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The research studies the making of a responsive architectural envelope based on
bi-materials. The bi-materials are organized according to a method that
combines different isotropic metals and plastic into an active composite structure
that reacts to temperature variations. Through an evolutionary search procedure,
the combination of materials and their bonding temperature is found in relation
to the envelope effect on a thermal environment inside a defined space. This
allows the designer to articulate dynamic composites with time-based thermal
functionality, related to the material dynamics, environmental dynamics and
occupancy dynamics. Lastly, a physical prototype is created, which illustrates the
physical expression of the bi-materials and the problems related to manufacturing
of these composite structures.
Keywords: Responsive Envelope, Environmental Simulation, Evolutionary
Algorithms

Introduction
Architecture needs to address the climatic environmental issues - among others, those raised by local
governments (Klimakommisionen 2010) and international organisations (IEA 2009; IPCC 2014), emphasising that the negative impact of the building industry on the natural environment must decrease. Studies examining new levels of sustainable standards
imposed by governments show that conventional,
'static' buildings cannot meet the energy demands
that are involved in reaching the benchmark energy
levels of the building fabric (Winther et al. 2009). Additionally, studies demonstrating the relevance and
need for humans to be in contact with the natural en-

vironment, perceiving the rhythms of days, seasons
and years, have been well-documented (Ulrich 1984;
EPA 1991; Fich 2014). This suggests that humans
desire to 'read' the intervention of the environment
within the buildings they occupy. Besides the mental and physical health of people in buildings, the
change of a building's appearance anchors the building to its context, supporting the localisation and
expression of an architecture and thereby increasing the readability of architecture to the observer
(Frampton 1983; Mostafavi & Leatherbarrow 1993).
Such a perspective on architecture was posited by
Jonathan Hill, who stated that the development of an
architectural design arrives from the 'co-production'
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of construct and environment (Hill 2012). Similarly,
David Leatherbarrow asserted that a building is never
ﬁnished, as the material processes undergo continuous change (Leatherbarrow 2009). This allows us to
suggest that there are at least three aspects at work the environment, the construct and the human in the
ongoing construction of architecture, which in a reciprocal process aﬀects humans, constructs and environments. In order to address the aspect of an increased sensation of the environment, this study examines dynamic responsive methods.
Previous solutions for dynamic systems in architecture are rich in terms of the range of solutions presented, from automated conventional window blinds for industrial products to a multitude of
mechanical systems (Hoberman & Schwitter 2008),
semi-mechanical/material systems (Foged & Poulsen
2010; Foged et al. 2010) and fully material-based systems (Hensel & Menges 2006; Hensel 2010; Menges
& Reichert 2012). The latter examples, strongly emphasising the hygroscopic properties of wood, have
been heavily investigated by the listed authors and
many others, leading to similar studies and results of
a bending behaviour of thin layers of plywood veneer, varying according to levels of humidity. While
studies based on wood structures are based on the
anisotropic material properties, other studies have
previously been presented based on physical models of combinations of isotropic materials forming
anisotropic composites (Pasold & Foged 2010; Foged
& Pasold 2013). This study focuses on the relationships and responsiveness between diﬀerent thermal
environments, and how these are articulated based
on evolutionary processes. Through this approach,
a potential arises for creating multi-material compositions that are powered by the weather and instantiated by the relations between material properties
and the exergy situated in the local thermal environment. Acknowledging the need for responsive, dynamic systems in architecture that are constructed of
durable material assemblies allows the development
of long-lasting constructions, which in turn is considered an important component in buildings that will
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be exposed to the wear and tear of the climate. This
approach is chosen over mechanical, motorised solutions, which tend to require complex geometric parts
and mechanical systems with short life cycles. In addition, the often large quantities of moving parts create friction, wear and tear, and increased risk of high
maintenance or early lack of functionality. This approach is also selected over the use of thin, wooden
veneer constructs, as these seem to be fragile when
exposed to the climate over longer periods of time.
They also appear less instrumental in conﬁguration,
based on numerous studies, cited by the aforementioned authors, that show the same results of bending behaviour.
The background for potential solutions is thus
based on the previous studies by the authors in relation to thermal assessment, evolutionary processes
and the combination of a selected range of metals and plastics, their bonding temperature, the respective geometry of the bi-materials, and the conﬁguration of bi-material elements across the architectural envelope surface. In the present study,
the aforementioned variables related to bi-material
composites are investigated with the aim of understanding the interrelations of the material composite, the impact of thermal sensation experienced by
humans through the workings of the responsive bimaterials, and the way these factors relate to a speciﬁc climatic environment. The intention of the inquiry is to move beyond an architectural research of
isolated material studies, into the interdisciplinary,
architectural-engineering scale of material mechanics, environmental eﬀects and human-related perceptions of temporal responsive architectural constructions. In the present study, time as a factor is
explicitly integrated as the property and combined
eﬀect of each factor; materials, environments and
humans are only understood over time (Hawkins &
Blakeslee 2004). Hence, this study focuses on the
interactions and relationships, which suggests an
instrumental approach to the integration of timeactive elements. The research objective is pursued
through the integration of a set of computationally

simulated processes: (1) simulation of bi-material behaviour, (2) simulation of thermal sensation based on
extended methods, with origins in Fanger's method
of thermal comfort, and a (3) simulation of an evolutionary process that correlates environmental dynamics, material dynamics and human behavioural
and physiological dynamics. Through these studies,
the inquiry asks: How can behaviour be embedded
into architectural constructions that consider environmental and human concerns? How are methods
and constructs prescribed to correlate between the
three interrelated agents of environment, construct
and human to articulate architectures within a local
context, while also improving the constructed thermal environment for humans? How are evolutionary processes prescribing the correlation of dynamic
systems rather than ﬁnding steady-state, ﬁxed optimums for an average state?

Methods
The research uses three computational models combined, including the simulations mentioned above.
In order to implement the dynamics of each aspect, custom-programmed modules of each simulation have been created in C# for integration into the
Grasshopper software plug-in for the Rhino environment, developed by McNeel Software. Speciﬁcally,
modules have been created to simulate the bending behaviour of bi-material composites and the thermal sensation of humans in a given space, based on
Fanger's equations (Fanger 1970), with updated aspects added to their original form. A standard genetic algorithm (SGA) has also been applied. In addition, DIVA (developed by Solemma LLC), which is
based on the Radiance engine, has been used for initial design experiment studies to calculate irradiance
levels during the sensitivity analysis of bi-material
compositions.
Parametric Model. Three types of metals, Corten
steel, copper and aluminium, and one type of plastic,
polypropylene, have been selected as the basis for
creating composites. The metals have been chosen
based on the criteria of general availability in archi-

tecture, implementation and proved endurance as an
architectural material, and behaviour in response to
thermal changes. Polypropylene has been selected
for its general availability, low price, reﬂective surface
when applied as white, and high thermal expansion
behaviour. The calculations of bending behaviour
are described analytically by the equations (Kanthal
2008):
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The equation includes the variables of the thermal
expansion coeﬃcient, Young's modulus, an expression of elasticity, and geometric dimensions, determining the expansion of the singular materials and,
when created as a composite, forming the bending
behaviour due to the relative diﬀerence in elongation
between the materials. The bending geometries are
then arranged in an array, which creates a surface element that can be conﬁgured as an architectural envelope surface by arraying the elements enabled by
its 1:2 format.
Environmental Simulation Model. Towards an
understanding and integration of environmentalhuman simulation in architecture, the research looks
beyond single-factor studies (Malkawi 2005), such as
isolated daylight factors, insolation levels and air velocity levels. These are, instead, combined through
the integration of previously described comfort temperature equations. Of particular interest to this work
is the radiant temperature factor, determined by the
mean radiant temperature, which in turn is determined by the insolation values. The latest research
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illustrates the increasing importance of this aspect
(La Gennusa et al. 2005; La Gennusa et al. 2007;
Khamporn & Chaiyapinunt 2013) in relation to the
thermal comfort of humans. This in turn promotes
the relevance of implementing dynamic constructs
in architecture in relation to human thermal sensations and eﬀorts to meet future energy demands
set by legislation. The calculations of thermal comfort reach a level of detail that integrates the heat
exchange through the respiratory system and evaporation through the skin to the human's physical
position and posture in the room.
Evolutionary Model. To employ the approach of a
discernible design progression towards material and
environmental dynamics in architecture, the study
applies a search procedure based on a standard evolutionary process via a genetic algorithm. This study
investigates, in relation to the evolutionary process,
the description of a ﬁtness function for thermal sensations in architecture, which searches time-variable
dynamics.

To determine the time-based search function for the
design experimentation below, an initial study of
an architecturally responsive construct based on bimaterials is conducted. These studies have been conducted with the intent to understand the sensitivity
of each variable in relation to the degree of composite deﬂection. Figure 1 illustrates the bending behaviour of bi-material composites with a length of
300 mm as a function of temperature change, varying from 0 to 40 degrees Celsius in 'binding' temperature, the temperature at the time of merging the materials into a composite structure. It is clear through
this initial sensitivity study that the largest impact on

452 | eCAADe 33 - Material Studies - Volume 2

bending behaviour is induced by temperature variation in accordance with the thermal expansion coefﬁcient of the individual elements. This results in relatively large diﬀerences in deﬂection degree between
the composites used.
To study this further a computational model is
developed, with an unobstructed, south-facing surface, located in Copenhagen, Denmark, with dimensions of 600x1200mm and populated with 81 bimaterial 'strips', each with a length of 300mm and a
width of 30mm. The structure was situated in front
of a glass pane, which is situated in a closed box to
block diﬀused solar energy. Insolation is simulated
on the glass pane as a function of a temperature
range between -12 and 12 degrees Celsius. Interestingly, there is very little diﬀerence in insolation values, despite the diﬀerence in deﬂection between the
composites. As the graph of the simulation results
illustrates in ﬁgure 2, the insolation is highest when
the temperature diﬀerence is 12 degrees Celsius, lowest when 0 degrees Celsius, and relatively high at 12 degrees Celsius. In addition, this illustrates that,
while the composite has the ability to bend in 'positive' and 'negative' directions from its planar state,
the insolation levels in relation to geometric positions are not symmetric.
The sensitivity analysis showed (ﬁgure 2) that
only negligible diﬀerences could be observed between diﬀerent composites in relation to irradiance
and, therefore, only negligible eﬀects on thermal
sensation were seen. Contrary to this, the eﬀect
of temperature when binding or gluing the materials together in relation to a given thermal environment has a high impact, as the gluing temperature
sets the 'zero' position in which the composite is planar, thereby shutting the underlying space oﬀ from
the solar energy. From this, it can be deduced that
the diﬀerence between the gluing temperature and
the temperature of the external environment produces the largest impact on a given bi-material deﬂection, resulting in a given irradiance value, again
resulting in the eﬀect of thermal sensation. The calculated operative temperature and calculated com-

Figure 1
Sensitivity analysis
of bi-material
composites as a
function of
temperature
variation with the
objective of
understanding
geometric
modulation and
expressive
articulation, with
the geometry
viewed in section

Figure 2
Sensitivity analysis
of bi-material
composites as a
function of
temperature
variation, with the
objective of
understanding
insolation energy
transfer through
the dynamic
responsive bending
envelope.
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fort temperature based on the radiant contribution
are then creating two 'positions' in a solution space.
From this, an objective vector can be described, representing the ﬁtness of a given solution at a given
point in time, given that the vector is based on the
material and environmental conditions at a speciﬁc
point in time. This search formulation and environmental simulation allow that the study has accessed
multiple relevant output values (operative temperature, comfort temperature and PPD) that can be described as search objectives for the evolutionary process, with only one input variable, the 'bonding' (gluing) temperature. This reduces the decision space to
a minimum and consequently increases the solutionﬁnding speed. As an example, a scenario could be
described for a sports hall, setting the variable of the
metabolic rate to 2.1 and the clothing rate to 0.8. This
in turn speciﬁes the conditions for a search procedure
determining a thermal condition at a speciﬁc time or
time period, such as minimising the predicted percentage dissatisﬁed across the day. In this study, either a singular objective vector is used for a speciﬁc
steady-state time point, or a summation of vectors is
used, if a time period is integrated. This is done by
an 'preference-based-weighted-sum' ﬁtness function
allowing a multi-objective (Deb 2009) search by clustering the summation of objective vectors and search
solutions for each of them simultaneously. This is appealing, as it potentially enables the capacity to devise a dynamic material construct not only in relation
to environmental and material dynamic properties,
but also in relation to dynamic human behavioural
properties. The application of this method is shown
in due course.
∑
f1 = n
i=m vs =
(3)
vm + vm+1 + . . . + vn−1 + vn
∑
f1 = n
i=m vs =
[(v1m + v1m+1 + . . . + v1n−1 + v1n )+
(v2m + v2m+1 + . . . + v2n−1 + v2n )]
(4)
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Design Experimentation
Computational experiments on the thermal sensations in relation to environmental dynamics and material dynamics are conducted based on a summer
day in Copenhagen, with a south-facing building surface (see ﬁgure 3) allowing the irradiance and insolation data to be obtained from the sensitivity analysis above. The graph below (see ﬁgure 4) illustrates
the external temperature for each hour, with values
obtained from the U.S. Department of Energy (DoE,
2014). Relative humidity is set to 55 percent, air velocity to 1 m/s, and ambient temperature to 21 degrees Celsius. These can be dynamically modiﬁed.
However, throughout the design experiments, the
same setup is maintained. Metabolic rate and clothing rate are modiﬁed in the experiments below, while
mean radiant temperature is calculated based on the
integration of insolation values by deﬂection of the
bi-material composites. From this, it is possible to
compute various data, including comfort temperature, operative temperature, predicted percentage
dissatisﬁed (PPD) and gluing temperature, as shown
in the output graphs of ﬁgure 4. This provides the
designer with immediate visual feedback on the different benchmarks related to thermal sensations perceived.
Figure 3
Computational
model of the
responsive façade
by an array of
responsive
elements.

As a design experiment and an exempliﬁcation of
the method and model, two diﬀerent spatial programmes are deﬁned by being used during the
morning hours for sport activities and later for activities performed while sitting at a desk. This represents two human activities with very diﬀerent con-

Figure 5
Full-scale prototype
of Corten steel and
Polypropyene
composite and
Aluminium and
Polypropylene
composite in the
dimension
600x1200mm as
elements that can
be directly
mounted on glazed
facades.

sequences for the perception of thermal sensation.
Seeking to accommodate one of the two spatial activities results in one binding temperature, while the
multi-objective search to 'satisfy' both activities results in another (see ﬁgure 4). The evolutionary
search objectives and variables are deﬁned by:

ulation (Leatherbarrow & Mostafavi 2005; Mostafavi
& Leatherbarrow 1993).
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f2(glue,rot) = OPtemp
0 ≤ glue ≤ 30
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0 ≤ rot ≤ 1



mutation
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0.2
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50
(5)

Results
With the intention to study correlations between a
dynamic thermal environment, a dynamic material
construct and a dynamic human occupancy through
evolutionary search processes, the following ﬁndings
were derived: (1) The bonding temperature of the
composite structure has the largest impact on behavioural properties. This aspect enables a new instrumental matter variable in terms of embedding
behavioural properties into responsive composites,
besides the known factors included in the equations
describing bi-material bending behaviour. (2) The
developed method and model allow the search for
temporal material behaviours, which are oriented
towards a time-based integration of environmental
sensations. This aspect enables the design method
to correlate diﬀerent spatial programmes and integrate, in turn, the ability to articulate thermal-based
responsive envelopes in closer connection with the
spatial programme of the building. The embedding
of speciﬁc behavioural characteristics thus points
to the notion of 'programming' material behaviour
without electronic microprocessors. (3) The method
illustrates an approach to a continuous depiction of
the environmental impact on architecture and, from
this, its impact on articulating thermal environments.
This ability is considered a higher architectural artic-

Conclusions
For a dynamic, responsive system in buildings,
the matter organisation suggests an approach of
isotropic and durable solid material composites.
These properties have a tendency to conﬂict with
the sensitivity and material dynamism desired and
needed for interaction between potentially inﬂuencing agents, such as the environment and humans.
However, the bi-material constructs presented have
a distinct and perceivable dynamic expression based
on material characteristics, proposing the capacity
to be modiﬁed and, conversely, modify environments for humans. The presented research illustrates a method by which a designer can embed behaviour into the solid material construct for architectural purposes. The cause of the formation process, is based on the integrated material and the
environmental and human factors that are present
throughout the evolutionary process, the organisation of matter. Due to the model's responsive properties, constantly changing its visual and thermal impact, the cause of the ﬁnal form, can be argued to
be an ongoing articulation. The close relation of the
formation and the ﬁnal form is a way to perceive the
three agents listed above when searching for thermal
sensations intended by a designer. What is shown
is that the architectural envelope is not necessarily a
ﬁxed closure, but a vibrant and dynamic boundary,
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Figure 4
Illustration of
simulated temporal
conditions during
the evolutionary
process, seeking the
optimum ‘bonding’
temperature
between materials
to accommodate
holistic and
time-speciﬁed
intentions of
thermal sensation
(top graph).
Illustration of a
multi-objective
evolutionary
process seeking the
optimum ‘bonding’
temperature
between the
materials to
accommodate
holistic and
time-speciﬁed
intentions of
thermal sensation
(bottom graph).
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as we know it from natural systems (Oke 1987). This
is suggested to move the proposed design method
into time-based, thermally caused sensations as an
architectural aesthetic. This, as stated by philosopher
Martin Heidegger, increases awareness of place and
human embodiment and being through architecture
(Heidegger 1971). The temporal thermal sensations
oﬀered by such a method and model are proposed
here to increase the reciprocity between perceived
environmental, matter and human agencies in the
move towards an architecture that operates based on
local conditions, where the correlation between the
described agencies is created through the description of an evolutionary design methodology. Specifically, behaviour is embedded into the envelope by
the proposed method and model. This allows the designer to design thermal environments that are climatically environment-speciﬁc and adjusted to human behavioural patterns.
Figure 6
Full-scale prototype
of Corten steel and
Polypropyene
composite and
Aluminium and
Polypropylene
composite in the
dimension
600x1200mm as
elements that can
be directly
mounted on glazed
facades.

Discussion
With an increasing level of construction speciﬁcity introduced through the ability to create dynamic constructs that correlate diﬀerent agencies over time, a
decrease in the general application and thus the robustness of such constructions is apparent. The immediate question is, of course, what if the climatic
environment or occupancy patterns change? This is
an important question and must be considered in the
application of the present approach. Some spatial
programmes are said to never change, such as ex-

plicitly dimensioned corridors and the like, but often, spaces are used for unexpected activities with
diﬀerent thermal needs and desires. So, while the
presented method and physical probe (ﬁgure 5 and
6) allow a highly speciﬁed relationship to periodic
changes, search targets may need to be described
for more general conditions in most spaces, in order to avoid a negative eﬀect from unforeseen future occupants due to an over-speciﬁed performance
outset. Responsiveness, then, is not a question of
speciﬁcity, but a measure of how well a model can
integrate and accommodate known and unknown
dynamics. The speciﬁcity of responsive behaviour
is thus to be evaluated from application to application. This is, as shown, possible by the method described above, the 'weighted' search mechanism. Another approach would be to apply highly adaptive
models, which would accept any changes to the dynamics of the climatic environment and the human
occupancy behaviour. Another aspect that could
be addressed in future studies is the diﬀerence between theoretical simulations and the physical behaviour of the probes, and the resulting thermal sensations. This proposal is not intended to change
the statement of this study, but rather to calibrate
and improve the simulations that underlie the computational work described. In this regard, it is important to note that research is currently being undertaken in the engineering sciences (Gram-Hanssen
2010) to better understand the behavioural adaptation to thermal comfort. The ﬁndings from such
studies should be included in future environmentalhuman-oriented architectural probes. Lastly, other
methods for manufacturing anisotropic composites
from isotropic materials could be investigated in future studies, as the manufacturing process of bonding (gluing) sheets of materials together has a series
of challenges not elaborated within this paper. Such
issues include the delamination of layers due to irregularities in the surface cover of the glue, lack of precision when merging the materials into a composite,
and problems controlling the bonding temperature,
which can hinder the manufacture of the composites
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according to the proposed design method. These
manufacturing issues are understood to have caused
the bending irregularities observed in the physical
prototypes (ﬁgure 5 and 6).
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