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Abstract  Triply periodic minimal surface (TPMS) structures, owing to their outstanding mechanical properties, have
shown significant potential in lightweight design for critical aerospace components. To effectively enhance the
mechanical performance and lightweight characteristics of TPMS structures, this study proposes an optimization method
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for multi-level TPMS lattice structures based on stress field guidance. Specifically, a multi-level Gyroid lattice structure
is designed and fabricated using selective laser melting (SLM) technology. The performance of the multi-level Gyroid
lattice is then compared with that of a primary Ti6Al4V Gyroid lattice structure with the same volume fraction. Through
finite element simulations and compression tests, the compression behavior, deformation mechanisms, and energy
absorption capabilities of the multi-level Gyroid lattice structure are systematically studied. The results indicate that,
compared to the primary Gyroid lattice with the same volume fraction, the multi-level Gyroid structure exhibits
significant improvements in compression performance. Specifically, its elastic modulus, yield strength, and ultimate
strength are enhanced by approximately 36.52%, 58.55%, and 57.62%, respectively. Moreover, its energy absorption
capacity is increased by approximately 42.85%. In terms of failure modes, unlike the primary Gyroid lattice structure,
which experiences 45° shear fracture at the center of the inclined compression struts, the multi-level Gyroid lattice
initially undergoes layered fracture in the filled regions. Subsequently, a 45° shear fracture occurs in the center of the
inclined compression struts in the unfilled regions. The finite element model, based on the Johnson-Cook plasticity and
damage models, accurately predicts the deformation behavior and mechanical performance of the multi-level Gyroid
lattice structure, with a prediction error within 20%. The multi-level Gyroid lattice structure designed in this study
demonstrates superior mechanical properties and energy absorption capabilities, offering new insights and technical
support for the design and manufacturing of high-performance lightweight components in aerospace applications. This
work presents a novel approach to lattice structure optimization, contributing to the advancement of additive

manufacturing techniques and their application in the aerospace industry.
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Process parameters Value
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preheating temperature/°C 150

4 SLM i Gyroid £1FFFE
Fig.4 SLM-fabricated gyroid lattice specimens
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Table 3 Theoretical, actual volume fractions, and relative error of the samples

Sample Theoretical volume fraction/% Actual volume fraction/% Relative error/%
33-1 32.61 33.47 2.64
33-2-JY 32.65 33.05 1.23
33-2-XX 33.12 34.02 2.72
33-2-FXX 33.45 34.53 3.23
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Fig. 7 Experimental stress-strain curves of the four Gyroid lattice structures
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Table 4 Ultimate strength values of the four Gyroid lattice

structures
Sample Ultimate strength/MPa Improvement rate/%
33-G-1 128.61 +6.43 —
33-G-2-]Y 202.72 +10.14 57.62
33-G-2-XX 191.54 +9.58 48.93
33-G-2-FXX 190.70 + 9.54 48.28
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Table 5 Elastic modulus and yield strength values of the four Gyroid lattice structures

Sample Elastic modulus/MPa Improvement rate/% Yield strength/MPa Improvement rate/%
33-G-1 3122.49 +156.12 — 107.98 £5.35 —
33-G-2-JY 4218.92+£210.95 35.11 171.2 £ 8.56 58.55
33-G-2-XX 4228.53+£214.43 35.42 156.23 £ 7.81 44.68
33-G-2-FXX 4262.90 +£213.15 36.52 155.58 £7.78 44.08
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Fig. 9 Energy absorption values for four types of Gyroid lattice
structures
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Fig. 10 Energy absorption curves for four TPMS lattice structures
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Fig. 11 Comparison of experimental and simulated stress-strain curves for four Gyroid lattice structures
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