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Abstract

Wings and other aircraft lifting surfaces must remain free of ice during flight
to maintain aerodynamic performance and ensure safety. Conventional de-
icing approaches, such as engine bleed air, are effective but energy-intensive,
motivating the exploration of alternative low-energy approaches that employ
high-amplitude shock or vibration. A recently proposed method, demonstrated
to delaminate an ice substitute from a beam, generates a localised shock response
by focusing elastic waves in both time and space using a single actuator. How-
ever, this method requires prior knowledge of the dispersion characteristics of the
waves. This study compares several wave-focusing techniques and extends their
application to a semi-cylindrical structure resembling an aircraft wing leading
edge. A semi-analytical finite element (SAFE) model is used to predict dispersion
relations and transient responses, forming the foundation for a systematic evalu-
ation of time-reversal and related techniques. A parametric study examines the
effects of excitation bandwidth, propagation distance, and structural damping on
focusing performance. Two definitions of the amplification factor are introduced,
showing that dispersion compensation greatly improves the localised response.
The findings not only advance low-energy de-icing strategies but also provide
broader insights into wave-focusing methods applicable to dispersive media in
acoustics and vibration.

Keywords: Wave focussing, Time reversal, Elastic waves, Leading edge structures,
Energy amplification, Structural vibration.



1 Introduction

Aircraft icing during flight has been a concern since the very early years of aviation.
The precise curvature of the wings generates a specific amount of lift, which is criti-
cal for take-off and landing performance. Any alteration in the shape of the wings or
other lifting surfaces can lead to significant issues, such as increased drag and reduced
lift, resulting in a loss of aerodynamic performance and controllability. Conventional
ice protection systems, including pneumatic boots, electro-thermal heaters, glycol-
based fluids, and bleed-air extraction, are widely used but face drawbacks in terms of
weight, cost, complexity, maintenance, or power demand [1]. To address these chal-
lenges, various electromechanical de-icing systems, also known as Low-Power De-Icing
(LPDI) systems, have been developed over the years to reduce the power required for
ice protection during flight [1, 2]. These low-energy solutions use mechanical pulses
or vibrations to break the bond between the ice accretion and the aircraft struc-
ture. The origin of LPDI systems can be traced back to 1937 when Goldschmidt [3]
introduced the first Electro-Impulse De-Icing (EIDI) system. This technology employs
large impulsive forces generated by electromagnetic coils on the wing’s leading edge
to delaminate and expel ice accretion. However, it has limitations, including electro-
magnetic interference, structural fatigue, and passenger discomfort due to noise [4, 5].
The Electro-Mechanical Expulsion Deicing System (EMEDS) operates on a similar
principle to the EIDI and was developed by COX Inc. A short high current electri-
cal pulse is delivered to the actuators generating opposing electro-magnetic fields that
impart an impulsive repelling force that shatters and removes the ice accretion from
the erosion shield [1]. Compared to traditional systems, EMEDS provides efficient ice
protection at lower power levels. However, like most mechanical de-icing systems, it
leaves ice residual on the surface, making it unsuitable for high-performance wings.

Recent research has focused on the use of piezoelectric actuators to remove ice
accretion by inducing large vibration fields. Adachi et al. [6] were the first to propose
using ultrasonic waves for ice removal. Ultrasonic de-icing concepts rely on transverse
shear stresses that exceed the adhesion strength between ice the host structure. Over
the years, various studies have been conducted [7-9], though findings suggest that ice
delamination was sometimes primarily caused by actuator heating rather than shear
stress. Subsequent research at Pennsylvania State University (PSU) concentrated on
de-icing rotorcraft wings [10-13], with key limitations stemming from the insufficient
force generated by piezoelectric actuators and the need to drive them at resonance,
which caused heating and cracking. In his 2014 review paper [14], Palacios summarised
de-icing experiments conducted at PSU, highlighting issues with actuator bonding
and the fracturing of piezoelectric ceramics. He also noted the potential benefits of
transient excitation over harmonic excitation.

The effectiveness of any impulsive actuator in removing ice is constrained by wave
attenuation due to structural damping, wave scattering at discontinuities, and pulse
dispersion during propagation. The latter is due to the dispersive nature of guided
waves, characterised by the dependence of their velocity on frequency, which causes
the signal to have a longer duration and lower amplitude as it travels. To mitigate the
effects of wave dispersion, several signal processing techniques have been developed.
Most rely on the reversibility of acoustic wave propagation, meaning the time-reversed



version of an incident pressure field naturally refocuses on its source. Time reversal,
extensively applied by Fink in acoustics [15, 16], consists of a two-step process. In the
forward step, a signal is launched into a medium from a source and detected along its
propagation path by one or more transducers, forming a Time Reversal Mirror (TRM).
In the backward step, the measured responses are time-reversed and retransmitted
into the medium, compensating for wave dispersion, with the received signal closely
resembling the original one.

The versatility of the time reversal technique across various fields and applications
has prompted researchers to explore methods to enhance the focussing of wave energy.
Deconvolution, or inverse filtering, is a method that has been used in time reversal
experiments to enhance the quality of a focal signal or improve the quality of source
reconstruction [17]. Anderson et al., in their experiments, demonstrated the ability of
the deconvolution technique to improve both temporal and spatial focussing compared
to standard time reversal [18]. However, it was found that the improved quality of
the focal signal comes at the expense of reduced focal amplitude. A technique used
in time reversal experiments to increase focal signal amplitude is the one-bit method,
introduced by Derode et al. [19, 20]. Unlike standard time reversal, which retransmits
both instantaneous phase and amplitude information, the one-bit method retransmits
only the sign of the time-reversed signal. In experiments conducted in a water tank,
Derode et al. achieved a 12 dB increase in the peak amplitude of the pulse using the
one-bit method, while maintaining the same time compression and spatial resolution.
In a recent study by Willardson et al. [21], several time reversal methods, including
the aforementioned deconvolution and one-bit techniques, were compared with the
objective of achieving the highest possible amplitude focus in a reverberation chamber.
The study found that clipping [22], a method similar to one-bit time reversal, yielded
the highest focal amplitude.

An interesting aspect of the dispersive nature of guided waves is that it can not
only be compensated for but also exploited to generate a highly impulsive response at
a target location [23, 24]. Waters [25] employed a simpler approach to time reversal,
utilising a transient chirp excitation to focus flexural waves in a uniform beam or
plate. By leveraging prior knowledge of the dispersion relation of a single wave type,
a chirp waveform was analytically derived by selecting an instantaneous frequency
that enables the synchronous arrival of all frequency components at an arbitrary focal
point. This approach demonstrated the capability to delaminate an ice substitute from
a beam; however, extension of this method to realistic wing structures requires prior
knowledge of free wave propagation along the wing’s leading edge, where ice typically
accumulates. Moreover, the technique is difficult to extend to structures in which
multiple waves can propagate.

The present work compares some wave focussing techniques available in the litera-
ture and extends their application to a semi-cylindrical structure, designed to resemble
an aircraft wing slat leading edge. Furthermore, it seeks to evaluate the extent to
which compensating for wave dispersion enhances the response relative to a reference
excitation. Section 2 of this paper presents a semi-analytical finite element (SAFE)
model of such a structure, from which the number, type and dispersion characteristics
of freely propagating waves can be predicted. The source-receiver configuration used



to compute the forced response, along with the hysteretic damping model, is also pre-
sented. Section 3 introduces four different techniques for dispersion compensation. In
Section 4, these techniques are applied to the SAFE model and their results are com-
pared. Amongst them, the time reversal method is used to conduct a parametric study
that investigates the effects of key parameters on wave focussing. Two distinct defini-
tions of amplification factor are also introduced to quantify the potential amplification
in shock response achieved by compensating for wave dispersion.

2 SAFE model of an aircraft wing slat leading edge
structure

This section presents the SAFE model developed to predict the dispersion characteris-
tics and forced response of the wing slat leading-edge structure considered in this study.
The SAFE method is a semi-analytical numerical approach well suited for modelling
elastic wave propagation in uniform, one-dimensional structures with arbitrary cross-
sections. It requires discretising only the 2D cross-section using a finite-element-based
procedure and applying an analytical space-harmonic solution along the propaga-
tion direction, resulting in a linear eigenvalue problem in frequency and wavenumber.
The SAFE framework introduced here will be used for the wave focussing analyses
presented in the following sections.

2.1 Model

In flight, wings and other aircraft lifting surfaces must be kept free from ice to maintain
aerodynamic performance and controllability. With the intent of extending the de-
icing method presented in [25] to realistic wing structures, early activities focussed
on the SAFE modelling of a Boeing 737 wing slat [26]. However, the high level of
measured wave attenuation due to the presence of several internal discontinuities led
to the design of a more simplistic structure that resembles its wing slat leading edge.

The new structure, hereafter referred to as wing slat leading edge, has a cross-
section composed of a rectangular plate 100 by 10 mm, and a half-round plate with
a diameter of 100 mm and a skin thickness of 1.2 mm. It is made of aluminium
alloy ENAW-5083 and its material properties are: p = 2660 kg/m3, v = 0.33 and
E =70 GPa.

In Figure la-1b are shown, respectively, the cross-section of the SAFE model and
the finite element mesh used for the simulations. The mesh consists of 16 four-sided
elements which use quadratic Lagrange shape functions, resulting in a total of 88 nodes
and 264 DOFs.

The following SAFE model results have been obtained through the SAFE method
implementation for free and forced wave propagation presented in [27]. This approach
enables the extraction of the global mass and stiffness SAFE matrices from the finite
element software COMSOL Multiphysics and the computation of free and forced
responses of any arbitrary waveguide directly from the Matlab environment. This
SAFE approach has been implemented for this structure and validated both numer-
ically [27] and through an experimental method of wavenumber estimation on a
laboratory structure [28]. These results are omitted from the present paper for the



100 mm

(b)

Fig. 1: SAFE model of the waveguide used to represent an aircraft wing slat leading
edge: (a) cross-section, and (b) mesh.

sake of conciseness. It should be noted, however, that the proposed model can also be
implemented using a standard finite element method.

2.2 Free wave propagation

Once the geometry, mesh, and frequency range are established, the SAFE method
allows predicting all the possible elastic waves that may propagate in the waveguide,
together with the velocities and other wave properties of interest. The eigenvalue
problem yielded by the SAFE method was solved for a set of frequencies from 0 to
about 16 kHz and a frequency resolution of 4 Hz.

In Figure 2 are shown the corresponding dispersion curves of the propagating
waves in the form of energy velocities against frequency. No structural damping was
considered in the model; therefore, all the wavenumbers are purely real above the cut-
on frequencies of their respective wave modes. As one can notice, within the chosen
frequency range, the SAFE model predicts the presence of four zero-order wave modes,
which propagate at all frequencies, and eight higher-order wave modes of which the
first four cut on at about 2, 3, 5 and 8 kHz, respectively. The zero-order wave modes
consist of two bending modes, a torsional and a compressional mode.
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Fig. 2: Energy velocity against frequency for the propagating waves of the undamped
wing slat leading edge predicted by the SAFE method.



Almost all the waves predicted by the SAFE method are dispersive. A few waves
are seen to approach a velocity of about 3 and 5 km /s, which corresponds, respectively,
to the speed of pressure waves and shear waves in the bulk material, while many others
share a similar value of energy velocity at higher frequencies. Moreover, the obtained
dispersion curves are widely characterised by the occurrence of a particular dispersion
phenomenon known as mode veering [29, 30], which manifests when, in the proximity
of some critical frequency, two branches of the dispersion curves with slopes of the
same sign, instead of crossing, suddenly veer apart and swap their trajectories. For a
detailed analysis of the wave mode shapes and mode veering the reader is referred to
[28].

2.3 Forced wave propagation

The SAFE method can also be used to predict the forced response in the frequency
domain of any node of the cross-section at any arbitrary distance from the applied
loads along the direction of propagation [27].

Depicted in Figure 3 is an example of source-receiver configuration used in the
following simulations. A concentrated load, p, is applied normally to the curved profile
of the cross-section on point A, located at 60 degrees from the rectangular plate
component. The acceleration response, ag, is detected on point B at a distance of 2
metres from the applied load along the propagation path. It is worth noting that, in
this example, points A and B correspond to the same cross-section node of the SAFE
mesh. Furthermore, the choice of the excitation point is motivated by the fact that, in
practical de-icing scenarios, ice debonding must occur at the wing’s leading edge (i.e.,
the curved region), where ice tends to accumulate.

Fig. 3: Example of source-receiver configuration for the SAFE model of the wing slat
leading edge. A single load is applied normally to the curved profile on point A, located
at 60 degrees from the bonded rectangular plate component. Acceleration of a single
node in the same circumferential position is predicted 2 metres away from the source.

2.4 Structural damping

To account for energy loss within the material, some structural damping is next intro-
duced in the wing slat leading edge through the hysteretic model. The complex stiffness
tensor is obtained by adding imaginary parts, in small percentages, to the Lamé’s con-
stants A and p of the material [31]. Thus, the "damped” constants for the hysteretic



model Ap and pp are defined as
Ap = A(1+92\j) (1)

and
pp = p(1+9,5), (2)

where ¥y and ¥, are the imaginary part added to the Lamé’s constants of the
undamped material.

A noteworthy point to be made is that being a frequency domain damping model,
it can result in acausality for time domain simulations; however, it is likely to be
insignificant for low damping values. Alternatively, acausality can be mitigated by
enforcing Hermitian (conjugate) symmetry on the complex Lamé constants at positive
and negative frequencies, thus ensuring real-valued, causal time-domain responses [32].
Finally, since the damping loss factor is constant at all frequencies, the response is
expected to be increasingly attenuated as the frequency increases.

3 Wave focussing methods

This section introduces four wave-focusing methods reported in the literature, which
are subsequently applied to the previously presented wing slat leading edge. These
approaches modify the impulse response or transfer function with the objective of
enhancing the focal amplitude or improving the focusing quality.

3.1 Time reversal

Time reversal (TR) has been widely used in acoustics attracting the attention of
researchers in different fields of applications such as Non-Destructive Testing (NDT),
medicine, communications, seismology, etc [22]. This technique is often used to gen-
erate an impulse-like focus of energy at a target position and consists of a two-step
process.

In the forward step, the response to an impulse is obtained between a source and
a receiver, positioned at a point A and B, respectively. In the backward step, the
received signal is reversed in time and sent back through the waveguide from point B
to A. The result is a time-compressed, high amplitude shock response at the initial
source location A similar to the original excitation waveform.

The focal signal, (t), obtained at the initial source location A after the backward
step can be expressed, in the frequency domain, as

Rw) = (F() Hw),,) H@),, (3)

where F'(w) is the spectrum of the initial excitation, * denotes the complex conjugate,
that in the frequency domain corresponds to the time reversal operation, while H, .
and H,, are the frequency response function (FRF) between point A and B during
the forward and backward step, respectively. By using the spatial reciprocity relation



it results that H(w),, = H(w),, = H(w), thus Equation (3) may be rewritten as
R(w) = F*(w) [H(w)|* . (4)

The focal signal may be then obtained by computing its inverse Fourier transform as

r(t) = F 1 (F* @) [H@)?) . (5)

Equation (5) highlights how the focal signal received at the initial source location,
after the backward step, corresponds to a filtered version of the initial excitation. In
particular, the time reversal process scales the spectrum of the initial excitation by
the squared magnitude of the FRF while preserving its phase (with changed sign) [23].

It is worth mentioning that, another approach often used in acoustics for achieving
time reversal focusing consists of using an array of transducers, called Time Reversal
Mirror (TRM), placed along the wave propagation path. Each transducer detects the
signal emitted from a desired source location, time-reverses it, and re-transmits it into
the medium resulting in a compensation of wave dispersion with the received signal
at the source location resembling the original one [15, 16]. Moreover, the reciprocal
TR process (forward from A to B, then backward from A to B) offers an alternative
implementation to the standard TR method (forward from A to B, then backward
from B to A). In this paper, the reciprocal TR process using a single source transducer
will be adopted.

3.2 Deconvolution

As previously mentioned, the time reversal technique is often used to generate an
impulse-like focal signal in a two-step process. However, it cannot reconstruct exactly
the initial excitation waveform and this has led researchers to explore methods to
improve the quality of wave focussing.

Deconvolution, or inverse filter, is a time reversal method that provides the desired
excitation signal to be used during the backward step to reproduce an approximate
delta function §(¢) (limited by available bandwidth) [17, 18]. The problem of finding
the required excitation, f(t), necessary to approximate the focal signal, (¢), to a delta
function in a time reversal process may be formulated in convolution notation as

r(t) = f(t) x h(t) = 8(t) , (6)

where h(t) is the response to an impulse obtained at the receiver location in the
forward step.

Deconvolution equates to inverse filter by transforming to the frequency domain,
therefore Equation (6) becomes

Rw)=F(w) Hw)~1, (7)

where H(w) corresponds to the FRF between the source and receiver location. It
follows that the required excitation to use in the backward step of the time reversal



process corresponds to the frequency domain inverse of the FRF obtained in the

forward step )
1 H*(w
P~ @) ~ WP i
where * denotes the complex conjugate operation.
Equation (8) provides an analytical expression for F(w), but it may not be practical
for experimental use in cases of limited bandwidth, significant background noise, or if
H(w) is close to zero at any frequency [18]. To avoid this, a constant is usually added

to the denominator; thus Equation (8) is replaced by

H* () |
[H(w)[? + mean(|H (w)?)

Fw) = (9)

where 7 is an arbitrary non-dimensional constant (sometimes referred to as water
level [33]) chosen to reduce the effect of noise introduced through the deconvolution
method. The required excitation f(t) is then obtained by transforming back to the
time domain.

It is worth pointing out that the enhanced quality of the focal signal comes at the
expense of lower focal amplitude. In fact, whereas the time reversal method sends back
a complex conjugate (or time reversal) of the forward information, the deconvolution
method sends back a frequency domain inverse of the forward information. Moreover,
the above derivation suggests that, by prior knowledge of the FRF between the source
and receiver positions, the excitation signal necessary to recreate an approximate delta
function, §(t), at a target position can be directly computed. The procedure will then
consist of just the backward step of the time reversal process. Finally, in a recent
work, Anderson et al. [18] have provided an expression for deriving the necessary input
signal capable of reconstructing an arbitrary source function.

3.3 One-bit time reversal

The one-bit method introduced by Derode et al. [19, 20] is a technique used in time-
reversal experiments to increase the amplitude of the focal signal.

Differently from the standard time reversal procedure, where both the phase and
amplitude information are retransmitted, in the one-bit method, only the sign of the
time-reversed signal is sent back. The one-bit processed signal is obtained from an
impulse response normalised to unit amplitude; a value between 0 and 1 is chosen as
a threshold, and everything between the positive and negative threshold values is set
to 0 for noise rejection. The one-bit processed signal only contains values of +1 and
0; however, since the phase information is preserved, the focusing is still achievable.

3.4 Clipping

Clipping, a variant of the one-bit method, was introduced by Heaton et al. [22] as an
alternative signal processing method for TR.

The normalised impulse response is first intentionally clipped by applying a multi-
plication factor, C. Then, a threshold value of 1 is set, and every TR signal information



above the positive threshold or below the negative threshold value is set equal to 1
and -1, respectively. Differently from the one-bit method, the information that lies
between the positive and negative threshold values remains unchanged.

4 Numerical results

In the following, the above wave focussing methods are applied to the SAFE model
of the wing slat leading edge introduced in Section 2 using the same source-receiver
configuration shown in Figure 3 with a 0.1% structural damping and a frequency
bandwidth of 16 kHz. For each technique, a rectangular pulse of 0.1 ms duration is
used to excite the structure, while the focal point is arbitrarily chosen at a distance
of 2 metres from the source.

The time reversal method has been implemented following the reciprocal approach
(forward from location A to location B and then backward from A to B) with a single
source. In the forward step, the spectrum of the rectangular pulse is multiplied by the
transfer accelerance FRF predicted at the chosen focal point and, by transforming back
to the time domain, its response signal is obtained. Figure 4a shows the time-reversed
response signal, normalised to unit peak amplitude, used as input in the backward
step, while Figure 4b shows the corresponding response signal predicted at the focal
point. As one can notice, due to the dispersion compensation, the response signal
obtained in the backward step, Figure 4b, manifests itself as much more impulsive
than the corresponding excitation waveform shown in Figure 4a.

In the deconvolution method the desired excitation waveform to be used in the
backward step has been obtained by multiplying the spectrum of the rectangular
pulse by the inverse of the accelerance FRF predicted at the target position and then
transforming back to the time domain. For illustration purposes, a 500 Hz high-pass
filter has also been applied to the desired excitation waveform. The obtained signal,
Figure 4c, is then sent through the waveguide and seen progressively recombining
towards the rectangular pulse as it propagates from the source. Figure 4d shows the
response signal predicted at the chosen focal point. As one can notice, the rectangular
pulse is not fully reconstructed at the target position; however, it can be proved that
by focussing all the frequency components, i.e. with no filter applied, the exact original
signal can be obtained.

Figure 4e shows the one-bit processed signal obtained from the time-reversed
response signal shown in Figure 4a by using a threshold value of 0.02, while Figure 4f
shows its shock response predicted at the target position.

The clipping method has been implemented by applying a multiplication factor
C=50 to the time-reversed response signal shown in Figure 4a. The computed clipped
signal, Figure 4g, is then sent in the backward step of the standard time reversal
method obtaining, at the target position, the shock response shown in Figure 4h.

By comparing the wave focussing results shown in Figure 4, it emerges that the
one-bit and the clipping TR methods are the ones capable of producing a higher focal
amplitude reaching, respectively, an acceleration peak value of 8553 m/s? and 9164
m/s?, much higher than the standard TR method with its 2970 m/s?. As expected,
the deconvolution TR method with its 18 m/s? produces the lowest response peak.
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Overlaid in Figure 5a are the positive acceleration response peaks, as a function
of distance from the source, obtained through the standard, one-bit, and clipping
TR methods. Figure 5b shows instead the corresponding ones obtained through the
deconvolution TR method to prove the achieved wave focussing notwithstanding the
low focal amplitude. As one can notice, for each curve the waves are successfully
focused at the chosen target position of 2 metres from the source where the maximum
acceleration peaks occur. A high peak value is also observed at the source position,
resulting from constructive interference of highly attenuated nearfield waves.

By looking at the focal point, the one-bit method provides an acceleration peak
amplitude of about three times higher than the standard TR technique. Such amplifi-
cation can be explained by comparing Figure 4a and Figure 4e. In fact, while preserving
the corresponding phase information contained in the ”unprocessed” impulse response,
the 1-bit signal waveform has a much higher signal power that is delivered into the
waveguide. In this example, the clipping TR method yields the highest response peak.
This is partly due to the application of the multiplication factor and the fact that the
information between the threshold values is not zeroed out, as in the one-bit processed
signal. As a result, more energy is transferred into the structure.

Finally, Figure 6 shows the focal signals obtained in Figure 4 in the proximity of
the focal time after being normalised to unit peak amplitude. They have been plotted
against the original source function to compare accurately their temporal compres-
sion. Amongst them, the deconvolution TR focal signal overlays the rectangular pulse,
exhibiting the highest temporal compression. This demonstrates how the enhanced
focal quality obtained by the deconvolution TR method comes at the expense of lower
focal amplitude. To overcome this limitation and thus achieve high focal amplitude
without renouncing to the focal quality, the literature provides examples where one-bit
or clipping TR methods are applied to the deconvolution TR signal [21, 22].

However, it is important to emphasise that this section provides only an overview of
some TR methods available in the literature, rather than a comprehensive comparison.
A more in-depth analysis of the impact of threshold value, multiplication factor, and
other parameters on focal amplitude would be required, but this lies beyond the scope
of this paper.
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Fig. 4: Back propagation step of the TR methods herein presented for the wing slat
leading edge with 16 kHz excitation bandwidth, 0.1% of structural damping, and
focal point at 2 metres from the source. (a) Standard TR response signal due to a
rectangular pulse of 0.1 ms duration, and (b) TR focal signal; (¢) deconvolution TR
signal, and (d) deconvolution TR focal signal; (e) one-bit TR signal, and (f) one-bit
TR focal signal; (g) clipping TR signal, and (h) clipping TR focal signal.
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5 Performance of wave focussing methods

In the previous sections, some wave focussing methods from the literature have been
presented and their results compared. This section, instead, aims to evaluate the
extent to which compensating for wave dispersion enhances the response, relative to
a reference excitation.

In particular, to account for the limitation presented by electrodynamic shakers
and piezoelectric actuators when employed at high amplitudes, a comparison of the
response in terms of power and peak amplitude is presented. In fact, during ultrasonic
de-icing experiments piezoelectric actuators are often driven to their tensile fracture
limit, causing the crack and fracture of the piezoelectric material [13].

Electrodynamic shakers, instead, when employed at higher frequencies, consume
a significant electrical power that is converted to heat, which may finally result in
overstressing of the armature structure and melting of the coil [34].

In the following, as an example, the performance of the standard time reversal
focussing will be thus evaluated through an amplification factor in terms of power and
peak amplitude obtained by comparing the time reversal response at the focal point
to a harmonic and near-tonal response used as a reference.

5.1 Peak amplitude comparison

In the following, by using the standard time reversal results presented in Section 4,
the performance of wave focussing is evaluated in terms of peak amplitude through
comparison with a harmonic response.

Consider the accelerance FRF of Figure 7 predicted at the focal point, which in
this example is at 2 metres from the source. The frequency that provides the largest
response is used as a benchmark and henceforth referred to as benchmark frequency,
fbench~

By plotting the FRF value corresponding to such a frequency, as a function of dis-
tance from the source, the green curve shown in Figure 8 is obtained. The observed
oscillations are the results of the interference of several waves with different wavenum-
bers excited at the benchmark frequency. Such a curve represents accelerations per
unit force and, at the focal point of 2 metres, it corresponds to the largest steady-
state response that one can get if the structure is excited time-harmonically at the
benchmark frequency.

It is compared to the peak responses obtained by focussing energy over all frequen-
cies through the standard TR technique. Therefore, in terms of peak amplitude, the
performance of wave focussing can be assessed by the amplification factor, AF,eqr,
obtained by the ratio of the two curves at the focal point.

5.2 Power comparison

In the following, using the same standard time reversal results presented in Section 4,
the performance of wave focussing is evaluated as a function of signal power. It is
worth highlighting that it does not guarantee the same mechanical power, which also
depends on the mechanical impedance of the structure.
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Fig. 7: Transfer accelerance FRF for the SAFE model of the wing slat leading edge
with 16 kHz excitation bandwidth, 0.1% of structural damping, and focal point at
2 metres from the source. The benchmark frequency, fyenen, is the frequency which
provides the largest response.
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Fig. 8: Performance of wave focussing, in terms of peak amplitude, for the SAFE
model of the wing slat leading edge with 16 kHz excitation bandwidth, 0.1% of struc-
tural damping, and focal point at 2 metres from the source. The harmonic response
(in green), which is used as a benchmark, is obtained by plotting the FRF value cor-
responding to the benchmark frequency as a function of distance from the source. The
amplification factor, AFpeqr, is thus defined as the ratio of the time reversal response
(in black) to the harmonic response at the focal point.

Based on the standard time reversal excitation waveform of Figure 4a, a Gaussian-
windowed tone burst of comparable duration and modulated with a centre frequency
corresponding to fpencn is computed through the Matlab ”Gauspuls” function and
used as a reference. The tone burst duration is determined by maximising correlation
with the standard time reversal waveform. Finally, the tone burst has been scaled
conveniently to have the same signal power as the time reversal excitation and used
to excite the waveguide. For illustration purposes, an example of the two excitation
waveforms are overlaid in Figure 9.

In Figure 10 the acceleration response peaks, as a function of distance from the
source, obtained by exciting the waveguide with the tone burst are overlaid with
the ones obtained through the standard time reversal technique shown in Figure 5a.
Both curves have been normalised by the root-mean-square value of their excitation
waveform to obtain accelerations per unit power.

At the focal point of 2 metres, the response obtained through the tone burst
excitation represents the largest response that one can get by concentrating energy
over a finite bandwidth centred on the benchmark frequency. This is compared to the
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Fig. 9: Time reversal excitation waveform versus tone-burst excitation used as a
reference to evaluate the performance of wave focussing. The two excitations have

same power and comparable duration.

response obtained by focussing energy over all frequencies through the time reversal
technique.

Thus, in terms of power, the performance of wave focussing can be evaluated by
the amplification factor, AF,ower, obtained by the ratio of the two curves at the
focal point. By looking at Figure 10 and Figure 8 one can notice that the tone burst

x10*
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0 —Time reversal response
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Fig. 10: Performance of wave focussing, in terms of power, for the SAFE model of the
wing slat leading edge with 16 kHz excitation bandwidth, 0.1% of structural damping,
and focal point at 2 metres from the source. The amplification factor, AFpower, is
defined as the ratio of the time reversal response to the tone-burst response at the
focal point.

response is much lower than that due to the harmonic excitation. An explanation can
be given by the fact that not all the energy of the tone burst excitation is input at
the benchmark frequency, but it is spread over a finite bandwidth.

6 Parametric study for wave focussing

Along with the direction of excitation, the frequency bandwidth, structural damping,
and focal distance represent key parameters for the wave focussing. Therefore, this
section aims to present a study on the effects of these parameters. The values that
will be used are listed below:
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® Frequency range of excitation: 8 kHz, 16 kHz and 32 kHz.
e Structural damping: 0.1% and 1%.
® Distance of focussing: 2m, 4m and 8m.

Amongst the time reversal methods herein presented, with the only intent of show-
ing the effect of the aforementioned parameters, for brevity, only the results obtained
for the standard time reversal method are presented.

It is worth highlighting that all the following simulations are obtained by using
the same source-receiver configuration depicted in Figure 3 and, for brevity, only
the performance in terms of peak amplitude is shown. A summary of the conducted
parametric study can be found at the end of this section, where, for each simulation,
the benchmark frequency and both amplification factors are reported.

6.1 Variation of excitation bandwidth

In the following, to present the effect of the excitation bandwidth, a focal distance of
2 metres from the source and a 0.1% of structural damping are fixed. Figure 11 shows
the results obtained by varying the excitation bandwidth from 8 kHz to 32 kHz.

From Figure 11a it emerges that when the waveguide is excited up to 8 kHz, an
amplification factor AF}cqr of 0.7 is obtained. At the focal distance of 2 metres, the
results indicate that by exciting the waveguide time-harmonically at the benchmark
frequency, a higher acceleration is obtained than by focussing energy over all frequen-
cies. A reason could be found in the destructive interference of the wave components
within this frequency range.

As shown in Figure 11b - 11c¢, when the bandwidth is increased to 16 kHz and
32 kHz, the amplification factor rises respectively to 1.6 and 2.4. From the results
it emerges that the amplification factor increases as the excitation bandwidth is
increased.

An explanation can be given by looking at the transfer accelerance FRF shown
in Figure 12 predicted at the focal distance of 2 metres and for a bandwidth of 32
kHz. It is evident that by focussing energy up to 8 kHz, only a few frequency compo-
nents contribute to the response. Conversely, the transfer FRF shows a relatively flat
response at higher frequencies, indicating that more frequency components contribute
to wave focussing if the excitation bandwidth is increased.

6.2 Variation of focal distance

In the following, the effect of the focal distance on wave focussing is investigated
by using an excitation bandwidth of 32 kHz and a 0.1% of structural damping. In
Figure 13a,b,c are presented, respectively, the amplification factor AFpeq at the focal
distance of 2, 4 and 8 metres from the source. The results show that the amplification
factor increases as the distance of focussing is increased. At 2 metres from the source,
an amplification factor of 2.4 is achieved, reaching a value of about 3 and 5 when the
focal distance is increased respectively to 4 and 8 metres. The improvement occurs
because an increase in focal distance results in a longer time delay between the slowest
and fastest frequency components. This extends the excitation waveform’s duration,
introducing more energy into the system.
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Fig. 11: Effect of excitation bandwidth on the standard TR technique: acceleration
responses per unit force, as a function of distance from the source, for the SAFE model
of the wing slat leading edge with 0.1% of structural damping and focal point at 2
metres. (a) 8 kHz bandwidth (AF,eqr=0.7); (b) 16 kHz bandwidth (AFpeq,=1.6); and
(c) 32 kHz bandwidth (AFpcqr=2.4).

Finally, it is worth noting that the presence of structural damping increasingly
attenuates the response as the distance increases. The next section will examine this
aspect further.

6.3 Effect of structural damping

In this example, to investigate the effect of structural damping on wave focussing, a
frequency bandwidth of 16 kHz and a focal distance of 4 metres is fixed.

Figure 14 shows the variation of the amplification factor as the level of damping
is increased. From the results, it is apparent that, for the same focal distance and
frequency bandwidth, the amplification factor, AFjeqk, decreases from 2.8 to 1.8 as the
structural damping increases from 0.1% to 1%. As expected, attenuation is responsible
for reducing amplification significantly, particularly at higher distances.

18



B =
o o
N »

2
[ Hyg | [M/S?N]
5
o

0 4 8 12 16 20 24 28 32
Frequency [kHz]

Fig. 12: Transfer FRF for the wing slat leading edge with 0.1% of structural damp-
ing, focal point at 2 metres from the source, and 32 kHz excitation bandwidth. The
relatively flat response at higher frequencies indicates the benefit that can be attained
by increasing the excitation bandwidth.

6.4 Summary of the parametric study

In this section, an overview of the effects of the excitation bandwidth, focal distance,
and structural damping on time reversal focussing has been presented. In particular,
three frequency bandwidths (approximately 8, 16, and 32 kHz), three different focal
distances (2, 4, and 8 metres), and two levels of structural damping (0.1% and 1%)
have been considered. All the simulations were conducted by using the same source-
receiver configuration depicted in Figure 3. Table 1 summarises the obtained results
indicating, for each simulation, the corresponding amplification factors and benchmark
frequency.

AF

Frequency range [Hz]  Structural damping Focal distance [m] Benchmark frequency [Hz|

Peak  Power

2 0.7 0.007 7926
0.1% 4 L0 001 8042
199 8 09 0.0l 8092
2 09 24 8156
1% 4 11 39 7350
8 12 59 6316
2 16 5.1 13408
0.1% 4 28 85 13408
p 39
16384 8 29 88 13964
2 L5 49 13428
1% 4 18 6.0 13016
8 16 79 8744
2 24 9.1 13408
0.1% 4 29 140 13408
32768 8 47 156 13960
2 L9 65 13424
1% 4 22 46 13016
8 13 80 8744

Table 1: Parametric study on wave focussing obtained via the standard TR technique
for the SAFE model of the wing slat leading edge.

At first sight, one can notice that both amplification factors follow a similar trend.
The main difference is that the amplification factor in terms of power, AF,ouer,
presents higher values than the corresponding one in terms of peak amplitude, AFjcqk,
manifesting a much lower benchmark response than the harmonic one. A reason could
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Fig. 13: Effect of focal distance on the standard TR technique: acceleration responses
per unit force, as a function of distance from the source, for the SAFE model of the
wing slat leading edge with 32 kHz excitation bandwidth and 0.1% of structural damp-
ing. (a) focal point at 2 metres (AFpcqar=2.4); (b) focal point at 4 metres (AFpeqar=2.9);
and (c) focal point at 8 metres (AFpeqr=4.7).

be that not all the energy of the Gaussian pulse is focused on the benchmark fre-
quency, but it is spread over a finite bandwidth. Values of amplification factors less
than one suggest that within the corresponding frequency range only a few frequency
components contribute to the response.

By referring to the amplification factor in terms of peak response it emerged that,
for the same distance and level of damping, the amplification factor increases as the
excitation bandwidth is increased. An explanation was found in the relatively flat
response of the FRF at higher frequencies, which indicates that more frequency com-
ponents contribute non-negligible to the response. Moreover, for the same excitation
bandwidth and structural damping, as the focal distance is increased an increase in
the peak response was found. As shown in Figure 13, for a 0.1% of structural damp-
ing and an excitation bandwidth of 32 kHz, the amplification factor AFpc.; varies
from a value of 2.4 at a distance of 2 metres to a value of 2.9 and 4.7 respectively at
4 and 8 metres. A similar trend is observed as the structural damping is increased.
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However, once the focal distance exceeds 4 metres, a reduction in the amplification
factor is observed. For example, by maintaining the bandwidth of 32 kHz and increas-
ing the structural damping to 1%, the amplification factor AFpcqx is seen to increase
from 1.9 to 2.2 and then decrease to a value of 1.3 at the focal distance of 8 metres.
As expected, attenuation is responsible for reducing the amplification, particularly at
higher distances and damping levels.

The identified trends, namely the increase of amplification with excitation band-
width and focal distance, and its reduction with damping, are consistent with
fundamental dispersion compensation principles and are thus expected in other waveg-
uides. However, the quantitative amplification values depend on the modal density and
attenuation of the specific geometry. Consequently, these findings should be regarded
as general expectations that require experimental validation on other structural
configurations, such as composite shells or full-scale leading-edge assemblies.

7 Conclusions

This work investigated the applicability of some wave focussing techniques available
in the literature (i.e. standard, deconvolution, one-bit, and clipping time reversal) to
a semi-cylindrical structure representative of an aircraft wing slat leading edge for
potential de-icing applications. A SAFE model of this structure was developed to
predict the dispersion characteristics and the transient response at arbitrary distances
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from the applied load along the wave propagation direction. Structural damping was
also introduced using a hysteretic model.

From the results obtained, the deconvolution TR method showed its ability to
reconstruct the original excitation waveform and focus the waves precisely at the target
position. However, as expected, the enhanced quality of the focal signal came at the
cost of reduced focal amplitude. Conversely, the standard, one-bit, and clipping TR
methods demonstrated their ability to generate a much stronger shock response near
the target location, with the clipping approach achieving a response peak at the focal
point about three times higher than that of the standard TR method.

The SAFE model was then used to conduct a parametric study on the standard
TR method to examine the effects of excitation bandwidth, propagation distance, and
structural damping on wave focussing. To evaluate the extent to which compensating
for wave dispersion enhances the response compared to a reference excitation, ampli-
fication factors in terms of input signal power and peak amplitude were defined. The
results revealed that, although different in values, both amplification factors exhib-
ited a similar trend. In particular, it was observed that, for the same focal distance
and damping level, the amplification factor associated to peak amplitude increased
as the excitation bandwidth was increased. The reason was found in the relatively
flat response of the transfer FRF at higher frequencies, indicating that, when a
broader bandwidth is excited, more frequency components significantly contribute to
the response. Moreover, for the same excitation bandwidth and structural damping,
an increase in the peak response was observed up to the focal distances considered.
However, as expected, at greater focal distances and levels of damping, attenuation is
responsible for reducing the amplification.

The observed dependence of amplification on excitation bandwidth, focal distance,
and damping is consistent with the behaviour of dispersive waveguides, arising from
dispersion compensation mechanisms, and is therefore applicable to other structures
exhibiting similar modal characteristics. Future studies should explore its effective-
ness in more complex configurations, including aircraft wings and composite materials,
where attenuation may be more pronounced. The quantitative amplification factors
and benchmark frequencies obtained in this study (e.g., AFpear = 4.7 at 32 kHz over
an 8 m focal distance) are specific to the semi-cylindrical aluminium structure, reflect-
ing its geometry and material properties; these values should therefore be considered
demonstrative rather than universal.

Beyond their relevance for de-icing, these findings advance fundamental under-
standing of wave focussing in dispersive media and highlight dispersion compensation
as an effective strategy for energy localisation. Future work will involve coupling an
electromechanical actuator model to the SAFE model, incorporating ice accretion to
enable the prediction of interfacial stresses between the host structure and the ice,
and exploring the use of multiple excitation inputs to preferentially excite selected
propagation modes.
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