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The peculiar nonlinear mechanical behaviour of tensegrity structures and their engineering applications have
attracted considerable interest in the last two decades. However, the difficulties in their traditional fabrication
and assembling methods represent current limitations to their widespread use. This paper presents a novel
design and fabrication procedure for bistable tensegrity-like units. Starting from the classical triangular
tensegrity prism and using stereolithography technology, a double tensegrity-like unit was designed and
realised monolithically as a compliant mechanism. High repeatability of compression tests confirmed the
activation of the designed bistable twisting mechanism in large displacements, proving that the bistability
of a tensegrity-like unit with null selfstress and no cables can dependably be achieved. Numerical simulations
showed that a reduced-order stick-and-spring model is able to provide predictions on the nonlinear mechanical
behaviour of the unit in close agreement with experimental results. Low relative density and bistable
characteristics make this type of tensegrity-like unit suitable to manufacture highly-customisable multistable
metamaterials. The proposed procedure could be applied to transform and additively manufacture other types

of tensegrity structures with different nonlinear responses into corresponding tensegrity-like versions.

1. Introduction

The past few years have seen a consolidation of the literature on me-
chanical metamaterials in conjunction with significant advancements
in additive manufacturing (AM) techniques [1-3]. Much attention was
given to periodic lattices with different repeating units realised by
suitable AM methods [4-10]. Several studies showed that it is possi-
ble to attain unprecedented behaviours characterised for example by
exceptional strength-to-weight ratio and stiffness-to-weight ratio [11—
14], frequency bandgaps [15,16], negative overall elastic moduli or
negative mass density [17-19], auxeticity [20], optimised piezoelectric
properties [21,22], and solitary wave propagation [23,24].

A peculiar class of mechanical metamaterials is that of tenseg-
rity metamaterials, that is, metamaterials whose units are designed
as tensegrity structures [25,26]. Tensegrity structures are selfstressed
pin-connected frameworks composed of struts and cables, which were
shown to display a marked nonlinear response, dependent on the self-
stress level, when subjected to static or dynamic loads [27,28]. In fact,
in [29,30] it was demonstrated that, depending on their aspect ratio,
tensegrity prisms exhibit a stiffening or softening response in compres-
sion tests. In addition, in [31] a particular tensegrity unit was found
to possess two different bistable regimes, one triggered by changes
in geometry, the other one triggered by an increase in the selfstress
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level. Such features can be effectively exploited for designing tensegrity
metamaterials with a nonlinear response as periodic assemblies of
tensegrity units. For example, in [23,24,32] one-dimensional arrays of
tensegrity prisms were shown to support the propagation of solitary
waves, and this result was generalised to two- and three-dimensional
arrays of tensegrity units in [33].

One of the main challenges to overcome for the development of
tensegrity metamaterials is their fabrication, given the difficulty of
realising, assembling, and selfstressing cables. A handful of studies
experimented with AM for the realisation of tensegrity structures.
In [34], tensegrity structures were additively manufactured using rigid
place-holder elements in the place of cables, which were replaced
by elastic elements once AM was completed. In [35], self-deployable
temperature-responsive tensegrity structures were manually assembled
from additively manufactured bars and cables. In [36], arrays of tenseg-
rity prisms were realised by AM of struts and bases of the tensegrity
prisms, with the aid of temporary supports, followed by the installation
and tensioning of cables. More recently, in [37], bars were 3D-printed
in polylactic acid together with and inside a sacrificial water-soluble
mould. The sacrificial mould also formed an internal channel network
in which a liquid polymeric smart material was injected to realise
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cables. The latter were then cured by heating before the sacrificial
mould was dissolved in water.

It is evident that the presence of selfstressed tension-only elements
constitutes an obstacle for an effective AM of tensegrity metamaterials.
However, this issue can be side-stepped by considering conventional
lattices with tensegrity architecture, here referred to as tensegrity-like
structures, which are able to mimic the nonlinear response of the
corresponding tensegrity structures. This point was exemplified in [38],
in which three-dimensional arrays of tensegrity-like units based on
a bistable double triangular prism were designed, fabricated at the
micrometre-scale by multiphoton lithography, and subsequently tested
in compression. Test results showed a shift from a primary stable
configuration to a secondary one. Still, it was not possible to shift the
tensegrity-like structure back to the primary stable configuration since
specimens could not be tested in tension at that scale. Furthermore,
in [39], the impact response of a cuboctahedral tensegrity-like structure
with elastically buckling struts was analysed, whereas, in [40], the
tuning of the lowest frequency bandgap of a column-shaped modular
tensegrity-like structure was performed. In both cases, tensegrity-like
structures were realised in polyamide by selective laser sintering. In
another study [41], compression tests were performed on periodic
tensegrity-like structures realised by two-photon polymerisation di-
rect laser writing, showing suppression of localised deformation and
damage events and leading to a fully stable stress-strain response
with an improved combination of failure resistance, energy absorption,
deformability and strength with respect to conventional lattices. In all
those studies, the observed behaviours can be ascribed to the tensegrity
architecture of the lattices.

On starting from the unit presented in [38], the feasibility of fab-
rication of similar units at larger scales with more affordable AM
methods, such as fused deposition modelling, was explored in [42].
Although the snapping response of the designed tensegrity-like unit was
experimentally attained, the most attractive feature of bistability was
not achieved. In fact, bistability is precisely at the base of multistable
mechanical metamaterials with reversible and irreversible nonlinear
behaviours that have been widely investigated for multifunctional en-
gineering applications [43], including shape reconfigurable intelligent
materials [37,44], reusable shock-impact resistance [45,46], energy
trapping and absorption [45,47], sound and elastic wave propagation
control [48].

This paper presents a novel design and fabrication procedure to
achieve for the first time bistable tensegrity-like structures, which can
then serve as repeating units in multistable lattice metamaterials. In
particular, such procedure is demonstrated through the realisation of a
double triangular prism structure as a compliant mechanism [49], with
flexible hinges realised by reducing the cross section of lattice members
over a short length near the nodes. Such bistable unit is specifically
designed for performing tension—compression tests, and it is fabricated
via inverted stereolithography technology. In order to investigate the
mechanical behaviour and the main mechanical parameters involved in
the response of the bistable tensegrity-like unit, specimens are tested
under quasi-static compressive loading with displacement control. Fi-
nally, test results are used to validate the predictions of a reduced-order
stick-and-spring model of the unit [50,51].

The high repeatability attained during the experimental campaign
and the fairly good agreement with numerical simulations reveals that
the bistable behaviour of additively manufactured tensegrity-like units
with low relative density can be reliably achieved. Such results open
a new scenario on the possibility of designing multistable tensegrity-
like metamaterials, with freely tunable geometry and behaviour, for
different multifunctional applications.

As the bistable unit considered in this work originates from the
triangular tensegrity prism (Fig. 1(a)), the present results could be
extended to any prismatic tensegrity unit with N-sided polygonal base
plates (Fig. 1 (b, c)). Additional extensions could be fulfilled using trun-
cated polyhedral tensegrities [52,53] (Fig. 1 (d-f)) or multistage towers

(Fig. 1(g)). Indeed, the proposed procedure could be applied to trans-
form any tensegrity system possessing one independent selfstress state
and one independent internal mechanism into a bistable tensegrity-
like unit. Other than the several known examples of tensegrity systems
of this kind, new ones with desired features could be obtained by
taking advantage of the many form-finding algorithms and analysis
methods available in the literature (e.g., see [54-60]). In addition, the
proposed design procedure could be used to realise units with nonlinear
stiffening or softening behaviour as well. Finally, by guaranteeing
the kinematic compatibility between internal mechanisms of adjacent
units, these could tessellate the space via different assembly strategies
to obtain lattice metamaterials with multistable or highly nonlinear
behaviour. Fig. 1 (h—j) reports some literature examples of tensegrity
and tensegrity-like tessellations.

The paper is organised as follows. The principal properties of tenseg-
rity systems and tensegrity-like lattices are presented in Section 2.1,
while the main parameters considered in the design are described in
Section 2.2. The additive manufacturing process and the characterisa-
tion of the parent material are described in Section 3. Experimental
results of the units tested under quasi-static compressive loading are
reported in Section 4.1. In Section 4.2, numerical results obtained using
a reduced-order stick-and-spring model are presented and compared
with experimental ones. Finally, concluding remarks are outlined in
Section 5.

2. Design of tensegrity-like lattices
2.1. From tensegrities to tensegrity-like structures

Tensegrity structures are free-standing pin-connected frameworks
composed of bars, which can carry compression or tension, and cables,
which can only carry tension. In stable configurations, such structures
are subjected to a selfstress state in which member axial forces are in
equilibrium with null loads. A tensegrity structure can possess first-
order infinitesimal mechanisms, also called soft-modes. These are given
by nodal displacements causing second-order member elongations [62],
and they are associated with highly nonlinear behaviour and significant
changes in configuration. For instance, it was shown in the literature
that the simplest three-dimensional tensegrity structure, the triangu-
lar tensegrity prism, or T3 (Fig. 2(a)), features a marked nonlinear
response depending on its aspect ratio and level of selfstress, when
subjected to loads activating its infinitesimal mechanism [27,29]. An
analogy can be drawn between the T3 and the two-element system in
Fig. 2 (b).

A T3 unit can be obtained by considering a triangular right prism or
right frustum with cables placed along the edges, and non-contiguous
bars placed along the diagonals of the lateral faces; in addition, one
base is rotated with respect to the other one by a certain twist angle ¢.
Symmetric stable selfstressed configurations of a T3 are only required
to have a twist equal to /6 (Fig. 2(a)), while the height of the
prism/frustum and the size of each triangular base can be chosen
arbitrarily.

T3 units possess one independent infinitesimal mechanism and one
independent selfstress state. In the mechanism, there is a relative mo-
tion between the top and bottom bases given by a vertical translation
accompanied by a rotation about the vertical axis. The blue arrows
in Fig. 2 (a) represent the possible nodal displacement vectors in such
a motion, assuming the bottom base fixed. Fig. 2(a) also shows the
selfstressing axial forces applied to one of the nodes. A correspond-
ing illustration is given in Fig. 2(b) for the analogous two-element
system. The representative force-vs-displacement curve for a vertical
downward load applied to the T3 unit and to the two-element system
in Fig. 2(a,b) is shown in Fig. 2(c), solid line, considering linearly
elastic bars and cables and a large-displacement regime. The slope at
the origin, tan a, is directly proportional to the level of selfstress [63],
and vanishes for a null prestress (dashed curve in Fig. 2 (c)).
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Figure 1. Examples of tensegrity units and some possible spatial tessellations. (a—c) Triangular, square, and pentagonal tensegrity prisms. (d—f) Diamond tensegrity units: truncated
tetrahedron, octahedron, and icosahedron. (g) A three-stage tensegrity tower with triangular base. (h) An assembly of truncated octahedral units, similar to those proposed in [53].
(i) An assembly of square tensegrity prisms, similar to those in [61]. (j) A tensegrity-like lattice based on a double triangular prism, redrawn from [38]. See also [60] for a general

method of unit generation.

The transformation from a tensegrity unit to a tensegrity-like one
can be performed starting from a stable selfstressed configuration (step
i). In order to achieve a bistable response, the selfstress sign is reversed,
provided all cables are replaced with bars (step ii). Such bar framework
is depicted in Fig. 2(d), and the analogous two-element system is
shown in Fig. 2(e). This bar framework is characterised by a force—
displacement curve featuring a negative slope at the origin (solid line
in Fig. 2(f)), thus implying the existence of three load-free equilibrium
configurations. In fact, the initial selfstressed configuration has become
unstable, whereas the other two are stable, stress-free, and displaced
in opposite directions along the mechanism [63]. One of the latter two
configurations is chosen as the new reference configuration (step iii). In
particular, for a bar framework based on a symmetric T3, that amounts
to changing the value of the twist, that is, by setting ¢ = z/6 — 6, with
0, the relative twist. Such bar framework is shown in Fig. 2 (g), while
the analogous two-element system is shown in Fig. 2 (h). Fig. 2 (j) shows
the representative load-vs-displacement curve of systems (g, h), typical
of a bistable response, subject to vertical loads. It can be observed that
the larger the value of the relative twist 6, i.e., the higher the selfstress
in the unstable configuration, the more marked the peaks.

A tensegrity-like unit is obtained from such a bistable bar frame-
work by considering the corresponding monolithic spatial frame, i.e.,
characterised by the same nodal positions and connectivity, but com-
posed of beam elements fully connected to nodes (step iv). As a conse-
quence of replacing pin connections with built-in ones, the tensegrity-
like unit is subjected to axial and shear forces, bending and torsion, and,
in general, it may be no longer characterised by a bistable response.
In order to recover such a peculiar behaviour, compliant hinges are
introduced at nodes by a suitable reduction in the cross section of the
beams near the nodes (step v).

The static behaviour of the obtained tensegrity-like unit is exempli-
fied in Fig. 3 by resorting to a stick-and-spring model [50,51]. Bars are
extensible but otherwise rigid, and compliant hinges are modelled as
rotational springs responding to the change in angle between adjacent
bars. Fig. 3(a,b) shows the T3 tensegrity-like unit with rotational
springs (symmetric copies not shown) and the analogous two-element
system, respectively. Fig. 3(c) shows the response of the unit for
increasing values of the rotational spring constant k,.. It can be observed
that for small values of k, there are still two stable load-free equilibrium
configurations, while for large values of k, the system is not bistable,
but it still has a snapping response. Fig. 3 (d) shows the elastic energy
of a tensegrity-like structure, E, as the sum of the energy of the bar
framework, E,, plus the rotational spring energy, E,. Hence, to preserve
the bistable feature, a suitable choice of link geometry is crucial to keep
the force-displacement curve close enough to that of the corresponding
pin-connected structure.

Finally, the obtained monolithic structure can be fabricated by
AM techniques (step vi). Regarding the experimental characterisation,
the elasticity of the testing machine or connectors may be taken into
account in the measured response. This effect can be modelled by an
additional axial spring with constant k, connected in series to the
two-element system shown in Fig. 3(e,f). For a given value of the
load F, the force-vs-displacement curve is modified by the additional
displacement d,=F /kp (Fig. 3(f).

2.2. The double-T3 unit

The double-T3 unit proposed in [38] is here chosen to perform
a compression-tension experiment. It was obtained by reflection and
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Figure 2. (a) A prismatic T3 unit. Top and bottom bases are rotated with respect to each other by a twist angle of z/6. The blue arrows represent the nodal displacement vectors
at each node in the mechanism assuming the bottom base fixed. The red arrows represent the selfstressing forces at a node. (b) Two-element structure in two dimensions analogous
to the T3. (c) The characteristic nonlinear stiffening response to vertical loads for systems in (a) and (b) with initial stable configuration (SC). The slope at the origin increases
with prestress level. (d, e) Bistable bar framework corresponding to systems (a, b) obtained by reversing the selfstress sign and replacing cables with bars. (f) Representative bistable
response of systems (d) and (e) for vertical loads, featured by three load-free equilibrium configurations. The initial one is unstable (UC) and the other two stable (SC). (g,h)
Bistable bar framework corresponding to systems (d, e) obtained by choosing one of the SCs as reference configuration, i.e., by introducing a slight change in geometry with respect
to the UC, measured by the parameter 6,. (j) Representative bistable response of systems (g) and (h) for vertical loads and the influence of 6, on the structural behaviour.

()

E,

Figure 3. (a) The T3 tensegrity-like unit with rotational springs (symmetric copies not shown). (b) The analogous two-element system. (c) Force-vs-displacement curve for increasing
values of the rotational spring constant k,. Stable load-free equilibrium configurations are marked by white dots. (d) The elastic energy of a tensegrity-like structure, E, is given
by the energy of the bar framework, E,, plus the rotational spring energy, E,. (e,f) Effect of an additional axial spring with constant k, connected in series to the two-element
system. For a given value of the load F, the force-vs-displacement curve is modified by the additional displacement d, = F/k,.

juxtaposition of two equal frustum T3 tensegrity-like units with a
chosen relative twist. In Fig. 4, the top T3 is the mirror image of the
bottom T3 with respect to the plane containing the middle base. In this
way, the relative rotations in each T3 mechanism are opposite to each
other, allowing for a purely translational relative motion between the
upper and lower bases. The cyclic-symmetric wireframe geometry of
such an assembly is determined by: the relative twist, 6,, the same for
both T3s; the height of the T3, A; the circumscribed radius of the outer
bases, a; and the circumscribed radius of the middle base, b (Fig. 4 (a)).

The parametric geometry of the tensegrity-like unit was developed
via the Grasshopper object programming language, available as a plug-
in of the CAD Rhinoceros 3D software. Starting from the wire-frame

model of the double-T3 shown in Fig. 4 (a), the nodes were realised as
spheres of diameter d;, while the beams forming the middle base were
realised with a solid circular cross section of diameter d,. The beams
placed between the outer and middle bases were subdivided into three
segments: the bar main body, with constant cross section d,, and two
end links of length /, to form the connections with nodal spheres. In
particular, each link was designed using a spline profile: its central part
has a solid circular cross section of almost constant diameter ¢, and net
length I, = I,/2, while at its ends there are smooth transitions between
the larger diameters of the spheres and bar main body (Fig. 4 (c)).
Since the applied load can be compressive (positive) or tensile
(negative) during the test, the outer bases are specially designed to fit
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Figure 4. Geometry of the designed tensegrity-like lattice: (a) main geometrical parameters of the wire-frame model; (b) final 3D geometry; (c) detail of the nodal area between

links and plate.

the grips of the testing machine. Each base is conceived as a triangular
plate of thickness #, with the addition of two orthogonal plates with
the same thickness to ensure the clamping of the grips and a uniform
load transfer to the tensegrity-like unit (Fig. 4 (b)).

Parametric simulations and preliminary testing of fabricated sam-
ples were performed to analyse the influence of the main design param-
eters on the mechanical response of the double-T3 unit and its bistable
characteristics. Simulations, carried out by using a stick-and-spring
model [50,51], are discussed in Section 4.2 (see also Figures S4-S9 of
the SI). Parameters a, b, and h were set equal to 40 mm, 30 mm, and
60 mm, respectively, by considering the clearance between adjacent
beams and the printing volume of the 3D printer. The values of relative
twist, 6, link diameter, d,, link length, /;, net link length, /,, and
thickness of the triangular plate, #,, were chosen reasoning as follows.
It is observed that the larger 6, the larger the peak forces, potentially
counteracting the adverse effect that the stiffness of compliant hinges,
k., may have on bistability. Conversely, the smaller d;,, the smaller
k, and the link strain. However, d;, is bounded from below by the
resolution of the 3D printer. A reduction of /, produces a mechanism
closer to that of the corresponding pin-connected framework; how-
ever, it makes k, larger and increases the link strain. In order to
obtain a bistable compliant mechanism able to undergo large nodal
displacements without yielding, the final choice was: 6, = 11°, d, =
1.6 mm, /;, = 10 mm, /, = 5 mm, and t, = 3 mm, respectively. It
is worth noticing that the geometry specified above corresponds to a
volume fraction of the solid material, or relative density, p = 4.14%,
a value which compares well with those recommended in the relevant
literature [39,41].

3. Materials and methods

Over the last decade, the prompt advances in the AM sector have
allowed addressing new challenges related to the manufacturing of
complex mechanical metamaterials at different scales via different AM
techniques, including direct laser writing [5], two-photon lithogra-
phy [64], multiphoton lithography [38] and direct ink writing [65].
In the present work, the tensegrity-like lattice samples were fabricated
using the inverted stereolithography (SLA) technology. In particular,
the samples were fabricated with the desktop 3D printer Form 3B

from Formlabs”. This printer exploits the low-force stereolithography
technology, drastically reducing the forces exerted on parts during
the print process and ensuring high prototyping accuracy. The resin
used for printing was Tough 2000, produced by Formlabs. Although
the composition of the material is not disclosed by the manufacturer,
the Tough 2000 resin guarantees larger elastic deformation than tra-
ditional resins, maintaining a strength similar to polymeric materials
such as acrylonitrile butadiene styrene or polylactic acid. The additive
manufacturing process and the sample testing method are described
in Section 3.1, whereas the characterisation of the parent material is
presented in Section 3.2.

3.1. Sample fabrication and testing

The workflow of the main fabrication steps is summarised in Fig. 5.
Starting from the CAD model transformed into an STL file, the geometry
of the specimen is divided into sequentially thin layers bonded together,
employing the PreForm slicing software. With this technology, the
resolution of the layers is controlled by a modulation of the optical di-
mension of a high-power ultra-violet (UV) laser. Such resolution varies
from 25 to 300 ym, also depending on the resin used. The samples
were printed setting a 50 pm thickness layer and 25 ym XY plane
resolution. In addition, given the complexity of the structural geometry,
the samples were arranged horizontally, and suitable supports were
designed, ensuring the hold of the sample and preventing any shifting
during the printing process (see also Fig. 5 (b)).

After the 3D printing, two finishing steps are required to achieve
the highest mechanical properties of the material and the best quality
of the print: washing and post-curing. The former step allows removing
the uncured resin from the surface of the printed parts by immersing
and shaking them in a cleaning chamber filled with solvent. The latter
step consists of a second polymerisation process in an oven, forming
new polymer chains cross-linking via simultaneous exposition to UV
light and high temperature. The two finishing steps were performed
using Form Wash and Form Cure devices by Formlabs, respectively. Fol-
lowing the guideline specifications of the producer, the samples were
washed in the Form Wash filled with tripropylene glycol monomethyl
ether (TPM) for 10min and then soaked in a fresh TPM basket for
further 10 min. Once the washing process was completed, the samples
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Figure 5. Workflow of the fabrication process: (a) parametric modelling and CAD model generation; (b) slicing and additive manufacturing via UV laser; (¢) washing in a solvent

bath and post-curing; (d) removing supports.

were dried using a compressed air machine. In order to achieve the
highest mechanical properties of the Tough 2000 resin, the curing
time and temperature were set at 120 min and 80°C, respectively. In
fact, as pointed out in [66], a long post-curing at high temperature
produces an increase of stiffness and strength of the Tough 2000 resin,
maintaining a ductile behaviour. Fig. 5(c) shows the sample after the
post-curing process. Finally, the supports were removed (Fig. 5(d)).
Then, the samples were weighed, and the main geometric dimensions
were checked with a calliper with a resolution of 10 um.

The compression tests were conducted under quasi-static displac-
ement-control, employing an INSTRON 4482 universal testing system
equipped with a 10 kN load cell. The displacement rate used in the tests
was 1 mm/min. Data were collected with an acquisition frequency of
20 Hz, while the tests were recorded with a camera sampling rate of
60 fps at 1080 p resolution. Three specimens were fabricated, and five
repeat tests were performed for each printed specimen for statistical
and repeatability purposes. The time interval between test repetitions
was set equal to three hours in order to limit viscous and ageing effects.

3.2. Parent material

With the aim to evaluate the mechanical characteristics of the
parent material, five type IV tensile specimens were manufactured,
as prescribed in the ASTM D638-14 [67]. Following those standards,
tensile tests were performed on the specimens using the INSTRON 4482
universal testing machine. A 10 kN load cell was used to record the
forces. The tests were carried out under displacement control with a
constant speed of the mobile crosshead set at 5 mm/min. An exten-
someter was applied to the specimen, ensuring accurate measurement
of the gauge-length deformations. The signals of the instruments were
acquired at a sampling rate of 20 Hz, and the tests were recorded with
a digital camera, with a sampling rate of 30 fps.

The resulting nominal stress—strain curves of the five specimens un-
der uniaxial tensile loading are plotted in Fig. 6. The trend of the curves
exhibits an essentially ductile behaviour of the parent material, similar
to the one shown in [66]. The mechanical properties derived from the
tensile tests are summarised in Table 1, showing high repeatability of
the measurements.

4. Results and discussion
4.1. Compression experiments
With the aim of developing tensegrity-like units with a tunable

bistable behaviour, the experimental study focused on the compres-
sive response of SLA-made double-T3 lattices. Moreover, attention
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Figure 6. Tensile stress-strain curves of the resin Tough 2000. The test speed was set
at 5 mm/min, according to ASTM D638-14 [67].

Table 1
Results of the tensile tests. The test speed was set at 5 mm/min, according to ASTM
D638-14 [67].

Specimen Tensile peak Strain at peak Young’s modulus

# [MPa] [%] [MPa]

1 43.7 4.65 2109

2 44.9 4.40 2125

3 43.4 4.47 2050

4 42.4 4.62 2021

5 43.5 4.68 2091
Meanz+std 43.6+0.9 4.56+0.12 2079+43

was addressed to the main mechanical parameters deduced from the
force-displacement curves such as limit loads, stiffness and trapping
energy [45].

Fig. 7 (a) depicts the typical capacity curve of the proposed tenseg-
rity-like unit under uniaxial compression load and the geometric repre-
sentation of the main mechanical parameters investigated. As a general
observation, the response of the double-T3 unit is characterised by a
highly non-linear behaviour, accompanied by a significant geometric
transformation between the undeformed and deformed configurations,
as shown in Fig. 7 (b). The capacity curve can be divided into three
segments: (i) the first stable branch up to the positive limit load, (ii) the
unstable branch between the two limit loads, and then (iii) the second
stable branch, crossing through the second stable load-free equilibrium
configuration.

Moving from the initial configuration, even at small displacements
(stage (A)), a non-linear relationship between force and displacement is
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Figure 7. Compression testing results on double-T3 tensegrity-like unit: (a) force-vs-displacement curve and main mechanical parameters analysed; (b) selected deformed stages
denoted by (A)-(F) in the force-vs-displacement curve. The red circular marker is kept fixed, whereas the white one follows the unit deformation.

observed. At an imposed vertical translation of about 2.2 mm, the com-
pressive limit load (Fp,,) is reached, which represents the transition
from the stable branch to the unstable one. In this configuration, it is
possible to appreciate the anticlockwise rotation about the vertical axis
of the middle triangle with consequent increase of the twist (¢), as de-
picted in the deformation stage (B). As the displacement increases, the
force decreases until the unstable load-free equilibrium configuration
is reached (stage (C)). At this stage, the theoretical twist value of the
corresponding pin-connected framework is equal to z/6. However, the
presence of compliant hinges characterised by a finite value of stiffness
(k,) implies a value of ¢ slightly greater than z /6, as shown in Fig. 3 (c).

The slope of the unstable branch (K,) is higher than the one
obtained for the first stable branch (K;;). As observed in Fig. 3 (e, f), the
introduction of the two plates determines an additional displacement d,,
under the force F, with a consequent reduction in the slope of the first
stable branch and an increase, in absolute value, of that relative to the
unstable branch.

After the unstable load-free equilibrium configuration, the sign of
the load changes, and the force-vs-displacement diagram presents a
region with tensile force (negative). The unstable branch terminates
with the negative limit load (F;,), corresponding to the deformation
stage (D), leading the system into the second stable branch. Then, as
the imposed displacement increases, the equilibrium path approaches
the second stable load-free equilibrium configuration (stage (E)). At
this stage, the response of the system is deeply influenced by geo-
metric nonlinearities. The change in angle between the adjacent bars
produces significant deformation of the compliant hinges, required to
accommodate the considerable twisting of the middle triangle.

Once the second stable load-free equilibrium configuration is over-
come, the load becomes compressive again, and the equilibrium path
shows an almost linear trend. The test was stopped at a load value
close to the compressive limit load. From a kinematic point of view,
the theoretical limit displacement of the bistable mechanism would
be reached at ¢ = x/3, leading to contact between diagonal bars.
It is worth noting that, by snapping between two stable load-free
equilibrium configurations, the double-T3 unit is able to trap part of
the energy introduced into the system during the loading process. In
particular, this energy trapping is ascribable to the rotational energy
stored by the links, E,, as shown in Fig. 3 (d).

Five repetitions of the compression test were performed for each
sample, assuming a time interval between each repetition equal to
three hours in order to limit viscous and ageing effects. The force—
displacement curves relative to the first printed samples are shown in
Fig. 8, whereas the results of all tests on the three samples are reported
in Figure S2 of the Supplementary Information (SI). The compressive
response of the samples reveals high repeatability. The bistability was
achieved in all tests with a trend that essentially retraces the one
described in Fig. 7. The corresponding mechanical parameters deduced
from the response curves of the three samples are reported in Table 2.
The limit loads were evaluated as the positive (compressive) peak of
the first stable branch (F,,,) and the negative (tensile) peak of the
unstable branch (F;,). Three tangent stiffnesses were considered as
the slopes at load-free equilibrium configurations of the first and second
stable branches (K;; and Ki,, respectively), and of the unstable branch
(K,)- The trapped energy is equal to the area subtended by the force-
displacement curve, evaluated as the difference between E;, and E,
as shown in Fig. 7 (a).
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Figure 8. Uniaxial compressive response of tensegrity-like lattices: force-displacement curves of five tests on the first printed sample. The test speed was set at 1 mm/min. The

curves relative to the second and third samples are reported in Figure S2 of the SI.

Table 2

Mechanical parameters deduced from the response curves of the three samples (see also Figure S2 and Table S1 of the SI) in terms of limit
loads (Fpay Fnin), tangent stiffnesses (K,;, K, and K;,), and energy exchanged with the system during loading (E;,, E,)-

Tensegrity K, K, K,y

F, F, E, E,

tu max min in ‘out
# [N/mm] [N/mm] [N/mm] [N] [N] [mJ] [mJ]
1 11.7+0.2 -16.7+0.7 5.7+0.2 17.7+0.7 -6.2+0.3 43.6+2.5 -12.5+0.9
2 12.1+0.2 -16.7+1.3 5.8+0.0 18.8+0.7 -5.8+0.2 46.6+2.1 -11.3+0.6
3 11.4+0.1 -14.2+1.2 5.4+0.2 16.5+0.8 -5.1+0.6 40.0+2.6 -9.5+1.8
Meanzstd 11.8+0.3 -15.8+1.6 5.7+0.2 17.6+1.2 -5.7+0.6 43.4+3.5 -11.1+1.7

Small values of standard deviation were obtained for the parameters
analysed, confirming good repeatability of the tests. Slightly higher
differences can be observed in the test repetitions relating to the third
sample (see also Figure S2(c)), possibly due to small variations of
unaccounted variables, such as humidity and temperature levels during
the test, or slight imperfections in the printing process. The significant
difference between the values of E;, and E,, shows the capability of
the unit to lock energy during the loading process, paving the way
for designing double T3 unit layers to harness multiple absorption
mechanisms. Further mechanical parameters characterising the force-
vs-displacement curve are reported in Table S1 of the SL In addition,
the movie of the first test of each sample is included as Movie S1, S2
and S3 in the SI, respectively.

4.2. Numerical simulations

Numerical simulations were performed by resorting to a stick-and-
spring model [50], which was already employed in [51] to simulate
selfstressed tensegrity-like structures in dynamics. That is a reduced-
order model accounting for geometric nonlinearities in a large-
displacement regime. The unit is modelled as a pin-connected bar
framework equipped with rotational springs. Bars can only lengthen
or shorten while remaining straight, i.e., they behave as axial springs.
Rotational springs are associated to certain pairs of adjacent bars, and
they respond to the change in angle between them. The elastic energy
of such a structure, assuming a linearly elastic constitutive behaviour
of axial and rotational springs, can be written as:

E®) = 3 (X ka0 = 202+ kg, @ - 9,2 §
i J

where the vector p contains the nodal coordinates; #;, 7;, and k,; are
respectively the current length, fabrication length, and spring constant
of the ith axial spring; v;, ;, and k,; are respectively the current angle,
fabrication angle, and spring constant of the jth rotational spring.

Internal forces and couples are given by 1,; = k,(£;(p) — £;) and 1,; =
k,;(w;(p) — ¥;) for the ith axial spring and the jth rotational spring,
respectively.

For the double-T3 tensegrity-like unit object of this study, the
location of the rotational springs in each of the two T3s is shown in
Fig. 3(a) (symmetric copies not shown). Relevant quantities in Eq. (1)
are computed by considering the geometry of the unit (Section 2.2), and
by taking the Young’s modulus ¥ = 2079 MPa (Section 3.2). Details of
such calculations are given in the SI.

Tension—compression testing was simulated in a regime of large dis-
placements and rotations by computing the tangent stiffness operator
as the Hessian of the elastic energy [50], and by adopting a conven-
tional Newton-Raphson numerical resolution procedure. Supports at
the bottom are considered fixed in space, while the top supports are
assigned a step-by-step increasing downward displacement. At each
step, the applied load is computed as the resultant of the balancing
support reaction forces.

Fig. 9 shows the force-vs-displacement curve obtained from the
numerical simulation, which agrees fairly well with the curve com-
puted as the average of all the tests on the three samples. Numerical
simulations capture the initial stiffness and limit loads satisfactorily,
both in compression and tension. A slight deviation of the force-vs-
displacement curve can be observed at the unstable and second stable
branches. This deviation could be explained by noting that the centres
of relative rotation between bars are located at the nodes in the stick-
and-spring model, while that is not generally the case in the fabricated
tensegrity-like unit.

In the design of the double-T3 unit, the effect of geometric param-
eters on the mechanical response and its bistable characteristics was
identified through parametric simulations whose results are reported
in Figures S4-S9 of the SI. Specifically, results show that the relative
twist angle is the most significant parameter and measures how far the
configuration of the tensegrity-like structure is from the original tenseg-
rity configuration. The relative twist angle affects both limit loads, in



C. Intrigila et al.

20 1

—Numerical simulations
- -Experimental results

F[N]

d [mm]

Figure 9. Comparison of force-vs-displacement curves obtained by numerical simulations (solid blue line) and experimental results (average of all tests on the three samples,

dashed red line).

compression and in tension, as well as displacement values at load-free
equilibrium configurations (cf. Fig. 2 (j) and Figure S4 of the SI). The
bending stiffness of the terminal links is directly related to the energy
gap between the two stable load-free equilibrium configurations. On
the one hand, the limit case of a pin-connected bistable structure is
obtained considering a null value of the bending stiffness of the links,
and it corresponds to no energy trapping (cf. Figure S5 of the SI). On
the other hand, by increasing such stiffness, the unit can entrap more
energy; however, if this stiffness is too large, the unit would lose the
bistable feature (cf. Fig. 3(c)). In order to limit the bending stiffness
of the links, it may be preferable to decrease their cross-sectional
diameter rather than to increase their length (cf. Figures S6 and S7 of
the SI) since the latter should stay as short as possible to maintain the
kinematics close to that of the original tensegrity system. Finally, as the
b/a ratio increases, the limit forces and displacement values at load-
free equilibrium configurations rise rapidly, while the opposite effect
is found as the h/a ratio increases (cf. Figures S8 and S9 of the SI).

5. Concluding remarks

The main goal of this work was to establish a novel design and fabri-
cation procedure for a bistable tensegrity-like repeating unit for lattice
metamaterials. Such procedure, which could be extended to other types
of units, is summarised as follows: (i) start with a stable tensegrity sys-
tem having one selfstress state and one internal mechanism; (ii) replace
cables with bars; (iii) slightly modify the configuration by displacing
nodes along the mechanism; (iv) replace pin connections with built-in
ones and generate the solid geometry of the tensegrity-like structure
with solid spheres at the nodes; (v) introduce compliant hinges by
equipping bars with terminal links; (vi) fabricate the tensegrity-like
structure by AM.

The large displacement static response of the double-T3 unit un-
der uniaxial load was investigated from both the experimental and
numerical points of view. The geometry of the unit was designed
through parametric modelling and subsequently manufactured via SLA.
Attention was focused on the design of the bases to be able to test
the unit also under tensile forces. Experimental tests showed a bistable
response of the designed unit, with high repeatability of results. The
bistable mechanism of the unit was characterised by large relative
rototranslations between the bases, as anticipated in the design phase.
Such kinematics is permitted by the large deformations of the terminal
links, which serve as compliant hinges. In principle, other boundary
conditions could be considered as long as they activate the aforemen-
tioned bistable mechanism (e.g., a relative rotation between the bases
could be applied).

When comparing the present results to previous studies (e.g., see
[38,42]), several elements of novelty are ascertained. Under the fab-
rication standpoint, the compliant hinges introduced in the lattice
reduce the magnitude of member shear forces, bending and twisting
moments, keeping the force-displacement curve close enough to that of
the corresponding pin-connected structure, thus preserving the bistable
feature (cf. Fig. 3(c)). For a complex experimental characterisation of
that response, samples were loaded both in compression and in ten-
sion during the displacement-control tests, following also the negative
branch of the load-displacement curve. In particular, multiple tests
performed on the same sample demonstrated the repeatability of the
measurements with no significant alterations in the response or visible
damage. Finally, the present results prove the possibility of additively
manufacturing tensegrity-like lattices using a fairly accessible low-force
stereolithography technology.

As to numerical simulations, it was verified that the stick-and-
spring model provides a complete qualitative account of the response
of the tensegrity-like unit. This model has the advantage of a reduced
computational cost, and it is especially suitable for the simulation of
assemblies composed of a large number of units. The implementation
of beam elements or three-dimensional elements in finite-element nu-
merical codes in order to obtain more accurate predictions will be the
subject of future work. Follow-up studies can exploit the tensegrity
characteristics, avoiding the need of pin joints or pretension cables,
and investigate one-, two-, or three-dimensional tessellations assembled
from tensegrity-like units obtained with the proposed procedure.
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