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On the crashworthiness analysis
of bio-inspired DNA tubes

Amir Najibi%3*, Liwen Zhang? & Dongli Zheng'?

This study presents a thorough numerical evaluation of the crashworthiness properties of a new bio-
inspired DNA tubes (BIDNATSs) with circular, elliptical, and rectangular cross-sections. Deformation
and crashworthiness behaviors are evaluated using axial quasi-static crushing simulations by
ABAQUS/Explicit (Abaqus 6.14, https://www.3ds.com/products-services/simulia/products/abaqus/).
The study compares the performance of conventional tubes with rectangular and elliptical cross-
sections to DNA-inspired tubes. Increasing the rotation angle leads to more helices and a pronounced
helix angle, resulting in lower initial peak force (IPF). However, lower cross-section aspect ratios
generally have higher IPF and specific energy absorption (SEA) values. BIDNATs with rectangular
cross-sections and a 540° rotation angle have the lowest SEA and IPF values across all aspect ratios.
Notably, for the 110/100 aspect ratio, the SEA of E110/100 is 71% higher than the conventional tube.
Overall, BIDNATSs with elliptical cross-sections and a 360° rotation angle exhibit higher SEA values
and lower IPF values, particularly for a width (W) of 100 mm. Conventional circular and elliptical tubes
generally have SEA values exceeding 6 J/g, with only E110/100 surpassing this among DNA-inspired
tubes. The NE110/100 tube has the highest SEA, surpassing E110/100 by 54%, while its IPF is 10%
greater than DNA-inspired E110/100. It’s worth noting that conventional circular and elliptical tubes
have higher IPF values compared to their DNA-inspired counterparts. These findings offer valuable
insights for engineers and researchers in the design of crash tubes to improve overall vehicle safety for
both occupants and pedestrians.
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Thin-walled metallic constructions have been extensively employed in the automotive, railroad, aircraft, and
shipbuilding sectors due to their high energy absorption and remarkable lightweight qualities?. High kinetic
energy from an impact is anticipated to be completely absorbed by energy-absorbing components through
significant plastic deformation. This has led to the development of a wide variety of energy absorbers with a
variety of various structural shapes, including simple and cone tubes"**, grooved tubes®”’, combined tubes®-1°,
the origami tubes''2, and Auxetic materials/structures'>~'*. The two simplest and most popular tubular shapes
for energy absorption are regarded as circular and square cross sectional tubes. Two popular theoretical models
for a circular tube were first suggested by Alexander'® and Pugsley and Macaulay'” in 1960. These theories have
been improved by Grzebieta'®, Wierzbicki et al.’®, and Singace et al.*’. Consequently, Abramowicz and Jones
created the traditional theoretical models for the modes of circular and square tubes?!. Square tubes have drawn
alot of interest as an energy absorber because, in comparison to the circular tubes, they are significantly simpler
to attach to other structural parts and have lower initial peak forces®.

Over the years, thin-walled tubes have evolved from hollow, smooth walls to grooved and paper-folded forms,
which have greatly enhanced their impact resistance. Given that the impact resistance of a metal thin-walled tube
depends primarily on the dissipation of plastic energy and the initial peak force, having grooves and pre-folded
paper is advantageous for improving impact resistance.

Abramowicz and Wierzbicki conducted experimental and theoretical research on multi-cornered mild steel
tubes?, which showed that the mean crushing force of hexagonal tubes was greater than that of square tubes
with the same mass. Later, other concave-section tubes were also suggested, including star and criss-cross tubes,
which were demonstrated to deform more steadily and absorb more energy***. Li et al. conducted a study on
the multi-objective optimization of sinusoidal cross-sections to improve the axial crashworthiness of double-hat
tubes®. Another method for increasing the number of corners is the multi-cell arrangement, which outper-
forms conventional tubular absorbers in terms of energy absorption characteristics?-*. Chen and Wierzbicki’s
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simplified super folding element (SSFE) approach was used to develop a traditional analytical solution for the
mean crushing force of multi-cell tubes?, which Zhang and the team further updated the approach®®3!.

Sun et al.*? were the first to do the crashing analysis and multi-objective optimization for thin-walled struc-
tures with axially graded thickness. Later, Zhang et al.** conducted an experimental and numerical investigation
on a tube with lateral graded thickness. A comprehensive numerical investigation on the axial crushing of multi-
cell tubes with graded wall thickness was carried out by Fang et al.**, and the results showed that the thickness
gradient in various places may significantly impact the crashing behavior of the graded multi-cell tubes. These
studies showed that the axial gradient could significantly lower the initial peak crushing force while the lateral
gradient could significantly increase the SEA of multi-cell tubes*>*. In addition, functionally graded geometry
multi-cell tubes in which the size of the cells has changed gradually along with the lateral directions under axial
crushing has been investigated by*’. The improvement of the SEA due to the local buckling effect of the lateral
cell geometry gradations is one of the advantageous of the proposed structure.

Moving from a hollow to a foam-filled design is another development tendency in thin-walled tubular
structures®. Different types of the lightweight porous material as foams can be used to enhance the crashwor-
thiness of the tubular structures during uni-axial and multi-axial crushing®. Yu et al. recently performed an
experimental investigation of the static and dynamic axial crushing characteristics of an aluminum density-
graded foam-filled tube*. In the most of the studies the interactions of foam and tube walls have been considered
ideal and adding foam to the thin-walled tube increases the initial peak force that is undesirable for passenger
cars; however, it increases the SEA. Furthermore, the plate-lattice structural material-filled multilayer square
tube exhibited significantly higher strength and specific energy absorption compared to the foam-filled tube*'.

It is well known that structures with excellent energy absorption capabilities play a crucial role in impacts,
and in engineering applications. Biomimetic structures, inspired by many biological structures in nature, have
been shown to provide significant improvements in energy absorption capacity over conventional structures®*2,
This has led people to develop a number of bio-inspired energy absorbers over time*»*. In nature, plant stems
have unique morphologies that enable them to support weight, withstand wind loads, and effectively adapt to
their surroundings. For instance, several creative bio-inspired multi-cell constructions were presented by Liu
et al.**, Huang et al.*®, Hu et al.*” and Deng et al.*® by imitating the traits of the stems of palm and bamboo trees.
Gong et al.* proposed a different multi-cell tube that resembles plant stems and showed improved crashworthi-
ness performance over conventional bi-tubular tubes. The improvement and reduction of the SEA and IPF were
achieved through the introduction of a novel hierarchical gradient structure called the hexagon hierarchical
gradient structure (HHGS), proposed by Chen et al.*’, when subjected to oblique loads. Due to its low weight
and tremendous strength, the forewing of a beetle is another remarkable bio-structure**>!. Because of this,
several complex multi-cell energy absorbers have been developed***? that imitate certain essential structural
elements of beetle forewings.

Animal bones have been a significant source of bio-inspiration due to their unique characteristics for heavy
load bearing. Therefore, certain cutting-edge multi-cell tubular components that demonstrate obvious advan-
tages over the traditional thin-walled tubes have been proposed by imitating the graded architectures of animal
bones®**54, Recently, an intriguing crash box that resembles the human femur, consists of an inner core packed
with materials having a negative Poisson’s ratio and an exterior shell that is concave, was created”. Furthermore,
energy absorption characteristic of the multi-cell functionally graded aluminum foam-filled with graded thick-
ness inspired from the human femur has been investigated by*®.

Even though the preceding research showed several intriguing tubular energy absorbers, these structures have
yet to be adequately investigated, hinting that their potential and capacity might be further explored. Through
adaption to varied severe situations, biological systems such as plants and animals have created several unique
bio-structures with high energy absorption and lightweight qualities. Over time, this has led humans to develop
a variety of bio-inspired energy absorbers. Nature presents numerous inspiring examples of tubular structures
with low density, great strength, and high energy absorption capacities, which inspire the construction of unique
tubular structures with exceptional energy absorption capabilities®”. Therefore, this work suggests a new tubular
energy absorber called the bio-inspired DNA tube (BIDNAT), which is made up of the revolution of the inspired
DNA helices. Quasi-static axial crushing and systematic numerical simulations are used to evaluate the defor-
mation behavior and crashworthiness characteristics. The research is expected to broaden the bio-inspiration
approach for creating some innovative energy absorption structures.

Structural design and analysis

This study aims to examine the energy absorption properties of the bionic DNA thin-walled tube. To achieve this,
bionic DNA, which possesses a unique microstructure found in nature®, is utilized. Figure 1 shows the bionic
shape of DNA, which serves as a model for this investigation. The study focuses on analyzing three different
cross-sections: circular, elliptical, and rectangular. The width of the cross-section is varied while keeping the
length constant, and vice versa. Furthermore, the bionic structure is employed to create the structural design of
the thin-walled tube under different conditions, including two rotational angles (360° and 540°).

The tube models were precisely constructed using SolidWorks (SOLIDWORKS 2016, www.solidworks.com)
software, incorporating three distinct cross-sections, varying dimensions within each cross-section, and different
rotation angles. To simulate the crashworthiness behaviors, the ABAQUS/Explicit (Abaqus 6.14, https://www.
3ds.com/products-services/simulia/products/abaqus/) finite element software was employed. Energy-absorbing
tubes were designed for rectangular and elliptical cross-sections by manipulating the width while keeping the
length constant, as well as by altering the length while maintaining the width. These crafted designs pave the way
for further scientific exploration and analysis in the realm of energy absorption properties.
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Figure 1. Bio-inspired DNA tubes (BIDNATS:). (a) Real DNA [created by SOLIDWORKS 2016 (www.solid
works.com)], (b) the simplified scheme [created by Biorender (https://biorender.com/)] and (c) inspired tubes
with rotation angle of 360° [created by SOLIDWORKS 2016 (www.solidworks.com)].

Tubes with circular cross-sections

For the sake of comparison the circular cross-section of the tube has been chosen (Fig. 2a). Circular tubes have
been found to have good SEA, thanks to their relatively uniform stress distribution and resistance to bending
and buckling. In addition, the circular shape also allows for efficient space utilization and easier manufacturing
processes, making them a popular choice in many industries®. However, the crashworthiness of circular tubes
can still be further improved by optimizing their configuration. Consequently, the model shown in Fig. 2a was
built from five different sets of arbitrary radius dimensions.

P (b)

Figure 2. Finite element models. (a) Five circular section tubes and [created by SOLIDWORKS 2016 (www.
solidworks.com)] and (b) the simulation model of a circular cross-section tube with boundary conditions
[created by Abaqus 6.14, (https://www.3ds.com/products-services/simulia/products/abaqus/)].
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In the nomenclature of circular cross-section tubes, such as C110, the prefix "C" signifies the specific shape of
a circular cross-section, while the numerical value "110" denotes the diameter of the circle. This naming conven-
tion can be universally applied to designate circular tubes with different diameters. It is important to highlight
that, in order to maintain consistency and facilitate practical application, the height of all the tubes has been
standardized at 250 mm and the wall thickness is 1 mm. This ensures uniformity and ease of comparison across
various tube configurations.

Numerical simulation

The energy absorption properties of circular tubes subjected to axial crush were meticulously investigated
through the utilization of ABAQUS/Explicit (Abaqus 6.14, https://www.3ds.com/products-services/simulia/
products/abaqus/) finite element method (FEM) software. In this analysis, the material properties were defined
as those of steel in the previous experimental study as dipected in Appendix®. The Young’s modulus of the steel
is determined to be 205 GPa, with a Poisson’s ratio of 0.28 and a yield stress of 233 MPa.

Two rigid plates were tied at the top and bottom edge of the tube and a friction coeflicient of 0.2 applied as
the general contact'. The top and bottom rigid plates have been completely constrained, except for the top plate,
which is capable of downward movement to crush the tubes. A thorough mesh convergence analysis was con-
ducted, leading to the selection of a mesh size of 5mm for the 1 mm thickness of S4R shell elements (see Appen-
dix). It is noteworthy that the results are not mesh sensitive due to the folding-governed pattern of the helices.

As illustrated in Fig. 2b, the top rigid plate, meshed with R3D4 elements, was subjected to axial crushing
against the tube at a controlled velocity of 2 m/s, following a smooth step amplitude curve. To ensure the valid-
ity of the quasi-static analysis, the focus is on the gradual deformation of materials, where the kinetic energy
associated with the material’s motion is considered small compared to its internal energy (typically 5-10%)*
(see Appendix).

The material parameters for the following two different cross-sections of the all BIDNATs and the conven-
tional ones are set in the same way as for the circular cross-section.

Validation

The validation of the crush process for metallic tubes has been extensively studied in the literature, and this issue
is no longer considered challenging in the present day. However, manufacturing BIDNAT, except by metal form-
ing and welding process, poses a difficulty. In this regard, the authors of this study refer to a previously published
paper that shares the same material properties but with different dimensions and boundary conditions for the
purpose of validation. The experimental tests conducted in this paper validates the square tube cross-sections
which has been demonstrated in the Appendix®.

Elliptical and rectangular cross-section of the BIDNATs

In Fig. 3, the graphical representation displays the BIDNAT characterized by the cross-sections of both elliptical
and rectangular shapes. To examine the behavior and properties of these DNA structures, 18 distinct models
were generated for elliptical and 18 for rectangular cross-sections with each model corresponding to a specific
rotation angle of 360° or 540°. In addition 18 conventional elliptical and rectangular tubes have been simulated
for comparison sake.

Those BIDNATS, featuring elliptical cross-sections, exhibit a helical shell configuration. Conversely, the BID-
NAT with a rectangular cross-section displays a sharper outer edge on its shell, and the chiral shape of its shell
is more prominently observed. This comprehensive analysis, involving the utilization of SolidWorks (SOLID-
WORKS 2016, www.solidworks.com) software and incorporating the dimensional parameters outlined in Fig. 3,
provides insight into the structural variations and features of BIDNATS with different cross-sections.

The nomenclature used to designate various BIDNATS follows a specific pattern. As an example, let’s consider
the name "E150/60." In this case, the prefix "E" indicates that the tube possesses an elliptical cross-sectional shape.
The subsequent numbers, "150" and "60," represent the length and width, respectively, of the major and minor
diameters of the elliptical cross-section.

To further elaborate on the nomenclature, when an elliptical cross-section is accompanied by a rotation
angle of 540°, it is denoted by the prefix "AE," with the letter "A" signifying a rotation angle of 540° and when
an elliptical cross-section is accompanied by non-rotational angle, conventional elliptical tube, it is denoted by
the prefix "NE".

The identical nomenclature system is applied to the BIDNATS featuring rectangular cross-sections. In this
case, the designation "R" signifies the presence of a rectangular shape, with the first number representing the
length and the second number representing the width of the cross-section.

Furthermore, when a rectangular cross-section is subjected to a rotation angle of 540°, it is denoted by the
prefix "AR," with the letter "A" indicating the 540° rotation angle and when an rectangular cross-section is
accompanied by non-rotational angle, conventional rectangular tube, it is denoted by the prefix "NR".

Moreover, the energy absorption characteristics of all the specimens have been simulated using the same pro-
cedure by ABAQUS/Explicit (Abaqus 6.14, https://www.3ds.com/products-services/simulia/products/abaqus/)
FEA. This model, originally developed for studying the energy absorption properties of circular cross-section
tubes during axial crush, has been successfully adapted for investigating the behavior of BIDNATs with both
elliptical and rectangular cross-sections.
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(f) Cross-section

Figure 3. Dimensions and rotation angles of the BIDNAT, (a) the elliptical cross-section and (b) rectangular
cross-section [created by Abaqus 6.14, (https://www.3ds.com/products-services/simulia/products/abaqus/) and
SOLIDWORKS 2016 (www.solidworks.com)].

Results and discussions
In this section, we conduct a comprehensive analysis of the quasi-static crashworthiness of circular, elliptical,
and rectangular cross-sections, along with DNA-inspired crush-tubes featuring different cross-sections. Our
investigation centers on analyzing force and energy absorption displacement diagrams, while thoroughly exam-
ining the various modes of deformation. Through this systematic parameter study, our objective is to achieve
a thorough and comprehensive understanding of the crashworthiness characteristics displayed by these tubes.
Equation 1 illustrates several key crashworthiness indicators, including energy absorption (EA), specific

energy absorption (SEA), and mean crush force (MCF), respectively*.
l

L
EA F(x).dx

EA = /F(x).dx; SEA = ==. MCF = Ju Foodx 1)
m L—-h

h

where F(x) is reaction force, m is the tube mass and I, I; are crushed displacements calculated from zero to the
assigned points.

Circular cross-sections

Figure 4a depicts the axial crushing process of a cylindrical tube. The analysis focuses on the specific case of
C110, revealing a gradual collapse of the cylinder wall, leading to the formation of a symmetrical and uniform
shape. This symmetrical folding pattern demonstrates superior energy absorption efficiency compared to the
formation of irregular folds during the crushing process. The findings highlight the advantageous nature of the
observed symmetrical folding pattern in terms of energy absorption capabilities.

Figure 4b,c illustrate the force-displacement (F-D) and energy absorption-displacement (EA-D) curves
derived from the axial crush simulation of five distinct circular cross-section tubes. Investigation of F-D curves
reveals that C150 exhibits the highest peak force, reaching approximately 93 kN. The F-D curves exhibit fluc-
tuations attributed to symmetrical folding, while the final stage of crushing remains almost identical for all
cross-sections, except for C130.

At the immersion of each fold, the force undergoes an initial increase followed by a subsequent decrease until
the fold is fully completed and the next fold is immersed. This pattern is observable in Fig. 4b, where each fold
is depicted by of those fluctuations.

In Fig. 4c, the energy absorption-displacement values are presented for five distinct cross-circular sectional
sizes. Notably, the final energy absorption value for C140 surpasses that of the other cross-sections. This observa-
tion suggests that the energy absorption capacity of circular tubes generally exhibits a positive correlation with
the circular radius except C140 tube.
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Figure 4. The axial crushing process of a cylindrical tubes, (a) deformation pattern [created by Abaqus 6.14,
(https://www.3ds.com/products-services/simulia/products/abaqus/)], (b) force-displacement, (c) energy
absorption-displacement curves.

Elliptical cross-sections
In this section the F-D and EA-D of the conventional and bio-inspired DNA tubes with elliptical cross-sections
will be investigated.

Conventional elliptical cross-sections (NE)

In Fig. 5a, we examine the crushing process of the NE110/100 specimen. During the initial stage, the folding
pattern exhibits symmetry. However, subsequent observations reveal a shift towards a dominant folding pattern
characterized by diamond formations.

The F-D and EA-D of the conventional elliptical cross-section tubes are depicted in Fig. 5. In Fig. 5b, it
is observed that the variation in the longest diameter of the ellipse does not have a discernible impact on the
force-displacement curves during the initial stage of deformations.

Furthermore, it is noteworthy that the NE150/100 specimen exhibits the highest initial peak force, while the
NE110/100 specimen demonstrates the highest final energy absorption. These results provide valuable insights
into the distinctive characteristics and performance of these particular specimens. Similar to Fig. 4, each fluctua-
tion corresponds to the formation of a fold. In the case of NE110/100, the first and second folds exhibit symmetry,
while the subsequent folds display a diamond shape.

BIDNAT with the elliptical cross-sections (E)
The technical analysis of the crushing simulation of the BIDNAT with an elliptical cross-section (E150/100)
is depicted in Fig. 6a. The axial collision process reveals that the collapse pattern is influenced by the rotation
angle of the cross-section. Under the downward force exerted by the rigid plate, the elliptical cross-section DNA
shell undergoes significant deformation. As the crushing process advances, the shell accumulates in disordered
layers. Notably, the number of shell layers increases in the case of the BIDNA elliptical section tube with the
rotation angle of 540°.

The F-D and EA-D curves for various DNA-inspired elliptical cross-section aspect ratios with a rotation
angle of 360° are illustrated in Fig. 6. It can be observed that increasing the larger diameter (L) of the ellipse
leads to a decrease in energy absorption, while increasing the smaller diameter (W) results in an increase in
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Figure 5. (a) Deformation process of a conventional elliptical cross-section tube with an aspect ratio of 110/100
[created by Abaqus 6.14, (https://www.3ds.com/products-services/simulia/products/abaqus/)], (b) force—
displacement, (c) energy absorption-displacement of the conventional elliptical cross-section tubes with W =100
mm, (d) force-displacement and (e) energy absorption-displacement of the conventional elliptical cross-section
tubes with L =150 mm.

energy absorption. Notably, the E110/100 configuration exhibits the highest IPF and EA due to its symmetrical
cross-section and different folding patterns in comparison with other tubes.

BIDNAT with the elliptical cross-sections (AE)
The axial compression process of the AE150/100 BIDNAT, with the rotation angle of 540°, is depicted in Fig. 7a.
The increased number of helices in the tube facilitates its collapse, resulting in lower IPF and smoother mean
crushing forces (MCF) in comparison with the angle of 360°.

Among the specimens studied, the AE150/100 exhibits the highest IPF and final EA. Conversely, a significant
reduction in IPF is observed when the larger diameter of the ellipse is increased, as depicted in Fig. 7. On the
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Figure 6. (a) the axial crushing process of the E150/100 BIDNAT tube [created by Abaqus 6.14, (https://
www.3ds.com/products-services/simulia/products/abaqus/)], (b) force-displacement, (c) energy absorption-
displacement of the elliptical cross-section BIDNATS, while the rotation angle of 360° and W =100 mm, (d)
force-displacement and e) energy absorption-displacement of the elliptical cross-section BIDNATSs, while the
rotation angle of 360° and L =150 mm.

other hand, increasing the smaller diameter of the ellipse has a less pronounced effect on IPE, and the AE150/60
specimen achieves the highest final EA, as shown in Fig. 7d,e.

Rectangular cross-sections
This section will examine the F-D and EA-D of both conventional and bio-inspired DNA tubes that have rec-
tangular cross-sections.
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Figure 7. (a) The axial crushing process of the AE150/100 BIDNAT tube [created by Abaqus 6.14, (https://
www.3ds.com/products-services/simulia/products/abaqus/)], (b) force-displacement, (c) energy absorption-
displacement of the elliptical cross-section BIDNATS ( the rotation angle of 540° and W =100 mm), (d) force—
displacement and (e) energy absorption-displacement of the elliptical cross-section BIDNATS (the rotation
angle of 540° and L=150 mm).

Conventional rectangular cross-sections (NR)
The folding process of the simple rectangular cross-section NR150/60 is illustrated in Fig. 8. The folding patterns
exhibit regularity, with three distinct folds consistently observable across all the cross-sections.

It is evident that the EA of all rectangular specimens is nearly identical, as depicted in Fig. 8c,e; additionally,
the highest IPF corresponds to the NR120/100 cross-section, as portrayed in Fig. 8b.
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Figure 8. (a) The axial crushing process of the NR150/60 tube [created by Abaqus 6.14, (https://www.3ds.com/
products-services/simulia/products/abaqus/)], (b) force-displacement, (c) energy absorption-displacement

of the conventional rectangular cross-section tubes (W =100 mm), (d) force-displacement, and e) energy
absorption-displacement of the conventional rectangular cross-section tubes (L=150 mm).

BIDNAT with the rectangular cross-sections (R)
The simulation process of DNA tube crushing with a rotation angle of 360° and the rectangular cross-section is
shown in Fig. 9a. Taking R150/100, the deformation process as an example, its sharp edge helices have governed
the crushing process and it will reduce the IPF for and smoother MCFs. The cross-sections with the width of 100
mm have shown lower IPF/MCE, which is desirable in crashworthiness characteristic of a structure (Fig. 9b).
Moreover, the EA of them are the same through the crushing process in contrast to length 150 mm that have
different EA at 0.2 mm crush length (Fig. 9c,e).

Based on the observed F-D curves presented in Figs. 9b,d, it is evident that the rectangular section of the
bio-inspired DNA tubes with rotation angle of 360° has entered the third stage of energy absorption, which
initiates at a deformation level of 0.15 mm.
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Figure 9. (a) The axial crushing process of the R150/100 BIDNAT tube [created by Abaqus 6.14, (https://
www.3ds.com/products-services/simulia/products/abaqus/)], (b) force-displacement, (c) energy absorption-
displacement of the rectangular cross-section BIDNATS (the rotation angle of 360° and L=150 mm), (d) force-
displacement and (e) energy absorption-displacement of the rectangular cross-section BIDNATS (the rotation
angle of 360° and L=150 mm).

BIDNAT with the rectangular cross-sections (AR)
The simulation depicted in Fig. 10a shows the crushing of a DNA tube with the rotation angle of 540°, featuring
a rectangular cross-section. Specifically, when considering the AR150/100 variant, the absence of distinct folds
can be attributed to the local buckling of the shell. In this case, the crushing process is predominantly governed
by the pre-fold pattern of the tubes. It is worth noting that this phenomenon is not limited to the AR150/100
cross-section but can also be observed in other cross-sectional configurations.

Figure 10b-e present the F-D and EA-D curves for the 540° rectangular cross-section BIDNATSs. The tube
exhibits constant width and varying length in one case (Fig. 10b,c), constant length and varying width in another
(Fig. 10d,e).
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Figure 10. (a) The axial crushing process of the AR150/100 BIDNAT tube [created by Abaqus 6.14, (https://
www.3ds.com/products-services/simulia/products/abaqus/)], (b) force-displacement, (c) energy absorption-
displacement of the rectangular cross-section BIDNATS (the rotation angle of 540° and L=150 mm), (d) force-
displacement and (e) energy absorption-displacement of the rectangular cross-section BIDNATS (the rotation
angle of 540° and L=150 mm).

The cross-sections with a width of 100 mm exhibit lower IPF/MCEF in this bio-inspired structure, as seen
in Fig. 10b. Furthermore, by analyzing the F-D curves in Fig. 10b,d, it becomes apparent that the rectangular
cross-section of the BIDNATS, rotated at the angle of 540°, enters the third stage of energy absorption at lower
crushing distance than the rotated angle of 360°.

Comparison of crashworthiness of three cross-sections
The initial peak force and specific energy absorption are crucial parameters in evaluating the crashworthiness of
crash tubes. The initial peak force represents the maximum force experienced by the tubes at the beginning of a
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crash event. It provides insight into the tubes’ ability to withstand and distribute impact forces. Specific energy
absorption, on the other hand, measures the amount of energy the tubes can absorb per unit of their mass (Eq. 1).

By considering these criteria, engineers and researchers can better understand the performance of crash tubes
and design structures that can effectively absorb energy, protect occupants, and minimize structural damage
during crash events.

Figure 11 presents a comparison between various BIDNATSs and conventional rectangular cross-section
tubes with identical length-to-width aspect ratios, focusing on the IPF and SEA. The increased rotation angle
has led to a greater number of helices and a more pronounced helix angle relative to the tube’s axis, resulting in
a decrease in IPE. Apart from NR110/100, the lower cross-section aspect ratios (L/W) generally exhibit higher
IPF values and higher SEA values.

As expected, the BIDNATS with rectangular cross-section and the rotation angle of 540° demonstrate the
lowest SEA and IPF values across all aspect ratios. In certain aspect ratios like 150/90, 150/80, 150/70, and
150/60, the SEA value of the conventional rectangular cross-section tubes surpasses that of the BIDNATs, with
an approximate 44% increase compared to the highest SEA in the 150/60 aspect ratio. Notably, for the 110/100
aspect ratio, the SEA of E110/100 is 71% higher than that of the conventional tube. Overall, the BIDNAT with
elliptical cross-sections and the rotation angle of 360° exhibit higher SEA values and lower IPF values, particu-
larly for W =100 mm.

The comparison between the SEA and IPF of various tubes is depicted in Figs. 12 and 13. These tubes consist
of conventional circular, elliptical, and rectangular cross-sections, as well as BIDNA tubes. The conventional
circular and elliptical tubes exhibit SEA values exceeding than 6 J/g, with only E110/100 surpassing this value
among the DNA-inspired tubes. The NE110/100 tube boasts the highest SEA, surpassing E110/100 by 54%, while
its IPF is 10% greater than the DNA-inspired E110/100. Notably, the conventional circular and elliptical cross-
section tubes demonstrate higher IPF values when compared to the DNA-inspired counterparts.

Discussion

Automotive crash boxes are vital components that enhance safety for vehicle occupants and pedestrians during
collisions as demonstrated in Fig. 14. They absorb and dissipate impact energy, reducing forces transferred to
occupants and minimizing injuries®*°!.

Occupant safety
Crash boxes protect vehicle occupants during high-energy collisions by absorbing and distributing impact forces.
They work alongside seat belts and airbags to mitigate the risk of head, chest, and lower extremity injuries®.

Pedestrian safety
Crash boxes are integrated into the front bumper area to reduce impact forces on pedestrians. They absorb energy
and deform upon impact, minimizing leg injuries common in pedestrian accidents.

In recent times, the automotive industry has implemented more strict regulations regarding crash tests. These
regulations have prompted automakers to enhance the structural integrity of the front end of vehicles, enabling
them to effectively absorb and distribute impact forces. To meet these requirements, automakers have begun
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Figure 11. SEA and IPF comparison of the conventional rectangular cross-sections with BIDNATS.
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Figure 13. Comparison of the initial peak force (IPF) among all specimens.

utilizing stiffer bumper beams and front cross members. However, it is equally crucial to consider the design
of the front end with regards to pedestrian-leg-to-vehicle collisions, aiming to minimize the severity of injuries
sustained by pedestrians. While the implementation of stiff bumper beams and crash boxes enhances the safety
of vehicle occupants, they can exert significant forces on pedestrian legs. As a result, careful consideration must
be given to the design of front crash boxes, highlighting the importance of the IPE

This study introduces the concept of the BIDNAT as a potential solution for front crash boxes. Except for
metal forming and welding procedures, one can consider hydroforming as one of the manufacturing methods
for BIDNAT. The BIDNAT not only exhibits excellent energy absorption capabilities but also boasts a low IPE,
making it a viable option. The SEA and IPF of BIDNATS can be controlled by adjusting parameters such as graded
helix pitches, graded thicknesses and designate them in series?, offering flexibility in design and performance
optimization.
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Conclusions

This paper provides a comprehensive FE-simulation of the energy absorption properties of bio-inspired DNA
thin-walled tubes with circular, elliptical, and rectangular cross-sections. The analysis focuses on investigating
deformation modes, force-displacement curves, and energy absorption capabilities through experiments and
simulations. Key findings from the study include:

Bio-inspired DNA tubes (BIDNATSs) with elliptical and rectangular cross-sections showed lower initial peak
forces and mean crushing forces compared to conventional tubes due to their helical geometry and sharp
edges.

BIDNATSs with 360° rotation angles exhibited better energy absorption performance than those with 540°
rotation angles.

Among the specimens studied, the E110/100 BIDNAT demonstrated the highest initial peak force and final
energy absorption.

While conventional circular and elliptical tubes showed higher specific energy absorption compared to most
BIDNATS, the E110/100 BIDNAT achieved 71% higher specific energy absorption than the conventional
rectangular tube with the same aspect ratio.

In summary, BIDNATs show potential as effective energy absorbers for applications like automotive crash
boxes due to their tunable crashworthiness properties and relatively low initial peak forces, which can mini-
mize pedestrian injuries. However, further optimizations are still needed to improve their energy absorption
performance.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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