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A B S T R A C T

This paper proposes a novel in-vacuo adaptive beam element for vibration control, which, in this 
study, is employed as an adaptive tuneable vibration absorber. The element is formed by a 
composite beam with a core of structured fabrics wrapped in a deflated plastic bag skin. The 
fabrics consist of 3D-printed chain mails of hollowed truss-like particles. A base post is connected 
at the middle section of the composite beam, such that its flexural vibration is controlled by a 
flapping fundamental natural mode whose natural frequency can be varied by changing the 
vacuum level in the bag. The dynamics of this arrangement replicates that of a suspended mass- 
spring-damper system and, thus, can be suitably used as a tuneable vibration absorber. The study 
considers in-vacuo composite beams with one or two overlapping chain mails made with cubic, 
spherical-octahedral, octahedral hollowed truss-like particles. To start with, the dynamic 
response of these structures is analysed with respect to dynamic stiffness frequency response 
functions measured with a six-point bending setup. The dynamic response of the centrally pinned 
in-vacuo adaptive beam element is then investigated considering the vibration transmissibility 
and base impedance frequency response functions. Finally, the tuning features and vibration 
control effects of the adaptive beam element are assessed by fitting it at the free termination of a 
clamped beam in order to control the resonant response of a target flexural mode. Overall, the 
experimental results have shown that the fundamental natural frequency of the proposed in- 
vacuo adaptive beam element can be swiftly lifted or lowered by modulating the vacuum level 
in the bag encasing the structured fabrics. Indicatively, the working centre frequency of the 
resulting absorber depends on the number of strips piled in the vacuum bag, which defines the 
thickness, and thus the reference bending stiffness, of the in-vacuo composite beam. Also, the 
working frequency bandwidth of the in-vacuo adaptive beam element mostly depends on the 
geometry, the material and the finishing of the chain mail particles. In fact, these properties infer 
on the number, the type (between convex or non-convex surfaces), the area and the friction 
coefficient of the contacts that develop between neighbouring particles of the mails and thus 
determine the range of bending stiffness that can be achieved by a given vacuum range in the 
deflated bag.

1. Introduction

Controlling vibration at low audio frequencies with classical passive treatments is a challenging problem, primarily because it 
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would require either bulky mass, stiffness, damping treatments or optimally designed vibration isolators and Tuned Vibration Ab
sorbers (TVA) [1–4]. Moreover, passive treatments work well at nominal operation conditions and cannot adapt to changes of either 
the disturbance or the dynamic response of the hosting structure. For this reason, the past three decades have seen a growing interest in 
Adaptive Tuned Vibration Absorbers (ATVA), which can be effectively adopted either to control low frequency time-harmonic vi
brations of mechanical systems subject to variable tonal excitations or to mitigate the low frequency resonant responses of time- 
varying distributed structures subject to broadband stationary stochastic disturbances [5]. Normally, ATVA systems rely on electro- 
mechanical solutions to create a tuneable spring-mass-damper system, such as, for example, shape memory alloys [6–9], magneto
rheological and electrorheological elastomers [10–14], thermo-viscoelastic materials [15,16], geometric regulation systems [17–20], 
electro-magnetic devices connected to electrical shunts [21–35] and piezoelectric patch/stack elements connected to electrical shunts 
[36–50]. The stiffness and inertia of these devices can be controlled electrically. In this way, the fundamental resonance frequency of 
the vibration absorber can be suitably varied to either track the frequency of the tonal excitation acting on a hosting system or to follow 
the resonance frequency that characterises the resonant response of a time-varying hosting structure subject to a broadband stochastic 
excitation. The damping effect of these devices can be varied electrically too, such that the vibration energy absorption for the tonal 
and broadband excitations can be properly optimised. Normally, to control tonal vibrations, the natural frequency of the ATVA should 
closely match the excitation frequency and its damping should be set to rather low values such that, at the excitation frequency, the 
absorber offers a very high reactive impedance to the hosting system [1–4,51]. Instead, to control broadband resonant vibrations, the 
natural frequency of the ATVA should be closely tuned to the target resonance frequency and the damping should be set to a critical 
value such that the absorber maximises the vibration energy absorption from the target resonant response of the hosting structure 
[51–58].

This paper builds up on Ref. [59] and proposes a novel in-vacuo adaptive beam element, which is composed by a beam-like 
composite structure encompassing core structured fabrics wrapped in a deflated plastic skin. The middle section of this beam is 
fixed to a post, which serves as a deflating junction too. The flexural vibration of the resulting two-arm beam is thus characterised by a 
flapping fundamental mode [60–64], whose dynamics resembles that of a mass-spring-damper classical vibration absorber [1–4]. The 
fabrics encompass an interwoven construction of truss-like hollowed particles, made using additive manufacturing technology [65]. 
They are coated in a sealed plastic bag whose interior vacuum pressure is controlled with a miniature pump connected to the post 
vacuum-junction. The bending stiffness property of this beam-like in-vacuo adaptive beam element can then be modulated by varying 
the vacuum pressure in the airtight bag. Hence, the fundamental natural frequency of the resulting vacuum-controlled ATVA can be 
varied online in such a way as to track the frequency of a tonal excitation or to trail changes in the resonant response of a hosting 
structure. Moreover, it can also be compensated in case of changes in the dynamic response of the in-vacuo beam element itself due to 
operation (e.g. vacuum leaks) or exogenous effects (e.g. temperature).

Unlike traditional knitted/woven fabrics made from continuous materials, such as for example fibres or wires [66–68], the 
structured fabrics used here are composed of a framework of interlocked discrete particles that repeat themselves in space in such a 
way as to form a conforming mesh. They are quite similar to medieval chain armours made by linkages of metal rings [69,70]. These 
structures exhibit a rather loose bending stiffness at ambient pressure. However, recently, Wang et al. [71] have proposed a new layout 
composed by 3-dimensional truss-like hollowed particles interlocked into a layered chain mail, which is wrapped in a sealed envelope. 
They have shown that, the bending stiffness of this assembly can be suitably varied by changing the vacuum level in the bag. Indeed, at 
ambient pressure the chain mail is loose and conforms to the encasing bag; however, the vacuum uniform pressure exerted by the 
coating envelope forces the particles to interlock and the chain mail to jam such that the whole structure formed by the inner structured 
fabric stripes and outer plastic envelope becomes rigid [72–80]. The work reported in Ref. [71] has shown that, with a small vacuum 
level in the casing bag, this composite structure may become more than 20 times stiffer than in its free configuration. This is due to the 
fact that, unlike materials made of loose solid grains (e.g. granular materials), these fabrics are characterised by interlocked truss-like 
hollowed grains such that contacts between convex surfaces and between non-convex surfaces may develop amid neighbouring 
particles (for simplicity, hereafter the two types of contacts will be referred to as “convex contacts” and “non-convex contacts”). As for 
solid granular materials [81], the convex contacts provide high normal-compressive and tangential-friction resistance [82–85]. 
Instead, the non-convex contacts, besides the tangential-friction resistance, provide a significant normal-tensile resistance too (e.g. see 
graph 3 in Ref. [71]), which is instrumental in having a high bending stiffness of the whole in-vacuo beam-like structure considered in 
this study [71,86,87].

This paper has three objectives. Firstly, to present in a consistent framework the fundamentals of jamming and interlocking of 
hollowed truss-like chain mail fabrics wrapped in deflated bags and to characterise the dynamic (vibration) response of the beam-like 
in-vacuo structure considered in this study. Secondly to describe the physics and working principles of the proposed in-vacuo adaptive 
beam element and to provide a comprehensive analysis of its vibration response. Thirdly to demonstrate that the beam-element can be 
effectively employed as a vacuum-controlled ATVA for the control of the resonant response of a target vibration mode of a hosting 
structure. For this purpose, the paper is structured in three main parts organised in Sections 2, 3, 4. To start with, Section 2 is focussed 
on the physics of in-vacuo chain mail fabrics. More specifically, Section 2.1 presents a comprehensive introduction to the phenomenon 
of jamming and locking of granular materials, which is then used in Section 2.2 to describe in detail the physics that governs the elastic 
response of the chain mail fabrics encased in a deflated bag considered in this paper. Then, Sections 2.2 and 2.3 bring together the 
physics of jamming and locking to explain the mechanical properties of the proposed in-vacuo composite structure; in particular the 
resistance to bending, which, surprisingly, is particularly high, and the energy dissipation, which, unexpectedly, is limited. Then 
Section 3 introduces the vacuum-controlled ATVA application. In details, Section 3.2 presents a short, but comprehensive, propae
deutic analysis of the physics of tuneable vibration absorbers set to control the resonant response of a hosting system with a simple and 
easy to interpret graph comparing the vibration transmissibility and base impedance frequency response functions (FRFs). These FRFs 
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are then used in Section 3.3 to interpret the experimental measurements taken on a prototype ATVA made with the in-vacuo beam 
element. Finally, Section 4 presents experimental results on the vibration control effects produced by the proposed vacuum-controlled 
ATVA on a cantilever beam rig, when the device is tuned to control the resonant response of the fundamental flexural mode.

2. In-vacuo structured fabrics: Working principles, design, fabrication and vibration response

To start with, the jamming and locking phenomena in granular materials is briefly revised here to provide a solid background on the 
physics that governs the flexural response of the in-vacuo adaptive beam element used to build the vacuum-controlled ATVA. The 
design and fabrication of the chain mails, as well as their packaging into the airtight bags, are then described in detail. Finally, the 
vibration responses of the resulting in-vacuo composite beams are analysed with respect to the vacuum level in their bags. This analysis 
is focussed on two aspects. Firstly, the physics of the flexural response at low frequencies, which has proven equivalent to that of a 
classical beam made of a homogeneous material. Secondly, the ranges covered by the fundamental flexural resonance frequency and 
by the damping ratio with respect to the vacuum level, which are relevant for the implementation of adaptive systems, such as, indeed, 
the ATVA application considered here. The in-vacuo element proposed in this paper is meant for semi-active applications, where its 
fundamental resonance frequency effect is continuously adapted in such a way as to compensate for changes in the dynamics of both 
the hosting structure and in-vacuo element itself. Thus, it is not meant to provide an accurate correlation between the imposed vacuum 
level and the fundamental resonance frequency, but rather to provide the maximum possible tuning range of the resonance frequency.

2.1. Jamming and locking of granular materials

As described in Refs. [79,80], jamming is at the core of rigidity of disordered, amorphous granular materials whose particles 
interact solely via contact forces. Dry, cohesionless, granular materials can exist only in presence of imposed external loads, such as for 
example, gravity body forces or external packing forces, i.e. isotropic compression forces. It is a collective phenomenon, where small 
local variations of the granular layout and particles connectivity alter the mechanical properties of the whole material. Jamming does 
not conform to ordinary phase transitions based on temperature variations (e.g. phase transitions of metals, glasses, etc.); on the 
contrary it relies on geometric constraints, that is, contacts between neighbouring particles. Thus, it occurs with a-thermal compounds, 
which are made by large enough particles such that there is no thermal motion (the energy from thermal fluctuations is much too small 
to dislocate the grains). Indeed, the jamming transition does not depend on temperature; on the contrary, it is resolved by two pa
rameters, that is: the available free volume per particle, also called packing fraction ϕ, and the shear stress τ applied on the material.

In general, jamming develops when the layout of contacts between neighbouring grains prevents motion of all grains and the 
applied stress is too small to collapse the grain aggregate. The unjamming transition, that is the rapid loss of rigidity by the whole 
material, occurs when the particles-filling drops below a critical threshold such that the particles gain mobility and the whole structure 
becomes compliant. Alternatively, it can also arise when the shear stress exceeds a limit that forces the compound to dilate and yield. 
Overall, the jamming/unjamming transitions solely depend on the extent to which the grains of the compound block each other. In a 
jammed state, the forces and moments acting on the aggregate should satisfy static equilibrium conditions on each grain, except for the 
so-called rattler grains, which do not meet the force or moment equilibrium conditions and thus are free to shake in a limited region of 
the particles unregular lattice. In case of friction grains, Coulomb equilibrium condition should also be satisfied; that is, the transverse 
forces acting at the contacts between neighbouring grains should be lower than the friction limit too. In general, the material maintains 
the disordered/amorphous layout on both unjammed, fluid-like, and jammed, solid-like, phases. In particular, in the jammed rigid 
phase, it does not develop regular structures, such as crystals.

In contrast to thermal fluid–solid transitions (e.g. metals and alloys), yet there is no firm and comprehensive theoretical framework 
for the jamming transition of granular compounds. Nevertheless, a unified “phase diagram” was proposed by Liu and Nagel in 1998 
[72] for aggregates that form disordered, i.e. amorphous, solids such as foams, colloids, granular materials, glassy molecular systems, 
etc. and was investigated in detail for compounds of frictionless particles [77]. As shown in Fig. 1a, the Liu-Nagel phase diagram 

Fig. 1. a) unified phase transition diagram proposed by liu and nagel [72] for amorphous systems, b) jamming phase diagram for frictionless 
granular aggregates, c) shear jamming phase diagram for frictional granular aggregates (reconstructed from Ref. [79]). Here ϕ is the packing 
fraction, τ is the shear stress, T is the temperature.
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expanded the traditional phase plane for the space density (or packing fraction ϕ) versus temperature (T) by adding the shear stress (τ) 
dimension. This diagram was first proposed with the intention of unifying the glass transition (T − ϕ plane) with the purely athermal 
jamming transition (ϕ − τ plane). The diagram indicates that there is a lower packing fraction ϕJ for which isotropic (i.e. shear free) 
jamming can exist [80], which is normally recalled as the Random Close Packing (RCP) [79].

To investigate the jamming transition, normally the a-thermal plane ϕ − τ shown in Fig. 1b,c is considered. The nature of the 
contacts, that is of the forces, that develop between neighbouring particles of the aggregate is a key factor for the jamming/unjamming 
phase transition. For example, if the particles in the aggregate were frictionless [88–91], then only normal forces would develop at 
contact points between neighbouring particles. Assuming the thermal energies were negligible, and the grains were stiff enough such 
that they cannot be distorted by the stress applied to the whole aggregate, the jamming transition solely depends on the number and 
orientation of contacts. For instance, as shown in Fig. 1b, assuming the bulk of grains is not exposed to a shear stress, i.e. τ = 0, then, as 
the packing increases, and thus the free volume between particles is reduced, the number of contacts between neighbouring grains rises 
and thus the mobility of the particles progressively falls until it reaches mechanical equilibrium at a critical packing fraction ϕJ where 
the material displays both non-zero bulk modulus B and non-zero shear modulus G of elasticity. The transition from the amorphous 
fluid-like unjammed phase to the amorphous solid-like jammed phase is quite abrupt and, for aggregates made of frictionless spheres, it 
occurs at the critical value of ϕJ = 0.64 [77–81]. The J-point represents a critical phase transition where, likewise molecular fluids 
nucleate into crystalline-solid, a particle aggregate develops into an amorphous solid. If the packing, that is the free volume, of the 
particles aggregate was further increased, then the material would withstand larger shear stresses before reaching the jamming/ 
unjamming, i.e. solid/fluid, phase transition. Conversely, if the material was exposed to a shear stress, then jamming will occur to 
slightly higher critical packing fractions ϕ > ϕJ, which are defined by the “yield stress line” shown in Fig. 1b. This line divides the a- 
thermal plane ϕ − τ in two parts, where on the left-hand side the material is in an unjammed state characterised by an amorphous 
aggregate of free particles, that is a fluid-like material, and on the right-hand side the material is in a jammed state characterised by an 
amorphous aggregate of blocked particles, that is a solid-like material. In summary, aggregates made with frictionless grains jam either 
at τ = 0 and ϕ = ϕJ or along the yield stress line with τ ∕= 0. In general, jamming/unjamming of cohesionless granular materials can be 
generated either by increasing/decreasing the density, i.e. the packing fraction ϕ, of the material through boundary isotropic 
compression/decompression or by decreasing/increasing the shear stress τ acting on the material through an applied shear load at the 
boundary.

If the particles displayed friction [78,92–99], then the critical packing density would extend to ϕS < ϕJ, which is normally recalled 
as the Random Loose Packing (RLP) [79]. According to Cates et al. [100], in this case, when the bulk of grains is exposed to small levels 
of shear, strong contact forces develop in the material which percolate to the boundary along the compression direction only in such a 
way as they form parallel filaments-like of forces. As shown by the lower sketch in Fig. 1c, the material forms an anisotropic jamming 
structure, which can withstand continued shear in this direction but would fall apart if the shear were reversed. This phenomenon leads 
to the so-called Fragile Jamming (FJ) which, according to Fig. 1c, extends up to the so called “percolation transition line”, where, for 
the given packing fraction ϕ, the imposed stress is large enough to generate strong force networks that percolate to the boundary in all 
directions such that, as shown by the simplified upper sketch, the material can withstand shear in all directions and thus it can resist to 
shear reversals too. For aggregates formed by frictionally spheres the RLP packing density is ϕS = 0.55. In general, aggregates made of 
frictionless particles can be sheared up to packing fractions ϕJ; instead, in presence of friction, the particles should dilate to shear the 
aggregate. Therefore, to have shear jamming, the aggregate should be confined in a fixed volume, which leads to the dilation of the 
particles necessary to develop the shear jamming [80].

The critical density ϕJ defines a critical point where the amorphous aggregate starts displaying a bulk modulus B and shear modulus 
G of elasticity. In general, both parameters show a power law scaling with respect to the relative packing densityΔϕ = ϕ − ϕJ > 0, 
where, as ϕ→ϕJ from above, G vanishes continuously whereas B remains constant to then suddenly drop in for values of ϕ close to ϕJ. 
Thus, as ϕ→ϕJ, there is quite a large ratio B/G, which can be approximated by the following relation B/G ≈ Δϕγ, where γ = 0.5. This 
indicates that in the vicinity of point J the granular material is much more susceptible to shear than to isotropic compression and works 
more like a liquid. Alternatively, as ϕ ≫ ϕJ, the particle aggregate responds more like an ordinary solid both with respect to shear and 
compression, which may display localised failure zones like brittle materials. The in-vacuo composite structure considered in this study 
is indeed operated at vacuum levels such that it exhibits a solid-like state having elastic properties, i.e. bulk B and shear G moduli, that 
span over given ranges to provide the tuning feature necessary to have a vacuum-controlled ATVA.

Beside the confining pressure, that is the volume packing, imposed on a granular material, the elastic properties of the jammed 
material, i.e. its bulk and shear moduli, B and G, depends on the number and type of contacts between neighbouring particles, which, in 
turn, depend on the shape, friction coefficient, elastic modulus of the particles themselves. As shown in [101–104], the possibility of 
fabricating particles with new shapes has emerged with 3D printing, such as Archimedean and Platonic solids, ellipsoids, cuboids, 
superballs, cylinders, cones, frustums and overlaps of disks and spheres. In this respect, of great interest are particles with non-convex 
shapes [105–109], such as jacks, dolos, or hollowed particles like the tetrahedral frames. Aggregates with these types of grains are 
characterised by both convex and non-convex contacts, which lead neighbouring particles to interlock and generate the so-called 
geometrical friction [110,111] such that new jamming configurations with unique mechanical properties can be generated [71]. 
Even if the non-convex shapes may lead to lower packing of the aggregate, the interlocked particles are characterised by quite a 
significant geometrical friction, which can lead to high mechanical properties (e.g. bulk and shear moduli) in front of a much less dense 
aggregate, that is with a much lighter material. Recent studies have shown that, in presence of a significant network of interlocking 
contacts, the aggregate would require comparatively much lower confining pressure to generate significant mechanical properties of 
the jammed material [112,113]. The chain mails employed in this study are indeed formed by complex hollowed truss-like grains such 
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that, when they are wrapped into a deflated bag, both convex and non-convex contacts are generated by concurrent states of 
compression and tension due respectively to the jamming and locking effects of the hollowed particles [71], which leads to significant 
bending stiffness effect.

2.2. Beam-like in-vacuo structured fabric: Design and fabrication

The key component of the proposed in-vacuo adaptive element is the deflated composite beam structure. As shown in Fig. 2, this in- 
vacuo adaptive beam element is formed by one or multiple core sheets of structured fabrics wrapped by an outer airtight plastic skin (in 
this study configurations with one or two layers are considered) [59]. The core fabrics are formed by a network of rigid truss-like 
hollowed elements, which, as depicted in Fig. 3, are interlaced in such a way as to form a loose lattice structure. When the outer 
plastic bag is deflated, the core fabrics jam and interlock in such a way as they develop both convex contacts and non-convex contacts, 
where, as discussed above, the latter are characterised by high levels of the so-called geometric friction [110,111]. As can be noticed in 
Fig. 2, when the chain mail undergoes the isostatic compression exerted by the vacuum bag, to a certain extent, it maintains the lattice 
structure. Thus, the resulting in-vacuo composite beam does neither show an entirely amorphous layout nor a regular lattice structure. 
Indeed, it should be classified as a “quasi-amorphous solid” or as a “quasi-crystalline solid” depending on whether one would like to 
emphasise the jammed underlying layout or the chain-mail primary structure of the material. Nevertheless, the combination of the 
amorphous and lattice features gives to this material quite unique features, such as low density and fairly high mechanical properties, 
that is high tensile and compressive resistance, which for the beam-like structure develops into bending resistance too. Rather 
importantly, the mechanical properties can be suitably modified online by varying the vacuum level in the casing bag, making these 
materials ideal candidates for the development of innovative smart materials and systems such as, indeed, the in-vacuo adaptive beam 
element and vacuum-controlled ATVA discussed in this paper.

As shown in Fig. 3, three types of chain mails were fabricated for this study, which have cubic, spherical-octahedral and octahedral 
hollowed elementary truss-like grains. Table 1 provides the geometries and principal dimension of the three truss-like particles, which 
occupy a volume of about 0.06cm3 each. Also, Table 2 gives the physical properties of the Nylon PA12 material used to fabricate the 
chain mail fabrics. The structured fabrics built for this study were manufactured by an HP Multi Jet Fusion (MJF) printer. MJF-printed 
parts can be used both for prototypes and for end-user components. With this technology, additive manufacturing does not need 
support structures and complex post processing operations. During printing, all empty spaces are filled with wasted powder, making 
MJF printouts self-supporting. That same powder is then continuously recycled for the following fabrications. MJF can be a successful 
solution for complex designs: it allows parts consolidation and very complex and interconnected geometries, which is generally a 
problem using other technologies such as fused deposition modelling (FDM) or stereolithography (SLA).

As shown in Fig. 2, the in-vacuo beam-like composite structures considered in this study were assembled by stacking one or two 
chain mails in a transparent bag, which had been home-made by bonding along the edges two overlapping plastic films. The di
mensions of the plastic sheets were chosen in such a way as to have a rectangular box that would adhere to the loose mesh. A suction 
pipe was sealed on one side of the bag and was then used to deflate the plastic box in such a way as to modulate the isostatic vacuum 
pressure exerted on the chain mail and thus its packing volume. As shown by Wang et al. (see graph 3 in Ref. [71]), the level of packing 
infers on the number of convex and non-convex contacts as well as on the nature of the contact forces due to compression-like jamming 
and tension-like interlocking effects between neighbouring grains. Overall, the result was a beam-like structure displaying a significant 
flexural resistance effect, where the bending stiffness could be modulated by varying the vacuum level in the bag, that is the packing 
fraction of the chain mail granular material. In practical applications, it is expected that the beam structure will be made with quite a 
few layers of overlapping structured fabrics such that it displays comparatively large bending stiffnesses. Moreover, to enhance the 
bending stiffness, the mails will be entangled on each other with a special three-dimensional knitting fabrication process.

Fig. 2. Beam-like in-vacuo composite structure formed by a core strip structured fabric coated in an airtight plastic bag (a), which is deflated via a 
small suction pipe (b).
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2.3. Beam-like in-vacuo structured fabric: Flexural vibration response

As anticipated above, the proposed in-vacuo adaptive beam element operates in such a way as its bending stiffness can be suitably 
varied by modulating the vacuum level in the bag encasing the chain mail fabric(s). Hence, its dynamic response is investigated here 
with respect to the transverse dynamic stiffness FRF measured at the middle section when the beam element is held pinned at the two 
ends. The results of quite a few tests are presented that were taken on samples encompassing single- or double-layers of the structured 
fabrics depicted in Fig. 2, which were fabricated with the hollowed truss-like particle listed in Table 2. The transverse dynamic stiffness 
FRF provides straightforwardly an indication of how the vacuum influences the static and dynamic bending stiffness of the beam-like 

Fig. 3. Structured fabrics encompassing (a) cubic, (b) spherical-octahedral, (c) octahedral truss-like grains.

Table 1 
Hollowed truss-like particles used to fabricate the chain mail fabrics employed in this study.

Grains type Geometry Width 
(mm)

Length 
(mm)

Thickness 
(mm)

Mass 
(g)

Cubic 110 190 15 39

Spherical 
octahedral

100 210 10 49

Octahedral 110 240 15 62
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elements, that is their fundamental flexural resonance frequency. This is the key parameter for the operation of the proposed in-vacuo 
adaptive beam element and, indeed, for the vacuum controlled ATVA application investigated in Section 3 below. Assuming time- 
harmonic vibrations with circular frequency ω, the dynamic stiffness at the centre section of the beam specimen is given by [114]: 

K(ω) = fb(ω)

wb(ω)
(1) 

Here, wb(ω) is the complex amplitude of the time-harmonic transverse displacement wb(t) = Re
{
wb(ω)ejωt } imposed at the middle 

point of the beam span and fb(ω) is the complex amplitude of the time-harmonic bending force fb(t) = Re
{
fb(ω)ejωt } resulting at the 

same point.
The analysis is based on measurements taken with the setup shown in Fig. 4a, which is formed by a base-clamp fixed to a heavy 

concrete block and a vibrating clamp actuated by a shaker mounted on a stiff steel structure fixed to the same heavy concrete block. As 
detailed in Fig. 4b, the base-clamp has two posts with sharp jaws, which are used to fix the transverse displacement of the beam ends 
but leave their rotation free such that, as illustrated in Fig. 4c, they replicate a simply supported boundary condition. Likewise, the 
vibrating clamp also has sharp jaws such that, as shown in Fig. 4c, a transverse displacement is generated at the middle section of the 
beam. An impedance head is mounted in between the shaker table and the vibrating clamp to measure the dynamic stiffness FRFs with 
a two channels spectrum analyser. The FRFs were measured with a two-channels spectrum analyser that implemented a frequency 
domain analysis based on a random excitation and the derivation of self and cross power spectral density functions from which the FRF 
between the input and output signals can be suitably calculated (e.g. see examples 9.4 and 9.5 in in Ref. [115]). The analyser provided 
estimates of the apparent mass FRFs, i.e. complex force over complex acceleration, which were suitably converted into dynamic 
stiffness FRFs, i.e. complex force over complex displacement, after diving the accelerance by − ω2.

Moving to the measurement results, Fig. 5 shows the modulus and phase diagrams of the dynamic stiffnesses of the in-vacuo beam- 
like specimens encompassing either a single (solid-black lines) or two (solid-blue lines) chain mails made with a) cubic, b) spherical- 
octahedral and c) octahedral particles. The measurements are taken in the low frequency range of interest for the vacuum-controlled 
ATVA discussed in the forthcoming Sections 3 and 4, which is comprised between 5 and 40 Hz. As specified by the arrows, the diagrams 
report the measured FRFs for incremental vacuum pressures of 5, 10, 20, 40, 60, 80 kPa. All measurements show similar spectra, with 
the modulus characterised by a constant value at low frequencies and then a sharp trough, centred at the fundamental resonance 
frequency, followed by a constant rise proportional to the square of frequency. At low frequencies the phase starts at 0o and then 

Table 2 
Nylon PA12 technical specifications.

Property Value

Powder melting point 187 ◦C
Particle Size 60 µm
Density of parts 1.01 g/cm3

Tensile strength 48 MPa
Tensile modulus 1800 MPa
Elongation at break 15–20 %
Bending strength 65–70 MPa
Bending modulus 1730 MPa

Fig. 4. Six points bending setup for flexural dynamic stiffness measurements.
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Fig. 5. Dynamic stiffness FRFs of the simply supported beam-like in-vacuo composite structures with core structured fabrics made with cubic (a), 
spherical octahedral (b) and octahedral (c) particles. Solid-black lines single-layer strips, Solid-blue lines double-layer stripes. Arrows indicate 
growing vacuum pressures 5, 10, 20, 40, 60, 80 kPa. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)
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rapidly shifts to +180o in correspondence of the resonance frequency. Hence, overall, the spectra resemble the typical dynamic 
stiffness of a constrained beam structure at low frequencies, where the response is controlled by the resonant response of the 
fundamental bending mode [116]. In fact, it displays a stiffness-like response below resonance frequency and a mass-like response 
above resonance, whereas the resonance trough is controlled by damping [114]. Overall, the diagrams show that the low frequency 
amplitude of the FRFs, which is controlled by the static bending stiffness of the specimens, tends to raise as the vacuum pressure is 
brought up. Instead, as one would expect for a fixed mass structure, the high frequency amplitude, which is controlled by the transverse 
inertia effect of the specimens, tends to the same asymptote that grows proportionally to frequency squared for all vacuum pressures. 
Consequently, the resonance frequency of the samples tends to raise as the vacuum pressure is brought up.

The graphs in Fig. 5 show dynamic stiffness FRFs, that is the ratio of force over displacement: K(ω) = fb(ω)/wb(ω). Hence the sharp 
troughs in the diagrams of the moduli are due to a resonance effect. Indeed, if the dynamic flexibility given by the reciprocal of the 
dynamic stiffness, i.e. α(ω) = 1/K(ω) = wb(ω)/fb(ω), were plotted instead, the diagrams of the moduli and phases would show 
mirrored spectra. In particular, the diagrams of the moduli would show sharp resonance peaks. Hence, the width of the troughs in the 
spectra of Fig. 5 depend on damping, whose value can be derived with the classical half-power bandwidth formula [117], except that in 
this case the bandwidth is calculated considering a 3 dB, i.e. 

̅̅̅
2

√
, increment of amplitude of the modulus with respect to its lowest 

value at the resonance frequency. The diagrams in Fig. 5 show comparable troughs having similar bandwidth, which suggests that the 
damping does not change much as the vacuum pressure is brought up.

As can be deduced straightforwardly from the spectra in Fig. 5 and from the summary plot in Fig. 6a that reports the resonance 
frequencies obtained from the peaks in the spectra in Fig. 5, in general, the in-vacuo composite beams encompassing one chain mail 
display smaller fundamental resonance frequencies fr than the beams with two overlapped chain mails. For instance, when the vacuum 
pressure is brought up from 5 kPa to 80 kPa, the resonance frequencies of the beams with a single chain mail made with cubic, spherical 
octahedra and octahedra span over the following bands 17 – 21.5 Hz, 14.1 – 15.8 Hz, 14 – 16.2 Hz. Hence, when the vacuum is 
brought up from 5 kPa to 80 kPa, the resonance frequencies raise by 26.4 %, 12 %, 15 % respectively. Alternatively, the resonance 
frequencies of the beams with a double chain mail made with cubic, spherical octahedra and octahedra cover the following bands 
25 – 34 Hz, 23 – 28 Hz, 32 – 35 Hz. Thus, for a 5 kPa to 80 kPa increment of the vacuum in the encasing bags, the resonance fre
quencies raise by 36.0 %, 21.7 %, 9.3 % respectively. In summary, when the vacuum in the deflated bags is raised from 5 to 80 kPa, the 
specimens encompassing cubic chain mails show the highest-values and wider-range resonance frequencies. In general, for the 5 to 80 
kPa increment of vacuum in the encasing bags, the resonance frequencies of the specimens with two overlapped chain mails are about 
60 % to 130 % higher than those of the specimens with one chain Moreover, they span over 30 % wider frequency ranges.

These results confirm that the bending stiffness, and thus the resonance frequency of the fundamental flexural mode, of the in- 
vacuo composite beams can be suitably modulated by varying the vacuum level in the encasing bags. Indeed, the isostatic vacuum 
pressure produced on the chain mails by the deflated bag increases the number of contacts between the hollowed truss-like particles 
and enhances the friction effects such that the composite material displaces higher bulk and shear moduli of elasticity. This is reflected 
into higher bending stiffness of the samples and thus higher fundamental resonance frequencies. Although this is not a classical ho
mogeneous solid material, the bending stiffness is defined by the geometry of the transverse section of the beam specimen too. In 
particular, it is linked to the area moment of inertia, which for a rectangular cross section is given by Ib = bh3/12, where b and h are the 
width and height of the section respectively. Hence, as seen in the measurements, having multiple chain mails shifts to higher values 
the bending stiffness, and thus the fundamental resonance frequency, of the samples. In this study the arrangement with two structured 
fabrics was assembled by simply encasing in the plastic bag the two chain mails overlayed one on top of the other such that, during 
bending, they got jammed but not interlocked. It is thus expected that the stiffness can be raised further with three dimensional mails 
such that the locking effect would develop both along the length and along the cross section of the beam. The experimental results 
highlight that the bending stiffness, and thus the fundamental resonance frequency, of the beam specimens depends significantly on 
the geometry of the hollowed truss-like particles too. For instance, the specimens encompassing two chain mails made with octahedral 
particles display the highest bending stiffnesses and thus the highest fundamental resonance frequencies, which are comprised be

Fig. 6. (a) Resonance frequencies fr and (b) damping ratio ξ vs. vacuum pressure P of the simply supported beam-like in-vacuo composite structures 
with one (dash-dotted lines) and two (dotted lines) core structured fabrics. Red lines-squares for cubes, blue lines-circles for spherical octahedra, 
magenta lines-triangles for octahedra, (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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tween 32 and 35 Hz. Nevertheless, the specimen made with two chain mails of cubic particles shows the largest span of bending 
stiffnesses and thus of fundamental resonance frequencies that encompass a range of 9 Hz comprised between 25 and 34 Hz.

The results presented in this study cover a very limited number of designs of the in-vacuo composite materials. Nevertheless, they 
have shown how the vacuum pressure, the number of the chain mails, the geometry of the grains infers on the mechanical properties of 
the beam structures. It is expected that the size of the grains, as well as the material they are fabricated from, should have a significant 
impact on the jamming and locking phenomena too, both with respect to the number of contacts and in terms of the friction produced 
at the contact points. Overall, it is foreseen that structures characterised by fundamental resonance frequencies that cover much higher 
frequencies and span over much wider frequency ranges can be developed by properly choosing a) the type, material and size of the 
grains, b) the dimensions of the chain mails and c) the number and type of overlayed mails (free to slide or 3D woven).

To complete this analysis, the plot in Fig. 6b summarises the damping ratios that characterise the resonant response of the 
fundamental bending mode of the beam samples considered in this study. As anticipated above, they were derived from the width of 
the resonance throughs using the classical half-power bandwidth method [117], which states that the damping ratio is given by the 
following relation ξ = 0.5(ω2 − ω1)/ωr, where, in this case, ωr is the resonance circular frequency and ω1, ω2 are the circular fre
quencies where the amplitude of the resonance trough is raised by a factor 

̅̅̅
2

√
with respect to the resonance frequency. The FRFs were 

measured with a fairly high sampling rate of 0.1 Hz and thus it is expected the damping ratios were estimated quite accurately. This 
plot presents an entanglement of data in a range of damping ratios comprised between 0.02 and 0.05. On average, the specimens with a 
double layer of structured fabrics have slightly higher damping than those with a single layer. Overall, these results indicate three 
important outcomes. Firstly, the level of damping is pretty low for all specimens. Secondly, the vacuum level in the encasing bags does 
not have a significant effect on damping. Thirdly, the type of particles forming the chain mails has little effect on damping too. These 
are quite important results, which suggest that the proposed composite material can be swiftly used to tune the bending stiffness, and 
thus the natural frequency, of the beam specimen without inferring on its damping.

The results presented in this section suggest that the in-vacuo beam element can be suitably used as an adaptive element for vi
bration control applications. For instance, as will be shown in the forthcoming sections, it can be used as an adaptive tuneable vibration 
absorber. Indeed, the beam element can be mounted on a post such that it works as a flapping beam whose dynamics resemble that of a 
mass-spring-damper system, that is of a tuneable vibration absorber. The operational frequency of the device can be swiftly varied over 
a given range by adjusting the vacuum level in the bag. The nominal centre frequency of operation will depend on the dimension of the 
beam element as well as the type, geometry and number of chain mails. The tuning range will instead depend on vacuum exerted on the 
bag.

3. Vacuum-controlled ATVA: design, fabrication, working principles and vibration response

The design and working principles of the vacuum-controlled ATVA application considered in this paper are now analysed in detail. 
To start with, the actual layout of the absorber is presented, which is made by fixing the in-vacuo adaptive beam element discussed 

Fig. 7. Vacuum-controlled ATVA mounted on a shaker table (dimension in mm).
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above on a post junction. Next, its dynamic response is briefly examined on a qualitative level with simulations assuming it is mounted 
on a flexible beam structure to control the resonant response of the fundamental flexural mode. Then, the actual dynamic responses of 
vibration absorber prototypes encompassing the in-vacuo composite beams made with either a single or a double chain mail fabricated 
respectively with cubic, spherical-octahedral and octahedral grains are thoroughly investigated experimentally. More specifically, to 
start with, measurements of the displacement transmissibility FRFs between the base junction and two ends of the in-vacuo composite 
beam are analysed to provide an indication of the flapping response of the beam itself, which is at the basis of the vibration absorption 
mechanism. Then, measurements of the base impedance FRFs taken at the base post are examined, which provide an indication on its 
applicability to control the resonant response of a hosting mechanical system or structure.

3.1. Vacuum-controlled ATVA design and fabrication

As anticipated in the Introduction, the in-vacuo composite beam described in the previous Section 2.1 can be used as a tuneable 
vibration absorber device. To this end, a circular hole has been made in the middle of the bottom sheet of the plastic bag encasing the 
structured fabric. A specially dedicated post has then been sealed on the hole. As can be noticed in Fig. 7a, the post is a small blue 
hexagonal component, which has been designed and built with 3D printing technology in such a way as it performs two tasks. Firstly, it 
acts as a base junction such that the ATVA can be conveniently bolted on a mechanical system or distributed structure via the threaded 
hole made on the bottom face of the cylindrical element (see Fig. 7b). Secondly, it also works as a plug-in junction for the air suction 
supply. To this end, as shown in the drawings of Fig. 7b, an L-shaped cavity with circular section was devised inside the junction 
element, with one termination on its top face where the bottom sheet of the plastic bag is sealed and the other termination on the 
lateral face where a tube connector is fixed. More specifically, the top opening was threaded in such a way as to screw in a ring stopper 
that seals the hollowed bottom layer of the bag to the junction. To avoid leakages, butyl sealing tape was used in the thread. The lateral 
opening of the L-shaped circular cavity was also threaded in such a way as to fix an off-the-shelf connector where to plug in the air 
suction tube. As can be seen in Fig. 7, a small diameter flexible tube was thus tightened between the junction post and the vacuum rig 
used to deflate and control the vacuum level in the sealed bag, which was composed of a vacuum pump, a vacuo-meter and a check 
valve.

3.2. Vacuum-controlled ATVA working principle

Before entering into the details of the dynamic response of the prototype vacuum-controlled ATVA investigated in this study, the 
tuning and vibration control performance of an ATVA connected to a flexible structure is briefly revised here on a qualitative level in 
such a way as to highlight upfront what type of mechanical action the absorber should exert on the hosting system to reduce its 
resonant response. As shown in Fig. 8a, the analysis is inspired to the practical case examined in the forthcoming Section 4 where the 
in-vacuo adaptive beam element described above is mounted at the tip of a clamped beam to control the resonant response of its 
fundamental flexural mode. Here, the low frequency response of the hosting beam structure is analysed considering the contribution of 
the fundamental flexural natural mode only, which is modelled with the modal mass-spring-damper lumped parameter model depicted 
in Fig. 8b. As discussed in Refs. [60–63] for beam-like vibration absorbers, the low frequency vibration of the two-arms in-vacuo 
composite beam should be characterised by a flapping bending mode. Hence, as shown in Fig. 8c, the low frequency flexural response 
of the post and beam assembly can be modelled in terms of a base and seismic mass connected via a spring and damper in parallel. To 
simplify the analysis, only the response of the fundamental bending mode of the beam is considered with the lumped parameter model 
depicted in Fig. 8b assuming the physical parameters listed in Table 3, which had been identified with the test rig considered in Section 
4.

In this case, the equations of motion for the structural mode and the vibration absorber are given by [4]

Fig. 8. (a) Beam structure with the proposed vacuum-controlled ATVA for the control of the resonant response of a target flexural mode. (b) 
Equivalent lumped model for the resonant response of the target mode and vacuum-controlled ATVA. (c) Lumped model of the vacuum- 
controlled ATVA.
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(m1 + mb)ẍ1 = − c1ẋ1 − k1x1 + ca

(

ẋa − ẋ1

)

+ka(xa − x1)+ f1 (2) 

maẍa = − ca(ẋa − ẋ1)− ka(xa − x1) (3) 

As specified in Fig. 8, m1, c1, k1, f1 are the modal mass, damping, stiffness and modal force for the first bending mode of the beam 
structure and mb, ma, ca, ka are the base mass, seismic mass damping factor and stiffness of the vacuum-controlled ATVA. Assuming the 
time-harmonic displacements and force excitation are given in the complex form x1(t) = Re

{
x1(ω)ejωt }, xa(t) = Re

{
xa(ω)ejωt }, 

f1(t) = Re
{
f0ejωt}, where x1(ω), xa(ω) are the complex amplitudes of the displacements and f0 is the amplitude of the force excitation, 

after some mathematical steps, the complex amplitude of the mode-1 displacement for the beam without and with vacuum-controlled 

Table 3 
Physical parameters of the lumped element system shown in Fig. 8b,c used for the qualitative analysis of the vacuum-controlled ATVA system 
depicted Fig. 8a, which had been identified from the rig considered in Section 4.

Component Property Value

Beam 
fundamental natural mode

Natural frequency f1 = 38Hz(ω1 = 238.7rad/s)
Damping ratio ξ1 = 0.02
Modal mass m1 = 0.340kg
Modal stiffness k1 = (m1 + mb)ω2

1 = 22120 N/m
Modal damping c1 = 2m1ω1ξ1 = 3.6 N/ms− 1

Optimal ATVA 
(tuning parameters were taken from Tab. 1 of Ref. [58] for the minimisation of the time average 
kinetic energy of the hosting system).

Seismic mass ma = 0.052kg
Base mass mb = 0.024kg
Mass ratio μ = ma/(m1 + mb) = 0.14
Optimal frequency 
ratio

νa,opt = 1/
̅̅̅̅̅̅̅̅̅̅̅̅
1 + μ

√
= 0.94

Natural frequency fa,opt = νa,opt f1 = 35.6Hz(ω1 =

223.3rad/s)
Stiffness ka,opt = maω2

a = 2594 N/m
Optimal damping 
ratio

ξa,opt =
̅̅̅μ√
/2 = 0.19

Damping ca,opt = 2maωa,optξa,opt =

4.4 N/ms− 1

Fig. 9. (a) Spectra of the time-averaged flexural kinetic energy K1 (ω) of mode 1 of the structure depicted in Fig. 7. Beam without (solid blue line) 
and with lightly-damped (dotted red line) and optimally-damped (solid black line) ATVA. (b) and (c) spectra of the modulus and phase of the 
vibration transmissibility T(ω) (dotted red line) and base impedance Zb (ω) (solid blue line) of the optimally tuned ATVA. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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ATVA is given respectively by [4]

x1(ω) =
1

k1 − ω2(m1 + mb) + jωc1
f0 (4) 

x1(ω) =
(ka − ω2ma + jωca)

[(k1 + ka) − ω2(m1 + mb) + jω(c1 + ca)](ka − ω2ma + jωca) − (ka + jωca)
2f0 (5) 

To provide a simple analysis consistent with the experimental results presented in Section 4, the response of the beam without ATVA in 
Eq. (4) has been derived assuming the ATVA base mass remains connected to the hosting beam structure. For the stationary time- 
harmonic excitation, the response of the fundamental flexural mode of the hosting beam can be derived for each excitation fre
quency with respect to its time-averaged total flexural kinetic energy, which is given by 

K1(ω) =
1
T

∫T

0

1
2
m1ẋ2

1dt =
1
4
m1ω2|x1(ω)|2 (6) 

where T is the period of the time-harmonic vibration.
To provide a clear description of the action that the vibration absorber should produce on the hosting system, the graphs of the 

absorber vibration transmissibility and base impedance have been assembled together in Fig. 9 on a single modulus-phase diagram 
aligned below the classical diagram with the spectrum of the response of the hosting system without and with the optimally tuned 
ATVA, as it is normally presented in textbooks [1–4]. More specifically, the solid blue line in Fig. 9a shows the spectrum of the time- 
averaged kinetic energy K1(ω) for the beam without the vacuum-controlled ATVA. The spectrum is characterised by the typical sharp 
resonance peak at the fundamental resonance frequency, which for the lightly damped structure at hand is close to the natural fre
quency ω1 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
k1/(m1 + mb)

√
of the fundamental flexural mode. The amplitude of this peak can be effectively mitigated by adding to 

the beam the in-vacuo vibration absorber properly tuned. As summarised in Tab. 1 of Ref. [58], over the years quite a few criteria were 
proposed to optimally tune a vibration absorber, which have been expressed with respect to two tuning parameters, that is, the 
damping ratio of the absorber ξa = ca/(2maωa) and the frequency ratio ν = ωa/ω1 taken with respect to the natural frequency of the 
absorber held blocked at the base, that is ωa =

̅̅̅̅̅̅̅̅̅̅̅̅̅
ka/ma

√
. In this study the criterion based on the minimisation of the time-averaged 

kinetic energy of the hosting structure exposed to a wide band stationary stochastic excitation is employed, which, considering the 
mass ratio μ = ma/(m1 + mb), gives the following optimal parameters: ξa,opt =

̅̅̅μ√
/2 and νopt = 1/

̅̅̅̅̅̅̅̅̅̅̅̅
1 + μ

√
[58]. To comply with the 

beam rig and vacuum-controlled ATVA considered in Section 4, the mass ratio was assumed equal to μ = 0.15. In this case, if the 
damping ratio of the absorber were kept to a very low value, e.g. ξa = 0.005, and the stiffness of the absorber were tuned in such a way 
as its natural frequency complies with the criterion for the νopt, i.e. ωa = νoptω1, then the spectrum of the kinetic energy K1(ω) of the 
beam with the vacuum-controlled ATVA would be characterised by a double peak as depicted by the dotted red line in Fig. 9a. Now, if 
the damping of the vibration absorber were optimally tuned in such a way as that ξa = ξa,opt, then, as depicted by the solid black line in 
Fig. 9a, the two peaks would be smoothened out such that, overall, the spectrum of the flexural kinetic energy would be significantly 
lowered at frequencies close to the natural frequency of the target mode of the hosting beam. This indicates that, if for example the 
beam was excited by a stationary broadband excitation, the resonant response produced by the first natural mode of the beam would be 
substantially attenuated too.

To complete this introductory analysis, the dynamic response of the vibration absorber and the dynamic load generated by the 
vibration absorber on the hosting structure are examined by considering respectively the displacement transmissibility FRF between 
the base and seismic masses and the base impedance FRF of the absorber optimally tuned. Assuming the time-harmonic displacements 
and base force specified in the lumped parameter model in Fig. 8c are given by xb(t) = Re

{
xb(ω)ejωt }, xa(t) = Re

{
xa(ω)ejωt } and 

fb(t) = Re
{
fb(ω)ejωt }, the transmissibility and base impedance FRFs are given by: 

T(ω) =
xa(ω)

xb(ω)
(7) 

Zb(ω) =
fb(ω)

jωxb(ω)
(8) 

where xb(ω), xa(ω), fb(ω) are the complex amplitudes of the time-harmonic displacements xb(t), xa(t) and force fb(t). Considering the 
lumped parameter model of the vibration absorber shown in Fig. 8c, the following two equations of motion can be derived 

mbẍb = ca

(

ẋa − ẋb

)

+ka(xa − xb)+ fb (9) 

maẍa = − ca

(

ẋa − ẋb

)

− ka(xa − xb) (10) 

In this case too, after few mathematical steps the displacement transmissibility and the base impedance FRFs are derived as follows: 
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T(ω) =
(ka + jωca)

(ka − ω2ma + jωca)
(11) 

Zb(ω) =
(ka − ω2mb + jωca)(ka − ω2ma + jωca) − (ka + jωca)

2

(ka − ω2ma + jωca)
(12) 

Fig. 9b and 9c show the modulus and phase of the displacement transmissibility FRF (dotted red lines) and base impedance FRF (solid 
blue lines) of the optimally tuned ATVA. Considering first the FRF of the displacement transmissibility T(ω), at low frequencies below 
the fundamental natural frequency ωa of the ATVA, the transmissibility is characterised by unit amplitude and phase equal to 0o. Hence 
the two masses oscillate together as if they were a solid body of mass mTVA= mb + ma. There is then a distinctive resonance peak with 
amplitude 10dB and phase − 90o, which indicates the oscillation of the seismic mass is in quadrature and about 3 time larger with 
respect to that of the base mass. In other words, the absorber is characterised by a breathing vibration mode with large strokes of the 
suspension spring and large stroke-rates of the damper, which are at the basis of the vibration absorption and dissipation mechanisms 

Fig. 10. Transmissibility FRFs T1(ω) of the vacuum-controlled ATVA with the composite beam encompassing one (a,b,c) or two (d,e,f) core layers 
made with cubic (a,d) spherical octahedral (b,e), and octahedral (c,f) particles.
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of the ATVA. At higher frequencies above resonance, the transmissibility progressively falls down and becomes smaller than one with 
phase − 180o, which indicates that, compared to the imposed base displacements, the seismic mass is characterised by progressively 
smaller, out of phase, displacements. At high frequencies the seismic mass works as an inertial reference block against which the ATVA 
spring and damper undergo the displacement and velocity imposed at the base.

Moving to the plot of the base impedance function, considering the typical impedance laws of mass, spring and damper elements (e. 
g. see Fig. 9.2a in Ref. [114]), the two plots indicate that, at low frequencies the base impedance rises proportionally to frequency with 
phase +90o, and hence it is controlled by the mass effect of the whole ATVA, which, as discussed above, vibrates as a rigid body. At 
high frequencies it also rises proportionally to frequency with phase +90o, but, in this case, it is controlled by the effect of the ATVA 
base mass only, since, as seen above, compared to the base mass mb, the seismic mass ma is characterized by rather small oscillations. In 
between these two asymptotic responses, there is a resonance peak at about ωa = νoptω1 followed by an antiresonance trough. Here, the 
impedance function falls proportionally to frequency with the phase that tends to − 90o, which indicates a stiffness-controlled 
response. The amplitude of the resonance peak is controlled by the absorber damping effect, which is set to ca = 2maωaξa,opt. This 
diagram indicates that the optimally tuned absorber generates a very high damping impedance effect at the tuning frequency, that is 

Fig. 11. Transmissibility FRFs T1(ω) of the vacuum-controlled ATVA with the composite beam encompassing one (a,b,c) or two (d,e,f) core layers 
made with cubic (a,d) spherical octahedral (b,e), and octahedral (c,f) particles.
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the natural frequency of the hosting system, such that it effectively dissipates the vibration energy of the resonant response of the 
hosting structure. Overall, the vacuum-controlled ATVA application proposed in this paper, should be designed in such a way as it can 
generate a vibration transmissibility and a base impedance having spectra like those shown in Fig. 9b,c.

3.3. Vacuum-controlled ATVA vibration response of the in-vacuo adaptive beam element

The design of the vacuum-controlled ATVA presented in the previous section is based on the assumption that the low frequency 
flexural vibration of the in-vacuo composite beam fixed onto the post is controlled by a flapping fundamental mode, which reproduces 
the dynamics described above. The validity of this assumption is now assessed with respect to measurements of the displacement 
transmissibility FRF between the post and the two ends of the beam element forming the vacuum controlled ATVA, which have been 
taken with the shaker and the base impedance and accelerometers setup shown in Fig. 7. The two transmissibility FRFs were measured 
for the whole set of ATVAs assembled with the in-vacuo composite beams examined in Section 2.1, which were fabricated either with a 
single or a double chain mail encompassing the cubic, spherical-octahedral, octahedral truss-like grains whose geometry and physical 

Fig. 12. Base impedance Zb(jω) FRFs of the vacuum-controlled ATVA with the composite beam encompassing one (a,b,c) or two (d,e,f) core layers 
made with cubic (a,d) spherical octahedral (b,e), and octahedral (c,f) particles.
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properties are summarised in Tables 1 and 2. Figs. 10 and 11 show the transmissibility functions T1(ω) = w1(ω)/wb(ω) and T2(ω) =
w2(ω)/wb(ω) for the displacement ratios measured between the beam left-hand side termination and the base junction and between the 
beam right-hand side termination and the base junction in the 10 – 200 Hz range. In general, the graphs agree with the transmissibility 
FRF shown in Fig. 9. Indeed, the two sets of spectra show that, at low frequencies the transmissibility functions have unitary amplitude 
(0 dB) and phase equal to 0o, which confirms that the beam vibrates as a solid structure. There is then a resonance peak where the 
phase shifts to − 180o. At higher frequencies the amplitude of the transmissibility falls below 1 (0 dB) and the phase remains at − 180o, 
which indicates the two terminations of the in-vacuo composite beam vibrate much less than the centre post. The spectra contain few 
more features, which are possibly due to coupled torsional vibrations of the composite beam and also to dynamic effects generated by 
the rim of the plastic bag. Nevertheless, these artefacts are comparatively much smaller than the principal layout of the spectrum just 
described. Hence it can be concluded that at low frequencies below 200 Hz, the flexural vibration of the in vacuo composite beam 
mounted on the post element is characterised by a flapping vibration mode where the left-hand and right-hand side bays of the beam 
vibrate in phase as if they were two cantilever beams clamped at the base post. In particular, at low frequencies below the fundamental 
resonance frequency of this mode, the flapping vibration is actually negligible and it can be assumed the in-vacuo composite beam 
vibrates as a rigid body. Instead, at the resonance frequency there is a fairly large flapping oscillation, which produces an amplitude 
magnification of 20 dB, that is one order of magnitude. At higher frequencies above the flapping mode resonance frequency, the 
transmissibility falls down below 1 (0 dB) with phase − 180o, which indicates the flapping vibration of the in-vacuo beam is char
acterised by comparatively larger vibrations of the centre post than the two ends of the beam. Overall, the layout of the vibration 
transmissibility spectra indicate that flexural response of the proposed vacuum-controlled ATVA can be modelled with the lumped 
parameter model discussed in Section 3.2 and shown in Fig. 8b,c. Indeed, it can be seen as a seismic mass mounted on a base mass via a 
spring and damper component, whose vibration can be synthetised as a rigid body vibration up to the fundamental resonance fre
quency where there is a high counter vibration effect between the base and seismic mass, which produces the vibration absorption and 
dissipation through the damper. This is followed by a higher frequency response where the seismic mass is characterised by much 
smaller vibrations than the base mass. In summary, the proposed vacuum-controlled ATVA can be suitably employed as a tuneable 
vibration absorber whose fundamental natural frequency can indeed be shifted by varying the vacuum level in the deflated bag. To 
conclude this analysis, it is observed that, the FRFs presented in Fig. 10 and Fig. 11 confirm the findings discussed in Section 2.2 for the 
dynamic stiffness of the in-vacuo composite beam samples. Indeed, the fundamental resonance frequency of the flapping vibration 
mode monotonically rises as the vacuum pressure in the deflated bags is brought up. Also, absorbers incorporating the beams fabri
cated with two overlapped chain mails show comparatively higher fundamental resonance frequency than the absorbers having 
equivalent beam samples made, however, with a single chain mail. In general, the flapping fundamental resonance frequency is higher 
for the absorbers made with cubic hollowed truss-like particles and, also, spans over a wider frequency range when the vacuum 
pressure is raised from 5 to 80 kPa.

3.4. Vacuum-controlled ATVA vibration absorption with respect to its base impedance

The analysis of the proposed vacuum-controlled ATVA is concluded here by considering the base impedance FRF, which, as dis
cussed in Section 3.2, gives an indication of the mechanical effects (i.e. mass, stiffness, damping effects) exerted by the absorber on the 
structure where it is fixed. Fig. 12 shows the modulus and phase of the base impedance FRFs, Zb(ω) = fb(ω)/ẇb(ω), measured on the 
ATVA encompassing either a single (left hand side plots) or a double (right hand side plots) layer of cubic, octahedral spherical and 
octahedral structured fabrics. As for the dynamic stiffness analyses, each plot shows six spectra obtained for the six confining vacuum 
pressures reported above. The spectra show the typical base impedance of a seismic mass connected to a base mass via a spring damper 
lumped element. Indeed, as discussed in Ref. [114] for example, at low frequencies the spectrum is characterised by a modulus that 
rises proportionally to the circular frequency and a constant phase value of about + 90◦ . There is then a resonance peak followed by an 
antiresonance through, with the phase that initially falls down to − 90◦ and then recovers to + 90◦ . At higher frequencies the spectrum 

Fig. 13. (a) Resonance frequencies fa vs. vacuum pressure P of the ATVA made with the in-vacuo beam-like structure with one (dash-dotted lines) 
(a) or two (dotted lines) (b) core structured fabrics made with cubic (red lines-squares) spherical octahedral (blue lines-circles) and octahedral 
(magenta lines-triangles) particles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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shows again a modulus that rises proportionally to the circular frequency and a phase that maintains the +90◦ value. All this indicates 
that at low and high frequencies the device presents a mass effect. More precisely, the measurements taken with the accelerometers 
have shown that at low frequencies the in-vacuo structured fabric beam behaves as a solid body together with the junction component, 
with negligible flapping effects. Therefore, the base impedance is given by the whole mass of the beam and base component. Alter
natively, at higher frequencies, despite the base vibrations, the two ends of the in-vacuo structured fabric are characterised by little 
vibrations such that the base impedance is controlled by the mass of the base component. At resonance frequency, the two ends of the 
in-vacuo structured fabric display large counter oscillations to the base oscillations, which generate the desired vibration absorption 
effect. The extent of these oscillations is controlled by the damping of the in-vacuo structured beam.

Overall, the plots shown in Fig. 12 together with the two plots reported in Fig. 13 indicate that the resonance frequency of the 
vacuum controlled ATVAs can be suitably shifted to higher/lower values by increasing/lowering the vacuum level in the bags. For the 
5 to 80 kPa pressure range, the single layer ATVAs are characterised by resonance frequencies comprised between 60–85 Hz (cubic 
grains), 25–30 Hz (spherical octahedral grains), 30–40 Hz (octahedral grains). Alternatively, the double layer ATVAs are characterised 
by resonance frequencies comprised between 80–125 Hz (cubic grains), 50–65 Hz (spherical octahedral grains), 45–60 Hz (octahedral 
grains). This confirms that the resonance frequency of the vacuum-controlled ATVAs can be suitably tuned over significant ranges by 
varying the vacuum pressure. Moreover, these ranges can be further enlarged by adopting multiple layers with combinations of 
different grains.

To conclude, the two plots shown in Fig. 14 indicate that the vacuum pressure has little effects on the damping ratio of the ATVA 
fundamental resonances. Also, the ATVAs assembled with the in-vacuo composite beam with either a single or a double chain mail are 
characterised by damping ratios confined in the ranges 0.04 – 0.07 and 0.02 – 0.08 respectively. In general, apart from low pressures, 
the chain mails made with spherical octahedral particles seem to produce slightly lower levels of damping than those made with the 
octahedral or cubic grains.

4. Vacuum-controlled ATVA mounted on a clamped beam: Experimental results

The actual implementation of the vacuum-controlled ATVA application considered in this paper is now investigated for the case 
where one of the prototype absorbers analysed in Section 3 is mounted at the free end of a clamped beam in order to control the 
resonant response of the fundamental flexural mode.

4.1. Test setup

Fig. 15 shows the experimental rig used to test the vacuum-controlled ATVA. As shown in Pictures (a) and (b), the setup is 
composed by a rigid framework structure with a solid post where a thin beam structure is clamped. The beam is made of steel and has 
rectangular cross section b× h = 30× 2mm. Also, the free length of the cantilever beam is L = 514mm. The beam is excited in bending 
at position xf = 40mm by a transverse force exerted by a shaker via a stinger, which has been equipped with a force cell to measure the 
force at the excitation point. The flexural response of the beam is measured at the tip of the beam with a small accelerometer. The total 
mass of the beam inclusive of the force cell and accelerometer is Mb = 0.340kg. The beam is equipped with a vacuum-controlled ATVA 
like that shown in Fig. 7, made with a deflated beam element encompassing a single chain mail composed by spherical octahedral 
grains. As reported in Table 1, the chain mail weights Mcm = 0.049kg and the total weight of the in-vacuo beam element is Mcm =

0.052kg, that is about 14 % of the weight of the cantilever beam. To ensure the total weight of the ATVA does not infer significantly on 
the response of the beam, the in-vacuo beam element of the ATVA was fixed directly onto the beam without the base junction. More 
precisely, the centre section of the element was glued close to the free-end of the beam, that is at xc = 349mm.

The dynamic effect produced by the vacuum-controlled ATVA on the clamped beam has been assessed with respect to the spectrum 
of the transverse velocity at the tip of the beam per unit force excitation exerted by the shaker. Two measurements were implemented 
in the frequency range comprised between 15 and 60 Hz, where the flexural response is controlled by the fundamental flexural mode of 
the beam setup. To start with the flexural response of the beam was measured without the vacuum-controlled ATVA. Then the response 
was assessed with the vacuum-controlled ATVA tuned in such a way as to control the resonant response of the fundamental mode of the 
beam. The absorber discussed here has been conceived in such a way as it can be continuously adapted to control the resonant response 
of a target mode of the hosting structure by varying online the vacuum level in the deflated bag, which, as seen above, infers on the 

Fig. 14. (a) Damping ratios ξa vs. vacuum pressure P of the ATVA made with the the in-vacuo beam-like structure with one (dash-dotted lines) (a) or 
two (dotted lines) (b) core structured fabrics made with cubic (red-lines squares) spherical octahedral (blue lines-circles) and octahedral (magenta 
lines-triangles) particles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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bending stiffness of the flapping element and hence on its fundamental resonance frequency. As discussed in Refs. [33,46,48] for 
shunted electro-mechanical TVAs, the online tuning can be conveniently implemented by maximising the time-averaged vibration 
power absorbed by the device [58], which can be measured with an impedance sensor for example. Since this study is focussed on the 
applicability of the proposed absorber and its vibration control performances, for simplicity, the tuning was implemented manually 
with a trial-and-error approach contrasting the spectra of the response of the beam without and with ATVA.

4.2. Measurement results

Fig. 16 shows the spectra of the transverse velocity at the tip of the beam per unit force excitation without ATVA (blue line) and 
with the ATVA suitably tuned (red line). As anticipated above, in this frequency range, the spectrum of the flexural vibration of the 
beam is characterised by the resonant response of the fundamental bending mode, which shows a resonance peak at about f1 = 38Hz. 
As discussed in Section 3.2 and shown in Fig. 9, when the resonance frequency ωa of the flapping mode of the ATVA in-vacuo beam 
element is closely tuned to the fundamental resonance frequency of the beam structure, the measurement shows the typical double 
peak spectrum [1–4]. This confirms that, indeed, the proposed vacuum-controlled ATVA generates the desired vibration absorption 
effect such that the response at the beam fundamental resonance frequency is significantly reduced by about 20 dB. As shown in 
Section 3.2, the amplitude of the two side peaks can be flattened too by raising the level of damping in the TVA. This is not feasible at 
this stage, although it is expected that the proposed ATVA can be equipped with a second in-vacuo adaptive beam element beam 
encompassing a dissipative medium given for example by a matrix structure filled with a friction powder.

To conclude, it should be highlighted that, if the ATVA were not optimally tuned, as can be deduced by the spectra of the base 
impedance shown in Figs. 9 and 12, the ATVA would exert a mass effect, which would lower the resonance frequency of the hosting 
beam structure.

5. Conclusions

This paper has investigated the vibration response of a new in-vacuo adaptive beam element for vibration control. The element is 
made by one or a pile of multiple structured fabric strips wrapped in a deflated bag. The structured fabrics are formed by a regular mail 
of interlocked truss-like unit elements. The paper has considered beam elements with a one or two mails fabricated with cubic, 
spherical-octahedral and octahedral grains. A practical application has been considered too, where the in-vacuo adaptive beam 
element has been configured with a centre post to work as an adaptive tuned vibration absorber for the control of the broad band 
response of a target flexural mode of a hosting beam structure.

To start with, the paper has shown that the bending stiffness of the in-vacuo adaptive beam element can be suitably varied by 
changing the vacuum pressure in the bag. This effect depends on the type of elementary truss grains of the fabric and on the number of 
layers wrapped in the bag. For instance, the cubic and octahedral fabrics offers the highest bending stiffness respectively for the single- 
and double-layer configurations. When the vacuum pressure is raised from 5 to 80 kPa, the stiffness of two-layers cubic fabric beam is 
doubled. Also, the double layer octahedral structured fabric shows 5 times higher stiffness than the single layer one.

These properties can be suitably employed to shift the resonance frequency of the fundamental flapping flexural mode of the 
structured fabric beam, that is, of the adaptive tuneable vibration absorber application. In this respect, the study has shown that, for 5 
to 80 kPa pressure range, the resonance frequency of either the single- or double-layer vibration absorbers can be increased by 30 % to 
40 %. Also, the resonance frequency of the double layer vibration absorbers is about 50 % higher than that of the single layer absorber. 
This suggests that rather wide tuning ranges can be achieved with designs encompassing multiple layers and different types of 
elementary truss grains.

Fig. 15. Cantilever beam with the vacuum-controlled ATVA mounted at the free termination.
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The study has also shown that the in-vacuo adaptive beam element is characterised by small vibration energy dissipation effects. 
For instance, the structural loss factor that does not change significantly with the vacuum level in the bag as well as with respect to the 
number of layers and the type of elementary grains. In general, the loss factor is comprised between 5 % and 7 %. This is a rather 
important feature, which indicates that the resonance frequency of the ATVA beam element can be tuned independently from the 
absorber damping effect. To conclude, the vacuum-controlled ATVA has been successfully implemented on a cantilever beam to 
control the resonant response of its fundamental bending mode, with 20 dB reductions of the peak response at resonance frequency.

CRediT authorship contribution statement

P. Gardonio: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Supervision, Validation, Visuali
zation, Writing – original draft, Writing – review & editing. E. Rustighi: Conceptualization, Data curation, Formal analysis, Inves
tigation, Methodology, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. S. Baldini: 
Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Validation, Visualization, Writing – original draft, 
Writing – review & editing. C. Malacarne: Conceptualization, Investigation, Methodology, Resources. M. Perini: Conceptualization, 
Methodology, Resources, Investigation.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Acknowledgements

This work was funded by the European Union under Next Generation EU. PRIN 2022 Prot. n. 20223X5S37_001.

Data availability

Data will be made available on request. 

References

[1] P. Den Hartog, Mechanical Vibrations, Fourth, McGraw-Hill, New York, 1986.
[2] J.B. Hunt, Dynamic Vibration Absorbers, Mechanical Engineering Publications Limited, London, 1979.
[3] D.J. Mead, Passive Vibration Control, John Wiley & Sons, Chichester, 1998.
[4] D.J. Inman, Engineering vibration, 4th ed., Pearson, 2013.
[5] M.A. Franchek, M.W. Ryan, R.J. Bernhard, Adaptive passive vibration control, J. Sound Vib. 189 (1996) 565–585.
[6] K. Williams, G. Chiu, R. Bernhard, Adaptive-passive absorbers using shape-memory alloys, J. Sound Vibrat. 249 (2002) 835–848.
[7] E. Rustighi, M.J. Brennan, B.R. Mace, A shape memory alloy adaptive tuned vibration absorber: design and implementation, Smart Mater. Struct. 14 (2004) 

19–28, https://doi.org/10.1088/0964-1726/14/1/002.
[8] E. Rustighi, M.J. Brennan, B.R. Mace, Real-time control of a shape memory alloy adaptive tuned vibration absorber, Smart Mater. Struct. 14 (2005) 

1184–1195, https://doi.org/10.1088/0964-1726/14/6/011.
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