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Abstract: This study investigated the mechanical energy absorption properties of polymeric lattice 

structures fabricated using additive manufacturing. Existing studies have primarily focused on 

rigid or single-use materials, with limited attention given to flexible polymers and their behaviour 

under repeated compressive loading. Addressing this gap, the structures investigated in this study 

are manufactured using three flexible polymers—polyether block amide, thermoplastic 

polyurethane, and thermoplastic copolyester elastomer—to enhance the reusability performance. 

Two high-performance designs were analysed, namely honeycomb structures (inspired by pomelo 

peel and simply hexagonal arrangements) and 3D triply periodic minimal surface structure of the 

type FRD. The primary objective was to evaluate their energy absorption capacity and reusability 

using three repeated compression tests. These tests revealed that thermoplastic copolyester 

elastomer exhibited the highest energy absorption in initial impact conditions, but lower values for 

the following compressions. However, polyether block amide demonstrated superior reusability, 

maintaining a consistent energy absorption efficiency of 56.1% over multiple compression cycles. 

The study confirms that modifying triply periodic minimal surface structures along the z-axis 

enhances their absorption efficiency, with even-numbered z-parameter structures outperforming 

odd-numbered ones due to their complete cell structure. These findings highlight the crit ical role 

of structural geometry and material selection to optimise polymeric lattice structures for 

lightweight reusable energy absorption applications, such as automotive safety and impact 

protection.  

Keywords: energy absorption; honeycomb; TPMS; polymers; additive manufacturing;  

lattice structures 

 

The text of this thesis is based on the article of the same title, authored primarily by myself and already published at: 

https://doi.org/10.3390/polym17081111 , under referance [1]. 
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1. Introduction 

In recent years, polymeric energy absorption structures have gained significant interest in a 

multitude of engineering fields. Their main applications include the aerospace industry [2]; 

personal safety equipment, such as helmets; automotive passive safety systems; highway safety; 

and packaging of valuable valuables [3,4]. This growing interest has been driven by advances in 

additive manufacturing (AM) and simulation software, which have significantly facilitated 

prototyping and numerical analysis. [1] 

These technologies have not only improved the feasibility of complex designs but have also 

expanded the possibilities for optimising mechanical properties in energy-absorbing structures. 

The importance of systematic reviews in this field cannot be overstated. Comprehensive insight 

into the crashworthiness domain was provided by Isaac and Duddeck [5]. Their review covered 

models commonly used for the absorption of mechanical energy, as well as production methods 

using 3D printing technology, testing methods, and key characterisation parameters for energy 

absorption structures. Moreover, this study offers important insights into possible directions for 

developing existing structures and refining testing methodologies. [1] 

Other review studies, such as the one by Gandhi et al. [6], present the simulation process behind 

the prototyping in the case of metallic materials using lattice structures for lightweight products. 

A common conclusion among these studies highlights the need to incorporate fibre reinforcement 

in 3D printing. [1] 

However, a gap exists in the current literature regarding the optimisation of flexible polymeric 

lattice structures for energy absorption. While much research has explored rigid polymer and 

metallic structures, the potential of flexible polymers like polyether block amide (PEBA), 

thermoplastic polyurethane (TPU), and thermoplastic copolyester elastomer (TPC) remains 

underexplored. This manuscript addresses this gap by evaluating the performance and reusability 

of flexible polymeric lattices, specifically focusing on their energy absorption capabilities and how 

these materials perform under three multi-cycle compression tests. [1] 
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From the point of view of mechanical energy absorption lattice structures, Helou and Kara [7] 

identified two main categories regarding geometric modelling: manually generated structures and 

mathematically generated structures. The first category, manually generated structures, includes 

structures such as honeycomb [8–10], origami structures [11,12] and beam-based lattice structures 

[13,14,15]. Structures such as honeycomb have been modified to enhance the mechanical 

properties. Several studies vary the geometry of the wall [16], while others modified the wall 

thickness in the compression direction [17]. Other approaches involved rotating the upper plane in 

phase with the lower plane at different angles to influence the failure direction [18]. Nevertheless, 

in general, the original form with constant wall thickness performs better or similar. The second 

category of mathematically generated structures use an algorithm to create the lattice. This type of 

structure includes triply periodic minimal surface (TPMS) lattice structures [19], which offer a 

superior surface-to-volume ratio and exhibit great mechanical resistance compared to beam-based 

lattice [2]. The study in [20] presents remarkable results for specific energy absorption (SEA), 

particularly for FRD structures, with 32.47 kJ/kg in quasi-static compression tests and 99.91 kJ/kg 

in case of dynamic tests. Furthermore, in this investigation, it was an objective to introduce a novel 

variant of the TPMS FRD structure in which the dimension of unit cells along the z-axis is 

increased to produce a configuration fully aligned with the primary direction of mechanical 

loading. This z-axis optimisation represents a key innovation of the study proposed to enhance 

energy absorption capacity in case of 3D-type structures. [1] 

In terms of mechanical properties, bioinspired structures can improve energy absorption by using 

a specific linear plateau. Notable examples include structures inspired by turtle shells [21], balsa 

wood [22], or cork wood [23]. A high SEA coefficient was achieved in studies on bio-inspired 

honeycomb structure based on bamboo [24] and pomelo peel [25]. The SEA coefficient is 

important in designing with a higher capacity while maintaining reduced weight. A good example 

where this is favourable is the case of the automotive or aeronautical industries, where weight 

reduction implies lower emissions of harmful pollutants into the atmosphere. [1] 

In many articles, researchers aim to improve the mechanical properties of structures by using 

specific optimisation algorithms or empirical formulas, such as the Gibson–Ashby model, to 
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choose an appropriate lattice volume fraction [19]. In general, it is necessary to consider all 

parameters to improve the structure, because modifying one parameter affects others. For instance, 

Khan and Riccio [2] established a relationship between relative density, lattice unit cell, and 

volume fraction. [1] 

Furthermore, a clear design fabrication procedure should be established for additive manufacturing 

lattice structures considering the specificities of each 3D printer. Post-production procedures and 

new non-invasive testing methods are needed for a more accurate and reliable verification of 

simulation results. An important issue in the literature is that many results are not comparable [7]. 

This emphasises the need to first conduct a systematic review of lattice structures. In this way, it 

was possible to identify the theoretically optimal structure for absorbing mechanical energy. 

Additive manufacturing involves a wide variety of 3D printing methods, such as stereolithography 

(SLA) [26], selective laser sintering (SLS) [27], selective laser melting (SLM) [28], and multi-jet 

fusion (MJF) [29], among others. Fused deposition modelling (FDM), which involves extruding 

thermoplastic filaments, is also a commonly used process for printing polymer-based structures 

[3], due to its versatility and simplicity. Regarding 3D-printed polymers, the most commonly used 

materials include polylactic acid (PLA) [16,30,31]; thermoplastic polyurethan (TPU) [8,10,32]; 

nylon [33,34]; and acrylonitrile butadiene styrene (ABS) [31,35], among others. Nevertheless, data 

on flexible polymeric materials, such as polyether block amide (PEBA) and thermoplastic 

copolyester (TPC), as well as on their reusability are scarce. [1] 

This study aims to optimise the mechanical energy absorption properties of polymeric lattice 

structures fabricated using additive manufacturing. Two high-performance designs were selected: 

a 2D honeycomb-inspired configuration, and a 3D triply periodic minimal surface structure also 

known as FRD. Lattice structures were produced via fused deposition modelling considering three 

flexible polymers (PEBA, TPU 95A, and TPC) and different spatial configurations. To achieve 

this, an optimisation algorithm that simulates compression tests was used to iteratively adjust the 

main geometrical parameters to improve mechanical performance. The most efficient structures in 

terms of energy absorption were then fabricated and tested experimentally under compression to 
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validate the numerical predictions. The reusability of the three selected polymeric materials was 

also investigated and compared. [1] 

 

The text of this thesis is based on the article of the same title, authored primarily by myself and already published at: 

https://doi.org/10.3390/polym17081111 , under referance [1]. 

2. Materials and Methods 

2.1. Lattice Structures 

After a careful literature review, several structures with superior mechanical energy absorption 

capacity were identified. In the first stage, all promising configurations were selected without 

considering their suitability for the selected additively manufactured process. The production 

feasibility of all these structures was assessed at a later stage. As a result, two new structure 

configurations were chosen for further investigation, along with a simple honeycomb structure. 

The honeycomb structure was maintained as a reference to effectively characterise the new 

materials used in this study. The newly selected structures were sourced from Zhang et al. [25] 

and Yin et al. [20]. These new ones presented significant differences in terms of structure topology 

and material features. [1] 

The first selected structure, the honeycomb, was designed to mimic the shell of a pomelo and is 

classified as a 2D structure. On the contrary, the second selected structure, the FRD, is a triply 

periodic minimal surface and belongs to the category of 3D structures. A key distinction between 

these structures lies in their modelling approach. The honeycomb structure was geometrically 

modelled using SolidWorks 2024 software [36], whereas the TPMS structure was generated using 

mathematical equations. For this purpose, nTop 4.1 software was used [37]. [1] 

The honeycomb structure mimicking the pomelo peel was selected since this design demonstrated 

the best performance among the honeycomb-type structures examined, particularly in terms of the 

specific energy absorption (SEA) parameter and the overall energy absorption mechanisms. The 

objective was to vary the material to assess how this structure behaved when produced using three 

flexible polymeric materials, namely PEBA, TPC and TPU. Additionally, its reusability and 

https://doi.org/10.3390/polym17081111
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energy absorption capacity within the class of polymeric materials were also studied. Regarding 

the TPMS structures (Figure 2.1), they were chosen based on their superior performance, 

compared to other similar structures. Similar to the honeycomb structures, the materials were 

varied to evaluate their reusability. Furthermore, in this case, structural parameters were also 

modified to enhance energy absorption performance. [1] 

The FRD TPMS structures were generated based on Equation (1) [38]: 

ϕ(r) = 4 cos(X) ·cos(Y) cos(Z) − [cos(2X) cos(2Y) + cos(2X) cos(2Z) + cos(2Y) cos(2Z)] = 0 (1) 

where X, Y and Z represent the spatial coordinates of the lattice base cell in terms of length, width 

and height, respectively. The modelling, as mentioned above, was performed using nTop software, 

first defining the specific general physical domain. The general size of the defined domain was 50 

× 50 × 25 mm3. However, to fit an exact number of base cells (see Figure 2.1f), these dimensions 

were adjusted to 50.26 × 50.26 × 25.13 mm3. In this way, the FRD222 base cell, displayed in 

Figure 2.1a, fully met the requirements, while the dimensions remained as close as possible to the 

initial general size constraints. The numeric designation, such as FRD222 or FRD333, indicates 

the dimension proportions of base unit cells aligned along the X, Y, and Z axes, and the terms are 

presented in Equation 1. For instance, FRD222 indicates that the base cell has equal proportions 

in all directions (X = Y = Z = 2), while FRD334 defines a base cell that is geometrically stretched 

along the Z-axis (X = Y = 3; Z = 4), which is also the direction of compressive loading during 

mechanical testing. Importantly, modifying the (X, Y, Z) parameters affects the internal geometry 

of the unit cell without changing the external dimensions (e.g., height) of the printed sample. This 

approach enables a controlled investigation into how cell anisotropy along the loading axis 

influences energy absorption and structural response under repeated compression. It is important 

to note that this base cell, FRD222, has a smaller volume than the FRD333 base cell, shown in 

Figure 2.1d, although the base cell geometry is the same. Based on the hypothesis that modifying 

the Z parameter of the base cell could improve the structure’s performance as it approaches a 

tubular configuration—commonly used in automotive energy absorbers—different base cells were 

created, as exhibited in Figure 2.1a–e. For instance, configurations FRD223 (Figure 2.1b) and 

FRD224 (Figure 2.1c) are elongated along the z-axis compared to the FRD222 base cell (Figure 
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2.1a), while configuration FRD334 (Figure 2.1e) exhibits an elongated z-axis compared to an 

FRD333 base cell (Figure 2.1d). This wide range of cases allows us to better understand how these 

spatial arrangements affect the energy absorption performance. [1] 

 

Figure 2.1. FRD TPMS lattice structures: (a) FRD222 base cell; (b) FRD223 base cell; (c) FRD224 base cell; (d) 

FRD333 base cell; (e) FRD334 base cell; (f) three-dimensional strucuture arragement for the FRD222 base cell; (g) 

three-dimensional strucuture arragement for the FRD333 base cell. 

 

Regarding the 2D honeycomb-inspired structures, two alternative arrangements were studied: a 

pomelo peel-inspired structure named H-Pomelo and a simple hexagonal structure named HEX. 

The former, as shown in Figure 2.2a, was adapted to meet the constraints of the selected 3D 

printing process. H-Pomelo was constructed using two types of basic cells, both with a constant 

wall thickness of 0.4 mm and a height of 25 mm. The length of the larger hexagon side was set to 

6 mm, while the length of the smaller hexagon side was set to 2 mm. For a better understanding 

of the structure arrangement using these two types of base structures, Figure 2.2b presents a top-

plane view of a sample. Concerning the simple hexagonal structure (HEX) (see Figure 2.2c), the 

base cell had a height of 20 mm, an outer hexagonal side length of 5.5 mm, and walls with a 

constant thickness of 0.4 mm. The goal was to establish these dimensions as a benchmark for our 
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studies, since they have been previously used in other research conducted by the authors and have 

proven their efficiency compared to taller variations where the buckling phenomenon becomes 

more pronounced. In our case, this phenomenon also depends on the hexagon’s size (length and 

thickness) and its height. [1] 

 

Figure 2.2. Pomelo peel-inspired honeycomb structure: (a) three-dimensional and (b) top-plane views of structure 

arrangement. Hexagonal structure: (c) three-dimensional and (d) top-plane views of structure arrangement. 

 

The text of this thesis is based on the article of the same title, authored primarily by myself and already published at: 

https://doi.org/10.3390/polym17081111 , under referance [1]. 

 

2.2 Material Properties and 3D Printing Parameters 

The materials used in this study belong to the class of flexible polymeric materials. Flexible 

polymeric materials were selected in order to create reusable structures. As seen in other studies 

that had a similar purpose [8], thermoplastic polyurethane (TPU 95A) [39] was chosen as the 

starting material based on its high elasticity, thermal stability during fused deposition modelling 

https://doi.org/10.3390/polym17081111


Buștihan Alin-Antonio   Enhancing Mechanical Energy Absorption of 

Honeycomb and Triply Periodic Minimal 

Surface Lattice Structures  

12 

 

(FDM), and mechanical resilience under repeated deformation. Moreover, two other materials 

available in filament form that are compatible with our 3D printer and superior in terms of 

mechanical properties were also chosen. Therefore, it was decided to use polyether block amide 

(PEBA) [40] and thermoplastic copolyester (TPC) [41]. PEBA is known for its excellent fatigue 

resistance, low-temperature flexibility, and superior energy return, which are essential for loading 

scenarios such as those found in impact protection systems. TPC combines the flexibility of 

elastomers with the strength and processability of engineering thermoplastics, enabling it to 

withstand large deformations without brittle failure. [1] 

All three materials exhibit elongations at break exceeding 500%, making them ideal for reusable 

energy-absorbing applications [39]. Raw filament materials PEBA (Flexfill PEBA 90A by 

Fillamentum), TPU 95A (Ultrafuse by BASF) and TPC (Ultrafuse TPC 45D by BASF) have densities 

of ρPEBA = 1000 kg/m3, ρTPU =1149 kg/m3, and ρTPC =1150 kg/m3, respectively. Other technical 

specifications from the manufacturers’ data sheets were used to define the print settings and material 

characterisation, which are included in the references. [1] 

The printing parameters provided by the filament manufacturers were adjusted to ensure 

compatibility with the Bambu Lab P1S (Bambu Lab, Shenzhen Tuozhu Technology Co., Ltd., 

China) 3D printer used in this study, which was equipped with a 0.4 mm stainless steel nozzle. 

Table 2.1 shows the printing parameters used for each material. The TPU 95A and TPC filaments 

were printed using the same parameters but under different printing chamber conditions. TPU 95A 

was printed in an open chamber to improve ventilation, while TPC and PEBA were printed in a 

closed chamber to ensure better temperature stability. All energy absorption lattice structures 

presented in this investigation were printed with a 100% infill rate to ensure that mechanical 

behaviour was governed solely by the designed architecture and material properties, without 

internal infill variation. [1] 
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Table 2.1. Printing parameters used for energy absorption structures. 

Parameter TPU 95A TPC PEBA 

Printing Speed 30 mm/s 30 mm/s 30 mm/s 

Max. Acceleration 300 mm/s2 300 mm/s2 300 mm/s2 

Nozzle Temperature 230 °C 230 °C 240 °C 

Platform Temperature 35 °C 35 °C 75 °C 

Fan Speed 100% 100% 50% 

The text of this thesis is based on the article of the same title, authored primarily by myself and already published at: 

https://doi.org/10.3390/polym17081111 , under referance [1]. 

 

2.3 Uniaxial Tensile and Compression Tests 

In order to characterise the mechanical behaviour of the tested materials/structures and develop 

robust numerical models, uniaxial quasi-static monotonic tensile tests were performed (Figure 

2.3a,b). Tensile test specimens were produced using the printing parameters presented in Table  

2.1. These tests were performed following the recommendations outlined in the ISO 527-2:2012 

standard  [42]considering the specimen dimensions presented in Figure 2.3a. A STEP Lab EA05 

(STEP Lab S.r.l., Resana, Italy) testing machine was used, applying a constant displacement rate 

of 10 mm/min (Figure 2.3d), based on the nature of the 3 materials studied and the fact that they 

are highly elastic polymer types that we aim to test multiple times within an optimal timeframe to 

maintain their elastic state. The selected testing speed was chosen to match that used in the 

compression tests. This ensures a balance between these different tests. Moreover, this speed was 

used in another article [43] where a qualitative compression curve was observed at this testing 

speed. The tensile specimens tested in this study are shown in Figure 2.4. For each material, three 

tests were carried out (see Figure 2.3b) to determine Young’s modulus, rupture strain, and the 

tensile strength. Young’s modulus was defined as the slope of the initial linear elastic region of 

the stress–strain curve. [1] 

https://doi.org/10.3390/polym17081111
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The FEM simulations for the FRD222 and FRD333 lattices were conducted using the values of 

Young’s modulus determined in the uniaxial monotonic quasi-static tensile tests. Poisson’s ratio 

was defined based on literature references [44–47]. The selected values were as follows: νPEBA = 

0.45, νTPC = 0.48, and νTPU = 0.48. The materials were assumed to be isotropic and homogeneous. 

The objective of these simulations was to analyse how the energy absorption changed by 

modifying the z-parameter. By varying this parameter, its impact on mechanical performance—

including stress distribution, deformation patterns, and overall energy dissipation efficiency—was 

assessed. [1] 

 

Figure 2.3. (a) Standard ISO 527-2:2012 [42] tensile specimen with dimensions in millimetres, (b) standard 

uniaxial quasi-static tensile test set-up, (c) compression test set-up and (d) STEP Lab EA05 testing machine. 
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Figure 2.4. Standard ISO 527/2-5A specimens 3D-printed using (a) TPC, (b) PEBA and (c) TPU for tensile 

strength tests. 

 

The text of this thesis is based on the article of the same title, authored primarily by myself and already published at: 

https://doi.org/10.3390/polym17081111 , under referance [1]. 

 

2.4 Finite Element Analysis (FEA) 

FEA was conducted based on a static analysis using the nTop software to facilitate a more 

streamlined workflow and to leverage its capability of meshing such complex surfaces efficiently. 

We used a partial quad-mesh with an element size of 0.4 mm; this results in analyses with a range 

of finite elements between 10,634,109 and 13,473,478. The lattice structures were considered to 

be placed between two rigid metal plates. These plates were modelled as a metallic material with 

a Young’s modulus of 205 GPa, a Poisson’s ratio of 0.284, and a density of 8190 kg/m3. One plate 

was fixed, while a 500 N force was applied to the other plate. This force value was chosen to 

ensure that analysis remained within the initial linear zone of the compression curve, where the 

material exhibits a linear elastic behaviour. This approach allowed for the determination of the 

displacement and stress distributions experienced by the lattice structure for this loading level. 

 

https://doi.org/10.3390/polym17081111
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The text of this thesis is based on the article of the same title, authored primarily by myself and already published at: 

https://doi.org/10.3390/polym17081111 , under referance [1]. 

 

2.5 The 3D Printing of Lattice Structures 

The different types of lattice structures under investigation (Figures 2.5 and 2.6) were 

manufactured using the same AM printer used to manufacture the uniaxial tensile specimens, and 

the three selected polymer materials with their printing parameters are summarised in Table 2.1. 

The lattice structures, i.e., 2D honeycomb-inspired and 3D TPMS variants, were tested under 

compressive loading (Figure 2.3c). Three compressions tests were performed on each geometry, 

using the same STEP Lab EA05 (STEP Lab S.r.l., Resana, Italy) testing machine, with a constant 

displacement rate of 10 mm/min. These tests allowed us to evaluate the mechanical performance 

and energy absorption capacity. In addition, they provided insights into deformation patterns and 

the reusability of the studied lattice structures. [1] 

 

Figure 2.5. Honeycomb structures of HEX 3D-printed using (a) PEBA, (b) TPC and (c) TPU and HEX-Pomelo 

structure inspired by pomelo peel 3D-printed using (d) PEBA, (e) TPC and (f) TPU. 

https://doi.org/10.3390/polym17081111


Buștihan Alin-Antonio   Enhancing Mechanical Energy Absorption of 

Honeycomb and Triply Periodic Minimal 

Surface Lattice Structures  

17 

 

 

Figure 2.6. TPMS FRD222 structure 3D-printed using (a) PEBA, (b) TPC and (c) TPU and TPMS FRD333 

structure 3D-printed using (d) PEBA, (e) TPC and (f) TPU. 

 

The text of this thesis is based on the article of the same title, authored primarily by myself and already published at: 

https://doi.org/10.3390/polym17081111 , under referance [1]. 

 

2.6 Energy Absorption Parameters 

Since this study involves two types of energy absorption structures, generally classified as 2D 

honeycomb and 3D TPMS lattice structures, their absorption curves exhibit distinct behaviours. 

Thus, it is necessary to define two methods to identify the densification point of energy in the 

absorption curve. For the 2D honeycomb structures, the densification point (dS) was defined as the 

displacement where the force reached the same value as the first maximum peak of the initial phase 

of the compression curve. For the 3D TPMS structures, the compression curve exhibits a 

continuously increasing trend, requiring a different analytical approach. To determine the 

densification point in the most accurate manner, relative energy absorption efficiency curves were 

generated, and the peak value was identified as the densification point. [1] 

The absorption capability of these structures is characterised by distinct parameters [5]. However, 

these parameters and their definitions may vary depending on the study. In this work, the selected 

a b c

d e f

https://doi.org/10.3390/polym17081111


Buștihan Alin-Antonio   Enhancing Mechanical Energy Absorption of 

Honeycomb and Triply Periodic Minimal 

Surface Lattice Structures  

18 

 

parameters were absorbed energy, specific energy absorption, average compression force, 

compression load efficiency, and energy absorption efficiency. These selected metrics allow for a 

comprehensive evaluation of deformation modes, structural stiffness, and energy dissipation, 

which vary significantly between geometries. For the sake of clarity, these parameters are briefly 

defined below. [1] 

Absorbed energy (Eabs) is defined as the area under the compression curve up to the densification 

point [48] and represents the amount of energy absorbed by the structure: 

𝐸𝑎𝑏𝑠 = ∫ 𝐹(𝑥)𝑑𝑥
𝑑𝑠

0
  (2) 

where 𝐹(𝑥) denotes the applied force, and ds represents the densification point. 

Specific energy absorption (SEA) is defined as the energy absorbed per unit of mass [49] and 

accounts for the ability of the structure to store energy in a unit:  

𝑆𝐸𝐴 =
𝐸𝑎𝑏𝑠

𝑚
  (3) 

where m represents the mass of the structure. 

Average compression force (𝐹𝑚) is defined as the ratio of energy absorbed to total compression 

displacement [50]: 

𝐹𝑚 =
1

𝑑𝑠
∫ 𝐹(𝑥)𝑑𝑥
𝑑𝑠

0
  (4) 

and this definition is relevant only up to the densification point; after this point, the material 

generally exhibits different behaviour. 

Compression load efficiency (𝐶𝐿𝐸)  is defined as the ratio of average compression force to 

maximum compression force [51]: 

𝐶𝐿𝐸 =
𝐹𝑚

𝐹𝑣
  (5) 

where 𝐹𝑣  is the peak of the compressive curve. 

Energy absorption efficiency ( 𝜂𝑎𝑏𝑠 ) is used for comparative analysis of energy absorption 

structures and is defined as the ratio of absorbed energy to the maximum theoretical energy 

absorption (𝐹𝑣 ∙ 𝑑) [52,53]: 

𝜂𝑎𝑏𝑠 =
𝐸𝑎𝑏𝑠

𝐹𝑣 ∙𝑑
  (6) 
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where d represents the total compression displacement up to the densification point. 

 

The text of this thesis is based on the article of the same title, authored primarily by myself and already published at: 

https://doi.org/10.3390/polym17081111 , under referance [1]. 
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3. Results and Discussion 

3.1. Mechanical Properties and Analysis 

Figure 3.1 shows the monotonic stress–strain curves obtained for the three standard specimens 

printed for each material. The tests were conducted under uniaxial quasi-static tensile loading, with 

a data acquisition rate of 4 kHz. Overall, the three curves for each material perfectly overlapped, 

which indicates excellent reproducibility of the tests. It is also clear that the curves extend up to a 

strain of 1.4. This value corresponds to the maximum distance allowed by the grip system of the 

testing apparatus. Thus, it was not possible to calculate the maximum elongation or rupture strain 

because the displacement range was not sufficient. [1] 

 

Figure 3.1. Tensile stress–strain curves obtained from standard ISO 527/2-5A additively manufactured specimens 

made of TPC, PEBA and TPU. S1, S2, and S3 refer to the three individual tensile specimens tested per material type 

to evaluate repeatability and mechanical consistency. Strain values are in [mm/mm]. 

 

Based on these tests, the Young modulus (E) for each material was calculated. Their average values 

and the corresponding standard deviations are summarised in Table 3.1. These values provided 

essential insights into the mechanical behaviour of each material and were used in subsequent 

analyses, including the finite element simulation and experimental validation of energy absorption 

performance. Figure 3.1 clearly shows that TPC has the highest Young’s modulus and reaches an 
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almost horizontal plateau first, while TPU exhibits the lowest E value and the slowest transition to 

fully plastic behaviour. [1] 

 

Table 3.1. Young’s modulus for the tested polymer produced by fused deposition modelling.  

EPEBA (MPa) ETPC (MPa) ETPU (MPa) 

32.62 ± 0.97 49.69 ± 0.7 14.49 ± 0.9 

 

The numerical simulations of the FRD lattice structures were performed using the values of Young’s 

modulus obtained from the initial linear elastic phase of the tensile stress–strain curves (Figure 3.1, 

Table 3.1). Poisson’s ratio values, as mentioned earlier, were taken from the literature. This analysis 

was initially conducted on the FRD222 and FRD333 configurations to assess differences in their 

theoretical mass and energy absorption behaviour. A key factor in evaluating energy absorption was 

the correlation between displacement and applied load. In this study, the displacement was examined 

under a 500 N compressive force, as this value is within the initial linear elastic region. Figure 3.2 

shows the displacement fields simulated via the FEM for the lattice structures printed from TPC. As 

expected, the highest displacements were observed in the top regions of both structures, while at the 

bottom, due to the defined boundary conditions, displacement was zero. [1] 
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Figure 3.2. Displacement field simulated numerically for a TPMS structure made of TPC: (a) FRD333 and (b) 

FRD222. The pseudo-colour bars represent the displacement field. 

 

It is also clear from the analysis of Figure 3.2 that the FRD222 configuration (Figure 3.2b) 

exhibited greater displacement of 1.186 mm, compared to the FRD333 configuration at 1.135 mm 

(Figure 3.2a). This suggests that the FRD222 architecture absorbs less energy, as it requires a 

larger displacement of its effective height to withstand the same applied force. In closed-cell foams, 

the densification point is typically defined as the moment when cell walls come into contact. Since 

TPMS structures tend to mimic this behaviour, a larger displacement under a lower force implies 

an earlier collapse of the structure, leading to reduced energy absorption. Thus, based on these 

findings, an architecture with greater displacement under the same load is expected to have a lower 

energy absorption capacity. [1] 

The next step involved the AM fabrication of four types of lattice geometries: honeycomb inspired 

by pomelo peel, named HEX-Pomelo; simple honeycomb, named HEX; TPMS FRD222; and 

TPMS FRD333, using each available material (TPU95A, PEBA, and TPC). However, a key 

challenge encountered in this phase was the minimum achievable resolution of the 3D printing 
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process, particularly when using flexible polymeric materials, which are generally more difficult 

to print. [1] 

From a manufacturing perspective, the printing quality of the HEX and HEX-Pomelo specimens 

was high, as 2D structures are easier to fabricate when their growth direction aligns with the Z-

axis. In contrast, for FRD structures, the printing method varied significantly depending on both 

the material properties and the unit cell size. Concerning material performance during printing, 

TPC exhibited the best visual quality, producing the most precise structures. TPU 95A generated 

the most printing residues, leading to a final mass higher than the theoretically calculated value. 

For the specimens printed using PEBA, the material exhibited good printability. However, minor 

structural discontinuities were observed in fine details. [1] 

Regarding TPMS printability, FRD222 structures proved to be more challenging to print than 

FRD333 structures due to their smaller unit cells, which led to longer printing times and a higher 

occurrence of structural defects. In contrast, FRD333 structures demonstrated higher print quality 

across all materials used, confirming the suitability of FDM printing for these structures. After 

printing, a preliminary mass analysis was conducted on all TPMS printed structures using 

manufacturer-supplied material density data and the mass estimation function in nTop software. 

Figure 3.3 compares the theoretically calculated (black series) and the experimentally measured 

(red series) mass values for the different geometries and tested materials. For specimens printed 

with TPC, even though the theoretical and experimental mass values differ, these differences 

remain consistent across all cases, which may indicate high print quality. It is considered that the 

density provided by the manufacturer may be inaccurate. To achieve results that align with 

theoretical values, a density value of 1322 kg/m3 was found to be the most accurate. For specimens 

printed with TPU and PEBA, more relevant variations between theoretical and experimental mass 

were observed. These discrepancies may be attributed to small structural defects or accumulation 

of residual material, which tends to occur due to nozzle travel movements during 3D printing 

(Figures 2.5 and 2.6). Comparing the mass of different TPMS specimen configurations, those of 

the same type, such as FRD222 or FRD224, exhibited approximately the same mass. Regarding 
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the FRD22z and FRD33z architectures, the mass variations remained below 1.5 g. This shows that 

structure variations did not directly induce significant mass differences. [1] 

 

Figure 3.3. Mass analysis of TPMS structures. Black series for theoretical mass measurements and red series for 

experimental mass measurements. 

 

The compression tests for the honeycomb and TPMS structures are presented in Figure 3.4. These 

curves show the absorption response of the tested specimens in the initial phase. Each specimen was 

subjected to three compressive cycles identified as C1 (black), C2 (red) and C3 (green), respectively. 

From these graphics, it can be deduced that the specimens printed from TPC (dash lines) exhibit a 

higher energy absorption capacity, as indicated by the shape of the curves. This behaviour may be 

attributed to the higher density of this material, which is the greatest among the materials studied. It is 

also observed that specimens made from TPU (continuous line) and PEBA (dot lines) exhibit similar 

values in some cases. However, in general, PEBA shows superior energy absorption capacity. [1] 
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Figure 3.4. Compression curve of absorbent structures: (a) honeycomb design inspired by pomelo peel, (b) simple 

honeycomb design with hexagonal hole, (c) TPMS structures FRD222 and (d) FRD333. C1, C2, and C3 denote the 

first, second, and third compression cycles conducted on each specimen to assess recovery, reusability, and cyclic 

performance under repeated loading. 

 

Another significant aspect observed in the figures is the ability of the specimens to return to their 

original shape. For example, in Figure 3.4d, it can be seen that the starting points of the second 

(red) and third (green) curves for the FRD333 sample made from TPC are not at zero. This occurs 

because the arm of the compression test machine must travel a certain distance before contacting 

the specimen again. [1] 

By analysing this behaviour, the ability of the specimens to recover their initial shape can be 

quantified. This characteristic was examined after all three repeated compressions, and the 

recovery data obtained is presented in Figure 3.5. From a material standpoint, TPU exhibited the 

best recovery performance, reaching up to 99.5% in the case of 2D structures and 96.6% for 3D 

structures. These results indicate that all materials used in this study demonstrated a strong 

recovery capacity, with a minimum recovery of at least 90%. [1] 

This recovery capacity serves as an initial indicator of the reusability of the specimens across all 

cases. However, further analysis will be conducted on several key parameters that define the 
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energy absorption performance of these structures. As previously mentioned, for 2D structures, 

their performance will be compared with existing literature results, where materials without 

recovery capability are typically used. For 3D structures, it is intended to validate the hypothesis 

that a smaller displacement may correlate with improved energy absorption efficiency. [1] 

 

Figure 3.5. Recovery percentage of pomelo peel-inspired honeycomb (H-POMELO), simple hexagonal hole 

honeycomb (HEX) and TPMS absorbent structures FRD222 and FRD333 for TPU, TPC and PEBA. 

 

Figure 3.6a shows the absorbed energy for the tested 2D and 3D lattice structures. The H-Pomelo 

architecture made of TPC exhibits the highest absorption capacity (76.7 kJ) during the first 

compression cycle (C1). However, the absorption capacity drops significantly after the first 

compression, and all the specimens exhibit visible degradation. However, for the other materials, 

the difference between the first and second compression cycles is much smaller. In the case of 

PEBA, the decrease in absorbed energy was around 16 kJ, while for TPU, the reduction was around 

15 kJ. After the second compression cycle, similar results were obtained for PEBA and TPU, with 

a more pronounced difference observed only for TPC. [1] 

Comparing the two 2D architectures, HEX specimens exhibited lower energy absorption values 

than H-Pomelo samples, but the differences between the three successive compression cycles were 

significantly smaller. The trend remains consistent, with the most substantial differences occurring 

in the TPC material. An interesting observation is the SEA coefficient shown in Figure 3.6b, where 

the HEX specimen made from PEBA demonstrates a superior value compared to the H-Pomelo 

structure made of TPU or PEBA. In the case of the TPC material, the coefficient remains similar 
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irrespective of difference in height or geometry. Based on this observation, it can be concluded 

that for these types of polymeric materials, 2D structures such as H-Pomelo do not provide a 

significantly higher energy absorption capacity, despite their much more complex geometry 

compared to the HEX structure. [1] 

In the case of the 3D TPMS architectures, although they do not exhibit an increased energy 

absorption capacity (see Figure 3.6a), it can be observed that the difference between the first and 

second compression cycle is smaller than for the 2D structures. Additionally, for the second and 

third compression cycles, the variations in absorbed energy were almost similar. This characteristic 

suggests that these types of structures possess strong reusability potential. Regarding the SEA 

coefficient (see Figure 3.6b), TPMS architectures show reasonable values compared to the other 

structures studied. It is important to note that the highest SEA coefficient values were achieved for 

the TPC material (3.03 J/g). For PEBA, all SEA values ranged between 0.9 and 1.39 J/g. This 

indicates that for the lightest material used in our study (PEBA), which we believe has the best 

reusability characteristics, the SEA coefficient does not stand out significantly. In contrast, for 

TPU, the SEA coefficient is relatively low, exceeding 1 J/g only in the case of the H-Pomelo 

structure. [1] 
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Figure 3.6. The quantity of energy absorbed (a), specific energy absorption (b), efficiency of energy absorbed (c) 

and CLE coefficient (d) of structures produced using TPC, PEBA and TPU. C1, C2, and C3 denote the first, second, 

and third compression cycles conducted on each specimen. H-P refers to pomelo peel-inspired honeycomb, HEX 

refers to simple hexagonal hole honeycomb, and 222 and 333 refer to FRD222 and FRD333 TPMS structures.  

 

From the perspective of energy absorption efficiency, Figure 3.6c shows that TPMS structures 

exhibited higher efficiency compared to basic structures H-Pomelo and Hex. Among the 2D 

structures, the highest efficiency value was achieved by the H-Pomelo specimen made from TPC 

at 46.20%. However, this value is very close to that of the HEX specimen made from PEBA, which 

reached 46.09%. This finding indicates that, in terms of efficiency, the H-Pomelo samples did not 

exhibit significantly higher values compared to the Hex specimens. Regarding reusability, it was 

observed that all specimens showed similar values for the C2 and C3 compression cycles, with 

differences in efficiency appearing only during the first compression. The highest efficiency in 

terms of reusability was found for the FRD333 architecture produced from PEBA, while the 

weakest performance was observed for all specimens made from TPC. Although this material 
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demonstrated the best results in the first compression cycle for three out of four structures, its 

performance significantly deteriorated in the subsequent two compression cycles. This trend was 

consistent across all studied parameters. [1] 

The CLE parameter, presented in Figure 3.6d, exhibited higher values in the case of 2D specimens. 

This fact can be explained by the larger amount of energy absorbed by these structures compared 

to 3D shapes. Overall, the FRD333 specimen maintained the best performance after three 

consecutive compression cycles. For 2D structures, an increase in CLE values was observed during 

the second and third compression cycles in certain cases, such as HEX structure made from TPC 

or HEX-Pomelo structure made from PEBA. This behaviour can be explained by analysing the 

shape of the absorption curve. As shown in Figure 3.4b, in the case of TPC, after the first 

compression, the curve no longer exhibits a well-defined maximum peak in its initial phase. This 

affects the calculation of the densification point, leading to a lower value of displacement and 

causing the average force value to be closer to the maximum peak value. As demonstrated in 

Equation (4), the average force is strongly correlated with the densification point. A similar trend 

was observed in the Hex-Pomelo structure made from PEBA, where the absorption curve exhibits 

a longer linear region, indicating a more gradual energy absorption process. However, despite  

these variations in the CLE values, the total amount of energy absorbed in these two structures 

remains significantly lower compared to the other cases. [1] 

According to the data presented in Figure 3.6b, the SEA values obtained for the H-Pomelo 

structure were lower compared to those reported in other studies [25]. In the present study, the 

maximum SEA value reached approximately 3 J/g, whereas in the reference study, SEA reached 

around 14 J/g. From the perspective of the CLE coefficient, which is a key indicator of the 

structure’s absorption behaviour, higher values were observed in all tested cases. Moreover, these 

values remained stable or even increased during the second and third compression cycles, 

emphasising the reusability potential of the structures designed here. This characteristic was 

particularly notable in lattice structures fabricated from PEBA and TPU. It is important to highlight 

that, in this study, polymeric materials with higher density were used compared to the metallic 



Buștihan Alin-Antonio   Enhancing Mechanical Energy Absorption of 

Honeycomb and Triply Periodic Minimal 

Surface Lattice Structures  

30 

 

materials used in the reference study, and the manufacturing methods were also entirely different, 

which may have contributed to the observed discrepancies in SEA values. [1] 

For the HEX samples, it was possible to conclude that the absorbed energy value of 29.3 kJ for 

the TPC structure was significantly higher than the value reported in the reference study; see Figure 

3.6a. In that study, the average absorbed energy was 13.2 kJ, a value comparable to the energy 

absorption capacity of PEBA observed in the present study. Since PEBA has a lower density than 

TPU 95A, its SEA coefficient, as shown in Figure 3.6b, exhibited higher values compared to those 

of the reference study. For instance, in the present investigation, for HEX structures made from 

PEBA, the SEA coefficient reached 1.4 J/g, while in the reference study, the average value for the 

best material, TPU 95A, was below 1 J/g. Conversely, TPU 95A used in the current study led to 

SEA values lower than those reported for the same material used in the reference study. This 

finding further highlights the importance of selecting high-quality materials to achieve superior 

structural performance. [1] 

Regarding structure efficiency (see Figure 3.6c), the results registered for PEBA (46.1%) and TPC 

(45.5%) are higher than the average value reported in the reference study (44%). This clearly 

indicates that TPC and PEBA exhibit superior capabilities for manufacturing high-performance 

shock-absorbing structures compared to the more commonly used TPU 95A. Moreover, the 

assumption proposed in Figure 3.2—that the displacement measurable in simulation is directly 

correlated with the absorbed energy—is clearly confirmed in Figure 3.6a, where the FRD222 

structure absorbs less energy than the FRD333 structure. In this study, TPC was selected for 

numerical simulations because the lattice structures printed with this material exhibited the highest 

quality among the AM specimens. Based on this confirmation, new unit cells with modifications 

in the Z-axis parameter (FRD22z and FRD33z) were developed, more specifically FRD223, 

FRD224, and FRD334 architectures, as shown in Figure 2.1b, 2.1c and 2.1e, respectively. [1] 

 

The text of this thesis is based on the article of the same title, authored primarily by myself and already published at: 

https://doi.org/10.3390/polym17081111 , under referance [1]. 
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3.2 Redesign of the Unit Cells 

The newly developed unit cells—FRD223, FRD224 and FRD334—were numerically simulated 

using the approach previously described. The displacement fields obtained from the FEM analysis 

are presented in Figure 3.7. The results indicate that these new architectures displayed smaller 

displacement values compared to the reference FRD222 and FRD333 structures (Figure 3.2). As 

shown in Figure 3.7b, the FRD224 structure exhibited the lowest total displacement among the 

tested geometries. To further investigate this behaviour, the structures were printed via FDM using 

the three selected materials and subsequently tested under compression, following the same 

procedure as in the previous experiments. [1] 

 

Figure 3.7. Finite element simulation of TPMS structures made of TPC: (a) FRD223, (b) FRD224, and (c) 

FRD334. The pseudo-colour bars represent the displacement field. 



Buștihan Alin-Antonio   Enhancing Mechanical Energy Absorption of 

Honeycomb and Triply Periodic Minimal 

Surface Lattice Structures  

32 

 

 

Figure 3.8, left side, shows the absorption curves for the FRD223 and FRD224 structures as well 

as for the reference FRD222 structure. The most notable aspect of the newly proposed structures 

is the increased length of the absorption curve, which indicates a greater  distance to the 

densification point and, consequently, a higher amount of absorbed energy. This observation is 

consistent with the geometric modifications introduced in the FRD223 and FRD224 structures, 

where the distance between the walls of a unit cell along the z-direction is greater compared to the 

reference FRD222 structure. Thus, a larger displacement is required before the walls come into 

contact. The longer distance to the densification point and the higher absorbed energy may also be 

correlated with the smaller z-axis displacements observed in the simulation presented in Figure 

3.7a,b. [1] 

Figure 3.8 shows an overlap or crossing of the compression curves, particularly in later cycles. 

This behaviour is attributed to subtle variations in the elastic recovery rate and local deformation 

across individual samples and layers. These effects may arise from differences in unit cell 

completeness (especially in odd z-axis structures), minor inconsistencies in 3D printing, or 

progressive material softening during compressive loading tests. [1] 

Regarding the FRD334 structure and its reference FRD333 structure, their absorption curves are 

displayed in Figure 3.8, right side. By comparing the results, it can be concluded that the absorption 

curves exhibit similar lengths, which is expected because FRD33z has more similar Z-proportions 

(1.333 for FRD334) compared to the FRD22z structures (1.5 for FRD223 or 2 for FRD224). 

Nevertheless, in this case, as observed in Figures 3.8d or 3.8e, the area under the absorption curve 

appears larger for the FRD334 structure, indicating an increase in absorbed energy. This can be 

explained by the smaller displacement along the z-axis compared to the FRD333 structure (Figure 

3.2a), as shown in the simulation in Figure 3.7c. [1] 



Buștihan Alin-Antonio   Enhancing Mechanical Energy Absorption of 

Honeycomb and Triply Periodic Minimal 

Surface Lattice Structures  

33 

 

 

Figure 3.8. Compression curves of FRD22z-type structures produced using (a) TPC, (b) PEBA and (c) TPU and 

FRD33z-type structures produced using (d) TPC, (e) PEBA and (f) TPU. C1, C2, and C3 denote the first, second, 

and third compression cycles conducted on each specimen to assess recovery, reusability, and performance under 

repeated loading. 

 

Figure 3.9a–c show the results of energy absorption for all tested FRD structures fabricated from 

the three selected polymers. Among the studied structures, FRD334 exhibited the highest values 

across all materials. The maximum absorbed energy, measured at 30.3 kJ, was observed for the 

TPC material (Figure 3.9a) and exceeded the value obtained for the 2D honeycomb HEX structure. 

According to the numerical simulations presented in Figure 3.7, FRD223 and FRD224 structures 

were expected to demonstrate higher energy absorption than the FRD334 structure, based on their 

smaller z-axis displacements. However, it was observed that the FRD334 structure was followed 



Buștihan Alin-Antonio   Enhancing Mechanical Energy Absorption of 

Honeycomb and Triply Periodic Minimal 

Surface Lattice Structures  

34 

 

by different structures depending on the material used. As shown in Figure 3.9b, for PEBA, the 

second highest energy absorption value is observed in the FRD222 structure, while for TPU 

(Figure 3.9c), it was for the FRD333 structure. [1] 

 

Figure 3.9. Specific values of TPMS FRD structures for energy absorbed in case of (a) TPC, (b) PEBA and (c) 

TPU; energy absorption efficiency in case of (d) TPC, (e) PEBA and (f) TPU; specific energy absorption in case of 

(g) TPC, (h) PEBA and (i) TPU; and crushing load efficiency in case of (j) TPC, (k) PEBA and (l) TPU. C1, C2, 

and C3 denote the first, second, and third compression cycles conducted on each specimen.  

 

From a structural perspective, the most relevant results are those obtained with TPC (Figure 3.9a), 

as the quality of the printed samples is the best for this material. This means that the physical 
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structure is the closest to its FEM structure. Differences in manufacturing quality are influenced 

by the level of structural detail. A notable example is the FRD224 structure, which, based on 

simulations, was expected to exhibit a higher absorption capacity than the FRD334 structure. This 

discrepancy is attributed to the lower printing quality of structures with a cell size of two, as these 

designs include finer details and bridging gaps, which are challenging to print accurately. From 

both a visual and an energy absorption standpoint, FRD333 and FRD334 architectures are better 

suited for production using FDM technology. Although FRD222 structures can also be 

manufactured, achieving optimal quality would require a more in-depth investigation of printing 

parameters and physical constraints. For instance, using a smaller nozzle size could improve 

accuracy. [1] 

Regarding energy absorption efficiency, as shown in Figure 3.9d, the most efficient structure 

during the first compression cycle was the FRD224 structure produced from TPC (62%). However, 

its efficiency decreased after the second compression cycle to 46.1%. To identify the most stable 

structure in terms of energy absorption efficiency, Figure 3.9e shows that FRD333, produced from 

PEBA, maintains the best performance, with 56.1% after the first compression cycle and 52.1% 

after three consecutive compression cycles. A similar trend was also observed in the FRD334 

structure produced by PEBA or TPU. In this case, the results of the second and third compression 

cycles were close to those observed in the initial compression cycle (Figure 3.9e,f). A comparable 

behaviour occurred in the FRD224 structure (Figure 3.9e,f), but the difference between the first 

and second compression cycles was greater than in the case of the FRD334 structure. [1] 

The performance evaluation revealed that PEBA exhibited the highest reusability, maintaining 

energy absorption efficiency of 56.1% even after three successive compression cycles. This 

consistency suggests minimal degradation, making PEBA a strong candidate for applications 

requiring repeated impacts. In contrast, TPC showed high initial absorption (e.g., 76.7 kJ for H-

Pomelo and 30.3 kJ for FRD334) but poor retention across compression tests, with efficiency 

declining below 50% by the third compression cycle. This trade-off is likely due to TPC’s higher 

stiffness and lower elastic recovery, which lead to permanent deformation under repeated loading. 
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Specific energy absorption (SEA) analysis, as presented in Figure 3.9g–i, indicates that the 

FRD334 structure exhibits the best results across all tested materials, with the highest value of 

2.02 J/g for TPC. For the remaining samples, the trends established from the energy absorption 

histograms (see Figure 3.9a–c) remain consistent because the specimen weights are comparable, 

with the differences between specimens made from the same material being less than 2 g, as shown 

in Figure 3.3. In addition, based on these features, the lighter structures such as FRD223 or 

FRD333 are advantageous in terms of mass compared to FRD222 or FRD334 but without any 

improvement in the SEA coefficient. A clear example of this behaviour is displayed Figure 3.9h 

for PEBA. [1] 

This phenomenon can be explained by the fact that structures such as FRD222 or FRD334, with 

an even z-axis number, contain complete sets of base cells, which contribute to energy absorption 

in the entire structure. Conversely, structures with an odd z-axis number include only a fraction of 

the final row of cells, meaning that a portion of the structure remains incomplete, and energy 

absorption is not fully achieved by a complete cell geometry. For better understanding, Figure 

2.1g,f may be consulted, as they present the differences between the upper planes of the FRD333 

structure (with an odd z-axis configuration) and the FRD222 structure (with an even z-axis 

configuration). In summary, although partial structures such as FRD223 have lower weight, their 

energy absorption capacity is reduced compared to structures such as FRD224, because the 

absorption process is compromised by an incomplete cell geometry of the last layer of the structure. 

The analysis of the CLE coefficient (see Figure 3.9j–l) also shows the superior performance of the 

FRD224 and FRD334 structures. It is clear from the figure that these structures are the most 

efficient across all tested materials. This observation can be explained by the same fact that 

structures such as FRD222 and FRD334, with an even z-axis number, contain complete sets of 

base cells which contribute to energy absorption in the entire structure. [1] 

CLE values were generally above 0.45 after the three consecutive compression cycles. This value 

is not exceptionally high, primarily because the selected densification point was based on the 

energy efficiency curve. Other studies have often defined the densification point based on visual 

observation, with this point being identified as the moment when the structure’s walls begin to 
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come into contact. This approach generally yields better theoretical results for the CLE in most 

cases because the absorption curve exhibits a shorter but linear region. However, our method was 

selected because it is considered the most practical and accurate way to determine the densification 

point. Additionally, the maximum force value (Fv) from Equation (5) was adopted as the force 

encountered at the densification point. This approach also contributed to the negative CLE 

coefficient values. [1] 

Nevertheless, the primary goal of the present study was to demonstrate the differences among 

TPMS structures of the FRD type. Thus, it has been shown that, in all the presented cases, the 

FRD334 structure exhibits the most favourable values for the parameters related to mechanical 

energy absorption. Furthermore, this structure, which has been modified along the z-axis, 

consistently demonstrated superior performance compared to the reference FRD333 structure. 

Therefore, it can be concluded that modifications along the z-axis improve the structure’s 

absorption capacity, particularly when the z-parameter coincides with the compression testing axis 

of the specimens. It is also recommended that this parameter takes even values to ensure the 

formation of a structure with the maximum number of complete unit cells. From a material 

standpoint, TPC demonstrates the highest energy absorption capacity during the first compression, 

whereas PEBA is considered the most reusable material in terms of efficiency and durability, 

exhibiting stronger long-term performance characteristics. The performance of TPC, characterised 

by high initial absorption followed by sharp deterioration, can be explained by its high Young’s 

modulus and the row material density, which contribute to excellent stiffness and energy 

dissipation during the first compression cycle. However, its limited strain recovery leads to 

irreversible plastic deformation and microstructural breakdown, impairing performance in 

subsequent cycles. This behaviour contrasts sharply with PEBA, which has lower initial stiffness 

but superior resilience and energy recovery. [1] 

 

The text of this thesis is based on the article of the same title, authored primarily by myself and already published at: 

https://doi.org/10.3390/polym17081111 , under referance [1]. 
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3.3 Engineering Applications 

In order to clarify the practical applicability of these structures, two easily achievable applications 

using the 3D printing technology are presented. Specifically, Figures 3.10 and 3.11 showcase a 

3D model of a safety bike helmet and a 3D model along with the final product of a shoe sole, 

respectively. The base model of the protective helmet was sourced from the GrabCAD community 

library [54] and, subsequently, the internal structure was replaced with the FRD334 architecture, 

as shown in Figure 3.10b. An outer shell, presented in Figure 3.10a, was retained to bond the 

incomplete structures together. A sectional view of the final helmet finite element model is 

provided in Figure 3.10c. [1] 

 

Figure 3.10. Finite element model of a safety bike helmet modelled using (a) outer shell and (b) internal FRD334 

structure and both presented together in (c) the cross section of a bike helmet. 
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Figure 3.11. Finite element model of a shoe sole with (a) the internal FRD structure, (b) cross section of the shoes 

sole with outer shell, (c) 3D-printed sample of a shoe sole with internal FRD334 structure, and (d) cross section of 

the shoe sole with outer shell. 

 

A similar approach was applied to the shoe sole. The base model was taken from the nTop library 

[55]. Figure 3.11a displays the internal structure of the sole. In this case, it is considered that the 

sole can be used without an outer shell, but the base cell size needs to be reduced relative to that 

of the FRD334 structure. The idea is to maintain the proportions of the FRD334 structure. Thus, 

we propose an FRD architecture with X, Y and Z parameters of 1.5, 1.5, and 2 to maintain the 

proportions found for FRD334 structure. A sectional view of the sole, which shows the embedded 

FRD structure, can be seen Figure 3.11b. Finaly, Figure 3.11c,d present the final product 

manufactured using the same 3D printer. It can be observed that the product quality is high, 

indicating that this type of application is highly feasible for future developments. [1] 

To contextualise the performance of the structures developed in this study, a comparison with 

conventional materials used in helmet liners and footwear components is relevant. Expanded 

polystyrene (EPS) is widely used in helmet applications due to its high specific energy absorption 
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(SEA) and low density. However, it is a single-impact material that permanently deforms and must 

be replaced after a single use. In contrast, the PEBA-based FRD334 lattice presented in this work 

demonstrated significant advantages in terms of reusability and mechanical recovery. While the 

peak SEA obtained under quasi-static compressive testing reached 2.02 J/g, this value is 

comparable to EPS reported under high-speed impact tests. Also, the structure tested in this study 

maintained over 56% energy absorption efficiency after three consecutive compressive cycles 

compared to a 36–40% energy absorption efficiency in case of EPS-60 [56,57]. Additionally, it 

preserved its shape and mechanical integrity, which is not possible with EPS. [1] 

It is important to note that EPS performance is typically assessed under high-speed dynamic impact 

conditions, whereas the values reported in this study were obtained under quasi-static compression 

tests. The difference in strain rate and deformation mechanisms must be taken into account when 

interpreting SEA values. 

Similarly, in sports and running footwear, thermoplastic polyurethane (TPU) is widely used for its 

energy return and cushioning properties. However, such systems often lack effective energy 

dissipation, especially under repeated impact. In contrast, the PEBA-based FRD334 structure 

presented in this study demonstrated high elastic recovery (~92%) after three compression cycles, 

indicating its suitability for dynamic applications where both comfort and protection are essential. 

Nevertheless, the ability of PEBA-based 3D-printed lattices to withstand repeated impacts while 

offering comparable energy absorption levels highlights their potential for next -generation 

protective systems, particularly in applications where multi-impact resistance, comfort, and long-

term durability are required, such as advanced helmets and performance footwear. [1] 

 

The text of this thesis is based on the article of the same title, authored primarily by myself and already published at: 

https://doi.org/10.3390/polym17081111 , under referance [1]. 
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4 Conclusions 

This study explored the energy absorption capabilities of additively manufactured polymeric 

lattice structures produced by fused deposition modelling. The studied structures included 2D 

structures, namely honeycomb inspired by pomelo peel and simple hexagonal patterns and 3D 

triply periodic minimal surface (TPMS) structures with different cell unit architectures (FRD222, 

FRD223, FRD224, FRD333, and FRD334). Three polymeric materials—polyether block amide 

(PEBA), thermoplastic polyurethane (TPU), and thermoplastic copolyester (TPC)—were used. 

The following conclusions can be drawn: 

The tests carried out on these structures were designed to evaluate their ability to withstand 

repetitive compressive forces while maintaining structural integrity and reusability. It was 

demonstrated that material selection played a crucial role in both energy absorption capacity and 

reusability. 

TPC exhibited the highest initial energy absorption values, with 76.7 kJ observed for the Hex-

Pomelo honeycomb structure and 30.3 kJ for the FRD334 TPMS structure. However, a significant 

degradation in material performance was observed after three repeated compression cycles, 

indicating a lower reusability potential. 

In contrast, PEBA, although initially absorbing slightly less energy initially, maintained its absorption 

efficiency over multiple cycles. Specifically, the FRD334 structure made from PEBA retained an 

energy absorption efficiency of 56.1% after three compressions, making it the most viable candidate 

for applications requiring reusability. 

Modifying the z-axis parameter in TPMS structures can significantly enhance their energy absorption 

capabilities. The FRD334 structure, designed with an even-numbered z-axis configuration, 

consistently outperformed other TPMS structures, including FRD222 and FRD223, in terms of energy 

absorption and SEA coefficient. The highest SEA coefficient for a 3D structure was recorded for 

FRD334 made of TPC (2.02 J/g). 

Even-numbered z-axis structures are more effective in terms of energy absorption performance 

because they allow for complete unit cell formation, thereby ensuring uniform energy distribution 
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during compression. In contrast, odd-numbered z-axis structures incorporate an incomplete final 

cell row, resulting in diminished absorption performance. 

From a manufacturing perspective, it was revealed that the precision of the 3D printing process 

affected the mechanical behaviour of energy-absorbing structures. TPC showed superior print 

quality while TPU demonstrated the lowest print quality due to excessive mass accumulation from 

residual printing material. 

Two-dimensional honeycomb structures exhibited high initial energy absorption values but 

degraded more rapidly after repeated compressions. In contrast, TPMS structures, particularly the 

FRD334 architecture, demonstrated greater consistency in their performance across multiple 

compressions, highlighting their suitability for reusable energy absorption systems. 

The energy absorption efficiency remained stable in PEBA-based structures, with minimal 

degradation between compression cycles, supporting their potential use in safety equipment, 

automotive crash components, and aerospace impact protection systems. This consistent 

performance highlights their suitability for environments where repeatability is critical. 

This research provides important insights into the optimisation of polymeric energy-absorbing 

structures, with potential applications in automotive crash safety, sport or shoe industry and 

personal protective equipment. The findings suggest that future design efforts should focus on 

refining z-axis modifications in TPMS structures to further enhance SEA values and overall energy 

absorption efficiency. 

Furthermore, it was confirmed that the choice of material, structural geometry, and manufacturing 

process are all critical factors in designing effective energy absorption structures. Among the 

evaluated designs, the FRD334 structure, particularly when fabricated using PEBA, exhibited the 

best balance between energy absorption, efficiency, and long-term reusability, representing a 

promising combination for next-generation impact protection solutions. 

 

The text of this thesis is based on the article of the same title, authored primarily by myself and already published at: 

https://doi.org/10.3390/polym17081111 , under referance [1]. 

 

https://doi.org/10.3390/polym17081111


Buștihan Alin-Antonio   Enhancing Mechanical Energy Absorption of 

Honeycomb and Triply Periodic Minimal 

Surface Lattice Structures  

43 

 

 

References 

1. A. Bustihan, I. Botiz, R. Branco, and R. F. Martins, “Enhancing Mechanical Energy 

Absorption of Honeycomb and Triply Periodic Minimal Surface Lattice Structures 

Produced by Fused Deposition Modelling in Reusable Polymers,” Polymers (Basel), vol. 

17, no. 8, p. 1111, Apr. 2025, doi: 10.3390/polym17081111. 

2. Khan, N.; Riccio, A. A systematic review of design for additive manufacturing of 

aerospace lattice structures: Current trends and future directions. Prog. Aerosp. Sci. 2024, 

149, 101021. https://doi.org/10.1016/j.paerosci.2024.101021. 

3. Bodaghi, M.; Serjouei, A.; Zolfagharian, A.; Fotouhi, M.; Rahman, H.; Durand, D. 

Reversible energy absorbing meta-sandwiches by FDM 4D printing. Int. J. Mech. Sci. 2020, 

173, 105451. https://doi.org/10.1016/j.ijmecsci.2020.105451. 

4. Ganilova, O.A.; Low, J.J. Application of smart honeycomb structures for automotive 

passive safety. Proc. Inst. Mech. Eng. Part D J. Automob. Eng. 2018, 232, 797–811. 

https://doi.org/10.1177/0954407017708916. 

5. Isaac, C.W.; Duddeck, F. Current trends in additively manufactured (3D printed) energy 

absorbing structures for crashworthiness application—A review. Virtual Phys. Prototyp. 

2022, 17, 1058–1101. https://doi.org/10.1080/17452759.2022.2074698. 

6. Gandhi, R.; Maccioni, L.; Concli, F. Significant Advancements in Numerical Simulation 

of Fatigue Behavior in Metal Additive Manufacturing-Review. Appl. Sci. 2022, 12, 11132. 

https://doi.org/10.3390/app122111132. 

7. Helou, M.; Kara, S. Design, analysis and manufacturing of lattice structures: An overview. 

Int. J. Comput. Integr. Manuf. 2017, 31, 243–261. 

https://doi.org/10.1080/0951192X.2017.1407456. 

8. Bates, S.R.; Farrow, I.R.; Trask, R.S. Farrow, and R. S. Trask, 3D printed polyurethane 

honeycombs for repeated tailored energy absorption. Mater. Des. 2016, 112, 172–183. 

https://doi.org/10.1016/j.matdes.2016.08.062. 



Buștihan Alin-Antonio   Enhancing Mechanical Energy Absorption of 

Honeycomb and Triply Periodic Minimal 

Surface Lattice Structures  

44 

 

9. Zhang, Y.; Lin, Y.; Li, Y.; Li, X. 3D printed self-similar AlSi10Mg alloy hierarchical 

honeycomb architectures under in-plane large deformation. Thin-Walled Struct. 2021, 164, 

107795. https://doi.org/10.1016/j.tws.2021.107795. 

10. Anni, I.A.; Uddin, K.Z.; Pagliocca, N.; Singh, N.; Rahman, O.; Youssef, G.; Koohbor, B. 

Out-of-plane load-bearing and mechanical energy absorption properties of flexible density-

graded TPU honeycombs. Compos. Part C Open Access 2022, 8, 100284. 

https://doi.org/10.1016/j.jcomc.2022.100284. 

11. Zhang, J.; Karagiozova, D.; You, Z.; Chen, Y.; Lu, G. Quasi-static large deformation 

compressive behaviour of origami-based metamaterials. Int. J. Mech. Sci. 2019, 153-154, 

194–207. https://doi.org/10.1016/j.ijmecsci.2019.01.044. 

12. Li, Q.; Zhi, X.; Fan, F. Quasi-static compressive behaviour of 3D-printed origami-inspired 

cellular structure: Experimental, numerical and theoretical studies. Virtual Phys. Prototyp. 

2021, 17, 69–91. https://doi.org/10.1080/17452759.2021.1987051. 

13. Riot, A.; Panettieri, E.; Cosculluela, A.; Montemurro, M. Influence of manufacturing 

process-induced geometrical defects on the energy absorption capacity of polymer lattice 

structures. Def. Technol. 2024, 35, 47–59. https://doi.org/10.1016/j.dt.2023.09.003. 

14. Wang, S.; Wang, J.; Xu, Y.; Zhang, W.; Zhu, J. Compressive behavior and energy 

absorption of polymeric lattice structures made by additive manufacturing. Front. Mech. 

Eng. 2019, 15, 319–327. https://doi.org/10.1007/s11465-019-0549-7. 

15. Wang, Q.; Yang, Z.; Lu, Z.; Li, X. Mechanical responses of 3D cross-chiral auxetic 

materials under uniaxial compression. Mater. Des. 2020, 186, 108226. 

https://doi.org/10.1016/j.matdes.2019.108226. 

16. Wu, Y.; Sun, L.; Yang, P.; Fang, J.; Li, W. Energy absorption of additively manufactured 

functionally bi-graded thickness honeycombs subjected to axial loads. Thin-Walled Struct. 

2021, 164, 107810. https://doi.org/10.1016/j.tws.2021.107810. 

17. Rahman, O.; Koohbor, B. Optimization of energy absorption performance of polymer 

honeycombs by density gradation. Compos. Part C Open Access. 2020, 3, 100052. 

https://doi.org/10.1016/j.jcomc.2020.100052. 



Buștihan Alin-Antonio   Enhancing Mechanical Energy Absorption of 

Honeycomb and Triply Periodic Minimal 

Surface Lattice Structures  

45 

 

18. Lin, K.; Gu, D.; Hu, K.; Yang, J.; Wang, H.; Yuan, L.; Shi, X.; Meng, L. Laser powder bed 

fusion of bio-inspired honeycomb structures: Effect of twist angle on compressive 

behaviors. Thin-Walled Struct. 2021, 159, 107252. 

https://doi.org/10.1016/j.tws.2020.107252. 

19. Maskery, I.; Sturm, L.; Aremu, A.O.; Panesar, A.; Williams, C.B.; Tuck, C.J.; Wildman, 

R.D.; Ashcroft, I.; Hague, R.J.M. Insights into the mechanical properties of several triply 

periodic minimal surface lattice structures made by polymer additive manufacturing. 

Polymer 2018, 152, 62–71. https://doi.org/10.1016/j.polymer.2017.11.049. 

20. Yin, H.; Liu, Z.; Dai, J.; Wen, G.; Zhang, C. Crushing behavior and optimization of sheet-

based 3D periodic cellular structures. Compos. Part B: Eng. 2020, 182, 107565. 

https://doi.org/10.1016/j.compositesb.2019.107565. 

21. Zhang, X.-C.; An, C.-C.; Shen, Z.-F.; Wu, H.-X.; Yang, W.-G.; Bai, J.-P. Dynamic 

crushing responses of bio-inspired re-entrant auxetic honeycombs under in-plane impact 

loading. Mater. Today Commun. 2020, 23, 100918. 

https://doi.org/10.1016/j.mtcomm.2020.100918. 

22. Li, S.; Liu, Z.; Shim, V.; Guo, Y.; Sun, Z.; Li, X.; Wang, Z. In-plane compression of 3D-

printed self-similar hierarchical honeycombs—Static and dynamic analysis. Thin-Walled 

Struct. 2020, 157, 106990. https://doi.org/10.1016/j.tws.2020.106990. 

23. Jiang, H.; Le Barbenchon, L.; Bednarcyk, B.A.; Scarpa, F.; Chen, Y. Bioinspired 

multilayered cellular composites with enhanced energy absorption and shape recovery. 

Addit. Manuf. 2020, 36, 101430. https://doi.org/10.1016/j.addma.2020.101430. 

24. Hu, D.; Wang, Y.; Song, B.; Dang, L.; Zhang, Z. Energy-absorption characteristics of a 

bionic honeycomb tubular nested structure inspired by bamboo under axial crushing. 

Compos. Part B Eng. 2019, 162, 21–32. 

https://doi.org/10.1016/j.compositesb.2018.10.095. 

25. Zhang, W.; Yin, S.; Yu, T.; Xu, J. Crushing resistance and energy absorption of pomelo 

peel inspired hierarchical honeycomb. Int. J. Impact Eng. 2019, 125, 163–172. 

https://doi.org/10.1016/j.ijimpeng.2018.11.014. 



Buștihan Alin-Antonio   Enhancing Mechanical Energy Absorption of 

Honeycomb and Triply Periodic Minimal 

Surface Lattice Structures  

46 

 

26. Dave, H.K.; Karumuri, R.T.; Prajapati, A.R.; Rajpurohit, S.R. Rajpurohit, Specific energy 

absorption during compression testing of ABS and FPU parts fabricated using LCD-SLA 

based 3D printer. Rapid Prototyp. J. 2022, 28, 1530–1540. https://doi.org/10.1108/RPJ-

04-2021-0075. 

27. Yuan, S.; Chua, C.K.; Zhou, K. 3D‐Printed Mechanical Metamaterials with High Energy 

Absorption. Adv. Mater. Technol. 2018, 4, 1800419. 

https://doi.org/10.1002/admt.201800419. 

28. Andani, M.T.; Saedi, S.; Turabi, A.S.; Karamooz, M.; Haberland, C.; Karaca, H.E.; 

Elahinia, M. Mechanical and shape memory properties of porous Ni 50.1 Ti 49.9 alloys 

manufactured by selective laser melting. J. Mech. Behav. Biomed. Mater. 2017, 68, 224–

231. https://doi.org/10.1016/j.jmbbm.2017.01.047. 

29. Kreide, C.; Koricho, E.; Kardel, K. Energy absorption of 3D printed multi-material elastic 

lattice structures. Prog. Addit. Manuf. 2023, 9, 1653–1665. 

https://doi.org/10.1007/s40964-023-00529-1. 

30. Barletta, M.; Gisario, A.; Mehrpouya, M. 4D printing of shape memory polylactic acid 

(PLA) components: Investigating the role of the operational parameters in fused deposition 

modelling (FDM). J. Manuf. Process. 2021, 61, 473–480. 

https://doi.org/10.1016/j.jmapro.2020.11.036. 

31. Isaac, C.W.; Sokołowski, A.; Duddeck, F.; Adamiak, M.; Pakieła, W.; Aremu, A. 

Mechanical characterisation and crashworthiness performance of additively manufactured 

polymer-based honeycomb structures under in-plane quasi-static loading. Virtual Phys. 

Prototyp. 2023, 18, e2273296. https://doi.org/10.1080/17452759.2023.2273296. 

32. Zhang, S.; Gao, Q.; Zhang, Y.; Sheng, X.; Miao, Z.; Qin, J.; Zhang, G.; Shi, X. 3D printing 

thermoplastic polyurethane hierarchical cellular foam with outstanding energy absorption 

capability. Addit. Manuf. 2023, 76, 103770. https://doi.org/10.1016/j.addma.2023.103770. 

33. Habib, F.N.; Iovenitti, P.; Masood, S.H.; Nikzad, M. In-plane energy absorption evaluation 

of 3D printed polymeric honeycombs. Virtual Phys. Prototyp. 2017, 12, 117–131. 

https://doi.org/10.1080/17452759.2017.1291354. 



Buștihan Alin-Antonio   Enhancing Mechanical Energy Absorption of 

Honeycomb and Triply Periodic Minimal 

Surface Lattice Structures  

47 

 

34. Fu, X.; Zhang, X.; Huang, Z. Axial crushing of Nylon and Al/Nylon hybrid tubes by FDM 

3D printing. Compos. Struct. 2021, 256, 113055. 

https://doi.org/10.1016/j.compstruct.2020.113055. 

35. Miralbes, R.; Ranz, D.; Pascual, F.J.; Zouzias, D.; Maza, M. Characterization of additively 

manufactured triply periodic minimal surface structures under compressive loading. Mech. 

Adv. Mater. Struct. 2020, 29, 1841–1855. https://doi.org/10.1080/15376494.2020.1842948. 

36. Dassault Systèmes. SolidWorks 2024, version 2024; Dassault Systèmes: Vélizy-

Villacoublay, France, 2024. Available online: https://www.solidworks.com (accessed on 

10 March 2025). 

37. nTop, Release 4.1; nTop Inc: New York, NY, USA, 2011. Available online: 

https://ntop.com (accessed on 10 March 2025). 

38. Yoo, D.-J. Computer-aided porous scaffold design for tissue engineering using triply 

periodic minimal surfaces. Int. J. Precis. Eng. Manuf. 2011, 12, 61–71. 

https://doi.org/10.1007/s12541-011-0008-9. 

39. BASF 3D Printing Solutions BV. Technical Data Sheet for Ultrafuse® TPU 95A. 2022. 

Available online: https://move.forward-

am.com/hubfs/AES%20Documentation/Flexible%20Filaments/TPU%2095A/TDS/Ultraf

use_TPU-95A_TDS_EN_v1.0.pdf (accessed on 10 March 2025). 

40. Fillamentum Manufacturing Czech s.r.o. Technical Data Sheet of 3D Printing Fillamentum 

PEBA 90A Filament. Available online: https://fillamentum.com/wp-

content/uploads/2020/10/TDS_Flexfill-PEBA-90A_EN.pdf (accessed on 10 March 2025). 

41. BASF 3D Printing Solutions BV. Technical Data Sheet for 3D Printing Ultrafuse® TPC 

45D Filament. Available online: 

https://filament2print.com/en/index.php?controller=attachment&id_attachment=1469 

(accessed on 10 March 2025). 

42. ISO 527-2:2012, Plastics — Determination of tensile properties, Part 2: Test conditions for 

moulding and extrusion plastics, Edition: 2, Technical Committee: ISO/TC 61/SC 2, 

Geneva: International Organization for Standardization, 2012. 



Buștihan Alin-Antonio   Enhancing Mechanical Energy Absorption of 

Honeycomb and Triply Periodic Minimal 

Surface Lattice Structures  

48 

 

43. Mohsenizadeh, M.; Gasbarri, F.; Munther, M.; Beheshti, A.; Davami, K. Additively-

manufactured lightweight Metamaterials for energy absorption. Mater. Des. 2018, 139, 

521–530. https://doi.org/10.1016/j.matdes.2017.11.037. 

44. Qi, H.; Boyce, M. Stress–strain behavior of thermoplastic polyurethanes. Mech. Mater. 

2005, 37, 817–839. https://doi.org/10.1016/j.mechmat.2004.08.001. 

45. MatWeb—The online Materials Information Resource. Available online: 

https://www.matweb.com/search/datasheet.aspx?matguid=228d0e7f079c4221aee11975b

a3c5793 (accessed on 10 March 2025). 

46. Bardin, A.; Le Gac, P.; Bindi, H.; Fayolle, B. Relationships between molar mass and 

fracture properties of segmented urethane and amide copolymers modified by chemical 

degradation. J. Polym. Sci. 2020, 58, 3170–3182. https://doi.org/10.1002/pol.20200460. 

47. Xu, Y.-X.; Juang, J.-Y. Measurement of Nonlinear Poisson’s Ratio of Thermoplastic 

Polyurethanes under Cyclic Softening Using 2D Digital Image Correlation. Polymers 2021, 

13, 1498. https://doi.org/10.3390/polym13091498. 

48. Kader, M.; Hazell, P.; Brown, A.; Tahtali, M.; Ahmed, S.; Escobedo, J.; Saadatfar, M. 

Novel design of closed-cell foam structures for property enhancement. Addit. Manuf. 2020, 

31, 100976. https://doi.org/10.1016/j.addma.2019.100976. 

49. Morales, U.; Esnaola, A.; Iragi, M.; Aretxabaleta, L.; Aurrekoetxea, J. The effect of cross-

section geometry on crushing behaviour of 3D printed continuous carbon fibre reinforced 

polyamide profiles. Compos. Struct. 2021, 274, 114337. 

https://doi.org/10.1016/j.compstruct.2021.114337. 

50. Isaac, C.W. Crushing response of circular thin-walled tube with non-propagating crack 

subjected to dynamic oblique impact loading. Int. J. Prot. Struct. 2019, 11, 41–68. 

https://doi.org/10.1177/2041419619849087. 

51. Yin, S.; Li, J.; Liu, B.; Meng, K.; Huan, Y.; Nutt, S.R.; Xu, J. Honeytubes: Hollow lattice 

truss reinforced honeycombs for crushing protection. Compos. Struct. 2017, 160, 1147–

1154. https://doi.org/10.1016/j.compstruct.2016.11.007. 



Buștihan Alin-Antonio   Enhancing Mechanical Energy Absorption of 

Honeycomb and Triply Periodic Minimal 

Surface Lattice Structures  

49 

 

52. Miltz, J.; Gruenbaum, G. Evaluation of cushioning properties of plastic foams from 

compressive measurements. Polym. Eng. Sci. 1981, 21, 1010–1014. 

https://doi.org/10.1002/pen.760211505. 

53. Tan, P.; Reid, S.; Harrigan, J.; Zou, Z.; Li, S. Dynamic compressive strength properties of 

aluminium foams. Part I—Experimental data and observations. J. Mech. Phys. Solids 2005, 

53, 2174–2205. https://doi.org/10.1016/j.jmps.2005.05.007. 

54. Free CAD Designs, Files & 3D Models; The GrabCAD Community Library: Waltham, 

MA, USA, 2021. Available online: https://grabcad.com/library/green-amanita-bike-

helmet-1 (accessed on 10 March 2025). 

55. nTop Documentation, Release 4.1; Implicit and Other Models, 210_24_1 Lattice Utilities 

Model; nTop Inc: New York, NY, USA, 2021. Available online: https://learn.ntop.com/ 

(accessed on10 March 2025). 

56. Caserta, G.D.; Iannucci, L.; Galvanetto, U. Shock absorption performance of a motorbike 

helmet with honeycomb reinforced liner. Compos. Struct. 2011, 93, 2748–2759. 

https://doi.org/10.1016/j.compstruct.2011.05.029. 

57. de Sousa, R.A.; Gonçalves, D.; Coelho, R.; Teixeira-Dias, F. Assessing the effectiveness 

of a natural cellular material used as safety padding material in motorcycle helmets. 

Simulation 2011, 88, 580–591. https://doi.org/10.1177/0037549711414735. 

  



Buștihan Alin-Antonio   Enhancing Mechanical Energy Absorption of 

Honeycomb and Triply Periodic Minimal 

Surface Lattice Structures  

50 

 

Anexa 2  

DECLARAȚIE PE PROPRIE RĂSPUNDERE 

Subsemnatul, Buștihan Alin-Antonio, declar că Lucrarea de disertație pe care o voi prezenta în 

cadrul examenului de finalizare a studiilor la Facultatea de Fizică, din cadrul Universității Babeș-

Bolyai, în sesiunea 2025, sub îndrumarea Conf. Dr. Ioan Botiz, reprezintă o operă personală. 

Menționez că nu am plagiat o altă lucrare publicată, prezentată public sau un fișier postat pe 

Internet. Pentru realizarea lucrării am folosit exclusiv bibliografia prezentată și nu am ascuns nici 

o altă sursă bibliografică sau fișier electronic pe care să le fi folosit la redactarea lucrării. Prezenta 

declarație este parte a lucrării și se anexează la aceasta. 

 

Data,               Nume, 

23.06.2025            Buștihan Alin-Antonio 

 


