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Mechanical properties and energy-absorption capabilities of 

thermoplastic sheet gyroid structures 

The development of additive manufacturing and lattice structures has created 

opportunities for the development of lightweight impact-absorption structures 

that can overcome most constraints of previously used materials such as 

expanded polystyrene foams. However, for the successful application of such 

structures, the effects of their variables and performance must be established. In 

this study, the mechanical properties and energy absorption of thermoplastic 

sheet gyroid structures were investigated and compared with the performance of 

current materials. Consequently, the specimens were tested after changing the 

main variables, i.e., cell size and volume fraction, of various thermoplastic 

materials such as acrylonitrile butadiene styrene, polylactic acid, thermoplastic 

polyurethane, and polyamide 12. Finally, they were tested in a quasi-static 

compression test and their deformation stages were photographed. The stress–

strain curves of all materials changed after adopting the sheet gyroid structure, 

exhibiting three distinct regions: linear elastic, long collapse plateau, and 

densification that made them particularly applicable for energy absorption. 

Volume fraction affected the layer collapse. The elastic geometrical stiffness 

increased for higher volume fractions and smaller cells. In addition, the peak and 

plateau stresses increased at higher volume fractions, and while smaller cells 

were not directly affected, the area under the curves were. Hence, for most 

materials, specific energy absorption was larger for higher volume fractions and 

smaller cells. The constituent material properties contributed significantly to the 

structural behavior, exhibiting three primary deformation mechanisms, i.e., 

elastomeric, elastic-plastic, and elastic-brittle, resulting in a wide spectrum of 

properties for each application requirement. The comparison of the optimal 

properties with the expanded polystyrene demonstrated the ability of sheet gyroid 

structures to overcome most of its challenges, exhibiting a superior specific 

energy absorption, ability to withstand various impacts, letting air flow in its all 

axes, and being recyclable. Thus, sheet gyroid structures can be considered 

promising alternatives. 

Keywords: Periodic cellular lattice structures, triply periodic minimal surfaces 

(TPMS), additive manufacturing, compression, energy absorption, thermoplastic 

 



1. Introduction  

 

For the last 50 years, the solution for impact absorption in lightweight applications has been the 

use of foams such as expanded polystyrene (EPS). However, EPS has various disadvantages 

such as insufficient specific energy absorption 9, inability to absorb more than one impact 6, 

thermal insulation 10, and complicated recyclability. 

Through millions of years of evolution, nature has formed extremely efficient 

structures such as honeycombs, insect shells, and trabecular bones 12. Today, 

mathematical studies and additive manufacturing (AM) have enabled us to model, 

study, and apply these structures, auguring their important roles in future biomedical, 

automotive, and aeronautical challenges. 

Among these structures, the triply periodical minimal surfaces (TPMSs) 23, 24 

exhibited potential advantages over strut based lattices. TPMSs are minimal-area 

localization periodic structures in three-coordinate directions with zero mean curvatures, 

free of intersections or straight lines. 

They exhibit better additive manufacturing properties as continuous curves 

enable previous layers support subsequent layers not needing support 32, 35, 33, contrary 

to strut-based structures, which are angle limited 18. Additionally, open cells can easily 

exclude powder or liquid resin. 

Strut-based structures can experience stress concentrations near the joints of the 

struts where geometrical continuity of TPMSs exhibit uniform stress distribution 18, 28, 

36, 1. In a comparison by Lei Zhang et al. 36 TPMS sheet-primitive, -diamond, and -

gyroid exhibited superior stiffness, plateau stress, and energy-absorption ability to strut-

based body-centered cubic lattices. Aremu et al. 5 compared variants of body-centered 

cubic (BCC), face centered-cubic (FCC), and gyroid cells, and observed that the 

variants of FCC, face-centered cubic with vertical struts (PFCC), and double gyroid (D-



gyroid) performed better. Bobbert et al. 7 recorded a 60% yield stress on fatigue 

endurance limit with sheet TPMS, contrary to the previous materials at ≈20%. Speirs et 

al. 29 also observed that TPMS exhibited a superior fatigue resistance and attributed the 

results to nodal points acting as cracking initiators. 

Studying TPMS structures, Kapfer et al. 13 and Ketan et al. 3demonstrated that 

sheet- or shell-like TPMS exhibited superior mechanical properties to TPMS-based 

skeletal networks. Maskery et al. 16 observed that sheet gyroids have a specific energy 

absorption (SEA) approximately three times higher than that of BCC structures 

analyzed in a previous study 17. 

Regarding anisotropy, Aremu et al. 5 observed that sheet gyroids have 

axisymmetric stiffness, unlike the other strut-based lattices tested. Chen et al. 8 also 

concluded that sheet gyroids have a higher isotropy, maintaining the Zener ratio 

constant to unity for all densities contrary to the other TPMS structures: Neovius, 

diamond, Schwarz P, and even octet+cubic forms. In the investigation by Li et al. 15, a 

sheet gyroid had similar isotropy for all densities, while a strut gyroid had apparent 

anisotropy. From all the previous studies, we can conclude that TPMS sheet structures 

have an overall superior manufacturing and mechanical performance, with sheet 

diamonds and gyroids being the best when considering isotropy. In addition, other 

studies have revealed also their outstanding properties in terms of thermal25, vibration27 

and noise insulation. Additionally, their internal porous structure could also be applied 

to generate prosthesis31 in which the cells grown inside.  

However, little is known about the effect of the variables of sheet gyroid 

structures for different polymeric materials and their behavior on energy-absorption 

performance as substitutes for current impact-absorption materials such as EPS. 

https://www.sciencedirect.com/science/article/pii/S1751616117300231#!


In relationship with the previous studies of the capability of TPMS to absorb 

energy, it must be highlighted that, despite there are some experimental studied of the 

behavior of these materials under quasi static load or with a low strain rate (0.001 s-1 to 

0.01 s-1)20,26,30, there are only a few that study these materials under dynamic loads and 

analyzes the influence of the strain rate. In the case of McKown et al.19, they study the 

behavior of octahedral lattice structure under quasi-static and low strain rate (0.001 to 

0.5 s-1) load cases and also under blast loading (103 s-1) using a drop tower. In the blast 

studies, they observed that yield stress increases significantly for high strain rates and 

the failure mechanism changed. There are other studies that analyzed the influence of 

the strain rate of different 3D printed structures for cores of a sandwich structure 

2,11,14,21. The results indicated that the average values of the stress-strain curve increases 

with the strain rate and, for high strain rate, different failure mechanism appeared.  

With regards to the most common AM techniques for TPMS, selective laser 

melting (SLM) and fused deposing modeling (FDM) for polymeric materials and direct 

laser melting (DMLM) for metals. In this study, four different thermoplastics are going 

to be studied because the generated TPMS will offer more closed mechanical properties 

to the EPS ones. In addition, DMLM will generate structures too stiff and we do not 

have access to sufficiently extended range of materials that could be used in SLM. 

The aim of this article is to study the different variables affecting the energy-

absorption performance of sheet gyroids for different FDM thermoplastics. Finally, we 

establish a comparison of their optimal configurations with those of EPS. It must be 

pointed that dynamic load test would be essential to determine the influence of the 

strain rate in the mechanical properties so it would be studied in future works. 



2. Materials and methods  

2.1 Gyroid lattice design 

TPMS gyroid can be approximated using the level curvature equation (Eq. 1) which, when 

plotted, results in the surface shown in Fig. 1a where a is the unit cell size (Fig. 1b) and t 

determines the volume fraction of the regions that are separated by the surface 22. 

 

Figure 1. (a) Gyroid model generated in MATLAB, and (b) cell size comparison. 
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Two main approaches can be employed to generate a solid gyroid. The first, 

often referred to as a network, strut, or skeletal gyroid, is created by considering one of 

the subdomains divided by the surface as a solid. As previously mentioned, this type 

exhibited the worst mechanical performance owing to stress concentration on the joints. 

The second, and the one considered in this research, termed sheet-based or 

double gyroid, can be obtained by plotting two minimal surfaces with two different 

level-sets of the constant t together, resulting in an offset from a hypothetical surface at 

the average of the two level-set surfaces. This specimen has been adjusted to obtain the 

desired volume fraction; it must also be highlighted that this volume fraction is equal to 



the relative density of the specimens. Fig. 2 shows all the tested specimens in function 

of the period and the volume fraction. 
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Figure 2. Solid Sheet gyroid specimens with different volume fractions and periods 
 

2.2 Specimen fabrication, materials, and printing conditions  

Following the ISO 844:2015 standard for polymeric cellular structures, 50-mm cubic specimens 

were fabricated with the previously observed variables: cell size a (10, 20, and 25 mm), volume 

fraction t (15, 20, and 25%) and different materials: polylactic acid (PLA), acrylonitrile 

butadiene styrene (ABS), thermoplastic polyurethane (TPU), and polyamide 12 (PA12) (Table 

1). 

Additionally, owing to the maximum load capability of the universal test 

machine used, to compare the performance of each material when adopting the sheet 

gyroid structure, we tested 25-mm cubic specimens with 100% infill (Table 2). 

The nomenclature used to name the specimens was CCaDD%MMM where CCa 

stands for the variable a (cell size), DD% for the volume density and MMM for the 

material acronym. For example, a specimen 15a15%PA12 is a structure with a cell size 

of 15 mm, 15% volume fraction, made of polyamide 12. 



Specimens were printed via FDM technology using a Zortrax M300. The 

samples were prepared with a layer thickness of 0.1 mm, nozzle size 0.4 mm, and 100% 

infill. The temperature, retraction distances, or layer ventilation were selected 

considering the characteristics of each material. A desiccant box with a guided tube to 

the direct extruder was used to avoid hygroscopy on the nylon filament. 

Table 1. Basic mechanical properties of the materials provided by the manufacturer. 

  
Manufacturer 

Tensile 
Strength 
(MPa) 

Tensile 
Modulus 

(MPa) 

Flexural 
Modulus 

(MPa) 

Elongation 
at Break 

(%) 

Density 
(g/cm3) 

PLA HR-870  32 2447 1979 n/a 1.22 

ABS 
ZORTRAX 
ULTRA 30 n/a 1080 11.08 1.195 

TPU FFF Flexismart n/a n/a n/a 600 0.96 
PA12 Fiberology  n/a 1400 1200 n/a 1.02 
       

Table 2. Basic mechanical properties of the materials of 100% volume fraction 

specimen under compression. 

  
Manufacturer Tensile 

Strength (MPa) 
Tensile 

Modulus (MPa) 
Density (g/cm3) 

PLA HR-870  68.79 1936.54 1.22 

ABS 
ZORTRAX 
ULTRA 69.18 1692.64 1.195 

TPU FFF Flexismart - 20.58 0.96 
PA12 Fiberology  48.22 1491.91 1.02 
     

The approach used PLA as a reference to test the effect of cell size and density. 

As cell size did not have a significant effect on the performance, the next batch of 

materials, ABS and TPU, was tested at 15-mm cell size. Finally, due to its known 

tenacity, PA12 was tested. 

The comparison with current materials used for impact absorption for 

lightweight applications were taken from a previous study for EPS specimens of 60, 80, 



100, and 120 kg/cm3. These specimens, which had a 50 mm cubic geometry, were 

mechanized using a Roland MDX 20 CNC milling machine. 

In addition, solid cube specimens were also tested to determine the mechanical 

properties of the original material under compression efforts (Fig. 3). It can be observed 

that all the materials follow the Ashley-Gibson material model. 

 

Figure 3. Left: stress-strain curve of the solid material under compression efforts; right: 

specific stress-strain curve of the solid material under compression efforts 

2.3 Mechanical testing  

Uniaxial compression tests were performed on an Instron 8032 equipped with a 100-kN load 

cell, with a constant strain rate of 5 mm/min following the ISO 844:2015 standard. The 

compression test was conducted in the build direction (z) to avoid the build orientation effect.  

During the test, photographs were captured to observe the failure behavior and 

perform an extensometer analysis using digital image correlation (DIC) on the software 

GOM Correlate.  

3. Results and discussion 

3.1 Effects of volume fraction 

Fig. 4 shows representative stress–strain curves of the compression behavior of the structure, at 



a fixed 15-mm cell size and 10, 15, 20, 25, and 30% volume fraction. The behavior for all 

specimens began with linear elastic regime controlled by bending of the cell wall affecting all 

layers (Fig. 4) at approximately 5% strain frame, noticeable by the circles turning into ovals. 
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Fig. 4. Representative stress–strain curve of 15-mm cells and different volume fractions 

of PLA (b). Deformation stages of (a) 15a25%PLA and (c) 15a15%PLA. Captions in 

the images: strain. 
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When the elastic limit was attained, the stress–strain curve exhibited a long 

collapse plateau, associated with the formation of plastic hinges on the walls. Here, two 

types of collapse were observed: 

At higher densities, such as 25 and 30%, the collapse continued for all the layers 

simultaneously (Fig. 4a) beyond the elastic region, which correlated to a single drop 

after the peak stress and to the slope prior to densification. This was produced by the 

yielding of all layers together and the subsequent contact with each other, which 

required higher stress to be compressed further. 

Lower densities, such as 10, 15, and 20%, exhibited a layer-by-layer collapse 

(Fig. 4c), where this process was repeated on each layer, correlated to the slope 

oscillations on the 10, 15, and 20% specimens shown in Fig. 4b. 

Finally, in both scenarios, when all cells were virtually completely collapsed, 

opposing cell walls could not be compressed further, beginning densification in which 

stress increased steeply. 

The increase in density resulted in a higher modulus, which was also observed 

for the other cell sizes (Fig. 5a). Higher volume fractions affected higher compression 

stress, exhibiting a linear increase in both peak stress (Fig. 5b) and collapse plateau 

stress (Fig. 5c) consistent with the Gibson-Ashby model 12. 

Densification was produced earlier as volume fraction increased, beginning 

densification at 60% strain for the 30% volume fraction and up to 73% for the 10% 

specimen (Fig. 5d). This behavior was related to the description in Section 2.1, as 

density was determined by a larger wall offset; this resulted in an earlier contact 

between layers and a higher final solid volume producing premature densification.  

 



   

  

Figure 5. Main mechanical properties vs. volume fraction for different cell sizes. 
 

Fig. 6 shows the plots of the specific stress of 15-mm cells of various volume 

fractions. The next specimens of 10 and 30% volume fractions were also tested to 

confirm the trend values. The figure shows that while the 10, 15, and 20% specimens 

exhibited larger differences, the 25 and 30% specimens did not exhibit any more gain. 

This was possibly related to manufacturing conditions, as layer adhesion, overhangs or 

nozzles, and thickness ratios did not attain the optimal minimum values until the 20% 

fraction. As the result of the specific energy absorption indicated (Fig. 7), 5% volume 

increments exhibited a 17 and 18% kJ/kg gain until 20% but showed no further gain at 

25 and 30%. This behavior could lead to a more efficient selection of structure volume 

fraction, saving print time, materials, and energy. Furthermore, comparing the specific 
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mechanical properties of these structures (Fig. 6) with the original solid ones (Fig. 3) it 

can be observed that, for all the materials the densification point appears later with the 

gyroid structures what implies also that the plateau comprises a higher strain range 

which implies that the absorption of energy will span a higher deformation; in addition, 

the initial peak after the elastic zone decreases for the PLA and the ABS. However, the 

specific stress levels in the plateau zone decreases what implies that these structures can 

absorb less energy than the solid original material. 
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Figure 6. Specific stress–strain curves of 15-mm cells for different PLA specimens (a). 

Deformation stages of 15a20%PLA (b). Captions in the images: strain. 
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Figure 7. Specific energy absorption vs. volume fraction for different cell sizes. 

3.2 Effects of Cell size  

Fig. 9 depicts representative stress–strain curves for 10-, 15-, and 20-mm cells at a fixed volume 

fraction of 20%. Smaller cell sizes exhibited higher an elastic geometrical stiffness, obtaining 

118.68, 111, and 72 MPa, respectively, which was also observed for the other volume fractions 

(Fig. 10a). This behavior was further analyzed on GOM Correlate (Fig. 10), in which the walls 

between layers, shown in turquoise in the figure, exhibited a higher negative strain. Here, the 

slenderness of larger cells could favor this flexion over smaller cells. 

 

Figure 8. Stress–strain curve for 10-, 15-, and 20-mm cell sizes at 20% volume fraction. 
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Figure 9. GOM extensometer analysis on a 15a20%PLA and z strain (%). 
 

Another noticeable difference between cells sizes was the presence of a toe 

region with non-linear concave beginning on the 20 mm cell specimens. This artefact 

was caused by an initiation of slack, alignment, and the bending of the non-completed 

layers at the limit of the specimen. 

While peak stress was not directly affected by cell size (Fig. 10b), the mean 

stress values or area under the curve exhibited slightly higher values for lower size cells 

(Fig. 10c). The curves were progressively constant with increasing the density until the 

25% volume fraction. 

This decrease in compressive strength as cell size increases has been previously 

observed for an Al-Si10-Mg sheet gyroid lattice in the study from Maskery et al. 16. In 

their study, the strength difference was higher, presumably owing to the presence of 

brittle fracture, crack propagation, and diagonal shear, which are failures that the plastic 

behavior of PLA could have mitigated. 

Other factors of AlSi10Mg strut gyroids promoting this behavior were proposed 

by Yan et al. 34: a better wetting condition during the DMLS process for the smaller 

cells and finer micro structure as a result of faster cooling and due to the ratio of 

specimen to cell sizes 4. 



In most scenarios, smaller cells exhibited lower strength drop percentages (Fig. 

10d), as previously observed with GOM Correlate for the elastic geometrical stiffness; 

after the elastic regime, larger cells and wall slenderness can favor buckling and hinge 

formation, leading to a lower stress deformation. 

 

  

  

Figure 10. Effect of the cell size on the main mechanical properties for different volume 

fractions. 
 

Fig. 11 shows the plot of the specific energy absorption with cell size as the 

function. Smaller cell sizes exhibited greater efficiency, with 10-mm cells exhibiting the 

largest improvement over 15-mm cells. The 15% volume fraction exhibited a 17% 

increase and 5% on the 15 mm to 20 mm. 
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Figure 11. Specific energy absorption vs. cell size for different volume fractions. 
 

3.3 Effects of material  

As cell size did not exert a major effect, the remaining materials were tested at a cell size of 15 

mm. The behavior of the sheet gyroid lattice for the four materials tested exhibited the same 

behaviors described by Gibson and Ashby for foams, exhibiting three main deformation 

mechanisms: elastomeric, elastic-plastic, and elastic-brittle. 

3.3.1 ABS and PLA 

Fig. 12b depicts stress–strain curves for 25 and 20% densities of PLA and ABS. Both exhibited 

an elastic-plastic behavior, beginning with a linear elasticity regime determined by wall bending 

and followed by a long plateau produced by layer collapse owing to cell walls yielding; ABS in 

particular exhibited a brittle-like perturbation due to cell fracture.  
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Figure 12. Deformation stages of 15a20%ABS (a) and 1525%ABS (c); (b) stress–strain 

curve for 15-mm cell with a volume fraction of 20% and 25% for PLA and ABS. 

Captions of Figure 11 a: strain 

Both PLA and ABS exhibited the highest module between all materials; PLA 

was stiffer at the higher densities, attaining 111.24 MPa against 93.23 MPa at 20% (Fig. 

15a). 

As n Fig. 15b and 15c show, PLA and ABS also had the highest peak stress and 

the largest stress drop. This drop increased at higher densities, the highest being a 42%, 

from 5.07 to 2.93 MPa, for a 25% volume of ABS. The stress loss could be related to an 

easier cracking propagation over brittle materials, further analyzed when comparing the 

layer collapse of PLA and ABS, shown in Figs. 4b and 11a, where the former shows 

how the cells tended to yield and the latter shows fractures on the cell walls. 

The highest peak stress and the fact that ABS has lower density than PLA 

resulted in the best peak stress to weight ratio of all materials which was equally 

efficient at 0.15 MPa/g for all volume fractions (Fig. 15e). Coupled with larger strains 
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than PLA (Fig. 15d), ABS had the highest specific energy absorption of all materials 

when considering a single compression, obtaining 10.49 kJ/kg compared with 6.86 

kJ/kg for a 15% PLA specimen (Fig. 15f). 

These properties make them ideal for high-strength, lightweight applications that 

have to withstand high-force single crash situations such as crash box cars, B pillars, or 

door panels. 

3.3.2 TPU 

As Fig. 13b shows, the elastomeric deformation of TPU began with a lower slope controlled by 

bending of cell walls. Although the collapse stress was far lower than those of ABS or PLA, a 

collapse plateau was produced by cell elastic buckling; hence, after densification, the specimen 

recovered its initial shape (Fig. 13a right image).
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Figure 13. Deformation stages of 15a25%TPU (a); stress–strain curve for 15 mm cell 

15%, 20%, and 25% volume TPU (b). Captions of Fig. 12 a: strain 
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TPU exhibited smaller elastic geometrical stiffness and peak stress; for example, 

at 20% volume fraction, ABS was 98% stiffer, with 93.23 MPa compared with 1.24 

MPa for TPU (Fig. 15a), and the max stress of TPU was 0.18 MPa in contrast to 3.76 

MPa for ABS (Fig. 15b). 

Interestingly, TPU exhibited the least stress drop at all volume fractions, having half the stress 
drop percentage of ABS of 20% volume fraction (Fig. 15c). This behavior could be related to the 
novel elastic buckling of the TPU, contrary to the brittle cracking of ABS. 

Despite volume fraction being the main factor affecting max strain, the stress 

required to produce an elastic crush of the walls, compared with the stress required to 

further compress the material itself when reaching densification, resulted in a noticeable 

stress increase, shortening the operative strain (Fig. 15d).  

These properties made TPU have the lowest specific peak stress and specific 

energy absorption, which was 0.32 kJ/kg against 9.82 kJ/kg for ABS of 20% density 

(Fig. 15e and f). 

All previous lower values can be compensated by the fact that after impact, TPU could virtually 
recover its entire shape, making it is suitable for multiple low stress impact situations such as 
American-football, boxing, or hockey helmets.  

3.3.3 PA12 

Fig. 14b shows the plots of the stress–strain curves of 15-mm cell, 25% volume fraction of 

PA12 and ABS specimens; as the figure shows, PA12 exhibited an intermediate behavior 

between TPU, PLA, and ABS, i.e., elastoplastic and elastic foam, with an elastic geometrical 

stiffness modulus in between, a peak stress near the latter, and smooth transition without 

relative maximum preceding a novel collapse stress (Fig. 14a). Its main characteristic was that, 

after densification, it recovered up to 80% of its initial length, maintaining its absorbing energy 

in the two subsequent compression tests. 
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Fig. 14. (a) Deformation stages of 15a25%; Stress–strain curves for 15-mm cell and 

25% volume fraction for the ABS and PA12 with some consecutive loads 
 

The elastic geometrical stiffness was approximately half that of ABS in all 

volume fractions, attaining 65.89 in contrast to 124.95 MPa in the 25% volume fraction 

(Fig. 15a). 

Although the maximum stress of PA12 25% (3.51 MPa) was lower than that of 

ABS (5 MPa) (Fig. 15b), the novel collapse of PA12, free of oscillations, made it obtain 

one of lower stress drop values, maintaining a near-constant stress. Compared with 

those of ABS and PLA, the stress drops of TPU and PA12 were lower as volume 

fraction increased (Fig. 15c). 

The peak stress of the second compression was lower than the initial loading, 

suggesting that the deformation on the first loading included elastic and plastic 

deformation. However, the curves of the second and third compression were similar, 
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indicating a viscoelastic recovery. This was further confirmed when the specimen 

virtually recovered to their initial height a few days after. 

The previous mentioned factors such as novel collapse stress near PLA and 

ABS, a large max strain, a lower specific density, and the ability to maintain the 

absorbing energy in subsequent compressions, caused PA12 to obtain the largest 

specific energy absorption of 14 kJ/kg compared with 9.34 kJ/kg for ABS of 25% 

volume.  
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Figure 15. Effects of material mechanical properties. 

These qualities made PA12 exhibit good performance on high-stress repeated 

impacts while maintaining good structural integrity, suitable for applications such as 

motorcycle or bike helmets, where traffic collision often implies multiple impacts 

against cars, pavements, and urban structures. 

 

4. Comparison of EPS Performance  

In this section, a comparative analysis of EPSs with different gyroid structures is discussed. Fig. 

16 shows the stress–strain curves of 15a10%ABS and EPS120; the sheet gyroid exhibited a 

peak stress of 2.88 MPa and a horizontal layer collapse at approximately 2.5 MPa, attaining 

densification at 68%. EPS began its collapse at 1.7 MPa with a slope until 2.3 MPa, attaining 

densification at 40% strain. Hence, the specific absorbed energy for the ABS sheet gyroid was 

9.28 kJ/kg compared with 6.23 kJ/kg for EPS, which was a 33% increase in performance. 

0.00

0.05

0.10

0.15

0.20

15 20 25

Sp
ec

ifi
c 

Pe
ak

 (M
Pa

/g
)

Volume fraction (%)

(e)

0

5

10

15

15 20 25

Sp
ec

ifi
c 

en
er

gy
 a

bs
op

tio
n 

(k
J/

Kg
)

Volume fraction  (%)

(f)



 

Figure 16. Stress–strain curves of 15a10%ABS and EPS120. 
 

In addition, the ABS gyroid exhibited a higher energy absorption per volume (Fig. 17), 

requiring less space to absorb the same amount of energy, thus using thinner shells. 

 

Figure 17. Energy absorption per volume of EPS and ABS. 
 

Fig. 18 shows the comparison plots of the stress–strain curves of PA12 and EPS 

100; the plateau stress in the sheet gyroid structure exhibited a horizontal collapse 

without exceeding the initial peak stress, attaining densification at 70% strain. In 

contrast, PS100 exhibited a slope from the beginning from 1.36 to 1.87 MPa, attaining 

densification at 45% strain. 
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Figure 18. Stress–strain curves of 15a15%PA12 and EPS100 
 

After densification, EPS remained crushed, losing its ability to absorb more 

impacts. In contrast, PA12 sheet gyroid maintained its absorbing energy in the two 

subsequent compression tests. This resulted in EPS100 exhibiting a specific energy 

absorption of 6.58 kJ/kg, whereas the PA12 sheet gyroid exhibited 10.36 kJ/kg in total. 

Translated to an application, using PA12 as a substitute of the EPS on helmets can lead 

to 36% more impact absorption for the same weight or same protection level but for a 

36% lighter material. 

This weight energy absorption ratio can be even bigger considering that a sheet 

gyroid serves as a structural and crushable member, providing dual benefits for support 

and impact mitigation and not requiring to rely on further structural elements as EPS 

does. 

The ability of TPU and PA12 sheet gyroids to recover and maintain their 

absorbing energy where EPS will be crushed after the first impact can be a notable 

advantage in contact sports where many collisions are produced during a match, or in 

traffic crashes which often involve successive impacts against cars, pavements, and 

urban structures. 

0

0.5

1

1.5

2

2.5

3

3.5

4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

St
re

ss
 (M

Pa
)

Strain

PS100
1º 15a15%PA12
2º 15a15%PA12
3º 15a15%PA12



One of the main concerns of protective gear, after energy absorption, is comfort, 

often constrained by the heat-insulating properties of EPS and, in most scenarios, the 

reason for its disuse 10. Sheet gyroid structures enable airflow in the x, y, and z axes, 

which can provide a significant improvement for sports or military applications, where 

helmets are worn for many hours. 

As demonstrated, we can leverage these improvements and customize the 

analyzed variables such as cell size, density, and a large spectrum of material 

constituent properties for each application; for example, using types of impact zones or 

vulnerable areas as inputs. 

 

Table 3. Summary of all compression test of sheet gyroids and EPS. 

Cell 
size 

(mm) 

Vol. 
Frac. 
(%) 

Mass (g) Density 
(kg/m3) 

el.  geo 
stiff. 

(MPa) 

Peak 
Stress 
(MPa) 

Drop 
% 

(MPa) 

Plateau 
S ISO 
(MPa) 

Peak St. 
(MPa/g) 

Max 
Strain 

(%) 

Total 
Ene. 
Ab. 

(kJ/kg) 

SHEET GYROID PLA (1.22 g/cm3)              

 
10 

 

15 23.3 186.4 86.83 2.73 0.24 2.26 0.117 0.70 8.29   

20 30.7 245.6 118.68 3.97 0.29 2.90 0.129 0.67 8.96   

25 36.8 294.4 156.56 4.66 0.22 3.78 0.127 0.63 8.71   

 
 

15 
 
 

10 15.8 126.4 58.87 1.37 0.38 0.89 0.087 0.73 5.71   

15 22.8 182.4 74.48 2.28 0.27 1.92 0.100 0.69 6.86   

20 31.4 251.2 111.24 3.70 0.24 3.03 0.118 0.67 8.27   
25 38.6 308.8 130.62 4.93 0.28 3.74 0.128 0.63 8.11   

30 46.4 371.2 181.38 6.62 0.27 5.28 0.143 0.60 8.37   

 
20 

 

15 23.6 188.8 58.46 2.58 0.36 1.65 0.109 0.70 6.53   

20 31.0 248.0 72.89 3.81 0.36 2.78 0.123 0.70 7.95   

25 40.1 320.8 112.65 5.36 0.33 3.81 0.134 0.64 8.16   

SHEET GYROID ABS (1.195 g/cm3)              

15 

10 22.11 0.1769 85.58 2.88 0.25 2.5 0.1301 0.68 9.38   
15 22.7 181.6 92.30 3.41 0.27 2.72 0.150 0.70 10.49   

20 25.6 204.8 93.23 3.76 0.27 2.97 0.147 0.67 9.82   

25 33.1 264.8 124.95 5.07 0.42 3.05 0.153 0.66 9.34   

SHEET GYROID TPU (0.96 g/cm3)              

 
15 

 

15 22.2 177.6 0.86 0.07 0.14 0.06 0.003 0.58 0.57   

20 30.7 245.6 1.24 0.18 0.13 0.18 0.006 0.56 0.96   

25 36.9 295.2 1.67 0.30 0.03 0.29 0.008 0.54 1.26   



SHEET GYROID PA12 (1.02 g/cm3)              

 
15 

 

15 17.6 140.8 35.55 1.65 0.27 1.26 0.094 0.70 10.36   

20 23.7 189.6 53.24 2.56 0.15 2.29 0.108 0.66 12.44   

25 29.3 234.4 65.89 3.56 0.08 3.41 0.122 0.64 14.16   
                        

EPS                        

EPS60 - 10.0 80.0 9.93 0.60 - 0.73 0.060 0.55 4.69   

EPS80 - 10.0 80.0 15.61 0.80 - 1.07 0.080 0.50 6.09   

EPS100 - 12.5 100.0 40.39 1.35 - 1.62 0.108 0.45 6.58   

EPS120 - 15.0 120.0 48.03 1.70 - 2.13 0.113 0.40 6.23   
 

  



 

5. Conclusion  

In this study, we examined the different variables affecting the mechanical properties and quasi-

static absorption performance of sheet gyroids to determine the optimal values for each 

application and establish a comparison with the currently used materials. First, specimens were 

designed and manufactured using FDM, changing the structure variables, cell size and volume 

fraction, for various thermoplastic materials. Subsequently, the specimens were tested using 

quasi-static compression and their deformation stages photographed. Finally, the recorded 

experimental results lead to the following conclusions: 

The mechanical behavior of materials after adopting the sheet gyroid structure 

changed by beginning with a linear stress–strain controlled by bending of cell walls, 

followed by a long collapse plateau associated with the formation of—depending on the 

material—plastic hinges or brittle crushing, and ending with the opposing walls 

touching each other and causing densification. Layer collapse was strongly related to 

the volume fraction; lower volume fractions exhibited a layer-by-layer collapse, while 

higher volumes collapsed all at once. In addition, the constituent material contributed 

significantly to the collapse behavior; the four materials tested followed the deformation 

mechanisms described by Gibson and Ashby for foams: elastomeric, elastic-plastic, and 

elastic-brittle. 

Elastic geometrical stiffness increased linearly at higher volume fractions and 

smaller cell sizes, where thinner cells favored flexion. PLA was the stiffest, followed 

closely by ABS, PA12 had approximately half of the slope, and, finally, TPU was the 

softest. 

Additionally, peak and plateau stress increased linearly with higher volume 

fractions. While peak stress was not directly affected by cell size, the mean stress values 

or area under the curve exhibited higher values for smaller cells. Additionally, smaller 



cells had a tendency to exhibit lower stress drop percentages, a behavior which was 

related to the slenderness previously mentioned.  

In terms of materials, ABS exhibited the higher peak stress in all volume 

fractions, followed by PLA, PA12, and TPU. Owing to its brittle and plastic collapse, 

ABS suffered the highest stress drops, whereas TPU or PA12 exhibited a novel collapse 

with almost constant stress due to flexible and plastic crushing. 

As expected, lower volume fractions led to higher maximum strains, but in some 

scenarios, materials also contributed significantly; the low collapse stress required to 

bend the walls of TPU in comparison with the stress required to further compress the 

material itself caused a higher stress difference.  

For most materials, for higher volume fractions and smaller cells, they exhibited 

higher specific peak stress and energy absorption. In the first scenario, this was 

presumably because the optimal manufacturing conditions were obtained, and in the 

second scenario, this was due to the previously mentioned slenderness and failure 

propagation. This behavior could lead to a more efficient selection of structure volume 

fractions, saving print time, materials, and energy. ABS exhibited the highest specific 

peak stress and energy absorption, making it optimal for lightweight, high-strength, 

single-crash applications. Considering multiple compressions, the ability of PA12 to 

recover after impact made it the best performer for lightweight, multiple-impact 

applications. 

The comparison of these properties with those of the current material used for 

lightweight impact absorption, i.e., EPS, demonstrated the capability of sheet gyroid 

structures to overcome most of its challenges, exhibiting a superior specific energy 

absorption, ability to withstand various impacts, letting air flow in its x, y, and z axes, 

and being recyclable. In addition to the observation of the effects of variables to their 



mechanical properties, they enable customization of structures for each application. 

Thus, sheet gyroid structures can be considered as promising alternatives for more 

comfortable and, in particular, safer protective gear. 
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