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Free vibration optimization of 2D
tri-axial braided composite fan

blade with ANN-Anal-FEM-GA
Integrated model

Mortaza Salehian!, Hamid Reza Ovesy'*” & Hadi Dabiryan?

This research aimed to increase the natural frequencies of a non-rotating 2D tri-axial braided
composite (2DTBC) fan blade. The investigation utilized a multidisciplinary approach, integrating
Artificial Neural Network (ANN) modeling, analytical method, Finite Element (FE) analysis,
optimization techniques, and experimental validation. The ANN captured the complex relationship
between the braiding machine and structure parameters. The mechanical properties of the 2DTBC
were determined through the micromechanical modeling, and the thin-shell analysis was applied to
describe the blade’s displacement and strain characteristics. Micromechanical modeling examines
material behavior at the microscopic level, and thin shell analysis focuses on modeling and analyzing
thin, curved structures using simplified equations. The FE method facilitated the formulation of the
equation of motion and the calculation of natural frequencies. A genetic algorithm, focused on a single-
objective optimization, was employed to refine the braiding structure parameters and the number

of composite layers, thereby enhancing the blade’s natural frequencies. The optimized 2DTBC blade
was subsequently fabricated and validated through impact hammer modal testing, showing strong
agreement with the predictions from the combined ANN-analytical-FEM-GA model. The optimization
of the braiding parameters led to a significant increase in the blade’s natural frequencies.

Keywords Tri-axial braided composite, Braiding, Genetic algorithm, Natural frequency, Artificial neural
network

The fan blade in a turbofan engine is crucial for air compression. Located at the engin€’s front, it draws in and
splits air into a core stream for combustion and a bypass stream for extra thrust, enhancing fuel efficiency.
Made from advanced materials like carbon fiber or titanium, the blade is designed for strength, lightness, and
durability. Vibrations from various sources can cause stress and fatigue, risking structural failure. To combat this,
engineers use advanced materials and design techniques, such as finite element analysis, to ensure the blade’s
strength and reliability.

A high-fidelity multiscale methodology for assessing the residual performance of 2DTBC under high-
velocity impact has been introduced!. In a study, braided composite materials were employed to reduce the
weight of a two-stage gear transmission system. These materials were applied to the gear webs, after which their
dynamic characteristics were analyzed®. The hydrodynamic characteristics of fishing net panels constructed
from various materials, including braided knotless netting, were examined at low angles of attack using a self-
designed experimental setup®. A study examined the dynamic behavior of a dual-rotor system focusing on the
scenario where the aerodynamic excitation frequency of the fan blades approaches the characteristic frequency
of the inter-shaft bearings®. The response characteristics of a system under varying parameters or fault conditions
were analyzed using a dynamic model®. A study demonstrates that a single-camera system employing Digital
Image Correlation (DIC)-assisted fringe projection profilometry (FPP) is capable of generating full-field 3D
images of complex components, such as honeycomb structures and braided composite tubes, while also
measuring their deformation®. A study developed stretchable interconnections for mesoscale electronic
mechanisms or components by utilizing stretchable textiles made from metallic fibers arranged in braided
structures’. In a study, the free vibration behavior of rotating beams made of functionally graded materials
(FGM) was investigated with an exponential distribution model and conical geometry®. The free vibration
response of four-step 1 X 1 3D braided composite curved panels and rotating 3D braided composite pre-twisted

1Department of Aerospace Engineering, Amirkabir University of Technology, Tehran, Iran. ?Textile Engineering
Department, Amirkabir University of Technology, Tehran, Iran. *email: ovesy@aut.ac.ir

Scientific Reports|  (2024) 14:28819 | https://doi.org/10.1038/s41598-024-80198-4 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-80198-4&domain=pdf&date_stamp=2024-11-21

www.nature.com/scientificreports/

conical shells was analyzed using finite element methods, considering a new shear deformation theory for the
displacement field. The equivalent material properties of the composite were computed through a volume-
averaging approach®®. A novel fatigue-testing device was developed to replicate the motion of braided
polypropylene knee ligaments within a liquid environment, and the mechanical performances of braided
ligaments were discussed!!. Theoretical research on the free vibration behavior of a standard final-stage low-
pressure steam turbine blade was conducted and presented!?. A design of high durable automotive hydraulic
braking hose made of braided composite was performed with the interference-free layout to prevent complicated
anisotropic large deformation'®. A multi-objective optimization approach was proposed to reduce the significant
deformation resulting from the cyclic motion of the fabric-braided brake hose in the driver’s braking system'*.
Research demonstrated that axial yarns improve the mechanical properties of braided composite tubes and
decrease their susceptibility to bending damage'®. A study examined how variations in axial yarn quantity and
placement in tri-axial braided composite tubes affect their deformation and damage during transverse low-
velocity impact!®. The temperature rise phenomenon and failure behavior of tri-axial braided carbon/epoxy
composites under impact loading conditions were analyzed using a mesoscale finite element model'’. A study
investigated the vibration characteristics of different laminate composite fan blades designed for high-tip-speed
applications'®. A triangular shell element with ten nodes was created and employed for the vibration analysis of
cambered and twisted fan blades, allowing for the determination of natural frequencies across different
parameters'®. An experimental study on the effects of varying rotating speeds and stagger angles on the rotating
blade’s natural frequencies is studied?. A three-dimensional continuum vibration analysis was conducted for
rotating laminated composite blades, using a model based on three-dimensional elasticity?!. A study explored
the impact of fiber angle on the natural frequencies of orthotropic composite pre-twisted blades, employing the
differential quadrature method??. Analyses on a composite blade for NASA Glenn Research Center’s Exo-
Skeletal Engine (ESE) included aerodynamic, displacement, stress, buckling, modal, and progressive damage
assessments®®. A study on the structural analysis and optimization of composite fan blades revealed that fiber
orientation significantly impacts the deformation behavior of the optimized blade?!. The behavior of non-
uniform in-plane shearing, pure extension of the yarns, and a combination of in-plane shearing and yarn
extension of such fabrics under axial tensile loading were studied?. A thorough investigation into the structural
dynamic modeling of rotating blades utilizing three-dimensional finite element analysis was presented®®. A
comprehensive analysis of the natural frequencies of fiber reinforced plastic (FRP) cooling tower fan blades was
conducted to ensure they do not match excitation forces, thus avoiding resonance and structural damage 2. A
numerical study on the vibration stress of a rotating fan blade under aerodynamic load at critical speed found
that resonance occurs at several critical speeds®. A comprehensive study on composite compressor blades
covered design, manufacturing, and testing, detailing a multi-step process for selecting blade geometry and
composite architecture, including numerical stress, deformation, vibration, and failure analyseszg. A study
explored advanced methods for constructing high-performance fan blades with enhanced design flexibility,
analyzing how varying ply orientation patterns affect the reliability of composite fan blades*’. An enhanced
dynamic model was developed for a rotating pre-twisted fan blade with arbitrary cross-section, accounting for
coupling effects between bending, torsion, stretching®!. A new dynamic model was used to study the vibration
behavior of a rotating composite laminated fan blade with a pre-twisted angle®’. A study investigated the
vibration specifications of a titanium wide-chord fan blade, identifying critical locations for high-cycle fatigue
and conducting random-excitation tests*. A study explored the application of composite materials to improve
performance and reduce noise in jet engines by focusing on how fiber orientation affects vibration behavior*. A
study analyzed the impact of thickness ratio and fiber orientation on the frequencies and mode shapes of
laminated composite twisted cantilever plates®. A study examined the free vibration specifications of rotating
thin-walled composite box beams, considering the effects of bending, extension and twisting coupling®®. A
refined structural dynamics model was developed for both rotating and non-rotating composite rotor fan blades,
incorporating thick walls or those supported by honeycomb or foam cores®. The study investigated vibration
and dynamic response control of non-uniform composite rotating blades using a distributed piezoelectric
actuator system to suppress beam dynamics®®. A numerically efficient super element with a combination of
polynomials and trigonometric shape functions for the dynamic analysis of rotating tapered beams was
conducted®. A study focused on composite airfoil blades’ vibration analysis using the orthotropic thin shell
bending theory *°. A new model to simulate the biaxial over braiding process for complex preforms was
developed*!. A study aimed to detail fabric courses within a layup plan using a kinematic draping algorithm and
optimizing their placement through a genetic algorithm, considering manufacturability, structural performance,
material efficiency, and practical concerns*2. A study on 3D braided rotating cylindrical shells showed the impact
of parameters such as braiding angle, volume fraction, aspect ratio, and rotational speeds on their natural
frequencies'’. A study on the free vibration analysis of rotating laminated composite plate-type blades examined
the influence of various factors, including rotation speed, twist angle, setting angle, fiber orientation angle, and
variable thickness, on the vibration behavior of the composite panels*’. A new theoretical model for analyzing
the free vibration specifications of rotating hub-blade assemblies made of graphene Nano-platelet reinforced
nanocomposites was carried out**. An artificial neural network and geometrical model were used to predict the
tensile behavior of multi-ply yarns*>°.

This research focuses on optimizing composite braiding parameters to increase the natural frequencies of
fan blades, addressing a significant gap in current knowledge. Previous research has neither applied 2DTBC
in blade structures nor attempted to optimize the vibration performance of 2DTBC blades. The present study
comprehensively addresses these two objectives, constituting a primary contribution and a significant innovation
of this research. It employs 2DTBC and a single-objective genetic algorithm to enhance blade natural frequencies,
crucial for preventing resonance and ensuring structural integrity. 2DTBC offers unique mechanical properties
compared to traditional composites, making them promising for improving fan blade performance in the
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aerospace, automotive, and energy sectors. The study uses an ANN to correlate braiding machine and structure
parameters, focusing on the diamond tri-axial braid. Independent braiding machine parameters include carrier
speed, take-off speed, blade chord length, and yarn count while braiding structure parameters involve braiding
angle, braiding space, and the number of composite layers. Response surface method (RSM) and ANN analysis
are employed to understand these relationships. Mechanical properties are determined through tensile testing
and micromechanical methods, with structural behavior analyzed using Hamilton’s principle and finite element
methods to calculate natural frequencies. Validation involves manufacturing composite blades based on
optimized parameters and testing natural frequencies using impact hammer modal testing.

Modeling process

An integrated modeling approach incorporating ANN analysis, analytical methodologies, FE analysis, and
experimental techniques was employed. The ANN relates braiding machine and structure parameters. Mandrels
for the braiding process were fabricated using 3D printing. Micromechanics theory derived the mechanical
properties of the 2DTBC. The FE method obtained the equation of motion for the 2DTBC blade, and a genetic
algorithm optimized its natural frequencies. Impact hammer modal testing determined the natural frequencies
of the 2DTBC blade. The research activities are illustrated schematically in Fig. 1.

Artificial neural network modeling

The ANN was utilized to derive braiding structure parameters from independent braiding machine parameters.
Initially, Pearson’s correlation heatmap matrix was used to assess the relationships among input parameters,
revealing low correlations as shown in Fig. 2a. Subsequently, analysis of output parameter correlations
necessitated the use of two separate ANN models. Figure 2b demonstrates the application of a fivefold cross-
validation method to validate model generalizability. To establish the connection between braiding machine and
structure parameters, a feed-forward back-propagation network was implemented in MATLAB, Fig. 2c. Two
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Fig. 1. Schematic presentation of the whole research.
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Fig. 2. Representation of the artificial neural network modeling architecture; (a) Pearson’s correlation heatmap
matrix of experimental data, (b) schematic presentation of 5-fold cross-validation, (c) topology of developed
neural network, (d) relative importance of input parameters of Fold 1.

separate networks were employed, each with a single output, optimizing predictive performance. The network
architecture used tansigmoid transfer functions for hidden layers and pure linear for output layers. The number
of nodes in the hidden layer was optimized through grid search (5 to 10 nodes). Key parameters like learning rate
(0.1), momentum (0.9), and epochs (1000) were set using the Levenberg-Marquardt (LM) learning algorithm.
It can be deduced from references?*® that the (LM) algorithm enhances the training of feed-forward back-
propagation networks by integrating features of both gradient descent and Newton methods. This approach
enables more efficient optimization with rapid convergence and high accuracy, particularly in complex and
challenging problems. Due to its dynamic adjustment between these two methods, the LM algorithm reduces
the risk of becoming trapped in local optima, making it especially well-suited for small to medium-sized
networks. Furthermore, a sensitivity analysis, Fig. 2d highlighted the influence of individual input parameters.
The perimeter significantly impacted braiding space (43.4% variance), while take-off speed had the greatest
effect on braiding angle (38.6%).

As illustrated in Fig. 2d, the chord length has the most significant effect (43.4%) on the braiding space.
The analysis shows that modifying the airfoil’s chord length, which in turn affects its perimeter, influences the
parameters of the braiding structure. With the yarn count, carrier speed, take-off speed, and number of carriers
held constant, chord length changes lead to braiding space variations. Specifically, increasing chord length
expands the braiding space, thereby reducing the yarn density. This effect has been identified as a key parameter
in neural network training, as it plays a critical role in predicting the structural characteristics of the braided
component. Tables 1 and 2 present a comprehensive summary of the weight and bias parameters associated with
the developed neural network, specifically focusing on the variables associated with braiding space and braiding
angle, respectively. It is imperative to note that these values are representative of the network configuration for
Fold 1, where consistent weight and bias values have been maintained to ensure the production of a stable output.

In neural networks, weights and biases are the model’s training parameters. Weights are situated along the
connections between neurons, indicating the significance of each input by scaling it through multiplication. Bias,
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Weight Bias
-0.9766 | -0.0101 | 1.9892 | 0.9210 2.4880
2.9852 | -0.5555 | 1.9907 | 2.6829 -0.8990

Z |-0.6009 |0.5525 |-2.4825 | -0.4685 1|-1.1481
-0.4678 | -0.8603 | 2.1195 | 2.4317 -1.7546
-1.3458 | -0.2564 | 1.0246 | -2.0006 -2.2218

W |-0.3923 | 0.3158 | -0.6136 | 0.3540 | 0.2251 |2 | 0.4074

Table 1. Weight and bias values of network developed for braiding space.

Weight Bias
1.6435 | -0.5931 | -2.6452 | -0.9658 -1.6593
-0.6623 | -2.0931 | 1.0760 | 0.3572 1.2155

Z 10.3956 |-0.2924 |-0.2517 | -2.1813 1 ]-0.0711
-0.8766 | 1.7182 | 0.2418 | 1.3586 -1.6146
4.0820 | 1.0354 |-0.4182 |-0.3301 1.4925

W 1 -0.5219 | -0.2486 | 0.1498 | 0.1264 | -0.5595 | 2 | 0.0040

Table 2. Weight and bias values of network developed for braiding angle.

on the other hand, is an additional parameter added to each neuron’s output. It enables the model to fine-tune
outputs independently of the inputs and thereby enhances model flexibility. During the training process, both
weights and biases are iteratively adjusted to minimize model error, ultimately leading to improved performance
and results. As illustrated in Fig. 2¢, the z parameter represents the weight matrix connecting the input layer to
the hidden layer. In contrast, the w parameter represents the weight matrix between the hidden layer and the
output layer*”:*,

Multi-scale analytical modeling

The segment describes a study on a 2DTBC, focusing on its mechanical properties at different scales. It begins with
an analysis at the microscale using a unit cell from the composite yarn, then moves to the mesoscale with a unit
cell representing the entire 2DTBC. The composite structure consists of three types of yarns: counterclockwise,
clockwise, and axial, braided to form layers of 0°/+0° material. Figure 3 illustrates the multi-scale modeling
approach for the 2DTBC. At the microscale, the fiber cross-section is circular, whereas at the mesoscale, the
cross-section of the fiber tows is elliptical.

Equivalent mechanical properties of microscale RUC model

Within the microscale RUC framework, fibers are organized in a hexagonal configuration, facilitating the
attainment of a substantial fiber volume fraction. The adjustment of the fiber volume fraction in this model
is configured to v¢ = 0.8. The Chamis’ equations are determined the equivalent mechanical properties of the
microscale RUC model as follows®.

Ei11 =ve X Ef + (1 7Vf) X Em

Eop =E33 = Em
1 — /e x (1 - %)
G2 =G13 = il
1 /47 X ( - %) (1)
Gas ~Gm
Vie =Viz3 = V¢ X Vi + (1 — V) X Vi
Vo3 _ B 1
2 x Gas

Equivalent mechanical properties of mesoscale RUC model

Figure 4 depicts the mesoscale RUC model of 2DTBC. A global coordinate system is defined for the model,
with the x-axis aligned along the axial yarn, the y-axis perpendicular to the axial yarn, and the z-axis oriented
along the thickness of the model. The length and width of the cell (L and W) are equal to the projection of the
braiding space along the axial yarn direction and its perpendicular direction, respectively. The braiding space
itself (P) refers to the straight distance between two adjacent intersection points of the bias yarns, and 6 denotes

the braiding angle. The axial yarn denoted by the index "a", the bias yarn by the index "b" and the matrix by the
index "m", with the assumption that the axial fiber tows follow a straight path, while the bias fiber tows exhibit
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Fig. 3. Architecture of the multi-scale of 2DTBC.

an rippling effect. It is further assumed that the cross-sectional area of the fiber tows remains constant along
its trajectory®’. If this assumption is relaxed, the fiber volume fraction in the mesoscale RUC model will vary,
leading to changes in the mechanical properties of the 2DTBC. Subsequently, the fiber volume fraction within
the tow and unit cell and the tows’ volume are determined™.

Figure 5 presents a comprehensive rippling profile through unit cell thickness. The axial fiber tow is depicted
as ellipses, while one of the two bias fiber tows is represented as black rippling curves. The dimensions of the
fiber tows, namely the thickness and width, are denoted as hy and wy, respectively. As illustrated in Fig. 5, the
fiber’s local coordinate undergoes continuous changes along the y-coordinate. It is assumed that the axial and
bias tows are tangent to each other.

The fiber tow rippling is characterized by employing the central line (represented by a dashed line in Fig. 5)
and is expressed through a designated function.

z = —hy - cos (L -7'[) (2)
Wy

Subsequently, the rippling angle a(y) through thickness can be articulated as follows

tan (e ) = 5% = "% sin (i . ) 5

y Wy

o () represents the projected angle of the bias fiber tows rather than their actual rippling angle. The rippling
B (y) of the bias fiber tows is calculated by multiplying & () by the sine of the rippling angle.

hy - T

tan (B (y)) = tan (x (y)) - sin () = " -sin (0) - sin <wly ~7'r) 4)
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The equivalent stiffness matrix for rippling tows is derived by averaging the transformed local stiffness matrix
across the width of the unit cell®®,

w
oca. d e
o / RY- [0 R Sy e =G ©)
0

Here, C denotes the stiffness matrix, oy, and €1, represent the stress and strain of the bias fiber tows, respectively,
and R is the transformation matrix.

13 m? n? Iy -my my -y ng -l
lg m% n% 12 - 1Mo mso - o nog - 12
3 b 3
R = 13 m3 n3 I3 -m3 ms3 - N3 nz-l3 (6)

2-1i-ls 2-m;y-me 2-n3-n2 i omo+lp-my micne+me-ng ni-lb+ng-ly
2-12-13 2-mp-m3 2-n2-n3 lp-mz+Il3-my me-n3y+ms-ny nz-lz+nsz-lp
21511 2'1113-1111 2-n3-n1 15m1+11m3 mg-n1+m1-n3 n3-11+n1-13

Where

Iy = cos (B) - cos (0) my; =cos(f)-sin(0) n; =sin(p)
lo = —sin (0) my = cos (0) n, =0 (7)
I3 =—sin () -cos(0) mg=—sin(f) sin(0) ns=cos(P)

Here, 3 denotes the rippling angle, and 0 represents the braiding angle. The method is applied to both positive
and negative bias fiber tows to determine the equivalent stiffness matrix C°. The exact formula for the length of
the bias fiber tow is derived through the integration process.

w
lb:/\/1+tan2[3(y)~dy (8)
0

This method is applied to axial yarns, bias yarns, and the pure matrix. The global equivalent stiffness matrix of
the unit cell is then obtained using the volume averaging method*,

Vb . Czq +Va : ng + Vm : Cfnq

global __
© N W-L-H

)

The effective engineering constants for the unit cell are derived from the global stiffness matrix C8'°P2!,
Equation (9) is applied for the evaluation of the mechanical properties of the mesoscale RUC model for 2DTBC.
This equation is extrapolated from the discoveries made by>® and has been empirically validated. There is no
necessity for revalidation within the context of this manuscript.

Governing equations of composite shell
The blade is a closed curved surface. For this reason, the shell theory is used to express the equations of motion.
Ilustrated in Fig. 6 is a rectangular surface characterized by uniform thickness, featuring a laminated curved
shell sample. The coordinate system is defined as (&1, &2, (), where &; and &3 represent the curvatures of the
middle surface (¢ = 0). Before the deformation of the shell, a point located on the middle surface is denoted by
"r", while a point outside the middle surface is denoted by "Ro", as depicted in Fig. 6b.

Herein, R1 and R2 represent the principal radii of curvature corresponding to the middle surface, as
illustrated in Fig. 6a. The subsequent outcome can be acquired for the mono-curvature shell characterized by

infinite radius along one direction.

1
Re — = —=0 10
2 0= - (10)

Also, for thin and shallow shells, the following expression can be written.

<1+R£1>%1,(1+Ri2>z1 (11)

Using the displacement field, the governing equations for the First-order Shear Deformation Theory (FSDT) for
orthotropic layered shells are derived via Hamilton’s principle®!

ONex Ny . Q 1 My ) ,
ox ) — (I - I - by

o By +R1+2~R1 By (0 o + 11 d)) (12)

ONuy | 0Ny 1 OMy _

ox Jdy 2-R1 0Ox

(To - %0 + T - dy) (13)
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Fig. 6. Geometry of a laminated composite shell; (a) shell geometry; (b) position vectors of points on the
midsurface and above the midsurface®’.

0Q, | 0Qy Ny

— =1y W 14
ox By R, Io - Vo (14)
M | OM, . ,
o T ayy—Qx:(Il~uo+Iz~¢x) (15)
M,y | OM ) .
x Ty Q= (Rt -dy) (16)

The parameters (Nxx, Nyy, Nxy ) represent the in-plane force resultants, (Mxx, Myy, Mxy ) describe the moment
resultants, (QX, Qy) are the transverse force resultants, (Io,I1,I2) signify the mass moments of inertia, and

(uo, vo, Wo, Dx, Dy) denote the generalized displacements. All stress resultants are expressed per unit length,
for instance, N; and Q; in N/m, and M; in N.m/m. Where, (note that { = z)

h/2
L = /p-zi~dz, (i=0,1,2) (17)

—h/2

Where p is the density of the laminated composite. The stress resultants per unit length may be delineated as

follows>!
Nxx Oxx
Nyy Oyy
EXy h/2 Oxy
O

yx = yx -dz 18
Mxx Z - Oxx ( )
My, —h/2 Z - Oyy
My Z - Oxy
My« Z - Oyx

Where h is the shell thickness. The shear forces Q; are defined by51,

h/2
(&= [ {2} a9)
~h/2

Where K is the shear correction factor.

Scientific Reports|  (2024) 14:28819 | https://doi.org/10.1038/s41598-024-80198-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Finite element modeling

The generalized displacements for the FSDT consist of (uo, Vo, Wo, @x, Dy ). The weak forms of the five equations
in Egs. (12)-(16) are derived. Consequently, these weak forms are approximated using Lagrange interpolation
functions. For the sake of simplicity, the same interpolation is applied to all variables.

(x,¥,t ZuJ (£) - %5 (x,¥) (20)
(xy, 6 ZVJ i (x,y) (21)
(.t ZWJ f (% y) (22)
(x, ¥, t ZS (£) - 0§ (x,¥) (23)
(v, ZS Ui (x,y) (24)

Where 1§ are Lagrange interpolation functions. Coordinate transformations are used in the FE simulation for
simplifying mathematical formulations and handling complex geometries. The interpolation of (ug, vo, wo),
and (@, Dy) is executed using a nine-node quadratic Lagrange rectangular element that has transformed into
the local coordinate system {(&,1) : —1 < & < 1,—1 <n < 1}, as illustrated Fig. 7.

Also, the transformed interpolation functions are given

1 3
o ® o
n

Je

@5 0 > @ 6

]

Fig. 7. Nine-node quadratic Lagrange rectangular element.
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Yr=goE (-8 (1)

o= -7 & (148) - (1-n)

ws:i~£-(1+£)~n-(1+n)

b= & (1-8 (1 +n)

bs = (1-€) - (1-n) 23)
¢6:%~£~(1+E)-(1—n2)

11)7:;(1*&2)-11-(1“1)

ws:—%-b(l—i)m-(l—n)
Yo =(1-8") - (1-7°)

By substituting Eqs. (20)-(24) instead of the variables (uo, vo, Wo, @, @y ) within the weak form equations, the
finite element model of the blade is derived.

KO [RN[RM] R -
R O v}
L I W S R LS B N
S < S o]
SR R R S R P
WM 0 o LM ] {1
[0]  Io-[M] [0] [0  ILi-[M] {we} (26)
+ (0] [0]  Io-[M] 0] [0] gt
Lo-[M] 0] [0  I»-[M] [0]
o  L-M  [0] O]  L-[M] |54 g2
{0}
{0}
=4 {0}
{0}
{O} 45x1

The finite element model represents a set of algebraic equations involving nodal values corresponding to
generalized displacements. The Gauss quadrature technique is employed for the evaluation of them. The element
matrices are assembled to integrate the local contributions of individual elements into a unified global matrix.
Hence, the equation of motion for the clamped blade structure is expressed in the subsequent matrix form.

[Mglobal] . {A} + [Kglobal] X {A} — {0} (27)

Where A contains global displacement variables as follows

{U}
vV}
(aAy={ {W (28)

(bl
The assumption of clamped-free boundary conditions is aligned with practical operating scenarios and previous
studies in this field>'>!82122 Tt js well-established that the natural frequency of a clamped-free blade is higher
than that of blades with alternative boundary conditions, such as free or partially constrained ends. So, the

clamped-free boundary conditions assumption is retained throughout the analysis to ensure practical relevance
and comparability with existing research.

{A} o = {0} (29)

Optimization step
The single-objective genetic algorithm is used for optimization. It is an optimization technique inspired by the
principles of natural selection and genetics. The single-objective genetic algorithm employs a population of
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potential solution represented as individuals, each characterized by a set of decision variables. Through successive
generations, individuals evolve by undergoing processes such as selection, crossover, and mutation®>3. Within
the current investigation, the optimization parameters encompass braiding angle, braiding space, yarn count,
and number of composite layers. Throughout the optimization process, the hyper parameters were configured
according to the values specified in Table 3.

Where Pareto fraction determines the portion of solutions in each generation retained on the Pareto frontier,
promoting a wider range of optimal solutions. Maximum generation sets the maximum allowable generations,
balancing computational efficiency with the quality of the final solution. Population size specifies the number
of solutions per generation, critical for maintaining search space diversity and exploration breadth. Population
type defines the data type for population members; for continuous variables, double-precision vectors are often
preferred. Creation function generates the initial population with solutions that adhere to problem constraints.
Selection function determines selection methods for reproduction, often introducing competition through
techniques like tournaments. Selection size specifies the number of members chosen at each selection stage,
controlling competition intensity. Mutation function maintains genetic diversity by introducing small random
changes, helping prevent premature convergence. Mutation fraction indicates the proportion of the population
undergoing mutation in each generation, balancing solution diversity and stability. Crossover function combines
parent solutions to produce offspring, facilitating feature inheritance from parents to children. Crossover fraction
defines the percentage of the population generated through crossover, blending top solutions for optimized
combinations®>%*. The objective function used for optimization is as follows:

for function f(x) = —w: R* — R find x € R such that f(x) < f(x) (30)
Subjected to
x={ N,V,,V.,C,D 31)
—_———

3 to 6 times

Where x is a vector to store optimization parameters, w, Vi, Ve, C,D, N are the natural frequency, take-off
speed, carrier speed, chord length, yarn count, and number of composite layers.
Due to the range of variation in number of braiding layers from 3 to 6, the second term within the bracket

(V¢, Ve, C, D) will be multiplied 3 to 6 times during the optimization. Thus the overall length of the chromosome
——
wibl be@5igenes. It should be mentioned that the optimization was undertaken on MATLAB software.

Experimental work

The experimental phase process is shown in Fig. 8. First, the bobbins filled with glass yarn were placed in the
braiding machine. The response surface method (RSM) was used to systematically design the experiments. The
experimental parameters with their variations listed in Table 4. Fifteen distinct cases were designed, as detailed
in Table 5. Three PLA blades with equal span lengths and chord lengths of 3, 4.5, and 6 cm, featuring the NACA
0018 airfoil cross-section, were fabricated using a 3D printer. These blades were installed as mandrels in the
braiding machine to create the braiding structure. The experiment aimed to establish a correlation between the
braiding machine and structure parameters. Image processing and vertical photography of the braided structure
were used to measure the braiding angle and space as shown in Fig. 8. The diameter of the glass fiber was
measured using a scanning electron microscope (SEM, XL30-SFEG, and FEI Philips, Japan). The mechanical
properties of the glass yarn were determined by employing the Instron 5566 device, subjected to a constant rate
of elongation at 200 mm/min, following the standards outlined in ASTM D 3822-01. Subsequently, the acquired
variables were integrated into a hybrid model as input for optimization. Following optimization, a 2DTBC blade
sample was fabricated through the vacuum infusion process based on the optimized braiding parameters. The

Parameter Value

Pareto fraction 100% of population size
Maximum generation | 30

Population size 100

Population type Double vector
Creation function Constraint dependent
Selection function Tournament
Selection size 1

Mutation function Adapt feasible
Mutation fraction 0.20

Crossover function Two points

Crossover fraction 0.8

Table 3. Hyper parameter of single-objective genetic algorithm.
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Fig. 8. The whole process of experimental modeling.

Take-off speed | V¢ | m/min | 0.143 | 0.213 | 0.301 | 0.410 | 0.542

Carrier speed | V. |rpm 5.666 | 6.376 | 7.086
Chord length | C cm 3 4.5 6 - -
Yarn count D tex 400 | 800 | 1200 |- -

Table 4. Parameter analysis for response surface method.

epoxy resin dog bone specimen was made according to ASTM D638-14 standards, and its mechanical properties
were evaluated using a SANTAM-STM-150 tensile machine. Cantilever support conditions for the 2DTBC blade
were established, and impact hammer modal testing was conducted to determine the natural frequencies. The
hammer modal testing is not applied to rotating blades, as high-speed rotation prevents the use of a hammer for
impact testing. During rotation, excitation can be introduced by a controlled imbalance or by a shaker that applies
a periodic force to the blade at various frequencies. In some setups, piezoelectric or electromagnetic actuators
provide a controlled excitation that can be synchronized with rotation speed. In the finite element section, only a
rotational stiffness matrix can be incorporated into the existing stiffness matrix. Therefore, this study’s approach
could be applied to rotating blades, assuming modal testing can be adapted for rotating conditions.

Results and discussions

Experimental results

During this investigation, a series of diverse experimental examinations were executed, and the ensuing
outcomes are delineated within this segment. The stress—strain curves resulting from the tensile test conducted
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Run | Take-off speed (m/min) | Carrier speed (rpm) | Chord length (cm) | Yarn count (tex)
1 0.542 7.086 6 800
2 0.542 6.376 3 800
3 0.410 7.086 3 1200
4 0.542 7.086 4.5 400
5 0.213 7.086 6 400
6 0.301 6.376 4.5 800
7 0.143 5.666 3 1200
8 0.542 5.666 6 400
9 0.143 7.086 4.5 1200
10 0.143 5.666 6 800
11 0.301 5.666 3 400
12 0.143 6.376 4.5 400
13 0.301 6.376 6 1200
14 0.143 7.086 3 800
15 0.542 5.666 4.5 1200

Table 5. Input variables of the design of experiment.
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Fig. 9. Stress—strain curve of the tensile test; (a) glass yarn, (b) epoxy resin.

on glass yarn, and epoxy resin are illustrated in Fig. 9. The mechanical properties of the glass yarn and epoxy
resin are cataloged in Table 6. Six samples of glass yarn, with counts of 400, 800, and 1200 tex and a length of
25 cm, were subjected to tensile testing, and the average stress—strain curves from these tests were used as the
final stress—strain curve for glass yarn. Additionally, six epoxy resin dog-bone samples, measuring 246 mm X 29
mm X 3.2 mm, were fabricated and tested under tension, with their average stress—strain curves serving as the
final stress—strain curve for the epoxy resin. The SEM analysis revealed a glass fiber diameter measuring 11 pm.

Employing image processing technique on the braided structure facilitated the determination of the braiding
angle and space across 15 distinct scenarios of Table 5, elucidated in Table 7.

Performance of ANN models

Figure 10(a)-(b) demonstrate the performance of ANN-based models in correlating braiding machine and
structure parameters during the training and testing phases, respectively. The models show an excellent
correlation between predicted and actual values, achieving a 100% correlation coefficient. Additionally, Fig. 10(c)-
(d) illustrate the goodness of fit for braiding space during training and testing phases, while Fig. 10(e)-(f) do
the same for braiding angles. The consistently high fitness across these figures confirms the model’s effectiveness
in mapping braiding machine parameters to braid properties, evidenced by a high coefficient of determination
(R?). This high performance is consistently observed across other dataset folds as well.
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Property Fiber | Matrix
Material type E-Glass | Epoxy LR625
Elastic modulus (GPa) | 73.98 2.79

Shear modulus (GPa) | 29.92 1.03
Poisson’s ratio 0.22 0.35

Density (g/cm?) 2.54 1.16

Table 6. Mechanical properties of the glass fiber and epoxy resin.

Run | Braiding space (mm) | Braiding angle (degree)
1 9.91 56.52
2 7.31 30.93
3 5.48 47.63
4 7.66 44.71
5 8.92 74.39
6 7.34 52.99
7 522 69.18
8 10.19 47.57
9 7.98 83.22
10 10.92 74.14
11 5.67 33.40
12 7.09 79.44
13 9.33 63.17
14 4.99 72.45
15 11.66 34.27

Table 7. Response variables of the design of experiment.

Optimization results

Figure 11 illustrates the optimization procedure employed to address the problem at hand. The convergence
of the optimization process is evident, as it reached a stable state within 30 generations. Moreover, the data
space exhibits a significant level of diversity, encompassing all conceivable solutions. Consequently, the ultimate
solution obtained corresponds to the global minimum, signifying the highest attainable bending natural
frequency achievable through the fabrication of a 2DTBC fan blade. Figure 11 delineates the best, worst, and
mean scores. The apex of the vertical bars represents the worst score, while the nadir signifies the best score. The
mean score initiates near the worst score and incrementally converges towards the best score, exhibiting relative
constancy within generations 25 to 30. Multiple runs were performed with varying initial inputs to address
potential concerns about convergence challenges, which consistently led to the same results. This consistency
indicates that convergence was achieved outside local minima, ensuring the robustness of the solution and the
reliability of the optimization process.

Optimization through the single-objective genetic algorithm identified optimal parameters for the braiding
structure of a 2DTBC blade. It was found that using a tri-layered composite configuration increases the blade’s
natural frequencies. Each layer possesses distinct characteristics, delineated in Table 8. The first layer, with a
braiding angle of 77.4 degrees, strengthens the blade transversely and improves twisting frequency. The next
two layers, with a braiding angle of 43 degrees, reinforce both longitudinally and transversely. The addition of
axial yarn in the tri-axial braid, especially in the second and third layers, enhances longitudinal strength due
to a higher yarn count of 1200 tex, increasing the fiber volume fraction and overall composite strength. Tri-
axial braids are superior to biaxial braids®*, offering better fiber volume fraction adjustments and more efficient
optimization of braiding angle and space, outperforming alloys and other textile configurations.

The impact hammer modal testing of the composite blade was conducted, and the resultant data are presented
in the graphical representation depicted in Fig. 12.

In logarithmic scale, the vertical axis signifies magnitude, while the horizontal axis denotes frequency. Peaks
on the graph indicate the presence of natural frequencies, with each peak corresponding to a specific natural
frequency. For instance, the initial peak corresponds to the first natural frequency. Table 9 provides a tabulation
of the first six natural frequencies for the 2DTBC blade. To evaluate the efficacy of the finite element method,
the optimized 2DTBC blade was analyzed. Table 9 presents a comparative analysis of the natural frequencies
of the optimized 2DTBC blade obtained through both finite element and modal testing methods, revealing a
noteworthy concurrence between the results and affirming the accuracy of both methodologies.

One of the merits associated with undertaking this research stemmed from the meticulous approach taken
to emulate the blade structure with utmost fidelity to real-world conditions. Consequently, the first-order shear
deformation theory was employed to articulate the displacement vector, while the shell model was utilized to
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Fig. 10. Pearson’s correlation heatmap matrix; (a) training step, (b) testing step, and goodness of fit between
normalized actual and predicted values, (c) training step of braiding space, (d) testing step of braiding space,
(e) training step of braiding angle, (f) testing step of braiding angle.

delineate the motion equations dictating the behavior of the blade. Furthermore, noteworthy advantages of this
endeavor encompassed the adoption of the 2DTBC structure over alternative composite configurations for the
blade, demonstrating practical feasibility in implementing this particular structural framework.
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Fig. 11. GA convergence during optimization process.
Braiding parameters | Unit | Layer 1 | Layer 2 | Layer 3
Braiding angle degree | 77.4 43 43
Yarn count tex 800 1200 1200
Braiding space mm 8.6 11.9 11.9
Table 8. Optimized braiding parameters by GA method.
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Fig. 12. Frequency response of the 2DTBC blade.

Scientific Reports|  (2024) 14:28819 | https://doi.org/10.1038/s41598-024-80198-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

643

642

(=)
SN
[y

Frequency (Hz)
A
=
S

639

638

Mode | Natural frequency (Hz), (modal testing) | Natural frequency (Hz), (optimization) | Error (%)
1 627.20 638.46 1.8%
2 2613.70 2645.53 1.2%
3 3201.20 3236.17 1.1%
4 3214.61 3245.04 0.9%
5 3615.71 3668.74 1.4%
6 4740.46 4805.06 1.3%

Table 9. Natural frequencies of the 2DTBC blade.
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Fig. 13. Convergence curve derived from the mesh study for the first natural frequency of the optimized
2DTBC blade.

Performance of FE model

A mesh study was conducted to investigate the performance of the FE model, in which the nine-node quadratic
Lagrange element has been implemented. This study determined that a mesh configuration of 12,540 elements
and 85,822 nodes is sufficient to achieve converged results. The convergence curve for the first natural frequency
of the optimized 2DTBC blade is presented in Fig. 13, with corresponding data provided in Fig. 14.

Conclusion

This paper aims to enhance the natural frequencies of the 2DTBC fan blade by optimizing the braiding structure.
The braiding angle, braiding space, yarn count, chord length and number of composite layers are key parameters
in increasing the natural frequencies. The single-objective genetic algorithm optimization method is employed
to optimize these parameters. A 2DTBC blade sample is fabricated based on the optimized parameters, and its
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Fig. 14. Mesh data derived from mesh study.

natural frequencies are measured using the impact hammer modal test. The objective is to surpass the natural
frequencies of other composite or alloy blades, thus mitigating the occurrence of resonance. The findings can be
summarized as follows:

The single-objective genetic algorithm demonstrates high efficiency as an optimizer when integrated into the
developed multi-approach model for the 2DTBC fan blade.

Maximizing the bending natural frequency of the 2DTBC fan blade increases the torsional natural frequency,
as these two frequencies are correlated.

Braiding technology proves advantageous over other manufacturing methods in terms of fabricating fan
blades, as it allows for easy structural parameters (i.e. braiding angle, braiding space) manipulation to achieve
higher natural frequencies.

The integration of artificial neural network, analytical models, and numerical simulation in a multi-approach
model offers a robust engineering tool for accurately predicting the natural frequency of the 2DTBC fan
blade, with an error rate of maximum 1.8%.

The potential areas for future research could include exploring the application of 2DTBC in more complex
geometries, such as twisted taper blades and conical shapes. In such geometries, both carrier speed and take-
off speed must be variable and precisely controlled, adding complexity to the fabrication of 2DTBC structures.
Another suggestion could be to investigate the effect of using hybrid materials in yarns on the dynamic
performance of these geometries.

Data availability
The datasets generated and used in this paper are available from the corresponding author upon reasonable
request.
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