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INTRODUCTION

Since the 20" century, curved surfaces attracted signif-
icant attention in architecture and engineering for the
design of form-resistant structures [1]; more recently, ori-
gami-inspired structures [2] and curved origami modu-
lar structures were also developed. The complex forms
of curved origami surfaces require appropriate design
methods and advanced tools for their realization as archi-
tectural and engineering structures. Several studies have
been dedicated to the analytical geometric design of such
surfaces. For example, an optimization procedure was pro-
posed for the design and digital reconstruction of surfaces

AM Perspectives

Curved origami surfaces attract significant attention in architecture
and engineering for the design of form-resistant modular structures.
The realization of curved origami surfaces requires suitable structural
design tools, manufacturing techniques, and construction methods.
Here, a design workflow for the realization of curved origami struc-
tures assembled from flexible panels is proposed. Each flexible panel
is realized as an interconnected array of beams according to the nota-
ble lamina-emergent torsion motif, with the result that panel bending is
linked to the twisting of the beams. An analytical mechanical model for
the bending of panels into cylindrical surfaces is described first. Then,
such model is adapted to conical surfaces. This model is instrumental
in determining the maximum achievable curvature of a cylindrical or
conical flexible panel, and the corresponding stresses, as a function
of the geometric features of the lamina-emergent torsion motif and
of the material properties. The design workflow has two phases, the
geometry design, in which a folded curved-origami geometry with
corresponding crease pattern and surface ruling are chosen, and the
design of the geometric features of the flexible panels. A parametric
digital model was implemented using commercial software to carry
out both phases, and two different literature computer codes were
employed to simulate the origami folding process. The design work-
flow was demonstrated by the realization of physical prototypes using
the laser cutting technology, and it can be applied at different scales
to the manufacturing of curved origami structures. The case of an out-
door installation demonstrates the potential of the proposed design
workflow for architectural structures.

obtained by curved folding [3], and, a rationalized curved
folding was presented to design origami mechanisms
with one degree of freedom [4]. Moreover, a geometric me-
chanics model was described to study the folding behav-
ior of curved origami [5], and, multilayered surfaces were
assembled from rigid-foldable curved origami structures
[6]. Furthermore, curved origami with multiple states were
studied [7], a discrete elastic model was formulated for the
structural analysis of curved origami [8], and systematic
design methods for curved origami were presented [9]. At
present, research on effective construction techniques for
curved origami is still in an exploratory phase, and only a
few literature studies have presented actual redlizations
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Figure 1: Computer view of an outdoor installation based on a curved origami surface.
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or practical design solutions. For instance, the design and
realization of two meter-scale prototypes folded and as-
sembled from aluminum thin sheets were analyzed [10], a
class of curved crease patterns were employed to create
spatial structural enclosures composed of cylindrical and
conical surfaces [11], and, accordion-like mechanisms ob-
tained from flat plates with curved creases were designed
to obtain corrugated spatial structures [12]. Here, a design
workflow for the realization of curved origami structures as-
sembled from flexible twisting-active panels is presented.
Each panel is redlized as a perforated plate according to
the notable lamina-emergent torsion motif [13], in which an
interconnected array of beams is subjected to torsion when
the panel flexes. Lamina-emergent arrays were proposed to
facilitate deployable mechanisms based on curved origami
[14], and to assemble double curvature surfaces [15]. In addi-
tion, a lamina-emergent flexural connection was proposed
[16], while laminar arrays were evaluated for the realization
of compliant hinges for thick origami structures [17]. The
presented methodology focuses on the use of an analyt-
ical mechanical model integrated with parametric mode-
ling and physical prototypes. The mechanical model aims
to determine the maximum curvature of the panels under
cylindrical and conical bending, depending on the geomet-
ric features of the perforation pattern and the mechanical
properties of the material. This model is then integrated with
a parametric design tool with the aim of optimizing and au-
tomating the manufacturing process. Such approach has
enabled the production of prototypes in various materials,
particularly MDF (medium density fiberboard) and PMMA
(polymethyl methacrylate), which have been analyzed to
assess the impact of the perforation pattern on flexibility
and strength. The use of the parametric and algorithmic
simulation tool Grasshopper™ has allowed for a refined ma-
nipulation of the design variables and greater optimization
of the final product. The proposed design workflow has two
phases. The first phase consists of the design of the folded
curved-origami geometry and of the corresponding surface
ruling and crease pattern. In the second phase, the origa-
mi surface is subdivided into several panels, each with a
perforation pattern whose geometric features are derived
from the surface ruling and curvature. The design case of
an outdoor installation, depicted in Figure 1, illustrates in de-
tail the steps of the workflow. The paper is structured in two
main sections: the first section presents the analytical me-
chanical model for the design of the twisting active panels,
considering both the cylindrical and the conical surfaces;
the second section presents the subsequent steps of the
adopted design workflow referring to the case of an out-
door installation.
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TWISTING ACTIVE PANELS

In this section, the analytical mechanical model of the twist-
ing active panelis presented referring to cylindrical and con-
ical bending, respectively. In both cases, the panels feature
lamina-emergent torsion arrays aligned with the ruling of
the surfaces. The model is instrumental in determining the
maximum achievable curvature of the flexible panels and
the corresponding stresses, as a function of the geometric
features of the lamina-emergent torsion (LET) motif and of
the material properties.

Cylindrical bending

For the analysis of the flexible panel for cylindrical surfac-
es, we adopt a modified version of the model presented by
Oshima et. al [18]. A flexible panel is considered as an as-
sembly of rigid blocks and linearly elastic beams, in which
allbeams undergo a twisting deformation when the panel is
deformed into a cylindrical shape. Figures 2 (a) and (b) show
a view of a bent panel and a detail of the LET motif, where
we distinguish solid parts (beams and rigid blocks) and
perforated parts. With reference to Figures 2 (c) and (d), the
following parameters are identified. Each beam has width
t, height h, and length /. The width of each rigid blocks is 2d
and each perforated hole has width s and length 2(1+d). The
distance between the axis of adjacent beams is g, while the
distance between rigid blocks is b. The number of beams
counted along the x-axis (y-axis) is 2n (m).

Two equal and opposite external couples of magni-
tude C are applied to the solid edges parallel to the beams’
axis, as shown in Figure 2 (c) and (d). We assume that, in
bending the panel in the x - y plane, all beams are subject-
ed to the same twisting moment M.. Given that each rigid
block carries the twisting moments of two beams (Figure 2
(e)), and that the panel can be split in two parts by sectioning
nrigid blocks along the x-direction, the following equilibrium
condition holds:

(1) C=2Mrn.

The torsion stiffness s. is given by:

(2) ST = G JT N

where G is the shear modulus of the material and J, is the
torsion constant of the rectangular cross section of the
beam, expressed by (h > t)

152



(@) (b)

(c) b (d)  sect. A-A’
> C e A N C

z z .
V_|/x J
10 15 20 25
y = Y displacement (mm)

Figure 2: Cylyndrical bending model. (a) View of the flexible panel subjected
to testing. (b) Detail of the LET motif. (c-f) Plan view, cross section, and

details of the model. (g) Representative deformed configuration. (h) Sample
subjected to flexural test and load vs. displacement curve. Conical bending.
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The twisting angle, 6, associated to the twisting moment M,
is calculated as:
Mr

(4) 9=;

This angle is also equal to the relative rotation between the
rigid blocks of adjacent sections of the flexible panel, as
shown in Figure 2 (g).

The action of the couples C that bend the panel in-
duces the total relative rotation angle © between the two
end sections, which can be computed as the summation
of the relative rotation angles between adjacent sections.

We have:

M ImC
@=mb=m—1=-2=1.
ST n sr

(9)

A discrete curvature radius p, related to the twisting angle
8, can be obtained from the relation (cf Fig. 2, g)

©) 0\ a
ptan (E) = 5 .

When 6 is small, we can consider that tan® 0 6 and define
the curvature K as:

(7)

With this relation, using (1) and (4), the bending couple can
be expressed as:

(V]
®) C= 2nsr? = 2nsr%x.

Finally, the couple per unit width of the panel, 2, is calculated
as
C asy

(9) CIEIQETK:SBK,

In the last equality in (9), S is the equivalent plate bending
stiffness:

as
5"3 = 2——T .

(10) bl
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These relations lay the foundation for understanding the be-
havior of LET panels when subjected to cylindrical bending.
The correlation between the material's mechanical proper-
ties, the geometric dimensions of the panel, and the applied
forces allow us to predict the panel's response in terms of
curvature and twisting moment. The torsion verification of
the rectangular cross section of the beams, according to
standard regulations, allows the evaluation of the maximum
radius of curvature p that the panel can achieve, which is
fundamental to guarantee its structural integrity under load,
ensuring that it can withstand expected stresses without
incurring damage or permanent deformation. In particular,
the maximum design shear stress for torsioniis:

m Ttor,d = kskfv,d s

where k_=1+ 015 h/t is a coefficient taking into account
the shape of the cross-section and f_ ,is the design shear
strength. The maximum shear stress for rectangular sec-
tions can be computed as:

3Mr

Ttor,d = atz_h ,

(12)

with a expressed by:

(13)

@ = 1+0.6095 % +0.8865 (IH)Z ~1.8023 (;—z)3 +0.9100 (%)4

By combining (4), (7), and (12), the design maximum curvature
is obtained:

(14) _ Phksnfral

a Sy a

Kd

Aflexural test was conducted in the Laboratory of Structures,
Tests, and Materials of the University of Rome Tor Vergata to
evaluate the mechanical properties of the prototypes creat-
ed. A sample in MDF with dimensions 400x220x6 mm (Figure
2 (a)) was prepared, which included solid parts at the edges
to be clamped in the testing machine. The geometric param-
eters chosen for the LET motif for the sample are reported in
Table 1(cf. Figure 2). The sample was subjected to a gradually
increasing displacement in the center until a displacement
of 30 mm was reached (Figure 2 (h)), with a speed of the test-
ing crosshead of 5 mm/min.

n Im la b |n |t |1 d
3 |2

‘ 8mm ‘ 70mm ‘ 6mm ‘ 4mm ‘ 25mm ‘ 5mm

Table 1. Geometric parameters of the tested sample.
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Figure 3: Adaptation of the LET motif to conical bending. (a,b) fabricated desktop prototype. (c)

Schematization in rigid plates connected to each other by compliant hinges, realized by LET
connections and modeled as rotational springs. (d) Deformed shape of two adjacent plates,

geometric parameters and normal vectors. (e) Two adjacent panels connected by a compliant

hinge sectioned by a plane containing the normals.
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At the beginning of the test, under a small imposed dis-
placement, the deformation of the sample is comparable
to that of a clamped-clamped beam loaded in the center,
showing a predominant bending behavior and linear re-
sponse. As the imposed displacement increased, the panel
began to stretch in-plane, and a nonlinear stiffening effect
was observed from the force vs. displacement curve. The
initial stiffness was calculated from the data of the flexural
test and compared with that obtained analytically. The stiff-
ness calculated using two test data points near the origin,
(6,1).(6,f)isk,,=(f~f)/(5,-6)=1484"°kN/mm.The
analytical calculation considered the stiffness constant for
the transverse displacement at the midpoint of a clamped-
clamped Euler-Bernoullibeam, givenby k=192 s,/F_, with
sy = nb §, (cf.(9)) and [, = ma. By considering the value G =
800MPa for the shear modulus of the MDF, the calculated
stiffness is k= 2174 °*kN/mm. This value is higher than
that measured in the test, as it should be, reflecting the fact
that the deformation of the portions of the panel corre-
sponding to the rigid blocks in the model is neglected.

Conical bending

In the conical case, the rows of perforations are placed
along the generatrices, leaving large unperforated trapezoi-
dal areas that act as rigid plates (Figure 3 (a,b)). The panel is
considered an assembly of rigid plates connected to each
other by compliant hinges realized by LET connections and
modeled as rotational springs (Figure 3 (c)). The rotational
stiffness of such springs can be computed from (8) in terms
of the parameters that define the LET connection. The de-
formed configuration of two adjacent rigid plates can be
described by the parameters depicted in Figure 3 (c,d).a, B,
r,b,and ©.The angle © formed by the normal vectors n, and
n, of two adjacent panels can be calculated in terms of a
and 3 from the following expression,

(15) )
cos@® = m = (cos B)% cos (2a) + (sin B)2.

Using a Grasshopper™ code it was obtained a parametric
LET perforation pattern featuring rectangular holes with
rounded corners. The slits pattern follows the ruling of the
conical surface. The desktop prototype shown in Figure
3(a,b) was produced with the laser cutting machine on a
Perspex panel of 300x400x3 mm, and it is characterized by
10 lamina-emergent arrays, each with three rows of Tmm
slits, spaced 1.5mm apart and 2.5 cm long.

Design application

This section focuses on the design of a curved origami
outdoor installation composed of flexible twisting-active
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panels. The design process exploits parametric design tool
Grasshopper™, Origami Simulator [19], and MATLAB codes.

The design workflow, shown in Figure 4, articulates in
two main phases: the study of the geometry of the curved
origami (Steps i-iv) and the design of flexible twisting-active
panels (Steps v-vii), exploiting both cylindrical and conical
surfaces (Figure 4).

The geometry of the outdoor installation is modular.
The base module refers to a curved origami composed of
a single wavy mountain fold on a rectangular shape. The
repetition of the base module suggests the study of a sine
wave-like curve contained in an oblong rectangle. The sub-
sequent definition of the folded configuration comprises
the parametric study of the sine wave-like curve and of the
related ruling surface. The design of the flexible panels fol-
lows the definition of the ruling and develops through the
study of the LET slit pattern.

Geometry design

The study of geometry is organized in four steps and is
described below. The combined use of the Grasshopper™
code and Origami Simulator supports steps i and ii, i.e,,
the parametric study of the crease pattern and the sim-
ulation of the fold. Steps iii and iv require the use of
GrasshopperTM and a MATLAB code to simulate the kin-
ematics of the rigid folding.

i Typological studies of the curved-crease pattern:
The geometry of the mountain fold curve is defined
by comparing a series of arches, a series of arch-
es and lines, a series of semicircles, a polyline and
a sinusoid (Figure 5). A Grasshopper™ code is used
for the parametric analyses of each curve and for
the definition of the related ruling surface. A simula-
tion of the fold is, thus, conduced, exploiting Origami
Simulator, for each of the five crease patterns. Result
of the simulation shows the sinusoid as the best op-
tion for the mountain fold.

iii. Study of the ruling surface pattern: The definition of
the design ruling is conducted combing portions of
cylindrical and conical surfaces. The study follows
an iterative process based on the combined use of
a Grasshopper™ code, for the parametric definition
of the mountain fold curve and the ruling pattern, and
Origami Simulator for the simulation of the fold. As
shown in Figure 6, four combinations of cylindrical
and conical surface are considered: a symmetrical
combination of conical surfaces; a non-symmetrical
combination of conical surfaces; the combination
of two types of conical surfaces and one type of cy-
lindrical surface; the combination of three types of
conical surface and a band-like cylindrical surface.
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The four considered combinations are compared
through the simulation of the fold: as shown in
Figure 6, the folded structures, related to the four
combinations of conical and cylindrical surfaces,
are inscribed respectively in a 23.00 m-radius circle,
in a 24.80 m-radius circle, in a 20.50 m-radius circle,
and in a12.50 m-radius circle. Result shows, thus, the
latter configuration as the most effective in terms of
folding capabilities.

Definition of design parameters: For the sinusoid the
considered geometrical parameters are the ampli-
tude A and the period L. The other relevant design
parameters for the panel dimensions and the sur-
face ruling are illustrated in Figure 7. According to the
architectural functionality of the structure, the period
L was taken equal to 6.30m while the wave amplitude
Ais equal to 0.70 m. In the dimensional assessment,
the balance between the elevation and the cantile-
ver span of the structure is considered: according
to the defined value of the sine wave amplitude, the
cantilever span range fromH,-A=0.85mto H,+ A=
2.25 m; the minimum value of the structure elevation
was set as H - (H, + A)=2.30m and, consequently, the
maximum value of the pavilion elevation is H - (H, -
A) = 3.70 m. The ruling of the conical and cylindrical
surfaces is defined respectively by the parameters N
and M that indicates the number of subdivisions. The
parameter D determines the width of the cylindrical
surface, and it is equal to 0.50 m. The angle a corre-
sponds to the inclination of the ruling and it is equal
to 11 degrees.

Rigid-folding kinematics: Given that the underlying
mechanical model in Origami Simulator accounts
for the out-of-plane elastic deformation of the tiles,
the accuracy of the folding process and of the fold-
ed geometry was verified by adopting the rigid-ori-
gami MATLAB™ calculation platform introduced and
detailed by Micheletti et al. [20, 21]. The interopera-
bility of Grasshopper™ and MATLAB™ was exploit-
ed to export the origami data from Grasshopper™
and import it into the MATLAB™ code. The crease
pattern of the rigid origami was obtained by seg-
menting the sinusoidal crease and by considering
the subdivisions of the ruled surfaces as shownin
Figure 7. Such rigid origami has one degree of free-
dom. The folding process was simulated numerically
by imposing the folding angle at the curved crease.
The output geometry of the rigid folding process is
depicted in Figure 8.
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Flexible panel design

The design of flexible panels develops through the study of
the LET arrays. It consists of three steps supported by the use
of Grasshopper™ and laser cutting technology to produce
physical prototypes. The three steps are described below.

V.

Parametric study of the LET pattern: A Grasshopper™
code is developed for the parametric study of the
LET motif and the production of prototypes exploiting
laser cutting. The code allow to assess the following
parameters: N and M, as the numbers of subdivisions
of the conical and cylindrical surfaces respectively
(Figure 7);/ as the length of the beams, t as the width
of the beam; s as the width of the slits; 2d as the
width of the rigid blocks; a as the interaxis between
the beams, and b as the interaxis between the rigid
blocks (Figure 2). The geometrical construction of
the LET pattern develops through the offset of the
curves composing the ruling, controlled by the s and
the t values, and the subsequent subdivision of the
same curves according to the value of the /and d pa-
rameters. The code comprises, eventually, the possi-
bility to control the fillet of the slits corners, which is
necessary to avoid stress concentration effects.

The base module of the designed structure corresponds
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to the period of the wave curve and is composed of
four panels. As shown in Figure 9, to obtain the four
panel the base module is divided vertically and hori-
zontally. The vertical subdivision corresponds to the
end of the conical surface and the start of the cylin-
drical band. The horizontal subdivision corresponds
to the mountain fold curve: the lower part forms the
wall-panel while the upper part the cantilever-panel
of the designed structure. Dimensions and geometry
of the four panels are reported in Figure 9. The first
wall-panel is a conical surface: the value of the N pa-
rameter (number of subdivisions) is equal to 35. The
second wall-panel is composed of two side sectors
of cylindrical surfaces - for both sides the value of
the M parameter (number of subdivisions) is equal to
9 - and a central sector of conical surface - with the
same value of M. The first cantilever panel is a coni-
cal surface while the second cantilever panelis com-
posed of two side-sector of cylindrical surfaces and
a central sector of conical surface, with correspond-
ing values of N and M. For all panels, the value of the
I parameter (length of the beams of the LET motif) is
equal to 88mm and the values of the C parameter
(width of the beam) and the t parameter (width of the
slits) are both equal to 4 mm; the d parameter (half-
width of the rigid blocks) is equal to 6 mm.



in the MATLAB™ calculation platform described Micheletti et al. [20, 21].
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Figure 9: The four base panels of the structure. Dimensions are expressed

in meters.
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Vi. Prototype production: An appendix of the Grasshop-
per™ code was developed to produce the 1:10-proto-
type of the designed structure, taking advantage of
laser cutting technology and FDM desktop 3D print-
ing. The material choose for the laser cut prototype is
a4 mm thick MDF panel. The prototype is composed
of two panels. As shown in Figure 10, the two pan-
els are obtained subdividing a rectangular module
- 0,46 m height and 0,62 m wide - of the designed
structure on the mountain fold curve: the lower part
forms the wall panel while the upper part the cantile-
ver panel. Both the wall and the cantilever panels are
composed of two conical side portions and central
cylindrical band. For the adopted slits pattern the
value of the / parameter (length of the beams of the
LET motif) is equal to 19mm and the values of the ¢
parameter (width of the beam) and the s parameters
(width of the slits) are both equal to 2 mm; the d pa-
rameter (half-width of the rigid blocks) is equal to 3
mm. To assure the folding of the structure, the hori-
zontal connections between the wall and the can-
tilever panels is composed of a set of steel hinges
located on the mountain fold and fixed on the panels
by bolts. The Grasshopper™ code was implemented
to produce a further small-scale prototype exploiting
the FDM desktop 3D printing technology. This small
scale prototype, shown in Figure 12 aims to explore
further alternative of the joints between the wall and
the cantilever panels, avoiding steel connections and
exploiting tensile bands.

vii. Construction details: The production of the proto-
types supports the study of construction details
of the designed structures. The study focuses, in
particular, the connections composed of reversible
devices in order to assure the disassembly and the
re-usability of the designed structure. A reversible
dry joint is designed for the vertical connection be-
tween the four panel, exploiting a C-shape-element
fitted into the slit of the LET motif at the ends of the
panel. The C-shape element can be produced ex-
ploiting laser cutting - as it is in the presented proto-
type - or can be substituted by a standard profile in
steel. To assure the folding of the structure, the hori-
zontal connections between the wall and the can-
tilever panels is composed of steel hinges located
on the mountain fold and fixed on the panel by bolts.
The connection to the grounds are also designed
exploiting commercial steel plates - functioning as
basement - fixed removable bolts. A possible alter-
native to the hinge joints between the wall and the
cantilever panels is represented by the use of tensile
bands as a stitching within the two elements.

AM Perspectives

CONCLUDING REMARKS

In this study, the design of curved origami structures as-
sembled from twisting active panels was performed, with a
particular focus on the analytical and experimental charac-
terization. The exploration included the development of LET
patterns for ruled cylindrical and conical surfaces and the
study of the interaction between ruled and folded geome-
tries. The adoption of a methodological approach that com-
bines an analytical model with parametric modeling tools
facilitates the production of physical prototypes, exploit-
ing digital fabrication technologies, in order to assess the
folded configuration and the building details of the origami
structure. The investigations revealed the effectiveness of
the proposed methodological approach in analyzing the
curvature and in the sizing of the twisting-active panels,
which feature a pattern of perforations, intended for ruled
surfaces, in both cylindrical and conical configurations.
Parametric modeling has proven to be a reliable mean for
rapid prototyping and has provided indispensable visual
support in the architectural design process. Moreover,
the use of laser cutting as a production methodology of
the prototype has favorably contrasted with conventional
methods, such as 3D milling, in terms of time and cost of the
process.In this sense, the study envisaged also the produc-
tion of the prototypes with 3D printing techniques, exploit-
ing the already produced Grasshopper™. From a structural
design perspective, the study introduced a scalable design
and realization method for lightweight modular structures,
adaptable to various application fields, including interior de-
sign, construction, morphological structures, and robotics
[22,23]. Particular application examples in the building sec-
tor are: centering systems for modular reiforced concrete
shells based on ruled surfaces, lightweigth structures for
curved facades, and acoustic barriers for open spaces. The
dimensions of the modules are chosen so as to satisfy the
size of the laser cutting machine, supporting the design of
elements of reduced size easy to transport and to assem-
ble without the need of heavy machinery. The proposed
analytical approach permits the fast selection of the thick-
ness and curvature of the elements to fulfill the structural
requirements, supporting customized production based
on digital fabrication. However, several important challeng-
es remain, particularly the development of a mechanical
model for conical and tangential developable surfaces in
relation to various cutting patterns. This area requires ad-
ditional research to further refine the design and address
the remaining technical challenges by advancing the field
of state-of-the-art structural design.
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Figure 10: Prototypes panels (scale 1:10).

Figure 11: Laser cut prototype (scale 1:10) connected with hinges
to reproduce a module of the outdoor installation.

Figure 12: 3D printed small scale prototype.
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