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Abstract. Deployable sunscreens with tensegrity architecture have been recently proposed
for dynamic solar façades of buildings working on low energy consumption. Such structures
are aimed at ensuring well-being indoor conditions while using reduced electrical-grid energy.
The present paper studies the dynamical response of the tensegrity shading screens recently
appeared in the literature, by studying structures formed by modular panels suitably assembled
to form an origami pattern. The origami tensegrity façade is activated by stretching or releasing
selected cables. Its energy-harvesting ability arises from the action of piezoelectric effects under
the opening/closure motion of the origami panels, and wind-induced fluctuations. The dynamic
response of the origami panels is simulated through a fully tensegrity model, with the aim of
estimating their energy harvesting ability. The given results show that the overall tensegrity
façade can daily produce a quantity of electric energy equivalent to the electric power produced
by more than 200 squared meters of photovoltaic panels, and about 90 squared meters of rooftop
wind turbines.
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1 INTRODUCTION

An energy-efficiency building (EEB) ensures well-being indoor conditions with the least
consumption of energy from fossil and non-renewable sources [1]. Design of new construc-
tions to reach performances of so-called nearly zero-energy buildings (nZEB) is introduced by
the 2010 European Union Directive for the optimization of the energy performance of build-
ings [2], which enforces the EU states to provide the minimum requirements for the energy
performance of buildings and constructive elements. Indeed, buildings are responsible for ap-
proximately 40% of EU energy consumption, so that the challenge for the near future is to
drastically reduce energy dependency on fossil sources, while maintaining current living stan-
dards. In this direction, the building envelope is among the most important components to take
into consideration in design of a EEB [3, 4], since it can significantly help in reducing energy
losses. For instance, the building envelope may be exploited to increase energy efficiency in the
summer by controlling the incident solar radiation through dynamic shading systems. In recent
studies, it has been proposed to exploit the deployment ability of tensegrity structures to design
dynamic envelopes [5, 6]. Tensegrity systems are composed of bars, generally under compres-
sion, assembled inside a net of strings undergoing tensile stresses, only [7]. Furthermore, it is
possible to take advantages from vibratory motion of such systems under environmental actions
to harvest energy. The present paper is devoted to a tensegrity-like module merging the function
of sunscreen to some harvesting ability.

2 THE LAYOUT OF THE TENSEGRITY SUNSCREEN MODEL

The present contribution briefly details about an origami module based on tensegrity archi-
tecture equipped with piezoelectric strings. The module is designed to be mounted in front of or
to cover building façades and pursue the two-fold objective to serve both as screen and mechan-
ical energy harvester and enriches a unit introduced in [5] and further studied in [6, 8, 9] named
as TABS, acronym of tensegrity Al Bahar screen, because of its shape resembling that of shad-
ing systems designed by Aedas architects to protect the external façades of the Al Bahar towers,
in Abu Dhabi [10, 11]. While Al Bahar screen are piston actuated, motion of TABS depends on
its tensegrity architecture. The enriched module, referred as WTABS [12], where ‘W’ stands
for wind, introduces as a novelty with respect TABS the addition of six D-bar systems. The
basic module of the WTABS system is shown in Fig.1, both through exploded and assembled
views. With reference to Fig.1, starting from the top (which indeed does mean from external,
i.e. away from the building), WTABS is composed by a macro-triangle, origami screen module,
subdivided into six micro-triangles made of PTFE (glass fiber), able to generate a rigid motion
in space, infilling a tensegrity system formed by 12 bars and 3 external strings. Below, there
is a complex made of six D-bar, two elastic restraints (linear springs with stiffness K = 67
kN m−1) and a linear actuator (model Rolaram®R2501190 [13]). While three D-bars, the
springs and the actuator have axes which are and, during the morphing process, stay in a plane
parallel to the rear building, the remaining three D-bars are mounted inclined. The actuator
Rolaram®R2501190 (294 kN dynamic loading, 3500 mm maximum stroke [13]) stretches and
relaxes cables, thus activating the folding/unfolding mechanism of the system. Bars and strings
composing the module are respectively made with 6082-T5 Aluminum profiles and wire ropes
composed of a nylon core string with 8.9 mm diameter, wrapped by piezoelectric cables [14].
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(a) (b) (c)

Figure 1: Three exploded (top panels) and assembled (bottom panels) views of TABS: (a) side view, parallel to the
axis of actuator; (b) side view, in front of the actuator; (c) axonometric view. Exploded views allow to recognize
the main components of TABS. From top: screen; D-bars inclined with respect to the rear building wall; D-bars
parallel to the rear building wall; elastic restraints and actuator.

3 WTABS MOTION EQUATIONS AND LOADS

This section introduce the WTABS equations of motion, in matrix form, and reports about
the evaluation of wind pressure to adopt in numerical simulations.

3.1 Matrix form of equation of motion

The WTABS module is a tensegrity network made up of nn nodes, modeled as frictionless
joints, nb bars, and ns elastic strings. The generic node i, with i ∈ [1, . . . , nn] is located by the
vector ni ∈ R3 and is loaded by the external force wi. Hence the nodal matrix N ∈ R3×nn and
load matrix W ∈ R3×nn can be written as

N =
[
n1 n2 · · · ni · · · nnn

]
, W =

[
w1 w2 · · · wi · · · wnn

]
. (1)

The vectors representing ith bar and string are bi ∈ R3 and si ∈ R3, respectively, and can be
stacked in matrices B ∈ R3×nb and S ∈ R3×ns , as

B =
[
b1 b2 · · · bi · · · bnb

]
, S =

[
s1 s2 · · · si · · · sns

]
. (2)

By introducing the connectivity matrices of bars CB ∈ Rnb×nn and strings CS ∈ Rns×nn ,
the matrices given by Eqn.(2) are written as

B = NCT
B , S = NCT

S . (3)

The generic (i, j)th entry of CB (or of CS) takes value−1 if vector bi (or si) is directed away
from node j th, 1 if vector bi (or si) is directed toward node j and 0 if vector bi (or si) does not
touch node j. On introducing the class number m of a tensegrity network, we may state that
a tensegrity is of class m if the maximum number of the compressive elements concurring in
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each node is equal to m [7, 15, 16]. In this case, the tensegrity sunscreen module that we are
considering is a tensegrity of class 6.

By introducing the matrices M ∈ Rnn×nn and K ∈ Rnn×nn , respectively defined as

M =
1

12
CB

Tm̂CB + CR
Tm̂CR , (4)

K = CS
T γ̂CS −CB

T λ̂CB , (5)

we can write the equations of motion (of a class 1 tensegrity system) as [17]

N̈M + NK = W , (6)

where N has been already given by the first of Eqns.(1) and N̈ stands for its second derivative
with respect to time.

Similarly to matrices CB and CS, CR ∈ Rnb×nn in Eqn.(4) is a connectivity matrix. Its ith

row corresponds to the bar bi and its (i, j)th entry takes value 1/2 if vector bi touches node j,
or 0 otherwise [18]. Furthermore, m̂ ∈ Rnb×nb , and γ̂ ∈ Rns×ns in Eqns.(4)-(5) are diagonal
matrices, whose (i, i)th entries are, respectively, masses mi, i ∈ [1, . . . , nb] and force densities
along strings γi, i ∈ [1, . . . , ns] given by

γi =

max

[
0,
EsjAsj

Lj

(
1− Li

si

)
+ ci

sTk ṡ
s2i

]
, if si ≥ Li ,

0 , otherwise,
(7)

being Esi the Young’s modulus of the material, Asi the cross-sectional area and Lj the rest
length of the string, ci the damping coefficient and sj = ‖sj‖. Finally λ̂ ∈ Rnb×nb denotes the
diagonal matrix of force densities in bars and is given by

−λ̂ =
1

12

⌊
ḂTḂ

⌋
m̂ˆ̀−2 +

1

2

⌊
BT (W − Sγ̂CS)CT

B

⌋
ˆ̀−2 , (8)

where ˆ̀−2 ∈ Rnb×nb is a diagonal matrix of terms `−2k = ‖bk‖−2 and bAc is a matrix keeping
the diagonal terms of the square matrix A, while all the off-diagonal entries are set to zero.

3.2 Modeling of the wind forces

We model the action of wind on WTABS on assuming the wind speed as depending on time
and only one space variable, the height (took along the axis y in a three dimensional Cartesian
frame), and is given by

v(y, t) = vm(y) + v′(y, t) , (9)

where vm is averaged over a time interval of 10 min and v′ accounts for high frequency fluctu-
ations. The latter is suitably represented as a single stationary Gaussian random process with
zero mean described by the spectral density [19]

SL(y, n) =
6.8 fL(y, n)

(1 + 10.2 fL(y, n))5/3
, (10)

where fL(y, n) is a dimensionless frequency

fL(y, n) =
nL(y)

vm(y)
, (11)
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L(y) being the turbulence scale, and n the natural frequency. By choosing a frequency step
∆n = 0.05 Hz, and a set of N = 100 frequencies nk = (k − 1/2)∆n, we obtain [20]

v′(y, t) =
N∑
k=1

√
2SL(y, n)∆n cos (2πnkt+ ϕk) , (12)

ϕk denoting randomly generated phases (in radians) over the angle interval spanning from 0 up
to 2π.

Finally, we cast the peak value of the wind kinetic pressure, expressed in Pa, as

q(y, t) =
1

2
ρ (vm(y) + v′(y, t))

2
, (13)

ρ = 1.25 kg m−3 being the density of air.
The effect of wind pressure on nodes of WTABS is then computed as follows.
On introducing two vectors ap and bp lying along the edges of the generic micro-triangle on

WTABS, the surface area Ap of such an element and its unit normal are given by

Ap =
1

2
||ap × bp|| , np =

ap × bp

||ap × bp||
. (14)

The wind force acting over the panel p, along its normal vector, is computed through

ωp = q Ap(np ⊗ np)k , (15)

k and ⊗ denoting the unit vector along the axis z, towards the building, and the tensor product
symbol, respectively. Finally, the wind force acting on the generic node i is

wi =
1

3

ni∑
p=1

ωp , (16)

ni being the number of panels attached to node i.

4 NUMERICAL APPLICATIONS

The present section is devoted to the dynamic analyses of the WTABS system undergoing the
wind forces and actuation motion. The numerical integration of Eqn.(6) is performed applying
fourth order Runge-Kutta theory with a time step of 0.025 s.

4.1 Actuation motion

The motion of WTABS is driven by the linear actuator Rolaram®R2501190 [6, 13]. We
consider a simulation in which the screen is deployed in 40 s, starting from the folded con-
figuration. Then, the force impressed on the node is held constant for 40 s more. Figure 2
graphically illustrates the simulation. In particular, it is shown how the position of the central
point of the module changes over time during the actuation motion. Four top views of deformed
configurations, from folded to deployed state, are reported.
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Figure 2: Deployment of WTABS driven by the actuator. Position of center node (top panel) and four top views of
selected configurations, namely after 1 (a), 15 (b), 30 (c), and 80 (d) s from actuation start.
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4.2 Fluctuations due to wind

The simulate wind pressure we consider environmental characteristics of the Al Bahar Tow-
ers and the height of the towers. By considering ??y∗ = 120 m in a coastal area exposed to
wind, we get the turbulence scale value L(y∗) = 40.1589 m [19]. As average speed we set
vm(y∗) = 73.4 m s−1, which produces a wind pressure of 3.5 kPa, that is the value consid-
ered for the real scale prototypes of the towers [11]. Relevant information and results of the
simulation are graphically shown in Figure 3.

5 MECHANICAL ENERGY HARVESTING

The WTABS module is equipped with PVDF-coated piezoelectric cables (see [12] for details
on the cable structure) that, by virtue of the electromechanical effect, allows energy conversion
described by

WE = k233WM (17)

where WE and WM stand for electric and mechanical energy and k33 is the electromechanical
coupling coefficient along the longitudinal axis of the piezoelectric cable. By using the strain
history of the cables during the simulations briefly reported in Sect. 4, mechanical energy can
be computed as

WM =
1

2T

ns∑
s=1

EfAfLis

T∫
0

εs(t)
2dt

 , (18)

with reference to the two different implementation hypotheses we obtain [12]

W actuation
E = 321.3 kJ , Wwind

E = 5.749× 10−4 kJ . (19)

In [12], it has been observed that, although the amount of energy harvested by a single
WTABS is low, the total energy that can be daily generated by a WTABS modules in reference
to the size of the towers (composed of over a thousand shading systems) m2 [10, 11], is consid-
erable and can be employed to power microelectronic devices, WiFi repeaters, cellular phones,
and LED lighting systems [21].

6 CONCLUDING REMARKS

This work has dealt with the generalization of the TABS shading system proposed in [6]
from the energetic point of view, by integrating such a system with additional D-bar modules
equipped with piezoelectric cables for energy harvesting (WTABS design [12]). The dynamics
of the WTABS module has been numerically simulated, on accounting for the opening and
closure operations of the screens and the dynamic action of wind forces. The obtained results
have allowed us to calculate the amount of mechanical energy harvested by the shading system
under such loading conditions. Overall, the electric power that can be daily generated by the
WTABS modules is equivalent to the power produced by approximatively 200 photovoltaic
panels, and nearly 90 microeolic wind turbines with one squared meter surface area. We address
the generalization and the experimental identification [22] of the WTABS concept to different
façade geometries and a variety of energy harvesting materials to future work.
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Figure 3: Turbulence scale (a), spectral density (b), wind pressure (c) and fluctuations of height of the central node
of WTABS (d).
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