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Abstract

This doctoral dissertation investigates the mechanics, kinematics, and rapid
prototyping of novel structural modules with tensegrity architecture, devel-
oped for advanced applications in structural engineering. These modules are
conceived as adaptive systems capable of modifying their configuration and
mechanical response through the control of a limited number of cables, whose
rest lengths are appropriately adjusted to enable structural deployment and
the formation of stable tensegrity configurations.

The mechanical properties of the modules, in terms of stiffness and load-
carrying capacity, are regulated by modulating the pretension of the actuation
cables once the deployment motion is constrained. The dissertation presents
a systematic analysis of the kinematics and mechanics of the proposed struc-
tures, based on both analytical and numerical modeling, and investigates their
behavior under different operational configurations. Particular emphasis is
placed on the development and validation of rapid prototyping procedures,
based on additive manufacturing technologies, aimed at the fabrication of
physical models and the experimental assessment of structural performance.

The primary applications of the investigated structural systems concern
adaptive structures for solar energy harvesting, with specific reference to de-
vices that can be integrated into building envelopes or modular systems. How-
ever, the proposed design approach and the developed structural solutions are
broadly applicable to a wider range of engineering contexts, including smart
structural systems, passive and semi-active control devices for structural re-
sponse, as well as applications in the field of seismic engineering.
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1. INTRODUCTION

The development of adaptive structural systems capable of modifying their
configuration and mechanical response in a controlled manner represents a
central theme in contemporary structural engineering. Such systems offer
significant potential for applications where deployability, reconfigurability, and
tunable stiffness are required to meet changing functional or environmental
demands. In this context, the building envelope constitutes a relevant but non-
exclusive domain of application, as adaptive structures can also be employed
in a wide range of engineering fields, including seismic protection, lightweight
deployable systems, and smart structural components.

Among the approaches proposed to achieve structural adaptability, origami-
inspired systems have attracted increasing interest due to their inherent de-
ployability, geometric versatility, and efficient use of material. Origami-based
structures enable the realization of thin-walled, foldable systems character-
ized by multistability, high packing efficiency, and programmable kinematic
behavior (Miura, 1985; Seffen, 2012; Schenk and Guest, 2013; Zhai et al.,
2018; Pratapa et al., 2018; Li and Pellegrino, 2020; Lu et al., 2023a; Lu et al.,
2023b). These characteristics have motivated applications spanning robotics,
biomedical devices, aerospace engineering, and architecture (Fonseca et al.,
2022; Salazar et al., 2017; Liu et al., 2023). In architectural engineering,
origami principles have been employed to design adaptive facade systems and
shading devices, such as the kinetic facade of the Al Bahar Towers in Abu
Dhabi, where folding triangulated elements provide dynamic environmental
control (Armstrong et al., 2013; Karanouh and Kerber, 2015). Related de-
velopments include kaleidocycle-based adaptive facades (Elghazi et al., 2014;
Wagdy et al., 2015), shape-memory—actuated origami systems (Pesenti et al.,
2015), and self-deploying structures fabricated from programmable materials
(Chen et al., 2019).

More recently, origami concepts have been reinterpreted within the frame-
work of tensegrity theory, leading to lightweight structural systems composed
of discontinuous compression elements stabilized by networks of prestressed
cables. Tensegrity-based systems are particularly attractive from a structural
engineering perspective, as their global stiffness, stability, and load-bearing
capacity can be modulated through the control of cable pretension, rather
than through rigid-body mechanisms. Hybrid tensegrity—origami structures
activated by cable-driven control strategies have demonstrated the ability to
achieve controlled deployment and reconfiguration while maintaining struc-
tural efficiency and reduced actuation demands (Fraternali et al., 2015a; Mi-
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randa et al., 2020).

Within this broader framework, energy-harvesting systems represent one
of several possible application domains for adaptive tensegrity—origami struc-
tures. The integration of photovoltaic or thermal components into reconfig-
urable structural elements has motivated the development of dynamic shading
devices and sun-tracking systems (Gao et al., 2018; Vassiliades et al., 2022).
However, such energy-related applications should be regarded as a specific
case study rather than the primary objective, as the underlying structural
concepts are applicable to a wider range of engineering problems, including
vibration control, deployable protective systems, and adaptive seismic-resilient
structures.

In this context, the present thesis introduces a new class of adaptive tenseg-
rity—origami modules, conceived as mechanically efficient, deployable struc-
tural systems with controllable kinematics and tunable mechanical response.
The proposed modules, referred to as “tensori” units, are designed to tessellate
planar or curved surfaces and to operate as modular components in a variety of
engineering applications. Each unit consists of interconnected rigid elements
and prestressed cables arranged to form a tensegrity-based origami structure
capable of undergoing controlled deployment and reconfiguration through the
regulation of a limited number of control cables.

The proposed system exhibits two independent folding motions: a primary
folding mechanism governing the deployment and compaction of the structural
unit, and a secondary folding mechanism enabling additional relative rotations
between selected rigid elements. These motions allow the system to transition
between multiple stable or semi-stable configurations and to adapt its mechan-
ical properties, such as stiffness and load transfer characteristics, to different
operational requirements. The integration of energy-harvesting components
within the rigid elements is investigated as one representative application,
alongside other potential uses in adaptive structural engineering and seismic
control.

The thesis develops the proposed concept through a progressive investiga-
tion. Chapter 2 addresses the geometric design principles and kinematic char-
acterization of the tensegrity—origami modules, with particular emphasis on
quadrilateral configurations and deployability. Chapter 3 investigates the me-
chanical behavior of the system, including stiffness modulation through cable
pretension, stability of deployed configurations, and dynamic response under
external loading. Chapter 4 presents the rapid prototyping and experimental
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validation of a representative module fabricated using additive manufactur-
ing techniques, detailing component design, assembly procedures, admissible
motions, and actuation strategies (Fraternali et al., 2024b). Building on the
single-module analysis, Chapter 5 explores multi-module assemblies and tes-
sellation strategies, while Chapter 6 presents the mechanical design, kine-
matics, and manufacturing of a smart PV window prototype (SMARTWIN),
equipped with a dedicated actuation system. Finally, Chapter 7 summarizes
the main outcomes of the work and outlines future research directions for
adaptive tensegrity—origami systems in structural engineering.
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2. KINEMATICS OF TENSEGRITY-ORIGAMI MODULES

The present chapter, together with the subsequent Chapters 3 and 4, col-
lects and further develops results originally presented in the following biblio-
graphic paper, coauthored by the PhD candidate and cited in the bibliography
as Fraternali et al., 2024b:

Fraternali, F., de Castro Motta, J., Germano, G., Babilio, E., Amen-
dola, A. (2024). Mechanical response of tensegrity—origami solar modules.
Applications in Engineering Science, 17, 100174. ISSN: 2666-4968. DOI:
10.1016/j.apples.2023.100174.

2.1 Design principles of tensegrity-origami modules

The solar modules investigated in this thesis are characterized, in the plane
parallel to the building facade, by a polygonal planform. In correspondence
to the unfolded (or ‘closed’) configuration, such a planform is referred to as
the ‘base polygon’, and p denotes its number of sides. As illustrated in Fig.
2.1, the module is assembled from p foldable ‘macro-triangles’, each defined
by the segments that connect a vertex of the base polygon to its center. Each
macro-triangle is, in turn, partitioned into two elementary ‘micro-triangles’
accommodating PV or T panels, which rotate out of the initial plane during
the opening/closing of the screen (hereafter, ‘sunscreen panels’). The cables
associated with such a (‘primary’) folding mechanism link the vertices of the
folded macro-triangles to the center of the unit (opening cables) and to the
corners of the base polygon (closing cables). These members are connected
to a perimeter ‘bus cable’ running along the base polygon, enabling the si-
multaneous actuation of the opening/closing mechanisms across the different
micro-triangles (see Sect. 2.2 for additional details). Examples of solar facades
obtained by tessellating origami modules with distinct geometries are reported
in Fig. 2.2.
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Quadrilateral module Octogonal module
bus cable
» closure
open
foldable | — / foldable
macro-triangular macro-triangular
element element

base polygon/ ?

opening-closing base polygon
motot/winch

opening-closing
motor/winch

Figure 2.1: Frontal views of quadrilateral and octagonal versions of the solar
eye module, with illustration of the primary folding motion (reproduced from
Fraternali et al., 2024b under the license CC BY-NC-ND 4.0).

The folding/deformation of the module is achieved by varying the cables’
rest lengths without inducing cable stretch, differently from the system consid-
ered in (Miranda et al., 2020), where folding is driven by elastic deformation
of the perimeter cables. The required adjustment of rest length may be pro-
vided either by low-power electric winches or motors, or manually by crank
winches (Fig. 2.1). When the activation winches/motors are locked, the rest
lengths of the ‘primary motion activation cables’ remain fixed and the con-
figuration is stable, since deviations from such an equilibrium are resisted by
the elastic stiffness and the prestress-induced (or ‘geometric’) stiffness of the
cables (Fraternali et al., 2015a). Conversely, when the actuation devices are
unlocked and rest-length variations are allowed, the unit undergoes an out-of-
plane rigid-body folding (or ‘opening’) motion (cf. Fig. 2.1).

Sun-tracking is enabled by introducing a secondary folding mode affecting
the micro-triangle plates, whereby these plates rotate about the ‘diagonal’
edges (or ‘legs’) that connect the perimeter vertices to the center of the module
(see Fig. 2.3). The evolution of the dihedral angle 6 between the supporting
frame of the micro-triangle (‘base plane’) and the rotated plate (‘folded plane’)
is controlled by a two-bar scissor-like tensegrity linkage connecting the two
planes (the term ‘scissor’ refers to the near-closed arrangement, see Fig. 2.3).

7
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Figure 2.2: Partially closed (left) and partially open (right) configurations of
origami solar facades with different textures.
The textures of the two top panels are composed of modules with identical shapes.
Those of the two bottom panels are instead formed by composite assemblies of
modules with different polygonal shapes (reproduced from Fraternali et al.,
2024b under the license CC BY-NC-ND 4.0).

Each bar terminates at one end in a ball joint attached to the folded plane,
located at a distance ¢ from the diagonal edge (Fig. 2.3); the opposite end is
connected to a guiding cable lying in the base plane. One bar is coupled, at
its lower extremity, to an opening cable (red in Fig. 2.3), while the other is

8
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coupled to a closing cable (brown in Fig. 2.3). Both are connected to a looped
bus cable (green in Fig. 2.3), so that opening and closing can be commanded
through a single controller.

almost closed fully open

different placements of
the scissor tensegrity

n ing
P e <1

close motor

Figure 2.3: Illustration of the secondary folding motion of a micro-triangle
(reproduced from Fraternali et al., 2024b under the license CC BY-NC-ND 4.0).

In what follows, the cables shown in Fig. 2.3 are termed ‘secondary motion
activation cables’. The two scissor bars connect to distinct edges of the folded
micro-triangle, namely the edges opposite the diagonal one. During folding,
their motion is symmetric with respect to the central axis of the linkage:
in the unfolded (or closed) configuration they lie parallel to the supporting
frame, whereas in the fully folded (or open) configuration they approach an
orientation orthogonal to it (see Fig. 2.3). Control of the secondary motion
is again obtained by changing the rest lengths of the scissor-base cables via
electric winches/motors or crank winches, similarly to the primary motion.
When the corresponding actuator is locked and an appropriate pretension is
assigned to the base cables, the secondary motion is stabilized by constraining
their rest lengths, so that perturbations are counteracted by both material
stiffness and geometric stiffness of the cables (Fraternali et al., 2015a). Under
external actions (e.g., wind loads), the scissor bars deflect the secondary cables
of the stabilized system, leading to a tensegrity equilibrium state (see Fig. 2.4
and Sect. 3.1.2).
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Figure 2.4: Deformation of the base cable of the scissor tensegrity under the
action of external forces (reproduced from Fraternali et al., 2024b under the
license CC BY-NC-ND 4.0).

2.2 The special case of a quadrilateral module

We now consider the quadrilateral solar-eye module, comprising four macro-
triangles and eight micro-triangles, the latter incorporating PV and/or T pan-
els (black elements in Fig. 2.5). The solutions and construction strategies dis-
cussed for this geometry readily extend to modules based on other polygonal
base shapes.

Figure 2.5: Illustrative isometric view of the quadrilateral module (reproduced
from Fraternali et al., 2024b under the license CC BY-NC-ND 4.0).

In the quadrilateral case, the opening and closing cables driving the pri-
mary folding motion (i.e., the primary activation cables) are routed through
guiding pulleys located at the four corners of the base perimeter, at the mod-
ule center, and at the sliding blocks positioned along the diagonal edges (Fig.
2.6). Each slider travels along a diagonal track and is connected to one opening
and one closing cable; such a pair actuates the primary motion of two micro-
triangles arranged on opposite sides of the corresponding diagonal segment.

10
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Overall, four sets of opening/closing cables are employed for the primary mo-
tion. All activation cables are merged into a single bus cable running along
the base perimeter, which is connected to a winch/motor so that primary fold-
ing can be triggered simultaneously for all macro-triangles of the unit. The
actuation of the secondary folding motion follows the scheme described in the
previous section.

_—bus cable
£

connection point \

,?; closing

opening

opening-closing
motor/winch

Figure 2.6: Opening-closing mechanism of the primary folding motion of a
quadrilateral module obtained by changing the rest length of the activation cables
(reproduced from Fraternali et al., 2024b under the license CC BY-NC-ND 4.0).

A demonstrator of the quadrilateral module was fabricated and assembled
at the Rapid Prototyping Laboratory (RPL) of the University of Salerno using
standard 3D printers, metallic components, DC motors, and motor drivers
(Fig. 2.7). The prototype fits within a square of edge 290.22 mm and comprises
eight right micro-triangles with hypotenuse 183 mm; the maximum elevation
above the base supporting frame is 89.2 mm.

11
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Fully closed position Intermediate position Fully open position

(d) (e) (f)

Figure 2.7: (a) 3D view of the fabricated mock-up of a quadrilateral module.
(b-f) Frames extracted from videos of the opening and closing mechanisms of
the primary (b-c) and the secondary (d-f) folding motions (reproduced from
Fraternali et al., 2024b under the license CC BY-NC-ND 4.0).

2.3 Kinematics of the primary folding motion

Let J denote a generic macro-triangle within the unit cell of a solar module of
polygonal planform. We assume F to be isosceles, with apex angle 0 < a < 7
(Fig.2.8). In the analogous systems examined in (Miranda et al., 2020), such
an angle is fixed and equal to 27 /3. The unfolded (flat) placement is adopted
as reference, and a Cartesian frame is introduced with origin at node 0 in
Fig.2.8 and basis {e1, €2, e3}, where e; is aligned with a diagonal edge (or leg)
of F, ey lies in the reference plane and is orthogonal to e, and es is normal
to such a plane (Fig.2.8).

We analyze the primary folding deformation (quasi-static motion) of T
under the following displacement constraints: node 0 moves along the positive
es axis; node 1 translates along the 0—1 segment of the reference configuration;

12
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€3

Figure 2.8: Reference configuration of the generic macro triangle 7. (repro-
duced from Fraternali et al., 2024b under the license CC BY-NC-ND 4.0).

node 2 is constrained to the plane spanned by eg and the bisector of the angle «
in the reference configuration, with a negative displacement component along
e3; and the displacement of node 3 is obtained by rotating that of node 1
by an angle a about es. In addition, a rigid-origami motion is enforced by
complementing the above conditions with the rigidity constraints

Loi=4ty;, 1=1,2,3 (2.1)
LQJ':EQ]', jZlOI‘jZB
where L;; and ¢;; denote the Euclidean distances between nodes ¢ and j in the

reference and folded configurations, respectively. Such distances are computed
through

Lij =/ (Xi = X;) - (X; = X)), (2.3)

ly =/ (xi = x7) - (xi — ;). (2.4)

Here, X; and x; are the position vectors of node i € {0, 1, 2,3} in the reference
and folded placements. From Fig.2.8 one obtains Lg; = Loz = L, Loy = Loz =
Lsin(a/2), and Lo = L cos(a/2).

13
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Let Ry = R(«) denote the rotation tensor

R(a) :=cosa (e ®e; + €3 ® e2)

_ (2.5)
+sina(es ®e; —e; ®ey) +e3 R es,

which applies a counterclockwise rotation of angle « to vectors in the e;—es
plane. Accordingly (Fig.2.8),

X, =0, (2.6)

X1 = Le1 5 (27)
@ o L«

Xy = L cos ) (cos §e1 + sin §e2) , (2.8)

X3 = Ro X1, (2.9)

and the displacement constraints lead to

x9 = Xg + aglLes, (210)
X1 = X1 — a1L91 s (211)
x2 = X5 — asl (cos %el +sin %eg) —asLes, (2.12)
X3 = Raxl N (213)

with the admissibility conditions

a >0, 0<a; <1, ogaggcos%, as > 0. (2.14)

The dimensionless parameters a; (i = {0,...,3}) in Eqns. (2.10)—(2.14)
are determined by enforcing the rigidity constraints. For later reference, we
introduce

L13(1 —8) 2613, (215)

where € > 0 represents either the variation of rest length of the closure cable
1-3 (deployment) or the opposite of the engineering strain associated with its
stretching (stabilization). Squaring Eqns. (2.1)—(2.2) and rearranging terms
yields a system of nonlinear algebraic relations that can be cast as

a3 +ay(a; —2)=0, (2.16)
(ao~|—a3)2+a2 (a2 — 2cos %) =0, (2.17)
ai + a3 + a3 + a1 (cosa — 2ay cos% - 1) =0. (2.18)

14



2. KINEMATICS OF TENSEGRITY-ORIGAMI MODULES

An additional relation follows from Eqn. (2.15), namely
e24+2(ay—¢) — al=0. (2.19)

The system (2.16)—(2.19) admits eight solution branches for the unknowns a;,
but only one is compatible with (2.14), i.e.,

ap=+ve(2—¢), (2.20)
ay =¢, (221)
0y — e sina+2cos § (2.92)

21—(1—¢)sing’
l1—e—sing
a3 =+/e(2—¢) sin & 2

21— (1-¢)sing "

(2.23)

The parameter € attains its upper bound, denoted epax, in the fully folded
configuration of 7. Define ag max as the value of as obtained by setting € = emax
in Eqn. (2.22). Enforcing the third condition in (2.14) yields

a2 max = COS (2.24)

E ’
and Eqn. (2.22) then implies

«
€max = 1 — sin 5 (2.25)
Figure 2.9 reports the dependence of e,,,x on « as prescribed by Eqn.
(2.25). Figure 2.10 collects the solution curves (2.20)—(2.23), including repre-
sentative plots of az(e) and as(e) for selected values of . It is also instructive
to evaluate the asymptotic limits of a1, as, and epnax as a — 0 and as a — 7.
By combining Eqns. (2.20)—(2.23) with Eqn. (2.25), one finds that, for o — 0,
as — a1, ag — 0, and epax — 1; whereas, for o — 7, a0 — 0, ag — —ag, and
Emax — 0.
We close this section by noting that the primary folding deformation of a
micro-triangle in T can be expressed in compact form. Consider, for instance,
A
the deformation of 012 and introduce the 3 x 3 matrices
X =X - %o | %o - %o | Ki- %o},
(2.26)
% ={% —%o | % — %o | &4 — %o}

15
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Figure 2.9: (a) Plot of eyax vs. a. (b) Illustration of the fully folded configura-
tion (reproduced from Fraternali et al., 2024b under the license CC BY-NC-ND
4.0).

where X; and %; collect the Cartesian components of X; and x; (i =0,...,4),
respectively, and

(Xl — XD) X (X2 — XQ)

Xy =Xp+ S , (2.27)
xy = xo + LT X0) X (0 ZX0) (2.28)
S
with
S =[](X1 = Xp) x (Xg — Xo)| (2.29)
and
s = ||(x1 — x0) x (x2 — Xo)|| . (2.30)
Here, x denotes the vector cross product. It then follows that
% =% +R(Xi-Xo) (i=1,2), (2.31)

where R’ is the rotation matrix defined by (Sumner and Popovié, 2004)

~

R =%XL (2.32)

16
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0.8F

ag L

0.6f

Py
04t | f ) S0
/

!y
02.”’/’ 2
2y )

b

Figure 2.10: (a) Plots of the displacement parameters a; vs. ¢, as given by
Eqns. (2.20)-(2.23). The solid black curve plots ag vs. &; the dash-dotted red
line gives a; as a function of ¢; the dashed magenta curves and the solid blue
curves respectively plot the as vs. € and the ag vs. € laws, which correspond to
the following values of «, from left to right: 4x/5, 27/3, 7/2, w/3, =/5, w/10.
(b) Hlustration of the geometric meaning of the a; parameters (reproduced from
Fraternali et al., 2024b under the license CC BY-NC-ND 4.0).

An analogous construction applies to the second micro-triangle 0%3 of T.
Two representative folded states are shown in Fig. 2.11. Introducing the
second-order rotation tensor R/ (represented by R’ in the frame {e1,e3,e3}),
Eqn. (2.31) can be rewritten in absolute vector form as

X; = X0 + RI(XZ — X()) (Z =1, 2) (233)

2.4 Kinematics of the secondary folding motion

A
The secondary folding of a generic micro-triangle (for instance, 023 in Fig.

2.12) maps the vectors x; into updated vectors y; (i = 0,2, 3) according to

where R” is the rotation tensor associated with an angle # about the axis
x3—x%¢ (Fig. 2.12). For any 0, yo and y3 coincide with x( and x3, respectively,
while y2 # xo whenever 6 # 0. We next characterize the motion of the

17
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Figure 2.11: (a) Partially folded (open) configuration of 7. (b) Fully folded
configuration (reproduced from Fraternali et al., 2024b under the license CC BY-
NC-ND 4.0).

scissor linkage that connects the supporting frame through xg, X2, x3 to the
folded plate with vertices yg, y2, y3. For simplicity, the two bars of the
scissor structure are idealized as line segments of negligible thickness. During
secondary folding, the two members evolve symmetrically with respect to the
normal to the base cable through its midpoint; consequently, it suffices to
describe the kinematics of the bar depicted in Fig. 2.12(b). Let a be the bar
length, b the offset between the top ball joint and the boundary of the folded
micro-triangle measured along x3—xg, and ¢ the perpendicular distance from
the segment x3—x( to the base cable. The base-cable length is
2c
L.=1L tan (/2" (2.35)
To ensure a horizontal placement of the bar in the fully closed configuration,
a must satisfy
a<L.—b. (2.36)

Here we assume b < L.. The instantaneous configuration of the bar is de-
scribed by the abscissa p of its lower end measured along the base cable (the
‘base coordinate’ in Fig. 2.12(b)).

18
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Figure 2.12: Geometry of the secondary folding motion of the micro-triangle

N
023. (a) Global view. (b) Close up of the folded plate (reproduced from Frater-
nali et al., 2024b under the license CC BY-NC-ND 4.0).

Elementary geometry gives
a® — p? = 2¢% — 2¢*(cos b)), (2.37)

which yields p as a function of 6:

p(0) = /a2 4 2c2(cosf — 1), with —b<p<a. (2.38)

In the fully closed placement, # = 0 and hence p = a. In the fully open
placement, p = 0 (see Fig. 2.3 and Fig. S9), and the maximum folding angle
follows as

2c2

Accordingly, a target 0,,,, may be achieved by appropriate choices of a and
¢, for instance via

a2
Ormaz = arccos (1 — —) ) (2.39)

a
c= , 2.40
\/2(1 — €08 Opmaz) ( )

and inversion of Eqn. (2.38) gives

(2.41)

2 2 2
— 2
0(p) = arccos (u)

2¢2

19
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Figure 2.13 reports 8 as a function of p for a = 1 and several values of c.

37/4

< 72

/4

0 0.2 0.4 0.6 0.8 1

Figure 2.13: Opening angle 6§ as a function of the base coordinate p, for a =1
and different values of ¢. The insets show the configuration of the micro-triangle
in the fully open placement (0 = 0,,,4.) (reproduced from Fraternali et al., 2024b
under the license CC BY-NC-ND 4.0).

We finally introduce the second base coordinate ¢ shown in Fig. 2.12

defined by
g=L.—b—p, with 0 <g < L. (2.42)

Combining Eqns. 2.38 and 2.42 provides ¢ as a function of 6:

q(0) = L. — b — /a2 + c2(cosf — 1). (2.43)
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3.1 Stabilization of folding motions

The present Chapter addresses the response of the solar-eye module when
stabilization is enforced by keeping cable rest lengths constant (i.e., with the
activation winches/motors locked). The stabilization of the primary and sec-
ondary folding motions is examined separately in Sects. 3.1.1 and 3.1.2. In
both cases, the force-displacement behavior of a selected portion P of the
module is evaluated by prescribing a time-dependent history of a chosen dis-
placement component while maintaining the actuation devices locked. For
the secondary motion, theoretical predictions are compared with experimen-
tal measurements obtained on a physical specimen tested at the RPL of the
University of Salerno (see Sect. 3.1.2).

It is worth emphasizing that, in the systems considered here, stiffness arises
solely from the elasticity of bars and cables, whereas in the configurations
studied in (Miranda et al., 2020) the mechanical characteristics of the external
actuators play a more prominent role. In the structures examined in what
follows, deformation is primarily associated with cable stretching, since the
cables are markedly more compliant than the bars.

Let q collect the free displacement components of the unconstrained nodes
of P with respect to a chosen reference configuration. Assuming that such
nodes are not directly loaded by external forces, the corresponding equilibrium
conditions read

al ot
gr(q) = ka (fm(q)_gm) aq? =0 (31)

m=1

where ky, is the stiffness parameter of the m-th bar or cable in P (m =
1,...,M), £, is its rest length, £, is its current length, and ¢, denotes the
r-th component of q (r = 1,...,Q) (Fraternali et al., 2015a). A deformation
history is generated by prescribing the evolution in time of a subvector qj, of
q, namely by imposing q, = u(t). The resulting equilibrium problem can be

cast in the extended system of equations form (Fraternali et al., 2015b)
gla(?)) }
=0 3.2
Ly 32

where g collects the residuals g1, ..., gq.
It is convenient to discretize the evolution into time instants ¢1,...,tg. For
the incremental step ts — ts11, let @ be an initial estimate of q(ts1) satisfying
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dp = u(ts41), and define g = g(q). We also consider the complementary
subvectors q“ and g, obtained by removing the prescribed components q,
and g, from q and g, respectively. A Newton-Raphson correction Aq“ is
then computed by solving

K" Aq* = —g° (3.3)

where K79 is the submatrix of the tangent stiffness matriz with entries K| 17; =
0g¢i/0q;, associated with g* and q”. Iterations of (3.3) are performed until
|Aq®|| becomes smaller than 10794, ., where fy_, denotes the minimum
member length among those forming P in the configuration at ¢t = 0.

3.1.1 Stabilization of the primary motion

We adopt, as reference state, the fully folded placement (¢ = eyax) of a right
macro-triangle P = 7, and study a deformation process driven by a prescribed
history u(t) for the displacement of x( along the e3 direction (Fig. 3.1). In the
special case a = /2 (right macro-triangle; cf. Fig. 2.8), we assume that the
evolution takes place under the constraints that x; slides along the e; axis, x3
slides along the ey axis, and the rest lengths of both the opening and closing
cable families remain constant (Fig. 2.6).

We begin by deriving a linear approximation of the response of P by eval-
uating Eqn. (3.3) at the first time increment (¢t = ¢1). We then investigate the

geometrically nonlinear behavior of P by means of a Mathematica® imple-
mentation of the path-following strategy introduced in the preceding section.

Because the imposed motion corresponds to a downward travel of xg, the
opening cables are put in tension throughout the considered deformation path.
The closing cables, instead, contribute only if an initial prestrain py = (£o—¢) /¢
is assigned (through the perimeter bus cable) to both opening and closing
families. Once activated, the closing cables remain taut only up to the stage
where they lose tension as u increases. In the above definition, ¢y and ¢ are,
respectively, the cable length in the reference configuration and its rest length.
If one considers the opposite scenario—starting from the flat configuration
and moving xg upward—the mechanical roles of opening and closing cables
interchange. In the model, the opening cables link nodes x; and x3 to a node
x4 held fixed at the projection of x¢ on the e;—ey plane (Fig. 3.1).

The closing cables connect x; and x3 to nodes x5 and xg, which are fixed at
the vertices of P lying on the global x and y axes in the fully open configuration.
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Figure 3.1: Schematic of the mechanical model adopted to investigate stabi-
lization of the primary folding motion (reproduced from Fraternali et al., 2024b
under the license CC BY-NC-ND 4.0).

Imposing the cable prestrain py produces the pretension forces F, and F in
such members (Fig. 3.1), namely

E

Cp

= F, = (EA). po (3.4)

&

where (EA). denotes the axial stiffness of the cable material (Young modulus
times cross-sectional area). The bar elements depicted in Fig. 3.1 represent
the supporting substructure of the micro-triangle plates belonging to P, and
are characterized by axial stiffness (EA),. Let uy,, uy,, u., be the Cartesian
components of the displacement of node x; measured from the reference place-
ment in Fig. 3.1. The set of nonvanishing kinematic variables is collected in

q= {uzoa Ugy s Uz Uy s Uzgy, uy3}-

3.1.1.1 Linearized response

We focus first on the case pg = 0 (hence F. = 0). In that setting, the equi-
librium conditions for the system in Fig. 3.1, written along the directions
associated with the entries of q, can be expressed as

g= Af—-w=0 (3.5)

where f collects the axial forces in members 14, 34, 0-1, 1-2, 0-2, 0-3, 2-3
(positive in tension), w is the vector of applied nodal loads, and A is the
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equilibrium matrix

O
V2 V2
A= o 0 0O -1 0 0 O (3.6)
o o o O 0 0 -1
o 0 0O O -1 0 O
0 % 0 0 0 % 1
Introducing linear axial constitutive relations for cables and bars yields
fi= ke (||(x1+ a2 e1) — xal| — C14)
f2= ke (||(x3+ g6 €2) — xal| — l3.4)
f3= kp (H(Xo +qie3) — (x1+q el — 170,1)
fa= kK (H(Xl +qe)—(x2+q3e1+qer+qse3)|| — Z1,2) (3.7)
fs = ko (|l(x0 + q1 e3) — (x2+ g3 €1 + qs €2 + g5 e3)|| — Lo2)
fo = ko (|l(x0 + q1 e3) — (x3+ g6 €2)|| — Lo 3)
Jr= ko (||(x2+ g3 €1 + g4 €2 + g5 €3) — (X3 + g6 €2)|| — l23)

where k. = (FA)./l. and ky, = (EA)/l, with £, and £, denoting the rest
length of the specific cable or bar considered. Substituting Eqns. (3.7) into

(3.5) allows one to assemble the tangent stiffness matrix K70 = {9g;/dq;} at
the reference configuration of Fig. 3.1, obtaining

(1+\/§)B B 0 0 V3B B
L (3 +v2)B+VvIC -v2B 0 0
KO — l 0 —V2B V2B 0 0 0
L 0 0 0 V2B 0 —V2B
—V2B 0 0 0 V2B 0
B 0 0 —-V2B 0 (3 +v2) B+ vac

(3.8)
with B = (FA), and C = (EA).. Under the small-displacement assumption,
the equilibrium statement (3.5) reduces to the linear elastic problem

KWq =w (3.9)

In the idealized limit of inextensible bars, B — 0o, and for a single downward
vertical force F' applied at node xq, one obtains
0 FL

= {-1,1,1,1,-1,1 3.10
q 2\/50{ } (3.10)
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The same approximation predicts that the tension in each opening cable equals

F? = Gl (3.11)
2
Let F,; denote the ultimate tensile load of the cables. If Eqn. (3.11) were
to hold throughout the motion, cable rupture would be expected when F
reaches Fy = 2F,y. As shown in the next subsection, however, the ratio
F./F increases substantially as the structure moves away from the reference
placement, so that failure may occur for values of I’ well below 2F ;.

3.1.1.2 Response in the large displacement regime

We now turn to the large-displacement behavior of the macro-triangle P in
Fig. 3.1, solved via the displacement-control continuation method outlined in
Sect. 3.1. The prescribed subvector is taken as q, = {u,} with u, = u,,,
and uy, is imposed to evolve linearly in time according to u(t), from u = 0
at the initial step t0 ¥ = Umar = \/Emax(2 — €max) L = L/+/2 at the final
step (cf. Sect. 2.4). The numerical model adopts geometry and member
dimensions consistent with a simplified version of the small-scale demonstrator
discussed in Sect. 2.2: P is composed of two isosceles right micro-triangles with
hypotenuse L = 183 mm. This reduced model is later reused as a building
block for the quadrilateral dynamics analyzed in Sect. 3.2. The opening and
closing cables associated with P are modeled as monofilament nylon line with
diameter 0.40 mm, Young modulus 1.0 MPa, and breaking force F; ; = 21.57
N. The bar framework is steel with Young modulus 210 GPa and rectangular
section 3 mm X 5 mm.

Figure 3.2(a) presents computed F—u curves for different values of the pre-
strain pg (constructed using a deformation history discretized into 5000 steps).
The external force F' is identified with the residual component g, dual to w,
in Eqn. (3.1). In Fig. 3.2(a), forces are normalized by F; ; and displacements
by the stroke wmq,. The dashed segments labelled (i) correspond to a hy-
pothetical continuation beyond cable rupture (cable forces larger than F f),
whereas the solid portions labelled (i) represent feasible response branches
(cable forces not exceeding F, ¢). Panel (b) of Fig. 3.2 illustrates a represen-
tative deformed shape, and panel (c) reports the evolution of the ratio F./F
for w/umas between 0 and 0.8.

The family of curves in Fig. 3.2(a) shows a progressive reduction of the
tangent stiffness as u increases (i.e., the F'—u slope decreases in magnitude). If
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Figure 3.2: (a) Numerical curves of F/F, ; versus u/uymaqs for stabilization
of the primary folding motion in a reduced-scale macro-triangle, for different
cable prestrains pg. Solid portions (i) correspond to admissible branches with
cable tension below F, ¢; dashed portions (ii) extend beyond cable rupture and
are shown only for reference. (b) Example of a deformed configuration. (c)
Evolution of the ratio F,./F with the vertical displacement of the top node, for
po =0 (reproduced from Fraternali et al., 2024b under the license CC BY-NC-
ND 4.0).

the cables could sustain sufficiently large tensile forces, such softening would
ultimately culminate in a limit-point instability (Budiansky, 1974). The cor-
responding load level is denoted F;. The computations in Fig. 3.2(a) locate
the limit point at a displacement u = w; ranging from 0.34 e, for pg = 0
to 0.36 Umqe for pg = 0.03, indicating that the instability would occur after
roughly one third of the available stroke of xy. The same plots also show a
modest upward shift of the response for increasing pg, which is attributable
to stiff initial branches near u = 0 caused by the early engagement of closing
cables when py > 0. For the considered mock-up, the failure load is found
to be Fy = 1.343F. y at u = 0.208 U4, for po = 0, and Fy = 1.46 I, ; at
u = 0.160 Upqe for pg = 3%. In the same simulations, the limit-point value
becomes F; = 1.540 F,, ; for pg = 0 and F; = 1.768 F  for py = 3%. A key out-
come is that Fy/F. ; is far below the factor 2 suggested by the linear estimate
of the previous subsection. For py = 0, Fig. 3.2(c) shows that F./F rises well
above 0.5 immediately after leaving u = 0, reaching 0.744 at v = 0.208 upqz-

If the external actions applied to P (typically wind-induced loads (Miranda
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et al., 2020)) are expected to generate cable forces larger than F}, protective
measures should be implemented for the module. One viable option is to intro-
duce motion stoppers (e.g., spring-based end stops with suitable rest lengths)
placed at the ends of the diagonal sliding tracks depicted in Fig. 2.6.

3.1.2 Stabilization of the secondary motion

A combined numerical-experimental investigation was carried out to assess
the stabilization mechanisms associated with the secondary folding motion of
a representative micro-triangle. The analyzed element reproduces the essential
geometric and mechanical characteristics of the micro-triangles employed in
the demonstrative prototype discussed in Sect. 2.2. Numerical predictions
were systematically compared with experimental measurements obtained at
the Rapid Prototyping Laboratory of the University of Salerno.

3.1.2.1 Physical model and experimental setup

The experimental campaign focused on the micro-triangle illustrated in Fig.
3.3, whose geometry is defined—according to the notation introduced in Sect.
2.4—by the parameters a = 60 mm, b = 0 mm, ¢ = 41.05 mm, and L/v/2 =
116.14 mm. A physical specimen was manufactured with this geometry. The
supporting frame consisted of bars with rectangular cross section 3 mm x
5 mm, while the scissor mechanism employed pins with 2.8 mm x 1.5 mm

cross section. These structural components were produced by Shapeways®
using Matte Black Steel, characterized by a Young modulus of 210 GPa. The
foldable plate was fabricated in gray ABS with a thickness of 3 mm at the RPL
facility. ABS was selected in place of steel to reduce inertial effects, which are
neglected in the numerical simulations discussed below. The scissor pins were
linked to a closed-loop bus cable made of nylon wire with diameter 0.4 mm,
identical to that adopted for the primary-motion experiments.

The frame was rigidly fixed to an optical bench, and quasi-static loading
tests were performed to characterize the stiffness of the system once stabilized.
Stabilization was achieved by locking the rest length of the bus cable, which
was anchored to the supporting frame. The quantity monitored during testing
was the change Ad in the distance d between nodes y2 and xy (Fig. 3.3),
induced by an external load progressively closing the foldable plate. Prior
to loading, the plate was set in a partially folded configuration forming a
52° angle with the horizontal plane. The corresponding initial distance is
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Figure 3.3: Geometry of the tested sample of a micro-triangle (dimensions in
mm) (reproduced from Fraternali et al., 2024b under the license CC BY-NC-ND
4.0).

denoted by dy. Prestress was introduced in the base cables by attaching them
to external baskets carrying calibrated masses. Each cable was connected to
its prestress basket via a small pyramid-shaped steel linkage composed of 1
mm diameter bars (Fig. 3.4(a)). Two prestress levels were examined, namely
F., = 250 gf and F., = 500 gf. When normalized by the cable breaking
force I,y = 21.57 N, these prestress values correspond to Fi, = 0.114 F, ;
and Fi, = 0.227 I ;. After prestressing, the cable lengths were mechanically
locked and the prestress baskets removed (Fig. 3.4(b)). Subsequently, node
y2 was subjected to vertical loading through a loading basket connected by
a 0.76 mm PowerPro® braided Spectra fiber routed through the frame (Fig.
3.4). The applied weight generated a force F' transmitted directly to y3. The
displacement Ad = dy — d was measured by tracking the vertical motion of
a reference plate attached to the loading basket using a laser displacement
sensor (Fig. 3.4(a,b)). Loads were applied incrementally in steps of 20 g or 50
g, and the displacement was recorded after each increment. An image of the
specimen during testing is provided in Fig. 3.4(c).

3.1.2.2 Mechanical model and force-displacement response

The analytical description of the experiment relies on the mechanical model
depicted in Fig. 3.5(a), which was developed to reproduce the response of
the tested specimen introduced in Sect. 3.1.2.1. Panels (b) and (c) of the
same figure show two representative configurations of the physical model. The
vectors x; and y; denote the nodal positions in the reference and deformed
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Figure 3.4: Illustrative scheme of the loading test carried out on a reduced
scale micro-triangle (a-b), and pictures of the physical sample under testing (c)
(reproduced from Fraternali et al., 2024b under the license CC BY-NC-ND 4.0).

locked
cables

laser sensor

configurations, respectively, for the nine-node system shown in Fig. 3.5(a).
Nodes 0 through 4 remain fixed during the deformation process, while nodes
5, 6, and 7 undergo a rigid rotation about the z-axis by an angle 6, decreasing
from 52° to zero. This kinematic evolution is described by

Yy, | =1 0 cosf —sinb Xy |, (i=5,6,7) (3.12)
Yz 0 sinf cosd X,

where X,, X,,, and X, denote nodal coordinates in the fully closed configura-
tion. The displacement vector q collects the nonzero displacement components
of nodes 5 through 9. Prescribed displacements associated with the folding
motion of nodes 5-7 define the subvector qj,, while the unknown displacement
components of nodes 8 and 9 are grouped in q% = {Uzg, Uyg, Uszg, Uy, Uyg, Uz }-
The deformable elements of the system consist of cables 8-4, 8-3, 9-3, 94 and
bars 6-9 and 7-8; all remaining components either undergo rigid-body motion
or remain stationary. Although cables 8-4 and 8-3 coincide with cables 94
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and 9-3 in the reference configuration, they are treated as distinct elements
and deform differently. In the physical prototype, these cables are slightly
offset in the transverse direction, as shown in Fig. 3.5(b,c).

The equilibrium of nodes 8 and 9 yields the governing equations for q%:

3 — Y8 0—JY8 7T Y8
gs = f3s2 0 20 4 fos Y08 4 T8 g, (3.13)
U8 los lr8
Yo — Yo Y3 — Yo ¥6 — Yo
g = foo—F—— + f39 + fo,9 =0, (3.14)
o9 39 le9

which may be compactly written as

g= { 88 } = 0. (3.15)

g9

Axial forces are related to elongations through linear elastic laws f;; =
ki j(|lyi — y;ll — €i;), with stiffnesses k;; = (EA)./l. for cables and k;; =
(EA)y/ 0, for bars. By combining these relations with Eqns. (3.12), the resid-
ual vector g is expressed as a nonlinear function of q. The resulting equi-
librium equations (3.15) are solved via the continuation strategy described in
Sect. 3.1, prescribing a stepwise reduction of § from 52° to zero over 100 equal
increments. At each increment, the force F' applied at node 5 is obtained by

A
enforcing vanishing moment equilibrium of micro-triangle 015 about the 0-1
support axis:

6— Yo 7— Y8
(Y6 — ¥yo) % f6,9y Yo 4 (y7 — ¥o) X f?,sy Y
L9 l78

) )

— (5 — yo) x F‘VE’[ ”) ce1 =0. (3.16)
5,2

Figure 3.6(a) compares numerical and experimental curves of F/F. ; ver-
sus Ad/dy for the examined prestress levels F}, .. As for the primary-motion
analysis, dashed segments indicate portions of the response exceeding the cable
strength. Panel (b) shows a deformed configuration, while panel (c) reports
the evolution of F,/F with Ad/dy for F), = 0.114 F, ;. The response is char-
acterized by an initial stiffening regime followed by a softening branch.

The numerical simulations predict a limit-point instability at the end of the
softening phase, in qualitative agreement with the behavior observed for the
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Figure 3.5: Illustration of the mechanical and physical models employed for
the study of the stabilization of the secondary folding motion. (a) Reference con-
figuration of the mechanical model. (b) Close-up of the physical prototype in the
reference configuration. (c¢) Deformed configuration during testing (reproduced
from Fraternali et al., 2024b under the license CC BY-NC-ND 4.0).

primary motion. In the present case, this instability is reached for Ad/dy ~ 1
(i.e., @ ~ 0). The correspondence between simulations and experiments in
Fig. 3.6(a) is generally good. For F, = 0.114 F_ ;, the experimental curve
terminates at the failure load Fy = 0.438 F, s, reached at approximately 68%
of the full stroke. For Fj, = 0.227 F, f, the numerical model predicts Fy =
0.432 F¢  at about 61% of the stroke. Finally, Fig. 3.6(c) shows that the ratio
F./F is initially large at small displacements, and subsequently decreases to
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values between 3.45 and 3.60 for Ad between 50% and 80% of dy, assuming
F,=0.113F, .

(@ — Num.(j) F,=0.22 Fyr
F/F -- Num (i) F,=0.22 Foy
“of — Num.(i) Fp=0.11 Fyy
.- Num (i) F,=0.11 Foy
0.6 — Exp. Fp=0.22 Fyr
Exp. Fp=0.11 Fyy

0.4

0.2

0.0 L . L Ad/d, Ad/d,
0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8

Figure 3.6: (a) Comparison between numerical predictions and experimental
measurements of the force—displacement response associated with the stabiliza-
tion of the secondary folding motion, for different prestress levels F,. (b) De-
formed configuration. (c) Evolution of the ratio F./F as a function of Ad/dy,
for F, = 0.113 F, ; (reproduced from Fraternali et al., 2024b under the license
CC BY-NC-ND 4.0).

In scenarios involving extreme actions, such as intense wind events capable
of generating forces beyond the cable failure threshold, protective strategies
may be adopted by driving the system toward a closed configuration, similarly
to the automatic retraction mechanisms employed in wind-sensitive awnings
(Goodman and Meier, 2013).

3.2 Dynamic response and wind loading

We next investigate the vibration behavior of the quadrilateral assembly de-
picted in Fig. 3.7, considering the solar eye in an intermediate (semi-closed)
placement characterized by € = 0.5 epax. The analysis adopts this configura-
tion as the reference state for assessing the consequences of upwind excitation,
namely wind acting orthogonally to the module base plane (hence normal to
a fagade on which solar eyes are installed). Such a choice is motivated by
exposure considerations: compared with the fully folded and fully flat states,
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the semi-closed arrangement presents a larger effective surface to the incom-
ing flow. Indeed, the fully open (fully folded) state examined in Sect. 3.1.1
yields a negligible—ideally vanishing—projected area under upwind loading,
whereas the fully closed configuration benefits from shielding by the surround-
ing frame, which mitigates wind-driven oscillations (see Figs. 2.6-2.7). Under
high or moderately high wind intensities, we assume that the secondary fold-
ing mechanism is not actuated, consistently with the remarks given at the end
of the preceding section.

In upwind conditions, the load tends to push the central node 0 of the
scheme in Fig. 3.7 downward, i.e., it promotes a negative displacement com-
ponent along the z-axis. Accordingly, the adopted mechanical idealization
includes only the opening cable set 1-4, 34, 64, 84, while the closing cables
are taken as inactive because no prestress is introduced. Conversely, a down-
wind scenario would require the complementary modeling assumption (closing
cables active and opening cables slack), still under the simplifying hypothesis
of zero prestress.

The position vectors of the vertices of macro-triangle 0-1-2-3 are pre-

scribed as
1 /5
X0 = {0,0,2\/2 - \/§L}

x| = {i(2+\/§) L,0,0}
X2:{ L L \/5—2\@L}

4+V2 442 8422
X3 = {o,j1 (2+\/§> L,O} (3.17)

and these expressions can be extended in a straightforward manner to define
the coordinates of the remaining nodes in Fig. 3.7. Node 4 coincides with the
origin of the global Cartesian frame {x,y, z} and is assumed fixed.

The objective is to characterize the small-amplitude, wind-induced oscil-
lations about the adopted reference configuration of Fig. 3.7. In the present
model, the set of free kinematic variables q includes: the vertical displacement
of node 0; the z-direction displacements of nodes 1 and 6; the y-direction dis-
placements of nodes 3 and 8; and the three Cartesian displacement components
of nodes 2, 5, 7, and 9, yielding 17 generalized displacement components over-
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Xq

X1

Y1

(b)

Figure 3.7: (a) Three-dimensional view of the mechanical model of a quadri-
lateral system. (b) Disassembling of the system into four macro-triangles (re-
produced from Fraternali et al., 2024b under the license CC BY-NC-ND 4.0).

all. The tangent stiffness operator at the reference configuration, denoted by
KT0, is obtained by assembling the element tangent stiffness matrices K¢
corresponding to the four macro-triangles forming the module (Fig. 3.7). Let
Q' = {Usgs Usy s Usys Uy, Uzy, Uy, | collect the degrees of freedom associated with
the 0-1-2-3 macro-triangle. By repeating the same linearization strategy used
in Sect. 3.1.1.1, one finds that the element tangent stiffness takes the form

k11 k12 kiz ki ks ke
koo ko3 kos kos kog

1 k k k k
71 _ 1 33 k3s k35 kse
K= L Sym kas kas kas |’ (3.18)
kss  kse
koo
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with coefficients

- & (309 n 26\/§> B

1/
k1o = k1g = g 7+4\/§B
1
ki3 =kis = 4—9\/430 —104v2B

hys = — (16 n 31\/§> B

k11

19

koo — ke = 3%2 (363 +206v2) B - (2v2 - 1)
kos = kag = —& <108 + 99[2) B

ko = kg = % <3o+ 3\/5) B

kos = ksg = —ﬁ 645 — 156v/2B

kag = 0

1
ko = s = 1o (44 n 171[2) B

higy — Zlg (6\/5—38) B

1
— fys = ———1/2351 — 132828
kss = kus oy V/ 235 328v/2
1
k55:%<123\/§—44>3

(3.19)

where B and C retain the meaning assigned in Sect. 3.1.1.1. The remain-
ing three element matrices are obtained from K”°! by expressing the same
coefficients in the corresponding local frames {z;,y;, z;} associated with each
macro-triangle (Fig. 3.7(b)).

To define inertia, let m denote the mass assigned to a micro-triangle. A
lumped-mass idealization is adopted by distributing such mass to the triangle
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vertices, which produces, for a generic macro-triangle, the element mass matrix

o

(3.20)

OO OO OoON
[=lelelall =)
O O o N OO
S O N O OO
oON O O OO
o o o o

Assembly of the matrices M€ yields the global mass matrix M. The free-
vibration characteristics of the quadrilateral module in Fig. 3.7 are then ob-
tained through the eigenproblem

(K™ —0°M) @ =0, (3.21)

where ? is diagonal and contains w? (squared angular frequencies), and ®
collects the corresponding mode shapes; modes are indexed by increasing fre-
quency.

As a representative case, we consider the reduced-scale mock-up with L =
183 mm and the mechanical parameters specified in Sect. 3.1.1.2. We also
take m = 0.197 kg, consistent with the mass of an isosceles right steel micro-
triangle of hypotenuse L = 183 mm and thickness 3 mm (density 7.85 g/cm?).
The first eigenmode, shown in Fig. 3.8, corresponds to vy = 5.77 Hz and is
mainly associated with activation of the primary folding mechanism, opposed
by the elastic response of the opening cables (Fig. 3.8). All higher modes
are characterized by substantially larger frequencies (e.g., vo = 178 1), since
they involve deformation of the comparatively stiff steel frames supporting the
panels, whereas the first mode primarily mobilizes the compliant nylon cables.
Additional higher-order shapes are illustrated. The modal results in Fig. 3.8
were produced via a Mathematica® implementation of Eqn. (3.21) and were
checked against finite element computations. For reference, the fundamental
transverse frequency of a single pinned nylon cable (mass density 1.14 g/cm?),
with diameter 0.40 mm and length 259 mm, is about 50 Hz when subjected to
a tensile force of only 0.1 N. This estimate follows from v, = 1/(2v/2L) \/T/p,
which provides the first mode frequency of a pinned cable of length /2L,
where T is the axial tension and p the linear mass density (Shabana, 1996).

Wind action is inherently unsteady and may induce resonance when the
structure (or its components) possesses natural frequencies below approxi-
mately 1 Hz (Holmes, 2018). When the relevant frequencies are well above 1
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Hz—as for the mock-up analyzed here—wind effects can often be treated as
a quasi-static background load. Under this assumption, a static assessment
based on international provisions (e.g., Eurocode 1, EN 1991-1-4:2005, Euro-
pean Committee for Standardisation, 2005) becomes appropriate. When res-
onance cannot be excluded, the corresponding analysis may be developed by
extending methodologies devised for large-span roofs to fagades equipped with
solar eyes (Su et al., 2018). A detailed treatment of such dynamic phenomena,
together with cross-wind effects, cladding pressures, and aerodynamic inter-
actions involving the attached solar panels (Wittwer et al., 2022), is outside
the scope of the present study and is left for future work.

INZ|
AN

Mode 1: v; = 5.77 Hz

Figure 3.8: First vibration mode of the system in Fig. 3.7 equipped with
the dimensions and mechanical properties of the solar eye mock-up (reproduced
from Fraternali et al., 2024b under the license CC BY-NC-ND 4.0).
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MOCK-UP

4.1 Components of the a quadrilateral solar module

This chapter outlines the fabrication and integration of a quadrilateral tenseg-
rity—origami solar module. The demonstrator was conceived to corroborate,
through a tangible prototype, the geometric and mechanical outcomes dis-
cussed in Chapters 2 and 3, and to verify the actuation and control approaches
associated with the two distinct folding motions. The mock-up was produced
at the Rapid Prototyping Laboratory (RPL) of the University of Salerno,
adopting the materials and procedures summarized in the subsequent sections.

Figure 4.1 provides the principal dimensions of the solar eye demonstra-
tor, whereas Figure 4.2 depicts the fully assembled device equipped with five
actuation motors. Most of the additively manufactured parts were fabricated
with the MakerBot® fused deposition modeling (FDM) printer available at
the RPL. The printed components were realized using polylactic acid (PLA)

filaments supplied by Fillamentum® (https://fillamentum. com/).

Figure 4.1: Different views with dimensions in mm of the solar eye mock-up
(reproduced from Fraternali et al., 2024b under the license CC BY-NC-ND 4.0).
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Figure 4.2: Three-dimensional view of the solar eye mock-up equipped with
five activation motors (reproduced from Fraternali et al., 2024b under the license
CC BY-NC-ND 4.0).

Figs. 4.3 -4.4 collect the component families that, once assembled, consti-
tute the quadrilateral module. For clarity, the module is organized into eight
principal subassemblies:

e supporting frame (group #(1), intended to be anchored, for example, to
a facade or to a roof substructure);

e two linear tracks and four slider blocks (group #(2)), with the tracks
imposing motion of the sliders along the module diagonals;

e four guiding bars associated with the secondary folding kinematics (group
#(3)); together with a cable-pulley arrangement governing the primary
folding kinematics (group #(4));

e pulley covers (group #(5));

e cight base micro-triangle frames (group #(6)), designed to translate
along the diagonals to accommodate the primary folding motion;

e scissor linkages and the corresponding actuation cables for the secondary
folding motion (group #(7));
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e PV or T panels (group #(8)) to be housed within the foldable plates of
the micro-triangles.

The supporting frame (group #(1) in Fig. 4.3) was realized through 3D
printed elements and fastened to a timber backing structure by means of twelve
6-mm stainless-steel screws.

Group #(2) comprises 3D printed slider blocks coupled to four metallic lin-
ear guides (7 mm thickness) supplied by Ftvogue and purchased via Amazon;
the guides are connected by dedicated 3D printed junction pieces.

The group #(3) subassembly is made of four sets of 3D printed winch
pulleys, each able to translate along 6-mm-diameter, flat-edged metallic guide
rods obtained from a local supplier; these winches actuate the cable system
responsible for the secondary motion.

Group #(4) contains 9-mm stainless-steel pulleys provided by Walfront
(via Amazon) and nylon cables sourced locally. The selected PV panels are
rectangular (25 mm x 30 mm), with nominal voltage 1 V and nominal current
80 MA. The foldable plates are attached to the supporting frames using 2.5-
mm stainless-steel screws. The opening and closing cables associated with the
primary folding motion have diameter 0.40 mm, whereas the bus cable has
diameter 0.60 mm (see Fig. 4.3).

With reference to group #(5) in Fig. 4.4, the mock-up employs 3D printed
covers to protect the pulleys. Such covers were mounted, by means of 2.5-mm
stainless-steel screws, on the pulleys installed in the slider blocks, on the corner
components of the frame, and at the module center.

Group #(6) consists of eight 3D printed micro-triangle frames, featuring
PLA bars with 3 mm x 5 mm rectangular cross-section. For the experi-
mental campaign, the structural set of a single micro-triangle (supporting
frame, closure plate, and scissor pins) was additionally fabricated externally

by Shapeways® (https://www.shapeways.com/) in Matte Black Steel.

Group #(7) collects the 3D printed tensegrity scissor mechanisms and
the actuation cables used for the secondary folding motion. The latter are
nylon lines with 0.4 mm diameter, identical to those adopted for the primary
actuation, and they pass through ring pins positioned on the micro-triangle
frames. The scissor bars have 2.8 mm x 1.5 mm rectangular cross-section and
length 60 mm.

Finally, group #(8) comprises eight 3D printed foldable plates (3 mm thick-

ness), each integrating six micro-PV panels purchased through AliExpress
(https://www.aliexpress.com/).
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(1)  Supporting frame ‘

g
//
\ // (2) Diagonal tracks and
: \ sliding blocks

(3) Secondary folding
motion guides

(4) Cables and pulleys of
primary folding motion

Figure 4.3: Exploded view of the groups (1)-(4) of components of the quad-
rangular module (reproduced from Fraternali et al., 2024b under the license CC
BY-NC-ND 4.0).
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(5) Pulley covers

75

(6) Micro-triangle frames

(7) Scissor structure and activation
cables of secondary folding
motion (8x)

(8) Micro-triangle plates
and PV/T panels

Figure 4.4: Exploded view of the groups (5)-(8) of components of the quad-
rangular module (reproduced from Fraternali et al., 2024b under the license CC
BY-NC-ND 4.0).
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4.2 Assembly method of the solid parts

This section describes the assembly procedure adopted for the rigid compo-
nents of the prototype. Figure 4.5 illustrates the sequence of operations for
the solid parts (i.e., excluding cables) located along one of the four diagonals
of the module (Fraternali et al., 2024b). Since the four diagonals share the
same layout, the procedure reported in the figure can be replicated without
modifications for the remaining diagonal subassemblies.

Figure 4.5: Assembly of the solid parts forming the center and one diagonal
of the model (reproduced from (Fraternali et al., 2024b) under the license CC
BY-NC-ND 4.0).
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Within the demonstrator, short strips of paper tape were wrapped to ob-
tain cylindrical hinges linking pairs of neighboring frames, as depicted in Fig.
4.6a and Fig. 4.6b. The adopted solution was inspired by tape-spring hinge
concepts reported in Seffen and Pellegrino (1997) for deployable structural
systems.

(a) Non folded micro-triangles (b) Partially folded micro-triangles

Figure 4.6: Paper tape hinges used for the connection adjacent micro-triangle
frames (reproduced from Fraternali et al., 2024b under the license CC BY-NC-
ND 4.0).

4.3 Actuation and folding motions of the prototype

This section presents the technical details of the primary and secondary folding
motions of the quadrangular module. First, the sequence associated with the
primary motion is described, and then the actuation and synchronization of
the secondary folding of the micro-triangles are discussed.

The primary folding sequence was simulated in Autodesk Inventor®, and
representative frames are reported in Fig. 4.7. The fully closed state is inten-
tionally not perfectly planar: a small residual fold angle is introduced for the
macro-triangles to enhance stability and to ease initiation of the actuation.

Primary folding is driven by the bus cable (green), to which the open-
ing (red) and closing (brown) lines are attached through joints. For each
opening/closing line, one extremity is anchored to the frame and the opposite
extremity is coupled to the bus cable (Figure 4.3). Such a layout effectively
reduces the actuation force required to move the sliders. By rotating the bus
cable clockwise, the opening line is tensioned while the closing line is relaxed,
which pulls the sliders toward the module center and induces opening.
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Closed position Intermediate position Open position

Open position Intermediate position Closed position

Figure 4.7: Opening and closing mechanisms of the primary folding motion of
a quadrilateral module - Frontal and isometric views (reproduced from Fraternali
et al., 2024b under the license CC BY-NC-ND 4.0).

In addition to this primary motion, the secondary folding motion of each
micro-triangle is synchronized by the guiding bar shown in Fig. 4.8 (see also
Fig. 4.3). Four guiding bars are employed overall: each is coupled to a
winch/motor and commands the folding of two adjacent micro-triangles.
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The opening and closing cables of the scissor mechanism (see Fig. 2.3)
are routed over pulleys mounted on the corresponding guiding bar, as also

illustrated by the Autodesk Inventor® snapshots in Fig. 4.8.

=P

Closed position Intermediate position Open position

Open position Intermediate position Closed position

Figure 4.8: Different views of the opening-closing mechanism of a micro-
triangle associated with the secondary folding motion (reproduced from Frater-
nali et al., 2024b under the license CC BY-NC-ND 4.0).
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Building upon this routing scheme, the two folding modes are decoupled
by positioning the pulleys that route the secondary actuation lines beneath
the slider blocks associated with the primary motion (Fig. 4.9). These pulleys
are free to translate along the longitudinal direction of the secondary guiding
bars.

»ysliding "’ »’

X
0,
»/s;iding ) (\rotation mrotation
i | I &
Primary movement activated Primary movement stabilized
Secondary movement stabilized Secondary movement activated

Figure 4.9: Movements of the pulleys guiding the secondary folding motion
(reproduced from Fraternali et al., 2024b under the license CC BY-NC-ND 4.0).

Relative twisting between pulleys and guiding bars is prevented through
flat edges machined/printed on both components (Fig. 4.10). Consequently,
during actuation of the primary folding, the secondary system can remain
stationary; conversely, when the secondary guiding bars are rotated about
their axes, the attached pulleys rotate together and the secondary folding of
the micro-triangles is triggered without affecting the primary motion.

bar and pulley
with a flat edge

Figure 4.10: Presence of flat edges in the guides and pulleys of the secondary
folding motion (reproduced from (Fraternali et al., 2024b) under the license CC
BY-NC-ND 4.0).

The operation of the mock-up under these actuation schemes is illustrated
in Figs. 4.11 and 4.12.
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Fig. 4.11 reports representative frames extracted from videos documenting
the primary folding of the mock-up; the module is shown in the fully open
state, an intermediate state, and the open state.

Closed position

Open position

Figure 4.11: Frames extracted from a video of the opening and closing mech-
anisms of the primary folding motion of a 3D printed mock-up (quadrangular
module) (reproduced from Fraternali et al., 2024b under the license CC BY-NC-
ND 4.0).
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Likewise, Fig. 4.12 shows frames extracted from videos of the secondary
folding motion. Starting from the open state of the primary motion, the
sequence displays a representative micro-triangle in the closed, intermediate,
and fully open secondary configurations.

Closed position

Open position

Figure 4.12: Frames extracted from a video of the opening and closing mech-
anism of the secondary folding motion of a 3D printed mock-up (quadrangular
module) (reproduced from Fraternali et al., 2024b under the license CC BY-NC-
ND 4.0).
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4.4 Electronic actuation and control of the module

Building on the mechanically actuated folding mechanisms described in the
previous section, this section details the electronic actuation and control ar-
chitecture implemented in the quadrilateral demonstrator. The prototype in-
tegrates five DC motors supplied by Dewin (via Amazon), rated at 12 V with
a nominal speed of 15 revolutions per minute (RPM) (Fig. 4.2).

A single motor, mounted with vertical axis in the bottom-right corner of
the prototype (Fig. 4.2), drives the primary folding motion. This motor is
coupled to the perimeter bus cable through a 3D printed pulley and a 4-mm
metallic flange connector supplied by Winwill (via Amazon).

The remaining four motors are installed with horizontal axes at the four
corners of the device and command the secondary folding, each motor actuat-
ing two micro-triangles (Fig. 4.2). These motors are linked to the guiding bars
through 6-mm metallic flange connectors. The actuation hardware includes
three L298N motor-driver boards, each capable of controlling two motors. One
driver is dedicated to the primary motion, while the other two drivers operate
the sets of guiding-bar motors associated with the secondary motion. Mo-
tor commands are generated by an Arduino board interfaced with a personal
computer through serial communication.

The realization of the quadrilateral TensOri demonstrator provides a com-
plete experimental platform for testing the kinematic and mechanical princi-
ples introduced earlier. The component architecture and the described assem-
bly steps permit independent actuation of the primary and secondary folding
motions, and the motorized layout confirms the practicality of cable-driven
control with low-power actuators. The prototype also establishes a baseline
for subsequent iterations and for scaling toward larger systems. The next
chapter addresses the tessellation of multiple solar eyes into a photovoltaic
window and discusses the related implications for adaptive building facades.
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This chapter investigates how the quadrilateral solar-eye modules intro-
duced in the previous chapters can be assembled into a tessellated configu-
ration to form a prismatic photovoltaic window, hereafter referred to as the
‘TensOri” window, conceived for integration within an adaptive building en-
velope. It expands and further develops results originally presented in the
following bibliographic paper, coauthored by the PhD candidate and cited in
the bibliography as Fraternali et al. (2024a):

Fraternali, F., Babilio, E., Nazifi Charandabi, R., Germano, G., Luciano,
R., Spagnuolo, G. (2024) Dynamic origami solar eyes with tensegrity architec-
ture for energy harvesting Mashrabiyas. Applications in Engineering Science
19,100190,2024.

5.1 TensOri window mock-up

This section describes the construction of a TensOri window comprising multi-
ple Solar Eye modules. To maximize energy harvesting, the panels within each
module should be oriented toward the sun. Since the modules are distributed
in a matrix layout, a dedicated mechanism was devised to coordinate the pri-
mary and secondary motions across the array while minimizing the number of
actuators. Fig. 5.1 shows a prototype window assembled from 13 Solar Eye
modules in the closed configuration, while Fig. 5.2 illustrates the correspond-
ing open configuration. Along the perimeter, fixed infill panels were added to
close the gaps between the tessellated modules and the external frame.

The tessellated layout was obtained by removing the individual module
frames and coupling neighboring modules along the linear bearing guides,
thereby creating a continuous cross-sectional assembly. All profiles are then
fastened to a new supporting frame designed to be mounted to the veranda
structure. The primary folding motion, which translates the linear bearings
along their guides to open and close the Solar Eye modules, is coupled to a
single activation line (termed the secondary bus cable). This line is, in turn,
connected to a cable running along the external frame (termed the primary
bus cable). A close-up of the joints is shown in Fig. 5.4 and is discussed in
Sect. 5.2.

The secondary motion, responsible for unfolding the individual panels, is
produced by rotating the guiding bars located beneath the profiles; through
winches and cables, such rotation is transmitted to the panels. This archi-
tecture allows one guiding bar to serve multiple adjacent modules. Moreover,
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Figure 5.2: View of the TensOri window with open panels.
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the guiding bars associated with each set of parallel modules are mechanically
linked by toothed belts, so that a single actuator can drive the corresponding
panel motion across the array.

As a result, operation of the TensOri window requires one gearmotor for
the primary motion (opening/closing of the Solar Eye modules) and four gear-
motors to actuate the microtriangle pairs responsible for solar tracking. As-
suming installation on a south-facing facade, the two microtriangles on the
right side of the Solar Eye vertical axis can be rotated to approximately 90
degrees at sunrise and then progressively lowered to follow the sun until noon.
After noon, the microtriangles on the left side can be gradually raised from
their resting configuration, reaching approximately 90 degrees by sunset as the
sun moves toward the west.

In an analogous manner, the two microtriangles located below the hori-
zontal axis of the Solar Eye can be tilted as a function of the solar azimuth
throughout the day.

After sunset, the microtriangles may be returned to the neutral configu-
ration (zero tilt), while the window can be opened or closed via the primary
motion to regulate daylight and ventilation within the veranda.

For a vertical window installation, the actuation of the two microtriangles
above the horizontal axis is not required; however, this additional degree of
freedom becomes relevant for a horizontally oriented window placed above the
veranda.

5.2 TensOri window Kinematics

In this section we describe the kinematics of the TensOri window.

For the underlying module mechanism, the reader is referred to Sect. 2.2,
where the kinematics of the Solar Eye module are introduced. Figure 5.3 shows
the window in the open configuration without the upper panels, so that the
kinematic layout is visible. The figure highlights the sliders in their fully open
position, the cable-pulley network governing the primary motion (with the
motor located at the bottom-right corner), and the guiding-bar and toothed-
belt system along the four sides that controls the secondary motion, together
with the corresponding motors.

The coordinated operation of the two motions is discussed below. Figure
5.4 shows a cross-sectional view of the primary-motion transmission.

For clarity, the linear-guide support profiles and the external frame are
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Figure 5.3: View of the TensOri window in the opened position without panels.

omitted from the figure. The primary bus cable (gray) runs along the upper
portion of the external frame, and the secondary bus cables are connected
to it by splices. A dedicated splice detail connects the primary bus cable,
the secondary buses, and the opening/closing lines, ensuring that clockwise
rotation of each loop produces closure.

The splices are positioned so that they do not interfere with pulley pas-
sages, thereby preventing jamming. The splice on the primary bus cable con-
nects:

e the opening line of the secondary bus associated with the module column
to the right of the joint;

e the closing line of the secondary bus associated with the module column
to the left of the joint;

e the closing line of the upper module to the left of the joint.

By symmetry, an analogous arrangement applies to the secondary bus cables in
the horizontal direction. During an opening maneuver (green-arrow direction
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Figure 5.4: Opening-closing mechanism of the primary folding motion of a
TensOri window obtained by changing the rest length of the activation cables.

in Fig. 5.4), the loops rotate counterclockwise: the closing lines (red) are
slackened while the opening lines (green) are tensioned, so that all Solar Eye
modules open simultaneously.

As in the single-module configuration, each opening/closing line of the
primary motion is anchored to the structure at one end and connected to the
bus cable at the other. This routing yields a mechanical advantage at the
slider, effectively doubling the slider force relative to the line tension, which is
beneficial in the initial phase when the module starts from the fully deployed
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configuration.

The secondary motion is transmitted to each microtriangle through the
lower guiding bars, as illustrated for the single module in Fig. 4.8 (Chapter
4). Owing to the guiding-bar profile, the winches can translate during the
primary motion without coupling into the secondary actuation. Figure 5.5
summarizes the kinematic layout for the secondary motion.

p
“ Il \NORTH

Figure 5.5: Opening-closing mechanism of the secondary folding motion of a
TensOri window obtained by guiding bars rotation.

To improve readability, the figure omits the panels, the external frame, and
the primary-motion cable system. In Fig. 5.5, a motor is placed at each edge
of the window, and toothed belts along the perimeter couple the homologous
guiding bars associated with the microtriangle pairs above the horizontal axis.

The motor located at the top-left corner (labeled ‘East Motor’) is con-
nected, through toothed belts and pulleys, to the guiding bars on the left side
of the vertical axis. Via winches positioned beneath the green sliders, these
guiding bars actuate the cables controlling the left panels (upper and lower),
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enabling the corresponding microtriangles to rotate toward the east, thereby
improving energy capture from dawn to midday.

The motor at the top-right corner (labeled ‘North Motor’) drives the guid-
ing bars located above the horizontal axis. These bars are connected to the
cables controlling the two upper panels (left and right), enabling downward
rotation of the upper microtriangles. While this motion is not primarily in-
tended to increase energy production in the vertical-window configuration, it
can be exploited to enhance daylight admission into the veranda.

The motor at the bottom-right corner (labeled ‘West Motor’) drives the
guiding bars to the right of the vertical axis. The attached cables actuate the
right panels (upper and lower), allowing the corresponding microtriangles to
rotate toward the west, which is beneficial for energy capture after noon.

Finally, the motor at the bottom-left corner (labeled ‘South Motor’) drives
the guiding bars below the horizontal axis. These bars actuate the cables
controlling the two lower panels (left and right), enabling upward rotation of
the lower microtriangles, which supports sun tracking by adjusting the tilt
according to the solar azimuth during the day.
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This chapter was developed in strict collaboration with the research group
led by César Dominguez at the Instituto de Energia Solar (IES), Universi-
dad Politécnica de Madrid (UPM), and in close cooperation with Rana Nazifi
Charandabi, a PhD student in Photovoltaics at the University of Salerno, dur-
ing her research internship at UPM. It focuses on the design and fabrication
of a controlled actuation mechanism for a smart window (hereafter referred
to as SMARTWIN) integrating concentrator photovoltaic technologies. The
architectural and photovoltaic design of SMARTWIN was developed by the
aforementioned research group at IES and is presented in Garcia-Sanchez et
al. (2025).

6.1 The SMARTWIN system

In Garcia-Sanchez et al. (2025), the UPM research group has presented an
innovative semi-transparent double-glazed BIPV system that employs concen-
trator photovoltaics combined with an integrated tracking mechanism. By
directing direct sunlight onto the embedded solar cells, the system efficiently
generates electricity while permitting diffuse light to pass through, ensuring
pleasant natural illumination and reducing glare without relying on blinds.
This functionality is realized through a solar concentration system composed
of horizontal lenses that focus the sun’s rays onto photovoltaic stripes.

Since the sun’s rays reach the lenses at varying angles throughout the
day and across seasons, the focal point projected behind each lens also shifts
in both height and depth. To address this challenge, the objective of this
chapter is to design an actuation mechanism for the SMARTWIN system that
enables the internal window panel to move accordingly, maintaining precise
solar concentration under changing conditions.

As illustrated in Figure 6.1, the lens mounted on the exterior pane of a
south-facing window converges incoming solar radiation onto a focal point
located behind the lens. Following the apparent path of the sun, this focal
point travels along an arc, exhibiting dynamic variations in its horizontal offset
from the glass and vertical displacement relative to the lens’s optical axis.

To optimize energy capture, a secondary glass panel positioned at the rear
contains photovoltaic (PV) strips aligned parallel to the lenses. This panel
integrates a dual-axis tracking system—both horizontal and vertical—that
continuously adjusts the position of the PV strips to coincide with the moving
focal point of the concentrated rays. In doing so, this chapter bridges the
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gap between static window-integrated PV systems and adaptive concentrating
technologies capable of maintaining optimal alignment for maximum efficiency.

Figure 6.1: Concentration of solar rays using a Fresnel lens.

6.2 Design and Kinematics of a SMARTWIN pro-
totype

This section presents the design and kinematics solution adopted for the
SMARTWIN prototype, describing the overall structural layout of the frame
and the moving internal panel, as well as the actuation strategy for vertical
and horizontal tracking. The prototype was developed using 3D CAD mod-
eling and is based on an aluminum frame that supports the external glazing
with linear concentrating lenses and an internal panel carrying the photo-
voltaic strips. The PV strips are arranged with the same pitch as the lenses
(22.5 cm), and the main external and internal dimensions of the window are
summarized in the CAD layout shown in Fig. 6.2.

Based on the specifications of the photovoltaic strips—consisting of 8 mm
wide bare cells with a length of 300 mm—the dimensions of the internal panel
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Figure 6.2: 3D CAD model of SMARTWIN.

were defined as follows. The width (Y-direction) was set to 308 mm, account-
ing for the 300 mm cell length plus the clearance required to securely fasten
the panel to its mechanical supports. The height (z-direction) was fixed at
400 mm, corresponding to the integration of 17 photovoltaic strips. This lay-
out results from the 22.5 mm pitch (center-to-center distance) of the linear
Fresnel lenses, ensuring that each strip is aligned with its corresponding lens
for maximum optical concentration.

The frame dimensional design was then completed by considering the phys-
ical dimensions of the motors and vertical linear bearings, as well as the vertical
and horizontal travel ranges that will be further defined in Section 6.2.1. This
resulted in a depth of 160 mm (Z-direction). Using the selected aluminum pro-
file cross-sections within the CAD environment, the overall structural envelope
was determined, as illustrated in Fig. 6.2

The remaining mechanical components were conceived to be manufactured
in ABS using 3D printing, a choice that guided the design of the connection
details and support elements and will be revisited in the fabrication section,
where the realization of the prototype is discussed.
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6.2.1 Vertical and Horizontal Movements

The SMARTWIN system is designed to provide controlled bi-axial movement
of the internal panel so that the photovoltaic (PV) strips can follow the focal
line of the concentrating lenses throughout the day and across seasons. Mov-
ing the internal panel vertically requires overcoming the combined weight of
the polycarbonate plate, the PV strips, and the associated mechanical com-
ponents. In contrast, horizontal movement demands significantly less force,
as the use of linear bearings substantially reduces friction. For this reason,
four motors were adopted to drive the vertical motion, while two motors are
sufficient for the horizontal displacement.

The vertical motors are mounted on the frame, whereas the horizontal
motors are installed on the upper mechanism to drive both the upper and
lower parts of the system. The control strategy synchronizes the motors so
that the panel moves smoothly and precisely along both axes.

Figure 6.3 shows one of the two lateral sections of the mechanism. The
vertical motion sequence starts with the simultaneous activation of the two
vertical motors (1), which are fixed to the frame via motor supports. These
motors drive the ball screws (4), causing the lower horizontal mechanism (8)
to translate. This motion is transmitted to the linear guide (9) and the upper
mechanism (7), so that the polycarbonate panel, attached to the linear bearing
(6), rises uniformly on both sides of the window.

Once the desired vertical position is reached, the horizontal motion is ac-
tivated. The horizontal motor (2) turns the central shaft, which drives the
pulley connected to the toothed belt. The rotation of the pulley moves both
the upper and lower runs of the belt, and this displacement is transferred to
the linear bearing (6). As a result, the bearing slides along the linear guide,
shifting the polycarbonate panel in the horizontal direction, as illustrated in
Fig. 6.4.

The admissible ranges for vertical and horizontal displacement were defined
from the optical analysis of the SMARTWIN concept carried out by the UPM
research group, which determined the motion required to keep the PV strips
close to the focal line over the relevant solar positions (Garcia-Sanchez et al.,
2025). In the final design, the internal panel can move from 0 to 51 mm
along the vertical z-axis (total travel 51 mm) and from —75 to —7 mm along
the horizontal Z-axis (total travel 68 mm). These constraints provided the
baseline for sizing the SMARTWIN window assembly and for selecting the
actuation components.
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1 = vertical movement step motor

2= horizontal movement step motor

3= toothed belt

4= ball screws

5= vertical motor support fixed to the frame
6= Horizontal Linear Ball Bearing for glass
support

7= upper horizontal mechanism

8= lower horizontal mechanism

9= vertical linear ball bearing for move both
upper and lower horizontal mechanism.

Figure 6.3: Left section of the SMARTWIN prototype.

Figure 6.4: horizontal mechanism
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6.2.2 Actuation strategy and positioning resolution

The SMARTWIN panel is actuated along two independent axes: a vertical axis
to compensate for the height variation of the focal line and a horizontal axis
to follow its depth variation within the glazing cavity. Vertical displacement
is generated by a pair of stepper motors driving ball screws, while horizontal
positioning is obtained through a dedicated stepper motor and a belt—pulley
transmission. This dual-axis actuation strategy enables precise alignment of
the internal panel with the solar focal line within the available space between
the external and internal glazing.

From a functional standpoint, the glass assembly must achieve accurate bi-
axial movement inside the frame, while avoiding collisions with the fixed outer
pane and preserving sufficient clearance for installation and operation. High-
precision positioning is essential to maintain the concentrated solar radiation
on the photovoltaic strips and thus maximize the electrical energy yield.

For the vertical movement, the mechanism is designed to support the com-
bined weight of the polycarbonate plate, the PV strips, and the attached
hardware. The two vertical stepper motors are fixed to the frame and drive
the ball screws; these in turn translate the lower horizontal assembly along a
linear guide. Since the upper assembly is linked to the same guide, both move
synchronously, lifting or lowering the internal panel as a rigid body.

The horizontal movement only requires sliding the panel along the guide, so
a belt—pulley system is adopted for simplicity and efficiency. The horizontal
motor drives a 20-tooth central pulley, which moves the toothed belt con-
nected to the horizontal bearing attached to the polycarbonate panel, thereby
producing the required in-plane displacement.

The actuation system uses stepper motors with a basic resolution of 1.8°
(200 steps per revolution), combined with microstepping drivers (e.g. A4988)
to increase positioning granularity. In the vertical axis, with a screw pitch of
2 mm, the resulting displacement per full step is

2 mm
Resoluti =—=10.01 tep.
esolution, = o Steps mm/step

For the horizontal axis, the toothed belt is driven by a 20-tooth pulley
corresponding to 20 mm of linear travel per revolution; using 800 microsteps
per revolution in quarter-step mode yields

20 mm

Resoluti =—— =0.025 i tep.
esolutiony, = oo icrostops mm/microstep
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These resolutions are sufficient to finely position the panel within the ad-
missible ranges defined in the previous subsection.

6.3 Manufacturing of the SMARTWIN Prototype

Following the design outlined in Section 6.2, a full-scale prototype of the
SMARTWIN system was manufactured to validate the proposed actuation
concept under realistic conditions. The mechanical architecture is based on
an aluminum frame supporting the external glazing with linear Fresnel lenses
and an internal movable panel in polycarbonate, conceived to host the pho-
tovoltaic strips with the pitch imposed by the optical design. The prototype
dimensions and material choices were directly derived from the CAD model
presented in Fig. 6.2, ensuring consistency between the simulated kinematics
and the physical realization.

Figure 6.5 shows a front view of the assembled mock-up; in this config-
uration, the external glazing containing the linear Fresnel lenses has been
removed, and the internal panel appears as a transparent polycarbonate sheet
prior to the application of the solar strips.

6.3.1 Actuator implementation and kinematic supports

Figure 6.6 shows the right-hand side of the mechanism, where the two verti-
cal motors, labeled MXRI and MXRE, are installed. The naming convention
adopted for the actuators is as follows: Motor, z-axis, Right side, Interior
(MXRI) and Motor, z-axis, Right side, Exterior (MXRE), where the z-axis
denotes the vertical movement of the system. The components highlighted
in grey are 3D-printed in ABS, reflecting the design choice discussed in Sec-
tion 6.3.

Several key technical solutions for the kinematic support and load trans-
fer can be observed in this view. At the bottom, two bearings support the
threaded rods, allowing smooth rotation while transmitting the combined
weight of the internal panel and the horizontal mechanism directly to the
base of the frame. The vertical motors are secured to the frame by 3D-printed
lateral brackets and coupled to the threaded rods through flexible couplings,
which are essential to accommodate possible axial and radial misalignments.
Vertical actuation is achieved via lead nuts integrated into the ABS support
structure of the horizontal mechanism, which is lifted as the rods rotate. The
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Figure 6.5: Front view of the SMARTWIN mock-up.
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figure also shows the drive shaft connected to the horizontal actuator (not
visible in this view) and the linear guide support for the polycarbonate panel,
which is likewise manufactured in ABS. A green LED indicates the status of
the limit switch (end-stop) used to ensure accurate zero-positioning (homing)
of the Z-axis.
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Figure 6.6: Right side of the mechanism with the vertical motors.
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Figure 6.7 illustrates the top-right section of the mechanism, where the
horizontal motor labeled MZR (Motor, Z-axis, Right side) is located. This
actuator is mounted on a 3D-printed ABS support that is fixed to the upper
horizontal assembly and therefore moves synchronously with it. The motor
shaft is connected to the transmission rod via a flexible coupling, again to
compensate for potential misalignments. The same figure highlights the at-
tachment of the horizontal movement support to the lateral metal guide. This
guide, which has three mounting holes, slides within a track fixed to the frame
and is mechanically linked to the lower horizontal assembly, ensuring synchro-
nized horizontal motion across the system.

In Figure 6.8, a yellow circle marks the two vertical limit switches (end-
stops) responsible for the accurate zero-positioning (homing) of the x-axis.
Each switch is associated with one of the vertical motors. During the initial
homing sequence, the horizontal mechanism assembly moves upward until both
switches are activated; this dual-sensor configuration is critical to guarantee
the correct alignment and horizontality of the entire moving assembly.

6.3.2 Microprocessor control system

The control architecture manages a total of six stepper motors and six limit
switches (end-stops). The motors are driven by six A4988 (Allegro MicroSys-
tems, 2022) stepper drivers, arranged on two CNC shields, one for each side
of the SMARTWIN window. This configuration provides a compact and mod-
ular interface for multi-axis motion control using standard step and direction
signals (Gandolfo, 2023).

All motors are supplied from a 12 V DC source, which can be provided by
a rechargeable battery integrated into the window’s energy-harvesting system.
The central control unit is an ESP32 microcontroller, a low-cost, low-power
system-on-chip (SoC) featuring a dual-core processor and integrated Wi-Fi
and Bluetooth connectivity (Espressif Systems, 2025). These communication
capabilities enable both local wireless access and potential integration into
building automation networks.

Figure 6.9 illustrates the control hardware assembly. To the left of the
ESP32, a Real-Time Clock (RTC) module is installed to maintain accurate
timekeeping during power interruptions via a dedicated backup battery. On
the right, two CNC shields are mounted, each populated with three A4988
drivers for stepper motor actuation.

The microcontroller is configured to connect to a Wi-Fi network using a
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Figure 6.7: Top-right section of the mechanism with the horizontal motor.
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Figure 6.8: Upper limit switches for vertical movement.

Figure 6.9: Control electronics of the SMARTWIN prototype.
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predefined SSID and password. It hosts an internal web server that provides
a graphical interface for manually setting the X and Z coordinates, corre-
sponding to the vertical and horizontal positions of the internal panel; this
functionality is particularly useful for laboratory tests on energy harvesting
and daylighting performance.

In autonomous mode, the ESP32 uses a solar position library (Willmott,
2019) to compute the current solar elevation and azimuth from the site’s geo-
graphic coordinates and the time information supplied by the RT'C. By means
of look-up tables and calibration data obtained from the optical analysis per-
formed by the UPM group, the controller converts the sun position into target
X and Z values for the stepper motors. Under standard operation, the control
algorithm maximizes the irradiance on the PV strips; however, a configurable
offset can be applied to shift the focal line partially or completely between the
strips, thereby increasing the transmitted daylight when required.

6.3.3 Concluding remarks

The present chapter has outlined the design, fabrication, and principal op-
erating modes of the SMARTWIN prototype, with particular emphasis on
construction details, kinematic mechanisms, and the actuation and control ar-
chitecture. The solutions adopted demonstrate the feasibility of integrating
solar shading and energy generation within a single system, while preserving
a relatively simple mechanical configuration suitable for full-scale experimen-
tation. The results obtained from the SMARTWIN mock-up thus provide a
robust operational basis for future investigations aimed at further assessing the
system’s performance and exploring its potential applications in the building
sector.
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This thesis has presented the design, modeling, and experimental prototyp-
ing of a new class of adaptive structural modules based on tensegrity principles.
The proposed systems are conceived as lightweight, deployable, and reconfig-
urable structures whose geometry and mechanical response can be actively
governed through a limited set of actuation cables. By coupling adaptive, and
in several instances origami-inspired, kinematics with tensegrity-based load
transfer, the developed modules can tessellate planar or moderately curved
surfaces in multiple layouts while preserving structural efficiency and main-
taining modest actuation energy demands. Such a combination is particularly
attractive for architectural-scale applications, where weight, ease of deploy-
ment, and controllable stiffness represent simultaneous and often competing
requirements.

A central contribution of this work lies in the systematic investigation
of the kinematic and mechanical behavior of the examined tensegrity—origami
modules, with emphasis on how relatively simple cable operations can generate
rich and controllable shape changes. Adjustable cable rest lengths enable delib-
erate morphing through primary and secondary folding motions, thereby sup-
porting transitions among compact, deployed, and intermediate states. This
actuation philosophy, together with the use of arbitrary polygonal geometries
rather than a single canonical unit cell, distinguishes the proposed approach
from earlier origami-based adaptive structures, which frequently rely on dis-
crete hinges, concentrated rotational springs, or widespread actuation across
many degrees of freedom. The results demonstrate that complex deployment
paths and mechanical adaptability can be achieved through sparse control ar-
chitectures centered on pretension management and cable length regulation,
providing a practical route to scalability.

The mechanical performance of the modules has been analyzed through
a combination of analytical formulations, numerical simulations, and experi-
mental validation on reduced-scale prototypes. The modeling framework clar-
ifies the roles of geometric nonlinearity, cable engagement and slackening, and
prestress in shaping the force—displacement response. In particular, the post-
deployment locking of selected cable rest lengths has been shown to stabi-
lize the folding mechanisms and to provide a substantial increase in stiffness
against external actions, including wind-induced effects. Modal analyses per-
formed on representative quadrilateral configurations have further highlighted
the dynamic characteristics of the system, revealing a separation between low-
frequency modes associated with cable-governed motions and higher-frequency
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modes dominated by the deformation of stiffer supporting elements. In paral-
lel, simplified procedures to estimate the effects of wind loading have been out-
lined, suggesting that additional protection against extreme conditions may
be provided through auxiliary restraining elements (e.g., motion stoppers)
and/or dissipation devices. These additions are conceptually consistent with
the present architecture and represent a direct and natural extension of the
developed prototypes.

Beyond static and quasi-static considerations, the adaptive nature of the
proposed tensegrity systems points to significant potential in applications re-
quiring tunable dynamic response. Future investigations will therefore focus
on characterizing structural behavior under seismic and other dynamic load-
ing conditions by combining laboratory testing, advanced numerical model-
ing, and comparisons with recorded ground-motion inputs. In this context,
the ability to modify stiffness, geometry, and load paths through controlled
reconfiguration may enable new strategies for vibration mitigation, targeted
energy dissipation, and adaptive seismic resilience. Such studies will necessar-
ily incorporate large-displacement effects, nonlinear dynamics, and stability
considerations, while also motivating the development of control algorithms
capable of real-time adaptation under uncertain loading scenarios and practi-
cal actuation limits.

While the thesis primarily concentrates on structural mechanics and de-
ployable behavior, selected application scenarios have been explored to demon-
strate versatility and to clarify how functional components can be embedded
within the structural concept. In particular, the integration of photovoltaic
and solar-thermal elements within the rigid components of the modules has
been investigated as a representative case study. A TensOri window system
equipped with foldable energy-harvesting panels and sun-tracking capabilities
has been proposed to illustrate how such structures may operate as adaptive
building-envelope components. Moreover, a SMARTWIN smart PV window
prototype has been designed and manufactured to demonstrate the implemen-
tation of vertical and horizontal positioning and an embedded control system
at the scale of a full window module. Owing to low-energy actuation, modular-
ity, and the possibility of distributed control, these systems appear promising
for energy-efficient buildings, especially where adaptability, daylight modula-
tion, and architectural integration are simultaneously required. At the same
time, the energy-harvesting examples should be viewed primarily as demon-
strators: the underlying structural principles are not tied to a specific function
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and can be transferred to a much broader range of engineering contexts.

Future developments will expand the scope of the proposed systems toward
broader structural and multidisciplinary applications. Candidate directions in-
clude deployable protective structures, adaptive shading and screening devices,
reconfigurable load-bearing components, and smart structural subsystems for
vibration and seismic control. From a systems perspective, further research is
needed on the coordinated control of multi-module assemblies, including the
definition of robust actuation layouts, fault-tolerant strategies, and optimiza-
tion of cable routing and pretension levels. Additional studies will address
manufacturability and durability at larger scales, long-term performance of
cables and joints under cyclic operation, component reuse, life-cycle assess-
ment, and the adoption of sustainable materials. Finally, the integration of
alternative actuation technologies—such as shape-memory alloys, electroactive
polymers, compact clutches, or other smart-material solutions—may further
enhance responsiveness and resilience while reducing mechanical complexity
in specific deployment scenarios.

Overall, this thesis demonstrates that tensegrity—origami systems consti-
tute a promising structural paradigm for the development of adaptive, deploy-
able, and mechanically efficient engineering solutions. By bridging geometry,
mechanics, control, and prototyping, the work lays a foundation for future
research on reconfigurable structures capable of responding intelligently to
changing environmental and operational conditions across multiple areas of
structural engineering and design.
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