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Abstract

Gradient stiffness structures are increasingly recognized for their excellent energy absorp-
tion capabilities, particularly under challenging loading conditions. Most studies focus on
varying the thickness of the structure in order to produce gradient stiffness. This work intro-
duces an innovative approach to design honeycomb architectures with controlled gradient
stiffness along the out-of-plane direction achieved by materials’ microstructure variations.
The gradient is achieved by combining three types of thermoplastic polyurethane (TPU)
materials: porous TPU, plain TPU, and carbon fiber (CF)-reinforced TPU. By varying
the material distribution across the honeycomb layers, a smooth transition in stiffness is
formed, improving both mechanical resilience and energy dissipation. To fabricate these
structures, a dual-head 3D printer was employed with one head printed processed TPU
with a chemical blowing agent to produce porous and plain sections, while the other
printed a CF-reinforced TPU. By alternating between the two print heads and modifying
the processing temperatures, honeycombs with up to three distinct stiffness zones were
produced. Compression testing under out-of-plane loading revealed clear plateau and
densification regions in the stress–strain curves. Pure CF-reinforced honeycombs absorbed
the most energy at stress levels above ~4.5 MPa, while porous TPU honeycombs were more
effective under stress levels below ~1 MPa. Importantly, the gradient stiffness honeycombs
achieved a balanced energy absorption profile across a broader range of stress levels, of-
fering enhanced performance and adaptability for applications like protective equipment,
packaging, and automotive structures.

Keywords: honeycombs; composites; thermoplastic polyurethane; additive manufacturing;
3D printing; gradient stiffness

1. Introduction
Lightweight structures are essential in modern engineering applications, where re-

ducing mass without compromising mechanical performance is critical. Such designs
are pivotal in industries like aerospace, automotive, and protective equipment, where
energy efficiency and material savings are paramount [1–4]. By minimizing weight, these
structures contribute to improved fuel efficiency, reduced emissions, and enhanced overall
performance [5,6].
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Among various lightweight design strategies, honeycomb structures stand out due to
their exceptional strength-to-weight ratio and energy absorption capabilities [7–10]. Their
cellular geometry allows for efficient distribution and deformation control, making them
ideal for impact mitigation applications [11,12]. Recent studies demonstrate the versatility
of honeycomb structures in tuning mechanical properties through customization of cell size,
shape, and wall thickness. Tailoring wall thickness gradients in 3D-printed honeycombs
can significantly enhance specific energy absorption and efficiency, with increases of over
110% reported [13]. Bi-linearly graded wall thickness along the out-of-plane direction
can improve energy absorption by up to 250% under high-impact conditions [14]. The
relationship between cell wall thickness, Poisson’s ratio, and load-bearing capacity has been
explored, with findings indicating that increasing wall thickness improves load-bearing
responses but decreases energy absorption efficiency [15]. At micro- and nano-scales,
compressive stress–strain relations are strongly dependent on cell wall thickness, with
nano-sized honeycombs exhibiting tunable properties over a large range [16]. These studies
highlight the potential for honeycomb structures to be optimized for specific mechanical
requirements through careful design and fabrication techniques.

Advancements in additive manufacturing have revolutionized the production of com-
plex geometries like honeycombs [17–20]. Particularly fused filament fabrication (FFF)
allows for rapid prototyping and customization, enabling the creation of multi-material
structures with varied mechanical properties within a single print [21–24]. This tech-
nology facilitates the fabrication of intricate designs that were previously challenging or
impossible to achieve with traditional manufacturing methods. Recent research explores
multi-material honeycomb structures fabricated using fused filament fabrication (FFF) for
enhanced mechanical properties. Honeycomb structures demonstrated superior flexural
strength and elastic modulus compared to other designs in mono-material and multi-
material configurations [25]. Multi-material honeycomb structures exhibited improved
energy absorption capabilities under static and dynamic loading conditions, with potential
applications in crash-resistant components [26]. To address interface bonding strength
concerns, interlacing infills were developed using layered depth material images, showing
enhanced performance in tensile tests [27]. Bio-inspired architected multi-material lattices
with hard shells and soft cores demonstrated tunable stiffness, strength, and energy absorp-
tion properties, achieving 2–3 times greater energy absorption capacity than single-phase
lattices [28]. These advancements in multi-material honeycomb structures offer promising
solutions for lightweight, high-performance applications.

Another significant advantage of FFF technology is its capability to work with various
filaments composed of different materials. Thermoplastic polyurethane (TPU) emerges as a
highly suitable material due to its flexibility and durability [29–32]. Modifying TPU with a
chemical blowing agent produces a porous variant with reduced stiffness and density, ideal
for low-stress energy absorption [33–35]. Conversely, reinforcing TPU with carbon fiber
(CF) significantly increases stiffness and strength, making it better suited for high-stress
applications [36–39]. By strategically integrating porous TPU, plain TPU, and CF-reinforced
TPU into a single honeycomb structure, it is possible to engineer gradient stiffness tailored
to specific performance requirements.

A promising approach in enhancing the performance of cellular structures is the
incorporation of gradient stiffness, where different regions exhibit varying degrees of
rigidity usually achieved by varying the structure’s thickness [40,41]. Gradient stiffness
materials, which vary in mechanical properties across their structure, are increasingly used
for energy absorption due to their ability to control stress distribution and reduce damage
under impact. These materials are often inspired by biological systems such as bone,
bamboo, and fish scales, which naturally exhibit gradient structures to balance strength and
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flexibility [42]. Gradient stiffness in cellular materials is increasingly valued for its ability to
improve energy absorption, distribute stress more effectively, and reduce localized failure
under mechanical loads. These features are critical for applications requiring lightweight,
durable, and impact-resistant structures.

Although gradient stiffness has been studied previously, earlier work primarily de-
pends on variations in thickness. In this study, a novel method is explored by fabricating
honeycomb structures with out-of-plane gradient stiffness using 3D printing technology by
leveraging different material’s microstructure variations. By leveraging a dual-head fused
filament fabrication system, porous, plain, and carbon fiber (CF)-reinforced thermoplastic
polyurethane (TPU) was combined within a single print. This configuration allows for
spatial variation in stiffness, achieved through controlled deposition of different material
compositions and the integration of a chemical blowing agent to introduce porosity where
needed. The resulting honeycombs are designed to exhibit a smooth stiffness transition
across their thickness, optimizing both energy dissipation and structural resilience. This
research demonstrates the feasibility of producing gradient-stiffness structures through ad-
ditive manufacturing and provides a foundation for designing application-specific cellular
architectures that require tailored mechanical responses, such as in protective equipment,
soft robotics, or adaptive vehicle components.

2. Materials and Methods
2.1. Materials

Three distinct TPU microstructure states were produced using two different filaments.
The first was Varioshore TPU, a commercially available material from ColorFabb (Belfeld,
The Netherlands), used to manufacture both foamed and non-foamed (solid) TPU honey-
comb structures. Depending on the target porosity, printing was performed at 200 ◦C or
220 ◦C, yielding material densities of 1.2 g/cm3 and 0.78 g/cm3, respectively. Densities
were derived by adjusting the flow-rate factor and multiplying by the manufacturer’s
stated density. The flow-rate adjustment was necessary because the material expands at
higher temperatures due to activation of the chemical blowing agent. The second filament
was a carbon fiber-reinforced TPU from INNOVATEFIL (Jaén, Spain), which was printed at
a nozzle temperature of 225 ◦C.

2.2. Gradient Stiffness Honeycomb Structures

Figure 1 outlines the methodology for designing gradient stiffness honeycombs, be-
ginning with the selection of the honeycomb geometry, including cell dimensions and the
division of regions. The next stage involved choosing appropriate materials and assigning
them to specific zones. This was followed by the slicing process, where different filaments
and printing parameters were designated to each region to achieve the desired gradient
stiffness. The final phase consisted of experimental testing and computational simulations
to evaluate the structures under compressive loading.

2.3. Manufacturing of the Samples

Honeycomb samples with outer dimensions of 70.69 × 51.96 × 25 mm, a consistent
wall thickness of 1.2 mm, and a unit cell size of 5 mm (Figure 2A) were designed using
SpaceClaim (Ansys, Release 24.1). These specimens were printed using a SNAPMAKER J1S
dual-extrusion 3D printer (SNAPMAKER, Shenzhen, China) equipped with 0.4 mm nozzles.
All prints were produced with a 0.15 mm layer height and a printing speed of 40 mm/s.
One print head was loaded with a TPU filament containing a chemical blowing agent (CBA),
enabling the fabrication of either porous TPU at higher temperatures or solid TPU at lower
temperatures. The second print head used a TPU filament reinforced with randomly dis-
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persed carbon fibers (CFs). By combining these materials, structures featuring no gradient,
two-stage gradients, and three-stage gradients in stiffness were manufactured. Figure 2B
displays the fabricated specimens. The first three honeycombs were single-material struc-
tures printed using a single print head, exhibiting no gradation. The subsequent set of
specimens consisted of honeycombs with two distinct material regions. For example, plain
and porous TPU variants were printed from the same TPU+CBA filament by altering
the extrusion temperature. Similarly, combinations of TPU+CF and TPU+CBA filaments
printed at different temperatures produced honeycombs with two gradient zones. The
final design, featuring three distinct stiffness gradients, was achieved using both TPU+CF
and TPU+CBA filaments, each printed at two separate temperatures

Figure 1. Presents a schematic overview of the gradient stiffness honeycomb study. Step 1 involves
selecting geometry based on specified dimensions and dividing it into zones. Step 2 consists of
selecting and assigning different materials to each zone to create a gradient in stiffness. In Step 3,
the model is sliced and for 3D printing, with distinct materials allocated to the corresponding zones
and with a dual-head FFF printer. Step 4 includes the investigation phase, which is carried out
experimentally through compression tests and computationally via simulation of the same tests.

Figure 2. Specimen preparation and characterization, (A) Dimensions of honeycombs structures
(B) Compression test set up (C) Finite element analysis model for a three-zone gradience stiffness
honeycomb. (D) Fabricated specimens for investigation.
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2.4. Tensile and Compressions Tests

Tensile and compression experiments (Figure 2C) were conducted using a universal
testing machine (Model M500-50AT, Testometric, Lincoln, UK) at a constant strain rate of
0.025 s−1 to address strain rate deformation dependance due to the viscoelastic nature of
TPU. Every test was conducted with three specimens to achieve statistical reliability and
ensure reproducibility. The machine was equipped with a load cell capable of handling up
to 50 kN. Dog bone-shaped specimens for tensile testing were designed according to ISO-37
standards [43]. The fabricated honeycombs underwent compression testing parallel to the
direction of the gradient stiffness for evaluation. The compressive stress was determined
by dividing the measured compressive force by the effective cross-sectional area.

The corresponding stress–strain curves provided basic data for calculating the specific
energy absorption per volume (SEAv), which was calculated according to Equation (1).

SEAv(εd) =
∫ εd

0
σ(ε)dε (1)

where εd is the strain of the structure calculated at a specific head displacement d.

2.5. Finite Element Analysis

Finite element models (FEM) were developed in ANSYS software (Release 24.1) to
validate the gradient stiffness behavior observed experimentally and elucidate differences
from single-material and gradient stiffness honeycombs. Material models for the three
distinct TPU microstructures were represented using a three-parameter Mooney–Rivlin
model, calibrated with uniaxial tensile test data. The honeycomb structures were simulated
under compression using the same loading speed as in the physical experiments, with
the bottom plate constrained as a fixed support (Figure 2D). A refined meshing approach
was adopted to ensure mesh convergence and align the simulation results closely with
experimental data. The optimal mesh for the honeycombs included 467,051 elements and
93,511 nodes, with an average aspect ratio of 1.88 and a minimum of 1.15, providing an
effective balance between accuracy and computational efficiency.

3. Results
3.1. Materials Investigation

The results of the material characterization are illustrated in Figure 3. For each test,
dogbone specimens were 3D printed using a single material type: plain TPU (thermo-
plastic polyurethane printed without the activation of chemical blowing agents), porous
TPU (produced with activated chemical blowing agents to induce internal porosity), and
carbon fiber (CF)-reinforced TPU. Figure 3 displays the stress–strain behavior of the three
material variants. Both the plain and porous TPU exhibit typical elastomeric characteris-
tics, with an initially steep stress increase followed by a more gradual slope, indicating
nonlinear elastic deformation. Plain TPU demonstrated a tensile strength of 22.63 MPa
and an impressive elongation at break of 816%, highlighting its high ductility. In con-
trast, the porous TPU—modified through the activation of chemical blowing agents that
introduced internal voids—showed reduced mechanical performance. Its tensile strength
dropped to 13.25 MPa, with a slightly lower elongation at break of 756%. The internal
porosity effectively acted as stress concentrators, compromising the material’s ability to
bear tensile loads while only moderately affecting its ductility. The CF-reinforced TPU
presented markedly different mechanical behavior, characterized by a stiffer and more
brittle response. This composite material achieved a higher tensile strength of 31.72 MPa
but at the cost of drastically reduced elongation at break (45.8%). The inclusion of carbon
fibers significantly enhanced stiffness and load-bearing capacity by restricting polymer
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chain mobility and distributing stress more efficiently along the fiber–matrix interface.
However, this reinforcement also limited the material’s ability to deform plastically, leading
to a more brittle failure.

Figure 3. Tensile analysis of the 3D-printed TPU matrix materials.

These findings clearly demonstrate how changes in microstructure, whether through
fiber reinforcement or induced porosity, profoundly influence the mechanical response of
TPU-based materials. Carbon fiber incorporation improves strength and stiffness due to its
high modulus and effective stress transfer capabilities, while porosity reduces strength by
introducing structural weaknesses and lowering the effective load-bearing cross-section.
This tunable variation in both strength and stiffness was strategically leveraged to develop
functionally graded structures, where material composition is spatially varied to achieve
customized mechanical performance across different regions of the part.

The Mooney–Rivlin hyperelastic parameters, derived from the uniaxial stress–strain
responses, clearly demonstrate the influence of microstructural modifications on the me-
chanical behavior of TPU. The CF-reinforced material, with coefficients C01 = 111.85 MPa,
C10 = –74.79 MPa, and C11 = 18.76 MPa, exhibits the highest stiffness, reflecting the
reinforcing effect of the carbon fibers that enhances load-bearing capacity but reduces
ductility. In contrast, the plain material (C01 = 6.62 MPa, C10 = –1.73 MPa, C11 = 0.14 MPa)
displays a moderate mechanical response, while the porous material (C01 = 5.28 MPa,
C10 = –1.58 MPa, C11 = 0.12 MPa) is the most compliant, consistent with the expected
reduction in structural integrity due to the introduction of porosity. Collectively, these
parameter variations capture the progressive transition from a compliant to a highly stiff
system, and the fitted Mooney–Rivlin constants were subsequently utilized in finite element
simulations to model the nonlinear elastic behavior of the materials.

3.2. Single-Zone Honeycomb Investigation

Figure 4 illustrates the compression test results conducted on honeycomb structures
fabricated from single-material compositions. Despite sharing an identical geometric
design, the mechanical responses varied significantly depending on the material used,
highlighting the strong influence of material properties on structural performance. The
stress–strain curves shown in Figure 4A clearly demonstrates these differences. The carbon
fiber (CF)-reinforced TPU honeycomb exhibited a distinctly stiff response, characterized
by a sharp linear rise in stress followed by a relatively short plateau region beginning
at approximately 6.2 MPa. In contrast, honeycombs made from plain TPU and porous
TPU showed significantly lower plateau stresses, recorded at around 1.3 MPa and 0.4 MPa,
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respectively. Moreover, their densification phases, where the structure undergoes a steep
increase in stress due to the collapse of remaining pores, were delayed relative to the
CF-reinforced honeycomb. This indicates a more gradual absorption of energy and greater
deformability before full structural compaction.

Figure 4. Shows the results of compression tests on single-material honeycombs. (A) displays
stress–strain curves comparing experimental and simulation data of compression tests. The solid line
indicates experimental results, while the dashed line represents computational data up to 60% strain.
(B) presents the specific energy absorption (SEAv) across varying stress levels: region (i) highlights
where the PO honeycomb performs best, (ii) indicates the dominance of the PL honeycomb, and
(iii) shows where the CF honeycomb excels.

The observed differences can be attributed to intrinsic material stiffness. The CF-
reinforced TPU possesses enhanced stiffness due to the reinforcing effect of carbon fibers,
which limit deformation and promote early structural collapse under load. This leads to a
quick transition from elastic to densification behavior. On the other hand, plain and porous
TPU are more compliant, allowing for larger deformations and prolonged plateau regions,
which are beneficial for energy absorption but result in lower stress-bearing capacity. The
internal porosity in the porous TPU further reduces its effective stiffness and strength
by decreasing the material’s density and introducing stress concentrators. These results
confirm that material selection plays a critical role in determining the mechanical response
of architected structures.

The specific energy absorption (SEAv) of a structure is inherently linked to the stress
levels applied during deformation. Figure 4B illustrates the SEAv as a function of stress for
honeycomb structures fabricated from different single materials, based on data obtained
from the compression experiments. At lower stress levels, specifically below approximately
0.9 MPa, the porous TPU honeycomb exhibits the highest SEAv. This behavior is attributed
to its early entry into the plateau region, where significant deformation occurs with only a
minimal increase in stress. In this range, the plain and CF-reinforced TPU honeycombs are
still in their elastic regimes and have not yet begun to absorb energy efficiently. As a result,
the porous TPU, despite its lower strength, outperforms the others in energy dissipation.
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As stress increases to the intermediate range, around 0.9 MPa to 4.7 MPa, the plain
TPU honeycomb becomes the most effective in energy absorption. By this stage, the porous
TPU has nearly completed its plateau phase and is approaching densification, where its
ability to absorb additional energy is significantly reduced. Meanwhile, the plain TPU
enters its optimal energy-absorbing range, maintaining plateau deformation over a broad
stress interval. This allows it to sustain efficient energy dissipation while maintaining
structural integrity, making it the most suitable choice in this mid-stress region. At higher
stress levels, above approximately 4.7 MPa, the carbon fiber-reinforced TPU honeycomb
dominates in terms of SEAv. The other two materials have by this point transitioned into the
densification phase, where their internal cellular structures collapse and energy absorption
gives way to direct load transfer. In contrast, the CF-reinforced TPU, owing to its greater
stiffness and delayed densification, continues to absorb energy effectively even under
higher loads. Its structural rigidity allows it to withstand and dissipate high levels of stress
without immediate collapse, making it highly suitable for applications involving intense
compressive forces. These observations highlight the critical role of material selection in
energy-absorbing structures. Each material offers optimal performance in a different stress
range: porous TPU at low stresses, plain TPU at intermediate stresses, and CF-reinforced
TPU at high stresses.

Computational results corresponding to the compression experiments are also pre-
sented in Figure 4A, providing a direct comparison with the physical tests. The simulation
results, depicted as dotted lines, align closely with the experimental data up to 60% strain.
This agreement validates the material models and boundary conditions used in the simula-
tions and confirms that the nonlinear deformation behavior of each honeycomb structure
was accurately captured.

3.3. Dual-Zone Honeycomb Investigation

Figures 5–7 present the compression test results for hybrid honeycomb structures
composed of two vertically stacked zones, each made from a different material. In all
configurations, the softer material was positioned at the top. Figure 5A specifically shows
the performance of a honeycomb structure combining a top zone made of porous TPU
and a bottom zone of plain TPU (denoted as PO_PL). For reference, the compression
responses of single-material honeycombs are included as colored transparent lines, enabling
direct comparison. The PO_PL hybrid displays mechanical behavior that incorporates
characteristics of both constituent materials. Notably, its plateau stress closely matches
that of the plain TPU honeycomb, though it appears at a slightly delayed point along
the strain axis. This delay is attributed to the early densification of the porous top zone,
which compresses more readily before the load is fully transferred to the stiffer plain TPU
zone beneath.

The specific energy absorption per volume (SEAv) plotted against stress (Figure 5B)
reveals a nuanced picture of performance. In the low-stress range (Region i), the PO_PL
honeycomb underperforms compared to the single-material porous TPU structure, which
has already entered its plateau phase and begins absorbing energy efficiently. In the
intermediate-stress range (Region ii), the PO_PL also absorbs less energy than the plain
TPU honeycomb, which dominates this range due to its broader and more stable plateau
behavior. However, an important insight emerges when the PO_PL honeycomb is compared
to the plain TPU in Region i and the porous TPU in Region ii. In both cases, the hybrid
outperforms the respective single-material honeycomb not optimized for that stress range.
This suggests that while the dual-material configuration may not reach peak performance
in any single region, it offers a balanced energy absorption profile across a wider range
of stresses.
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Figure 5. Shows the results of compression tests on a dual material honeycomb made from a porous
TPU zone and a plain TPU zone. (A) displays experimental stress–strain curves of compression tests.
The transparent colored lines indicate the compression response of single-material honeycombs and
are included for comparison purposes. (B) presents the specific energy absorption (SEAv) across
varying stress levels: region (i) highlights where the PO honeycomb performs best, (ii) indicates the
dominance of the PL honeycomb, and (iii) shows where the CF honeycomb excels.

Figure 6. Shows the results of compression tests on a dual material honeycomb made from a porous
TPU zone and a CF TPU zone. (A) displays experimental stress–strain curves of compression tests.
The transparent colored lines indicate the compression response of single-material honeycombs and
are included for comparison purposes. (B) presents the specific energy absorption (SEAv) across
varying stress levels: region (i) highlights where the PO honeycomb performs best, (ii) indicates the
dominance of the PL honeycomb, and (iii) shows where the CF honeycomb excels.
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Figure 7. Shows the results of compression tests on a dual material honeycomb made from a plain
TPU zone and a CF TPU zone. (A) displays experimental stress–strain curves of compression tests.
The transparent colored lines indicate the compression response of single-material honeycombs and
are included for comparison purposes. (B) presents the specific energy absorption (SEAv) across
varying stress levels: region (i) highlights where the PO honeycomb performs best, (ii) indicates the
dominance of the PL honeycomb, and (iii) shows where the CF honeycomb excels.

This behavior is advantageous in applications where variable or unpredictable load-
ing conditions are expected. The combination of a soft, energy-absorbing upper zone
with a stiffer, load-bearing lower zone creates a structure that can adapt to both low-
and mid-stress scenarios. Although the PO_PL honeycomb may not deliver maximum
SEAv in isolated regions, its ability to bridge performance between them highlights the
potential of multi-material designs for developing tunable and more resilient energy-
absorbing structures.

Figures 6 and 7 present the mechanical responses of hybrid honeycombs combin-
ing carbon fiber (CF) as the stiff bottom zone with either porous TPU (PO_CF) or plain
TPU (PL_CF) as the softer top layer. In both configurations, the stress–strain curves
(Figures 6A and 7A) show a very short plateau phase followed by a steep stress rise, closely
resembling the behavior of the carbon fiber honeycomb. The initial TPU layers—porous
in PO_CF and plain in PL_CF—compress quickly, leading to early load transfer to the CF
zone. In the SEAv vs. stress plots (Figures 6B and 7B), both hybrids show lower energy
absorption in region i compared to their respective soft-material counterparts. In Region ii,
they fall short of pure CF but outperform the TPU-based honeycombs not optimized for
mid-stress loading. This demonstrates a trade-off: while PO_CF and PL_CF do not reach
peak SEAv in any single range, they provide a broader, more adaptable energy absorption
profile suited to variable or uncertain loading conditions.

3.4. Three-Zone Honeycomb Investigation

Figure 8 presents the compression test results for the gradient stiffness honeycomb,
which is composed of three vertically stacked zones made from different materials. This
configuration is designed to progressively increase in stiffness from top to bottom, en-
abling a more controlled deformation under compressive loads. Figure 8A illustrates the
stress–strain response of this multi-material structure, overlaid with transparent colored
lines representing the behavior of the corresponding single-material honeycombs for com-
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parison. The response of the gradient honeycomb closely follows the sequential activation
of its individual zones. Initially, the soft porous TPU zone undergoes compression, exhibit-
ing a low-stress plateau typical of highly deformable cellular structures. Once this zone
begins to densify, the load is transferred to the intermediate plain TPU zone, resulting in
a new plateau region with higher stress levels that closely resemble the response of the
plain TPU honeycomb. Finally, as the load continues to increase, the stiffer CF-reinforced
TPU zone begins to deform, causing a sharp rise in stress and a pronounced slope in the
stress–strain curve. The FEM results, shown as dashed lines, exhibit good agreement with
experimental data. However, it can be observed that the FEM simulation predicts the onset
of densification earlier than what is seen experimentally.

Figure 8. Presents the compression test results for a honeycomb structure composed of three distinct
material zones: one made of porous TPU, one of plain TPU, and one reinforced with carbon fiber TPU.
(A) displays stress–strain curves comparing experimental and simulation data of compression tests.
The solid line indicates experimental results, while the dashed line represents computational data
up to 60% strain. The transparent colored lines indicate the compression response of single-material
honeycombs and are included for comparison purposes (B) presents the specific energy absorption
(SEAv) across varying stress levels: region (i) highlights where the PO honeycomb performs best,
(ii) indicates the dominance of the PL honeycomb, and (iii) shows where the CF honeycomb excels.

Figure 8B highlights the specific energy absorption (SEAv) behavior of the PO_PL_CF
honeycomb, which demonstrates excellent energy dissipation across a broad range of
stresses. This extended plateau performance is particularly beneficial in applications where
variable or multi-phase loading is expected. The smooth transition between material zones
ensures that the structure maintains a consistent ability to absorb energy. The experimental
results align well with the computational simulations, shown as dotted lines in Figure 8A.
This agreement validates the numerical model used and confirms that the simulated
mechanical response accurately predicts real-world behavior.

Figure 9 displays the equivalent stress contours for the honeycomb specimens com-
pressed to 30% strain, comparing the single-material designs with the graded three-material
configuration. The soft, porous honeycomb exhibited the lowest peak stress (10.62 MPa),
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followed by the homogeneous solid counterpart (13.02 MPa). Owing to its much greater
stiffness, the carbon-fiber honeycomb reached a much higher maximum stress at 92.09 MPa.
In the graded honeycomb the peak stress remained lower than that of the CF specimens. At
this strain level, the porous layer has completely densified, the plain layer has just begun to
densify, and the rigid CF layer experienced the lowest deformation.

 
Figure 9. Equivalent stress contours for single-material and three-material honeycombs compressed
to 30% strain.

Finally, Table 1 presents the compressive strength values obtained from experiments
and FEM analyses. Overall, the FEM predictions agree well with the experimental data,
with percentage errors ranging from 3.33% (carbon-fiber case) to 8.20% (porous case).
Notably, the FEM slightly overestimates compressive strength in every case except for the
carbon-fiber specimen.



J. Compos. Sci. 2025, 9, 588 13 of 15

Table 1. Experimental and simulation compressive strengths.

Honeycomb Experimental
(MPa) Simulation (MPa) Percentage Error

(%)

PO 0.61 0.66 8.20
PL 1.29 1.37 6.20
CF 6.31 6.09 3.33

PO_PL_CF 1.08 1.15 6.48

4. Conclusions
In this study, honeycomb structures composed of plain TPU, porous TPU, and CF-

reinforced TPU were fabricated and examined to evaluate their mechanical performance
and energy absorption characteristics. Using fused filament fabrication (FFF), both single-
material and gradient stiffness honeycombs were produced to explore the effect of ma-
terial distribution on compressive behavior. Tensile and compression tests were con-
ducted to assess how changes in material stiffness and configuration influence overall
structural performance.

Compression testing under out-of-plane loading revealed distinct plateau and den-
sification regions in the stress–strain curves. CF-TPU honeycombs exhibited the highest
stiffness and appealing energy absorption properties at stress levels above ~4.5 MPa, owing
to the rigid reinforcement provided by carbon fibers. However, they also showed an earlier
onset of densification, limiting their deformation range. Plain TPU honeycombs displayed
moderate stiffness and a wider deformation range, while porous TPU honeycombs, with
the lowest stiffness, offered a prolonged plateau region and absorbed energy efficiently
under low stress levels ~1 MPa.

Hybrid honeycombs with gradient stiffness, created by stacking different materials
vertically, demonstrated a valuable balance of properties. These structures took advantage
of each material’s strengths by enabling a gradual transition in stiffness along the compres-
sion axis. Placing a softer porous TPU layer above a stiffer TPU or CF-TPU base allowed the
structure to absorb low-level impacts initially, then progressively resist higher loads. This
gradient stiffness design delayed densification and broadened the energy absorption range.
As a result, gradient honeycombs offer promising performance for protective applications
where multi-phase energy absorption is desired, such as helmets, automotive padding,
or footwear.
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