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Abstract: This study aims to ascertain the material characteristics that are intrinsic to the prepreg layer
within a laminated composite structure. The elastic modulus of the lamina, a primary determinant of
composite structural behavior, is the focal point of this analysis. This parameter has been assessed
by employing reverse-engineering techniques on a composite composed of sequentially stacked
prepregs. The investigation entailed simulating the behavior of the composite under static loads
and conducting modal analyses to reflect both static and dynamic conditions. The findings indicate
that the elastic modulus values derived from combined tensile and modal analysis simulations
exhibit superior accuracy compared to those obtained through tensile simulation alone. Specifically,
check for the maximum prediction error for E; (the tensile-direction elastic modulus of one lamina sheet)
updates decreased from 1.17% to 0.28%, and that of E; (the transverse-direction elastic modulus of one lamina
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sheet) decreased from 12.01% to 7.30%. Further simulations incorporating fabrication error variances
underscored the critical nature of precise E; analysis. The proposed methodology evidenced a more
accurate assessment of Ey, underscoring its potential to enhance the reverse-engineering process in

- . o composite material design.
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1. Introduction
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Central to these developments is the foundational technique of designing composites

from scratch. A recurring challenge in composite material development is the occasional
lack of precise material data concerning the laminae within composite structures. To
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Applying traditional reverse-design methods to composites, which are inherently
anisotropic and vary in their material elastic modulus, layer thickness, lamination angle,
and stacking sequence, presents significant challenges [10]. The accurate analysis of ma-
terials in laminated composites requires iterative experimental procedures, such as cyclic
load tests, cross-sectional evaluations, and fiber volume ratio assessments. Moreover, to
achieve dependable outcomes, extensive specimen testing is essential, a process that is not
only costly but also fraught with variability at the macroscale due to the complexity of
managing microscale test parameters (e.g., lamination angle, order, and the bonding of
fibers to resins) [11,12]. Therefore, reverse engineering using only experimental approaches
is preferred.

One of the paramount challenges in the reverse engineering of composites lies in char-
acterizing the fabricated materials from the microstructural attributes of their constituents.
Many studies have employed ASTM standard tests at the lamina level to elucidate the
elastic properties of laminated composites. However, these experiments often estimate in-
plane properties and out-of-plane shear moduli—primarily influenced by the resin—thus
diminishing the precision of the material property data. In reverse engineering, a range of
standardized tests are utilized for accurate material property determination, such as the
fiber-direction Young’s modulus (ASTM D3379) [13] and the tensile strength of the resin
(ASTM D638) [14]. Consequently, a reverse-design technique [15,16], grounded in classical
laminated plate theory (CLPT) [17], has been formulated. This technique utilizes inverse
calculations predicated on mixture rules, yielding high accuracy in fiber-direction property
predictions, albeit less so in the matrix direction.

To address these limitations, a multiscale method has been adopted. The method,
referenced in prior and current research, leverages the macroscopic dynamic response
of laminated composites to infer the elastic properties of both the composite and the
individual laminae.

The principal approach of this investigation was to decipher the elastic properties of
laminae within laminated composites through their macroscopic modal characteristics,
as evidenced by various studies [18-21]. These methods commonly employ specialized
algorithms to refine error margins in dynamic property-based finite element calculations. In
our work, the lamina’s elastic property estimates were refined by using a genetic algorithm,
proposing an advanced methodology that utilizes modal analysis simulations predicated
on dynamic characteristics to offset the limitations that are inherent to CLPT-based inverse
calculations. The flow of this study, to predict the lamina material properties used in parts
from laminated composites through reverse engineering, is shown in Figure 1. The ultimate
goal of this study is to help designers select materials by minimizing the number of physical
tests when designing parts for composite materials.

Acquisition of E,, E,
using tensile test simulation

Acquisition of information on
stacking by experiments

N

Acquisition of E4, E,
using optimization simulation

!

Coupon testing simulation considering fabrication variables and fiber properties

Figure 1. Fundamental concept underlying the simulation conducted in this study.
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This analysis, considering dynamic properties, allows for the selection of cases where
the fiber direction and matrix physical properties are definitive. The methodology sur-
mounts the deficits of prior reverse-engineering approaches and accounts for the stack
orientation of internal fibers. The commercial software ANSYS Composite PrePost (ANSYS
ACP, Version R17.2) was utilized to develop the 3D finite element model (FEM), incorpo-
rating fiber details. Various tensile simulations were iterated to prognosticate material
properties. This proposed method permits an intuitive verification of predictive results via
finite element simulations, with the reliability of these predictions corroborated through a
retrospective comparison with established research findings [15].

2. Modeling Approach for Predicting Lamina Properties

The traditional process of reverse engineering in composite structures relies on the
characterization of lamina properties from testing specimens sourced from finished com-
posites. However, these properties may not be accurate due to variations in fabrication
parameters and lamination details. Thus, a method that accurately reflects the attributes
of laminated composites is essential for effective reverse engineering. This research aims
to deduce material properties by harnessing the dynamic response data of a laminated
composite. This dynamic response is a reference acquired through the numerical analysis
of a standard structure. Utilizing this reference, the effective elastic properties of the lamina
are computed at the mesoscopic level alongside the macroscopic scale’s natural frequencies
of the multi-layered plate.

The three-dimensional constitutive equations in Equation (1) engage with stress—strain
relationships, whereas laminate constitutive equations concern mid-plane strains and
curvatures. The laminate construction equation, derived from the definition of stress,
integrates these relationships. In 3D elasticity, stress is distributed at each material point.
Concurrently, stress resultants—integral sums of stress components over the element’s
thickness—impose load on an element [22].
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where My, My, My, are moments per unit length in the coordinates. Ny, Ny, Ny, are in-
plane forces per unit length in the coordinates. Vy, V, are shear forces per unit length in the
coordinates. Index x, y means the principle direction of an element in the global coordinates.
N is the number of laminae. z;_; and zj are the coordinates of the bottom and top surfaces
of the k-th lamina, respectively. By replacing the plane-stress version of the 3D constitutive
equations in the element’s local coordinates at each lamina and then performing integration,
the following is achieved:
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where (QZ-]-) L denotes the coefficient of the laminate coordinates of the plane-stress stiffness

matrix for the k-th lamina, ¢, denotes the thickness of the k lamina, and z; denotes the
coordinate of the middle surface of the k lamina. The coefficients A;;,D;;,B;;, and Hj;; repre-
sent the in-plane stiffness of the laminate, bending stiffness, bending—extension coupling,
and intralaminar shear stiffness, respectively. These coefficients can be calculated using
Equations (3)-(6) and are implemented in widely available software packages such as
ANSYS ACP R17.2.

The stress—strain relationship observed in references [23,24] was derived from the
relationship of the orthotropic layers. Therefore, the stresses at all the locations in the
klayer are

o Qu Qur 0 0 0 €1

053 Qan Q» O 0 0 €

=10 0 Qu O 0 723 (7)
T13 0 0 0 Qs 0 713

T12 0 0 0 0 Qesl L7112

where 0, Tij, €i and 7ij are the stress component, the shear stress component, the strain
component, and the shear strain component in the tensor notation.

Index 1 represents the direction of the fibers, index 2 represents the direction perpen-
dicular to the fiber orientation at the layer surface, and indices 12, 13, and 23 represent
the shear directions in the local coordinates of the element. Q;; is the elastic property of
the layer. As explained in [25], to apply the principle of virtual work, it is necessary to
convert the stresses and strains from the principal coordinates to local coordinates (x and y)
as follows:
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0 is the fiber angle in the local coordinates of the element, which may differ at each
point of the lamina in the laminated composite. The innovative aspect of this research lies
in accounting for the variations in fiber orientation and their effects. In the context of this
study, when applying the principle of virtual work, the local stresses at the surface of each
layer, as delineated in Equation (9), are presumed to be uniform. This uniformity does not
extend to the general points within each layer, where local stresses diverge. To address this,
a conceptual operation involving inertia and strength parameters are introduced, applying
the principles of this hypothetical task to derive the motion equation. This equation takes
the following form [26]:
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where M and K are the mass and stiffness submatrices, respectively, and are constants. Assum-
ing the second derivative of the generalized displacement over time to be §(t) = —w?q(t),
Equation (10) becomes an eigenvalue problem: here, the eigenvalues are squares of the
eigenfrequencies, and the eigenvectors define their mode forms.

The laminate’s constitutive matrices—A, B, D, and H—encapsulate its definition,
establishing a relationship between the generalized forces and moments with the corre-
sponding generalized strains and curvatures. These matrices enable the computation
of laminate properties predicated on the laminate stacking sequence and the individual
lamina properties. Additionally, the elastic modulus of each lamina is extrapolated from
the corresponding constitutive matrix, and the modal frequency of each element’s shape
is ascertained.

In typical reverse analyses of laminated composites, it is imperative to calculate the
stress and strain distributions for each lamina within the laminate. The true laminate
stacking order is then inputted into the analysis software, where the elastic properties,
thickness, and fiber orientation for each lamina are specified and computed. However, the
present study deviates from this norm by estimating the lamina properties of the laminated
composite directly from the tensile simulation results, utilizing the known laminate stacking
sequence and previously derived constitutive matrices.

3. Procedure for Predicting Lamina Properties

The ultimate aim of the outlined procedure is to produce a composite component that
meets the design requirements in strength by selecting an apt composite material. The
proposed inverse design methodology for predicting lamina properties is delineated into
five stages, as illustrated in Figure 2.

Initially, specimen retrieval from the final product is essential for benchmarking to
evaluate the lamina sequence, orientation, and thickness—crucial steps in reverse engi-
neering for product design that significantly enhance prediction accuracy. Techniques
such as burnout tests (to analyze lamina post-resin combustion) and optical inspections of
the cross-section [27,28] are employed to ascertain lamination details precisely. However,
this study operates on the premise that these stacking data are accurately obtainable, thus
concentrating on CAE-based techniques exclusively for predicting lamina properties within
laminated composites.
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Procedure of this simulation

Data flow in the procedure of this simulation
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the information of the specimen analysis composite optimum simulation
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Correspond to initial target value
or experimental result).
- l ( - - ) Used tool Ansys Ansys Digimat
Conducting the optimum simulation

of lamina structure based
on the estimated properties E;, E,

Figure 2. The simulation procedure and data flow in this study.

The second phase involves predicting the elastic modulus components, Ex and Ey, in
the Cartesian coordinate plane of the laminated composite derived from tensile simulations
coupled with specimen analysis data.

Subsequently, the third stage predicts the lamina’s elastic modulus components, E;
and E,, along the Cartesian axes through tensile simulation and a direct optimization
technique utilizing a genetic algorithm.

In the fourth stage, the calculated values of Ex (the tensile-direction elastic modulus of
the laminated composite) and Ey (the transverse-direction elastic modulus of the laminated
composite) are juxtaposed from both the E; and E; estimations and tensile simulations
of composite specimens. The results of this comparison authenticate the predicted elastic
modulus of the lamina and determine the feasibility of advancing to the subsequent
step. Concurrently, an FEM is constructed, factoring in variables that are indicative of
the fabrication process of the laminated composite, equipped with the predicted elastic
properties E; and E,. Tensile simulations are then executed using this model to statistically
ascertain the potential range of properties within the selected lamina.

The final step optimizes the lamination information based on the predicted values of
E; and E,. This optimization necessitates a case-by-case approach due to the variability of
environmental and structural shape factors. Hence, this research targets a methodology for
projecting lamina properties from part-derived specimens.

3.1. Tensile Simulation for Predicting Ex and Ey of the Laminated Composite

To predict the elastic modulus components, Ex and Ey, of laminated composites, tensile
and modal simulations were conducted using ANSYS, an established finite element analysis
software. The three-dimensional modeling of the composite structure was facilitated
by the SOLID 185 element, featuring eight nodes with three degrees of freedom (X, Y,
and Z) at each node. The simulation scenarios were aligned with the actual tensile test
conditions. As depicted in Figure 3, the specimen region was immobilized using a fixture,
with load conditions that induced deformation at 2 mm/min in the X-direction, as per
ASTM D3039 [29] standards for the tensile testing of composite materials. In Figure 3,
“Fixed support” refers to the part fixed by a jig in the specimen in the actual tensile test.
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Model and
Boundary condition

Simulation information
* CFRP laminates of 4 sheets
[0/90/90/0] stacking angle
Dimension of specimen
:13 mmx 240 mm x 0.6 mm
+ E,;:140GPa,E,:84 GPa

» Displacement of X-direction: 0.3mm

No. of elements: 963

ACP model
Ply 1 (Ply angle 0° )

ACP model
Ply 2 (Ply angle 90° )

Figure 3. Schematic of tensile simulation and modal test simulation for predicting lamina properties
of laminated composite.

Furthermore, the modal simulation settings replicated those of the actual frequency re-
sponse function test conditions, ensuring that each specimen was fixed, and the anisotropic
nature of the fibers was accounted for by setting scenarios where vibrations could occur in
multiple directions. Only a linear analysis was employed to optimize the analysis duration
and simplify the process, excluding material failure considerations at this juncture. Loads
were validated against specimen deformation, and data were recorded over time to capture
the evolution of tensile stress with strain incrementation—though the material’s maximum
tensile strength was not simulated. The ultimate goal of simulation in this study is to help
fabricate composite parts composed of fibers and matrix materials with appropriate stiff-
ness to meet design goals. For this purpose, the preliminary step is to acquire a specimen
from a benchmarking part and analyze the stacking information of the acquired specimen.
These methods for accurately analyzing stacked information are not within the scope of
this study. The methods include burnout testing (burning the base material in composite
materials and analyzing the information in the fiber layer) and optical observation of the
cut surface. The assumption of this study is that the stacking information of the specimens
can be accurately analyzed through these methods. Therefore, the scope of this study is
technology to predict the properties of lamina in laminated composites using only CAE-
based methods. Additionally, because the goal is this study is guidelines to help engineers
select appropriate materials while minimizing actual physical testing, strength was not
considered in order to minimize test variables during the reverse-engineering process.

In modal simulations, the FEM's validity extended up to the sixth frequency mode, pro-
viding insights into the specimen’s varied modal shapes in relation to fiber orientation. This
model, constructed with precise lamina order, angle, and thickness considerations using
ANSYS ACP, also incorporated the stacking sequence. Initial material property values were
based on a general-grade fiber material from the benchmark component. The simulation
output delineated the stress—strain curves within the linear regime, from which the slopes
were used to calculate Ex and Ey. Modal simulation results validated the first resonant
frequency and detailed the mode shapes—bending, twisting, and lead—lag—enhancing the
accuracy of the Y-direction predictions.

This initial tensile simulation is crucial in setting a range of input values for lamina
property predictions in subsequent stages and in affirming the predicted lamina properties
through cross-verification.
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3.2. Prediction of E1 and E; of a Lamina and the Optimum Stacking Design

The elastic moduli E; and E, were prognosticated utilizing the direct optimization
feature in ANSYS, informed by tensile and modal simulation data. To streamline com-
putational efforts, a specific range of input data was chosen to ensure the acquisition of
valid Ex and Ey values based on the elastic modulus values of the laminate composites.
In the specific range, E; and E;, which can produce E, and Ey of the laminated composite
considering the stacking sequence, were excluded from the range. The inverse prediction
calculations harnessed the capabilities of the multi-objective genetic algorithm (MOGA)
within the direct optimization tool, which was employed to minimize discrepancies in the
elastic modulus of the lamina during the iterative calculation sequence.

Within the MOGA framework, the starting sample size was set at 20, incrementally
increasing by 10 with each iteration, with an upper limit of 20 iterations. The algorithmic
repetition ceased once the stress and strain were computed in the tensile simulations, using
the estimated values of E; and E;, for the lamina aligned with the predefined target stress
and strain values. Another condition for termination was the equivalence between the
simulation’s stress—strain output and the actual tensile test results from the specimen of
the structure under analysis. The selection of the initial simulation for subsequent iterative
simulations was automated.

From the diverse combinations of predicted E; and E; values, the pair that yielded
simulation results matching the target stress and strain was chosen. The validity of this
result was confirmed by comparing the predicted Ex and Ey (derived from the optimal E;
and E; combination) against the actual composite’s Ex and Ey—those calculated using the
initially inputted physical properties.

3.3. Coupon Test Simulation with Errors of Fabrication

To underscore the criticality of precise E; prediction, a tensile test incorporating manu-
facturing discrepancies was simulated in Digimat 2020, a commercial software specialized
for composite material simulation. This approach aligns with the study’s initial intent to
establish a simulation-based procedure capable of reducing the reliance on actual composite
material testing, which traditionally incurs substantial experimental costs.

4. Results and Discussion
4.1. Validation of Simulation Procedures for Predicting Lamina Properties

The algorithm for the proposed inverse calculation simulation aimed at predicting
the elastic modulus of lamina within laminated composites was corroborated using two
distinct methods. The initial method involved the replication of the simulation process
with the use of generalized and arbitrary lamina properties. The validity of the predicted
lamina properties was ascertained by comparing the simulation outcomes with the initially
inputted properties.

The alternative method implemented a simulation with the laminated composite
properties derived from the experimental data cited in reference [15]. Here, the accuracy
was gauged by juxtaposing the simulated lamina properties against those obtained from
the CLPT-based reference study.

For the first method, the reverse-engineering feasibility for CFRP laminae from CFRP-
laminated composites was demonstrated using a hypothetical model of four laminated
CFRP prepreg sheets. The tensile and modal simulations were conducted with general
CFRP properties and a random stack sequence, as detailed in Table 1, adhering to the
simulation protocol established in this research. Notably, the first-step simulation excluded
properties related to failure modes, since the focus was solely on the elastic domain. The
stress—strain curve (S-S curve) was generated from the stresses and strains computed upon
applying a 0.3 mm deformation in the tensile direction to the specimen.

Given the simulation’s minimum time step of 1 s and the standard test condition of a
2 mm/min deformation rate, a strain rate of 0.3 mm/s was employed. The resulting S-S
curve, Ex, and Ey were extracted from the simulation outputs, as illustrated in Figure 4.
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Table 1. Inputs of a case in the tensile simulation and modal simulation for calculating Ex and Ey.

Material Type CFRP UD Prepreg
Stacking sequence [0/90] s
Thickness of one lamina 0.15 mm
Dimension of specimen 13 x 240 mm
E; of one lamina 140 GPa
E5 of one lamina 8.4 GPa
Gq; of one lamina 4.5 GPa
Gy3 of one lamina 3.5 GPa
Poisson’s ratioq, of one lamina 0.281
Poisson’s ratio,3 of one lamina 04
Node 1098
Elements 963
(a)
300
250 +
—~ 200
Q
104.5 GPa
g 150
»
173
o
& 100
50
0 7 1 1
0 1000 2000 3000
(b)
300
250 |-
©
o 200+
2
7
o 150 |-
»
& 100
()]
<
w
50 |
0 " 1 1
0 1000 2000 3000

Shear strain (ue)

Figure 4. (a) Ex and (b) Ey of the laminated composite predicted from the slope of the S-S curve

obtained via tensile simulation.
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The subsequent phase entailed predicting E; and E,, with the corresponding re-
sults presented in Table 2. The selection of target stress and strain values for the inverse
calculation was informed by the tensile and modal simulation outcomes of Ex and Ey.
Utilizing the MOGA algorithm and iterative cycles, the optimal E; and E; combinations
were deduced, aiming to closely match the predicted stresses and strains of the laminate
composites with the target values, as depicted in Figure 5. The preferred combinations of
the predicted E; and E;, tailored to the cases within the repetition loop, are documented in
Tables 3 and 4, respectively.

Table 2. Inputs of a case in the simulation of prediction of E; and E,.

Material Type CFRP UD Prepreg
Stacking sequence [0/90] s
Thickness of one lamina 0.15 mm
Dimension of specimen 13 x 240 mm
Boundary of E; of one lamina 117 GPa < E; < 144 GPa
Boundary of E; of one lamina 7.68 GPa < E; <9.02 GPa
Stress value to be obtained
. . 296.54 MPa
by inverse calculation
Stram. value to be obt:amed 0.00284 mm /mm
by inverse calculation
The optimization tool used MOGA

Table 3. Estimated Eq, E, of the simulation in the static condition (tensile condition).

Initial Input Values Candidate 1 Candidate 2 Candidate 3
Ey of lamina (GPa) 140.49 140.93 (0.31%) 142.14 (1.17%) 140.83 (0.24%)
(Error %)
E, of lamina (GPa) 8.49 7.47 7.88 8.29
(Error %) : (12.01%) (7.18%) (2.35%)
Simulated stress of the
composite (MPa) 296.54 297.32 (0.26%) 299.98 (1.16%) 297.23 (0.23%)

(Error %)

Table 4. Eq, E; estimated in the simulation in the static (tensile) and dynamic (bending + torsion +

lead-lag) conditions.

Initial Input Values Candidate 1 Candidate 2 Candidate 3
E; of lamina (GPa) 140.49 140.63 (0.09%) 140.89 (0.28%) 140.83 (0.24%)
(Error %)
E; of lamina (GPa) o o o
(Error %) 8.49 8.18 (3.65%) 7.87 (7.30%) 8.90 (4.82%)
Simulated stress of the o 0 o
composite (MPa) (Error %) 296.54 296.79 (0.08%) 297.3 (0.25%) 297.33 (0.26%)
Ist Bending frequency (Hz) 28.79 28.8 (0.03%) 28.82 (0.1%) 28.83 (0.13%)
(Error %)
Ist Tors“(jgrierq(}/l;my (Hz) 22255 222,55 (0%) 222,56 (0.004%) 222.57 (0.008%)
Ist Lead—é%rirf%ency (Hz) 543.35 543.05 (0.005%) 542.93 (0.007%) 544.67 (0.24%)

The juxtaposition of the results in Tables 3 and 4 underscores the importance of
incorporating dynamic characteristics in the inverse calculations. These tables illustrate
the discrepancies, termed as errors, between the predicted E; and E; and the initial input
values (reflecting the experimentally measured values under general conditions). Figure 6
visually represents the variance in errors across selected simulation cases.
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Figure 5. (a) Stresses of the laminated composites calculated based on the predicted elastic modulus
components (E; and Ey) for the approximation to the target values; (b) E;, E; combinations calculated
using genetic algorithms and iterative loops.

Table 3 details the optimal predicted lamina properties derived from tensile simulation
parameters. In this context, Table 3 (Case #1 in Figure 6) exhibits errors for E; and E;
ranging between 0.24 and 1.17%, and 2.35 and 12.01%, respectively. Moreover, a nuanced
observation reveals that while Table 3—Candidate 1 presents a larger E; error (12.01%)
compared to Table 3—Candidate 2’s E; error (7.18%), the stress error in Candidate 1
(0.26%) is lower than that in Candidate 2 (1.16%). This discrepancy arises because the
elastic modulus in the fiber direction (E;) has a more significant impact on the laminated
composite than the modulus in the matrix direction (E;). Consequently, even a relatively
large error in E; does not substantially affect the stress prediction accuracy, given that the
model consists solely of unidirectional (UD) prepregs, making E; the predominant factor.

However, the precise estimation of E; assumes critical importance in reverse engi-
neering, especially when considering varied operational conditions. Thus, the dynamic
characteristics of the modal test simulation were integrated into the workflow to minimize
the predictive error of E;. Table 4 (Case #4 in Figure 6) displays the improved predictions
when dynamic factors—such as the first frequency indicative of bending, torsion, and
lead-lag—are included in the tensile simulation. Here, the error margins for E; and E,
are significantly narrowed to 0.09-0.24% and 3.65-7.30%, respectively. The maximal error
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for E; between Tables 3 and 4 reduces from 12.01% to 7.30%, evidencing the benefit of
considering dynamic characteristics.

15
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- Simulation case #4 : Statics + Bending + Torsion + Lead-lag

Figure 6. Comparison of the errors between the simulation cases selected.

The improved prediction accuracy in Table 4 stems from cases that significantly
influence the properties in the fiber direction. To further evaluate the accuracy of E;
prediction, simulations on laminated composites with woven fabrics were conducted; the
methodology and findings are elaborated in the subsequent section.

In the second verification method, this study’s process was validated against the
CLPT-based prediction method outcomes detailed in reference [15]. The experimental
data and lamination details crucial for reverse engineering are outlined in Table 5. An
FEM model deformation was implemented to yield a strain of 3000 microstrains (ye),
aligning with ASTM D3039’s recommended range for modulus-of-elasticity assessment.
For authenticity, the specimen’s central point was designated for strain measurement,
as depicted in Figure 7. Additionally, as shown in Figure 7, 3D modeling was created
considering the actual stacking sequence, lamina thickness, and specimen size used in
reference [13]. The predicted stress—strain (5-S) curve and the Ex for the laminate are
demonstrated in Figure 8, with a noted error margin of 3.75% between the predicted and
experimental outcomes, suggesting reliable simulation results.

Table 5. Experimental data used in ref. [15] and stacking information for the reverse design (material,
stacking angle, layer thickness, strain, and stress).

Material Type CFRP UD Prepreg, CFRP Woven Prepreg
Stacking sequence [£45/0] s
Thickness of one lamina UD: 0.327 mm, Woven: 0.223 mm
Dimensions of specimen 13 x 240 mm

Measured stress at strain of 3000 pe 200 MPa
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Figure 7. Case in tensile simulation for calculating Ex and Ey considering the measured point of
strain and the stacking information.
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Figure 8. Strain-stress curve of laminated composites and the Ex of the laminated composite
calculated from the slope of the curve.

Table 6 presents the lamina properties as predicted using this study’s proposed method,
the CLPT-based process, and the actual tensile test results from [15]. The first line of Table 6
presents the tensile test results for lamina samples made from a fiber type estimated via
the CLPT method. The experimental figures for E; and E, stood at 109 GPa and 7.8 GPa,
respectively, while the simulation method delivered E; and E; values of 100.13 GPa and
7.3 GPa. Both the simulation and CLPT-based methods yielded comparable errors for E;
(8.1% and 7.3%, respectively), but the simulation method reported a lower error for E;
(6.4%) than the CLPT-based method.
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Table 6. The predicted lamina properties and the errors between the predicted lamina properties and
the experimental results in [13].

E; of UD Lamoma (GPa) E, of UD Lamoma (GPa) E; of Woven Lamina (GPa)
(Error %) (Error %)
Experimental results in [15] 109 GPa 7.8 GPa Not measured
Properties predicted via the 100.13 GPa 7.3 GPa
proposed method (8.1%) (6.4%) 45.56 GPa
Predicted properties based on 117 GPa 6.9 GPa Cannot predict
CLPT in [15] (7.3%) (11.5%) P

A notable distinction of the proposed method is its capability to predict properties
of woven laminae, a task unattainable through the CLPT-based prediction approach. The
FEM-based simulation incorporated in the proposed method enables this broader predictive
scope. This study confirmed the viability of obtaining lamina elastic moduli for reverse
engineering via this simulation approach.

Errors in the predictive outcomes were attributed to production flaws and testing
limitations, considering that the tensile test specimen was created using fibers determined
based on the prediction. The proposed method offers a significant advantage—it reduces
the necessity for extensive testing compared to traditional inverse calculation methods. It
enables the prediction of lamina properties through tensile tests on specimens derived from
finished parts. Conversely, CLPT-based reverse calculations mandate at least two tensile
tests: one along the fiber direction and another perpendicular to it. Thus, subsequent
sections of this study introduce a methodology that accounts for manufacturing and
experimental inaccuracies.

4.2. Validation of Coupon Test Simulation with Errors of Fabrication

This study aimed to simulate the elastic modulus range in a laminated composite
using laminae with previously predicted properties. The commercial software Digimat-VA
2020 was employed to forecast feasible ranges of values based on the simulations conducted
in prior steps, as illustrated in Figure 9. Figure 9 shows the iterative tensile simulation
procedure and information considering the test environment variables using E; and E;
predicted from the simulation procedure performed in Section 4.1 for verification purposes.
To corroborate the simulation method, specimens were produced using CFRP grades that
closely matched the predicted physical characteristics, and tensile tests were performed on
these samples.

The previous step’s predictions were used to infer the properties of the laminae.
In reference [15], these predicted lamina properties were employed to approximate the
properties of fibers within laminae of similar grades. A discrepancy arose because the
modulus of the resin was not taken into account. Consequently, the moduli of both the
fiber and resin were inversely deduced from the predicted lamina modulus through the
homogenization method, and these findings are compiled in Table 7.

Table 7. The physical properties of the fibers and resin inversely calculated using the homogeniza-
tion method.

Input Properties of the Predicted Lamina Calculated Properties
E; of lamina (MPa) 140,000 E of carbon fiber (MPa) 230,000
E, of lamina (MPa) 8200 E of resin (MPa) 4000
Volume fraction of lamina (%) 60%

Despite the precision of the predictions regarding the stiffness of the fibers, discrepan-
cies in actual testing can arise due to material variations, manufacturing processes, and the
testing equipment itself. Therefore, the predicted fibers and resins were utilized to construct
a finite element model that mirrored the one employed in the actual tests. Information
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on lamination order and geometry, akin to that derived from tensile simulations, was
integrated into this model. A series of iterative simulations were then executed in batches,
considering a spectrum of potential variables. Table 8 details the varied conditions for the
coupon test simulations that included a fabrication tolerance.

Unit system: MPa (t. mm, s, °C, N, MPa, m))
Experimental data (tension/compression)

PLY PROPERTY VALUE UNITS VF

£ 140,000  MPa 06
F 2,500 MPa 06
E,* 8,200 MPa 0.6
Ft 80 MPa 06 -
t
s 0.31 06
E,© 130,000  MPa 06
g 1,600 MPa 0.6
1
E, c 115,000 MPa 0.6
R 200 MPa 06

Input of layup definition

Input of the estimated E; and E, [0/90]
S

| UNT-ASTM D3039
Unit system: MPa (t. mm, s, °C. N, MPa, mJ)

| Geometry | Coupon visualization
ength 240 mm

Vidth 13 mm
hickness Determined from layug

» Measured E, of composite to 1,000 ue
from 3,000 pue : 93.8 GPa (specimen 1)

* Measured E, of composite to 1,000 ue
from 3,000 pue : 104.7 GPa (specimen 2)

+ Obtain E, value in simulation : 98 GPa

Input of coupon information for

boundary condition in FEM analysis Compansen between i Fesults

Figure 9. Coupon specimen test simulation with statistical simulation based on the predicted
laminae properties.

Table 8. Variable condition of coupon test simulation; the predicted elastic modulus and strength are
calculated based on the following conditions.

Allowance Type Condition

Matrix tensile strength £5%
Fiber tensile strength +5%
Fiber volume fraction £10%
Ply misalignment standard deviation £3°
Experimental variability Coupon misalignment standard deviation +3

Material variability

Process variability

The statistical analysis of repeated simulations, presented in Figure 10, showcased the
distribution of elastic modulus values for a composite laminate modeled as [0/90] s. The
A-basis and B-basis values were utilized as statistical measures to indicate the confidence
levels and reliability of the data. Specifically, the A-basis value represented the lower
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bound of the elastic modulus, with 99% of the data expected to exceed this value at a 95%
confidence level. The B-basis was less stringent, with 90% of the data exceeding the basis
value at the same confidence level.

&'l
" T
R

0 5
Samples

Figure 10. Coupon test simulation results according to allowance variables.

In 125 simulation cases, the lowest Ex value of the laminated composite dropped to
59 GPa at an A-basis reliability level due to variability in fabrication conditions. However,
at the B-basis level (90% confidence), the lowest Ex value was higher, at 75 GPa. The
simulated Ex value from the prior step was 98 GPa, while the actual experimental results
for two produced specimens yielded Ex values of 93.8 GPa and 104.7 GPa, respectively.
These findings confirmed the appropriateness of the simulation process.

A further analysis was conducted using the surface response method, detailed in
Figure 11, which examined the interaction between various factors influencing the compos-
ite’s strength. The central synthesis method among response surface methods, as shown in
Figure 11, was used to analyze the relationship between test parameters related to coupon
test simulation. After analyzing the relationship between factors interacting based on
composite stiffness, sensitivity was calculated using the sensitivity calculation method in
reference [30]. As shown in Table 9, because the sensitivity of the matrix tensile strength
is the greatest, it was found to have the greatest influence on the analysis results. This
analysis pinpointed the matrix tensile strength as the most significant contributing factor to
the overall strength properties of the laminated composite material.
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Figure 11. Coupon test simulation results analyzed using a surface reaction method.

Table 9. Sensitivity of allowance variables in the repeated simulations.

Material Type Sensitivity
Matrix tensile strength 9.63 x 107!
Fiber volume fraction 142 x 1072
Fiber tensile strength 1.74 x 1072
Coupon misalignment 5.13 x 1073

Simulations that factored in manufacturing errors underscored the criticality of pre-
cisely analyzing E,, the modulus of elasticity in the transverse direction of the lamina.
The methodology proposed in this study proved itself capable of predicting E, with a
lower margin of error, thereby enhancing the reliability of the simulation outcomes for the
composite’s performance under varied manufacturing conditions.

5. Conclusions

A novel reverse-design methodology and simulation process were developed to
accurately determine the elastic modulus of the fiber layers in laminated composites. This
process is unique in that it can effectively calculate both longitudinal and transverse elastic
moduli by utilizing both static and dynamic simulation results of the structural behavior.

The procedure involved modeling the shape of the composite material in ANSYS
PrePost, considering the stacking information, and employing tensile simulation and modal
analysis to determine Ex and Ey. The elastic moduli, E; and E,, were predicted using an
MOGA within an iterative calculation framework. The accuracy of this predictive algorithm
improved significantly when both static (tensile) and dynamic (modal) characteristics were
incorporated. The error in stress prediction for the laminated composite was minimized
to 0.08% when both simulation results were used, highlighting the effectiveness of the
combined simulation approach.

This study also demonstrated that the error margin for predicting E; and E; was
considerably reduced when both static and dynamic results were considered. The error
ranges for E; were reduced to 0.09-0.24% and for E, to 3.65-7.30%. The prediction error for
E; was notably decreased when lead-lag resonance information was included, emphasizing
the importance of dynamic simulation for accurately assessing the stiffness in lateral motion.
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Simulations that accounted for fabrication tolerances underscored the necessity of pre-
cisely analyzing E,, with the proposed method showing a lower error for E,. This indicates
that the simulation approach can effectively account for manufacturing variabilities.

Ultimately, this study confirmed the feasibility of reverse engineering laminated
composites and improving the precision of such processes. The method developed provides
a potent tool for estimating lamina information in unknown laminated composite structures,
which could be highly beneficial for the field of composite material design.
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