
 

Submitted: February 21, 2026 Revised: May 12, 2026 Accepted: May 19, 2026 

© A.M. Mohebihafshejani, F. Morshedsolouk, A. Moazemi Goudarzi, 2026. 

Publisher: Peter the Great St. Petersburg Polytechnic University  

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.org/li-censes/by-nc/4.0/) 

MATERIALS PHYSICS AND MECHANICS                                                 RESEARCH ARTICLE 

 

 

Numerical and experimental investigations of the crushing 

behavior of thin-walled multi-cellular steel cylinders  

A.M. Mohebihafshejani , F. Morshedsolouk  , A. Moazemi Goudarzi  

Babol Noshirvani University of Technology, Babol, Mazandaran, Iran 

 f.morshed@nit.ac.ir 

ABSTRACT  

The quasi-static axial crushing behavior of an all-metal corrugated sandwich cylindrical shell is investigated 

experimentally and numerically. The structure consists of inner and outer thin-walled steel shells connected 

by a trapezoidal corrugated steel core, fabricated using a low-cost method without adhesives. Quasi-static 

compression tests were conducted on three ST37 steel specimens and validated using finite element 

simulations accounting for material plasticity and large deformations. The results show that the corrugated 

sandwich cylindrical shells deform through stable progressive local buckling. Compared with monolithic 

cylinders of similar mass, the proposed design exhibits significantly higher energy absorption, reaching up to 

approximately 1.5 times improvement. Parametric analyses reveal that increasing the number of corrugated 

units and optimizing the core-to-shell thickness ratio markedly enhance crushing efficiency while reducing 

peak crushing force. The proposed all-metal corrugated sandwich cylindrical shell provides an efficient, 

manufacturable solution for lightweight energy-absorbing structures in automotive, marine, and protective 

engineering applications. 
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Introduction 

Crash boxes abilities to improve passengers’ safety depends on their capacity to absorb 

impact energy while maintaining a low impact force. Typical crash boxes are cylindrical 

or square thin-walled tubes. However, the sandwich cylinders, which have better bending 

stiffness and buckling strength are studied less than thin-walled tubes, and there is a gap 

in understanding the axial crushing behavior of steel thin-walled sandwich panes.  

Alexander [1] pioneered the field of quasi static crushing of cylinders by introducing 

a mathematical model to calculate the average crushing force of pipes exhibiting 

progressive buckling mode in axially symmetric deformation. Since then, researchers 

have focused on the energy-absorption capabilities of thin-walled cylinders by decreasing 

peak crushing force (PCF) and increasing energy absorption capability (EA). For example, 

Rahi [2] used numerical analysis and laboratory tests and demonstrated that, despite the 

lower absorbed energy, circular coaxial double-walled tubes, compared to square tubes, 

exhibit a higher specific absorbed energy (SAE). Completing their finding, Alavi Nia and 

Hamedani [3] conducted a numerical simulation of various aluminum tubes, including 
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cylindrical, hexagonal, pyramidal, conical, and rectangular shapes, and concluded that 

cylindrical tubes exhibited the highest energy absorption capacity. In contrast, 

Marzbanrad et al. [4] suggested that pipes with an oval cross-section possess a greater 

energy absorption capacity compared to square or circular tubes. In a separate study, 

Zhang et al. [5] numerically investigated the compression behavior of two types of 

pyramidal square tubes and found that they exhibited improved energy absorption 

capacities ranging from 15 to 33 % and 54 to 93 % compared to standard square tubes. 

Finally, Hosseinpour et al. [6] studied the behavior of cylinders with auxetic pattern cut 

and stated that the porosity and auxetic pattern are the most prominent parameters in 

the crashworthiness of these structures. Sandwich cylinders have a greater overall 

bending stiffness, which effectively prevents the global buckling mode. Moreover,  

the core and its interaction with the shells of the faceplate enhance the energy absorption 

capacity of the sandwich structures (Lu et al. [7]). As a result, sandwich structures have 

gained attention as energy-absorbing structures in many recent studies. For instance,  

Su et al. [8] investigated the crushing behavior of foam-filled corrugated sandwich 

cylindrical shells under axial compression using theoretical and numerical methods and 

reported a maximum specific energy absorption of 60 kJ/kg with a coupling strengthening 

effect of up to 40 %. Agarwal and Sobelt [9] conducted an optimization study on stiffened 

and unstiffened composite sandwich cylindrical shells and discovered that sandwich 

shells featuring graphite/epoxy surfaces and aluminum honeycomb cores offer a higher 

weight efficiency across various external loads. Hutchinson and He [10] investigated the 

buckling optimization of cylindrical sandwich shells filled with metal foam and found 

that cylindrical sandwich shells offer a similar weight advantage to stringer-reinforced 

shells. In another study, Yang et al. [11] investigated the free vibration and axial 

compression of all-metal cylindrical and truncated conical sandwich shells with 

corrugated cores numerically and experimentally. Their findings demonstrated that the 

load-carrying capacity (i.e., maximum crushing force) of a conical or cylindrical sandwich 

shell can be significantly enhanced through optimization when the first natural frequency 

must be within a specific range. More recently, Yang et al. [12] suggested that by 

prefabricating circumferential band defects in corrugated sandwich cylindrical shells, it 

is possible to decrease the PCF, while the energy absorption capacity will not change.  

The energy absorption of the multicell and foam-filled cylinders was also 

investigated. For example, Alavinia and Parsapour [13] examined the energy absorption 

capacity of multicellular structures with regular polygonal sections. They demonstrated 

that multicellular structures are an effective method for improving and strengthening 

mechanical properties. Specifically, multicellular sections absorb more energy than simple 

sections, and hexagonal and octagonal sections absorb more energy per unit mass. 

Similarly, Yan et al. [14] investigated the energy absorption characteristics of flax fiber 

composite tubes filled with polyurethane foam when subjected to quasi-static axial 

compressive load. Likewise, Tang et al. [15] conducted numerical studies on circular multi-

cell tubes and demonstrated that circular multi-cell tubes possess greater energy 

absorption capacity than square cross-section tubes. Additionally, the energy absorption of 

3D-printed polymer and fiber-reinforced cellular structures has been extensively explored 

through analytical, numerical, and experimental methods, including scutoid cellular 

geometries [16], kite-shaped [17], sinusoidal [18], double octagonal bipyramid [19], bone-
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inspired [20], auxetic honeycomb [21], hybrid surface-strut [22], lozenge grid [23],  

bi-material quadrilateral bipyramid [19], and hybrid cellular [24] configurations. 

The studies on sandwich structures of metal cylinders are limited. For example, Zhang 

et al. [25] developed an analytical model to predict the failure mode of the all-metallic 

sandwich cylinders with square honeycomb cores under axial compression. Some 

researchers suggested that foam or honeycomb-filled sandwich cylindrical shells have 

better axial compressive performance [26–31]. These studies have demonstrated that 

sandwich panels utilizing 3D truss or 2D prismatic cores exhibit comparable or greater 

weight reduction and design advantages than foam/honeycomb sandwich panels [32–34]. 

Corrugated sandwich structures with open-core topologies have the potential to serve as 

thermal protection systems for manned spacecraft, offering thermal protection and load-

bearing capabilities for the outer covering [35]. 

The side shells and corrugated core of the sandwich cylinders absorb energy through 

progressive local buckling. Because the corrugated core controls the deformation of the 

inner and outer shell cylinders, the folds created in the body of this structure are smaller 

than those created in thin-walled cylinders and require more energy to form. Therefore, 

researchers have focused on these structures. Fan et al. [35] and Chen et al. [24] 

constructed CFRC GSCs with Kagome lattice cores. They found that fluted-core composite 

structures may be advantageous for specific launch vehicle structures. The stiffness, 

strength, and modal response of composite sandwich cylinders have been 

widely studied [36–41]. Zhang et al. [42,43], Liu et al. [44], and Peng-Bo et al. [45] studied 

the buckling and collapse behaviors of all-metal sandwich cylindrical shells.  

Zhang et al. [42,43] conducted numerical investigations to analyze the energy absorption 

capacity of Kagome aluminum honeycomb sandwich cylindrical columns and compare 

them to cylindrical columns filled with aluminum foam under axial crushing loads. 

Nevertheless, their research solely utilized the finite element method and did not involve 

the construction and testing of sandwich structures. Li et al. [44] designed and 

manufactured a large-scale sandwich cylinder with a corrugated core using carbon fiber-

reinforced composites and examined its resistance and failure modes. Wang at al. [46] 

reviewed the application and mechanical applications of multicellular cylinders, and 

highlighted their energy absorption capabilities. 

In this paper, a cylindrical sandwich shell with a corrugated metal core was 

developed and its axial crushing behavior was investigated. Despite extensive research 

on thin-walled and sandwich cylinders, no experimental study has investigated the 

influence of corrugation angle on the axial crushing behavior of friction-fit (adhesive-

free) corrugated sandwich cylinders. The proposed manufacturing method reduces 

production costs by eliminating the adhesive bond between the shell and core plates and 

relying on frictional forces. Three test specimens with different core angles were 

fabricated and tested. Their crushing loads and failure modes were then examined. The 

aim of this study is to evaluate the influence of the core-to-plate thickness ratio (
𝑡𝑐

𝑡𝑓
), 

corrugation angle (𝛼), and the number of corrugated units (𝑛) on the crushing behavior of 

the sandwich cylinders.  
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Materials and Methods  

The crushing behavior of the steel corrugated sandwich cylindrical shells is studied 

experimentally and numerically. Three steel corrugated sandwich cylindrical shells were 

fabricated using a straightforward and cost-effective method that eliminates the need for 

adhesives. The specimens were subjected to a quasi-static compression test until the 

densification stage. These corrugated sandwich cylindrical shells consist of a thin-walled 

outer shell, a thin-walled inner shell, and a thin-walled corrugated core, as shown in Fig. 1. 
 

 
 

Fig. 1. Schematic representation of the corrugated sandwich cylindrical shell geometry 

  

Specimens’ fabrication and experimental setup  

To fabricate the test specimens a trapezoidal corrugated core was formed using a bending 

machine to create the desired profile. The trapezoidal core was rolled into a cylindrical 

shape using a custom cylindrical mould. The edges were welded to ensure structural 

continuity and stability. Inner and outer cylindrical shells were fabricated by cutting steel 

sheets into rectangles using a guillotine machine, with dimensions based on the targeted 

radius. The sheets were rolled into cylindrical shapes and spot-welded at eight uniformly 

distributed points along the edges. The corrugated core was integrated between the inner 

and outer shells, completing the assembly. ST37 (ASTM A 283 M-98) construction steel 

was selected for all the components due to its ease of machining, good formability, high 

yield stress, and high tensile strength. The mechanical properties of ST37 steel were 

determined through tensile testing, in accordance with ASTM E8/E8M-13a. Test samples 

were laser-cut to specified dimensions, with gauge lengths measured using a calliper 

before testing. Each sample underwent tensile loading until failure, and the resulting 

stress-strain curve is shown in Fig. 2. 
 

 
 

Fig. 2. Tensile stress–strain curve of ST37 steel, along with specimens before and after tensile testing  
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The corrugated cores had a trapezoidal profile, and the geometric parameters of the 

corrugated sandwich cylindrical shells are illustrated in Fig. 3. All specimens shared 

consistent dimensions, of height (ℎ = 120 mm), outer shell radius (𝑅𝑂=180 mm), and inner 

shell radius (𝑅𝑖 = 150 mm). The number of corrugated units in the core varied among 

specimens, as listed in Table 1. The final fabricated models are shown in Fig. 4. 
 

 
 

Fig. 3. Geometrical parameters defining the corrugated sandwich cylinders  

 

Table 1. Geometric parameters for the experimental and FEM specimens 

Geometric 

parameters 
n h, mm Ri, mm R0, mm 𝒕𝒄, mm 𝒕𝒇, mm 𝜶, ° Type 

TMCS10 13 120 150 180 0.2 0.2 10 Exp + Num 

TMCS25 11 120 150 180 0.2 0.2 25 Exp + Num 

TMCS40 8 120 150 180 0.2 0.2 40 Exp + Num 

CSCS0 11 120 150 180 0.2 0.2 0 Num 

CSCS25* 

(TMCS25) 
11 120 150 180 0.2 0.2 25 Exp + Num 

CSCS55 11 120 150 180 0.2 0.2 55 Num 

TMCS25_1 11 120 150 180 0.2 0.1 25 Num 

TMCS25_2* 

(TMCS25) 
11 120 150 180 0.2 0.2 25 Exp + Num 

TMCS25_3 11 120 150 180 0.1 0.2 25 Num 

TMCS25_4 11 120 150 180 0.06 0.2 25 Num 

* these specimens are the same as TMCS25 

 

 
 

Fig. 4. Manufactured corrugated sandwich cylindrical specimens: (a) TMCS10, (b) TMCS25, and (c) TMCS40 

  

The fabricated steel corrugated sandwich cylindrical shells are subjected to quasi-

static compressive load using the STD600 hydraulic testing machine. First, the specimen 

was placed between two platens of the machine with a constant rate of 1 mm/min.  

The force-displacement curves and deformation modes are extracted for each specimen.   
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Finite element modeling 

Finite element (FE) analysis was employed to simulate the crushing behavior of the 

corrugated sandwich cylindrical shells. The explicit solution method was used to address 

the highly nonlinear nature of the problem, which involves large deformations, buckling, 

and material nonlinearity. The FE model included the inner and outer shells, corrugated 

core, and the platens of the test machine (Fig. 5). The shells and core were modelled using 

four-node shell elements (S4R) with five integration points through the thickness. The rigid 

platens were represented using four-node rigid elements (R3D4) with dimensions of 

2 × 2 mm2 [45]. General contact is implemented in all models, with a constant Coulomb 

friction coefficient of 0.2. Axial loading is applied by gradually moving the upper rigid plate 

to simulate quasi-static loading, while the lower rigid plate is fixed. Axial loading is applied 

by gradually moving the upper rigid plate to simulate quasi-static loading, while the lower 

rigid plate is fixed. To validate the quasi-static loading condition the criterion presented by 

Santosa et al. [47] is checked; during the during simulated crushing, the ratio of the total 

kinetic energy to total internal energy remains smaller than 2 %, and the force response 

and displacement remain unaffected by the applied speed. The ST37 steel plates were 

modeled as an isotropic elastic-plastic solid under von Mises J2 flow theory and the 

material data is from the engineering stress-strain curves in Fig. 2. For mesh convergence, 

the TMCS25 specimen was simulated using various mesh sizes. According to the graph 

presented in Fig. 6, the mesh size of 1 mm is chosen for the simulations.  
 

 
 

Fig. 5. Meshed model of the corrugated sandwich cylindrical shell showing the applied boundary and 

loading conditions 

 

 
 

Fig. 6. Convergence and mesh dependency chart with solution time for the TMCS25 model  
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Results and Discussion 

In this study, first three quasi-static compression tests were conducted, and results were 

used to validate the finite element model. Then, a parametric study was conducted using 

the FE model to investigate the effect of the core-to-plate thickness ratio on the initial 

compressive failure load. 

 

Validation 

To validate the finite element model, the results of the test specimens crushing are 

modeled in ABAQUS/EXPLICIT and the results are compared to the test results. The 

force–displacement responses of TMCS10, TMCS25, and TMCS40 from experiments and 

numerical analysis are presented in Fig. 7. Overall, a satisfactory agreement between 

simulations and experiments is observed, confirming the validity of the finite element 

model. For all specimens the errors for the PCF and MCF are below 15 %, although for 

the TMCS10 specimens the local error in the plateau region is higher. Minor discrepancies 

are mainly attributed to manufacturing imperfections, including spring-back effects 
 

 

 

 

 

 
 

Fig. 7. Force-displacement curves for corrugated cylindrical sandwich specimens:  

(a) TMCS10, (b) TMCS25, (c) TMCS40 

(c) 

(a) 

(b) 
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during forming, local bending of intermediate meshes, non-uniform weld dimensions, and 

possible local separation between the shell and the core during deformation. 

The TMCS10 model has more corrugated units in the core, the local folds in the 

faceplates are smaller and the error may be attributed to the sensitivity of the model to 

these small variations. On the other hand, increasing the number of corrugated units in 

the core improves the load-bearing capacity and energy absorption of the specimens, in 

experiment results. Compared to a similar specimen with fewer corrugated units in core, 

the absorbed energy increased by up to 1.51 times for TMCS10, while the overall weight 

remained nearly unchanged. In both experiments and the numerical analysis, the 

dominant failure mode was asymmetric progressive folding, known as diamond 

progressive folding.  

For the TMCS10 model, the response is initially linear elastic until the peak crushing 

force (PCF = 26.9 kN) is reached. Beyond this point, progressive buckling occurs, leading 

to repeated load fluctuations associated with fold formation. During testing, the TMCS10 

specimen experienced four main buckling events. A similar initial elastic behavior is 

observed for the TMCS25 model, with a lower peak crushing force of PCF = 17.1 kN. 

The initiation and evolution of buckling in the TMCS10 specimen are marked by 

points 1 to 5 in Fig. 7(a), with the corresponding deformation states illustrated in Fig. 8. 

The first half-wave forms slightly before the initial peak load and subsequently 

propagates around the cylinder circumference. Each newly formed half-wave corresponds 

to a local peak in the force–displacement curve, while the final stage represents complete 

compression of the structure. 

 

 
 

Fig. 8. Key buckling modes of the TMCS10 corrugated sandwich cylindrical shell, highlighting the 

critical deformation patterns under axial compression  
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The absorbed energy during crushing was determined from the area under the 

force–displacement curves. The ultimate strength and absorbed energy values for all 

specimens are summarized in Table 2. The TMCS10 model exhibits the highest peak 

crushing force and energy absorption due to the larger number of corrugated units in 

core, despite having approximately the same weight as the other specimens. 
 

Table 2. Ultimate strength and energy absorption of the corrugated sandwich cylindrical shell for the 

experimental models TMCS10, TMCS25, and TMCS40 
 TMCS10 TMCS25 TMCS25 

PCF, kN 28.84 24.32 22.48 

EA, J 1567 1280 1040 

 

Initial collapse and crushing response 

This section presents an analysis of the initial collapse and crushing response of 

corrugated sandwich cylindrical shells based on numerical simulations, with the TMCS25 

model discussed for conciseness. Figure 9 shows the force–displacement response of  
 

 
Fig. 9. Force–displacement curve of TMCS25 from FEM model 

 

 
 

Fig. 10. Comparison of experimental and finite element failure modes of the TMCS25 corrugated 

sandwich cylindrical shell at different stages of axial crushing: (a) initial collapse; (b) first fold in the outer 

shell; (c)completion of first fold; (d) completion of first fold; (e) second fold; (f) last fold  
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the corrugated sandwich cylindrical shell. The initial collapse stage includes the elastic 

response and the onset of failure, followed by a crushing stage characterized by complex 

plastic deformation and progressive fold formation. A comparison between experimental 

and numerical failure modes for TMCS25 is provided later in Fig. 10. 

The initial collapse response extends from the origin to point 2 in Fig. 9. The force–

displacement curve remains nearly linear up to point 1. As this point is approached, lateral 

deflection of the corrugated core increases, resulting in localized buckling. This 

deformation mode, referred to as localized buckling in this study, causes the corrugated 

core to bend inward toward the inner shell along a circumferential line and detach locally 

from the inner shell, as shown in Fig. 11.  
 

 
 

Fig. 11. Response of the delamination of the TMCS25 sandwich shell at point 2 

 

After point 1, the crushing force dropped as plastic deformation spreads in the core 

and yielding initiates in the sheets. With further downward movement of the pressing 

platen, the outer shell bends inward toward the core, as illustrated in Fig. 11, the core 

and the inner shell separated locally at the top. The edge of the inner shell bends 

outward, leading to the formation of the first fold and causing the crushing force to 

increase and reaching to point 2 in Fig. 9.  

After fold formed, there is a sudden load drop. During this stage, yielding of the 

plates and post-buckling of the core occur simultaneously. At point 3, the next row of 

folds starts to take place, and at point 4 these folds are completed. At point 5 the third 

row of folds start. As the response approaches point 6 in Fig. 9, buckling of sandwich 

cylinder is completed. The buckling deformation in the corrugated core penetrates into 

the plate buckling region, indicating strong interaction between the core and shell 

components.  

 

Effect of geometric parameters 

The effects of the core-to-plate thickness ratio (𝑡𝑐/𝑡𝑓 ) and corrugation angle (𝛼) on  

the crushing behavior of the sandwich panels are studied using the finite element 

method. Figure 12 presents the force–displacement curves of specimens with different 

core-to-plate thickness ratios (𝑡𝑐/𝑡𝑓 = 2,  1,  0.5,  0.3). In this analysis corrugation angle 

for all specimens is of 25°. The material of all components was mild steel, and the 

geometric details are summarized in Table 1. The overall trends of the curves are similar, 

but for lower thickness ratio, the peak crushing force (PCF) is smaller. For instance, the 

initial model TMCS25_2 exhibits a peak force of 24.32 kN, whereas this value decreases 

to 12.84 kN for the TMCS25_3 model. 
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(a) (b) 

 

Fig. 12. Force-displacement curves of thin-walled multi-cellular steel cylinders with varying core-to-shell 

thickness ratios: (a)
𝑡𝑐

𝑡𝑓
⁄ = 0.5 and 

𝑡𝑐
𝑡𝑓

⁄ = 1; (b) 
𝑡𝑐

𝑡𝑓
⁄ = 0.3 and 

𝑡𝑐
𝑡𝑓

⁄ = 1 

 

This reduction in PCF is attributed to the triggering of buckling, which lowers the 

structural stiffness and facilitates crushing. In contrast, a marked increase in PCF is 

observed when both the core and shell thicknesses are 2 mm ( 𝑡𝑐/𝑡𝑓 = 1 ), owing to the 

increased stiffness associated with thicker walls. A similar trend is observed for the mean 

crushing force (MCF), which increases with thickness. Moreover, the energy absorption 

(EA) and specific energy absorption (SEA) reach their maximum values at 𝑡𝑐/𝑡𝑓 = 1. 

Although thicker walls increase the mass of the structure, the corresponding increase in 

absorbed energy dominates, resulting in higher SEA. 

To evaluate the effect of the corrugated core angle on the crushing response, it is 

important to note that changing the angle alters the number of corrugated units in both 

experimental and numerical models. Therefore, in this section, the number of corrugated 

units was kept constant at 𝑁 = 11, and two angles, 0° and 55°, were considered. The model 

dimensions were fixed at a height of 120 mm, inner and outer radii of 75 mm and 90 mm, 

respectively, with a uniform three-layer thickness of 2 mm. The CSCS25 model (25°) was 

selected as the reference case and was also tested experimentally, whereas CSCS0 and 

CSCS55 were analyzed numerically only. Figure 13 shows the crushing force–displacement 

curves obtained from finite element simulations for the different core angles. 

 

 
 

(a) (b) 
 

Fig. 13. Crushing force-displacement curves of thin-walled multi-cellular steel cylinders with varying core 

angles: (a) CSCS25 and CSCS0; (b) CSCS25 and CSCS55 
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Figure 14 provides a comparative overview of the effects of core angle and thickness 

ratio on the main crushing indices. Each bar chart represents one energy absorption index, 

with the left side corresponding to variations in the core angle 𝛼 (see Fig. 3) and the right-

side representing changes in the thickness ratio. All results are reported for 𝑁 = 11. When 

the angle varies, the thickness ratio is fixed at 1, and when the thickness ratio varies, the 

angle is maintained at 25°. The model with 𝑡𝑐/𝑡𝑓 = 0.3 exhibits the lowest PCF. However, 

the model with 𝑡𝑐/𝑡𝑓 = 1 achieves the highest energy absorption, specific energy 

absorption, and crushing force efficiency. 

 

  
(a) (b) 

 

Fig. 14. Variation of specific energy absorption (SEA) and crushing force efficiency (CFE) with core angle 

and core-to-plate thickness ratio: (a) CFE; (b) SEA 

 

Conclusion 

This study investigated the axial crushing behavior and energy absorption performance 

of corrugated sandwich cylindrical shells using experimental tests and finite element 

simulations. Three specimens were tested to identify the dominant deformation 

mechanisms and to validate the numerical model, which showed good agreement with 

experimental force–displacement responses and failure modes. 

The results indicate that the structures predominantly collapse through asymmetric 

progressive axial folding initiated by local wall buckling, while Euler and axisymmetric 

buckling were not observed. The interaction between the corrugated core and the cylindrical 

shells significantly enhances crushing stability and energy absorption. Increasing the number 

of corrugated units in core improves the load-bearing capacity and absorbed energy, 

achieving up to a 1.51-fold increase without a noticeable change in weight. 

Parametric analyses demonstrated that geometric parameters strongly influence 

the crushing response. The core-to-plate thickness ratio governs the peak crushing force 

and energy absorption indices, with the highest energy absorption and specific energy 

absorption occurring at 𝑡𝑐/𝑡𝑓 = 1. Although larger corrugation angles reduce the initial 

buckling force, they also decrease crushing efficiency and specific energy absorption. 

Among the investigated configurations, the TMCS25 model provides a balanced 

combination of triggering load and energy absorption performance. 

Overall, the results confirm the effectiveness of corrugated sandwich cylindrical 

shells as energy-absorbing structures and provide useful design guidance for optimizing 

their geometric parameters in crashworthiness applications.  
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