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Fig. 2 Schematic diagram of a gradient metallic foam cylinder impacting a mass
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Table 2 Design requirements under two types of boundaries

Boundary Acceleration
Free boundary ay = 3400gsin [2n(z +0.53)/4.243], t€[0,1.09 ms]
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Table 3 Input parameters for inverse density gradient design
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Fig. 8 Relative density distribution after iteration under different boundary conditions: simulated sinusoidal (a)

and triangular (b) acceleration waveforms under free boundary conditions; simulated sinusoidal (c)
and triangular (d) acceleration waveforms under elastic boundary conditions
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Table 4 Equivalent model for inverse density gradient design of aluminum foam
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(After optimization)
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Inverse Design and Boundary Effects in Impact Waveform
Control of Graded Foam Metals
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2. MIIT Key Laboratory of Multifunctional Lightweight Materials and Structures, Nanjing University of
Aeronautics and Astronautics, Nanjing 210016, Jiangsu, China,
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Aeronautics and Astronautics, Nanjing 210016, Jiangsu, China;

4. National Key Laboratory of Strength and Structural Integrity, China Institute of Aircraft Strength,
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Abstract: To achieve the precise generation of high-amplitude impact waveforms required for aviation
safety testing and related fields, this study investigates the impact waveform regulation mechanisms of
graded cellular metals under different boundary conditions. Based on the conservation laws of mass and
momentum, theoretical models for impact waveform generation using graded cellular metals are established
for both free and elastic boundary conditions. Furthermore, an inverse design method for density gradient is
proposed, which incorporates an average relative density constraint combined with Gauss-Newton iteration,
enabling the reverse solution from a prescribed acceleration waveform to the material density gradient
distribution. Finite element results demonstrate that the proposed method can effectively generate required
waveforms—such as triangular and half-sine waves—under both boundary conditions. The study also
reveals that: free boundaries are more suitable for generating high amplitude and long duration waveforms,
whereas elastic boundaries can improve the realizability of low-amplitude waveforms through stiffness
regulation; boundary conditions do not alter the impact duration but exert a significant influence on
waveform shape; and excessive impedance mismatch between adjacent layers will intensify waveform
oscillations, thereby compromising the waveform generation accuracy. The proposed inverse design strategy
for density gradients exhibits favorable versatility and provides both theoretical support and a practical
design tool for the development of high-amplitude impact testing technologies.

Keywords: waveform regulation; graded cellular metal; density gradient design; high-amplitude impact
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