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Abstract. This paper presents a systematic framework for the vibration-based optimization of tensegrity structures, integrating the 
Spectral Element Method (SEM) with a Particle Swarm Optimization (PSO) strategy to explore metric-specific performance across 
representative tensegrity configurations. The SEM formulation provides exact frequency-dependent stiffness without spatial 
discretization, ensuring high numerical precision in the evaluation of natural frequencies and frequency response functions (FRFs). 
Five dynamic-oriented metrics—Dynamic Efficiency (DE), Minimum Modal Separation (MMS), Modal Density Ratio (MDR), Prestress 
Robustness (PR), and Critical FRF Magnitude (CFM)—are individually optimized for four representative tensegrity topologies, 
allowing a comparative assessment of convergence behavior, sensitivity, and robustness. Results reveal clear trends: stiffness-
related metrics (DE, CFM) exhibit stable convergence and low dispersion, producing geometrically balanced tensegrities with 
uniform prestress distributions. In contrast, modal and robustness-oriented objectives (MMS, MDR, PR) are more sensitive to 
configuration and prestress variations, yielding asymmetric arrangements and higher variability across optimization runs. Complex 
topologies (C and D) show amplified convergence dispersion, confirming that structural complexity increases the difficulty of 
identifying global optima under dynamic criteria. The findings demonstrate that PSO effectively captures distinct vibrational optima 
and that the interplay between topology, pretension, and modal coupling governs the dynamic performance of tensegrity systems. 
The proposed approach provides a unified framework for quantifying vibrational trade-offs and metric robustness, establishing a 
foundation for the vibration-tailored design of tensegrity structures and their dynamic optimization. 

Keywords: Tensegrity, Spectral element method, Vibration metrics, Particle swarm optimization. 

1. Introduction 

Tensegrity structures, composed of axially prestressed tension members and isolated compression elements, have attracted 
growing interest due to their unique combination of flexibility, lightweight efficiency, and mechanical resilience, making them 
suitable for a wide range of advanced engineering applications. For instance, Mei et al. [1] and Guacheta-Alba et al. [2] demonstrated 
their use in soft robotics and vibration-driven locomotion devices for disaster rescue, while Goyal and Skelton [3] explored their 
potential in deployable space structures such as antennas and solar wings. In civil engineering, Liu et al. [4] investigated modular 
pedestrian bridges that exploit tensegrity’s adaptive load-bearing capabilities; their distinctive architecture allows modular 
assembly, rapid deployment, and remarkable stability under dynamic loads [5]. Representative tensegrity unit cells are depicted in 
Fig. 1, highlighting the variety of geometries considered in tensegrity design. The same properties that make tensegrity systems 
advantageous also lead to highly coupled dynamics, low-order vibration modes, and infinitesimal kinematic mechanisms, 
complicating the prediction of their vibrational behavior [2, 6, 7]. Understanding these characteristics is essential for achieving 
desired motion or stability in mobile tensegrity robots [1, 2], optimizing prestress distributions, ensuring structural robustness, and 
enabling structural health monitoring [5, 8]. Despite advances in linearized and nonlinear dynamic modeling [6, 7] and experimental 
techniques including full-field mode identification using 3D scanning laser vibrometry [8], challenges remain in capturing full-field 
dynamics under uncertain loading or when optimizing vibrational response [9]. 

While these structural characteristics enable diverse applications, they also pose significant challenges in accurately modeling 
dynamic behavior. Conventional numerical approaches, such as the Finite Element Method (FEM), often struggle to represent the 
complex prestress-dependent behavior of tensegrity systems [6, 10-12]. As reported by Liu et al. [6] and Gan [13], the presence of 
low-order rigid-body modes in free-free tensegrity systems, combined with the slenderness and flexibility of the cables, frequently 
leads to singular stiffness matrices and numerical instabilities in standard FEM formulations. Moreover, geometric nonlinearity 
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induced by prestressing plays a critical role in predicting natural frequencies accurately, yet it is often neglected or inadequately 
modeled in commercial FEM solvers, particularly when using simplified hinge connections or linearized beam elements [6,14,15]. 
High-order vibrational modes and complex interactions between struts and cables further increase computational cost and reduce 
efficiency, making large-scale or high-fidelity analyses computationally prohibitive [14-16]. Additional difficulties arise from sliding 
or slackening of cables, as these introduce non-smooth dynamics and discontinuities that conventional FEM cannot efficiently 
handle without specialized formulations, such as co-rotational or complementarity approaches [15]. These challenges are even 
more pronounced in clustered or hybrid tensegrity configurations, where rigid–flexible coupling and multibody interactions 
complicate accurate frequency prediction and modal analysis [13, 14]. To address these issues, alternative modeling techniques 
capable of providing frequency-dependent solutions that inherently include prestress effects and capture both low- and high-
frequency dynamics have been proposed [13, 17]. Among these, the Spectral Element Method (SEM) has emerged as a particularly 
promising approach. As highlighted by Gan [13] and Akhtar and Sunny [17], SEM provides an analytical treatment of axial and 
transverse member vibrations, eliminates singularity problems, and directly incorporates prestress effects—making it especially 
suitable for vibration-based analysis and design of tensegrity systems. 

These limitations motivate the search for alternative numerical approaches capable of accurately capturing the coupled 
dynamics and prestress effects inherent in tensegrity structures. Among these, the Spectral Element Method (SEM) has emerged as 
a particularly promising solution. This high-fidelity method enables modeling the dynamic behavior of axially prestressed members, 
allowing the exact computation of natural frequencies and mode shapes—something often unattainable with conventional finite 
element solvers due to rigid-body motions and self-equilibrated prestress states [18, 19]. Gan and Kiryu [18] first demonstrated that 
SEM can capture the coupled axial and transverse vibrations of tensegrity members with remarkable accuracy, while later studies 
by Gan [19] extended its application to a broader class of prestressed structures. By employing frequency-dependent stiffness 
matrices derived from member vibrations, SEM inherently incorporates prestress effects and eliminates the spatial discretization 
errors typical of FEM, ensuring high numerical precision even for slender cables and lightweight struts [18, 20]. 

This capability is particularly advantageous for analyzing complex tensegrity topologies characterized by coupled vibration 
modes, where conventional FEM often struggles to resolve low-order rigid-body and infinitesimal kinematic mechanisms [21,22]. 
Wang et al. [22] further showed that SEM facilitates efficient optimization by integrating geometric stiffness and prestress directly 
into the dynamic analysis framework. SEM’s analytical treatment of member dynamics also enables robust and computationally 
efficient frequency tracking through algorithms such as the Wittrick–Williams method [18, 20], ensuring accurate modal 
identification in both small- and large-scale assemblies. Beyond engineering-scale systems, Nouchi et al. [22] applied SEM to 
biological analogues such as cytoskeletal tensegrity networks, demonstrating its versatility in capturing multiscale vibrational 
behavior. Related studies on phononic and tensegrity-inspired metamaterials have shown that SEM can effectively predict bandgap 
formation and energy localization phenomena [23-26]. Furthermore, SEM proves advantageous for optimization tasks, as it precisely 
evaluates frequency-dependent responses while minimizing computational cost, eliminating the need for excessive mesh 
refinement [22]. Finally, as Vangelatos et al. [23] demonstrated, SEM’s robustness extends to multistable tensegrity lattices, where 
exact dynamic solutions are essential for designing structures with tunable or localized vibrational properties. 

Leveraging SEM’s precise modeling capabilities, researchers have integrated it with optimization strategies to both predict and 
enhance the dynamic performance of tensegrity systems. Previous studies on tensegrity optimization have often focused on static 
criteria such as material efficiency, stiffness maximization, or weight minimization, sometimes overlooking the complex 
interactions between topology, prestress, and dynamic behavior [22, 27, 28]. Jankowski et al. [27] provided a broad review of topology, 
size, and shape optimization in civil structures, while Wang et al. [20] extended these concepts to tensegrity and prestressed cable–
strut systems, emphasizing the role of geometric stiffness in the optimization process. Classical force-based formulations and early 
topology optimization schemes, however, frequently struggle to handle kinematically indeterminate systems or account for the 
geometric stiffness introduced by self-stress, potentially excluding innovative high-performance configurations [22, 29]. 

   

(a) (b) (c) 

  

(d) (e) 

Fig. 1. Representative Tensegrity Unit Cells (from left to right: (a) X-Module, (b) 3-Strut Simplex, (c) 4-Strut Simplex, 
(d) Truncated Tetrahedron, (e) Expanded Octahedron). 
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Recent developments have employed metaheuristic optimization methods such as particle swarm optimization (PSO), genetic 
algorithms, and artificial fish swarm algorithms to improve both dynamic and control performance [27, 29, 30]. For example, Feng 
et al. [30] implemented a fast model predictive control strategy for active vibration suppression, while Xiong et al. [29] used a multi-
population genetic algorithm to optimize actuator placement in cable–strut structures. These vibration-oriented approaches rely 
on performance indicators including dynamic efficiency, modal separation, eigenfrequency maximization, and prestress robustness, 
providing insight into energy distribution among modes and system resilience under variations in prestress or boundary conditions 
[29, 30-32]. Nevertheless, many existing studies still depend on simplified FEM formulations or reduced-order approximations, 
which can produce inaccuracies in natural frequency and mode shape estimation, particularly in highly prestressed or multi-layer 
tensegrity lattices [30-32]. Emerging machine-learning and neural-operator approaches, such as physics-informed machine learning 
and neural operators, offer mesh-free formulations, can naturally incorporate uncertainties, and enable fast surrogate evaluations 
once trained. However, these methods typically require large training datasets and do not yet provide explicit control of prestress-
dependent stability, which are central to tensegrity behavior [33, 34]. To overcome these limitations, integrating SEM with 
metaheuristic optimization algorithms such as PSO enables precise evaluation of frequency-dependent stiffness matrices and 
dynamic sensitivities, thereby improving both accuracy and convergence in topology and prestress optimization [20, 27, 35, 36]. This 
integrated strategy supports the design of large-scale and deployable tensegrity systems [22, 32] and opens the way to advanced 
applications, including multistable lattices [37], bio-inspired and cellular tensegrity analogues [36, 38], and adaptive structures with 
tailored dynamic properties [31, 37]. 

This article introduces a unified spectral-based framework for the dynamic analysis and optimization of tensegrity structures. 
The approach integrates the Spectral Element Method (SEM) formulation for prestressed members—capable of capturing exact 
frequency-dependent stiffness—with a Particle Swarm Optimization (PSO) layer tailored to handle complex, multimodal design 
spaces. This combination enables accurate evaluation and enhancement of dynamic properties such as modal distribution, 
frequency separation, and prestress robustness, while maintaining high computational efficiency compared to conventional FEM. 
By explicitly accounting for geometric stiffness, prestress effects, and mechanism-compatible subspaces, the methodology bridges 
the gap between high-fidelity spectral modeling and optimization, offering a systematic route to design dynamically adaptive 
tensegrity configurations. The remainder of this paper is structured as follows: Section 2 presents the spectral formulation for 
prestressed elements and its extension to tensegrity assemblies; Section 3 introduces the dynamic objective functions and 
optimization methodology; Section 4 describes the simulation setup and optimization cases; Section 5 presents and discusses the 
numerical results; and Section 6 concludes with the main findings and perspectives for future research on spectral-based 
optimization of tensegrity systems. 

2. Spectral Element Model (SEM) of Tensegrity Structures 

The free vibrations of axially prestressed members are analyzed using the Spectral Element Method (SEM), a high-fidelity 
approach that incorporates frequency dependence directly into the shape functions (dynamic shape functions) and yields an exact 
dynamic stiffness matrix for each element. Unlike the classical Finite Element Method (FEM), which relies on polynomial 
interpolation and requires a fine mesh to accurately capture high-frequency responses, SEM expresses the solution in terms of the 
exact wave modes of each member. This allows it to represent short-wavelength phenomena with a minimal number of degrees of 
freedom, significantly improving computational efficiency without compromising accuracy [18]. 

Figure 2 illustrates the representation of an axially prestressed member using both SEM and FEM. Figure 2(a) depicts a single 
spectral element under axial prestress, showing nodal displacements, internal forces, and the decomposition of the axial wave field 
into incident and reflected components. Figure 2(b) highlights the fundamental distinction between FEM and SEM: while FEM 
discretizes the member into multiple low-order elements using polynomial interpolation, SEM employs a single high-order element 
that provides a continuous and highly accurate approximation of the axial field. This comparison underscores the precision and 
efficiency of SEM in capturing both dynamic and static behavior of prestressed members, which is essential for high-fidelity 
modeling of tensegrity structures [18]. 

This property makes SEM particularly suitable for tensegrity structures, where axially prestressed members dominate the 
transverse dynamics and the system exhibits rigid-body modes and mechanisms that complicate the use of conventional 
eigenvalue solvers. The Spectral Element Method (SEM) provides a high-fidelity approach for modeling axially prestressed members, 
which is particularly suitable for tensegrity structures. In these systems, the axial prestress dominates the transverse dynamics, 
and the presence of rigid-body modes and internal mechanisms makes conventional finite element eigenvalue solvers less efficient 
or even inaccurate. For a prestressed prismatic member, assuming small transverse vibrations �(�, �), linear mass density ��, and 
constant axial force 	  (positive in tension), the governing equation of motion in the time domain is expressed as Eq. (1), with nodal 
boundary conditions �(0, �) = �1(�) and �(�, �) = �2(�): 

���2�(�. �)
��2 − 	 �2�(�. �)

��2 = 0.   0 < � < � (1) 

 

  
(a) (b) 

Fig. 2. Comparison of Axial Member Representations: (a) Prestressed spectral element; (b) FEM vs. SEM discretization. 
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Assuming a harmonic time dependence �(�, �) = �(�)��ω�, the weak form of Eq. (1) is obtained by multiplying by an admissible 
test function �(�)  and integrating by parts, yielding the Eq. (2). The corresponding strong form reduces to Eq. (3), with general 
solution in Eq. (4). Here, the wavenumber � may be real or imaginary depending on the sign of the axial force 	 , indicating oscillatory 
or exponentially decaying components, respectively. SEM naturally accommodates both cases by expressing the elemental dynamic 
shape functions in terms of these exponential functions, without the need for polynomial interpolation [18]: 

∫ ���(�)�(�)���

0
+ ∫ 	�(�)′�(�)′���

0
= 0 (2) 

	 �2�(�)
��2 + "2���(�) = 0 (3) 

�(�) = ���#$ + %�−�#$.    �2 = −"2��
	  (4) 

In a tensegrity structure, each member is prestressed by an internal axial force. Let &' denote the prestress coefficient of element 
�, which scales the axial force according to its length �' and material stiffness. The axial force in element � is then Eq. (5), where ( 
and � are the Young’s modulus and cross-sectional area, respectively. This formulation connects the theoretical SEM model to the 
computational implementation, where &' is specified for each member: 

	' = &'.  �'.  ('.  �' (5) 

From the dynamic shape functions, the elemental spectral stiffness matrix )(')(ω) is constructed in closed form, relating nodal 
forces to displacements at a given frequency in Eq. (6), where +(')(ω) contains the dynamic shape functions and ,(')(ω) represents 
the material and geometric properties of the element: 

)(')(") = +(')(")T,(')(")+(')(") (6) 

Each elemental matrix )(')(ω) is defined in the local coordinate system aligned with the element axis. To assemble the global 
spectral matrix, a coordinate transformation is applied via the matrix . ('), such that in Eq. (7), where . (') contains the direction 
cosines of the local axes (��, /�, 0�) with respect to the global axes. This procedure ensures that the dynamic response of each 3D 
member is correctly represented in the global structure, preserving both orientation and prestress effects: 

)global
(') (") = . (')T)(')("). (') (7) 

Each elemental matrix is then transformed to global coordinates via a transformation matrix . (') and assembled according to 
the element connectivity �(') in Eq. (8). The global frequency-dependent matrix )6(ω) contains the exact implicit dynamic response 
of the structure at each frequency. The free-vibration natural frequencies are obtained by seeking ω  such that non-trivial 
displacements � ≠ 0 satisfy the homogeneous system in Eq. (9): 

)6(") = ∑ �(')T [. (')T)(')("). (')]�(');<
'=1  (8) 

)6(")� = 0 ⟺ det()6(")) = 0 (9) 

In practice, due to the high sensitivity of )6("), it is numerically more robust to track the smallest singular value CD�;()6(")) or 
use methods such as the Wittrick–Williams algorithm, avoiding cancellation errors and ensuring accurate identification of the 
natural frequencies. Typical visualizations include plots of log‖det()6("))‖  or CD�;()6("))  versus frequency, where sharp minima 
indicate the structure’s natural frequencies [18]. This framework provides a highly efficient and accurate representation of 
prestressed tensegrity members, capturing both axial and transverse dynamics while naturally accommodating rigid-body modes, 
prestress effects, and frequency-dependent behavior. This complete formulation ensures full reproducibility of the computational 
model and code is available in repository. 

2.1. Validation of the Spectral Element Method (SEM) 

The SEM formulation was implemented in MATLAB and applied to tensegrity topologies, namely the X-Module, 3-Strut Simplex, 
4-Strut Simplex, Truncated Tetrahedron, and Expanded Octahedron. The models were simulated using the same geometric 
dimensions and prestress levels in the compressive members, allowing direct comparison with the reference study. The resulting 
spectral responses are shown in Fig. 3, where log‖det()6("))‖ is plotted against frequency. The minima correspond to the natural 
frequencies of each structure, and the curves reproduce the characteristic responses reported by Gan and Kiryu [18]. 

This approach offers a direct alternative to conventional finite element homogenization methods, enabling the explicit 
derivation of effective elastic properties for tensegrity structures with arbitrary topologies. Its validity has been verified across 
various modular cases, as discussed in the results and simulations section. Figure 3 illustrates the directional stiffness derived from 
the computed elasticity tensor for three representative topologies from the literature. The figure reveals how each configuration 
inherently exhibits directional behavior, ranging from anisotropic to isotropic stiffness distributions, even under stable structural 
arrangements. Furthermore, it highlights how topological variations can significantly alter the directional rigidity, underscoring the 
importance of geometry in determining the mechanical response of tensegrity cells. 

To further validate the proposed SEM formulation, a quantitative comparison was performed against classical Finite Element 
Method (FEM) models using equivalent geometric and prestress conditions. Table 1 summarizes the first six natural frequencies 
obtained for five tensegrity configurations. These results serve to assess the accuracy of the spectral model in reproducing the 
fundamental and higher-order vibration modes without resorting to fine discretization. The FEM solutions were computed using 
standard 3D truss elements with sufficient mesh refinement, while the SEM results were obtained with only one spectral element 
per member, demonstrating its high numerical efficiency. 
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Fig. 3. Spectral response log‖det()6("))‖ versus frequency for tensegrity topologies. The plots were obtained using identical dimensions and prestress 
values as in Gan & Kiryu [18] for direct validation. 

  

(a) (b) 

Fig. 4. Convergence and efficiency comparison between FEM and SEM: (a) relative computational time versus normalized DOF, (b) RMS error versus 
normalized DOF. 

To complement this frequency-level comparison, an additional benchmark was conducted across all topologies to quantify the 
convergence and computational efficiency of both methods. The results, presented in Fig. 4, describe the relationship between 
accuracy, degrees of freedom, and computational time. The plots employ a normalized degree-of-freedom measure defined as 

DOFnorm = DOFFEM/DOFSEM, where DOF = 3 × 	nodes,free denotes the total number of active degrees of freedom. The computational 

cost is expressed as a relative time �rel = timeFEM/timeSEM . Both �rel  and the RMS error of the first six natural frequencies were 
averaged over the selected topologies to produce representative, topology-independent trends. The RMS error values were computed 
mode-by-mode, aggregated, and normalized consistently for all cases. A dashed line at �rel = 1 is included in Fig. 4(a) to indicate the 
threshold where FEM and SEM require equal CPU time. 

The benchmark reveals clear tendencies: the computational time increases exponentially as DOFnorm grows, grows, while the 
RMS error decreases exponentially with FEM mesh refinement. The intersection point where FEM and SEM present comparable 
computational time occurs at approximately DOFnorm ≈ 48 , for which the global RMS error relative to the SEM reference is 
approximately 0.53%. These results confirm that the SEM achieves high accuracy with substantially fewer degrees of freedom and 
without the need for fine FEM discretization. The patterns observed in Fig. 4 are consistent with the frequency comparisons in Table 
1, reinforcing the effectiveness of the spectral formulation. 

Table 1. Comparison of the first six natural frequencies obtained using FEM and SEM for different tensegrity structures. 

Structure Type Method f₁ (Hz) f₂ (Hz) f₃ (Hz) f₄ (Hz) f₅ (Hz) f₆ (Hz) 

X-Module 
FEM 9.227 15.166 18.741 22.48 27.324 33.489 

SEM 9.21 15.05 18.65 22.6 27.1 33.7 

3-Strut Simplex 
FEM 9.856 12.058 15.45 16.901 33.689 36.193 

SEM 10.19 11.79 14.74 18.14 33.54 37.66 

4-Strut Simplex 
FEM 6.769 8.652 9.911 13.638 23.893 27.631 

SEM 6.98 8.69 10.56 12.22 21.8 27.18 

Truncated Tetrahedron 
FEM 12.249 19.694 20.042 28.717 32.578 36 

SEM 11.41 18.7 20.54 27.91 32.59 35.8 

Expanded Octahedron 
FEM 6.457 11.533 17.1 19.12 21.569 24.494 

SEM 5.75 11.32 16.9 18.92 21.44 24.91 
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The agreement between FEM and SEM results is excellent across all cases, with average discrepancies below 3% for the first six 
natural frequencies and maximum deviations below 6% in higher modes. This confirms that the SEM reproduces the essential 
dynamic behavior of tensegrity systems with remarkable precision using far fewer degrees of freedom. These observations are 
consistent with the spectral responses illustrated in Fig. 4, where the SEM captures all resonance peaks with high fidelity compared 
to the FEM reference. The small deviations observed at higher frequencies are expected, as SEM computes exact member-level 
dynamics while FEM results depend on mesh density and polynomial interpolation. The SEM offers several advantages for 
tensegrity systems: (i) it incorporates axial prestress and its geometric effects directly into the dynamic stiffness; (ii) it requires 
fewer degrees of freedom than a finely discretized FEM to capture equivalent spectral responses; and (iii) it naturally handles free-
vibration problems in structures without supports, since detecting singularities in )6(") reveals both rigid-body modes and internal 
mechanisms. 

3. Dynamic Objective Functions for Optimization 

Building upon the Spectral Element Method (SEM) formulation presented in the previous section, this section introduces the 
dynamic objective functions that drive the optimization process of tensegrity unit cells. These functions are defined directly from 
the spectral response of the structure, obtained through the frequency-dependent stiffness formulation derived earlier. The main 
objective of the optimization is to enhance the effective elastic and dynamic performance of the tensegrity structure by 
systematically modifying its geometry, connectivity topology, and prestress distribution. To achieve this, a set of five scalar 
objective functions is proposed, each targeting a distinct mechanical or dynamic criterion relevant to the behavior of prestressed 
tensegrity systems. 

These functions quantify different aspects of vibrational efficiency, modal distribution, robustness to prestress variations, and 
resistance to external excitation. Each one is treated in an independent optimization run to produce specialized tensegrity 
configurations tailored to specific design objectives. The resulting configurations are subsequently compared to assess trade-offs 
among stiffness, stability, isotropy, and dynamic resilience. The five objective functions considered are described as follows: 

1. Dynamic Efficiency (DE): Defined in Eq. (10), maximizes the ratio between the fundamental natural frequency ω1 and the 
total mass ^ . This objective provides a normalized measure of dynamic stiffness, allowing fair comparison between 
topologies of different sizes or masses. A higher DE value indicates a configuration that is both lightweight and dynamically 
stiff, optimizing the fundamental vibrational performance of the tensegrity cell: 

,( = "1^  (10) 

2. Minimum Modal Separation (MMS): As expressed in Eq. (11), this metric evaluates the minimum frequency spacing among 
the first � natural frequencies. Larger MMS values correspond to well-separated modes, reducing the likelihood of modal 
coupling and resonance overlap under broadband excitations. This objective is particularly relevant in tensegrity lattices 
where multiple close-lying frequencies can compromise dynamic performance: 

^^) = _`ab=1.,,,.#−1("b+1 − "b) (11) 

3. Modal Density Ratio (MDR): This objective, expressed in Eq. (12), quantifies the concentration of vibration modes below a 
predefined cutoff frequency ωDg$. It is computed as the ratio between the number of modes with ωb < ωDg$  and the cutoff 
frequency itself. Minimizing MDR promotes sparser low-frequency modal distributions and higher overall stiffness, 
thereby reducing the likelihood of unwanted low-frequency resonances. This metric is useful for designing tensegrity cells 
intended to maintain dynamic stability across a broad frequency range: 

^,h = 	ij<iklm
"Dg$

 (12) 

4. Prestress Robustness (PR): Defined in Eq. (13), this function quantifies the sensitivity of the fundamental frequency ω1 to 
perturbations in the self-stress vector &. It is computed as the standard deviation of ω1 under random variations of the 
prestress state. Minimizing PR ensures that the tensegrity structure remains stable and predictable under manufacturing 
tolerances or operational variations in prestress, which is critical for deployable or load-sensitive applications: 

nh = o��("1(& + p&)) (13) 

5. Critical FRF Magnitude (CFM): As shown in Eq. (14), this metric measures the maximum amplitude of the frequency 
response function (FRF) within a specified critical frequency band Ωcrit. It is obtained by applying a unit excitation and 
monitoring the global displacement response. By minimizing CFM, large vibration amplitudes under external excitations 
are avoided, enhancing the dynamic resilience of the structure: 

st^ = maxi∈Ωcrit
|�(")| (14) 

Each of these objective functions is optimized individually using the same numerical framework. This single-objective 
optimization strategy allows the identification of tensegrity topologies tailored to specific performance criteria, while facilitating 
the comparison of trade-offs among stiffness, isotropy, prestress sensitivity, and directional balance. The selection of these distinct 
functions reflects both the versatility and complexity of tensegrity structures and supports their rational design for targeted 
engineering applications. 

4. Optimization Methodology 

This section describes the computational framework employed to optimize the tensegrity structures using the dynamic 
objectives previously defined. Building upon the spectral formulation developed, the optimization process aims to identify 
geometrical and topological configurations that enhance the dynamic performance of tensegrity unit cells. To explore this high-
dimensional nonlinear landscape effectively, a Particle Swarm Optimization (PSO) algorithm is employed. The following 
subsections detail the PSO implementation, the stability verification procedure, and the simulation setup used for the case studies 
considered in this work. 
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(a) (b) 

Fig. 5. Particle dynamics and convergence behavior in PSO. 

4.1. Particle Swarm Optimization (PSO) 

The search for optimal tensegrity configurations with enhanced dynamic and elastic behavior demands a numerical strategy 
capable of exploring large and multimodal design spaces while maintaining computational efficiency. Among available population-
based techniques, the Particle Swarm Optimization (PSO) algorithm has proven particularly effective for such nonlinear problems. 
In this approach, a group of interacting agents (called particles) moves collectively through the design domain, each particle 
representing a candidate tensegrity geometry defined by the nodal coordinates of the unit cell. The design variable vector associated 
with the i-th particle is denoted as �� ∈ h~;�  where a; is the number of nodes, and each node has three spatial coordinates (�, /, 0). 
Hence, the dimensionality of the search space is avar = 3a;. Each particle also possesses a velocity vector ��  of the same dimension, 
which determines how its position evolves from one iteration to the next. 

The standard PSO update mechanism is expressed as in Eq. (15), where www is the inertia weight controlling the memory of 
the particle’s previous motion, �1 and �2 are the cognitive and social acceleration coefficients, and �1, �2 ∈ [0,1] are random scalars 
introducing stochastic variability. The vectors �� and � denote, respectively, the best position previously visited by particle ` and the 
best position found by the entire swarm. The position update is then performed by Eq. (16): 

���+1 = �, ��� + �1, �1, (�� − ���) + �2, �2, (� − ���) (15) 

���+1 = ��� + ���+1 (16) 

This process continues iteratively until a stopping condition is satisfied, such as reaching the maximum number of iterations 
or detecting convergence of the objective function. The combined action of the inertial, cognitive, and social terms allows the swarm 
to balance exploration (searching broadly in the design space) and exploitation (refining promising solutions). Figure 5 
schematically illustrates this behavior. In Fig. 5(a), particles are initialized at random positions with arbitrary velocities in a 
multidimensional space representing all possible tensegrity configurations. Over successive iterations, as in Fig. 5(b), particles adjust 
their trajectories toward the global optimum (indicated by a red star) guided by both individual experience �� and collective learning 
� . This dynamic interaction promotes self-organization and cooperative convergence, key features that make PSO suitable for 
identifying high-performance tensegrity layouts with minimal computational effort. 

The swarm evolution proceeds iteratively until a convergence criterion is satisfied, typically when the improvement in the 
objective function becomes negligible or when the algorithm reaches a predefined iteration limit. In this work, a parallelized PSO 
implementation was adopted to accelerate convergence and enhance exploration capabilities. The adopted parameter 
configuration and admissible domain are summarized in Table 2, whose values were selected following established guidelines to 
achieve a balanced compromise between global exploration and local refinement within the multidimensional design space. All 
nodes are allowed to move freely in the three spatial directions, and the connectivity matrix preserves the underlying topology. To 
prevent rigid-body drift, the centroid of each particle configuration is re-centered at every iteration. 

During each iteration, particles are monitored to ensure that their positions remain within the admissible geometric limits. If 
a particle crosses the predefined search boundaries, a velocity reflection mechanism is applied: the offending velocity component 
is reversed in sign, and the position is reprojected back into the feasible region. This corrective procedure prevents divergence of 
the swarm and maintains the physical admissibility of all candidate tensegrity geometries throughout the optimization process. 

An essential stage in the optimization workflow is the stability verification of each proposed tensegrity configuration. Prior to 
evaluation, all candidate geometries generated by the swarm are checked for self-equilibrium of the tensile and compressive 
members. Configurations that fail to satisfy the equilibrium conditions are automatically rejected, ensuring that only mechanically 
admissible tensegrity units participate in the optimization process. Moreover, the nodal coordinates of each cell are normalized to 
maintain consistent geometric scaling and avoid ill-conditioned configurations. 

Table 2. Optimization parameters used in the PSO algorithm. 

Parameter Value Parameter Value 

Number of particles a��� 100 Inertia weight 1.0 

Damping factor ��gD� 0.99 Cognitive coefficient 1.5 

Social coefficient 2.0 Position range [−0.2, 0.2] 

Velocity limits ±10% of position range Stopping criterion Improvement < 10-5 after 20 iterations 
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Table 3. Characteristics of the tensegrity topologies. 

Topology ID Number of Bars Number of Cables Number of Nodes 

A 3 9 6 

B 4 12 8 

C 6 18 12 

D 6 24 12 

Table 4. Material and geometric properties of tensegrity elements. 

Bar Parameter Value Cable Parameter Value 

Diameter [mm] 10 Diameter [mm] 2 

Material Structural steel Material Steel wire rope 

Young's Modulus [GPa] 206.04 Young's Modulus [GPa] 75.999 

Density � [kg/m³] 7870 Density � [kg/m³] 7870 

Reference Internal Force [N] 100 – – 

To rigorously enforce structural stability, an additional constraint is introduced based on the projected stiffness Λ, defined in 
Eq. (17), which evaluates the response of the structure in the subspace associated with infinitesimal mechanisms. ^  denotes a 
basis of the null space of the equilibrium matrix �, that is, the space of nodal displacement patterns that do not induce first-order 
changes in member lengths and therefore correspond to potential mechanisms of the structure. Since stability under prestress is 
governed precisely by how the structure reacts along these mechanism directions, the stiffness matrix must be evaluated in this 
subspace rather than in the full kinematic space: 

Λ = ^T(�3⨂,)^ ≻ 0 (17) 

The projected matrix Λ represents the tangent stiffness restricted to the mechanism-compatible subspace. The condition Λ ≻ 0 
implies that all admissible mechanism directions gain positive stiffness under the current level of self-stress, and thus no 
infinitesimal collapse or buckling mode is present. Numerically, this requirement is verified by computing the eigenvalues of Λ; 
only configurations for which all eigenvalues are strictly positive are retained as stable tensegrity candidates. This constraint 
effectively filters out geometries susceptible to buckling or loss of tension, ensuring that the final optimized topologies remain 
structurally viable under prestress. 

4.2. Case of study and simulation setup 

A total of 200 independent optimization runs were performed, combining four representative tensegrity topologies (A–D) with 
five distinct objective functions, each repeated ten times to ensure statistical robustness of the results. All simulations were 
executed in MATLAB R2024a on a 12-core i7-12700K CPU with 32 GB RAM. The geometric characteristics of the selected topologies 
are summarized in Table 3, including the number of struts, cables, and nodes that define each system. These configurations 
correspond to canonical tensegrity units widely analyzed in the literature, shown in Fig. 1, serving as reliable benchmarks for 
validating the proposed optimization framework. By subjecting each topology to different performance criteria, the study 
investigates how variations in nodal layout and connectivity pattern influence the mechanical behavior of the structure, providing 
a systematic basis for comparing stiffness, stability, and dynamic performance across designs. 

The material and geometric parameters used for the tensegrity members are listed in Table 4. These constants were kept 
uniform throughout all simulations to ensure that differences in the outcomes stem solely from topology and optimization effects 
rather than from material variability. The selected values correspond to feasible dimensions for laboratory-scale tensegrity cells 
(≈20 × 20 × 20 cm). Struts were modeled using structural steel, while the cables were represented by high-strength steel wire rope, 
both with consistent density to maintain uniform mass distribution. The chosen prestress levels guarantee mechanical stability 
while remaining safely below the critical buckling threshold of the struts and the ultimate tensile strength of the cables. For 
instance, compressive members were preloaded between 200 and 300 N, roughly 20–30% of the Euler buckling limit for a 5 mm 
diameter strut, balancing stiffness and safety. The tensile elements carried pretensions of 80–160 N, which corresponds to cable 
diameters in the range of 0.6–0.8 mm, ensuring a well-distributed internal force network within each cell. This standardized setup 
provides a controlled environment to assess the effects of the optimization algorithm on the overall mechanical response, enabling 
consistent cross-comparison among all topological configurations. 

5. Results and Discussion 

A comprehensive PSO optimization campaign was carried out on the four tensegrity topologies, each evaluated with five 
vibration-oriented metrics. This section presents the results of those campaigns, organized around four topics: (i) convergence 
behavior (average trends and variability across independent runs), (ii) optimized equilibrium geometries for each topology–metric 
pair, (iii) distributions of internal forces, and (iv) frequency-response characteristics of the final designs. Results are reported using 
multiple independent optimization runs per case to assess repeatability and robustness. As an illustrative example, Fig. 6 shows 
the evolution of Topology A under the MDR objective: the five panels trace the progressive nodal adjustments from the initial layout 
to the final optimized configuration, highlighting how the swarm iteratively refines the topology to improve modal spacing. The 
subsections that follow provide quantitative and qualitative comparisons across topologies and objectives. 

5.1. Convergence analysis 

Figure 7 summarizes the convergence behavior of the PSO optimization across the four tensegrity topologies and the five 
objective metrics. Figure 7(a) shows the average normalized convergence histories for topologies A–D (f/f0 versus iteration number). 
All topologies exhibit a rapid initial reduction of the objective function during the first 40–50 iterations, followed by slower 
refinement, indicating that PSO efficiently locates high-quality solution regions before reaching near-optimal configurations. 
Topology A converges the fastest and most consistently, achieving the lowest normalized value in fewer than 40 iterations, 
suggesting a smoother optimization landscape. Topologies B and C converge more slowly and stabilize at intermediate levels, 
reflecting higher sensitivity to design variables or the presence of multiple local minima. Topology D shows the most gradual 
convergence but ultimately reaches a competitive final value, highlighting a more complex yet robust search path. These trends 
confirm that both geometry and connectivity strongly influence convergence dynamics. 
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(d) (e) (f) 

Fig. 6. Topology Evolution during PSO Optimization (Topology A – MDR Metric). Representative snapshots spanning the optimization. 

  

(a) (b) 

Fig. 7. Average normalized convergence: (a) by tensegrity topology, (b) by optimization metric. 

Figure 7(b) presents the convergence histories grouped by metric and averaged across all topologies. DE converges fastest and 
reaches the lowest final value, consistent with a well-conditioned fitness landscape and clear sensitivity to beneficial design 
changes. MMS and CFM converge efficiently as well, although their final values are slightly higher. PR and MDR converge more 
slowly and exhibit greater variability, indicating more complex or less well-conditioned objective surfaces. Metrics sensitive to 
modal spacing or prestress variations (MDR, PR) may require parameter tuning, increased population size, or hybrid optimization 
strategies to achieve comparable performance. Overall, the analysis demonstrates that both topology and metric selection critically 
affect optimization efficiency. Metrics related to stiffness and dynamic energy (DE, CFM) provide rapid and reliable convergence, 
whereas modal- and robustness-oriented metrics (MDR, PR) demand careful configuration. These insights highlight the importance 
of selecting appropriate objectives and considering the geometric complexity of tensegrity topologies in metaheuristic optimization 
campaigns. 

5.2. Optimized configurations 

Figure 8 shows the optimized equilibrium configurations of Topology A for the five considered metrics: DE, MMS, MDR, PR, and 
CFM (from left to right). DE and PR preserve nearly orthogonal bar arrangements, reflecting geometrically regular and mechanically 
balanced tensegrity states with uniform prestress distribution. These solutions indicate that objectives related to stiffness and 
prestress robustness tend to favor symmetric and globally coherent structures, suggesting that certain optimization targets 
naturally reinforce structural regularity. MMS and MDR retain the X-module pattern but introduce slight inclinations, enhancing 
modal separation while moderately reducing geometric symmetry. This adjustment demonstrates how modal-oriented objectives 
can induce subtle yet meaningful changes in bar orientations and self-stress, optimizing dynamic performance without drastically 
compromising structural balance. 

CFM departs subtly from the X-aligned families, adjusting compressive and tensile members to improve frequency-response 
stability rather than geometric uniformity. This configuration highlights the trade-off between achieving optimal vibrational 
behavior and maintaining strict symmetry, illustrating how frequency-focused objectives may prioritize dynamic criteria over 
purely geometric considerations. Overall, these results illustrate the sensitivity of tensegrity systems to the chosen objective: even 
within a single topology, distinct metrics lead to unique equilibrium configurations and self-stress distributions, emphasizing the 
importance of careful metric selection in the design process and the need to consider the intended functional priorities when 
guiding optimization. 
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Fig. 8. Optimized Configurations of Topology A. 

   

(a) (b) (c) 

  

(d) (e) 

Fig. 9. Optimized Configurations of Topology B. 

Figure 9 shows the optimized equilibrium configurations for Topology B under the five metrics: DE, MMS, MDR, PR, and CFM. 
With a higher number of members than Topology A, Topology B presents a broader design space, allowing for more complex 
equilibrium shapes and diverse stress redistributions. DE and MDR preserve geometric symmetry and maintain balanced prestress 
distributions, producing configurations that optimize stiffness and modal efficiency while keeping the overall structural layout 
coherent. These solutions indicate that objectives related to stiffness and modal performance continue to favor mechanically robust 
and regular structures even as the topology becomes more intricate. 

MMS introduces moderate asymmetry by slightly reorienting bars and suppressing a tensile element, leading to a compact, 
class-2-like configuration that enhances modal separation without drastically compromising structural balance. PR, on the other 
hand, drives the system toward diagonal X-shaped arrangements, merging nodes and prioritizing prestress robustness at the 
expense of geometric uniformity. CFM adjusts compressive and tensile members to improve frequency-response stability, resulting 
in configurations that are less symmetric but better suited for dynamic control, highlighting the trade-offs between vibrational 
optimization and topological regularity. 

Overall, Topology B demonstrates increased sensitivity to the selected optimization metric due to its additional degrees of 
freedom. While DE and MDR consistently produce balanced and mechanically coherent configurations, MMS, PR, and CFM explore 
dynamically favorable or robustness-oriented arrangements. These results underscore the fundamental trade-off in complex 
tensegrity systems between geometric regularity, prestress distribution, and functional performance, emphasizing that even within 
a single topology, the choice of objective function can substantially influence the resulting equilibrium configuration. 
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Fig. 10. Optimized Configurations of Topology C. 

   

(a) (b) (c) 

  

(d) (e) 

Fig. 11. Optimized Configurations of Topology D. 

Figure 10 shows the optimized equilibrium configurations for Topology C under the five metrics: DE, MMS, MDR, PR, and CFM 
(from left to right). Due to its tetrahedron-based structure, Topology C exhibits higher geometric redundancy and a broader range 
of stable self-stress states than Topologies A and B. DE and MDR preserve the main geometric features of the canonical icosahedron 
while introducing slight shear deformations and mild rotations, respectively, to enhance global stiffness and modal distribution. 
These solutions demonstrate that objectives related to stiffness and modal performance naturally favor symmetric and 
mechanically coherent structures, even in topologies with increased connectivity and complexity. 

In contrast, MMS produces elongated struts and localized node clustering, reflecting a strategy that prioritizes modal separation 
through moderate geometric adjustments. PR generates fewer uniform arrangements with concentrated compressive elements and 
overlapping cables, emphasizing prestress robustness but reducing global geometric regularity. CFM promotes inward contraction 
of the module, elongating tensile members and adjusting compressive elements to enhance frequency-response stability at the 
expense of isotropy. Overall, Topology C highlights the trade-off between maintaining structural symmetry and achieving specific 
dynamic or robustness-oriented objectives. The results illustrate that, in highly connected tensegrity systems, even small variations 
in the optimization target can lead to substantially different equilibrium shapes and prestress distributions, emphasizing the 
sensitivity of complex topologies to the choice of performance metric. 

Figure 11 presents the optimized equilibrium configurations for Topology D under the five metrics: DE, MMS, MDR, PR, and CFM. 
As the most intricate topology considered, Topology D combines expanded octahedral geometry with additional members, offering 
a highly connected system with multiple stable self-stress states. DE and CFM preserve the overall geometric symmetry of the 
canonical structure, introducing only minor rotations and subtle node displacements to enhance global stiffness and maintain a 
coherent prestress distribution. These solutions illustrate that objective targeting stiffness or frequency-response stability naturally 
favor mechanically balanced and symmetric configurations, even in topologies with high connectivity. 
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Table 5. Performance metrics of optimized tensegrity structures and robustness of PSO optimization results. 

Topology ID Optimized Metric Value of Optimized Metric Std (est) % Variation 

A DE -145.3 6.76 4.7% 

A MMS -30.90 2.41 7.8% 

A MDR 0.05 0.004 8.0% 

A PR 0.004104 6.62e-04 16.1% 

A CFM 95.79 7.12 7.4% 

B DE -132.4 10.4 7.9% 

B MMS -35.80 3.52 9.8% 

B MDR 0.035 0.003 8.6% 

B PR 0.003078 4.07e-04 13.2% 

B CFM 136.7 11.7 8.5% 

C DE -132.2 11.3 8.6% 

C MMS -35.10 5.82 16.6% 

C MDR 0.035 0.003 8.6% 

C PR 0.007678 1.24e-03 16.1% 

C CFM 258.7 34.7 13.4% 

D DE -51.69 7.65 14.8% 

D MMS -10.00 1.58 15.8% 

D MDR 0.1 0.009 9.0% 

D PR 0.005712 9.60e-04 16.8% 

D CFM 206.6 30.1 14.6% 

In contrast, MMS produces a more compact and anisotropic configuration by shortening select compression members and 
aligning several struts in parallel, emphasizing modal separation and local stiffness at the expense of perfect symmetry. MDR drives 
the structure toward moderate inclinations of the compression members while maintaining the connectivity pattern, balancing 
prestress redistribution with the preservation of overall geometry. PR leads to a pyramidal arrangement, where nodes are drawn 
closer, creating diagonally aligned struts and a configuration that prioritizes prestress robustness over geometric uniformity. Overall, 
Topology D demonstrates that even within a single, highly connected topology, the choice of optimization metric can result in 
distinct equilibrium shapes and prestress distributions. These results emphasize the trade-offs between structural regularity, 
functional adaptability, and dynamic performance, highlighting the sensitivity of complex tensegrity systems to the selected design 
objective. 

Overall, the analysis of Topologies A through D demonstrates that tensegrity systems exhibit a strong sensitivity to the chosen 
optimization metric. Objectives related to stiffness and prestress robustness, such as DE and MDR, consistently favor symmetric, 
mechanically balanced configurations across all topologies, preserving geometric regularity even as connectivity and complexity 
increase. In contrast, metrics targeting modal separation, frequency-response control, or prestress robustness—represented by MMS, 
PR, and CFM—tend to induce moderate asymmetries, local rearrangements of bars, and variations in self-stress distribution, 
reflecting a deliberate trade-off between dynamic performance, robustness, and structural uniformity. These results highlight a 
fundamental principle in tensegrity design: even small changes in the optimization objective can produce markedly different 
equilibrium configurations, emphasizing the importance of selecting metrics that align with the intended functional priorities of 
the structure. 

5.3. Performance assessment 

Table 5 presents the optimized values of the five performance metrics, together with their estimated standard deviations and 
relative variations, allowing a joint evaluation of the optimization quality and robustness of the PSO procedure. A first observation 
is that metrics associated with stiffness and dynamic energy, such as DE and CFM, exhibit the lowest relative dispersion (below 9% 
in all topologies), confirming that these objectives define smoother and more well-behaved search landscapes. The PSO algorithm 
consistently converged toward stable optima for these metrics, suggesting that the underlying design space contains well-defined 
valleys with minimal local minima interference. Conversely, PR and MMS show markedly higher variability, frequently exceeding 
15%, indicating that these metrics are more ill-conditioned or multi-modal, likely due to their dependence on higher-order 
nonlinear relationships between geometry, self-stress, and modal stiffness. In such cases, the optimizer must balance exploration 
and exploitation under a highly irregular objective surface, where small perturbations in nodal geometry or pretension can 
significantly affect the computed metric values. 

The larger dispersion observed for MMS and PR, particularly in the more complex topologies, can be physically explained by the 
stronger coupling between geometry, prestress, and modal behavior. Metrics such as MMS and PR depend on higher-order quantities 
(modal curvatures, frequency ratios, and force–mode interactions) that are extremely sensitive to small geometric changes. In 
highly connected cells (Topologies C and D), a small perturbation in a single member length or pretension redistributes forces 
globally, altering multiple modal paths simultaneously. By contrast, DE and CFM depend primarily on low-order stiffness properties 
that vary smoothly with geometry, producing well-conditioned search spaces and lower variability. Thus, the increasing dispersion 
across topologies and metrics is a direct mechanical consequence of higher geometric redundancy, stronger modal coupling, and 
the nonlinear dependence of certain vibration metrics on the internal force state. 

A second relevant observation is the systematic degradation of robustness with increasing topological complexity, as seen when 
moving from topology A to D. This trend evidences that more intricate tensegrity configurations generate stronger couplings 
between mechanical response and geometric degrees of freedom, thereby increasing the dimensionality and ruggedness of the 
optimization space. Despite this, PSO demonstrated remarkable adaptability, achieving acceptable convergence even for metrics 
with high intrinsic sensitivity. The comparative analysis across objectives suggests that DE and CFM constitute the most reliable 
and physically consistent optimization targets, while MDR and PR, though less robust, capture important vibrational features 
related to modal density and stiffness proportionality. These results highlight that optimization robustness is strongly tied to the 
conditioning and scale of each metric, and that metaheuristic frameworks like PSO remain effective when properly tuned, although 
future work could benefit from hybrid or regularized strategies to stabilize convergence for highly nonlinear metrics. 
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Table 6. Sensitivity of fundamental modal frequencies to perturbations for representative tensegrity topologies. 

Structure Type o��� (Hz) s�� (%) o��� (Hz) s�� (%) o���� (Hz) s��� (%) 

X-Module 0.28 1.33 0.42 2.00 0.33 1.57 

3-Strut Simplex 0.22 1.05 0.38 1.81 0.26 1.24 

4-Strut Simplex 0.25 1.72 0.72 4.94 0.68 4.67 

Truncated Tetrahedron 0.30 1.22 0.11 0.45 0.10 0.41 

Expanded Octahedron 0.34 2.06 0.56 3.39 0.44 2.66 

A Monte Carlo uncertainty analysis (	  = 1000 samples per case) was performed to quantify the sensitivity of the first six natural 
frequencies to 5% multiplicative perturbations applied independently to the self-stress vector &, member lengths �, and the axial 
stiffness (�. For each realization, the SEM solver computed the six lowest modes, from which the standard deviation std and the 
coefficient of variation CV were evaluated per topology. These variance-based summary statistics demonstrate that the observed 
dispersion in the optimization results is due to the physical sensitivity of each topology to input uncertainty rather than numerical 
artifacts. The data further indicate that perturbations in � produce the largest variability in highly connected cells (e.g., 4-Strut and 
Expanded), while changes in & and (� typically have milder effects (see Table 6). 

Figure 12 presents the frequency response of the optimized tensegrity structures for the DE and MMS metrics, expressed as the 
logarithmic magnitude of the spectral norm ‖)(")‖ over the frequency range from 0 to 200 Hz. The results reveal distinct patterns 
that relate dynamic performance to both the chosen optimization metric and the structural complexity of each topology. Under DE-
based optimization (Fig. 12(a)), simpler configurations (Topologies A and B) exhibit compact and bounded frequency spectra, 
indicating enhanced dynamic stability and effective damping. Topology B shows slightly higher spectral amplitudes than A, 
suggesting that additional members introduce minor resonance channels, though overall spectral compactness is maintained. In 
contrast, the more complex lattices (Topologies C and D) display progressively larger frequency responses. Topology C exhibits 
intermediate growth with pronounced peaks around 50 Hz and above 120 Hz, whereas Topology D shows the steepest increase, 
spanning several orders of magnitude. These trends reflect the broader design space and higher degrees of freedom in complex 
topologies, which, while advantageous for static load redistribution, generate multiple high-frequency resonances. 

The MMS-optimized structures (Fig. 12(b)) reveal similar distinctions. Topologies A and B maintain low spectral growth with 
smooth curves, with Topology A achieving the most compact spectrum—at least three orders of magnitude below the high-
frequency amplitudes of the complex topologies. Topologies C and D, however, exhibit amplified responses across the frequency 
range, with extreme peaks near the upper limit. This indicates that MMS optimization, although effective in enhancing modal 
separation and redistributing internal stresses, favors configurations that are more sensitive to dynamic excitation in highly 
connected lattices. Overall, the frequency response analysis highlights two key insights. First, the optimization metric strongly 
influences dynamic characteristics, with DE favoring spectral compactness and MMS enhancing modal separation. Second, 
topological complexity modulates susceptibility to high-frequency resonances, establishing a clear trade-off between static 
optimization efficiency and vibrational robustness. Simpler topologies (A and B) consistently achieve compact, stable spectra, 
whereas more complex lattices (C and D) display richer but less controllable dynamic responses. 

Figure 13 presents the frequency response of the optimized tensegrity structures for the Modal Density Ratio (MDR) and 
Prestress Robustness (PR) metrics. The results reveal how dynamic performance is influenced by both the chosen optimization 
criterion and the structural complexity of each topology. Under MDR optimization (Fig. 13(a)), simpler configurations (Topologies A 
and B) display compact and stable spectra. Topology A exhibits the lowest spectral growth and minimal resonance peaks, reflecting 
effective modal sparsity and enhanced global stiffness. Topology B follows a similar pattern, with slightly higher amplitudes, 
suggesting that the additional nodal connections introduce well-separated modal contributions without compromising overall 
spectral compactness. In contrast, the more complex lattices (Topologies C and D) show substantially amplified responses, 
particularly above 100 Hz, with multiple resonant peaks. This behavior indicates that denser connectivity and geometric complexity 
lead to stronger mode coupling, making high-frequency resonances more pronounced. 

PR-based optimization (Fig. 13(b)) shows a comparable hierarchy among the topologies, but through a different mechanism. 
Topology A maintains the lowest and most uniform spectral amplitudes, demonstrating high dynamic stability and minimal 
sensitivity to prestress variations. Topology B exhibits slightly higher amplitudes, highlighting a trade-off between robustness and 
flexibility. 

  

(a) (b) 

Fig. 12. Frequency response of optimized tensegrity structures for vibration metrics, (a) Optimizing DE, (b) Optimizing MMS. 
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Fig. 13. Frequency response of optimized tensegrity structures for vibration metrics, (a) Optimizing MDR, (b) Optimizing PR. 

 
Fig. 14. Frequency response of optimized tensegrity structures for vibration metrics optimizing CFM. 

In contrast, Topologies C and D experience steep spectral growth and irregular fluctuations, reflecting increased sensitivity to 
prestress perturbations and stronger modal interactions. These trends indicate that highly connected systems are more susceptible 
to local instabilities when internal forces deviate from equilibrium. Overall, the analysis of MDR and PR emphasizes the critical role 
of topology in dynamic performance. MDR favors modal sparsity and spectral compactness, whereas PR enhances stability under 
variations in internal forces. In both cases, simpler and symmetric topologies (A and B) achieve superior frequency robustness, 
while more complex architectures (C and D) trade controllability for richer, more sensitive dynamic behavior, illustrating the 
interplay between structural complexity, vibrational performance, and optimization objectives. 

Figure 14 presents the frequency response of tensegrity structures optimized under the Critical FRF Magnitude (CFM) criterion. 
Under CFM optimization, simpler configurations (Topologies A and B) exhibit the lowest spectral amplitudes across the frequency 
range. Topology A achieves the most compact and stable response, indicating effective suppression of resonant amplification and 
highly damped dynamic behavior. Topology B follows a similar trend, with slightly higher amplitudes, reflecting modest sensitivity 
at mid-to-high frequencies. 

In contrast, complex lattices (Topologies C and D) display larger spectral magnitudes and more pronounced fluctuations, 
particularly above 100 Hz. The sharper peaks highlight stronger modal interactions and less effective resonance suppression, arising 
from higher connectivity and additional degrees of freedom, which introduce localized flexibility and extra modal coupling paths. 
Overall, CFM optimization produces tensegrity structures with smoother and more controlled frequency responses. While simpler 
and symmetric topologies (A and B) achieve superior vibrational robustness, more intricate architectures (C and D) exhibit amplified 
sensitivity, reflecting the trade-off between geometric complexity and dynamic stability. 

Across all analyzed optimization criteria, the frequency response results reveal consistent patterns linking dynamic 
performance, optimization objective, and topological complexity. Simpler and symmetric topologies (A and B) consistently achieve 
compact, stable spectra with minimal resonant amplification, indicating robust dynamic behavior regardless of the optimization 
metric. More complex and highly connected lattices (C and D), however, exhibit amplified responses, pronounced peaks, and 
irregular fluctuations, reflecting greater sensitivity to modal coupling, prestress variations, and high-frequency excitations. DE and 
PR generally favor static robustness and prestress stability, MMS and MDR enhance modal separation at the expense of higher 
spectral growth in dense topologies, and CFM explicitly minimizes peak amplitudes to improve vibrational resilience. Together, 
these observations highlight the inherent trade-offs in tensegrity design: dynamic robustness is maximized in simpler 
configurations, while complex topologies provide richer but less predictable spectral behavior, emphasizing the need to carefully 
select optimization metrics according to the intended functional priorities. 
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Fig. 15. Internal force distribution in optimized tensegrity structures, (a) by topology, (b) by metric. 

Figure 15 illustrates the distribution of internal forces in the optimized tensegrity structures. Figure 15(a) shows the internal 
force distributions for the four topologies (A–D), separated into tensile (blue) and compressive (orange) elements. Topology A 
exhibits the most balanced behavior, with moderate force ranges and limited dispersion in both tension and compression, 
indicating efficient load transfer and uniform stress sharing among bars and cables. Topology B, in contrast, presents a wider 
spread in tensile forces, suggesting that some cables carry higher pre-tension, which may locally enhance stiffness but also increase 
stress concentration in certain members. Topologies C and D display trends associated with higher geometric complexity: in 
Topology C, several compressive elements have low or near-zero forces, reflecting partial load deactivation and uneven stress 
distribution, whereas Topology D achieves a more homogeneous tensile distribution and well-balanced compression forces, 
highlighting the benefits of higher connectivity and symmetry in mitigating local instabilities. Overall, these results underscore the 
strong influence of topology on internal stress balance and the efficiency of prestress transfer mechanisms. 

Figure 15(b) presents the internal force distributions across structures optimized with five vibration-based metrics. The DE-
optimized structures exhibit the most uniform compressive forces, indicating that prioritizing dynamic stiffness promotes an even 
load distribution. Some tensile members, however, experience higher forces, reflecting localized prestress increases driven by 
modal optimization. In contrast, MMS and PR optimizations produce more heterogeneous distributions, with compressive elements 
showing greater variability and partial deactivation in some bars, while tensile forces remain relatively balanced. MDR and CFM 
optimizations show similar tendencies, with higher variability in tensile forces and occasional predominance over compression, 
suggesting that these metrics encourage configurations that redistribute internal loads unevenly to enhance dynamic performance. 
Collectively, these observations highlight the trade-offs between internal stress uniformity and vibrational robustness: DE favors 
stiffness balance, while other metrics (MMS, MDR, PR, CFM) yield broader force spectra to achieve improved dynamic characteristics. 

The internal force distributions in Fig. 15 are consistent with the material properties in Table 4. Tensile forces remain well below 
the cable strength, and compressive forces in the struts stay within the elastic range associated with their stiffness and slenderness. 
These magnitudes are typical of lightly prestressed tensegrity units and remain compatible with the linear elastic assumptions 
adopted throughout the spectral formulation. In addition, the stability condition Λ ≻ 0 guarantees that all optimized configurations 
possess sufficient prestress to eliminate infinitesimal collapse modes, ensuring structural integrity independently of the exact force 
level. 

Overall, the collective results reveal a coherent relationship between topology complexity, optimization metric, and dynamic 
performance of tensegrity structures. Simpler topologies (A and B) consistently achieve smoother convergence, more regular 
equilibrium configurations, and enhanced spectral compactness, indicating that geometric symmetry facilitates both stiffness and 
vibrational robustness. Conversely, complex systems (C and D) exhibit broader variability across metrics, leading to higher modal 
density, stronger prestress gradients, and larger spectral amplification under dynamic excitation. These effects underscore that 
topology and metric selection jointly define the attainable balance between stiffness uniformity, modal control, and prestress 
efficiency. Furthermore, the comparative analysis of internal forces demonstrates that optimization not only shapes global 
geometry but also redistributes local load paths, reinforcing the multiscale nature of tensegrity adaptation. Taken together, these 
findings provide a consistent foundation for the concluding interpretations presented in the next section, where the implications 
of these behaviors for tensegrity design and optimization are summarized. 

6. Conclusion 

This work presented a comprehensive framework for the optimization of tensegrity structures based exclusively on their 
vibrational performance, combining the Spectral Element Method (SEM) with Particle Swarm Optimization (PSO). The SEM 
formulation enabled high-fidelity simulations of the dynamic response of prestressed tensegrity cells, efficiently capturing natural 
frequencies, modal interactions, and frequency response functions (FRFs) without the computational burden associated with 
conventional finite element approaches. The PSO algorithm explored the design space across five vibration-oriented metrics—
Dynamic Efficiency (DE), Minimum Modal Separation (MMS), Modal Density Ratio (MDR), Prestress Robustness (PR), and Critical FRF 
Magnitude (CFM)—allowing a multi-faceted assessment of dynamic behavior, stability, and structural robustness. 

The optimization results highlight a clear distinction between objectives that are easier to optimize and those that are more 
challenging. Stiffness- and energy-related metrics such as DE and CFM consistently led to faster convergence, lower variability 
across repeated PSO runs, and optimized configurations with uniform compressive behavior and moderate tensile dispersion. 
Conversely, metrics like MMS and PR demonstrated slower convergence, higher sensitivity to nodal perturbations, and more 
heterogeneous internal force distributions, reflecting the influence of geometric nonlinearities, modal couplings, and prestress 
redistribution. The comparative analysis across topologies showed that simpler structures (Topologies A and B) reach stable optima 



16 J.C. Guacheta-Alba et al., Vol. x, No. x, 2026 

 

Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2026), 1-17 

more rapidly, producing compact and predictable frequency responses, whereas more complex topologies (C and D) exhibit greater 
variability, delayed convergence, and highly specialized equilibrium configurations. 

Analysis of the optimized configurations revealed systematic trade-offs between geometric regularity, modal separation, and 
robustness to prestress variation. DE- and CFM-driven solutions promoted globally balanced geometries, facilitating homogeneous 
stress distributions and stable vibrational behavior. In contrast, MMS, MDR, and PR optimization tended to generate asymmetrical 
or irregular configurations, enhancing specific modal properties or robustness at the expense of geometric uniformity. These 
observations underscore the critical role of the chosen performance metric in guiding the structural evolution of tensegrity cells 
and highlight the intricate interplay between topology, prestress distribution, and dynamic response. 

From a practical perspective, the study demonstrates that PSO is an effective tool for exploring tensegrity design spaces, 
particularly for low- to moderate-dimensional systems. However, as topological complexity increases, optimization becomes more 
sensitive, runtime increases, and the likelihood that improving one metric adversely affects another grows. The frequency response 
and internal force analyses suggest that designers must carefully consider the target metric and the structural objectives, balancing 
stiffness, dynamic efficiency, and robustness according to application-specific priorities. 

For future work, several directions can enhance the utility of the proposed framework. First, incorporating multi-objective or 
hybrid optimization strategies would allow simultaneous consideration of competing criteria, explicitly capturing trade-offs 
between stiffness, modal performance, and robustness. Second, extending the methodology to periodic tensegrity lattices using 
Bloch analysis could enable the design of bandgap structures or metamaterials, linking local prestress distributions to global wave 
propagation properties. Finally, integrating experimental validation, surrogate modeling, or adaptive optimization techniques would 
improve the convergence stability for highly nonlinear metrics and provide actionable insights for practical tensegrity designs. 
Overall, the present framework establishes a solid foundation for the vibration-oriented design of tensegrity structures, offering a 
systematic approach to achieving tailored dynamic performance, balanced internal forces, and controlled structural robustness. 
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