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Abstract: A bistable response is an innate feature of tensegrity metamaterials, which is a conundrum 

to attain in other metamaterials, since it ushers unconventional static and dynamical mechanical 

behaviors. This paper investigates the design, modeling, fabrication and testing of bistable lattices 

with tensegrity architecture and nanoscale features. First, a method to design bistable lattices 

tessellating tensegrity units is formulated. The additive manufacturing of these structures is 

performed through multiphoton lithography, which enables the fabrication of microscale structures 

with nanoscale features and extremely high resolution. Different modular lattices, comprised of 

struts with 250 nm minimum radius, are tested under loading-unloading uniaxial compression 

nanoindentation tests. The compression tests confirmed the activation of the designed bistable 

twisting mechanism in the examined lattices, combined with a moderate viscoelastic response. The 

force-displacement plots of the 3D assemblies of bistable tensegrity prisms reveal a softening 

behavior during the loading from the primary stable configuration and a subsequent snapping 

event that drives the structure into a secondary stable configuration. The twisting mechanism that 

characterizes such a transition is preserved after unloading and during repeated loading-unloading 

cycles. The results of the present study elucidate that fabrication of multistable tensegrity lattices is 

highly feasible via multiphoton lithography and promulgates the fabrication of multi-cell tensegrity 

metamaterials with unprecedented static and dynamic responses.  

Keywords: multiphoton lithography; direct laser writing; lattice metamaterials; tensegrity 

architecture; bistability; multistability 

 

1. Introduction 

The inexorable advances in materials science have been accomplished and conflated with the 

progress of additive manufacturing (AM) technologies over the recent years. Metamaterials 

comprised of lattice members are spatial periodic structures with unprecedented physical properties, 

mainly derived from the architecture of the repeated substructure, rather than the nature of the 

constituent materials. It is worth noting that extraordinary strength-to-weight and stiffness-to-weight 

ratios, frequency bandgaps, negative overall elastic moduli, negative mass density, auxeticity and 

solitary wave propagation represent characteristic and unconventional properties of such systems 

[1–18], as well as a multistable mechanical response [19–28]. However, the additive manufacturing of 
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multi-cell realizations of mechanical metamaterials remains a challenge at present, due to the 

difficulty of reproducing the desired behaviors at small scales [8,9,29–32].  

An intriguing category of lattice metamaterials is that of tensegrity frameworks: prestressed pin-

connected lattices composed of bars (i.e., members loaded in compression) and cables (members 

loaded in tension), which typically feature internal mechanisms. Tensegrity structures exhibit 

different types of nonlinear static and dynamic responses, depending on their connectivity, geometry 

and state of selfstress [33–35]. Due to the complex nonlinear response of such structures, they have 

been employed to obtain different mechanical systems endowed with peculiar static and dynamic 

behaviors [36–38,15–18]. Some tensegrity modules can transcend from one stable state to two other 

stable states, either by changing the lengths of their elements or by changing the selfstress level [39]. 

This bistable response has been observed in some case studies at the macroscopic scale [40,41]. It can 

be expediently utilized to develop tunable, switchable and/or reconfigurable metamaterials, which 

are also able to support solitary wave dynamics [42].  

A remarkable property of tensegrity structures, which was first observed by Calladine [43], can 

be illustrated with the aid of a simple paradigmatic example. For this instantiation, a rod with three- 

with aligned hinges shown in Figure 1a,b is utilized. When the lengths of the two members forming 

this system are smaller (larger) than the equilibrium lengths in the aligned configuration, the 

structure exhibits one (two) stable configuration(s). In more general systems, a stable equilibrium 

tensegrity configuration can also be converted into an unstable equilibrium by reversing the sign of 

the prestress; e.g., by switching cables with bars [43]. 

One of the main obstacles to the fabrication of tensegrity metamaterials is ensconced in the 

different nature of their constituent elements. In fact, while bars can be easily additively 

manufactured, it is still a technological challenge to effectively AM thin cables. Fabricating lattice 

structures with the same nodal positions and connectivity of a tensegrity structure, but equipped 

with only thick (or moderately thick) struts, surmounts this fabrication barrier. Nevertheless, it leads 

to the introduction of bending stresses in the system. Bending can be mitigated by tapering the struts 

at the ends, or by using flexible hinges [44,45]. However, this design strategy does not allow the 

fabrication of perfect hinges.   

In light of the above considerations, it is evident that the fabrication of bistable lattices with 

tensegrity architecture becomes particularly convenient when the structure can be equipped with 

bars (struts) only. The present study utilizes this design strategy, and employs the AM technique of 

multiphoton lithography (MPL) [46,47] to reveal that the fabrication of bistable lattices with 

tensegrity architecture and nanoscale features can be successfully achieved. It should be noted that 

MPL is a convenient fabrication technique with which to manufacture the structures examined in the 

present study, with the desired resolution, since they involve cylindrical struts with minimum 

features (cross-section radii) of 250 nm. It must be noted that MPL, when used in conjunction with 

post-processing procedures, such as pyrolysis and etching, can achieve a spatial resolution smaller 

than 100 nm [48]. The bistable mechanical response of the structures designed and fabricated in this 

work is investigated through compression and indentation tests of different modular assemblies of 

tensegrity prisms composed only of bar elements. The force-displacement curves exhibited by the 

examined structures show a softening type response along the equilibrium branch initiating from the 

primary stable configuration. Such a branch terminates with a snapping event that drives the system 

into the secondary stable configuration. The examined experimental behaviors lead us to conclude 

that the fabrication of multistable metamaterials using MPL is highly feasible. They pave the way to 

the future studies on the application of the systems studied in this work as novel mechanical actuators 

and sensor, to be employed for the focusing of mechanical waves in narrow regions of space [15–18], 

and the development of a new paradigm for non-destructive evaluation and structural health 

monitoring of materials and structures [49].  
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Figure 1. Illustration of the analyzed behaviors and fabricated structures. (a) Selfstress and 

mechanism in the prestress-stable two-element system (top). Deformed configuration under a vertical 

load and corresponding response (center and bottom). (b) Corresponding bistable system and bistable 

snapping response under the same vertical load. (c,d,e,f) Examples of prestress-stable systems with 

one seflstress state and one mechanism: (c) A two-dimensional system displaced along its mechanism; 

(d) triangular tensegrity prism; (e) expanded octahedron or tensegrity icosahedron; (f) an irregular x-

tower. Fabricated geometries of structures: (g) individual unit cells, (h) arrays of three unit cells in 

one layer, (i) arrays of two layers with ten unit cells at each layer. 

2. Materials and Methods  

2.1. Obtaining Bistable Frameworks from Monostable Tensegrity Structures  

As it was previously elucidated, simple bistable frameworks based on monostable tensegrity 

structures can be obtained through recourse to the benchmark system shown in Figure 1a,b. This 

system is defined as a first-order infinitesimal mechanism or prestress-stable mechanism. It can 

possess a selfstress state, in which the two elements are in tension, imparting first-order stiffness to 

the internal mechanism [50]. If the two elements are linearly elastic, the load-displacement 

relationship for a load acting along the mechanism can be approximated by a cubic polynomial. The 

slope in the origin (tan α in Figure 1a) is directly proportional to the axial selfstressing forces in the 

elements. By reversing the sign of selfstress, leading to the compression of two elements in the aligned 

configuration, it becomes unstable. Moreover, moving along the mechanism, two more stable 
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configurations can be found wherein the two elements are unstressed. The load displacement 

relationship in this case is the standard bistable snapping curve shown in Figure 1b. 

A prestress-stable tensegrity structure with just one independent selfstress state and one 

independent infinitesimal mechanism embosoms the exact same behavior. Several examples in two 

dimensions have been presented (e.g., the one in Figure 1c). Typical three-dimensional examples 

include: the classical triangular tensegrity prism (Figure 1d) [51]; tensegrity prisms with rigid 

polygonal bases [52]; the expanded octahedron (aka tensegrity icosahedron) [53] (Figure 1e); the x-

towers and the needle towers built by Kenneth Snelson (Hirshhorn Museum & Sculpture Garden,  

Washington D.C., United States) [52] (Figure 1f). As the (monostable) tensegrity structure is displaced 

along the mechanism away from the equilibrium configuration, its bars get compressed while its 

cables get tensioned. Furthermore, as the corresponding lattice structure is displaced along the 

mechanism from the unstable equilibrium configuration, the compression of the compressed 

elements is decreased, whereas elements in tension sustain less tension, until an unstressed stable 

equilibrium is reached. 

The procedure for designing a bistable structure can be provided as follows: (i) find a prestress-

stable tensegrity structure with just one independent selfstress state and one internal mechanism; (ii) 

consider a configuration slightly displaced along the mechanism and realize it as a conventional 

framed unstressed structure; (iii) adopt a reduced-order model or a finite element model to simulate 

its bistable response under static loads; (iv) adjust its geometric and material properties to adapt it to 

fabrication methods and experimental conditions; and (v) perform experiments on fabricated 

structures to confirm the designed behavior. It must be noted that for the step (i) it is necessary to 

consider only tensegrities where the number of elements e and the number of nodes n satisfy 

Maxwell’s relation for isostatic systems: n = e + 3 for two-dimensional systems, and n = e + 6 for three-

dimensional ones. 

 

Figure 2. Design process of a tensegrity structure. (a) A bar framework in the shape of a regular right 

prism. (b) A corresponding right-handed tensegrity prism with cables (single line) and bars (double 

line). (c) Prestress-stable equilibrium configuration of the tensegrity prism. (d) When the internal 

mechanism is activated, the top triangle rotates about and translates along the vertical three-fold 

symmetry axis. 

2.2. Double Tensegrity Prism to Design a Bistable Unit and Corresponding Assemblies 

The standard triangular tensegrity prism shown in Figures 1b and 2 is employed in the present 

work to design a bistable unit cell. This tensegrity structure can be obtained from a bar framework 

with the shape of a regular triangular prism and elements on the diagonals of the lateral faces of the 

prism (Figure 2a), such that the system possesses a three-fold symmetry axis passing through the 

centers of base triangles. The diagonal elements correspond to the bars, while all the others correspond 

to the cables of the tensegrity system, as shown in Figure 2b. The bottom nodes have been pinned to the 

ground and the bottom cables are removed, while the top triangle has been highlighted. Figure 2c 

shows the unique prestress-stable equilibrium configuration for a regular triangular prism, 
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corresponding to a fixed value of its twist angle , which is the relative rotation between the two bases. 

For a tensegrity prism with triangular base, the twist angle is equal to  = π/6. The internal mechanism 

of this system is a twisting motion, which is the combination of a vertical translation accompanied by 

a rotation of the top base with respect to the bottom base (Figure 2d). We define the relative twist θ = 

 - π/6 to be the twist angle measured clockwise starting from the equilibrium configuration. For a 

tensegrity prism to be prestress-stable, it is only necessary to have  = π/6, while the height of the 

prism and the sizes of each of the two equilateral polygonal bases have free rein. In addition, it can be 

observed that tensegrity prisms have a chiral geometry. The system shown in Figure 2 has a right-handed 

orientation, while its mirror image would have a left-handed orientation. 

If a tensegrity prism is realized as a bar framework, and with a slightly smaller or larger twist 

angle, then it incurs a bistable behavior. Hence, it can snap from a primary stable configuration to a 

secondary stable configuration through a relative roto-translation between bases. Such motion is 

similar to the twisting mechanism of the parent tensegrity framework and will be referred to as a 

bistable mechanism. Each of the two stable configurations of such a bar framework is stress-free. During 

the activation of the bistable mechanisms, the diagonal elements are in tension, while the rest are in 

compression.  

 

Figure 3. Mechanical modeling of the analyzed structures. (a) Geometry of the individual unit cell 

based on a double tensegrity prism. (b) Top view and side view of the primary (in blue) and secondary 

(in grey) stable configurations when the bistable mechanisms of the two prisms are activated 

simultaneously. (c) Static response of an individual unit cell with no angular springs under a vertical 

load for different values of the relative twist. (d) Static response of an individual unit cell with angular 

springs for different values of their spring constant. (e) Three-unit array. (f) Static response of a three-

unit array. (g) Twenty-unit two-layer array. (h) Static response of a twenty-unit two-layer array. 

The relative roto-translational motion between bases in a tensegrity prism is too perplexed to be 

used in practical bistable lattices. A simpler translational motion between bases can be obtained by 

superposing two tensegrity prisms with opposite orientations on top of each other, obtaining a double 

tensegrity prism. Figure 3a conveys the bar-framework corresponding to such a system, where each 

prism has height h; a small initial relative twist θ; and different sizes a and b of base triangles. The 

doubled structure possesses two independent bistable mechanisms, which can be amalgamated 

together by composition to negate the relative rotation between end bases. When the top base is 

displaced vertically while keeping its rotation blocked, the bistable mechanisms of the two prisms 

are activated simultaneously, resulting in the rotation of the middle triangle only, as illustrated in 
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Figure 3a. Figure 3b depicts the system in the corresponding stable equilibrium configurations before 

and after such process, which are addressed here as primary (in blue) and secondary (in grey). This 

system is the individual bistable unit cell which serves as a building block of the larger modular 

assemblies shown in Figure 3e,g. The size of the middle triangle in the bistable unit is selected such 

that there is enough clearance, circumventing collisions between adjacent units during activation of 

the bistable mechanism. While the single unit has two independent bistable mechanisms, assembling 

three unit cells side-by-side shown in Figure 3e leads to a single bistable mechanism. 

Correspondingly, a multi-layer assembly such as the one in Figure 3g has one bistable mechanism 

per layer.  

A Stick and Spring reduced-order elastic model [54–56] is employed in this study to perform the 

numerical simulations of the structures. The nodal coordinates are selected as Lagrangian 

parameters. The bars are considered rigid with respect to bending and shearing deformations, and 

linearly elastic with respect to axial deformations. Linearly elastic angular springs are associated with 

variations in angle between the pairs of adjacent bars which are not part of a triangle of elements. 

These elements take into consideration the bending energy of an actual fabricated structure, assumed 

to be localized at the ends of the bars. Numerical calculations are performed in a regime of large 

displacements, taking into account geometric nonlinearities, following the approach provided in 

[54,55]. 

In a preliminary analysis of this unit cell, the circular cross section of bars has a radius of 375 

nm, whereas the height of each prism is h = 7 μm, for a total height of the unit equal to 14 μm. The 

top and bottom base triangles are inscribed in a circle of radius a = 5 μm and the radius of the circle 

circumscribing the middle base triangle is b = 3.5 μm. The initial relative twist is θ = −7 degrees, 

corresponding to an initial twist angle  = 23 degrees. The Young’s modulus is taken as equal to 1.2 

Gpa (the methodology to obtain it is provided in the next subsection) and the stiffness constant of the 

angular springs has been assigned to be ks = 1.24 μN μm. 

Each of the structures in Figure 3a,e,f have been subjected to a controlled-displacement uniaxial 

compression test, where the bottom nodes are kept fixed, while vertical downward displacements 

are imposed on the top nodes, without constraining horizontal displacements. Figure 3c displays the 

dimensionless force–displacement plot for the single unit (a) realized with no angular springs and 

different values of the initial relative twist angle θ. The dimensionless force parameter F * is the 

resultant compressive force F divided by the axial spring constant of the shortest bar, ka, and by the 

bars’ diameter. The dimensionless displacement δ * is the actual vertical displacement divided by the 

unit’s height. The null value of δ * corresponds to the unstable equilibrium configuration.  

When θ= 0, the response is qualitatively the same as the one of the parent tensegrity system. 

For negative values of θ the plot embosoms the form of typical bistable systems, with the snapping 

load increasing with the magnitude of the relative twist. Positive values of θ are impractical from an 

experimental viewpoint and are not considered in this work, as they correspond to an upward 

bistable mechanism which can be activated from the primary stable configuration by an upward 

displacement imposed on the top nodes. Figure 3d depicts the force-displacement plot for the single 

unit cell (a) realized with angular springs and for different values of the angular stiffness constant, 

keeping θ = −7 degrees. As the angular stiffness constant increases, the slope of the curve increases. 

In addition, if the force is never negative, the bistable behavior diminishes. Figure 3f elucidates the 

force-displacement relationship for a three-unit assembly (e): loading the primary configuration 

cause the structure to snap on the other equilibrium path; then the structure reaches the secondary 

equilibrium configuration upon unloading. Figure 3h presents the force-displacement relationship 

for a twenty-unit-two-layer assembly (g), where one of the two layers has slightly different spring 

constants. For this structure, two snapping events commence, one for each layer of the structure, and 

there can be three stable configurations.  

2.3. Fabrication by Multiphoton Lithography and Mechanical Testing 

All of the metamaterial structures analyzed in the present work were fabricated by multiphoton 

lithography [46] using the experimental setup shown in Figure 4a [57]. The structures were fabricated 
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with a hybrid organic-inorganic material Zr-DMAEMA (FORTH, Heraklion, Greece) consisting of 70 

wt% zirconium propoxide, 10 wt% (2-dimethylaminoethyl) methacrylate (DMAEMA) (Sigma-

Aldrich, St. Louis, MO, United States) and 20 wt% ASTM type II deionized, distilled water. In total, 

1.4 mL of 3-(trimethoxysilyl)propyl methacrylate (MAPTMS) (Sigma-Aldrich) was first mixed with 

0.14 gr of hydrochloric acid in a vial. Afterwards, 137.7 μl of DMAEMA was mixed with 0.66 mL of 

zirconium (IV) propoxide solution containing 70 wt% 1-propanol in another vial. After adding the 

two mixtures together, they were diluted with 0.2 mL of distilled water and 0.016 gr of photoinitiator 

consisting of 4,4′-bis(diethylamino)benzophenone (Sigma-Aldrich). Before the fabrication, the 

experimental material was placed on glass substrates and remained for 24 h in vacuum. Further 

details regarding the material synthesis and experimental setup have been provided elsewhere [46]. 

It should be noted that multiphoton lithography is the only fabrication technique capable of 

constructing the minuscule structures examined in this study. All of the metamaterial structures were 

fabricated several times to ensure repeatability during both the fabrication and the mechanical 

testing.  
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Figure 4. Experimental setup and testing to obtain the mechanical properties. (a) Schematic of the 

multiphoton lithography experimental setup [46]. (b) Beam structure employed for three-point 

bending measurements. (c) Beam structure at the beginning of the testing and dimensions. (d) Beam 

structure after cracking at the end sections. (e) A characteristic force-displacement curve obtained by 

three-point bending. (f) The force-displacement curve of a beam reaching the failure strength (cf. 

Video S1: Three-point bending). 

In situ indentation tests were performed with a nanoindentation apparatus (PI 88 SEM 

PicoIndenter, Hysitron, Bruker, Billerica MA, United States) placed inside a scanning electron 

microscope ((Field Electron and Ion) FEI Quanta 3D (Field Emission Gun) FEG, FEI Company, 

Hillsboro OR, United States), thereby enabling high precision nanomechanical testing and real-time 

recording of the deformation. The molybdenum tip (model number 72SC-D3/035 (407A-M)) (Probing 

Solutions, Inc., Carson City NV, United States) was cut to a diameter of 70 μm by a femtosecond laser 

and then flattened using a focused ion beam. The maximum tip displacement was set at 10 μm. A 

triangular force function was used in all the tests. To ensure repeatability of the measurements, each 

experiment was repeated at least three times.  

To obtain the mechanical properties of the photoresist employed for the fabrication of the 

structures, three-point bending was performed on single double-clamped beam members with 

square cross section. A characteristic structure is presented in Figure 4b, whereas the exact 

dimensions of the beam and the indenter are presented in Figure 4c. The side anchoring walls have 

dimensions 50 by 50 μm2 and thickness 20 μm. 

For the uniaxial compression testing of the lattices, three different types of structures were 

fabricated, shown in Figure 1g,h,i. These are individual unit cells (Figure 1g), arrays of 3 unit cells in 

one layer (Figure 1h) and arrays of two layers with ten unit cells at each layer (Figure 1i). 

Initially, individual unit cells were fabricated. The beams have an oval cross section with 250 nm 

and 500 nm minimum and maximum radii respectively. The dimensions of the individual unit cell 

are h = 7 μm, a = 5 μm and b = 3.5 μm, with an initial relative twist of θ = −7 degrees. After calibrating 

the fabricating conditions, the following geometric parameters were decided to be suitable for an 

efficient fabrications of the unit cell used in the arrays: h = 9 μm, a = 6 μm and b = 4.5 μm, and the initial 

relative twist θ = −9 degrees. All structures were fabricated with constant cross sections, since 

tapering of the cross section at the nodes resulted in inept photopolymerization of the structure. 

Figure 5 shows two SEM images of a fabricated three-unit array.  

 

Figure 5. SEM images of a three-unit array. (a) axonometric and (b) top view. 

3. Results 

3.1. Three-Point Bending of Double-Clamped Beams 

Three-point bending tests were conducted as illustrated in Figure 4 on samples of the struts, by 

distributing the applied transverse load on the central region of the tested element (or beam). The 

force-displacement curve of a representative experiment is provided in Figure 4e,f. It is observed that 
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the initial slope of the curve is 800 μN/μm, while the material failed at 2596 μN at deflection of the 

center of the beam at 3.545 μm. Given that the dimensions of the side anchoring walls are much larger 

than those of the beam cross section, such measurements are conducted under the assumption of a 

double-clamped beam. Consequently, the Young’s modulus was estimated using the Euler-Bernoulli 

theory equal to E = 1.281 ± 0.036 GPa and the breaking strength of the material equal to 

σ131.99±0.17 MPa. From the loading-unloading force-displacement plot in Figure 4e, a slight 

viscoelastic behavior of the material can be observed, characterized by hysteresis, energy dissipation 

and loading-rate dependency. In addition, from the plot in Figure 4f, two cracking events can be 

distinguished, highlighted by the two vertical drops in the plot. These are also confirmed by visual 

inspection of the images (Figure 4d) and the movie of the testing (see Video S1: Three-point bending). 

The cracking commences at the end sections of the beam, where the bending moment is maximum. 

This result is consistent with the assumption of clamped boundary conditions. After cracking, the 

beam can still sustain some loading, and the corresponding slope in the subsequent branch of the 

plot decreases to about one-fifth of the initial slope, a value which is consistent with simply supported 

boundary conditions.  

3.2. Individual Unit Compression Testing 

Figure 6a shows the force-displacement plot obtained for the unit cell of the analyzed structures. 

The three snapshots of the unit cell in Figure 6b correspond to the three points highlighted in Figure 

6a. Upon a visual inspection of the images and the movie of the testing (Video S2: Individual unit), it 

can be observed that the response of this structure is uneven, with the middle base of the unit moving 

out of the horizontal plane. This insinuates that the two prisms composing it may have different 

responses in the actual fabricated structure, and such a difference may be accentuated by the fact that 

an individual unit cell possesses two bistable mechanisms. However, despite this unsymmetrical 

behavior, twisting of the middle base during testing can still be observed. Furthermore, the loading 

branch of the force-displacement plot shows a softening tendency, while it is evident that there is a 

residual deformation after unloading. Both of these traits embrace the theoretical response of the 

elastic structural model. The force-displacement plot also reveals an initial slope during loading 

which is lower than the slope during unloading, consonant with the viscoelastic response and the 

polymeric nature of the bulk photoresist material.  

 

Figure 6. Mechanical testing on a single unit cell. (a) The force-displacement plot for an individual 

unit. (b) Snapshots of the structure at different times during testing (cf. Video S2: Individual unit). 

The white scale bar for each SEM figure is 5 μm. 

3.3. Three-Unit Array Conpression Testing 

Figure 7a,b shows the imposed displacement vs. time and the force vs. displacement plots for 

the array composed by three unit cells, while the snapshots shown in Figure 7c correspond to the 

points highlighted in Figure 7b. As a result of the adjustment and calibration of the fabrication 

process, and the utility of a different set of values for the geometric parameters of the unit cell, a 

smooth softening curve from point 1 to point 2 can be irrefutably observed. The curve starts with 
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constant slope; then the slope increases slightly before decreasing smoothly until it becomes almost 

horizontal when it reaches point 2. At the first unloading, the slope of the curve is higher than the 

initial one, decreasing slightly until the force returns to a null level at point 3, when a new stable 

configuration is encountered. Inspection of the images and the movie of the testing (see Video S3: 

Three-unit array), reveals the discernible rotation of the middle triangles. In particular, the three 

middle triangles are free to rotate without interfering with each other and the twisting angle at the 

end of the first loading-unloading cycle differs from that of the initial configuration. 

Correspondingly, the height of the array at point 3 differs from the height at point 1 by approximately 

1.2 μm. During the subsequent loading-unloading cycles, the response highlights a moderate 

preconditioning effect and a typical viscoelastic effect, while the twisting mechanism is preserved in 

the three units during each cycle.  

 

 

Figure 7. Mechanical testing on a three-unit array. (a) Imposed displacement vs. time and (b) force 

vs. displacement plots. (c) Snapshots of the sample during testing (cf. Video S3: Three-unit array). The 

white scale bar for each SEM figure is 8 μm. 

3.4. Two-Layer Twenty-Unit Array Compression Testing 

Figure 8a,b shows the imposed displacement–time and the force-displacement plots for the array 

composed by two layers of ten units each, while the snapshots shown in Figure 7c correspond to the 

points highlighted in Figure 7b. The response of the structure is not as smooth as in the preceding 

case, with several irregularities in the plot which are likely to be related to microcracking events. 

Regardless, the softening response is still present, along with the residual deformation corresponding 

to the secondary stable configuration. Upon a visual inspection of the images and the movie of the 

testing (see Video S4: Twenty-unit two-layer array), the middle bases in the top layer are categorically 

rotating, while the rotation of those in the bottom layer is ensconced. This may be related to a higher 
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stiffness of the bottom layer, which subsequently can be associated with the fact that the bottom layer 

is attached to the fabrication floor, and/or that there are undesired polymerized regions in the bottom 

layer. 

 

Figure 8. Mechanical testing on a twenty-unit two-layer array. (a) Imposed displacement–time and 

(b) force-displacement plots. (c) Snapshots of the sample during testing (cf. Video S4: Twenty-unit 

two-layer array). Some fracturing beams are enclosed in the green rectangle The black scale bar for 

each SEM figure is 10 μm. 

3.5. Cracking and Fracture during the Testings 

We observed fracture of the struts during several experiments. Figure 9 shows representative 

force-displacement plots and the corresponding images where fracture events can be observed 

(pointed at by the arrows in Figure 9). Upon a visual inspection, it is fairly clear that fracture occurred 

in beams because of excessive bending deformation. The breaking strength of the material is 

approximately 128 MPa. Considering for the sake of argument, a rectangular cross section with 
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thickness 0.5 μm and width 1.0 μm, the radius of curvature of a beam at the onset of fracture, 

computed according to linear elasticity theory, is about 2.22 μm. This value seems to be consonant 

with the observed beam deformations. Figure 10 shows helium ion microscopy (HIM) images of the 

samples. HIM enables extremely high resolution (~20 nm features) avoiding sputtering of the 

samples, distorting their morphologies. Figure 10c,d shows the fractography. The dominant fracture 

mechanism is river markings, tacitly leading to brittle fracture.  

 

Figure 9. Mechanical responses revealing microcrack and fracture. (a) Imposed displacement-time 

and force-displacement plots for a three-unit array (cf. Video S5: Three-unit cracking). (b) Imposed 

displacement-time and force-displacement plots for a twenty-unit two-layer array (cf. Video S6: 

Twenty-unit two-layer cracking). Arrows indicate fracture events during the deformation. 
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Figure 10. Helium ion microscopy (HIM) images of a three-unit array after testing. (a) HIM imaging 

of a structure that fracture did not commence. (b,c,d) HIM images of a fractured sample. 

4. Discussion 

The main goal of this work was to address the question of whether lattice structures with 

nanoscale features and a bistable response can be efficiently fabricated through AM technologies. The 

experimental results given in Section 3 allow us to conclude that this objective can be satisfactorily 

accomplished utilizing the multiphoton lithography technique [46,47]. The design of functional 

models of 3D bistable tensegrities with nanoscale features required several iterative adjustments and 

modifications, as shown by the results presented in Sections 2 and 3. A bistable-type response has 

been clearly observed in the two types of structures considered in this work, although in the two-

layer system such a response was confined in space (cf. Section 3.4). Possible explanations of this 

behavior might be the following: (i) the bottom layer of such a system has a different stiffness with 

respect to the top layer; (ii) the bottom layer is contiguous with the fabrication substrate; (iii) there 

are undesired polymerized regions in the bottom layer.  

Cracking and fracture of the tested samples often occurred during the execution of compression 

tests, when the imposed displacement caused excessive bending deformations in the beams/struts. 

The results presented in Section 3.5 highlight that such a drawback can be mitigated by taking the 

estimated value of the maximum curvature of the beams before failure as an input variable of the 

design procedure. The HIM images presented in that section show nanoscale river markings as 
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fractography features, which indicate the occurrence of brittle fracture. These nanoscale features have 

never been reported before in the literature dealing with the fracture of nanolattice structures. 

One important feature observed in the presented experiments was an appreciable viscoelastic 

behavior of the material composing the analyzed tensegrities, which was reflected in their 

experimental response under compression loading. Bistability is essentially a consequence of the 

geometrically nonlinear response of the examined tensegrity lattices. The force-displacement curves 

obtained under compression tests (Sections 3.2–3.4) highlight that bistable deformation mechanisms 

are combined with viscoelastic response in all the structures examined in the present work. Such an 

observation calls for the formulation of mechanical models accounting for viscoelastic response of 

tensegrity structures, which we address to future work. 

Regarding the optimal design of novel bistable lattices with tensegrity architecture, it must be 

noted that the present work has established the theoretical basis of such a study. The required 

constraint of having just one independent state of selfstress and just one independent mechanism, (cf 

Sections 2.1–2.2), can be easily implemented in available tensegrity form-finding procedures. This 

will accomplish bistable tensegrities with desired geometries [58–60]. While it is plausible to inquire 

for tensegrities with a target geometry, it must be observed that the problem of obtaining a desired 

snapping mechanism between two stable configurations is substantially challenging. Hence, it 

requires iterative design procedures that make use of accurate prediction models in the large 

displacement regime (cf. Section 2.2). A key feature revealed by the numerical results and the 

experimental tests presented in this work is that the analyzed structures exhibit large static 

indeterminacy. Consequently, despite the fact that each individual unit is actually an isostatic 

structure, the tested structures did not collapse even after the fracture of multiple struts (cf. Section 

3.5). 

Another peculiar property of a tensegrity system exhibiting a single soft mode is that the 

deformation process associated with the internal mechanism can be regarded as a “breathing,” or 

pumping motion, which can be efficiently employed to design novel types of bistable pumps at 

multiple scales [61]. Such a feature of bistable structures can also be exploited to design systems that 

support the transport of mechanical energy through compact solitary waves, which is a subject 

receiving growing interest in the area of nonlinear mechanical metamaterials [15–18,49]. Figure 11 

conveys this characteristic quiddity of ten bistable prisms clamped at one end. Numerical results on 

the wave dynamics of such a system, which have been obtained through the procedures diffusely 

illustrated in [15–18,54,55], show that they support the formation of compression waves with compact 

support when subjected to an impulsive load at the free end.  

 

Figure 11. Snapshots extracted from the video of the motion of a column of ten bistable prisms 

impacted with initial vertical and angular speeds at the top base (see also Video S7 of Supplementary 

Materials). 
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Figure 11 shows some snapshots of the motion of the examined tensegrity column, which is 

impacted with initial vertical speed v0 and initial angular speed ωof the top baseso as to activate the 

bistable mechanism of the first unit. The simulations shown in Figure 11 correspond to assuming a/h 

= 0.5, θ= - 3 deg, , v0 (E/) - 0.5 = 0.3609, v0/ω = a2/h, ks/(a2 ka)= 0.0041, with  denoting the mass density 

of the material. One observes the propagation of a compression wave localized on a single prism 

(enclosed by the red dashed rectangle in Figure 11), with negligible motion of the rest of the column, 

under the examined loading condition. The reader is referred to the Video S7 of Supplementary 

Materials for an animation of the motion of the structure illustrated in Figure 11. The response of the 

benchmark bistable structure under examination highlights that the use of highly nonlinear 

tensegrity systems with nanoscale features may allow the creation of revolutionary types of acoustic 

lenses, to be used as a noninvasive scalpel to accurately target defects in engineering and biological 

materials. Micro- and nano-scale tensegrity lattices with bistable responses (acting as phononic 

crystals) can indeed be employed to generate compact-support waves within tensegrity acoustic 

lenses [18,49], which may travel and coalesce at a focal point in an adjacent medium (i.e., a material 

defect or a tumor mass in a host medium). A comprehensive study on this exciting, novel application 

of micro- and nano-scale tensegrites with a bistable response is addressed to future work. 

Furthermore, the structures analyzed in this paper utilize marked tunability (due to geometry and 

prestress) and scalability (size-independent properties) to go beyond conventional systems. The 

scalability property derives from the geometric nature of the bistable response, and the material 

nature of the viscous behaviors observed in the experiments. The mechanical modeling presented in 

this study can be applied down to the scale at which Van der Waals forces can be neglected, (several 

angstroms, see, e.g, [62], where tensegrity structures with strut length of 65 nm have been studied) A 

bistable viscous response can also observed in the macro-scale tensegrity structure shown in Video 

S8 of Supplementary Materials, which shows 20 cm timber struts connected with flexible polyvinyl 

chloride (PVC) tubes. 

In addition, it must be noted that this work paves the way for the fabrication of tensegrity 

systems comprised of different polymeric materials. Even though this process requires specific 

photochemical properties to achieve such a high resolution [46], new materials must be employed 

that encompass hyperelastic behavior. Consequently, structures sustaining large deformations and 

repeatability of the loading under multiple cycles without failure could be realized. 

5. Concluding remarks 

The bistable response of tensegrity structures made of three-dimensional assembles of tensegrity 

prisms was investigated in microscale structures equipped with nanoscale features. The modeling of 

the mechanical behavior of such structures provided guidelines for the fabrication of multi-cell 

systems featuring bistable responses under compression loading. MPL combined with diffusion-

assisted high-resolution direct femtosecond laser writing enabled the efficient fabrication of unit cells 

and arrays comprised of struts with 250 nm radius. Microindentation experiments assisted by 

scanning electron microscopy imaging provided the in situ observation of nanoscale deformation 

phenomena and how they are reflected in the macroscopic force-displacement curves. Overall, the 

results presented in this work showed that the analyzed structures, which are comprised of all bar 

members, combine a bistable response; viscoelastic behavior; and softening and stiffening 

deformation mechanisms (cf. Sections 3.1–3.4). In addition, helium ion microscopy elucidated the 

unblemished fractured morphology of the structures in nanoscale, insinuating brittle fracture as the 

primary fracture mechanism, regardless of the macroscopic ductile behavior (Section 3.5). These 

findings set the framework for the design and characterization of nanolattice structures governed by 

bistability for a variety of applications, with a particular focus on pioneering approaches to sound 

focusing and structural health monitoring through compact solitary waves [15–18,49].  

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1. Video S1: Three-point 

bending. Video S2: Individual unit. Video S3: Three-unit array. Video S4: Twenty-unit two-layer array. Video 

S5: Three-unit cracking. Video S6: Twenty-unit two-layer cracking. Video S7: Dynamic response of the column 

in Figure 11. Video S8: Bistable viscous response of a macroscopic tensegrity prism. 
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