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ABSTRACT

Tensegrity structures are valued for their distinctive look, deployability, and potential for active
control, making them attractive candidates for applications in civil engineering, architectural, and
space structures. Recent large-scale experiments have revealed discrepancies with numerical model
simulations when significant external loads or prestress are applied. These differences can be due to
initial geometric imperfections of compressed struts, which lead to an elastic bending causing a
reduction in the struts’ axial stiffness. This affects the distribution of prestress and internal forces, as
well as the structural stiffness and load-bearing capacity. This article focuses on the influence of the
out-of-straightness of struts on the distribution of prestress and internal forces, and how these
geometric imperfections should be considered to obtain more reliable models for design and
assessment. The first part of this work develops a dimensionless analytical expression for the loss of
strut stiffness due to out-of-straightness. The second part explains how this analytical expression can
be integrated into a numerical code developed by the authors, called Muscle, for calculating tensegrity
structures. In the third part, the approach is validated on two previously tested prototypes, an
aluminum simplex and a 15 m bamboo footbridge, demonstrating that geometric imperfections can
change internal forces by tens of percent. The proposed formulation thus provides a computationally
efficient and general framework for incorporating imperfection-induced stiffness reduction into the
analysis and design of tensegrity structures.

KEYWORDS: Tensegrity structures, Initial geometric imperfection, Strut out-of-straightness,
Nonlinear analysis, Axial stiffness, Elastic bending, Flexural buckling, Dynamic relaxation.
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PRACTICAL APPLICATIONS

Tensegrity has been discussed by engineers and architects for decades. However, the number of
tensegrity structures built as part of civil engineering and architectural projects is extremely limited
worldwide. There are several reasons for this, including the lack of confidence engineers have in these
complex structures, which in turn is due to a lack of confidence in the programs used to calculate and
design them. This investigation deals with geometric imperfections in struts, which many consider
negligible, but which in reality is shown to have a major impact on the value and distribution of internal
forces. This article explains how this phenomenon was integrated into the open-source Grasshopper
plug-in Muscle, which was developed by the authors for the calculation and design of tensegrity
structures. This article will therefore enable Muscle users to calculate tensegrity structures with high
reliability and to design them according to the required safety standards.



INTRODUCTION

Tensegrity structures are composed of struts in a set of tensioned cables (Motro 2003). They are
studied across various fields: metamaterials, space applications, architecture, and civil engineering
(Micheletti and Podio-Guidugli 2022). Tensegrity is synonym with visually striking architecture, active
structures, and deployability, with ongoing research focusing on large-scale applications (Rhode-
Barbarigos et al. 2012; Shekastehband et al. 2013; Feron et al. 2019). Lightweight design is also often
cited as an advantage, however, this is not always accurate, as the need for prestress to ensure
adequate stiffness can increase the structural weight (Latteur et al. 2017).

Numerical methods based on form-finding, such as dynamic relaxation (Barnes 1999; Bel Hadj Ali et
al. 2011) and the force density method (Zhang and Ohsaki 2006) are commonly used to model the
geometrically nonlinear and prestressed behavior of tensegrity structures. They are mainly based on
the assumption of a prestressed truss-like structure, with pin-jointed nodes, subjected to external
forces, transmitting only axial forces (compression in struts and tension in cables), and linear-elastic
materials.

In real conditions however, initial geometrical imperfections in the struts, arising from the
manufacturing processes of metal struts, the irregular nature of timber if used as logs or bamboo
struts, or other sources of imperfection associated with other materials, result in a reduction of their
effective axial stiffness, and in the appearance of parasitic bending moments. This phenomenon,
which marks the preliminary stage of buckling, subsequently leads to a redistribution of prestress and
internal forces, which has been highlighted by the authors when comparing experimental results with
numerical ones (Feron et al. 2023).

Buckling was largely documented since the 1960s, with, among others, key studies about the buckling
curves for metals (Maquoi and Rondal 1978) on which are based the current European standards (CEN
2005, 2007). Recent studies have examined the flexural buckling behavior of compressed steel
member based on geometrically and materially nonlinear analyses with imperfections (Jeppe Jonsson
et al. 2017; Saufnay et al. 2024).

Geometrical imperfections cause the struts to experience a combination of bending and compression,
rather than pure compression as assumed in ideal truss models (Cai et al. 2018). Experiments on a 2-
meter aluminum simplex showed up to 10 % discrepancy in the internal forces between dynamic
relaxation models and experimental results (Feron et al. 2023). Other tests comparing a simplex with
slender struts to one with stockier members (Rutkiewicz and Matyszko 2024) showed significantly
different behaviors due to elastic bending in the slender bars-an effect consistently neglected in
current truss-based models (Cai et al. 2019; Feron et al. 2024).

Numerical models using modified dynamic relaxation (Barnes et al. 2013) can include imperfections in
the struts but at the cost of increased complexity and longer computation times, making them less
suitable for large-scale applications. Complementary developments have focused on improving the
overall efficiency and stability of tensegrity systems, for instance through topology optimization
considering buckling constraints (Xu et al. 2018) or form-finding based on rank minimization of the
force-density matrix (Wang et al. 2021). An alternative approach is to use a stiffness reduction method
that links the axial stiffness of a perfectly straight element to one with imperfections (Kucukler et al.
2014), typically on design codes (e.g., Eurocode) and valid for a single imperfect shape; this paper
extends such approaches by providing a continuous stiffness-load relationship describing the
progressive degradation of imperfect struts during both prestressing and external loading phases.

The present article addresses the research gap identified above and starts with developing a unique
analytical formulation for the imperfection-induced axial stiffness reduction of struts. Independent of
design codes, it relies solely on parameters already used for numerical modeling. The formulation can
be easily integrated into existing truss-based numerical codes without significantly affecting



computational efficiency. This analytical formulation is then numerically validated and incorporated
into the dynamic relaxation process within the open-source Rhino-Grasshopper (McNeel 2025) plug-
in Muscle developed by the authors (Feron et al. 2024). The last part of the article concerns two large-
scale prototypes built and tested by the authors, for which internal forces were computed using the
modified Muscle numerical code, considering various assumptions of strut geometric imperfections.

ANALYTICAL AXIAL STIFFNESS MODEL FOR A GEOMETRICALLY IMPERFECT
STRUT

This section develops the analytical formulation of the equivalent axial stiffness for a geometrically
imperfect strut (Fig. 1), which will be expressed as a function of the axial load ratio and geometric
dimensionless parameters. An expression for the first yield axial load ratio is also derived. The model
is then validated using nonlinear finite element software and evaluated in light of the buckling criteria
defined in European standards. The influence of the shape of the initial imperfection is also addressed.

Fig. 1. Geometrically imperfect strut under axial loading, resulting in elastic bending.

Analytical expression for the equivalent stiffness reduction

Consider the strut in Fig. 1, where L, denotes the length of the chord between the supports in the
initial (undeformed) configuration. The strut has a cross-section area A, Young’s modulus E, and is
compressed by an axial force N. The following expressions are considered for the strut's axial stiffness:

e K =FEA/L,, the stiffness of the strut considered as perfectly straight, i.e. without initial
geometric imperfection.

o K,o.q =N/(Ly— L), the reduced equivalent stiffness of the geometrically imperfect strut,
which depends directly on the axial load N and indirectly through the nonlinear dependence
of L on N; the term 'equivalent' is used to indicate that the stiffness is measured along the
strut’s chord direction.

In this article, their ratio as defined below is called the stiffness reduction factor:
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The following developments focus on deriving the analytical expression for the factor L/Ly,.

The initial transverse profile of the geometrically imperfect strut axis is assumed to follow Eq. (2),

which represents a half-period sinusoidal function with amplitude e, that is commonly used to model
initial imperfections (Somodi et al. 2023; Saufnay et al. 2024):

Zo(x) = ey sin (n Li) (2)

0



The expression for the deflected shape after the application of the axial load is also assumed to be
sinusoidal and includes the second order amplification factor (1 — N/N,,.)~%, where N, = w2EI /L%
is the buckling load:

z(x) = esin (n%) = e, ( 1 —% )_1 sin (n%) 3)
With
e=e (1 _Nic)_l 4)

If Lpow,0 and Ly, are, respectively, the bow length of the deformed strut before and after application
of the axial load, they can be calculated as follows, assuming V1 + € ~1 + g + --- (considering € < 1):
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The difference between Ly, o and Ly, is due to the elastic shortening induced by the axial load:
NLpow,o
Lpow = Lbow,O - EZW (7)

Since ey K Ly, Eq. (5) simplifies to Ly, 0 = Lg. Introducing this and Eq. (6) into Eq. (7) leads to:
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The second term on the right-hand side can be expressed using the slenderness ratio A = Ly /A/I :
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Introducing in Eq. (8), additionally, the relation between the amplitude in the deformed and initial
configurations of Eq. (4), leads to a quadratic form whose positive root is given by the following
expression:
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Eg. (10), which is expressed in terms of dimensionless parameters, can be introduced in Eq. (1),
together with Eq. (9), to obtain the following expression for the stiffness reduction factor K. /K:
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K,eq/K, which characterizes the loss of axial rigidity induced by the initial geometrical imperfection,
has thus an explicit analytical expression that depends only on 3 dimensionless parameters: the axial
load ratio N/N,,, the imperfection amplitude ratio e, /L, and the strut slenderness ratio A.



Analytical expression for the first yield axial load

Determining the axial force Ny, at which first yielding occurs is also important, and can be obtained
as follows, where W, is the elastic section modulus:

+ =fy (12)

Eqg. (12) can be reformulated to obtain:
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If the relative slenderness ratio is defined as A,,; = \/Af, /N, Eq. (13) leads to:

N, Ae Aeg\? Ae
max _ 5[ 1 4 2,07 + 22 4 j(1 Ny WO) —42,,% | = function (W—O,Am) (14)

Ncr Wel el el

Egs. (14) and (11) define the maximum axial load above which the bending leads to a stress higher
than f,,, and the stiffness reduction factor, respectively. These analytical relations were implemented
in Muscle to quantify the effect of geometrical imperfections on prestress loss, internal forces, and
overall stiffness of tensegrity structures, as discussed in the next sections.

Influence of initial imperfection ey /L, on K,..4; and validation of analytical expressions

The previous developments are examined through the example of an aluminum strut (E =
70,390 MPa, fy = 160 MPa) with a hollow circular cross-section (outside diameter 60 mm, thickness
2 mm) and slenderness ratio A = 146.2. Such strut is similar to the ones used in the tensegrity
prototype tested by Feron et al. (2023) and employed in a case study later in this article. Some relevant
reference values of the axial load are:

e Plastic axial force capacity, i.e. neglecting buckling: f,, x A = 58.3 kN.

e Euler buckling load: N, = 11.8 kN (which implies a relative slenderness ratio of 1,.,; = 2.2).
e Axial buckling load according to EC9 (CEN 2007): Ngco = 10.7 kN.

e Axial load at first yielding with g /Ly = 1/300 using Eq. (14): Njyax = 10.0 kN.

Fig. 2 compares, for different values of initial imperfection ey /Ly, the values of the ratio K,..q /K for
the aluminum strut obtained according to four different methods:

e Analytical expression of Eq. (11).

e Eurocode 9 (CEN 2007) with buckling curve A: the Eurocode model assumes a strut with “full”
axial stiffness K = EA/L up to the onset of buckling, which occurs when the axial force
reaches Ngco = 10.66 kN. This assumption is commonly adopted in many current models.

e Numerical simulations with second-order nonlinear finite elements with linear elastic
material, using Karamba3D (Preisinger 2013).

e Numerical simulations with geometrically nonlinear finite elements (namely, through beam
corotational formulation) with elastic-perfectly plastic material (yield strength f,, = 160 MPa,
as indicated above), using Seismostruct (Seismosoft 2024).

Both numerical simulations employed a discretization of the strut into 60 beam elements,
determined to be sufficient for mesh-independent results while allowing precise initial
imperfection shapes.
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Fig. 2. Variation of the stiffness reduction factor computed for an aluminum strut using four different
methods and various initial imperfection amplitudes.

Eq. (14) also allows calculating the value of the axial force N, at first yielding, shown with crosses
in Fig. 2, which is not covered by the Eurocode.

Fig. 2 shows:

The analytical formulation (Eq. (11)) shows very good accuracy in estimating the stiffness
reduction factor. The curves from Eq. (11) closely match the numerical results up to N =
Npax, thereby validating the analytical expression.

The progressive decrease of the axial stiffness, which becomes nonlinearly more pronounced
as N/N,, increases.

A strong sensitivity of the stiffness reduction factor K,..;/K to the initial imperfection
amplitude ey /L.

Eqg. (14) provides a good estimation of the onset of yielding in the strut, corresponding to the
point where the plastic FEM response starts to deviate from the elastic response. This also
indicates that Eq. (11) is no longer valid beyond N, It is noted that truss structures are
designed to remain elastic.

The discrepancy between the response of geometrically perfect and imperfect struts is non-
negligible, which strengthens the need to consider realistic axial stiffness that depends on the
value of the axial force and its interplay with geometric imperfections.

Influence of the shape of the initial imperfection on Kreq

The results presented above, along with Egs. (11) and (14), are based on the assumption of an initial
sinusoidal imperfection shape, which may not accurately represent realistic conditions. To evaluate
the impact of this assumption, seven alternative imperfection shapes are herein analyzed, as
illustrated in Fig. 3. For each shape, the stiffness reduction factor K,..4;/K was computed using a
second-order nonlinear finite element analysis with an elastic material model in Karamba3D
(Preisinger 2013), the results of which are presented in Fig. 4. The considered shapes are:

The reference shape: half sine wave shown in Fig. 1.

Fig. 3(a and b): sine waves with shorter wavelength.

Fig. 3(c): bilinear profile.

Fig. 3(d, e and f): localized imperfection shapes with varying lengths.
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Fig. 3. Different initial imperfection shapes considered: (a) full sine, (b) 1.5 sine periods, (c) bilinear shape,
variation of imperfection width with (d) half-length, (e) one-third, and (f) one-sixth of the total length.

Fig. 4(a) highlights the influence of imperfection shape on the stiffness reduction factor K,..4 /K, while
Fig. 4(b) illustrates the effect of the imperfection length. The strut’s geometrical and material

properties are identical to those used previously, with an initial imperfection amplitude of ey /Ly =
1/300.
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Fig. 4. Variation of the stiffness reduction factor for different (a) shapes and (b) lengths of initial imperfections.

Fig. 4 shows:

e The significant impact of both the shape and length of the initial imperfection on the
equivalent axial stiffness of the strut.

e That the previously considered half sine wave imperfection is the most conservative case, as
it leads to the greatest stiffness reduction.

The half sine wave is seen to represent the most conservative imperfection case for structural design,
at least when serviceability deformation limit states are considered. Moreover, it is believed to be one



common imperfection in practice, and it enables the use of simplified analytical expressions, avoiding
the need for finite element simulations. While the actual imperfection shape of a strut depends on
the material, cross-section, and other factors, the method can accommodate alternative shapes,
which can be implemented on a project-specific basis; in this paper, the half-sine shape is employed
along with Eq. (11) validated in the previous subsection, enabling direct integration of the equivalent
axial stiffness reduction factor into numerical models, as detailed in the next section.

MODIFICATION OF THE DYNAMIC RELAXATION NUMERICAL CODE OF
MUSCLE

The analytically-derived stiffness reduction expression (Eg. (11)) has been integrated into Muscle’s
numerical code (Fig. 5), an open-source Grasshopper plug-in developed by Feron et al. (2024). Both
the plug-in and the numerical calculation codes are freely available on GitHub (Feron 2025).

Muscle employs a truss-like finite element model to identify mechanisms and self-stress modes of
tensegrity structures through Singular Value Decomposition (Pellegrino 1993). It also enables their
form-finding, the simulation of deployments, and nonlinear structural analysis using the dynamic
relaxation (DR) method (Barnes 1999; Bel Hadj Ali et al. 2011), all of them through the parametric
environment of Rhino-Grasshopper (McNeel 2025).

INITIAL CREATE ELEMENTS GENERATE FINITE  APPLY SELF-WEIGHT APPLY EXTERNAL LOADS
GEOMETRY ELEMENT MODEL -~
= (n g |
I i s = I
CROSS-SECTION . T I [ = I
{ [ ] ~
(a) _—— m =l = 7m¢{|= -= :.g%)jj % :
MATERIAL L APPLY PRESTRESS DR SHOW FINAL GEMETRY AND
PROPERTIES | syppORTS CONDITIONS INTERNAL FORCES

=1 T

(b)

¥y

7.9

(c)

Fig. 5. (a) Muscle user interface in Grasshopper, illustrating model generation, load application, and dynamic
relaxation. (b) Result shown with final deformed shape and internal forces with one of the case studies
described further in this article (red: compression, blue: tension). (c) Other families of tensegrity structures
that can be designed and calculated by Muscle.

The existing model algorithm in Muscle considering perfectly straight struts is presented by the dashed
boxes in Fig. 6: after defining the input properties (1), the DR method is executed (2) to compute the
final geometry (11). The implementation of the model in Grasshopper is shown in Fig. 5(a). In other



words, the available DR implementation in Muscle assumes constant axial stiffness and does not
account for reductions due to initial imperfections in the struts.

By incorporating the expression of Eq. (11) while keeping the truss model, the simulation can directly
include the decrease of the equivalent axial stiffness arising from geometric imperfections. Fig. 6
outlines the updated algorithm of the numerical code including the new processes and decision boxes
with solid contour lines. Following the definition of the initial geometry of the structure, including
initial length (L), cross-sections, supports, prestress levels (Feron and Latteur 2023), and position and
values of external loads (1), a first DR iteration is performed to compute internal forces and nodal
displacements (2). Based on the latter and a defined initial imperfection amplitude (3), the stiffness
reduction factor K,..4 /K is computed (4) for each strut with Eq. (11) and applied by scaling its Young's
modulus (for computational convenience; it results in an equivalent strut stiffness correction).

Since the stiffness reduction depends on the estimated internal axial force, which itself is influenced
by the strut stiffness, an iterative approach is required. This was implemented through the following
loop:

e (5) The dynamic relaxation (DR) method is executed.

o (6) If the change of axial force in any strut with respect to the previous iteration, |N; — Nj_4],
exceeds the prescribed tolerance, the loop continues.

e (7) The stiffness reduction factor is updated using Eq. (11).

e (8) A bisection algorithm is applied to exploit the monotonic relationship between axial force
and stiffness, ensuring unconditionally stable and efficient convergence with fewer DR
iterations.

I Define the initial geometry, the element properties,
the supports, the prestress and the external loads

I perform the DR method to obtain internal forces in !
struts Ny

Assume an initial N Multiply each strut Young’s modulus by —Kr;‘”’

imperfection e, from Eq. {11) with ey and N,
5 yi-t1 8
perform the DR method to obtain i=1+1| Multiplyeach strut Young's modulus by

) - K. Kred,itKredic1 . a:
internal forces in struts N; FTM = % (bisection method)

! , I

Kr]zd‘lfrom Eq. (11) with e, and N,

|N; — N;_| < tolerance? Obtain

Ultimate limit state
reached by yielding of a
strut

Ni/Npax < 17 from Eq. (14)

f Final geometry and internal A
\ forces of the structure

= aa —_—

Fig. 6. General computational algorithm in Muscle: the dashed boxes correspond to the perfectly straight strut
model previously implemented, whereas the processes and decision nodes with solid contour lines are new
adaptations to consider the effect of initial geometric imperfections.
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Once the tolerance is met, two outcomes are possible (9):

e (10) If any strut force exceeds the first yield limit Nmax, the elastic assumption is no longer
valid, and the structure is considered to have reached its ultimate limit state.
e (11) Otherwise, the equilibrium configuration and internal forces are obtained.

With the above modifications, the updated version of Muscle was used in the following two case
studies to illustrate the impact of struts’ initial imperfections on the internal force distribution of
structures. Despite the additional iterations, a complete analysis in Grasshopper considering
imperfections requires approximately 0.5 s for simple structures and up to 5 s for more complex ones,
compared to about 0.1 s to 0.5 s for a standard dynamic relaxation calculation without imperfections,
which remains fully acceptable for computational analyses and potential optimization loops.

APPLICATION TO TENSEGRITY STRUCTURES

This section illustrates and quantifies the impact of initial imperfections on the behavior of tensegrity
structures. The first case study is an aluminum simplex (Feron et al. 2023), while the second is a 15-
meter-span bamboo structure (Feron and Latteur 2023; Labrouche and Houriez 2023).

Basic aluminum simplex

The simplex structure built and tested at UCLouvain (Feron et al. 2023) is composed of three aluminum
struts and nine aluminum cables, with three external loads applied at the top nodes. The experimental
setup is shown in Fig. 7(a). The geometry illustrated in Fig. 7(b) corresponds to an initial condition with
no external loads but with prestress resulting in 1.5 kN compression in the struts, 0.98 kN tension in
the vertically oblique cables, and 0.59 kN tension in the horizontal cables. The simplex has a height of
1,950 mm, circumscribed circle diameter of 2,360 mm for the equilateral bottom and top horizontal
triangular bases, and a 30° rotation between the two bases. The structure was then subjected to three
loads applied downwards on each top node, ranging from 0 kN to 2.1 kN.

The mechanical properties of the struts and cables were determined through experimental
characterization tests for the Young’s modulus E, and provided by the supplier for the yield strength
fy- These values, along with the geometrical properties of the struts, are summarized in Table 1. They
provide A = 146.2, 1,.,; = 2.2, fy * A = 58.3kN, N, = 11.8kN, Ngco = 10.7 kN (EC9), and Nyax =
10.0 kN from Eq. (14) with eq /Ly = 1/300.

Table 1. Element properties of the aluminum simplex.

Elements E (MPa) f, (MPa)  Diameter (mm)  Thickness (mm) Lo (mm)
Strut 70390 160 60 2 2999.8
Vertical cables 72190 120 8 / 2043.4
Horizontal cables 71750 120 8 / 2043.8

The struts and the cables were fitted with elongation devices or turnbuckles in order to set the
prestress and their stiffness is considered with an equivalent Young's modulus. All element
characterization tests and experimental results are openly accessible (Feron et al. 2022). Node 1 is
blocked in x, y and z directions, node 0 is fixed along the y and z directions, and node 2 is only blocked
in the vertical z direction.
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Fig. 7. Aluminum simplex tested at UCLouvain: (a) experimental campaign setup (image by authors) and (b)
node coordinates and dimensions.

Fig. 8(a) shows, for increasing values of the external loads, the internal forces measured in the three
struts and in the horizontal cables. The strut bending observed during testing is clearly visible in Fig.
7(a). The values of the internal forces computed numerically with Muscle are also depicted, which
include the analytical expression of the reduction stiffness coefficient. Four levels of imperfection
were considered: ey /Ly = 0, eg/Ly = 1/1000 (which corresponds approximately to the measured
geometric imperfection of the employed aluminum struts), ey/Ly = 1/300 (recommended by
Eurocode 9 (CEN 2007)), and ey/Ly = 1/100 (highly imperfect strut, which can also simulate a

damaged member).
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Fig. 8. Comparison between experimental results and Muscle model of the aluminum simplex, for different
initial strut imperfection amplitudes, under increasing external loading: (a) internal forces in the struts and
horizontal cables, and (b) evolution of the simplex height.
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Fig. 8(a) shows that:

e The numerical model without imperfections (ey/Ly = 0, top blue curve) fails to capture the
experimental behavior at higher external loads, leading to an overestimation of the strut and
cable internal forces by about 10%.

e The numerical model with ey /Ly = 1/300 (as recommended by Eurocode 9) provides a better
fit with the experimental results, showing a relative error of up to 2.2% in the strut internal
force. Although this may seem counterintuitive, given that the measured average
imperfection of the struts was ey /Ly = 1/1000, the ey /Ly = 1/300 assumption adopted by
the Eurocode accounts not only for geometric imperfections but also for other effects, such
as residual stresses, which also induce elastic bending.

e The initial imperfection of e5 /Ly = 1/100 is intentionally exaggerated but serves to illustrate
how significant strut imperfections can substantially affect internal forces—up to 20%
increase in strut forces—along with premature yielding due to bending stresses (indicated by
the small gray cross in Fig. 8(a)).

Fig. 8(b) shows the evolution of the simplex structure’s height, which captures its global deflection.
The model with ey /Ly = 1/1000 better matches the experimental results than the eq /Ly = 1/300
case, highlighting the need for a realistic estimate of ey /L, ideally informed by experimental data,
while remaining differences may arise from model assumptions or experimental uncertainties.

For this simple structure, the results demonstrate the influence of initial imperfections on the internal
forces within the structural elements. The proposed method successfully captures strut bending and
provides a closer match to the experimental results. The next section extends the analysis to a more
complex and realistic structure to further analyze the redistribution of prestress.

Bamboo structure

A bamboo structure (Fig. 9) was designed, built, and tested at UCLouvain (UCLouvain GCE 2023; Feron
and Latteur 2023; Labrouche and Houriez 2023). Inspired by the “Snake Bridge” (Feron et al. 2019;
UCLouvain GCE 2020), the structure is composed of five simplex modules made of bamboo struts and
steel cables, with an overall span of 14.7 m and a total self-weight of 624 kg.

—

- ”‘

i ﬁ‘lh i!m A{i,ﬁ i

A w"/J

Fig. 9. Global view of the bamboo tensegrity structure in the LEMSC laboratory, at UCLouvain, Belgium (image
by authors).
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A detailed view of the structure and node numbering is shown in Fig. 10. Struts are labelled with a “S”
and cables with a “C”, followed by the indices of the nodes they connect (e.g., S2-8, C3-7). One
additional diagonal cable was added to each module to block mechanisms and enhance global stiffness
(C2-3, C3-8, C8-9, C9-14 and C14-15). The bottom longitudinal cables, such as C0-3 and C2-5 for
Module 1, were equipped with turnbuckles to enable the application of adjustable prestress. The
supports block the vertical displacement of node 15 in the z direction, node 17 in the y and z directions,
and node 2 along the three directions (Fig. 10). The mechanical and geometrical properties were
obtained from experimental characterization (e.g., the Young’s modulus E) or from the supplier’s
specifications (e.g., the yield strength f,,, which for the struts is taken as a limit of elasticity along the
bamboo strut longitudinal axis) and are reported in Table 2. For the struts, the following parameters
are obtained: 4 = 84.9,4,,; = 3.02, fy * A = 459.5kN, N, = 50.3 kN and Np,.x = 47.3 kN from Eq.
(14).

Module 1 Module 2 Module 3 Module 4 Module 5
//\\ F’\ /Q\\\
9 )i 15

14.7m

(a) (b)

Fig. 10. Bamboo structure: (a) Front view and (b) side view.

Table 2. Materials and cross sections properties.

Elements E [MPa] fy [MPa] Diameter (mm) Thickness (mm) Lo (mm)
Struts 6000 75 145 15 3928
Base cables 58000 700 10 / 2293
Top longitudinal cables 58000 700 10 / 3071
Bottom longitudinal
cables with turnbuckles 60000 700 10 / 3071
Additional cables 58000 700 10 / 3408

The structure was prestressed and then loaded vertically (downwards) at nodes 7 and 10 in successive
steps, as detailed in Table 3. For each step 1.0, 1.1, 1.2, and 1.3, prestress was introduced by
shortening the bottom transverse cables: modules 1 (C2-5, C0-3) and 5 (C2-15, C14-17), then in
modules 2 (C3-6, C5-8) and 4 (C11-14, C9-12), and finally in module 3 (C6-9, C8-11). Measurements
carried out on some of the bamboos showed that the average maximum imperfection is ey/Ly =
1/250.

Table 3. Prestressing and loading protocol, with bold values indicating modifications compared to the previous
prestressing or loading step.

Shortening of Shortening of Shortening of Load/node
Loading stage cables in modules cablesin modules  cablesin module  applied on nodes
land5 2and 4 3 7 and 10
(mm) (mm) (mm) (kN)
1.0 Initial configuration 7 13.3 17.3 /
1.1 Prestressing 14 26.7 34.7 /
1.2 Prestressing 21 40 52 /
1.3 Prestressing 28 53.3 69.3 /
2.1 Loading 5 kN 28 53.3 69.3 2.5
2.2 Loading 10 kN 28 53.3 69.3 5
2.3 Loading 15 kN 28 53.3 69.3 7.5
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Fig. 11 compares the internal axial forces calculated by Muscle for the five struts and cables most
affected by the presence of a geometrical imperfection, taken as ey /Ly = 1/250 for all struts, with
respect to the case where perfectly straight struts are considered (i.e., ¢y = 0). It can be observed
that:

e Force redistribution due to initial geometrical imperfection is non-negligible, becoming more
significant at higher loads and proportionally more important for cables than for struts.

e All members, except for one strut and one cable, exhibit a reduction in their internal forces,
attributable to the distribution of deformations between axial and bending components in
imperfect structs.

e The strut exhibiting the largest relative difference in axial force due to the geometrical
imperfection, (Ne,=1,/250 — Ney=0)/Ney=o. is strut S7-9 (Fig. 11(c)), reaching 11 % before the
application of the external loads (i.e., at the end of step 1.3) and 21 % after external loading
(i.e., at the end of step 2.3). This variation is substantial, particularly considering that S7-9 is
one of the struts carrying a larger absolute axial force (Fig. 11(a)).

e The cable with the largest relative difference in axial load is C7-10, which reaches 13% before
the application of external loads (i.e., at the end of step 1.3) and 99% after loading (i.e., at the
end of step 2.3). This significant reduction can be attributed to near-complete relaxation of
cable C7-10 due to the imperfection.

e The analysis of the nodal displacements (not shown herein) reveals that they are only slightly
affected by geometric imperfections ( less than 1%), despite the clear reduction in internal
forces, which can be attributed to the significant prestressing and the structural redundancy
provided by additional cables.

0 50
[—— Num eolo=0 [ — Num. eoflo=0
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8
T
8

Absolute value of internal forces (kN)

TI T T [T T T T [TT 117

Absolute value of internal forces (kN)

¥, “c7-10
i ~Cables .
oL oL i | | | | s
1.0 1.1 12 13 21 22 23 1.0 11 1.2 13 21 22 23
Loading stage Loading stage
(a) (b)
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2 - 2 -
7 N @ L
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(c) (d)
Fig. 11. Comparison of the bamboo structure internal forces considering e,/L, = 0 and ey/Ly, = 1/250 for all
struts. Above: absolute value of the internal forces in the five most impacted (a) struts and (b) cables. Below:
relative difference of the internal forces for (c) struts and (d) cables.
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Fig. 12 is a variant of Fig. 11, corresponding to the particular case where all the struts are perfectly
straight except for strut $7-9, which has an initial imperfection of ey /Lo = 1/100, i.e. slightly larger
than in the preceding case where all struts had ey /L, = 1/250.
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Fig. 12. Comparison of the bamboo structure internal forces considering e, /L, = 0 and ey/L, = 1/100 for
strut S7-9 alone. Above: absolute value of the internal forces in the five most impacted (a) struts and (b)
cables. Below: relative difference of the internal forces for (c) struts and (d) cables.

The following observations can be made from Fig. 12:

e Although only one strut is imperfect, the redistribution of internal forces affects the entire
structure in a non-negligible manner.

e Similarly to the previous case, at the end of step 2.3 the imperfection leads to a complete
relaxation of cable C7-10.

e The relative difference in axial force for the imperfect strut S7-9 due to the imperfection,
(Ney/Lo=1/100 — Neg/Ly=0)/Ney /1,=0, is €qual to 19 % before application of the external loads
(end of step 1.3) and 19 % after (end of step 2.3).

e If aless loaded strut (e.g., S1-3) had been considered imperfect (instead of $7-9), the overall
impact would have been minor, as struts with low axial load do not experience significant
stiffness reduction.

A geometrically nonlinear, beam-based DR formulation is currently under development in Muscle by
the authors to further validate and benchmark the proposed approach in terms of both accuracy and
computational efficiency. This formulation will also account for parasitic bending moments within the
assemblies, a potential source of discrepancies between numerical predictions and experimental
results that cannot be captured using a truss-based DR model.
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CONCLUSIONS

Tensegrity structures combine at least three characteristics that engineers generally tend to avoid:
they are often unstable at first order, they are not very rigid because they are made up of a large
number of cables, and they require generalized prestressing, which can also have an impact on their
self-weight. In addition to these three main characteristics, other phenomena related to connections,
prestressing devices, and the struts and cables themselves exist, whose influence remains poorly
understood. Among these, the authors, drawing on their experience in building and testing two large
prototypes in their laboratory, have demonstrated that parasitic bending of the struts due to their
geometric imperfections (i.e., out-of-straightness) can lead to a redistribution and modification of
internal forces compared to values calculated using a model based on their initial stiffness Ly/EA.
Some cables may even relax completely as a result. This limitation affects all current tensegrity
calculation software, making them insufficiently reliable. with the same was true for the Muscle open-
source software developed by the authors, which, prior to the research presented in this article, was
unable to account for this phenomenon.

Taking this phenomenon into account purely through numerical means is very cumbersome, as
subdividing each strut into a refined mesh of geometrically nonlinear beams greatly increases both
computation time and code complexity. The authors have therefore chosen to develop a new
analytical expression for the axial stiffness of struts, which shows that it depends on three
dimensionless numbers alone: N/N.,, eg/Ly and A. These developments revisit the phenomenon of
buckling, and the comparison of the results from this analytical relationship with those from two
numerical nonlinear models as well as Eurocode 9 confirms its validity and supports its integration
into a structural analysis code. The research has shown that, even for common eccentricities of
eo/Lo = 1/300, the stiffness of a bar can decrease by 25% for a compression force equal to only half
the critical force N,.. It was also showed that the assumption of a sinusoidal initial shape for the struts
is a conservative approach for design.

The developed analytical expression was then integrated in an iterative procedure to improve the
Muscle numerical code, which now allows geometrical imperfections to be considered, making Muscle
one of the most accurate tools for the analysis of tensegrity structures.

Using the improved Muscle code, two structures were calculated for a range of ey /L, values. The
sensitivity analysis applied to the aluminium simplex revealed an influence of the geometric
imperfection in the struts on the internal force distribution. For the larger structure made up of five
simplexes, some struts show a 21% decrease in internal forces for reasonable eccentricities equal to
eo/Lo = 1/250, while the most impacted cables even relax completely.

The main overall conclusion of this investigation is that the geometric imperfection or out-of-
straightness of struts cannot be ignored in the analysis of tensegrity structures, as it can lead to
unforeseen behaviour or even collapse.
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NOTATION LIST:

The following symbols are used in this paper;

A (mm?2) = strut cross-sectional area;

E (N/mm?2) = strut Young's modulus;

e (mm) = strut deflection;

eo(mm) = strut initial geometric imperfection;

fy (MPa)=strut yield strength;

I (mm*) = cross section moment of inertia;

K (N/mm) = axial stiffness of a perfectly straight strut;

Kyeq (N/mm) = reduced equivalent axial stiffness of a strut with initial geometric imperfection;
L (mm) = chord length between the two supports of a strut for a given axial load;

Lo (mm) = initial chord length between the two supports of a strut;

Lpow (mm) = bow length of a strut with imperfection, for a given axial load;

Lpow,o (mm) = initial bow length of a strut with imperfection;

N (N) = axial load in the strut;

N_.(N) =m2EI/L3 = Euler critical load;

Ne,/1,=1/100 (N) = axial load in the strut with initial imperfection amplitude of eq /Ly = 1/100
Ne,/L,=0 (N) = axial load in the strut with initial imperfection amplitude of ¢y /Ly = 0

Npax (N) = axial force at first yielding of the strut;

W,; (mm?3) = elastic section modulus;
A (dimensionless) = Ly4/A/I = slenderness ratio;

Arer (dimensionless) = \/Af,, /N, = relative slenderness ratio;
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