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Abstract

This study investigates the energy absorption capacity of large three-honeycomb cell
cores of different geometrical configurations, focusing on the influence of the constructive
parameters on their impact response. The analyzed sandwich structures were additively
manufactured using Onyx (a nylon-based composite) for the core cells and integrated
into an assembly consisting of 6060-aluminum face sheets and encapsulated within a
6060-aluminum tube. These configurations represent a realistic engineering solution for
lightweight structures designed for energy absorption. The analyses were conducted
for two impact energy levels, 20 J and 50 J, enabling the evaluation of the structural
sensitivity to different dynamic loading conditions. The results indicate a significant
reduction in peak force with an increasing number of cells along the height. Compared to
the single-cell configuration, the peak force decreases by approximately 15% for the two-cell
configuration and 22.5% for the three-cell configuration, corresponding to a reduction of
roughly 9% between the two- and three-cell cases. These findings highlight the critical role
of geometry in optimizing the impact performance of honeycomb structures and provide
relevant insights for the design of additively manufactured energy-absorbing crush-type
components in engineering applications.

Keywords: Onyx printing; SEM; honeycomb; reentrant; FEM; energy absorption;
crush-type structure

1. Introduction
Energy-absorbing structures, or crush-type structures, are passive components de-

signed to dissipate the kinetic energy generated during frontal collisions in automotive,
railway, and aerospace applications [1]. Their operating principle relies on progressive,
controlled plastic deformation, as impact energy is converted into mechanical deforma-
tion work, thereby reducing the forces transmitted to the primary structure [2]. The
assessment of the performance of crush-type structures depends on a range of recognized
crashworthiness metrics commonly used in the literature, such as energy absorption,
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peak crushing force, mean crushing force, and specific energy absorption [3]. The pri-
mary difficulty in creating energy-absorbing systems is to attain a high specific energy
absorption while keeping a low and stable crushing force profile, making sure that the
deceleration faced by the protected structure stays within acceptable limits [4,5]. Thin-
walled structures are recognized as the most commonly used type of energy absorbers
because of their advantageous mass–performance ratio, manufacturing adaptability, and
clearly understood failure mechanics [6]. Dynamic drop-weight impact tests are usually
used for experimental assessment of these parameters, while validated explicit finite
element models are utilized for numerical evaluation.

A significant evolution in the field has been prompted by the growing adoption of
additive manufacturing techniques, which remove the geometric constraints inherent
in conventional forming processes and enable the fabrication of impact absorbers with
unprecedented structural complexity.

Onyx, a composite made of nylon and short carbon fibers, provides enhanced stiffness
and surface quality. Moreover, the integration of continuous carbon fiber further enhances
the load-bearing capability and rigidity of the printed components. The impact of the
carbon fiber reinforcement direction on the mechanical properties of Onyx FR-A composites,
produced with a Markforged FX20 printer [7], was examined via mechanical testing, such
as tensile, compressive, open-hole tension, and interlaminar shear stress assessments.
The results show that fiber alignment is essential in influencing material performance.
The bending behavior of 3D-printed continuous fiber-reinforced composites was used to
examine the effects of fiber types, alignment, and temperature [8]. Evidently, the printing
procedure is prone to various defects resulting from the fabrication process parameters,
including porosity, inadequate fiber impregnation with the polymer, and disorientation of
the fibers. All characteristics rely on particular printing settings and environmental factors.
The effect of two printing parameters, specifically the orientation and placement of the
components on the printing platform, as well as the effect of humidity on the mechanical
properties of the components, was examined on samples produced with Onyx utilizing a
Markforged X7 printer [9].

Sun et al. [10] examined, using both experimental and numerical approaches, the
effects of face sheet and core thickness, along with honeycomb cell size and wall thickness,
on the performance of sandwich panels featuring a honeycomb core subjected to impact
loads. They discovered that the thickness of the core has minimal impact on the failure
mechanism, whereas a rise in face sheet thickness significantly enhances perforation re-
sistance and energy absorption capability. The same team of researchers examined the
dynamic reaction of uniform and stepwise graded aluminum foam cores when exposed to
low-velocity impact. They discovered that the density gradient of the graded foam greatly
affects the damage pattern of the upper face sheet. Moreover, they found that enhancing
the efficiency of sandwich panels can be achieved by raising the front-to-back thickness
ratio while keeping the overall thickness unchanged [11]. Yang et al. [12] examined how
temperature influences the deformation and failure characteristics of composite sandwich
panels featuring polymeric foam cores subjected to low-velocity impacts. For many years,
additive manufacturing (AM), often referred to as 3D printing or rapid prototyping, has
emerged as a relatively novel fabrication technique that utilizes a geometrical model de-
signed by a 3D computer to deposit material layer by layer, thereby producing objects with
intricate 3D architectural designs and reduced waste while achieving satisfactory geometric
precision. Thorough evaluations offer substantial perspectives on possible engineering
uses and upcoming obstacles [13,14]. AM provides enhanced flexibility in creating inno-
vative structures, enabling materials to be strategically placed to enhance or tailor their
mechanical characteristics.
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In a recent extensive analysis, Wu et al. [15] underscored advancements in AM, fo-
cusing on the mechanical properties of materials and structures, particularly related to
energy absorption applications. The examination also investigated design optimization
methods, such as parametric, topology, and nondeterministic optimization, which address
the uncertainties that emerge from the manufacturing process. Furthermore, approaches
that employ data-driven strategies and machine learning were highlighted for their con-
siderable effectiveness in managing process–property connections and enabling real-time
supervision throughout manufacturing.

This research article focuses on the design and testing of crush-type structural com-
ponents made from a honeycomb Onyx core encapsulated in an aluminum shell. This
lightweight configuration ensures an effective damping and energy-absorbing system to be
used in space applications. The novelty of this work consists in the combined experimental
and numerical investigation of the impact response of additively manufactured sandwich
cores, together with a comparative assessment of multiple geometric configurations under
identical impact energy levels. In addition, the study addresses in-plane impact loading of
large cell honeycomb configurations rather than the conventional out-of-plane compres-
sion typically reported in the literature. Section 2 presents the procedures by which the
sandwich honeycomb and reentrant structures were realized using the Onyx material as a
core with one, two, or three large cells. SEM analyses reveal the morphology of the material
used, and impact testing is performed with an Instron CEAST 9340 drop weight tower. The
results obtained are presented in Section 3 for impact tests done at two energy levels by
evaluating the structural sensitivity under different dynamic loading conditions. Finite
element simulations of the impact behavior for all three configurations closely reproduced
the crush behavior observed during the experimental testing. Section 4 discusses the overall
structural response of the two variants and three geometrical configurations at 20 J and 50 J
impact energy levels in terms of maximum force and absorbed energy. Brief conclusions
are presented to summarize the advantages of using such structural configurations in crush
space applications.

2. Materials and Methods
2.1. Material for 3D Printing and Configuration of Tested Sandwich Structures

Since the core of the experimental energy-absorption components was manufactured
from Onyx [16], a characterization of this material was also required. Onyx is a nylon-
based composite material reinforced with chopped carbon fibers, specifically developed
for additive manufacturing applications, offering improved stiffness, dimensional stability,
and surface quality compared to conventional nylon materials.

In order to obtain the required material properties for the manufactured specimens, the
ASTM D638-22 standard [17] was used. This testing standard enabled the determination of
the mechanical properties of the tested specimens. The tensile testing specimen geometry
selected was the “Type I” configuration, having the geometrical characteristics shown
in Figure 1.

 

Figure 1. Dimensions of the Type I specimen according to ASTM D638-22.
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All components manufactured through additive manufacturing within this study
were produced using identical processing parameters in order to ensure consistency and
repeatability of the fabricated parts. The selected printing configuration consisted of a layer
height of 0.125 mm, a solid infill corresponding to 100% fill density, and two perimeter
wall layers.

For the development of the core part of the crush-type energy-absorption elements, the
representative honeycomb volume with hexagonal cells can exhibit two planes of symmetry,
as shown in Figure 2. In order to evaluate whether one configuration provides structural
advantages over the other, both variants were designed and analyzed. Furthermore, to
investigate whether the effects of the representative volume scale linearly, the models were
manufactured with one, two, and three cells along the height direction.

 

Figure 2. Section of a panel made of hexagonal unit cells.

Additionally, Figure 3 also presents the dimensions of the honeycomb unit cell used
for generating the panel geometry and manufacturing the cores of the components.

 
Figure 3. Honeycomb hexagonal unit cell [18].

Following the selection of the hexagonal geometry and its division into the two
possible configurations, Figure 4 illustrates a crash box type test specimen corresponding
to a model containing a single unit cell along its height. The outer faces and cylindrical
shell were manufactured from 6060-aluminum alloy, both having a thickness of 2 mm, such
that the metallic components do not significantly stiffen the structure.
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Figure 4. Crash box structure with Onyx honeycomb core and aluminum face sheets encapsulated in
an aluminum cylinder: (A) complete configuration; (B) core diameter; (C) cylinder diameters.

The aluminum face sheets were manufactured by CNC machining from a 2 mm
thick plate, ensuring high dimensional accuracy and good geometric repeatability. The
cutting process enabled the final part contours to be obtained according to the engineering
drawings, with controlled tolerances and clean edges, without significant manufacturing-
induced defects, as illustrated in Figure 5.

 
Figure 5. Aluminum face sheets fabricated by the CNC machining process.

The bonding between the EN AW-6060 aluminum face sheets and the Onyx compo-
nents was achieved using Everbond 3001 [19] structural adhesive, following a controlled
surface preparation and application procedure to ensure optimal and reproducible adhe-
sion. The surfaces of both materials were mechanically abraded using 180-grit sandpaper
to remove the superficial oxide layer in the case of aluminum and to increase surface
roughness, thereby enhancing mechanical interlocking of the adhesive.

After sanding, the surfaces were cleaned and degreased using technical-grade alcohol
to remove contaminants such as oils, dust, and abrasive residues that could compromise
adhesion performance. The adhesive was then applied in a uniform layer with a thickness of
approximately 0.1 mm, after which the components were assembled and maintained under
constant pressure using a clamping device for 24 h. The application of sustained pressure
during curing ensured effective contact between the bonded surfaces and minimized the
risk of voids or discontinuities within the adhesive layer.

It can be observed that for each configuration, three specimens were manufactured,
corresponding to one, two, and three cells, respectively. Since both variants are based on
the same unit cell geometry but differ with respect to the applied plane of symmetry of
the cell, the negligible mass variation is attributed to the circular adaptation of the cores
required to fit within the cylindrical enclosure.

For ease of identification, the specimens are designated based on the unit cell con-
figuration, with Figure 6A corresponding to variant 1 (V1) honeycomb and Figure 6B
corresponding to variant 2 (V2) reentrant.
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Figure 6. Additively manufactured parts: (A) V1 configuration technical drawing; (B) V2 config-
uration technical drawing; (C) V1 configuration additively manufactured; (D) V2 configuration
additively manufactured; (E) V1 configuration with bonded face sheets; (F) V2 configuration with
bonded face sheets.

The insertion of the panel into a cylindrical shell provides lateral constraint to the
structure. This constraint limits the radial deformation of the core and stabilizes the collapse
mechanisms of the cells, promoting a more uniform and progressive deformation along the
impact direction, as shown in Figure 7.

Figure 7. Cylindrical outer shells for each cell configuration.

At the same time, Table 1 shows that the mass differences between the two configu-
rations for the same number of cells are negligible. From this comparison, it can also be
observed that additive manufacturing enables a reduction in both production time and cost
for smaller-scale components.
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Table 1. Information about additively manufactured parts obtained from the from slicer.

Height

V1 V2

Mass
[g]

Volume
[cm3]

Print Duration
[h:min]

Material Price
[$]

Mass
[g]

Volume
[cm3]

Print Duration
[h:min]

Material Price
[$]

1 Cell (C1) 41.49 36.33 09:08 8.63 42.95 37.55 08:39 8.92

2 Cells (C2) 84.34 73.82 16:47 17.53 85.71 74.95 16:16 17.80

3 Cells (C3) 127.14 111.25 24:00 26.42 128.48 112.37 23:53 26.69

The difference between the estimated slicer values and the obtained masses is approxi-
mately 5.27%, as seen in Table 2. Based on previous assessments of additively manufactured
structures, this deviation is consistently observed for components produced on a Mark-
forged X7 device using Markforged Onyx and is therefore considered characteristic for the
manufacturing process.

Table 2. Mass of the additively manufactured parts.

Configuration Real Mass [g] Slicer Mass [g] Error [%]

V1C1 39.7 41.49 4.41%

V1C2 80.0 84.34 5.28%

V1C3 120.7 127.14 5.20%

V2C1 40.8 42.95 5.13%

V2C2 80.8 85.71 5.90%

V2C3 121.4 128.48 5.67%

2.2. Methods Used for Experimental Analyses

For the SEM (Scanning Electron Microscope) analysis of the tensile specimens made of
Onyx (nylon), we used an SEM-QUANTA FEG-250 microscope (Thermo Fisher Scientific
Inc., Waltham, MA, USA), and the application of a thin gold coating was necessary, as nylon
is an electrically insulating material and, without such a coating, electrostatic charging
effects would occur and interfere with image quality; as can be seen in Figure 8, an attempt
was made to analyze the surface without coating.

 

Figure 8. Sample from a tensile specimen, analyzed without gold coating.

https://doi.org/10.3390/app16125858

https://doi.org/10.3390/app16125858


Appl. Sci. 2026, 16, 5858 8 of 25

The coating was applied using a Quorum SC7620 Mini Sputter Coater (Quorum
Technologies, Sussex, UK) [20], a device operating under vacuum conditions to prevent
oxidation and uncontrolled dispersion of metallic particles. During the process (Figure 9)
solid gold is ionized and released in the form of atoms or ions, which are uniformly
deposited onto the specimen surface, providing electrical conductivity and preparing the
sample for electron beam scanning. The sputtering process therefore ensures a thin, uniform,
and controlled coating without affecting the fine morphology of the analyzed material.

 
(A) 

 
(B) 

 
(C) 

 
(D) 

Figure 9. Gold coating process: (A) sputtering device; (B) samples before coating; (C) vacuum
deposition process of the gold layer; (D) samples finished with conductive gold layer.

For the traction testing according to the indications provided by the specific stan-
dard [17], the recommended deformation rate for such specimens is 5 mm/min ± 25%.
The mechanical tests on the tensile specimens were carried out by using a ZwickRoell
(ZwickRoell Group, Ulm, Germany) Z010 universal testing machine [18].

The impact tests were conducted using an Instron CEAST 9340 (Illinois Tool Works,
Inc., Glenview, IL, USA) drop-weight impact tower, as shown in Figure 10. The C-7529-313
impactor insert, featuring a spherical geometry with a 20 mm diameter, was used as the
tup of the impactor.

 

Figure 10. Impact drop-weight Instron CEAST 9340 (left side) with specimen fixture (right side).

For each geometry, only a single specimen was tested under identical experimental
conditions. This approach was considered sufficient for the scope of the study, which
focuses on comparative evaluation of global structural response under consistent testing
conditions rather than statistical characterization of variability.

To achieve the required energy levels, additional masses of varying values were
mounted onto the impact system. The specimens were positioned inside the aluminum
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tubes and subsequently fixed at both ends, ensuring that the test conditions closely repli-
cated the configuration and constraints of real applications.

In order to comprehensively evaluate the impact response of the specimens and their
energy absorption capability, the experimental tests were conducted at two distinct impact
energy levels, namely 20 J and 50 J. The selected energy levels enabled the assessment of
the structural behavior under different loading severities, allowing for the identification of
the deformation and energy dissipation mechanisms developed during impact.

The raw data obtained from the experimental tests were further processed to extract
additional information using a custom MATLAB R2025b code.

2.3. FEM Impact Simulation

A finite element analysis was performed using MSC Patran version 2017.0.2 2 and MSC
Nastran version 2017.0 for the characterization of the impact behavior of the structures.
The transient dynamic response is solved using explicit time integration based on the
discretized form of the nonlinear dynamic equilibrium equation

M
..
u = fext(t)− fint(u)− fc

(
u,

..
u
)

(1)

where M is the mass matrix, u is the nodal displacement vector, fext is the external load
vector, fint represents the nonlinear internal forces and fc is the contact force contribution.

To conduct the numerical investigation, three distinct databases were generated,
corresponding to each of the analyzed configurations.

The numerical models (Figure 11) were made using 8-node hexahedral solid elements
and 6-node tetrahedral elements. The model consists of a rigid support surface (ground)
and an impactor with a diameter of 20 mm; both were defined as perfectly rigid bodies.
The tube enclosing the panels, the face sheets, and the core were modelled as elasto-plastic
structures in order to accurately capture the nonlinear mechanical response of the system
under impact loading conditions.

Figure 11. Finite element model section of crash-box configuration V1C1.

In order to reduce model complexity and computational cost, the bonded region
between the panel face sheets and the core was idealized, with the two regions being
equivalently treated as a continuous medium, without the explicit modelling of the adhesive
layer. This simplification was adopted due to the very small thickness of the adhesive
layer, the limited availability of its impact-related mechanical properties, and its negligible
influence on the overall structural behavior of the specimens. It is considered valid by
means of finite element simulations, as no evidence of delamination was identified in any
of these configurations (the V1 configurations) when experimentally tested.

https://doi.org/10.3390/app16125858
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In order to obtain the desired impact energy, the head was assigned an initial velocity
of 3 m/s and a mass of 4.4 kg, corresponding to an impact energy of 20 J. For the 50 J
impact case, the head mass was increased to 11 kg, while the initial velocity remained
unchanged. The initial velocity applied in the FEM model is shown in Figure 12A. The
boundary conditions used to constrain the support surface beneath the specimen are
presented in Figure 12B.

 
(A) (B) 

Figure 12. Model including loading and boundary conditions: (A) initial velocity applied; (B) all
translational degrees of freedom fixed.

Contact interaction between the tup and the structure is modelled using a surface-to-
surface contact definition, allowing for separation and compression without penetration.
Frictional behavior is included through a Coulomb friction formulation with a constant
friction coefficient of 0.45.

Table 3 presents the number of nodes and elements corresponding to each of the three
numerical databases which model the hexagonal configuration.

Table 3. Number of nodes and elements of each finite element model for configuration V1.

Configuration Elements Nodes

C1 49,074 17,963

C2 83,345 30,223

C3 117,610 42,239

The material distribution follows the exact assembly configuration: the tube and the
face sheets are manufactured from 6060-aluminum, while the core is made of Onyx. The
mechanical properties of the employed materials are presented in Table 4. The adopted
values for Onyx correspond to the tensile test results obtained from specimens exposed to
environmental conditions for the same duration as the core structures.

Table 4. Material properties used for material definition in numerical models.

Material Property Value Material Property Value

6060.T6

Elastic Modulus 70,000 MPa

Onyx

Elastic Modulus 800 MPa

Density 2.7 g/cm3 Density 1.2 g/cm3

Poisson’s
Coefficient 0.33 Poisson’s

Coefficient 0.4

Yield Stress 160 MPa Yield Stress 20 MPa

Yield Strain 0.2% Yield Strain 4%

Ultimate Stress 215 MPa Ultimate Stress 35 MPa

Ultimate Strain 8% Ultimate Strain 40%
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The materials within the numerical model were defined using an elasto-plastic con-
stitutive formulation based on a bilinear stress–strain curve. Strain rate effects were
incorporated using the Cowper–Symonds constitutive model. The Cowper–Symonds con-
stitutive model is a strain-rate-dependent formulation commonly used in explicit dynamic
finite element analyses to account for the increase in material strength under rapid loading
conditions such as impact, crash and drop tests.

σd
y = σy

1 +

( .
εp

C

) 1
p
 (2)

where σd
y is the dynamic yield stress, σy is the quasi-static yield stress,

.
εp is the equivalent

plastic strain rate, C is the strain rate coefficient and p is the strain rate exponent.
The Johnson–Cook model is generally considered more advanced than the Cowper–

Symonds formulation, as it can simultaneously account for strain hardening, strain rate
sensitivity, and thermal softening within a unified constitutive framework. However, the
Cowper–Symonds approach is sufficient for the present impact analysis since the loading
conditions are dominated by strain rate effects, making it an adequate and computationally
efficient approximation for capturing the material response.

The obtained results provide a basis for comparing the performance of the analyzed
configurations in terms of deformation mechanisms, stress distribution, and energy absorp-
tion efficiency.

3. Results
3.1. SEM Analysis of Tensile-Tested Specimens
3.1.1. Analysis of the Onyx Filament Cross-Section

For a comprehensive SEM evaluation, the raw Onyx filament was analyzed in addition
to the manufactured specimens. Since the manual sectioning of the filament inevitably
introduces surface deformations and irregularities, the resulting cross-section is not per-
fectly flat or uniform. Nevertheless, the obtained section, Figure 13A, provides sufficient
information for evaluating the distribution of the carbon microfibers within the material,
the material homogeneity, and the overall quality of the filament prior to the additive
manufacturing process.

(A) (B) 

Figure 13. Onyx filament: (A) section, 100×; (B) detail on carbon microfiber with 4000× magnification.

In Figure 13B, a detailed view of an individual carbon microfiber can be observed. Fur-
thermore, the cross-sectional morphology appears uniform and free from significant voids
or internal defects, while the carbon microfibers are consistently distributed throughout
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the entire filament section, indicating a homogeneous material structure and good filament
manufacturing quality.

3.1.2. Analysis of the Cut Cross-Section Surface

The section obtained from the tensile specimen was produced by mechanical cutting.
The cutting blade induced localized melting of the material, an effect that is visible in
the SEM surface analysis. Despite this phenomenon, the surface exhibits a porous mi-
crostructure, with evident voids observable in Figure 14A and more clearly defined in
Figure 14B.

 
(A) (B) 

Figure 14. Specimen cut cross-section: (A) overview, 100×; (B) detail on porous area, 500×.

Additionally, a relevant observation is the presence of carbon microfibers within the
material, which are non-uniformly distributed but fully embedded within the polymer matrix.

3.1.3. Analysis of the Prepared and Resin-Embedded Surface

The preparation of this cross-sectional specimen involved embedding the sample in
a cold-curing resin within a cylindrical mold. Subsequently, the embedded sample was
progressively ground using abrasive papers of increasing grit size under a continuous water
jet until a flat, smooth surface finish was obtained. Since both Onyx and the embedding
resin are non-conductive materials, the specimen was finally coated with a thin gold layer,
Figure 15A, in order to prevent electrostatic charging during SEM analysis.

  
(A) (B) (C) 

Figure 15. Embedded cross-section: (A) overview; (B) detail on cross-section, 100×; (C) detail on
hollow areas, 500×.

Although the preparation process alters the original microstructure of the cross-section,
it does not allow for the evaluation of interlayer adhesion, layer thickness, or the distribu-
tion and orientation of the microfibers within the material. Nevertheless, manufacturing
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defects, namely material voids, Figure 15B, are clearly visible. It can be observed that
voids are present throughout the outer region of the section in a relatively periodic dis-
tribution. These defects are associated with the manufacturing process, with the pores
exhibiting irregular morphologies and sizes ranging between approximately 10 and 50 µm,
Figure 15C.

3.1.4. Analysis of the Fracture Surface

Analyzing the fracture cross-section of the tensile specimen, it can be observed that the
surface exhibits a symmetric, layered morphology, Figure 16A, with a well-defined interface
between successive layers, Figure 16B. The fracture surface presents a fibrous appearance,
characteristic of a ductile failure mode, Figure 16C, typical of polyamide-based materials.

  
(A) (B) (C) 

Figure 16. Fracture cross-section: (A) overview, 100×; (B) detail on layers, 150×; (C) detail of (B) on a
fibrous aspect of the area, 500×.

Carbon microfibers are also visible within the section, occurring in localized agglom-
erations. Furthermore, the presence of interlayer porosity suggests potential interfacial
defects, which may act as stress concentration sites and possible crack initiation points.

3.2. Impact Behavior of Honeycomb-Based Crash Energy Absorbers
3.2.1. Experimental Evaluation of the 20 J Impact Energy Case

It can be observed that for the tested parts from configuration V1, following impact,
Figure 17, the damaged region is primarily localized in the central area of the upper
face sheet. Furthermore, configuration V1C1 exhibits the highest damage level, whereas
configuration V1C3 is the least affected. This behavior indicates an increase in load-bearing
capability and energy absorption capacity with the increase in the number of cells.

 
(A) 

 
(B) 

Figure 17. Configuration V1 after 20 J impact: (A) overall view; (B) top view.
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Configuration V2 did not exhibit a satisfactory structural response under impact
conditions at 20 J; its behavior showed high deformation. All three variants corresponding
to configuration V2 showed a consistent failure mode, Figure 18, characterized by rapid
and abrupt delamination of the aluminum face sheets, followed by their bending under the
action of the impactor.

Figure 18. Configuration V2 after 20 J impact.

As a consequence of this failure mechanism, the contribution of the core to load-
bearing was negligible, with the impact being sustained almost entirely by the upper
metallic face sheet.

The V1C1 configuration recorded a peak impact force of 5.952 N (Figure 19A) with an
impact duration of approximately 6 ms, while the energy absorbed by the specimen was
around 15.57 J, Figure 19B. For the V1C2 configuration, the peak impact force decreased
to 5.212 N, Figure 19C, indicating an improved energy absorption capability as a result of
doubling the number of cells. The impact duration increased to approximately 7 ms, while
the absorbed energy remained comparable to that of V1C1, at 14.63 J, Figure 19D. The V1C3
configuration exhibited the lowest peak impact force, approximately 4.723 N, Figure 19E.
At the same time, it showed the longest impact duration, reaching about 8 ms, while the
absorbed energy was slightly lower compared to the previous configurations, with a value
of approximately 13.79 J, Figure 19F.

The comparative evaluation of the structural performance of configuration V2 could
not be carried out in a relevant way, as the failure mechanism masked the influence of
the core geometric parameters. Nevertheless, all three tests indicated similar results as
presented in Figure 20, namely a peak impact force of approximately 3.750 N, an impact
duration of around 10 ms, and an absorbed energy of approximately 18 J.

Therefore, it can be concluded that configuration V2 is not suitable for impact loading
applications due to its high susceptibility to delamination and its limited ability to transfer
load between the face sheets and the core.

3.2.2. Experimental Evaluation of the 50 J Impact Energy Case

By increasing the impact energy from 20 J to 50 J, the V1 configurations continued to
have an adequate structural response, with minimal damage, as shown in Figure 21.

However, it should be noted that, due to the use of a load cell with a maximum
capacity of 10 kN, the V1C1 configuration exceeded this limit, resulting in the inability to
record the actual peak force value.

For the V1C1 configuration, although the peak force could not be accurately deter-
mined, as the maximum possible acquired force was limited, as seen in Figure 22A, due
to equipment limitations, an increase in impact duration to 9 ms was observed, while the
energy absorbed by the specimen reached 42.22 J, Figure 22B. The V1C2 configuration
recorded a peak impact force of 8.461 N (Figure 22C), an impact duration of around 12 ms,
and an absorbed energy of 38.13 J, Figure 22D. In the case of the V1C3 configuration, the
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peak force decreased to 7.767 N (Figure 22E) while the impact duration increased to about
13 ms, and the absorbed energy was 36.38 J, Figure 22F.

 
(A) 

 
(B) 

 
(C) 

 
(D) 

 
(E) 

 
(F) 

Figure 19. Results for 20 J energy impact, configuration V1: (A) force–time curve V1C1;
(B) energy–time curve V1C1; (C) force–time curve V1C2; (D) energy–time curve V1C2; (E) force–time
curve V1C3; (F) energy–time curve V1C3.
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Figure 20. Results for 20 J energy impact, configuration V2: (A) force–time curve V2C1;
(B) energy–time curve V2C1; (C) force–time curve V2C2; (D) energy–time curve V2C2; (E) force–time
curve V2C3; (F) energy–time curve V2C3.

Comparatively, it can be observed that, with the increase in the number of cells, the
peak impact force tends to decrease, while the impact duration increases, showing a more
progressive structural response. Although the absorbed energy shows a slight reduction
from V1C1 to V1C3, all configurations show a high energy dissipation capacity under the
50 J impact condition.
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3.3. Finite Element Simulations of the Tested Honeycomb-Based Energy Absorbers
3.3.1. Finite Element Simulation of the 20 J Impact Energy Case

Under the 20 J impact energy scenario, the finite element models of all three configu-
rations closely reproduced the loading behavior observed during the experimental tests,
Figure 22. The force–displacement curves exhibit a strong correlation with the experimental
responses, confirming the fidelity of the numerical models and supporting their validation.
A similarly close agreement can also be observed in the energy–time responses, further
demonstrating the capability of the FEM models to accurately capture the impact behavior
of the structures.

The comparison between numerical and experimental results is performed using
the relative error as the primary validation metric. This is used consistently throughout
the validation procedure to assess the agreement between simulations and experiments,
particularly for key response parameters such as impact force and absorbed energy. No
statistical dispersion measurement, such as standard deviation, is applied in this context,
as the study relies on single experimental reference curves rather than repeated datasets.

For the V1C1 configuration, Figure 23A, the difference between the experimental
and numerical peak force values was 6.16%, with the experimental peak force reaching
5.952 N, compared to 5.597 N obtained from the FEM simulation. The V1C2 configuration,
Figure 23C, exhibited the closest correlation between experimental and numerical results,
with an error of only 2.41%, corresponding to an experimental peak force of 5.213 N and a
simulated value of 5.088 N. The largest discrepancy was observed for the V1C3 configura-
tion, Figure 23E, where the experimentally measured peak force was 4.723 N, while the
FEM model predicted a value of 4.279 N, resulting in a difference of 9.84%. Nevertheless,
all deviations remained below 10%, which is generally considered an acceptable range for
impact-related numerical simulations.

The aforementioned differences do not affect the overall fidelity of the model, which
accurately captures both the energy absorption mechanism and the mechanical response of
the assembly.

 
(A) 

 
(B) 

Figure 21. Configuration V1 after 50 J impact: (A) overall view; (B) top view.
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Figure 22. Results for 50 J energy impact, configuration V1: (A) force–time curve V1C1;
(B) energy–time curve V1C1; (C) force–time curve V1C2; (D) energy–time curve V1C2; (E) force–time
curve V1C3; (F) energy–time curve V1C3.
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Figure 23. Experimental and FEM 20 J energy impact comparison, configuration V1: (A) force–time
curve V1C1, (B) energy–time curve V1C1, (C) force–time curve V1C2, (D) energy–time curve V1C2,
(E) force–time curve V1C3, (F) energy–time curve V1C3.

3.3.2. Finite Element Simulation of the 50 J Impact Energy Case

Similarly to the observations made for the 20 J impact scenario, the numerical models
corresponding to the 50 J impact condition also showed a strong correlation with the
experimental results, confirming the capability of the FEM approach to accurately reproduce
the structural response under higher energy loading conditions.
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Since, for the 50 J impact energy scenario (Figure 24), the peak force correspond-
ing to the V1C1 configuration could not be experimentally recorded, as can be seen in
Figure 24A, due to exceeding the load cell capacity, an estimation can be made based on
the FEM-predicted value of 11.631 N. Considering the correlation observed for the previ-
ously validated configurations, the actual peak force is most likely within an interval of
approximately ±7% relative to the numerical prediction.

 
(A) 

 
(B) 

 
(C) 

 
(D) 

 
(E) 

 
(F) 

Figure 24. Experimental and FEM 50 J energy impact comparison, configuration V1: (A) force–time
curve V1C1: (B) energy–time curve V1C1: (C) force–time curve V1C2; (D) energy–time curve V1C2;
(E) force–time curve V1C3; (F) energy–time curve V1C3.
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For the V1C2 configuration (Figure 24C), the experimental test recorded a peak force
of 8.461 N, while the FEM simulation force was 8.486 N, corresponding to an error of only
0.3%. The final configuration, V1C3 (Figure 24E), exhibited an experimental peak force of
7.767 N, which is 3.05% higher than the FEM force value of 7.533 N.

Overall, the numerical simulations demonstrated a high level of agreement with
the experimental results for both impact energy scenarios, confirming the validity and
reliability of the developed FEM models in accurately predicting the impact response and
energy absorption behavior of the investigated crash box configurations.

4. Discussion
Comparatively, between the 20 J and 50 J impact energy levels, the analyzed config-

urations exhibited the same overall structural response, with the differences manifesting
primarily through the intensification of the already existing phenomena. At higher impact
energy, the response becomes more pronounced, characterized by an increase in impact
duration and more significant structural deformation. Consequently, the efficient configura-
tion (V1) at low impact energy maintains favorable behavior under higher-energy loading
conditions.

At 20 J, the absorbed energy (Figure 25B) was 15.58 J for V1C1, 14.64 J for V1C2, and
13.80 J for V1C3. Comparatively, the absorbed energy of V1C2 was approximately 6% lower
than that of V1C1, while V1C3 showed a reduction of nearly 12% relative to C1, indicating a
gradual decrease in absorbed energy from C1 to C3, a trend associated with a more efficient
energy dissipation mechanism for the configurations containing a higher number of cells.

 
(A) 

 
(B) 

Figure 25. Impact energy of 20 J for honeycomb (V1) and reentrant (V2) core: (A) maximum force;
(B) absorbed energy.

In terms of peak force (Figure 25A), V1C1 reached 5.953 N, V1C2 reached 5.213 N, and
V1C3 reached 4.723 N, corresponding to a reduction of approximately 13% between C1 and
C2 and approximately 23% between C1 and C3. This decrease in peak force shows a more
efficient impact response for the configurations with a higher number of cells.

At 50 J, as shown in Figure 26, the absorbed energy was 43.23 J for V1C1, 38.13 J for
V1C2, and 36.39 J for V1C3. Compared to V1C1, the absorbed energy of V1C2 was approx-
imately 13% lower, while V1C3 exhibited a reduction of approximately 17%, indicating
a more pronounced decrease between configurations than that observed under the 20 J
impact condition.
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Figure 26. Impact energy for honeycomb core at 50 J: (A) maximum force; (B) absorbed energy.

The peak forces (Figure 26A) were 10,000 N for C1 (limited by the testing equip-
ment), 8.461 N for C2, and 7.767 N for C3, corresponding to a reduction of approximately
17% between C1 and C2 and approximately 24% between C1 and C3.

Although the overall distribution trend remains consistent, the variations become
more significant as the impact energy increases.

To facilitate a clearer and more efficient comparison of the response of the three V1 con-
figurations and to evaluate the effect of the number of cells on the impact behavior, Table 5
summarizes the main structural performance indicators, namely peak force, absorbed
energy, and specific energy absorption (SEA). SEA is considered sufficient for comparison
since it is mass-normalized and therefore directly reflects energy absorption efficiency
across different configurations, whereas mean crushing force is not normalized and is less
suitable for cross configuration comparison.

Table 5. Summary of impact performance indicators for V1 configurations, experimental and FEM.

Impact Energy Measured Value
Experimental FEM

V1C1 V1C2 V1C3 V1C1 V1C2 V1C3

20 J

Force [N] 5953 5213 4723 5597 5088 4279

Energy [J] 15.58 14.64 13.8 15.56 14.05 12.32

SEA [J/g] 0.182 0.116 0.083 0.182 0.112 0.074

50 J

Force [N] 10,817 8461 7767 11,631 8486 7533

Energy [J] 43.23 38.13 36.39 42.74 36.94 26.42

SEA [J/g] 0.504 0.303 0.218 0.499 0.293 0.158

In Table 6 the reported values represent percentage reductions observed when increas-
ing the number of cells from the C1 to C2 and C3 configurations. For the 20 J impact case,
the force decreases by 13% from C1 to C2 and by a further 10% from C2 to C3, resulting in
a total reduction of 23% from C1 to C3. The absorbed energy follows a similar trend, with
reductions of 6% for both configurations and a total decrease of 12% between C1 and C3. In
contrast, SEA shows the most pronounced sensitivity to the cellular configuration, decreas-
ing by 44% from C1 to C2, a further 33% from C2 to C3, and reaching an overall reduction
of 75% from C1 to C3. This strong reduction is expected, since SEA is mass-normalized and
the structural mass increases with each additional cell, from C1 to C3.
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Table 6. Percentage difference between configurations.

Impact Energy Measured Value C1 to C2 C2 to C3 C1 to C3

20 J

Force [N] 13% 10% 23%

Energy [J] 6% 6% 12%

SEA [J/g] 44% 33% 75%

50 J

Force [N] 24% 9% 33%

Energy [J] 13% 5% 18%

SEA [J/g] 50% 33% 79%

For the 50 J impact case, the peak force is reduced by 24% and 9% in the successive
transitions, corresponding to a total reduction of 33% between C1 and C3, while energy
absorption decreases by 13% and 5%, giving a total reduction of 17%. SEA again exhibits
the highest sensitivity, with reductions of 50%, 33%, and 79% respectively. Overall, the
results indicate that increasing the number of cells consistently reduces force, absorbed
energy, and especially SEA, with the latter being the most strongly affected performance
metric across both impact levels.

The analysis of the impact test results indicates that increasing the number of cells
leads to a reduction in peak impact force and an increase in impact duration, suggesting a
more efficient stress distribution and lower overall structural stiffness under both the 20 J
and 50 J impact conditions. The absorbed energy remains relatively constant between the
V1C1 and V1C2 configurations, with a slight decrease observed for V1C3; however, all V1
configurations maintain a high energy dissipation capability. In contrast, the V2 configu-
rations exhibit a high susceptibility to delamination and reduced load transfer between
the face sheets and the core, rendering them unsuitable for impact loading applications.
Overall, structures containing a higher number of cells provide a more favorable global
response by reducing the peak load and extending the impact duration.

5. Conclusions
Sandwich crush-type honeycomb and reentrant structures were additively manufac-

tured using Onyx as core cells encapsulated within a 6060-aluminum tube with top and
bottom face sheets. These configurations represent a realistic engineering solution for
lightweight structures designed for energy absorption. Impact experimental and FEM
simulation analyses were conducted for impact energy levels of 20 J and 50 J. The results in-
dicate a significant reduction in the maximum force with an increase in the number of cells
along the height. Compared to the single-cell configuration, the peak force decreases by
approximately 15% for the two-cell configuration and 22.5% for the three-cell configuration,
corresponding to a reduction of roughly 9% between the two- and three-cell cases.

The absorbed energy is higher for the reentrant core than for the honeycomb core.
However, the honeycomb core is more rigid and can withstand higher impact forces. In
contrast, the reentrant configurations exhibit a high susceptibility to delamination and
reduced load transfer between the face sheets and the core, making them unsuitable for
high-energy impact loading applications.

These findings highlight the critical role of geometry in optimizing the impact perfor-
mance of honeycomb-type structures and provide relevant insights for the design of additively
manufactured energy-absorbing crush-type components for engineering applications.
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