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Abstract

Damage detection and identification are important for many aerospace and aeronautical
structures. Vibration-based methods check changes in modal parameters, such as natural
frequencies and mode shapes, usually indicating damage. For large structures, comparing
each mode and parameter separately is impractical. This study proposes the modified
total modal assurance criterion (MTMAC) as a single index for damage detection. To
provide localisation, MTMAC is paired with the coordinate modal assurance criterion
(COMAC), a standard tool for locating damage using mode shapes. Accurate modal
identification is required to support structural health monitoring (SHM). For this purpose,
the recently introduced improved Loewner Framework (iLF) is used. Noting that this is
its first application to SHM, its performance on an undamaged BAE Systems Hawk T1A
jet trainer wing is compared with literature results. Then, the iLF is applied to damaged
states of the same airframe. In all cases, the aircraft vibration testing is carried out under
multiple-input, multiple-output conditions. The identified modal sets are used to compute
the MTMAC for detection and severity, and COMAC for localisation. Results show that
the iLF provides robust modal identification for SHM and that the MTMAC effectively
detects damage.

Keywords: structural health monitoring; vibration-based damage detection; modal parameter
identification; trainer jet aircraft; experimental modal analysis

1. Introduction
Damage is any structural change that degrades the operational capacity of a system [1],

and structural health monitoring (SHM) is known as the field that aims at developing and
implementing methods to detect such changes in aerospace, civil, or mechanical systems.
Being able to detect early damage or anomalies can bring an operational advantage, de-
creasing downtime and increasing maintenance scheduling efficiency. Thus, SHM is of
great interest for any aeronautical application. In vibration-based SHM, modal parameters,
such as natural frequencies ωn, damping ratios ζn, and mode shapes ϕn, are common
indicators [2]. Shifts in ωn can show severity effectively, but localise poorly due to environ-
mental and operational variability. ϕn allow damage localisation by comparing baseline
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and damaged states and can inform severity with the amplitude of the change. ζn are
seldom reliable alone because of strong dependence on non-structural factors. However,
even when only considering ωn and ϕn, their comparison between baseline and damaged
data can become confusing and show ambiguous results of difficult interpretation for
large systems. As discussed in the literature, modal parameters can be extracted in either
controlled experimental scenarios, known as experimental modal analysis, and ambient or
operational conditions, known as operational modal analysis (OMA). Please note that in
aeronautics, the terms EMA and ground vibration testing (GVT) are sometimes used inter-
changeably, although they are distinct [3]. Despite more advanced approaches emerging
recently, an unequivocal solution for SHM does not yet exist [4]. Furthermore, in aerospace
and aeronautical engineering, most applications focus on the analysis of small subsystems,
rather than full or partial airframes, despite very early efforts [5]. This results in the lack
of suitable datasets to develop or improve SHM techniques, even more so when consider-
ing different experimental or operational setups. A notable exception is the single-input,
multiple-output (SIMO) test dataset of a flexible wing with simulated damage in [6,7].
However, this does not cover other types of tests, such as multiple-input, multiple-output
(MIMO) and OMA. The former was recently addressed by the Laboratory for Verification
and Validation (LVV) at the University of Sheffield, which shared an open dataset of a vast
MIMO EMA campaign for a full-scale BAE Systems Hawk T1A jet trainer [8,9], including
healthy and damaged cases at different amplitudes.

Given the general lack of MIMO-based vibration-based damage detection and the
ambiguity of sparse modal parameters comparison, this work proposed a two-step damage
detection framework to be applied to large-scale structures: (i) the iLF for the identification
of modal parameters and (ii) the modified total modal assurance criterion (MTMAC),
formerly widely employed in finite element model updating [10], as a unique damage
index informed by the parameters identified in (i). The rationale is that using the MTMAC
allows condensing the information from multiple modes and ϕn degrees of freedom in a
single value; thus, allowing for a greater interpretability of modal parameters changes. To
validate this approach, the study aims to achieve the following objectives:

1. Validate the iLF modal identification precision and accuracy within SHM;
2. Show that the MTMAC can be a valid and accurate damage index;
3. Apply the two-step damage detection strategy to a BAE Systems Hawk T1A wing.

For completeness of the damage detection process, the coordinate modal assurance criterion
(COMAC) [11] is used to detect the variation in the mode shape trajectory.

2. Materials and Methods
2.1. BAE Systems Hawk T1A

The BAE Systems Hawk T1A experimental dataset, containing GVT data from
216 MIMO tests, was released by the Dynamics Research Group at the University of
Sheffield [8,9]. This includes several damage scenarios, either simulated by local mass
addition and/or the removal of wing panels, excitation input types, and amplitudes.
The decommissioned jet trainer aircraft, once serving for the British Royal Air Force,
is instrumented with 85 PCB Piezotronics (uniaxial and triaxial) accelerometers, along
with other sensors (fibre-Bragg grating strain gauges, temperature sensors, etc.), to-
talling 139 channels. The airframe is fitted with five TiraTM TV 51140-MOSP modal
shakers (https://www.tira-gmbh.de/fileadmin/inhalte/download/schwingprueftechnik/
schwingpruefanlagen/modal/100N_bis_2700N/Datenblatt_system_tv_51140-MOSP_V07.
pdf (accessed on 1 September 2024)), attached to PCB PiezotronicsTM 208C02 force trans-
ducers (https://www.pcb.com/products?m=208c02 (accessed on 1 September 2024)). For
the scope of this work, only three tests are considered:
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• A healthy state at 0.5 V white Gaussian noise (WGN) input (case 1);
• Two simulated damage states with progressive mass addition (616.8 and 916.8 g) on

the port wing (PW_TLE) at 0.5 V WGN input (cases 2 and 3).

For all cases, the excitation bandwidth is between 5 and 256 Hz. The aircraft and the
positions of the modal shakers are shown in Figure 1a, while the mass addition location on
the port wing is displayed in Figure 1b.

z 

y 

x 

 SS_LC 

R_LC 

PW_LC 

SW_LC 

(a) (b)

Figure 1. BAE Systems Hawk T1A aircraft experimental setup at the LVV at the University of Sheffield.
(a) shows the reference frame, its origin, and the shakers position, marked as • (adapted from [8]),
while (b) shows the simulated damage location on the port wing (adapted from [8]).

For our purposes, only the accelerometers mounted on the port wing are considered;
this means that 21 acceleration output channels are used for the analysis. However, all five
shakers, including those not on the wing, are used as inputs. Figure 2 shows the placement
of the sensors along the port wing.

Figure 2. Sensors position (X) on the BAE Systems Hawk T1A aircraft port wing. • points to the port
wing shaker position (adapted from [8]).

The dataset acceleration and force (from the transducers on the shakers) time series
are sampled at fs = 2048 Hz. Notably, each of the 216 tests contains 10 realisations of the
same test. So, for each test, ten MIMO frequency response functions (FRFs) are derived
using the cross-spectral densities and averaged across the realisations (keeping the MIMO
configuration) to increase the signal-to-noise ratio (SNR). These averaged FRFs are used for
the system identification.
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2.2. The Loewner Framework

The Loewner framework (LF) originated as a model order reduction (MOR) approach
for MIMO dynamical systems, with roots in Charles Loewner’s 1930s introduction of
the namesake Loewner interpolation matrix, L Antoulas et al. [12] developed a MOR
formulation using tangential interpolation (i.e., rational interpolation along tangential
directions) by solving the system realisation problem. The framework was subsequently
employed for system identification in electronic applications. More recently, the LF has
been adapted to extract modal parameters for SIMO vibration-based SHM in the frequency
domain [13] to address ill-conditioning in conventional fitting procedures.

Formally, the LF considers a linear time-invariant system Σ in continuous-time de-
scriptor form, with k internal variables and dimensions m inputs and p outputs:

Σ : E
d
dt

x(t) = A x(t) + B u(t), y(t) = C x(t) + D u(t), (1)

where x(t) ∈ Rk×1 is the internal state, u(t) ∈ Rm×1 represents the input, and y(t) ∈ Rp×1

is the output and the corresponding system matrices are:

E, A ∈ Rk×k, B ∈ Rk×m, C ∈ Rp×k, D ∈ Rp×m. (2)

When, for a finite value λ, the matrix (A − λE) is non-singular (with λ ∈ C), the Laplace
transfer function H(s) of Σ is expressed as:

H(s) = C
(
sE − A

)−1B + D. (3)

Using tangential interpolation, the LF fits FRF data to the transfer function H(s). Its
goal is similar to classical approaches such as rational fraction polynomials, but the use of
tangential directions typically reduces computational cost. A rigorous overview is given
in [12], while recent studies in modal analysis emphasise extracting modal parameters from
MIMO systems [14]. The latter approach is used in this work, meaning that the modal
parameters are extracted from eigenanalysis of the realised system matrices.

2.3. Damage Assessment, Quantification, and Localisation

Damage is inferred from shifts in ωn between a baseline and a later state; larger
difference between two sets of ωn generally implies greater severity. Localisation follows
from comparing baseline and damaged ϕn; departures from the baseline shape indicate
likely damage sites. These principles are standard, yet direct comparisons become hard to
interpret for complex structures. To couple ωn and ϕn information in a single index, the
complement of the MTMAC is adopted, pairing the ωn and ϕn contributions to assessment
and quantification:

MTMAC = 1 −
n

∏
i=1

MAC(ϕE
i , ϕN

i )

1 +

∣∣∣∣∣ωN
i − ωE

i
ωN

i + ωE
i

∣∣∣∣∣
(4)

with i the mode of interest and E, N the baseline and damaged conditions. The MAC is
defined as [15]:

MAC(i, j) =

∣∣∣(ϕE
i )

T(ϕN
j )

∣∣∣2(
(ϕE

i )
T(ϕE

i )
)(

(ϕN
j )T(ϕN

j )
) (5)

Since the MTMAC complement depends on both ωn and ϕn, its value decreases as the
damaged modal parameters deviate from the baseline due to local mass or stiffness changes.
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For localisation, the COMAC, which measures local sensitivity between two sets of
ϕn, is used:

COMAC(p) =
∑n

i=1

∣∣∣(ϕE
p,i)(ϕ

N
p,i)

∣∣∣2(
∑n

i=1(ϕ
E
p,i)

2
)(

∑n
i=1(ϕ

N
p,i)

2
) (6)

where p denotes the corresponding DoF.

3. Results
Before assessing the SHM capability of the proposed two-step procedure, it is impor-

tant to validate the BAE System Hawk T1A port wing modal identification of the healthy
state against results available in the literature for the 0.4 V input case [14]. So, the bench-
mark data are presented alongside the identified ω1−3 and ζ1−3 from cases 1 to 3 in Table 1.
Note that only the first three modes are used in this work to carry out the SHM task.

Table 1. BAE Systems Hawk T1A aircraft ω1−3 and ζ1−3 identified from cases 1 to 3 alongside the
literature results, coming from a test at lower amplitude.

Mode #
Natural Frequency [Hz]-(Difference [%]) Damping Ratio [-]-(Difference [%])

0.4 V Input [14] Case 1 Case 2 Case 3 0.4 V Input [14] Case 1 Case 2 Case 3

1 6.98 7.03 6.95 6.88 0.03 0.03 0.02 0.02
(0.7) (−1.14) (−2.13) (0) (−33.33) (−33.33)

2 15.43 15.42 15.53 15.43 0.01 0.01 0.01 0.01
(−0.1) (0.71) (0.06) (0) (0) (0)

3 16.32 16.28 16.24 16.25 0.01 0.01 0.01 0.01
(−0.3) (−0.25) (−0.18) (0) (0) (0)

Notably, identification of the healthy case is extremely coherent with that of the
literature case, which, however, is for a different excitation case. In addition, it is clear
that it is impossible to directly use ω1−3 and ζ1−3 for SHM, as a clear trend within cases
1 to 3 cannot be identified. A further basis for comparison are ϕn. These are addressed
by computing the MAC of the corresponding mode. However, it is important first to
visualise the given modes and recall their dominant displacement direction. ϕn are shown
in Figure 3.

Figure 3. BAE Systems Hawk T1A aircraft case 1 ϕ1−3 (retrieved from [16]).

In [14], mode #1 is the 1st bending (downwards) mode, mode #2 is the 2nd bending
(downwards)mode and mode #3 is the 1st coupled mode between bending (downwards)
and torsion.
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After failing to carry out the SHM task using ω1−3 and ζ1−3, it is useful to test whether
the MAC provides clearer separation. A direct assessment of the damage state from the
MAC (shown in Table 2) of the first three modes is not feasible: there is no strictly linear or
monotonic relation between MAC and the damage cases.

Table 2. MAC matrices diagonal values between cases 2–3 and the healthy state of the BAE Systems
Hawk T1A aircraft.

Mode #
Case

2 3

1 0.90 0.85

2 0.96 1.00

3 0.99 0.98

In principle, the MAC between baseline and damaged mode shapes should decrease as
damage increases, yet this does not happen uniformly across modes and cases. Accordingly,
we compute the MTMAC complement, which jointly accounts for ω1−3 and ϕ1−3, for cases
2–3 using case 1 (healthy state) as the baseline:

• Case 2. MTMAC = 0.158;
• Case 3. MTMAC = 0.175.

As the MTMAC complement is used, larger values indicate greater deviation from the
baseline and thus greater damage severity; the results therefore suggest case 3 is slightly
more severe than case 2, which is the case since a heavier mass is used in case 3. This proves
that the MTMAC is a viable single-value index for damage assessment.

Now, for completeness, the damage is located using the scaled COMAC (between
0 and 1–0 is the highest relative ϕn trajectory deviation) with ϕ1−3. These are shown
in Figure 4.
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Figure 4. Scaled COMAC for the BAE Systems Hawk T1A aircraft port wing identified via iLF from
cases (a) 2, and (b) 3 (adapted from [16]).

In Figure 4, the most prominent areas where a deviation is observed in ϕ1−3 are in the
region near the tip of the wing, as well as close to the root section, around x ≈ 5. Notably,
the maximum deviation for both cases is seen near the damaged area. However, when
the mass is increased, the maximum deviation point shifts slightly towards the root (from
z ≈ −4 m to −3.5 m).
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4. Conclusions
In this work, a novel two-step vibration-based damage detection method is proposed

and applied to the linear dynamics of a BAE Systems Hawk T1A aircraft port wing, resulting
in the following findings:

• The iLF has been experimentally proven to detect small damage-related changes in
full-scale systems modal parameters, such as the BAE Systems Hawk T1A aircraft
port wing;

• The use of MTMAC as a damage assessment and quantification index has
been validated;

• Damage was successfully detected and localised in two cases of the recently introduced
BAE Systems Hawk T1A aircraft MIMO dataset, using the proposed two-step method.

In conclusion, this study advocates for the future employment of the MTMAC as a
damage index in aeronautical structures.

Opportunities for future work include the identification of the whole dataset (216 tests),
carrying out damage detection on the whole set, and creating a finite element model of
the airframe to carry out a statistical analysis to compare the identified results with a
numerical model.
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