
International Journal of Impact Engineering 164 (2022) 104202

Available online 19 February 2022
0734-743X/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Response of gyroid lattice structures to impact loads 

Henrique Ramos a,b,c,*, Rafael Santiago a,c, Shwe Soe d, Peter Theobald e, Marcílio Alves b 

a Technology Innovation Institute, Material Science Research Centre, Abu Dhabi, United Arab Emirates 
b Department of Mechatronics and Mechanical Systems Engineering, Group of Solid Mechanics and Structural Impact, University of São Paulo, Brazil 
c Department of Engineering, Modelling and Applied Social Science, Federal University of ABC, Brazil 
d Department of Engineering, Design and Mathematics, University of the West of England, United Kingdom 
e High Value Manufacturing Research, Cardiff School of Engineering, University of Cardiff, United Kingdom   

A R T I C L E  I N F O   

Keywords: 
Additive manufacturing 
Finite element analysis 
Lattice structure 
Impact 
Gyroid 
AlSi10Mg 

A B S T R A C T   

This paper reports on a comprehensive investigation of gyroid lattice structures subject to impact loading. 
AlSi10Mg samples were manufactured using selective laser melting (SLM) and mechanically characterized using 
Digital Image Correlation (DIC). Universal testing machines, drop weight rig, and a split pressure Hopkinson bar 
were used to mechanically characterize the aluminium alloy at strain rates ranging from, ε̇ = 10− 3 s− 1 up to 
5500 s− 1. Gyroid samples were tested in a drop-weight rig at different impact conditions, where tests results were 
validated by a FE analysis. These tests, measurements, and analysis enabled the development of a modified 
gyroid isosurface equation, providing an opportunity to investigate their impact response, where the gyroid wall 
thickness, unit cell size, and modified isosurface curvature were studied at low-velocity impact conditions. The 
results indicate that changes in gyroid isosurface topology substantially affect its impact performance.   

1. Introduction 

Selective laser melting (SLM) is an additive manufacturing (AM) 
technique that produces metallic components via powder laser bed 
fusion [1]. A wide range of metallic materials have been studied using 
SLM process, including stainless steel [2,3], titanium [4,5], copper [6] 
and aluminium [7–9]. AlSi10Mg is a high-strength aluminum alloy that 
can be further strengthened by artificial aging. High corrosion resistance 
[10] is a good material candidate to achieve lightweight components. 
However, SLM builds exhibit anisotropy [11,12] that influences the 
mechanical behavior of samples loaded through different orientations 
[13,14]. Maconachie et al. [15] investigate SLM AlSi10Mg, reporting 
that components loaded perpendicular to the build direction present 
higher ductility when compared to other orientations. AM allows the 
manufacturing of complex geometries directly from a computer-aided 
design (CAD) model [4,16], providing a new route to achieving 
high-performance design solutions, here based on lattice structures. 

Lattice structures have demonstrated excellent mechanical proper-
ties in many engineering applications improving stiffness, strength, 
toughness, and crashworthiness [17–19]. A gyroid lattice structure is a 
triple periodic minimal surface (TPMS) with zero mean curvature [20], 
characterized by minimized local area, where any sufficiently small 

patch taken from the TPMS has the smallest area among all patches 
produced under the same boundaries [21]. This structure is formed by 
smooth and continuous surfaces, infinitely extended in the volume, 
which divides the space into two congruent inter-twined regions. Shoen 
[22] was one of the first to study TPMS-gyroid, showing their promising 
multi-functional structure for a wide range of applications, e.g., impact 
absorption, heat exchanges, and acoustic management. 

Several experimental and numerical studies investigated the me-
chanical response of the TPMS-gyroid structures. Maskery et al. [20] 
studied the compressive failure modes and energy absorption of double 
gyroid structures manufactured using SLM AlSi10Mg. Their results 
demonstrated the suitability of double gyroid lattices where specific 
energy absorption under compressive deformation achieves 16× 106 

Jm− 3 up to 50% strain. Wang et al. [3] investigated 304 stainless steel 
SLM gyroid lattice structure studying the absorbed energy and defor-
mation modes through quasi-static compression tests. A stable and 
progressive buckling collapse was observed during compression, while a 
parametric study indicated that absorbed energy and crushing load were 
affected by relative density. Yan et al. [2,23] evaluated the mechanical 
response of gyroid lattice structures under a wide range of volume 
fractions at different build orientations. Their results indicated that the 
compression strength of the lattice structures increased with volume 
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fraction. Li et al. [24] conducted a comparison of gyroid structures with 
different lattices at quasi-static loading Ref. [25]. Their results high-
lighted that the gyroid lattice structures with the relative density of 20% 
and 30% absorb more energy per unit mass than the other structures (i. 
e., Diamond, Gyroid, IWP, and Primitive), indicating the potential 
application in protective structures. Abueidda et al. [21,26] investigated 
the uniaxial modulus, compressive strength, and energy absorption of 
gyroid structures and compared them with different TPMS’s such as 
IWP, Neovius, and Primitive. Their results show that gyroid structures 
present relatively good mechanical properties, competing well with 
other lattice structures. These investigations indicate the suitability of 
gyroid lattice for energy absorbing applications. However, in extreme 
applications, where materials and structures were subject to high strains 
and strain rates, like in helmet protective padding and armored panels, 
the promising application of gyroid lattices demands further in-
vestigations given the current paucity of information. 

Accordingly, this paper explores the adaptative response of gyroid 
lattice structures subject to impact loading. The aluminium alloy used to 
manufacture the gyroid samples were mechanically characterized up to 
high strain rate levels. An explicit FE model of the gyroid was developed 
and validated against experimental data. Altogether, the model allows 
the development of a modified gyroid isosurface. Further, a 

comprehensive investigation focused on the influence of wall thickness, 
unit cell size, and the modified equation was conducted to investigate 
the response of gyroid TPMS’s under impact loading. 

2. Materials and methods 

Aluminum AlSi10Mg alloy was processed using a Renishaw AM250 
(Gloucestershire, UK) SLM machine, with the parameters summarized in 
Table 1. Fig. 1 presents the four standard geometries used for 

Table 1 
SLM process parameters.  

Parameters Process condition 

Average Particle Size 43 μm 
Layer Thickness 25 μm 
Laser Power 200 W 
Hatch Distance 130 μm 
Laser Scanning Speed 500 mm/s  

Fig. 1. Specimens used for aluminum AlSi10Mg alloy mechanical characterization: (a) Configuration A, ASTM-E8 Standard [27]; (b) Configuration B; (c) Config-
uration C; and (d) Configuration D. 

Fig. 2. Part orientation within the build chamber.  
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mechanical characterization tests at strain rates from 10− 3 s− 1 up to 
5500 s− 1. The specimens were fabricated adopting XY, XZ, and ZX build 
orientations, as shown in Fig. 2. 

The TPMS gyroid isourface, φG, is defined by: 

φG(x, y, z) =
[
cos(Kxx)sin

(
Kyy

)
+ cos

(
Kyy

)
sin(Kzz) + cos(Kzz)sin(Kxx)

]2

− c2

(1)  

where c is the gyroid constant, and Ki are the TPMS function periodic-

ities, defined by 

Ki = 2π ni

Li
(with i= x, y, z) (2)  

ni are the number of cell repetitions in x, y, z directions, and Li are the 
absolute sizes of the structure in each directions [20,22,28]. The gyroid 
lattice structures isosurface was obtained by implementing Eq. (1) in 
Matlab (MathWorks, U.S.) software, Fig. 3a. The isosurface was then 
processed using Hypermesh (Altair Engineering Inc., U.S.) as shown in 
Fig. 3b, then the lattice thickness was set using MeshMixer (Autodesk, 

Fig. 3. Gyroid (a) isosurface, (b) FE mesh, and (c) manufactured sample.  

Fig. 4. Equipment used for performing mechanical characterization tests under a wide range of strain rates (a) Instron 3369, (b) Instron EletroPuls E10000, (c) 
Testing rig that uses the energy of falling mass for performing a tensile test, (d) Split Pressure Hopkinson Bar and (e) specimen local reference used. 
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Inc., U.S.). Finally, the CAD file was generated and imported to 
Renishaw QuantAM build preparation software. The gyroid samples 
were 30 mm × 30 mm × 30 mm, where each cell being 7.5 mm × 7.5 
mm × 7.5 mm (i.e., 4 cells in each direction, 64 cells in all), Fig. 3c. The 
samples have a wall thickness of 0.75 mm, presenting a relative density 
of ρrel = 14.3%, which is the ratio of the lattice structure density to the 
monolithic material density. 

2.1. Mechanical characterization 

Mechanical properties were obtained from uniaxial tests, using a 
universal testing machine, Instron 3369 (ε̇ = 10− 3 s− 1), an electro- 
mechanical device ElectroPuls E10000 (ε̇ = 10 s− 1), a designed rig 
that uses a dropped mass to generate high strain-rates (ε̇ = 350 s− 1) 
[29], and a Split Pressure Hopkinson Bar, i.e. SPHB (ε̇ = 5500 s− 1) [30], 
Fig. 4a–d. This strain rate range encompasses a wide strain rate interval. 

Full-field deformation was measured using an optical measurement 
technique based on digital image correlation (DIC), recorded by two 5.0 
megapixels cameras or a high-speed camera, for the quasi-static and 
dynamic tests, respectively. For the quasi-static tests (ε̇ = 10− 3 s− 1), the 
cameras were synchronized, one covering the specimen frontal face (1 
and 2 plane) and another covering the specimen thickness (1–3 plane) 
(Fig. 4e). The samples were painted in white before application of black 
speckled pattern, enabling surface-based strain analysis (VIC-2D, 
Correlated Solutions, U.S.). This enables measurement of the specimen 
cross-section and calculation of the Lagrangean strain on the specimen 
surface. Thus, from, 

σ =
F

th.w(1 + ε2)(1 + ε3)
, (3)  

where th and w being the specimen thickness and width, respectively. 
Strain ε2 and ε3 are obtained from DIC, Fig. 4e, and the force,F, recorded 
from the universal testing machine load cell. 

For the dynamic tests, a high-speed camera, at a rate of 5k frames per 
second, synchronized to the data acquisition board, recorded the spec-
imen frontal face (1 and 2 plane) so the obtained stress is 

σ =
F

th.w(1 + ε2)
(4) 

The SPHB technique, Fig. 5, was used to identify the material 
response at a high strain rate, with samples positioned between two 
cylindrical bars (incident and transmitted bar). During the test, a striker 
bar is accelerated by a gas gun impacting the incident bar, inducing an 
elastic pulse that travels along the incident bar, εi(t), until the opposite 
bar end. The pulse is partially reflected, εr(t), and partially transmitted, 
εt(t). These strain pulses are recorded by strain gauges installed on the 
bars so that the specimen stress, strain, and strain rate are [31], 

εi(t) = εt(t) − εr(t) (5)  

σ(t) = EB
AB

As
εt(t) (6)  

εs(t) =
2C0

ls

∫ t

0
εr(t)dt (7)  

ε̇s(t) =
2C0

ls
εr(t) (8)  

2.2. Microstructure characterization 

Scanning Electron Microscope (SEM) analysis was conducted on the 
printed specimens. Coupons were prepared to examine their micro-
structure by a dual-beam electron microscope Quanta 3D FEG (FEI inc., 
U.S.). 

2.3. Impact test 

Gyroid samples were tested in a drop-weight rig, as presented in 
Fig. 6. Velocity history was measured using a laser vibrometer OFV-323 
(Polytec GmbH), with the output voltage signal recorded using a NI PCI- 
6110 (National Instruments, U.S.) at 500 k samples/s. A Photron SA5 
(Imagina Group Inc., Japan) high-speed camera was also used at the rate 
of 3k fps for qualitative comparison with numerical results. Data anal-
ysis was conducted by comparing impact velocity (Vimp), residual ve-
locity (Vres), maximum displacement (δmax), peak load (Fmax) and the 
absorbed energy (S), 

S =

∫ L1

L0

F dL (9)  

where F is the impact load and L0 and L1 are the initial and final gyroid 
heights, respectively. The impact force and compressive displacement 
were derived from the velocity data recorded by the laser vibrometer. 

2.4. Numerical model 

In order to predict the deformation behavior and mechanical prop-
erties of the gyroid lattice structure, the finite element analysis was 
carried out using Abaqus dynamic explicit code (Dassault Systèmes, 
France). The lattices surfaces were meshed using 4-node shell elements, 
with reduced integration and large-strain formulation (S4R elements). 

Fig. 5. Schematic of the Split Pressure Hopkinson Bar used for the high strain rate tests.  

Fig. 6. Low-velocity impact rig.  
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Convergence analysis based on mesh sensitivity was performed, leading 
to 0.75 mm of element size as the best compromise between processing 
time and result convergence. In this model, the shell elements are 
defined to have a normal contact behavior using hard contact formu-
lation, and a friction coefficient of 0.2 for the tangential response [32]. 
The lower gyroid face was placed on a rigid surface, and the upper face 
was impacted by a moveable rigid block with a defined mass and initial 
velocity, as shown in Fig. 7. The central point of the upper plate and the 
lower surface were used to obtain the displacement and force, 
respectively. 

3. Results and discussion 

3.1. Material characterization 

It was noted that all tensile samples failed within the effective gauge 
length, the region where the strain data were taken for DIC analysis. 
Fig. 8a compares the influence of the build direction in the material 
response for the quasi-static strain rate. Experimental data indicates that 
the samples presented an elastic-plastic anisotropic behavior, where 
specimens manufactured in the XZ direction showed lower strength and 
ductility, exhibiting a more brittle response. Clearly, the scanning 
strategy and build orientation influence the specimen mechanical 
response, leading the material to a brittle premature failure. The XZ and 
XY build orientation differed due to the relatively small areas deposited 
during each melting process. On the contrary, XY specimens 
manufacturing was quicker given the number of powder layers and high 
thermal gradient cycles, resulting in a ductile stress-strain response. 

Dynamic response of the aluminum alloy was evaluated at strain 
rates around 10 s− 1, 350 s− 1, and 5500 s− 1, Fig. 8b–d. Experimental data 
at 10 s− 1 and 350 s− 1 present similar behavior as the quasi-static strain 
rate, whose samples in the XZ direction show a more brittle premature 
failure response. For the high strain rate tests at the SPHB, strain is 
limited to 50%. Stress values presented an increase when subject to 
higher strain-rate levels for all built orientations. Indeed, an increase of 
approximately 53% on the stress response for the higher strain-rate 
value (ε̇ = 5500 s− 1), was found by comparing to the quasi-static 

Fig. 7. Model of gyroid 4 × 4 × 4 cell lattice with boundary conditions.  

Fig. 8. (a) The influence of the build orientation in the material strain-stress 
response for quasi-static strain-rate of ε̇ = 10− 3 s− 1. Single homogenized FE 
and experimental comparison of the AlSi10Mg allo. (b) The influence of the 
strain-rate in AlSi10Mg aluminum alloy strain-stress response in different build 
orientations with FE and experimental comparison for the strain-rate of 10 s− 1, 
(c) 350 s− 1, and (d) 5500 s− 1. 

Table 2 
Strain-rate effects on aluminum alloy AlSi10Mg. E is the Young modulus, σ0 is 
the yield stress, σu is ultimate stress, ϵu is ultimate strain, and νe is the Poisson 
ratio νe = ε2/ε3.  

Strain rate 
(s− 1)

Build 
direction 

E 
(GPa) 

σ0 

(MPa) 
σu 

(MPa) 
εu (mm/ 
mm) 

νe (mm/ 
mm) 

0.001 XY 38.8 67.5 156.6 0.51 0.29 
0.001 XZ 40.7 68.8 132.7 0.05 0.45 
0.001 ZX 38.9 60.1 125.9 0.37 0.38 
10 XY – 69.6 174.6 0.36 0.30 
10 XZ – 72.8 158.3 0.35 0.34 
10 ZX – 69.3 140.86 0.18 0.36 
350 XY – 82.8 175.8 0.48 0.35 
350 XZ – 93.2 200.8 0.13 0.43 
350 ZX – 85.8 178.1 0.49 0.39 
5500 XY – 103.5 241.9 0.50 – 
5500 XZ – 112.7 258.7 0.50 – 
5500 ZX – 108.2 250.2 0.50 –  
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material response (ε̇ = 10− 3 s− 1). Table 2 summarizes the mechanical 
properties of aluminum AlSi10Mg alloy made by SLM. 

Material behavior was modeled by the Johnson–Cook (JC) constitu-
tive law [31,33,34], with the plastic stress, σp expressed as a function of 
the plastic strain, εp, strain-rate, ε̇p, and quasi-static strain rate, ε̇p,ref , 
according to, 

σp =
[
A+B

(
εp
)n]

[

1+Cln
(

ε̇p

ε̇p,ref

)]

(10)  

with possible temperature effects being disregarded. A, B, n, and C are 
material constants derived from the experimental data by a nonlinear 
regression using a subroutine implemented in Matlab (MathWorks, U. 
S.). The results for regression analysis on quasi-static tensile data were 
used to identify yield and plasticity parameters for each build orienta-
tion. The JC strain rate parameter was extracted considering a value of 
εp = 0.3 compressive strain. Fig. 9 shows the JC prediction of strain-rate 
effect for the aluminum alloy in a wide range of strain rates. The strain 
hardening effect is observed at the selected plastic deformation for all 
build directions. Fig. 8b–d presents the homogenized curve using the 
linear strain rate sensitivity of the flow stress at selected strain within 
10− 3 s− 1 and 5500 s− 1 strain rate, where the stress-strain response 
showed a good dynamic agreement between the numerical prediction 
and experimental data. Damage parameters, to be used later, were 
extracted from the literature [35], and assumed to be valid for the 
present alloy. Minor adjustments are applied to improve the agreement 
to experimental data. The single homogenized set of constitutive pa-
rameters normalized from all the directions tested is listed in Table 3. 

3.2. Impact results and numerical validations 

Experimental data of the gyroid tests are summarized in Figs. 10–12 
and Table 4. Note that a homogeneous compressive deformation 
through the lattices height was observed in all samples studied cases. No 
visible material failures were noted at any impact energy level. The 
force-displacement responses are presented in Fig. 13, in which a typical 
cellular solid behavior was observed under compression, i.e., initial 
linear loading followed by a plateau region and densification at high 
deformation levels (M5 and M6). After impact, a spring-back response 
was also noted, being the plateau load consistent for all samples. 

Due to the complex process of AM, defects can also be inevitably in 
the manufacturing parts. A scanning electron microscope (SEM) was 
used to microphotograph the SLM printed gyroid specimen. Fig. 14 
shows the specimen surface unmelted powder, porosity, and voids. In 
Fig. 14a an inhomogenous gyroid wall thickness can also be found, 
which is likely to induce stress concentration leading to a brittle failure 

Fig. 9. (a) Homogenized Stress-strain response of JC parameter for all strain 
rates studied (b) Natural logarithm of strain rate and stress at εp = 0.3 with 
linear trendlines and correlations. 

Table 3 
Material constitutive parameters implemented in the numerical models.  

Aluminum alloy AlSi10Mg 

Parameter Description Value 

E Elastic modulus 39.46 GPa 
ρ Density 2.78× 10− 9 ton/mm3 

ν Poisson ratio 0.37 
A JC constitutive parameter 65.46 MPa 
B JC constitutive parameter 122.05 MPa 
n JC constitutive parameter 0.30 
C JC constitutive parameter 0.023 
D1 Damage JC parameter − 0.020 
D2 Damage JC parameter 0.130 
D3 Damage JC parameter − 1.150 
D4 Damage JC parameter 0.011  

Fig. 10. Qualitative comparison of gyroid response during (a) experimental impact test and (b) FEA at impact conditions of 4.0 m/s and 4.8 kg.  
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[36,37]. The visible fluctuations in the experimental impact response of 
gyroid structures are possibly caused by the poor ductility of ALSi10Mg 
due to manufacturing imperfections as observed by SEM images. This is 
described by Gibson and Ashby  [38], with the brittle failure of materials 
leading to fluctuations in the lattice structure compressive response. 

Several authors also observed these fluctuations in the compressive 
response of TPMS lattice structures [24,37,39,40]. These pre-existing 
defects can be served as cracks initiation sites, resulting in the 
low-strain to fracture the gyroid shell. Besides, it is challenging to locate 
the crack initiation site due to the complexity of gyroid topology. Some 

Fig. 11. Qualitative comparison of gyroid response during (a) experimental impact test and (b) FEA at impact conditions of 2.0 m/s and 14.8 kg.  

Fig. 12. Qualitative comparison of gyroid response during (a) experimental impact test and (b) FE at impact conditions of 4.0 m/s and 14.8 kg.  

Table 4 
Summary of experimental gyroid lattice structure under impact condition.  

Specimen Impact mass (Kg) Vinc (m/s) Einc (J) Vres (m/s) δmax (mm) Fmax (kN) S (J) S/Einc (%) Sesp (S/ρrel) (J) 

M1 4.80 4.18 41.93 0.46 6.12 8.56 40.97 97.71 286.50 
M2 4.80 4.26 44.16 0.41 6.29 7.66 40.20 91.03 281.11 
M3 14.80 2.34 40.51 0.35 5.57 11.39 39.53 97.58 276.43 
M4 14.80 2.35 40.86 0.34 6.00 16.24 39.91 97.67 279.09 
M5 14.80 4.03 120.18 0.31 15.08 13.24 117.56 97.81 822.09 
M6 14.80 4.09 123.78 0.38 18.49 12.01 122.68 99.11 857.90  
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authors highlighted that these fluctuations could be overcome by heat 
treatment [7,20,41–43]. 

The drop weight test and simulation results are depicted in Fig. 13. 
The results predicted well the overall behavior of the gyroid structures, 
capturing different stages in the compressive force-displacement 
response. Some deviations between numerical and experimental re-
sults can be identified. The initial peak force of experimental results is 
generally higher than the numerical predictions. This may be caused by 

geometric deviations between the mathematical curves, and the actual 
models manufactured samples [37]. The numerical prediction also does 
not capture force fluctuations well since the FE model is not constructed 
to consider possible thickness variations and pre-existing defects. These 
localized defects (Fig. 14) are subject to local buckling and fracture, 
resulting in a strength loss not predicted by the homogeneous FEM 
(Table 5). 

Fig. 13. Force-displacement response of (a) M1-M2, (b) M3-M4 and (c)M5-M6 gyroid lattices and comparison between experimental impact and FE analysis.  

Fig. 14. Scanning electron microscope observed surface morphology of the SLM gyroid lattice structure.  
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3.3. Gyroid impact response 

The impact response of the gyroid structure was carried out 
numerically by comparing different topologies, subject to 14.8 kg 
impact mass at 2.3 m/s (39.14 J). A 30 mm × 30 mm × 30 mm gyroid 
lattice was designed and numerically modeled using different wall 
thicknesses, unit cell sizes, and isosurface tunings. The peak force, 
maximum displacement, and absorbed energy were obtained from the 
force-displacement responses. 

To analyze how the unit cell size influences the gyroid impact 
response, the lattices were designed with unit cells ranging from 5 mm 
(216 units cells) to 15 mm (8 unit cells), as summarized in Table 6, with 
0.80 mm wall thickness in all cases. The influence of wall thickness was 
explored by modeling a 64-unit cell gyroid with (7.5 mm cell size), with 
wall thicknesses varying from 0.5 mm to 1.5 mm, as summarized in 
Table 7. 

Fig. 15 a shows the force-displacement response for the different cell 
sizes of Table 6. All configurations absorbed a similar amount of energy. 
However, as the number of unit cells increases (smaller unit cells), the 
peak force (Fmax) increases, and maximum residual displacement (δmax) 
reduces. On the contrary, as the number of unit cells decreases (larger 
unit cells), the peak force (Fmax) decreases, and maximum residual 
displacement (δmax) increases. The relative density changes with the 

number of cell sizes. Thus, when the lattice relative density is consid-
ered, larger unit cells minimize δmax/ρrel, which indicates better perfor-
mance. Smaller unit cells tend to minimize Fmax/ρrel ratio, suggesting a 
better performance since the peak force, i.e., maximum acceleration, 
reduces. 

Fig. 15 b summarizes the force-displacement curves for gyroids with 
different wall thicknesses, also summarized in Table 7. The energy 
absorbed is similar for all cases, increasing slightly for thicker lattices. 
The residual displacement increases for thinner lattices as the peak force 
decreases. Considering the relative density, thinner gyroids exhibit a 
more favourable δmax/ρrel ratio, whilst thicker lattices demonstrate 
higher Fmax/ρrel ratio. The wall thickness increase is comparable to an 
enlargement of unit cells (less amount of unit cells), whilst a reduction of 
the wall thickness is similar to smaller unit cells gyroids (less amount of 
unit cells) in terms of the gyroid response during impact events. Thicker 
walls minimizes δmax/ρrel, and thinner walls tend to minimize the 
Fmax/ρrel ratio. 

To evaluate the influence of minor tunes in the gyroid topology, the 
parameters α1, α2 and α3 were implemented to the gyroid isosurface 
equation, according to 

φG(x,y,z)=
[
α1cos(Kxx)sin

(
Kyy

)
+α2cos

(
Kyy

)
sin(Kzz)+α3cos(Kzz)sin(Kxx)

]2

− c2

(11) 

These parameters allow smoothing of the gyroid topology whilst 
retaining its relative density, as summarized in Table 8. The αn param-
eters were set to 0.8, 1.0, and 1.3 in all possible combinations. Table 9 

Table 5 
Quantitative results comparison between experimental results and numerical 
models.  

Specimen 
identification 

Vinc 

(m/s) 
Vres (m/ 
s) 

δmax 

(mm) 
Fmax 

(kN) 
S (J) Sesp (S/ 

ρrel)(J)  

4.8 kg and 4 m/s 
Experimental 4.22 

±

0.04 

0.43 ±
0.02 

6.20 ±
0.08 

8.11 ±
0.45 

40.58 ±
0.38 

283.80 
± 2.69 

Numerical 4.21 0.48 6.57 6.92 39.72 277.76 
Deviation – 11.32% 5.96% 14.67% 2.11% 2.15%  

14.8 kg and 2 m/s 
Experimental 2.14 

±

0.01 

0.34 ±
0.01 

5.78 ±
0.21 

13.81 ±
2.42 

39.72 ±
0.19 

277.73 
± 1.30 

Numerical 2.14 0.37 5.74 7.42 44.50 311.18 
Deviation – 4.41% 0.69% 46.27% 12.03% 12.04%  

14.8 kg and 4 m/s 
Experimental 4.06 

±

0.03 

0.34 ±
0.03 

16.78 
± 1.70 

12.62 ±
0.61 

120.12 
± 2.56 

839.99 
± 17.90 

Numerical 4.06 0.34 16.86 8.16 130.43 912.03 
Deviation – 1.44% 0.44% 35.36% 8.58% 8.57%  

Table 6 
Summary of gyroid structures with different unit cells and their respective influence on impact response.  

Specimen identification ρrel (%) Overall size (mm) Wall thickness (mm) Cell size (mm) δmax (mm) Fmax (kN) S (J) 

8u 8.64 30× 30× 30 0.80 15.00 22.86 3.83 38.65 
27u 13.03 10.00 10.25 3.99 38.19 
64u 17.40 7.50 6.34 6.44 38.38 
125u 21.75 6.00 4.65 9.03 38.75 
216u 25.39 5.00 4.08 11.72 38.18  

Table 7 
Summary of gyroid structures with different wall thicknesses and their respective influence on impact response.  

Specimen identification ρrel (%) Overall size (mm) Cell size (mm) Wall thickness (mm) δmax (mm) Fmax (kN) S (J) 

T1 10.86 30× 30× 30 4× 4× 4 0.50 12.15 3.52 38.30 
T2 13.02 0.60 9.21 4.46 38.16 
T3 15.05 0.70 7.48 5.44 38.45 
T4 17.40 0.80 6.34 6.44 38.38 
T5 19.50 0.90 5.52 7.47 38.27 
T6 21.60 1.00 4.89 8.55 38.17 
T7 32.55 1.50 3.10 13.89 37.69  

Fig. 15. (a) Influence of cell size and (b) wall thickness on the gyroid 
impact response. 
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exemplifies the influence of α1 parameter in the gyroid isosurface. As α1 

changes, so do the height of the gyroid cell in the XY plane. The same 
pattern was also observed for α2 and α3 values, in YZ and ZX planes, 
respectively. 

Table 8 and Fig. 16 summarize the impact response of the gyroids 
with the αn variation. The αn combinations influence the force- 
displacement response of the gyroid during the impact event when 
compared to the baseline gyroid topology. Fig. 17 highlights that the α3 
exhibits major response changes when compared to the baseline iso-
surface. In this case, the modified isosurface in the XZ plane changes the 
lattice surface curvature perpendicular to the loading direction. Hence, 
3H configurations present larger cells in XZ planes, which results in a 
more stretching dominant load in the lattices walls, leading to a higher 
force. 

Fig. 16 d - 16 f show the gyroid impact response when a pair of αn 
parameters are changed. In those cases, the parameters influenced the 
force-displacement response of gyroid during the impact, with the α1 −

α2 combination exhibiting a greater influence. It is noted that those 
parameters mainly change the cell sizes in XY and YZ planes, which are 
both aligned to the loading direction. 

Finally, it was shown that the proposed parameters αn are effective 
for optimizing the gyroid impact response. Those parameters can modify 
the peak force and maximum displacement, with no relative density and 
absorbed energy changes. For example, using a gyroid with higher α1 
and α2, and lower α3 (e.g., 12H 3L) could be suitable for motorcyclist 
helmet protective padding [44]. Such combination leads to minor peak 
force, consequently minimizing the acceleration and traumatic brain 
injury severity during falls or collisions. Another application, using 
gyroid lattices with lower α1 and α2, and higher α3 (e.g., 12L 3H) that 
minimize the maximum displacement, could be suitable for personal 
armour protective clothing [45], once the penetration resistance 

requires tailored structure to mitigate the backface signature interface. 
This indicates that gyroid-based lattices could be particularly advanta-
geous in applications that require an engineered compressive response, 
e.g., aerospace, automotive, and personal protection applications. In 
addition, the parameters α1, α2 and α3 can easily be implemented in the 
design-of-experiment sub-routine to optimize their response 
accordingly. 

4. Conclusions 

The compressive behavior of AlSi10Mg gyroid lattice structures was 
investigated under low-velocity impact loading. Finite element analysis 
was conducted to validate the deformation evolution in the tested con-
figurations under low-velocity impact. A novel gyroid isosurface was 
developed where parameters implemented to the isosurface equation 
lead to a change in the force-displacement impact response with no in-
fluence on its relative density. The following conclusions can be drawn: 

• AlSi10Mg was mechanically characterized at different loading di-
rections subject to nominal strain rates ranging from 10− 3 s− 1 up to 
5500 s− 1. The DIC technique was adopted to extract the mechanical 
properties where the Johnson–Cook constitutive parameters were 
defined. The aluminum alloy was shown to be strain rate and build 
orientation sensitive.  

• SEM results indicate some printing imperfections and unmelted 
powders on the gyroid specimen surfaces. Finite element analysis 
provides an overall agreement on the deformation evolution. The 
numerical prediction did not capture force fluctuations, whereas the 
FEM does not take thickness variations and pre-existing defects into 
the model. 

Table 8 
Summary of gyroid isosurface equation tuned by αn and their respective influence on impact response.  

Gyroid α1 α2 α3 ρrel (%) Overall size (mm) Wall thickness (mm) δmax (mm) Fmax (kN) S (J) 

BL 1.0 1.0 1.0 17.40 30× 30× 30 0.80 6.34 6.44 38.38 
1H 1.3 1.0 1.0 6.54 6.30 38.39 
1L 0.8 1.0 1.0 6.66 6.14 38.41 
2H 1.0 1.3 1.0 6.78 6.06 38.33 
2L 1.0 0.8 1.0 6.10 6.68 38.41 
3H 1.0 1.0 1.3 5.82 7.00 38.39 
3L 1.0 1.0 0.8 6.68 6.18 38.30 
12H 1.3 1.3 1.0 6.83 6.04 38.30 
12L 0.8 0.8 1.0 5.94 6.87 38.43 
13H 1.3 1.0 1.3 6.05 6.74 38.39 
13L 0.8 1.0 0.8 6.66 6.14 38.32 
23H 1.0 1.3 1.3 6.21 6.55 38.24 
23L 1.0 0.8 0.8 6.38 6.61 38.34 
12L 3H 0.8 0.8 1.3 5.39 7.58 38.45 
12H 3L 1.3 1.3 0.8 7.15 5.81 38.23  

Table 9 
Example of tuned gyroid topologies for α1 = 0.8, 1.0, and 1.3.  

α1 = 0.8 α1 = 1 α1 = 1.3 
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• The modified gyroid equation shows that the αn parameter proposed 
can change the deformation behavior of gyroid lattice structures 
under low-velocity impact loading. Changes in the peak force and 
maximum displacement with no change in the relative density or 
energy absorption can be observed in the numerical evaluation. The 

parameters α1, α2 and α3 can easily be implemented in the design-of- 
experiment sub-routine to optimize the impact response accordingly 
with the desired engineering application. 

Fig. 16. Influence of the modified isosurface gyroid equation on the impact response of the gyroid in comparison with the gyroid baseline.  

Fig. 17. Maximum displacement (a) and Peak Force (b) impact response according with the influences of α1 − α2 in the modified isosurface gyroid equation.  
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