
Europe. A work process has been launched by 
CEN aimed at a future technical specification, 
and, subsequently, at a new Eurocode part 
related to the structural design of membrane 
structures.
The ongoing discussions in the CEN / TC 250 / 
WG 5 focus on specific aspects of structural 
design based on the current Eurocode design 
concept and furthermore, concrete 
information is provided on important elements 
of structural membrane design together with 
basic information on the underlying test 
methods. The establishment of harmonized 
design rules requires the simultaneous 
establishment of harmonized test methods 
which is performed by CEN / TC 248 / WG 4. 
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The primary human need of sheltering had 
produced different solutions according to 
places, climate and habits. 
In the deserts, Sahara, Saudi Arabia and Iran, 
the black tents were developed by the 
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exigence of roaming in driving the transfers 
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easily assemble and dismantle homes and 
transport them for long journeys; the use of 
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housing armies for long periods and in 
different environmental conditions. 
In addition to housing, these structures have 
always been used as simple shelter from 
climatic agents.

For tensile structure we mean the construction 
of covering using a membrane supported by 
cables or rigid rods, their main characteristic 
is referred to ability of sustaining loads due 
the tensile state; other important properties 
are referred to the possibility of assembling 
and disassembling with ease, of moving 
through different places and of covering large 
spans. Due to the use of thin cables stretched, 
surfaces can be created able of overcoming 
the forces imposed upon them.
Until the mid-20th century, due to the low 
demand  and lack of manufacturers of cables 
there were few technological advances, but, 
thanks to industrial growth a new 
developments arose. 

In the first models the use of joined cables and 
very light membranes produced structural 
deficiencies; the technology thus evolved later 
with the use of system of steel cables and fiber 
membranes with a high degree of strength; 
furthermore the performance of the new 
structures were improved by integrating layers 
of waterproof coatings and protection against 
ultraviolet rays and fire and using materials 
able to control the reflectivity of tents. 
Such progress was only possible thanks to the 
physical-structural studies initiated by German 
architect and engineer Frei Otto, who since 
the 1950s conducted the first scientific studies 
and the first works of roofing using tensioned 
steel cables combined with membranes.
Tensile construction can be shared into three 
categories according to their structure 
(membrane, mesh, pneumatic), while cables 
can be classified in those load-bearing or 
stabilizing; the load-bearing cables take the 
external loads and the stabilizing cables have 
the role of strengthening the load-bearing ones.
In last thirty years the tensile membrane 
structure found a significant place in the 
contemporary architecture; the producers 
have adapted to market demands by creating 
increasingly high-performance products in 
terms of resistance and durability with the 
result of greatly widening the field of 
applications and making the product much 
more interesting for design purposes. 
This change marked a turning point in the 
design of tensile structures because while in 

the past they were used only for temporary 
uses, having become more durable and then  
economically convenient, they began to be 
used also in permanent constructions. 
Therefore, in the field of stable constructions, 
the required range of services is also 
extended, thus opening up a very vast and 
interesting field of research and development 
(ElSeragy and ElNokaly, 2006). From this point 
of view, the understanding of environmental 
behavior and the performance of the 
membranes must be adequately explored in 
order to provide greater comfort for the 
occupants. Like as permanent construction 
nowadays it is mandatory also for tensile 
membrane to perform sustainable energetic 
behavior to face the need to reduce energy 
consumption; this theme stress the research 
towards new materials and structures that 
meet the occupant's needs and comfort and 
are at the same time environmentally friendly. 
In fact, textile membrane surfaces have low 
thermal mass and for this reason they let very 
rapidly the  external energy affect the indoor 
climate; for this reason actually new materials 
are developing for membrane with augmented 
thermal resistivity in terms of controlling the 
thermal gain or loss in winter and in summer.
The thermal conditions provided by a space 
enclosed by a very thin skin cannot comply the 
standards of conditioned traditionally enclosed 
environment; it is conceivable to design the 
membrane form and orientation and the 
associated thermal mass to comply different 

seasons and climates, maximizing in winter the 
diurnal solar absorption and save it inside 
while at night it should retain the day 
absorbed radiation to heat the interior space. 
In summer, the membrane should perform in 
an opposite way; the fabric structure should be 
oriented to give shade by screening solar 
radiation and the material should be chosen 
with regard to the ability to absorb and 
transmit a minimum amount of solar heat and 
apposite openings must be provided so that the 
internal heat finds a place to escape at night.
Even if it is well known that tensile 
architecture was born with the use of natural 
materials, animal or vegetal, only recently 
they are re-discovered due to the potential to 
be softly inserted in landscape whithout 
producing heavy impacts. Fabric membranes 
were used to provide adequate shade, channel 
breezes and define space but very often they 
worked in a wrong way, even if well placed 
into the image of these places and events. Of 
course there is a need for further research into 
this field in order to understand the effect 
that the form of the structure will have on its 
environmental behavior. 
The theme of environmental sustainability, and 
then of energy saving and carbon reduction, 
has not to be referred only to energy 
consumption in cooling or heating spaces 
enclosed into the tents but also to the 
resource consumption coming from the used 
materials, the storage, the re-use and the 
mode of transport. 

The importance of optimizing the performance 
of textile envelopes is thus referred to a wide 
range of needs; but only recently lightweight 
architecture began to take in serious 
consideration the importance of energy saving 
and environmental sustainability in both 
destination, as temporary structure and 
permanent, while for the past only the 
envelope mass and therefore its thermal 
inertia were considered useful for this purpose.
In the light of the previous observations it 
must be considered that in the assessment of 
the life cycle and energy efficiency of light 
buildings in terms of performance, all aspects 
related to the energy consumed, from the 
"production" phase to that of "use" of the 
structure and disposal; for the purpose of 
assessing the overall performance of a 
building, it is essential to consider both 
embodied energy and operational energy. In 
temporary buildings this aspect is even more 
relevant because the phases of construction 
and disassembly and reconstruction are 
repeated numerous times, thus increasing the 
energy balance of the structures 
exponentially; in fact, the energy consumed 
during transport, in the various phases of 
reassembly, depends on the weight, from the 
assembly system and from the distance 
between the installation sites; the design of 
these structures must therefore carefully 
calibrate the energy costs inherent, in an 
atypical life cycle compared to permanent 
buildings, because the costs of assembly and 

disassembly do not amortize over time but, on 
the contrary, multiply and increase with the 
wear of the materials. 
In terms of thermo-hygrometric comfort in the 
design of temporary architecture, the following 
must be considered: environmental factors 
(temperature, humidity, air speed), external 
factors (metabolic rate and clothing), biological 
factors (sex, age, biological characteristics ) 
and psychological factors (cultural background, 
individual expectations); in fact, the thermal 
sensation can be very influenced by many 
environmental and physiological conditions that 
can determine different levels of comfort as 
the conditions of use change (De Vita et aal, 
2018). With regard to energy efficiency, special 
attention should be paid to the 
membrane-bearing structures that collect 
condensation water on the surface of the 
membrane and accumulate water as reserve.
The eco-compatible design of tensile 
structures must take into consideration the 
geography and the climatic conditions of the 
places in a very different way from the mass 
construction because the complete absence of 
thermal inertia imposes different design 
criteria related above all to the need to 
guarantee stable indoor climatic conditions.
Among the temporary and semi-temporary 
installations, rescue structures occupy a 
special place, which require markedly 
adaptability to very different conditions, 
speed in transport and assembly and guarantee 
of comfort conditions during the period of use.

These notes want to highlight how tensile 
membrane structures are a new chapter in the 
history of building structures.
The interesting developments in the design of 
the tensor membrane structure can 
revolutionize the concept of permanent 
building. 
In this context, computer technology with the 
possibility of modeling structures and their 
behavior has opened up vast new horizons for 
design; the possibility of calculating shape and 
values for projects has determined a new 
architectural language in which the final 
outcome of the project and the behavior of 
the structure are completely predictable and 
controllable. 
The development of software for tension 
membrane structures practically does not 
place limits on the design process, the 
structures can be modeled and calculated in 
relation to different operating conditions, 
different installation cycles and different 
functions. Although there is a lot of scientific 
knowledge about tensile structures, there are 
no real design manuals. A standardized 
approach as well as a global European design 
verification standard is needed to achieve a 
harmonized security level.
The tensile structures reflect the needs of 
modern architecture and are increasingly used 
thanks to their attractiveness due to the 
spatial curvature and to the great variety of 
forms that can be achieved and to the 
possibility of obtaining large free spans. 
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Today the area of structural skins is very broad 
and the membranes are increasingly used; 
their two-dimensional measurement can be 
advantageously combined with solar shading 
and / or solar energy collection. The growing 
interest in these structures requires a 
complete standardization that is still lacking in 
Europe. A work process has been launched by 
CEN aimed at a future technical specification, 
and, subsequently, at a new Eurocode part 
related to the structural design of membrane 
structures.
The ongoing discussions in the CEN / TC 250 / 
WG 5 focus on specific aspects of structural 
design based on the current Eurocode design 
concept and furthermore, concrete 
information is provided on important elements 
of structural membrane design together with 
basic information on the underlying test 
methods. The establishment of harmonized 
design rules requires the simultaneous 
establishment of harmonized test methods 
which is performed by CEN / TC 248 / WG 4. 

References
DE VITA, M., BECCARELLI, P., LAURINI, E., DE 
BERARDINIS, P., (2018), Performance Analyses 
of Temporary Membrane Structures: Energy 
Saving and CO2 Reduction through Dynamic 
Simulations of Textile Envelopes, Creative 
Commons Attribution.
EKMEKYAPAR, T., TAREQ AL-SHAREEF, A., 
BAKBAK, D. (2015), A Promising Approach in 
the World: Tensile Structures Roofing, 

International Journal of Engineering Research 
and Development, Vol.7, No.3, 2015, All in One 
Conference Special Issue.
ELSERAGY, A., ELNOKALY, A. (2006), 
Appropriateness' of the Use of Tensile 
Membrane Structures in Hot Arid Regions, The 
International Conference on Urbanism and 
Culture, October 28-30, 2006, Cairo, Egypt., At 
Cairo, Egypt.
MOLLAERT, M., DE LAET, L. (2017), Novel 
structural skins: Improving sustainability and 
efficiency through new structural textile 
materials and designs—COST Action. Impact, 5, 
46–48.
MOLLAERT, M., DIMOVA, S., PINTO. A., 
DENTON., S. (2016), Prospect for European 
Guidance for the Structural Design of Tensile 
Membrane Structures, Joint Research Centre, 
Institute for the Protection and the Security of 
the Citizen.
SUO, H., ANGELOTTI, A., ZANELLI, A., RESCIA, 
R. (2013), Energy performance of different 
pneumatic and air-supported membranes for 
sports halls. In Proceedings of the TensiNet, 
Symposium 2013 [RE]Thinking Lightweight, 
Istanbul, Turkey, 8–10 May 2013.



The primary human need of sheltering had 
produced different solutions according to 
places, climate and habits. 
In the deserts, Sahara, Saudi Arabia and Iran, 
the black tents were developed by the 
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exigence of roaming in driving the transfers 
with the animals and to satisfy the need to 
easily assemble and dismantle homes and 
transport them for long journeys; the use of 
tents as a dwelling was also common for 
housing armies for long periods and in 
different environmental conditions. 
In addition to housing, these structures have 
always been used as simple shelter from 
climatic agents.

For tensile structure we mean the construction 
of covering using a membrane supported by 
cables or rigid rods, their main characteristic 
is referred to ability of sustaining loads due 
the tensile state; other important properties 
are referred to the possibility of assembling 
and disassembling with ease, of moving 
through different places and of covering large 
spans. Due to the use of thin cables stretched, 
surfaces can be created able of overcoming 
the forces imposed upon them.
Until the mid-20th century, due to the low 
demand  and lack of manufacturers of cables 
there were few technological advances, but, 
thanks to industrial growth a new 
developments arose. 

In the first models the use of joined cables and 
very light membranes produced structural 
deficiencies; the technology thus evolved later 
with the use of system of steel cables and fiber 
membranes with a high degree of strength; 
furthermore the performance of the new 
structures were improved by integrating layers 
of waterproof coatings and protection against 
ultraviolet rays and fire and using materials 
able to control the reflectivity of tents. 
Such progress was only possible thanks to the 
physical-structural studies initiated by German 
architect and engineer Frei Otto, who since 
the 1950s conducted the first scientific studies 
and the first works of roofing using tensioned 
steel cables combined with membranes.
Tensile construction can be shared into three 
categories according to their structure 
(membrane, mesh, pneumatic), while cables 
can be classified in those load-bearing or 
stabilizing; the load-bearing cables take the 
external loads and the stabilizing cables have 
the role of strengthening the load-bearing ones.
In last thirty years the tensile membrane 
structure found a significant place in the 
contemporary architecture; the producers 
have adapted to market demands by creating 
increasingly high-performance products in 
terms of resistance and durability with the 
result of greatly widening the field of 
applications and making the product much 
more interesting for design purposes. 
This change marked a turning point in the 
design of tensile structures because while in 

the past they were used only for temporary 
uses, having become more durable and then  
economically convenient, they began to be 
used also in permanent constructions. 
Therefore, in the field of stable constructions, 
the required range of services is also 
extended, thus opening up a very vast and 
interesting field of research and development 
(ElSeragy and ElNokaly, 2006). From this point 
of view, the understanding of environmental 
behavior and the performance of the 
membranes must be adequately explored in 
order to provide greater comfort for the 
occupants. Like as permanent construction 
nowadays it is mandatory also for tensile 
membrane to perform sustainable energetic 
behavior to face the need to reduce energy 
consumption; this theme stress the research 
towards new materials and structures that 
meet the occupant's needs and comfort and 
are at the same time environmentally friendly. 
In fact, textile membrane surfaces have low 
thermal mass and for this reason they let very 
rapidly the  external energy affect the indoor 
climate; for this reason actually new materials 
are developing for membrane with augmented 
thermal resistivity in terms of controlling the 
thermal gain or loss in winter and in summer.
The thermal conditions provided by a space 
enclosed by a very thin skin cannot comply the 
standards of conditioned traditionally enclosed 
environment; it is conceivable to design the 
membrane form and orientation and the 
associated thermal mass to comply different 

seasons and climates, maximizing in winter the 
diurnal solar absorption and save it inside 
while at night it should retain the day 
absorbed radiation to heat the interior space. 
In summer, the membrane should perform in 
an opposite way; the fabric structure should be 
oriented to give shade by screening solar 
radiation and the material should be chosen 
with regard to the ability to absorb and 
transmit a minimum amount of solar heat and 
apposite openings must be provided so that the 
internal heat finds a place to escape at night.
Even if it is well known that tensile 
architecture was born with the use of natural 
materials, animal or vegetal, only recently 
they are re-discovered due to the potential to 
be softly inserted in landscape whithout 
producing heavy impacts. Fabric membranes 
were used to provide adequate shade, channel 
breezes and define space but very often they 
worked in a wrong way, even if well placed 
into the image of these places and events. Of 
course there is a need for further research into 
this field in order to understand the effect 
that the form of the structure will have on its 
environmental behavior. 
The theme of environmental sustainability, and 
then of energy saving and carbon reduction, 
has not to be referred only to energy 
consumption in cooling or heating spaces 
enclosed into the tents but also to the 
resource consumption coming from the used 
materials, the storage, the re-use and the 
mode of transport. 

The importance of optimizing the performance 
of textile envelopes is thus referred to a wide 
range of needs; but only recently lightweight 
architecture began to take in serious 
consideration the importance of energy saving 
and environmental sustainability in both 
destination, as temporary structure and 
permanent, while for the past only the 
envelope mass and therefore its thermal 
inertia were considered useful for this purpose.
In the light of the previous observations it 
must be considered that in the assessment of 
the life cycle and energy efficiency of light 
buildings in terms of performance, all aspects 
related to the energy consumed, from the 
"production" phase to that of "use" of the 
structure and disposal; for the purpose of 
assessing the overall performance of a 
building, it is essential to consider both 
embodied energy and operational energy. In 
temporary buildings this aspect is even more 
relevant because the phases of construction 
and disassembly and reconstruction are 
repeated numerous times, thus increasing the 
energy balance of the structures 
exponentially; in fact, the energy consumed 
during transport, in the various phases of 
reassembly, depends on the weight, from the 
assembly system and from the distance 
between the installation sites; the design of 
these structures must therefore carefully 
calibrate the energy costs inherent, in an 
atypical life cycle compared to permanent 
buildings, because the costs of assembly and 

disassembly do not amortize over time but, on 
the contrary, multiply and increase with the 
wear of the materials. 
In terms of thermo-hygrometric comfort in the 
design of temporary architecture, the following 
must be considered: environmental factors 
(temperature, humidity, air speed), external 
factors (metabolic rate and clothing), biological 
factors (sex, age, biological characteristics ) 
and psychological factors (cultural background, 
individual expectations); in fact, the thermal 
sensation can be very influenced by many 
environmental and physiological conditions that 
can determine different levels of comfort as 
the conditions of use change (De Vita et aal, 
2018). With regard to energy efficiency, special 
attention should be paid to the 
membrane-bearing structures that collect 
condensation water on the surface of the 
membrane and accumulate water as reserve.
The eco-compatible design of tensile 
structures must take into consideration the 
geography and the climatic conditions of the 
places in a very different way from the mass 
construction because the complete absence of 
thermal inertia imposes different design 
criteria related above all to the need to 
guarantee stable indoor climatic conditions.
Among the temporary and semi-temporary 
installations, rescue structures occupy a 
special place, which require markedly 
adaptability to very different conditions, 
speed in transport and assembly and guarantee 
of comfort conditions during the period of use.

These notes want to highlight how tensile 
membrane structures are a new chapter in the 
history of building structures.
The interesting developments in the design of 
the tensor membrane structure can 
revolutionize the concept of permanent 
building. 
In this context, computer technology with the 
possibility of modeling structures and their 
behavior has opened up vast new horizons for 
design; the possibility of calculating shape and 
values for projects has determined a new 
architectural language in which the final 
outcome of the project and the behavior of 
the structure are completely predictable and 
controllable. 
The development of software for tension 
membrane structures practically does not 
place limits on the design process, the 
structures can be modeled and calculated in 
relation to different operating conditions, 
different installation cycles and different 
functions. Although there is a lot of scientific 
knowledge about tensile structures, there are 
no real design manuals. A standardized 
approach as well as a global European design 
verification standard is needed to achieve a 
harmonized security level.
The tensile structures reflect the needs of 
modern architecture and are increasingly used 
thanks to their attractiveness due to the 
spatial curvature and to the great variety of 
forms that can be achieved and to the 
possibility of obtaining large free spans. 
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Today the area of structural skins is very broad 
and the membranes are increasingly used; 
their two-dimensional measurement can be 
advantageously combined with solar shading 
and / or solar energy collection. The growing 
interest in these structures requires a 
complete standardization that is still lacking in 
Europe. A work process has been launched by 
CEN aimed at a future technical specification, 
and, subsequently, at a new Eurocode part 
related to the structural design of membrane 
structures.
The ongoing discussions in the CEN / TC 250 / 
WG 5 focus on specific aspects of structural 
design based on the current Eurocode design 
concept and furthermore, concrete 
information is provided on important elements 
of structural membrane design together with 
basic information on the underlying test 
methods. The establishment of harmonized 
design rules requires the simultaneous 
establishment of harmonized test methods 
which is performed by CEN / TC 248 / WG 4. 
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The primary human need of sheltering had 
produced different solutions according to 
places, climate and habits. 
In the deserts, Sahara, Saudi Arabia and Iran, 
the black tents were developed by the 
nomads using camel leather for matching the 
exigence of roaming in driving the transfers 
with the animals and to satisfy the need to 
easily assemble and dismantle homes and 
transport them for long journeys; the use of 
tents as a dwelling was also common for 
housing armies for long periods and in 
different environmental conditions. 
In addition to housing, these structures have 
always been used as simple shelter from 
climatic agents.

For tensile structure we mean the construction 
of covering using a membrane supported by 
cables or rigid rods, their main characteristic 
is referred to ability of sustaining loads due 
the tensile state; other important properties 
are referred to the possibility of assembling 
and disassembling with ease, of moving 
through different places and of covering large 
spans. Due to the use of thin cables stretched, 
surfaces can be created able of overcoming 
the forces imposed upon them.
Until the mid-20th century, due to the low 
demand  and lack of manufacturers of cables 
there were few technological advances, but, 
thanks to industrial growth a new 
developments arose. 

In the first models the use of joined cables and 
very light membranes produced structural 
deficiencies; the technology thus evolved later 
with the use of system of steel cables and fiber 
membranes with a high degree of strength; 
furthermore the performance of the new 
structures were improved by integrating layers 
of waterproof coatings and protection against 
ultraviolet rays and fire and using materials 
able to control the reflectivity of tents. 
Such progress was only possible thanks to the 
physical-structural studies initiated by German 
architect and engineer Frei Otto, who since 
the 1950s conducted the first scientific studies 
and the first works of roofing using tensioned 
steel cables combined with membranes.
Tensile construction can be shared into three 
categories according to their structure 
(membrane, mesh, pneumatic), while cables 
can be classified in those load-bearing or 
stabilizing; the load-bearing cables take the 
external loads and the stabilizing cables have 
the role of strengthening the load-bearing ones.
In last thirty years the tensile membrane 
structure found a significant place in the 
contemporary architecture; the producers 
have adapted to market demands by creating 
increasingly high-performance products in 
terms of resistance and durability with the 
result of greatly widening the field of 
applications and making the product much 
more interesting for design purposes. 
This change marked a turning point in the 
design of tensile structures because while in 

the past they were used only for temporary 
uses, having become more durable and then  
economically convenient, they began to be 
used also in permanent constructions. 
Therefore, in the field of stable constructions, 
the required range of services is also 
extended, thus opening up a very vast and 
interesting field of research and development 
(ElSeragy and ElNokaly, 2006). From this point 
of view, the understanding of environmental 
behavior and the performance of the 
membranes must be adequately explored in 
order to provide greater comfort for the 
occupants. Like as permanent construction 
nowadays it is mandatory also for tensile 
membrane to perform sustainable energetic 
behavior to face the need to reduce energy 
consumption; this theme stress the research 
towards new materials and structures that 
meet the occupant's needs and comfort and 
are at the same time environmentally friendly. 
In fact, textile membrane surfaces have low 
thermal mass and for this reason they let very 
rapidly the  external energy affect the indoor 
climate; for this reason actually new materials 
are developing for membrane with augmented 
thermal resistivity in terms of controlling the 
thermal gain or loss in winter and in summer.
The thermal conditions provided by a space 
enclosed by a very thin skin cannot comply the 
standards of conditioned traditionally enclosed 
environment; it is conceivable to design the 
membrane form and orientation and the 
associated thermal mass to comply different 

seasons and climates, maximizing in winter the 
diurnal solar absorption and save it inside 
while at night it should retain the day 
absorbed radiation to heat the interior space. 
In summer, the membrane should perform in 
an opposite way; the fabric structure should be 
oriented to give shade by screening solar 
radiation and the material should be chosen 
with regard to the ability to absorb and 
transmit a minimum amount of solar heat and 
apposite openings must be provided so that the 
internal heat finds a place to escape at night.
Even if it is well known that tensile 
architecture was born with the use of natural 
materials, animal or vegetal, only recently 
they are re-discovered due to the potential to 
be softly inserted in landscape whithout 
producing heavy impacts. Fabric membranes 
were used to provide adequate shade, channel 
breezes and define space but very often they 
worked in a wrong way, even if well placed 
into the image of these places and events. Of 
course there is a need for further research into 
this field in order to understand the effect 
that the form of the structure will have on its 
environmental behavior. 
The theme of environmental sustainability, and 
then of energy saving and carbon reduction, 
has not to be referred only to energy 
consumption in cooling or heating spaces 
enclosed into the tents but also to the 
resource consumption coming from the used 
materials, the storage, the re-use and the 
mode of transport. 

The importance of optimizing the performance 
of textile envelopes is thus referred to a wide 
range of needs; but only recently lightweight 
architecture began to take in serious 
consideration the importance of energy saving 
and environmental sustainability in both 
destination, as temporary structure and 
permanent, while for the past only the 
envelope mass and therefore its thermal 
inertia were considered useful for this purpose.
In the light of the previous observations it 
must be considered that in the assessment of 
the life cycle and energy efficiency of light 
buildings in terms of performance, all aspects 
related to the energy consumed, from the 
"production" phase to that of "use" of the 
structure and disposal; for the purpose of 
assessing the overall performance of a 
building, it is essential to consider both 
embodied energy and operational energy. In 
temporary buildings this aspect is even more 
relevant because the phases of construction 
and disassembly and reconstruction are 
repeated numerous times, thus increasing the 
energy balance of the structures 
exponentially; in fact, the energy consumed 
during transport, in the various phases of 
reassembly, depends on the weight, from the 
assembly system and from the distance 
between the installation sites; the design of 
these structures must therefore carefully 
calibrate the energy costs inherent, in an 
atypical life cycle compared to permanent 
buildings, because the costs of assembly and 

disassembly do not amortize over time but, on 
the contrary, multiply and increase with the 
wear of the materials. 
In terms of thermo-hygrometric comfort in the 
design of temporary architecture, the following 
must be considered: environmental factors 
(temperature, humidity, air speed), external 
factors (metabolic rate and clothing), biological 
factors (sex, age, biological characteristics ) 
and psychological factors (cultural background, 
individual expectations); in fact, the thermal 
sensation can be very influenced by many 
environmental and physiological conditions that 
can determine different levels of comfort as 
the conditions of use change (De Vita et aal, 
2018). With regard to energy efficiency, special 
attention should be paid to the 
membrane-bearing structures that collect 
condensation water on the surface of the 
membrane and accumulate water as reserve.
The eco-compatible design of tensile 
structures must take into consideration the 
geography and the climatic conditions of the 
places in a very different way from the mass 
construction because the complete absence of 
thermal inertia imposes different design 
criteria related above all to the need to 
guarantee stable indoor climatic conditions.
Among the temporary and semi-temporary 
installations, rescue structures occupy a 
special place, which require markedly 
adaptability to very different conditions, 
speed in transport and assembly and guarantee 
of comfort conditions during the period of use.

These notes want to highlight how tensile 
membrane structures are a new chapter in the 
history of building structures.
The interesting developments in the design of 
the tensor membrane structure can 
revolutionize the concept of permanent 
building. 
In this context, computer technology with the 
possibility of modeling structures and their 
behavior has opened up vast new horizons for 
design; the possibility of calculating shape and 
values for projects has determined a new 
architectural language in which the final 
outcome of the project and the behavior of 
the structure are completely predictable and 
controllable. 
The development of software for tension 
membrane structures practically does not 
place limits on the design process, the 
structures can be modeled and calculated in 
relation to different operating conditions, 
different installation cycles and different 
functions. Although there is a lot of scientific 
knowledge about tensile structures, there are 
no real design manuals. A standardized 
approach as well as a global European design 
verification standard is needed to achieve a 
harmonized security level.
The tensile structures reflect the needs of 
modern architecture and are increasingly used 
thanks to their attractiveness due to the 
spatial curvature and to the great variety of 
forms that can be achieved and to the 
possibility of obtaining large free spans. 

Today the area of structural skins is very broad 
and the membranes are increasingly used; 
their two-dimensional measurement can be 
advantageously combined with solar shading 
and / or solar energy collection. The growing 
interest in these structures requires a 
complete standardization that is still lacking in 
Europe. A work process has been launched by 
CEN aimed at a future technical specification, 
and, subsequently, at a new Eurocode part 
related to the structural design of membrane 
structures.
The ongoing discussions in the CEN / TC 250 / 
WG 5 focus on specific aspects of structural 
design based on the current Eurocode design 
concept and furthermore, concrete 
information is provided on important elements 
of structural membrane design together with 
basic information on the underlying test 
methods. The establishment of harmonized 
design rules requires the simultaneous 
establishment of harmonized test methods 
which is performed by CEN / TC 248 / WG 4. 
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The primary human need of sheltering had 
produced different solutions according to 
places, climate and habits. 
In the deserts, Sahara, Saudi Arabia and Iran, 
the black tents were developed by the 
nomads using camel leather for matching the 
exigence of roaming in driving the transfers 
with the animals and to satisfy the need to 
easily assemble and dismantle homes and 
transport them for long journeys; the use of 
tents as a dwelling was also common for 
housing armies for long periods and in 
different environmental conditions. 
In addition to housing, these structures have 
always been used as simple shelter from 
climatic agents.

For tensile structure we mean the construction 
of covering using a membrane supported by 
cables or rigid rods, their main characteristic 
is referred to ability of sustaining loads due 
the tensile state; other important properties 
are referred to the possibility of assembling 
and disassembling with ease, of moving 
through different places and of covering large 
spans. Due to the use of thin cables stretched, 
surfaces can be created able of overcoming 
the forces imposed upon them.
Until the mid-20th century, due to the low 
demand  and lack of manufacturers of cables 
there were few technological advances, but, 
thanks to industrial growth a new 
developments arose. 

In the first models the use of joined cables and 
very light membranes produced structural 
deficiencies; the technology thus evolved later 
with the use of system of steel cables and fiber 
membranes with a high degree of strength; 
furthermore the performance of the new 
structures were improved by integrating layers 
of waterproof coatings and protection against 
ultraviolet rays and fire and using materials 
able to control the reflectivity of tents. 
Such progress was only possible thanks to the 
physical-structural studies initiated by German 
architect and engineer Frei Otto, who since 
the 1950s conducted the first scientific studies 
and the first works of roofing using tensioned 
steel cables combined with membranes.
Tensile construction can be shared into three 
categories according to their structure 
(membrane, mesh, pneumatic), while cables 
can be classified in those load-bearing or 
stabilizing; the load-bearing cables take the 
external loads and the stabilizing cables have 
the role of strengthening the load-bearing ones.
In last thirty years the tensile membrane 
structure found a significant place in the 
contemporary architecture; the producers 
have adapted to market demands by creating 
increasingly high-performance products in 
terms of resistance and durability with the 
result of greatly widening the field of 
applications and making the product much 
more interesting for design purposes. 
This change marked a turning point in the 
design of tensile structures because while in 

the past they were used only for temporary 
uses, having become more durable and then  
economically convenient, they began to be 
used also in permanent constructions. 
Therefore, in the field of stable constructions, 
the required range of services is also 
extended, thus opening up a very vast and 
interesting field of research and development 
(ElSeragy and ElNokaly, 2006). From this point 
of view, the understanding of environmental 
behavior and the performance of the 
membranes must be adequately explored in 
order to provide greater comfort for the 
occupants. Like as permanent construction 
nowadays it is mandatory also for tensile 
membrane to perform sustainable energetic 
behavior to face the need to reduce energy 
consumption; this theme stress the research 
towards new materials and structures that 
meet the occupant's needs and comfort and 
are at the same time environmentally friendly. 
In fact, textile membrane surfaces have low 
thermal mass and for this reason they let very 
rapidly the  external energy affect the indoor 
climate; for this reason actually new materials 
are developing for membrane with augmented 
thermal resistivity in terms of controlling the 
thermal gain or loss in winter and in summer.
The thermal conditions provided by a space 
enclosed by a very thin skin cannot comply the 
standards of conditioned traditionally enclosed 
environment; it is conceivable to design the 
membrane form and orientation and the 
associated thermal mass to comply different 

seasons and climates, maximizing in winter the 
diurnal solar absorption and save it inside 
while at night it should retain the day 
absorbed radiation to heat the interior space. 
In summer, the membrane should perform in 
an opposite way; the fabric structure should be 
oriented to give shade by screening solar 
radiation and the material should be chosen 
with regard to the ability to absorb and 
transmit a minimum amount of solar heat and 
apposite openings must be provided so that the 
internal heat finds a place to escape at night.
Even if it is well known that tensile 
architecture was born with the use of natural 
materials, animal or vegetal, only recently 
they are re-discovered due to the potential to 
be softly inserted in landscape whithout 
producing heavy impacts. Fabric membranes 
were used to provide adequate shade, channel 
breezes and define space but very often they 
worked in a wrong way, even if well placed 
into the image of these places and events. Of 
course there is a need for further research into 
this field in order to understand the effect 
that the form of the structure will have on its 
environmental behavior. 
The theme of environmental sustainability, and 
then of energy saving and carbon reduction, 
has not to be referred only to energy 
consumption in cooling or heating spaces 
enclosed into the tents but also to the 
resource consumption coming from the used 
materials, the storage, the re-use and the 
mode of transport. 

The importance of optimizing the performance 
of textile envelopes is thus referred to a wide 
range of needs; but only recently lightweight 
architecture began to take in serious 
consideration the importance of energy saving 
and environmental sustainability in both 
destination, as temporary structure and 
permanent, while for the past only the 
envelope mass and therefore its thermal 
inertia were considered useful for this purpose.
In the light of the previous observations it 
must be considered that in the assessment of 
the life cycle and energy efficiency of light 
buildings in terms of performance, all aspects 
related to the energy consumed, from the 
"production" phase to that of "use" of the 
structure and disposal; for the purpose of 
assessing the overall performance of a 
building, it is essential to consider both 
embodied energy and operational energy. In 
temporary buildings this aspect is even more 
relevant because the phases of construction 
and disassembly and reconstruction are 
repeated numerous times, thus increasing the 
energy balance of the structures 
exponentially; in fact, the energy consumed 
during transport, in the various phases of 
reassembly, depends on the weight, from the 
assembly system and from the distance 
between the installation sites; the design of 
these structures must therefore carefully 
calibrate the energy costs inherent, in an 
atypical life cycle compared to permanent 
buildings, because the costs of assembly and 

disassembly do not amortize over time but, on 
the contrary, multiply and increase with the 
wear of the materials. 
In terms of thermo-hygrometric comfort in the 
design of temporary architecture, the following 
must be considered: environmental factors 
(temperature, humidity, air speed), external 
factors (metabolic rate and clothing), biological 
factors (sex, age, biological characteristics ) 
and psychological factors (cultural background, 
individual expectations); in fact, the thermal 
sensation can be very influenced by many 
environmental and physiological conditions that 
can determine different levels of comfort as 
the conditions of use change (De Vita et aal, 
2018). With regard to energy efficiency, special 
attention should be paid to the 
membrane-bearing structures that collect 
condensation water on the surface of the 
membrane and accumulate water as reserve.
The eco-compatible design of tensile 
structures must take into consideration the 
geography and the climatic conditions of the 
places in a very different way from the mass 
construction because the complete absence of 
thermal inertia imposes different design 
criteria related above all to the need to 
guarantee stable indoor climatic conditions.
Among the temporary and semi-temporary 
installations, rescue structures occupy a 
special place, which require markedly 
adaptability to very different conditions, 
speed in transport and assembly and guarantee 
of comfort conditions during the period of use.

These notes want to highlight how tensile 
membrane structures are a new chapter in the 
history of building structures.
The interesting developments in the design of 
the tensor membrane structure can 
revolutionize the concept of permanent 
building. 
In this context, computer technology with the 
possibility of modeling structures and their 
behavior has opened up vast new horizons for 
design; the possibility of calculating shape and 
values for projects has determined a new 
architectural language in which the final 
outcome of the project and the behavior of 
the structure are completely predictable and 
controllable. 
The development of software for tension 
membrane structures practically does not 
place limits on the design process, the 
structures can be modeled and calculated in 
relation to different operating conditions, 
different installation cycles and different 
functions. Although there is a lot of scientific 
knowledge about tensile structures, there are 
no real design manuals. A standardized 
approach as well as a global European design 
verification standard is needed to achieve a 
harmonized security level.
The tensile structures reflect the needs of 
modern architecture and are increasingly used 
thanks to their attractiveness due to the 
spatial curvature and to the great variety of 
forms that can be achieved and to the 
possibility of obtaining large free spans. 

Today the area of structural skins is very broad 
and the membranes are increasingly used; 
their two-dimensional measurement can be 
advantageously combined with solar shading 
and / or solar energy collection. The growing 
interest in these structures requires a 
complete standardization that is still lacking in 
Europe. A work process has been launched by 
CEN aimed at a future technical specification, 
and, subsequently, at a new Eurocode part 
related to the structural design of membrane 
structures.
The ongoing discussions in the CEN / TC 250 / 
WG 5 focus on specific aspects of structural 
design based on the current Eurocode design 
concept and furthermore, concrete 
information is provided on important elements 
of structural membrane design together with 
basic information on the underlying test 
methods. The establishment of harmonized 
design rules requires the simultaneous 
establishment of harmonized test methods 
which is performed by CEN / TC 248 / WG 4. 
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'HVLJQLQJ�DFFRUGLQJ�WR�WKH�LQGLFDWLRQV�RI�6XVWDLQDEOH�
'HYHORSPHQW�LV�QR�ORQJHU�DQ�RSWLRQ��$UFKLWHFWV�DQG�
(QJLQHHUV�DUH�FDOOHG�WR�UHVSHFW�QRW�RQO\�WKH�
SULQFLSOHV�RI�HFRQRP\��ZKLFK�KDYH�DOZD\V�
FKDUDFWHUL]HG�RQH�RI�WKH�PDLQ���LI�QRW�WKH�RQO\���
RULHQWDWLRQ�FULWHULD�IRU�GHVLJQ�FKRLFHV��EXW�DOVR�DQG�
DERYH�DOO�WKRVH�RI�VRFLDOLW\�DQG�HQYLURQPHQWDOLW\��
-XVW�WKH�WHUP�HQYLURQPHQWDOLW\���WKDW�LV�WKH�
VXEVWDQWLYDWLRQ�RI�WKH�DGMHFWLYH�HQYLURQPHQWDO���LV�
QRW��DV�LW�VHHPV��D�QHRORJLVP�ERUQ�DIWHU�WKH�
SXEOLFDWLRQ�RI�WKH�%UXQWODQG�5HSRUW�LQ������
>%UXQWODQG������@��LW�LV�D�WHUP�DOUHDG\�XVHG�E\�

+HLGGHJHU�LQ�KLV�VWXGLHV�RQ�2QWRORJ\�>+HLGHJJHU�	�
0D]]DUHOOD������@��DQG�WDNHQ�XS�LQ������E\�
&DUDEEHOOHVH�LQ�KLV�LQWHUHVWLQJ�DUWLFOH��LQ�ZKLFK�WKH�
,WDOLDQ�3KLORVRSKHU�UHODWHV�WKH�ZRUGV�&RQVFLHQFH�DQG�
(QYLURQPHQW�LQ�WKLV�ZD\��©P\�ZRUN�ZLWK�FRQVFLHQFH�
LV�QRW�VDWLVILHG�E\�D�VSHFLILF�HQYLURQPHQW��LQ�ZKLFK�LQ�
IDFW�LW�LV�IRXQG��EXW�LW�GHPDQGV�WKH�HQYLURQPHQWDOO\�
DV�LW�LV��WKH�HQYLURQPHQW�LV�QRW�RQO\�D�IDFW�WKDW�,�
REVHUYH�LQ�P\�ZRUN�ZLWK�FRQVFLHQFH��LW�LV�DOVR�DQG�
PDLQO\�DQ�HVVHQWLDO�UHTXLUHPHQW�RI�LWª>0DQQR������@��
,Q�WKLV�SDSHU��&RQVFLHQFH�DQG�(QYLURQPHQW�DUH�
FRQQHFWHG�E\�D�FRJQLWLYH�OLQN��EHFDXVH�WKH�ILUVW��

0HPEUDQHV��D�
FKDOOHQJH�IRU�

(QYLURQPHQWDO�
6XVWDLQDELOLW\�

/XFD�%821,1&217,�
�

OXFD�EXRQLQFRQWL#XQLQD�LW�

NH\ZRUGV�
WHQVLOH�DUFKLWHFWXUH�
SUHVVRVWUXFWXUH�
WHQVRVWUXFWXUH�
QDWXUDO�ILEHU�
UHFLFOHG�SODVWLF�
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XQGHUVWRRG�DV�©DZDUHQHVV�>���@�RI�WKH�H[WHUQDO�
ZRUOGª�>9RFDERODULR�7UHFFDQL������@��FDQ�RQO\�RFFXU�
LQ�UHODWLRQ�WR�WKH�VHFRQG��LQ�LWV�PHDQLQJ�RI�©VSDFH�
WKDW�VXUURXQGV�XVª>9RFDERODULR�7UHFFDQL������@��
+RZHYHU��KHUH�LW�LV�WKH�WHPSWDWLRQ�WR�LQWHUSUHWLQJ�
&DUDEEHOOHVH�HVVHQWHQFH�GLIIHUHQWO\��FRQQRWLQJ�WKH�
WHUPV�LQ�DQRWKHU�ZD\��LQ�RUGHU�WR�FUHDWH�DQ�HWKLFDO�
&RQVFLHQFH�(QYLURQPHQW�UHODWLRQVKLS��DWWULEXWLQJ�WR�
WKH�FRQVFLHQFH�WKH�PHDQLQJ�RI�©$ZDUHQHVV�RI�WKH�
PRUDO�YDOXH�RI�RQH·V�RZQ�ZD\�RI�DFWLQJª�
>(QFLFORSHGLD�7UHFFDQL������@��DQG�HQYLURQPHQW�DV�D�
ZKROH�RI�©DOO�ELRWLF�DQG�DELRWLF�YDULDEOHV�RU�
GHVFULSWRUV�LQ�ZKLFK�DQ�RUJDQLVP�OLYHV�DQG�ZLWK�
ZKLFK�LW�LQWHUDFWV�GXULQJ�LWV�H[LVWHQFHª�>(QFLFORSHGLD�
7UHFFDQL������@��7KLV�OH[LFDO�VKLIW�QDWXUDOO\�KDV�WKH�
DLP�RI�UHLQIRUFLQJ�WKH�FRQFHSW�IRU�ZKLFK�6XVWDLQDEOH�
'HYHORSPHQW�LV�PRUH�D�PRUDO�GXW\�WKDW�WHFKQLFLDQV�
DQG�GHVLJQHUV�PXVW�VDWLVI\��WKDQ�D�UHJXODWRU\�
REOLJDWLRQ���%XW�WKH�HWKLFDO�GHFODUDWLRQV��FHUWDLQO\�
QHFHVVDU\�WR�JXLGH�WKH�GHVLJQ�FKRLFHV��DUH�QRW�WKH�
RQO\�LQJUHGLHQW�RI�(QYLURQPHQWDO�6XVWDLQDELOLW\��
ZKLFK�QHHGV�DERYH�DOO�DGHTXDWH�WHFKQLFDO�NQRZ�KRZ��
KRZHYHU��WKH�GLIILFXOW\�RI�WKH�SUREOHP�GRHV�QRW�
DOORZ�WR�VROYH�LW�E\�DSSO\LQJ�VLPSOH�UHFLSHV��DV�
HYLGHQFHG�E\�WKH�FRPSOH[LW\�RI�(QYLURQPHQWDO�
4XDOLW\�$VVHVVPHQW�V\VWHPV�VXFK�DV��IRU�H[DPSOH��
WKH�,WDFD�3URWRFRO�DQG�LWV�UHJLRQDO�YDULDWLRQV���WKH�
%5(($0��FHUWLILFDWLRQ��WKH�/(('�*%&���E\�PHQWLRQLQJ�
WKH�PRVW�NQRZQ�RQHV��8QIRUWXQDWHO\��WRR�RIWHQ�RQH�
RI�WKH�ZD\V�WKDW�GHVLJQHUV�XVH�LV�EDQDOO\�FRQVWLWXWHG�
E\�WKH�FKRLFH�RI�PDWHULDOV���RU�SURGXFWLRQ�WHFKQLTXHV�
²DW�KLJK�SHUIRUPDQFH��DQ�HYROXWLRQ�RI�WKH�FRQFHSW�RI�

+LJK�7HFK�WKDW��VLQFH�WKH���V��VHHPV�WR�NHHS�WKH�
SURPLVH�RI�REWDLQLQJ�LQWHUHVWLQJ�IHDWXUHV��DOVR�
DHVWKHWLF��+RZHYHU��WKHVH�VROXWLRQV�RIWHQ�LQYROYH�
KLJK�HQYLURQPHQWDO�FRVWV��LI�HYDOXDWHG�RYHU�WKHLU�
HQWLUH�OLIH�F\FOH��IURP�SURGXFWLRQ��WLOO�H[SHQVLYH�DQG�
FRPSOH[�PDLQWHQDQFH��WLOO�GHPROLWLRQ��WKHLU�
SHUIRUPDQFH�DGYDQWDJH��LQ�DQ�HVWLPDWLRQ�RI�
FRVWV�EHQHILWV��LV�QRW�HQRXJK�IRU�FRPSHQVDWLQJ�IRU�
KLJK�FKDUJHV�WR�RFFXU��
,Q�WKH�FRPPRQ�LPDJLQDWLRQ��DOVR�WKH�VWUXFWXUHV�ZLWK�
PHPEUDQRXV�EHKDYLRU��L�H��ZKHUH�WKH�WHQVLRQ�UHJLPH�
LV�GLVWULEXWHG�SDUDOOHO�WR�WKH�VXUIDFH�>%DOLV�&UHPD��
����@��OLNH�VKHOOV�DQG�WHQVLOH�VWUXFWXUHV��IDOO�LQWR�WKH�
KL�WHFK�FDWHJRU\��PDLQO\�IRU�WKH�WKHLU�XQXVXDO�
DSSHDUDQFH��GXH�WR�WKH�SUHVHQFH�RI�WKH�FKDUDFWHULVWLF�
FXUYDWXUHV��IRUPDOO\�YHU\�IDU�IURP�WKH�IUDPH�
FRQVWUXFWLRQ�V\VWHPV�VR�URRWHG�LQ�RXU�ILJXUDWLYH�
UHSHUWRLUH��$QG�\HW�WKHLU�PHFKDQLFV�SDUWO\�UHFDOOV�WKDW�
RI�WKH�GRPHV�PDGH�RI�QRQ�WHQVLOH�PDWHULDOV��ZKLFK�
DUH�WKHUHIRUH�SDUW�RI�RXU�FRQVWUXFWLRQ�WUDGLWLRQ��LQ�
ZKLFK�WKH�GLVWULEXWLRQ�RI�IRUFHV�KDV�EHHQ�NQRZQ�IRU�
DOPRVW�WZR�FHQWXULHV�>0pU\������@�DQG�LW�LV�SUHFLVHO\�
WKDW�RI�D�PHPEUDQH��&HUWDLQO\�LW�LV�WUXH�WKDW�IURP�WKH�
SRLQW�RI�YLHZ�RI�SXUH�IRUP��IRU�WHQVLOH�VWUXFWXUHV�PRUH�
FRPSOH[�VXUIDFHV�DUH�XVHG��VXFK�DV�WKRVH�RI�PLQLPXP��
UXOHG�DQG�GRXEOH�FXUYHG�VXUIDFHV�>&DSRQH������@��EXW�
LW�LV�DOVR�WUXH�WKDW�WKH�VDPH�VXUIDFHV�ZHUH�JHQHUDWHG���
LQ�DQ�DSSUR[LPDWH�ZD\���ZLWK�JUDSKLF�RU�HPSLULFDO�
PHWKRGV�HYHQ�E\�WKH�DQFLHQW�EXLOGHUV��ZKR�XVHG�
IXQLFXODU�PRGHOV��WKHVH�JHRPHWULHV�ZHUH�WKHQ�
RYHUWXUQHG�ZLWK�UHVSHFW�WR�WKH�KRUL]RQWDO�SODQH�WR�
REWDLQ�WKH�FRUUHVSRQGLQJ�FRPSUHVVLRQ�PRGHO��)RU�
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0HPEUDQHV��D�FKDOOHQJH�IRU�(QYLURQPHQWDO�6XVWDLQDELOLW\

/XFD�%821,1&217,

VLPSOLFLW\�RI�FRQVWUXFWLRQ��WKH�VWUXFWXUHV�ZHUH�VKDSHG�
OLNH�FLUFXPIHUHQFH·V�DUFKHV���HDVLHU�WR�PDNH���EXW�LW�
ZDV�YHULILHG�WKDW�WKH�FURVVHG�SRO\JRQV��JHQHUDWHG�E\�
WKH�IXQLFXODUV��SDVVHG�WKURXJK�WKH�FHQWUDO�FRUH�RI�
LQHUWLD�RI�WKH�VWRQHV��ZKLFK�LQ�WKLV�ZD\�ZHUH�QHYHU�
WHQVLOH�VWUHVVHG�>0pU\������@��

ILJ������)XQLFXODU�PRGHO�SUHVHUYHG�LQ�WKH�FU\SW�RI�WKH�6DJUDGD�

)DPLOLD�LQ�%DUFHORQD�>'H�3LVDSLD������@�

�

3HUKDSV�WKH�RQO\�HOHPHQW�RI�FRQWHPSRUDQHLW\�WKDW�
FDQ�EH�REMHFWLYHO\�DWWULEXWHG�WR�PHPEUDQH�
VWUXFWXUHV�LV�IRU�XVLQJ�KLJK�SHUIRUPDQFH�PDWHULDOV��
EHFDXVH�IURP�WKH�ILUVW�ELUWK�RI�WH[WLOH�VWUXFWXUHV��E\�
9ODGLPLU�6KXNKRY��VWULSV�DQG�VWHHO�VODEV�ZHUH�XVHG�WR�
VXSSRUW�IDEULFV�>3DGLJOLRQL�DOOD�$OO�5XVVLDQ�([KLELWLRQ��
����@��7KH�V\VWHP��SDWHQWHG�LQ������E\�WKH�5XVVLDQ�
DUFKLWHFW��PDGH�XVH�RI�WKLV�QHZ�DQG��IRU�WKH�WLPH��
LQQRYDWLYH�PDWHULDO���EXW�LW�VKRXOG�EH�QRWHG�WKDW�WKH�
LGHD�RULJLQDWHG�IURP�WKH�NLELWND��D�WHQW�W\SLFDO�RI�
QRPDGLF�SRSXODWLRQV��PDGH�RI�S\ORQV�RI�ZRRG�DQG�

IHOW��D�WUDGLWLRQDO�ZRUN�EXLOW�ZLWK�PDWHULDOV�ZLWK�D�
KLJK�OHYHO�RI�QDWXUDOQHVV��:KLOH�RQ�RQH�KDQG�,�ZRXOG�
OLNH�WR�HPSKDVL]H�WKH�FRQWLQXLW\�RI�LQQRYDWLRQ��DQG�
KRZ�PXFK�LW�GUDZV�LGHDV�DQG�UHVRXUFHV�IURP�WKH�
SDVW��RQ�WKH�RWKHU�KDQG�LW�LV�FHUWDLQO\�WUXH�WKDW�WKH�
LQWHUSUHWDWLRQ�RI�WKH�NLELWND�ZDV�EULOOLDQW�DQG�YHU\�
RULJLQDO��LQ�ZKLFK�IRU�WKH�ILUVW�WLPH�LQ�WKH�ZRUOG�D��

ILJ������7KH�6KXNKRY�5RWXQGD�>6KXNKRY�5RWXQGD������@�DQG��GRZQ��

D�NLELWND�>9LYLHQGDV�WUDGLFLRQDOHV�GH�ORV�SXHEORV�GH�5XVLD������@�
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K\SHUERORLG�VXUIDFH�ZDV�XVHG�LQ�WKH�FHQWUDO�SDUW�RI�
WKH�VWUXFWXUH�>6KXNKRY�5RWXQGD������@��
0RUHRYHU��ZKLOH�LQ�WKH�WHQVLOH�VWUXFWXUHV�WKH�VKHHWV�
SDUWLFLSDWH�WR�WKH�PHFKDQLFDO�VWUHQJWK�RI�WKH�
FRQVWUXFWLRQ��LQ�WKH�NLELWND���DQG�LQ�DOO�WKH�WHQW�
VWUXFWXUHV����WKHVH�DUH�RQO\�RI�FRPSOHWLRQ��ZKRVH�
ZHLJKW�LV�FDUULHG�E\�WKH�ZRRGHQ�ODWWLFHV��PDNLQJ�
WKHP�IURP�WKH�VWUXFWXUDO�SRLQW�RI�YLHZ�FORVHU�WR�WKH�
VSDWLDO�WUXVVHV��DQG�WKHUHIRUH�DOVR�WR�JHRGHVLFV��
$OWKRXJK�IRU�WKHVH�ODWWHU�GRPHV�LW�LV�QRW�DOZD\V�
SRVVLEOH�WR�ILQG�D�WHQVLRQ�UHJLPH�RI�PHPEUDQRXV�
W\SH��WKH�DIILQLWLHV�WKDW�ELQG�WKHP�WR�WHQVLOH�
VWUXFWXUHV�DUH�GLIIHUHQW��DQG�LQ�SDUWLFXODU�DFFRUGLQJ�
WR�WKH���L��WHFKQLFDO�SHUVSHFWLYH��EHFDXVH�WKH\�DUH�
RIWHQ�PDGH�XVLQJ�WKH�VDPH�PDWHULDOV���LL��
WHFKQRORJLFDO�SHUVSHFWLYH��DV�URRI���IUHTXHQWO\�
FRQVLGHUHG�ERWK�WHPSRUDU\�VROXWLRQV���LLL��SHUFHSWXDO�
SHUVSHFWLYH��VLQFH�HYHQ�LI�VWUXFWXUHV�RI�FRORVVDO�
GLPHQVLRQV�DUH�VRPHWLPHV�UHDOL]HG��WKH\�DOZD\V�
UHFDOO�D�VHQVH�RI�JUHDW�OLJKWQHVV���LY��PRUSKRORJLFDO�
SHUVSHFWLYH��EHFDXVH�WKH\�DUH�OLQNHG�WR�SUREOHPV�RI�
PLQLPXP�GLVWDQFH�VXUIDFH��DV�WKH�WHUP�´JHRGHVLFµ�
VXJJHVWV���,W�LV�WKHUHIRUH�QDWXUDO�WKDW�DQ�LQWHUHVWLQJ�
WUDQVIHU�RI�NQRZOHGJH�LQ�ERWK�GLUHFWLRQV�KDV�RFFXUUHG�
RYHU��\HDUV��DQG�WKDW�WKH�JUHDW�DUFKLWHFWV�ZKR�LQ�WKH�
VHFRQG�SRVW�ZDU�SHULRG�DFFHOHUDWHG�WKHLU�
GHYHORSPHQW��5LFKDUG�%XFNPLQVWHU�)XOOHU�RQ�RQH�VLGH�
DQG�)UHL�3DXO�2WWR�RQ�WKH�RWKHU���KDYH�VRPH�
LQWHUHVWLQJ�SRLQWV�LQ�FRPPRQ��EHFDXVH�LQ�DGGLWLRQ�WR�
KDYLQJ�EHHQ�WHDFKHUV�DW�WKH�8QLYHUVLW\�RI�:DVKLQJWRQ�
LQ�6W��/RXLV�LQ�WKH�ODWH�����V��DQG�KDYLQJ�VWXGLHG�
VSDWLDO�ODWWLFHV��WKH\�FDUULHG�RXW���VHSDUDWHO\���

SDUWLFXODU�VWXGLHV�RQ�SQHXPDWLF�VWUXFWXUHV�>)UHL�
2WWR������@��VXEFDWHJRU\�RI�WHQVLOH�VWUXFWXUHV�DQG��LQ�
JHQHUDO��RI�PHPEUDQHV�>3UHVVRVWUXWWXUH��VWUXWWXUH�
SQHXPDWLFKH�H�FXVFLQL������@��
7KH�JUHDW�QRWRULHW\�RI�WKH�ZRUNV�FUHDWHG�E\�WKH�
0DVWHU�RI�&KHPQLW]�KDV�FHUWDLQO\�FRQWULEXWHG�WR�
DIILUPLQJ�LQ�WKH�FROOHFWLYH�LPDJLQDWLRQ�RI�DUFKLWHFWV�
DQG�HQJLQHHUV�WKDW�WKH��PHPEUDQHV��DUH�WKH�WHQVLOH�
VWUXFWXUHV�RI�)UHL�2WWR��D�VRUW�RI�WHFKQLFDO�
V\QHFGRFKH�IRU�ZKLFK�LWV�FRQVWUXFWLRQV�KDYH�EHFRPH�
HPEOHPDWLF�RI�WKH�ZKROH�FDWHJRU\�WR�ZKLFK�WKH\�
EHORQJ��7KLV�DOVR�H[SODLQV�ZK\�WKH�PHPEUDQHV�DUH�
JHQHULFDOO\��DQG�LQH[SHUWO\��LQFOXGHG�LQ�KL�WHFK��
EHFDXVH�LW�DXWRPDWLFDOO\�UHFDOOV�WKH�DEDFXV�RI�
PDWHULDOV�XVHG�E\�WKH�JUHDW�*HUPDQ�GHVLJQHU��LQ�
ZKLFK���ERWK�IRU�WKH�KLVWRULFDO�SHULRG�LQ�ZKLFK�KH�
ZRUNHG��DQG�VRPHWLPHV�IRU�WKH�FRORVVDO�GLPHQVLRQV�
RI�LWV�DFKLHYHPHQWV���WKHUH�DUH�DOZD\V�YHU\�KLJK�
SHUIRUPDQFH��EXW�DEVROXWHO\�QRW�HFR�VXVWDLQDEOH�
SURGXFWV��

ILJ������0XQLFK�2O\PSLF�6WDGLXP��)UHL�2WWR�������

�
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0HPEUDQHV��D�FKDOOHQJH�IRU�(QYLURQPHQWDO�6XVWDLQDELOLW\

/XFD�%821,1&217,

([FOXGLQJ�H[�DQWH�WKH�XVH�RI�PHPEUDQHV�LQ�KLJK�
HQYLURQPHQWDO�VXVWDLQDELOLW\�FRQVWUXFWLRQV�LV�
FHUWDLQO\�D�GDQJHURXV�ORJLFDO�VKRUW�FLUFXLW�WKDW�PXVW�
EH�DYRLGHG��IRU�DW�OHDVW�RQH�IXQGDPHQWDO�UHDVRQ��
0RVW�RI�WKH�PHPEUDQHV�KDYH�D�YHU\�KLJK�PHFKDQLFDO�
HIILFLHQF\��EHFDXVH�ZLWK�DQ�DOPRVW�QHJOLJLEOH�ZHLJKW�
WKH\�FDQ�ZLWKVWDQG�FRQVLGHUDEOH�RYHUORDGV�>&DSDVVR��
����@��7KLV�LV�GXH�QRW�RQO\�WR�WKH�XVH�RI�KLJK�
SHUIRUPDQFH�PDWHULDOV��EXW�DERYH�DOO�WR�WKHLU�VKDSH��
ZKHQ�XVLQJ�VWULSHG�JHQHUDWLQJ�VXUIDFHV��ZLWK�D�IDPLO\�
RI�FXUYHV�WKDW�GLUHFWV�WKH�FRQFDYLW\�XSZDUGV��WKH�
WHQVLRQ�UHJLPH�WKDW�GHYHORSV�DORQJ�WKHP�ZLOO�EH�
WUDFWLRQ��)RU�WKLV�UHDVRQ��WKHVH�VXSSRUWLQJ�FXUYHV�DUH�
QRW�VXEMHFWHG�WR�LQVWDELOLW\�SUREOHPV��ZKLFK�LQVWHDG�
DIIHFW�LQIOH[HG�RU�FRPSUHVVHG�VWUXFWXUHV��DQG�IRU�WKLV�
UHDVRQ�WKH\�FDQ�UHDFK�H[WUHPH�VOHQGHUQHVV��WR�WKH�
DGYDQWDJH�RI�OLJKWQHVV��7KH�WH[WLOH�DUFKLWHFWXUH��
LQGHHG�EHFDXVH�RI�WKH�LQQDWH�OLPLW�RI�VKHHWV�DQG�
URSHV�QRW�EHLQJ�UHVLVWDQW�WR�FRPSUHVVLRQ��DQG�WKDW�RI�
ULJLG�VKHOOV��EXW�GHVLJQHG�WR�EH�VXEMHFWHG�WR�WUDFWLRQ�
DORQH��PDNH�LW�SRVVLEOH�WR�REWDLQ�WKLV�IXQGDPHQWDO�
SHUIRUPDQFH�WKDQNV�WR�WKHLU�VKDSH��WKLV�SHUIRUPDQFH�
LV�DOVR�D�YHU\�LPSRUWDQW�LQGLFDWRU�RI�HFR�
VXVWDLQDELOLW\�EHFDXVH�LW�DOORZV�WR�UHGXFH�ERWK�WKH�
TXDQWLW\�RI�PDWHULDO�UHTXLUHG�LQ�WKH�FRQVWUXFWLRQ�
�VDYLQJ�PDWHULDO�UHVRXUFHV�>)UDQFHVH������@��DQG�WKH�
DPRXQW�RI�YROXPH�SK\VLFDOO\�RFFXSLHG�E\�WKH�
WHFKQLFDO�HOHPHQWV��VDYLQJ�XVHG�VSDFH���VR�LW�
EHFRPHV�VWUDWHJLF�WR�UHPRYH�WKH�REVWDFOHV�WKDW�
WRGD\�SUHYHQW�D�JUHDWHU�GLIIXVLRQ�RI�WKH�PHPEUDQHV���
)LUVW�RI�DOO��WKH�FRQWURO�RI�WKH�VKDSH�LV�QRW�VLPSOH�
EHFDXVH�WKH�JHRPHWULFDO�JHQHUDWRUV�DUH�FRPSOH[��

VLQFH�PLQLPXP�DQG�GRXEOH�FXUYDWXUH�VXUIDFHV�DUH�
XVHG��EXW�DOVR�GXH�WR�WKH�JUHDW�GHIRUPDELOLW\�WKDW�
FKDUDFWHUL]HV�WH[WLOH�PDWHULDOV��,Q�WKLV�FDVH��WKH�
FODVVLF�UXOHV�RI�6FLHQFH�RI�&RQVWUXFWLRQ���ZKLFK�DSSO\�
WR�PRVW�FRPPRQ�FRQVWUXFWLRQ�PDWHULDOV���FDQQRW�EH�
XVHG��DQG�WKH�PRUH�FRPSOLFDWHG�UHODWLRQVKLSV�RI�QRQ�
OLQHDU�VWDWLFV�PXVW�EH�XVHG��
)RUWXQDWHO\��KRZHYHU��FRPSXWHU�DLGHG�GHVLJQ�DOORZV�
EHWWHU�FRQWURO�RI�WKH�SUREOHP��DOORZLQJ�WKH�
GLIIHUHQWLDO�SUREOHPV�DW�WKH�EDVH�RI�KLJKO\�
GHIRUPDEOH�PHPEUDQHV�WR�EH�UHVROYHG�TXLFNO\��2I�
FRXUVH��XVLQJ�WKH�DSSURSULDWH�VRIWZDUH�LV�QRW�D�
VXIILFLHQW�FRQGLWLRQ��PHPEUDQHV�UHTXLUH�VSHFLDOL]HG�
VNLOOV�WKDW�PXVW�EH�DFTXLUHG�LQ�DQ�DSSURSULDWH�
PDQQHU��EXW�WKH�NQRZOHGJH�DQG�XVH�RI�DGHTXDWH�
SURJUDPV�DOORZV��HYHQ�IRU�XQVNLOOHG�SURIHVVLRQDOV��WR�
EH�DEOH�WR�IUHHO\�H[SHULPHQW�ZLWK�GLIIHUHQW�IRUPDO�
VROXWLRQV��DVVLVWLQJ�WKHLU�FUHDWLYH�SURFHVV��)DFLQJ�WKH�
SRZHU�RI�WKHVH�WRROV��ZKLFK�FDQ�EH�XVHG�WRGD\�E\�
DQ\�SHUVRQDO�FRPSXWHU��WKH�VNLOOV�GHPRQVWUDWHG�E\�
WKH�EULOOLDQW�GHVLJQHUV�UDLVH�HYHQ�PRUH�IRU��DW�WKH�
HQG�RI�WKH���WK�FHQWXU\��WKH\�ZHUH�DEOH�WR�LPDJLQH�
DQG�EXLOG�PHPEUDQHV�ZLWK�WKH�XVH�RI�HPSLULFDO�DQG�
UXGLPHQWDU\�FRPSXWLQJ�V\VWHPV��
7KH�VHFRQG�GHWHUUHQW�WR�WKH�XVH�RI�PHPEUDQHV�LV�
FHUWDLQO\�OLQNHG�WR�WKH�PDWHULDO�ZLWK�ZKLFK�WKH\�DUH�
PDGH��,I�WKH�VKHOOV���DV�ULJLG�HOHPHQWV���UHTXLUH�
WHFKQLTXHV�WKDW�IDOO�ZLWKLQ�WKH�FDWHJRU\�RI�
FRQWHPSRUDU\�FRQVWUXFWLRQ�SUDFWLFH��VXFK�DV�VWHHO�
DQG�UHLQIRUFHG�FRQFUHWH�IRU�ZKLFK�VWXGLHV�KDYH�
DOUHDG\�EHHQ�XQGHUZD\�IRU�\HDUV�WR�GHYHORS�
HFRORJLFDO�DOWHUQDWLYHV���WKH�FRQYHUVLRQ�LQWR�
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HQYLURQPHQWDO�NH\�RI�WKH�PDWHULDOV�XVHG�LQ�WH[WLOH�
DUFKLWHFWXUH�VHHPV�PRUH�GLIILFXOW��,I�IRU�FDEOHV��
VWUXWV�DQG�ULJLG�VXSSRUWV��VWHHOLV�QRUPDOO\�XVHG��
ZKRVH�SURGXFWLRQ�LV�SURJUHVVLYHO\�UHGXFLQJ�WKH�
LPSDFW�RQ�WKH�HQYLURQPHQW�>0HQHJKHOOR������@��IRU�
WKH�VKHHW�LQVWHDG�YHU\�RIWHQ�V\QWKHWLF�SURGXFWV�DUH�
XVHG��EHORQJLQJ�WR�WKH�IDPLO\�RI�SRO\HVWHUV�RQ�ZKLFK�
D�OD\HU�RI�39&��LV�IUHTXHQWO\�DSSOLHG�RQ�WKH�VKHHWV�
WKHPVHOYHV�>7HQVRVWUXWWXUD������@��,QGHHG�WKH�
GLVFRYHU\�RI�WKH�WHFKQLTXH�RI�ZHOGLQJ�EHWZHHQ�
VKHHWV�LQ�WKHUPRSODVWLF�PDWHULDO���VXFK�DV�SRO\HVWHUV�
��ZKLFK�WRRN�SODFH�LQ�WKH�����V��JDYH�GHYHORSPHQW�
WR�SQHXPDWLF�VWUXFWXUHV�ZLWK�DSSOLFDWLRQV�UDQJLQJ�
IURP�GHVLJQ�WR�DUFKLWHFWXUH�>&RVULQL������@���
7KHVH�SODVWLFV��RLO�GHULYHG��D�UHVRXUFH�WKDW�KDV�
JHRORJLFDO�IRUPDWLRQ�WLPHV�>2ULJLQH�GHO�SHWUROLR��
����@���DQG�SUDFWLFDOO\�SHUHQQLDOV��LQ�WKH�PDULQH�
HQYLURQPHQW�LW�WDNHV�����\HDUV�WR�GHFRPSRVH��EXW�
WKH�PRQRPHUV�RI�ZKLFK�WKH\�DUH�PDGH�QHYHU�GHFD\�
>7HPSL�GL�GHJUDGD]LRQH�QHOOH�DFTXH������@��KDYH�D�
YHU\�VWURQJ�LPSDFW�RQ�WKH�HQYLURQPHQW��ERWK�GXULQJ�
H[WUDFWLRQ�UHILQLQJ�DQG�DW�WKH�HQG�RI�OLIH��DQG�IRU�
WKLV�UHDVRQ�FRPPRQ�VHQVH�VXJJHVWV�DYRLGLQJ�WKHP�LQ�
DQ\�ZD\����3ODVWLF�LV�WKH�WKLUG�PRVW�ZLGHVSUHDG�
KXPDQ�PDWHULDO�RQ�HDUWK��H[FHHGHG�RQO\�E\�VWHHO�DQG�
FRQFUHWH�>,�QXPHUL�GHOOD�SODVWLFD�QHO�PRQGR������@��
EXW�LW�LV�WKH�ILUVW�LQ�WKH�IRUP�RI�ZDVWH�EHFDXVH�LW�LV�
XVHG�WR�PDNH�REMHFWV�RI�VKRUW��LI�QRW�YHU\�VKRUW�
GXUDWLRQ��7KH�EXLOGLQJV�KDYH�DQ�H[WUHPHO\�ORQJ�OLIH�
�ZHOO�RYHU�D�KXQGUHG�\HDUV���WKH�UHF\FOLQJ�LQ�WKH�
FRQVWUXFWLRQ�ILHOG�DOORZV�WKHUHIRUH�DOVR�WR�REWDLQ�WKH�
DGYDQWDJH�RI�VWRULQJ�DQG�XVLQJ�WKLV�PDWHULDO�IRU�ORQJ�

SHULRGV��UDLVLQJ�WKH�OHYHO�RI�HFRVXVWDLQDELOLW\��
7H[WLOH�DUFKLWHFWXUH��WKDQNV�WR�WKH�GU\�DQG�
SQHXPDWLF�DVVHPEO\�WHFKQLTXHV��DUH�RIWHQ�XVHG�IRU�
WHPSRUDU\�ZRUNV��VRPHWLPHV�RQO\�VHDVRQDO��IRU�
ZKLFK�VWHHO�DQG�SRO\PHUV�WDUH�EDGO\�VXLWDEOH��IRU�
WKH\�FDQ�EH�FRQVLGHUHG�VXVWDLQDEOH�ZKHQ�XVHG�IRU�D�
WLPH��ORQJ�HQRXJK�WR�DPRUWL]H�WKH�KLJK�
HQYLURQPHQWDO�SURGXFWLRQ�FRVWV��,Q�WKLV�FDVH��LW�LV�
SRVVLEOH�WR�XVH�DOWHUQDWLYH�VROXWLRQV��VXFK�DV���IRU�
H[DPSOH���ZRRG�DQG�QDWXUDO�ILEHUV��,Q�SDUWLFXODU��
ZRRG�KDV�D�VSHFLILF�WHQVLOH�VWUHQJWK�KLJKHU�WKDQ�WKDW�
RI�WKH�VWHHO��IRU�H[DPSOH��WKH�ILU�WUHH�RI�FKRLFH�6���
LV�����PRUH�SRZHUIXO�WKDQ�VWHHO�6��������VR��DOWKRXJK�
LQ�DEVROXWH�WHUPV�LW�LV�FHUWDLQO\�OHVV�UHVLVWDQW�WKDQ�
PHWDO��LQ�LWV�UDQJH�RI�XVH�LW�DOORZV�WKH�FUHDWLRQ�RI�
OLJKWHU�HOHPHQWV��)RU�WKH�WH[WLOH�FRPSRQHQW��ZH�
UHFDOO�WKDW�KHPS�ILEHU�KDV�IRU�FHQWXULHV�EHHQ�WKH�
SUHIHUUHG�PDWHULDO�IRU�PDNLQJ�URSHV�IRU�PDULQH�XVH��
ZKLFK�DUH�VWLOO�LQ�SURGXFWLRQ��LQ�WKH�VDPH�ZD\��KHPS�
VKHHWV�DUH�DYDLODEOH�LQ�QXPHURXV�ZHLJKWV��ZLWK�
VWUHQJWK�DQG�DSSHDUDQFH�FRQVLGHUDEO\�GLIIHUHQW��
9DULRXV�VWXGLHV�DUH�DYDLODEOH�RQ�WKH�SRVVLELOLW\�RI�
XVLQJ�QDWXUDO�ILEHUV��KHPS��OLQHQ��DJDYH��MXWH��VLVDO��
ZRRO�DQG�HYHQ�VLON��DV�D�VWUXFWXUDO�UHLQIRUFHPHQW��WR�
EH�LQVHUWHG�LQ�FHPHQWLWLRXV�RU�OLPH�EDVHG�PDWUL[�
>5LQIRU]R�VWUXWWXUDOH�FRQ�PDWHULDOL�FRPSRVLWL������@��
UHIOHFWLQJ�WKH�JUHDW�UHVLVWDQFH�WKDW�WKHVH�PDWHULDOV�
DUH�DEOH�WR�RIIHU��6KLJHUX�%DQ��D�-DSDQHVH�DUFKLWHFW�
VSHFLDOL]LQJ�LQ�WKH�XVH�RI�LQH[SHQVLYH�DQG�KLJKO\�
UHF\FODEOH�PDWHULDOV��KDV�RIWHQ�XVHG�SRO\FDUERQDWH�
PHPEUDQHV�VXSSRUWHG�E\�EDPERR�RU�FDUGERDUG�
WXEHV��EXW�KDV�DOVR�FUHDWHG�WHPSRUDU\�VWUXFWXUHV�
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VXFK�DV�WKH�-DSDQ�SDYLOOLRQ�IRU�([SR�������PDGH�
HQWLUHO\�RI�SDSHU��FDUGERDUG�DQG�EDPERR��WKXV�
GHPRQVWUDWLQJ�WKH�FRQFUHWH�SRVVLELOLWLHV�WKDW�RIIHU�
DOWHUQDWLYH�PDWHULDOV�LI�WKHLU�SHUIRUPDQFHV�DQG�
SRWHQWLDO�DUH�NQRZQ����
7KH�FRQVLGHUDWLRQV�KHUH�FDUULHG�RXW�DUH�RI�WHFKQLFDO�
QDWXUH�DQG�DOORZ�WR�HYDOXDWH�WKH�HFR�VXVWDLQDELOLW\�
RI�WKH�PHPEUDQHV��%XW�WKH�(QYLURQPHQW�LV�QRW�RQO\�D�
VHW�RI�ELRWLF�DQG�DELRWLF�FRPSRQHQWV�DJDLQVW�ZKLFK�WR��

ILJ������-DSDQ�SDYLOOLRQ��([SR������>6KLJHUX�%DQ�$UFKLWHFWV������@�

SHUIRUP�FROG�PHDVXUHPHQWV��LW�LV�DOVR�DQG�DERYH�DOO�
D�V\VWHP�FRPSRVHG�E\�D�QHWZRUN�RI�VRFLDO��FXOWXUDO��
IRUPDO�UHODWLRQVKLSV�WKDW�FKDUDFWHUL]H�D�SODFH�DQG�
PDNH�LW�XQLTXH��UHFRJQL]DEOH��GLIIHUHQW�IURP�WKH�
RWKHUV��
7KH�FRQVLGHUDWLRQV�KHUH�FDUULHG�RXW�DUH�RI�WHFKQLFDO�
QDWXUH�DQG�DOORZ�WR�HYDOXDWH�WKH�HFR�VXVWDLQDELOLW\�
RI�WKH�PHPEUDQHV��%XW�WKH�(QYLURQPHQW�LV�QRW�RQO\�D�
VHW�RI�ELRWLF�DQG�DELRWLF�FRPSRQHQWV�DJDLQVW�ZKLFK�WR�
SHUIRUP�FROG�PHDVXUHPHQWV��LW�LV�DOVR�DQG�DERYH�DOO�
D�V\VWHP�FRPSRVHG�E\�D�QHWZRUN�RI�VRFLDO��FXOWXUDO��
IRUPDO�UHODWLRQVKLSV�WKDW�FKDUDFWHUL]H�D�SODFH�DQG�
PDNH�LW�XQLTXH��UHFRJQL]DEOH��GLIIHUHQW�IURP�WKH�
RWKHUV��,Q�D�IDPRXV�HVVD\��&KULVWLDQ�1RUEHUJ�6FKXO]�
LQGLFDWHV�WKLV�V\VWHP�DV�WKH�*HQLXV�ORFL��DV�WKDW�
´RSSRVLWH�RQHµ�ZLWK�ZKLFK�PDQ�PXVW�FRPH�WR�WHUPV�
WR�DFTXLUH�WKH�SRVVLELOLW\�RI�OLYLQJ�>1RUEHUJ�6FKXO]��
����@��$�ZRUN�WKDW�GHFODUHV�LWVHOI�WR�EH�KLJKO\�
HQYLURQPHQWDO�PXVW�KDYH�QRW�RQO\�WKH�WHFKQLFDO��
QXPHULFDO�DQG�TXDQWLILDEOH�UHTXLUHPHQWV�WKDW�
OLWHUDWXUH�DQG�WKH�VWDQGDUGV�SURYLGH��LW�PXVW�EH�DEOH�
WR�GLDORJXH�DQG�KDUPRQL]H�ZLWK�WKH�*HQLXV�ORFL��LW�
PXVW�EH�SDUW�RI�WKH�HQYLURQPHQW�V\VWHP�ZLWKRXW�
SURGXFLQJ�FKDQJHV�RU�UHYROXWLRQV��7KH�PRVW�
LPSRUWDQW�TXHVWLRQ�WR�DVN��WKHUHIRUH��LV�WKH�
IROORZLQJ��KRZ�FDQ�PHPEUDQHV�ILW�LQWR�D�SDUWLFXODU�
QDWXUDO�EXLOW�IRUPDO�DQG�VRFLDO�FXOWXUDO�FRQWH[W"�
)RUWXQDWHO\��WKHUH�DUH�QR�SUH�HVWDEOLVKHG�IRUPXODV�RU�
DOJRULWKPV��WKH�DQVZHU�LV�D�IXQFWLRQ�RI�QXPHURXV�
IDFWRUV��ERWK�HQGRJHQRXV��IRU�WKH\�DUH�UHODWHG�WR�WKH�
SODFH�RI�LQWHUYHQWLRQ��DQG�H[RJHQRXV��EHFDXVH�WKH\�
DUH�GXH�WR�WKH�VNLOOV�RI�WKH�GHVLJQHUV��$QG�FHUWDLQO\��
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WKH�VKDSHV�RI�PHPEUDQH�VWUXFWXUHV��PDGH�LQ�WH[WLOH�
DUFKLWHFWXUH�VXFK�DV�WHQVLO�DQG�SQHXPDWLF�VWUXFWXUHV�
>&ULHOHVL�	�/DQGXFFL������@��E\�IROORZLQJ�
PDWKHPDWLFDO�VXUIDFHV�GHSHQGHQW�RQ�D�JUHDW�QXPEHU�
RI�SDUDPHWHUV��DOORZ�WR�REWDLQ�DQ�LQILQLWH�UDQJH�RI�
FRPELQDWLRQV��
6HQVLWLYLW\��SRHWLFV��NQRZ�KRZ��EXW�PDLQO\�WKH�
SURIHVVLRQDO·V�NQRZ�ZK\�ZLOO�JXLGH�WKH�SURMHFW�
FKRLFHV��WR�REWDLQ�FRQVWUXFWLRQV�DEOH�WR�PDWFK�DQG�
PLPHWLFDOO\�PHUJH�ZLWK�WKH�WHUULWRU\�WKDW�UHFHLYHV�
WKHP��DYRLGLQJ�WKRVH�VHOI�UHIHUHQWLDO��
GHFRQWH[WXDOL]HG�DQG�JOREDOL]HG�ZRUNV��ZKLFK�DUH�
FRQVLGHUHG�YHUVDWLOH�DQG�VXLWDEOH�IRU�HDFK�SODFH��EXW�
ZKLFK�LQVWHDG�DUH�LQDGHTXDWH�LQ�DOO�FRQWH[WV��
�
5HIHUHQFHV�
>�@� %5817/$1'��*�+����������2XU�&RPPXQH�)XWXUH��

:RUOG�&RPPLVVLRQ�RQ�(QYLURQPHQW�DQG�'HYHORSPHQW��
5HWULHYHG�IURP�
KWWSV���VXVWDLQDEOHGHYHORSPHQW�XQ�RUJ�FRQWHQW�GRF

XPHQWV�����RXU�FRPPRQ�IXWXUH�SGI�
>�@� +(,'(**(5��0���0$==$5(//$��(����������2QWRORJLD��

(UPHQHXWLFD�GHOOD�(IIHWWLYLWj��1DSROL��*XLGD�

>�@� 0$112��0����������$OOH�RULJLQL�GHO�SHUVRQDOLVPR�
FULWLFR��3DQWDOHR�&DUDEHOOHVH�H�9LQFHQ]R�/D�9LD��,Q�3��
'L�*LRYDQQL��(G����/H�DYDQJXDUGLH�GHOOD�ILORVRILD�

LWDOLDQD�QHO�;;�VHFROR��S������0LODQR��)UDQFR$QJHOL�
>�@� 9RFDERODULR�7UHFFDQL���������&RVFLHQ]D��5HWULHYHG�

$XJXVW����������IURP�

KWWS���ZZZ�WUHFFDQL�LW�YRFDERODULR�FRVFLHQ]D�
>�@� 9RFDERODULR�7UHFFDQL���������$PELHQWH��5HWULHYHG�

$XJXVW����������IURP�

KWWS���ZZZ�WUHFFDQL�LW�YRFDERODULR�DPELHQWH�
>�@� (QFLFORSHGLD�7UHFFDQL���������&RVFLHQ]D��5HWULHYHG�

$XJXVW����������IURP�
KWWS���ZZZ�WUHFFDQL�LW�YRFDERODULR�FRVFLHQ]D��

>�@� %$/,6�&5(0$��/����������&RPSRUWDPHQWR�D�

PHPEUDQD��5HWULYHG�$XJXVW����������IURP�
KWWS���GPD�LQJ�XQLURPD��LW�XVHUV�OVBVDV�0$7(5,$/(�
FDS�VD�SGI�

>�@� 0e5<��(����������(TXLOLEUH�GHV�YR�WHVHQEHUFHDX��
$QQDOHV�GHV�SRQWV�HW�FKDXVVpHV��S���������3DULV�

>�@� &$321(��0����������7KHRULHV�DQG�0HWKRGV�IRU�

'HYHORSPHQW�RI�'HYHORSDEOH�5XOHG�6XUIDFHV�DQG�
$SSUR[LPDWH�)ODWWHQLQJ�RI�1RQ�GHYHORSDEOH�6XUIDFH��
,Q�'LVpJQR�Q����8QLRQH�,WDOLDQD�SHU�LO�'LVHJQR�

>��@� '(�3,6$3,$��0����������$�OH]LRQH�GL�DUFKL�FRQ�$QWRQ�
*DXGu��5HWULHYHG�LQ�$XJXVW����������IURP�
KWWSV���ZZZ�PDUFRGHSLVDSLD�FRP�D�OH]LRQH�GL�DUFKL�

FRQ�DQWRQL�JDXGL��
>��@� 3DGLJOLRQL�DOOD�$OO�5XVVLDQ�([KLELWLRQ����������

5HWULHYHG�$XJXVW����������IURP�

KWWS���ZZZ�DUFKLWHWWXUDWHVVLOH�SROLPL�LW�PHPEUDQHBV
FRFFKH�SHUFRUVL��BPDWBDUWLILFLDOL��HGLOL]LRBWHQV�����
BDOOUXVVLDQBH[LELWLRQ�����BDOOUXVVLDQBH[LELWLRQ�KWPO�

>��@� 6KXNKRY�5RWXQGD���������5HWULHYHG�LQ�$XJXVW����������
IURP�KWWSV���HQ�P�ZLNLSHGLD�RUJ�ZLNL�6KXNKRYB�
5RWXQGD�

>��@� 9LYLHQGDV�WUDGLFLRQDOHV�GH�ORV�SXHEORV�GH�5XVLD�
��������5HWULHYHG�LQ�$XJXVW����������IURP�
KWWSV���RSWRORY�UX�HV�RWGHOND�VWHQ�Y�

YDQQRMM�Y\SROQL�ULVXQRN�]KLOLVKFK�UD]Q\K�YUHPHQ�
WUDGLFLRQQ\H�]KLOLVKFKD�QDURGRY�KWPO�

>��@� )UHL�2WWR���������5HWULHYHG�LQ�$XJXVW���������IURP�
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KWWSV���LW�P�ZLNLSHGLD�RUJ�ZLNL�)UHLB2WWR�
>��@� 3UHVVRVWUXWWXUH��VWUXWWXUH�SQHXPDWLFKH�H�FXVFLQL�

��������5HWULHYHG�LQ�$XJXVW����������IURP�
KWWSV���ZZZ�PDFRWHFKQRORJ\�FRP�GHVLJQ�SUHVVRVWUX
WWXUH�VWUXWWXUH�SQHXPDWLFKH�H�FXVFLQL�IDFFLDPR�

FKLDUH]]D��
>��@� &$3$662��$����������$UFKLWHWWXUD�H�OHJJHUH]]D��

6DQW·$UFDQJHOR�GL�5RPDJQD��0DJJLROL�(GLWRUH�

>��@� )5$1&(6(��'����������$UFKLWHWWXUD�H�YLYLELOLWj��
0LODQR��)UDQFR$QJHOL�

>��@� 0(1(*+(//2��0����������/·DFFLDLR�VL�VFRSUH�
VRVWHQLELOH��,Q�,O�6ROH����RUH��5HWULHYHG�LQ�$XJXVW�����
�����IURP�KWWSV���ZZZ�LOVROH��RUH�FRP�DUW�O�
DFFLDLR�VL�VFRSUH�VRVWHQLELOH�$(E[D+P%�

>��@� 7HQVRVWUXWWXUD���������5HWULHYHG�LQ�$XJXVW����������
IURP�KWWSV���LW�P�ZLNLSHGLD�RUJ�ZLNL�7HQVRVWUXWWXUD�

>��@� &256,1,��&����������'HVLJQ�SQHXPDWLFR��,Q�'RPXV�

Q������5HWULHYHG�LQ�$XJXVW����������IURP�
KWWSV���ZZZ�GRPXVZHE�LW�LW�GDOO�
DUFKLYLR������������GHVLJQ�SQHXPDWLFR�KWPO�

>��@� 2ULJLQH�GHO�SHWUROLR��������5HWULHYHG�LQ�$XJXVW�����
�����IURP�
KWWSV���GLJLODQGHU�OLEHUR�LW�HPFDOYLQR�SHWUROLR�RULJL

QH�KWPO�
>��@� 7HPSL�GL�GHJUDGD]LRQH�QHOOH�DFTXH��SHU�OD�SODVWLFD�L�

WHPSL�VRQR�FHUWL"�&RPH�FRPXQLFDUOL�FRUUHWWDPHQWH"�

��������5HWULHYHG�LQ�$XJXVW����������IURP�
KWWSV���ZZZ�HQYL�LQIR�EORJ������������WHPSL�GL�
GHJUDGD]LRQH�QHOOH�DFTXH�SHU�OD�SODVWLFD�L�WHPSL�

VRQR�FHUWL�FRPH�FRPXQLFDUOL�FRUUHWWDPHQWH��
>��@� ,�QXPHUL�GHOOD�SODVWLFD�QHO�PRQGR���������5HWULHYHG�

LQ�$XJXVW����������IURP�

KWWSV���ZZZ�ZZI�LW�QHZV�QRWL]LH�"X1HZV,' ������
>��@� 5LQIRU]R�VWUXWWXUDOH�FRQ�PDWHULDOL�FRPSRVLWL���������

5HWULHYHG�LQ�$XJXVW����������IURP�
KWWSV���]HGSURJHWWL�LW������������ULQIRU]R�
VWUXWWXUDOH�PDWHULDOL�FRPSRVLWL��

>��@� 6KLJHUX�%DQ�$UFKLWHFWV���������5HWULHYHG�LQ�$XJXVW�
���������IURP�
KWWS���ZZZ�VKLJHUXEDQDUFKLWHFWV�FRP�ZRUNV�����BM

DSDQ�SDYLOLRQ�KDQQRYHU�H[SR�LQGH[�KWPO�
>��@� 125%(5*�6&+8/=��&����������*HQLXV�ORFL��3DHVDJJLR�

DPELHQWH�DUFKLWHWWXUD��0LODQR��(OHFWD�

>��@� &5,(/(6,��&���/$1'8&&,��*����������7HFKQLFDO�
GLFWLRQDU\�9RO����)LUHQ]H��$OLQHD�

>��@� %UHYH�VWRULD�GHOOH�FRVWUX]LRQL�LQ�DFFLDLR���������
5HWULHYHG�LQ�$XJXVW����������IURP�
KWWS���ZZZGDWD�XQLEJ�LW�GDWL�FRUVL�������������
%UHYH���VWRULD���GHOOH���FRVWUX]LRQL���LQ���DFFLDL

R�SGI�
>��@� 7HQVRVWUXWWXUH�R�7HQGRVWUXWWXUH��GXH�XQLYHUVL�

GLIIHUHQWL���������5HWULHYHG�LQ�$XJXVW����������IURP�

KWWSV���ZZZ�PDFRWHFKQRORJ\�FRP�GHVLJQ�WHQVRVWUXW
WXUH�R�WHQGRVWUXWWXUH�GXH�XQLYHUVL�GLIIHUHQWL��

>��@� 9RFDERODULR�7UHFFDQL���������*HRGHWLFD��5HWULHYHG�LQ�
$XJXVW����������IURP�
KWWS���ZZZ�WUHFFDQL�LW�YRFDERODULR�ULFHUFD�JHRGHWLFD��

>��@� (FR�FHPHQWR���������5HWULHYHG�LQ�$XJXVW����������

IURP�KWWSV���ZZZ�DUFKLWHWWXUDHFRVRVWHQLELOH�LW��
PDWHULDOL�HFR�FHPHQWR�

>��@� ,�PDWHULDOL�SHU�OH�WHQVRVWUXWWXUH��WHVVXWL�VSDOPDWL�FRQ�

WUDPD�H�RUGLWR���������5HWULHYHG�LQ�$XJXVW����������
IURP�KWWSV���ZZZ�PDFRWHFKQRORJ\�FRP�PDWHULDOL��
WHVVXWL�VSDOPDWL�FRQ�VWUXWWXUD�WUDPD�RUGLWR��
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>��@� 3(758&&,��*����������3URSULHWj�GHL�PDWHULDOL�H�SURYH�

PHFFDQLFKH��5HWULHYHG�LQ�$XJXVW����������IURP�

KWWS���ZZZ��XQLSD�LW�JLRYDQQL�SHWUXFFL�'LVS�0DWHUL
DOL�SGI�

>��@� *H\HU�5���-DPEHFN�-�5��DQG�/DZ�.�/����������

3URGXFWLRQ��XVH�DQG�IDWH�RI�DOO�SODVWLF�HYHU�PDGH��,Q�
6FLHQFH�$GYDQFHV��5HWULHYHG�LQ�$XJXVW����������LQ�
KWWS�DGYDFQFHV�VFLHQFHPDJD]LQH�RUJ�

�
1RWHV�

���� $V�UHTXLUHG�E\�$UWLFOH����RI�/HJLVODWLYH�'HFUHH�1R�����RI�������

ZKLFK�VSHFLILFDOO\�UHIHUV�WR�WKH�FRQWHQWV�RI�WKH�0LQLVWHULDO�

'HFUHH�$PE���������������

���� 6HH�KWWS���LWDFD�RUJ�YDOXWD]LRQHBVRVWHQLELOLWD�DVS��

���� 6HH�KWWSV���ZZZ�EUHHDP�FRP��

���� 6HH�KWWS���ZZZ�JEFLWDOLD�RUJ�OHHG��

���� 6WHHO�LQ�FRQVWUXFWLRQ�RQO\�VSUHDG�LQ�WKH�VHFRQG�KDOI�RI�WKH�

����V�ZLWK�WKH�LQWURGXFWLRQ�RI�EODVW�IXUQDFHV�>%UHYH�VWRULD�

GHOOH�FRVWUX]LRQL�LQ�DFFLDLR������@��

���� 7KLV�WHUP�LV�FXUUHQWO\�XVHG�LQ�WKH�FRPPHUFLDO�VSKHUH�WR�LQGLFDWH�

DERYH�DOO�DVVHPEOHG�JDUGHQ�WHQWV��HYHQ�ODUJH�RQHV�

>7HQVRVWUXWWXUH�R�7HQGRVWUXWWXUH��GXH�XQLYHUVL�GLIIHUHQWL��

����@��

���� ,Q�GLIIHUHQWLDO�JHRPHWU\�LV�LQ�IDFW�LQGLFDWHG�DV�WKH�JHRGHWLF�

OLQH�WKH�FXUYH�RI�PLQLPXP�OHQJWK�FRQQHFWLQJ�WZR�SRLQWV�

EHORQJLQJ�WR�D�JLYHQ�VXUIDFH�>9RFDERODULR�7UHFFDQL������@��

���� 6HH��IRU�H[DPSOH��WKH�DYDLODELOLW\�RI�HFR�FHPHQW�RQ�WKH�

PDUNHW�IRU�PDWHULDOV�WKDW�FODLP�WR�EH�HFRORJLFDO�>(FR�

FHPHQWR������@�RU�WKH�GHYHORSPHQW�WKDW�FDQ�EH�REVHUYHG�LQ�

WKH�VXVWDLQDEOH�SURGXFWLRQ�F\FOH�RI�VWHHO�>0HQHJKHOOR������@��

���� ,Q�WHQVLOH�VWUXFWXUHV�DUH�DOVR�XVHG�JODVV�ILEHUV�FRDWHG�ZLWK�

VLOLFRQH�RU�37)(��EXW�DOVR�RQO\�H[SDQGHG�37)(�>,�PDWHULDOL�SHU�

OH�WHQVRVWUXWWXUH��WHVVXWL�VSDOPDWL�FRQ�WUDPD�H�RUGLWR������@��

�����,I�ZH�FRQVLGHU�WKDW�IURP������WR�WKH�SUHVHQW�����ELOOLRQ�WRQV�RI�

SODVWLF�KDYH�EHHQ�SURGXFHG�LQ�WKH�ZRUOG��RI�ZKLFK�����ELOOLRQ�

DUH�VWLOO�PLVVLQJ�LQ�WKH�HQYLURQPHQW�>*H\HU�5���-DPEHFN�-�5��

	�/DZ�.�/������@��LW�LV�XQGHUVWDQGDEOH�KRZ��LI�SURGXFWLRQ�ZDV�

VWRSSHG�LPPHGLDWHO\��WKLV�TXDQWLW\���DSSURSULDWHO\�UHFRYHUHG�

DQG�UHF\FOHG���ZRXOG�DOORZ�D����\HDU�DXWRQRP\�ZLWK�UHVSHFW�

WR�WKH�FXUUHQW�FRQVXPSWLRQ�UDWHV��HTXDO�WR�����PLOOLRQ�WRQV��>,�

QXPHUL�GHOOD�SODVWLF�QHO�PRQGR������@��

�����5HFDOOLQJ�WKDW�WKH�VSHFLILF�IUDFWXUH�UHVLVWDQFH�LV�WKH�UDWLR�

EHWZHHQ�VSHFLILF�ZHLJKW�DQG�WHQVLOH�VWUHVV�>3HWUXFFL������@��

XVLQJ�WKH�\LHOG�VWUHVV�YDOXH��WKXV�DVVXPLQJ�D�GLDJUDP�RI�

WHQVLRQ���GHIRUPDWLRQ�RI�WKH�WULDQJOH�UHFWDQJOH�W\SH���D�YDOXH�

RI������PHWHUV�LV�REWDLQHG�IRU�VWHHO��ZLWK�D�GHQVLW\�RI������

NJ�P����ZKLOH�IRU�WKH�ILU��ZLWK�D�GHQVLW\�RI�RQO\�����NJ�P���LW�

UHDFKHV������PHWHUV��

�����7KH�SDSHU�PHPEUDQH�ZDV�WKHQ�FRDWHG�ZLWK�39&�WR�PDNH�LW�

ILUHSURRI��

�
�
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$�ZHOO�GHVLJQHG�HQYHORSH�VHSDUDWHV�WKH�LQWHULRU�IURP�
WKH�H[WHULRU�VR�WKDW�WKH�LQWHUQDO�FRQGLWLRQV�DUH�
PDLQWDLQHG�ZLWK�WKH�PLQLPXP�HQHUJ\�FRQVXPSWLRQ��
'XH�WR�LWV�UHGXFHG�ZHLJKW��DUFKLWHFWXUDO�PHPEUDQH�
VROXWLRQV�PD\�SUHVHQW�VRPH�IXQFWLRQDO�SUREOHPV��
QDPHO\�DFRXVWLF�DQG�K\JURWKHUPDO��ZKHQ�FRPSDUHG�
WR�FRQYHQWLRQDO��KHDYLHU�VROXWLRQV��+RZHYHU��WKH\�
DOVR�KDYH�SRWHQWLDO�DQG�HFRORJLFDO�DGYDQWDJHV�WKDW�
FDQ�EH�H[SORLWHG�WR�HQDEOH�WKH�IXQFWLRQDO�
RSWLPL]DWLRQ�RI�H[LVWLQJ�EXLOGLQJV�LQ�D�VXVWDLQDEOH�
ZD\��GXH�WR�WKH�PLQLPDO�XVH�RI�PDWHULDO�DQG�WKH�IDFW�
WKDW�WKH\�DUH�GU\�DVVHPEOLQJ��HDVLO\�UHXVDEOH�DQG�

UHF\FODEOH�VROXWLRQV��7KLV�SDSHU�SUHVHQWV�VRPH�
HPHUJHQW�WHFKQRORJLHV�IRU�DSSO\LQJ�DUFKLWHFWXUDO�
PHPEUDQHV�LQ�EXLOGLQJ�HQYHORSH��UHYHDOLQJ�ZD\V�WR�
RYHUFRPH�WKH�OLPLWDWLRQV�IRU�WKDW�WKH\�DUH�
UHFRJQL]HG��&XUUHQW�WUHQGV�LQFOXGH��K\EULG�
PHPEUDQHV�DQG�FRDWLQJV�UHVXOWLQJ�IURP�
QDQRWHFKQRORJ\�VROXWLRQV��PHPEUDQHV�ZLWK�
HPEHGGHG�VPDUW�WHFKQRORJLHV��EDWWHULHV��/('V��
VHQVRUV���PHPEUDQHV�LQFRUSRUDWLQJ�3KDVH�&KDQJH�
0DWHULDOV�DQG�PHPEUDQHV�IRU�WKH�SXULILFDWLRQ�DQG�
UHJXODWLRQ�RI�LQGRRU�DLU�TXDOLW\��7HFKQRORJLFDO�
LQQRYDWLRQ�LQ�WKLV�ILHOG�KDV�DGYDQFHG�DW�DQ�

NH\ZRUGV�
PHPEUDQHV�
OLJKWZHLJKW�DUFKLWHFWXUH�
HQYLURQPHQWDO�SHUIRUPDQFHV�
WKHUPDO�UHJXODWRUV��
IXQFWLRQV�

PHQGRQFD#DUTXLWHWXUD�XPLQKR�SW�
PUIPDFLHLUD#JPDLO�FRP�

$UFKLWHFWXUDO�
0HPEUDQHV�

IRU�LPSURYLQJ�
WKH�IXQFWLRQDO�
SHUIRUPDQFH�
RI�EXLOGLQJV� 3DXOR�0(1'21d$�

5DTXHO�0$&,(,5$�
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H[WUDRUGLQDU\�SDFH�LQ�WKH�ODVW�GHFDGHV�DQG�KDV�
JHQHUDWHG�VROXWLRQV�WKDW�LQ�VRPH�FDVHV�SUHVHQW�
IXQFWLRQDO�SHUIRUPDQFH�HTXLYDOHQW�WR�FRQYHQWLRQDO�
VROXWLRQV��EXW�ZLWK�OHVV�HQYLURQPHQWDO�LPSDFW��
�
&RQYHQWLRQDO�EXLOGLQJV�
%XLOGLQJV�ZLWK�VWURQJ�WKHUPDO�LQHUWLD�DOORZ�VWDEOH�
WKHUPDO�FRQGLWLRQV�WR�EH�DFKLHYHG�WKURXJKRXW�WKH�
GD\�DQG�\HDU�>0HQGRQoD������@��7KH�VWDELOLW\�RI�
WKHVH�FRQGLWLRQV�UHVXOWV�IURP�WKH�FRPELQDWLRQ�RI�ZHOO�
GLPHQVLRQHG�IHQHVWUDWLRQV��WKHUPDO�PDVV�DQG�
LQVXODWLRQ��ZKLFK�VKRXOG�EH�FRPSOHPHQWHG��RQO\�WR�
WKH�H[WHQW�RI�ZKDW�LV�VWULFWO\�QHFHVVDU\��ZLWK�
PHFKDQLFDO�HTXLSPHQW��H�J��UDGLDWRUV��IXUQDFHV��
VWRYHV��DLU�FRQGLWLRQLQJ��HWF����7KH�WKHUPDO�PDVV�
KHOSV�WR�EDODQFH�WKH�YDULDWLRQV�EHWZHHQ�WKH�LQWHUQDO�

DQG�H[WHUQDO�FRQGLWLRQV��LW�DEVRUEV�WKH�KHDW�ZKHQ�
WKH�WHPSHUDWXUH�LQFUHDVHV�DERYH�WKH�FRPIRUW�UDQJH�
DQG�UHOHDVHV�LW�LQZDUGV�ZKHQ�WKH�RXWVLGH�
WHPSHUDWXUH�GHFUHDVHV�XQGHU�WKH�FRPIRUW�UDQJH��
�
0HPEUDQH�EXLOGLQJV�
%XLOGLQJV�PDGH�H[FOXVLYHO\�ZLWK�DUFKLWHFWXUDO�
PHPEUDQHV��LQVHUWHG�LQ�WKH�JURXS�RI�OLJKWZHLJKW�
FRQVWUXFWLRQV��GR�QRW�JHQHUDOO\�HQVXUH�WKHUPDO�PDVV�
RU�HYHQ�LQVXODWLRQ��([WHULRU�WHPSHUDWXUH�YDULDWLRQV�
DUH�UHIOHFWHG�LQVLGH�WKH�EXLOGLQJ�DOPRVW�LQVWDQWO\��
DQG�KHDWLQJ�DQG�FRROLQJ�JDLQV�DUH�TXLFNO\�ORVW�
WKURXJK�WKH�EXLOGLQJ�HQYHORSH��+RZHYHU��
DUFKLWHFWXUDO�PHPEUDQHV�FDQ�SHUIRUP�VLJQLILFDQWO\�LQ�
WKHUPDO�LQVXODWLRQ�WKURXJK�WKH�DGGLWLRQ�RI�PXOWLSOH�
OD\HUV�ILOOHG�ZLWK�LQVXODWLQJ�PDWHULDOV��ZLWK�UHODWLYHO\�

�

9LVLEOH�/LJKW�

7UDQVPLVVLRQ� :HLJKW�

(PERGLHG�

(QHUJ\�
8�YDOXH�

���� �NJ�P��� �N:K�P��� �:��P��
R
&���

&OHDU�JODVV��PP� ��� ������ ����� �����

'RXEOH�JODVV�������PP� ��� ������ ������ �����

3RO\FDUERQDWH�FOHDU�SDQHO����PP�� ��� ����� ����� �����

39&�FRDWHG�SRO\HVWHU� ��� ����� ����� �����

LGHP��WZR�OD\HUV�ZLWK�DLU�JDS�RI����PP� ��� ����� ����� �����

37)(�FRDWHG�ILEHUJODVV� ��� ����� ����� �����

LGHP��WZR�OD\HUV�ZLWK�DLU�JDS�RI����PP� �²�� ����� ����� �����

(7)(�IRLO�����PP������.J�P
�
� ��� ����� ����� �����

LGHP��WZR�OD\HUV�ZLWK�DLU�JDS�RI����PP� Q�D�� ����� ����� �����

'HGXFHG�YDOXHV�E\�>0HQGRQoD������@�FRQVLGHULQJ�MXVW�WKH�HPERGLHG�HQHUJ\�WR�PDNH�WKH�WZR�FRPSRQHQWV�RI�WKH�PDWHULDO�DQG�H[FOXGLQJ�
PDQXIDFWXUH��

WDE�������^ǇŶƚŚĞƐŝƐ�ŽĨ�ĨƵŶĐƚŝŽŶĂů�ƉƌŽƉĞƌƚŝĞƐ�ŽĨ�ŵĞŵďƌĂŶĞ�ŵĂƚĞƌŝĂůƐ�ĐŽŵƉĂƌĞĚ�ƚŽ�ŐůĂƐƐ͘��ĚĂƉƚĞĚ�ĨƌŽŵ�DĞŶĚŽŶĕĂ�;ϮϬϬϱͿ�
�



���
�

$UFKLWHFWXUDO�0HPEUDQHV�IRU�LPSURYLQJ�WKH�IXQFWLRQDO�SHUIRUPDQFH�RI�EXLOGLQJV

3DXOR�0(1'21d$��5DTXHO�0$&,(,5$

ORZ�FRVWV�>0HQGRQoD������@��
1RUPDOO\��WKH�DUFKLWHFWXUDO�PHPEUDQHV�DUH�DERXW�
RQH�PLOOLPHWHU�WKLFN�DQG�KDYH�D�SURSHU�ZHLJKW�RI���
NJ�Pð�RU�OHVV��(YHQ�ZKHQ�FRPSDUHG�ZLWK�D�VLPSOH�
�PP�WKLFN�JOD]LQJ��ZKLFK�ZHLJKV�DSSUR[LPDWHO\����
NJ�Pð��WKH�GLIIHUHQFH�LV�YHU\�VLJQLILFDQW��HYHQ�PRUH�
LI�FRPSDUHG�WR�D�VLPSOH�ZDOO�RI�KROORZ�EULFN��ZKLFK�
SUHVHQWV�D�SURSHU�ZHLJKW�RI�PRUH�WKDQ�����NJ�Pð��
7KH�8�YDOXH��KHDW�WUDQVIHU�FRHIILFLHQW��RI�D�VLQJOH�
PHPEUDQH�LV�DSSUR[LPDWHO\���:��Pð�&���
&RPSDUDWLYHO\��WKH�DYHUDJH�8�YDOXH�UHTXLUHG�IRU�DQ�
RSDTXH�IDoDGH�LQ�3RUWXJDO�LV�DSSUR[LPDWHO\�����
:��Pð��&��DQG�IRU�D�JODVV�IDoDGH�DSSUR[LPDWHO\�����
:��Pð��&���ZKDW�PHDQV�WKDW��DV�LQ�D�JODVV�IDFDGH��D�
GRXEOH�OD\HU�LV�UHTXLUHG��DV�ZHOO�DV�FRQWUROOHG�
IHQHVWUDWLRQV�DUHD��
7KLV�PHDQV�WKDW�WKH�SURSHUWLHV�VXFK�DV�WKLFNQHVV��
PDVV�DQG�WKHUPDO�FRQGXFWLYLW\�RQ�ZKLFK�WKH�

FRQYHQWLRQDO�WKHUPDO�PDVV�LV�VXSSRUWHG�DVVXPH�
XQLPSRUWDQW�YDOXHV�LQ�WKH�FDVH�RI�DUFKLWHFWXUDO�
PHPEUDQHV��WKH�WKHUPDO�PDVV�DQG�WKHUPDO�
UHVLVWDQFH�RI�WKH�DUFKLWHFWXUDO�PHPEUDQHV�DUH�
SUDFWLFDOO\�QXOO��$V�D�UHVXOW��EXLOGLQJV�FRQVWUXFWHG�
ZLWK�DUFKLWHFWXUDO�PHPEUDQHV�DUH�SDUWLFXODUO\�
VHQVLWLYH�WR�FKDQJHV�LQ�ZHDWKHU�FRQGLWLRQV��EHLQJ�
DIIHFWHG�PXFK�IDVWHU�DQG�VLJQLILFDQWO\�WKDQ�
EXLOGLQJV�FRQVWUXFWHG�ZLWK�FRQYHQWLRQDO�
KHDY\ZHLJKW�PDWHULDOV��(YHQ�LQ�D�UHODWLYHO\�
IDYRXUDEOH�FOLPDWH�RQ�D�VXQQ\�GD\��WKH�LQGRRU�DLU�
WHPSHUDWXUH�RI�D�EXLOGLQJ�ZLWK�DUFKLWHFWXUDO�
PHPEUDQH�FDQ�EHFRPH����&�KRWWHU�WKDQ�WKH�
RXWVLGH�DLU�WHPSHUDWXUH��DQG�WKH�VXUIDFH�
WHPSHUDWXUHV�UHFRUGHG�RQ�PHPEUDQHV�ZLWK�KLJK�
VRODU�DEVRUSWLRQ�FDSDFLW\�FDQ�UHDFK����WR����&�
>0HQGRQoD������@��$GGLWLRQDOO\��WKHUH�LV�QR�
VLJQLILFDQW�WKHUPDO�GHOD\�EHWZHHQ�WKH�WHPSHUDWXUH��

�
ILJ������&ODVVLILFDWLRQ�RI�PHPEUDQHV�DQG�OLJKWZHLJKW�SDQHOV�DV�WKHUPDO�UHJXODWLQJ�HOHPHQWV�>0HQGRQoD������@�

� DĞŵďƌĂŶĞƐ�ĂŶĚ�ůŝŐŚƚǁĞŝŐŚƚ�ƉĂŶĞůƐ�ĂƐ�ƚŚĞƌŵĂů�
ƌĞŐƵůĂƚŽƌƐ�

DƵůƚŝͲůĂǇĞƌŵĞŵďƌĂŶĞƐ�

&ŝǆĞĚƌŽŽĨƐ�

DŽǀĞĂďůĞ�
;ƐƵŶͲůŽƵǀƌĞƐ͕�ƐŚƵƚƚĞƌƐ͕�ĐŽŶǀĞƌƚŝďůĞ�

ƐƚƌƵĐƚƵƌĞƐͿ�

^ŝŶŐůĞ�ŵĞŵďƌĂŶĞƐ�

ZĞĂĐƚŝǀĞŵĞŵďƌĂŶĞƐ�
;ĂĐƚŝǀĞďĞŚĂǀŝŽƵƌͿ��

DƵůƚŝͲůĂǇĞƌŵĞŵďƌĂŶĞƐ�^ĂŶĚǁŝĐŚ�ƉĂŶĞů��ŽŵŵŽŶŵĞŵďƌĂŶĞƐ�
;ƉĂƐƐŝǀĞ�ďĞŚĂǀŝŽƵƌͿ��

WŚǇƐŝĐĂů�ĐŚĂŶŐŝŶŐ�ŽĨ�ŽƉĞŶŝŶŐ�ĂŶĚ�
ƉĞƌŵĞĂďŝůŝƚǇ�ĐŚĂƌĂĐƚĞƌŝƐƚŝĐƐ�

DŽǀĞĂďůĞ�
;ƐƵŶͲůŽƵǀƌĞƐ͕�ƐŚƵƚƚĞƌƐ͕�ĐŽŶǀĞƌƚŝďůĞ�

ƐƚƌƵĐƚƵƌĞƐͿ�

WĂƐƐŝǀĞ�;ǁŝƚŚŝŶƐƵůĂƚŝŽŶ�
ŵĂƚĞƌŝĂůͿ��

�ĐƚŝǀĞ�;W�DƐ͕�ĞůĞĐƚƌŽĐŚƌŽŵŝĐ͕�
ĐŚƌŽŵŽƚƌŽƉŝĐ͕�ƉŚŽƚŽƐĞŶƐŝƚŝǀĞͿ�
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YDULDWLRQ�RQ�WKH�RXWHU�VXUIDFH�DQG�WKH�UHVXOWLQJ�
FKDQJH�RQ�LWV�LQWHULRU�VXUIDFH��
�
)XQFWLRQDO�DVSHFWV���DGYDQWDJHV�DQG�GLVDGYDQWDJHV�
RI�PHPEUDQH�FRQVWUXFWLRQV�
7KH�IXQFWLRQDO�DVSHFWV�DVVRFLDWHG�ZLWK�PHPEUDQH�
FRQVWUXFWLRQV�LQ�WKH�EXLOGLQJV·�HQYHORSH�DUH�
VXPPDUL]HG�LQ�WDE�����$OWKRXJK�WKHUH�DUH�PDQ\�
DGYDQWDJHV�DVVRFLDWHG�ZLWK�WKH�DSSOLFDWLRQ�RI�
PHPEUDQHV�LQ�DUFKLWHFWXUH��WKHUH�DUH�DOVR�VRPH�
REVWDFOHV���OLPLWDWLRQV��0DQ\�VWUDWHJLHV�FDQ�EH�
GHYHORSHG�WR�LQFUHDVH�WKH�WKHUPDO�HIILFLHQF\�RI�
PHPEUDQH�V\VWHPV�LQ�WKH�HQYHORSH�RI�EXLOGLQJV�ZLWK�
DSSOLFDWLRQ�LQ�DUFKLWHFWXUH��VHH�ILJ������

7KHUPDO�SHUIRUPDQFH�
+DUYLH�>.QLSSHUV�HW�DO�������@�DQG�'HYXOGHU�>$UFKLWHQ�
/DQGUHOO������@�VWXGLHG�WKH�WKHUPDO�DVSHFWV�UHODWHG�
WR�PHPEUDQH�PDWHULDOV�DQG�EXLOGLQJV��7KH�PDLQ�UROH�
RI�WKH�PDWHULDOV�LQ�WKH�H[WHULRU�HQYHORSH�RI�WKH�
EXLOGLQJV�LV�WR�PHGLDWH�WKH�UHODWLRQVKLS�EHWZHHQ�WKH�
H[WHULRU�DQG�WKH�LQWHULRU�LQ�RUGHU�WR�PDLQWDLQ�WKH�
LQWHUQDO�FRQGLWLRQV�ZLWK�WKH�PLQLPXP�XVH�RI�PDWHULDO�
DQG�HQHUJ\�UHVRXUFHV��7KLV�LV�QRW�VLPSOH��DV�H[WHUQDO�
FRQGLWLRQV�FKDQJH�GXULQJ�WKH�GD\�DQG�WKURXJKRXW�WKH�
\HDU��)RU�H[DPSOH��LQ�FHUWDLQ�VLWXDWLRQV��WKHUH�LV�D�
QHHG�IRU�WKH�EXLOGLQJ�HQYHORSH�WR�FRQWDLQ�RU�UHMHFW�
WKH�KHDW��*LYHQ�WKLV�H[DPSOH��RQH�PXVW�FRQVLGHU�WKDW�
WKH�EXLOGLQJ�HQYHORSH�KDV�WR�GR�WKLV�ZKLOH�SHUIRUPLQJ�

7KHUPDO�DSHFWV� /LJKWLQJ�DVSHFWV� 0RLVWXUH�
DVSHFWV�

$FRXVWLF�
DVSHFWV�

/RDGLQJ�DQG�
GXUDELOLW\�
DVSHFWV�

$SSOLFDELOLW\�
IRU�DFWLYH�VRODU�
WHFKQRORJ\��

2WKHU�DVSHFWV��

x� 6RODU�
WUDQVPLVVLRQ��
DEVRUSWLRQ��
UHIOHFWLRQ��
,QWHJUDWLRQ�
RSWLRQV�IRU�
SKDVH�FKDQJH�
PDWHULDOV�
�3&0���

x� 6XUIDFH�
HPLVVLYLW\��
DEVRUSWLRQ�LQ�
WKH�ORQJ�ZDYH�
LQIUDUHG�UDQJH��

x� 5HIOHFWLRQ�LQ�
ORQJ�ZDYH�
LQIUDUHG�UDQJH��

x� 6HOHFWLYLW\�RI�
WUDQVPLVVLRQ��
6RLOLQJ�
EHKDYLRXU�RI�
VXUIDFHV��

x� 7UDQVPLVVLRQ��
DEVRUSWLRQ�DQG�
UHIOHFWLRQ�RI�
YLVLEOH�OLJKW��

x� &RORXU�ILGHOLW\�
RI�UHIOHFWLRQ��
WUDQVPLVVLRQ��

x� 5HIUDFWLYH�
EHKDYLRXU��

x� 6FDWWHULQJ�WKH�
OLJKW��

x� 7LJKWQHVV�ZLWK�
UHVSHFW�WR�
SUHFLSLWDWLRQ�
DQ�JDVHV�
�PDLQO\�ZDWHU�
YDSRXU���

x� ,QWHJUDWLRQ�
RSWLRQV�IRU�
JHWWHU�
PDWHULDOV��

x� 5HVLVWDQFH�WR�
ZDWHU�DQG�
FKHPLFDOV��

x� 6RXQG�
DEVRUSWLRQ��
UHIOHFWLRQ��
WUDQVPLVVLRQ��
DWWHQXDWLRQ�
FDSDFLW\���

x� )ODQNLQJ�
WUDQVPLVVLRQ�
FDSDFLW\��

x� 0HFKDQLFDO�
ORDG�FDUU\LQJ�
FDSDFLW\�WR�
SURGXFWLRQ��
HUHFWLRQ��
YDQGDOLVP��
ZHDWKHU��H�J��
KDLO���

x� 5HVLVWDQFH�WR�
89�UDGLDWLRQ��

x� &KHPLFDO�
UHVLVWDQFH�ZLWK�
UHVSHFW�WR�
VXEVWDQFHV�
GLVVROYHG�LQ�
SUHFLSLWDWLRQ��
WR�VDOW�ODGHQ�
DLU��H�J��
FRDVWDO�VLWHV��
DQG�RWKHUV��

x� $SSOLFDELOLW\�
IRU�VRODU�
WKHUPDO�
V\VWHPV��ZDWHU�
RU�DLU�EDVHG��

x� $SSOLFDELOLW\�
IRU�
SKRWRYROWDLF�
V\VWHPV��

x� (OHFWUR�
PDJQHWLF�
VKLHOGLQJ��

x� (OHFWULFDO�
FRQGXFWLYLW\��

x� (OHFWUR�
PLQHVFHQFH��

x� 7KHUPR�
FKURPLVP��

x� 0HPRU\�HIIHFW��
x� 0LFUR�RU�1DQR�

VWUXFWXUH�
RSWLRQV��

WDE�������0DLQ�IXQFWLRQDO�DVSHFWV�DVVRFLDWHG�ZLWK�PHPEUDQH�FRQVWUXFWLRQV�LQ�WKH�EXLOGLQJV·�HQYHORSH��DGDSWHG�IURP�>�.QLSSHUV�HW�DO�������@��



���
�

$UFKLWHFWXUDO�0HPEUDQHV�IRU�LPSURYLQJ�WKH�IXQFWLRQDO�SHUIRUPDQFH�RI�EXLOGLQJV

3DXOR�0(1'21d$��5DTXHO�0$&,(,5$

PXOWLSOH�UROHV��VXFK�DV��REWDLQ�VRODU�JDLQV��DOORZ�
DFFHVV�DQG�YLHZV��YHQWLODWH��SURWHFW�IURP�QRLVH��
SURWHFW�IURP�LQWUXVLRQ��HWF��$GGLWLRQDOO\��GHVLJQLQJ�D�
WKHUPDOO\�FRPIRUWDEOH�EXLOGLQJ�LV�FRPSOH[��VLQFH�
WKHUPDO�FRPIRUW�GHSHQGV�RQ�VHYHUDO�IDFWRUV�WKDW�FDQ�
EH�FRQIOLFWLQJ��VXFK�DV��DLU�YHORFLW\��UDGLDQW�
WHPSHUDWXUH��UHODWLYH�KXPLGLW\��FORWKLQJ��
PHWDEROLVP��KHDOWK�VWDWXV�RI�RFFXSDQWV��HWF��
�
7KHUPR�RSWLFDO�SURSHUWLHV�RI�PHPEUDQHV�
:LWKRXW�PDVV�DQG�WKHUPDO�LQVXODWLRQ��WKH�
DUFKLWHFWXUDO�PHPEUDQHV�DIIHFW�WKH�LQWHULRU�RI�WKH�
VSDFHV�GHOLPLWHG�E\�WKH�DPRXQW�RI�KHDW�WUDQVIHUUHG�
DQG�LWV�LQWHUQDO�VXUIDFH�WHPSHUDWXUH��7KH�FDOFXODWLRQ�
RI�WKH�DPRXQW�RI�KHDW�WUDQVPLWWHG�GLUHFWO\�E\�WKH�
PHPEUDQHV�WKURXJK�VRODU�UDGLDWLRQ�LQ�D�VLQJOH�OD\HU�
FRQILJXUDWLRQ�LV�UHODWLYHO\�VLPSOH��DQG�LV�EDVHG�RQ�
WKHLU�WUDQVOXFHQF\��+RZHYHU��DFFRUGLQJ�WR�+DUYLH�
>'HYXOGHU������@��WKH�FDOFXODWLRQ�RI�WKH�DPRXQW�RI�
KHDW�LQWURGXFHG�LQWR�WKH�VSDFH�UHVXOWLQJ�IURP�DQ�
LQWHUQDO�PHPEUDQH�LQ�D�GRXEOH�OD\HU�FRQILJXUDWLRQ�LV�
PRUH�FRPSOH[�DQG�LV�EDVHG�RQ������VRODU�DEVRUSWLRQ�
�RSWLFDO�SURSHUW\�WKDW�FDQ�EH�PHDVXUHG�������KHDW�
H[FKDQJHV�ZLWK�DGMDFHQW�DLU��LQ�DQG�RXW��E\�
FRQYHFWLRQ��WKH�VPRRWK�VXUIDFH�RI�WKH�PHPEUDQHV�
DOORZV�HIILFLHQW�FRQYHFWLRQ��DQG�����LQIUDUHG�
UDGLDWLRQ�H[FKDQJH�EHWZHHQ�WKH�LQWHULRU�DQG�
H[WHULRU��7KHVH�WKHUPR�RSWLFDO�SURSHUWLHV�GHSHQG�RQ�
WKH�DQJOH�RI�LQFLGHQFH�RI�VRODU�UDGLDWLRQ��$V�WKH�
LQFLGHQW�UDGLDWLRQ�DQJOH�LQFUHDVHV��WKH�UHIOHFWDQFH�

DQG�DEVRUSWLRQ��LQ�SHUFHQWDJH�WHUPV��RI�WKH�
UHPDLQLQJ�LQFLGHQW�UDGLDWLRQ�LQFUHDVHV�DQG�WKLV�
FDXVHV�WKH�WUDQVPLWWDQFH�WR�GHFUHDVH��7KHUHIRUH��WR�
DFFXUDWHO\�PRGHO�WKH�SHUIRUPDQFH�RI�DUFKLWHFWXUDO�
PHPEUDQHV��LW�LV�QHFHVVDU\�WR�NQRZ�WKH�DQJOHV�RI�
VRODU�DEVRUSWLRQ��WUDQVPLWWDQFH�DQG�HPLVVLYLW\��
7KH�VDPH�WUDQVSDUHQF\�RI�D�JODVV�SDQH�LV�LPSRVVLEOH�
WR�DFKLHYH�RQ�SRO\PHU�PHPEUDQHV��+RZHYHU��LQ�
WHUPV�RI�FKDQJHV��DGDSWDELOLW\�DQG�SURGXFWLRQ�
PHWKRGV��SRO\PHU�PHPEUDQHV�PD\�RIIHU�PXFK�PRUH�
SRVVLELOLWLHV��7KH�PHPEUDQHV�FDQ�DOVR�EH�XVHG�WR�
SURPRWH�VKDGLQJ�DQG�SUHYHQW�RYHUKHDWLQJ�RI�DQ�
LQWHULRU�VSDFH��7KH�SHQHWUDWLRQ�RI�QDWXUDO�OLJKW�
WKURXJK�D�PHPEUDQH�URRI��IRU�H[DPSOH��FDQ�
SRWHQWLDOO\�UHVXOW�LQ�WKH�UHGXFWLRQ�RI�DUWLILFLDO�OLJKW�
FRQVXPSWLRQV��,Q�PDQ\�FDVHV��LW�LV�RQO\�SRVVLEOH�WR�
FRQWURO�DQG�UHGLUHFW�LQFRQYHQLHQW�QDWXUDO�OLJKW�ZLWK�
DGGLWLRQDO�VKDGLQJ�V\VWHPV�XVLQJ�PHPEUDQHV�
�H[DPSOH�RQ�ILJ������,W�LV�SRVVLEOH�WR�WDNH�DGYDQWDJH�
RI�WKH�UHIOHFWLYH�FKDUDFWHULVWLFV�RI�WKH�PHPEUDQHV�WR�
UHIOHFW�WKH�VRODU�UDGLDWLRQ�WR�WKH�VN\��RU�WR�UHIOHFW�LW�
LQ�D�ZD\�WKDW�LV�EHQHILFLDO�IRU�WKH�RFFXSDQWV�RI�D�
EXLOGLQJ��3RO\PHU�PHPEUDQHV�DUH�WKH�RQO\�PDWHULDOV�
WKDW�DOORZ�EXLOGLQJ�ODUJH�IUHH�VSDQV�DQG��DW�WKH�VDPH�
WLPH��OLJKW�SHUPHDEOH�VWUXFWXUHV��:LWK�WKH�37)(�
PHPEUDQH�LW�LV�SRVVLEOH�WR�DFKLHYH�D�OLJKW�
SHUPHDELOLW\�RI������DQG�ZLWK�WKHUPRSRO\PHUV�LW�FDQ�
UHDFK������7KHVH�IHDWXUHV�HQKDQFH�HQHUJ\�HIILFLHQF\�
E\�UHGXFLQJ�WKH�FRQVXPSWLRQ�RI�DUWLILFLDO�OLJKW�LQ�
EXLOGLQJV��
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ILJ������$UFKLWHFWXUDO�0HPEUDQH�IRU�OLJKW�FRQWURO�DQG�GLIIXVLRQ�LQ�

)RRG�0DUNHW��.LHY��8NUDLQH��SKRWR�IURP�WKH�DXWKRU��

�
,PSURYLQJ�WKHUPDO�SHUIRUPDQFH�
1HZ�GHYHORSPHQWV�HQKDQFH�WKH�XVH�RI�DUFKLWHFWXUDO�
PHPEUDQHV�E\�LQFUHDVLQJ�WKHLU�WKHUPDO�SHUIRUPDQFH�
WKURXJK�WKH�FUHDWLRQ�RI�HIIHFWLYH�WKHUPDO�PDVV�DQG�
DGMXVWPHQW�RI�RSWLFDO�SURSHUWLHV�ZLWKRXW�D�
VLJQLILFDQW�LQFUHDVH�LQ�WKHLU�RZQ�ZHLJKW��QDPHO\��
ͻ� PXOWLOD\HU�PHPEUDQHV�FDQ�SURYLGH�LQVXODWLRQ�

OHYHOV�ZLWK�8�YDOXHV�UDQJLQJ�IURP���WR�����
:��Pð�&��IRU�GRXEOH�PHPEUDQHV�>$UFKLWHQ�
/DQGUHOO������@��

ͻ� (7)(�SQHXPDWLF�PHPEUDQH�VWUXFWXUHV�FRPSRVHG�
RI�ILYH�OD\HUV�FDQ�SURYLGH�WKHUPDO�LQVXODWLRQ�
HTXLYDOHQW�WR�D�GRXEOH�RU�WULSOH�JODVV�VROXWLRQ�EXW�
ZLWK�RQH�WHQWK�RI�WKH�ZHLJKW�>$UFKLWHQ�/DQGUHOO��
����@��

ͻ� PHPEUDQHV�ZLWK�UHGXFHG�HPLVVLYLW\�KDYH�EHHQ�

GHYHORSHG�WR�UHGXFH�WKH�DEVRUSWLRQ�DQG�HPLVVLRQ�
RI�ORQJ�ZDYHOHQJWK�UDGLDWLRQ�>(QRE������@���LQ�
RUGHU�WR�RYHUFRPH�WKH�WKHUPDO�SHUIRUPDQFH�
OLPLWDWLRQV�RI�PHPEUDQHV��QHZ�GHYHORSPHQWV��
VXFK�DV�ORZ�HPLVVLYLW\�FRDWLQJV�IRU�PHPEUDQHV��
DOORZ�PHPEUDQH�EXLOGLQJ�VROXWLRQV�WR�DVVXPH�
PRUH�IXQFWLRQV�LQ�WKH�RXWHU�VNLQ�RI�EXLOGLQJV��IRU�
H[DPSOH�WR�EHQHILW�WKHUPDO�WUDQVIHU�SURSHUWLHV�RI�
WUDQVOXFHQW�VXUIDFHV��

ͻ� VDQGZLFK�VROXWLRQV�DUH�EHLQJ�GHYHORSHG�ZLWK�WKH�
LQFRUSRUDWLRQ�RI�WKHUPDO�LQVXODWLRQ�DQG�UHDFKLQJ�
8�YDOXHV�DV�ORZ�DV�����:��Pð�&��>$UFKLWHQ�
/DQGUHOO������@��

ͻ� GHYHORSPHQW�RI�PHPEUDQHV�WKDW�LQFOXGH�
FRPSRQHQWV�PDGH�IURP�RWKHU�PDWHULDOV��VXFK�DV�
LQVXODWLRQ�SDQHOV��JODVV�RU�SKRWRYROWDLF�FHOOV��

ͻ� WKH�DELOLW\�WR�SULQW�LPDJHV�RU�SDWWHUQV�RQ�WKH�
VXUIDFH�RI�D�PHPEUDQH�KDV�D�VLJQLILFDQW�LPSDFW�
RQ�WKH�RSWLFDO�SURSHUWLHV��

�
1RQ�FRQYHQWLRQDO�WKHUPDO�PDVV��OLJKWZHLJKW��
HPEHGGHG�LQ�PHPEUDQH�
3KDVH�FKDQJH�PDWHULDO��3&0��EHJDQ�LQ�WKH�����V�ZLWK�
D�1$6$�UHVHDUFK�SURJUDP�>+DOH��+RRYHU�	�2·1HLOO��
����@��3KDVH�FKDQJH�WH[WLOHV�LQFOXGH�PLFURFDSVXOHV��
ZKLFK�VWRUH�DQG�UHOHDVH�HQHUJ\�WKURXJK�WKH�SKDVH�
FKDQJH�RI�PDWHULDOV��3DXVH�H[SORUHG�DQG�SUHVHQWHG�
UHVXOWV�RI�WKH�DSSOLFDWLRQ�RI�3&0�WR�PHPEUDQHV�LQ�
WKHLU�VWXGLHV�>3DXVH������@��SKDVH�FKDQJH�PHDQV�WKH�
FKDQJH�IURP�OLTXLG�VWDWH�WR�VROLG�VWDWH�RU�YLFH�YHUVD��
3&0V�DUH�JHQHUDOO\�HQFDSVXODWHG�LQ�VDQGZLFK�RU�
KRQH\FRPE�SDQHOV��KHOS�WR�VWDELOL]H�WKH�WHPSHUDWXUH�
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JDS�EHWZHHQ�GD\�DQG�QLJKW�DQG�DUH�DOUHDG\�XVHG�LQ�
WH[WLOH�PHPEUDQH�DSSOLFDWLRQV�IRU�EXLOGLQJV��
$FFRUGLQJ�WR�WKH�UHVXOWV�RI�WKH�PRQLWRULQJ�LQ�WHVW�
FHOOV��0HQGRQoD�FRQFOXGHG�WKDW�WKHUH�DUH�EHQHILWV�LQ�
WKH�LQWHJUDWLRQ�RI�WKHVH�PDWHULDOV�LQWR�SDVVLYH�VRODU�
VWUDWHJLHV�>0HQGRQoD������@��
�
7UDQVOXFHQW�WKHUPDO�LQVXODWLRQ�LQ�PHPEUDQH�
7KH�FRPSDQ\�6RODUQH[W�$*�DQG�WKH�JURXS�+LJKWH[�
ZRUNHG�ZLWK�WKH�,QVWLWXWH�RI�7HFKQRORJ\�RI�*HRUJLD�
WR�SURGXFH�D�URRI�ZLWK�KLJK�WKHUPDO�LQVXODWLRQ�DQG�
WKDW�DOORZHG�WKH�SDVVDJH�RI�OLJKW��7KH�UHVXOW�
FRQVLVWHG�RI�D�SQHXPDWLF�PHPEUDQH�VWUXFWXUH�ILOOHG�
ZLWK�DHURJHO��7KH�LQFRUSRUDWLRQ�RI�DHURJHOV�LQ�WKH�
VROXWLRQV�ZLWK�37)(�RU�(7)(�PHPEUDQHV�DOORZV�WR�
UHDFK�FRHIILFLHQWV�RI�WKHUPDO�WUDQVPLVVLRQ�RI������
:��Pð�&��WR�D�WKLFNQHVV�RI�����FP�>%LUGDLU������@��
7KH�7HQVRWKHUP��1DQRJHO��SURGXFW�LV�DQ�H[DPSOH�RI�
D�WKHUPRVHWWLQJ�PHPEUDQH�GHYHORSHG�DQG�SURGXFHG�
E\�WKH�$PHULFDQ�FRPSDQ\�%LUGDLU��7KLV�SURGXFW�
FRQVLVWV�RI�WZR�OD\HUV�RI�37)(�FRDWHG�ILEHUJODVV�
PHPEUDQH�ILOOHG�ZLWK�D�OD\HU�RI�QDQRJHO��7KH�
WKHUPDO�UHJXODWLQJ�SURSHUW\�RI�WKLV�PDWHULDO�LV�EDVHG�
RQ�WKH�SKDVH�VKLIWLQJ�SURSHUWLHV�RI�QDQRJHO�>%LUGDLU��
����@��
�
$FRXVWLF�SHUIRUPDQFH�
$FFRUGLQJ�WR�>.QLSSHUV�HW�DO�������@��WKH�WKLQQHU�WKH�
DEVRUEHQW�PDWHULDO��WKH�EHWWHU�WKH�DEVRUSWLRQ�RI�ORZ�
IUHTXHQFLHV��9DULRXV�PHDVXUHV�FDQ�EH�WDNHQ�WR�
DFKLHYH�WKLV�HIIHFW��7KHVH�PHDVXUHV�DUH�EDVHG�RQ�WKH�
RSWLPL]DWLRQ���DFWLYDWLRQ�RI�VXUIDFHV�HQFORVLQJ�D�

FRPSDUWPHQW��FHLOLQJ��ZDOOV��JOD]HG�VXUIDFHV��HWF���
E\�LQVWDOOLQJ�DGGLWLRQDO�HOHPHQWV�VXFK�DV������
SHUIRUDWHG�VXUIDFHV�ZLWK�VXLWDEOH�EDFNLQJ�OD\HUV������
OD\HU�RI�LQVXODWLRQ�PDWHULDO�RQ�FHLOLQJV��ZLWK�RSHQ�
DQG�FORVHG�FHOOV�������UHIOHFWLQJ�FRPSRQHQWV��VRXQG�
DEVRUEHUV��H�J��ZLWK�PLFUR�SHUIRUDWLRQV���VFUHHQV��
HWF��
7KHUH�DUH�PHPEUDQHV�WKDW�LQFOXGH�PLFUR�
SHUIRUDWLRQV�ZLWK�GLDPHWHUV�EHWZHHQ����PP�DQG�
���PP��VSHFLDOO\�GHYHORSHG�WR�LPSURYH�WKH�DFRXVWLF�
FRQGLWLRQV�RI�D�URRP��:LWK�D�VLQJOH�PHPEUDQH�LW�LV�
SRVVLEOH�WR�UHGXFH�WKH�UHYHUEHUDWLRQ�WLPH��ILJ�����D���
DQG��E\�GRXEOLQJ�PHPEUDQHV��WKH�VRXQG�DEVRUSWLRQ�
HIIHFW�FDQ�EH�LQFUHDVHG��ILJ�����E����%HFDXVH�RI�WKHLU�
OLJKWQHVV�DQG�WUDQVOXFHQW�YDULDQWV��PLFUR�SHUIRUDWHG�
PHPEUDQHV�DUH�VXLWDEOH�IRU�UHKDELOLWDWLQJ�H[LVWLQJ�
EXLOGLQJV��ILJ�����F����7KHVH�PHPEUDQHV�FDQ�EH�
DSSOLHG�WRJHWKHU�ZLWK�WKHUPDOO\�DFWLYH�VXUIDFHV��DV�
WKH\�GR�QRW�FRPSURPLVH�WKHLU�SHUIRUPDQFH��)RU�
H[DPSOH��XVLQJ�D�SULQWHG�PHPEUDQH�ZLWK�D�UHIOHFWLYH�
FRORXU�SDWWHUQ�XQGHU�D�JODVV�FRYHU�FDQ�DFKLHYH�
WKHUPDO�DQG�DFRXVWLF�EHQHILWV�WKDQNV�WR�WKH�
UHIOHFWLRQ�RI�ORQJ�ZDYHV�RI�KHDW�UDGLDWLRQ�DQG�WKH�
UHGXFWLRQ�RI�DVVRFLDWHG�KHDW�ORVVHV��
:KHQ�HYDOXDWLQJ�DQG�RSWLPL]LQJ�WKH�DFRXVWLFV�RI�WKH�
FRPSDUWPHQWV�ZLWK�PHPEUDQH�VROXWLRQV��LW�LV�
UHFDOOHG�WKDW�GXH�WR�WKHLU�UHGXFHG�PDVV�DQG�IOH[LEOH�
VXUIDFH�QDWXUH��DLUERUQH�VRXQGV�DUH�WUDQVPLWWHG�
GLUHFWO\�DQG�SRRUO\�UHIOHFWHG��HVSHFLDOO\�LQ�WKH�ORZ�
IUHTXHQF\�UDQJH��7KLV�PDNHV�WKH�PHPEUDQH�
VWUXFWXUHV�EDG�DFRXVWLF�LQVXODWLRQ�VROXWLRQV��
+RZHYHU��DFFRUGLQJ�WR�0HQGRQoD�KHDYLHU�PHPEUDQHV�



���
�

FRDWHG�ZLWK�DEVRUEHQW�PDWHULDOV�RU�PLFUR
PD\�KDYH�VRPH�DFRXVWLF�DEVRUSWLRQ�
>0HQGRQoD������
7KH�PDWHULDOV�XVHG�LQ�SQHXPDWLF�VWUXFWXUHV�DUH�
DLUWLJKW�LQVLGH�DQG�VR�LW�LV�QRW�SRVVLEOH�WR�DGG�
DEVRUEHQW�PDWHULDOV��7KH�XVH�RI�PHPEUDQHV�ZLWK
PHVKHV�LV�VXLWDEOH�IRU�RXWGRRU�XVH�DQG�UHSUHVHQWV�
DQRWKHU�RSWLRQ�IRU�LPSURYLQJ�VRXQG�LQVXODWLRQ��
*HQHUDOO\��WKHVH�VSDFHU�PHVKHV���'��DUH�EHWZHHQ�D�
PHPEUDQH�DQG�D�VHFRQG�VXSSRUW�OD\HU�ZLWK�D�
GLVWDQFH�RI�DSSUR[LPDWHO\�����PP��7KH�UHVXOWLQJ�
FDYLW\�FDQ�EH�
D�PLQLPXP�WKLFNQHVV�DQG�ZHLJKW�LW�LV�SRVVLEOH�WR�
DFKLHYH�D�VRXQG�LQVXODWLRQ�RI�DSSUR[LPDWHO\����G%�LQ�
���PP�
�
)XQFWLRQDOL]DWLRQ�RI�DUFKLWHFWXUDO�PHPEUDQHV
$�YDVW�ILHOG�RI�KLJKO\
GHYHORSPHQW�FRYHUV�WKH�IXQFWLRQDOL]DWLRQ�RI�
PHPEUDQHV�WKURXJK�WKH�PRGLILFDWLRQ�RI�WKHLU�
VXUIDFHV��LQ�ILEURXV�RU�ILOP�VWUXFWXUHV���RU�WKURXJK�
WKH�VPDUW�FRPELQDWLRQ�RI�PDWHULDOV��ILEUHV��IDEULFV��

ILJ����

DQG��E��GRXEOH�PHPE

,QLWLDO�VRXQG������7UDQVIRUPDWLRQ�RI�VRXQG�LQWR�WKHUPDO�HQHUJ\������3HUIRUDWHG�PHPEUDQH������UHGXFHG�VRXQG�>%DUULVRO������@

FRDWHG�ZLWK�DEVRUEHQW�PDWHULDOV�RU�PLFUR
PD\�KDYH�VRPH�DFRXVWLF�DEVRUSWLRQ�
0HQGRQoD������@��
7KH�PDWHULDOV�XVHG�LQ�SQHXPDWLF�VWUXFWXUHV�DUH�
DLUWLJKW�LQVLGH�DQG�VR�LW�LV�QRW�SRVVLEOH�WR�DGG�
DEVRUEHQW�PDWHULDOV��7KH�XVH�RI�PHPEUDQHV�ZLWK
PHVKHV�LV�VXLWDEOH�IRU�RXWGRRU�XVH�DQG�UHSUHVHQWV�
DQRWKHU�RSWLRQ�IRU�LPSURYLQJ�VRXQG�LQVXODWLRQ��
*HQHUDOO\��WKHVH�VSDFHU�PHVKHV���'��DUH�EHWZHHQ�D�
PHPEUDQH�DQG�D�VHFRQG�VXSSRUW�OD\HU�ZLWK�D�
GLVWDQFH�RI�DSSUR[LPDWHO\�����PP��7KH�UHVXOWLQJ�
FDYLW\�FDQ�EH�ILOOHG�ZLWK�VDQG��IRU�H[DPSOH��DQG�ZLWK�
D�PLQLPXP�WKLFNQHVV�DQG�ZHLJKW�LW�LV�SRVVLEOH�WR�
DFKLHYH�D�VRXQG�LQVXODWLRQ�RI�DSSUR[LPDWHO\����G%�LQ�
���PP�>.QLSSHUV�HW�DO�������

)XQFWLRQDOL]DWLRQ�RI�DUFKLWHFWXUDO�PHPEUDQHV
$�YDVW�ILHOG�RI�KLJKO\�UHOHYDQW�UHVHDUFK�DQG�
GHYHORSPHQW�FRYHUV�WKH�IXQFWLRQDOL]DWLRQ�RI�
PHPEUDQHV�WKURXJK�WKH�PRGLILFDWLRQ�RI�WKHLU�
VXUIDFHV��LQ�ILEURXV�RU�ILOP�VWUXFWXUHV���RU�WKURXJK�
WKH�VPDUW�FRPELQDWLRQ�RI�PDWHULDOV��ILEUHV��IDEULFV��

ILJ������7UDQVOXFHQW�DQG�PLFUR�SHUIRUDWHG�PHPEUDQH�VROXWLRQ�WR�LPSURYH�WKH�DFRXVWLF�FRQGLWLRQV�RI�D�FRPSDUWPHQW���D��VLQJOH�PHPEUDQH�

DQG��E��GRXEOH�PHPEUDQH�>.QLSSHUV�HW�DO�������@���F��6FKHPH�RI�UHGXFWLRQ�RI�WKH�UHYHUEHUDWLRQ�WLPH�RI�D�SHUIRUDWHG�PHPEUDQH������

,QLWLDO�VRXQG������7UDQVIRUPDWLRQ�RI�VRXQG�LQWR�WKHUPDO�HQHUJ\������3HUIRUDWHG�PHPEUDQH������UHGXFHG�VRXQG�>%DUULVRO������@

FRDWHG�ZLWK�DEVRUEHQW�PDWHULDOV�RU�PLFUR
PD\�KDYH�VRPH�DFRXVWLF�DEVRUSWLRQ�HIIHFW�

7KH�PDWHULDOV�XVHG�LQ�SQHXPDWLF�VWUXFWXUHV�DUH�
DLUWLJKW�LQVLGH�DQG�VR�LW�LV�QRW�SRVVLEOH�WR�DGG�
DEVRUEHQW�PDWHULDOV��7KH�XVH�RI�PHPEUDQHV�ZLWK
PHVKHV�LV�VXLWDEOH�IRU�RXWGRRU�XVH�DQG�UHSUHVHQWV�
DQRWKHU�RSWLRQ�IRU�LPSURYLQJ�VRXQG�LQVXODWLRQ��
*HQHUDOO\��WKHVH�VSDFHU�PHVKHV���'��DUH�EHWZHHQ�D�
PHPEUDQH�DQG�D�VHFRQG�VXSSRUW�OD\HU�ZLWK�D�
GLVWDQFH�RI�DSSUR[LPDWHO\�����PP��7KH�UHVXOWLQJ�

ILOOHG�ZLWK�VDQG��IRU�H[DPSOH��DQG�ZLWK�
D�PLQLPXP�WKLFNQHVV�DQG�ZHLJKW�LW�LV�SRVVLEOH�WR�
DFKLHYH�D�VRXQG�LQVXODWLRQ�RI�DSSUR[LPDWHO\����G%�LQ�

>.QLSSHUV�HW�DO�������@��

)XQFWLRQDOL]DWLRQ�RI�DUFKLWHFWXUDO�PHPEUDQHV
UHOHYDQW�UHVHDUFK�DQG�

GHYHORSPHQW�FRYHUV�WKH�IXQFWLRQDOL]DWLRQ�RI�
PHPEUDQHV�WKURXJK�WKH�PRGLILFDWLRQ�RI�WKHLU�
VXUIDFHV��LQ�ILEURXV�RU�ILOP�VWUXFWXUHV���RU�WKURXJK�
WKH�VPDUW�FRPELQDWLRQ�RI�PDWHULDOV��ILEUHV��IDEULFV��
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7UDQVOXFHQW�DQG�PLFUR�SHUIRUDWHG�PHPEUDQH�VROXWLRQ�WR�LPSURYH�WKH�DFRXVWLF�FRQGLWLRQV�RI�D�FRPSDUWPHQW���D��VLQJOH�PHPEUDQH�

UDQH�>.QLSSHUV�HW�DO�������@���F��6FKHPH�RI�UHGXFWLRQ�RI�WKH�UHYHUEHUDWLRQ�WLPH�RI�D�SHUIRUDWHG�PHPEUDQH������

,QLWLDO�VRXQG������7UDQVIRUPDWLRQ�RI�VRXQG�LQWR�WKHUPDO�HQHUJ\������3HUIRUDWHG�PHPEUDQH������UHGXFHG�VRXQG�>%DUULVRO������@

FRDWHG�ZLWK�DEVRUEHQW�PDWHULDOV�RU�PLFUR�SHUIRUDWLRQ�
HIIHFW�

7KH�PDWHULDOV�XVHG�LQ�SQHXPDWLF�VWUXFWXUHV�DUH�
DLUWLJKW�LQVLGH�DQG�VR�LW�LV�QRW�SRVVLEOH�WR�DGG�
DEVRUEHQW�PDWHULDOV��7KH�XVH�RI�PHPEUDQHV�ZLWK��'�
PHVKHV�LV�VXLWDEOH�IRU�RXWGRRU�XVH�DQG�UHSUHVHQWV�
DQRWKHU�RSWLRQ�IRU�LPSURYLQJ�VRXQG�LQVXODWLRQ��
*HQHUDOO\��WKHVH�VSDFHU�PHVKHV���'��DUH�EHWZHHQ�D�
PHPEUDQH�DQG�D�VHFRQG�VXSSRUW�OD\HU�ZLWK�D�
GLVWDQFH�RI�DSSUR[LPDWHO\�����PP��7KH�UHVXOWLQJ�

ILOOHG�ZLWK�VDQG��IRU�H[DPSOH��DQG�ZLWK�
D�PLQLPXP�WKLFNQHVV�DQG�ZHLJKW�LW�LV�SRVVLEOH�WR�
DFKLHYH�D�VRXQG�LQVXODWLRQ�RI�DSSUR[LPDWHO\����G%�LQ�

)XQFWLRQDOL]DWLRQ�RI�DUFKLWHFWXUDO�PHPEUDQHV�
UHOHYDQW�UHVHDUFK�DQG�

GHYHORSPHQW�FRYHUV�WKH�IXQFWLRQDOL]DWLRQ�RI�
PHPEUDQHV�WKURXJK�WKH�PRGLILFDWLRQ�RI�WKHLU�
VXUIDFHV��LQ�ILEURXV�RU�ILOP�VWUXFWXUHV���RU�WKURXJK�
WKH�VPDUW�FRPELQDWLRQ�RI�PDWHULDOV��ILEUHV��IDEULFV��
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7UDQVOXFHQW�DQG�PLFUR�SHUIRUDWHG�PHPEUDQH�VROXWLRQ�WR�LPSURYH�WKH�DFRXVWLF�FRQGLWLRQV�RI�D�FRPSDUWPHQW���D��VLQJOH�PHPEUDQH�

UDQH�>.QLSSHUV�HW�DO�������@���F��6FKHPH�RI�UHGXFWLRQ�RI�WKH�UHYHUEHUDWLRQ�WLPH�RI�D�SHUIRUDWHG�PHPEUDQH������

,QLWLDO�VRXQG������7UDQVIRUPDWLRQ�RI�VRXQG�LQWR�WKHUPDO�HQHUJ\������3HUIRUDWHG�PHPEUDQH������UHGXFHG�VRXQG�>%DUULVRO������@

HWF����
7KH�FRQFHSW�RI�VPDUW�PHPEUDQHV�E
WKH�WH[WLOH�LQGXVWU\�LQ�WKH�����V��,QQRYDWLRQV�LQ�WKH�
DUHD�RI�IXQFWLRQDO�DQG�VPDUW�PHPEUDQHV�DUH�
FRQWLQXRXVO\�GHYHORSHG�DQG�FRPPHUFLDO�DSSOLFDWLRQV�
DUH�DFWLYHO\�FUHDWHG��7KH�VPDUW�PHPEUDQHV�DUH�
FRPSRVHG�RI�ILEUHV�DQG�PDWHULDOV�WKDW�KDYH�
IXQFWLRQDO�SURSHUWLHV�DQG�WKDW�LQWHUDFW�ZLWK�WKHLU�
VXUURXQGLQJV��DUH�GLYLGHG�LQWR�WKUHH�VXEJURXSV��
SDVVLYH��DFWLYH��DQG�UHDFWLYH�
GLIIHUHQFH�EHWZHHQ�WKH�SDVVLYH�DQG�DFWLYH�
PHPEUDQHV�LV�WKDW�WKH�SDVVLYH�RQHV�GHWHFW�VWLPXOL�LQ�
WKH�HQYHORSH��
VHQVHG�VWLPXOL��5HDFWLYH�PHPEUDQHV�KDYH�WKH�DELOLW\�
WR�GHWHFW��UHDFW�DQG�DGDSW�WKHLU�EHKDYLRXU�DFFRUGLQJ�
WR�WKHLU�HQYLURQPHQW�
6FKRGHN������
7KH�VWLPXOL�WKDW�VPDUW�PDWHULDOV�GHWHFW�LQFOXGH��
FKHPLFDO�UHDFWLRQV��PRLVWXUH��HOHFWULFLW\��IRUFH��
PDJQHWLVP��PRYHPHQW��OLJKW��SUHVVXUH��VRXQG�DQG�
WHPSHUDWXUH��5HDFWLRQ�WR�WKHVH�VWLPXOL�PD\�UHVXOW�LQ�
FKDQJHV�LQ�PDWHULDO�FRQGXFWLYLW\��HOHFWULFDO�
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7UDQVOXFHQW�DQG�PLFUR�SHUIRUDWHG�PHPEUDQH�VROXWLRQ�WR�LPSURYH�WKH�DFRXVWLF�FRQGLWLRQV�RI�D�FRPSDUWPHQW���D��VLQJOH�PHPEUDQH�
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7KH�FRQFHSW�RI�VPDUW�PHPEUDQHV�E
WKH�WH[WLOH�LQGXVWU\�LQ�WKH�����V��,QQRYDWLRQV�LQ�WKH�
DUHD�RI�IXQFWLRQDO�DQG�VPDUW�PHPEUDQHV�DUH�
FRQWLQXRXVO\�GHYHORSHG�DQG�FRPPHUFLDO�DSSOLFDWLRQV�
DUH�DFWLYHO\�FUHDWHG��7KH�VPDUW�PHPEUDQHV�DUH�
FRPSRVHG�RI�ILEUHV�DQG�PDWHULDOV�WKDW�KDYH�

WLRQDO�SURSHUWLHV�DQG�WKDW�LQWHUDFW�ZLWK�WKHLU�
VXUURXQGLQJV��DUH�GLYLGHG�LQWR�WKUHH�VXEJURXSV��
SDVVLYH��DFWLYH��DQG�UHDFWLYH�
GLIIHUHQFH�EHWZHHQ�WKH�SDVVLYH�DQG�DFWLYH�
PHPEUDQHV�LV�WKDW�WKH�SDVVLYH�RQHV�GHWHFW�VWLPXOL�LQ�
WKH�HQYHORSH��ZKLOH�WKH�DFWLYH�RQHV�UHDFW�WR�WKH�
VHQVHG�VWLPXOL��5HDFWLYH�PHPEUDQHV�KDYH�WKH�DELOLW\�
WR�GHWHFW��UHDFW�DQG�DGDSW�WKHLU�EHKDYLRXU�DFFRUGLQJ�
WR�WKHLU�HQYLURQPHQW�>7DR������@�>$GGLQJWRQ�	�
6FKRGHN������@��
7KH�VWLPXOL�WKDW�VPDUW�PDWHULDOV�GHWHFW�LQFOXGH��

FDO�UHDFWLRQV��PRLVWXUH��HOHFWULFLW\��IRUFH��
PDJQHWLVP��PRYHPHQW��OLJKW��SUHVVXUH��VRXQG�DQG�
WHPSHUDWXUH��5HDFWLRQ�WR�WKHVH�VWLPXOL�PD\�UHVXOW�LQ�
FKDQJHV�LQ�PDWHULDO�FRQGXFWLYLW\��HOHFWULFDO�
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7KH�FRQFHSW�RI�VPDUW�PHPEUDQHV�EHFDPH�NQRZQ�LQ�
WKH�WH[WLOH�LQGXVWU\�LQ�WKH�����V��,QQRYDWLRQV�LQ�WKH�
DUHD�RI�IXQFWLRQDO�DQG�VPDUW�PHPEUDQHV�DUH�
FRQWLQXRXVO\�GHYHORSHG�DQG�FRPPHUFLDO�DSSOLFDWLRQV�
DUH�DFWLYHO\�FUHDWHG��7KH�VPDUW�PHPEUDQHV�DUH�
FRPSRVHG�RI�ILEUHV�DQG�PDWHULDOV�WKDW�KDYH�

WLRQDO�SURSHUWLHV�DQG�WKDW�LQWHUDFW�ZLWK�WKHLU�
VXUURXQGLQJV��DUH�GLYLGHG�LQWR�WKUHH�VXEJURXSV��
SDVVLYH��DFWLYH��DQG�UHDFWLYH�>0HQGRQoD������
GLIIHUHQFH�EHWZHHQ�WKH�SDVVLYH�DQG�DFWLYH�
PHPEUDQHV�LV�WKDW�WKH�SDVVLYH�RQHV�GHWHFW�VWLPXOL�LQ�

ZKLOH�WKH�DFWLYH�RQHV�UHDFW�WR�WKH�
VHQVHG�VWLPXOL��5HDFWLYH�PHPEUDQHV�KDYH�WKH�DELOLW\�
WR�GHWHFW��UHDFW�DQG�DGDSW�WKHLU�EHKDYLRXU�DFFRUGLQJ�

>7DR������@�>$GGLQJWRQ�	�

7KH�VWLPXOL�WKDW�VPDUW�PDWHULDOV�GHWHFW�LQFOXGH��
FDO�UHDFWLRQV��PRLVWXUH��HOHFWULFLW\��IRUFH��

PDJQHWLVP��PRYHPHQW��OLJKW��SUHVVXUH��VRXQG�DQG�
WHPSHUDWXUH��5HDFWLRQ�WR�WKHVH�VWLPXOL�PD\�UHVXOW�LQ�
FKDQJHV�LQ�PDWHULDO�FRQGXFWLYLW\��HOHFWULFDO�
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7UDQVOXFHQW�DQG�PLFUR�SHUIRUDWHG�PHPEUDQH�VROXWLRQ�WR�LPSURYH�WKH�DFRXVWLF�FRQGLWLRQV�RI�D�FRPSDUWPHQW���D��VLQJOH�PHPEUDQH�
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HFDPH�NQRZQ�LQ�
WKH�WH[WLOH�LQGXVWU\�LQ�WKH�����V��,QQRYDWLRQV�LQ�WKH�

FRQWLQXRXVO\�GHYHORSHG�DQG�FRPPHUFLDO�DSSOLFDWLRQV�
DUH�DFWLYHO\�FUHDWHG��7KH�VPDUW�PHPEUDQHV�DUH�

WLRQDO�SURSHUWLHV�DQG�WKDW�LQWHUDFW�ZLWK�WKHLU�
VXUURXQGLQJV��DUH�GLYLGHG�LQWR�WKUHH�VXEJURXSV��

>0HQGRQoD������@��7KH�

PHPEUDQHV�LV�WKDW�WKH�SDVVLYH�RQHV�GHWHFW�VWLPXOL�LQ�
ZKLOH�WKH�DFWLYH�RQHV�UHDFW�WR�WKH�

VHQVHG�VWLPXOL��5HDFWLYH�PHPEUDQHV�KDYH�WKH�DELOLW\�
WR�GHWHFW��UHDFW�DQG�DGDSW�WKHLU�EHKDYLRXU�DFFRUGLQJ�

>7DR������@�>$GGLQJWRQ�	�

7KH�VWLPXOL�WKDW�VPDUW�PDWHULDOV�GHWHFW�LQFOXGH��
FDO�UHDFWLRQV��PRLVWXUH��HOHFWULFLW\��IRUFH��

PDJQHWLVP��PRYHPHQW��OLJKW��SUHVVXUH��VRXQG�DQG�
WHPSHUDWXUH��5HDFWLRQ�WR�WKHVH�VWLPXOL�PD\�UHVXOW�LQ�

7UDQVOXFHQW�DQG�PLFUR�SHUIRUDWHG�PHPEUDQH�VROXWLRQ�WR�LPSURYH�WKH�DFRXVWLF�FRQGLWLRQV�RI�D�FRPSDUWPHQW���D��VLQJOH�PHPEUDQH�
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$UFKLWHFWXUDO�0HPEUDQHV�IRU�LPSURYLQJ�WKH�IXQFWLRQDO�SHUIRUPDQFH�RI�EXLOGLQJV

3DXOR�0(1'21d$��5DTXHO�0$&,(,5$

SURSHUWLHV��VKDSH��RSWLFDO�FKDUDFWHULVWLFV��FRORXU�DQG�
SURSHUWLHV�UHODWHG�WR�OLJKW�DQG�VWUXFWXUH��)RU�
H[DPSOH��FRWWRQ�IDEULF�ZLWK�D�EOHQG�RI�SRO\DOFRKRO�
�XVHG�IRU�WHQWV��EHFRPHV�LPSHUPHDEOH�ZKHQ�LW�
FRPHV�LQ�FRQWDFW�ZLWK�PRLVWXUH��7KHUH�DUH�DOVR�
PHPEUDQHV�ZLWK�FHUDPLF�ILEUHV���DEOH�WR�EORFN�
UDGLDWLRQ��WH[WLOHV�VSUD\HG�E\�JDV�LRQLVDWLRQ�DQG�
FRDWHG�ZLWK�PHWDO���ZKLFK�SUHYHQW�WKH�SHQHWUDWLRQ�
RI�HOHFWURPDJQHWLF�UDGLDWLRQ�DQG�UDGLR�VLJQDOV��
PHPEUDQHV�WKDW�FKDQJH�FRORXU�LQ�UHVSRQVH�WR�
IOXFWXDWLRQV�LQ�89�UDGLDWLRQ�RU�WHPSHUDWXUH��
SKRVSKRUHVFHQW�PHPEUDQHV�WKDW�FDQ�DEVRUE�VXQOLJKW�
DQG�VORZO\�UHOHDVH�LW�ZKHQ�WKH�VXQ�GLVDSSHDUV��DQG�
PHPEUDQHV�WKDW�FDQ�DEVRUE�RU�HOLPLQDWH�RGRXUV��EXW�
FRPELQHG�ZLWK�DLU�UHQHZDO��,Q�DGGLWLRQ�WR�
LPSUHJQDWLRQ�RU�ODPLQDWLRQ��WKHVH�SURSHUWLHV�FDQ�
DOVR�EH�LQFRUSRUDWHG�LQWR�WKH�PHPEUDQHV�WKURXJK�
SULQWLQJ�RU�VHZLQJ�>&OHYHUWH[������@��2QH�OLPLWDWLRQ�
RI�WKHVH��VPDUW��DGGLWLRQV�WR�WKH�PHPEUDQHV�LV�WKDW�
RQO\�D�VPDOO�DPRXQW�FDQ�EH�DGGHG�ZLWKRXW�DGYHUVHO\�
DIIHFWLQJ�WKH�PHFKDQLFDO�SURSHUWLHV�WKHUHRI��
(XUDWH[�>(XUDWH[������@�UHFRJQL]HV�WKDW�UHVHDUFK�
DUHDV�RI�KLJK�SULRULW\�IRU�WKH�WH[WLOH�LQGXVWU\�LQFOXGH��
�D��FXVWRP�SHUIRUPDQFH�ZLWK�DGYDQWDJH�WR�XVHUV���
WKURXJK�WKH�DELOLW\�RI�PDWHULDOV�WR�DGDSW�RU�FKDQJH�
WKHLU�SURSHUWLHV�DFFRUGLQJ�WR�WKH�HQYLURQPHQWDO�
FRQGLWLRQV�RI�WKHLU�VXUURXQGLQJV���E��UHGXFWLRQ�RI�WKH�
HQYLURQPHQWDO�DQG�HQHUJ\�LPSDFW�RI�WKH�SURFHVVHV�
XVHG�IRU�WKH�IXQFWLRQDOL]DWLRQ�RI�PHPEUDQH�
PDWHULDOV���F��LQFUHDVHG�IOH[LELOLW\�DQG�HIILFLHQF\�LQ�
WKH�GHYHORSPHQW�RI�SURGXFWV�DQG�PDWHULDOV�WKURXJK�
GHVLJQ��

$�SRUWXJXHVH�H[DPSOH�RI�PHPEUDQH�
IXQFWLRQDOL]DWLRQ�ZDV�REWDLQHG�WKURXJK�D�SDUWQHUVKLS�
EHWZHHQ�WKH�&,7(9(�DQG�&(17,�UHVHDUFK�FHQWHUV�DQG�
WKH�7r[WHLV�3HQHGR�FRPSDQ\�XQGHU�WKH��&257)((��
SURMHFW��7KLV�SURMHFW�UHVXOWHG�LQ�WKH�GHYHORSPHQW�RI�
D�SURGXFW���IXQFWLRQDOL]HG�DQG�HQHUJ\�HIILFLHQW�
FXUWDLQV�WR�UHDFK�D�UHGXFWLRQ�RI�HQHUJ\�FRQVXPSWLRQ�
EHWZHHQ���WR����>7r[WHLV�3HQHGR������@��7KLV�
IXQFWLRQDOL]HG�PHPEUDQH�KDV�WKH�IROORZLQJ�
FKDUDFWHULVWLFV��WKHUPDO�LQHUWLD�FRQWURO��UHGXFWLRQ�RI�
WKHUPDO�ORDG�LQ�VXPPHU�DQG�LQFUHDVH�RI�KHDW�
UHWHQWLRQ�LQ�ZLQWHU���UHGXFWLRQ�RI�KHDW�H[FKDQJHV��
VLJQLILFDQW�UHIOHFWLRQ�RI�LQFLGHQW�UDGLDWLRQ��
FRQWULEXWLRQ�WR�HQHUJ\�HIILFLHQF\�DQG�WKHUPDO�
FRPIRUW��PDOOHDELOLW\�DQG�OLJKWQHVV��
�
&RQFOXVLRQV�
7KH�SRVVLELOLWLHV�RI�XVLQJ�WKH�PHPEUDQH�PDWHULDOV�LQ�
WKH�FRQVWUXFWLRQ�DUH�DOPRVW�XQOLPLWHG��+RZHYHU��
DFFRUGLQJ�WR�2OOHQKDXHU�>2OOHQKDXHU������@�LQ�WKHLU�
VWXG\�RQ�WKH�PDUNHW��7H[WLOHV�LQ�$UFKLWHFWXUH���
PHPEUDQH�SURGXFHUV�ILQG�GLIILFXOWLHV�RQ�
LPSOHPHQWLQJ�WKHVH�VROXWLRQV��7KLV�LV�UHODWHG�WR�WKH�
VWURQJ�F\FOLFDO�QDWXUH�RI�WKH�FRQVWUXFWLRQ�LQGXVWU\��
ORQJ�FHUWLILFDWLRQ�SURFHGXUHV��DQG��DERYH�DOO��WKH�
WDVN�RI�FRPPXQLFDWLQJ�WKH�GHYHORSPHQWV�LQ�WKLV�
LQGXVWU\�WR�D�GLYHUVH�DQG�KLJKO\�IUDJPHQWHG�JURXS�RI�
SURIHVVLRQDOV��
7KH�PHPEUDQHV�KDYH�SRWHQWLDOLWLHV��EXW�DOVR�OLPLWV�RI�
DSSOLFDWLRQ�LQ�EXLOGLQJV��,Q�VRPH�FDVHV��SRRU�
GXUDELOLW\��IRU�H[DPSOH�XQFRDWHG�WH[WLOH�PHPEUDQHV��
DQG�WKH�IDFW�WKDW�LW�LV�LPSRVVLEOH�WR�HUHFW�D�
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PHPEUDQH�FRQVWUXFWLRQ�ZLWKRXW�WKH�VXSSRUW�RI�D�
ULJLG�VWUXFWXUH�FRQVWLWXWH�VRPH�RI�LWV�OLPLWDWLRQV��
+RZHYHU��D�PHPEUDQH�FDQ�UHVXOW�IURP�WKH�
FRPELQDWLRQ�RI�GLIIHUHQW�PDWHULDOV��VXFK�DV�JODVV��
ZRRG�RU�PHWDOV��UHVXOWLQJ�LQ�PRUH�LQWHUHVWLQJ�
FRQVWUXFWLYH�VROXWLRQV�WKDQ�FRQVLGHULQJ�WKHVH�
VHSDUDWHO\��IRU�H[DPSOH�DOORZLQJ�WR�DFKLHYH�DOPRVW�
�XQOLPLWHG��GXUDELOLW\��7KDQNV�WR�WKH�LPSURYHG�
FKDUDFWHULVWLFV�RI�PHPEUDQH�PDWHULDOV���LQ�WHUPV�RI�
WKH�VWUHQJWK�WR�ZHLJKW�UDWLR��GXUDELOLW\��IOH[LELOLW\��
DEVRUSWLRQ�SURSHUWLHV��ILUH�UHVLVWDQFH���WKHVH�FDQ�
UHSODFH�FRQYHQWLRQDO�EXLOGLQJ�PDWHULDOV�VXFK�DV�VWHHO�
DQG�RWKHU�PHWDOV��ZRRG�DQG�SODVWLFV�>*UDEH������@���
$UFKLWHFWXUDO�PHPEUDQHV�RIIHU�HIILFLHQW�DQG�
DHVWKHWLF�VROXWLRQV��QRW�RQO\�GXH�WR�WKHLU�OLJKWQHVV��
PHFKDQLFDO�DQG�FKHPLFDO�SURSHUWLHV��EXW�DOVR�ZKHQ�
IXQFWLRQDOL]HG�IRU�DSSOLFDWLRQV�LQ�WKH�FRQVWUXFWLRQ�
VHFWRU��$Q�H[DPSOH�RI�DSSOLFDWLRQ�ZKHUH�PHPEUDQHV�
KDYH�QRW�EHHQ�IUHTXHQWO\�HPSOR\HG�VR�IDU�LV�WKH�XVH�
RI�PXOWLOD\HU�FRPSRVLWHV��,Q�WKHVH�FDVHV��LW�LV�
SRVVLEOH�WR�RSWLPL]H�HDFK�OD\HU�UHODWLYH�WR�LWV�
PDWHULDO�IXQFWLRQDO�SURSHUWLHV��/DUJHU�DSSOLFDWLRQV��
VXFK�DV�VWRUDJH���WKHUPDO�LQVXODWLRQ�DQG���RU�VRXQG�
LQVXODWLRQ��PD\�EH�REWDLQHG�E\�WKH�LQWHJUDWLRQ�RI�
RWKHU�VXLWDEOH�PDWHULDOV�ZLWKLQ�WKH�PXOWLOD\HU�
FRPSRVLWH��$LUERUQH�DQG�SRVVLEO\�SKDVH�FKDQJH�
PDWHULDOV�DUH�LQ�SULQFLSOH�VXLWDEOH�IRU�LPSURYLQJ�
PXOWLOD\HU�PHPEUDQH�VWUXFWXUHV���PDNLQJ�WKHP�
PXOWL�SXUSRVH�FRPSRQHQWV��DVVXPLQJ�DGYDQFHG�
IXQFWLRQV�ZLWK�UHVSHFW�WR�WKHUPDO�LQVXODWLRQ��2WKHU�
IXQFWLRQV��VXFK�DV�HOHFWULFDO�FRQGXFWLYLW\��
HOHFWUROXPLQHVFHQFH�RU�LQWHJUDWHG�QDQRVWUXFWXUHV��

ZLOO�DOVR�EH�UHOHYDQW��SRVLWLYHO\�DOWHULQJ�WKH�
IXQFWLRQDO�SURSHUWLHV�RI�WKH�HQYHORSH��0HPEUDQH�
SURSHUWLHV�FDQ�EH�VSHFLILFDOO\�DGDSWHG�WR�FKDQJH�WKH�
IXQFWLRQDO�FRQGLWLRQV�RI�EXLOGLQJV��,Q�HFRORJLFDO�WHUPV�
WKH\�SUHVHQW�ORZH�XVH�RI�HQHUJ\�DQG�UHVRXUFHV�
DVVRFLDWHG�ZLWK�LWV�SURGXFWLRQ��DV�ZHOO�DV�HDVLHU�
UHXVH�DQG�UHF\FOLQJ�SRVVLELOLWLHV��
�
$FNQRZOHGJPHQWV�
7KH�DXWKRUV�ZLVK�WR�WKDQNV�WR�3RUWXJXHVH�)RXQGDWLRQ�IRU�
6FLHQFH�DQG�7HFKQRORJ\��)&7���3RUWXJXHVH�0LQLVWU\�RI�

(GXFDWLRQ�DQG�6FLHQFH��0&(��DQG�(XURSHDQ�6RFLDO�)XQG�
�(6)��ZLWK�WKH�UHIHUHQFH�JUDQW�6)5+�%'�������������DQG�
WKH�3URMHFW�8,'�$85������������E\�)&70(&�E\�QDWLRQDO�

IXQGLQJ�DQG�)('(5�FR�ILQDQFLQJ�XQGHU�WKH�QHZ�37�����
SDUWQHUVKLS�DJUHHPHQW���/DE�37��6FKRRO�RI�$UFKLWHFWXUH��
8QLYHUVLW\�RI�0LQKR��3RUWXJDO��

�
5HIHUHQFHV�
>�@� 0(1'21d$��3����������/LYLQJ�XQGHU�D�VHFRQG�VNLQ�²�

VWUDWHJLHV�IRU�WKH�HQYLURQPHQWDO�LPSDFW�UHGXFWLRQ�RI�

6RODU�3DVVLYH�FRQVWUXFWLRQV�LQ�WHPSHUDWH�FOLPDWHV��LQ�
3RUWXJXHVH���'RFWRUDWH�7KHVLV�LQ�&LYLO�(QJLQHHULQJ��

8QLYHUVLW\�RI�0LQKR��&LYLO�(QJLQHHULQJ�'HSDUWPHQW��
3RUWXJDO�

>�@� +$59,(��*����������$Q�LQYHVWLJDWLRQ�LQWR�WKH�WKHUPDO�

EHKDYLRXU�RI�VSDFHV�HQFORVHG�E\�IDEULF�PHPEUDQHV��
3K'�7KHVLV��&DUGLII��&DUGLII�8QLYHUVLW\�RI�:DOHV��8QLWHG�
.LQJGRP�

>�@� 0(1'21d$��3����������$SOLFDo}HV�LQWHOLJHQWHV�GRV�
Wr[WHLV�HP�DUTXLWHWXUD��0VF�7KHVLV�LQ�'HVLJQ�DQG�
0DUNHWLQJ��8QLYHUVLW\�RI�0LQKR��7H[WLOH�'HSDUWPHQW��
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$UFKLWHFWXUDO�0HPEUDQHV�IRU�LPSURYLQJ�WKH�IXQFWLRQDO�SHUIRUPDQFH�RI�EXLOGLQJV

3DXOR�0(1'21d$��5DTXHO�0$&,(,5$

3RUWXJDO�
>�@� .1,33(56��-���&5(0(56��-���*$%/(5��0���/,(1+$5'��-��

��������&RQVWUXFWLRQ�0DQXDO�IRU�3RO\PHUV���

0HPEUDQHV��,QVWLWXW�IXࡇU�LQWHUQDWLRQDOH�$UFKLWHNWXU�
'RNXPHQWDWLRQ��'HWDLO�%LUNKlXVHU��0XQLTXH��1HZ�<RUN�

>�@� '(98/'(5��7����������7KH�WKHUPDO�UHVSRQVH�RI�WH[WLOH�

PHPEUDQH�FRQVWUXFWLRQV��3K'�7KHVLV��8QLYHUVLW\�RI�
1RWWLQJKDP��8QLWHG�.LQJGRP�

>�@� $5&+,7(1�/$1'5(//���������7KHUPDO��5HWULHYHG�LQ�
1RYHPEHU����������IURP�
KWWS���ZZZ�DUFKLWHQ�FRP�SURGXFWV�WKHUPDO��

>�@� (12%���������0HPEUDQH�FRQVWUXFWLRQV�IRU�EXLOGLQJ�

UHIXUELVKPHQW��5HWULHYHG�LQ�1RYHPEHU����������IURP�
KWWS���ZZZ�HQRE�LQIR�HQ�VOLGHVKRZ�ELOGHU�PHPEUDQ

H�FRQVWUXFWLRQV�IRU�EXLOGLQJ�UHIXUELVKPHQW�PHVJ�
IDVVDGH�EHUJZDFKW�ED\HUQ��SURMHNWH��

>�@� +$/(��'���+229(5��0��	�2·1(,//��0����������3KDVH�

FKDQJH�PDWHULDOV�KDQGERRN��5HWULHYHG�LQ�1RYHPEHU�
���������IURP�
KWWS���QWUV�QDVD�JRY�DUFKLYH�QDVD�FDVL�QWUV�QDVD�JRY�

������������SGI0XQGR��-��������´)DEULF�PHPEUDQHV�
DV�GD\OLJKWLQJ�FRQWURO�V\VWHPV�LQ�EXLOGLQJVµ��3K'�
7KHVLV��8QLYHUVLW\�RI�1RWWLQJKDP��8QLWHG�.LQJGRP�

>�@� 3$86(��%����������,PSURYLQJ�WKHUPDO�UHJXODWLQJ�

SURSHUWLHV�IRU�PHPEUDQH�VWUXFWXUHV��,QGXVWULDO�)DEULF�
6WUXFWXUHV�$VVRFLDWLRQ��)DEULF�$UFKLWHFWXUH��5HWULHYHG�

LQ�1RYHPEHU����������IURP�
KWWS���IDEULFDUFKLWHFWXUHPDJ�FRP�DUWLFOHV�����BI�BWK
HUPDO�KWPO�

>��@� %,5'$,5���������3HUIRUPDQFH�&KDUDFWHULVWLFV��

7HQVRWKHUP���$PKHUVW��1<��%LUGDLU�,QF��

>��@� %,5'$,5���������0HPEUDQHV��5HWULHYHG�LQ�1RYHPEHU�
���������IURP�KWWS���ZZZ�ELUGDLU�FRP�WHQVLOH�

DUFKLWHFWXUH�PHPEUDQH�
>��@� %$55,62/���������0LFURDEVRUEHU��5HWULHYHG�IURP�

'HFHPEHU���������IURP�

KWWS���ZZZ�EDUULVROXVD�FRP�DUULYDOV�PLFURVRUEHU�E\�
EDUULVRO�

>��@� 7$2��;����������´6PDUW�)LEUHV��)DEULFV�DQG�&ORWKLQJ��

)XQGDPHQWDOV�DQG�DSSOLFDWLRQVµ��:RRGKHDG�3XEOLVKLQJ�
>��@� $'',1*721��0��	�6&+2'(.��'����������6PDUW�

0DWHULDOV�DQG�1HZ�7HFKQRORJLHV��)RU�WKH�$UFKLWHFWXUH�

DQG�'HVLJQ�3URIHVVLRQV��$UFKLWHFWXUDO�3UHVV�
>��@� &/(9(57(;���������6WDWH�RI�WKH�DUW��5HWULHYHG�LQ�

1RYHPEHU����������IURP�

KWWS�����������������GRFXPHQWV�6WDWHBRIBWKHBDUW�SGI�
>��@� (85$7(;���������7KH�)XWXUH�LV�WH[WLOHV��6WUDWHJLF�

UHVHDUFK�DJHQGD��(73���(XURSHDQ�7HFKQRORJ\�3ODWIRUP�

IRU�WKH�)XWXUH�RI�7H[WLOHV�DQG�&ORWKLQJ��%HOJLXP�
>��@� 7È;7(,6�3(1('2���������&RUWIHH��5HWULHYHG�LQ�

'HFHPEHU����������IURP�

KWWS���ZZZ�WSHQHGR�SW�SW�FHUWLILFDGRV�H�
KWWS���ZZZ�SRIF�TUHQ�SW�PHGLD�QRWLFLDV�HQWLW\�WH[WH
LV�SHQHGR�ODQFD�QRYR�SURGXWR�QR�PHUFDGR�GH�WH[WHLV�

ODU�
>��@� 2//(1+$8(5��&����������7H[WLOHV�LQ�$UFKLWHFWXUH��

0DWHULDOV�VXSSOLHUV�IRU�EXLOGLQJ�DQG�FRQVWUXFWLRQ�����

HGLWLRQ��*HRII)LVKHU��7H[WLOH�0HGLD�6HUYLFHV�
>��@� *5$%(��7����������7HQWV��6DLOV��DQG�6KHOWHU��

,QQRYDWLRQV�LQ�7H[WLOH�$UFKLWHFWXU���(GLWRU�:HUQHU�

/DQJ��$XURUD�0F&ODLQ��6FKRRO�RI�DUFKLWHFWXUH�RI�
8QLYHUVLW\�RI�7H[DV��$XVWLQ��86$�
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7KH�SDSHU�GHVFULEHV�DQ�DUFKLWHFWXUDO�GHVLJQ�VWXGLR�
IRU�WKH�VWXGHQWV�RI��WK�\HDU�RI�VWXGLHV�LQ�WKH�
$ULVWRWOH�8QLYHUVLW\�RI�7KHVVDORQLNL��,W�KDV�EHHQ�GRQH�
VLQFH�QRZ�DV�D�ZRUNVKRS��ZKHUH�PRGHOV�RI�
OLJKWZHLJKW�FRQVWUXFWLRQV�DUH�GRQH�ZLWK�WKH�SUHVHQFH�
RI�WKH�WXWRUV��7KH�UHVXOWV�DUH�WLOO�QRZ�SURPLVLQJ�DQG�
HUDVH�FHUWDLQ�HGXFDWLRQDO�LVVXHV�DQG�JRDOV��
�
,QWURGXFWLRQ�
7KH�FRXUVH�´1DWXUH�	�6SDFH�6WUXFWXUHVµ�LV�DQ�
DUFKLWHFWXUDO�VWXGLR�IRU�WKH��WK�\HDU�RI�VWXGLHV�LQ�
$ULVWRWOH�8QLYHUVLW\�RI�7KHVVDORQLNL��,W�VWDUWHG����

\HDUV�DJR�DQG�LW�VWLOO�JRHV�VWURQJ�GXH�WR�WKH�IDFW�WKDW�
WKH�VWXGHQWV�FRQVWUXFW�DUFKLWHFWXUDO�PRGHOV�RI�
OLJKWZHLJKW�PDWHULDOV�LQ�WKH�VWXGLR��6XFK�GHVLJQ�
H[SHULPHQWV�XVXDOO\�HPSOR\HODVWLF�IDEULF�IRU�WKH�
FRQVWUXFWLRQ�RI�WHQWV��%DVHG�RQ�WKH�SUHFHGHQW�RI�)UHL�
2WWR·V�VWXGLHV�ZLWKVRDS�EXEEOHV�IRU�PRGHOLQJ�
LQIODWDEOHV��ZH�LQWURGXFHG�EDOORRQV��DORQJVLGHRWKHU�
FRQVWUXFWLRQV�VXFK�DV�PHWDO�VNHOHWRQ�PRGHOV��WUHHV�
VWUXFWXUHV�HWF��'XH�WR�WKH�ODUJHVWXGHQW�DXGLHQFHV��
WKH�FRXUVH�LQYLWHG�PRUH�LQVWUXFWRUV�WKDW�FRQWULEXWH�
LQ�WKLV�SDSHU��WZR�RI�WKHP�IURP�RWKHU�VFKRROV�RI�
DUFKLWHFWXUH�LQ�*UHHFH��ZKHUH�MRLQW�ZRUNVKRSV�ZHUH�

NH\ZRUGV�
DUFKLWHFWXUH�
OLJKWZHLJKW�VWUXFWXUHV�
PHPEUDQHV�
LQIODWDEOHV�
ZLUH�VWUXFWXUHV�

WVLQLNDV#DUFK�DXWK�JU�
DQWRQLRXG#XSDWUDV�JU�
GLPRSRXORVBJ#\DKRR�JU�
GNRQWD[D#DUFK�DXWK�JU�
V\PHRQLGRX#XWK�JU�
�

(GXFDWLRQDO�
REMHFWLYHV�IURP�
DQ�$UFKLWHFWXUDO�

VWXGLR�RQ�
1DWXUH�	�6SDFH�

6WUXFWXUHV�

1LNRV�3��76,1,.$6
'LPLWULV�$1721,28

*HRUJH�',02328/26
'LPLWULV�.217$;$.,6
,RDQQD�6<0(21,'28
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RUJDQL]HG��7KH�FRXUVH�LQFOXGHV�WKH�IROORZLQJ�
WKHPDWLF�DUHDV��
x� QDWXUH�DV�D�VRXUFH�RI�LQVSLUDWLRQ�LQ�WKH�GHVLJQ�DQG�

FRQVWUXFWLRQ�RI�VSDFH�FRQVWUXFWLRQV��ELRPLPHWLFV��
x� WKH���EDVLF�VROLGV�LQ�WKH�WHQVLOH�PHPEUDQHV��ZLWK�

GRXEOH�FXUYDWXUH�VXUIDFHV��¶FXUYHG·�F\OLQGHU��
¶FXUYHG·�FRQH��¶VDGGOH·�DQG�K\SHUEROLF�
SDUDERORLG��DQG�WKH�FRQVWUXFWLRQ�RI�SDSHU�PRGHOV��

x� DHVWKHWLFV�DV�D�FRQVWUXFWLYH�FRQFHSW�UHVXOW�RU�
DUFKLWHFWXUDO�IRUP�IROORZLQJ�VWDWLF�IXQFWLRQ��

x� KDQJLQJ�FRQVWUXFWLRQV��VXVSHQGHG�URRIV�RU�
FHLOLQJV�EXLOGLQJV�PHPEUDQHV��LQ�DQDORJ\�WR�
VXVSHQGHG�EULGJHV�ZKHUH�SLOODUV�VWDQG�KLJKHU�WKDQ�
WKH�URRIV�DQG�DUH�VXSSRUWHG�E\�FDEOHV��

x� WKH�WUHHV�DV�D�VRXUFH�RI�LQVSLUDWLRQ�IRU�EXLOGLQJ�
HOHPHQWV�VXFK�DV�FROXPQV�RU�VWUXFWXUHV��

x� ZLUHIUDPH�VXUIDFHV�RU�ZLUHIUDPH�FRQVWUXFWLRQV��
VSDFH�IUDPHV��URG�DQG�FDEOH�V\VWHPV��WHQVHJULW\�
V\VWHPV��FDEOH�VXUIDFHV��

x� WHQVLOH��UHWUDFWDEOH��VHOI�VXSSRUWLQJ�PHPEUDQHV�
ZLWK�GRXEOH�FXUYDWXUH�VXUIDFHV��

x� PRGHO�GUDZLQJV�DQG�SDWWHUQ�GHVLJQV�XVLQJ�UKLQR�
DQG�JUDVVKRSSHU�VRIWZDUH��

x� LQIODWDEOH�VWUXFWXUHV�XVLQJ�EDOORRQV�IRU�DLU�KDOOV��
WXEHV�IRU�DLU�WXEHV�DQG�DLU�FXVKLRQV��

�
(GXFDWLRQDO�2EMHFWLYHV�
7KH�FRUH�LGHD�LV�WKH�LPSOHPHQWDWLRQ�RI�WKH���ZRUG�
PDQWUD�WR�WKH�FXUULFXOXP�RI�VFKRROV�RI�DUFKLWHFWXUH�
WKDW�DUH��VRFLHW\��HQYLURQPHQW��FRVW��WHFKQRORJ\�DQG�
UHVHDUFK��7KH�PDLQ�HGXFDWLRQDO�REMHFWLYHV�RI�WKH�
FRXUVH��1DWXUH�	�6SDFH�6WUXFWXUHV��DUH��

)DPLOLDULW\�ZLWK�FXUYHV�
'RXEOH�FXUYDWXUH�VXUIDFHV�LQ�WKH�PHPEUDQHV�
FRQWULEXWH�WR�WKHLU�UHVLVWDQFH�WR�ZLQG�
WXUEXOHQFHLQFUHDVLQJ�WKHLU�VWDELOLW\��)DPLOLDULW\�ZLWK�
FXUYHV�UHODWHV�WR�WKH�FULWHULRQ�RI�VWUHQJWK�RI�OLJKW�
PDWHULDOV�DQG�WKH�FRUUHVSRQGLQJ�IRUP�RI�WKH�
PHPEUDQHV��ZKLFK�DUH�LQ�WKHLU�PDMRULW\�SDUDERORLG�
DQG�HOOLSVRLG�VROLG�VKDSHV��
7KH�XVH�RI��HODVWLF��PDWHULDOV�IRU�WKH�IDEULFDWLRQ�RI�
PHPEUDQHV�VXFK�DV�O\FUD��WLJKWV��UXEEHU��EDOORRQV��
HWF��FRQWULEXWHV�WR�WKH�IRUP�ILQGLQJ�RI�GRXEOH�
FXUYDWXUH�VWUXFWXUDO�VXUIDFHV�ZKLFK�DUH�DQWLFODVWLF�
�WHQVLOH���RU�V\QFODVWLF��LQIODWDEOH���
�

�
ILJ������$SRVWROLV�$SRVWROLQDV��*HRUJLD�.LVVD��3HULNOLV�

.\ULDNLGLV��������6PDOO�VKHG�IRU�VXQ�DQG�UDLQ�SURWHFWLRQ��

DSSURSULDWH�IRU�D�EXV�VWRS��'RXEOH�OD\HUHG�PHPEUDQHV�ZLWK�

DUFKHV�DQG�SLOODUV�VKRZ�VHOI�VXSSRUWHG�FRQVWUXFWLRQ��(PEHGHG�

FROXPQV�ZLWKRXW�MRLQWV��GRHVQ·W�VDWLVI\�OLJKWZHLJKW�

FRQVWUXFWLRQ�ORJLF��,W�FDQ�EH�QDPHG��¶SROH�GDQFLQJ·�WHQW�
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(GXFDWLRQDO�REMHFWLYHV�IURP�DQ�$UFKLWHFWXUDO�VWXGLR�RQ�1DWXUH�	�6SDFH�6WUXFWXUHV

1LNRV�3��76,1,.$6��'LPLWULV�$1721,28��*HRUJH�',02328/26��'LPLWULV�.217$;$.,6��,RDQQD�6<0(21,'28

'HVLJQ�IURP�RXWVLGH�WR�LQVLGH�
7KH�¶VKHOO·�DUFKLWHFWXUH�ZKHUH�DSSHDUDQFH�LV�
SULRULWL]HG��LV�DSSOLHG�WR�OLPLWHG�H[DPSOHV�RI�VPDOO�

LQWHUQDO�FRPSOH[LW\��IHZ�XVHV�LQ�WKH�EXLOGLQJ�
SURJUDP���RU�IRU�VSHFLDO�GHVLJQV�VXFK�DV�ODQGPDUNV�RU�
VWDGLXPV�RU�DLUSRUW�EXLOGLQJV��,Q�QR�FDVH�KDV�¶VKHOO·�
SULRULW\�EHHQ�DSSOLHG�WR�EXLOGLQJV�ZLWK�JUHDW�
FRPSOH[LW\�RI�VSDFHV�DQG�XVHV��8VXDOO\��ZH�VWDUW�
IURP�LQGRRU�IXQFWLRQV�WR�IRUP�D�EXLOGLQJ�SODQ��7KH�
GHVLJQ�SURFHVV�IRU�WHQVLOH�PHPEUDQHV�LV�FRQVLGHUHG�
XQFRQYHQWLRQDO�VLQFH�LW�LV�SULPDULO\�FRQFHUQHG�ZLWK�
WKH�H[WHUQDO�VXUIDFH�FRQILJXUDWLRQ�DQG�VHFRQGDULO\�
ZLWK�WKH�LQWHULRU�GHVLJQ��1HYHUWKHOHVV��WKH�VKDSH�RI�
WKH�RXWHU�VKHOO�UHVXOWV�IURP�WKH�VWDWLF�IXQFWLRQ���
�
'UDZLQJV�DIWHU�WKH�PRGHO�
:KHQ�GHVLJQLQJ�WHQVLOH�PHPEUDQHV��ILUVW�ZH�
FRQVWUXFW�WKH�PRGHO��D�IRUP�ILQGLQJ�SURFHGXUH���DQG�
WKHQ�ZH�GR�WKH�GUDZLQJV�E\�PHDVXULQJ�GLPHQVLRQV�
IURP�WKH�PRGHO��7KLV�LV�EHFDXVH�UXEEHU�IDEULFV�DUH�
XVHG�LQ�PRFN�XSV��%\�VWUHWFKLQJ�WKH�IDEULF��WKH�VKDSH�
RI�WKH�VXUIDFH�FKDQJHV��VR�WKH�GHSWK�RI�WKH�DUFKHV�
GHFUHDVHV��XPEUHOOD��RU�FKDQJHV�WKH�KHLJKW�RI�WKH�
SRVWV���
,Q�HDUO\�GD\V��GHVLJQHUV�XVHG�WR�DSSO\�JOXH�LQ�WKH�
IDEULF�RI�WKH�PRGHO�LQ�RUGHU�WR�QHXWUDOL]H�WKH�
HODVWLFLW\��VR�LW�FRXOG�EH�FXW�LQWR�VPDOO�SLHFHV�WKDW�
ZHUH�WKH�FXWWLQJ�SDWWHUQV�RQ�VFDOH��)URP�VPDOO�
�PRGHO��WR�ODUJH��UHDO�VFDOH���WKH\�VFUDWFKHG�WKH�
SDWWHUQV�ZLWK�WKH�XVH�RI�D�SDQWRJUDSK��7KLV�ZDV�WKH�
SURFHVV�EHIRUH�WKH�HPHUJHQFH�RI�FRPSXWHUV��
�
0HPEUDQH�GUDZLQJV�ZLWK�SF�
7KH�PRGHO�GUDZLQJV�DQG�WKH�SDWWHUQ�GHVLJQV�DUH�
PDGH�XVLQJ�D��'�VRIWZDUH�VXFK�DV�5KLQR�ZLWK�

�
ILJ������$JQL�3DQWD]RSRXORX�������6HOI�VXSSRUWHG��KDQJHG�

WHQW�IURP�WKH�WUHHV��7KH�VKDSH�RI�HDFK�FHOO�LV�D�¶FXUYHG·�

F\OLQGHU�LQ�D�UHFWDQJXODU��EDVH��,W�FDQ�EH�FRQVWUXFWHG�E\�XVLQJ�

ZRPHQ·V�WLJKWV��WKDW�XVXDOO\�OHDG�WR�F\OLQGULFDO�VKDSHV�

�
ILJ������,UHQH�'RXPDQL��.RUND�+DYDW]D��������7KH�WHQW�LV�

VXSSRUWHG�DQG�KDQJHG�IURP�WKH�YHUWLFDO�ZDOOV�RI�DQ�DWULXP��

7KH�FLUFXODWLRQ�EHQHDWK�LV�HDV\�VLQFH�RQO\�RQH�FROXPQ�H[LVW��

6WUHWFKHG�ZLUHIUDPH�SODQ�RI�WKH�GRXEOH�FXUYDWXUH�VXUIDFH�LV�

GRQH�XVLQJ�JUDVVKRSSHU��(DFK�RQH�RI�WKH��VLGHG�VKDSH�LQ�

ZLUHIUDPH�SODQ�LV�DFWXDOO\�D�SLHFH�RI�WKH�SDWWHUQ�



���
�

SDUDPHWULF�GHVLJQ�SOXJLQ�JUDVVKRSSHU��6SHFLDO�
VRIWZDUH�FDOFXODWHV�ORDGV��ZLQG�SUHVVXUH��FURVV�
VHFWLRQV�RI�SROHV��FDEOHV�DQG�PHPEUDQH�W\SHV��,Q�WKH�
LPSOHPHQWDWLRQ�GUDZLQJV��RQH�RI�WKH�PRVW�LPSRUWDQW�
LVVXHV�LV�WKH�GHVLJQ�RI�WKH�PHPEUDQH�SDWWHUQV�
�PHPEUDQH�FRQVWUXFWLRQ�GUDZLQJV��UHVXOWLQJ�HLWKHU�
IURP�WKH�PRGHOLQJ�RU�IURP�D�GHVLJQ�LQ�D�FRPSXWHU�
DSSOLFDWLRQ��
�
7KH�¶G\QDPLF·�PRGHO�LV�PRUH�WKDQ�D��'�REMHFW��
7KH�IRUFHV�DSSOLHG�RQ�WKH�PRGHO�GULYH�WKH�GHVLJQHU�
LQWR�D�VWDWLFDOO\�VRXQG�FRQVWUXFWLRQ�DV�RQ�D�UHDO�
VFDOH��7KH�PHPEUDQHV�FDQ�EH�WRUQ��WKH�EDOORRQV�FDQ�

EH�EURNHQ��WKH�SROHV�EHQW��HWF��7KH�DUFKLWHFWXUDO�
IRUP�GHULYHV�IURP�VWDWLF�IXQFWLRQ��
$Q�LPSRUWDQW�LVVXH�LV�WKH�XVH�RI�SLOODUV�WKDW�DUH�
DQFKRUHG�E\�FDEOHV�WR�WKH�JURXQG��,I�WKH�SRVWV�DUH�
HPEHGGHG�LQ�WKH�JURXQG��WKHQ�WKH�ODWHUDO�IRUFHV�
EHQW�WKHP��ZKHUHDV�LI�WKH\�DUH�QRW�HPEHGGHG��WKH�
IRUFHV�SHQHWUDWH�YHUWLFDOO\�DORQJ�WKH�SLOODUV��
UHVXOWLQJ�LQ�EHWWHU�EXFNOLQJ��
�
5HWUDFWDEOH�PHPEUDQHV��LQ�GH�IODWH��MRLQWV�²�
PRYDEOH�FRQVWUXFWLRQV�
$OO�OLJKWZHLJKW�URRIV�WKDW�DUH�EXLOW�IRU�SURWHFWLRQ�
DJDLQVW�VXQOLJKW�RU�UDLQ�PXVW�KDYH�D�PHFKDQLVP�WR�
FORVH�DW�QLJKW�RU�ZLQWHU�IRU�WKHLU�RZQ�SURWHFWLRQ��
7KXV��D�PHPEUDQH�VKRXOG�EH�DEOH�WR�JDWKHU�IRU�
SURWHFWLRQ�IURP�UDLQ��GHIODWH�IRU�VWRUDJH��PRYH�WR�
IROORZ�WKH�VXQ��HWF���
,Q�RUGHU�WR�DFKLHYH�PXOWL�IXQFWLRQDOLW\��DOO�VRUWV�RI�
PHFKDQLVPV�DUH�XVHIXOO�OLNH�VFLVVRUV�PHFKDQLVP��

�
ILJ������.\ULDNRV�.\ULDNRSRXORV��'LPLWULV�6LRNLV��������:KHQ�

RSHQ��WKH�WHQW�EHFRPHV�WHQVHG��ZLWKRXW�IROGV�RU�ULQNOHV�

�

ILJ������3HQHORSH�3DSDGLPLWUDNL��1LNROHWD�6LGLURSRXORX��)RWLV�

&KDW]LFKULVWDNLV��������7KH�IROGDEOH�VKHG�FDQ�IROG�DQG�XQIROG��

FDQ�FKDQJH�KLJKW�DQG�FDQ�FKDQJH�LWV�DQJOH��$OO�WKHVH�IXQFWLRQV�

FDQ�EH�GRQH�XVLQJ�YHU\�VLPSOH�PHFKDQLVPV�

�
ILJ������7DQLD�/D]RXGL��(IPRUSKLD��7]DNRSRXORX��(OOLH�

9ODFKRX��������7KH�XVH�RI�XVHG�PDWHULDOV�WR�FRYHU�D�PHWDO�

VNHOHWRQ�FDQRS\�KDV�LWV�RZQ�YDOXHV�



���
�

(GXFDWLRQDO�REMHFWLYHV�IURP�DQ�$UFKLWHFWXUDO�VWXGLR�RQ�1DWXUH�	�6SDFH�6WUXFWXUHV

1LNRV�3��76,1,.$6��'LPLWULV�$1721,28��*HRUJH�',02328/26��'LPLWULV�.217$;$.,6��,RDQQD�6<0(21,'28

XPEUHOOD�PHFKDQLVP��RU�HOHPHQWV�WKDW�PRYH��SXOO��
RSHQ��URWDWH��HWF��6PDUW�LGHDV�PD\�ILQG�LQVSLUDWLRQ�LQ�
NLQHWLF�DUW�RU�PXOWL�SXUSRVH�HYHU\GD\�OLIH�REMHFWV��
+RRNV�DW�WKH�HGJHV�RI�WKH�PHPEUDQH�VSDQ�WKH�DUFV�RI�
WKH�VWUXFWXUH�DQG�VWUHWFK�RU�JOXH�WKH�PHPEUDQH��
:LUHV�WKDW�DUH�VHZHG�LQ�WKH�IDEULF�SHULPHWHU�DOVR�
LPSURYH�VWUHQJWK��5LQJV�WKDW�DUH�VHZHG�RQ�WKH�IDEULF�
DQG�UXQ�LQ�D�ZLUH�JXLGH�FDQ�IDFLOLWDWH�WKH�UHWUDFWLRQ�
RU�H[WUDFWLRQ�RI�WKH�PHPEUDQH��
�
(SKHPHUDO�DUFKLWHFWXUH�
7KH�QHHG�IRU�FUHDWLRQ�LV�EH\RQG�WKH�WLPH�ODJ�DQG�ORZ�
OLIHVSDQ�RI�DUFKLWHFWXUH��7KH�UHODWLRQVKLS�EHWZHHQ�
KXPDQ�OLIH�DQG�LWV�FUHDWLRQV�LV�RI�JUHDW�LQWHUHVW��,Q�
LQIODWDEOH�FRQVWUXFWLRQV��WKH�EDOORRQV�IURP�WKH�
PRGHOV�DUH�GHIODWHG�EHIRUH�WKH\�DUH�SKRWRJUDSKHG��
$Q�H[DPSOH�RI�WUDGLWLRQDO�HSKHPHUDO�DUFKLWHFWXUH�LV�
WKH�<XUW�WHQW�RI�0RQJROV�DV�PDQ\�RWKHU�WHQWV�IURP�
SHRSOH�ZKR�OLYH�DV�QRPDGV�7KH�PDWHULDOV�XVHG�IRU�
PHPEUDQHV�KDYH�D�FHUWDLQ�OLIH�VSDQ�GHSHQGLQJ�RQ�
WKH�TXDOLW\�IURP���\HDUV�WR�����(SKHPHUDOLW\�DV�D�
FRQFHSW�LV�FUXFLDO�LQ�DUFKLWHFWXUDO�HGXFDWLRQ��1RWKLQJ�
ZLOO�ODVW�IRUHYHU�DQG�WKH�VRRQHU�ZH�UHDOL]H�LW�WKH�
EHWWHU��WKLV�ZLOO�HQDEOH�XV�WR�FRQVLGHU�HSKHPHUDO�
DUFKLWHFWXUH�DV�LPSRUWDQW�DV�D�PRQXPHQW��%HFDXVH�
RI�WKH�YDULHW\�DQG�GLIIHUHQFHV�LQ�VKDSHV�DQG�
PDWHULDOV��VRPHWLPHV�HSKHPHUDO�VWUXFWXUHV�FDQ�JLYH�
XV�WKH�VDPH�FRQWHQW�RU�IXOILOOPHQW�DV�LQ�GHVLJQLQJ�
KHDY\�EXLOGLQJV��$OO�WKHVH�\HDUV��YHU\�RIWHQ�WKH�
VWXGHQWV�ZRXOGQ·W�ZDQW�WR�OHDYH�WKH�URRP�DIWHU�WKH\�
ILQLVKHG�WKH�PRGHO��
�

5HF\FOLQJ�OLJKW�PDWHULDOV�
0RVW�RI�WKH�OLJKW�PDWHULDOV�FXUUHQWO\�XVHG�LQ�WKH�
FRQVWUXFWLRQ�RI�EXLOGLQJV�DUH�PDLQO\�UHF\FODEOH��
*HQHUDOO\��DV�WKH�\HDUV�JR�E\��WKH�OLJKWHU�WKH�
FRQVWUXFWLRQV�DUH�PDGH�E\�VDYLQJ�UDZ�PDWHULDOV��
SURWHFWLQJ�WKH�HQYLURQPHQW��7KH�IDEULFV�DQG�PHWDO�
SDUWV�RI�WKH�WHQWV�DUH�XVXDOO\�UHF\FODEOH��
�
6KHOO�DV�D�UHVXOW�RI�DWPRVSKHULF�SUHVVXUH�DQG�
XQGHU�SUHVVXUH�
$�VHD�PDWWUHVV�LV�LQIODWHG�DQG�DFTXLUHV�VWDWLF�
SURSHUWLHV��/D\HU�WXEHV�DUH�WUDQVIRUPHG�IURP�
IOH[LEOH�SODVWLF�LQWR�D�VWDWLF�HOHPHQW�GXH�WR�SUHVVXUH��

�
ILJ������(YDQJHOLD�(IVWUDWLRX��$ULV�*HURQWDNLV��,VPLQL�=RXUD��

������7KH�EDOORRQ�ZDV�LQIODWHG��DIWHU�LW�SDVVHG�WKURXJK�WKH�

PL[HU��7KH�HOOLSVRLG�VKDSH�RI�WKH�EDOORRQ��¶IROORZHG·�WKH�

VFKHPH�RI�WKH�PHWDO�SDUW�RI�WKH�PL[HU�,I�WKH�PL[HU�LV�SXW�

LQVLGH�D�EDOORRQ��WKHQ�LI�ZH�UHPRYH�WKH�DLU�IURP�LQVLGH�D�

VXUIDFH�LV�SURGXFHG�IURP�XQGHU�SUHVVXUH�WKDW�ORRNV�OLNH�ILJ�����
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$LU�KDOOV��DLU�SLOORZV�DQG�DLU�WXEHV��DUH�WKH�XVXDO�
IRUPV�RI�LQIODWDEOH�VWUXFWXUHV�PDGH�E\�LQGXFLQJDLU�
SUHVVXUH�LQVLGH�WKH�FDYLW\�WKDW�LV�KLJKHU�WKDQ�WKH�
DWPRVSKHULF�SUHVVXUH��6RDS�EXEEOHV�DUH�XVHG�DV�D�
WRRO�WR�ILQG�VKDSHV�DQG�EHFDXVH�RI�WKHLU�LQVWDQW�
DSSHDUDQFH�WKH\�DUH�SKRWRJUDSKHG�IRU�IXUWKHU�VWXG\��
�
:LUH�IUDPH�FRQVWUXFWLRQV�
:LWK�WHFKQRORJLFDO�HYROXWLRQ��EXLOGLQJV�DUH�VORZO\�
EHFRPLQJ�OLJKWHU�WKDQ�WKH�SUHYLRXV�RQHV��,W�LV�VDLG�
WKDW�ZKHQ�WKH�UDWLR�RI�PRYDEOH�ZHLJKWV�LQ�UHODWLRQ�WR�
RZQ�EXLOGLQJ�ZHLJKWV�DSSURDFKHG�WKH�XQLW��LW�ZDV�
WKHQ�ZKHQ�WKH�QHHG�IRU�VWDWLF�FDOFXODWLRQV�DQG�
¶VWUXFWXUDO·�HQJLQHHUV�HPHUJHG��7KXV��WKH�SDVVDJH�
IURP�WKH�ZKROH�ERG\�FRQVWUXFWLRQ�WR�D�YHFWRU�
FRQVWUXFWLRQ�RU�VSDFH�IUDPH�FRQVWUXFWLRQ�RU�IURP�WKH�

(J\SWLDQ�S\UDPLGV�WR�WKH�S\UDPLG�RI�WKH�/RXYUH�ZDV�
PDGH��,Q�WKH�JULGV�ZLUH�IUDPHV��YHFWRU�DFWLYH�
VNHOHWRQV��WKHLU�ILUVW�SURSHUW\�LV�WKDW�WKH\�DFW�
VWDWLFDOO\�DV�D�ZKROH�VR�WKDW�LI�D�EHDP�LV�XQGHU�DQ\�
NLQG�RI�IRUFH��WKHQ�DOO�WKH�EHDPV�UHDFW�WR�WKH�
SUHVVXUH��
�
*X\HG�6WUXFWXUHV�²�IORRUV�
ŁJX\HG�VWUXFWXUH�PD\�EH�D�VSDFH�IUDPH�RU�D�
KLJK�
WHFKQRORJ\
�FDEOH�DQG�URG�V\VWHP�RU�D�WHQVHJULW\�
V\VWHP��,W�LV�UHFRJQL]DEOH�LQ�WKH�IRUP�RI�VXVSHQGHG�
EULGJHV�ZKHUH�WKH�URDGZD\�LV�VXVSHQGHG�E\�FDEOHV�
WKDW�DUH�FRQQHFWHG�WR�S\ORQV�PXFK�KLJKHU�WKDQ�WKH�
URDG�VXUIDFH��$W�WKH�VLWH�RI�WKH�SDYHPHQW��ZH�
LQWURGXFH�WKH�URRI�RI�WKH�EXLOGLQJ�DQG�WKH�SLOODUV�
EHFRPH�FROXPQV��)URP�WKH�WRS�RI�WKH�FROXPQV��ZLUHV�
DUH�WLJKW�DQG�VXSSRUW�WKH�URRI�RU�FHLOLQJ��
7R�XQGHUVWDQG�KRZWKH�VWDWLF�IXQFWLRQ�LV�DFKLHYHG��
ZH�FRQVLGHU�WKH�EDUV�DV�FRPSUHVVLYH�HOHPHQWV�DQG�
WKH�FDEOHV�DV�WHQVLOH�HOHPHQWV��,Q�WKH�ILUVW�

�
ILJ������(OHQD�9DIHLGRX��$WKDQDVLRV�5RGLIWVLV�������7KH�

JHRGHVLF�GRPH�ZDV�FRQVWUXFWHG�ZLWK�DFU\OLF�PDWHULDO�LQ�D�ZLUH�

IUDPH��,Q�UHDOLW\�LW�FDQ�EH�FRVWUXFWHG�ZLWK�DLU�FXVKLRQV��

NHHSLQJ�WKH�VDPH�ZLUH�IUDPH�VNHOHWRQ�

�

�
ILJ������)RWLV�.DSDQLULV��(OHRQRUD�.RXSLGRX�������*X\HG²

KDQJHG��PRYDEOH�¶OHJR·FRQVWUXFWLRQ�7KH�¶VHOI�VXSSRUWHG·�VKHG��

FDQ�FKDQJH�DQJOHV��7KH�ZKROH�FRQVWUXFWLRQ�VKRZV�EDODQFHG��

HTXLOLEULXP��\RX�SODFH�LW�VRPHZKHUH�DQG�LW�VWD\V�VWLOO�

�
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VSDFHIUDPH�VNHOHWRQV��DOO�WKH�FRQQHFWLRQV�ZHUH�URGV��
7KH�VSDWLDO�ODWWLFH�LV�EDVHG�RQ�WKH�HTXLOLEULXP�RI�
FRPSUHVVLYH�DQG�WHQVLOH�IRUFHV��
�
7KH�WUHH�DV�IRUP�RI�EXLOGLQJ�VWDWLF�HOHPHQW�
$�W\SLFDO�H[DPSOH�RI�VNHOHWRQ�LV�WKH�WUHH�WUXQN�ZLWK�
LWV�EUDQFKHV�DQG�WZLJV�ZKLFK�XQGHU�WKH�JURXQG�LV�
URXJKO\�WKH�VDPH�DV�LWV�URRWV��7KH�FURVV�VHFWLRQ�RI�
EUDQFKHV�DQG�URRWV�LV�UHGXFHG�WRZDUGVWKH�HGJHV��7KH�
GXUDELOLW\�RI�WKH�ODUJH�WUXQN�LV�DV�VWURQJ��DV�DOO�WKH�
WZLJV�WRJHWKHU��7KH�GLVWULEXWLRQ�RI�IRUFHV�EHJLQV�
IURP�WKH�WZLJV�WR�WKH�EUDQFKHV�WR�WKH�WUXQN�WRZDUGV�
WKH�URRWV��7KH�VKDSH�RI�WKH�WUHH�DV�D�VWDWLF�HOHPHQW�
�DV�D�FROXPQ��LV�RI�JUHDW�LQWHUHVW�ERWK�IURP�DQ�
DHVWKHWLF�SRLQW�RI�YLHZ�DQG�IURP�D�ELRPLPHWLF�
VWDQGSRLQW��DV�D�EDVLF�LPLWDWLRQ�RI�QDWXUH��
7KH�VKDSH�RI�WUHHV�LV�IRXQG�LQ�QDWXUH�LQ�WKH�IRUP�RI�
QHUYH�V\VWHPV��OLJKWQLQJV��NLGQH\V��WKH�IORZ�RI�ZDWHU�
IURP�PRXQWDLQ�WRSV�WR�YDOOH\V��WKH�ULYHU�GHOWDV��WKH�
OHDYHV��HWF��

7KH�ODERUDWRU\�
7KH�REMHFWLYH�RI�WKH�ODERUDWRU\�LV�WR�EXLOG�PRGHOV�RI�
VPDOO�OLJKWZHLJKW�FRQVWUXFWLRQV��7KH�FRXUVH�VWDUWV�
ZLWK�D�SUHVHQWDWLRQ�RI�WKH�FRQWHQW�RI�WKH�H[HUFLVHV�
DQG�DGRSWV�D�KDQGV�RQ�DSSURDFK�ZLWK�VWXGHQWV�
FRQVWUXFWLQJ�PRGHOV�LQ�WKH�SUHVHQFH�RI�WKH�WXWRUV�
ZKR�VROYH�TXHVWLRQV�DQG�LQVSLUH�IRU�WKH�UHDOL]DWLRQ��
7KH�PRFNXSV�DUH�SORWWHG�RQ�SODQV�RU�GHVLJQHG�RQ�WKH�
FRPSXWHU�DQG�SKRWRJUDSKHG��
'XULQJ�WKH�ZRUNVKRS��WKH�PRGHOV�DUH��D��GRXEOH�
FXUYDWXUH�SDSHU�FRQVWUXFWLRQV�RI�WKH���EDVLF�VKDSHV��
E��D�WHQVLOH�PHPEUDQH��RU�D�IROGLQJ�UHWUDFWDEOH�
PHPEUDQH��RU�D�VHOI�VXSSRUWLQJ�PHPEUDQH��F��D�
VXVSHQGHG�URRI�VWUXFWXUH��RU�D�WUHH�DV�VNHOHWRQ��RU�D�

�
ILJ������&RIIHH�EDU�LQ�¶3DSDQLNRODRX·�+RVSLWDO��7KHVVDORQLNL��

������DUFK��1LNRV�7VLQLNDV�	�)DQL�9DYLOL��(YHU\�WUHH�KDV�RQH�

FROXPQ����EUDQFKHV�DQG���WZLJV�LQ�HYHU\�EUDQFK�����WZLJV��

VXSSRUW�D�IODW�ZLUH�PHVK�HTXDOO\��$IWHU�WKH�KHLJKW�RI�GRRUV��

WKHUH�LV�DUH�YHUWLFDO�VXUIDFHV�EXW�IROGLQJV�

�

�
ILJ������$QWLJRQL�'URVRXQL��)DELDQD�0DULD�,EDQH]�0HGLQD��1LNRV�

.RQVWDQWLQLGLV��������7KH�K\SHUEROLF�SDUDERORLG��DV�D�UHVXOW�RI�

D�FXUYHG�F\OLQGHU��3DSHU�GRXEOH�FXUYDWXUH�FRQVWUXFWLRQV��%\�

FXWWLQJ�WKH�F\OLQGHU�LQ�KDOI��ZH�JHW�D�¶FXUYHG·�WUXQFDWHG�FRQH�

RU�D�¶VDGGOH·��%\�UHPRYLQJ�WKH���WULDQJOHV�IURP�WKH�¶VDGGOH·��

ZH�JHW�DQ�K\SHUEROLF�SDUDERORLG��$OO�IRUPV�DUH�SDUW�RI�WKH�

FXUYHG�F\OLQGHU��,I�ZH�FRQVLGHU�WKH�¶FXUYHG·�VWULSHV�RI�WKH�

F\OLQGHU�DV�EHLQJ�WKH�SDWWHUQV��WKHQ�ZH�FDQ�FRQVWUXFW�D�GRXEOH�

FXUYDWXUH�VXUIDFH�E\�JOXH�WKHP�WRJHWKHU�
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JULG�ZLUH�VXUIDFH�VWUXFWXUH�DQG�G��DQ�LQIODWDEOH�
VWUXFWXUH�RU�D�FROODSVLEOH���IROGLQJ�VWUXFWXUH��
7KH�OLJKW�ZHLJKW�FRQVWUXFWLRQ�PRGHOVPD\UHVSRQG�WR�
D�GLYHUVLILHG�SURJUDP��UDQJLQJ�IURP��RSHQ�DLU�
PDUNHW��RSHQ�DLU�FDQWHHQ��RSHQ�DLU�H[KLELWLRQ��OLJKW�
FDQRS\�RI�VPDOO�VWDGLXP�RU�VZLPPLQJ�SRRO�RU�
SDUNLQJ��DUW�ZDUHKRXVH��FDU�URRI��NLRVN�UHIUHVKPHQW�
VSDFH��VKHOWHU��VKHG��SRUWDEOH�FRQFHUW�KDOO��HWF��
$UFKLWHFWXUHV�RU�EXLOGLQJ�HOHPHQWV�PD\�EH�LQVSLUHG��
UHIHU�WR��UHPLQG��RU�LPLWDWH�IRUPV�DQG�VWUXFWXUHV�RI�
QDWXUH�DQG�ELRORJ\��
7KH�PDWHULDOV�XVHG�IRU�WKH�ZRUNVKRSV�DUH��
x�VPDOO�ULJLG�EDVH��ZRRG��FKLSERDUG��WKLFN�LQVXODWLQJ�
VKHHW��WKLFN�FDUGERDUG���

x�IRU�WKH�PHPEUDQHV��HODVWLF�VZLPVXLW�RU�O\FUD��OLQHQ�
IDEULF��WLJKWV��QHW��WKUHDGV��WZLQH��ILVKLQJ�OLQH��

x�IRU�GRXEOH�FXUYDWXUH�VXUIDFHV��SDSHU�RU�FDUGERDUG�
LQ�GLIIHUHQW�VKDGHV�WR�VKRZ�WKH�FXWWLQJ�SDWWHUQ��

x�IRU�LQIODWDEOH�VWUXFWXUHV��ODUJH�EDOORRQV�IRU�DLU�
KDOOV��PDQ\�VPDOO�EDOORRQV�IRU�DLUWLJKW�FXVKLRQV��
F\OLQGULFDO�EDOORRQV�RU�SODVWLF�WUDQVSDUHQW�RU�
RSDTXH�WXEHV��HOHFWULF�ZLUH�VSDJKHWWL��SODVWLF�VPDOO�
WXEHV��IRU�DLU�WXEHV��

x�IRU�ZLUH�PHVK�FRQVWUXFWLRQV��ZLUHV��WKUHDGV��VWULQJ��
FRUG��PHVK��QHWV��PHWDO�VKHHWV��PHWDO��PHWDOOLF�
FDEOHV��SODVWLF��SDSHU�WXEHV��UHHGV��EDPERR��

x�IRU�VXSSRUW�DQG�DQFKRULQJ��VWURQJ�ZRRGHQ�VWLFNV��
PDWFKHV��ZLUH��JOXHV��VWDSOHV��IDVWHQHUV��SLQV��
PHWDO��PHWDOOLF�FDEOHV��SODVWLF��SDSHU�WXEHV��
EDPERR�HWF��

x�QHFHVVDU\�WRROV��VFLVVRUV��VWDSOHU��KDPPHU��SOLHUV��
HWF��

)RU�HYHU\�FRQVWUXFWHG�PRGHO��D�PHDQLQJIXO�VLWH�LV�WR�
EH�FKRVHQ�IRU�LWV�SRVLWLRQLQJ�RU�WKH�RSSRVLWH�ZD\��WKH�
SODFH�LV�SUH�GHFLGHG�DQG�D�OLJKWZHLJKW�FRQVWUXFWLRQ�LV�

�
ILJ������+HUPLQLD�/R]DQR��9HURQLND�3DJDQLD��0DULD�3DOHRORJRX��

������7KH�ELRPLPHWLF�ORJLF�RI�WKH�VKDSH�LV�WKDW�LW�ORRNV�OLNH�DQ�

LQVHFW��EXW�PD\EH�QRW��RU�ZKLFK�RQH"�:KDW�LI�WKH�IRUP�ZDV�

GHULYHG�GXULQJ�WKH�FRQVWUXFWLRQ��HODVWLF�IDEULF��VWULQJV��HWF��

DQG�WKHLU�LQWHQWLRQ�ZDVQ·W�WR�ORRN�OLNH�DQ�LQVHFW"�

�

�
ILJ������.\ULDNL�.DYD]L��,OLDV�9RXUDV��9DVLOLNL�=DKDULD��������$�
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A first step 
into 

Nonlinear 
Statics

Abstract
In the introductory courses in Statics and 
Structural Mechanics, the role played by 
nonlinearities is often left out, to make more 
room to details in linear problems, which can be 
faced with relatively simple mathematical tools. 
Behavior of structures is appropriately modeled 
as linear in many circumstances, although we 
have to take nonlinearities into account 
whenever stresses or strains become large 
enough, or members have very small thickness 
or even very large slenderness, and so on. 
Hence, we could say that behavior of structures 
is inherently nonlinear, and linear approximation 
is valid provided specific requirements on the 
order of magnitude of given ingredients of the 

problem under consideration are fulfilled. The 
scope of this brief contribution is reveal, 
through a paradigmatic example, how 
nonlinearity naturally emerges.

Introduction
Highly deformable structures made assembling 
very thin rods or membranes are used in many 
applications in architecture and engineering.It is 
noteworthy that thin members can sustain very 
small or even vanishing moments. Hence, rods 
and membranes should be properly designed to 
respectively undergo axial and in-plane stresses 
only. However thin structures are particularly 
prone to suffer buckling instability and are very 
responsive to imperfections. 
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Besides these aspects, which could be, in some 
sense, considered features of highly 
deformable structures, another key point is 
simply the fact that they significantly change 
their shape. In this respect, structures change 
the structural geometry passively, in order to 
accommodate external loads, or actively, to 
accomplish a specific task or perform actions, 
which the structures are programmed for. This 
latter is, for instance, the case of morphing 
structures, which can be designed to radically 
change their shape by exploiting several 
actuation devices [1]. Furthermore, structures 
working in a extremely deformed regime are 
found in many every-day-use devices [2].
As a results, the underlying problem is 
inherently nonlinear and both the static and 
dynamic analysis of highly deformable 
structures become significantly more 
challenging than that of structures and 
buildings that can be modeled as linear, at 
least if some specific conditions are met. 
While the cited aspects should sound quite 
obvious to any person with a major education 
in Mechanics, whatever theoretical or applied, 
it could produce some ambiguity for students 
in architecture and engineering. 
Indeed, difficulties arising from many 
nonlinear problems are such that their 
descriptions are rarely taught to 
undergraduate students [3]. So, when they are 
taught basic Mechanics and, in particular, the 
laws of the balance of bodies and structures,it 
is said that if the deformed configuration of a 

system is close to the initial, undeformed one, 
the latter can be adopted in writing 
equilibrium equations. Of course, such an 
approximation introduces errors, which 
become smaller and smaller as close the 
deformed configuration is to the initial one. 
While this is a price to pay, on the other hand, 
the related advantages are considerable. In 
fact, deformed configuration is not known in 
advance while the initial state, which is 
conventionally assumed stress-free, is given. 
Such a condition is generally fulfilled by 
deformable systems and structures undergoing 
small displacements and rotations, 
accompanied by small strains.
On the contrary, also in case of small strains, 
highly deformable structures exhibit large 
displacements and rotations, leading to 
equilibrium equations which must be 
mandatory written on the unknown current 
configuration. Hence, such a problem is 
geometrically nonlinear. Besides this kind on 
nonlinearity, many others do exist, and thus 
the behavior of real structures is, in general, 
nonlinear, due to many different reasons.
While a comprehensive description of general 
nonlinearities is certainly beyond the scope of 
this contribution, which is aimed at being of 
didactic use, we recall that lack in linearity 
relevant for structures of specific interest in 
architecture and civil engineering can be 
roughly grouped in two broad sets, 
respectively called as the mechanical and 
geometrical nonlinearity. 
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The former refers to not-proportional 
relationship between strains and stresses, 
dependence on load history, possible presence 
of permanent deformations, different 
behaviors in tension and compression, and so 
on. The latter considers cases in which the 
changes in the shape of the structure are not 
negligible, remaining the constitutive 
assumption essentially linear.
Although very broad, such a kind of two-sets 
classification may be however unable to cover 
all the possible nonlinearities. We refer to 
[4,5] where concepts of geometric 
nonlinearity, stability theory and plasticity are 
explored in detail, or to [6] for a discussion 
about the main nonlinearities related to Solid 
Mechanics, including mechanical and contact 
nonlinearities. Furthermore, there is a large 
amount of literature concerning nonlinear 
problems. Besides the already cited literature 
sources, as suggestions for further readings, at 
different levels of difficulties and 
technicalities, we cite some books, among the 
many existing. 
For a comprehensive treatment on 
one-dimensional structural members, as rods 
and beams, or two-dimensional bodies, as 
plates, shells and membranes, we refer to [7], 
where linear and nonlinear theories are 
reported. Beams and cables are extensively 
discussed in [8] and [9], this latter discussing 
in depth about the particular and technically 
relevant case of composite beams. Thin-walled 
elastic shells are considered in [10].

For a theoretical framework of Nonlinear 
Mechanics, along with computational methods, 
applications and parametric investigations of 
nonlinear phenomena refer to [11] and [12], 
the former giving also mechanical 
interpretation towards design, the latter 
analyzing nonlinear elastic and elastoplastic 
materials, including bifurcation and instability. 
For further detail on materials in nonlinear 
regimes, see also [13].
Analysis of nonlinear behavior of solids and 
structures suitable for numerical computation 
is presented in [14] and [15], this latter mainly 
devoted to elastoplastic finite element 
procedures, restricting the attention to 
one-dimensional plasticity.
Finally, in order to emphasize some basic, 
though key, features of nonlinear problems in 
Statics, we consider, in what follow, a simple 
one-dimensional example, which can be seen 
as a prototypical idealization of a thin, 
deformable string subjected to a transverse 
point load in its midspan cross section.

A benchmark example of Nonlinear Statics
Let us consider the mechanical system, shown 
in fig.01, made of two collinear, deformable 
rods, of initial length L, connected, mutually 
and to the ground, by hinges, and assume the 
central node is subjected to a static point load 
of intensity 2 P. A variant, mechanically 
equivalent, of such a structure in analyzed in 
[6]. It is noteworthy that the system satisfies 
necessary conditions to be isostatic, but 
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however it can also be proved that the matrix 
of coefficients associated to the equilibrium 
equations, written with respect to (w.r.t.) the 
straight configuration, is singular.

 fig.01 - A two-bar mechanical system. The bars are assumed 

to be extensible. 

As a consequence, the central node is allowed 
to infinitesimally move along the direction 
orthogonal to the rods. In terms of 
equilibrium, in the linear theory, the system 
cannot sustain the assigned load, with finite 
axial forces along the bars. Let us now 
consider the deformed configuration, reported 
in fig.01 as a dashed line, where the mid-point 
has an unknown finite displacement v, with the 
straight bars stretched at a current length l 
such that

(1)

By writing the equilibrium w.r.t. the current 
configuration, the solution is achieved in terms 
of v, and thus also the axial force along the 
bars can be written as function of v, that is N = 
N(v). Since bars rotate, clockwise or 
counterclockwise, of the angle ĳ + ĳ(v) 
defined as

  ,                 (2)

the value of the axial force is computed as

(3)

as also graphically shown in the force polygon 
in fig.01. By virtue of Eq. (3), it is simple to 
recognize that, for finite P and vanishing v, N 
becomes infinite. On the opposite, that is for 
v ĺ �, N ĺ P: indeed, in such a case, the 
direction of the two bars, both experiencing 
infinite elongation, coincides with the 
direction of the point load 2 P. The graph of N, 
rescaled by P, as a function of the 
dimensionless displacement

(4)

is shown in fig.02. Of course, both limit 
situations are physically meaningless, the 
former implying an infinite internal force, the 
latter an infinite deformation, both not 
attainable in any real bar, whatever the size of 
the member, or the material it is made of.
Finally, let us notice that the structure reported 
in fig.01 can be considered a suitable model for 
a deformable string subjected to a transverse 
point load in its midspan cross section. The 
analogy between the two problems stems from 
the fact that both cannot sustain transverse 
shearing forces and bending moments. 
Furthermore, at the equilibrium, the string must 
exhibit not-vanishing, concentrated curvature 
only where the load is applied, being straight 
and under tensile stress the rest of the string.
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fig.02 - The variation of the dimensionless axial force as a 
function of the dimensionless displacement.

Strain measures
We may introduce several strains. On 
introducing the Lagrangian strain

(5)

among others, we adopt hereafter three strain 
measures, as

(6)

The strain !, the engineering strain usually 
applied in linear theory, simply compares how 
much a bar has been extended w.r.t. its reference 
length, and remarkably it measures the strain 

along the rotating bar. Indeed it is a rotated strain 
and gives accurate results provided the 
deformation of the body is small enough. In case 
of finite deformation, the finite Green’s strains e 
or the logarithmic strain s, as the true strain,
are often used.

Constitutive assumptions
Let us consider a generic material with a linear 
relationship between the generalized stress N and 
the measures of strain defined in Eqs. (6), that is
 

N!= K!       Ne= Ke       Ns= Ks      (7)

assuming here and henceforth that the stiffness 
K, that is the Young’s modulus E times the 
cross-sectional area A, is independent of the 
state of stress, on the temperature and so on, 
in order to make computations as simple as 
possible. In fig.03, the three versions of N, 
given by Eqs. (7), rescaled by K, are drawn as 
functions of Ȝ. It is evident that, for small 
values of Ȝ, Eqs. (7) give close responses, 
leading to see also that the three different 
strain measures are equivalent to each other, 
provided displacement v remains small enough. 
However, forces and strains become 
significantly different for large displacements. 
Furthermore, for extreme shortening, both 
engineering strain and Green’s strain give 
clearly wrong predictions, allowing finite force 
even in the limit of Ȝ approaching zero. On the 
contrary, the strain s, leads to increasing 
compressive force as Ȝ decreases.
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fig.03 - Graphs of three constitutive relationships, one linear 
(black solid line), the other two nonlinear (dashed line for 
the constitutive assumption with logarithmic strain, 
dotted-dashed line for that with finite Green’s strain).

Load-deflection curves
From Eqs. (3) and (7), taking into account the 
rotated engineering, Green’s and the true 
strains, given by Eqs. (6), we attain

(8)

being ! a nonlinear function of v defined as

(9)

and v the dimensionless displacement defined 
in Eq. (4). 

fig.04 - Nonlinear load-displacement curves: black solid line, 
dashed line and dotted-dashed line correspond to the 
engineering strain, logarithmic strain and finite Green's 
strain, respectively. Observe that also the curve 
corresponding to the linear strain is nonlinear, due to the 
geometrical nonlinearity of the problem under investigation.

The loads given by Eqs. (8), rescaled by the 
stiffness K, are reported in fig.04, from which 
it can be seen that also load-displacement 
curves remain very close to each other for 
small displacements, and gives different 
predictions only for larger ones, as it happens 
for the constitutive relationships of the axial 
force N. This, among others, justifies the fact 
that the engineering strain, which is linear in 
Ȝ, is conveniently used in all those applications 
showing a behavior adequately approximated 
as linear. However, a further remark is in 
order. 
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As already stated, in the example we are 
dealing with, the linear approximation suffers 
drawbacks. Now we see the reason. 
Indeed, at zero displacement, the 
load-deflection curve has a horizontal tangent, 
implying that the example under consideration 
simply cannot be formulated in terms of a 
linearized theory.

Conclusions
In many applications in architecture and 
engineering, structural behavior may be 
modeled as linear, provided specific 
requirements are fulfilled. 
However, nonlinear behavior of materials and 
structures is exploited to accomplish defined 
tasks. The behavior of highly deformable 
structures is inherently geometrically 
nonlinear, although the constitutive 
assumptions between stress and strain is still 
linear. However, under severe deformations, 
constitutive assumptions are nonlinear too. 
The present contribution, which is a not 
general, nor complete survey in nonlinear 
problems, is intended as an invitation to learn 
about nonlinear theories.
In doing this, we reported about a simple, 
paradigmatic nonlinear example, which cannot 
be formulated in terms of a linearized theory 
and sheds light some basic features of 
nonlinear problems in Statics.
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Tensile 
architecture 

and 
sustainable 

approach

Introduction: Temporary Architecture and 
tensile membrane structure
«In architecture, permanence is mainly 
associated with the endurance of material and 
durability of construction. Temporary 
architecture, on the contrary, has a 
predetermined and brief life span. […] 
Investigating the permanent and temporary 
qualities of architecture, Bernard Tschumi 
states that architecture is not meant to be 
permanent; it cannot be related to a limited 
time. Tschumi re-examines the Vitruvian 
trilogy of “venustas, firmitas and utilitas”, 
describes “firmitas” as a “structural ability” 
and discovers that three qualities have 
remained obsessively in thoughts for centuries. 

He asks if these architectural constants did not 
exist, how would architecture be? Moreover, 
he underlines the fact that the permanence of 
architecture can be a bad mental habit and is 
a result of intellectual laziness that has been 
observed throughout the history. 
Jean Nouvel, on the other hand, like Peter 
Zumthor, asserts that architecture is related to 
light constructions that are “not heavy”, 
“changeable”, “permanent”, “dematerialized” 
and “not matter bounded”. There are several 
forms of designing temporary architecture 
such as exposition, exhibition and pavilion. […] 
The architects of the temporary structures 
experience new ways of architecture, all the 
while questioning what the future of architecture 
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might be and how their experimentation can 
be represented. This small-scale and 
time-limited practice can be the key to the 
future of architectural practice»1.
These words are essential to introduce the 
small notes that follow, in which the reason 
for studying again the great technological 
innovation of architecture in the XX century, 
the tensile systems, can be hopefully clarified.
If at the beginning this innovation had the goal 
of creating astonishment, of reducing space 
and time for constructing, of easing the 
structural heaviness of the architecture and 
engineer’s works, now the goals are 
completely different: as in fact Ahmed El 
Seragy and Amira El Nokaly declare, «[…] 
today, with the vast technological progress and 
the deep understanding of our environment, 
and the insisting need to reduce energy 
consumption to save our natural resources, 
there have been a shift in thinking and the 
need for a sustainable environmentally 
friendly architecture has evolved. The need of 
new materials and structures that fulfil the 
occupant’s needs and comfort, the 
architectural beauty and attraction and being 
environmentally friendly have become 
mandatory. Although tensile membrane 
structures are relatively new as a structural 
material, they have been widely used in many 
architectural projects that were mainly 
considered as architectural statements and 
landmarks. Form finding and structure analysis 
of such structures has become an established 

discipline, however, their environmental 
understanding and behaviour are still in its 
infancy»2.
Standing this situation, the studies which have 
been carrying out by the international research 
team (Italian, Rumanian, Greek and Portuguese 
experts) in the field of a peculiar technological 
innovation of the XX century, the tensile 
membrane structures, did actually proceed in 
the direction of a development of solutions able 
to minimize the negative effect of climate 
change and to avoid any bad effect which the 
weathering can provide to people employing 
the temporary spaces and environments built 
with these tensile structures. Some studies 
were in the direction of a structural discover of 
the physical laws that govern these systems, 
some others go in the direction of an 
architectural debate, some are focusing on the 
technologies employed for such systems and 
innovations, some others deeply analyse the 
design experience when these systems are part 
of the decision process, and how the digital 
tools can be used so as to aid the designer for 
such a complex task.
Here I would like to focus the subject of the 
tensile structures as far as their bioclimatic and 
bioregionalist possible characters are 
concerned. It is natural that, given the fact that 
they are used for covering open air activities 
and their characteristics of «[…] lightness and 
transparency, the membrane can be considered 
more as a filter than as barriers between the 
outdoor flows from outside and vice versa. 

60



Consequently, thermal and humidity 
performances which they are able to 
guarantee, can hardly be compared with those 
provided by massive constructed elements. 
First of all the conductivity resistance of a 
generic texture for a membrane in glass fibre 
and PTFE is equal to 0.0042 sqmK/W, in 
comparison with the concrete’s one (0,015) 
and of the glass (0.01). If in the past this 
limitation could have been considered a 
neglectable detail, due to the temporary 
nature of these membrane structures, now 
instead, that the recent utilizations show 
permanent character, the capacity of 
previewing not only thermal but also lighting 
and acoustic performances becomes 
fundamental»3. One of the first goal to be 
achieved by a temporary structure is that 
created in the city, mainly in the historically 
areas of the European city. Avoiding to build 
new constructions as well as employing a few 
amount of materials while achieving a good 
and beneficial result for the population can be 
guaranteed by a temporary structure.
Comparing a temporary system, in a public 
space at open air, with other possible solutions 
for equipping an exposed space for laying out 
shows of various nature, can actually easily 
demonstrate the first as the best answer, in 
terms of performance, of appreciation by the 
audience and/or the public and as far as the 
most important goal to achieve is concerned, 
i.e. that of protecting people underneath it by 
cold, rain, wind, sun and overheating.

Temporary structures
The temporary spaces show a flexibility in the 
use and in geometrical definition which allows 
them to be responsive to adequate their 
configuration to various requirements and 
needs. 
In order to define a temporary space, a 
number of construction systems can be 
adopted, which should be easily 
dismountable, and therefore made up with 
light materials and flexible technologies, such 
as for example the membranes. Usually they 
define the envelope of the construction, for 
no other systems are needed, and are made 
up with peculiar structural technology: the 
tensile system.
The study of temporary spaces is now pushed 
from the aforesaid present items, but the idea 
of building such spaces at the beginning 
represented only a transitory phenomenon, 
very quickly abandoned, except for those 
peculiar environments, like circus, and then it 
seemed destined to disappear.
The new need for flexible systems is dictated 
by the more and more increasing mobility of 
the present life, but if initially the novelty of 
tensile systems did not contemplate the 
guarantee of environmental comfort for they 
had a provisory character, today when these 
systems are often employed for more lasting 
periods and the need for good internal 
conditions had become urgent and no longer 
delayed and neglectable, the design pushed 
towards finding new bioclimatic solutions.
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As far as the flexible systems are concerned, 
the complexity of the subjects allows, from 
the architectural viewpoint, a spatial topic 
open to a multiplicity of solutions, at their 
turn exciting according to the various shaping 
choices. Moreover a system of this kind results 
mainly responsive to different 
experimentations, and eventually to different 
utilizations. Some of these temporary spatial 
systems, being joined thanks to their 
characters of flexibility and lightness of the 
relative structures, can in fact be completed 
with the tensile structures and some others 
with the pneumatic systems.
The first one is based on the property that the 
stretched ropes show, as well as the 
membranes, of transferring tensions. The 
system then works thanks to the pre-tension of 
the ropes themselves: it is easily mountable 
and dismountable, mainly if it is adopted as 
roof, so allowing a great degree of freedom to 
the lateral space’s surfaces.

Tensile systems: a starting point
With the aim of introducing the subject of the 
membrane, the tensile structure theory is 
briefly mentioned, starting from the 
well-known physical and geometrical 
assumptions. In order to mention the 
pre-stretched structures, it can be advanced 
that, as it is known, the capacity of 
transferring strengths and moments can be 
found in the micro- as well as macro-cosmos, 
also in the plants and in the animals. 

In particular we know how a rope is capable of 
transferring tensions, for the structures are 
means of transmission. Since constructing is, 
eventually, a process of assembling, the 
tension phenomena can be observed, and in 
particular are provided on purpose, also in the 
technical structures build by engineers.
Another concept to recall is that which 
classifies the structures, those built by men, 
according to the technologies which, thanks to 
the various materials, succeed to transfer 
strengths and moments, due to various 
effects: tension, flexion and compression 
which depend exactly on the applied strengths 
and moments; in particular the strengths are 
represented by attraction, repulsion or 
rotation, and the effects by them provided are 
considered those of tension, compression and 
torsion. 
In fact, quite according to the direction of the 
stress, the systems can be classified in: 
Mono-axial: when the stress is linear in one 
direction (the ropes are generally stressed 
mono-axially); Bi-axial: when the stress is 
superficial (such as for example a drum); 
Tri-axial: when the stresses are in any 
direction. As far as the first systems are 
concerned, when a dimension is prevailing 
above the others, they are called linear, such 
as for example a flexible rope, stressed by 
traction; a beam, stressed by flexion; 
columns, stressed by compression: they are all 
mono-dimensional structures stressed 
mono-axially.
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Regarding the second class, the bi-dimensional 
systems, they can also be called superficial 
structures and have two big dimensions and 
one small. The surface can be flat, but can also 
be provided with a single curving (and they are 
called Synclastic), or a double curving (and 
they are called Anti-clastic), or finally they can 
be angular. To give an example of the kind of 
stress that can be impressed on a structure, 
various systems can be stressed mono-axially, 
such as a wall (compression), a steel net 
(traction) or reticular beams (traction and 
compression). As far as the bio-axial stresses 
are concerned we can find the membranes 
(traction), the slabs (traction, compression and 
flexion according to the plan), the vaulted 
ceilings (compressed orthogonally to the 
surface), the geodetic dome (compression 
along the axis) and the shells (reticular 
superficial and rigid curves stressed by 
traction, compression and moments). 
Regarding instead the three-dimensional 
systems, they have the same big size in the 
three dimensions, they can take any shape and 
can be subjected to mono-, bi-, and tri-axial 
stresses. They can be discontinuous, or made 
up with linear elements, in any direction, such 
as for example the web structures, such as the 
ancient roofs, or spatial rope nets, or 
aerostatic pneumatic balloons, or even the 
human skeleton. Coming now to the core of 
these notes, the Tensile Structures, we know 
that they can transfer strengths and moments 
due to their pre-stretched materials. 

We know that some materials can resist to 
traction, such as the wood, the natural fibres, 
the steel, while others – stones, bricks, 
cement – cannot.
Usually the compression is absorbed by rigid 
and fixed elements, while the traction instead 
by membranes, cables, and any flexible 
elements: in nature usually the animals’ body 
can resist to compression and to tractions, 
thanks respectively to the skeleton and the 
muscles. 
The spider’s web can highly resist to traction. 
In the human history, apart from the use made 
out of animals and plants, men have invented 
the tents, the fabrics for their cloths, the 
fishing nets, the sails for wind boats, and then 
the Circus big tents, the suspended bridges […] 
and so on.
Single elements of tensile structures are the 
ropes: the simple rope is any supporting 
element which can be loaded by a tension, but 
it is flexible, such as chain, bands, threads. 
Since the rope is a linear system, it is called, 
as known, mono-dimensional, for its prevailing 
dimension. A rope can behave differently 
according to the boundary and strength 
conditions: if it is a straight line, it transfers 
tension strengths; if it is hanging between two 
points and is uniformly loaded (for example 
with its deadweight), then it assumes the 
shape of a Catenary (see fig01).
If the rope is uniformly loaded in an 
orthogonal way to the curve’s tangent, then it 
takes the shape of a circle’s arch (see fig02).

63Tensile architecture and sustainable approach
Dora FRANCESE



64

fig01- A Catenary.

fig02 - Circle arch shape.

Finally, if it gets equal loads applied at regular 
intervals, then the rope create a shape with 
the geometrical curve of a Parabola (see 
fig03).

fig03 - Loaded rope in the shape of a Parabola.

More complex systems of ropes can be 
arranged: for example, a vertical rope which 
has a load transferred by other two caves 
fixed in two points: this will produce a flat 
surface with bi-dimensional support (see 
fig04).

fig04 - Loads transferred by other two fixed ropes 

Another system of ropes is made up with one 
single rope fixed and more other vertical ropes 
hanging: this is the principle of the suspended 
bridges (see fig05 and fig06).
Then other typologies are produced with freely 
hanging ropes which shape surfaces; they can 
be made out of ropes that have the same 
length, hanging at the same distance between 
two parallel horizontal lines (see fig07): in this 
case the hanging ropes shape a Catenary.

fig05 - Vertical ropes suspended underneath a fixed one.

fig06 - The principle of a suspended bridge.
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fig07 - Hanging ropes shaping a catenary.

When instead also the two equally long ropes 
are free every rope produce a Catenary (see 
fig08): these two examples produce a 
syn-clastic surface at unique curvature.

fig08- A Synclastic surface at double Catenary.

If instead the bending of the two systems - the 
two long ropes and the other hanging ones - 
have different curvatures, then they produce an 
anti-clastic surface (a saddle, or geometrically 
said hyperbolic paraboloid) (see fig09). Finally a 
more complex system of ropes can be made up 
with a certain number of ropes fixed to external 
caves shaping a border with surface as well as 
three-dimensional models (see fig10 and fig11).

fig09 - A saddle, an anti-clastic surface.

fig10 - External caves shaping a border.
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fig11- Three-dimensional model.

Other tensile structures can be arranged as 
single ropes with radial disposition, so shaping 
a cylinder (with hanging caves at regular 
intervals around a ring frame) (see fig12).

fig12 - A cylinder with hanging ropes.

They can also shape a Catenoid when the ropes 
are no longer free but hanging in both their 
two extremities (with a horizontal or tilted 
suspended plan, i.e. producing respectively a 
symmetrical or an asymmetrical surface) (see 
fig13 and fig14). Finally, rising the centre of 
the Catenary with an additional cave, another 
shape is possible: the latest is a tensile 
structure bended anti-clastically (see fig15).

   fig13 - A Catenoid with 

   horizontal suspended plan.

   fig14 - A Catenoid with

   tilted suspended plan.

   

   fig15 - A anti-clastically 

   bended tensile structure.
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Certain nets of ropes and rafters can provide various 
shapes: if some rafters are fixed between two 
hanging ropes, (see fig16) they appear compressed 
as the model used by Schwanzer in 1958 for the 
European Pavilion: both surfaces can be obtained: 
synclastic (see fig17) and anti-clastic (see fig18).

fig16 - Rafters fixed between two hanging ropes.

fig17- Synclastic rope net.

Some more shapes can be produced combining 
chains and rigid pylons: the first example is 
when there is a simple curvature, the ropes are 
free as Catenary, and the pylons are fixed only to 
the ropes (see fig19).

fig18 - Anti-clastic rope net.

fig19 - Simple curved net of ropes combined with rigid 

pylons.

When instead the suspension points of the 
ropes – which have the same length – do not 
shape parallel lines, then the out-coming 
surface is anti-clastic (see fig20).

fig20 - Anticlastic net of ropes and rods.

When the nets are anchored to the border in 
various ways then we can have freely hanging 
membranes; they can be made up with single 
cables or with ropes’ nets, suspended by a 
frame and so shaping either synclastic or 
anti-clastic surfaces (see fig21).
Concluding the pre-stressed systems are the 
followings: rope, any linear element which is 
flexible and can be stressed by traction; 
non-pre-stressed rope which gets shape only if 
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subjected to load (even only its deadweight); 
pre-stressed rope with already a straight line 
(even without load).

fig21 - Ropes’ net anchored to the borders.

The length of pre-stressed rope with no stress 
applied is less than the minimum distance 
between the two contact points: when the 
temperature increases the reacting strength of 
the rope decreases for the material expands, 
and vice versa. 
Supporting points never move even when there 
is temperature difference: geometrical 
positions of supporting points and of shaping 
points are always the same.
The anchorage system can also be modified; 
they can be full anchorages, anchorages only 
for compression or for flexion and traction.
Two ropes intersecting always form flat 
surfaces and volumes, either synclastic or 
anticlastic (see fig22 and fig23).

More complex structures can be made up of 
ropes: starting from simple objects such as a 
piano, a guitar, which have stretched surfaces 
formed by parallel ropes; but we can also find 
parallel ropes in the realization of a traction 
system, such as the antennas and the sailing 
masts. 

fig22 - Intersecting ropes shaping flat surfaces or spatial 

volumes (Synclastic).

Finally, other systems can be realized in a 
composite way such as: tri-dimensional 
portable systems with ropes and membranes; 
they need to be supported by pylons and 
tripod; the latest ones resist to compression so 
avoiding the collapse of the structure. 
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It is preferable to get four pylons instead of 
three, so two of them resist to compression 
and two to traction, or one to compression and 
three to traction. In order to ensure the 
stability, the ropes’ knots should be fixed in 
the space according to at least four 
dimensions (see fig24).
It is also possible to arrange an anchorage with 
tripods anchored in three different directions, 
so shaping various structures (see fig25).

fig23 - Intersecting ropes shaping flat surfaces or spatial 

volumes (Anticlastic).

fig24 – Anchorages.

fig25 - Anchorage with tripods.

In the case of systems at pre-stressed ropes 
the parts stressed by compression should 
have a larger thickness, while the parts 
stressed with tension are to be very thin.
Recapitulating we can design: structures 
hanging as a shell, pure suspended structures, 
prestressed structures, i.e. tensile ones (both 
systems and rope nets)4.
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Examples of Tensile Membrane Structures in 
the history
The most famous technological 
experimentation of tensile structures was “[…] 
inevitably tied up with the progress in Western 
society”: this consideration written by Maria 
Bottero in the ’70s can actually introduce one 
of the most well-known genial systems made 
out of these tensile structures: the Munich’s 
Olympic games project, made up by Frei Otto 
for the Games run from August the 26th to 
September the 11th, 19725 (see fig26, fig27, 
fig28, fig29).
The peculiar shape and grandiosity actually 
provided to the spectators very strong 
sensations: “[…] certainly, the attentive 
observer will notice the gigantic size of the 
columns, which like masts on a sailing ship, 
hold up the roofing ‘sails’ by means of cables. 
He will notice that from some angles the 
stadium looks positively like a full-rigged ship 
that for some unknown reasons has been left 
stranded on land, instead of sailing across the 
ocean as it would see more appropriate and 
sensible. […] in the work of Le Ricolais and Frei 
Otto, for example the figuration and 
calculation of new possible structures start out 
from a careful study of the natural phenomena, 
such as the surface tension of the soap solution 
films, or the structural configuration of certain 
marine organisation (Radiolaria). These 
possible new structures are generally not 
limited by use determination, which does not 
mean that these structures cannot be used.

fig26 - Frei Otto’s Olympic Games project in Munich 1972: The 

tensile structures (Source: AAVV (1972), Tensile, Space, 

Pneumatic structures, a review of contemporary architecture, 

in Zodiac n. 21 September, Edizioni Comunità, Milano).

fig27- Frei Otto’s Olympic Games project in Munich 1972: 

Global view (Source: AAVV (1972), Tensile, Space, Pneumatic 

structures, a review of contemporary architecture, in: 

Zodiac n. 21 September, EdizioniComunità, Milano).
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   fig28 - Frei Otto’s Olympic 

   Games project in Munich 

   1972: plan and section 

   (Source: AAVV (1972), 

   Tensile, Space, Pneumatic 

   structures, a review of 

   contemporary architecture, 

   in: Zodiac n. 21 September, 

   Edizioni Comunità, Milano).
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fig29 - Frei Otto’s Olympic Games project in Munich 1972: 

The stadium (Source: AAVV (1972), Tensile, Space, Pneumatic 

structures, a review of contemporary architecture, in: 

Zodiac n. 21 September, Edizioni Comunità, Milano).

On the contrary, once the advantages they offer 
have been established (lightness, economy of 
materials, capacity to cover large spaces), the 
designer will be able to judge their most fitting 
use. […] the Munich tensile structures provide 
an opportunity for historical meditation, owing 
both to the reactionary that sponsored them 
(identification of social progress with 
technological development) and to a correct 
evaluation of the technical-scientific 
contribution that made their realization 
possible” 6. Some examples of a structural 
reinforcement, to which the roof-membrane’s 
ropes are hooked, and the reinforcement is 
located externally to the system itself, is the 

Ice Stadium within the same Olympic Games, 
designed by Otto (see fig30).
Also from the structural point of view the 
Munich’s Games have been object of various 
studies, such as for example the Mick 
Hehekout’s one. He in fact declared that: “[…] 
the supporting structure for the acrylic roof skin 
is a prestressed cable net construction. These 
cable net constructions ([…] started only in the 
early fifties) have been developed to be 
selected when the aim is to cover large spans 
(SFB ‘64 in Stuttgart) with a minimum of 
material input at least above ground level. […] 
tension stressed members […] can be as thin and 
as long as desired, while the material strength 
can be increased to the technically possible 
limits and at the same time completely utilized. 
[…] in tensile structures we could for example - 
very globally - distinguish three categories, very 
severely connected with the form: suspended 
shell structure, pure suspended structure, 
prestressed cable net structure. […] (In the 
second system) every loading must be beared by 
tensile members, either parallel running over 
the clear span or connected with each other to 
form a network […] the perpendicular tensile 
elements are not curved in case of a linear 
curvature of the total roof; consequently, they 
do not bear hardly any load. […] 
The prestressed cable net is an answer to the 
relative sensitiveness for deformations. The form 
stability in this case is reached by loading, not by 
weight […] The cable net structure is prestressed 
by pre-stressing the downward cables. 
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fig30 – Frei Otto’s Olympic Games project in Munich 1972: 

The Ice-stadium (Source: FRANCESE D. (1990), Spazio sonoro 

spazio architettonico, Giannini ed. Napoli).

The surface which is represented by the 
intersection points in discrete points, has in 
every point an anticlastic curvature. When one 
looks for example at the model of the cable 
net test structure, then this facet seems 
(following with the eye the standing cables) to 
have a convex and (following the hanging 
perpendicular cables) a concave curvature”7.
Apart from these well-known studies and 
researches carried out and designed by Frei 
Otto, in the past another example of tensile 
structure was that employed to cover the 
Milan Fiera in 1987 (see fig31). 
This system, widely flexible, allows to create a 
great number of different configurations and 
of very high sizes, thanks to the capacity of 
the pre-stressed ropes to absorb very strong 
tensions.
Within these first experimentations actually 
the climatic and comfort conditions indoor 
were not yet considered, while later on some 
studies started to develop. 

For example in the worldly exposition EXPO 
1992 in Seville, some tensile structures were 
designed and built, mainly for making more 
welcome the outdoor spaces (see fig32 and 
fig33). 
In fact, the Seville’s weather in summer is very 
hot and dry, with very high levels of 
temperature and even some picks around 37 
°C, while the relative humidity does not go 
beyond 11%. The site then required a double 
degree of control: that of quality and 
liveability of the internal spaces, but mainly 
that of the outdoor ones.
This was arranged by inventing complex and 
interacting each other’s structures, able to 
modify the micro climatic conditions. There 
was also a very innovative information system 
for the automation of the appliances. 

 

fig31 - Milan’s Fiera 1987 Picture (Source: FRANCESE D. 

(1990) Spazio sonoro spazio architettonico, Giannini ed. 

Napoli).
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fig32 - Seville's Expo 1992: Avenida Europa (Source: 

RUFFILLI M. (a cura di) (1993), Tecnologia e architettura 

bioclimatica all’Expo ’92 di Siviglia, BIDCAA, Napoli).

fig33 - Seville's Expo 1992: first sight of the tensile 

structures (Source: https://www.architetturaeviaggi.it/

photogallery.php?par=spagna_FT_10).

The more frequented areas by audience were in 
fact the external open-air spaces, but it was 
unimaginable to leave the place completely 
without any protection from the aforesaid very 
hot and dry climate. Apart from the pedestrian 
paths, covered with a filter-construction which 
integrate green and water for cooling the paths 
themselves, by means of simple portals at 
tubular section aligned so as to shape a sort of 
tunnel covered by vines, the other interesting 
and innovative system in the Expo 92 is made up 
by the Rotunda, as information point (see fig34).

fig34 - Seville's Expo 1992: Rotunda. (Source: Ruffilli M. 

(edited by) (1993) Tecnologia e architettura bioclimatica 

all’Expo ’92 di Siviglia, BIDCAA, Napoli).

The latest was completed by means of a cone 
shaped tensile structure made up of white 
PVC, provided by an opening at the top of the 
roof, suitable to allow the air entering at the 
base and the warm air exit from the top.
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Vaporizer and irrigation systems useful for 
both the internal trees and for decreasing the 
temperature of floor and roof, contribute to 
make internal air fresh and humid, and, thanks 
to the chimney effect - due to the peculiar 
configuration of the tensile system – it is 
possible to stay in this space at optimal 
microclimatic conditions. In this environment 
the passage moment between the long 
promenade which from the pavilions leads to 
the expected resting area is underlined also 
symbolically by the various signs, both 
bioclimatic and lighting: from the dry and 
glaring heat which is felt outdoor one goes 
towards the hosting freshness of the pleasant 
shadow indoor (see fig35).

fig35 - Seville's Expo 1992: Rotunda’s working systems. (Source: 

Ruffilli M. (edited by) (1993), Tecnologia e architettura 

bioclimatica all’Expo ’92 di Siviglia, BIDCAA, Napoli).

Bioregionalism and Sustainability in the 
Tensile Membrane Structures
Lately a great deal examples of tensile 
structures have been designed, and the actual 
problems have been partly solved, both of 
structural and technological nature.
Here we would like to point out how the comfort 
condition question can be faced during the 
design stage, starting from a consideration: 
according to the arisen needs that had led to the 
choice of completing a tensile structure system, 
many other selections can be done during the 
design procedure and during the yard 
preparation: all of them can go in the direction 
of sustainable actions, or conversely just 
neglecting the environmental items and 
forgetting any possible negative impact. It is 
obvious that the first important choice to be 
made is that of the materials and products which 
will be used both for the structural support and 
for the structural roof, or membrane. Therefore, 
the cables, the membranes and the rigid pylons 
should at their turn be able to reduce the 
Ecological Footprint. If PVC or similar oil-derived 
prime matters are used for the membrane, 
which is the greater amount of substance 
needed for the completion of a tensile structure, 
it is actually useless to construct a temporary 
space with a flexible system, because all the 
advantages provided by the fact that the system 
do not create a great print and a permanent 
damage on the territory, is on the other hand 
nihilated by the all life-cycle’s negative impacts 
that this PVC product can yield.



76

Lately the most common materials employed 
for tensile membrane and pneumatic 
structures is the PTFE/Glass Fiber, which is not 
so environmental negatively affecting the 
environment as the PVC does, but it is still 
difficult to recycle and to produce, in terms of 
life cycle. There are in fact a great number of 
substitutive materials with the same if not 
better performances of the PVC membranes, 
which can be adopted, but that are recyclable 
and have a high level of naturality: one of 
them is the hemp8. Moreover there is also the 
question of the bioregionalism to be faced: if 
the hemp, or another prime matter, is 
produced locally, using it for the membrane 
can help to promote local economy and job 
employment, as well as remembering people 
about the origin of their life, their 
architecture, their materials, which being 
regional, save the identity of the place and 
recall to people their origin.

fig36 - Organic hemp canvas (Source: 

https://www.alibaba.com/product-detail/organic-hemp-c

anvas-fabric-for- waterproof_ 60716716745.html?spm= 

a2700.7724857.normalList. 32.3f4e7f8b5KlXnl).

Conclusion
Recapitulating, temporary buildings can be 
considered as a sustainable system, due to their 
respect to the existing milieu, both natural and 
historic, as well as for the limited amount of 
material resources they need for completion: in 
particular as far as they are built taking account 
of the life cycle and reducing the ecological 
footprint and the environmental impact. These 
can both be achieved by the use of very flexible 
constructions, such as the tensile structures and 
the membrane systems, mainly when they are 
built with lightweight, sustainable and at great 
naturality products. As far as the tensile 
structures are concerned, it has also been briefly 
shown how these can actually perform in terms 
of loads and weights, how many typologies it is 
possible to realize, and which kind of care 
should the designers and the builders put during 
the decisions process so as to achieve good 
levels of bioclimatic and bioregionalist goals. 
Finally it can be possible to reassume the great 
number of different uses that these so flexible 
systems can be suitable for; they can be useful 
for covering archaeological sites (mainly in the 
Mediterranean area where they are really a 
great percentage of the heritage goods, and 
need to be safeguarded for the posterity): the 
aim can be supported by a very light system, 
both in terms of structural resistance, compared 
with the weight, as well as in terms of amount 
of material employed: the latest is actually one 
of the main goals of the sustainable 
construction. 
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Tensile structures can ensure protection to 
these ruins, while at the same time avoid 
touching or interact with them in a very heavy 
way, so respecting their identity and integrity 
as well as guaranteeing people a hosting and 
protected place, still being at the open air. 
They can be built with natural products, such 
as for example the hemp, and can ensure a 
high level of recyclability at their end of life, 
which is usually very shortcoming, being in 
fact these system - as said - temporary. 
Another use can be considered that of the roof 
for temporary events, such as musical shows, 
theatre representations, artistic or 
architectural exhibitions, sport competitions, 
little markets, all events that could also be 
hosted within a closed and heavyweight 
building constructed with a lot of material, 
instead of within a temporary space: 
nevertheless they are often left unused for 
great part of the year, in between one event 
and the other, so being actually a great 
dilapidation of materials, energy and financing 
management: when the space for the event is 
instead temporary, and the system is a flexible 
one, the saving in terms of materials, money, 
energy and respect for the existing place - 
before and after the event occurs - are 
guaranteed, as well as the sustainability if the 
aforesaid natural materials are employed.
Finally the most important and useful 
employment of these tensile structures can be 
considered that of the weathering protection: 
either in winter, from rain (if the membrane is 

impermeable) and wind, or in summer from 
sun and heat, a tensile structured membrane 
can become a hosting roof, creating in the 
end, even in a public and open space, a social 
gathering effect: in a world in which the 
conviviality and the de-growth seem to strive 
for becoming life philosophies, staying 
together becomes the unique way for avoiding 
to damage the environment and at the same 
time to be happy.
And we can here recall the well-known 
concept of the famous economist Latouche: 
“[…] a policy design […] of constructing, in the 
North as well as in the South, convivial, 
autonomous and sober societies, […] the 
degrowth project is […] a utopia, or in other 
words a source of hope and dreams. Far from 
representing a flight into fantasy, it is an 
attempt to explore the objective possibility of 
its implementation… degrowth is a political 
project […] it means building convivial 
societies that are autonomous and economical 
in both the North and the South”9, and 
following this logic, de-growing temporary 
systems, instead of making our cities to grow 
more and more every day becomes necessary 
and mandatory.
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Frei Otto 
and the 
Tensile 

Structures

To write a paper about tensile structures it is in 
fact to write about Frei Otto. And this text will 
reserve him a central role. Even though it is also 
possible to start a tale on these fascinating 
structures long before that the brilliant German 
architect had been involved with them. 
Tensile structures can be defined as 
load-bearing structures in which most of the 
elements are not capable of compression and 
flexural strength. In other words, most of the 
elements do not have a definite shape of their 
own but assume what the tension stresses assign 
to them in mutual contrast with the other 
elements. This is why tensile structures could 
be defined as structures deriving from “active 
tension” in the same manner that timber post 

form gridshells (of which Otto himself was a 
sublime interpreter) can be defined as 
structures deriving from “active bending”. 
Thus all the tents belonging to the ancient 
nomadic and military building traditions as all 
the “velarium” used to shade and protect parts 
of ordinary constructions (see for example the 
coverings of Roman amphitheatres) or even the 
Tibetan bridges and, at least in part, all types 
of suspension bridges can all be classified as 
tensile structures. Actually the modern tensile 
structures arouse when the three-dimensional 
complexity of ancient “velariums” and 
traditional tents shapehad met the almost 
completely two-dimensional geometric-structural 
rigor of suspension bridges.
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Essentially they are born thanks to the work of 
the Russian engineer Vladimir Choukhov who in 
1896,in the Pan-Russian Exposition of 
Nijni-Novgorod, built four extraordinary  
buildings, the most particular of which is 
surely the “Round”: «The Round roof as Rainer 
Graefe accounts (68,30 m in diameter, 15 m in 
height) consists of two suspended roof 
structures. Between a rigid ring carried by 16 
pillars and a similar compression ring, located 
on the outer wall, is stretched a network 
consisting of 640 plates riveted to each other 
(51,5 x 5 mm, reach of the lattice 21,50 m)»1. 
And, like Brian Foster underlines,
«By proposing as a structure a thin 
three-dimensional surface, Shukhov has 
achieved a fundamental advance in relation to 
the concept, essentially two-dimensional, of 
the suspension bridge, which had so severely 
constricted the imagination of 
nineteenth-century designers»2.
The reduced circulation of information, 
amplified from the cultural self-isolation of 
the Soviet Russia, ensured that in order to see 
a roof based on the same principles in the 
West, we have to wait for the French Pavilion 
at the Zagreb Fair, created in 1934 by Robert 
Camelot in collaboration with Bernard 
Laffaille. With a similar structural pattern, 
made up of 12 pillars that support a circular 
compressed ring to which, in this case, was 
suspended a super lightweight metallic veil 
shaped as an inverted truncated cone of 33 
meters in diameter. 

This “skin” (of 800 m2 and 2 mm of thickness) 
was put in place with the help of metal sheet 
elements pre-shaped in workshop and welded 
on site. It reached a new lightness record, at 
the time, of 18 kg for covered square meter.
Once again 17 years later Laffaile, in the 
Mechanical Industry Centre, used the idea of a 
horse saddle shaped roof made up of members 
in tension suspended by two reinforced concrete 
arches. Almost concurrently in the United 
States, based on an idea of Matthew Nowicki, a 
very young Russian architect died at age of 40 in 
a plane crash, the Norwegian engineer Fred 
Severud conceived the JS Dorton Arena (become 
famous as Paraboleon), a paradigmatic building 
of the later defined "Cable network" structures. 
The large Arena (92 by 97 meters) completed in 
Railegh North Carolina in 1953, is built with the 
crossing of two reinforced concrete arches, with 
about thirty degrees inclination and supported 
by thin steel studs of variable height. 
Along the perimeter is set up the network 
consisting of two about ninety degrees crossing 
orders of parallel cables: the first series of 
cables, with upward curvature, is load-bearing 
and is counteracting with the second, with 
downward curvature, that has a stabilising 
function; the resulting meshes are then patched 
with squared corrugated iron panels, with a 
maximum size of 1,80 m. Is exactly from this 
mutual counteraction among stretched 
elements, belonging to separated and 
contrasting systems, that the base principle of 
modern tensile structures is born. 
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Then after the innovative system was declined 
with various forms and techniques again by 
Severud together with Eero Saarinen, with the 
ice stadium of New Haven and with the Terminal 
of the international airport Dulles in Washington 
as much as from Laffaille together with René 
Sarger with the French Pavilion and with the 
Marie Thumas Pavilion at the Universal 
Exposition from Brussels in 1958 (made with 
Guillaume Gillet and Jean Prouvé).
It is precisely the North Carolina Arena that 
baptizes the entrance on the scene of a very 
young Frei Otto that during his prize trip, after 
graduating in Architecture at the Technical 
University of Berlin, had the occasion to be, 
thanks to Saarinen's presentation, a curious guest 
at Severud's studio. 
The lively imagination of Otto was so strongly 
impressed by this singular structural typology 
that he later choose it as the theme of his PhD 
thesis dedicated exactly to the suspended 
coverings and his book entitled Das Hängende 
Dach, has a picture of the Dorton Arena on the 
front cover. Still a graduate student, Otto 
realized that the dynamics between the series of 
cables of the Arena can be generated alike, on a 
smaller scale, between the warp and the weft of 
a normal fabric made of tiny orthogonal cables 
interwoven together to form a small square 
shaped grid.  He realized that, by subjecting a 
fabric to appropriate stresses, the non-flexural 
strength of the threads and the possible variation 
of the corners of the micro-quadrilaterals can 
generate a new extraordinary family of shapes.

So he started sending letters to several 
outdoor tents manufacturers operating in 
Germany, asking to help him experiment with 
his theories. One of these, Peter Stromeyer of 
L. Stromeyer & Co, accepted the challenge of 
the young scholar and invited him to spend a 
period of time in the family factory that stood 
near Konstanz. Mark Zeh reports the 
atmosphere of this mythical working week 
spent together by Frei and Peter: «In his 
writings, Otto describes his work with 
Stromeyer during their first week together in 
Konstanz in 1953 as ‘the most productive 
working weeks in his entire life’. Otto goes on 
to describe a personal interaction with 
Stromeyer, starting with them agreeing that 
in order to understand how to work with 
membranes, they had to begin with ‘the 
simplest’ possible forms. He describes their 
process of discovery by doing, where the 
saddle makers, carpenters and other 
craftspeople at Stromeyer would quickly 
fabricate prototypes of the ideas created by 
Otto and Stromeyer»3. From thinking to doing, 
from simple to complex Zeh’s sentence 
completely gives back  the creative 
atmosphere of the encounter between the two 
intellects that enhance, in practical doing, 
first the ability to learn, then that of  
understanding and, finally, to overlook at the 
climax of the discovery, of the invention. 
The Otto-Stromeyer duo, strengthen by the 
experiences gained during the “magic week”, 
undertook the design process of the pavilions for 
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the editions of the Bundesgartenschau (Federal 
Garden Exhibition) between 1955 and 1963.
The projects began with the Four-Point Tent in 
occasion of the Music Pavilion for the Kassel 
1955 edition: a small pavilion with a relatively 
simple geometry generated by the 
deformation of a quadrangular sheet in which 
the angles of a diagonal are held high by small 
strut, and the two corners of the other 
diagonal are fixed at the bottom and 
constrained directly to the ground. In the 
Tanzbrunnen Pavilion, built on a dance floor 
for the 1957 Cologne edition, following the 
already cited path from simple to complex, 
the form is based on an octagonal shape. As 
Rosalba La Creta notes, «The roof not only 
protects the dancers from rain but also 
reflects sounds and lights on the dance floor 
of which follows the ring shape with a spatial 
geometry resulting from the radial 
aggregation of a series of horse saddle 
surfaces, according to an undulating shape 
open in the center. 
The membrane that forms it, made of 
waterproofed translucent cotton fabric, is 
stretched between a central tension cable, 
edge cables and radial ridge and groove 
cables. The latter, alternating with 
respectively opposite curvatures, ensure the 
wave form and the surface anticlasticity»4. 
Ultimately Otto and Stromeyer were the first 
to make prototypes in which the structural 
principle of maximizing stretched elements 
over compressed ones is carried to its extreme 

consequences, to the point that the shape of 
the latter depends on that of the stretched 
membrane. «In other words – write Giulio 
Pizzetti and Anna Maria Zorgno, rightly 
attributing the authorship of the construction 
system entirely to Otto – he succeeded in 
proposing the equilibrium schemes of these 
spatial fabrics reducing to the minimum the 
support elements working in compression and 
trying to carry the loads to the ground 
eminently through negative support reactions, 
that is through constraints still stressed to 
traction. In this way he could avoid the 
complex flexural problems that inevitably occur 
in the arches or in the rings of the previous 
tensile structures, which still used compressed 
parts in reinforced concrete or in steel 
provided with geometries of its own, while an 
appropriate choice of the positions and 
inclinations of the struts, as well as of the 
tracing and anchoring of the edge cables, 
allowed him a bright enhancement of the 
tensile structure physiognomic essence»5.
For the design of these pavilions, Frei Otto 
develops a technique unprecedented in the 
construction world: the one based on the 
"theory of minimal surfaces", worked out in the 
previous century by illustrious scholars such as 
Euler and Joseph-Louis Lagrange. 
It is possible to realise models that precisely 
mimic these laws using soap films that naturally 
arrange themselves according to the minimal 
surface suitable to connect the edges of a thin 
metal frame submerged into a solution. 
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That is, given the exact perimeter, the soap 
film naturally assumes the shape provided with 
the minimum area which is also the one with 
zero mean curvature. The designs of the 
pavilions for the Bundesgartenschau were 
therefore generated by fixing the contours of 
the forms and finding the surfaces.
In practice, the project arises from the 
definition of an operational process that 
starting from a theory formulated in the field 
of geometry, finds a modelling method based 
on a natural phenomenon that respects the 
same law and generates the form using a 
simplification of this model.
The resulting form is a reasonable 
intermediate between the expressive will of 
the designer and the matter behaviour which, 
given the imposed constraints, is distributed 
according to a law of nature: the designer 
does not impose the form on the object but it 
is inspired by the natural laws for the for 
form-finding. Perhaps the interest in the laws of 
nature is what drove Otto to found in 1961, with 
his friend biologist Gerhard Helmcke, the 
Biology and Building Research Group in which 
biologists helped designers to use nature as a 
model for resistant forms and architects 
explained to biologists the structural reasons for 
some natural forms. 
This stimulating process of interdisciplinary 
research quickly leads Otto to desire an 
equipped and available space that allows him to 
resume the path taken with Stromeyer. So he 
first of all founded the Institute for 

Development of Lightweight Construction in 
Berlin, a small private research centre, and 
then, some years later, to take the leadership of 
the new Institute for Lightweight Structures 
(Institut für Leichte Flächentragwerke - "IL") at 
the University of Stuttgart.
In these research facilities, physical modelling 
methods such as those based on the analysis of 
soap films are flanked by other systems, such as 
those based on elastic fabrics, on upside-down 
models and others more. These methods will 
also be used for other types of structures 
designed in the following years. In 1964 the 
German Federal government announced a 
competition entitled "The man and the world" to 
assign the design of the German Pavilion at the 
Montreal Universal Exhibition; Frei Otto, at the 
age of 40, won, in collaboration with Rolf 
Gutbord and with the technical assistance of the 
engineers Fritz Leonhardt and Wolfhart Andrä, 
the first prize with a project that covered an 
area of 8.000 m². The Montréal pavilion 
represents the end point of the innovative 
path that will lead to the definition of the 
structural type of the tensile structure and, to 
some extent, a symbolic closure of the circle. 
From the cable network of the Raleigh Arena 
we move to Otto's fabrics until the German 
architect himself proposes, for the first time, 
a cable network structure again.
From the first pavilions of Choukhov, the first 
to cover buildings using only a few compression 
stressed supports and a membrane composed 
exclusively of stretched elements, we move to 
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Severud's cable networks, where the structure 
is still set on massive reinforced concrete 
compressed elements, integrated in 
counter-action with the cables system; we 
then move on to the experiments of Sarger, 
and in particular to the Marie Thumas, in 
which the compressed members resemble the 
spars that Otto will use later on, but where 
the stretched part of the structure is still a 
brace for the compressed metal struts; and 
finally we reach the Montreal Pavilion, where 
the stretched part and the compressed part 
are two almost independent systems; the 
metal struts are cable-stayed among them and 
on the ground with large strands of 50 mm in 
diameter, while the cable network is made 
with another series of much thinner elements, 
with a diameter of 12 mm. 
The translucent envelope is made of a 
polyester fibre fabric coated with PVC and is 
suspended from the network of cables from 
the inside. It is impossible to close this largely 
incomplete review of Otto’s tensile structures 
without citing the most relevant event also in 
size: the giant cable network roof for the 
Munich Olympic Village built in 1972 with the 
same structural principles described for 
Montreal: here the complex tensile structure 
covers an area of 74.000 m2, including the 
stadium, the swimming pool and the sports 
hall as well as all the passages and connections 
between the various facilities. 
The covering shell, designed by Otto in 
collaboration with Günter Behnisch & Partner, 

differs from the 1964 Pavilion because it uses 
panels of translucent acrylic material which, 
viewed from the outside, break up the 
continuous surface of the roof into an infinity 
of small planar elements that give the complex 
the image of a gigantic prehistoric animal.
In the conception/design/realization of tensile 
structures, more consistently than in his 
extraordinarily interesting others realizations, 
Frei Otto refers to the discovery by doing, 
resorts to physical models which use the laws 
of nature to activate processes of form 
finding. This extraordinary coherence makes 
his tensile structures an emblematic whole of 
a type of structure that will condition a 
generation of lightness fanatic builders in the 
following thirty years. 
Frei Otto was certainly a prophet for this 
group to the point that Shigeru Ban begins his 
tribute to the German master, on the occasion 
of the posthumous victory of the Pritzker Price 
in 2015, with these words: “What do you want 
to become, brick?” The brick answered, “I 
want to become an arch”. I think that Frei 
Otto was an architect who kept asking the 
“air” what it wanted to become»6. 

Notes 
1 -  GRAEFE, R. (1997), Nijni-Novgorod (Rotonde de 

      l’Exposition Panrusse à), s.v. Picon, A. (ed. by), “L’art 

      de l’ingénieur”, Le Moniteur, Paris, p. 334. In French: 

      «La couverture de la Rotonde (68,30 m de diamètre, 

      15 m de hauteur) se compose de 2 structures de toit 

      suspendues. Entre un anneau rigide porté par 16 
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      piliers et un anneau similaire de compression, situé 

      sur le mur extérieur, est tendu un réseau constitué de 

      640 fers plats rivetés les uns aux les autres (51,5 x 5 

      mm, portée du treillis 21,50 m)». 

      In Italian: «La copertura de la Rotonda (68,30m di 

      diametro, 15m di altezza) si compone di due tetti 

      sospesi, Tra un anello rigido sostenuto da 16 pilastri e 

      un anello simile compresso, situato sul muro esteriore, 

      è tesa una maglia costituira da 640 piattine in ferro 

      rivettate tra di loro (51,5m x 5mm, luce del graticcio  

      21,50m)». 

2 -  FORSTER, B. (1997), Structures tendues, s.v. Picon, A. 

      (ed. by), “L’art de l’ingénieur”, Le Moniteur, Paris, 

      p. 486. In French: «En proposant comme structure une 

      mince surface tridimensionnelle, Choukhov vient 

      d’accomplir une avancée fondamentale par rapport au 

      concept, essentiellement bidimensionnel, du pont 

      suspendu, qui a si fortement bridé l’imagination des 

      concepteurs du XIX siècle». 

      In Italian: «Nel proporre come struttura una sottile 

      superfice tridimensionale, Chukov ha compiuto un 

      avanzamento fondamentale in relazione al concetto, 

      essenzialmente bidimensionale, dei ponti sospesi, che 

      aveva così fortemente imbrigliato l’immaginazione dei 

      progettisti del XIX secolo».

3 -  ZEH, M. (2012), Zusammenarbeit: Collaboration of Frei 

      Otto and Peter Stromeyer. The transformation of  

      tensile architecture, July 1st 2012, [on-line] available at 

      https://fabricarchitecturemag.com/2012/07/01/

      zusammenabeit-collaboration-of-frei-otto-and-peter-

      stromeyer. In italiano: «Nei suoi scritti, Otto descrive 

      il suo lavoro con Stromeyer durante la loro prima 

      settimana insieme a Costanza nel 1953 come ‘la più 

      produttiva settimana di lavoro di tutta la sua vita’. 

      Otto continua raccontando che la sua interazione con 

      Stromeyer, inizia dall’accordo sul fatto che, per  

      capire come lavorare con le membrane, dovevano 

      iniziare con ‘le forme più semplici’ possibili. Descrive 

      il loro processo di scoprire facendo, mentre i sellai, i 

      carpentieri e gli altri artigiani di Stromeyer 

      fabbricavano rapidamente i prototipi delle idee 

      create da loro».

4 -  LA CRETA, R. (1976), Tre opere di Frei Otto: una logica 

      alternativa nella costruzione, in Vittoria, E. et al., 

      “Mmm. Unità micro e macro-modulari per la 

      costruzione dell’Habitat”, Roma, p. 9. In italian: «La 

      copertura vale non solo a proteggere i ballerini dalla 

      pioggia ma a riflettere suoni e luci sulla pista di cui 

      segue l’andamento anulare con una geometria spaziale 

      che risulta dall’aggregazione radiale di una serie di 

      superfici a sella, secondo una forma ondulata aperta 

      nel centro. La membrana che la costituisce, di tessuto 

      traslucido di cotone impermeabilizzato, è tesa tra un 

      cavo di tensione centrale, cavi di bordo e cavi radiali 

      di cresta e di gola. Questi ultimi, alternandosi con 

      curvature rispettivamente opposte, assicurano la 

      forma ad onda e l’anticlasticità della superficie».

5 -  PIZZETTI, G., ZORGNO, A. M. (1980), Principi statici e 

      forme strutturali, Utet, Torino, p. 491. In Italian: «In 

      altri termini egli riuscì a proporre schemi di equilibrio 

      di questi tessuti spaziali riducendo al minimo gli 

      elementi d’appoggio lavoranti a compressione e 

      cercando di riportare a terra i carichi eminentemente 

      attraverso reazioni di appoggio negative, ossia 

      mediante vincoli ancora sollecitati a trazione. In tal 

      modo egli poté evitare i complessi problemi flessionali 

      che fatalmente si verificano negli archi o negli anelli 

      di bordo delle tensostrutture … mentre una scelta 
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      appropriata delle posizioni e delle inclinazioni dei 

      piloni, nonché del tracciato e dell’ancoraggio dei cavi 

      di bordo, gli permise una luminosa valorizzazione 

      dell’essenza fisionomica della tensostruttura».

6 -  Cited in Pritzker Price website: 

      https://www.pritzkerprize.com/laureates/frei-otto. I

      In Italian: «Louis Kahn chiese al mattone, “Cosa vuoi 

      diventare, mattone?” Il mattone rispose, “Voglio 

      diventare un arco”. Penso che Frei Otto sia stato un 

      architetto che continuava a chiedere all’aria cosa 

      volesse diventare».



The healing 
colture

«Hemp is a sustainable and environmental 
friendly crop that can provide valuable raw 
materials to a large number of industrial 
applications. Traditionally harvested at full 
flowering for textile destinations, nowadays 
hemp is mainly harvested at seed maturity for 
dual-purpose applications and has a great 
potential as multipurpose crop. However, the 
European hemp fiber market is stagnating if 
compared to the growing market of hemp 
seeds and phytocannabinoids. 
To support a sustainable growth of the hemp 
fiber market, agronomic techniques as well as 
genotypes and post-harvest processing should 
be optimized to preserve fiber quality during 
grain ripening, enabling industrial processing 
and maintaining, or even increasing, actual 
fiber applications and improving high-added 
value applications»1.

«Climate change (increases in temperature, 
changes in precipitation and decreases in ice 
and snow) is occurring globally and in Europe; 
some of these observed changes have 
established records in recent years»2.
Hemp farming is able to efficiently mitigate 
the climate change interfering with the causes 
of the Changes. A renewable resource is also 
defined “sustainable” if the reproduction rate 
is equal or higher than the consuming rate. 
This concept implies the need of a rational use 
of the renewable resources; water and 
greenwood are nowadays renewable resources 
used in an unsustainable way. The hemp 
production chain is an excellent example of 
circular economy, a sustainable chain from the  
environmental, social and economic point of 
view. Hemp farming heals the environment 
during the growing phase, for several reasons. 

First, it does not requires fertilizers, 
herbicides and phytosanitary treatments, and 
for this reason it preserves the soil, the air and 
the aquifer from the contamination of 
chemicals; moreover, it does not requires 
irrigation, allowing sparing the water resource, 
which is a critical issue in the agriculture, and 
allowing reducing the related energy 
consumption and the carbon emissions. It is to 
be noted that other coltures require high 
irrigation efforts. 
Corn, for example, requires about 6000 cubic 
meters of water per hectare. Field processing 
are not requierrd, unlike other coltures, and 
therefore it does not involves the use of 
agricultural vehicles and the consequent fuel 
consumption and carbon emissions.
The easiness of the colture contributes to the 
recovery of disused soils, preserving them 
from wind and water erosion, from 
desertification and abandonment of waste; it 
improves the soils fertility with its tapering 
roots, which recover nutrients and nitrogenous 
substances up to 2 meters depth.
When the leaves falls to the ground, these 
substances are released into the soils, 
improving their fertility also for the successive 
coltures. 
Moreover, its enormous mass (80 tons of green 
mass per hectare), offers high benefits to the 
environment for its air filtration capacity and 
oxygen production; the hemp contrasts the 
deforestation, due to the high yield of 12 tons 
of dry mass per hectare achievable in only five 
months, which are equivalent to a one 
year-yield of a greenwood hectare; It enters 
helpfully into the agriculture rotation, on the 
contrary of the Short Rotation Forestry (SRF) 
which, having plurennial cycles, subtracts the 
soils to the food coltures. 

Moreover, the SRF requires, for its 
maintenance, high energy consumption for 
mechanical and water interventions, use of 
herbicides and phytosanitary treatments 
which, furthermore, contribute to pollute air, 
soil and aquifer for the whole cultural cycle.
Its derived products, also, heal the 
environment in the following ways:
��Textile: hemp fabric has high humidity 
   absorption and dispersion capacity. Being a 
   hollow fibre, it is characterized by a 
   thermostatic effect which allows exploiting 
   a “natural insulation”. 
   Besides, its use reduces the use of 
   non-sustainable fibres;
��Building: due to its thermal and acoustic 
   isolation, hemp fibre is the organic material 
   able to replace fossil materials such as rock 
   wool, glass wool, and plastics such as  
   expanse polystyrene, displaying even higher 
   performances and without involving high 
   processing temperatures and carbon  
   emissions. Fibres and shives are an excellent 
   raw material for the production of brick, 
   mortar, thermal coat and innovative cements 
   used for energy saving applications in the 
   conditioning of buildings;
���Automotive: in order to satisfy the UN 
   targets, renowned car manufacturers employ 
   hemp fibers and shives for thermal and 
   acoustic insulation in the engine and the 
   passenger compartments;
���Alimentary: characterized by outstanding 
   and rare nutraceutical values, hemp seeds 
   are considered a complete food under the 
   protein profile, and they contain high 
   amounts of essential fat acid omega-3 and 
   omega-6;
��Paper industry: hemp fibre contains almost 
   70% of cellulose and low amount of lignin.

fig01 - Hemp fabrics3

Therefore, it does not require the use of acids 
for the cellulose extraction process. Moreover, 
both hemp fibres and shives are white, not 
requiring even a chemical whitening process, 
as for wood; biopolymers4 can be obtained by 
hemp and used in substitution of fossil 
plastics; in building, the CO2 captured by hemp 
in the growing phase remains captured in the 
composite materials based on lime/cement 
and hemp (about 400 kg of CO2 per ton of dry 
mass). Hemp and derived products heal the 
environment also after life: in agriculture, 
soils get enriched by hemp, and they will be 
available for the natural agricultural rotation, 
conferring many benefits to the food coltures, 
that will need less use of fertilizers and 
herbicides; in the environment, all hemp 
products, being organic, are not to be 
disposed in landfills, but they represent a 
valuable secondary raw material for recovery 
and transformation processes.

Hemp production and transformation chain on 
one side reduces the use of non-sustainable 
renewable resources and the use of fossil 
materials and, on the other side, it allows 
recovering the end-of-life products and 
reintroducing them in the economic system. 
These two factors are the main principles of 
the circular economy we need to reconnect 
the man with nature.

fig03_field planted with hemp

fig.4 - hemp insulation panels

Notes
1 – MUSIO S., MÜSSIG J., AMADUCCI S. (2018), Optimizing 
     Hemp Fiber Production for High Performance 
     Composite Applications, in: “Plant Science (Frontiers)”, 
     November 23, 2018.
2 - MC GLADE J. (2012), executive director of the 
     European Environment Agency (EEA), Climate change, 
     impacts and vulnerability in Europe.
3 - Retrieved from 
     https://www.canapuglia.it/it/tessuti-di-canapa.html.
4 –  GIANGULANO L. (2019), Canapa, dalle automobili alle 
     nanotecnologie: una pianta ci salverà?, in: 
     “IlSole24ore”, July 30, 2019.
5 -  Press review retrieved from 
     https://www.assocanapagroup.it.
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«Hemp is a sustainable and environmental 
friendly crop that can provide valuable raw 
materials to a large number of industrial 
applications. Traditionally harvested at full 
flowering for textile destinations, nowadays 
hemp is mainly harvested at seed maturity for 
dual-purpose applications and has a great 
potential as multipurpose crop. However, the 
European hemp fiber market is stagnating if 
compared to the growing market of hemp 
seeds and phytocannabinoids. 
To support a sustainable growth of the hemp 
fiber market, agronomic techniques as well as 
genotypes and post-harvest processing should 
be optimized to preserve fiber quality during 
grain ripening, enabling industrial processing 
and maintaining, or even increasing, actual 
fiber applications and improving high-added 
value applications»1.

«Climate change (increases in temperature, 
changes in precipitation and decreases in ice 
and snow) is occurring globally and in Europe; 
some of these observed changes have 
established records in recent years»2.
Hemp farming is able to efficiently mitigate 
the climate change interfering with the causes 
of the Changes. A renewable resource is also 
defined “sustainable” if the reproduction rate 
is equal or higher than the consuming rate. 
This concept implies the need of a rational use 
of the renewable resources; water and 
greenwood are nowadays renewable resources 
used in an unsustainable way. The hemp 
production chain is an excellent example of 
circular economy, a sustainable chain from the  
environmental, social and economic point of 
view. Hemp farming heals the environment 
during the growing phase, for several reasons. 

First, it does not requires fertilizers, 
herbicides and phytosanitary treatments, and 
for this reason it preserves the soil, the air and 
the aquifer from the contamination of 
chemicals; moreover, it does not requires 
irrigation, allowing sparing the water resource, 
which is a critical issue in the agriculture, and 
allowing reducing the related energy 
consumption and the carbon emissions. It is to 
be noted that other coltures require high 
irrigation efforts. 
Corn, for example, requires about 6000 cubic 
meters of water per hectare. Field processing 
are not requierrd, unlike other coltures, and 
therefore it does not involves the use of 
agricultural vehicles and the consequent fuel 
consumption and carbon emissions.
The easiness of the colture contributes to the 
recovery of disused soils, preserving them 
from wind and water erosion, from 
desertification and abandonment of waste; it 
improves the soils fertility with its tapering 
roots, which recover nutrients and nitrogenous 
substances up to 2 meters depth.
When the leaves falls to the ground, these 
substances are released into the soils, 
improving their fertility also for the successive 
coltures. 
Moreover, its enormous mass (80 tons of green 
mass per hectare), offers high benefits to the 
environment for its air filtration capacity and 
oxygen production; the hemp contrasts the 
deforestation, due to the high yield of 12 tons 
of dry mass per hectare achievable in only five 
months, which are equivalent to a one 
year-yield of a greenwood hectare; It enters 
helpfully into the agriculture rotation, on the 
contrary of the Short Rotation Forestry (SRF) 
which, having plurennial cycles, subtracts the 
soils to the food coltures. 

Moreover, the SRF requires, for its 
maintenance, high energy consumption for 
mechanical and water interventions, use of 
herbicides and phytosanitary treatments 
which, furthermore, contribute to pollute air, 
soil and aquifer for the whole cultural cycle.
Its derived products, also, heal the 
environment in the following ways:
��Textile: hemp fabric has high humidity 
   absorption and dispersion capacity. Being a 
   hollow fibre, it is characterized by a 
   thermostatic effect which allows exploiting 
   a “natural insulation”. 
   Besides, its use reduces the use of 
   non-sustainable fibres;
��Building: due to its thermal and acoustic 
   isolation, hemp fibre is the organic material 
   able to replace fossil materials such as rock 
   wool, glass wool, and plastics such as  
   expanse polystyrene, displaying even higher 
   performances and without involving high 
   processing temperatures and carbon  
   emissions. Fibres and shives are an excellent 
   raw material for the production of brick, 
   mortar, thermal coat and innovative cements 
   used for energy saving applications in the 
   conditioning of buildings;
���Automotive: in order to satisfy the UN 
   targets, renowned car manufacturers employ 
   hemp fibers and shives for thermal and 
   acoustic insulation in the engine and the 
   passenger compartments;
���Alimentary: characterized by outstanding 
   and rare nutraceutical values, hemp seeds 
   are considered a complete food under the 
   protein profile, and they contain high 
   amounts of essential fat acid omega-3 and 
   omega-6;
��Paper industry: hemp fibre contains almost 
   70% of cellulose and low amount of lignin.
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Therefore, it does not require the use of acids 
for the cellulose extraction process. Moreover, 
both hemp fibres and shives are white, not 
requiring even a chemical whitening process, 
as for wood; biopolymers4 can be obtained by 
hemp and used in substitution of fossil 
plastics; in building, the CO2 captured by hemp 
in the growing phase remains captured in the 
composite materials based on lime/cement 
and hemp (about 400 kg of CO2 per ton of dry 
mass). Hemp and derived products heal the 
environment also after life: in agriculture, 
soils get enriched by hemp, and they will be 
available for the natural agricultural rotation, 
conferring many benefits to the food coltures, 
that will need less use of fertilizers and 
herbicides; in the environment, all hemp 
products, being organic, are not to be 
disposed in landfills, but they represent a 
valuable secondary raw material for recovery 
and transformation processes.

Hemp production and transformation chain on 
one side reduces the use of non-sustainable 
renewable resources and the use of fossil 
materials and, on the other side, it allows 
recovering the end-of-life products and 
reintroducing them in the economic system. 
These two factors are the main principles of 
the circular economy we need to reconnect 
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«Hemp is a sustainable and environmental 
friendly crop that can provide valuable raw 
materials to a large number of industrial 
applications. Traditionally harvested at full 
flowering for textile destinations, nowadays 
hemp is mainly harvested at seed maturity for 
dual-purpose applications and has a great 
potential as multipurpose crop. However, the 
European hemp fiber market is stagnating if 
compared to the growing market of hemp 
seeds and phytocannabinoids. 
To support a sustainable growth of the hemp 
fiber market, agronomic techniques as well as 
genotypes and post-harvest processing should 
be optimized to preserve fiber quality during 
grain ripening, enabling industrial processing 
and maintaining, or even increasing, actual 
fiber applications and improving high-added 
value applications»1.

«Climate change (increases in temperature, 
changes in precipitation and decreases in ice 
and snow) is occurring globally and in Europe; 
some of these observed changes have 
established records in recent years»2.
Hemp farming is able to efficiently mitigate 
the climate change interfering with the causes 
of the Changes. A renewable resource is also 
defined “sustainable” if the reproduction rate 
is equal or higher than the consuming rate. 
This concept implies the need of a rational use 
of the renewable resources; water and 
greenwood are nowadays renewable resources 
used in an unsustainable way. The hemp 
production chain is an excellent example of 
circular economy, a sustainable chain from the  
environmental, social and economic point of 
view. Hemp farming heals the environment 
during the growing phase, for several reasons. 

First, it does not requires fertilizers, 
herbicides and phytosanitary treatments, and 
for this reason it preserves the soil, the air and 
the aquifer from the contamination of 
chemicals; moreover, it does not requires 
irrigation, allowing sparing the water resource, 
which is a critical issue in the agriculture, and 
allowing reducing the related energy 
consumption and the carbon emissions. It is to 
be noted that other coltures require high 
irrigation efforts. 
Corn, for example, requires about 6000 cubic 
meters of water per hectare. Field processing 
are not requierrd, unlike other coltures, and 
therefore it does not involves the use of 
agricultural vehicles and the consequent fuel 
consumption and carbon emissions.
The easiness of the colture contributes to the 
recovery of disused soils, preserving them 
from wind and water erosion, from 
desertification and abandonment of waste; it 
improves the soils fertility with its tapering 
roots, which recover nutrients and nitrogenous 
substances up to 2 meters depth.
When the leaves falls to the ground, these 
substances are released into the soils, 
improving their fertility also for the successive 
coltures. 
Moreover, its enormous mass (80 tons of green 
mass per hectare), offers high benefits to the 
environment for its air filtration capacity and 
oxygen production; the hemp contrasts the 
deforestation, due to the high yield of 12 tons 
of dry mass per hectare achievable in only five 
months, which are equivalent to a one 
year-yield of a greenwood hectare; It enters 
helpfully into the agriculture rotation, on the 
contrary of the Short Rotation Forestry (SRF) 
which, having plurennial cycles, subtracts the 
soils to the food coltures. 
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herbicides and phytosanitary treatments 
which, furthermore, contribute to pollute air, 
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Its derived products, also, heal the 
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   a “natural insulation”. 
   Besides, its use reduces the use of 
   non-sustainable fibres;
��Building: due to its thermal and acoustic 
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   expanse polystyrene, displaying even higher 
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   emissions. Fibres and shives are an excellent 
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In search of 
lightness

Past, present, and 
future of membrane 

space structures

Introduction 
In ancient times the main cause for high 

weight of sustaining systems was due to bad 

structural performance and modest ratio 

values between the strength and weight of the 

used materials. Withstanding stones and bricks 

only to compression, they were used for 

construction schemes that were based on 

stabilizing the effect of gravity.

For this reason, domes, vaults, and arches 

were built with greater thickness to ensure 

that the curve of pressures generated by the 

weight of the structure would be less affected 

by accidental loads. With the introduction of 

new geometric mathematical knowledge, of 

new building materials such as steel, 

reinforced concrete, and membranes and of a 

more “sustainable” thought (in terms of 

material-realization and environmental 

impacts), the relationship between 

“load-bearing weight and weight that is 

carried” is considerably reduced, thus allowing 

to associate new and more efficient 

constructions schemes and structural 

typologies. The tensile structures, for example, 

whose discovery of the structural system has 

very ancient origins, are able to return an 

excellent compromise between weight and 

resistance by favoring also the possibility of 

covering large lights with limited anchoring 

points that are only structurally opposed to the 

monumentality of classic structures. 
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This contribution intends to investigate the 

theoretical-architectural   development 

carried out in the field of “lightweight 

structures”, with particular reference to 

structures that use textile membranes and 

ropes that represent an avant-gardes method 

in the history of architecture and engineering.

These references will lead to formal technical 

developments that will partially change the 

notion of building envelope and volume and 

proceed towards a reduction of structural 

material.

Nature, man, and new expressions in 
temporary space
Every living creature on Earth has ever 

modified its traits to adapt to changes in its 

surrounding environment. On the contrary, 

man, in most cases, has always modified 

nature to meet his needs. 

Man has not changed its physical features but 

it has certainly found alternative methods to 

be able to hunt, find shelter and defend 

himself.Since man began using rudimentary 

tools for cutting timber or shaping stone the 

shelters created by natural elements became 

actual built structures.

Thus as a result of time elapsing and space, as 

well as of the evolution of human civilizations, 

and of environmental and climatic factors, the 

concept of “home” was transformed from the 

first instance of an architectural structure 

capable of representing values of culture and 

behaviors of population. 

Emanuele Severino affirmed that “the first 

“Raumgestaltung”, a configuration of space, is 

the luminous open space delimited by the fire 

around which we gather. 

“Natural” shelters (trees, caves, and rocky 

ledges) is found; the luminous walls raised by 

the fire that keep the darkness at bay are 

produced, they are already a configuration of 

space. But as man seeks shelter within his 

home due to its fears, so his way of 

construction […] is conditioned by the shape of 

his fear, or based on the way man perceives 

the world in which he lives in and thus on the 

way he understands the fundamental danger, 

the root of the risks man faces by living”1. 

In this sense, behaviors, geometry, materials, 

and time are determinant factors of organized 

solutions, capable of fulfilling the searched 

function, by characterizing new architectural 

and engineering expressions created in a 

specific time and in a dated place which stand 

for a base of evolutive practice of 

construction. In this scenario the project 

becomes an act of synthesis between function, 

material, and technology that are all therefore 

inseparably connected. 

The availability of the materials, the need to 

move to conquest new horizons, have pushed 

man to create “light” solutions that allow him, 

in a short amount of time, to create adequate 

shelter. The subject of lightness finds 

declination in the need to define a precise 

relationship between matter, space, and time 

that translates into a natural search for 
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fig01 - An example of spider grid (source: 
https://studiotomassaraceno.org/news).

balance, in thought-out use and calculated 

distribution of matter through precise 

geometric rules capable of responding to 

adaptation according to those elements 

characterizing the external environment. 

In fact, by observing what nature has already 

been able to create, it is possible to draw 

useful insight and investigations in different 

fields of application. 

By studying a spider web (see fig01), for 

example, solutions can arise inspired by the 

anchoring of silk, particularly stressed in the 

case of distributing loads like the wind, for the 

project of anchorages of extreme robustness, 

which is a concept of great interest in both the 

engineering and civil field. 

Lightness associated to precision and 

determination never left to chance (Calvino, 

1988, p. 17), is capable of emphasizing the 

“value” it contains in evoking symbols and 

interpretations as well as giving concrete 

answers to man's needs, such as temporaneity 

and transportability. Temporary architecture 

has always combined flexible and textile 

materials which allow for rapid assembly, 

disassembly, re-use, recycling disposal and ease 

of transport from one place to another. 

Such answers can be found for example, in 

tents, in the transportable shelters of the 

nomadic civilizations, of the Mongolian 

shepherds from Central Asia who in search or 

rich pasture, were forced to make long journeys. 

This whole is translates in the “Yurta” (see 

fig02), a particular transportable tent-cabin 

that according to low-tech concepts, meets 

simultaneously family needs and mobility, 

through a technical, formal and social 

expressiveness typical of that civilization and 

of the environmental conditions in which the 

hut was erected. 

fig02 - An example of “Yurta”, transportable tent-cabin. 
(source: https://commons.wikimedia.org/wiki/File:Syr_Darya_
Oblast._Kyrgyz_Yurt_WDL10968.png).  
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In fact this structure2, that is usually made of 

wood covered by a membrane of sheep’s wool 

felt mats varies dimensionally according to the 

conformation and needs of the family nucleus 

living in it, emphasizing the social and 

economic level of the occupants also through 

the colors and external decorations. 

According to Pierluigi Nicolin elements such as 

“lightness, transparency, flexibility, insertion in 

the environmental, and temporary nature” are 

features that are obtained through wise use of 

technology and they represent a metamorphosis 

of the Vitruvian principles of firmitas, utilitas, 
venustas, by producing “a sort of exorcism 

towards violence immanent in architectural 

action” (Nicolin, 1999, p. 18). The creation of 

solutions that guarantee internal and external 

bioclimatic comfort in support of the concept 

of lightness is another key factor in the history 

of architecture that can also be observed for 

example in the roman Velarium (see fig03). 

fig03 - An example of “Velarium”. (source: 
http://www.romeinspompeii.net/amphitheater1.html). 

This mobile cover, made of multiple veils of 

hemp fabric, was used in Roman theaters and 

amphitheaters to guarantee the spectators 

adequate protection in the case of bad 

weather. It employes a system of ropes and 

sliding sails that managed to adapt to the path 

of the sun and provide ample shade in the 

arenas during outdoor shows (Zanelli, 2003). 

The aim is to succeed to create dynamic 

spaces and objects, moving toward a different 

way of construction, no longer meant as an 

irreversible and permanent  action, but that 

can adapt from time to time to the needs of a 

society in continuous and constant change. 

A society or “modern liquidity” (Bauman, 

2002) characterized by an intrinsic instability 

in continuous evolution, by the modification of 

type and construction technologies as well as 

by the different ways of using private and 

public spaces.

Structure, lightness, sustainability
From an architectural point of view, the 

ancient bynomial typology-technology seems 

destined to split up, and give way to endless 

variations that use light materials, reversible 

connections, and dry assembly to meet the 

needs of usage variability within a temporal 

sphere of space-time. 

In this regard, «the most important moments 

in the history of architecture coincide with the 

moments of structural discoveries that 

originate from a dual arrangement of 

knowledge: geometric configurations that are 
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the means used to display the architectural 

space and the technology of materials, which 

are the means to build in real life» (Emmerich, 

1970, p. VII).

«Sustainability achieved through the use of 

“light” and low-impact technologies could 

allow to make  each architectural project 

responsible, and to tend to result inherently 

sustainable, by achieving the goal of lowering 

fuel consumption and taking more care for the 

needs of individuals and environmental 

safeguard. The technology of tensile 

membrane structures is clearly placed in this 

line of sustainable technological culture, 

oriented to the transformation processes’ 

general dematerialization. Within the latest 

processes, by exploting at the best the 

innovation, minimun amount of material with 

the highest possible output is employed». 
(Losasso, 2014, p. 419). The concept of 

lightness is added to the structure and to 

"sustainable thinking" as a «value to transmit 

to the new millenium in order to contrast a 

world which is becoming all of stone […] also 

understood as “design troughtfulness” in 

contrast to the eclectic formal spectalarity of 

linguistic codes that tend to divide what we 

see from what we think» (Vittoria, 2014).

A sophisticated research on this subject was 

done by Frei Otto in all his projects that take 

advantage of, among other things, lightness, 

bendability, and resistance of the materials 

and shells used to govern structures that are 

scientifically arranged. 

fig04 -  Classifications  of  possible  forms  with  
two-dimensionalelements. Drawing byFrei Otto. 
(source: SONGEL, J.M. (2010), Frei Otto and the debate 
about the genesis of architectural form, in: “EGA. Revista 
de Expresión Gráfica Arquitectónica”, page 7. [on-line] 
available at: 
https://riunet.upv.es/bitstream/handle/10251/8894/Son
gel%2c%20J.M.%20%27Frei%20Otto%20and%20the%20genesi
s%20of%20architectural%20form%27.pdf?sequence=1&isAll
owed=y, accessed: 8th August 2019.
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«His so-called “light structures” originate 

mainly from observing many forms that nature 

creates spontaneously and that can be 

considered optimal shapes, for nature expresses 

and develops its manifestations with a minimal 

waste of energy. […] The choice for these type 

of structures is not accidental, but is due to the 

fact that in this way it is possible to achieve 

trasparent and not heavy roofs (permanent or 

temporary) leading to a enormous reduction of 

material in comparison to what is needed for 

the major part of the classic structures. 

This can also be translated into an immediate 

reduction in costs» (Brugellis, Piccardo, 2006). 

These “light structures” also referred to as 

“membrane structures” or “tensile structures” 

are flexible architectures, dismountable for dry 

assembly systems. They are also retractable or 

extensible or even telescopic pantographic and 

therefore able to occupy spaces that are 

permanent or semi-permanent without causing 

serious changes on the site. They are dynamic 

configurations, scenographic and ever-changing; 

they are fluid architectures resistant according 

to shape; they can be considered a 

“dematerialization of volume” and a 

representation of “ecological revolution” of 

construction that mitigates the depletion of 

natural heritage. The technology of light 

structures, or in other words, the construction 

aspects of those architectural organisms in 

which the “maximum stripping of form” 

(Guazzo, 1998, p. 23), is achieved through a 

wise balance between the knowledge of 

physical-mechanics, executive techniques and 

the potential of materials.  

A “dematerialization and stripping”, dealt with 

and achieved through the use of other materials 

such as reinforced concrete, can be found in the 

architecture of the Spanish naturalized Mexican 

architect Felix Candelà. He was capable of 

perceiving the architectural potential of a new 

material pushing towards the discovery of new 

ways to use them and, simultaneously, he was 

able to amaze through his “hyperbolic 

paraboloids” (see fig05). 

The correct mechanical behaviour , the ease of 

construction, the repetitiveness, the modulation 

and in addition the automation, are the 

characteristics that can be found in the formal 

and constructed avant-garde of the Spanish 

architect Emilio Pérez Piñero. Awarded as a 

student in 1961 during the International Congress 

of Architects (UIA), he appeared at Candelà’s 

watch (a member of the jury along with Richard 

Buckminster Fuller) as an innovator and resolver 

of some challenges that Candelà also 

experienced in his past work (Gómez De Cózar, 

2008, p. 135). On that occasion, in fact, the 

Commission was astonished by the proposal of a 

light structure for a reclosable and removable 

theater, which could be made entirely in the 

factory and moved to its temporary of definitive 

position with extreme ease. This represented a 

cutting edge study for that time and a reference 

point for subsequent studies and realizations, for 

example, of tensegral  membrane and 

transformable structures. 
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fig05 - Félix candela (1960), Bacardi visitor pavilion,  San 
Juan, Puerto Rico. 
(source: © The Bacardi Heritage Foundation).

fig06 - Emilio Pérez Piñero (1961), Structures déployables 
(source: https://www.t-o-m-b-o-l-o.eu/beauregard/
emilio-perez-pinero/).

These avanguards find their roots in those light 

structures, studied and designed by the Russian 

architect and engineer 9ODGLPLU�*ULJRU
HYLĆ�
Šuchov that, according to Frei Otto, can be 

considered “as the first structures where the 

coverage membrane and the structure were 

the same entity”. Seen as the Russian Edison  

for the amount and quality of his pioneering 

work, Vladimir G. Šuchov was the first to come 

up with methods of calculation for determining 

the stresses and deformations of beams, 

plates, and membranes on elastic foundations 

(Giovannardi, 2007). His method was 

developed by successive approximations 

between the theoretical analysis of the 

problem - with the use of sophisticated 

differential equations, most likely derived 

from a synthesis of the work of the Russian 

mathematician 3DIQXWLM�/·YRYLĆ��ĞďǇƓģǀ - and 

the analysis of practical feasibility which 

considers both construction and economic 

issues. 

Theory and practice, design and execution, 

technical perfections and economy of the 

interventions (during the stages of production, 

installation, and disposal) are old connections 

that are still current today. Following these 

principles, Šuchov realizes, among other 

things, the first suspended roof on a circular 

building in Moscow, in 1893. In 1986, for the 

H[KLELWLRQ�RI�1L]KQ\�1LçQLM�1RYJRURG��äXFKRY�
designed and built eight steel pavilions with 

suspended light roof and timber-framed vaults, 

able to cover an area of 27.000 m2. 
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fig07 - hyperbolic water towers in various designs. «Suchov 
always varied the form and proportions of the structures in 
all standardization efforts. Adulded towers built between 
1902 and 1915, high (without cages) from 10 to 36 m, holding 
between 60,000 and 600,000 l». (source: DANIEL, E. (2004), 
Vladimir Suchov, in: “Tec21 n.41-2004”, ETH-Bibliothek, page 
10. [on-line] available at http://doi.org/10.5169/
seals-108449, accessed 8th August 2019.

He designed a water tower (see fig07) with a 

hyperboloid structure that served as a model for 

another 30 similar structures built in Russia and 

a thousand more built in the rest of the world.

fig08 - Electricity pylons on the Oka (1989) (source: 
&$6$%(//$�Q�����������´9ODGLPLU�*ULJRU
HYLĆ�äXFKRYµ��
and for more information see the website: 
http://www.shukhov.ru/deutsch.html).

Furthermore, he developed a new variety of 

wooden constructions and new structural and 

construction schemes, known as “rotation 

hyperboloids”and “hyperbolic paraboloids”, 

that utilize his (Šuchov’s) analytical abilities 

on surfaces with double curvature already 

discovered by 1LNRODM�,YDQRYLĆ�/REDĆHYVNLM, a 

Russian mathematician and scientist. 

In 1919, at Lenin’s request he designed a 

hyperboloid tower with nine sections and a 

height of 350 m for the construction of an 

antenna for the radio of the Russian state. 

Due to lack of material the tower was instead 

built with six sections 150 m high, through the 
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application of a “telescopic”method, one of 

his original installation ones, in accordance to 

the shape of a rotating hyperboloid. 

Nine years later Šuchov built six high voltage 

pylons, with a height up to 120 m, where he 

managed to further improve the ethereal 

weight of these structures. 

It is still very clear that “the innovation of 

material and technique in architecture and 

engineering can be studied only by starting 

from architecture itself, and therefore from 

the fabrics built in a certain time and at a 

specific place”.

This assumption, all within technology and 

construction techniques, leads indeed towards 

architecture and its methods of expression. 

Expressions that are found in the architectural 

shape resulting from the natural response of 

materials to the laws of gravity and to the 

solicitation of nature. 

These conditions can be found in the 

expression of lightness in the structures of 

rafters and rods of Richard Buckminster 
Fuller who, taking advantage of the practice 

and technique of his time, works on the 

development of geodesic3 domes and develops 

a structural system called tensegrity, which 

means «self-tensioning structures composed of 

rigid structures and cables, with forces of 

traction and compression, which form an 

integrated whole» (Da Silva, Farbiarz, 2016, p. 

2007), which will influence artists and 

designers all over the world and will resolve 

also the issue of “big lights”. 

fig09 - Richard Buckminster Fuller with some of his 
structures: tensegrity and geodedic dome, in the Fuller 
exhibition, Modern Museum - NY - 1960 (source: 
https://wiki.ucfilespace.uc.edu/groups/retzlecj_09a_32a
rtn522001/wiki/4c1cd/phase_III_a__conceptual_analysispr
ogrambubble_diagrams.html).

The “tensegrity” is the propriety demonstrated 

by a system that uses cables (traction) and 

rigidity from other elements (usually steel, 

wood, or bamboo) capable of acting together 

and at the same time under inherent stresses 

(traction and compression), so offering greater 

resistance and formal stability. This 

architecture organization forms a continuous 

field of tensions and compressions in constant 
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balance, with a behavior biologically similar to 

the structural relationship that links bones and 

muscles. To this end, the contemporary American 

sculptor Kenneth Snelson, a former student of 

Buckminster Fuller, has played an essential role 

in the development of the structural system, 

working with pieces composed by rigid and 

flexible components, which allowed R. B. Fuller 

to develop the theoretical idea of the analysis of 

traction integrity. The work of Snelson that best 

interprets the tensegral system is the Needle 

Tower from 1968 (see fig10), located outside the 

Museum Hirshhorn and Sculpture Garden in 

Washington D.C. The structure is 18 meters tall, 

6,18 meters wide and 5,42 meters long. 

This shows that «progress is an achievement that 

should be defended and oriented, and should be 

linked with the trought of complexity: the 

presence of heterogeneity should be connected 

to unity, by developing a sensibility that, rather 

than isolating objects, can study their 

connection with the environment» (Losasso, 

2014, p. 417).

fig10 - Needle Tower Installation (source: 
kennethsnelson.net/sculptures/outdoor-works/needle-tower/).

The complexity of these systems is associated 

with different problems that can be found in the 

"search for form; definition of the state "0"; 

geometric and material nonlinearity; 

one-sidedness of efforts; unilateral discrete and 

continuous contact; viscoelasticity; short and 

long lasting creeping; wind-induced dynamic 

effects; collaboration with anchoring structures; 

inelastic analysis and instability; ultimate and 

operational limit states; critical collapse at high 

temperatures; experimental tests; construction 

technologies» (Majowiecki, 1994, p. 40-41). 

In addition, there is also the unconventional type 

of design that must be performed in this field.

In fact, where in normal roof structures on-board 

system is a support, in membrane structures it 

becomes an "anchor". 

The same construction details, the execution of 

the details and the assembly open up different 

perspectives and problems to be faced both by 

the designers and on yard. «Textile membranes 

are particularly well placed, with a satisfactory 

degree of compliance in relation to the factors 

and indicators of sustainability and 

environmental technology described below. It is 

well know that the weak point of membranes 

concerns the durability of materials that 

constitute them. 

However, if the productivity of a material 

improves when, under conditions of non decay of 

its performance, its useful is longer than that of 

other materials, it invest a wider concept than 

that of single durability because it is related to 

the life cycle» (Losasso, 2014, p. 421).
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Conclusion
«About the future, perspectives of this 

technology, considerable changes and 

improvement will come, when its project tools 

and its planning and building procedures 

spread out. The hardest challenge through is 

not about technical issues: the use of tensile 

structures will increase only when architects 

succeed in creating harmonious and beautiful 

works while making use of this technology» 

(Otto, 2014, p. 443). Beauty and harmony, 

which are to be found in nature, indeed in the 

ability of a spider’s web to strategically 

integrate itself within the surrounding 

environment, or further in the configuration of 

a nest-shelter created by the weighted use of 

local materials, completely recyclable and 

biodegradable. 

In both cases, the matter and the materials 

are assembled in a shape that comes out of a 

specific goal to which the shape itself should 

fulfil according to incontrovertible physical 

and mathematical laws. “Using light structure, 

therefore, means offering an extra possibility 

to that constructive philosophy that favors 

flexible, modifiable, and reversible spaces, in 

other words it means intervening in a soft way 

within the environmental context. […] This 

logic of intervention is a clear and unequivocal 

sign of our time, and it is an approach that is 

born, among other things, from the will that 

the continuous obsolescence of functions does 

not lead to the waste of economic and 

territorial resources” (Capasso, 1993, p. 32).

These statements anticipate possible 

contemporary ongoing evolution and progress 

within the subjects of design and technological 

culture. The subject of membranes is, 

therefore, very relevant and have the 

potential to offer multiple development 

perspectives, among other things, in a view 

directly opposite to Baumann’s “creative 

destruction”, by transforming in a more 

positive sense the terms of a “new and better 

project”, of “gradually eliminating”, and of 

“resizing”: everything in function of “doing 

the same thing but better” while at the same 

time respecting the principles of 

environmental sustainability and minimizing 

the use of materials’ need. 

Frei Otto, in his book “Finding Form: Towards 
an Architecture of the Minimal”4, stated: “it is 

advisable that the architecture of tomorrow 

became again an essential architecture, able 

to self-generate its form and self-regulating its 

processes, similar to what happens in the 

living systems”. 

In this regard, lately, within the subject of the 

sustainable building envelope’s innovation of 

has been undergoing important experiments 

have been carrying out by scholars and 

designers. These researches underline the 

importance of intelligent  and reactive 

systems, which as specified by the American 

architect and researcher Tristan d'Estree 
Sterk5, if applied to a building, can be 

transformed into frames, skins and intelligent 

systems capable of (i) changing shape and color;  
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fig11 - Reactive tensegral structure, design Tristan 
D’Estree Sterk (2010). 
In particular: 
1. lower structure must be more ridged to support loads 
without collapse.
2. upper structure can be less ridged. 
3. by adjusting the tension and rigidity of the structure 
physical movements are enabled.  
4. when coordinated with other responsive elements (ie. an 
internal partition) the functional abilities of buildings may be 
further extended. (source: D’ESTREE STERK T., Using Actuated 
Tensegrity Structures to Produce a Responsive Architecture, in: 
ACADIA22 >> CONNECTING CROSSROADS OF DIGITAL 
DISCOURSE), [on-line] avilable at: 
https://3rdeye2010.files.wordpress.com/2010/05/responsive-a
rchitecture1.pdf, accessed: 8 August 2019).    

fig12 - Detail of church of Saint Michele Archangel (2016). 
(source: https://www.canobbio.com/coedi).

fig13 - Detail of Allianz Arena building skin (2002-2005). 
(source:https://buildingskins.wordpress.com/category/pl
astics-etfe/allianz-arena/).
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(ii) gradually tracing the sun and adjust their 

shape to improve shading in summer or 

daylight in winter; (iii) shaking the snow; (iv) 

changing shape to reduce wind load or to 

improve the way ventilation is achieved. 

The search for lightness further goes, finally, 

towards the absolute minimization of 

structure, by “transforming the air” into a 

reactant element. These are the so-called 

“pneumatic structures” or “pressure 
structures” or even known as “air-cushion” 
(double-walled pneumatic structures) which, 

already starting from the 60s6 with experiments 

in the field of design first and then in 

architecture, represented an important state of 

progress in practice and literature. These 

spatial configurations can be both the main 

structure or a temporary structure of 

construction (SMITH, TOPHAM, 2002, p. 84-85), 

in which form and stability are obtained from 

the difference between the internal pressure of 

the membrane and the atmospheric pressure, 

and its structural stability is a function of the 

interdependence between the shape of the 

envelope, the pressure of the fluids, and the 

external conditions. These light structures, born 

from the imagination of the English engineer F. 

W. Lanchester in 1917, where first applied in 

the military field (Iannaccone, Saboia De 

Freitas, 2002, p. 485), and are able to respond 

to various needs that varies from design to 

architecture and to the protection of historical 

heritage7 (see fig12) and emergency 

management8 . 

It stand as a vital factor linked to membrane 

structures, which is also identified in the use 

of the materials. 

Innovation, introduction, and diffusion of 

innovative material in architecture have led to 

a trend that sees the material and the shape 

of the components as fundamental elements 

for combining lightness and strength. 

However it is necessary to establish in each 

project an original and profitable relationship 

between technical innovation and consolidated 

construction practice, as well as between 

tradition and innovative materials, in order to 

achieve the goal of an efficient and 

responsible design. 
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Notes
1 -  Cfr. SEVERINO, E. (2003), Tecnica e Architettura, 

 Cortina, Milano, p. 87,88.

2 -  The “Yurte” reflects the features of the climate of which 

 they are installed (wind, snow) and they must 

 guarantee internal comfort as well as security for the 

 occupants. In this effect, it is common to use hoops in 

 tension and curved hoops in the construction of the 

 frame, to give together with the tension of the 

 covering sheets a notable overall rigidity. The first 

 phase of the assembly requires binding the framework 

 in a circular shape made up of segments of wood set in 

 an “X” pattern.  At the center of the structure two 

 poles are placed to which numerous support poles 

 connect too and then connect to the lover frame. The 

 second phase of the assembly involves the application 
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 of the cover with felt mats and carpets. The 

 regulation of the internal temperature is guaranteed  

 by, more or less, the amount of layers of felt. The 

 floor is covered in wool or felt rugs, and then finally 

 the interior furnishings are positioned in place.

3 -  The most famous example is the United States 

 pavillion shown at the Montreal wold exhibition 

 (1967), today called “Biosphere”. The structure can be 

 seen as a system of pyramids with a hexagonal base, 

 each has a vertex lying on a point of a virtual sphere.  

 There vertices are in turn connected to each other by 

 rods that define triangual fields, but at the same time 

 they appear almost spherical so each necessarily lying 

 on a different plane.

4 -  Cfr. OTTO, F., RASCH, B. (1996), Finding Form: Towards 

  an Architecture of the Minimal, Edition Axel Menges; 

 3rd ed. Edition.  

5 -  Tristan d'Estree Sterk founded The Office For Robotic 

 Architectural Media. For more information see the  

 website buildingdynamics.org/tristan-destree-sterk-2/.

6 - Referncing is made to the temporary pneumatic 

 structures of Walter Pichler and Hans Hollein, Austrian 

 architects; the architects Jean Aubert, Jean-Paul 

 Jungmann e Antonio Stinco are authors of an 

 experimental pneumatic housing; from the Archigram 

 group of London which hypothesized a man size 

 container. Cfr. www.domusweb.it/it/dall-archivio/

 2011/03/19/design-pneumatico.html [Accessed 6th 

 July 2019].

7 -  Referencing, for example, a restoration project of the 

 church of Saint Michele Archangel (2016), in the 

 municipality San Pietro Infine (CS), Italia. For this 

 specific case a double layer ETFE pneumatic cushion 

 was made along the gap due to the collapse of the 

 abside part.(cfr. https://www.canobbio.com/coedi 

 [accessed 08 august 2019].

8 -  Referencing, for example, the research project 

 “project “Air Fundamental” collision between 

 inflatable and architecture”, realized in collaboration 

 with FLY IN of Bene Vagienna, the scientific manager  

 was professor Vincenzo Latina, instructor at the 

 faculty of architecture and urban composition at the 

 University of Catania. The objective was to create a 

 temporary inflatable and pneumatic structure, 

 through the use of easily available materials, that are 

 both easy to process and easy to find. (cfr. 

 www.fly-in.it/architettura-gonfiabile-sperimentazione/ 

 [accessed 28 July 2019]). 



�
�

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�



�
�

�
�
�
�
�
�
�
3$57�,,,�
�
$33/,&$7,21�
21�$�
&$6(�678'<�
(;3(5,(1&(�

�
�
�



�
�

�
�
�

�
�
�
�
�
�
�
�
�
�
�
�
�



����
�

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
7KH�ZRUN�UHVHDUFK�WHDP�LV�DQ�LQFUHGLEOH�PRPHQW�RI�
SURIHVVLRQDO��FXOWXUDO�DQG�KXPDQ�JURZWK��7KH�
SURMHFWV�SUHVHQWHG�EULHIO\�LQ�WKH�IROORZLQJ�SDJHV�
ZHUH�SURFHVVHG�GXULQJ�D�EUDLQ�VWRUPLQJ��ODVWLQJ�
WKUHH�GD\V�DW�WKH�&,77$0��SURIHVVLRQDO�ILJXUHV�RI�
,QWHUQDWLRQDO�LPSRUWDQFH�ZHUH�LQYROYHG�ZLWK�D�JURXS�
RI�\RXQJ�GHVLJQHUV�ZKR��IROORZLQJ�WKHLU�LQGLFDWLRQV��
WULHG�WR�GHYHORSHG�GHVLJQ�SURSRVDOV�IRU�FRYHULQJ�DQ�
KLVWRULF�FRXUW�\DUG�XVLQJ�VXVWDLQDEOH�WH[WLOH�
PDWHULDOV�DQG�HDVLO\�UHF\FODEOH�ZRRGHQ�VWUXWV��
7KH�H[SHULHQFH���ZKLFK�IRU�EUHYLW\�FDQ�RQO\�EH�

PHQWLRQHG�KHUH���ZDV�DQ�RSSRUWXQLW\�WR�WUDQVXPL�
WHFKQLFDO�DQG�WHFKQRORJLFDO�NQRZOHGJH��EXW�DOVR�WR�
HODERUDWH�FRPSOH[�DQG�XQXVXDO�IRUPDO�VROXWLRQV��
GHYHORSHG�WKDQNV�WR�WKH�MRLQW�XVH�RI�GHGLFDWHG�
VRIWZDUH��DQG�PRGHOV�FUHDWHG�ZLWK�HODVWLF�PDWHULDOV��
DEOH�WR�VLPXODWH�WKH�EHKDYLRU�RI�PHPEUDQHV��7KH�
JUHDW�YDULHW\�RI�SURMHFWV�GHYHORSHG�E\�WKH�GLIIHUHQW�
VHQVLWLYLWLHV�RI�WKH�DXWKRUV�LV�DOZD\V�VXUSULVLQJ��WKH�
IROORZLQJ�SDJHV�VKRZ�WKH�QDPHV�RI�DOO�WKH�
SDUWLFLSDQWV��GLYLGHG�LQWR�UHVHDUFK�JURXSV��DQG�VRPH�
LOOXVWUDWLYH�LPDJHV�RI�WKH�ZRUN�GRQH��

$SSOLFDWLRQ�RQ�
D�FDVH�VWXG\�
H[SHULHQFH�

� �

SODVWLF�



����
�

6DUD�%$5&,�
*LXOLR�*$8',262�

�

� �
� �
�
�

$OHVVDQGUR�'·$0%526,2�
)DEUL]LR�/$9,$12�

�
�

�
�
�

� �
� �
� �

�
�

)UDQFHVFD�&$6$/,12�
'RPHQLFR�*8,'$�

�



����
�

$SSOLFDWLRQ�RQ�D�FDVH�VWXG\�H[SHULHQFH

7RQLD�0DUWLQD�$0%526,12�
'RPLQLND�&5,67,$12�
)LORPHQD�(6326,72�

�
�
�
�
�

� �
� �
�
�

�

0DULD�5RVDULD�7$1=,//2��
5RVDQQD�,$11,(//2�

�
� �

� �

� �

&DWHULQD�'·$/7(5,2�
'DYLGH�*,$11,1,�

�

� �



����
�

(OLDQD�%$5%(5,2�
/XGRYLFD�&(67$5,�

�

� �
� �
� �
� �

(WWRUH�$9(//$�
6DOYDWRUH�0DULD�6(%$67,$12�

�

� �
� �
� �
� �

%HUQDGHWW�%5,2�
0DUWLQD�&267$17,12�

�



�

5RVDULD�,$&2921(
$QQDOLVD�9$/(17,12

$QGUHD�)(55$5,
&KLDUD�/25(//2

6HUHQD�%58&&2/,(5,
(PLOLD�)$9$

9LQFHQ]RPDULD�6&8',(5,

5RVDULD�,$&2921(�
$QQDOLVD�9$/(17,12�

�
� �
� �
� �

$QGUHD�)(55$5,�
&KLDUD�/25(//2�

� �

� �

� �

� �
6HUHQD�%58&&2/,(5,�

(PLOLD�)$9$�
9LQFHQ]RPDULD�6&8',(5,�

�

$SSOLFDWLRQ�RQ�D�FDVH�VWXG\�H[SHULHQFH

�

$SSOLFDWLRQ�RQ�D�FDVH�VWXG\�H[SHULHQFH ����$SSOLFDWLRQ�RQ�D�FDVH�VWXG\�H[SHULHQFH



����
�

$OHVVLD�&8&&858//2�
)UDQFHVFR�',�%5,*,'$�

�

� �
� �
� �
� �

$OHVVDQGUD�6$&&2�
)UDQFHVFD�6$11,12�

�

� �
� �
� �
� �

5RVVHOOD�&2==2/,12�
(ULND�'(�$1*(/,6�

5REHUWR�'(�127$5,67()$1,�

�



����
�

$SSOLFDWLRQ�RQ�D�FDVH�VWXG\�H[SHULHQFH

*DHWDQR�266$0(�
$QJHOD�3$5,6,�

/XLJL�9$1*21(�

�

� �
� �
� �
� �

/DXUD�)$&&+,1,�
&DWHULQD�*5$9,1$�

�

�
�
�
�
�
�
�
�
�
�
�
�
�
�



�
�

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�



 
 

 
 
 

 

 

 
 
 
 

 
 

 
 

List of Authors

ANTONIOU Dimitris

Architect NTUA, MA, MRE

Assistant Professor, Dept. of Architecture, Polytechnic 

School, University of Patras, Greece

BUONINCONTI Luca

Department of Architecture of University of Naples 

“Federico II” - ITALY

CASTALDO Michele 

Executive “Assocanapa Coordinamento Nazionale per la 

Canapicoltura in Itssxdxalia” In collaboration with the 

farm “Iocanapa S.r.l.”

DE JOANNA Paola

Associate professor at the Department of Architecture, 

University of Naples “Federico II” - ITALY

DIMOPOULOS George 

Architect Engineer, A.U.T., Dr. Engineer, N.T.U.A.

FRANCESE Dora

Full professor at the Department of Architecture, 

University of Naples “Federico II” - ITALY

KONTAXAKIS Dimitris 

Assistant Professor, School Of Architecture, Aristotle 

University Of Thessaloniki, Greece

MACIEIRA Raquel  

Faculty of Engineering, University of Porto

MENDONÇA Paulo

Lab2PT, University of Minho

PONE Sergio

Full professor at the Department of Architecture, 

University of Naples “Federico II” - ITALY

SYMEONIDOU Ioanna 

Assistant Professor, School Of Architecture, University Of 

Thessaly,Volos, Greece

TSINIKAS Nikos P. 

Professor Emeritus, School of Architecture, Aristotle 

University Of Thessaloniki, Greece

VACCARO Giuseppe

Ph.D. Architect and Research Fellow at the Department of 

Architecture (DiARC) of University of Naples “Federico II” - 

ITALY



�
�

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�


