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This paper focuses on the applications of geometrically
transformable and expandable structures with deployed
“energy production” mode and retracted “wind
shedding” mode to replace the fixed photovoltaic (PV)
panels and racking systems currently used in buildings
rooftop installations.The significance of this expandable
geometric system relies on its embedded motion
grammar, i.e. rotation and translation transformations,
in the system.The research draws inspiration from
reconfiguration of compound tree leaves in nature, and
addresses issues of redesign and modeling challenges
that led to digital fabrication of the prototype. Finally,
the research studies the development of a
multidisciplinary research from the distributed
cognition point of view, and emphasizes on the role of
an iterative creation, sharing and reflection method for
the development of a common ground for a successful
collaboration.
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1. RETHINKING PHOTOVOLTAIC PANELS
Photovoltaic systems have proved to be a successful and affordable method
of energy production in building and urban scale when implemented in
architecture. PV panels can be integrated into roof and façade of new or
existing buildings to generate entire or part of the required residential
electrical energy [1].While there are different available methods to utilize
PV panels in new buildings from the early stages of design, such as buildingintegrated photovoltaics (BIPV), not all of these methods are applicable to
retrofitting existing residential and commercial buildings, which require
installation of PV panels on the current structures. The installation of PV
panels is typically an elaborate and time consuming task in which the panels
are ballasted or attached to over-sized rigid structures to withstand the
possible damage due to wind pressure in severe weather conditions [2].
Moreover, conventional solar panels are typically oriented in a fixed
direction, calculated to optimize the solar energy collection. Recent
research has examined new three-dimensional arrangements for PV panels
to increase the energy gain [3].
While there are many ongoing studies on improving the energy
production level of the PV cells, the form of the PV panels is limited to
certain sizes and shapes due to production and installation efficiencies.
However, the overall efficiency and final cost of the PV systems can also
be optimized through innovative and deliberate design decisions.
Consequently, this research focuses on the pragmatic and aesthetic
reassessment of the current PV panel systems, and proposes a new solution
for an improved system through a multidisciplinary approach.This research
targets issues including structural stability, solar energy gain, and aesthetic
aspects of the system. In this effort, a group consisted of an architect,
structural engineer, mechanical engineer, and biologist collaborated on an
exploration toward the development of an improved system of solar panels
to achieve a higher level of flexibility and adaptability for incorporation into
architecture.
This research proposes a new system of PV panels by investigating the
developed strategies by nature in compound tree leaves, and by designers in
geometric transformative structures. Unlike typical fixed form PV panels, the
new system benefits from a kinetic expandable structure for PV panels to
decrease the weather-related damage risk, and simultaneously increase the
surface area coverage and solar energy gain.

2. RECONFIGURATION, A SOLUTION DERIVED
FROM NATURE
This project departs from current practice of rigid, fixed-direction PV
mounting and takes cues from nature, which deploys different strategies for
similar problems such as folding or collapsing in plant leaves to increase sun
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gain and protection from the wind. Studying these methods evolved by
natural systems offers design solutions, which have been tested and
improved over a long time period in nature. Specifically, for the current
research, study of plant leaves becomes the focus, as plants are dependent
on photosynthesis for energy production, a system that requires solar
energy [2]. Leaves are versatile photosynthetic structures. Additional leaves
increase solar surfacing and reorientation of the leaves as the sun travels
east to west each day to maximize the exposure of photosynthetic surfaces
demonstrate the adaptive nature of the living structures.
In the process of evolution, plants had to develop methods to maximize
the surface area of leaves to increase the solar energy gain; while,
maximizing the surface area simultaneously causes more resistance against
wind pressure. In manmade structures, rigidity is the main method acquired
to increase the structural stability against applied forces. And this stiffness is
mostly gained through using more material for stronger and heavier
structures. However, material is expensive in nature and natural organisms
tend to find other solutions rather than using more materials, such as
utilizing flexible materials and structures. Flexibility of structure is gained
through different methods such geometric morphing that is the nature’s
solution to prevent breakage [4].The motion of fluids around natural
organisms places a lot of force and stress on them, such the flow of wind
on the tree leaves.The force of wind on the surface leaves, in the direction
of the flow, is known as drag.Vogel asserts that most of these organisms
have “flow-dependent shapes” and “shape becomes a function of speed” in
the flow of wind [4].
There are two main methods that plants have adapted as solution to
resist this pressure, folding in leaves with corrugated patterns [5], and
reconfiguration of leaflets in compound leaves [6], which both are fully
reversible methods. Leaves folding mechanism have been previously studied
and adapted for solar panels and lightweight antennae of satellites [7], while
for this research the reconfiguration of compound leaves in trees such as
black locust and black walnut was adopted (Figure 1).The flexibility of the

 Figure 1. “Reconfiguration of the leaf of a black walnut at three wind
speeds, traced from photographs” [6].
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joints of the base of leaves and the base of branches permits bending and
not breaking in high wind [8]. In this method, which was studied by Vogel,
trees with elongated leaflets or leaves in an alternate sequence along a
branch are reconfigured and appressed toward the branch in wind, forming
a low drag shape to resist the pressure. Consequently, a reconfigurable and
collapsible panel system to resist the wind pressure and increase the surface
area for solar gain has been adapted for the current research.

3.THE TRANSLATION PROCESS FROM NATURE TO
DESIGN
In the bigger scope of a systematic knowledge transfer method, the first
strep in the process of learning and translating good design ideas from
natural organism starts with the identification of the most suitable organism
with similar functional behavior to the design problem. In this project,
finding leaves as the source of inspiration was facilitated by the biologist of
our team. In addition, reflecting on the common experience of watching the
leaves on trees fluttering in the wind helped to identify keywords to search
the biological literature to gain a deeper understanding of these biological
phenomena.The key insight was gained from reading the work of Vogel,
summarized in his recently published book:The Life of a Leaf [9]. His
understanding of the physical biology of a leaf provided a clear explanation
of how the wind exerts drag as it passes over the leaf. More importantly
was the observation of the shape change in the leaves along a branch and
how they would fold and reconfigure themselves dynamically as the strength
of the wind increased, a rule for optimum use of space.
The step of the process constitutes translating the biology to the
technology. Here, we applied a cognitive approach of analogical reasoning
[10] to determine which functions identified in nature match the functions
we seek to improve in the existing designs of PV systems. The match we
saw was the shape change in leaves in response to wind.This dynamic
response of the leaves was used to inform a new function of the PV array,
that of shape change in response to wind loading (see Table 1). Taking
advantage of a feedback loop and going back to step one of the process,
additional research of reconfiguration of leaves on different species of trees
revealed different patterns that worked in nature. Analyses of the tree and
the PV array through parallel functional decompositions (Figure 2) also
show where links can be made between maintaining the tree structure in
high wind and maintaining the PV array under high wind loading. Finally, the
realization of the design using a geometric system that responds via kinetic
movement of the panels defines the third step of the process.This step
requires careful quantitative analyses of the mechanics of the movements
and the relative positioning of the panels.
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Tree
Leaves
Branch
Petiole
Photosynthesis

PV Array
Panels
Frame
Joint
Light energy collection

 Table 1: Analogs between the
natural system, a tree, and the
technological system, a PV array.

 Figure 2. Analyses of the tree and
the PV array through parallel
functional decompositions

4. AN EXPANDABLE GEOMETRIC STRUCTURE
Kinetic structures consisting of rigid bars and/or plates connected by
revolute joints - also known as deployable, retractable or expandable
structures - are intriguing motion systems that can be packed very small
and expanded uni-directionally or omni-directionally to a predetermined
size and shape, providing greater surface area and enclosed volume. As
Joseph Clinton defines “mechanically expanded rigid systems are made up of
rigid components compacted into a small package which upon signal
rearrange themselves to provide for greater surface area and enclosed
volume” [11].These systems have a wide range of applications from solar
panels and lightweight antennae for satellites to large-span roof structures
and consumer products such as toys or lamps [12] [13] [14].There are
different types of kinetic structures classified based on their structural
configurations, often with a single degree of freedom.These structures, such
as angulated scissor-like frame elements invented by Hoberman [15], were
also extended into structures in which their bar elements were covered or
replaced with rigid planes [16]. Based on the Clinton’s description there are
six concepts considered as applicable to rigid expandable structures:
telescoping concept, folding concept, fan concept, umbrella concept, variable
geometry concept, and finally geometric transformative concept [11].The
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main focus of this research is the latter, geometric transformation structures. In
the past, this type of expandable geometric structures have been studied
and proposed for possible applications in the aerospace technologies in 60’s
and 70’s by researchers and designers such as Fuller and Clinton.The rigid
geometric expandable structures are divided into two main types: twodimensional tessellation transformation structures and three-dimensional
polyhedral transformation structures (Figure 3).

 Figure 3.Top:Two-dimensional
Tessellation Transformations [11],
Bottom:Three-dimensional Polyhedral
Transformation [17].

The two-dimensional tessellation and three-dimensional polyhedral
transformation structures are composed of two parts: main modules - in
shape of triangle, square or hexagon - and the connecting modules - in shape
of three-, four- or six-armed stars (Figure 3). In these structures, each end
point of the connecting modules links to one of the corners of the main
modules. It should be taken into account that the specified module shapes
would result in final regular Euclidean 2D and 3D forms. In addition, both
two- and three-dimensional systems have an embedded motion grammar,
constisted of two main geometric transformations in a simultaneous
operation: translation and rotation, one planar and the other spatial. Motion
grammar is defined here as a subcatgory of shape grammars [18] in which
the transformation rules of the grammar are embedded in the kinetics of
the geometric system.The combination and continum of the applied
transformations rules demonstrates a visually complex kinetic movement,
while maintaining mechanical simplicity necessary for fabrication and
operation of the system. A specific type of two-dimensional tessellation
structure with square shaped main modules and cross-shaped connecting
module has been selected for this study due to two factors, the planar form
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of this tessellation would facilitate its integration on the roof or façade of
buildings, and existing rectangular PV cells would fit on the structure.

5. DEVELOPMENT OF FORM: FROM GEOMETRY TO
FABRICATION
At the first stage of the study, the selected two-dimensional transformative
tessellation structure with square and cross-shaped elements have been
analyzed in order to decipher the exact movement mechanism, based on
the embedded motion grammar in the system, composed of transmitted
rotation and transformation from the central module to the adjacent and
consequently to the entire system (Figure 4).The discerned motion
grammar has been adopted as the basis for a parametric model to facilitate
the reconstruction of the abstract linear geometric concept into a
materialized kinetic model.
 Figure 4. Motion study of the
tessellation transformation with
square-shape main modules.

Consequently, based on the original geometric model, the first model for
fabrication with material thickness and hinged joints was designed. In this
model, the connecting modules maintained the original cross shape with
added thickness to the axis line.These connecting modules proved to be
problematic due to the undesired overlap of the elements.Thus, the
connecting modules were redesigned and replaced with offset cross-shape
modules that could rotate and nest next to each other in the closed
arrangement of the system (Figure 5).This change in the shape of the
connecting module, necessary for materialization and fabrication, results in
some limitations in the total rotation angle of the system compared to
linear geometric model.With this change, the system can only rotate 90
degrees to open and close - from closed (0° R) to open (90° R)- compared
the geometric model that would allow for 180 degrees rotation for
bidirectional operation -from closed (0° R) to open (90°R) to closed
(180°R) (Figure 3 B).
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 Figure 5. Cross-shape connecting
module.

The fabricated transformable square tessellation has the expansion rate
of 3.7, ratio of open gross area to closed gross area. However, the area of
the covered surface remains the same in the open and closed arrangements.
The second stage of the process was concentrated on increasing the
surface area coverage in the deployed arrangement of the system to
maximize the exposure to the sun and solar energy gain.To increase the
surface area, more PV panels have to be added to the current system while
these panels should not interfere with the main kinetics of the system and
the movement of existing panels. As the first step, the addition of the panels
to the connecting modules has been explored.This method proved to be
feasible and increased the surface area coverage of the open arrangement
two times more then the basic pattern. In addition, the shape of the
connecting modules was changed in order to embed the new panels within
the connecting modules to not interfere with main role of the connecting
modules that is linking and moving all the system parts (Figure 6 and 7).
 Figure 6. Augmenting the connecting
module with solar panel.
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 Figure 7.The movement of kinetic
solar panels with two overlapped
layers.

Finally, in order to achieve more surface coverage in the deployed
arrangement of the system, the main modules of the system had to be
redesigned.The flat main square modules were divided into four square
segments, rotated 45 degrees, enlarged to increase the total size of the
modules (Figure 8). In this model, two opposite segments of the modules
are elevated to allow an interweaving movement for the modules.
Taking advantage of the weaving pattern, and taking into account the
sequence of the elevated modules, the panels in the final proposed system
have 3.7 times more surface coverage in the open arrangement of the
modules (Figure 9).
 Figure 8. Increasing the size of the
main module.

6. FINAL DESIGN
The final design of the kinetic solar panel system has of two main modules:
Module-A, consisted of four segments, each with four 15x15 cm solar cells,
and total of 16 cells on its surface, and Module-B with 9 solar cells.The
total surface area of the Module A is 4626 cm2 (68 cm x 68 cm), and
Module-B is 2304 cm2 (48 cm x 48 cm) (Figure 9).The surface area of the
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 Figure 9. Rotation and
transformation pattern of the whole
solar panel system.

solar cells in the open arrangement of the system is 7.8498 m2, and the
whole system covers an area about 13.9 m2.The closed arrangement of the
kinetic system covers an area close to 3.68 m2. It can be concluded that the
closed arrangement of the system is 3.77 times smaller than its open
arrangement. This system is designed to produce total of 1.152 kilowatts of
peak power, with 9 Module-A, 16 solar cells each, and 12 Module-B, 9 solar
cells each (Figure 10 and 11).
The kinetic solar panel is designed with two different types of
installation system: type one with a flat platform suitable for easy installation
on the pitch roofs with no axial movement (Figure 11 A), and type two with
a tree-column structure and a central knuckle for one or two axial pivot to
maximize the solar gain with a solar tracking mechanism, and minimizing the
effect of wind on the solar panel system by aligning the panels to the wind
direction (Figure 11 B).

 Figure 10. Module-A and Module-B.
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 Figure 11. Installation systems, Right:
Kinetic solar system with platform
base, Left: Kinetic solar system with
tree-shape column structure.

7. STRUCTURAL ANALYSIS
In building structures, wind loading can be simplified as imposing three
separate components of wind loading on a given structure.The design
loading in North American building codes is generally taken as the 500-year
wind, and in coastal regions is dominated by the potential of wind loading
from hurricanes - which equates to a 40 m/sec design wind speed in the
Southeastern United States. Direct pressure from the windward direction
is the highest component, and ranges from 500 to 2000 Pa for the extreme
design loadings specified in building codes.The suction component results
from a pressure drop downstream from the structure, and ranges from 250
to 1000 Pa depending on the design wind speed and the shape of the
structure. Finally, the drag component of the wind is associated with wind
running parallel to the building surfaces. In building structures, direct
pressure and suction dominate, and drag is not considered.
Natural structures such as the leaf, as described in Vogel, demonstrate
three responses to wind loading [6]. First the leaf folds (retracts), to reduce
the projected area that is subjected to wind loading. Second, the leaf pivots
on its central stem, aligning itself to the wind, thus presenting its minimal
cross section to the windward direction, which is generally the largest
component of the wind force. Finally, the leaf tends to flutter in the wind,
lessening the surfaces susceptible to drag of the leaf in the wind.
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The kinetic structure described here mimics a number of these natural
responses.The primary response is for the array to be un-deployed
(retracted) to reduce the overall area of the subject to wind loading. In this
instance the gross projected area of the array goes from 13.9 m2 to 3.68
m2, resulting in a 73% reduction in wind loading. A secondary response
depends on the mounting configuration of the array. If the central knuckle of
the array can pivot in one or both directions, then the array can also be
“feathered” to reduce the direct pressure and suction on the array and
convert direct forces to drag [19] [20]. It is likely that the system would
require an anticipatory algorithm tied to weather prediction for retracting
the array, as it would not be feasible to retract instantly at the onset of high
wind forces.
The impact of the retracting mechanism is further illustrated in what
follows. An analysis of the annual wind speed data from Atlanta, Georgia is
shown in Figure 12. A histogram of the wind speed is shown, where each
data point in the histogram represents the maximum wind speed recorded
in a given 15 minute period. A 2-parameter Weibull probably distribution
function, the most common distribution used for wind speed data [21] is fit
to the data. If a threshold of 8 m/sec is taken as for retracting the array,
then the probabilistic analysis shows that the array will be available for solar
energy generation 95% of the time. If the proposed retraction threshold is
followed and the array was sensed and actuated to ensure its retraction in
high-wind situations, then the array could be designed for a velocity of 60 Pa
in the fully-deployed configuration (8 m/sec design wind speed) and 1500 Pa
in the retracted configuration (40 m/sec design wind speed). Note that the
wind pressure is a function of the wind velocity squared, and thus a 5-fold
drop in wind design velocity results in a 25-fold reduction in wind pressure.
 Figure 12. Annual wind speed
histogram and 2-parameter Weibull
probability distribution function for
Atlanta, Georgia. Data shows that if
the array should retract at a threshold
wind velocity of 8 m/sec, then it will
be open and available for solar energy
generation 95% of the time.
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Under this scenario, the local design of the array elements (PV laminates
and frames) will be driven by the 1500 Pa design loading, but the global
actuating mechanism and armatures will be designed by the 60 Pa loading
From a structural perspective, the kinetic solar array carries loads like a
flower, with the individual articulated large and small modules each resisting
the modest loads associated with the weight of the modules, and more
importantly, the potential wind loading applied normal to the faces of the
modules. In this structural analysis, the wind pressure of 1500 Pa is
considered. As discussed previously, this loading could be greatly reduced by
the bio-inspired strategies discussed previously: retract, align, and flutter. Of
the three strategies, the kinetic solar array can clearly retract, and it is likely
that it can be designed to align itself with the wind (as do large wind
turbines) and feather itself to present the least profile to the wind. It is not
likely that the array could flutter to reduce drag, but this is the most
modest component of the wind loading. If the array is subject to the full
wind loading, in its fully deployed state, then the modules will act like petals
of a flower, catching the wind.The armatures will carry the wind load by
bending, and each set of hinged armatures, spreading out from the central
hub, can be thought of as cantilevers secured to this hub.The armatures will
carry the greatest bending moment near the central hub of the armature.
The bending moments in the armatures and the flexural stresses in the
solar panels of the Module-A and Module-B are shown in Figures 13, 14 and
15 below.The armatures are assumed to be constructed of solid aluminum
shapes, either extrusions or castings, approximately 10 mm x 30 mm in
 Figure 13. Module-A, Initial model
with the frame is modeled with beam
finite elements.The panel is supported
at the mid-sides where the diagonal
members meet the side of the PV
panels.The strong axis bending
moments are shown, along with the
flexural stresses in the glass-backed PV
modules.
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 Figure 14.Module-A, Refined model
using solid finite elements to assess
wind loading on PV module support
frame.The glass is hidden for clarity.
Under the extreme win loading, the
outer perimeter of the frame deflects
11 mm (A) and the stress in the
support frame is approximately 250
MPa at the junction between the
support frame and the hub.

(A)

(B)

 Figure 15. Module-B, Strong axis
bending moments show in armature
are maximum at the ends. Flexural
stresses in the glass-backed PV
laminates (using 2.5 m thick glass) are
also shown.

cross section.The solar modules are constructed of tempered glass, also
with an aluminum frame.The structural design of the large module is
particularly difficult, because of the need for the small modules to interleave
within the large modules as the kinetic array is retracted.This means that
the overall bending stiffness of the large module is split between three
elements within the module.

8. NATURE OF MULTIDISCIPLINARY RESEARCH
The essence of the current research is founded on a multidisciplinary
collaboration. For the success of this project, this multidisciplinary effort
was not an option but rather the prescribed course of action. One of the
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fundamentals of multidisciplinary and collaborative research relies on
identifying shared traits and creating a common ground for the effective
communication among the group members from different domains.
Designers, engineers, and scientists in multidisciplinary research -architect,
civil and mechanical engineers, and biologist, in case of the current researchhave different cognitive processes and attitudes toward the nature of the
design-research work.These disciplines have major differences in research
priorities, technical language, research methods, representation methods, and
tools, media, and materials. Although computation and computers could
create a prominent common merger for these separate domains, there is
still a need for a common representation language to link all these domains
together.
The current research, through an introspective assessment, has
concluded that one of the successful approaches toward a multidisciplinary
collaboration arises from an iterative and reflective process of exploration
and creation.This approach toward creativity is aligned with Donald Schön’s
loop of reflection-in-action and Mitchel Resnick’s creative spiral [22] [23]. As
Resnick asserts that the “spiraling cycle of Imagine, Create, Play, Share,
Reflect, and back to Imagine” would describe and promote a creative
process for innovative solutions, even in the unexpected situations [23].
However, this research argues that this method is not only necessary in a
creative process, but also is a critical factor in creating a common language
for sharing thoughts and ideas in a collaborative effort. From the distributed
cognition point of view, any cognitive activity is distributed across internal
human minds, external cognitive artifacts (such as language, drawings and
physical models), and groups of people, distributed across space and time
[24] [25] [26]. As a result, an iterative process of study, creation, sharing and
reflection provides the opportunity for the team members to become
familiar with the internal and external cognitive representations specific to
each discipline and group member; and consequently establish a common
external set of representations for communication and collaboration.

9. CONCLUSION
Drawing inspiration from natural system such as trees with compound
leaves and looking into their novel wind resistance methods like
reconfiguration of the leaflets results in proposing new structures for
redesign of solar panel systems.The kinetic and transformative solar panel
tessellations offer new applications in spatial optimization by addressing how
transformable objects can dynamically occupy predefined physical space. In
addition, as described by Fox and Kemp: “One of the main benefits of an
active sustainable system is that it can intelligently combine the resources of
a number of systems so that when working together, the individual elements
or systems achieve more than the sum of their parts” [27]. Finally, this
research frames and emphasizes on an iterative process of knowledge
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sharing and reflection as the fundamental cognitive factor for successful
multidisciplinary research-design collaborations.

ACKNOWLEDGEMENTS
This material is based upon work supported by the Department of Energy
under the SunShot award program for Extreme Balance of System
Hardware Cost Reductions (Award No. DE-EE0005441.001).

DISCLAIMER
This report was prepared as an account of work sponsored by an agency of
the United States Government. Neither the United States Government nor
any agency thereof, nor any of their employees, makes any warranty, express
or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or otherwise
does not necessarily constitute or imply its endorsement, recommendation,
or favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.

REFERENCES
1. Guiavarch, A.and Peuportier, B., Photovoltaic Collectors Efficiency According to
their Integration in Buildings. Solar Energy, 2006, 80, 65-77.
2. Goodman, J.N.,Yen, J., Gentry, R., Nagel, K.M. and Amador G.J., A Compound
Analogical Design For Low Cost Solar Panel Systems, in: ASME 2012 Conference
on Smart Materials, Adaptive Structures and Intelligent Systems, USA, 2012
3. Bernardi, M., Ferralis, N.,Wan, J.Villalon, R. and Grossman J.C., Solar Energy
Generation in Three Dimensions. Energy & Environmental Science, 2012, 5, 68806884.
4. Vogel, Steven, Drag and Flexibility in Sessile Organisms, American Zoologist, 1984,
24(1), 37-44.
5. De Focatiis, D. S. A. and Guest, S. D., Deployable Membranes Designed from
Folding Tree Leaves Source, Philosophical Transactions: Mathematical, Physical and
Engineering Sciences, 2002, 360(1791), 227-238.
6. Vogel, S., Drag and Reconfiguration of Broad Leaves in High Winds, Journal of
Experimental Botany, 1989, 40(217), 941- 948.
7. Kobayashi, H., Kresling B. and Vincent, J. F.V.,The Geometry of Unfolding Tree
Leaves, Proceedings of the Royal Society of London. Series B: Biological Sciences, 1989,
265(1391), 147-154.
8. Mattheck, C., Design in Nature: Learning From Trees, Springer Verlag, Heidelberg,
1998.
9. Vogel, S., The Life of a Leaf, University Of Chicago Press, China, 2012.

Transformative Solar Panels: A Multidisciplinary Approach 243

10. Vattam, S. S., Helms, M.E. and Goel, A. K., Nature of Creative Analogies in
Biologically Inspired Innovative Design, Proceedings of the seventh ACM conference
on Creativity and cognition, ACM, 2009.
11. Clinton, J.D., Advanced Structural Geometry Studies. Part 2: A Geometric
Transformation Concept For Expanding Rigid Structures, National Aeronautics and
Space Administration,Washington, 1971.
12. Patel, J. and Ananthasuresh, G.K., A Kinematic Theory for Radially Foldable Planar
Linkages, International Journal of Solids and Structures, 2007, 44, 6279-6298.
13. Luo,Y., Mao, D. and You, Z., On a Type Of Radially Retractable Plate Structures,
International Journal of Solids and Structures, 2007, 44, 3452-3467.
14. Gentry,T.R., Baerlecken, D., Swarts, M. and Wonoto, N., Parametric Design and
Non-Linear Analysis of a Large-Scale Deployable Roof Structure based on Action
Origami, International Symposium on Computer Architecture, 2013.
15. Hoberman, C., Radial Expansion/Retraction Truss Structures, 1991, US patent
5,024,031
16. Kassabian, P.,You, Z. and Pellegrino, S., Retractable Roof Structures, Proceedings
Institution of Civil Engineers Structures and Buildings, 1999, 134 (2), 45-56.
17. Verheyen, H. F., The Complete Set Of Jitterbug Transformers And The Analysis Of Their
Motion, Computers & Mathematics with Applications, 1989, 17(1), 203-250.
18. Stiny, G., Shape:Talking about Seeing and Doing,The MIT Press, Cambridge, 2008.
19. American Society of Civil Engineers, Minimum Design Loads For Buildings And
Other Structures: SEI/ASCE 7-05, American Society of Civil Engineers (ASCE), 2006.
20. American Society of Civil Engineers, Minimum Design Loads for Buildings and
Other Structures: ASCE 7-10, American Society of Civil Engineers (ASCE), 2010.
21. Seguro, J.V. and Lambert, B., Modern Estimation of the Parameters of the Weibull
Wind Speed Distribution for Wind Energy Analysis, Journal of Wind Engineering
and Industrial Aerodynamics, 2000, 85:(1), 75-84.
22. Schon, D., Educating the Reflective Practitioner,Toward a New Design for Teaching and
Learning in the Professions, John Wiley & Sons, San Francisco, 1987.
23. Resnick, M., All I Really Need to Know (About Creative Thinking) I Learned (BY
Studying How Children Learn) in Kindergarten, Proceedings of the ACM SIGCHI
Conference on Creativity & Cognition.Washigton DC, 2007.
24. Hutchins, E., Cognition in the Wild, MIT press, Cambridge, MA, 1995.
25. Hutchins, E., Distributed cognition, in: Neil J. Smelser, N, and Baltes, P.B., eds.,
International Encyclopedia of the Social & Behavioral Sciences, 2001, 2068-2072.
26. Brereton, M., Distributed cognition in engineering design: Negotiating between
abstract and material representations, Design representation, 2004, 83-103.
27. Fox, M. and Kemp, M., Interactive Architecture, Princeton Architectural Press, New
York, 2009.

244

Shani Sharif,T. Russell Gentry, Jeannette Yen and Joseph N. Goodman

Shani Sharif,T. Russell Gentry, Jeannette Yen and Joseph N. Goodman
Georgia Institute of Technology
School of Architecture
Hinman Research Building R.234, 723 Cherry St. NW, Atlanta, GA, 30332,
USA
shani@gatech.edu

Georgia Institute of Technology
School of Architecture
247 4th St. NW, Atlanta, GA, 30332 USA
russell.gentry@coa.gatech.edu

Georgia Institute of Technology
School of Biology
Cherry Emerson R. A116, 310 Ferst Dr. NW, Atlanta, GA, 30332, USA
jeannette.yen@biology.gatech.edu

Georgia Institute of Technology
The Georgia Tech Research Institute (GTRI)
Electro-Optical Systems Laboratory GTRI, 925 Dalney St., Atlanta, GA
30332-0810, USA
joseph.goodman@gtri.gatech.edu

Transformative Solar Panels: A Multidisciplinary Approach 245

