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Abstract
Crash box is a vital component for a vehicle in absorbing kinetic energy in the event of a road collision.
The thin-walled structure is emerging as a favorable geometry in designing the crash box. This article
investigates the energy absorption performance of the corrugated nautilus shell bio-inspired thin-
walled structuremade of AA6061-T6 aluminum alloy. This structure’s performance was evaluated
usingfinite element analysis (FEA)under quasi-static and dynamic loading conditions in an axial
direction, then validated by a quasi-static compression experimental test, which showed satisfactory
agreement. The results show that the corrugated nautilus shell bio-inspired thin-walled structure
integratedwith corrugated grooves reduced peak crushing force (PCF) by 17.9%and increased specific
energy absorption (SEA) by 1.3%and crush force efficiency (CFE) by 17.6% compared to non-
corrugated design. It can be concluded that the proposed nautilus shell bio-inspired thin-walled
structure integratedwith corrugated grooves has the potential to replace conventional hollow square
designs in vehicle crash box applications.

1. Introduction

Road traffic injuries are a serious public health concernworldwide [1]. Each year, an estimated 1million people
are killed in road crashes, while 20–50million are injured or disabled [2]. According to theworld health
organization (WHO), the number of road traffic fatalities worldwide continues to increase annually [3]. Hendrie
et al (2021) emphasized that investment in road safetymanagement is needed to improve road safety [4].
Therefore, additional efforts need to bemade to improve road safety by focusing on road safety, infrastructure,
driver education and vehicle safety [5].

One of themost successful ways to increase vehicle safety is to develop thin-walled structures for vehicle
crash box applications that are lightweight and capable of absorbingmore kinetic energy during a collision. This
structure is positioned at the front end of the vehicle and is able to deform in a controlledmannerwhen during a
crash. It absorbs the kinetic energy significantly, therefore protecting the occupants of the vehicle [6, 7].

The crashworthiness of this crash box can be assessed using five key indicators: energy absorption (EA),
specific energy absorption (SEA), peak crushing force (PCF), mean crushing force (MCF), and crushing force
efficiency (CFE).

These indicators’ performance were significantly influenced by thematerials used and the geometric design.
New research reveals that bio-inspired geometric patternsmay improve crashworthiness compared to
conventional hollowdesigns [8, 9]. However, thin-walled structures inspired by biological shield structures,
such as the nautilus shell, have yet to be investigated and fully understood.

The nautilus is a type ofmarinemollusk belonging to the cephalopod class. It is known for its distinctive
coiled, spiral shell, which is divided into chambers. Nautiluses are considered ‘living fossils’ because their form
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has remained relatively unchanged for hundreds ofmillions of years. This kind of bio-structure is lightweight,
modest in size, and provides adequatemechanical protection to the organism’s body from any risky
circumstances.

Therefore, the goal of this study is to propose and evaluate the crashworthiness of a novel thin-walled
structure design inspired by a nautilus shell cross-section and integratedwith corrugated grooves. In this work,
the quasi-static and dynamic loadings finite elementmodel (FEM)were developed and validated by
experimental quasi-static compression test. Then, the comparison of crashworthiness results for both nautilus
shell bio-inspired thin-walled structures with/without corrugated grooves were compared against conventional
hollow square crash box structure with similarmaterial, size and thickness.

2.Methodology

Inspired by the nautilus shell cross-section as shown infigure 1(a), the bio-inspired thin-walled structure was
designed andmodeled usingCAD softwarewith a diameter of 73.5mm, a height of 167mm, and a thickness of
1.5mm, as illustrated infigure 1(b)without corrugated grooves and figure 1(c)with nine corrugated grooves.
Themodeled spiral shape in this study is based on the Archimedean spiral type, which can be expressed by
equation (1) in polar coordinates where r is the radial distance from the central point, θ is the anglemeasured
froma reference direction, a is a constant that determines the starting radius of the spiral and b is a constant that
determines the rate of increase or decrease in radius as θ increases.

( )q= +r a b 1

Thematerial selection for this investigation is AA6061-T6 aluminumalloy. Thismaterial was selected due to its
reliability and lightweight for structural purposes and is widely utilized in automotive components [10, 11].

In order to obtain themechanical properties of thematerial, a tensile test was performed on the tensile test
specimen using the universal testingmachine (UTM) at a speed of 3mmmin−1 in accordancewith ASTM
standard E8M [12]. Table 1 shows themechanical properties obtained from the tensile test.

Thematerial properties obtained from the tensile test are applied to the finite elementmodel (FEM) to build
an accurate simulationmodel.

Next, the finite element-based software, Altair Radioss 2021was used to simulate the quasi-static and
dynamic loading analyses on the nautilus shell bio-inspired thin-walled structure without corrugated grooves.
The Belytschko-Tsay shell element was used because it can easily capture bending and buckling behavior
without the need for volumetricmesh refinement, resulting in lower processing needs [13–15].

Figure 1.Nautilus shell bio-inspired thin-walled structure; (a)Nautilus shell cross-section, (b)Without corrugated grooves and
(c) Integratedwith corrugated grooves.

Table 1.Mechanical properties for AA6061-T6.

ρ (kg/m3) E (GPa) σy (MPa) σu (MPa) ν

2,980 67.9 280 325 0.3

2

Eng. Res. Express 7 (2025) 016003 MHMohdHanid et al



In this crash scenario, the thin-walled structure will be axially crushed by the top and bottomplates, as
shown infigure 2.

The top plate is designed as an impactor andwill befixed in all degrees of freedom except the vertical
direction (translationalmotion in the z direction) to crush the thin-walled structure. For quasi-static FEM, the
impactor velocity was set to a constant velocity of 100mmmin−1 instead of 10mmmin−1, as in the
experimental compression test, to speed up the simulation process [12].Meanwhile, the FEMwas subjected to
dynamic loading (impact load).

The impactor was set with an initial velocity of 18m s−1 (64 kmh−1), which followed the EuroNCAP testing
standard, with an impactormass of 500 kg [16–18].

Besides, the bottomplate was fully fixed.Node-to-surface contact was set between the impactor and the
structure. To avoid unrealistic self-penetration of the structure, the same type of contact was used for the
structure [15].

The values of ρ, E, and νwere set for the thin-walled structure. The plastic behavior of thematerial was
characterized using piecewise linear elastic-plastic, whichwas fittedwith effective plastic stress–strain table data
obtained from tensile tests.

Furthermore, amesh-dependent studywas carried out by systematically altering element sizes from7mm to
2mm in order to determine the best element size. The PCF has been selected as an indicator for themesh-
dependent study. The PCFfindings indicated that themesh size converged at 3mm.As illustrated infigure 3, the
3mmmesh size hadmodest variances in PCF value compared to the othermesh sizes, showing convergence.

Table 2 provided specifics on the proportion of variances, which further supported the 3mmelement size’s
acceptability. Therefore, a total of 8,344 elements were used tomesh the nautilus shell bio-inspired thin-walled
structure without corrugated grooves.

Figure 2.Boundary condition of FEM.

Figure 3.PCF results for differentmesh sizes.

3

Eng. Res. Express 7 (2025) 016003 MHMohdHanid et al



Concurrently, the prototype of the proposed bio-inspired design thin-walled structurewithout corrugated
grooves designwas fabricated by using thewire electro-dischargemachining (WEDM)process as shown in
figure 4(a) and then compressed under quasi-static loading by using theUTMmachine as shown infigure 4(b)
with a constant velocity at 10 mm/min speed rate to validate the FEA result [7, 16].

Next, the FEM subjected to dynamic loadingwas carried out on nautilus shell bio-inspired thin-walled
structures with corrugated grooves and conventional hollow square crash box structures. The crashworthiness
results obtained from the FEAwere compared for both bio-inspired structures against the conventional hollow
square crash box structure.

The crashworthiness performance of the thin-walled structure can be determined theoretically through the
reaction force versus displacement curve obtained fromFEA. As illustrated infigure 5, PCF can be directly
determined by peak force in the reaction force versus displacement curve [19].

Meanwhile, EA is the area under the graph, whichwas determined via equation (2)where F is the reaction
force and d is the displacement. In themeantime,MCF is an average reaction force, whichwas determined by
dividing EAwith d . SEAwas determined by dividing EAwith structuremass (m), as shown in equation (4), and
CFEwas identified by dividingMCF towards PCF, as in equation (5) [19–21].

( ) ( ) ( )ò=EA d F x dx 2
d

0

Figure 4.Testing specimen (a)Nautilus shell bio-inspired thin-walled structure specimen and (b)Quasi-static compression test.

Figure 5. Illustration of reaction force versus displacement curve.

Table 2.Mesh size comparison.

Mesh Size Comparison (mm) Difference (%)

7–6 0.29

6–5 0.25

5–4 0.16

4–3 0.07

3–2 0.01
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( )=MCF
EA

d
3

( )=SEA
EA

m
4

( )=CFE
MCF

PCF
5

3. Results and discussions

Figure 6 shows the results of reaction force versus displacement curves of a nautilus shell bio-inspired thin-
walled structure without corrugated grooves design, compressed under quasi-static and dynamic loadings. The
results are generated from the quasi-static compression test (experimental), quasi-static loading simulation
(FEA) and dynamic loading simulation (FEA).

Based on the results, the quasi-static compression test deviatesminimally fromboth the quasi-static and
dynamic loading simulations, indicating that the FEMare accurate and reliable.Moreover, Thesefindings
further demonstrate that the chosenAA6061-T6 is insensitive to strain rate, with the difference between quasi-
static and dynamic loading simulation results being relatively similar, which is alignedwith previous researches
where they found that the AA6061-T6 is insensitive to strain ratewithin 10−3 to 103 s−1 [22, 23].

Besides that, in all cases, the contact force increases dramatically after around 110mmof displacement,
indicating that the structure has densified during this compression length.

The drawbacks of the results are foundwhen the value of PCFwas almost 200 kN throughout compression
testing and both quasi-static and dynamic loading simulations. High PCF is not ideal for energy-absorbing
structures in crashworthiness applications. LowPCF is preferred tominimize excessive force transmitted to the
main structures and vehicle occupants that need to be protected [24, 25].

Thus, PCF should be confined to a certain range [26]. To reduce the PCF value, nine corrugated grooves
were integrated into the nautilus shell bio-inspired thin-walled structure, as shown infigure 1(c).

Figure 7 compares the reaction force versus displacement curves between the nautilus shell bio-inspired
thin-walled structure with andwithout corrugated grooves and the conventional hollow square thin-walled
structure designwith similar size and thickness under dynamic loading.

The results show that the nautilus shell bio-inspired thin-walled structure without corrugated grooves
design provides a higher PCF than both the structure with corrugated grooves and the conventional hollow
square structure.

It is clear that PCFmay be reduced by introducing corrugated grooves into the nautilus shell bio-inspired
thin-walled structure without significantly reducing overall reaction forces. This is because the corrugated
grooves providemore localized zones thatmay deform and fold independently during the deformation.

Nevertheless, the conventional hollow square thin-walled structure consistently exhibits a lower reaction
force than the nautilus shell bio-inspired thin-walled structurewith orwithout corrugated grooves, indicating a
weaker resistance to impact collision. The values of PCF, EA, SEA,MCF, CFE and structuremass for these three
structures are shown in table 3.

The crashworthiness results reveal that the nautilus shell bio-inspired thin-walled structure integratedwith
corrugated grooves demonstrated a reduction in PCF of approximately 17.9% compared to the structure

Figure 6. Force-displacement curve of nautilus shell bio-inspiredwithout corrugated grooves for quasi-static compression test, quasi-
static loading simulation and dynamic loading simulation.
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without corrugated grooves, but it remained 63.9%higher than that of the conventional hollow square
structure.

In terms of EA, the designwith corrugated grooves showed a slight reduction of around 11.4% compared to
the structurewithout grooves, yet it remained 67.3%higher than the conventional hollow square structure.

Besides that,MCFdecreased by 3.3% compared to the structure without corrugated grooves but remained
71.9%greater than the conventional hollow square structure. Furthermore, CFE increased by 17.6%over the
non-corrugated design and 22.1%over the conventional hollow structure.

In terms ofmass, the corrugated groove structure was 12.8% lighter than its non-corrugated design, but it
weighed 29.8%more than the conventional hollow square structure. Although the conventional structure is
lighter than the corrugated structure, however, when considering the energy absorption capacity, the SEAof the
corrugated tube increases by about 1.3% compared to the structure without corrugated grooves and 53.4% as
compared to the conventional hollow tube. Thus, the corrugated tube is proven to be the best structure among
the otherswhen involving both lightweight and crashworthiness applications.

Overall, the crashworthiness indicators such as EA, SEA,MCF, andCFE for the nautilus shell bio-inspired
thin-walled structure without corrugated grooves outperformed those for the conventional hollow square
structure. However, the PCF for the nautilus shell designwas relatively high. By integrating the corrugated
grooves, the PCFwas effectively lowered, while both the SEA andCFE improved, illustrating the efficiency of this
design change in improving the structure’s crashworthiness.

4. Conclusion

The nautilus shell bio-inspired thin-walled structure integratedwith corrugated grooves significantly improves
crashworthiness performance. The decreasing of PCF compared to the non-corrugated design is a favorable
consequence, as lower PCF is typically preferred for crashworthiness, lowering the impact forces imparted to
vehicle occupants during a collision. Despite the reduction, the PCF remained higher than the conventional
hollow square structure, indicating increased strength.

Furthermore, the design demonstrated significant improvements in SEA andCFE, implying greater energy
absorption and effective deformation control. Although the EA andMCFwere somewhat lower than the

 

Figure 7.Reaction force-displacement curves comparison between nautilus shell bio-inspiredwith andwithout corrugated grooves
and conventional square thin-walled structures under dynamic loading simulation.

Table 3.Crashworthiness indicators comparison between nautilus shell bio-inspired and conventional square structures.

Nautilus shell bio-inspired without

corrugated grooves design

Nautilus shell bio-inspiredwith

corrugated grooves design

Conventional hollow

square design

PCF (kN) 199.17 163.74 59.07

EA (kJ) 8.83 7.82 2.56

SEA (kJ/kg) 26.38 26.72 12.45

MCF (kN) 85.64 82.80 23.29

CFE (%) 43.00 50.57 39.42

StructureMass (kg) 0.335 0.292 0.205
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non-corrugated design, the structurewas generallymore crashworthy than the conventional hollow square
structure, with an acceptable weight-performance ratio. Thesefindings highlight the advantages of a nautilus
shell bio-inspired thin-walled structure integratedwith corrugated grooves in increasing energy absorption
characteristics,making the design ideal for crash box applications.

Acknowledgments

Weacknowledged the financial support from theMalaysianMinistry of Education through the Fundamental
ResearchGrant Scheme (FRGS)no: FRGS/1/2020/TK0/UNIMAP/02/9 (UniMAPProject Code: 9003-
00806).

Data availability statement

All data that support thefindings of this study are includedwithin the article (and any supplementary files).

ORCID iDs

MohdHazwanMohdHanid https://orcid.org/0000-0001-9141-5655
MasniezamAhmad https://orcid.org/0000-0001-6018-2043
Khairul Azwan Ismail https://orcid.org/0000-0001-8581-1184

References

[1] SulistioH 2018Effect of trafficflow, proportion ofmotorcycle, speed, lanewidth, and the availabilities ofmedian and shoulder on
motorcycle accidents at urban roads in IndonesiaTheOpen Transportation Journal 12 1–7

[2] MohammedAA, AmbakK,Mosa AMand SyamsunurD2019A review of traffic accidents and related practices worldwideTheOpen
Transportation Journal 13 65–83

[3] WorldHealthOrganization 2018Global Status Report on Road Safety (WHO)Available online https://who.int/publications/i/item/

9789241565684 (accessed on 2022)
[4] Maqbool Y, Sethi A and Singh J 2019Road safety and road accidents: an insight Int J Inf Comput Sci 6 93–105
[5] HendrieD, Lyle G andCameronM2021 Lives saved in low-middle-income countries by road safety initiatives funded by bloomberg

philanthropies and implemented by their partners between 2007–2018 International Journal of Environmental Research and Public
Health 18 11185

[6] Tarlochan F 2021 Sandwich structures for energy absorption applications: a reviewMaterials 14 4731
[7] WangK, Liu Y,Wang J, Xiang J, Yao S and Peng Y 2022On crashworthiness behaviors of 3Dprintedmulti-cell filled thin-walled

structures Eng. Struct. 254 113907
[8] Samuel A, AraoyinboA, ElewaR andBiodunM2021 Effect ofmachining of aluminium alloyswith emphasis onAluminium6061

Alloy–a review IOPConf. Ser.:Mater. Sci. Eng. 1107 012157
[9] BhatKU, Panemangalore DB, Kuruveri S B, JohnMandMenezes P L 2022 Surfacemodification of 6xxx series aluminumalloys

Coatings 12 180
[10] Wang S, Peng Y,WangT, ChenX,Hou L andZhangH2019The origami inspired optimization design to improve the crashworthiness

of amulti-cell thin-walled structure for high speed train Int. J.Mech. Sci. 159 345–58
[11] Bigdeli A andDamghaniNouriM2019 Experimental and numerical analysis andmulti-objective optimization of quasi-static

compressive test on thin-walled cylindrical with internal networkingMech. Adv.Mater. Struct. 26 1644–60
[12] SunN,Wang S, ZhouK,MaWandXuB 2022 FEA and quasi-static test on energy absorption characteristic of space orthogonal

concave honeycomb structurewith negative poisson’s ratio J. Phys. Conf. Ser. 2160 012064
[13] Belytschko T, LiuWK,Moran B and Elkhodary K 2014Nonlinear Finite Elements For Continua And Structures (Wiley)
[14] ZienkiewiczOC andTaylor R L 2006 For Solid And StructuralMechanics (Elsevier Butterworth-Heinemann)
[15] GuoW,Yang L, Xu P, Li S, YanW, ShenZ, Yao S andYangC 2024Crashworthiness analysis of okra biomimetic corrugatedmulti-

cellular structure Int. J.Mech. Sci. 280 109459
[16] GongC, Bai Z, Lv J andZhang L 2020Crashworthiness analysis of bionic thin-walled tubes inspired by the evolution laws of plant stems

Thin-Walled Struct. 157 107081
[17] HouY, Zhang Y, YanX, Lai X and Lin J 2021Crushing behaviors of the thin-walled sandwich columnunder axial loadThin-Walled

Struct. 159 107229
[18] TaştanA, Acar E, GülerMA andKılınçkayaÜ 2016Optimumcrashworthiness design of tapered thin-walled tubeswith lateral circular

cutoutsThin-Walled Struct. 107 543–53
[19] Chen J, Li E, LiuW,MaoY andHou S 2024Crashworthiness analysis of novel cactus-inspiredmulti-cell structures under axial

crushing Int. J.Mech. Sci. 268 109053
[20] Fu J, LiuQ, LiufuK,Deng Y, Fang J and LiQ 2019Design of bionic-bamboo thin-walled structures for energy absorptionThin-Walled

Struct. 135 400–13
[21] XiangX, XiaoC, LuG, Xie YM, ZhuMandHaNS 2024Crushing performance of bioinspired hierarchical tapered structuresMater.

Des. 238 112611
[22] TanlakN 2014 Shape optimization of thin-walled tubes under high-velocity axial and transverse impact loadings (Doktora Tezi)

Boğaziçi Üniveristesi Fen Bilimleri Enstitüsü

7

Eng. Res. Express 7 (2025) 016003 MHMohdHanid et al

https://orcid.org/0000-0001-9141-5655
https://orcid.org/0000-0001-9141-5655
https://orcid.org/0000-0001-9141-5655
https://orcid.org/0000-0001-9141-5655
https://orcid.org/0000-0001-6018-2043
https://orcid.org/0000-0001-6018-2043
https://orcid.org/0000-0001-6018-2043
https://orcid.org/0000-0001-6018-2043
https://orcid.org/0000-0001-8581-1184
https://orcid.org/0000-0001-8581-1184
https://orcid.org/0000-0001-8581-1184
https://orcid.org/0000-0001-8581-1184
https://doi.org/10.2174/1874447801812010001
https://doi.org/10.2174/1874447801812010001
https://doi.org/10.2174/1874447801812010001
https://doi.org/10.2174/1874447801913010065
https://doi.org/10.2174/1874447801913010065
https://doi.org/10.2174/1874447801913010065
https://who.int/publications/i/item/9789241565684
https://who.int/publications/i/item/9789241565684
https://doi.org/10.3390/ijerph182111185
https://doi.org/10.3390/ma14164731
https://doi.org/10.1016/j.engstruct.2022.113907
https://doi.org/10.1088/1757-899X/1107/1/012157
https://doi.org/10.3390/coatings12020180
https://doi.org/10.1016/j.ijmecsci.2019.06.017
https://doi.org/10.1016/j.ijmecsci.2019.06.017
https://doi.org/10.1016/j.ijmecsci.2019.06.017
https://doi.org/10.1080/15376494.2018.1444231
https://doi.org/10.1080/15376494.2018.1444231
https://doi.org/10.1080/15376494.2018.1444231
https://doi.org/10.1088/1742-6596/2160/1/012064
https://doi.org/10.1016/j.ijmecsci.2024.109459
https://doi.org/10.1016/j.tws.2020.107081
https://doi.org/10.1016/j.tws.2020.107229
https://doi.org/10.1016/j.tws.2016.07.018
https://doi.org/10.1016/j.tws.2016.07.018
https://doi.org/10.1016/j.tws.2016.07.018
https://doi.org/10.1016/j.ijmecsci.2024.109053
https://doi.org/10.1016/j.tws.2018.10.003
https://doi.org/10.1016/j.tws.2018.10.003
https://doi.org/10.1016/j.tws.2018.10.003
https://doi.org/10.1016/j.matdes.2023.112611


[23] ManesA, Peroni L, ScapinMandGiglioM2011Analysis of strain rate behavior of anAl 6061T6 alloyProcedia Engineering 10 3477–82
[24] Ma J, Chai S andChenY 2022Geometric design, deformationmode, and energy absorption of patterned thin-walled structuresMech.

Mater. 168 104269
[25] YinH, ZhengX,WenG, ZhangC andWuZ2021Design optimization of a novel bio-inspired 3Dporous structure for crashworthiness

Compos. Struct. 255 112897
[26] Shinde S R 2019Origami InspiredDesignOf ThinWalled Tubular Structures For Impact Loading (PurdueUniversity Graduate School)

8

Eng. Res. Express 7 (2025) 016003 MHMohdHanid et al

https://doi.org/10.1016/j.proeng.2011.04.573
https://doi.org/10.1016/j.proeng.2011.04.573
https://doi.org/10.1016/j.proeng.2011.04.573
https://doi.org/10.1016/j.mechmat.2022.104269
https://doi.org/10.1016/j.compstruct.2020.112897

	1. Introduction
	2. Methodology
	3. Results and discussions
	4. Conclusion
	Acknowledgments
	Data availability statement
	References



