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A B S T R A C T

In-vacuo tuneable structured fabrics represent an innovative class of smart materials capable of 
modulating their mechanical and dynamic properties through controlled confinement pressure. 
When arranged in beam-like configurations, these structures can operate as vacuum-controlled 
waveguides with pressure-dependent stiffness and dispersion characteristics. This paper pre
sents a preliminary investigation of elastic wave propagation in a beam-like vacuum-controlled 
tuneable structured fabrics under variable confinement pressures. A prototype was designed and 
fabricated to assess both the technical feasibility and manufacturability. Experiments were con
ducted using a correlation-based wavenumber identification technique to characterise wave 
behaviour. A one-dimensional wave finite element model was implemented in COMSOL Multi
physics, employing Floquet boundary conditions and Hertzian contact theory with a scaling factor 
to account for contact multiplicity. Computed dispersion curves at 20 kPa and 80 kPa confine
ment pressures show qualitative agreement with experimental measurements. Results demon
strate that increasing confinement pressure enhances structural stiffness and shifts dispersion 
branches toward higher frequencies. Wave mode shape analysis confirms multiple bending and 
longitudinal modes consistent with classical beam theory. These findings suggest that in-vacuo 
structured fabrics could provide a new means for the development of programmable meta
materials for vibration control.

1. Introduction

In recent years, research on composite materials has increasingly focused on innovative core architectures and sandwich config
urations that provide enhanced mechanical and functional performance [1–5], particularly for vibration attenuation and noise sup
pression applications [6–8]. Among these developments, structured fabrics — lattice-like assemblies composed of rigid truss elements 
— have emerged as promising primary candidates for sandwich composites owing to their tuneable stiffness and damping properties, 
which are often facilitated by advances in additive manufacturing technologies [9,10]. When encased within vacuum-sealed skins, 
these fabrics can exhibit remarkable variations in their mechanical response. Wang et al. [11] demonstrated that chain mail-like 
structures subjected to a vacuum pressure of 90 kPa achieved stiffness enhancements exceeding 25 times those of their unconfined 
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state, stimulating extensive research into their adaptive behaviour [11–13]. Rustighi et al. [6] further showed that their vibration 
responses can be modulated through vacuum-level adjustment, with cubic geometries exhibiting the highest bending stiffness. 
Building on these findings, some studies explored the feasibility of employing vacuum-sealed structured fabrics as Tuneable Vibration 
Absorbers (TVAs) [7,8].

The mechanical behaviour of these systems is inherently associated with jamming phenomena [14–16], where particle aggregation 
under a confinement pressure leads to increased compressive resistance and structural locking [6,7,11]. Unlike granular media, 
structured fabrics exploit both convex and non-convex contact interactions, achieving greater compressive strength while retaining 
tensile load-bearing capability [17,18]. Contact mechanics therefore plays a central role in their tuneable behaviour, enabling 
controlled variations in bending stiffness that are particularly advantageous for adaptive vibration control. Indeed, beam-like TVAs 
incorporating structured fabrics have demonstrated resonance frequency modulation governed by vacuum pressure adjustment 
without significant degradation of damping performance [7,8,19–21]. Despite the growing interest in their quasi-static and vibrational 
response, the wave propagation characteristics of vacuum-sealed structured fabrics under varying confinement pressures remain 
unexplored. Understanding elastic wave propagation in these media and its dependence on vacuum pressure is essential for predicting 
their dynamic behaviour, identifying band gaps, and optimising their design for vibration control and acoustic insulation.

Wave propagation and band-gap formation in contact-based periodic systems have attracted considerable attention in recent years. 
In particular, Boechler et al. [22] demonstrated that one-dimensional diatomic granular crystals with three-particle unit cells exhibit 
tuneable vibrational band gaps, whose frequency range can be adjusted by varying the static pre-compression acting on the Hertzian 
contacts. Extending these concepts to higher-dimensional systems, Manjunath et al. [23] investigated plane-wave propagation in two- 
and three-dimensional monodisperse periodic granular media, highlighting the influence of the contact network on the dispersion 
characteristics. Göncü et al. [24] demonstrated that phononic band gaps can be tuned through mechanically induced pattern trans
formations. Specifically, uniaxial compression causes stiff particles, initially separated by soft silicone-rubber cylinders, to come into 
direct contact, thereby altering the contact configuration and providing an effective mechanism for adaptive wave manipulation.

While tuneable wave propagation and band-gap formation have been extensively investigated in granular crystals and other pe
riodic contact-based systems, these phenomena have not yet been explored in vacuum-sealed structured fabrics, where pressure- 
dependent contact mechanics offers new opportunities for tailoring dynamic responses. Therefore, this study aims to investigate, 
for the first time, the propagation of elastic waves within vacuum-sealed structured fabrics subjected to different confinement pres
sures, providing new insights into their potential for tuneable vibration control and acoustic insulation applications.

Wave propagation in elastic waveguides has traditionally been analysed using analytical formulations or matrix-based techniques. 
However, these approaches become impractical for complex geometries and inhomogeneous materials [25–27]. Numerical techniques 
based on the Finite Element Method (FEM) effectively address these limitations by discretising the domain and assembling the cor
responding global equilibrium equations. Nevertheless, conventional three-dimensional FEM analysis remain computationally 
demanding for large-scale or high-frequency problems, as fine meshes are required to accurately capture short wavelengths. To 
mitigate these limitations, alternative techniques such as the Boundary Element Method (BEM), Finite Difference Method (FDM), and 
Wave Finite Element (WFE) method have been developed. As discussed in [28], each approach presents distinct advantages and 
drawbacks for modelling guided-wave phenomena. Among them, the WFE method is particularly attractive because it combines FEM 
discretisation with a wave-based formulation [29]. An efficient implementation of the WFE method employs Floquet–Bloch theory 
within a standard finite element framework to analyse periodic structures. The Floquet Boundary Condition (Floquet BC) method 
further reduces computational cost by restricting the analysis to a single unit cell subject to boundary conditions derived from 
elasto-dynamic and periodicity principles. Applications of Floquet BCs to periodic waveguides are well documented in the literature 
[30,31]. In this work, the in-vacuo structured fabrics are modelled using the Floquet BC method implemented in COMSOL Multiphysics 
[32]. Using this approach, this study marks a first attempt to model wave propagation in the context of tuneable structured fabrics. 
Simplifying assumptions are also introduced to account for the complex influence of confinement pressure.

The numerical results are then validated experimentally through a wavenumber identification approach. Wavenumber identifi
cation methods are widely employed both to verify numerical simulations and to reveal physical phenomena that may not fully 
captured by models. Various techniques have been proposed in the literature, including the spatial Discrete Fourier Transform (DFT) 
[33], Prony analysis [34], sparse iterative methods [35], and laser-ultrasonic techniques [36]. Among the simplest approaches, the 
phase-difference method [37,38] estimates the wavenumber from the phase shift between responses measured at adjacent locations. 
To improve accuracy, the signals are typically windowed to exclude reflections, while sensors are positioned sufficiently far from both 
boundaries and excitation sources. A modified acoustic-based technique was introduced in [39] for the structural vibration analysis of 
pipes under anechoic conditions, where three equally spaced accelerometers were used to estimate the wavenumber from transfer 
function relationships. To address the inherent limitations of such methods, Ferguson et al. [40] developed a correlation-based 
approach for two-dimensional structures by correlating measured Frequency Response Functions (FRFs) with trial wavefields. 
Although this technique identifies only real wavenumbers, thus neglecting near-field and damping effects, it showed better agreement 
with theoretical predictions than two-dimensional spatial DFTs and was subsequently extended to one-dimensional systems such as 
cables and beams [41,42].

In summary, this paper presents a preliminary experimental and numerical investigation of wave propagation in beam-like, vac
uum-controlled structured fabrics under varying confinement pressures. The paper is organised as follows. Section 2 describes the in- 
vacuo composite structure employed in this work. Section 3 describes the experimental setup for wave propagation measurements, 
introduces the correlation-based wavenumber identification technique, and analyses the experimental data, highlighting the influence 
of vacuum pressure on the material dynamic response. Section 4 presents a one-dimensional WFE model of the composite structure, 
whose dispersion curves are validated against the experimental results. The corresponding wave mode shapes are then examined to 
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illustrate the wave behavior. This combined experimental and numerical approach provides a comprehensive understanding of wave 
propagation in these vacuum-tuneable fabrics. Finally, Section 5 summarises the main findings and conclusions of the study.

2. Beam-like in-vacuo structured fabrics: design, fabrication, and packaging

The experimental investigation presented in this work required the fabrication of a single-span beam-like structured fabric 
approximately 3.6 m long. Such a specimen considerably exceeds the build volume of conventional additive manufacturing systems 
and therefore represents a significant manufacturability challenge. Consequently, before describing the structural architecture of the 
material, it is important to illustrate the adopted manufacturing strategy, since it constitutes a key enabling step for the realisation of 
the experimental prototype.

The structured fabric was manufactured in Nylon PA12 using an HP Multi Jet Fusion (MJF) 3D 4200 printer [43], featuring a build 
volume of 380 × 284 × 380 mm. As a powder-bed fusion process, MJF uses unfused powder to support the component during 
fabrication, thereby eliminating the need for dedicated support structures. These characteristics make MJF particularly suitable for 
manufacturing highly interconnected articulated structures, which would be difficult to fabricate using alternative additive 
manufacturing technologies such as fused deposition modelling (FDM) or stereolithography (SLA). Since the printer build volume is 
considerably smaller than the required specimen length, the structured fabric was printed as a single continuous component in a coiled 
(rolled-up) configuration, allowing the entire specimen to fit within the available build envelope without introducing joints or dis
continuities. Using CAD software, a two-dimensional spiral geometry was first defined to establish the coiled path, after which the 
elementary cells were patterned with a prescribed pitch to maintain the minimum gap between neighbouring cells. The geometry was 
then replicated along the vertical direction to obtain the required specimen height. After printing, the specimen was removed from the 
powder bed through a two-stage de-powdering procedure. First, the printer automated recovery system removed most of the unfused 
powder using a suction system, allowing the material to be recycled for subsequent production. The remaining powder was then 
removed manually by carefully unfolding the specimen and cleaning it by glass-bead sandblasting to eliminate residual powder 
trapped within the lattice. This procedure released all articulated unit cells while preserving the continuity of the structure, since no 
assembly or post-print joining operations were required. Consequently, no geometric discontinuities were introduced that could in
fluence either the wave propagation measurements or the comparison with the idealised numerical model.

Fig. 1 illustrates the complete manufacturing process together with the final beam-like specimen. Figs. 1(a) and 1(b) show the CAD 
model of the coiled printing layout and the fabricated specimen after unfolding and de-powdering, respectively, whereas Figs. 1(c) and 
1(d) present the octahedra-sphere unit-cell geometry and the corresponding specimen after packaging within the vacuum bag.

As discussed in the introduction, the vacuum-controlled tuneable structured fabric considered in this work consists of rigid truss- 

Fig. 1. Manufacturing, architecture and packaging of the beam-like in-vacuo structured fabric. (a) CAD model of the coiled printing layout adopted 
to fit the complete specimen within the printer build volume; (b) fabricated specimen after unfolding and de-powdering; (c) 3D microscope image of 
the octahedra-sphere unit cells; (d) fabricated specimen enclosed within the vacuum bag after packaging.
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like unit elements interconnected to each other to create loose chain mails. Several structured fabric architectures can be designed, 
depending on both the geometry of the rigid unit elements and the lattice organisation of the particles themselves [3,6]. In a recent 
study conducted by some of the authors [44], three particle geometries, namely octahedra, octahedra-spheres and cubes, were 
investigated to assess the influence of granular jamming on the bending stiffness. Multiple overlapping fabric layers were also 
considered to evaluate the effect of layer jamming. The choice of the specimen’s macroscopic and mesoscopic dimensions, as well as 
the applied pressure range, is based on this comparative experimental investigation. In the present work, hence, a single-layer fabric 
composed of octahedra-sphere particles was selected to provide a representative beam-like configuration for the investigation of elastic 
wave propagation.

The octahedra-sphere particles are organised in a lattice with connecting directions at 90∘. Each particle has a nominal size of 10 
mm and is composed of curved truss members having a circular cross-section of approximately 1 mm in diameter. To obtain the 
jammed configuration, the structured fabric was enclosed within a vacuum bag and hermetically sealed along its edges using a heat- 
sealing press, as shown in Fig. 1(d). The application of vacuum generated the confinement pressure required to jam the interconnected 
unit cells, transforming the initially compliant fabric into a beam-like structure suitable for the experimental investigation.

Under the isostatic compression imposed by the vacuum bag, the chain mail partially retains its original lattice organization. 
Consequently, the in-vacuo composite cannot be classified either as a fully amorphous material or as a perfectly periodic lattice. 
Rather, it may be regarded as a quasi-amorphous or quasi-crystalline solid, depending on whether emphasis is placed on the jammed 
internal configuration or on the underlying chain-mail architecture. This combination of disordered and lattice-like characteristics 
provides the material with low density and high mechanical performance. From a wave propagation viewpoint, this observation is 
particularly important because it justifies the modelling strategy adopted in the following sections. Although the local contact network 
evolves under confinement pressure and exhibits a certain degree of disorder, the underlying lattice organisation remains sufficiently 
regular for the jammed structure to be approximated as an equivalent periodic medium. This approximation forms the basis of the 
Wave Finite Element model developed in Section 4 to characterise the pressure-dependent dispersion behaviour of the structured 
fabric.

3. Experimental characterization of dispersion properties

This section presents the experimental results on wave propagation in the in-vacuo tuneable structured fabrics described herein. 
The results were obtained using a correlation-based wavenumber identification technique and serve as a reference for validating the 
numerical findings reported in Section 4. The experimental tests were conducted at vacuum pressures of 20 and 80 kPa, enabling a 
clear comparison of the effect of vacuum level on the material dynamic response. The experimental setup is first described, followed by 
the corresponding experimental results.

Fig. 2. Wave propagation setup for the beam-like in vacuum composite structure: (a) vacuum systems, (b) attachment of the force gauge to the 
composite structure, and (c) test rig used for the measurements.
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3.1. Experimental setup

A series of vacuum-controlled vibration experiments were performed to characterise the dynamic response of the structured fabric 
under given boundary and loading conditions. The experimental procedure comprised (i) deflation of the enclosing plastic bag to 
establish an in-vacuo configuration and (ii) excitation and response measurements using an electrodynamic shaker and a scanning 
laser vibrometer.

To achieve the in-vacuo condition, the structured fabric was enclosed in a plastic bag and deflated using a small suction pipe 
inserted through a small opening, which was subsequently sealed to ensure airtightness. As shown in Fig. 2(a), the suction pipe was 
connected to a diaphragm vacuum pump (KNF NEUBERGER UN726 TTP) through an analogue vacuum meter (RS PRO 188-986) and a 
check valve. Under vacuum conditions, the structured fabric measured approximately 3.3 m in length and 0.08 m in width.

Vibration measurements were then conducted on the structured fabric under vacuum. The specimen was suspended at multiple 
points along its length using adhesive tape strips, as illustrated in the full experimental setup in Fig. 2(c). The structure was excited 
using an electro-dynamic shaker (LDS V406) driven by a power amplifier (LDS PA100E). The shaker, Fig. 2(b), was coupled to the 
central region of the composite structure via a force sensor (Dytran 1051V2), which was bonded to the surface to prevent damage to the 
fragile plastic skin and to ensure a stable connection throughout the experiments. Several excitation configurations were evaluated 
during preliminary testing and produced consistent dynamic responses within the experimental uncertainty. The selected configu
ration was therefore adopted as it provided reliable coupling while preserving the integrity of the plastic enclosure. To ensure that the 
response remained within the linear regime about the preloaded contact state, the excitation level was intentionally kept as low as 
possible, corresponding to a force power spectral density (PSD) of − 55 dB relative to 1 N²/Hz. Under these conditions, the measured 
coherence remained high up to approximately 5–6 kHz.

Excitation was generated using the internal signal generator of the PSV Scanning Vibrometer (Polytec QTec PSV-500) in the form of 
a periodic chirp spanning the frequency range from 0 to 10 kHz. Data acquisition was performed with an FFT bandwidth of 10 kHz, 
3200 FFT lines, a sampling frequency of 25 kHz, and a record length of 320 ms, corresponding to a frequency resolution of 3.125 Hz. 
The excitation signal was applied continuously as consecutive periodic chirps with no time interval between successive records. Within 
the PSV acquisition software, the periodic chirp is implemented as a Schroeder-phased multisine, i.e. a discrete sum of harmonically 
related sinusoids with a quadratic phase distribution [45,46]. This approach combines the low crest factor and high energy injection of 
a continuous frequency sweep with the leak-free, periodic properties of a multisine, making it ideal for high-SNR laser Doppler 
vibrometry measurements without the need for windowing.

Structural responses were acquired using the laser scanning vibrometer at an array of measurement points located sufficiently far 
from the free ends to avoid near-field effects, and transfer functions were computed using the integrated software. At each scan point, 
the mobility FRF was obtained by averaging three consecutive acquisitions, thereby improving the signal-to-noise ratio. Details of 
measurement grid are provided in Section 3.3. Repeatability was assessed by conducting multiple tests over different vacuum cycles. 
Following each change in confinement pressure, sufficient time was allowed for stabilisation before data acquisition, and the vacuum 
pressure was continuously monitored throughout each test to ensure that the prescribed confinement level was maintained. Additional 
verification procedures included checks of the specimen’s vertical alignment along its length and monitoring of the confinement 
pressure during each test. Although minor local effects associated with the adhesive supports, force sensor attachment, and plastic 
membrane cannot be completely excluded, their influence was considered limited compared with the dominant effect of the 
confinement pressure on the dispersion behaviour.

3.2. Correlation technique

A correlation-based wavenumber identification technique for wavenumber estimation in two-dimensional (2D) structures was 
proposed by Ferguson et al. [40]. The approach involves computing, for each frequency, the correlation between FRF measurements 
and a wavefield derived from trial wavenumbers of travelling waves propagating in two orthogonal directions. With appropriate 

Fig. 3. Example of correlation magnitude versus trail wavenumbers at an arbitrary frequency value.
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modifications, the same principle can be extended to one-dimensional (1D) structures. For discrete measurements, the formulation of 
the correlation technique for a single wave in a 1D waveguide can therefore be expressed as 

Ŵ(ktz,ω) ≅
(

lz
N

)
∑N

i=1
w∗(zi,ω)e− jktzi (1) 

where Ŵ(ktz,ω) is the correlation coefficient evaluated at a trial wavenumber kt and angular frequency ω, zi is the spatial location of 
the array at which the responses w(zi,ω) are measured, lz is the length of the spatial array, N is the number of discrete measurement 
locations, j =

̅̅̅̅̅̅̅
− 1

√
is the imaginary unitary number and ()∗ indicates the complex conjugate operator.

For each frequency, the correlation function exhibits peak values at specific trial wavenumbers. The wavenumber corresponding to 
the highest peak is extracted at each frequency step to construct the dispersion curves. As an example, Fig. 3 presents a typical 
wavenumber-correlation magnitude plane obtained from Eq. (1) at an arbitrary frequency, showing the dominant wavenumber kdom 
(highlighted in red) and three additional dominant wavenumbers with decreasing correlation magnitude.

Compared to other experimental techniques such as the phase-difference method [37,38], the correlation approach enables the use 
of an arbitrary number of measurement points for wavenumber estimation, without the requirement of equal spacing. However, the 
method is limited to the identification of real wavenumbers (i.e., travelling waves) and therefore cannot capture near-field effects or 
material damping associated with complex wavenumbers. To address this limitation, several extensions of the correlation technique 
have been proposed, including the method by Ichchou et al. [47], which enables the estimation of complex wavenumbers and thus 
accounts for near-field effects and material damping. Nevertheless, in the present work, the standard correlation technique was 
adopted for its computational efficiency and robustness, as the primary focus remains on far-field wave propagation and cut-off 
frequencies identification, where the contribution of near-field effects and damping is negligible. This choice is also consistent with 
the scope of the numerical study, which focuses on the identification of real wavenumbers.

3.3. Experimental dispersion curves under variable vacuum levels

In the following are presented the measured dispersion curves, in the form of wavenumber against frequency, obtained for the in- 
vacuo tuneable structured fabrics via the correlation technique. The frequency response functions used in the dispersion analysis were 
obtained under the excitation conditions described in Section 3.1. To maximise the number of measurements and thus improve the 
accuracy of the wavenumber estimation, 717 measurement points were acquired with a sensor spacing of 0.0027 m, resulting in a 
spatial array length of 1.9 m. As shown in Fig. 2(c), the measurements were conducted at a sufficient distance from both the shaker and 
the free ends (approximately 20 cm from the shaker and 80 cm from the opposite free end) to avoid near-field effects. Trial wave
numbers were subsequently evaluated over the range 0-314 rad/m with a wavenumber step of 0.1 rad/m. The chosen temporal and 
spatial parameters ensured the exclusion of both temporal and spatial aliasing. To eliminate noisy data and increase readability, only 
the results up to 5 kHz are shown.

Fig. 4 shows the experimental dispersion curves obtained under a vacuum pressure of 20 kPa. In particular, Fig. 4(a) shows a colour 
map of the correlation magnitude in the wavenumber-frequency plane, obtained through the three-dimensional function defined in Eq. 
(1). As indicated by the colour bar, the correlation magnitude ranges from blue (lowest values) to yellow (highest values). Several 
streaks are visible in the color map, indicating the presence of multiple propagating wave modes in the investigated frequency range. In 

Fig. 4. Experimental dispersion curves for the structured fabrics with a vacuum pressure of 20 kPa obtained using the correlation method. (a) 
colormap of the correlation magnitude at the wavenumber-frequency plane from the highest value (in yellow) to the lowest (in blue), (b) dominant 
wavenumber (black), and three other dominant wavenumbers with decreasing correlation magnitude (grey).
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Fig. 4(b), to highlight these modes, the dominant wavenumber at each frequency is plotted in black, while three additional less- 
dominant wavenumbers with decreasing correlation magnitude are plotted in grey. At first glance, all wave modes appear disper
sive, similar to flexural modes in beams; however, the detailed numerical analysis presented in the next section will provide deeper 
insights into their characteristics.

A notable feature is observed at approximately 2.6 kHz, where the dominant dispersion branch exhibits a change in curvature, 
indicating a variation in phase velocity. This behavior suggests a possible wave mode transition, such as mode veering, or the presence 
of wave modes with negative group velocity components. Beyond this frequency, higher-order branches become more pronounced, 
indicating the onset of additional propagating modes and an increase in modal density. Moreover, some branches appear only above 
specific frequencies, indicating cut-off frequencies associated with higher-order modes, while the absence of certain branches at lower 
frequencies suggests that these modes cannot propagate below their respective cut-off conditions. Finally, the figures show no band 
gaps within the investigated frequency range.

Fig. 5 shows the corresponding dispersion curves obtained at a vacuum level of 80 kPa. Compared with the 20 kPa results in Fig. 4, 
these curves exhibit a lower slope and a rightward shift, indicating an increase in structural stiffness associated with the higher vacuum 
level. Similarly, a distinct feature is observed at approximately 3.2 kHz, where the dominant branch shows an apparent change in 
curvature and interaction with secondary branches, suggesting a wave mode transition or the presence of negative group velocity 
components. In addition, fewer cut-on frequencies are observed than in the 20 kPa case, while higher-order branches are more clearly 
separated.

It is worth noting that the wavenumbers estimated using the correlation technique account only for their real component. 
Therefore, despite the careful experimental procedures implemented to minimise their influence, the estimated wavenumbers may still 
be affected by near-field wave contributions associated with boundary reflections, source positioning, and material damping. More
over, the coexistence of multiple wavenumbers further increases the complexity of their estimation.

4. Numerical modelling and dispersion examination

This section presents a numerical analysis of wave propagation in vacuum-controlled tuneable structured fabrics. First, a WFE 
model of the composite structure is introduced, and the resulting dispersion curves are compared with the experimental data presented 
above. Next, wave mode shapes are analysed, and the numerical dispersion curves are compared with analytical Euler-Bernoulli beam 
solutions to illustrate the physical wave behaviour.

4.1. WFE model of the in-vacuo TSF

As mentioned in the introduction, one of the most widely used methods for determining the dispersion curves of a periodic 
waveguide is the WFE method [29], implemented in COMSOL Multiphysics via the Floquet BCs [32]. This method requires discretising 
only a representative portion of the waveguide of thickness S, which captures its periodicity, and applying a geometric assumption (i. 
e., waveguide periodicity) to the problem domain through the following Floquet BC equation: 

udst = usrc e− i kF (rdst − rsrc), (2) 

where u denotes the displacement field vector, and subscripts ˝dst˝ and ˝src˝ designate a variable defined at the destination and the 

Fig. 5. Experimental dispersion curves for the structured fabrics with a vacuum pressure of 80 kPa obtained using the correlation method. (a) 
colormap of the correlation magnitude at the wavenumber-frequency plane from the highest value (in yellow) to the lowest (in blue), (b) dominant 
wavenumber (black), and three other dominant wavenumbers with decreasing correlation magnitude.
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source boundaries, respectively. kF is the Floquet wavenumber vector, defined in the Cartesian coordinates, and r represents the spatial 
coordinates vector of the boundaries on which the condition is applied [32]. This condition enforces that the displacement field on one 
periodic boundary differs from that on the opposite boundary only by a complex phase shift, governed by the Floquet wavenumber, 
thereby allowing wave propagation in an effectively infinite periodic structure to be modelled using a single unit cell.

In COMSOL Multiphysics, the eigenfrequency analysis under Floquet BCs is performed by first defining the unit cell geometry and 
assigning the Floquet periodicity to the relevant boundaries. The Floquet wavenumber is treated as a user-defined parameter, and a 
parametric sweep is performed to compute the eigenfrequencies at each wavenumber. These results are then used to construct the 
dispersion curves, efficiently capturing the band structure without modelling multiple unit cells. However, a phenomenon to consider 
when using these boundary conditions is the so-called band folding; that is, these dispersion curves become periodic with respect to 

wavenumber, with the first Brillouin zone 
(
− π
S < k< π

S

)
usually sufficient for analysis, while additional folding arises if the chosen 

problem domain is larger than the smallest repeatable one [32,48]. As described in Section 2, the structured fabrics investigated in this 
work consist of octahedral spheres formed by rigid, truss-like elements interconnected in a lattice. These elements exhibit non-linear 
contact stiffness, which often induces numerical convergence challenges [49]. To address this issue, the simplified beam model shown 
in (Fig. 6(a)) was employed. The model must capture the essential features of the real structured fabric, particularly the contact 
mechanics between octahedral spheres and their effective stiffness and mass properties. It comprises eight hollow spheres, each 
connected through four contact points. Notably, the number of spheres was established to represent the effective beam width under 
vacuum conditions. They are uniformly distributed, reflecting the quasi-lattice-like architecture of the tuneable structured fabric. The 
beam is assumed to extend infinitely along the z-axis, with unit cells (see Fig. 6(b)) defined by an outer diameter of 10 mm and a wall 
thickness of 1 mm. Consequently, the term rdst − rsrc in Eq. (2) corresponds to the distance between parallel faces, S, which is equal to 
the outer diameter. Free boundary conditions are automatically applied to all remaining boundaries. Any contribution of the plastic 
skin’s bending stiffness was considered negligible and is therefore not included in the model.

The key feature that the simplified model must incorporate is the inter-element contact, specifically between octahedral spheres 
[49]. These contacts are critical, as they govern the macroscopic mechanical behaviour of the structured fabric. They are induced by 
the confinement pressure applied via the fabric airtight bag. As the vacuum pressure increases, both the number of contact points and 
the contact area per sphere increase, directly influencing the global stiffness of the material. Although the real contact network is 
inherently heterogeneous due to local rearrangements of the chain-mail architecture during jamming, the structured fabric retains an 
underlying periodic organisation, allowing the contact behaviour to be represented through an equivalent periodic unit cell. In fact, 
the dependence of the contact area on the applied vacuum pressure is described by Hertzian contact theory [50], expressed as 

a = C
(

3pR3

E

)1/3

, (3) 

where a is the contact radius, E is the Young’s modulus, R is the sphere’s outer radius, and p is the confinement pressure exerted by the 
plastic skin. This relationship demonstrates that variations in pressure correspond to changes in contact radius and, consequently, in 
the global stiffness of the material.

In the real structured fabric, each unit cell (Fig. 1(c)) exhibits more than the four contact points considered in the simplified model. 
Furthermore, under vacuum conditions, lattice rearrangements modify both the number and configuration of these contacts, leading to 
changes in the effective macroscopic stiffness. Rather than representing an empirical fitting parameter, the factor C in Eq. (3) is 
introduced as an effective microstructural quantity accounting for the average number of simultaneous Hertzian contacts established 
between neighbouring unit cells under confinement. As the vacuum pressure increases, neighbouring octahedral spheres locally 
rearrange, allowing multiple truss members to come into contact simultaneously. Assuming that these individual contacts experience 
comparable local loading conditions, their normal contact stiffnesses act approximately in parallel, resulting in an equivalent contact 

Fig. 6. Simplified tuneable structured fabrics model used for simulations. (a) domain of the infinite beam with Floquet BCs applied to the faces 
perpendicular to the z-axis, (b) schematic of the unit cell domain showing magnified contact areas.
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stiffness proportional to the average contact multiplicity. Consequently, the contact radius is scaled by the factor C, which provides a 
homogenised description of the evolving contact network while preserving the computational efficiency of the periodic model. This 
interpretation is consistent with previous studies on jammed architected fabrics [11], which showed that the effective mechanical 
response of jammed systems is governed primarily by the topology of the contact network, whereas the intrinsic material properties of 
the individual particles have a comparatively smaller influence provided that the particles remain sufficiently rigid. Accordingly, the 
factor C is interpreted here as an average contact multiplicity representative of the jammed microstructure rather than as an arbitrary 
calibration parameter. This approach aims to homogenise the slightly heterogeneous mechanical response arising from discrete and 
non-uniform contact configurations.

Material properties, meshing, and parametric considerations were incorporated as follows. According to the supplier's data, the 
Nylon PA12 used for the realisation of the 3D-printed structured fabrics has a Young’s modulus of approximately 1800 MPa, a nominal 
Poisson’s ratio of 0.43–0.47, and a density of about 1010 kg/m3. To achieve the same effective stiffness and mass properties of the 
octahedral spheres, the material parameters of the hollow spheres were adjusted based on the PA12 reference values. To account for 
the combined effects of manufacturing-induced material degradation and the geometric differences of the structured fabric elements, 
the numerical model adopted an effective Young’s modulus of 900 MPa, a Poisson’s ratio of 0.45, and an effective density of 192 kg/ 
m³. In particular, the effective structural density was determined by averaging the measured mass of individual spheres and dividing it 
by the corresponding sphere volume computed in COMSOL Multiphysics. The effective Young’s modulus was obtained by averaging 
the results of multiple quasi-static compression tests performed on single chain-mail grains using a Tinius Olsen testing machine. 
Meshing and the related element sizing was determined automatically in COMSOL Multiphysics using the “normal” setting in “general 
physics” with second-order free tetrahedral elements generating 6723 elements per unit cell. Mesh convergence was manually verified 
by incrementally refining the mesh from “very coarse” to “very fine”. The “normal” setting was chosen as the optimal balance between 
accuracy and computational cost, since the subsequent finer refinement yielded a change in cut-off frequencies below the accuracy 
threshold.

4.2. Dispersion curves

Shown in Fig. 7 are the dispersion curves computed in COMSOL Multiphysics using Floquet BCs for vacuum pressures of 20 kPa and 
80 kPa. They are plotted as wavenumber versus frequency and represented by red dots. As previously noted, increasing the vacuum 
pressure leads not only to a larger contact area between adjacent spheres but also to an increase in the overall number of contacts. To 
account for this effect, the contact multiplicity factor C in Eq. (3) was set to four in the following simulations, corresponding to an 
average of approximately sixteen contact points per sphere under confinement. This value provides a homogenised representation of 
the jammed contact network and is consistent with the average number of contacts reported in [11].

The dispersion curves were computed over a frequency range up to 10 kHz by selecting the first 15 eigenfrequencies and were 
overlaid to the corresponding experimental ones (black dots) presented in Section 3.3, which were obtained using the correlation 

technique up to 5 kHz. The Floquet wavenumber was swept in the z-direction within the range 
[
0, π

S

]
, where the parameter S was set to 

10 mm and consequently the Brillouin zone is [0, 314] rad/m, corresponding to the smallest repeatable domain, to avoid band folding. 
It is worth noting that the built-in Floquet BCs in COMSOL Multiphysics restrict the analysis to real-valued wavenumbers. In addition, 
damping was not included in the model; therefore, the numerical dispersion curves represent purely undamped propagating wave 
modes. This inherent limitation of the numerical framework, which yields only real wavenumbers, further supports the adoption of a 
correlation technique formulated in terms of real wavenumbers and thus tailored to propagating waves.

Initially, the dispersion curves computed at a vacuum pressure of 20 kPa are considered (see Fig. 7(a)). Within the investigated 
frequency range, the simplified model predicts the presence of three zero-order wave modes that propagate at all frequencies, 
alongside several cut-off modes. The results also reveal multiple mode crossings and a mode veering near the branch that exhibits a cut- 

Fig. 7. Comparison between numerical and experimental dispersion curves for the in vacuo tuneable structured fabrics. The numerical solutions (in 
red) are implemented on COMSOL Multiphysics through the Floquet BC method, while the experimental ones (in black) via the correlation tech
nique. (a) Dispersion curves for a vacuum pressure of 20 kPa, and (b) 80 kPa.
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off frequency of approximately 4 kHz. Mode veering is a characteristic dispersion phenomenon in which, in the proximity of a critical 
frequency, two dispersion branches with slopes of the same sign (same direction of the energy velocity) abruptly veer apart rather than 
crossing, exchanging their trajectories. The corresponding wave mode shapes presented in Section 4.3 confirm that the interacting 
modes exchange their modal characteristics after the veering point, indicating modal hybridisation caused by wave-mode interaction 
rather than a true crossing. This interpretation is consistent with recent findings by Manconi et al. [51], who showed that strong wave 
coupling underlies mode interaction and, in periodically folded structures, may even lead to complete band-gap formation. In the 
present structure, although mode interaction is clearly observed, no complete band gaps develop within the investigated frequency 
range, suggesting that the coupling strength is insufficient to produce the locking mechanism reported in [51].

Another notable feature is the occurrence of negative group velocities. Across the full frequency range, most dispersion branches 
initially exhibit a positive slope before gradually transitioning to a negative slope, while a few branches cut off with a negative slope 
from the outset, indicating regions of negative group velocity. At higher frequencies, some branches that initially propagate with a 
positive slope abruptly transition to a negative slope at a wavenumber of about 200 rad/m, resulting in backward propagation. 
Although a universally accepted interpretation of negative group velocity remains lacking in the literature, it is generally understood 
that it cannot occur in isolation; rather, it is accompanied by a positive group velocity component, forming a composite wave group 
that propagates forward while experiencing attenuation [52–56]. This phenomenon warrants further investigation in future work.

Similar observations can be made for the numerical dispersion curves shown in Fig. 7(b). For the 80 kPa case, cut-off frequencies 
shift toward higher values, reflecting structural stiffening and providing additional confidence in the adopted contact modeling 
approach. While the experimental and numerical dispersion curves match closely in shape, the numerical model slightly overestimates 
structural stiffness. At both pressure levels, the numerical dispersion curves and experimental data show good qualitative agreement at 
low frequencies (below approximately 3 kHz), supporting the underlying simplifying assumptions. The first few branches are 
consistently captured, with comparable slope and curvature. Discrepancies arise at higher frequencies (above 3 kHz), where experi
mental data are more scattered, possibly due to wave attenuation, measurement noise, and mode superposition. Notably, the corre
lation technique identifies only the dominant excited wavenumbers at each frequency, whereas the numerical model accounts for all 
elastic waves that can propagate within the structure. Additional discrepancies originate from the simplifying assumptions adopted in 
the numerical model, including the representation of the jammed fabric as an equivalent periodic medium with homogeneous contact 
properties, local contact heterogeneity, manufacturing imperfections, and the stiffness contribution of the enclosing membrane. These 
simplifications are expected to have a progressively larger influence at higher frequencies, where the response becomes increasingly 
sensitive to the local microstructure.

Finally, as expected, increasing the confining pressure from 20 kPa to 80 kPa induces an overall upward shift of the dispersion 
branches in frequency for a given wavenumber, indicating an increase in structural stiffness as the plastic skin tightens around the 
structured fabrics. At 80 kPa, the model predicts that the contact radius is roughly twice that at 20 kPa, further highlighting the strong 
pressure-dependent tunability of the metamaterial’s dispersion characteristics.

To provide a physical interpretation of the fundamental branches of the dispersion curves, Fig. 8 compares the dispersion curves at 
the confinement pressure of 20 kPa with the analytical wave solutions of an equivalent homogeneous beam derived from Euler- 
Bernoulli theory. Although the local mechanics of the tuneable structured fabric is governed by nonlinear Hertzian contact and 
interfacial friction, the macroscopic response of the system is well approximated by that of a linear, homogeneous beam. This is 

Fig. 8. Comparison of dispersion curves for the in-vacuo tuneable structured fabrics at a vacuum pressure of 20 kPa with analytical wave solutions 
from Euler-Bernoulli beam theory. Red dots denote the COMSOL numerical results, blue (A) and black (B) lines correspond to dispersive bending 
wave modes, and the green line represents the non-dispersive longitudinal wave mode (C) of an equivalent homogenous beam.
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explained by the fact that the propagating wavelengths are significantly larger than the characteristic dimensions of the individual 
lattice elements.

The analytical solutions, namely the two zero-order bending wave modes (blue line, A, and black line, B) and the longitudinal mode 
(green line, C), closely match the numerical results along the positive-slope branches, up to the point where the numerical curves 
transition to a negative slope. The blue line indicates the bending mode along the narrower cross-sectional dimension, while the black 
line relates to the bending mode in the stiffer direction. The numerical longitudinal mode follows the analytical non-dispersive green 
curve at low frequencies, then becomes dispersive, veering around 3.8 kHz and crossing the bending wave mode (B) near 5 kHz. Both 
modes abruptly switch to a negative slope at a wavenumber of approximately 200 rad/m, resulting in backward propagation. To 
further characterize the dispersion branches, selected wave mode shapes, including the highlighted zero-order modes, are presented in 
the next section.

4.3. Wave mode shapes

In this section, a selection of wave mode shapes is presented to assess the significance of the different dispersion branches and to 
elucidate the behavior of waves propagating in the in-vacuo structured fabric. To facilitate their identification, a portion of the 
dispersion curves corresponding to the vacuum level of 20 kPa is shown in Fig. 9(a). The wave modes, labelled from A to F, are 
associated with the corresponding mode shapes depicted in Fig. 9(b). The mode shapes are illustrated by superimposing the deformed 
configuration of the waveguide domain, which reflects the structural periodicity, onto a reference configuration.

As noted earlier, within this frequency range the model predicts three zero-order wave modes that propagate at all frequencies: two 
bending modes (A and B) and one longitudinal mode (C). The flexural mode A clearly show rigid body motion in the y direction, 
whereas mode B displays rigid displacement along the x direction. The longitudinal mode C instead shows a rigid displacement along 
the wave propagation direction, z. Eight higher-order bending modes are also identified. The first three, labelled D, E, and F, follow a 
consistent pattern characterized by an increasing number of modal nodes. For instance, mode D represents the higher-order coun
terpart of the bending mode A. In this case, the displacements are out of phase, and a nodal point appears at the centre of the cross- 

Fig. 9. Wave mode shapes of the in-vacuo structured fabrics. (a) portion of numerical dispersion curves for a vacuum pressure of 20 kPa, and (b) 
pictorial of selected wave mode shapes.
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section, indicating second-order bending. Two additional wave modes with cut-off frequencies of approximately 3.2 kHz and 4 kHz are 
observed. Notably, the mode cutting off at 4 kHz with a negative slope appears as a higher-order longitudinal mode before tran
sitioning into a bending mode after veering.

The evolution of the wave mode shapes with frequency was also investigated, revealing that they remain consistent along both the 
positive- and negative-slope branches. Mode veering between the zero-order longitudinal mode C and the mode cutting off at 4 kHz is 
confirmed, with the corresponding mode shapes exchanging characteristics beyond the veering point. Within the veering region, 
however, both modes assume a more complex, non-recognisable shape that deviate from their typical patterns.

5. Conclusion

This study presented a preliminary investigation of wave propagation in beam-like, in-vacuo structured fabrics under different 
confinement pressures. A simplified one-dimensional wave finite element model of these structures was implemented in COMSOL 
Multiphysics, employing the Floquet BC method combined with Hertzian contact theory. Dispersion curves were computed for vacuum 
pressures of 20 kPa and 80 kPa and subsequently compared with corresponding experimental measurements. The numerical model 
successfully reproduced the main experimental dispersion features for both pressure conditions, with small discrepancies at higher 
frequencies attributed to wave attenuation, measurement noise, and modelling simplifications.

Overall, the combined dispersion and wave mode shape analyses provide a comprehensive understanding of wave propagation in 
the in-vacuo structured fabric and confirm the validity of the adopted modelling strategy. The numerical dispersion curves reproduce 
the principal features of the experimental measurements, particularly at low frequencies, and accurately capture key features such as 
cut-off modes, mode crossing, mode veering, and regions of negative group velocity. The comparison with the equivalent 
Euler–Bernoulli beam further clarifies the physical nature of the fundamental branches, enabling a clear identification of bending and 
longitudinal wave modes and their evolution with frequency. The examination of wave mode shapes corroborates these findings, 
revealing consistent modal characteristics along the branches and confirming the exchange of modal features within the veering re
gion. Importantly, the observed upward shift of the dispersion curves with increasing confinement pressure demonstrates the strong 
pressure-dependent tunability of the metamaterial, linking contact mechanics to its global dynamic response. Together, these results 
establish a coherent framework for interpreting the complex wave phenomena governing the system and highlight the effectiveness of 
the proposed approach in capturing both qualitative trends and the underlying physical mechanisms.

The results demonstrate that vacuum-controlled structured fabrics exhibit highly tuneable wave dynamics. Most importantly, they 
show that this behaviour can be predicted using a simplified model derived from Hertzian contact theory, with modifications 
incorporated to account for contact multiplicity. Increasing the confinement pressure enhances the overall stiffness of the structure, 
resulting in a shift of the dispersion branches toward higher frequencies. Notably, the dispersion analysis revealed the occurrence of 
negative group velocities, indicating the coexistence of forward- and backward-propagating waves. Wave mode shape analysis 
confirmed the presence of multiple bending and longitudinal modes, with the forward-propagating branches aligning closely with 
classical beam theory predictions. These findings provide fundamental insight into tuneable wave dynamics in adaptive structures and 
highlight promising directions for future research. In particular, since the operative wavelengths are significantly larger than the 
characteristic grain size of the material, the in-vacuo structured fabric effectively behaves as a homogeneous tuneable structure. 
Although its underlying architecture remains discrete, contact-based, and inherently nonlinear, its macroscopic response remains 
predictable and highly tuneable. Consequently, within the frequency and excitation amplitude ranges investigated in this study, the 
material can be approximated as an equivalent linear homogeneous waveguide with pressure-dependent effective properties. This 
allows the in-vacuo structured fabric to function as a programmable material whose effective mechanical properties are controlled 
solely by the confinement pressure within the airtight membrane, providing a versatile platform for the development of adaptive 
metamaterials and advanced vibration control systems.
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