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Abstract 

During the different phases of a mission, spacecraft equipment is subject to high-frequency shocks, 

commonly known as pyroshock since they are caused by explosive materials. The requirements for space 

qualification are usually expressed in terms of Shock Response Spectrum (SRS) acceleration – indicating the 

damage that a shock could potentially cause to a structure – and depend on the characteristics of the launch 

vehicles. Therefore, to simulate real shock load conditions in a repeatable and safe manner, hammers, 

projectiles, or generic impacting objects are commonly launched against a fixture (such as an anvil, a 

Hopkinson bar, or a resonant plate) supporting the component under test. This work exploits a numerical 

model entirely developed in the frequency domain which has been built to optimize the energy input and 

output parameters of a test facility. The development of the proposed model in the frequency domain 

contributes to considerable advantages, such as the reduction of calculation times. Based on the SRS 

requirements, the mass and speed of the bullet, the impact location, and the position of the object under test 

(mounted over a triangular plate) are comprehensively investigated by the proposed algorithm. Given the 

notable influence of these parameters and the complexity of their interactions, the proposed analysis 

considerably simplifies the tuning process, reduces calibration time and, in general, avoids costly trial-and-

error repetitions. 

 
1 Introduction 

During the different phases of a mission, spacecraft equipment is subject to high-frequency shocks, 

commonly known as pyroshock as they are caused by explosive release charges. The important impulsive 

nature of such pyroshocks produces transient structural responses whose intensity could easily damage the 

carried equipment in the vicinity of the energy release zone. The requirements for space qualification are 

usually expressed in terms of Shock Response Spectrum (SRS) acceleration – indicating the damage that a 

shock could potentially cause to a structure [1,2] – and depend on the characteristics of the launch vehicles. 

In order to simulate real shock loads in a repeatable and safe manner, hammers, projectiles, or generic 

impacting objects are commonly launched against a fixture (in most of cases a resonant plate [3,4]) 

supporting the component under test, so as to reach the required SRS (as prescribed by the standards [5–8]). 

The effect of the main test parameters over the resulting SRS was experimentally explored over the years 

[9,10], and several models were proposed such as Finite Element models (FEM) based on NASTRAN and 

DYTRAN [11],  Statistical Energy Analysis (SEA) models [12,13], Transient Statistical Energy Analysis 

(TSEA) models [14,15], also combinable in Virtual Mode Synthesis and Simulation (VMSS) [16] or with 

FEM [17,18]. 

Unfortunately, such advanced models are too complex and computationally expensive to be used to 

automate the test parameters selection. In this respect, papers [19–21] proposed a simpler way to numerically 

simulate the behavior of the plate exploiting a simplified m-dof model of the plate, with lumped masses and 

stiffnesses, and a Frequency Domain Convolutional scheme, allowing a quick and reliable tuning of all the 

main test bench variables. 
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This work follows the paper [21] where the m-dof simplified model was substituted by a more advanced 

FEM to finally solve, in a fully automated way, the shape and size design of the plate based on some test 

requirements. 

In this paper the same model is used to study the effect of the energy input and output parameters of a 

test facility in terms impact location, anvil material, and the mounting position of the object under test. In 

fact, given the notable influence of these parameters and the complexity of their interactions, a full 

parameters exploration can strongly reduce test calibration times while providing remarkable economic 

advantages, avoiding costly trial-and-error repetitions. 

The complete model description is given in Section 2. The optimization results are reported and 

discussed in Section 3, while final conclusions will be derived in Section 4. 

 

 

2 Methodology 

In order to propose a fast yet accurate model for simulating the resulting SRS generated by a shock due 

to the hit of a projectile on an anvil mounted on the base plate, the methodology reported in [19–21] based on 

the physical model depicted in Figure 1 was adopted. In particular, the model is divided into 3 sub-models: 

1. A FEM model of a plate with an anvil and a test object mounted in some points of the surface, able 

to compute the inertance of a metal plate of any shape and material at point j caused by an input at 

point k; 

2. A numerical model for the impact, defining the input pulse signal as a function of the contact 

materials and projectile momentum in terms of mass and speed; 

3. A numerical model for computing the maximax SRS with a Q factor of 10. 

These three models are then merged by a Frequency Domain Convolutional scheme so as to speed up the 

procedure. From a practical point of view, the Convolution Theorem of the Fourier Transform is exploited, 

so as to produce the final equation: 

 (1) 

where  is the impact force ,  is the plate Inertance and  is the 

Transmissibility of a SRS single degree of freedom with natural frequency  , as described in [21] and in 

the Figure 1 reported below. 
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Figure 1: Physical model of a pyroshock test facility. 

 

In this work, the plate shape and size are derived from [21], and the focus is on the possibility of 

obtaining a better match to the SRS requirement by varying the energy input and output parameters defined 

as the impact pad (or anvil) material, the impact location and the testing object mounting location (i.e., the 

acceleration measurement location) in the vicinity of their design values. The equilateral triangle plate of 

side dimension 1.04 m (i.e., inscribed in a circumference of 0.6 m) and thickness 0.04 m made of Aluminium 

was considered. Notice that this plate was automatically designed by the GA optimization algorithm in [21] 

without anvil nor testing object, whose influences were neglected, and considering an excitation and a 

measurement point coincident to the center of the plate. To simulate a real impulse, the impact force  is 

modelled by two half non-symmetrical windows (left and right) whose shape is defined as half a raised 

cosine (i.e., the von Hann window). The FE analysis for the bare triangular plate is reported in Figure 2. 

 

 

Figure 2: Modal analysis of the triangular plate. 

 

 

Hence, in this work an anvil of fixed size 0.07x0.07x0.01 m
3
 but variable material was defined. This 

clearly affects the Pulse Time computation as the anvil material can now be different from the plate material. 

At the same time, as a sample for the testing object, the NASA CubeSat 1U was selected, having an 

equivalent density of  and a characteristic dimension (i.e., the side of the cube) of 0.1 m [22]. Finally, the 

input pulse location and the mounting location coordinates of the satellite were varied over a discrete range 

around the plate center (±0.1 m), as shown in Figure 3. Hence, a total of 162 combinations consisting of 9 

input positions, 9 output positions, and 2 anvil plate materials are analyzed. 
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Figure 3: Scheme of the resonant plate (grey), specimen (yellow), and the 9 different position of input and 

output under analysis. 

 

 

Parameter Name Parameter Value / Range Parameter Description 

 Points 1-9 (Figure 3) Impact location coordinates 

 2700 or 7870 kg/m
3
 Density of the anvil material 

 69 or 205 GPa Young’s modulus of the anvil material 

 0.33 or 0.29 Poisson’s ratio of the anvil material 

 80 or 350 MPa Yield stress of the anvil material 

 Points 1-9 (Figure 3) Object location coordinates 

 2000 kg/m
3
 Equivalent object density 

 0.1 m Object characteristic dimension (side of the cube) 

 0.6 m Radius of the circumscribed circle  

 3 Number of sides of the polygon 

 0.04 m Thickness of the plate 

 0.0186 - 0.0373 m Mesh size - range 

 2700 kg/m
3
 Density of the plate material 

 69 GPa Young’s modulus of the plate material 

 0.33 Poisson’s ratio of the plate material 

 Free Type of Boundary conditions 

 100-10000 Hz Range of frequency for the study 

 [0,0,1] (orthogonal) Input Force intensity and direction 

 10 Hz Frequency resolution for the Inertance 

 0.02 Modal damping factor of the plate 

 9 kg Bullet mass  

 1 m/s Bullet speed 

 0.2 m Bullet contact radius 

 7870 kg/m
3
 Density of the plate material 

 205 GPa Young’s modulus of the bullet 

 0.29 Poisson’s ratio of the bullet 

 von Hann window Window shape 

 

Table 1: Whole model Parameters Description. 
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A list of the relevant parameters and their values is summarized in Figure 4 and Table 1. For further 

information refer to [21]. 

 

 

Figure 4: Whole model block scheme and parameters [21]. 

 

 

3 Results and Discussion 

This analysis aims at investigating the possible optimization of the energy input and output parameters, 

given the geometry of the resonant plate. In fact, the plate adopted in this study has been optimized in terms 

of shape and size without considering the anvil plate and the object under test. Figure 5 shows the simulated 

SRS achievable considering only the resonant plate. It can be observed that the first peak coincides with the 

natural frequency of mode 1, while the second peak with mode 7. In fact, Figure 2 shows that modes 1 and 7 

entail large displacements in the center of gravity (which coincides with the excitation and measurement 

points in this case). 

By repeating the numerical simulation of the SRS per each of the 162 combinations under analysis, it is 

possible to observe how the energy input and output parameters influence the SRS with reference to the 

requirements and the related tolerances. A score function was defined as follows to evaluate how the 

configurations affect the goodness of the results: 

 

 

(2) 

where  is the calculated value of the acceleration synchronized to the resonant frequency  

of the -th s-dof system for the SRS calculation,  is the test requirement (or the generic 

reference curve) in terms of SRS acceleration,  and  are respectively the values of the lower 

and upper tolerances. The proposed score function aims at evaluating the error only when the SRS 

falls outside the tolerances region, penalizing more undertesting conditions than overtesting.  For 

the sake of clarity, Figure 6 shows the colormap representing the score applied to the SRS 

predictions, considering a standard requirement. 

 

𝑠𝑐𝑜𝑟𝑒𝐺𝐴 =

 
 
 

 
 
𝑙𝑜𝑔10  

𝑥 𝑆𝑅𝑆  Ωc  

𝑥 𝑟𝑒𝑞  Ωc  
 
𝑙𝑜𝑔10 

𝑥 𝑡𝑜𝑙
+  Ω c  

𝑥 𝑆𝑅𝑆  Ω c  
 

0

𝑙𝑜𝑔10  
𝑥 𝑆𝑅𝑆  Ωc  

𝑥 𝑟𝑒𝑞  Ωc  
 
𝑙𝑜𝑔10 

𝑥 𝑡𝑜𝑙
-  Ω c  

𝑥 𝑆𝑅𝑆  Ω c  
 

       

𝑖𝑓 𝑥 𝑆𝑅𝑆 Ωc > 𝑥 𝑡𝑜𝑙
+  Ωc 

𝑖𝑓 𝑥 𝑡𝑜𝑙
−  Ωc < 𝑥 𝑆𝑅𝑆 Ωc < 𝑥 𝑡𝑜𝑙

+  Ωc 

𝑖𝑓 𝑥 𝑆𝑅𝑆 Ωc < 𝑥 𝑡𝑜𝑙
−  Ωc 
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Figure 5. Simulated SRS inherent to the GA-optimized resonant plate. 

 

 

 

Figure 6: Colormap describing the adopted score function according to the specified requirements and 

the related tolerances. 

 

The scores obtained with Eq. (2) referring to each of the 162 conditions are shown in Figure 7. It is 

worth noting that the steel anvil plate performs better than the aluminum one. This is probably due to the 

restitution coefficient e and the pulse duration , which depend on the mechanical properties of the 

impacting bodies. Furthermore, it can be observed that setting #41 (i.e., conditions used to optimize the 

plate design in [21]) remains the best one among the aluminum anvil plates. The equivalent condition with 

the steel anvil plate corresponds to setting #122, while the overall best case is #131. This was obtained by 

setting the input to coordinates (0 m; 0 m) and the specimen in point 6 (0.1 m; 0 m). 
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Figure 7: Score inherent to the 162 analysed setting conditions. 

 

Finally, Figure 8 shows the predicted SRS in the three most interesting configurations: #41, #122, and 

#131. The best condition #131 leads to meeting the requirements very satisfactorily. Furthermore, comparing 

the three curves obtained with the bare plate SRS simulation in Figure 2, the peak at about 308 Hz is missing 

due to the introduction of the anvil plate and the specimen. 

 

 

 

Figure 8: Comparison of the predicted SRS obtained with settings #41 (condition optimized in [21]), #122 

(condition optimized in [21] with a steel anvil plate), and #131 (energy input and output optimized 

configuration). 
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4 Conclusions 

The present work investigates the effect of the energy input and output parameters of a test facility in 

terms impact location, anvil material, and the mounting position of the object under test. A numerical model 

entirely developed in the frequency domain has been exploited to comprehensively examine all the possible 

configurations with a high degree of accuracy and reduced calculation times. The results showed that it is 

possible to obtain a configuration that better meets the requirements by optimizing the energy input and 

output parameters. Indeed, the SRS predicted in the optimized condition faithfully falls within the tolerance 

range. Given the notable influence of these parameters and the complexity of their interactions, the obtained 

results allow to considerably reduce calibration times during the tuning process and, in general, to avoid 

costly trial-and-error repetitions. 
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