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This paper presents a concept of folding as a formgenerator for a structural system that allows the ability
to deploy large spanning structures.The presented
approach studies the embedded kinetic possibilities of
folded structures and focuses on a parametric modeling
process that allows structural performance evaluation
of different types of the same origami family in order
to optimize the geometry for a given scenario.The
workflow between scripting based form generation –
within Rhinoceros and Excel – and LS-DYNA is
presented in detail. Additionally, within the context of
an architectural project we discuss the question of
scalability from a thin microstructure to a thickened
roof structure.
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1. INTRODUCTION
This paper presents the concept of biological inspired folding as a formgenerator for large-scale deployable architectural structures. Architects and
engineers are fascinated by the form-generating potential of origami, and the
potential to build large-scale structures from sheets of folded, flat materials.
Applications of origami and folded structures have been promoted in the
past successfully for engineering solutions by researchers such as Robert J.
Lang. In architecture, the concept of the fold echoes in Rem Koolhaas and
Peter Eisenman, who understand folding as an aesthetic and programmatic
technique in a series of projects such as the Educatorium in Utrecht,
Netherlands, built in 1997. Foreign Office Architects (FOA) has also
explored the potential of structural folding with their Yokohama Terminal
project in 2002. But the folds in these projects don’t focus on the
deplorability of a structure. Instead they explore frozen states for aesthetic,
programmatic and structural purposes.
The paper not only reviews a type of biological inspired folding – with
special focus on kinetic and structural properties - but also discusses the
problems of producing these forms at the building scale. Special attention is
given to static and dynamic stability.The research first presents a catalogue
on leaves, petals and insect wings, documenting their different tectonic and
kinetic systems, which is used to investigate and develop a new range of
physical systems – generated on the basis of biological analogies. Secondly,
the research explores question if these newly discovered principles
extracted from a microstructure can be “scaled up” to perform as
structural and architectural systems.

2. APPROACH
In the first phase the research started with the selective modeling of folding
mechanisms in nature as found in the different leaf species, such as maple
leaves and hornbeam leaves, as well as insect’s wings, segments of earwigs,
grasshoppers, crickets, and praying mantis (“Figure 1”). Following a
Saussurean approach [1], the leaf types and wing types are categorized
according to their ability for duplicature and modes of duplicature
(transversal and longitudinal types).
In the second phase technological, artificial equivalents are proposed in
different configurations based on origami folds, which index the valley and
mountain folds, pleats, reverse folds, squash folds, and sinks. Both the folding
processes between retracted and deployed states, and the in-between states
of the system are investigated.
In the third phase, which is the focus of this paper, models and principles
were transferred into the construction of new architectural systems in
consideration of different scales and scalability. Here a structural feedback
between parametric modeling software and structural evaluation software
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has been developed through vb.net scripts. A special complexity arises
through the data transference between Grasshopper and LS-DYNA.While
Grasshopper and Rhinoceros primarily operate with independent NURBS
surfaces, the structural model analysis is performed through triangulated
meshes, in this case LS-DYNA polygonal meshes.The explicit finite element
method used by LS-DYNA is selected for this problem due to the large
deformation of the origami structures and the post-buckling response
exhibited by some of the permutations. In addition, LS-DYNA handles rigidbody kinematics, so the deployment of the origami roof, which does not
stress the structure but rather only changes its configuration, can be
modeled in the same simulation.The triangulation in LS-DYNA was used so
that areas of the origami surfaces near the folds could be mapped to
separate material property sets – thus allowing the model to represent
thinner materials or material softening in the region of the folds.
In phase 2 and 3 the material selection and manufacturing strategies for
origami-inspired architecture are of special importance. Due to the
kinematic requirements for fabrication and deployment of the folded
structure, materials with high elongation and/or low stiffness were
considered.The consideration for manufacturing of the full-scale folded
structures led to moldable, foldable materials suitable for outdoor use.The
material used for the initial structural modeling was PETG (glycol-modified
polyethylene terephthalate): a thermoform able, flexible material. Stiffened
fabric structures were considered as an alternative. Both concepts are
described in more detail below.
A number of issues arise from the scaling required to produce largescale origami structures from conceptual models produced at small scale.
These include material issues such as the selection of materials (e.g., metals,
polymers) and whether the materials need to have the strain capacity for
bending at the edges (as exhibited by paper) or whether complex hinge
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 Figure 1. Diagram of folding
mechanism, earwigs

mechanisms need to be constructed to mimic the material folds. Structures
suitable for human habitation are likely to be two orders of magnitude
larger than wing scale, leave scale or paper scale, and part of the scaling
problem concerns the thickness of the material. If the material thickness (t)
increases linearly with the other dimensions, then the flexural rigidity of the
edges will increase as t3.The subsequent ability to fold the large-scale sheet
will be dramatically reduced, if not eliminated.

3. FOLD PATTERNS

 Figure 2. Diagram of folding
mechanism, maple leaves, hornbeam
leave and arrays into larger
configurations.

Structurally, leaves and wings can be modeled as thin surfaces with
reinforcement (veins).The deployment mechanism found in tree leaves
allows the leaves to sprout out in spring, whereas the development
mechanism of insect wings responds to the needs of the insect flying and
resting. As seen in “Figure 2”, through the study of the leaf folding patterns
we observe that hornbeam leaves have a particularly regular corrugation
pattern [2] , and that this pattern is strengthened by the distortion induced
in the cantilevered corrugation [3]. Research from L. Mahadevan Mahadevan
and S. Rica [4] has shown that hornbeam leaves in the process of blooming
show a natural occurrence of the Miura-ori pattern. Maple leaves have a
more complex fanning pattern utilizing folds, which are interconnected to its
adjacent folds [5].
In earwig wings we find another type of a fanning mechanism that can
also folded perpendicular to the main fanning folds.This allows earwigs to
pack their hind wings under the forewings (tegmina) and to reach a mode of
duplicature of 10 - 40 times – a highly compact mode of folding. For some
species the cerci (appendages) are used to unfold their wings, whereas a few
species can unfold their wings without help of any other body part [6].The
hind wings are stiffened through intrinsic mechanisms.
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4. CASE STUDY
Deployable structures, often used for emergency architecture and military
structures, can be applied to public buildings, which hold large amounts of
visitors.These building types include sport and cultural centers, which vary
in size. Retractable roofs for sport events and cultural events typically aim
to create a climate-controlled enclosure in its unfolded version with a high
amount of compactness, and with the idea for the roof to be as immaterial
and invisible as possible.
Taken from the previous study of leaves and wings, the hornbeam leaf
with its deployable Miura-ori folding pattern seemed the best fit for a
further exploration.The hornbeam leaf’s ability to function within a
rectangular boundary as a surface structure with two-sided support
promised a better fit than the fanning structures like the maple leaf or the
earwig’s wing.The fan-folding mechanism functioned in radial configuration
with one-sided support. Of course, fan-like roof types exist – for example
the Miller Park stadium in Milwaukee, which uses two radial megastructures to create an enclosure. But rectangular retractable roof types are
more dominantly used in buildings.Therefore, we chose to study the Toyota
Stadium in Aichi Prefecture, Japan, designed by Kisho Kurokawa with Ove
Arup Structural Engineers.The roof was designed with a series of
retractable teflon canvas roof sections, which are carried by and stretched
between box trusses that span approximately 92 meters.
In the hornbeam leaf study, the Miura-ori pattern is naturally occurring,
which has been previously applied to large solar panel arrays for space
satellites by Japanese astrophysicist Koryo Miura. A folded Miura-ori fold can
be packed into a very compact area and its thickness is only restricted by
the thickness of the folded material.The fold can also be unpacked in just
one motion by pulling on opposite ends of the folded material, and likewise
folded again by pushing the two ends back together [7]. The selected type
of Miura-ori pattern as a two-dimensional deployable array can be
characterized as rigid origami, because it shares the following properties:
1. The folding pattern is deployable and can be folded from a single
sheet of paper. Or in a reverse definition, the pattern can be
flattened to a structure that is planar.
2. During the entire process of deployment the faces and the edges
of each element stay planar: all regions of the paper remain flat and
all crease lines stay straight.
3. The joints/folds act as hinges.
Interestingly, these characteristics are very architectural because they
translate to the use of planar building components that interact through
hinging. Additionally, the aspect of repetition promotes the ability to develop
a modular system for connection elements.
Miura-ori pattern can also be considered part of the action origami types,
a subclass of origami that retains a constrained kinematic mobility when
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folded—that is, it can move with little or no flexural restraint in a mode
dictated by the folding patterns—but still retains its structural stiffness as
long as that motion is locked. For architects and engineers the additional
benefit of using action origami principles is in its potential to be used as a
basis for the design of deployable structures. Conceptually, the kinematic
mechanisms of action origami overlap with those of bar and strut tensegrity
systems [8]. Miura and Notori proposed the use of a quadrilateral 4-fold
mesh for deploying solar arrays in space and this pattern has come to be
described as Miura-ori [7]. Guest and Pellegrino used the wrapping-folding
pattern as the basis for design of a deployable antenna [9]. More recently,
Cheng proposed the use of slit herringbone-chevron weaves as a basis for
window shading [10].
Most prior work with Miura-ori folds in general has focused in one of
two areas: (1) understanding the kinematics of origami generation and
subsequent deployment, or (2) exploring rigid-body kinematics and hinge
design of origami with non-trivial material thickness. An example of the later
is seen in the work of Trautz and Künstler on their 4-fold rigid plate Miuraori, which shows that rigid plates of non-zero thickness in Miura-ori must
be permitted to slip along the edges and will lock unless this motion is
accommodated [11].
 Figure 3. Different
spatial configurations
of Miura-ori pattern

Geometric permutations of this origami roof concept using
Rhinoceros/Grasshopper are generated and the geometric permutations are
tied to large-deformation structural analysis using LS-DYNA. LS-DYNA input
is generated from the geometry using Grasshopper and vb.net scripts
(“Figure 3 + 4”).The explicit finite element method used by LS-DYNA is
selected for this problem due to the large deformation of the origami
structures and the post-buckling response exhibited by some of the
permutations.
The simulations demonstrate the difficulty in finding full-scale forms that
can deploy in one dimension, as required for the Toyota Stadium roof, and
yet remain stiff enough in the transverse direction to span the opening.The
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 Figure 4.
Geometric
permutations
of Miura-ori
pattern with
changing
folding angle

concept of an “origami truss” is presented as a solution to stiffen the
origami skin and still allow for the kinematic movement necessary to
accommodate the retractable roof system.
The origami truss includes the continuous surface along with stiffened
elements that follow the creases of the origami.The connections at the end
of the elements, which coincide with the vertices of the origami surface, are
envisioned to rotate, so that the truss will deploy with the surface. A subset
of the transverse elements within the truss must telescope (i.e., elongate
and shorten) during actuation of the truss, and must therefore lock axially
once the deployed structure has reached its open or closed position.The
origami surface and truss can be envisioned as a stiffened sail, with the nontelescoping members constructed as battens within pockets created in the
origami surface, and the telescoping members as nested round tubes
equipped with an external locking mechanism.
Still it has to be asked, if all properties from a paper-thin structure can
translate 1:1 to a large-scale structure.Trautz and Kuenstler (2009)
investigate different possibilities of 4-fold mechanisms for folded plate
structures.They show that restrictions apply to scalability of 4-fold plate
structures, and that all four hinge translations need to be uncoupled [11].
Therefore, strategies of living hinges can’t be employed for 4-fold plate
structure.
Yet the stiffened sail option has some advantages – it creates a hybrid
system of flexibility and rigidity, where the interaction of rigid members and
the flexible membrane panels achieve the design criteria of the architect.

5. GEOMETRIC PRINCIPLES OF THE MIURA-ORI
PATTERN
In order to simulate the kinetic behavior in Grasshopper/Rhinoceros, a
geometric calculation was chosen in order to simulate the physically correct
behavior of the folding pattern in different sates of deployment. In “Figure 5”
the kinematic principles of the Miura pattern are illustrated: The individual
quads form a parallelogram. One parallel set of opposite edges (edges a,
“Figure 5”) of the parallelogram are parallel to the global coordinate system
X-axis and remain parallel to this system as the pattern folds and unfolds
(Figure 4).The second set of edges (edges b, “Figure 5”) is at 45 degrees to
the global X-axis, when the pattern is completely flattened. As the pattern
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 Figure 5. Base geometry of a quad
within the Miura-ori fold

begins to fold, this second set of edges rotates around to also become
parallel to X, and the pattern morphs out of the plane and takes on a Z
thickness. It is the Z thickness that gives the pattern its structural
possibilities because of the depth to span some distance over the X and Y
coordinates.The span capacity is dependent on the depth Z, which can be
thought of as inversely proportional the percent of deployment, where zero
percent deployment is completely folded and 100 percent deployment is
completely flat.The span capacity is also dependent on the boundary
conditions at the ends of the pattern, and on the flexural stiffness of the
folded material at the folds.
Miura-ori is described as a quadrilateral 4-fold mesh. Per the semantics
of Haas, the edges need to be considered either concave or convex, where
concave creases are valleys and convex creases are ridges [12]. At each
interior vertex, the intersection will consist of three ridges and one valley
or three valleys and one ridge (“Figure 4”).
A patch is a rectangular aggregation of origami tiles (Miura-ori) goes
from fully deployed (a flat sheet of paper, defined as ϕ =0º) to fully folded (a
thin strip of, defined as ϕ =90º), the overall x dimension goes to zero, the
overall y dimension reduces slightly, and the overall z dimension reaches its
maximum.The effective flexural stiffness of the Miura-ori patch is significant
when ϕ is in the range of 30º to 80º and reaches its maximum at a
deployed angle of approximately 65º (“Figure 6(3)”). At values outside of
this range, the Miura-ori patch is unlikely to function as a rigid structure.
Further information on the geometric description of Miura-ori patches is
found in the work of Stachel and Tachi [13,14].
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In the application of the Toyota stadium, the two edge boundary conditions
would need to be considered pinned, and the two opposite edge conditions
would be regarded as free. The pinned boundary conditions allow for the
pattern to link with the two main trusses on the stadium roof, and the two
free edges allow for the pattern to deploy and un-deploy.The structural
analysis proceeded by using two different assumptions for the boundary
conditions. In the first case (see line A-A in “Figure 6”), the origami pattern
acted as a simply supported truss as the points along this line lie along the
Z=0 plane. In the second case (see line B-B in “Figure 6”), the pattern is
supported at a set of nodes, which are offset in Z, giving the pattern
significantly more structural stiffness.Though the second case is preferred
structurally, it is difficult to imagine a realizable boundary condition at the
main trusses that achieves fixity in X, while allowing movement in both Y
and Z.

6.WORKFLOW SETUP BETWEEN EXCEL AND LS-DYN
Initial methods for constructing a parametric, animated Miura-ori pattern
were carried out in the Grasshopper plugin to Rhinoceros.This method was
chosen for rapid development of a working model.The model was
constructed from planarization of points to form a module.The module was
then mirrored and rotated across reflection planes to create a larger
252
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 Figure 6 Geometric Principles

 Figure 7. diagrams of data
management within grasshopper/vb.net
for polygons

 Figure 8. data preparation for LSDyna: 1 panel center, 2 single edge, 3
double edge, 4 6-legged node

assembly.The use of Grasshopper made the surface relationships more
explicit.This was useful in developing a mathematical model of the basic
Miura-ori pattern in Excel.
Structural analysis in LS-Dyna requires a different model than
Rhinoceros can produce.While most 3D modeling software packages can
export some type of triangulated mesh, LS-Dyna uses a polygonal mesh data
structure.The conversion from individual NURBS polygons into an
integrated polygonal mesh data structure required several layers of point
geometry extraction and recombination, causing the Grasshopper model to
respond slowly (“Figure 7”). Additionally, each planar face was subdivided at
the edges to allow material control of the corners to simulate material
fatigue at the valleys and folds (“Figure 8”).This process was tedious when
using the existing Grasshopper methods, but revealed more explicit
methods for our mathematical model.The addition of these subdivisions
substantially increased the complexity of the model and decreased the
interactivity.

7. MATERIAL SELECTION AND MODELING FOR
LARGE-SCALE MIURA-ORI
Prior research on large-scale action origami structures has utilized
mechanical hinges along the edges to accommodate the folding of the
structure.The flexibility demonstrated in paper-scale origami is generally not
present in load-bearing structural materials at full-scale, due to the fact that
flexural stiffness of plates increases with the cube of the plate thickness.
Therefore, it is difficult to conceive of bending large-scale materials in the
way that paper is folded. In this research, we focus on the use of modified
polyethylene terephthalate (PETG) as a substitute for paper.The fold
patterns were developed primarily to meet kinematic requirements, so that
the folded structure would not be overly deep and could be stowed in
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keeping with the original concept developed by Kurakawa. PETG was
selected as a material due to its high deformation capacity with the idea
that the hinge could be made inherent in the material as opposed to as a
kinematic add on.The scaling experiments in an earlier paper by the authors
show that this is not feasible [15].
To simulate the folding of the Miura-ori and the potential for encoding
the living hinges onto the PETG sheet material, the finite element mesh is
subdivided into four regions as shown in “Figure 9”. Region 1 represents the
“field” or normative condition; Region 2 represents the hinge region; Region
3 represents a region of potential material damage, from folding and
subsequent flattening as a consequence of paper folding; and Region 4
represents the material around the vertex. If the material properties are
made identical in all four regions, then the model reverts back to a uniform
treatment.The overall geometry of the Miura-ori patches was generated in
Rhinoceros, using a Grasshopper Script to control the dimensions of the
tiles and the degree of deployment.The script also handled the finite
element mesh generation, with multiple elements encoded into of the four
regions.

8. STRUCTURAL EVALUATION IN LS-DYNA
The structural analysis started with a given instance of an origami pattern,
which was generated in Rhinoceros/Grasshopper. Then three versions of
this geometry, representing three levels of deployment, approximately 25%,
50%, and 75%, were used to generate the LS-DYNA files.The Rhinoceros
facets were partitioned into regions along the boundaries and at the
interior of the facet. By doing this, the rotational requirements at the edge
of each facet could be accommodated in the finite element model by
decreasing the thickness of the material along that edge.Thus approximating
the continuous linear hinge that is necessary for the deployment of the
origami pattern.

For this initial study, the material selected was a thick rigid polymer,
PETG (polyethylene terephthalate), which is known to have good optical and
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 Figure 9. (A) view of Miura-ori
patch at four stages of deployment, (B)
key geometric and stiffness parameters
of Miura-ori patch as a function of
deployment.

 Figure 10. Miura-ori pattern
evaluated in LS-DYNA

engineering properties –including high elongation, which was felt to be
necessary due to the bending requirements at the boundary edges. Initially,
the thickness of the PETG was taken as 25 mm away from the boundaries
and 5 mm along the boundary. The goal was not to achieve the required
stiffness from the thickness of the material, but rather from the truss-like
geometry of the origami. In addition, the thin boundary along the folds was
chosen to explore the potential of a natural hinge – created as part of a
material process, as opposed to a kinematic hinge constructed through a
mechanical device.The global stiffness of the initially conceived origami
structure is shown in “Figure 9”, as a function of the deployed angle as the
Miura-ori goes from completely unfolded (a flat sheet) to completely folded.

The models were then analyzed under their own self-weight in LS-DYNA.
Gravity loads were applied slowly, using the standard explicit formulation
within LS-DYNA.The Z reaction forces were plotted against the central
span Z displacement, to determine whether or not the response was linear.
In this plot, a linear response would indicate a stable geometry. However, in
many of the origami simulations, especially those at the higher levels of
deployment, the structures lost stiffness indicating a buckling within the
origami structure. In general this buckling occurred at load stress levels well
below the material strength, indicating that the problem was one of stiffness
and not of strength.This behavior identifies the extent to which the origami
could be deployed and still retain its shape under gravity loads. In most
cases, this was below the 75% level of deployment.
It is well known that structural systems that work at a small scale do
not necessarily work when amplified to a larger scale [16]. Mass effects
scale at a rate of L3, while many structural parameters scale at L or L2 [17].
Thus the structural scaling is non-linear. For origami structures deployed in
low- or no-gravity environments, this impact may be modest, but for
structures meant to work under the pressures of gravity like here on Earth,
the impact is profound.
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In the example below (“Figure 11”), three Miura-ori patches at three
different length scales are compared – each scaled by one order of
magnitude.The first scale is considered to be at the “paper” scale and the
third at the “building” scale.
In all cases, the origami is simply supported along two lines at each end,
with no catenary restraint.The deployed angle ϕ is 35º. In the paper scale
case, the patch spans approximately 500 mm, is approximately 250 mm
wide, and the PETG material is 0.1 mm thick.The loads applied are solely
the self-weight of the PETG material. Each of these cases run in LS-DYNA
explicit. LS-DYNA captures full geometric and material non-linearity. In this
case, LS-DYNA material 24, the general elastic-plastic materiality is used, but
there are other models suitable for polymers [18].
The simulation is run using dynamic relaxation, where the gravity load is
applied incrementally.This allows the simulation to capture incremental
material failure and geometric events such as buckling.Though the model
shows the crease and vertex regions in different colors (as introduced in
“Figure 8”, in this case the material properties in all 4 regions were the
same).
The results show that the paper-scale origami is essentially stable under
its own self-weight, but the model shows some modest rolling along the
external edges of the patch.The mid-scale model behaves in much the same
way, but the rolling along the unsupported edges is more pronounced.The
building-scale model behaves significantly different: at one end of the
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 Figure 11. Scaling effects in simplysupported Miura-ori patches: (A) initial
geometry of all cases; (B) deformed
shape at paper scale (L = 0.5 m, t =
0.1 mm); (C) deformed shape at
intermediate scale (L = 5 m, t = 1.0
mm); (D) deformed shape at building
scale (L = 50 m, t = 10 mm).

structure the structure buckles and dramatic flattening of the origami
occurs under its own self-weight.The onset of the buckling is elastic, but the
material moves into the inelastic range as the buckling progresses.The
advantage of the explicit treatment of the finite element problem is that the
initiating mechanism can be identified, and the progression of the buckling
tracked until its final state. Clearly, the origami patch in “Figure 11(D)” is
not capable of acting as a roof structure.

9. MIURA-ORI AS A DEPLOYABLE ROOF
MEMBRANE

 Figure 12.Tokyo stadium with
retractable roof and proposed Miuraori surfaces.

For the case study of the Tokyo stadium a number of different roof
configurations were analyzed using LS-DYNA, which uses a similar
procedure as described earlier.The roof panels (Miura-ori tiling) were
analyzed with different roof depths and at three different levels of roof
deployment in the x-axis direction.The permutations were generated using
the Grasshopper script as described previously.This initial study was meant
more to prove the methodology, but was not successful in finding an
origami geometry that would support the long span roof in PETG, without
unacceptable non-linear behavior under gravity loads.The behavior of each
permutation was tracked using a simple reaction-deflection indicator, postprocessed from the LS-DYNA data.This data plotted the average of the
mid-span deflection, measured at 6 nodes across the width, against the total
z-direction reactions during the progress of the dynamic relaxation (“Figure
13”). For a linear-elastic structure, this diagram should be a straight line, and
the measure of the global stiffness of the structure would be measured as
the slope of this line.
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 Figure 13. Midspan Deflection.

Instead, the example diagram (“Figure 13”) shows that as the load begins to
be applied, the origami structure is stiff but quickly loses this initial stiffness.
At a deflection of 0.5 meters, the structure buckles locally and elastically,
resulting in the “popping” of some of the vertices with no dramatic change
in form but with a significant loss in stiffness.The structure continues to
deform after buckling, and reaches equilibrium, albeit at a large central
deflection of approximately 8 meters.The model as shown is not capable of
acting as a catenary, as there are no restraints in the y-axis direction – and
so the behavior shown is entirely flexural.The conclusion from this exercise
was that the methodology is useful in determining the efficacy of the forms,
but that the combination of materiality (PETG) which has a relatively low
elastic modulus, combined with the Miura-ori geometry, does not result in a
structure capable of meeting the span requirement.This led to the concept
of stiffening the creases, through the addition of higher modulus materials –
or the creation of an origami truss.This concept is described below.
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 Figure 14. Origami truss with
external truss members in x-y
direction following Piekarski.

10. ORIGAMI TRUSS

 Figure 15. Batten structure: with
truss (A and B) and without truss (C)

The concept of an origami truss is an overlay of the deployable origami skin,
along with stiff axial members that deploy along with the truss. Two
different versions with similar structural performance are presented: a
version that follows Piekarski’s approach (“Figure 14”); and a modified
version of a origami sandwich truss [19].
The first type can be thought of as battens sewn into pockets along the
creases, or as two-dimensional deployable trusses per Piekarski [20]. In
addition to members within the origami patch, it is possible that truss
members would be required to run across the x-y planes at the top and
bottom of the truss as it deployed. The so-called internal members (within
the origami patch) could be constructed of constant length members, but
the external members would have to accommodate axial extension as the
truss was deployed (“Figure 15”).The external members could act as
actuators to deploy the truss.

To illustrate the behavior of a combined origami/truss system, the LS-DYNA
models discussed previously were modified with the addition of an internal
truss structure along the creases (with no external truss).The truss
members were modeled as 30 mm diameter aluminum pipes with 2 mm
wall thickness.The material was modeled as perfectly elastic. In “Figure 16”,
the deflected shape of the origami patch is shown without (A) and with (B)
the truss. As shown, the effect of the truss is significant – the non-stiffened
origami patch experiences significant local buckling, but the origami-truss
structure remains stable and elastic.
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An alternative to the first truss option can be found in the example of
wrinkled skin, where we encounter multi-directional wrinkling and, thus,
buckling with multiple structural layers.When the more rigid internal
sublayers, which are attached to the softer layer of the upper skin, receive
stress, this stress is resolved by wrinkling showing Miura-ori pattern [19].
The idea of a multilayered structure with a more rigid internal structure and
a softer outer layer is transferred to the orgami truss.The folded Miura-ori
pattern is duplicated and the axial stiffening is inserted into the system as
internal truss, which can contract and expand (“Figure 17”).
The complex connections required of deployable 2-dimensional trusses
per Piekarski are significantly simplified through capturing the axial members
in the origami folds.The coupling of the axial members to the folded plate is
essential for this attempt. A disadvantage is that the multi-layering creates
more material that needs to be folded and therefore results in less
compactness.
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 Figure 16. Deflected shape of Miuraori patch without (A) and with (B) the
addition of an internal truss.

 Figure 17. Origami sandwich truss
with batten structure

11. DISCUSSION AND CONCLUSION
The scaling of a folded microstructure of a leave to the building scale
reveals a number of different problems. First, engineering materials suitable
for load-bearing applications rarely have the necessary strain capacity
needed to accommodate the creases in origami.Therefore, techniques such
as sliding hinges may enable the fabrication of the Miura-ori origami and its
deployment.
Secondly, the unmodified and simply scaled version of the Miura-ori does
not have the structural rigidity needed for the large span of the Tokyo
stadium. A strategy of stiffening through axial trusses in single-layer and in
double-layer configurations have been presented, which may provide a
significant advantage in this domain. Further research could focus on
intermediate scales between stadium roofs and leaves to explore the
potential of living hinges and lightweight material for applications that have
to resolve lower forces such as temporary emergency shelters.
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