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The abundance of vertical surfaces in urban environments and their use for green
installations have been of great interest in the architectural community. This
paper discusses how vertical gardens and urban farming can be spurred on and
enabled by two emerging fields of investigation: Material Science and the
Internet of Things (IoT). This paper discusses how two emerging strategies, smart
materials and novel sensing and actuation systems linked to the IoT, can facilitate
the creation of a stable environment or zone along architectural facades for the
creation of new ecosystems. Furthermore, this paper will contemplate future
trajectories for the integration of living matter into buildings and propose an
open source database that will facilitate the exchange of collected data and
knowledge to spur on further developments.
Keywords: Microalgae, Nanotechnology, Internet of Things, Bio-Enabled
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INTRODUCTION: BIOMIMICRY AND BIOENABLED SYSTEMS
Biomimicry in architectural design has enjoyed a lot
of attention in recent years and is now going beyond
the adaptation of geometric and formal similarities
(Brownell et al. 2015). The performative adaptation
of biological systems is inspiring smart building systems (Park et al. 2013) that are emulating biological processes and are incorporating them into active
and reactive building components (Decker 2015).
To counteract the negative eﬀects of unsustainable
building practices, and to alleviate their impact on

an increasingly fragile natural environment, designers and scientists alike are looking towards biological
systems and processes once more for inspiration.
Biomimetic artiﬁcial leaves that strive to match
the performance of photosynthesis in plants are being developed. The solar-to-fuel converting devices
are using solar powered catalytic processes that are
inspired by the complexity of photosynthesis that
has evolved over millions of years. Though the developments are very promising, scientists are constantly trying to improve the eﬃciencies of these devices while using earth-abundant materials to con-
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Figure 1
Hydrogel at various
Stages of Water
Absorption, tested
at the Material
Dynamics Lab.

vert widely available resources such as CO2 and water into renewable fuels (Joya et al. 2013).
Rather than emulating biological processes,
other investigations are driven by bio-enabled strategies that directly integrate biologically derived matter or even living organisms. Examples, demonstrative of this strategy on the scale of products and devices, include another artiﬁcial leaf design that incorporates biologically derived chlorophyll into a soft
material matrix (Koo et al. 2011) or the Phillips' light
ﬁxture that is making use of bioluminescent bacteria
that emit a soft glow in dark conditions [1].
In Architecture we can build on a rich history
of both strategies for centuries. Biomimicry for esthetic and decorative features have been mentioned
in Vitruvius' deliberation on the origin of biomimetic
ornament design and the inspiring features of the
acanthus plant (Vitruvius and Morgan 1960). First examples that are indeed integrating plant life into architectural environments may be found referenced
as early as in the example of the Hanging Gardens
of Babylon. Even though little references remain of
the description of the Hanging Gardens they have
been said to consist of a series of green roofs and terraces, resembling lush mountain surroundings (Clayton 2013).
Contemporary green roofs are being praised for
their positive eﬀects on urban ecologies. They are
being recognized to improve air quality (Speak et al.
2012) and boost the thermal performance of roof assemblies (Niachou et al. 2001) , and can alleviate the
urban heat island eﬀect (Santamouris 2014). They
provide green space for human use and support biodiversity and wild live in city settings (Brenneisen
2006). They also have a great potential to contribute

to urban agriculture and food production (Specht et
al. 2014).

FROM HORIZONTAL TO VERTICAL INSTALLATIONS
The same positive eﬀects on cities that are attributed
to green roofs, can also be true for green walls. One
of the major challenges that green walls face in comparison to the horizontally planted structures is that
moisture retention is notoriously inadequate due to
gravity induced runoﬀ of water and nutrients. Advancements in the material science that have been
greatly spurred on by nanotechnology are oﬀering
solutions for new green roof assemblies that can
greatly inﬂuence the development of plant life.
Figure 2
Hydrogel
Evaporation Study.
Credit: Material
Dynamics Lab.

Hydrogels that can hold between 400 to 1400
times their own weight in water (Abedi-Koupai et al.
2008) (see Figure 1) have been proven to support
plant life on green roofs especially during the early
growth stages (Savi et al. 2014) . In a series of studies that are currently conducted at the Material Dynamics Lab [2] at the New Jersey Institute of Technology, the application of these smart materials is being
studied in order to sustain vegetation in vertical arrangements. While early test results seem promising,
the hydrogels that expand in the presence of water
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Figure 3
Microalgae
Samples. Credit:
Material Dynamics
Lab.

(Figure 1) have a bigger potential as a supporting feature for vertical vegetation arrangements. Since natural precipitation is rarely driven towards the vertical
structures more elaborate irrigation systems are still
necessary, even though the emergent material can
assist in reducing the loss of moisture due to evaporation. (see Figure 2)
Successful green wall installations such as the
vertical plantings of Patrick Blanc's Mur Végétal [3],
ensure the growing of ornamental plants through a
quite extensive irrigation system that has to be utilized to maintain a livable environment for plant life
(Gandy 2010). Blanc's work, akin to hydroponic systems, features continuously circulating water and nutrients through a vertically installed felt structure that
is substituting the earth and soil that plants usually
rely on.
Water retention is only one of the challenges
that we face when integrating living matter such as
plant life into the architectural context. The diﬃculties lie in the placement of the organisms under new
and sometimes entirely artiﬁcially controlled environmental conditions. Organisms that have evolved
over millions of years, integrated in very speciﬁc
ecosystems, often resist being subjected to relocation. In order to establish the conditions that are necessary to sustain life in a façade system the environment has to be controlled quite precisely.

MICROCLIMATES AND CLIMATE CONTROL
To establish a boundary layer ecosystem between the
surrounding climate and the human interior climate,

calls for careful consideration of all constituencies.
In architecture, we can build on a rich history of climate conscious building practices and special attention has to be given to how buildings can mediate between the ﬂuctuating conditions of the exterior surroundings and an ideally stable interior climate. The
cyclical movement of the sun and insolation in particular greatly inﬂuences many design decisions such
as location, orientation, or the shape of the building.
With these passive techniques the building itself is instrumental in shaping its own microclimates.
The advent of HVAC (Heating, Ventilation and
Air-Conditioning) systems has led to manufactured
interior climates and environments that can be
mostly independent from the location of the building, its climatic zone, or the time of day. One of the
ﬁrst built examples that features a successful cooling
system was the New York Stock exchange (Nagengast 1999), designed by Alfred Wolﬀ in 1901. This
building aspired to create an interior environment
that is "superior in atmospheric conditions" in comparison to anything that existed at the time (Wolﬀ
1901). Since this early air-conditioning engineering
milestone, the access to cheap energy from fossil
fuels and the further development of sophisticated
HVAC systems play a signiﬁcant role in the energy
consumption in buildings, which makes for roughly
40% of all the energy that is being produced in the
United States (United States Energy Administration,
DOE 2014).
Through next generation façade technologies
that have the capability to control shading systems
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Figure 4
Scenedesmus in
Photobioreactor.
Credit: Material
Dynamics Lab.

and ventilation, we have been able to gain even more
control over the interior environment without having to rely as heavily on contemporary HVAC systems
that are known to be energy intensive. Many of the
early dynamic façade elements that can mediate between interior and exterior conditions are currently
driven by pre-set schedules (Krietemeyer et al. 2015).
New technologies are being developed at the University of Syracuse that hold the promise to not only
stabilize the interior climate, but can also cater to the
speciﬁc needs of the individual users (Krietemeyer et
al. 2015). Besides the mitigation of heat gain, daylight and views, the system would also have to accommodate the needs of the integrated living matter
in a bio-enabled façade system. Green wall ecosystems require for example speciﬁc temperatures, light
exposure, and supply of other resources such as nutrients, carbon dioxide, or oxygen. Human expectations on the other hand also have to be met on the
interior. The input parameters of both user groups
have to be in constant negotiation with climatic conditions that ﬂuctuate seasonally and diurnally and
have been increasingly hard to predict due to climate
change.

MICROALGAE IN THE ARCHITECTURAL
CONTEXT
Photobioreactors (Singh 2012) that are used in the
farming of microalgae (Figure 3) for example create a
very speciﬁc ecosystem that are slowly ﬁnding their
way into the urban setting (Hemmrich et al. 2014).
When the photosynthetic organisms are being cultivated in architectural context a constant and ﬁnely

tuned supply of water, nutrients, light, and CO2 is
of the utmost importance. Crop yields can also be
greatly inﬂuenced by temperature ﬂuctuations or hydrodynamic forces within the reactor.
Figure 5
Scenedesmus in
Bioreactor on Day
10 of a 14 Day Grow
Cycle. Credit:
Material Dynamics
Lab.

Emergent investigations are envisioning the beneﬁts
of integrating microalgal photobioreactors directly
into the constructed environment (Prokssh 2013) in
order to capitalize on the symbiotic potential between the photosynthetic organisms and the human
users. In closed loop systems, the carbon dioxide
contained in the building's exhaust can be utilized to
supply the bioreactor which in turn can provide the
building with oxygen. Algae that is being said to signiﬁcantly contribute to earth's oxygen supply has the
potential to bring us one step closer to carbon neutral architectures. A building's greywater can serve as
the water and nutrient supply for algae in the bioreactor. Instead of being considered waste, the building's greywater can be utilized to purify water on site.
Furthermore, much like the green walls, the algae reactor panels can serve as a thermal buﬀer when ap-
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plied in a double skin façade system. Besides the potential to mitigate the negative eﬀects of unsustainable building practices, the bio-enabled façade systems are being scrutinized for their capacity to aid in
the production of renewable energy, or as new future
food and feed supplies.

CASE STUDY PROTOTYPE
In a case study conducted at the Material Dynamics
Lab at the New Jersey Institute of Technology the potential integration of algae in a façade system is being scrutinized. The design experiments speciﬁcally
look at the use of ﬂat panel reactors applied in a double skin façade system. Integrating this very speciﬁc
ecosystem in the building context has a great impact on the overall translucency and transparency of
a building skin.
Figure 6
Algae Bioreactor in
Test Environment at
the Material
Dynamics Lab

Figure 7
Photobioreactor
Test Setup. Credit:
Material Dynamics
Lab.

The fabricated prototypes consist of a test environment that allows for the monitoring of translucency
as well as transparency (see Figure 6). It integrated
two bioreactors that are designed to swivel by 90
degrees to rotate the reactor into position for maximum light irrigation of the algae medium or to allow
the human users access to views and direct sunlight
at times. Scenedesmus, a genus of green algae was
tested in this reactor, that requires roughly a 14-day
cycle before the algae solution is mature enough for
harvest. In the beginning stages of the grow cycle,
the algae solution appears nearly clear before turning dark green near harvest (see Figure 4) Depending on the grow cycle, daylight penetration as well as
varying quality of views have been the main concern
of this ﬁrst study.
To monitor the environmental conditions, this
design experiment that was conducted under laboratory conditions has integrated a series of sensors and
actuators into the prototype. Four lux sensors are utilized in this design experiment. One is placed in the
interior of the test environment, two sensors are directly located on the reactor panel sensing the light
levels through the algae medium, and a control sensor is located on the outside of the reactor measuring the incoming light before it enters the prototype.
The RGB sensors are monitoring the interior light distribution of the environment.
The experiment explores a platform that allows
for the integration of the prototype into the Internet
of Things (IoT). This setup is well suited for the necessary sensor monitoring and data logging as well as
device automation and orchestration, to facilitate the
ecosystem controls necessary to maintain the health
of the algae colony. A major beneﬁt of this setup is
that it allows researchers to access the environment
remotely.
The platform includes a Raspberry Pi SD-Card image that serves as the hub of the system, which boots
to a fully conﬁgured Linux system. This system provides essential services such as data storage, graphing, and analysis along with an easy to use visual programing environment. The provided SD-Card image

MATERIAL STUDIES | Applications - Volume 1 - eCAADe 34 | 607

includes a number of useful preconﬁgured services: a
web-based visual programming tool (Node-Red [4]),
(see Figure 8) a web-based graphing tool (Grafana
[5]), a timeseries database (InﬂuxDB [6]), a communication server (Mosquitto [7]), and an auto-discovery
service (Avahi [8])

bandwidth overhead. The various sensors, that include lux, RGB, temperature and humidity sensors,
publish their data to various topics, such as "bioreactor/1/interior/left/lux".
Finally, the Avahi auto-discovery service allows
the sensors to locate the Raspberry Pi computer on
the local network and connect to it. This tool is invaluable for a timely setup, as no hardcoded IP addresses are involved. The sensors as well as actuators can be simply attached and will start communicating. All user-facing systems run in a web browser
and can be potentially used on any local computer
or mobile smart device. The sensors and actuators
in the presented prototype use microcontroller systems that are capable of internet connectivity such as
the ESP8266 [10] system-on-chip. In a future development of this prototype setup, a necessary update
will add security and authentication to enable internet access of the graphing and programming tools.

Figure 8
Node-RED
Interface.

PRELIMINARY TEST RESULTS
Node-Red (see Figure 8) can be described as "a visual
tool for wiring the Internet of Things" [4]. It provides a
drag and drop interface to conﬁgure the behavior of
the prototype by facilitating the control of actuators
operating the swivel function of the bioreactor. The
various sensors that monitor the environment are
placed onto the Node-Red canvas, allowing it to direct its data through various operations like smoothing or sending it to be stored in a database. The utilized InﬂuxDB timeseries database that receives the
environmental data is designed from the ground up
to store and query temporal information. The web
based graphing tool Grafana connects to InﬂuxDB to
display the live data inside any web browser.
Furthermore, the communication protocol
MQTT [9], which is a publish-subscribe communication protocol originally developed at IBM, was utilized. MQTT is particularly well suited for the communication between the sensors, actuators, and control
software, since it was designed with low-power, lowbandwidth devices in mind and hence has minimal

Figure 9
Light Condition in
the Test
Environment
depending on
Growth Cycle
documented at the
Material Dynamics
Lab.

The data that was collected during this early laboratory testing stage (See Figure 10) was mainly focused
on the varying lighting conditions in relationship to
the geometric conﬁguration of the reactors. The preliminary ﬁndings show that upon rotating the ﬂat
panels away from the ideal relationship to the light
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Figure 10
Bioreactor Test
Data: Credit:
Material Dynamics
Lab.

source an immediate drop of the light levels within
the reactor is observed due to the speciﬁc geometry of the reactor frame. Furthermore, the light intensity inside the reactor was not even due to the frame
details of the ﬂat panel reactor as well as some algal
residue on the reactor's interior. The conditions on
the interior of the test environment respond to the
panel rotation at ﬁrst with a slight drop in the lux levels due to the opaque framing detail of the reactor,
which is followed by a rapid increase once the panel
is rotated by more than 40 degrees.
The testing cycle was repeated during the various stages of the algae grow cycle as shown in Figure 10. The collected data clearly showed that the
density of the algae colony had a great impact on the
light levels inside the testing environment.

DISCUSSION AND FUTURE OUTLOOK
Architectural simulation software could have
brought on similar results if the bioreactor was an
inert and static material. This experimental set-up
is designed to achieve long term testing of the integration of living organisms. The long term studies
that are being currently conducted at the Material
Dynamics Lab is observing the growth of microalgae
in the test environment, simulating a series of conditions that might arise in the architectural context.
Each test includes a full 14-day growth cycle from
incubation to harvest. Various settings that are simulating southern, northern, and western exposures
are going to be tested. This will help explore the algal
growth rate under the varying conditions and document the impact on interior spaces simultaneously.
The integration of the architectural prototypes with
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the IoT is of great importance to the success of this
study. It not only enables an eﬀortless way to collect
data it also allows for remote management and monitoring of the lifeform. Even though microalgae are
considered to be among the fastest growing, most
eﬃcient and adaptive organisms on the planet, the
attempts of integrating them into buildings holds its
challenges. Through the remote control and access
to the testing data, immediate action can be taken
if the test setup is compromised. This is particularly
useful since any malfunction of the reactor can lead
to an immediate algae die-oﬀ.
The ﬁrst round of tests has been conducted with
scenedesmus, while spirulina, callithamnion, and
nannochloropsis will be observed at a later time. The
various species of algae are very diﬀerent in appearance (Figure 11) and hence will have a very unique
impact of the interior lighting levels. Furthermore,
we will look at in situ test setups that will move the
study out of the laboratory testing stage.
In the design toolkit for adaptive and reactive
façade systems, great importance has been given to
the maintenance of homogenous interior environmental conditions. Most recently studies that strive
to include comfort and control of the individual on
the interior have emerged (Krietemeyer et al. 2012)
that will allow users to inﬂuence the visual and thermal quality of the building. By integrating living organisms into the building envelope the complexity of
the interaction protocols that will negotiate between
all the constituencies will increase signiﬁcantly. The
needs of the integrated lifeform will have to be better
understood before such an undertaking can be successfully tackled.

Figure 11
Microalgae
Incubators at the
Material Dynamics
Lab. From Left to
Right :
Nannochloropsis,
Spirulina,
Scenedesmus,
Callithamnion.

CONCLUSION
Whether we are integrating smart materials such as
hydrogel or living organisms such as algae into the
architectural context, we need to become accustom
to testing and veriﬁcation in our explorations. Smart
materials and living organisms both react to external stimuli that arise in the architectural context and
are greatly inﬂuenced by changing seasons or diurnal
ﬂuctuations.
While addressing energy eﬃciency in the constructed environment the design process has been
greatly enhanced by modeling and simulation tools.
However, evidence suggests that one of the major
problems that the building industry encounters today is that our building stock often does not perform as it was expected or designed to (Demanuele
2010; The Carbon Trust 2011). The so-called performance gap between predicted energy eﬃciency in
buildings and actually achieved outcomes has been
of increased concern (Menezes et al. 2012; de Wilde
2014). With the rise of available automated meter
readings in architecture to verify the energy consumption of buildings the performance gap is becoming more and more evident. But the lack of tracking the performance of individual building components is contributing to the problem (Menezes et al.
2012).
The integration of individual building components with the IoT can be an invaluable tool for architects and researchers that will enable the creation
of new knowledge in the ﬁeld of architecture.
The research that is being conducted at the Ma-

610 | eCAADe 34 - MATERIAL STUDIES | Applications - Volume 1

Figure 12
Spirulina - End of
Growth Cycle
documented.
Credit: Material
Dynamics Lab.

terial Dynamics Lab is integrating prototypes into
the IoT as a ﬁrst step in this development process
that will enable us to address the performance gap
in complex building systems. Through publishing
the real time test results in the next testing phase
this approach may become an invaluable tool for researchers and practitioners and aid in the creation of
new knowledge for the ﬁeld of architecture.
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