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Abstract

Reliable determination of the in-plane biaxial mechanical behavior of particle-reinforced
composite adhesives under multiaxial stress conditions requires cruciform specimen ge-
ometries that achieve high stress uniformity in the measurement zone. In this study, the
elastic response obtained from uniaxial tensile tests was verified through representative
volume element (RVE)-based micromechanical analyses by systematically examining mesh
sensitivity and RVE edge size convergence across multiple random microparticle distri-
butions under periodic boundary conditions. The probability density characterization of
the effective elastic constants indicated that the remaining scatter is mainly governed by
microstructural randomness and decreases as the RVE edge size increases, supporting a
nearly direction-independent effective stiffness associated with the random microparticle
distribution. The RVE-predicted mean tensile modulus remained in close agreement with
experiments, with relative deviations of approximately —2% to +2% across the investi-
gated reinforcement levels. The validated material parameters were based on a dynamic
XGBoost (eXtreme Gradient Boosting) surrogate model driven by the geometric design
variables, fillet radius and center thickness, combined with an adapted version of the
LIPOTR (Lipschitz Optimization with Trust Region) algorithm. The initial and optimized
geometries were then compared using both experimentally determined elastic properties
and selected RVE-predicted engineering constants for the 2, 6, and 10 wt% materials. The
significant reductions in the equivalent Seqv, normal S; and Sp,, and shear Sy stress varia-
tions within the gauge zone of the optimized candidate geometry resulted in improved
stress homogeneity.

Keywords: cruciform specimen; adhesive; particle reinforcement; representative volume
element (RVE); shape optimization

1. Introduction

Most materials are subjected to multiaxial loading under operating conditions. Struc-
tural adhesives are critical as joining elements, especially in performance-demanding
industrial fields such as the aerospace, automotive, and defense industries. These adhe-
sives are subjected to complex stress conditions such as shear, peel, and tensile stress under
operating conditions [1]. In recent years, nano or microparticle reinforcements have been
widely used to improve the mechanical properties of structural adhesives, such as tough-
ness and strength. Because the particles in particle-reinforced composite adhesives are
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randomly distributed and non-directional, they generally exhibit isotropic elastic behavior
at the macroscale [2]. However, the mechanical properties of these materials are generally
investigated using uniaxial tests. These methods do not adequately capture multiaxial
stress states. Multiaxial testing methods are more precise for determining the multiaxial
stress states [3].

Cruciform specimens are popular among researchers because the strain-stress re-
sponse is more consistent across loading rates. To determine the planar biaxial mechanical
properties of elastic materials such as metals, ceramics, composites, and biomaterials, this
test specimen has been used for decades in planar biaxial tensile and compression tests.
Despite their complex geometries and needs for accurate machining and manufacturing
processes, they have important advantages in achieving a range of biaxial tensile stresses.
They allow for evaluating damage theories under different loading conditions in tensile
stress state [4-6]. The current composite testing standards for mechanical design data are
largely uniaxial. Although various laboratories have proposed a standardized method for
biaxial characterization, an established process is still necessary for polymer composites [7].
An optimized cruciform specimen adequate for the biaxial testing must meet the following
requirements [8,9]: (1) maximum strain homogeneity in the central region of the biaxially
loaded specimen, (2) minimized spherical shear deformations in the biaxially loaded test
zone, (3) minimized strain concentrations or fracture formations outside the strain zone,
(4) specimen fracture in the measurement zone at the specimen center, and (5) reproducible
results. It is well known that it is challenging to develop a cruciform test specimen that
fulfills all these requirements simultaneously. Therefore, researchers have carried out some
numerical studies to optimize the shape of these specimens.

A finite element model (FEM) is an effective tool for optimizing cruciform specimens.
The recent studies have shown that the geometric design of a cruciform specimen is
effective; through shape optimization, stress homogeneity can be increased and boundary
stress concentration can be reduced [10-12]. In this respect, the two most effective ways
are either to reduce stress concentrations in the areas around the multiaxially loaded area,
namely, the arms and corners, or to increase the stress by reducing the thickness in the
measurement area. Before experimental verification, in general, the suitable geometry of
the cruciform specimen was determined using FEM combined with parameter optimization
methods [13]. Optimization problems in specimen geometry can be addressed by means
of parametric or nonparametric approaches. In the parametric optimization approach,
the most appropriate design of the cruciform specimen can be achieved by changing
only the geometric parameters of the specimen elements, such as fillet and thickness,
without altering the relations pertinent to the specimen design region. However, even if
the parameter-optimization approach can improve the desired stress homogeneity and
concentration in the cruciform specimen, a change in a single parameter fails to alter
the nature of load transfer through the geometric features. Therefore, some researchers
have focused on studies on the geometric design of cruciform specimens with parametric
variations [8] and shape optimization [14].

One concern in the biaxial testing is to quantify the force (or stress) that is raised
in the central region. Due to the geometric complexity of cruciform specimens, such
as their thinner thickness relative to the intersection arms, higher stresses occur in the
measurement region. Such a thickness variation is usually achieved by narrowing the
path in the intersection arms. This can cause damage due to the stress homogeneity at
the constriction surface in contact with the measurement area. Such a geometry of biaxial
measuring region has been tried to obtain a homogeneous strain—stress situation, such
as in the shapes of circles [15], rhombuses [16], and squares [17]. However, there is no
agreement yet on the optimal shape of the unattached placement structure or on the biaxial
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loading rate. Additionally, in cruciform specimens, the shapes of the corner radii formed by
intersection arms can be changed by slits in the arms (as in metallic cruciform specimens).
In this case, the stress analyses can be performed to direct the entire load applied to the
arms of the cruciform specimen to the measurement area. As a result, the homogeneity of
the stress and strain distributions in the measurement area can be further improved [18].

Mulay, A. and Bagul, V. [19] optimized the geometric parameters of the cruciform
specimen in consideration of stress homogeneity and in-plane stress in the measurement
region by using the Multi-Attribute Decision Making (MADM) methods and determined
the optimal plate thickness, slot width, and corner radius values of the specimen. Yang,
X. et al. [20] focused on optimizing the shape of a cruciform specimen using a genetic
algorithm (GA) and a parametric modeling script (PMS). In the optimization process, a
population was created, and the optimal geometric parameters were determined. These
optimal parameters were used in a fitness function to increase the stress homogeneity in the
center region and to reduce the stress concentration in the corner radii of the specimen. They
reported that the stress distribution and deformation of the optimized specimen improved.
Chen, J. et al. [14] used both topology and shape optimization algorithms to increase
stress homogeneity in the measurement region of a cruciform specimen. The topology
optimization was applied to distribute the biaxial load between the arms of the specimen. In
contrast, the shape optimization was used to optimize the boundary shape at the crossroad
of the cross-arms. Both optimization methods achieved the desired stress distribution
and concentration improvements. Makris et al. [8] studied the mechanical behavior and
shape optimization of carbon/epoxy cross-ply cruciform specimens under biaxial loading.
They validated their finite element model using full-field strain measurements from Digital
Image Correlation (DIC). Using a parametric optimization approach based on Sequential
Quadratic Programming (SQP), they aimed to improve strain-field uniformity and reduce
premature off-center damage in the gauge zone. The optimized Specimen A and Specimen
B reduced the failure ratio (FR) by 57.8% and 71.2%. The coefficient of variation (CV)
decreased by 9.2% and 17.8%, respectively, compared with a common reference geometry.
Between the optimized designs, Specimen B showed the best overall performance.

In this study, the experimental data obtained from uniaxial tensile tests of a
microparticle-reinforced epoxy composite adhesive was first validated using the repre-
sentative volume element (RVE) micromechanical calculation method. The validated
experimental data was then used to model material properties in the finite element analysis
for an initial cruciform specimen geometry having parametric geometry variables, such
as fillet radius (R) and center thickness (t). This cruciform specimen geometry with a
parametric approach was created in a R-t space using Latin Hyper Sampling (LHS) for
Design of Experiments (DOE). The initial geometries in this stage were then trained using
the XGBoost (eXtreme Gradient Boosting) regression model, and then a dynamic window
optimization framework adapted from Zhang’s [21] was used to select the optimum ge-
ometry of the cruciform specimen. Following this optimization, the initial and optimized
geometries were comparatively evaluated using finite element analyses with both experi-
mentally determined elastic properties and engineering constants predicted by the selected
RVE (for 2, 6, and 10 weight fractions). This study presented the determination of an
optimized cruciform specimen geometry based on an experimentally defined reference ma-
terial condition, together with the evaluation of its response under different reinforcement
levels and material property definitions. The optimized shape of the cruciform specimen
presented considerable improvements in the stress and strain homogeneity in the gauge
zone in comparison to its initial state.
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2. Materials and Methods
2.1. Specimen Preparation and Uniaxial Tensile Testing

In this study, the mechanical properties of the neat adhesive and composite adhesive
specimens were determined; the experimental mechanical properties were used for the
finite element models of these composite adhesive specimens with the RVE model. Finally,
the successful RVE models were used for the stress analysis and shape optimization of the
cruciform specimen. The composite adhesive specimens were prepared from neat epoxy
and aluminum (Al) microparticles with a diameter of 75 pm at weight fractions of 2, 6, and
10%. These weight fractions were chosen to represent low, intermediate, and relatively
high reinforcement levels within a practically castable range for composite adhesives. The
selected weight fractions allow for evaluation of the effect of Al microparticle loading
while limiting excessive increases in viscosity and casting difficulties associated with
higher reinforcement content. A two-component structural adhesive (Kisling Ergo 7440;
resin 7438 and hardener 7439; Kisling AG, Wetzikon, Switzerland) was selected as the
polymer matrix. In addition, 75 pm-diameter aluminum microparticles were supplied by
EgeNanotek (Izmir, Tiirkiye). The same production procedure was followed for the neat
and the microparticle-reinforced epoxy adhesives during the preparation of ASTM D638-22
Type IV geometry [22].

Epoxy resin and hardener were weighed on a high-precision balance (KERN GmbH,
Balingen, Germany) at a 1.96:1 (by weight) ratio, as recommended by the manufacturer.
Neat epoxy adhesive specimens were poured directly into molds after degassing and
mixing. For microparticle-reinforced specimens, Al microparticles were gradually added
to the epoxy resin. To ensure a homogeneous distribution of microparticles, a manual
premixing (10 min), a mechanical mixing (10 min), and an ultrasonic homogenization
(Sxsonic, Shanghai, China) (15 min) were performed successively. The packets of cooling
gels were wrapped around the beaker to prevent an increase in the temperature of the resin—
particle mixture during the ultrasonic homogenization stage. In addition, this mixture was
degassed in a vacuum oven (MIPROLAB, Ankara, Tiirkiye) for 5 min to remove air bubbles
before and after the ultrasonic homogenization. Afterward, the hardener was added, and
the mixture was remixed manually and mechanically, and then degassed in a vacuum
oven for 10 min. The homogenized mixtures were poured into silicone molds and cured
for 24 h at room temperature. The main stages of the specimen preparation process are

schematically illustrated in Figure 1.

Ultrasonic
homogenization
15 min

premixing stirring
10 min 10 min

) Mold Final Magnetic Manual Hardener
Demolding - A d . hel i .
casting egassing stirring premixing addition
10 min 10 min 10 min

Figure 1. Schematic illustration of the specimen preparation process.
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The uniaxial tensile tests were performed under standard laboratory conditions on a
Shimadzu AGS-X 10 kN-capacity (Shimadzu Corporation, Kyoto, Japan) universal testing
machine with a constant crosshead speed of 1 mm/min (Figure 2).

(d)

Figure 2. Specimen geometry, preparation, and test process: (a) specimen dimensions (in mm),
(b) silicone mold casting, (c) produced specimens, and (d) tensile test.

The modulus of elasticity (E) was determined from the tensile tests using an ASTM
approach procedure [22]. The engineering stress and diagrams were calculated from the
measured data of force and elongation. To avoid bias from the initial toe region, a set of can-
didate strains was scanned within the early elastic regime (0.05-0.3%). The optimal strain
windows, defined as the intervals providing the highest coefficient of determination (R?)
and the lowest root-mean-square error (RMSE) in the linear regression of the stress—strain
curve, were selected to determine the linear elastic region of the curve. The mechanical
properties of the neat epoxy adhesive, microparticle-reinforced composite adhesive speci-
mens, and aluminum microparticles are given in Table 1, based on our experimental results
and the manufacturer’s data sheet.

Table 1. Properties of materials used in the RVE modeling.

Materials Density (g/cm?) Tensile Modulus (GPa) Poisson’s Ratio
Aluminum microparticle 2701 ~70 ! 0.331
Neat epoxy adhesive 1.172 1.169 £ 0.037 0.332

o . .
2 wt %o Al rmcropartlcle. ) 1181 + 0.075 .
reinforced epoxy adhesive
6 th Yo Al mlcropartlcle' } 1.262 -+ 0.047 }
reinforced epoxy adhesive
10 wt% Al microparticle ) 1.269 + 0.028 }

reinforced epoxy adhesive

1 According to the aluminum microparticle supplier’s product information [23] and the literature values adopted
for commercially pure aluminum powder elastic properties [24]. 2 According to the epoxy adhesive’s manufac-
turer’s data [25].

https://doi.org/10.3390/app16104781


https://doi.org/10.3390/app16104781

Appl. Sci. 2026, 16, 4781

6 of 38

2.2. RVE Modeling and Mesh Convergence Study
2.2.1. RVE Model Setup

Representative volume element (RVE) models of aluminum microparticle-reinforced
epoxy adhesives were generated in ANSYS Material Designer 2025 (ANSYS Inc., Canons-
burg, PA, USA) using a finite element-based homogenization approach [26]. The material
properties assigned to the matrix and reinforcement phases were taken from Table 1. As
the RVE model is generated, the weight fraction of aluminum microparticles (wt.) was
converted to a volume fraction, and the RVE model was developed for specific volume
fraction of microparticles (Vf), namely, approximately 0.9, 2.7, and 4.6% for 2, 6, and
10 wt%, respectively. In the generated micro-structures, the epoxy phase was treated as
the continuous matrix, whereas the reinforcement phase was represented by randomly
distributed spherical aluminum microparticles. In ANSYS Material Designer, such random
particle-reinforced systems are modeled as periodic unit cells composed of an isotropic
linear—elastic matrix and spherical reinforcement phases with complete bonding at the
matrix—particle interface.

Table 2 shows the random microparticle distributions in the RVEs having the smallest
(300 pm) and largest (750 um) edge sizes and the seed numbers arranging the random
microparticle distributions for each weight fraction of microparticles. Each RVE has a
statistically independent occurrence generated with a specific random seed; the seed
numbers are listed above the RVE images and span fifteen different distributions (Seeds
ID 1-15). Different seed numbers produce statistically independent RVE realizations for
the same RVE edge size and microparticle weight fraction, which allows the influence of
microstructural randomness on the effective material properties to be evaluated statistically.
In ANSYS Material Designer, the seed numbers control the random generation of particle
positions and, when applicable, particle diameters.

Cubic RVE models were created by enabling the “use conformal meshing’ and “use
periodic meshing’ options in the mesh settings. ANSYS Material Designer automatically
generates RVEs using SOLID187, a 10-node three-dimensional tetrahedral structural solid
element that exhibits second-order displacement behavior. In the analysis settings, the
anisotropy type was defined as orthotropic, and the ‘compute linear elasticity” and ‘use
periodic boundary conditions” options were enabled. These analysis settings enabled the
RVEs to be formulated as periodic unit cells within a finite element-based homogeniza-
tion framework.

In ANSYS Material Designer, the orthotropic linear—elastic material properties are
determined from six basic loading cases consisting of three normal loading conditions in
the principal directions (X, Y, and Z) and three shear loading conditions in the orthogonal
planes (XY, YZ, and XZ). In the periodic-boundary formulation, only one macroscopic strain
component is prescribed for each loading case, while the remaining strain components are
taken as zero. The resulting boundary reactions are then used to construct the homogenized
stiffness matrix of the equivalent medium, from which the effective orthotropic engineering
constants are calculated. In the present study, the moduli of elasticity (Ej, Ep, and Ej3), shear
moduli (G1p, Go3, and Gq3), and Poisson’s ratios (v13, V23, and vi13) were obtained for each
RVE realization. Table 3 summarizes the number of particles used in the RVE models for
different RVE edge sizes and microparticle weight fractions.
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Table 2. Randomly generated RVE models.
wit% RVE Ffjj Size Random Microparticle Distributions
Seed ID 1 2 3 4 5 6 7 8
Seed Numbers 36,683 53,749 65,271 20,667 12,172 1253 84,536 99,653
« @ 5 § 5§ 8 & & G5
o,g,; o D‘o A I L : B i e * 4 ':'a * 4 .;) > 4
= o | e 2% o %, 5 - % oot = 4
750 K AT el %t o At L ¥ 10
)0.‘,/ L 3 e o - . Py N . 7
9 10 11 12 13 14 15
2 105,68 122,45 980 2996 4903 564 8924
4 e o 2 » [ <Ny - o 2
s ¥ ¢ o 2esd S 3' :‘/./ 7y Ce e
750 <o Cim[® R A2 vy 2% Lo
’)303 bl ‘/’ s ey °® .,.s [} v ° O <l
1 2 3 4 5 6 7 8
20,667 1253 84,536
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:-u,a = §9,.%¢ f:v .')?)}c
‘: :',/”. o 3//4'0 @5 g . ;30 Q,Z:)g
750 | :"33,:;' “ 2 o LIS F e
. - 4 A % ° °a":”’ ]
6 9 10 11 12 13 14 15
105,682 12,2458 2996 490 564 8924
° - N fl d 3
€ % & ( S
300 ( ﬁg e &,ﬁ ﬁ:ﬁ (ﬁ.ﬁ
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o] A e S 'S~ ot > £9 o gty s :
L) i oo ] . & K3 o8 o ALY of SPw
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Notes: The different particle colors are used only for visualization and do not indicate different material properties;

all particles represent the same microparticle type.
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Table 3. Number of particles used in the RVE models for different RVE edge sizes and microparticle
weight fractions.

Number of Particles (Np) for Each RVE Edge Size (um)

wtt 300 375 450 525 600 750
2 3 4 6 9 18

4 7 12 18 27 52

10 6 11 19 31 45 88

2.2.2. Mesh Convergence

In order to minimize the dependency of the finite element analyses on the mesh size
and to ensure that the RVE model could produce stable elastic constants, a mesh conver-
gence study was first performed. An RVE model in the dimensions of 375 x 375 x 375 um
was created using ANSYS Material Designer, and it was evaluated for 15 different random
seed numbers and the finite element sizes ranging from 18 to 4 um. The predicted modulus
of elasticity Eq, E;, and E3 values, the required total number of elements, and CPU elapsed
times were noted from the finite element analyses and are presented in Table 4.

Table 4. Effect of the finite element size and microparticle weight fraction on the predicted directional
elastic moduli, total number of nodes and elements, and elapsed time.

Directional Elastic Moduli (MPa) Total Number of
— Elapsed
wt% Flm.te Element Eq E, E; Nodes Elements Time (min)
Size (um)
18 1198.633 +£0.39 1198.713 £ 0.79 1198.707 + 0.65 129,745 91,028 <3
16 1198.580 + 0.40 1198.687 == 0.79  1198.693 + 0.66 174,888 123,319 <4
14 1198.567 + 040 1198.653 = 0.78 1198.627 + 0.64 257,108 182,331 <5
12 1198.540 +£0.39 1198.620 = 0.77 1198.613 + 0.65 402,757 287,908 <6
2 10 1198.507 + 0.39 1198.607 = 0.78  1198.607 + 0.65 682,737 492,245 <10
8 1198.493 +0.38 1198.587 +0.79  1198.600 + 0.65 1,324,714 961,135 <20
6 1198.413 £ 0.34 1198.567 4 0.77 1198.587 + 0.66 3,055,375 2,232,376 <35
4 1198.480 + 0.39 1198.580 = 0.77 1198.580 + 0.65 9,964,187 7,339,058 <140
18 1240213 +£1.69 1240.553 +2.38 1241.093 + 2.64 131,612 92,275 <3
16 1240.140 +£1.69 1240.453 4+ 2.37 1240.993 + 2.64 177,406 125,042 <4
14 1240.053 +1.68 1240.373 +2.37 1240913 +2.64 260,383 184,538 <4
12 1239973 +£1.68 1240.320 +2.36  1240.860 + 2.63 405,431 289,809 <6
6 10 1239.940 +£1.69 1240.253 4 2.33  1240.793 + 2.61 685,053 493,998 <10
8 1239.900 + 1.69 1240.233 =2.34  1240.773 &+ 2.62 1,327,456 963,182 <20
6 1239.867 +1.67 1240.220 +2.34  1240.760 + 2.63 3,052,833 2,230,809 <35
4 1239.867 £ 1.67 1240.207 = 2.34  1240.747 + 2.61 9,964,075 7,339,720 <150
18 1284.673 +3.63 1284.880 = 3.63  1284.213 + 2.90 134,089 93,919 <3
16 1284.547 + 3.64 1284.753 +3.60 1284.073 + 2.88 180,981 127,451 <4
14 1284.400 + 3.64 1284.580 4= 3.58 1283.947 + 2.90 264,030 186,952 <5
12 1284.280 + 3.61 1284.480 = 3.58 1283.833 + 2.88 408,593 291,947 <6
10 10 1284.180 +3.60 1284.393 4+ 3.57 1283.747 + 2.87 686,376 494,935 <10
8 1284.153 +£3.60 1284.340 - 3.56  1283.693 + 2.85 1,329,508 964,719 <25
6 1284.107 +3.58 1284.307 = 3.55 1283.660 + 2.86 3,051,871 2,230,463 <40
4 1284.100 + 3.58 1284.287 +-3.56 1283.647 + 2.87 9,971,431 7,346,163 <160

Figure 3a—c show the effect of finite element size on the predicted directional elastic
moduli (E1—E3), and the elapsed time for the RVEs having the microparticle distributions
at the weight fractions of 2, 6, and 10%. For all weight fractions of microparticles, the
moduli of elasticity converge to specific values with mesh refinement, namely, as the
finite element size approaches a level of 8-10 u. However, this results in a significantly
increasing computational cost. To quantify the effects, three systematically refined mesh
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levels of 16, 8, and 4 um with a constant refinement ratio of r = 2 were considered, where
r :% indicates that the characteristic element size was reduced by one half at each
refinement step. Richardson extrapolation [27] was employed to estimate the asymptotic,
mesh-independent response, while the Grid Convergence Index (GCI) [28,29] was used to
quantify the remaining mesh-induced numerical uncertainty of the selected discretization.
The numerical response can be expressed in the asymptotic form @ (h) = Qe + ahP,
where Dyt denotes the extrapolated mesh-independent value, while the GCI provides
a normalized measure of the discretization uncertainty based on systematically refined
meshes. Accordingly, the horizontal asymptote lines in Figure 3 represent the Richardson-
extrapolated values, whereas the error bars at 8 um indicate the GCI-based uncertainty
of the adopted mesh. The uncertainty at 8 um was lower across all cases, ranging from
0.000745% to 0.006006%, corresponding to 0.008929-0.077124 MPa in the predicted moduli
of elasticity. In contrast, as the mesh size is reduced from 8 um to 4 um, the elapsed
calculation time is increased by 7.7-8.5 times, and a negligible improvement is achieved
in the predicted E;, E;, and E3 values. Therefore, by taking into account both accuracy
and computational cost, the more suitable finite element mesh size was set to 8 um for all
weight fractions and was implemented for all subsequent RVE analyses.

_1198.75 150 12412 T . . - . 150
= R, g P N —E, - E, -E; ©-Elapsed time
€ 119866 2 Sl [ 1135
2 g O A UL
a N~ Q ~
'E o .a @ E
%) 1198.56 475 E < 124051 175 -3
o =
B 3 k) 4
2 =3 2 a
=} < = L <
= 119847} 38 = = 1240.1 138 =
3 B2 ) o
~ < 5
1198.38¢ ‘ » . 0 1239.8: ; | . 0
18 16 14 12 10 8 6 4 18 16 14 12 10 8 6 4
Finite element size (um) Finite element size (um)
(a) (b)

~1285.0f j g ' i T T 170

& P —E, - E, --E; < Elapsed time

2 1284.6 )

z2 E

Q ~

S 12843 £

(A o]

. 2

= 128397 ﬁ

9

=]

2 ==

1283.5 . . ! 0
18 16 14 12 10 8 6 4

Finite element size (um)
()

Figure 3. The variations in the moduli of elasticity (E;, E; and E3) and the elapsed time with the finite
element size for various weight fractions of microparticles, (a) 2 wt%, (b) 6 wt% and (c) 10 wt%.

2.3. RVE Edge Size Convergence and Selection of Homogenized Engineering Constants
2.3.1. Statistical Convergence of the RVE-Predicted Engineering Constants

The statistical convergence of RVE-based homogenization results was evaluated by
examining the distributions of centered errors for the predicted elastic and shear moduli.
Table 5 shows the probability density (¢) variations in the errors in the predicted modulus
of elasticity (E;) and in the predicted shear modulus (Gj) for various RVE edge sizes and
weight fractions of microparticles. For each weight fraction (2, 6 and 10%), six different
RVE edge sizes (300, 375, 450, 525, 600 and 750 um) were considered, and the random
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microparticle distributions were generated using 15 independent random seed numbers.
The finite element analysis for each RVE configuration was performed and three moduli
of elasticity E; and shear moduli Gj; were calculated. For the moduli of elasticity E;, the
errors vary in ranges of [-2.5, 2.5], [-10, 10], and [—15, 15] MPa for weight fractions of
2, 6 and 10%, respectively. The probability density has upper limits of 3.1723, 0.69256,
and 0.4117, respectively. The error levels increase partly with increasing weight fractions,
but are very small for all weight fractions and microparticle sizes in comparison to the
predicted modulus values (1190-1290 MPa). In addition, the errors in the predicted shear
moduli Gjj vary in ranges of [-2.5, 2.5], [-5, 5], and [5, 5] MPa for weight fractions of 2, 6
and 10%, respectively. The corresponding probability density has upper limits of 6.9538,
2.9115, and 1.4514, respectively. The error levels increase slightly with increasing weight
fractions, but are negligible for all weight fractions and microparticle sizes in comparison
to the predicted shear modulus values (447-486 MPa).

Table 5. Probability density variations in the errors in the predicted moduli of elasticity (E;) and shear
moduli (Gj) for various RVE edge sizes and weight fractions.

wt% Modulus of Elasticity, E; Shear Modulus, Gj;
25| —-300 um 0=0.97 5| =300 um 0=0.57
© ——=375 pum 0=0.38 ; o | =375 pm 0=0.25
2 2| 450 um 0=0.16 /\ 24| 450 um 0=0.13 :
g | —525um 0=0.19 [11 £ | —-525um 0=0.11 %\
21‘5 =600 pm 0=031 | | 23| 600 um 0=0.10 )
= 750 pm 6=0.19 A £ 750 pm 0=0.08 § ‘\
2 1 //T\\‘” 22 ! |
£ Fd 8 ol
£0.5 J & X\ £
0 ) \\ , 0
-2.5 -1.25 0 1.25 2.5 =25 -1.25 0 1.25 2.5
Error in the predicted modulus E: (MPa) Error in the predicted shear modulus Gi2 (MPa)
——300 ym 0=0.70 i 4| —-300 ym 0=0.46
< 1.5| =375 um 0=0.79 < | =375 um 0=0.24 il
ey 450 pm 6=0.29 23 450 ym 0=0.11 A
£ ——525 pm 0=0.48 £ | =525 um 0=0.13 \
S 1| 600 um 0=0.39 /’\ S | 600 pm 0=0.11 |
) y > %
£ 750 um 0=023  J £2 750 um 0=0.10 | \
i 3 P\
2 = £ v
S 0.5 ©
- — 1
=9 s
0 e 0 '
-2.5 -1.25 0 1.25 2.5 -2.5 -1.25 0 1.25 2.5
Error in the predicted modulus Ez (MPa) Error in the predicted shear modulus Gz; (MPa)
3| <300 um 0=0.76 o 300 um 0=0.29 ;
S, 5| =375 pm 0=0.65 <7 =375 um 6=0.39 3
2 450 pm 0=0.41 25 450 pm 0=0.16
Z 5| ——525 um 0=0.13 2| =525 um 0=0.08 [
£ 1% 54 f
S | 600 um 0=0.28 =4 600 um 0=0.14 3
E1.5] 750 yum 0=0.20 £ 750 pum 0=0.06 I
5 2 H
< 1 < ).
) 292 1
2 (RN = R
0.5 &
¢4
0 — 0 .
-25 -1.25 . =25 -1.25 0 1.25 2.5
Error in the predicted modulus Es (MPa) Error in the predicted shear modulus Gis (MPa)
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Table 5. Cont.
wt% Modulus of Elasticity, E; Shear Modulus, Gj;
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In case the probability density variations are compared (Table 5), for all weight frac-
tions, the errors in the distributions of modulus of elasticity and shear modulus become
more compact as the RVE edge size increases. The common errors for 15 different random
microparticle distribution seed numbers are spread over a wider range at small RVE edge
sizes (300 and 375 um) and are clustered in a significantly narrower band within the same
error windows at large RVE edge sizes (600 and 750 um). For example, typical standard
deviation levels in E; decreased from approximately + (0.7-1.0) MPa at 2 wt%, £ (2.4-3.5)
MPa at 6 wt%, and =+ (3.7-5.8) MPa at 10 wt% to significantly lower levels at RVE edge sizes
of 600 and 750 pm. This trend is similarly observed in those of G;;. Although some graphs
show transient broadening or different contraction rates in the RVE edge size range of
375-525 um, a larger RVE edge size represents the regions where seed-induced deviations
are most consistently observed for all constants. These typical changes indicate a transition
from sensitive responses at small RVE edge sizes to a statistically more stable regime at
larger RVE edge sizes. In case the E; and Gj; groups are evaluated together within the same
weight fractions, the distribution of error variations according to RVE edge sizes continues.
Although a non-monotonic behavior is observed in E; components at some intermediate
RVE edge sizes (375-525 um)—for example, a significant probability density reduction in
E; around 450 pum at 2 wt%, and a more gradual recovery in Ey—these differences decrease
significantly at the RVE edge sizes of 600 and 750 pm.

2.3.2. Experimental Validation of the Predicted Elastic Moduli

Table 6 summarizes the effect of RVE edge size on the predicted mean elastic modu-
lus (Emean) and the corresponding error relative to the experimental modulus (Eexp) for
aluminum microparticle-reinforced epoxy adhesives at 2, 6, and 10 wt%. For each weight
fraction, the predicted mean modulus values obtained from RVE edge sizes between 300
and 750 um are reported together with the percentage error according to the experimentally
measured modulus of elasticity. The comparison between Emean and Eexp shows that the
predicted elastic modulus approaches a stable range as the RVE edge size increases for
all weight fractions. At 2 wt%, the error decreases from +2.30% at 300 pm to +0.86% at
750 um, while the predicted modulus becomes nearly stable after 450 um. At 6 wt%, the
error remains within the range of —1.03% to —2.14%, indicating a slight underestimation
of the experimental modulus, whereas at 10 wt%, the error stays within a narrow interval
between +1.14% and +1.85%, showing a close agreement with the experimental results
throughout the entire RVE size range. The comparison presented in Table 6 indicates that
the proposed homogenization-based micromechanical model can predict the experimental
modulus of elasticity with a low error level for all weight fractions and provides a reliable
representation of the effective elastic response.
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Table 6. Effect of RVE edge size on the predicted mean elastic modulus and the corresponding error
relative to the experimental modulus for different weight ratios of aluminum microparticles.

wt% RVE Edge Size (um) Emean (MPa) Error in Eexp (%)
300 1208.01 + 0.47 +2.30
375 1198.56 + 0.36 +1.50
450 1191.63 + 0.18 +0.92
2 525 1190.35 + 0.18 +0.81
600 1190.47 + 0.19 +0.82
750 1190.99 + 0.12 +0.86
300 1248.86 + 1.67 —1.03
375 1240.30 + 1.30 ~1.70
450 1239.68 + 0.88 175
6 525 1235.69 + 0.76 —2.07
600 1235.74 + 0.59 —2.07
750 1234.82 + 0.39 —2.14
300 1292.46 + 2.91 +1.85
375 1284.06 + 1.94 +1.19
450 1283.80 + 1.27 +1.17
10 525 1287.08 + 1.20 +1.42
600 1283.98 + 0.92 +1.18
750 1283.44 + 0.62 +1.14

2.3.3. Selection of Homogenized Engineering Constants for FEA

Table 7 summarizes the predicted homogenized engineering constants obtained for 2, 6,
and 10% weight fractions of microparticle-reinforced epoxy adhesives at different RVE edge
sizes. The values given in the table represent the mean and standard deviation calculated
from 15 different random distributions at the respective RVE edge sizes. Therefore, the
variation in engineering constants E;, Ey, E3, G12, G23, G13, V12, V23, and vi3 with regard
to RVE size and the level of dispersion between the distributions of these engineering
constants can be evaluated together. The determination of the homogenized engineering
constants to be used in FEA was not based only on the direct selection of results belonging
to the largest RVE size. Rather, the selection procedure was treated as a systematic decision-
making process that considers both the convergence behavior of apparent engineering
constants with regard to RVE size and the statistical stability of these results.

The selection procedure was established based on the set of stiffness-related engineer-
ing constants S = {Ej, Ey, E3, Gy2, Ga3, Gi3}. Although Poisson’s ratios were monitored
throughout the analysis, they were not included in the primary decision criterion. For each
candidate RVE edge size L, the mean value 14, (L) and the standard deviation sy, (L) of
each engineering constant were calculated from the 15 random distributions. The selection
was then defined in terms of three complementary statistical indicators.
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Table 7. Predicted homogenized engineering constants at different RVE edge sizes.
Wi% RVE Edge Eq E» E3 G2 Go3 Gi3 iz Va3 V13
Size (um) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) -) O] )
300 1208.12 £ 0.97 120791+ 0.70 1207.99 £ 0.76  454.48 £0.57 45442 +£0.46 45414 +029  0.3286 +0.0005  0.3286 &+ 0.0004  0.3283 £ 0.0004
375 1198.49 +0.38 119858 £0.79  1198.60 + 0.65  450.90 025 45097 £0.24  450.87 039  0.3289 £0.0003  0.3289 £ 0.0004  0.3288 £ 0.0002
450 1191.56 £ 0.16  1191.61 £0.29 119173 +0.41 44821 £0.13 44826 £0.11 44824 +0.16  0.3291 +£0.0001  0.3291 £ 0.0001  0.3291 £ 0.0002
2 525 1190.26 £ 0.19 119040 4+ 0.48 1190.38 £ 0.13  447.76 £0.11  447.82+£0.13 44771 £0.08  0.3292 +£0.0002  0.3292 £ 0.0001  0.3292 £ 0.0001
600 1190.50 + 0.31  1190.42 £0.39 119049 +0.28 447804+ 0.10  447.85+0.11  447.81+0.14  0.3292£0.0001  0.3292 £0.0001  0.3292 £ 0.0001
750 119097 £0.19 119098 +0.23  1191.01 020  448.03 £0.08  448.05+0.10  448.02+0.06  0.3292 +0.0001  0.3292 £ 0.0001  0.3292 + 0.0001
300 1249.14 +2.67 1248.87 £3.51 124857 +235 47028 =134 47037 £0.97  469.92+0.87  0.3270 £0.0014  0.3272 £0.0012  0.3269 £ 0.0009
375 1239.90 = 1.69 124023 £2.34 1240.77 £2.62  466.73 +0.46  467.04 £043  466.724+0.70  0.3273 £0.0009  0.3272 £0.0009  0.3271 £ 0.0010
450 1239.52 +1.26  1240.00 £2.03 123952 +1.13  466.60 =0.40  466.93 £ 0.67  466.77 £0.57  0.3271 +£0.0006  0.3274 £ 0.0005  0.3275 £ 0.0005
6 525 123551 £1.19 123594 +£1.59 123562+ 1.10 46521 £0.56  465.40 £0.55  465.19 £0.44  0.3274+0.0005  0.3275 £ 0.0005  0.3275 £ 0.0004
600 1235.87 +1.14 123579 £1.15 1235554+ 0.75 46536 033 46558 £0.31  465.30 +0.25  0.3274 £0.0004  0.3277 £0.0003  0.3275 £ 0.0003
750 1234.80 £ 0.65 123470 £ 0.60 123495+ 0.76 46493 £0.19  465.02+0.14  465.05+ 020  0.3275+0.0002  0.3275 £ 0.0003  0.3275 £ 0.0002
300 1292.80 +£5.40 129227 +£5.78 129231 +3.68 486.88 =2.04  486.99 £1.57 48629 £1.40  0.3255+0.0021  0.3256 & 0.0017  0.3251 £ 0.0017
375 1284.15+3.60 128434 £3.56 1283.69 285 483.64+ 079  483.65+1.00  483.50+1.40  0.3256 £0.0009  0.3258 = 0.0009  0.3258 £ 0.0012
450 1284.33 £2.09 128399 249 1283.09 +2.00 48418 £1.18  484.01 £098  483.58 £1.15  0.3257 £ 0.0006  0.3261 £ 0.0009  0.3258 + 0.0007
10 525 1287.02 £2.41 128729 £2.09 128692 +1.66 48525+ 0.68 48544 £0.68  485.01 £0.69  0.3256 4+ 0.0006  0.3258 & 0.0008  0.3256 £ 0.0006
600 1284.02 +2.06 1283.65 £ 1.17 1284264+ 140 483.78 058  483.88 £0.44  483.81 £0.57  0.3258 £0.0004  0.3257 £0.0006  0.3256 £ 0.0005
750 1283.51 +1.02  1283.37 +£1.10 1283.45+1.09 483.84 £0.29  484.06 £ 037  484.06 £ 037  0.3257 +0.0003  0.3258 £ 0.0003  0.3258 £ 0.0003
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The first indicator was the relative mean deviation, introduced to quantify how closely
the mean value obtained at a candidate RVE size approached the solution regarded as
stabilized at a larger RVE size. For this aim, the largest analyzed RVE size (L, = 750 um)
was taken as a practical numerical reference, and the following expression was used for
each ¢ € S:

_ ‘ Ko (L) - He (Lref) ’
| Ko (Lref) |

This quantity represents the relative difference between the mean apparent constant

5 (L) x 100

obtained at a given candidate RVE size and the corresponding reference solution. The
second indicator was the coefficient of variation, which represents the relative scatter
among distributions at the same RVE size:

CVy(L) = x 100

[ (L)]
Since this expression gives the ratio of the standard deviation to the mean value, it
enables the scatter level of engineering constants with different magnitudes to be compared
on a common basis. The third indicator was the normalized half-width of the two-sided 95%
confidence interval, introduced to assess the statistical reliability of the estimated mean:

t L
Cly (L) = omuase (L) g4,

V15|pg (L)|

where t( 975 14 denotes the critical value of Student’s t-distribution corresponding to a two-
sided 95% confidence interval with 14 degrees of freedom. This indicator represents the
statistical reliability of the estimated mean. Accordingly, 54 (L), CV¢ (L), and CI4 (L) were
employed as three complementary indicators describing, respectively, the convergence of
the mean value toward the reference solution, the realization-to-realization scatter, and the
uncertainty associated with the estimated mean. To ensure a conservative selection, the
decision was not made separately for each engineering constant. Instead, the worst-case
value was retained for each metric:

dmax(L) = éng)ééd’(l‘)’ CVmax(L) = glg)éCVd)(L), Clmax(L) = g)ng)gCch(L)

These worst-case indicators were then normalized by prescribed acceptance thresholds,

dmax (L)

6allow

~ CVnax(L)

ClImax(L)
Ly= ——~
’ nCV( ) Cvallow ’

L) =
ner(L) Lo

7s(L) =
with 8410w = 0.10%, CV = 0.15%, and Cl,jjoy = 0.10%. These thresholds are defined
as selection tolerances that simultaneously represent sufficient average stability, limited
scattering between random distributions, and acceptable confidence interval width for the
homogenized engineering constants to be selected. In this way, three statistical quantities
with different physical meanings are made dimensionless and combined under a com-
mon decision criterion. Rather than serving as a rigid automatic pass/fail criterion, the
normalized indicators were considered together to evaluate the evolution of convergence
and statistical stability with increasing RVE size. On the basis, the final selection was
made by jointly interpreting 15 (L), ncy (L), and n¢ep(L), with the aim of identifying the
practically suitable RVE size that provided a sufficiently stabilized mean response, limited
realization-to-realization scatter, and adequate statistical reliability for subsequent FEA.
In this context, the prescribed thresholds were treated as selection tolerances guiding the
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assessment, rather than as strict cut-off values. The corresponding threshold-normalized
worst-case convergence indicators are presented in Figure 4.

—0—15(L) —a—ncv (L) —0—ncr(L) 2 —0—15(L) —o—ncy (L) —o—uncr(L)
. . - " ‘ : T

Selected size: 525 um Selected size: 600 um

Normalized convergence indicator
Normalized convergence indicator

_
S

300 375 450 525 600 7\5’0 300 375 450 525 600 750
RVE edge size (um) RVE edge size (um)
(@ (b)
1 —0—n5(L) —8—ncv(L) —0—nci(L)

!Selected size: 600 pllm

100 ____________________ S e - - - - -1

0

Normalized convergence indicator

300 375 450 525 600 7;0
RVE edge size (um)

()

Figure 4. Selection of RVE edge size for the predicted homogenized engineering constants of
microparticle-reinforced epoxy adhesives at (a) 2 wt%, (b) 6 wt%, and (c) 10 wt%.

According to Figure 4, the effect of RVE edge size on the convergence and statistical
stability of the predicted homogenized engineering constants differs among the three ma-
terials, and this difference directly governed the final selection. For the 2 wt% material,
the most pronounced improvement occurred between 300 and 450 um, where ng (L) de-
creases from 14.40 to 0.6045, while ncy (L) and nep(L) decrease from 0.8391 and 0.6970 to
0.2350 and 0.1952, respectively; beyond this range, all three indicators remain at low levels,
indicating that the apparent engineering constants have already entered a stable plateau
regime, and 525 pm was therefore adopted as a conservative yet still efficient choice within
this stabilized region. For the 6 wt% material, the transition to a stable regime is more
gradual; nevertheless, the change from 525 to 600 um still yields a meaningful reduction in
nev (L) and nep(L), from 0.8576 and 0.7124 to 0.6220 and 0.5167, respectively, indicating
improved statistical robustness, and 600 pm was therefore considered the most suitable
practical choice. A similar but more pronounced trend is observed for the 10 wt% material,
for which the change from 525 to 600 pm leads to a substantial improvement in all three
indicators, with ng (L) decreasing from 3.0545 to 0.6311, ncy (L) from 1.2499 to 1.0690, and
ncr(L) from 1.0383 to 0.8880; thus, 600 pm represents the first RVE size at which the mean
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response becomes clearly stabilized and the statistical reliability becomes acceptable, while
the additional improvement obtained at 750 um is comparatively limited. On this basis,
525 um for the 2 wt% and 600 um for the 6 and 10 wt% materials were identified as the
most suitable practical RVE sizes for the subsequent FEA.

3. Shape Optimization Processes (Cruciform Specimen)

This study combines a dynamically adaptive surrogate-assisted search strategy with
implicit finite element analysis (FEA) for the shape optimization in order to determine
an optimal cruciform geometry that can improve stress homogeneity under a biaxial
loading. A parametric model of cruciform geometry was created using the fillet radius
and center thickness as the main shape parameters, with a dual-objective formulation
that aims to improve homogeneity within the selected gauge zone. The optimization
proceeds through an iterative loop in which the FEA-calculated results are used to train
an XGBoost surrogate model, and the design space is successively refined by a dynamic
window-shrinkage mechanism that concentrates sampling in the most promising region of
R-t design vector space.

3.1. Finite Element Model (FEM) Setup

A cruciform specimen with a thinned center was created using FEM in order to char-
acterize nominal stress accurately. To improve stress uniformity in the measurement region
and to reduce stress concentration in the cross-arms, the specimen geometry was paramet-
rically adjusted for the thickness (t) of the thinned center region and the radius (R) of the
rounded corners. These two geometric variables were chosen because they directly alter
the stress distribution in the central measurement region while maintaining the specimen’s
external dimensions, grip conformity, and ease of silicone mold fabrication. The remaining
geometric features, including arm width, tapered profile, slot configuration, and measure-
ment region shape, were kept constant to ensure consistent specimen design, boundary
condition definition, and mold configuration throughout the numerical comparison. The
initial cruciform specimen geometry with a thinned center gauge zone was created accord-
ing to our in-plane biaxial testing system (Figure 5). The specimen dimensions include
a clamping part, specimen geometry, and the center-reduced area of the specimen. The
clamping part length, width and thickness are taken as 25, 25 and 4 mm, respectively. The
cross-shaped specimen has a total length of 120 mm, a total width of 120 mm, rounded
corners of 6 mm, a thickness of 4 mm, and cross-arm lengths of 60 mm. The edge length
and thickness of the thinned center region are 20 mm and 2 mm, respectively.

To reduce computational costs without compromising accuracy, only one-quarter
finite element model of the cruciform specimen was considered, leveraging geometric and
loading symmetry (Figure 6a). To enforce symmetry constraints, the symmetric boundary
conditions (x = 0, y = 0) were applied to the planes, namely, the displacements perpendicu-
lar to each plane were suppressed, thereby stabilizing out-of-plane motion and preventing
rigid-body rotation. A quadratic tetrahedral element, SOLID187, was used for the mesh of
the specimen. Element size was set to 0.1 mm for the fillet and gauge zones, and 0.5 mm
for the arms and other regions. A Jacobian ratio in a validity range of 1 to 1.163 was used
to assess mesh quality. The generated quarter model contained approximately 1.37 million
nodes and 0.94 million elements. To ensure consistent comparison of objective function
values, the same mesh generation process—which includes element size distribution, local
mesh refinement strategy, and mesh quality criteria—was applied to all candidate geome-
tries. Biaxial loading was applied to the clamp zone ends via rigid remote displacement
boundary conditions to ensure a smooth motion (Figure 6b). A symmetric biaxial loading
condition was created by applying a displacement of —0.25 mm in the Y-direction from the
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positive Y arm. In comparison, the positive X arm was constrained with a displacement of
+0.25 mm in the X-direction.

|A

47.5

120
25

20
22

7z
47.5 ! 25 1 A-A
120

Figure 5. Geometry and A—A cross-section of the initial cruciform specimen (in mm).

3 Uy
-+ Symmetric boundary about Y axis _H_

+

Symmetric boundary about X axis

-+
=

(a)

Figure 6. Finite element model of the cruciform specimen (a) quarter-model and (b) displacement-
controlled loading scheme.

To assess the uniformity of stress distribution occurring within the gauge zone, stress
data were sampled across a reduced evaluation window that filtered out stress distortions
originating from edges. Although the nominal gauge zone had dimensions of 20 x 20 mm
(A x A), an inner square effective evaluation area with a side-length ratio of a/A = 0.9,
corresponding to 18 x 18 mm (a x a), was used for the quantitative evaluation of stress. This
reduced evaluation area was selected to reduce the influence of geometric transitions and to
follow the methodology adopted in cruciform specimen shape optimization recommended
in the literature. Within this effective gauge zone, the equivalent stress (Seqv), normal
stresses S1; and Syy, and shear stress S, were extracted from the finite element analyses.
The effective area considered for stress extraction is illustrated in Figure 7.
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Figure 7. Effective area considered for both average and standard deviation of stresses in the

gauge zone.

In the FEM setup, two different analysis objectives were followed in the transfer
of material properties: shape optimization and post-shape optimization comparative
evaluation. During the shape optimization process of the cruciform specimen, only
experimental elastic material property data from a 10 wt% Al microparticle-reinforced
epoxy adhesive were used to determine the optimum cruciform specimen geometry.
Thus, shape optimization was performed under a single experimentally represented
reference-material case, and across all Design of Experiments (DOE) combinations, the
material property input was kept constant, with optimization based solely on geometry-
dependent stress distribution variations. The geometry was then re-evaluated with
additional finite element analyses, and both the initial and optimized geometries were
solved separately using both experimental material data and homogenized engineering
constants obtained from RVE sizes determined by a statistical worst-case threshold-
normalized selection approach. The constants Eq, E, E3, G12, Go3, G13, V12, Vo3, and
v13 obtained in RVE-based analyses were defined as orthotropic linear elastic mod-
els in the ANSYS Mechanical. Therefore, equivalent elastic properties obtained from
microstructure-based homogenization analyses were directly transferred to the macro-
scale cruciform specimen model.

In addition, comparative stress analyses performed after shape optimization were
conducted using the full model rather than the quarter model. This was adopted to allow
for a more obvious and holistic evaluation of the effects of orthotropic linear elastic material
properties derived from RVEs on cruciform specimen behavior across the whole specimen
geometry. Furthermore, using the full model to present and compare the final stress
distributions under experimental and RVE-based material definitions for the initial and
optimized geometries directly demonstrated the effect of the material definition at the
specimen scale, without relying on symmetry reduction.

3.2. Dynamic Machine-Learning-Assisted Global Optimization Framework

In this study, the dynamic XGBoost-MaxLIPOTR-based machine-learning-supported
global optimization approach developed by Zhang et al. [21] for turbomachinery blade
aerodynamic optimization has been conceptually adopted and adapted to the shape opti-
mization problem of a cruciform specimen geometry. The design vector is x = (R, t), and
the design ranges used in this study are defined as follows:

R € [3.00, 12.00] mm, t € [0.25, 3.00] mm

Biaxial FEA is conducted for each geometry, and the equivalent stress is extracted only
for the effective gauge zone. From this zone, two stress uniformity metrics are calculated
based on the following objective functions:
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(i) Coefficient of variation (CV%) of stress distribution:

£ (R, t) = 4 5 100

Omean

(if) Stress range:

fZ(R/ t) = Omax — Omin

These uniformity metrics are then converted into a single composite response function:
y(Rt) = afi (R t) +BH(Rt), oa+p =

where « = 0.5and 3 = 0.5. This response function represents the target variable for
the XGBoost model throughout the optimization cycle. The optimization cycle begins by
generating a fundamental initial design space. The design space is generated using the
Latin Hypercube Sampling (LHS) scheme.

XGBoost regression model is trained using the input variables x; = (R;, t;) and the
target variable y; from the database {(R;, t;, yi)}ilil. At each training step, the data set is
randomly split into 80% training and 20% validation subsets. The hyperparameter values
were kept constant throughout all iterations in the model. Initially, the model was trained
using data from only 60 DOE points, and MaxLIPOTR was run on this model to determine
the first surrogate optimum in the full design space. This point was verified with a finite
element analysis and added to the database.

Two-stage optimization mechanism in the Dynamic XGBoost-MaxLIPOTR-based
machine learning model systematically narrows the design space by sequentially apply-
ing Lipschitz-based global exploration and trust-region-based local refinement steps at
each iteration. In the global exploration phase, the piecewise Lipschitz upper-bound
criterion defined by Zhang et al. [21] is applied on the XGBoost regression model
trained from the existing design space set. This upper-bound function provides a
theoretically valid exploration metric across the entire R-t space and results in the
point with the largest bound value being the next candidate solution. Thus, the most
promising region on a global scale is determined at each iteration. In the local refine-
ment phase, the trust region approach (TR) in the MaxLIPOTR algorithm is applied. A
local quadratic surface is created around the best point identified in the global step,
based solely on the surrogate model response. The stationary point of this surface
within the TR region is selected as the new local candidate. This process ensures that
the optimization process proceeds steadily by refining the direction chosen by the
global stage with a more precise local search. Each optimum (R, t) suggested by the
model is numerically verified with a single finite element analysis, showing the relative
difference between the true objective values y, ,; and the surrogate estimated y , 4.1 is
calculated as

|Ymodel — Yrea1’
max( ,10-12)

€fea =

On the other hand, the best objective value among all finite element analyses, ylr’eeaslt, is

monitored, and the relative improvement in successive iterations is defined as

|ybest(k —1) — Y‘Eeeasf(k)!
max(|yhest(k — 1)[, 10712)

AYrel

The optimization process is terminated when both the relative improvement in the
objective function, Ay, ), falls below a predetermined threshold (0.02) and the model-FEA
mismatch, ef,, remains below a second threshold (0.20). Thus, convergence is ensured not
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only with respect to the model’s internal metrics but also in terms of agreement with the
FEA results.

In this study, the trust-region window is narrowed anisotropically rather than isotropi-
cally at each iteration. In other words, the window is narrowed at different rates in the R
and t directions. The window is narrowed more actively in the direction of the design vari-
able that has the greatest impact on the objective function, and more gently in the direction
where it is less sensitive. At the surrogate optimum point (R, t*), the local derivatives of
the objective function are approximated by the central difference approximation using a
small fraction of design space:

9y dy
aR (R*, t*), at (R*,t*)
The absolute values of the derivate
_ |9y _ |9y
8R = ‘E)R 8= ’at

The sensitivity measures g and g, represent the local sensitivity along the correspond-
ing R and t axes, respectively. The total sensitivity is obtained using g, .., = gr + g, which
yields normalized direction weights as follows:

8r _ &

WR=——, Wt=
8Btotal Btotal
The directional shrinkage of the trust region radii is controlled by shrink factors
selected in the range [Smin, Smax] = [0.60, 0.90] as follows:

SR = Smax — (Smax - Smin)WR/ St = Smax — (Smax - Smin)wt

Thus, in the direction where the objective function is more sensitive (w is larger),
the trust region is narrowed more aggressively. The radii in the next iteration are
updated as

rr(k 4+ 1) = sgrr(k), re(k+1) = sire(k)

Later, the corresponding window is updated as follows:
ReR* —rr(k+1),R* +rr(k+1)], te[t" —r(k+1),t" +re(k+1)]

After each narrowing window, a new LHS-based DOE is created to fill the enhanced
area. In case the surrogate is queried for each candidate geometry, the data points within
those geometries are added to the database, and the XGBoost model is retrained on the
enriched dataset. As the design window shrinks, it transitions from fundamental, global ex-
ploration to local exploitation. The dynamic machine-learning-assisted global optimization
framework flowchart is shown in Figure 8.

https://doi.org/10.3390/app16104781


https://doi.org/10.3390/app16104781

Appl. Sci. 2026, 16, 4781

22 of 38

Initialization
Design Space Setting

Generate Initial Design Points (LHS) |
and FEA Performance Solver

Initial Design Points FEA Performance ]
Database in Effective Gauge Zone

[ Train XGBoost Regression Model ]

MaxLIPOTR Algorithm Generate LHS Design Points
on XGBoost Model in New Design Space Solver

[

[ Optimal Value of the Current ]
XGBoost Model

Is the dual
convergence
crierion
satisfed?

No New R and t Design Space
with Window Shrink

Yes

Optimization Finish

Figure 8. Flowchart of the XGBoost-MaxLIPOTR framework.

4. Results

In this section, the dynamic XGBoost-MaxLIPOTR framework was adapted to the
shape optimization problem of the cruciform specimen, and the performance of the
selected final design was evaluated considering its results. The near-optimal geometry
was selected by examining the convergence characteristics of the initial machine-learning-
assisted search. The stress distributions of the initial and optimized geometries were
then analyzed, and improvements in the global stress field were reported. In these
comparative evaluations, the responses of the initial and optimized geometries were
examined separately using the experimentally determined elastic properties and the
RVE-predicted homogenized engineering constants for each weight fraction. Finally,
the levels and uniformity of stress levels in the effective measurement regions of the
initial and optimized geometries were compared under both material definitions, thereby
enabling a separate assessment of the geometry optimization effects at the cruciform
specimen and at the effective gauge zone.

4.1. Dynamic XGBoost-MaxLIPOTR Framework Performance and Selection Optimized Specimen

In this study, the dynamic XGBoost-MaxLIPOTR framework implemented for the
shape optimization problem of the cruciform specimen was evaluated considering
the learning dynamics in the final iteration, surrogate-FEA prediction fitting, and
convergence order in the design space. The Mean Absolute Error (MAE)-epochs curve
at the final iteration in Figure 9a illustrates the surrogate model’s learning behavior
after it was retrained on the subspace obtained via the dynamic window reduction
strategy. The rapid decrease in the validation set errors since the earlier epochs, settling
into a low-amplitude, stable plateau, and the consistent decrease in the training error
demonstrate that this model can capture the main relationships without overfitting.
A well-conditioned generalization capacity was achieved in the final optimization.
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Furthermore, the coefficient of determination (Rz) value of 0.8238 calculated in the final
iteration validates that the surrogate model can explain a significant portion of the
data successfully and can achieve sufficient accuracy to guide the shape optimization.
Figure 9b also shows the comparison of the model’s predictions and the FEA solutions
in the final optimization iteration using a parity plot. In case the predictions of the
Design of Experiments (DOE) samples within the narrowing window towards the final
iteration are examined, they are clustered around a reference line of 45°, indicating
no systematic bias in the surrogate model’s predictions. The fact that a large portion
of the predictions of these DOE samples fall within an error band of £10% and +20%
indicates that the model can predict corresponding geometries in an optimal region
with high precision.
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Figure 9. Surrogate model performance evaluated at the final optimization iteration: (a) XGBoost
training convergence, and (b) prediction accuracy versus FEA results.

Figure 10 shows that the distribution of DOEs gradually narrows the search space to
a smaller region with each successive iteration during the dynamic window-narrowing
process, and that the localization of the optimal geometry becomes more pronounced within
this region, where design examples are clustered. Based on the FEA results performed
throughout the optimization process, the optimal geometry achieving the lowest objective
function value was of a fillet radius (R) of 11.5765 mm and a center thickness (t) of 2.983 mm.
This geometry was defined as the “global optimum of FEAs”. In the final iteration, the
surrogate optimum determined by the MaxLIPOTR algorithm, with a fillet radius (R) of
11.5909 mm and a center thickness (t) of 2.9442 mm, is close to the optimum of FEAs.
This slight difference confirms that the surrogate model can capture the optimum region
with high accuracy. Consequently, the minor differences between the true optimum of
FEAs and the surrogate optimum values indicate that the double convergence criterion is
met properly.

The design parameters R = 11.5 mm and t = 3 mm were selected for the optimized
candidate geometry of the cruciform specimen, considering not only the numerical results
but also the manufacturability of the optimized specimen.
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Figure 10. Successive contraction of the design space (R-t) under the dynamic update strategy.
The colored dashed lines indicate the boundaries of the updated design-space windows during
successive contractions.

4.2. Stress Distributions in the Initial and Optimized Geometries

This section examines the equivalent stress (Seqv) distributions of the full initial and
optimized cruciform specimens in order to clarify the effect of the proposed geometric
modification on the overall stress transfer behavior. The comparison is performed using
both the experimentally determined elastic properties and the RVE-predicted engineering
constants for each weight fraction so that the response of the optimized candidate geometry
can be assessed under the two material descriptions considered in this study. Particular
attention is given to the fillet transition regions and the central gauge zone, since these
regions directly reflect the severity of stress concentration and the quality of the stress field
established in the effective gauge zone. In this context, the stress distributions are evaluated
with respect to whether the optimized candidate geometry reduces stress accumulation
around the fillet radius and promotes a more stable and homogeneous equivalent stress
field within the gauge zone.

4.2.1. Comparisons Based on Experimental Elastic Properties

As shown in Figure 11, the initial cruciform geometry exhibited pronounced equiva-
lent stress localization at the fillet transition region for all materials, with peak values of
12.120 MPa, 12.951 MPa, and 13.023 MPa for the 2, 6, and 10 wt% aluminum microparticle-
reinforced epoxy adhesives, respectively. This concentration restricted effective stress
transfer toward the central gauge region and was accompanied by noticeable heterogeneity
in the gauge zone stress field, where the mean Seqv values were 6.469 MPa, 6.912 MPa,
and 6.951 MPa, with corresponding standard deviations of 0.133 MPa, 0.142 MPa, and
0.143 MPa. Following the shape optimization, the fillet region peak stresses decreased
markedly to 8.513 MPa, 9.097 MPa and 9.148 MPa, respectively, indicating that the op-
timized candidate geometry substantially relieved local stress buildup in the transition
zones. More importantly, the gauge zone standard deviation was reduced to 0.061 MPa,
0.066 MPa, and 0.066 MPa, demonstrating a clear improvement in stress uniformity. The
results confirm that, when evaluated using the experimental elastic properties, the opti-
mized candidate geometry provides a substantially more homogeneous equivalent stress
distribution within the effective gauge zone than the initial geometry.
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Figure 11. Equivalent stress Seqv distributions of the initial and optimized cruciform specimens
based on the experimental elastic properties for (a) 2 wt%, (b) 6 wt%, and (c) 10 wt% aluminum
microparticle-reinforced epoxy adhesives.

4.2.2. Comparisons Based on RVE-Predicted Engineering Constants

A similar distribution pattern was obtained when the material response was described
by the RVE-predicted engineering constants, as illustrated in Figure 12. In the initial
geometry, the highest equivalent stresses again developed around the fillet transition
region, reaching 12.216 MPa, 12.679 MPa, and 13.169 MPa for the 2, 6, and 10 wt%, re-
spectively. Within the gauge zone, the corresponding mean Seqv values were 6.517, 6.760,
and 7.017 MPa, while the standard deviations remained relatively high at 0.134, 0.139, and
0.145 MPa, indicating that the non-uniform stress transfer character of the initial geometry
persisted under the RVE-based material definition as well. Following shape optimization,
the peak fillet stresses decreased to 8.579, 8.903, and 9.246 MPa, respectively, while the
gauge zone standard deviations fell to 0.062, 0.064, and 0.067 MPa. Therefore, the RVE-
based results reproduce the same fundamental outcome observed with the experimental
properties: the optimized candidate geometry suppresses stress accumulation at the fillet
transition and establishes a distinctly more stable and homogeneous equivalent stress field
in the central gauge region.
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Figure 12. Equivalent stress Seqv distributions of the initial and optimized cruciform specimens based
on the RVE-predicted engineering constants’ properties for (a) 2 wt%, (b) 6 wt%, and (c) 10 wt%
aluminum microparticle-reinforced epoxy adhesives.

4.3. Stresses in Gauge Zone

The stress fields within the gauge zone were evaluated for the initial and optimized
cruciform geometries in order to assess how effectively the proposed shape modification
improved the uniformity of the elastic stress state in the central test region. The analysis
considers both the experimentally determined elastic properties and the RVE-predicted
engineering constants, and includes the equivalent stress (Seqv), normal stress (S11/52),
and shear stress (S1,) distributions. For this purpose, isoline maps were interpreted to-
gether with the corresponding mean p and standard deviation o values calculated over the
effective gauge zone defined previously in Figure 7, thereby excluding the fillet-affected
transition regions from the comparison. To ensure a consistent visual interpretation, fixed
contour intervals were adopted for each stress component, namely, 0.032 MPa for Seqy and
0.1 MPa for both Sq1 /Sy and S;5. Due to the minimal standard deviation in the gauge zone,
the optimized candidate geometry exhibits better stress homogeneity. Under this frame-
work, closer isoline spacing indicates stronger local stress gradients, whereas smoother and
more regularly spaced contours indicate a more homogeneous stress distribution within
the gauge zone. In addition, the a/A-based results are used to quantify how the stress
homogeneity evolves with the effective gauge zone ratio.
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4.3.1. Gauge Zone Results Based on Experimental Elastic Properties

As shown in Figure 13, the optimized candidate geometry establishes a distinctly
more uniform Seqy field within the gauge zone than the initial geometry. In the initial
geometry, the contour lines are concentrated more strongly toward the corner regions of
the gauge zone, indicating that the equivalent stress varies more rapidly as the boundary
of the effective gauge zone is approached. By contrast, the optimized specimen exhibits a
broader low gradient central region and a more regular outward contour development for
all three materials. This visual change is fully consistent with the statistical results, since
the standard deviation decreases from 0.133, 0.142, and 0.143 MPa in the initial geometry to
0.061, 0.066, and 0.066 MPa in the optimized candidate geometry for the 2, 6, and 10 wt%,
respectively. These results confirm that the proposed geometric optimization substantially
improves the homogeneity of the equivalent stress distribution within the gauge zone
when the experimentally determined elastic properties are used.
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Figure 13. Equivalent stress Seqy distributions in the gauge zones of the initial and optimized
cruciform specimens based on the experimental elastic properties for (a) 2 wt%, (b) 6 wt% and
(c) 10 wt% aluminum microparticles.

Since the normal stress S11 and Sy isolines are symmetrical along an angle of 45 de-
grees with respect to the origin, only the isoline graph of Sq; is shown (Figure 14). The
normal stress Sy isoline distributions of the initial geometry exhibit sharp transitions from
the center outward, whereas this does not happen for those of the optimized candidate
geometry. In the optimized candidate geometry, these transitions are less frequent and
have a smoother gradient. Furthermore, the standard deviation values decreased from
0.286 MPa, 0.306 MPa, and 0.307 MPa in the initial geometry to 0.211 MPa, 0.225 MPa, and
0.227 MPa in the optimized candidate geometry for the 2, 6, and 10 wt%, respectively. This
demonstrates the improved homogeneity of the stress distributions in the biaxial tensile
directions in the optimized candidate geometry.
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Figure 14. Normal stress S1; or Sy, distributions in the gauge zones of the initial and optimized
cruciform specimens based on the experimental elastic properties for (a) 2 wt%, (b) 6 wt% and
(c) 10 wt% aluminum microparticles.

A comparable improvement is observed for the shear stress distributions in Figure 15.
In the initial geometry, the Sq, contours display stronger directional variation across the
diagonal regions of the gauge zone, revealing a less balanced shear stress pattern. After
optimization, the contour field becomes smoother and more symmetrically distributed,
indicating that the geometric optimization reduces shear stress irregularity within the
central gauge region. Quantitatively, the standard deviation decreases from 0.490, 0.524, and
0.527 MPa in the initial geometry to 0.343, 0.366, and 0.368 MPa in the optimized candidate
geometry for the 2, 6, and 10 wt%, respectively. This corresponds to an approximately 30%
reduction in shear stress dispersion, demonstrating that the optimized candidate geometry
also improves the symmetry and stability of the biaxial load transfer with respect to the
shear component.

The evolution of stress homogeneity with increasing effective gauge zone ratio is
further quantified in Figure 16. For all three weight fractions, the optimized candidate
geometry consistently exhibits lower standard deviation values than the initial geometry
for Seqv, S11/Sp, and Sy, and this difference becomes more pronounced as the evaluated
gauge zone region expands. This behavior indicates that the initial geometry is increasingly
affected by boundary-driven stress heterogeneity when a larger portion of the gauge zone is
considered, whereas the optimized candidate geometry preserves a more stable stress field
over a wider region. The corresponding uniformity improvement reaches approximately
40.32-54.98% for equivalent stress, 11.20-30.72% for the normal stresses, and 11.34-32.30%
for the shear stresses. Accordingly, the optimized specimen does not merely improve stress
regularity near the center but maintains this homogenization effect throughout a broader
effective gauge zone.
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Figure 15. Shear stress S, distributions in the gauge zones of the initial and optimized cruciform
specimens based on the experimental elastic properties for (a) 2 wt%, (b) 6 wt% and (c) 10 wt%
aluminum microparticles.
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Figure 16. Variations in the standard deviation o and the corresponding uniformity (%) values with
effective gauge zone ratio (a/A) for equivalent, normal, and shear stresses in the initial and optimized
cruciform geometries, based on the experimental elastic properties, for the 2, 6, and 10 wt%.

4.3.2. Gauge Zone Results Based on RVE-Predicted Engineering Constants

The same overall behavior is preserved when the material response is defined us-
ing RVE-predicted engineering constants. As seen in Figure 17, the optimized candidate
geometry again yields a more regular and spatially uniform Seqv field within the gauge
zone, whereas the initial geometry retains a stronger corner-dominated contour concen-
tration and more pronounced local variation. In the optimized candidate geometry, the
central region becomes more weakly graded and the outward contour progression becomes
smoother for all three weight fractions. This is supported by the statistical results, where
the standard deviation decreases from 0.134, 0.139, and 0.145 MPa in the initial geometry to
0.062, 0.064, and 0.067 MPa in the optimized candidate geometry for the 2, 6, and 10 wt%,
respectively. Thus, the homogenization effect observed for the experimentally determined
elastic properties is also reproduced under the RVE-based material description.

Since the normal stress S1; and Sy, isolines are symmetrical with respect to the
45-degree direction through the origin, only the isoline graph of Sq; is presented in Figure 18.
In the initial geometry, the Sq; contours display more abrupt changes from the center to-
ward the outer regions, reflecting stronger local gradients. By comparison, the optimized
candidate geometry shows smoother and more gradual contour transitions for all three ma-
terials. Furthermore, the standard deviation values decreased from 0.288 MPa, 0.299 MPa,
and 0.311 MPa in the initial geometry to 0.213 MPa, 0.221 MPa, and 0.229 MPa in the
optimized candidate geometry for the 2, 6, and 10 wt%, respectively. This indicates that
the optimized candidate geometry preserves its ability to improve the homogeneity of the
normal stress distributions along the biaxial tensile directions under the RVE-predicted
engineering constants definitions.

Figure 19 shows that the shear stress Sq, field changes progressively from the specimen
arms towards the gauge zone. Relative to the initial geometry, the optimized candidate
geometry exhibits a smoother and more uniformly distributed transition of shear stress
towards the fillet zone. This trend is also reflected in the statistical results, where the
standard deviation decreases from 0.494 MPa, 0.514 MPa, and 0.534 MPa in the initial
geometry to 0.345 MPa, 0.358 MPa, and 0.372 MPa in the optimized candidate geometry
for the 2, 6, and 10 wt%, respectively. In addition, this corresponds to approximately
30% reduction in the standard deviation relative to the initial geometry, confirming the
improved uniformity of the shear stress distributions. This also suggests that the optimized
candidate geometry retains its beneficial effect on reducing shear stress non-uniformity
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and promoting a more symmetrical biaxial load transfer when the material behavior is

described by the RVE-predicted engineering constants.
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Figure 17. Equivalent stress Seqv distributions in the gauge zones of the initial and optimized
cruciform specimens based on the RVE-predicted engineering constants for (a) 2 wt%, (b) 6 wt% and
(c) 10 wt% aluminum microparticles.
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(c) 10 wt% aluminum microparticles.
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aluminum microparticles.

Figure 20 further demonstrates that the advantage of the optimized candidate geom-

etry is maintained over the full range of effective gauge zone ratios investigated. For all

three stress measures and for all three materials, the optimized candidate geometry remains

below the initial geometry in terms of standard deviation, while the associated uniformity

values remain consistently higher. As in the experimental property-based results, the

difference between the two geometries becomes more evident as the effective gauge zone

ratio increases, indicating that the optimized specimen is less sensitive to the progressive

inclusion of regions affected by stronger stress gradients. The uniformity improvement

reaches approximately 43.48-54.51% for equivalent stress, 14.31-31.12% for the normal

stress, and 12.50-34.07% for the shear stress. Taken together, these results confirm that

the proposed geometric optimization provides a robust improvement in gauge zone stress

homogeneity, regardless of whether the material properties are introduced directly from

the experiment or through the RVE-predicted engineering constants.
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Figure 20. Variations in the standard deviation o and the corresponding uniformity (%) values with
effective gauge zone ratio (a/A) for equivalent, normal, and shear stresses in the initial and optimized
cruciform geometries, based on the RVE-predicted engineering constants, for the 2, 6, and 10 wt%.

4.4. Discussion

This study focuses on the optimization of the cruciform specimen geometry using
a multiscale approach to reliably assess the in-plane biaxial mechanical behavior of a
microparticle-reinforced epoxy-based adhesive. The accuracy of the material properties
was verified by comparing the RVE-based micromechanical analyses with the results
of uniaxial tensile tests. The mean elastic moduli exhibited low relative errors. The
proximity among the directional elastic constants indicates that the directional dependency
of the elastic modulus is negligible due to the random microparticle distribution. This
validation enabled us to transfer the experimentally determined material parameters into
the shape optimization analyses of the cruciform specimen and to considerably reduce
material-related uncertainties. The shape optimization analyses were performed using only
the experimentally determined elastic properties of the 10 wt% aluminum microparticle-
reinforced epoxy adhesive, which was selected as the validated reference material. After the
optimized candidate geometry had been identified, the selected RVE-predicted engineering
constants were additionally used for the 2, 6, and 10 wt% materials to compare the initial
and optimized geometries under a homogenized material description. In this manner, the
multiscale framework was implemented as a partially coupled strategy. The macroscopic
shape optimization was driven by the experimentally derived effective material property
set, maintaining a direct link to the experimentally characterized adhesive response and
isolating the influence of specimen geometry on stress homogenization. The RVE-based
material definitions were not directly embedded in the active optimization loop; instead,
they were used as a complementary post-optimization verification step to assess whether
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the stress-homogenization capability of the optimized candidate geometry was preserved
across different weight fractions.

The RVE models were formulated using spherical Al microparticles and perfect bond-
ing between matrix and particles to establish a controlled micromechanical representation
of the reinforced adhesive microstructure. This idealized representation is suitable for
evaluating the effective elastic response within the homogenization framework adopted
in this study. However, the local response of practical microparticle-reinforced adhesive
systems may also be influenced by interfacial degradation, particle-matrix separation, or
deviations from spherical particle morphology, particularly at higher strain levels. Such
effects can modify local stress transfer and stress concentrations and may therefore be
considered in extended RVE formulations involving imperfect interfaces or more realistic
particle geometries.

A significant portion of the related published studies on the optimization of cruciform
geometry have indicated that the stress homogeneity is associated with specific design
variables, such as fillet radius, center taper, arm width, and slot geometry. It was concluded
mainly that the geometric continuity in the load-transfer path may decisively direct the
stress field in the gauge zone. Local stress concentrations, particularly at fillet transitions,
are generally reported as limiting homogeneity. These studies have also focused on metal-
lic, elastomer, or fiber-reinforced composite materials [9,10,30,31]. The evaluation of the
cruciform geometry of a microparticle-reinforced epoxy-based adhesive has received more
limited attention. From this perspective, the present study contributes to the existing cruci-
form specimen optimization literature not only by considering a microparticle-reinforced
epoxy adhesive but also by examining the performance of the optimized candidate ge-
ometry under both experimentally determined and RVE-predicted material descriptions.
This combined assessment provides additional support for the robustness of the geometry-
related conclusions with respect to the constitutive representation adopted for the material.

In this context, the present optimization should be interpreted as a manufacturability-
constrained shape optimization conducted within a reduced R-t design space. Although
arm width, taper profile, slit/slot geometry, and gauge-zone shape may also influence stress
homogeneity, stress concentration, and failure localization, varying these parameters would
modify the global load-transfer path, fixture compatibility, and mold design. Therefore, the
present approach complements richer parametric and topology-optimization studies by
focusing on two geometric variables that can be adjusted without changing the external
specimen layout or the adopted manufacturing route.

The dynamic XGBoost-MaxLIPOTR-based algorithm was implemented for optimiza-
tion purposes, and its structure was adapted to the current problem [21]. In this study, the
sampling window was narrowed at each iteration based on the effects of the geometric
variables R and t. This made the dynamics of window narrowing more sensitive to the
variables that most significantly affect stress homogeneity. As the structure of Zhang's
original algorithm is preserved [21], a specific directionality was introduced for the shape
optimization of the cruciform specimen. This is consistent with the previous studies since
it shows that the design parameters, such as the fillet radius and center thickness, affect the
load-transfer path.

The agreement between the surrogate model (XGBoost) and the FEA results is im-
proved at each iteration, and in the final optimization iteration, the surrogate model’s
near-optimal candidate geometry was in good agreement with the optimal geometry de-
rived from the finite element analyses. The reduced discrepancy between the predictions of
both the surrogate model and finite element analyses, enabled by the dynamic sampling
structure in the Zhang approach, brought the dual convergence criterion to be satisfied.
This also confirms that the surrogate model can produce a stable convergence behavior
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on the shape optimization problem. The finite accuracy of the surrogate model and the
manufacturability-based adjustments to R and t may affect the exact location of the opti-
mum within the investigated design space. Therefore, the selected geometry is interpreted
as a near-optimal design within the R-t space considered.

Comparing the initial and optimized candidate shapes, it was observed that the stan-
dard deviation in the equivalent stresses in the effective gauge zone was significantly
reduced. This reduction in stress distribution is consistent with distribution-based homo-
geneity metrics used in cruciform specimen evaluations, such as the coefficient of variation
in the central gauge zone. Since the coefficient of variation represents a normalized measure
of field distribution, the reduction in the contour-based stress-spread measure indicates
an improvement in gauge zone stress homogeneity that is qualitatively consistent with
CV-type evaluations. In addition, the reduced stress concentration in the cross-arm transi-
tion regions is consistent with the design rationale of failure-location- or failure-ratio-based
assessments, where a desirable cruciform geometry should promote a more uniform central
field while reducing premature localization outside the gauge region [9,10,30,31].

The selected center thickness and reduced transitions in the fillet zones allowed for a
more balanced direction of load transfer from the arm zones to the gauge zone. Furthermore,
the subsequent comparisons performed using the selected RVE-predicted engineering
constants for the 2, 6, and 10 wt% materials showed that the beneficial effect of the optimized
candidate geometry was preserved under all investigated material descriptions. The fact
that the reductions in stress concentration and gauge zone stress distribution remained
consistent for the experimentally determined elastic properties and the RVE-based material
definitions indicates that the optimized candidate geometry was not merely tuned to a
single constitutive input set but exhibited a robust stress homogenizing behavior across the
investigated weight fractions.

Beyond the aluminum microparticle-reinforced epoxy adhesive system considered
here, the same RVE-based framework could be extended to polymer matrices reinforced
with carbon-based nanostructures, such as carbon nanotube—graphene hybrid systems
and laser-structured carbon networks [32,33]. Such an extension would allow the effects
of nanoscale morphology and conductive-network formation on the effective material
response to be examined in future simulations.

5. Conclusions

This study presents a comprehensive method for developing an optimized cruciform
specimen to more reliably characterize the in-plane biaxial mechanical behavior of particle-
reinforced epoxy adhesives. This method integrates material-level validation steps with
the geometry-level optimization process. In the first stage, the elastic modulus obtained
from uniaxial tensile tests was verified using the RVE-based micromechanical analyses for
each of 2, 6, and 10 wt%, where the mean modulus exhibited only small relative deviations
(approximately +0.8-0.9% for 2 wt%, —1.0 to —2.1% for 6 wt%, and +1.1-1.9% for 10 wt%).
This very low difference confirms the accuracy and consistency of the material models
used in the finite element analyses. In addition, the comparative evaluations performed
using both the experimentally determined elastic properties and the selected RVE-predicted
engineering constants for the 2, 6, and 10 wt% materials provided further support for the
reliability of the adopted material descriptions in the cruciform specimen analyses.

The dynamic XGBoost-MaxLIPOTR algorithm, tailored explicitly for the shape opti-
mization of the cruciform specimen, resulted in significant improvements in stress homo-
geneity in the measurement region. For the effective gauge zone considered, the optimized
candidate geometry produced highly consistent improvements in stress homogeneity for
the 2, 6, and 10 wt% materials under both material descriptions. When the experimentally
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determined elastic properties were used, the uniformity improvement was about 54% for
the equivalent stress Seqy, about 26% for the normal stress components Sy and Sy;, and
about 30% for the shear stress component S1,. Nearly identical levels of improvement were
also obtained when the selected RVE-predicted engineering constants were employed. This
close agreement across the investigated weight fractions and material descriptions indicates
that the stress homogenizing effect of the optimized candidate geometry is not dependent
on a specific material property set, but rather arises from the improved load-transfer path
established by the optimized fillet transitions and center thickness. Accordingly, a more sta-
ble and continuous stress transfer from the specimen arms to the gauge zone was achieved.
Furthermore, the optimum values of the fillet radius R and center thickness t predicted by
the surrogate model were in close agreement with those numerically verified by the FEA
results, confirming the convergence accuracy and stability of the adaptive optimization
procedure. Therefore, this adaptive optimization framework can produce more stable and
highly accurate results.

Future work may extend the present numerical shape optimization framework
toward broader validation conditions and expanded design spaces. DIC-based biaxial
strain-field measurements may be used to directly evaluate gauge-zone strain homo-
geneity and failure localization in the optimized candidate geometry. Additional loading
scenarios, including unequal biaxial loading ratios, off-axis loading conditions, and
non-proportional loading paths, may also be considered to assess the geometry’s ro-
bustness beyond the elastic, equal-biaxial loading condition investigated in this study.
From a numerical design perspective, the reduced R-t design space may be expanded
by incorporating additional geometric variables, such as arm width, local tapering,
slit/slot configuration, gauge-zone shape, and local thickness transitions, to further
evaluate stress homogeneity, load-transfer efficiency, and failure localization within
broader parametric or topology-optimization frameworks.
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