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(54) STRUCTURAL DAMPER, STRUCTURALLY DAMPED STRUCTURE, AND METHOD

(57) According to the present disclosure, there is pro-
vided a structural damper for providing damping of a pri-
mary structure, the structural damper comprising: a first
acoustic black hole, ABH; a second ABH; and an actuator

provided in contact with the first ABH and second ABH,
wherein the actuator is configured to apply an actuating
force to the first ABH and the second ABH.
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Description

FIELD

[0001] The present invention relates to a structural damper, a structurally damped structure, and a method of damping.

BACKGROUND

[0002] In product design, it is often necessary to design a product that is both lightweight and a low noise structure.
However, this results in a conflict between reducing the weight and increasing the sound radiation from the structure. It
is known to use a structure referred to as an acoustic black hole (ABH) to provide structural damping.
[0003] An acoustic black hole was originally described by Mironov in 1988 (M.A. Mironov. Propagation of a flexural
wave in a plate whose thickness decreases smoothly to zero in a finite interval. Soviet Physics: Acoustics, 34(3):318-319,
1988). The acoustic black hole effect is typically achieved by introducing a power law taper into a beam or plate that
changes the thickness over a set distance. This change in thickness profile causes the flexural waves propagating along
the direction of the ABH to decrease in wave speed. In the theoretical limit, there is no reflection of the waves from the
ABH. The ABH effect can also be achieved using other gradient functions, including a power-cosine curve, for example.
[0004] Figure 1 shows an example of an ABH 1 on a beam 2. The ABH 1 is provided with a layer of damping material
3. The flexural wave speed cf (x), decreases as the taper height decreases as: 

where E is the Young’s modulus of the ABH material, h(x) is the height of the taper, ρs is the density of the ABH material
and w is the angular frequency.
[0005] From Equation 1 it can be seen that if the tip of the ABH reduces to zero thickness, i.e. h(x)=0, then the flexural
wave speed at the tip will be cf(x)=0. In this ideal, theoretical case, the incident wave will not be reflected from the end
of the tapered beam and will therefore, be effectively attenuated.
[0006] In this respect, acoustic black holes are known in the art. For example, ’Higher-order WKB analysis of reflection
from tapered elastic wedges’ Journal of Sound and Vibration 449 (2019) 368-388 (Angelis Karlos, Stephen J. Elliot,
Jordan Cheer), the contents of which are incorporated herein, provides examples of different types of ’one-dimensional’
acoustic black holes. The thickness variations, of these acoustic black holes, are according to the expressions provided
in Table 1 below:

Table 1

Thickness profile type Thickness variation Length of ideal wedge Decay parameter

Power-law   
-

Exponential  ∞
 

Power-cosine   
-

Gaussian  ∞
 

Compound power-law

 
 

-
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where:

’x’ is the distance, in the length direction, from the upstream end of the acoustic black hole (i.e. at the start of the taper);

’x1’ is the length of the acoustic black hole;

’h’ is the thickness of the acoustic black hole (at position (x));

’h0’ is the thickness of the acoustic black hole at the upstream end of the acoustic black hole (i.e. at position (x = 0));

’h1’ is the thickness of the acoustic black hole at the downstream end of the acoustic black hole (i.e. at position (x = x1));

’n’ is power coefficient of the shape function (which must be greater or equal to 2).

[0007] These parameters are illustrated in Figure 1.
[0008] Structural dampers have been developed that incorporate ABHs and active control components, such as ac-
tuators, sensors and/or controllers. Whilst structural dampers are highly advantageous in providing damping of primary
structures, they have several associated drawbacks. In conventional structural dampers, the damping effect is sub-
optimal, and powerful actuators may be required to provide sufficient damping. Powerful actuating forces may lead to
damage or deterioration of ABHs. Furthermore, the performance of the structural damper may degrade over time, due
to exposure to contaminants and a lack of support or protection for the active control components and/or the ABHs. To
broaden the potential applications of structural dampers, it is desirable to overcome these limitations.
[0009] It is one aim of the present invention, amongst others, to provide a improved structural damper, structurally
damped structure, vehicle, structure and/or method, and/or address one or more of the problems discussed above, or
discussed elsewhere, or to at least provide an alternative solution.

SUMMARY

[0010] According to a first aspect of the present invention, there is provided a structural damper for providing damping
of a primary structure, the structural damper comprising: a first acoustic black hole, ABH; a second ABH; and an actuator
provided in contact with the first ABH and second ABH, wherein the actuator is configured to apply an actuating force
to the first ABH and the second ABH.
[0011] In one example, the structural damper further comprises at least one sensor; and a controller configured to
control the actuator in dependence on a signal from the at least one sensor.
[0012] In one example, the first ABH and/or second ABH is comprised in the primary structure.
[0013] In one example, a cavity is defined by the first ABH and second ABH, the actuator being provided in the cavity.
[0014] In one example, the cavity is enclosed.
[0015] In one example, the first ABH and second ABH are integrally formed.
[0016] In one example, the first ABH and second ABH are separately formed and coupled to one another.
[0017] In one example, structural damper further comprises at least one sensor; and a controller configured to control
the actuator in dependence on a signal from the at least one sensor, and the controller is configured to control the
actuating force applied by the actuator, to the first ABH and second ABH, so as to control at least one of:

(a) the vibration of the primary structure;

(b) a flexural wave in the primary structure;

(c) the acoustic radiation from the primary structure.

[0018] In one example, the controller is configured to control at least one of features (a) to (c) by controlling: the
vibration of the first ABH and/or second ABH; and/or a flexural wave in the first ABH and/or second ABH.
[0019] In one example, the controller is configured to control the reflected flexural wave from the first ABH and/or
second ABH.
[0020] In one example, the controller is configured to control the acoustic radiation from the primary structure.
[0021] In one example, the first ABH and/or second ABH is provided with a damping material.
[0022] According to a second aspect of the present invention, there is provided a structurally damped structure com-
prising: a primary structure; and a structural damper according to the first aspect, the structural damper arranged to
provide structural damping of the primary structure.
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[0023] In one example, primary structure is comprised in a vehicle or structure.
[0024] According to a third aspect of the present invention, there is provided a method of damping comprising: providing
a structural damper comprising: a first acoustic black hole, ABH; a second ABH; and an actuator provided in contact
with the first ABH and second ABH; and
applying an actuating force to the first ABH and the second ABH using the actuator.
[0025] Features of any aspects may be combined, as desired or as appropriate. For example, the method according
to the third aspect may comprise any or all features of the structural damper according to the first aspect, and/or features
of the structurally damped structure according to the second aspect.

BRIEF DESCRIPTION OF THE FIGURES

[0026] Embodiments of the invention will now be described by way of example only with reference to the figures, in
which:

Figure 1 shows an acoustic black hole on a beam according to the prior art;
Figure 2 shows structurally damped structure;
Figure 3 shows a perspective cross section of the structurally damped structure of Figure 2;
Figure 4 shows side cross section of the structurally damped structure of Figure 2;
Figure 5 to 8 show structurally damped structures;
Figure 9 shows a vehicle;
Figure 10 shows a structure; and
Figure 11 shows general methodology principles.

DETAILED DESCRIPTION

[0027] In the description which follows, acoustic black holes, structural dampers, structurally damped structures, and
methods, are described.
[0028] The term "acoustic black hole", or "ABH", is used to refer to an element, member, or structure, which, in use,
exhibits the acoustic black hole effect.
[0029] In the description herein, acoustic black holes comprise regions of taper. In the examples shown and described,
the taper is a thickness taper. That is, the thickness of the acoustic black hole tapers (i.e., reduces or diminishes in
thickness in a direction and along a line toward a point, line or region). Additionally, or alternatively, tapering may be in
shape. A thickness or shape may be referred to generally as a "spatial property". Conventional ABHs incorporate tapers
in thickness, from a first thickness to a second thickness. The first thickness is typically a non-zero thickness. The second
thickness is, in the ideal case, a zero thickness. A thickness or shape taper may be advantageous in that it may be
simpler to manufacture than, for example, a taper in material and/or material property.
[0030] However, in contrast to a thickness taper, the taper could also be a "functional taper" or a "functional grading".
That is, the tapering could be a tapering function of the acoustic black hole, rather than a tapering thickness. For example,
the tapering may be a tapering of material and/or material property. The material property may be, for example, density
and/or rigidity. This may be achieved by use of additive layer manufacturing (e.g. 3D printing) to form an acoustic black
hole having a tapering, graded, or varying, material property. A tapering in material and/or material property may be
advantageous in that thin ABH regions need not be provided, which may improve the structural strength, and operational
lifetime, of the ABH.
[0031] In this way, it is appropriate to refer to ABH tapers as tapering of a "characteristic". Tapering may be from a
"first characteristic" to a "second characteristic". A similar or identical effect to a thickness tapering may be achieved by
a tapering in material and/or material property. For example, a tapering from a region of high rigidity to a region of low
rigidity may provide a reduction of the flexural wave speed to cf(x)=0, as described above, thereby to provide the ABH
effect.
[0032] The term "structural damper" is used to refer to an arrangement, assembly or kit comprising an acoustic black
hole (here, a first and second acoustic black hole) and one or more active control components (e.g., comprising an
actuator, sensor, and/or a controller). The structural damper may otherwise be referred to as an "active acoustic black
hole". A structural damper may be any arrangement described below in absence of a primary structure. Whilst in the
exemplary embodiments described herein the structural damper comprises a first ABH and second ABH (i.e., a single
"compound ABH"), the structural damper may comprise a plurality of compound ABHs and associated active control
components (e.g., a plurality of actuators, sensors and/or controllers).
[0033] The term "structurally damped structure" is used to refer to a structure, arrangement, assembly or kit comprising
an acoustic black hole and a primary structure. The structurally damped structure may also comprise active control
components (e.g., comprising a sensor, an actuator, and a controller). That is, the structurally damped structure may
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comprise a primary structure and a structural damper. As above, whilst in the exemplary embodiments described herein
the structurally damped structure comprises a structural damper comprising a single compound ABH, the structurally
damped structure may comprise a plurality of compound ABHs and associated control components (e.g., a plurality of
actuators, sensors and/or controllers).
[0034] The term "primary structure" is used to refer to a structure that the damper device is arranged to provide
structural damping to. The primary structure is a structure that, in use, has a vibration applied to it. The primary structure
may be a structure that is vibrated, directly or indirectly, by a source of vibration (e.g., an engine, fluid flow, etc.).
[0035] The structural damper may be formed in or on the primary structure. For example, the structural damper may
be integral to the primary structure. Alternatively, or additionally, the structural damper may be coupled to the primary
structure. That is, the structural damper may be manufactured separately and coupled, or connected, to the primary
structure.
[0036] The term "damper structure" is used to refer to a structure that is coupled to an ABH (e.g., mechanically coupled)
such that it can transmit vibration and/or flexural waves through its structure to and from an ABH. The ABH may be
formed in or on the damper structure. The damper structure may be coupled, or connected to, the primary structure, or
the damper structure may be formed in or on the primary structure.
[0037] Referring to Figure 2, a perspective view of a structurally damped structure 10 is shown. The structurally damped
structure 10 comprises a primary structure 50 and a structural damper 100. The structural damper 100 is for providing
damping of the primary structure 50.
[0038] Referring to Figure 3, a perspective cross-sectional view of the structurally damped structure 1 of Figure 2 is
shown. The cross section is taken along the line A - A and viewed in the direction of the arrows shown in Figure 2. The
structural damper 100 comprises a first ABH 110 and a second ABH 120. The structural damper 100 further comprises
an actuator 150. The actuator 150 is provided in contact with the first ABH 110 and is also in contact with the second
ABH 120. The actuator 150 is configured, or is adapted, to apply an actuating force to the first ABH 110 and the second
ABH 120.
[0039] The use of the actuator 150 (and controller, described below), to provide a controlled actuating force to the
damper structure advantageously improves the low-frequency performance of an ABH. This allows the user of structural
damping, using an ABH, in a more effective way and in a wider variety of applications. It may also control resonances
that would otherwise occur without the presence of an actuator. During operation, the actuator 150 advantageously acts
to control the vibrational energy in the first ABH 110 and second ABH 120. This causes the actuator to have a greater
damping effect, compared with for example an actuator not configured to apply the actuating force to the first ABH 110
and second ABH 120. As a result, this enables a reduction in the size (and strength) of the actuator, that would otherwise
be required.
[0040] Furthermore, by applying the actuating force to the first ABH 110 and second ABH 120, the damping effect is
enhanced, for example compared with an actuator applying an actuating force to a single ABH.
[0041] The actuator 150 may be configured to apply an actuating force to the first ABH 110 and second ABH 120
simultaneously.
[0042] The structurally damped structure 10 may constructed in a number of alternative ways, all within the scope of
the present disclosure.
[0043] In an exemplary embodiment (not shown), the structurally damped structure 10 comprises a first primary struc-
ture and a second primary structure. The first ABH 110 is provided at the first primary structure, and the second ABH
120 is provided at the second primary structure. That is, in this exemplary embodiment, the structural damper is formed
in the first primary structure and second primary structure. Advantageously, by the first ABH being provided at the first
primary structure and second ABH being provided at the second primary structure, construction of the structural damper
is simplified as separate damper structure(s) need not be provided in which to form the ABHs. Similarly, in this way, a
more lightweight structurally damped structure is obtained.
[0044] In another exemplary embodiment (not shown), the structurally damped structure 10 comprises a single (e.g.,
unitary) primary structure comprising a first primary structure portion and a second primary structure portion. The first
ABH 110 is provided at the first primary structure portion, and the second ABH 120 is provided at the second primary
structure portion. That is, in this exemplary embodiment, the structural damper is formed in the primary structure. Ad-
vantageously, by the first ABH second ABH being provided at the primary structure, construction of the structural damper
is simplified as separate damper structure(s) need not be provided in which to form the ABHs. Similarly, in this way, a
more lightweight structurally damped structure is obtained.
[0045] In another exemplary embodiment (not shown), the structurally damped structure 10 comprises a primary
structure and a structural damper. The first ABH 110 is provided at the structural damper, and the second ABH 120 is
provided at the primary structure. That is, in this exemplary embodiment, the structural damper may be understood to
comprise a region, portion, or part of the primary structure, by virtue of the second ABH being provided at the primary
structure.
[0046] In another exemplary embodiment (as shown in the figures), the structurally damped structure 10 comprises
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a primary structure and a structural damper. The structural damper comprises a first damper structure and a second
damper structure. The first ABH 110 is provided at the first damper structure, and the second ABH 120 is provided at
the second damper structure. The structural damper is coupled, or connected to, the primary structure. That is, the
structural damper is an add-on component or device.
[0047] Referring back to Figure 3, the structural damper 100 comprises a first damper structure 130 and a second
damper structure 140. The first ABH 110 is provided at the first damper structure 130. The second ABH 120 is provided
at the second damper structure 140. The structural damper 100 is coupled to, or connected to, the primary structure 50.
[0048] The term "compound ABH" may be used to refer to the combination of the first ABH 110 and second ABH 120.
The term "compound ABH" is a term of the art. In the compound ABH, the first ABH 110 and second ABH 120 are
arranged, or provided, such that they face one another. That is, the first ABH 110 and second ABH 120 are arranged
in a facing manner. Advantageously, by providing the first ABH 110 and second ABH 120 arranged in a facing manner,
the thinnest region of the ABHs may be vertically displaced over (i.e., placed on top of) a primary structure. The risk of
damage to the ABHs is thereby reduced, as thin regions of the ABH do not extend laterally/project freely from the edge
of the primary structure 10, as in some conventional add-on dampers comprising ABHs. Additionally, advantages are
obtained in space-saving, in that the total footprint of the primary structure 50 and structural damper 100 need not be
increased beyond that of the primary structure 50 itself.
[0049] The first ABH 110 and second ABH 120 may be integrally formed. This may be achieved by use of additive
layer manufacturing, moulding, or the like. This is highly advantageous in coupling the first ABH 110 and second ABH
120 such that vibrations and/or flexural waves may be passed to both first and second ABH 110, 120.
[0050] The first ABH 110 and second ABH 120 may be separately formed, and subsequently coupled to one another.
Advantageously, this may simplify manufacture of the first ABH 110 and second ABH 120. Furthermore, this may also
facilitate assembly and disassembly of the structural damper 100 for maintenance and inspection.
[0051] Referring to Figure 4, the cross section of the structurally damped structure 10 of Figure 3 is shown in a side
view. The first ABH 110 is in the form of a concave circular recess provided in the first damper structure 130. The first
ABH 110 is embedded in the first damper structure 130. The second ABH 120 is in the form of a concave circular recess
provided in the second damper structure 140. The second ABH 120 is embedded in the second damper structure 140.
By providing ABHs in the form of concave recesses, a low-profile structural damper 100 is obtained. Furthermore, a
circular recess simplifies manufacturing.
[0052] A first axis 160 is shown in Figure 4. In this exemplary embodiment, the first axis 160 is a radial axis of the
circular ABHs. The first ABH 110 comprises, in the first axis 160, a tapering from a first characteristic to a second
characteristic. In this way, the first ABH 110 is configured to exhibit the ABH effect. In the exemplary embodiment
illustrated in the figures, the taper is a thickness taper, and as such the characteristic is a thickness. In Figure 4, the first
characteristic is indicated as first thickness 164, and the second characteristic is indicated as second thickness 166.
[0053] The second ABH 120 comprises, in the first axis 160 a tapering from a first characteristic to a second charac-
teristic. In this way, the second ABH 120 is configured to exhibit the ABH effect. In the exemplary embodiment illustrated
in the figures, the taper is a thickness taper, and as such the characteristic is a thickness. In Figure 4, the first characteristic
is indicated as first thickness 174, and the second characteristic is indicated as second thickness 176.
[0054] It is possible to use alternative ordinal numbers (e.g., "third", "fourth") to refer to the characteristics of the second
ABH 120. For example, the first characteristic and second characteristic of the second ABH 120 may be referred to as
"third characteristic" and "fourth characteristic", which may clarify and distinguish said characteristics from those of the
first ABH 110. Nevertheless, the characteristic of the second ABH 120 may similarly be a thickness, shape, material
and/or material property, for example rigidity and/or density.
[0055] A cavity 180 is defined by the first ABH 110 and second ABH 120. In other words, a cavity is formed, or provided,
by the first ABH 110 and second ABH 120 being provided in a facing manner. The actuator 150 is provided in the cavity.
[0056] In this way, the actuator 150 is supported and protected by the first ABH 110 and second ABH 120, by virtue
of being provided in the cavity 180 defined by the first and second ABH 110, 120.
[0057] In an exemplary embodiment, the cavity 180 may be partially, or substantially, enclosed. In this way, structural
strength of the first ABH 110 and second ABH 120 is improved. Furthermore, the actuator 150 is supported and protected,
but may still be accessible for monitoring and maintenance.
[0058] In a particularly advantageous embodiment, and as illustrated in the figures, the cavity 180 is enclosed (e.g.,
sealed). Advantageously, the actuator 150 is protected from the external environment, which may enable the structural
damper 100 to be employed in harsh conditions which would otherwise damage the actuator 150, e.g., underwater.
Furthermore, the structural strength of the first ABH 110 and second ABH 120 is improved, by virtue of mutual support.
Furthermore, in this way, a volume of air may be retained within the cavity 180. This is advantageous in improving
damping performance of the structural damper 100, as the air retained within the cavity 180 provides a level of damping.
Additionally, ingress of air or contaminants into the cavity 180 is prevented, thus reducing degradation of the structural
damper 100 and the materials thereof over time. The lifetime of the structural damper 100 is thus increased.
[0059] Referring to Figure 5, the structural damper 100 is shown in isolation. The structural damper 100 further com-
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prises a sensor 190 and a controller 192. The controller 192 is configured to control the actuator in dependence on a
signal from the sensor 190. The sensor 190 may be configured to sense a signal that is dependent on or can be related
to at least one of: the vibration of the primary structure; a flexural wave in the primary structure; the acoustic radiation
from the primary structure. The sensor 190 may be configured to sense a signal that is dependent on or can be related
to at least one of vibration of the damper structures 130, 140 and/or a flexural wave in the damper structures 130, 140.
The sensor 190 may be configured to sense the vibration of the damper structures 130, 140 and/or a flexural wave in
the damper structures 130, 140.
[0060] Here, the sensor 190 and controller 192 are provided outside of the cavity 180, whereas the actuator 150 is
provided within the cavity 180. In this way, the actuator 150 is protected, and its performance may be improved or
enhanced. The sensor 190 and controller 192 may be of another system or arrangement, and so may be pre-provided
outside of the cavity 180 but made use of by the structural damper 100. This is highly advantageous in employing the
structural damper 100 in a retro-fit manner.
[0061] Applicable to all embodiments described herein, the first ABH 110 and/or second ABH 120 may comprise a
damping material (not shown) provided on at least a region of the first ABH 110 and/or second ABH 120. The damping
material is provided on the surface of the first ABH 110 and/or second ABH 120, preferably the inner/facing surface.
Where the first ABH 110 and/or second ABH 120 comprises tapering, the damping material may be provided on the
tapering surface of the first ABH 110 and/or second ABH 120. The damping material may be provided on the whole of
the first ABH 110 and/or second ABH 120. The damping material may be a viscoelastic layer applied to at least one of
the sides of the first ABH 110 and/or second ABH 120. The damping material may be a thin layer.
[0062] Many alternative constructions of the structural damper 100 comprising at least one sensor and a controller
are possible, to provide damping of a primary structure 150. Several exemplary embodiments of structural dampers and
structurally damped structures will be described below. In some embodiments, the sensor and controller may be provided
as part of a separate system, and utilised by the structural damper 100 in providing damping. That is, the structural
damper 100 (absent a sensor and controller) may be a retrofit kit.
[0063] As mentioned above, the structural dampers described below are arrangements, assemblies or kits comprising
an acoustic black hole and active control components (e.g., comprising an actuator, and also in some examples a sensor
and a controller).
[0064] The structurally damped structures described below are structures, arrangements, assemblies, or kits, each
comprising a primary structure and a structural damper. The structurally damped structures are configured to provide
structural damping of a primary structure.
[0065] The primary structure 50 may be attached or otherwise connected to a vibration source 60 (shown schematically
in Figures 6 to 8) which, in this case, is an engine. The vibration source 60 produces a vibratory excitation force (V) on
the primary structure, which induces vibration and flexural waves in the primary structure. This also causes the primary
structure to emit acoustic radiation, i.e., noise.
[0066] Each acoustic black hole described herein comprises a tapering thickness (h), whereby the thickness (h) of
the acoustic black hole decreases according to the following power law profile: 

where the variables in Equation 2 are as defined for Table 1 (and Figure 1).
[0067] The change in thickness profile causes the flexural waves to decrease in wave speed along the acoustic black
hole, thereby reducing the reflection of the flexural waves from the acoustic black hole and so effectively providing
attenuation of the flexural waves.
[0068] However, it will be appreciated that any type of acoustic black hole may be used, including those with different
tapering profiles to Equation 2 above.
[0069] Referring to Figure 6, a structurally damped structure 10 is shown. The structurally damped structure 10 is
configured to provide structural damping of the primary structure 50.
[0070] The actuator 150 is configured to apply an actuating force to the first ABH 110 and second ABH 120.
[0071] A sensor 290 senses the movement of one or more of the first ABH 110 and second ABH 120. In the example
illustrated in Figure 5, the sensor 290 is provided on (e.g., mounted on) the first ABH 110. In this respect, the movement
of the first ABH 110 and/or second ABH 120 causes a voltage to be induced in the sensor 690 that is representative of
the deformation. The sensor 690 is connected to a controller (H) such that the voltage induced in the sensor 690 is
passed to the controller (H), forming an error signal (e) that is fed back to the controller (H) (i.e. a feedback signal).
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[0072] The actuator 150 is configured to apply an actuating force (F) to the first ABH 110 and second ABH 120.
[0073] The controller (H) is connected to an electrical power supply 294 and has an output that is connected to the
actuator 150.
[0074] The controller (H) is configured to produce a control signal (c), in the form of an output voltage, that is applied
to the actuator 150, in dependence on the error signal (e).
[0075] The voltage applied to the actuator 150 causes it to apply an actuating force (F) to the first ABH 110 and second
ABH 120. In this respect, energy is input from the actuator 150 into the first ABH 110 and second ABH 120.
[0076] The controller (H) is configured to control the actuator 150 in dependence on the received error signal (e) so
as to provide structural damping of the primary structure 50.
[0077] In this respect, the controller (H) controls the actuating force (F) applied by the actuator 150, to the first ABH
110 and second ABH 120, so as to attenuate (in this case minimise), the vibration of the primary structure 50.
[0078] Furthermore, the first ABH 110 and second ABH 120 acts to control (namely to reduce) the flexural vibrations
produced on the primary structure 50, by the vibration source 60.
[0079] In the currently described embodiment the controller (H) controls the actuating force applied by the actuator
150, to the first ABH 110 and second ABH 120, to control vibration of the primary structure using the following direct
velocity feedback control: 

[0080] Where c(η) is the control signal, e(η) is the error signal, η is the time index and H(z) is a simple gain.
[0081] However, it will be appreciated that any suitable controller may be used in place of H(z), being that either digital
or analogue in nature.
[0082] It will be appreciated that any suitable type and arrangement of sensors and actuators may be used. In this
respect, it will be appreciated that the sensor 290 could be provided on the second ABH 120, or a sensor provided on
each of the first ABH 110 and second ABH 120. The sensor 290 may alternatively be provided on an outer side of the
first ABH 110 and/or second ABH 120, such as the arrangement illustrated in Figure 5.
[0083] As stated above, the actuator 150 is configured to apply the actuating force to the first ABH 110 and second
ABH 120. This may advantageously act to control the vibrational energy in the first ABH 110 and second ABH 120,
which may cause the actuator 150 to have a greater damping effect. Accordingly, this may allow for a reduction in the
size (and strength) of the actuator 150, than would otherwise be required.
[0084] Furthermore, the use of the controller (H) and actuator 150, to provide a controlled actuating force may advan-
tageously improve the low-frequency performance of the first ABH 110 and second ABH 120, which may allow for the
use of structural damping, using ABHs 110, 120, in a more effective way and in a wider variety of applications. It may
also reduce resonances that would otherwise occur.
[0085] Referring to Figure 7, a structurally damped structure 10 is shown. The actuator 150 is configured to apply an
actuating force to the first ABH 110 and second ABH 120.
[0086] First and second sensors 390a, 390b are mounted on the primary structure 50, with the second sensor 390b
positioned downstream of the first sensor 390a. For the avoidance of doubt, downstream may be defined as downstream
relative to a vibration generated by the vibration source, as said vibration propagates from the vibration source to the
acoustic black hole.
[0087] The first and second sensors 390a, 390b are PZT sensors that are configured to sense the displacement of
the primary structure 50 at their respective locations.
[0088] The controller 392 comprises a control unit (W) and a wave decomposition unit 396. The sensors 390a, 390b
are connected to the wave decomposition unit 396 and the wave decomposition unit 396 is configured to decompose
the vibration of the primary structure 50 into the incident and reflected wave components (φ+ and φ-). The incident
component is used as the feedforward reference signal (r) and the reflected component is used as the feedback error
signal (e).
[0089] The control unit (W) is connected to an electrical power supply 394.
[0090] The control unit (W) is configured to output a control signal (c), in the form of an output voltage applied to the
actuator 150 in dependence on the received feedforward reference signal (r) and feedback error signal (e) so as to
control the reflected wave from the first ABH 110 and/or second ABH 120. In this respect, the controller (W) is configured
to attenuate the reflected wave from the first ABH 110 and/or second ABH 120. Accordingly the controller (W) acts to
control the flexural wave in the primary structure 50.
[0091] In the currently described embodiment the controller (W) controls the reflected wave from the first ABH 110
and/or second ABH 120 using the following control algorithm:
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where w is the filter coefficient, n is the time index, a is the convergence gain, y is the leakage coefficient, φ_+ is the
vector of reference signals provided by the measured incident wave filtered by the plant response and φ_- is the measured
reflected wave.
[0092] However, it will be appreciated that any suitable control algorithm may be used.
[0093] Referring to Figure 8, a structurally damped structure 10 is shown. The actuator 150 is configured to apply an
actuating force to the first ABH 110 and second ABH 120.
[0094] The structurally damped structure 10 differs from that described in relation to Figure 7 in that the first and
second sensors 390a, 390b are replaced by an acoustic sensor, in the form of a microphone 496, located in the radiated
sound field of the primary structure 50. In an alternative embodiment, multiple acoustic sensors may be used at different
locations in the radiated sound field.
[0095] The microphone 496 is connected to an input of the controller (W) and passes this sound signal, as an error
signal (e), to the controller (W).
[0096] A movement sensor 490 is mounted on the primary structure 50 upstream of the actuator 150 and provides a
feedforward reference signal (r) to the controller (W).
[0097] The controller (W) is configured to output a control signal (c), in the form of an output voltage applied to the
actuator 150 in dependence on the feedforward reference signal (r) and on the error signal (e) so as to control the
acoustic radiation from the primary structure 50. In this respect, the controller (W) is configured to minimise the acoustic
radiation from the primary structure 50.
[0098] The controller (W) is connected to an electrical power supply 494.
[0099] In the currently described embodiment the controller (W) controls the vibration of the primary structure 50 and
this controller can be implemented using a Finite Impulse Response (FIR) filter, where the coefficients can be updated
as follows using the well-known filtered-reference least mean squares algorithm:

where w is the filter coefficient, n is the time index, a is the convergence gain, y is the leakage coefficient, r is the vector
of current and past filtered-reference signals and e is the error signal, where the error signal is provided by the microphone
496.
[0100] However, it will be appreciated that any suitable control algorithm may be used.
[0101] In each of the described embodiments of structural dampers and structurally damped structures comprising
structural dampers, the use of the controller and actuator(s), to provide a controlled actuating force to the acoustic black
hole and/or primary structure may advantageously improve the low-frequency performance of an acoustic black hole,
which may allow for the use of structural damping, using an acoustic black hole, in a more effective way and in a wider
variety of applications. It may also reduce resonances that would otherwise occur.
[0102] Whilst the present invention has been described and illustrated with reference to particular embodiments of
structural dampers and structurally damped structures comprising structural dampers, it will be appreciated by those of
ordinary skill in the art that the invention lends itself to many different variations not specifically illustrated herein.
[0103] For example, in each of the described embodiments of structural dampers and structurally damped structures
comprising structural dampers, any suitable corresponding type of sensor or actuator may be used. In this respect, the
sensor(s) may be of any suitable type, including displacement sensor, a velocity sensor, a strain sensor, a vibration
sensor, an accelerometer, etc. The actuator may be of any suitable type, including a PZT, an electro-magnetic actuator,
a pneumatic or hydraulic actuator, etc.
[0104] In addition, the location, number and arrangement of the actuators and sensors may be varied and is not limited
to that of the described embodiments of structural dampers and structurally damped structures comprising structural
dampers.
[0105] Any of the control/actuation/sensor arrangements of any of the above described embodiments of structural
dampers and structurally damped structures comprising structural dampers may be combined, in any combination, to
control one or more of the vibration of the primary structure, a flexural wave in the primary structure and the acoustic
radiation from the primary structure.
[0106] In embodiments where the controller is an adaptive controller, a non-adaptive controller may be used instead
(and vice-versa). However, use of an adaptive controller may be advantageous as it may provide improved damping
that adapts to changing external conditions.
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[0107] The primary structure of any of the embodiments described herein may be provided with a plurality of the
respective structural dampers of that embodiment, so as to provide structural damping of the primary structure at multiple
locations. Furthermore, the primary structure may be provided with a plurality of structural dampers that are a mixture
of more than one of the described embodiments.
[0108] In particular, whilst the structurally damped structures 10 and structural dampers 100 illustrated in the figures
comprises a single compound ABH (comprising first ABH 110 and second ABH 120), other constructions of structurally
damped structure and structural dampers within the scope of the present invention may comprise a plurality of compound
ABHs and associated active components (e.g., a plurality of actuators, one provided at each compound ABH). That is,
the structurally damped structure 10 and/or structural damper 100 may comprise a first ABH and second ABH as a first
compound ABH, and a third ABH and fourth ABH as a second compound ABH, and so on. In such a construction, a first
actuator may be provided in contact with the first ABH and second ABH, wherein the actuator is configured to apply an
actuating force to the first ABH and the second ABH, and a second actuator may be provided in contact with the third
ABH and fourth ABH, wherein the actuator is configured to apply an actuating force to the third ABH and the fourth ABH,
and so on. In general, this construction may alternatively be described as a structurally damped structure 10 comprising
a plurality of structural dampers 100. A structurally damped structure and structural damper comprising a plurality of
compound ABHs will be otherwise consistent with all features described above. The actuators may be operated inde-
pendently, separately, in combination, in dependence on one another and/or in a related manner.
[0109] Referring to Figure 9, a vehicle 900 is schematically shown. The vehicle 900 comprises a structural damper
100 and/or a structurally damped structure 10, according to any of the embodiments described herein. The vehicle may
be a land-based vehicle, watercraft, or aircraft. The vehicle 900, or a component thereof, may comprise, or be, the
primary structure.
[0110] Referring to Figure 10, a structure 1000 is schematically shown. The structure 1000 comprises a structural
damper 100 and/or a structurally damped structure 10, according to any of the embodiments described herein. The
structure may be a building, infrastructure, construction, or the like. The structure 1000, or a component thereof, may
comprise, or be, the primary structure.
[0111] Referring to Figure 11, a method of damping is schematically shown. Step 1100 comprises providing a structural
damper comprising: a first acoustic black hole, ABH; a second ABH; and an actuator provided in contact with the first
ABH and second ABH. Step 1200 comprises applying an actuating force to the first ABH and the second ABH using the
actuator.

Claims

1. A structural damper for providing damping of a primary structure, the structural damper comprising:

a first acoustic black hole, ABH;
a second ABH; and
an actuator provided in contact with the first ABH and second ABH, wherein the actuator is configured to apply
an actuating force to the first ABH and the second ABH.

2. The structural damper as claimed in claim 1, further comprising:

at least one sensor; and
a controller configured to control the actuator in dependence on a signal from the at least one sensor.

3. The structural damper as claimed in either of claim 1 or claims 2, wherein the first ABH and/or second ABH is
comprised in the primary structure.

4. The structural damper as claimed in any one of the previous claims, wherein a cavity is defined by the first ABH
and second ABH, the actuator being provided in the cavity.

5. The structural damper as claimed in claim 4, wherein the cavity is enclosed.

6. The structural damper as claimed in any one of the previous claims, wherein the first ABH and second ABH are
integrally formed.

7. The structural damper as claimed in any one of claims 1 to 5, wherein the first ABH and second ABH are separately
formed and coupled to one another.
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8. The structural damper as claimed in any one of claims 2 to 7, when dependent directly or indirectly on claim 2,
wherein the controller is configured to control the actuating force applied by the actuator, to the first ABH and second
ABH, so as to control at least one of:

(a) the vibration of the primary structure;
(b) a flexural wave in the primary structure;
(c) the acoustic radiation from the primary structure.

9. The structural damper as claimed in claim 8, wherein the controller is configured to control at least one of features
(a) to (c) by controlling: the vibration of the first ABH and/or second ABH; and/or a flexural wave in the first ABH
and/or second ABH.

10. The structural damper as claimed in any one of claims 2 to 9, when dependent directly or indirectly on claims 2,
wherein the controller is configured to control the reflected flexural wave from the first ABH and/or second ABH.

11. The structural damper as claimed in any one of claims 1 to 10, when dependent directly or indirectly on claim 2,
wherein the controller is configured to control the acoustic radiation from the primary structure.

12. The structural damper as claimed in any one of the previous claims, wherein the first ABH and/or second ABH is
provided with a damping material.

13. A structurally damped structure comprising:

a primary structure; and
a structural damper according to any preceding claim arranged to provide structural damping of the primary
structure.

14. The structurally damped structure as claimed in claim 13, wherein the primary structure is comprised in a vehicle
or structure.

15. A method of damping comprising:

providing a structural damper comprising:

a first acoustic black hole, ABH;
a second ABH; and
an actuator provided in contact with the first ABH and second ABH; and

applying an actuating force to the first ABH and the second ABH using the actuator.
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