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ABSTRACT

An integrated molding composite honeycomb has been proposed, in which a seamless, 3D braided natural fiber cellular fabric
serves as the reinforcement, with epoxy resin as the matrix. Three-point bending behaviors of the honeycomb, taking account of
the effects of joint wall length and opening angle, were investigated. The fracture mechanisms during bending were monitored
using 3D Digital Image Correlation. The validated Finite element model was developed and used to perform a parametric anal-
ysis identifying the effect of material Young's modulus and geometric variations on the flexural stiffness. The results reveal that
fracture occurs at the junction of the joint wall and the free wall, characterized by shear-type failure and structural geometry pa-
rameters significantly affect flexural performance. Decreasing the joint wall length from 55 to 4mm in 90° honeycombs reduced
the maximum load by approximately 26% and the flexural stiffness (P/y) by about 55%, accompanied by an increase in maximum
deflection. Conversely, for specimens with a 17 mm joint wall, increasing the opening angle from 60° to 120° decreased the maxi-
mum load and P/y by approximately 32% and 55%, respectively, while the flexural deflection gradually increased. The knowledge
generated from this study is key in design and performance evaluation of 3D braided composite honeycomb cores for sandwich
structures, which is crucial for enhancing the out-of-plane bending resistance of sandwich structures.

1 | Introduction

Honeycomb sandwich structures are widely employed across
diverse sectors [1-3], from the aerospace to rail transport [4],
owing to their superior specific mechanical properties [5] and
multifunctional integration capabilities (e.g., sound absorption
[6-9], thermal insulation [7, 10], and electromagnetic shielding
[11, 12]). Tailoring the honeycomb core architecture provides
a more convenient route to enhance mechanical performance
than altering the constituent materials or panel geometry

© 2026 Society of Plastics Engineers.

[13, 14]. The growing demand for low-weight, high-performance
sandwich cores has spurred interest in fiber-reinforced polymer
honeycombs [15, 16]. While synthetic fibers like carbon and
glass enhance composite properties, their high cost and envi-
ronmental impact have driven the search for sustainable alter-
natives, such as natural fibers and wood composites [17]. Among
them, jute stands out as a compelling choice for sustainable
structural composites due to its clear environmental and eco-
nomic benefits. Concurrently, 3D braided technology offers sig-
nificant benefits over traditional laminates, including improved
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damage tolerance and through-thickness reinforcement, driven
by its near-net-shape manufacturability and excellent mechani-
cal performance [18, 19].

Consequently, the development of a 3D braided jute/epoxy hon-
eycomb represents a strategic merge of the sustainability and
low cost of a natural fiber with a high-performance, integrated
structural design. This makes it a highly relevant candidate for
applications where weight, cost, and environmental impact are
critical, such as in transportation, vehicle interiors, and sustain-
able infrastructure [20]. The fundamental principle of braiding
and the in-plane compression behavior of such structures has
been comprehensively examined in our previous research ef-
forts [20, 21].

Bending behavior is a pivotal consideration for sandwich struc-
tures in practical applications like floor panels in aircraft and
vehicles, where they must withstand bending moments and
shear stresses [5, 22]. Therefore, a thorough investigation of
the bending properties of 3D braided composite honeycombs
is essential for refining their design and ensuring they meet
application requirements. Assessing the flexural deformation
of honeycombs is non-trivial, as equivalent elastic moduli
from in-plane deformation often fail to capture the flexural
response due to distinct moment distributions in the cell walls
[23, 24]. While previous studies have developed analytical and
numerical methods to evaluate the flexural stiffness of hon-
eycomb cores [15, 23, 25], a significant research gap remains.
Specifically, a systematic exploration of the combination of
natural fibers and 3D braiding within a honeycomb core under
bending loads is lacking. Existing research on natural fiber
honeycombs has predominantly focused on 2D architectures,
lacking the through-thickness reinforcement of 3D braiding
[15, 17]. Conversely, studies on 3D braided composites have
largely utilized synthetic fibers and concentrate on solid sec-
tions, rather than the specific geometric parameter sensitivity
of a cellular honeycomb in flexure. Furthermore, the coupled
effect of key geometric parameters (e.g., joint wall length and
opening angle) on the failure mechanisms and flexural stiff-
ness of an integrated, seamless 3D braided natural fiber hon-
eycomb remains unquantified.

This study aims to address this gap by: (1) developing a seam-
less 3D braided jute/epoxy honeycomb core; and (2) system-
atically quantifying the individual and interactive effects of
the joint wall length and opening angle on flexural perfor-
mance, failure initiation, and damage progression. This in-
vestigation is conducted through three-point bending tests,
complemented by digital image correlation (DIC) for full-field
strain measurement. Additionally, an effective finite element
analysis (FEA) model, employing necessary simplifications to
balance computational cost and accuracy, is utilized to further
study the influence of material and geometrical parameters on
flexural stiffness.

2 | Materials and Methods

To isolate the effects of key geometric parameters on the flex-
ural performance of 3D braided composite honeycombs, the

control variable method was employed. The joint wall length
and opening angle were specifically selected for experimental
investigation. Isolating the joint wall length variation ensured
a constant specimen width, which clarifies its individual ef-
fect on flexural behavior. In contrast, varying the free wall
length or wall thickness would concurrently alter the speci-
men's width and length, thereby introducing confounding
variables. The opening angle was chosen as it is a fundamen-
tal parameter defining cell geometry, known to critically in-
fluence mechanical properties and stress distribution [26, 27].
The selected range (60°, 90°, 120°) enables the examination of
deformation and failure mode transitions from acute to obtuse
geometries. Additionally, the opening angle is solely mold-
dependent, guaranteeing consistency in the braiding process
across all specimens.

2.1 | Sample Description
2.1.1 | Materials

The yarn used for braiding is jute yarn with an average diameter
of 2mm (double strands), purchased from http://jd.d.com. The
matrix is provided by Shangwei (Tianjin) Wind Power Materials
Company Limited. The mass ratio of the matrix to the curing
agent is 100:30. The mechanical properties of the epoxy resin
used are presented in Table 1.

It is noteworthy that the jute fibers were used as-received with-
out any chemical pre-treatment, as the primary focus of this
study is on the effect of geometric and structural parameters on
the macroscopic flexural performance. Future work will delve
into the optimization of fiber-matrix adhesion and its conse-
quent effects on the mechanical properties.

2.1.2 | Braiding Procedure

3D braided honeycomb fabrics were fabricated using jute
yarns on a self-made 3D braiding machine. A schematic of
the custom braiding machine setup is depicted in Figure 1la.
Employing the “four-step” method of 3D braiding (Figure 1d),
the interweaving of the yarns can be adjusted by controlling
movement of the yarn carrier. This allows for the manipu-
lation of the fabric's integration (Figure le) and separation
(Figure 1f), resulting in a 3D braided honeycomb fabric.
Subsequently, the resultant fabric was employed to manufac-
ture composite honeycomb via the Vacuum-Assisted Resin
Transfer Molding (VARTM) process [20]. In the VARTM pro-
cess, the dry 3D braided jute preform was placed in a mold,
and the epoxy resin mixture was infused under vacuum to
ensure thorough impregnation of the fibrous architecture.
The setup was then cured under the conditions specified in
Table 1. An exhaustive account of the fabrication methodol-
ogy for the 3D braided honeycomb fabric and its composite has
been documented in our earlier publication [20, 21], and the
entire preparation process is illustrated in Figure 2a. To en-
sure statistical significance, each experimental group (n=>5)
contained replicate specimens fabricated under identical pro-
cessing conditions.
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http://jd.d.com

Parameters of the epoxy resin.

TABLE 1

Density of two-component

epoxy system

SWANCOR

SWANCOR

2511-1A

Tensile modulus (MPa) Extensibility (%) Flexural strength (MPa) Flexural modulus (MPa)

Tensile strength (MPa)

2511-1BS

2700-3500 4.5-8.5 110-140 2800-3600

67-80

0.9-1.0

1.1-1.2

Curing conditions: room temperature (28°C) 24h +8h at 70°C.

2.1.3 | Sample Encoding Description

A large number of samples were designed in this study. To fa-
cilitate description and differentiation, the samples were named
as follows: [(Honeycomb Opening Angle: 60°, 90°, or 120°) —
(Number of Complete Cell Columns along the Y-Axis: 2, 4, or
6)], as shown in Figure 2b.

The specific values for the joint wall length (corresponding to
2,4, and 6 cell columns, resulting in lengths of approximately
4, 17, and 55mm, respectively) were chosen primarily to en-
sure that all specimens contained an integer number of com-
plete unit cells and were manufactured with the same number
of braiding cycles, thereby maintaining consistency in the
fabrication process. This range of lengths was also intention-
ally selected to cover a sufficiently wide spectrum, from very
short joints to substantially long ones. This design allows for
the observation of potential transitions in the dominant fail-
ure mechanism, such as from local cell wall bending to global
buckling, providing comprehensive insight into the structure-
property relationships.

The 3D braided honeycomb fabric has a controlled braiding
angle of 32° and a pitch length of 6.7 mm. Each sample contains
a total of 48 braiding cycles, with 2cycles for the free wall. Due
to the different number of braiding cycles applied to the joint
walls, the number of cells in the fabric will vary accordingly.
The specific number of braiding cycles for each sample set is
outlined in Table S1. A comprehensive listing of the geometrical
parameters for the samples is provided in Table S2.

2.2 | Description of Experiments

The flexural testing of the composite honeycombs was carried
out using an MTS hydraulic universal testing machine (Model
E45) with a maximum load capacity of 600 KN. During the test,
each specimen was positioned on two rigid supports, and a load-
ing nose applied a quasi-static vertical compressive force at a
constant displacement rate of 2mm/min [28]. Both the loading
nose and the supports featured a radius of 9 mm. Concurrently,
a 3D digital image correlation (3D-DIC) measurement system
supplied by Correlated Solutions was employed to accurately
quantify the deformation behavior of the 3D braided compos-
ite honeycomb under bending loads. The configuration of the
experimental apparatus is illustrated in Figure 3. As stated in
Section 2.1.2, five replicate specimens (n=5) were tested for
each experimental group. The key mechanical properties, in-
cluding the maximum flexural load, maximum deflection, and
the slope (P/y) of the initial linear portion of the load-displace-
ment curve, are reported as the mean + standard deviation (SD)
in this study.

3 | Experimental Results and Discussion
3.1 | Flexural Curves and Failure Process
The flexural curves of 3D braided composite honeycombs with

varying joint wall lengths and opening angles under flexural
loads are shown in Figure 4a,b, respectively.
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FIGURE1 | (a)Schematic diagram of a track and column (Cartesian) 3D braiding machine (b) tension yarn and yarn carrier (c) braiding chassis

(d) yarn carrier movement of the 3D braiding “four-step 1x1” method
trajectory of the fabric's separation.

By selecting representative samples for detailed analysis, the
curves can be divided into three distinct stages: OA, AB, and
BC. In the OA stage, the curve shows a linear increase, indicat-
ing that the specimen is in the linear elastic deformation phase
without any damage. During the AB stage, the curve represents

(e) yarn movement trajectory of the fabric's integration (f) yarn movement

a nonlinear increase as the load increases with the displace-
ment, resulting in increased flexural deformation and a gradual
decrease in flexural stiffness. The BC stage is characterized by
a descending curve, where the load reaches the specimen'’s ulti-
mate load-bearing capacity, ultimately leading to failure.

4
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Different joint wall lengths
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Different opening angles

FIGURE2 | The 3D braided composite honeycomb: (a) preparation process (b) samples and their parameters.

Data Computers

Aequleition | L2 @) | :nd software
unit i

connect - L .

FIGURE3 | The experimental apparatus.

The deflection-load curves for all the tested samples exhibited curves, such as that of the 90°-6 sample, exhibit a “sawtooth”
a “cliff-like” drop, indicating failure due to brittle fracture. pattern (viscoelastic behavior), while others, like the 90°-2 and
Further analysis reveals that near the maximum load, some 90°-4 samples, show a smooth, nonlinear gradual rise, reflecting
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FIGURE 4 | Load-displacement curves for typical specimens with varying (a) joint wall lengths and (b) opening angles; (c) the maximum load
and the maximum deflection of 3D braided composite honeycombs under flexural load; (d) simplified force diagram of the 3D braided composite

honeycombs under flexural load.

their respective failure processes. The failure processes of 3D
braided composite honeycombs with varying joint wall lengths
and opening angles can be categorized into two types: (I) minor
cracks develop before specimen failure, not affecting load-
carrying capacity, leading to curves with nonlinear increases;
(IT) cracks develop and gradually propagate before specimen
failure, resulting in “sawtooth-like” fluctuations near the max-
imum load.

3.2 | Flexural Properties of Composite
Honeycombs

In 3D braided composite honeycombs, reducing the joint wall
length or increasing the opening angle leads to a decrease in
maximum flexural load and an increase in maximum deflec-
tion, as illustrated in Figure 4c. For specimens with a 90° open-
ing angle, decreasing the joint wall length from 55 to 4mm
reduced the maximum load by ~26% (from ~1.40 to ~1.03 kN)
and increased the maximum deflection by ~61% (from ~14.41 to
~23.21 mm). On the other hand, for specimens with a consistent
joint wall length of 17mm, increasing the opening angle from

60° to 120° reduced the maximum load by ~32% (from ~1.39 to
~0.95 kN) and increased the deflection by ~44% (from ~15.63 to
~22.58 mm).

Chen [23] demonstrated that during the flexural deformation of
honeycomb structures, inclined cell walls generate flexural mo-
ments to maintain the angular configuration at the junctions.
This behavior can be analyzed by modeling the cell walls as
beams with fixed supports at both ends. Within this model, the
joint wall primarily bears the bending moment (M), while the
free wall is subjected to both the bending moment and torque
(T), resulting in lower bending efficiency compared to the joint
wall. From an energy-based perspective, the work done by the
applied load is stored as strain energy, predominantly in the form
of bending energy within these cell walls. A reduction in joint
wall length diminishes the volume of material effectively partic-
ipating in this elastic energy storage, leading to a lower overall
structural stiffness and maximum load capacity. Similarly, an
increase in the opening angle reduces the vertical component of
the force resisting bending (F), in Figure 4d), effectively weaken-
ing the structure's moment-resisting mechanism and resulting
in higher compliance.
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This mechanical response is consistent with analytical models
for cellular solids, which often treat honeycombs as homoge-
neous orthotropic materials [29]. Accordingly, the structure can
be equivalently treated as a rectangular beam, and its flexural
stiffness D can be evaluated using the three-point bending for-
mula (Formula 1) [30].

b’ B P

D=EI=E-—— = 5 )
where D is the flexural stiffness (N-mm); E is the Young's modu-
lus of the material (MPa), and I is the second moment of area of
the cross-section (mm*). For a beam of width b (mm) and height
h (mm), I=bx h3/12. In the equation, [ is the support span (mm),
P is the applied load (N), and y is the deflection at the mid-
span (mm).

TABLE 2 | The P/y of 3D braided composite honeycombs.

Variable Sample f +SD (N/mm)
Joint wall length 55mm 90°-2 146.09£11.09
17mm 90°-4 90.64+10.26
4 mm 90°-6 65.58 +5.62
Opening angle 60° 60°-4 141.72 £9.00
90° 90°-4 90.64+10.26
120° 120°-4 64.46 +10.01

This formula indicates that, for a constant support span [, the flex-
ural stiffness D is proportional to the slope (P/y) of the initial seg-
ment of the load-displacement curve. Therefore, this study adopts
Py as a direct experimental parameter for comparing the flexural
stiffness of the different honeycomb structures. The experimental
values of P/y are presented in Table 2 as mean+SD (n=>5).

The data in Table 2 shows that P/y follows the order
90°-2>90°-4>90°-6 for jointwall length and 60°-4 > 90°-4 > 120°-4
for opening angle. These observed trends—decreasing P/y with
decreasing joint wall length or increasing opening angle—align
qualitatively with the predictions of these models [29, 30], where
the equivalent elastic modulus is a strong function of the relative
density and cell wall orientation. This correlation confirms that
the fundamental mechanics of our 3D braided composite honey-
combs are governed by the same principles as conventional hon-
eycombs, despite the integral nature of the braided architecture.

3.3 | Damage Analysis

Under flexural loads, the failure of 3D braided composite honey-
combs initiates at the intersection of the joint wall and the free
wall, as depicted in Figure 5. Fracture occurs asymmetrically,
typically on one side rather than simultaneously on both sides
of the pressure head. The fracture location can manifest in two
scenarios: (I) direct fracture at the intersection of the free wall
and the joint wall, indicated by the yellow arrows in Figure 5;
(I7) failure begins at the intersection and progressively extends
toward the free wall, with cracks exhibiting an oblique pattern.

FIGURE 5 | Failure location of 3D braided composite honeycombs under flexural load.
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FIGURE 6 | Images captured by DIC during tests illustrating the strain changes as displacement increases under flexural loading (exx-lateral

strain; eyy-longitudinal strain; exy-shear strain).

This results in a “shear-type” failure mode, as shown by the blue
dashed line in Figure 5.

Analysis of the fracture section of the sample reveals that the
fracture mode of 3D braided composite honeycombs under bend-
ing load is the same as that under in-plane compressive load.
In both cases, yarn breakage, fiber breakage, matrix fracture,
and fiber-matrix debonding can be observed [21]. Additionally,
fractured yarn bundles and fractured fiber bundles distributed
in four different directions are visible [21, 31]. It can thus be
concluded that the fracture mode of 3D braided composite hon-
eycombs under bending load belongs to the typical failure mech-
anism of fiber-reinforced composites.

3D-DIC was used to record the strain of 3D braided composite
honeycombs under flexural loads, allowing for a detailed anal-
ysis of damage progression and failure modes. The strain under
flexural loads for 90°-2 is depicted in Figure 6. According to the
exx strain map, transverse strains initially emerge on the joint
wall, gradually concentrating at the intersection of the free wall
and the joint wall as displacement increases. The surface of the
joint wall in contact with the loading nose experiences transverse
compressive strain, while the underside experiences transverse
tensile strain, with the most pronounced strains occurring at the
intersection. From the eyy strain map, longitudinal strains are ob-
served, showing that the surfaces of the joint wall in contact with

the loading nose experience longitudinal tensile strain on both
sides, while the underside experiences longitudinal compressive
strain. Again, higher strains are noted at the intersection of the
free wall and joint wall. Both exx and eyy strains concentrate at
the “Y-shaped” junction, indicating a stress concentration point
where the specimen is more susceptible to fracture. Exy strains
appear solely on the free wall, with each side of the joint wall ex-
hibiting inclined compressive and tensile shear strains in differ-
ent directions. The strain distribution characteristics for samples
90°-4, 90°-6, 60°-4, and 120°-4 are similar to those of 90°-2.

Based on the analysis above, it is evident that under flexural
loads, strain in 3D braided composite honeycombs concen-
trates at the “Y-shaped” junction where the free wall inter-
sects with the joint wall. The free wall exhibits shear strain,
leading to cracks initiating from this junction and presenting
an inclined fracture surface on the free wall. On each side of
the same joint wall, the free wall experiences shear strains in
opposite directions—specifically inclined tensile and com-
pressive strains. This effect arises because the joint wall bears
greater load capacity than the free wall, causing stress to con-
centrate at the “Y-shaped” junction. If the free wall at this junc-
tion exhibits downward longitudinal and leftward transverse
movement, resulting in inclined tensile strain, the right-side
joint wall will similarly experience downward longitudinal
and rightward transverse movement, forcing the connected
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FIGURE 7 | (a)Schematic diagram of the contact position between the support fixture and the specimen (b) Finite element model of 120°-4; The

influence of (c) material properties and (d-h) structural parameters on flexural stiffness.

right-side free wall to move upward and to the right, thus
exhibiting inclined compressive strain. Consequently, the
strains on the free walls at both ends of the joint wall differ,
explaining why fractures occur only on one side of the pres-
sure head rather than simultaneously on both sides.

4 | Exploring Flexural Stiffness of 3D Braided
Composite Honeycombs Using FEA

As the length of the joint wall (I,) increases, if the contact po-
sition between the support fixture and the specimen is located
within area A (the joint wall) in Figure 7a, the area of the spec-
imen in the span (I) remains unchanged. However, if the con-
tact position is outside of area A or if the location of the contact
changes (entering or exiting area A), the area of the specimen
in the span (I) gradually decreases. Similarly, as the length of
the free wall (I,) increases, if the contact position between the
support fixture and the specimen is within area B (the free wall)
in Figure 7a, the area of the specimen in the span () remains

constant. If the contact position moves outside area B or changes
(entering or exiting area B), the area of the specimen in the span
gradually increases. Additionally, as the wall thickness (¢ or T)
increases, the area of the specimen in the span (I) gradually in-
creases. The area of the specimen in the span (I) also gradually
increases with an increase in the opening angle (6).

This indicates that the flexural stiffness of 3D braided composite
honeycomb is not solely dependent on the amount of material
(the area of the specimen) within the span but is significantly
influenced by its geometric shape. Therefore, it is essential to
investigate the influence of variables, particularly geometric
shape, on flexural stiffness using FEA [30].

4.1 | Geometry Creation and Description
of FEA Model

Establishing a realistic model that precisely matches the 3D
braided composite honeycomb is highly complex. Zhang et al.
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TABLE 3 | Parameters of model 120°-4.

Sample I, (mm) I, (mm) t (mm) 6(°) H (mm) Support span (mm)
120°-4 21 17 6.5 120 15 210
TABLE 4 | Mesh convergence study for model 120°-4. 4.2 | Mesh Sensitivity and Convergence Analysis
Mesh e -
. . P A mesh sensitivity analysis was conducted to ensure the con-
size Number of Simulated = Change vs. .
1 ) N/ y 1 o vergence and accuracy of the finite element results. The model
(mm) elements (N/mm) mm (%) 120°-4 was used for this analysis. The approximate global mesh
1 151,725 83.93 Baseline size was varied from 1 to 3 mm. The flexural stiffness (P/y) was
15 45,150 82.13 —2.14% computed for each mesh size, with the results summarized in
Table 4.
2 19,872 71.47 —14.84%
25 9732 74.17 _11.61% The results .eXhlblt a nor.l—monotomc convergence behavior.
The change in flexural stiffness from 1.5 to 1.0 mm was only
3 5890 Failed to produce a —2.14%, which meets a reasonable convergence criterion of

convergent solution

TABLE 5 | Comparison between experimental and simulated values
of P/y.

Experimental Simulated
values + SD values (N/
Sample (N/mm) mm) Error (%)
90°-2 146.09+11.09 158.43 7.79
90°-4 90.64+10.26 104.53 13.29
90°-6 65.58 £5.62 82.52 20.53
60°-4 141.72 £9.00 148.92 4.84
120°-4 64.46+10.01 82.13 21.52

[32] indicated that the computational results of homogenized
models correspond well with their full-scale counterparts.
Therefore, this section develops a homogenized model of 3D
braided composite honeycombs to explore the factors influenc-
ing their flexural resistance. Based on the geometric parameters
of the honeycombs, a homogenized equivalent solid model is
created using SOLIDWORKS 2021 software and then imported
into Abaqus software for analysis.

The boundary conditions were applied as follows: refer-
ence points RP1 and RP3 were fully fixed, while RP2 was
assigned a displacement-controlled boundary condition
to simulate the loading nose. The interaction between the
support fixtures and the specimen was modeled as friction-
less hard contact. The material was modeled as linear elas-
tic and isotropic, with properties derived from experimental
tensile tests on 3D braided jute/epoxy composites (Young's
modulus =5468.87 MPa, Poisson's ratio=0.48), as shown in
Figure S1 and Table S3. The finite element model of the 120°-4
configuration is illustrated in Figure 7b, with its parameters
detailed in Table 3.

< 5%. The significant deviation observed at the 2.0 mm mesh
size is likely due to an insufficient element distribution in crit-
ical stress concentration regions for that specific discretiza-
tion level. Based on this analysis, a mesh size of 1.5mm was
selected for all subsequent simulations, as it provides a con-
verged solution while maintaining computational efficiency.
This observed sensitivity also highlights the computational
complexity of the honeycomb geometry and justifies the use
of a homogenized material model to make the extensive para-
metric study feasible.

4.3 | Validation of the Numerical Simulations

The precision of the finite element model was assessed by com-
paring the experimental and simulated slopes (P/y) of the ini-
tial linear elastic region of the load-displacement curves under
three-point bending, as summarized in Table 5. The model
successfully captured the qualitative trends of how geometric
parameters influence flexural stiffness; however, quantitative
discrepancies were observed, intensifying with shorter joint
wall lengths and larger opening angles, with a maximum error
of 21.52%.

These discrepancies are attributed to several inherent simpli-
fications in the modeling approach. First, the homogenized
model, while computationally efficient, oversimplifies the
complex internal architecture of the 3D braided composite,
ignoring effects of fiber orientation and the detailed yarn in-
terlacing, particularly at critical stress-concentration regions
like the “Y-shaped” junctions. Also, the possibility of local
yarn compaction has not been addressed in the simplified
model. Second, the assumption of isotropic, linear elastic ma-
terial properties does not reflect the anisotropic nature and
potential variability of the jute/epoxy composite. Third, the
model relied on idealized interfacial and manufacturing as-
sumptions, specifically frictionless contact conditions and the
omission of process-induced imperfections such as geometric
deviations and defects inherent to the VARTM process (e.g.,
local fiber nesting or yarn compaction).
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To quantitatively validate the accuracy of the model, the Root
Mean Square Error (RMSE) and the coefficient of determina-
tion (R?) were calculated. The RMSE between the simulated
values and the experimental means was 14.11 N/mm, and the
R? value was 0.844. The high R? value demonstrates that the
model reliably captures the stiffness trends caused by vari-
ations in geometric parameters, while the RMSE indicates
the average level of deviation in the model's absolute value
predictions.

It is explicitly acknowledged that the current homogenized
model, while valuable for identifying parametric trends, cannot
be considered fully confirmatory of the experimental data in a
quantitative sense, particularly for structures with lower relative
density. Methodological adjustments are necessary to improve
quantitative fidelity. Future refinements should focus on: (1)
implementing a more refined mesh in critical stress concentra-
tion regions; (2) incorporating anisotropic material properties
derived from detailed characterization of the braided composite;
and (3) accounting for both measured imperfections from man-
ufactured samples and potential defects inherent to the VARTM
process, such as local fiber nesting or yarn compaction.

Despite these quantitative discrepancies, the finite element
model demonstrates a consistent ability to capture the correct
influence trends of geometric parameters. Therefore, the model
is deemed suitable for the primary objective of this study: con-
ducting a comparative parametric analysis to identify key drivers
of flexural performance in 3D braided composite honeycombs.

4.4 | Study on Parameters of Flexural Stiffness

Analysis of Formula (1) reveals that the slope of the displace-
ment-load curve (P/y) reflects the flexural stiffness (D) of the
3D braided composite honeycombs, which is influenced by the
material property (E), honeycomb thickness (H), cell joint wall
length (L,), cell free wall length (I,), cell wall thickness (¢/T), and
cell opening angle (6). The influence of these various factors on
the flexural stiffness of 3D braided composite honeycombs is
studied. The most common structure is a hexagonal honeycomb
with an opening angle of 120°, with all variables referenced to
model 120°-4.

4.4.1 | The Young's Modulus of Material

Except for the Young's modulus, the parameters of model 120°-4
were used and remained unchanged. The Young's modulus (E)
varies from 4000 to 7000MPa. As the Young's modulus of the
material properties increases, the flexural stiffness of 3D braided
composite honeycombs show a linear increase, as shown in
Figure 7c. This is consistent with the conclusion obtained earlier
through the analysis using Equation (1).

4.4.2 | The Height of Honeycomb
Except for the specimen thickness, all other parameters remain

consistent with the 120°-4. The honeycomb thickness varies
from 9 to 23mm in increments of 2mm. As the honeycomb

thickness increases gradually, the flexural stiffness also in-
creases and exhibits exponential growth, as shown in Figure 7d.
This is also consistent with the conclusion obtained from the
analysis using Equation (1): increasing the specimen thickness
enhances the structural second moment of area, leading to ex-
ponential growth in flexural stiffness. However, this does not
correspond to the exponent of 3 in Equation (1), the actual ex-
ponent is approximately 2.4, which is due to the influence of the
honeycomb structure's shape.

4.4.3 | The Length of Joint Wall

All parameters, except for the joint wall length (l,), are in line
with the 120°-4 specification. The joint wall length varies from
15 to 21mm in 1 mm increments. Figure 7e illustrates the im-
pact of joint wall length on flexural stiffness, indicating an
overall trend of increasing stiffness with the extension of wall
length. It is noteworthy that the flexural stiffness at a joint wall
length of 16 mm is lower than that at 15 and 17mm. This is at-
tributed to the different lengths of the joint wall, which lead to
varying contact positions between the supporting fixture and
the specimen within the same span, thus altering the structural
shape that bears the bending load within the span, as depicted
in Figure 7a. As the joint wall length increases, the contact po-
sition shifts from the free wall (area B) to the intersection area
of the free wall and the joint wall (the area between area A and
area B), and then to the joint wall (area A). The flexural stiffness
generally shows an upward trend, but it experiences a slight de-
crease as the contact position nears the intersection area of the
free and joint walls.

4.4.4 | The Length of Free Wall

Except for the free wall length (I,), all other parameters are kept
consistent with 120°-4. The free wall length increases from 17 to
22mm in increments of 1 mm. The influence of free wall length
on flexural stiffness is shown in Figure 7f. It can be observed
that as the free wall length increases, the flexural stiffness
shows an overall decreasing trend. However, the flexural stiff-
ness at a free wall length of 20mm is smaller than that at a free
wall length of 21 mm.

As the length of the free wall changes, the contact position be-
tween the specimen and the support fixture within the same
span will also vary, as shown in Figure 7a. Similar observa-
tions regarding changes in the joint wall length are noted: as
the length of the free wall increases, the overall flexural stiff-
ness shows a downward trend, with the flexural stiffness of the
sample slightly decrease as the contact position approaches the
intersection area of the free and joint walls.

4.4.5 | The Thickness of Free Wall

Except for the free wall thickness (f), all other parameters are
consistent with the configuration of 120°-4. As the free wall
thickness increases from 5 to 8mm in increments of 0.5mm,
the influence of free wall thickness on flexural stiffness is de-
picted in Figure 7g. It is observed that as the free wall thickness
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increases, the flexural stiffness gradually enhances, indicating
an increased ability of the 3D braided composite honeycomb to
resist flexural deformation.

According to Equation (1), an increase in free wall thickness
corresponds to an increase in the Second moment of area of both
the free wall and the joint wall cross-sections. Flexural stiffness
is directly proportional to the Second moment of area of the
cross-section. Therefore, the flexural stiffness of the 3D braided
composite honeycomb exhibits an approximately linear growth
with the increment of the free wall thickness.

When the wall thickness of the free wall is between 5mm and
6mm, the contact position between the supporting fixture and
the sample is in the free wall. For wall thicknesses of 6.5 and
7mm, the contact position is in the intersection area of the free
and joint walls. When the wall thickness is 7.5 and 8 mm, the
contact position is in the area of the joint wall.

It can be concluded that as the wall thickness of the free wall
increases, the overall flexural stiffness shows an upward trend.
However, the impact on flexural stiffness is greater when the
contact position is on the joint wall.

4.4.6 | The Opening Angle

Except for the opening angle (6), all other parameters are
kept consistent with the 120°-4. The opening angle increases
from 40° to 140°, and its effect on flexural stiffness is shown
in Figure 7h. It can be observed that as the opening angle in-
creases, the flexural stiffness gradually decreases. This is con-
sistent with the experimental findings that flexural stiffness
follows the order 60°-4>90°4>120°4. As the opening angle
increases sequentially, according to Figure 4d, it is evident that
the force F_ resisting flexural at the free end decreases progres-
sively. Consequently, the specimen'’s ability to resist flexural
deformation decreases accordingly, resulting in a gradual reduc-
tion in flexural stiffness.

4.4.7 | Stress Analysis

It can be observed that under 3-point flexural load, stress
mainly concentrates at the intersection of the joint wall and
the free wall. As stress increases, a tilted stress region forms
on the free wall.

Taking the example of the 120°-4 specimen for analysis, the
stress variations under different displacements are shown in
Figure 8a. It is evident that stress first appears on the free
wall, and with increasing displacement, stress gradually con-
centrates more at the intersection of the free wall and the
joint wall, growing larger. During this process, shear stresses
develop, extending toward the free wall. As indicated in
Figure 8b, the positions of stress concentration and the regions
of high stress on the free wall correspond to the locations and
modes of fracture of the specimen. Figure 8c shows that the
maximum strain area observed with 3D-DIC corresponds to

the stress concentration positions identified by finite element
analysis.

While a quantitative, point-to-point comparison of the full-field
DIC and FEA strain values was not performed, the strong qualita-
tive agreement in the location and pattern of the maximum strain
zones provides confidence in the model's predictive capability for
failure initiation. A more rigorous quantitative validation of strain
fields will be a focus of future studies.

5 | Conclusion

This study experimentally and numerically investigated the ef-
fect of geometric parameters on the flexural performance of 3D
braided composite honeycombs. The main conclusions are as
follows:

1. The flexural performance is highly sensitive to geomet-
ric parameters. For 90° honeycombs, decreasing the joint
wall length from 55 to 4mm reduces the maximum load
by ~26% and the flexural stiffness (P/y) by ~55%, while in-
creasing maximum deflection by ~61%. For a 17 mm joint
wall, increasing the opening angle from 60° to 120° de-
creases the maximum load by ~32% and the flexural stiff-
ness by ~55%.

2. The 3D braided composite honeycombs consistently exhib-
ited sudden brittle fracture. Failure consistently initiates at
the stress-concentrated “Y-shaped” junction, leading to an
inclined shear-type fracture on the free wall. This identi-
fies the junction as the critical region requiring reinforce-
ment in design.

3. A homogenized finite element model effectively predicted
the trends in flexural stiffness. To maximize flexural stiff-
ness, the optimal design strategy involves employing a
smaller opening angle combined with a shorter joint wall,
while ensuring that the support fixture contacts the joint
wall directly rather than the intersection region. To en-
hance energy absorption or deflection capacity, a larger
opening angle paired with a longer joint wall is recom-
mended. Flexural stiffness demonstrates a linear relation-
ship with wall thickness and an exponential relationship
with specimen height (exponent ~2.4), providing efficient
and strategic pathways for performance enhancement in
structural design.

4. The strong correlation between DIC-measured strain
concentrations, FEA-predicted stress fields, and actual
fracture locations validates the failure mechanism and
provides confidence in the model for guiding design.

These findings have the potential to inform future research and
development in composite honeycomb, particularly in applications
where bending resistance and structural integrity are critical, such
as in sandwich panels for transportation and aerospace industries,
laying a foundation for subsequent optimization studies.

This work has limitations, including the homogenized mod-
el's simplification of the complex architecture, leading to
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FIGURE 8 | The analysis of stress, strain and damage location: (a) stress variation of FEA (b) correlation between FEA stress distribution and
fracture location of the specimen (c) correlation between 3D-DIC strain distribution and FEA stress distribution.

quantitative discrepancies and the focus on linear elastic be-
havior prior to failure. Future work should involve detailed mi-
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