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Abstract

Tensegrity structures, by definition composed of compressed members suspended in a
network of tensile cables, are characterised by a high strength-to-weight ratio and the ability
to undergo reversible deformations. Their application as cores of sandwich panels repre-
sents an innovative approach to lightweight design, enabling the regulation of mechanical
properties while reducing material consumption. This study presents a finite element
modelling procedure that combines analytical determination of prestress using singular
value decomposition with implementation in the ABAQUS™ 2019 software. Geometry
generation and prestress definitions were automated with Python 3 scripts, while algebraic
analysis of individual modules was performed in Wolfram Mathematica. Two models
were investigated: M1, composed of four identical modules, and M2, composed of four
modules arranged in two mirrored pairs. Model M1 exhibited a linear elastic response
with a constant global stiffness of 13.9 kN/mm, stable regardless of the prestress level.
Model M2 showed nonlinear hardening behaviour with variable stiffness ranging from
0.135 to 1.1 kN/mm and required prestress to ensure static stability. Eigenvalue analysis
confirmed the full stability of M1 and the increase in stability of M2 upon the introduction
of prestress. The proposed method enables precise control of prestress distribution, which
is crucial for the stability and stiffness of tensegrity structures. The M2 configuration,
due to its sensitivity to prestress and variable stiffness, is particularly promising as an
adaptive sandwich panel core in morphing structures, adaptive building systems, and
deployable constructions.

Keywords: tensegrity; finite element modelling; prestress; sandwich panels

1. Introduction
Tensegrity structures represent an architectural and engineering paradigm in which

isolated compression members (struts) are suspended in a continuous tension network
(cables), creating self-equilibrating systems that achieve structural stability through pre-
stress. As discussed by [1,2], this principle enables the formation of mechanically efficient,
self-stable systems in which equilibrium is achieved through internal force balance rather
than rigid connections. This unique structural philosophy, characterised by discontinu-
ous compression and continuous tension, offers exceptional strength-to-weight ratios, For
instance, Wang et al. [3], Feng et al. [4], and Xue et al. [5] demonstrated that tensegrity
structures can achieve material-efficient designs in both rigid and soft structures, allowing
significant reductions in mass without compromising performance. It also provides inher-
ent flexibility, enabling controlled deformation under load without permanent damage, as
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observed in previous experimental studies [1,6,7], and the capacity for large, recoverable
deformations [1,5]. The integration of tensegrity principles into sandwich panel cores
presents a novel approach to lightweight structural design, enhancing their adaptability
and mechanical performance while reducing material consumption. Recent studies indicate
that tensegrity and related lattice architectures enable high stiffness-to-weight ratios and
material-efficient layouts, which is advantageous for applications requiring low mass and
high structural performance [3,8].

The significance of these features extends far beyond academic exploration. Tensegrity-
based sandwich panels hold promise for deployable space structures—where rapid deploy-
ment and reconfigurability are critical [9,10]—as well as adaptive building systems [5,7] and
next-generation composite materials [7]. For example, Shang et al. [9] presented tensegrity-
based deployable units for aerospace applications, whereas Al Sabouni-Zawadzka et al. [7]
and Xue et al. [5] explored their morphing behaviour in adaptive materials. Unlike conven-
tional sandwich panels, which typically employ solid or foam cores that provide lightweight
support but lack adaptive behaviour, tensegrity cores inherently enable tunable stiffness
through prestress adjustment [11], exhibit energy absorption capabilities [12,13], and pro-
vide pathways for self-deployment in demanding environments. These advantages position
tensegrity as a transformative concept in structural and material engineering, particularly
in contexts where efficiency, resilience, and adaptability are paramount. Recent advances
in computational modelling and manufacturing technologies have enabled the practical
implementation of tensegrity structures in civil engineering applications [14–16]. These
works show that both accurate numerical modelling and advanced fabrication techniques
are necessary to translate tensegrity concepts into functional structures.

In the context of this study, it is assumed that facesheets may be manufactured from
standard engineered wood products, such as oriented strand boards (OSBs), which empha-
sises the need for the core to remain lightweight. To clearly illustrate this design philosophy,
a scheme is proposed in Figure 1, where two thin facesheets are connected by a tensegrity
lattice, highlighting the distinction between conventional passive cores and the adaptive
tensegrity solution.

Figure 1. Schematic representation of a sandwich panel with a tensegrity core. The structure consists
of two rigid facesheets connected by a three-dimensional network of struts and cables forming a
tensegrity lattice.

To fully exploit these unique mechanical features in real applications, robust numerical
tools are required to capture their nonlinear behaviour. Finite element analysis of tensegrity
structures presents significant computational challenges due to their geometrically non-
linear response and the critical importance of accurate prestress implementation [17]. The
structural behaviour of these systems is highly sensitive to initial stress states, member
geometry, and boundary conditions [18]. Moreover, the integration of multiple tensegrity
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modules into larger structural assemblies introduces additional complexities related to load
transfer and global stability [3,17,18].

The development of accurate computational models for prestressed tensegrity cores
requires sophisticated computational strategies capable of handling singularities in the
unstressed state, implementing precise prestress distributions, and capturing the charac-
teristic nonlinear load–deformation relationships of these systems [19,20]. The present
study addresses these challenges by introducing a comprehensive finite element mod-
elling framework that combines analytical prestress determination through singular value
decomposition [21,22] with implementation in commercial finite element software. Cus-
tom Python 3 tools were developed for automatic generation of geometry, element sets,
and prestress definitions; Wolfram Mathematica provided the algebraic foundation for
single-module analysis, while ABAQUS™ 2019 facilitated the simulation of multi-module
structures. This division of tasks between dedicated mathematical software and commercial
FEA ensured both computational flexibility and high accuracy in tensegrity modelling.

Several studies have addressed the stability (both prestress-induced and buckling),
geometric nonlinearity, and practical design of tensegrity lattices [23–25]. These works
provide useful insights into tensegrity structures in general, yet they do not directly consider
tensegrity-inspired cores for sandwich panels.

Despite these promising attributes, the literature lacks systematic computational stud-
ies of tensegrity cores specifically designed as sandwich panel components. In particular,
it is necessary to clarify how different module arrangements influence stiffness, stability,
and sensitivity to prestress. Addressing this gap, the present study investigates two rep-
resentative multi-module tensegrity configurations (M1 and M2) in order to assess their
mechanical behaviour under prestress and external loading. The comparative analysis
of these models provides insight into the role of modular composition in shaping global
stiffness and stability, thus supporting the rational design of tensegrity-based sandwich
panels for engineering applications.

This paper is organised as follows. Section 2 specifies the materials and methods
applied in this study, including the description of basic tensegrity equations and the
procedure of modelling single and multi-module tensegrity structures in ABAQUS™ 2019
software. Section 3 reports the results of the computational analysis performed on two
multi-module tensegrity structures. The conclusions of the present study and detailed
discussion are given in Section 4.

2. Materials and Methods
2.1. Finite Element Modelling of a Singe Tensegrity Module

From a mechanical perspective, tensegrity systems can be analysed as truss-like
structures and represented by discrete models. Two principal approaches are used for this
purpose: the finite element method (FEM) [26] and the direct algebraic formulation [27–29].
Both are equally rigorous and capture the influence of prestress on the global response of
the system. The FEM follows a conventional and well-structured procedure: evaluation
of single elements, assembly of global stiffness matrices, and application of boundary
conditions. The algebraic method, in contrast, is mathematically more compact, but requires
that the global matrices be established directly at the start of the analysis. The formal
equivalence of the two strategies was demonstrated by [28].

In the present study, an ideal truss model is adopted, in which all members are
connected by perfect pin joints and transmit only axial forces. In the joints, no bending
stiffness or transverse shear transfer is considered. This idealisation allows for a clear
evaluation of the influence of prestress on the stiffness and stability of the tensegrity core
but also makes the system highly sensitive to any geometric or numerical imperfections.
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As a consequence, even small coordinate perturbations can lead to the loss of equilibrium,
which limits the possibility of introducing imperfections directly in the current formulation.

According to [28] for planar tensegrity and later generalised by [29] to spatial cases,
the governing equations can be written in the standard algebraic form

Kq = Q, (1)

with the stiffness matrix expressed as

K = B⊺EB + C⊺SC + Ĉ⊺SĈ, (2)

where q and Q denote nodal displacements and nodal force vectors, respectively. The
matrices E and S are diagonal and defined as

E = diag
(

EAK
LK

)
, S = diag

(
SK
LK

)
. (3)

Here, EAK is the axial stiffness, LK the length of the member, and SK the prestress
in the K-th bar. The matrices B, C, and Ĉ are geometry-dependent and link the local and
global coordinate systems. Their derivation is well documented in earlier work [27–29].

The prestress distribution, that is, the set of equilibrated forces SK, is obtained from the
singular value decomposition (SVD) of the matrix B [7,28,29]. This decomposition allows
one to distinguish tension and compression members, thus identifying cables and struts
within the tensegrity module (see Figure 2).

Bottom cable

Top cable

Middle cable

Strut

Figure 2. Four-strut simplex tensegrity module.

In ABAQUS™ 2019 modelling, the correct representation of geometry and prestress is
critical. The reason is that tensegrity structures inherently possess infinitesimal rigid body
mechanisms, which make the stiffness matrix initially singular and highly sensitive to the
assumed stress state. For this reason, exact values of prestress and member geometry must
be provided.

The proposed method for implementing the FEM model is as follows. First, a Wolfram
Mathematica script is used to derive the extension matrix B of a single simplex module with
four struts, with dimensions shown in Figure 3. This is necessary to determine the prestress
state, which will be introduced later in the FEM model. The node coordinates are then
written into the *Part section of the ABAQUS™ 2019 input file. The structure is discre-
tised with 2-node truss elements (T3D2) [30], grouped into four sets: struts, top_cables,
bottom_cables and middle_cables, according to Figure 2. Each cable in the tensegrity
module was modelled as an individual truss element connected to the corresponding nodes
at its ends. The connections between the cables and the struts were assumed to be ideal pin
joints, preventing any relative sliding along the struts. Consequently, the continuous cables
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visible in the physical configuration were represented by sets of separate elements that met
at common nodes. The prestress introduction procedure did not modify the geometry or
element lengths; therefore, the initial configuration of the cable network remained fixed
during subsequent deformation.
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Figure 3. Dimensions of the four-strut simplex tensegrity module used in calculations. Thicker lines
indicate struts, thin lines indicate cables. Dimensions are given in milimeters.

The node coordinates are as follows:

*Part, name=Part-1
*Node
1, 150., 0., 0.
2, 150., 150., 0.
3, 0., 150., 0.
4, 0., 0., 0.
5, 75., 0., 200.
6, 0., 75., 200.
7, 150., 75., 200.
8, 75., 150., 200.

Each group received its own *Solid Section definition, specifying the cross-sectional
area.

*Solid Section, elset=struts_sec, material=Steel
112.723,
*Solid Section, elset=cables_sec, material=Steel
2.54469,

where the sets of elements struts_sec and cables_sec contain all struts and cables, re-
spectively. In this example, it is assumed that the struts are made of elements with a circular
cross-section with a radius rs = 2.01 mm and cables with a circular cross-section with a
radius rc = 0.90 mm. For such a simplex module, the prestress values (dependent on the
scale factor S0, given in newtons) are given in Table 1.

The prestress can then be introduced via the *initial conditions option, placed
between the *Assembly and *Step blocks. This allows the previously determined prestress
forces to be directly imposed:

*initial conditions, type=stress
struts, -2.8379566311743187
top_cables, 5.766321129528219
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bottom_cables, 4.077392451947111
middle_cables, 11.612455515703262

This procedure guarantees precise control of prestress levels. Alternatively, one may specify
the prestress in a single bar, letting ABAQUS™ 2019 redistribute the forces, but in practice
this option gives less control over individual member stresses.

Table 1. Prestress distribution across struts and cables. The values of prestressing forces resulting
from the SVD distribution for a four-strut simplex and the values of initial prestressing of bars are
shown, assuming that the struts are made of elements with a circular cross-section with a radius
rs = 2.01 mm, and cables with a circular cross-section with a radius rc = 0.90 mm. S0 is the scale
factor, given in N.

Prestress Force Stress for S0 = 100 N, [MPa]

Struts 0.103757·S0 −2.837957
Top cable 0.146735·S0 5.766321

Bottom cable 0.295501·S0 4.077392
Middle cable −0.361090·S0 11.612456

From a practical perspective, the tensegrity modules maintain the relative ratios of
member forces, which allows for external verification of the prestress state. In a physical
prototype, the tension in accessible cables can be measured directly, providing a means to
ensure that the desired prestress distribution has been achieved. Mechanically, a turnbuckle
procedure represents the simplest approach to impose and adjust the cable forces at the
scale considered. Active control of cable tension could be considered in more complex
systems, for example, when simultaneous adjustment of multiple diagonal or base cables is
required. However, such an approach introduces additional complexity due to the need
for actuators and control hardware. These practical aspects are indicative and suggest
directions for future experimental validation of the proposed tensegrity core systems.

The analysis is then performed in two nonlinear static steps:

*Step, name=Step-1, nlgeom=YES
*Static
1., 1., 1e-05, 1.
** ...
*End Step
**
*Step, name=Step-2, nlgeom=YES
*Static
1., 1., 1e-05, 0.02
** ...
*End Step

The first step (Step-1) is essential to stabilise the prestress field and remove singularities of
the stiffness matrix. Only in the second step (Step-2) are the external loads applied, which
yields the actual response of the system.

A key feature of the adopted procedure is the manual definition of prestress forces,
which provides full control of the prestress distribution. In contrast to the automatic initial
stress calculation of ABAQUS™ 2019, this approach reproduces the results of the SVD
analysis of matrix B with high precision.
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2.2. Structures Composed of Multiple Tensegrity Modules

Model M1, illustrated in Figure 4a,b, is composed of four identical tensegrity modules,
shown in Figure 3, connected at adjacent nodes. In this configuration, all modules maintain
the same handedness. In addition, the eight cables located at the base (highlighted in red in
Figure 4a) overlap in pairs.

(a) (b)

(c) (d)

Figure 4. Two structures consisting of four tensegrity modules connected at adjacent nodes: (a,b) show
the M1 structure formed by four identical modules, its axonometric projection, and top view, respec-
tively; (c,d) show the M2 structure consisting of two modules in their original configuration and two
mirror-image modules, its axonometric projection and top view, respectively. The colours indicate
the following: grey—single cables, red—duplicate cables, yellow—struts.
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Model M2, shown in Figure 4c,d, is also composed of four tensegrity modules con-
nected at adjacent nodes. In this case, two modules preserve their original handedness,
whereas the other two are mirrored with respect to a vertical plane. As a result, in addition
to the eight overlapping base cables, eight other middle cables (marked red in Figure 4c)
also overlap in pairs.

In both models, identical boundary conditions were applied at the base nodes. At
one of the corner nodes, all three translational degrees of freedom were restrained. At the
opposite corner node, only the vertical displacement was fixed. At the two remaining cor-
ners, the vertical displacement was restrained together with one horizontal displacement at
each node, in mutually perpendicular directions. The support conditions are schematically
illustrated in Figure 5.

y

x

z

All dof fixed

Module 2

Module 3 Module 4

Module 1

z and x dof fixed

z dof fixedz and y dof fixed

Figure 5. Support conditions for models M1 and M2, top view.

In each model, two loading scenarios were considered. In the first scenario, four
vertical downward concentrated forces were applied to the four internal nodes of the
top plane of the structure, each with a magnitude of 2.5 N. In the second scenario, a
vertical downward displacement of 5 mm was imposed at all nodes of the top plane
of the model. ABAQUS™ 2019 input files with exemplary data are available at https:
//doi.org/10.5281/zenodo.17132705.

3. Results
In the present study, the influence of the level of prestress on structural stiffness

and on the load–displacement relationship under prescribed prestress was investigated.
Figures 6 and 7 show the total vertical reaction as a function of the imposed displacement.
From these graphs, it is evident that Model M1 is significantly stiffer than Model M2. In
Model M1, a vertical displacement of 5 mm at the top nodes results in a total reaction force
of 69.9 kN, whereas in Model M2 the corresponding reaction is only 5.4 kN—more than an
order of magnitude lower. This clearly demonstrates the strong influence of the module
configuration on the global stiffness of the structure.

For Model M1, the P(u) relationship is almost perfectly linear. Throughout the dis-
placement range analysed (0–5 mm), the structure exhibits an almost constant stiffness
of approximately 13.9 kN/mm, corresponding to the ratio of the total reaction force at
u = 5 mm. The very high coefficient of determination (R2 ≈ 1.000) for a linear fit confirms
the purely elastic and linear nature of the response.

https://doi.org/10.5281/zenodo.17132705
https://doi.org/10.5281/zenodo.17132705
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Figure 6. The total vertical reaction P as a function of the imposed displacement of the upper nodes
of the structure u for Model M1, assuming a prestress level of S0 = 100 N.
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Figure 7. The total vertical reaction P as a function of the imposed displacement of the upper nodes
of the structure u for Model M2, assuming a prestress level of S0 = 100 N.

In contrast, Model M2 exhibits a distinct nonlinear behaviour. The initial response
is very soft: at u = 1.0 mm the reaction force reaches only about 135 N, corresponding
to a tangent stiffness of 135 N/mm. As displacement increases, the structure gradually
stiffens, with the tangent stiffness increasing nearly tenfold to more than 1.1 kN / mm
at u = 5.0 mm. This behaviour can therefore be classified as a nonlinear hardening-type
response, with increasing stiffness as the deformation progresses. It should be emphasised
that the curvature results from tensegrity properties, as the material model used only takes
into account linear elastic parameters.

In general, the comparison of the two models highlights fundamental differences
in their load transfer mechanisms. Model M1 behaves as a linear elastic system with
constant global stiffness, whereas Model M2 shows a nonlinear stiffening response, typical
of structures where large initial displacements and geometric effects dominate the early
stages of loading, and effective force transfer develops only at larger deformations.

Figures 8 and 9 show the vertical displacement of the upper nodes as a function of the
applied prestress force, while keeping the external load constant.

For Model M1, the displacements are extremely small across the entire prestress range.
Increasing the prestress from 6 N to 100 N causes the vertical displacement uZ to decrease
from about 0.0011 mm to −0.0020 mm. The curve is almost linear and symmetric around
zero, indicating that even relatively high prestress levels produce only minor adjustments
in the node positions. This reflects the high inherent stiffness of the M1 configuration,
where the prestress has a marginal effect on the global deformation under constant load.
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Figure 8. The vertical displacement of selected upper node of the M1 structure as a function of the
prestress level S0, assuming a constant load of 2.5 N acting on the four upper nodes.
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Figure 9. The vertical displacement of selected upper node of the M2 structure as a function of the
prestress level S0, assuming a constant load of 2.5 N acting on the four upper nodes.

In contrast, Model M2 shows a markedly larger response to prestress. With increasing
prestress from 6 N to 700 N, the vertical displacement of the top nodes gradually decreases
from 0.80 mm to 0.05 mm. The curve exhibits a nonlinear trend with a decrease in slope
at higher prestress levels, indicating a progressive stiffening effect: initial increases of S0

in prestress produce relatively large reductions in displacement, while further increases
of S0 yield smaller incremental effects. This behaviour demonstrates that prestressing
significantly enhances the stiffness of Model M2 under constant loading, highlighting the
role of geometric and module configuration effects in its structural response.

Overall, the comparison clearly shows that prestress has a negligible effect on the
already stiff M1 structure, while in the more flexible M2 structure, prestressing is an
effective means of controlling deformations and enhancing load-carrying capacity.

The analysis of the eigenvalues of the tensegrity structures was performed in two
variants: without prestress (S0 = 0 N); and with prestress (S0 = 20 N). In the case of
Model M1, all calculated eigenvalues were positive regardless of the applied prestress (see
Table 2), which indicates the complete static stability of the structure. The lowest natural
frequency was approximately 12 rad/s and changed only minimally after the introduction
of prestress, while the eigenvalues corresponding to higher natural frequencies remained
virtually unchanged. The results obtained suggest that the M1 model is characterised by
high stiffness and rigid dynamic behaviour, regardless of the level of prestressing.
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Table 2. Comparison of eigenvalues and natural frequencies for a structure without prestressing and
with prestressing equal S0 = 20 N for Model M1.

Structure Without Prestress (S0 = 0 N) Structure With Prestress (S0 = 20 N)

Mode Eigenvalue Frequency Mode Eigenvalue Frequency
(rad/s) (rad/s)

1 145.23 12.05 1 145.35 12.06
2 145.47 12.06 2 145.59 12.07
3 694.18 26.35 3 694.47 26.35
4 1167.00 34.16 4 1167.20 34.16
5 1480.90 38.48 5 1481.00 38.48
6 1763.10 41.99 6 1763.30 41.99
7 2302.00 47.98 7 2302.40 47.98
8 2326.20 48.23 8 2326.30 48.23
9 3725.50 61.04 9 3725.70 61.04

10 4143.30 64.37 10 4143.50 64.37

In the case of the M2 model without prestressing, four zero eigenvalues were observed
(see Table 3), corresponding to free displacements occurring despite the correct support
of the structure. This behaviour indicates a lack of full static stability and the typical
susceptibility of tensegrity structures to displacements in the absence of prestress. After
introducing a prestress of S0 = 20 N, the zero modes were raised to small but positive
values, which ensured the stability of the structure and eliminated free displacements.
The eigenvalues corresponding to the higher eigenmodes remained virtually unchanged,
indicating that their dynamic characteristics are less dependent on prestress.

Table 3. Comparison of eigenvalues and natural frequencies for a structure without prestressing and
with prestressing equal S0 = 20 N for Model M2.

Structure Without Prestress (S0 = 0 N) Structure With Prestress (S0 = 20 N)

Mode Eigenvalue Frequency Mode Eigenvalue Frequency
(rad/s) (rad/s)

1 0.00 0.00 1 0.48 0.69
2 0.00 0.00 2 0.83 0.91
3 0.00 0.00 3 1.28 1.13
4 0.00 0.00 4 2.57 1.60
5 993.33 31.52 5 993.80 31.53
6 1729.80 41.59 6 1730.10 41.59
7 2279.10 47.74 7 2280.20 47.75
8 2993.90 54.72 8 2994.60 54.72
9 3398.50 58.30 9 3399.90 58.31

10 5892.40 76.76 10 5893.00 76.77

A comparison of both models revealed significant differences in dynamic behaviour.
The M1 model is a statically determinate and self-supporting structure, characterised by
high stiffness and relatively high natural frequencies even without prestressing. In contrast,
the M2 model requires prestressing to achieve full static stability, and its lowest eigenmodes
remain low-energy even after prestressing, which may be important in dynamic analysis
in the low frequency range. These results highlight the importance of pretensioning in
shaping the stiffness and natural vibration characteristics of tensegrity structures.

The observed changes in natural frequencies with prestress arise because the prestress
contributes directly to the global stiffness matrix of the tensegrity lattice. By increasing
the effective stiffness while the mass distribution remains constant, the ratio of stiffness
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to mass changes, resulting in higher natural frequencies. This effect is more pronounced
for low-frequency modes and in flexible structures, such as M2, where prestress plays a
dominant role in stabilising the geometry and enhancing dynamic rigidity.

The role of prestress in the elimination of infinitesimal mechanisms was confirmed
by the eigenvalue analysis, which showed that the zero modes observed for S0 = 0 N
became small positive values for S0 = 20 N. To complement this observation, global
and local stability checks were performed. The global stability of the tensegrity modules
was verified by examining the positive definiteness of the global stiffness matrix. In the
ABAQUS™ 2019 solver, a loss of positive definiteness manifests itself as a warning of
numerical singularity, which was not observed for any of the prestress levels analysed.
This confirms that both configurations remained globally stable within the considered
load range. Local stability was assessed by comparing the axial compression forces in
the struts with the corresponding Euler critical loads, which showed that all members
remained below their elastic buckling limits. Imperfections were not introduced because
any imprecision in the positions of the nodes disturbs the equilibrium configuration and
leads to a divergence of the tensegrity model.

4. Discussion
The computational modelling approach presented in this study demonstrates the

feasibility of implementing prestressed tensegrity structures as cores in sandwich panels,
revealing significant insights into their mechanical behaviour and potential engineering
applications. The comparative analysis between the M1 and M2 configurations high-
lights fundamental differences in structural response that have important implications for
practical design considerations.

The implementation of accurate prestress distributions through singular value decom-
position and manual force specification represents a significant advancement in tensegrity
modelling capabilities. Unlike conventional ABAQUS™ 2019 automatic stress initialisation,
the proposed method ensures precise control over the forces of individual members. This
precision is critical because tensegrity structures exhibit extreme sensitivity to prestress
variations, where small deviations can lead to loss of structural stability or significant
changes in global stiffness.

The results of the eigenvalue analysis provide crucial insights into the stability charac-
teristics of different configurations of tensegrity. The consistently positive eigenvalues of
the M1 model, independent of the level of the prestress, indicate a statically determinate
system with inherent structural stability. This behaviour makes M1 configurations suitable
for applications requiring predictable, linear response characteristics and minimal sensitiv-
ity to prestress variations. Conversely, the M2 model’s zero eigenvalues in the unstressed
state, transitioning to small positive values with prestress application, demonstrate the
typical tensegrity behaviour where structural stability emerges from prestress-induced
geometric stiffening.

The difference in structural stiffness between the M1 (13.9 kN/mm) and M2
(0.135–1.1 kN/mm variable) configurations reveals the importance of module arrangement
and connection topology in determining global behaviour. However, this fundamental
difference in behaviour characteristics has critical implications for their application in
sandwich panel cores with controllable properties.

The linear elastic response of the M1 configuration and the minimal sensitivity to
prestress variations, while advantageous for conventional structural applications, render it
unsuitable for sandwich panels requiring controllable mechanical properties. The negligible
displacement response to prestress changes indicates that M1 cores cannot provide the
adaptive stiffness control necessary for smart sandwich panel systems. The inherently
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high and constant stiffness of M1 structures eliminates the possibility of real-time property
adjustment through prestress manipulation.

In contrast, the M2 model demonstrates ideal characteristics for controllable sandwich
panel cores. The substantial sensitivity of the prestress, evidenced by the reduction in
displacement from 0.80 to 0.05 mm with an increase in prestress from 6 N to 700 N,
provides the foundation for active structural control. The nonlinear hardening behaviour
and variable stiffness characteristics of M2 enable precise tuning of panel properties to
match specific loading conditions or performance requirements. This adaptability makes
M2 configurations particularly suitable for applications requiring responsive structural
behaviour, such as morphing aircraft structures, adaptive building systems, or deployable
space structures where property control is essential for optimal performance.

The successful implementation of the proposed modelling approach requires careful
consideration of manufacturing tolerances and assembly procedures. The high sensitivity
of tensegrity structures to geometric imperfections requires precise fabrication methods
and quality control procedures. The manual prestress specification method, while compu-
tationally accurate, must be translated into practical prestressing procedures that can be
implemented during panel assembly.

The modular nature of tensegrity systems offers advantages for scalability and man-
ufacturing customisation. Individual modules can be prefabricated and assembled into
larger panel systems, potentially reducing manufacturing complexity and enabling the
field assembly of large-scale structures. However, the critical importance of accurate pre-
stress implementation requires careful development of assembly procedures and quality
control protocols.

Several limitations of the current study warrant recognition and suggest directions for
future research. The integration of tensegrity cores with sandwich panel facesheets requires
an investigation of interface bonding methods and load transfer mechanisms that maintain
the unique characteristics of both systems. Long-term behaviour considerations, including
creep, relaxation, and fatigue effects, are essential for practical applications, but were not
addressed in this study. The maintenance requirements of prestresses and their variation
over time could significantly impact the practical viability of tensegrity-based sandwich
panels in long-term structural applications.

5. Conclusions
This study demonstrates a finite element modelling framework for sandwich panel

cores based on tensegrity, combining analytical prestress determination with implementa-
tion in ABAQUS™ 2019. The main findings can be summarised as follows:

• The proposed prestress specification method based on singular value decomposi-
tion ensures precise force control and overcomes limitations of conventional stress
initialisation in commercial FEA.

• Comparative analysis of two multi-module configurations revealed fundamentally
different behaviours: M1 exhibits high and constant stiffness with minimal sensitivity
to prestress, while M2 shows a strong variation in prestress-dependent stiffness.

• The adaptive properties of M2 make it particularly promising for applications in smart
sandwich panels, deployable structures, and systems that require a tunable mechanical
response, while M1 is more suited for applications demanding high static stiffness
and stability.

In general, tensegrity-based cores represent a novel direction for lightweight and adap-
tive sandwich structures. In this work, an ideal truss model (axial-only) of the tensegrity
module was adopted, which allows precise control of prestress and assessment of global
stability. Effects such as strut bending stiffness, local end-fixity, and bending in connec-
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tion zones are not included in the current model; detailed sensitivity analyses with beam
elements would require a fundamentally different approach and are therefore planned
for future work. Moreover, the present study focusses on short-term static behaviour
and stability, while the authors recognise that the long-term performance of prestressed
tensegrity cores may be affected by time-dependent mechanisms such as creep, relaxation,
and fatigue. These effects can gradually attenuate the prestress and modify the global
stiffness and stability of the core. A detailed investigation of these long-term phenomena,
supported by experimental verification, will form an important direction for future research.
Future studies should also address manufacturing tolerances, facesheet–core interaction,
and practical prestressing methods to ensure the viability of tensegrity-based sandwich
structures in engineering applications.

Author Contributions: Conceptualisation, J.P.; Data curation, K.M.-S.; Formal analysis, K.M.-S.;
Funding acquisition, J.P.; Investigation, J.P. and K.M.-S.; Methodology, J.P.; Project administration,
J.P.; Software, K.M.-S.; Supervision, J.P.; Validation, J.P.; Visualisation, J.P.; Writing—original draft,
J.P.; Writing—review and editing, J.P. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded in whole or in part by National Science Centre, Poland,
2021/43/D/ST8/02238. For the purpose of Open Access, the author has applied a CC-BY pub-
lic copyright license to any Author Accepted Manuscript (AAM) version arising from this submission.
This paper was co-financed under the research grant of the Warsaw University of Technology sup-
porting the scientific activity in the discipline of Civil Engineering, Geodesy and Transport.

Data Availability Statement: The original ABAQUS™ 2019 input files used in the study are openly
available in Zenodo at https://doi.org/10.5281/zenodo.17132705.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Skelton, R.; Oliveira, M. Tensegrity Systems; Springer: Dordrecht, The Netherlands; Heidelberg, Germany; London, UK; New York,

NY, USA, 2009. [CrossRef]
2. Liu, K.; Wu, J.; Paulino, G.H.; Qi, H.J. Programmable deployment of tensegrity structures by stimulus-responsive polymers. Sci.

Rep. 2017, 7, 3511. [CrossRef] [PubMed]
3. Wang, Y.; Xu, X.; Luo, Y. Topology Optimization of Active Tensegrity Structures. In Proceedings of the IASS 2024 Symposium,

Redefining the Art of Structural Design, Zurich, Switzerland, 26–30 August 2024; Pauli, J., Kaufmann, W., Eds.; International
Association for Shell and Spatial Structures (IASS): Zurich, Switzerland, 2024.

4. Feng, X.; Lou, X.; Lv, H.; Su, Y. Study on lightweight design of tensegrity structures with multi-self-stress modes. Structures 2024,
65, 106750. [CrossRef]

5. Xue, B.; Han, X.; Zhu, H.; Li, Q.; Zhang, Y.; Bai, M.; Li, Y.; Li, Y.; Qin, M.; Nakajima, T.; et al. Hydrogels with prestressed tensegrity
structures. Nat. Commun. 2025, 16, 3637. [CrossRef] [PubMed]

6. Pugh, A. An Introduction to Tensegrity; Univ of California Press: Berkeley, CA, USA, 1976.
7. Al Sabouni-Zawadzka, A. High Performance Tensegrity-Inspired Metamaterials and Structures; CRC Press: Boca Raton, FL, USA, 2022.

[CrossRef]
8. Hassan, H.Z.; Saeed, N.M. Advancements and applications of lightweight structures: A comprehensive review. Discov. Civ. Eng.

2024, 1, 47. [CrossRef]
9. Shang, E.; Li, A.; Islam, M.S.; Zhang, L.Y.; Cao, C. Adaptive Deployable Structure Enabled by Actively Controlled Tensegrity for

Space Debris Removal. Adv. Sci. 2025, 12, 2408617. [CrossRef] [PubMed]
10. Tibert, G. Deployable Tensegrity Structures for Space Applications. Ph.D. Thesis, Kungliga Tekniska Högskolan, Stockholm,

Sweden, 2002.
11. Wang, Y.; Xu, X.; Luo, Y. Minimal mass design of active tensegrity structures. Eng. Struct. 2021, 234, 111965. [CrossRef]
12. Goyal, R.; Peraza Hernandez, E.A.; Skelton, R.E. Analytical study of tensegrity lattices for mass-efficient mechanical energy

absorption. Int. J. Space Struct. 2019, 34, 3–21. [CrossRef]
13. Ding, F.; Zheng, K.; Zhang, Y.; Zhang, Z.; Yang, Y.; Chen, B.; Chen, M. Energy absorption and shock resistance analysis of

tensegrity D-bar based metamaterials with negative Poisson’s ratio. Smart Mater. Struct. 2025, 34, 055023. [CrossRef]

https://doi.org/10.5281/zenodo.17132705
http://doi.org/10.1007/978-0-387-74242-7
http://dx.doi.org/10.1038/s41598-017-03412-6
http://www.ncbi.nlm.nih.gov/pubmed/28615709
http://dx.doi.org/10.1016/j.istruc.2024.106750
http://dx.doi.org/10.1038/s41467-025-58956-3
http://www.ncbi.nlm.nih.gov/pubmed/40240377
http://dx.doi.org/10.1201/9781003343202
http://dx.doi.org/10.1007/s44290-024-00049-z
http://dx.doi.org/10.1002/advs.202408617
http://www.ncbi.nlm.nih.gov/pubmed/39951386
http://dx.doi.org/10.1016/j.engstruct.2021.111965
http://dx.doi.org/10.1177/0956059919845330
http://dx.doi.org/10.1088/1361-665X/add22d


Materials 2025, 18, 4880 15 of 15

14. Gilewski, W.; Kłosowska, J.; Obara, P. Applications of tensegrity structures in civil engineering. Procedia Eng. 2015, 111, 242–248.
[CrossRef]

15. Al Sabouni-Zawadzka, A.; Zawadzki, A. Simulation of a deployable tensegrity column based on the finite element modeling and
multibody dynamics simultions. Arch. Civ. Eng. 2020, 66, 543–560.

16. Botis, M.F.; Imre, L.; Cerbu, C. Computer-aided design of a tensegrity structure. Structures 2022, 38, 340–360. [CrossRef]
17. Ma, S.; Chen, M.; Skelton, R.E. Tensegrity system dynamics based on finite element method. Compos. Struct. 2022, 280, 114838.

[CrossRef]
18. Wroldsen, A.S. Modelling and Control of Tensegrity Structures. Ph.D Thesis, Norwegian University of Science and Technology,

Trondheim, Norway, 2007.
19. Al Sabouni-Zawadzka, A.; Gilewski, W. Inherent Properties of Smart Tensegrity Structures. Appl. Sci. 2018, 8, 787. [CrossRef]
20. Al Sabouni-Zawadzka, A.; Gilewski, W.; Charandabi, R.N.; Zawadzki, A. Stability of tensegrity-inspired structures fabricated

through additive manufacturing. Compos. Struct. 2024, 345, 118377. [CrossRef]
21. Gilewski, W.; Klosowska, J.; Obara, P. Application of the distribution of singular values to the qualitative analysis of trusses and

tensegrity structures. Acta Sci. Pol. Archit. 2015, 14 , 3–20. (In Polish)
22. Yuan, S.; Zhu, W. Optimal self-stress determination of tensegrity structures. Eng. Struct. 2021, 238, 112003. [CrossRef]
23. Montuori, R.; Skelton, R.E. Globally stable tensegrity compressive structures for arbitrary complexity. Compos. Struct. 2017,

179, 682–694. [CrossRef]
24. Obara, P.; Tomasik, J. Dynamic Stability of Tensegrity Structures—Part I: The Time-Independent External Load. Materials 2023,

16, 580. [CrossRef] [PubMed]
25. Ma, S.; Chen, M. Stability conditions of tensegrity structures considering local and global buckling. Int. J. Mech. Sci. 2025,

287, 109951. [CrossRef]
26. Zienkiewicz, O.; Taylor, R.; Zhu, J. The Finite Element Method: Its Basis and Fundamentals; Butterworth and Heinemann: London,

UK, 2005; Volume I.
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