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Nondestructive characterization of elastic constants for laminated composites is critical for certifying
manufactured composites before their use in various engineering applications. This paper presents

an ultrasonic guided wave-based inversion approach, which leverages (i) noncontact laser Doppler
vibrometry, (ii) frequency-wavenumber analysis, as well as (iii) an inversion algorithm with a

unique objective function based on Legendre orthogonal polynomial expansion (LOPE) and genetic
algorithm (GA) optimization, for determining the elastic constants of laminated composites. To
implement this approach, laser vibrometry is used to acquire time-space wavefields of guided waves.
The wavefields are then transformed into frequency-wavenumber spectra via multi-dimensional
Fourier transform, unveiling the frequency-wavenumber relations in different directions, which are
subsequently processed by our LOPE-based inversion algorithm. Particularly, this algorithm allows for
robustly determining multiple elastic constants without requiring guided wave mode identification.
Additionally, it is a generalized approach applicable to laminated composites with various anisotropic
lamina properties and layups.
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With the merits of high strength-to-weight ratio, corrosion resistance, and durability, carbon fiber reinforced
polymer (CFRP) composites are increasingly used in civil, aerospace, marine, and automobile structures!?. In
practice, the mechanical properties of manufactured composites often exhibit batch-to-batch variations due to
inevitable differences in resin curing, fiber misalignment, porosity, and other factors®=. Studies have shown that
fiber kinking can reduce the elastic modulus of unidirectional composites by approximately 15-25%>. Gutkin et
al. revealed that localized fiber misalignment can cause a 30-50% reduction in compressive strength and shift the
failure mode to shear-dominated mechanisms*. Hsiao et al. further reported that out-of-plane fiber waviness leads
to a reduction in compressive fatigue life by more than 40%?. In addition to fiber misalignment, Stamopoulos et
al. found that each 1% increase in porosity results in a 2-3% decrease in interlaminar shear strength®. Moreover,
the mechanical properties may degrade due to complex service conditions, such as off-nominal loading,
temperature fluctuations, and chemical exposure’~®. Hamzat et al. investigated stress distribution, damage
evolution, and failure criteria of CFRP materials subjected to tensile, flexural, impact, and compressive loading7.
Yang et al. reported that the tensile strength and elongation of CFRP plates at 90 °C decreased by approximately
90% compared to specimens tested at 10 °C8. Li et al. found that the marine environments significantly reduce
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the tensile strength and elastic modulus of CFRP in the fiber direction, with further degradation observed as
temperature increases’. Therefore, nondestructive methods that can characterize the elasticity matrix are critical
for both the quality control of composites during production and the assessment of material degradation after
service. The measured elasticity matrix is also useful for further evaluating the structural stiffness, as well as
modeling and evaluating the mechanical behaviors of the entire composite structures'®!!.

Among various nondestructive evaluation techniques for composites, such as methods based on ultrasonic
bulk waves!?, ultrasonic guided waves!®!!, electromechanical impedance'®, infrared imaging!, optical fiber
sensing!®, and microwaves!'®, the ultrasonic guided wave-based methods have garnered increasing interest in
recent years because of their multiple appealing features such as long propagation distances and high sensitivity
to various types of defects such as fiber breaking, matrix cracking, and internal delamination. Moreover, guided
waves are sensitive to the changes in elastic constants, as their characteristic equation and dispersion relations
(e.g., wavenumber versus frequency relations for different modes) solved from the characteristic equation depend
on the material’s elastic constants. This feature leads to multiple approaches for solving an inverse problem, i.e.,
using experimentally acquired guided wave signals to determine the material’s elastic constants.

While solving such inverse problems for laminated composites still requires more attention, studies on using
guided waves to characterize material properties of isotropic specimens can be traced back decades. Xu and
Mal'” introduced an inversion scheme to determine the material properties of adhesive bonds using guided
wave phase velocities. Karim et al.!® developed an inversion approach for evaluating the elastic properties of an
adhesive layer between aluminum plates. Rogers'® presented a least square-based method to analyze guided wave
phase velocities to determine the elastic properties of different isotropic materials including aluminum, steel,
and glass. Leveraging the acoustic microscopy-based measurement of high-order Lamb waves and dispersion
analysis, Lyu et al.?® developed an inversion method for identifying elastic properties and demonstrated their
method by evaluating a 380 um thick submerged aluminum plate.

For anisotropic laminated CFRP composites, the increase of independent elastic unknowns expands
the domain dimension for solving the inverse problem, and this brings great challenges to nondestructively
characterizing the elastic constants of composites. The approaches for solving such complex inverse problems
rely on a good understanding of their related forward models. For example, the traditional Thomson-Haskell
model and its modifications?!~2%, which consider anisotropic elastic properties, can be used to construct objective
functions of the inverse problems. Based on a modified Thomson-Haskell model, Hosten et al.>* established an
inversion approach to evaluate the elastic properties of glass/carbon fibers reinforced epoxy matrix composites.
Vishnuvardhan et al.?> characterized the elastic constants of orthotropic plates by using a single-transmitter-
multiple-receiver array to measure guided wave velocities and then applying a GA-based inversion approach.
Recently, Bochud et al.® presented a real-time method for the assessment of an anisotropic plate’s elastic constants
by using a multi-element linear array to acquire guided waves and then solving the inverse problem. Their
method formulated an objective function based on the characteristic equation to account for different guided
wave modes. To address the challenge of solving the inverse problems for complex waveguides with arbitrary
cross-sections or anisotropic material properties, Cui et al.?” present a method using the semi-analytical finite
element (SAFE) method to obtain phase velocity dispersion curves for different cases and then identifying the
dispersion curves that matched the data of a simulation-based pseudo-experiment for verification. Sun et al.?®
alternatively utilized the Legendre orthogonal polynomial expansion (LOPE)-based forward model to calculate
the phase velocity dispersion curves for functional graded materials and then identified the best-matching
dispersion curves for their pseudo-experimental data. In addition to characterizing the elastic constants, Li et
al.?? solved the inverse problem for characterizing the initial stress in a CFRP composite by introducing a deep
neural network-based guided wave analysis method.

With key features such as high spatial resolution, great flexibility in moving excitation and sensing
locations, and noncontact ability to generate and receive guided waves, laser-based technologies are gaining
increasing attention®-32. An increasing number of studies have been leveraging laser technologies not only
for fundamental investigations of elastic wave propagation and wave-defect interaction but also for application
studies on detecting various types of defects such as cracks, delamination, and corrosion3%. Ambrozinski et
al.* showed that scanning points from a laser Doppler vibrometer (LDV) could efficiently form phased arrays
with different configurations to detect defects in plate-like structures. Kudela et al.*> devised a hybrid system that
combined a piezoelectric transducer and a scanning LDV to capture wavefields and detect delamination damage
in composites. Hudson et al.*® combined an air-coupled transducer and a scanning LDV to establish a fully non-
contact system for evaluating voids in composites. Yu and Tian’ leveraged a scanning LDV to capture the time-
space wavefields of Lamb waves, enabling the analysis of wavenumber changes for crack detection. Moll et al.*®
investigated a high-density circular array for detecting cracks of various orientations in an aluminum plate by
employing a hybrid setup that utilized a piezoelectric transducer and a scanning LDV for Lamb wave generation
and acquisition, respectively. Radziefiski et al.*® demonstrated the potential of a hybrid system integrating
piezoelectric transducers and a scanning LDV for identifying defects in various types of composite plates.
To overcome the time-consuming nature of full-field laser scanning of large areas with high spatial sampling
rates, Jeon et al.*? presented a compressive sensing-based, full-field laser scanning approach that could reduce
the number of required laser scanning points. Ullah et al.*! proposed a deep learning-based super-resolution
method to enhance the efficiency of scanning LDV-based wavefield acquisition. Gao et al.*? leveraged laser
ultrasonics to measure Lamb wave velocities at a series of frequencies, and by finding the theoretical dispersion
curves matching the experimental data, they determined the thickness and Young’s modulus of a metal plate.

Despite aforementioned studies on laser technologies for ultrasonic guided wave-based nondestructive
evaluation, this paper presents a guided wave-based inversion approach, which leverages noncontact laser
Doppler vibrometry, frequency-wavenumber analysis, and a unique LOPE-based inversion algorithm, for
enabling elastic constants determination for laminated composites. To develop our inversion algorithm, the LOPE
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is used to formulate a forward model that can use lamina material properties and layups of laminated composites
to calculate the frequency-wavenumber dispersion relations of guided waves propagating in different directions
of composites. Then, the LOPE-based forward model is used to establish a LOPE-based objective function
that can be solved by multi-objective optimization algorithms, such as GA, which is known for its robustness
in solving multi-parameter inverse problems. It is worth noting that the LOPE-based inversion algorithm
allows for robustly determining multiple elastic constants without requiring guided wave mode identification.
Moreover, the algorithm is a generalized approach applicable to laminated composites with various anisotropic
lamina properties and layups. In addition, the elastic constants characterization approach proposed in this study,
combining laser vibrometry with LOPE-based inversion, provides an alternative framework that does not rely on
finite element discretization. This contrasts with prior methods*4~*%, which first discretize composite structures
using finite elements and subsequently employ the SAFE method to construct forward models for dispersion
curve computation and to define objective functions for inversion.

To implement our elastic constants characterization approach, a piezoelectric transducer bonded on a
laminated composite plate generates omnidirectional guided waves, and an LDV acquires a time-space wavefield
of the generated guided waves in our approach. Through the multi-dimensional Fourier transform, the acquired
time-space wavefield is transformed into a frequency-wavenumber spectrum, which contains the frequency-
wavenumber dispersion relations for guided waves propagating in different directions of the laminated composite
plate. The experimentally acquired frequency-wavenumber relations are further used to inversely determine the
composite’s elastic constants with the help of our LOPE-based inversion algorithm. To validate our inversion
approach, we performed both a simulation-based pseudo-experiment and a laser vibrometry experiment.
Frequency-wavenumber spectra corresponding to simulated and experimental wavefields were used as inputs
of the inversion algorithm to determine the elastic constants. The results demonstrate the effectiveness of our
approach for precisely determining the elastic constants of laminated composites.

Results

Inversion framework for determining elastic constants

To determine the elastic constants of laminated composites, this study presents an inversion framework. First,
a time-space wavefield of omnidirectional guided waves is acquired using laser Doppler vibrometry. Next, the
time-space wavefield is transformed into a frequency-wavenumber spectrum. From this spectrum, the main
frequency-wavenumber components for different wave propagation directions can be identified. Finally, an
inversion algorithm uses the experimental frequency-wavenumber relations as inputs to determine the elastic
constants. The inversion algorithm takes advantage of a LOPE-based forward model, which uses material
properties to determine frequency-wavenumber dispersion relations, and the GA optimization. Particularly, our
inversion algorithm doesn’t need to perform mode identification and can directly use experimentally obtained
frequency-wavenumber relations for different guided wave modes as inputs.

The guided wave characteristic equation can be used to obtain guided wave frequency-wavenumber
dispersion relations based on the waveguide properties (e.g., elasticity matrix, density, lamina thickness, and
layup). The derivation of a guided wave characteristic equation leveraging LOPE is presented below. Figure 1
shows a schematic of a laminated composite plate composed of unidirectional fiber reinforced polymer laminae
with different orientations in a Cartesian coordinate system o — x122x3, i.e., a global coordinate system with
the origin o set at a point on the plate’s top surface. The Cartesian coordinate system o/ — x1/x2/x3/ is a local
system for showing the principal symmetry axes of a lamina. Note that 3/ and =3 axes are in the same direction.

As the materialeroperties of a composite with N laminae may chan(ge in the x,-direction, the density p and
elastic constants c7; (with I, J=1, 2, 3, -++, 6) of the elasticity matrix C~ are depth-dependent. Hence, they can
be mathematically expressed as functions of 3,

N
p= anﬂ-n (z3) (1)
n=1
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Fig. 1. A schematic of a laminated CFRP composite plate. The Cartesian coordinate system o — 12223 is a
global coordinate system for the composite plate. The Cartesian coordinate system o/ — x1/x2/x3/ is a local
system showing the crystallographic axes of a lamina. 23/ and 3 axes are in the same direction.
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N
G G,
cry = Zczjnﬂn (z3) (2)
n=1
where p" and c?}" (n=1,2,3,---, N) are the density and elastic constants of the n" lamina. The elasticity

matrix C™ for the n™ lamina in the global coordinate system o — x;x223 can be obtained through the
transformation of the lamina’s elasticity matrix C for the local coordinate system o/ — x1/x2/23/ using a matrix
rotation process as

C" =XT (pn) CX (n) (3)
where
cos?pn, sinp, 0 0 0 2¢c08pn stnwn
sin2g0n COSQLpn 0 0 0 —2c08¢n StNpy,
0 0 1 0 0 0
X(pn) = 0 0 0 cospn, —sinp, 0 (42)
0 0 0 sinpn COSPy, 0
—COSPnSINYy  COSPRSiNYy, 0 0 0 0052<pn — sinzgpn
and
C11 C12 C13 0 0 0
C22 C23 0 0 0
_ czz 0 0 0
C= symmetry cae O 0 (4b)
Cs5 0
C66
with ¢,=c;, ¢,,=¢;; and ;= X () in Eq. (3) is a transformation matrix. The symbol “T” denotes

transpose operation. ¢y, (n = 1,2,3,--- , N) is the angle from z1 to x1/ axes for the n lamina, as illustrated in
Fig. 1. Note that Egs. (1) and (2) use a rectangular window function expressed as

1, dpoy <5 <dy
mn (23) = { 0 ese (5)

where the depth d,, equals to Z’; hn. hy, is the thickness of the n'" lamina. Through the introduction of the
rectangular window function, the variations of material properties in the composite’s thickness direction can
be considered, and the properties become zero in regions outside the top and bottom surfaces of the composite
plate. Moreover, the stress-free boundary conditions of the top and bottom surfaces are satisfied automatically.
The derivation of the guided wave characteristic equation needs to fuse the equation of motion, stress—
strain constitutive equation, strain-displacement relation, and general wave displacement solution. Without

considering the body force, the equation of motion for an elastic material can be expressed as*’~*:
80' ij P aQ’LLi ( 6)
856‘ j 8t2
where 045 (4, j=1, 2, 3) and u; are stress tensor and displacement components. The stress—strain relation for a
laminated composite can be written in the following form*’=*:
011 €11
022 €22
033 _ ~G £33
023 =C 2e03 )
013 2¢e13
o12 2¢e12

where €;; is the strain tensor component. With the small deformation assumption, the relationship between
strain and displacement is*’~%:
1 [ 0u; Ouy
€5 = = S (8)
2 \ Oz; ox;

For guided waves propagating in the 1 -direction, the general harmonic solutions of wave displacements w1, u2
and u3 in x1-, T2-, and z3-directions can be expressed as?*?:

(u1,u2,us) = {U1 (z3),U2 (z3) , Us(x3)} e'(krr=wt) 9)
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where k is the wavenumber, w is the angular frequency, and U; (z3) represent the wave mode shape displacement
in the direction of z;. In this study, the function U; (z3) is expanded using complete and orthogonal Legendre
polynomials as

Ui (x3) = Z PraQum (23) (10)
m=0

Us (w3) = Y pinQun(3) (11)
m=0

Us (23) = Y pinQum (w3) (12)
m=0

where pl, (i = 1,2, 3) is the expansion coefficient, and Q. (x3) is a normalized m*-order Legendre polynomial

2m + 1
dn

Pm(% ~1) (13)

Qm (333) =

where P, (z3) represents the m™-order Legendre polynomial, and dx is the composite plate’s thickness.
Although the order m can run from 0 to oo, in practice, the order m is truncated at a finite value M that can be
determined through convergence analysis**>0.

Substituting Eqs. (7-9) into Eq. (6), multiplying the derived equations by Q7 (x3) (j=1,2, 3, -+, M), and then
integrating the equations over x3 from 0 to dx, we can obtain the following equation set

(A" +w? Bl) pin + A" Pl + A" pi = 0
AL D + (A" +w Bl) i + AR P =0 (14)
AP + AR P+ (A" +w?Bh) pr = 0

where Af!gl (a, 8 = 1,2,3) and BY, are coefficients. The non-zero solutions of Eq. (14) can only exist when the

determinant of the coefficient matrix for p?,, equals zero, expressed as

A LWt BL AR A
F (w, klm,C,p,¢,h) = AP AL + W’ B, AT =0 (15)
Ag" A" A" +w? B,

where ¢ and h are vectors with all the lamina angles and thicknesses, respectively. This formula is the LOPE-
based characteristic equation for guided waves propagating in the x1-direction, i.e., the = 0° direction in the
global system 0 — z1x223. For guided waves propagating in a direction of 6 # 0°, by changing the transformation
matrix in Eq. (3) to X (¢ — ), we can obtain the characteristic equation with 6 as an input, expressed as

F (w,k,0lm,C,p,,h) =0 (16)

By solving the characteristic equation using a numerical root-finding strategy with the lamina’s elasticity matrix
C, density p, layup angle ¢, and thickness h as inputs, we can obtain the wavenumber-frequency dispersion
relationships for guided waves propagating in the -direction®. This LOPE-based forward model has been
validated, and its solved guided wave dispersion relations agree well with those obtained using the global matrix
method. Interested readers are referred to reference® for more details.

When solving the characteristic equation, the truncation order M is critical, as M affects the accuracy using
Legendre polynomials to approximate the guided wave mode shape displacements expressed by Egs. (10-12),
thus affecting the accuracy of dispersion curve solving. Typically, a convergence analysis needs to be performed
to determine the truncation order M that leads to sufficient accuracy. An example study is performed to show
the convergence with respect to the increase of M, by solving the dispersion curves for a 3-ply T300/914 (see
Table 1 for lamina material properties) composite plate with a layup of [0],. Figure 2 shows phase velocities
of S, and A modes propagating in the §=0° direction at five different frequencies including 200, 250, 300,
350, and 400 kHz. With the increase of the truncation order M from 2 to 10, the phase velocity for each mode
asymptotically converges to a constant velocity. Moreover, by comparing Fig. 2a and b, it can be found that the A |
mode converges slower than the S mode, indicating mode-dependent convergence. Based on the convergence

Elastic constants (GPa) Density (g/ cm®) | Thickness (mm)
C11 |Ci2 = €13 |C22 = C33 | C23 | Caq |Cs55 = Ce6 | P d
143.8 | 6.2 13.3 6.5 3.6 5.7 1.56 0.3

Table 1. Material properties of a T300/914 CFRP lamina.
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Fig. 2. Results showing the phase velocity convergence with the increase of truncation order M from 2 to 10
for a laminated T300/914 CFRP composite with a layup of [0],. (a, b) Phase velocities of S and A modes,
respectively, at five different frequencies including 200, 250, 300, 350, and 400 kHz.

analysis results in Fig. 2, a truncation order M =7 is selected for obtaining guided wave dispersion curves with
sufficient accuracy. It is also used for the GA optimization-based inversion method presented below.

Through laser Doppler vibrometry-based time-space wavefield acquisition and multi-dimensional Fourier
transform?’, the experimental frequency-wavenumber relations (i.e., a collection of Q vectors denoted as
{[wi™, K™, 051} o) for guided waves propagating in different directions can be obtained. There should exist

theoretical frequency-wavenumber relations that best match the experimental data, and the composite’s lamina
elasticity matrix C*" used for solving the best matching theoretical relations can be considered as the inversion
result. The inverse problem of using experimentally obtained data {[w;", k", 0;"]}, to determine the lamina

elasticity matrix C°* can mathematically be described by

Q
C°Pt = arg mgn Z Fobj (w}]n7 k;”7 02”'7711”7 07 p1n7 SOZn7 hzn) (17)

q=1

Here, the objective function is based on forward model, i.e., Eq. (16) describing the guided wave dispersion
relation, derived by the LOPE method. Different from solving the frequency-wavenumber-direction relations
using the forward model in Eq. (16), the LOPE-based inverse problem described in Eq. (17) is to find the optimal

lamina elasticity matrix C** such that Equl Fopj (wf{‘, ké", 02” |mi™, C, p™", ™", hm) is minimized, where

wf]", ké", 92" ", ™", and h'" are inputs for this objective function.

To solve Eq. (17), the GA based on probabilistic optimization is adopted. GA is an optimization method
that searches for the optimal solution by simulating the natural selection and genetic mechanisms described in
Darwin’s theory of biological evolution. Particularly, it is suitable for finding optimal solutions of discontinuous
functions, can automatically adjust the search direction, and has inherent implicit parallelism. Moreover, it
is capable of escaping local optima, enabling it to capture the global optimum in a multi-dimensional search
space®>>°. GA optimization is typically carried out through a series of processes, including binary encoding,
fitness evaluation, probabilistic crossover, and mutation. The key GA parameters used in this study are listed
in Table 2. Due to the inherent randomness of GA, it is preferable to perform multiple GA runs and use the
averaged inversion results. Additional details about the GA approach can be found in references®*~>°. The GA
optimization is performed in MatlabR2021a installed on a computing platform with an Intel i5-8300 h CPU (2.3-
4.0 GHz, 16G RAM). To solve the inverse problem for the CFRP composites used in this study, the convergence
to a global solution can be achieved in 40 evolutions.

To validate the inversion approach, we conducted both finite element simulation-based pseudo-experiments
and a laser vibrometry experiment to acquire time-space wavefields u,(t, x,, x,) of guided waves in laminates
with different layups, layer counts, and material properties. The pseudo-experiments were performed for
unidirectional [0],, unidirectional [0],, cross-ply [0/90] , and complex 8-ply [0/45/90/45]_ laminates. The laser
vibrometry experiment was conducted on an 8-ply [0/45/90/45] laminate. Details of the laser vibrometry
experiment are provided in the Materials and Methods section and Fig. 3. From the acquired time-space
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Maximum generation 40
Population size 40

Search domain 100-150%
Precision 0.01

Chromosome coding method | Binary encoding

Number of bits per variable 14

Selection strategy Roulette wheel selection
Crossover operator Single point crossover
Crossover probability 90%

Mutation probability 9%

Table 2. Parameters used for GA optimization.
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Fig. 3. A schematic illustrating the laser vibrometry experimental setup for acquiring a time-space wavefield
uy(t, x,, x,) of guided waves generated by a PZT wafer bonded on an 8-ply [0/45/90/45] CFRP composite plate.
wavefields of guided waves, vectors [wi", ki, 0i"](q =1,2,3,---,Q) were obtained through wavefield
processing (see Materials and Methods and Fig. 4 for details) and then used as inputs for the inverse approach
for determining the lamina’s elastic constants. The inversion results are compared to their corresponding specific
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values (i.e., input elastic constants for the finite element simulation, as well as specific properties of laser-scanned
composites) for analyzing the effectiveness of the inversion approach.
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wavetield u;(¢ x,, x,)
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\
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Fig. 4. A diagram showing key steps of the wavefield analysis for obtaining a collection of vectors
[wg™ kg™, 05" 1(g = 1,2,3, -+, Q) to be used as the input for the inversion approach for determining lamina
elastic constants.
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Fig. 5. Results of the inversion approach when using the pseudo-experimental data. (a) c,, and (b) ¢, to ¢
results for different generations of the GA optimization.

Values used in simulation (GPa) | Inversion results (GPa) | Absolute error (GPa) | Relative error (%)
c11 143.80 142.73 1.07 0.74%
Cia = c13 | 620 6.22 0.02 0.32%
Coz = cag | 13.30 13.11 0.19 1.43%
Cc23 6.50 6.68 0.18 2.77%
Caa 3.60 3.73 0.13 3.61%
cs5 = o | 5.70 5.68 0.03 0.53%

Table 3. Inversion results using the pseudo-experimental data for a 3-ply T300/914 CFRP composite.

Validation with pseudo-experimental data
When using the pseudo-experimental data for the unidirectional [0], laminate as the input of the inverse
problem, the obtained lamina elastic constants (Cn’ €15 = €3 €5y =C3 Cyps Cupp and Cs5= Css) at different generations
of the GA optimization are plotted in Fig. 5. Comparing the plots for different elastic constants, it is obvious that
the speeds for finding their global optima using the GA approach are different for different elastic constants. The
optimization process in Fig. 5 has 3 stages. Before the 10 generation, the GA performs randomization-based
solution searching to efficiently cover a large searching space, and the GA solutions of elastic constants at this
stage lack clear convergence trends. At the second stage from the 11" to the 34™ generation, the GA solutions
gradually show convergence trends. Note that Fig. 5 also reveals that the convergence rates for different elastic
constants are different. At the third stage after the 35" generation, the GA solutions of all the elastic constants
show clear convergence, indicating that the global optimal solutions of the lamina’s elastic constants are found.
To obtain the results in Fig. 5, only the fundamental A; mode was used. The input dataset of the inverse
algorithm considers N=7 frequencies and M =2 wave propagation directions (75° and 130°). The wavenumbers
for all the frequency-direction combinations are extracted from the spectrum S(f, k, 6), and this leads to Q=14
input vectors [wg", kq", 04"], where are then used as the inputs of the inverse problem described in Eq. (17) for
determining elastic constants.

Table 3 gives the inversion results with absolute and relative errors for the 3-ply unidirectional [0], laminate.
It can be found that the inversion results are close to the input elastic constants used for the finite element
simulation. All the relative errors are smaller than 4%, indicating that our inversion approach, which fuses the
guided wave characteristic equation, frequency-wavenumber analysis, and GA optimization, can determine the
lamina elastic constants with good accuracies for the FE-modeled laminated CFRP composites. Tables 4 and 5
present the inversion results of our proposed method for unidirectional [0], and cross-ply symmetric [0/90]
laminates, respectively. These results fairly match those of an existing method in reference**, demonstrating the
capability of our approach for the inverse determination of multiple elastic constants. It is worth noting that,
compared to the method in reference®*, our approach circumvents the need for explicit identification of the
measured guided wave modes from the acquired wave signals. Instead, it directly utilizes frequency-wavenumber
pairs, making the method easier to use and more robust for practical inversion scenarios. Additionally, the
inversion results in Table 6 (middle column) for a thicker 8-ply CFRP composite with a more complex layup
[0/45/90/45] also show good agreement with the simulation’s input elastic constants. The results of these four
different composites validate the effectiveness of our approach in determining the elastic constants of composites
with varying configurations, such as different layer counts and layup sequences.
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¢ | 1287 129.40 0.54 129.4 0.54
o, | 3.04 2.77 8.88 2.89 493
¢y | 10.67 10.64 0.28 10.70 0.28
G | 597 5.97 0.00 5.93 0.67

Table 4. Inversion results using the input data of a unidirectional laminate from reference.

¢, | 1287 1302 117 130.8 1.63
¢, | 304 2.49 18.10 2.64 13.16
¢y | 10.67 9.95 6.75 10.15 487
o | 597 6.11 235 5.89 1.34

Table 5. Inversion results using the input data of a cross-ply laminate from reference**.

44

c11 132.00 129.56 1.85 129.91 1.58
12 = C13 4.00 3.74 6.50 3.67 8.25
Cog = c33 | 9.96 9.98 0.20 10.08 1.20
ca3 347 3.19 8.07 3.04 12.39
Caa 2.90 2.92 0.69 2.93 1.03
cs5 = cog | 480 451 6.04 453 5.63
3.89 (Mean) 5.01 (Mean)

Table 6. Inversion results using numerical and experimental data for an 8-ply CFRP composite.

c11 132.00 129.68 1.76 129.56 1.85 129.54 1.86 128.85 2.39
12 = C13 4.00 3.68 8.00 3.74 6.50 3.58 10.5 3.48 13.00
Coo = €33 9.96 9.97 0.1 9.98 0.2 9.94 0.2 9.94 0.20
ca3 3.47 3.28 5.48 3.19 8.07 3.26 6.05 3.23 6.92
Caa 2.90 2.94 1.38 2.92 0.69 2.86 1.38 2.85 1.72
css = cop | 4.80 455 521 451 6.04 4.49 6.46 4.44 75
3.66 (Mean) 3.89 (Mean) 4.41 (Mean) 5.29 (Mean)

Table 7. Inversion results for an 8-ply CFRP composite using datasets of different sizes.

The size of the input frequency-wavenumber dataset affects the convergence speed and accuracy of the
inversion approach. To investigate this, we used different numbers of input frequency-wavenumber pairs (ranging
from 10 to 16) obtained from the numerical data of the finite element simulation. From the inversion results in
Table 7, it can be found that with the increase of data size from 10 to 16, the mean error decreases from 5.29 to
3.66%. When the data sizes are 10 and 12, the relative error for the component c , exceeds 10%. When increasing
the data size to 14 and 16, the relative error falls below 10%. Therefore, a data size of 14 or more is recommended
for the 8-ply [0/45/90/45] CFRP composite. Note that this recommended data size may vary for composites
with different configurations, such as layups and layer counts. This is because our inversion method uses the
LOPE-based guided wave characteristic equation, which is related to the composite’s parameters, such as layup
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Fig. 6. Results of the inversion approach when using the laser vibrometry data. (a) Frequency-space wavefield

U,(f, x,, x,) obtained through one-dimensional Fourier transform of the experimentally acquired time-space
wavefield u,(f, x,, x,). (b) Frequency-wavenumber spectrum S(f, k,, k,) obtained through two-dimensional
Fourier transform of the frequency-space wavefield U,(f, x,, x,). The red solid curves are wavenumber contours
obtained by solving the LOPE-based guided wave characteristic equation with elastic constants determined
through our inversion approach, i.e., elastic constants at the last generation of the GA optimization. (c)
Determined elastic constants for different generations of the GA optimization.

and lamina count. Additionally, the frequency range of the input dataset can also impact inversion performance,
since guided waves exhibit dispersive behavior with nonlinear frequency-wavenumber relationships, unlike
bulk elastic waves with linear frequency-wavenumber relations. In future work, we will continue to investigate
the effects of composite configurations and input data selection on the performance of the inversion approach.

Validation with laser vibrometry data

In addition to using simulation data for validating our inversion approach, we also used laser vibrometry data
for an 8-ply [0/45/90/45] CFRP composite plate (see Materials and Methods for experimental details). The LDV
acquired time-space wavefield u,(t, x,, x,) in the scanning area is transformed to a frequency-space wavefield
U,(f, x> x,), by applying one-dimensional Fourier transform to reveal the frequency information. From the
frequency-space wavefield in Fig. 6a, it can be seen that the generated guided waves have noncircular wavefronts
indicating different phase velocities in different directions of the laminated CFRP composite. By further applying
two-dimensional Fourier transform to change x,- and x,-axes to k,- and k,-axes, the frequency-space wavefield
is transformed to a frequency-wavenumber spectrum S(f, k,, k,) in Fig. 6b. This spectrum shows tilted-oval-
like high-intensity regions at different frequencies, revealing the main frequency-wavenumber components of
guided waves generated in the CFRP composite plate. From this spectrum, we can identify the wavenumber
that has the maximum spectrum intensity for a specific frequency and a speciﬁc wave propagation direction,
as illustrated in Fig. 6b. Accordingly, for a series of frequencies f, (n=1, 2, 3, -, N) and a series of propagation
directions 6, (m=1, 2, 3, ---, M), there are a total of Q = M N wavenumbers k - 1hen we can further obtain
vectors [wm ki, 00" (q = 1,2,3 -, Q) using relations kq,(n DM4m = kn m> Wo (n—1)M+m = 27 [
and 0", _1yar4m = Om. In this study, we considered the fundamental A mode, N=7 frequencies including
80, 90, 100, 110, 120, 130, and 140 kHz, as well as M =2 propagation directions including 75° and 130°. The
corresponding Q=14 vectors are used as inputs for the inversion problem in Eq. (17) for determining the lamina
elastic constants for the 8-ply CFRP composite.

Figure 6¢ shows the calculated lamina elastic constants (CH, €15 = €13 €= Ca3 Cozo Cupo and Cs5= c66) at different
generations of the GA optimization. It can be seen that the elastic constants gradually converge during the GA
optimization process from the 1% to the 40% generation. To evaluate the accuracy of our inversion approach,
Table 6 compares the lamina elastic constants determined by our inversion approach to the specified properties
of the CFRP lamina. The elastic constant & has a specific value of 132 GPa, while the GA-determined result
using the experimental guided wave data is 129.91 GPa, yielding an absolute error of 2.09 GPa and a relative error
of 1.58%. We also calculated the absolute and relative errors for other elastic constants. The relative errors for
C12=C13 €= C33 Co3 Cypo and €55 =C4q are 8.25,1.20, 12.39, 1.03, and 5.63%, respectively, indicating a reasonable
level of accuracy. Note that the average error of the inversion using experimental data is 5.01%, which is slightly
higher than the 3.89% average error obtained from the inversion using numerical data. This difference may be
attributed to experimental uncertainties and signal noise. Overall, the inversion results in Table 6 validate the
effectiveness of our inverse method, which leverages the guided wave characteristic equation, GA optimization,
noncontact laser vibrometry, and frequency-wavenumber analysis, for determining multiple elastic constants of
anisotropic composites.

Discussion
Characterizing the elastic constants of laminated composites nondestructively is critical for material certification
after manufacturing and degradation evaluation after service. This study presents a guided wave-based inversion
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approach for determining the 6 elastic constants (including €11 €12= €13 €25 = €33 Cp Capp and Cos= c66) of the fiber-
reinforced polymer lamina in a laminated composite. Our approach takes advantage of multiple key techniques,
including noncontact laser Doppler vibrometry for acquiring the time-space wavefield of ultrasonic guided
waves, frequency-wavenumber analysis for extracting main frequency-wavenumber components from the
experimental data, as well as an inversion algorithm that fuses a generalized LOPE-based asymptotic objective
function and GA optimization. Differing from previous studies*, which discretized the composites using
finite elements, formulated SAFE-based forward models for dispersion curve solving, and then established
SAFE-based inversion algorithms, our LOPE-based inversion algorithm is an alternative route bypassing finite
element discretization.

This study’s elastic constants characterization approach offers multiple appealing features. First, our LOPE-
based inversion algorithm, which uses a unique LOPE-based asymptotic objective function, is a generalized
approach applicable to laminated composites with various anisotropic lamina properties and layups. Second,
compared to previous methods using piezoelectric sensor arrays attached to the specimen surface?>?, our
approach uses noncontact laser Doppler vibrometry, allowing for freely customizing the sensing locations for
acquiring guided waves, achieving high spatial sampling resolutions to meet the Nyquist sampling requirement
for high-frequency small-wavelength guided waves, as well as performing two-dimensional scanning to obtain
a full time-space wavefield of omnidirectional guide waves. Third, our approach uses the full time-space
wavefield (e.g., u,(t, x,, x,)) and leverages frequency-wavenumber analysis to reveal the frequency-wavenumber
spectrum S(f, k,, k,). However, if only acquiring and using guided waves propagating in one direction (e.g., u,(t,
x,)), the energy skew effect’>! of guided waves in anisotropic composites can introduce errors in extracting
the frequency-wavenumber information. Fourth, our inversion approach directly utilizes a set of frequency-
wavenumber pairs as input, without requiring explicit identification of the guided wave modes present in
the acquired signals. In addition, as the GA method is based on probabilistic optimization, it is suitable for
discontinuous objective functions and allows for adaptive adjustment of search direction to robustly obtain the
global optima for multiple elastic constants.

Our inverse approach has been successfully validated with simulation-based pseudo-experimental data for
composites with different configurations, including unidirectional [0],, unidirectional [0],, cross-ply [0/90],
and complex 8-ply [0/45/90/45]  laminates. It has also been demonstrated with laser vibrometry data for an
8-ply [0/45/90/45] composite. The lamina elastic constants determined by our inverse approach agree with their
benchmark values with reasonable errors, validating the effectiveness of our guided wave-based inverse approach
for the nondestructive characterization of anisotropic lamina’s elastic constants, for laminated composites with
different layups and layer counts. Given this success, our work is still subject to multiple limitations. First, the
accuracy of measuring guided waves through laser vibrometry is influenced by the material’s optical properties
(e.g., optical reflection and diffraction properties). Second, the used LOPE model is based on the assumptions
of uniform fiber distribution and ideal lamina interface, thereby not considering the commonly existing
uneven fiber distribution and potential interlaminar defects in actual laminated materials. Additionally, service
conditions such as temperature and humidity, which could induce changes in guided wave signals’~*, are
not considered in this study. In future work, we plan to conduct both numerical and experimental studies to
evaluate whether our approach can be applied to characterize materials in various environmental conditions.
We also plan to develop software with a user-friendly graphical interface for the LOPE-based inversion method,
so that researchers and engineers without extensive computational backgrounds can quickly adopt it. We expect
this study to inspire researchers and engineers to develop future noncontact, nondestructive characterization
techniques for anisotropic materials for civil, aerospace, marine, and automobile applications.

Materials and methods

Finite element modeling-based pseudo-experiment

To validate our inversion approach for determining elastic constants, finite element simulation using ABAQUS
was performed to obtain pseudo-experimental data, which was used as the input for the inverse problem in
Eq. (17). The finite element model is for a laminated CFRP (T300/914 with properties in Table 1) composite plate
with dimensions of 500 mm x 500 mm x 0.9 mm and a layup of [0],. In-phase (or out-of-phase) out-of-plane
point loads are applied to the plate’s top and bottom surface nodes at the same in-plane position for generating
the antisymmetric A mode (or the symmetric S mode). The excitation signal is a 5-cycle 260 kHz tone burst
modulated by a Hanning window. To reduce boundary reflections, our model includes an absorbing layer with
gradient Rayleigh damping coefficients and a width twice the wavelength of the generated guided waves. More
details about how to design an absorbing layer can be found in a previous study”’.

To simulate guided waves with the numerical model, an explicit dynamic analysis is performed. The element
length is set to 0.5 mm to ensure a minimum of eight elements per wavelength for sufficient simulation accuracy.
The simulation uses a fixed time step of 0.029 s, smaller than 0.8]/Cmaz Where cmao is the largest possible
wave speed, for ensuring the stability of explicit marching®”8. Through the explicit dynamic analysis, guided
waves in the composite plate are simulated, and then the out-of-plane displacement signals at a series of surface
nodes (with a spatial sampling resolution of 0.5 mm) are extracted to obtain a time-space wavefield denoted
as uy(t, x, x,). From this wavefield, the frequency-wavenumber information of the generated guided waves is
further obtained, and this information can be used as the input for the inverse problem described by Eq. (17).

Laser doppler vibrometry experiment

To validate our inversion approach, a laser vibrometry experiment was performed to obtain experimental data.
Figure 3 shows a schematic of the experimental setup. A piezoelectric wafer (PZT wafer) with a diameter of
7 mm and a thickness of 0.2 mm is surface bonded at the center of an 8-ply CFRP composite plate with a
layup of [0/45/90/45] and dimensions of 610 mm x 610 mm x 2.54 mm. For guided wave generation, the PZT

Scientific Reports |

(2025) 15:27578 | https://doi.org/10.1038/s41598-025-12700-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

wafer’s excitation signal is a 3-cycle tone burst with a center frequency of 120 kHz, generated by a function
generator (model: Tektronix 3022C) and then boosted to 30 V by a voltage amplifier (model: HSA 4052). A laser
Doppler vibrometer (model: ViboFlex, Polytec) is used to acquire the out-of-plane displacement signals of the
generated guided waves. The laser vibrometer’s frequency bandwidth is set to 1 MHz, its displacement sensing
range is set to 20 nm, and the acquired guided wave signal is filtered by a high-pass filter to remove noises
below 8 kHz. The laser beam from the LDV is perpendicular to the composite plate for acquiring only the out-
of-plane displacement component, based on the Doppler effect. Moreover, the LDV laser head is installed on a
high-resolution, three-dimensional (3D) linear motion stage for automatically moving the laser spot to different
positions, for acquiring guided waves at a series of points on a two-dimensional grid in a confined scanning area
(45 mm x 45 mm). The center of the scanning area coincides with the PZT wafer’s center. The spatial sampling
resolutions in the x, and x, directions are both 0.1 mm. Through point-by-point measurements using the LDV
for all the scanning points, our approach can acquire a time-space wavefield u,(%, x,, x,), which contains the out-
of-plane displacement signals of guided waves acquired at all the scanning points.

Wavefield processing

Figure 4 illustrates the procedures for processing the experimentally or numerically acquired time-space
wavefield u,(#, x;, x,) to obtain inputs for the inverse problem described in Eq. (17). First, using the multi-
dimensional Fourier transform, the time-space wavefield u 3(t, X x2) is transformed to a frequency-wavenumber
spectrum denoted as S(f, k , k,). More details of the transformation from the time-space domain to the frequency-
wavenumber domain can be found in previous studies*”*-%!. Second, the spectrum S(f; k , k,) is changed to a
representation S,,(f, k, ), which is a function of frequency f, wavenumber k, and wave propagation direction 6, by
using the relation S, (f, k, 6) = S(f, k, =kcosb, k, = ksin6). In the spectrum S, (f, k, 8), regions with high intensities
can reveal the frequency-wavenumber components of guided waves propagating in different directions. Third,
by identifying all the high-intensity regions, we can obtain {[w." = 27 fi™, ki, 0]} o> @ collection of vectors

[wfzn, ké", 03”] (¢ =1,2,3,---,Q). This collection of vectors can be used as the input for the inverse problem
described in Eq. (17) for inversely determining the elastic constants of the composite material.
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