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ABSTRACT - In the automotive industry, sustainable materials, such as bio-composites, are 
progressively being adopted due to their lightweight feature, which reduces vehicle weight, fuel 
consumption and pollutants emissions. Bio-composites are renewable and biodegradable, making 
them more environmental-friendly. However, limited investigations into the use of bio-composites in 
crash box applications have indicated that they lack the impact strength to fully absorb collision 
energy. This study aims to compare the crashworthiness performance of crash boxes made from 
OPEFB fiber/epoxy and kenaf fiber/epoxy composites, with conventional steel and carbon 
fiber/epoxy using LS-DYNA quasi-static simulations. Six different crash box designs are proposed: 
square, hexagonal, decagonal, hexagonal 3-cell, hexagonal 6-cell, and decagonal 10-cell structure, 
to evaluate the effect of these designs on crash box performance. The results show that bio-
composite crash boxes are inferior to traditional materials in terms of energy absorption and specific 
energy absorption, but they yield better performance in crush force efficiency. In terms of design, 
decagonal 10-cell structure produces the highest specific energy absorption and energy absorption 
for bio-composites. Hence, optimization is performed on the OPEFB fibre/epoxy decagonal 10-cell 
crash box, aiming to increase energy absorption capability by varying the thickness, perimeter, and 
length of the crash box. The design is optimized by increasing thickness and maintaining length and 
perimeter. Compared to the original design, the optimized design improves energy absorption by 
59% and specific energy absorption by 19%. The optimized design is then subjected to both quasi-
static and impact loading tests, revealing that the optimized OPEFB fibre/epoxy crash box design 
exhibits 44% lower energy absorption than steel under quasi-static load, but it demonstrates a 56% 
increase in crush force efficiency and a 6 % increase in specific energy absorption. Under impact 
load, it shows a 91% increase in specific energy absorption compared to the traditional square steel 
crash box. 
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1.0 INTRODUCTION 

A crash box is typically a sacrificial device installed between the car bumper component and longitudinal rails. Most 

vehicles utilise crash boxes to reduce the force exerted on the front rail during low-speed crashes and buffer the impact 

force [1]. Through structural deformation, the crash box transforms the kinetic energy of the collision into a strain energy 

[2]. When a car is involved in a head-on crash, the energy should be transferred in such a way that the bumper transmits 

it to the right and left crash boxes, forcing them to compress and allowing the collision energy to be transmitted to the 

front rail [3]. The crash performance of a crash box can be evaluated using its crashworthiness. Crashworthiness refers to 

a component's capacity to tolerate loads below a specific threshold while minimising damage in circumstances of extreme 

dynamic loads. The features of a crashworthy system are the impact’s kinetic energy must be dissipated in a regulated 

way, a survival space needs to be maintained for the safeguarded parts, and the stresses and accelerations that these parts 

are subjected to must be minimized [4]. Crashworthiness, in terms of automotive engineering, refers to a vehicle's ability 

to prevent passengers from suffering serious injuries or even fatalities in a potentially fatal collision [5]. Crashworthiness 

has been evaluated using a variety of metrics. Specific energy absorption (SEA), crush force efficiency (CFE), collision 

force and crumple distance are the indicators that can be used to describe a structure's energy absorption capacity in a 

systematic manner [3]. 

The ability of automotive parts to absorb energy during the collision event can be measured using a metric called 

Energy Absorption (EA). It is the total amount of energy that a crash box absorbs by deforming plastically during an 

impact. When crush force is plotted against crush stroke, EA is the area under the curve. It is recommended that the EA 

of the crash box be high when it is deforming to absorb as much collision energy. Specific energy absorption (SEA) is 

the energy absorbed per unit mass (m) of the crash box due to plastic deformation during impact. The optimal requirement 

is to maximize the amount of impact energy absorbed while minimizing the amount of mass required; therefore, the 

optimal SEA should be high. Components with exceptional performance-to-weight ratios are greatly valued in today's 

modern automobile sector. Peak crush force (Fpeak) is the first peak impact force experienced by the crash box that is 

necessary to initiate plastic deformation. An ideal crash box should have low peak collision force. It must be below the 

threshold limit (equivalent acceleration levels of 20 g) to prevent severe injury. The optimal Fpeak of the crash box should 
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have accelerations that are within the range that humans can safely tolerate and a gradual increase in time to achieve Fpeak 

[6]. EA divided by the corresponding deformation displacement (φ) yields the mean crush force (Fmean). Crush force 

efficiency (CFE) is the ratio of Fmean to Fpeak. After Fpeak, the crush force curve normally decreases and is accompanied by 

fluctuations. Crush force should achieve consistency so that energy may be absorbed as effectively as possible. It is not a 

straightforward measurement of crash performance, instead, it is a measurement of crush force consistency that optimizes 

the EA. Higher CFE is favorable. If CFE approaches 100 %, the crash box’s EA will be the maximum [6].  

Li et al. [3] stated that other than SEA and CFE, the crashworthiness of the crash box also depends on crumple distance. 

Even with good energy absorption and buffering capabilities, the crumple distance of the crash box may not meet the 

safety criteria. Providing sufficient residual room for the passengers will be challenging if the crumple distance is long. 

Therefore, crumple distance is another important measurement to estimate the vehicle’s penetration risk under maximum 

deformation. The crashworthiness of a crash box can be affected by several factors, including the design of the crash box 

and its material. In kinetic energy absorption, thin-walled structures are frequently utilized because of their low cost, high 

capacity to take in a great deal of energy, and low weight. Many factors can affect the effectiveness of a thin-walled 

column's ability to absorb energy, including material characteristics, cross-section shape and wall thickness. One of the 

most essential of these criteria is the cross-section design [7]. Alexander [8] first presented a theoretical model to predict 

the mean crush force for a circular tube's axially symmetric (concertina) folding pattern. This model assumes that the 

creases in a concertina collapse mode are straight, however, this is not the case. The wrinkles of concertina collapse are 

with a curve profile. Therefore, this idealized theory's best guess for mean axial force is derived by Jones [9]. After some 

time, this theory was updated to include the folding radius, and Abramowicz [10] incorporated the effective crushing 

distance circular, resulting in the tube collapsing axially across a distance. A circular tube may collapse in concertina (or 

axisymmetric) mode, diamond mode, or a combination of the two. The radius (R) to thickness (t) ratio determines how 

these circular tubes deform. Some research indicates that the tube deforms axisymmetrically if R/t is between 40 and 45. 

Otherwise, the tube buckles in a diamond mode as the ratio increases [9]. Wierzbicki and Abramowicz [10] investigated 

square column axial crushing and presented the Super Folding Element (SFE) hypothesis. Utilizing kinematics plasticity, 

they constructed a theory of the crush behavior of thin walls and discovered the equation for the mean crush load while 

addressing the energy balance for a square tube. Mahmood and Paluszny [11] discovered that non-compact sections exist 

for small thickness-to-width ratios (t/b), which are massive irregular folds that cause bending instability due to fold 

abnormalities. The impact of geometry is less significant as the t/b ratio increases, and the material strength attribute 

drives the collapse mode, resulting in post-buckling stability. Hussain et al. [12] investigated the crash performance of 

glass fiber-reinforced plastic (GFRP) composite crash boxes with four distinct cross sections using LS-Dyna software. 

The crash boxes were exposed to drop-weight impact testing, with a velocity of 16 km/h applied to the impactor in a 

manner analogous to the RCAR test. The greatest SEA was achieved using a decagonal crash box, with 6427.1 J/kg, 

followed by the hexagonal, cylindrical, and square crash box. Reddy et al. [6] investigated the crashworthiness of SS304 

stainless steel tubes with various cross-sectional geometries such as triangle, square, rectangle, pentagon, hexagon, 

octagon, and circle. The finite element software used was ABAQUS, with the impactor given a starting velocity of 0.1 

mm/s axially. It was reported that pentagonal or hexagonal cross-sections offer the best balance of stability regarding 

crush force, CFE, SE, and EA regarding crashworthiness. Due to its greater SEA capacity, interest in multi-cell columns 

has increased [13]. Using a Simplified Super Folding Element (SSFE) theory, Chen and Wierzbicki [14] investigated the 

performance of single-cell, double-cell, and triple-cell columns when subjected to quasi-static impact loading. Aluminum 

extrusion was used for the column walls. They found that double and triple cells outperform single cells by roughly 15% 

in SEA. Tang et al. [7] introduced a cylindrical multi-cell column (CMC) as a novel form of a multi-cell column. This 

work explored the crash performance of a square multi-cell column (SMC), a CMC, and a square column made of 

aluminium extrusion AA 6060 T4. The SEA of the CMC was 144.90% more than that of the square column and 49.94% 

greater than that of the SMC. The CFE of CMC was raised by 92.33% compared to the square column and 51.66% 

compared to SMC. Tang et al. [7] proceeded to carry out a parametric analysis to determine the effect of geometrical 

factors on the crashworthiness of CMC and discovered that the column with the thicker wall has greater energy absorption, 

specific energy absorption, and peak force. 

While studies on the crash box performance of synthetic fiber composites have seen significant growth, the exploration 

of bio-composite potential remains limited, despite several studies [15,16,17] highlighting the potential of natural fibers 

for energy absorption applications and conceptual design analysis [18]. Hence, there is a vital need for further research to 

advance the utilization of bio-composites in crash boxes and to evaluate their crash performance compared to conventional 

materials. Ataollahi et al [19] investigated the crashworthiness properties of silk fiber/epoxy composite crash boxes 

through a quasi-static compression test with a 30 kN load and 20 mm/min speed. The length of the square cross-section 

of the silk fiber/epoxy crash box was varied. It was reported that the tube with a shorter length resulted in the highest 

SEA. However, the energy absorption capability of silk fiber/epoxy laminated with 12 layers was not as good as that of 

conventional materials. Yan and Chouw [20] studied the energy absorption capability of bidirectional woven flax 

fiber/epoxy composites with 7.4 threads/cm in the warp and 7.4 threads/cm in the weft, circular tubes with a varied inner 

diameter, number of plies and length-to-diameter ratio. The investigation was conducted with a quasi-static compression 

experiment with 100 kN load and 10 mm/min speed. It was found that the optimal design in the study yielded SEA and 

CFE that is higher than that of conventional metal crash tubes. Notably, the limited studies on bio-composite crash boxes 

suggest that, when appropriately designed, bio-composites can achieve higher SEA than conventional materials. The 

current study investigates the parameters that can contribute to the enhanced crash performance of bio-composite, utilizing 
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OPEFB fiber/epoxy and kenaf fiber/epoxy composites, crash boxes by first experimenting with different designs. Then, 

optimization is performed by varying the crash box's thickness, perimeter, and length. The performance of the optimized 

bio-composite crash box is benchmarked against conventional steel and carbon fiber-reinforced epoxy crash boxes. This 

study utilizes finite element analysis with LS-DYNA to investigate the behavior of bio-composite crash boxes under 

explicit dynamic axial load. This study aims to examine parameters that can contribute to the enhanced crash performance 

of bio-composites crash box, to access the energy absorption, collision force and crumple distance of the proposed 

improved crash box using finite element analysis and to evaluate the optimized bio-composites crash performance against 

the conventional crash box. 

2.0 METHODS AND MATERIALS 

2.1 Crash Box Design and Optimization Strategy  

Six designs of the crash box are proposed and modeled in LS-Prepost, as shown in Figure 1. The reference model is 

the square cross-section thin-walled structure as shown in Figure 1(a). According to Hussain et al. [12], hexagonal and 

decagonal cross-sections are the two geometries with the highest SEA compared to other geometries. Therefore, the 

second design employs a hexagonal cross-section, while the third design is a thin-walled structure with a decagonal cross-

section, as shown in Figure 1(b) and 1(c). The fourth, fifth and sixth designs are developed by modifying the previous 

designs to incorporate multicells in the tube to study how the adoption of multicell affects the crashworthiness 

performance. The design modifications and optimization are based on the TRIZ method [18], employing the principles 

of 'Local Geometry' and 'Mechanics Substitution,' as depicted in Table 1. In this study, hexagonal 3-cell, hexagonal 6-

cell, and decagonal 10-cell thin-walled crash boxes are developed. These designs are depicted in Figure 1(d),1(e) and 

1(f).  

Table 1. Crash box design strategy based on TRIZ recommendations 

TRIZ solution principle TRIZ recommended solution Strategy of design 

#28. Mechanics 

substitution 

Change from fixed to dynamic attributes, 

from unstructured to structured features 

Improve the hexagonal design by adding 

supporting structures to become multi-cell 

hexagonal structure. 

#3. Local Geometry  Make each component of an item operate 

under circumstances optimal for its 

functioning. 

Developing the optimal cross-section. 

Optimize the thickness, perimeter, and length 

of the thin-walled structure. 

 

 

Figure 1. Proposed designs of crash box 

2.2 Finite Element Analysis 

2.2.1 Model Analysis 

The crash boxes are modeled by four-node shell elements, as their reliability in forecasting the failure process in terms 

of collapse manner and the number of formed folds in thin-walled structures has been verified [21]. All models have a 

length of 100 mm, thickness of 1.5 mm and perimeter of 200 mm as baseline design parameters. Figure 2 shows the 

analysis model simulating the quasi-static test. The impactor and the bottom base are modeled in LS-Prepost using eight-

node solid elements, as they are considered rigid bodies. To replicate a typical sedan car, which weighs 1100 kg and the 

mass is evenly distributed throughout the two crash boxes on the frontal structure for energy absorption, a 550 kg mass 

element is added to the impactor's center node [22].  
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Figure 2. Quasi-static element model 

The shell element dimensions of every design of the crash boxes are adjusted to 4 mm x 4 mm, which was priorly 

converged to match the validated experimental work of Karantza and Manolakos[23]. The bottom ends of the crash box 

are set to be fixed, where the DOFs of bottom nodes are constrained against any displacement and rotation. Impactors are 

loaded at a continuous rate of 4 km/h or 1.1111 m/s until they reach a maximum vertical motion of 60 mm using 

BOUNDARY_PRESCRIBED_MOTION_RIGID card, in compliance with Federal Motor Vehicle Safety Standard 

(FMVSS) 581 low-velocity impact standard [24]. 

Boundary conditions for the interface contacts are implemented to prevent penetration between the interacting parts. 

To prevent the nodes of the crash box shell elements from penetrating the surface of the impactor, the 

AUTOMATIC_NODES_TO_SURFACE contact algorithm is first applied between the crash box and the impactor. The 

rigid impactor is set as the master, while the softer crash box is the slave. Coulomb friction conditions are also considered 

using static and dynamic friction coefficients 0.2. Besides, AUTOMATIC_SINGLE_SURFACE contact type is utilized 

to model the interaction of crash box shell elements during fold formulation in the crashing process and to prevent self-

penetration of the crash box surface, static and dynamic friction coefficients of 0.2 are used. The center of Mass Constraint 

Option (CMO) is assigned as EQ.+1 to apply constraints to global directions, where translations in x and y, as well as 

rotations in x, y and z axes, are all confined. This permits the impactor to move vertically along the z-axis only. For 

simulation control, CONTROL_ACCURACY is enabled. Termination time is set to 40ms by utilizing the 

CONTROL_TERMINATION card. The methodology employed in this study was replicated based on Karantza and 

Manolakos[23] which has been validated against experimental work. 

A comprehensive evaluation is conducted on each of the six crash box designs, encompassing all four materials: steel, 

carbon/epoxy, OPEFB/epoxy, and kenaf/epoxy. The evaluation process involves subjecting the designs to quasi-static 

compression simulation, enabling the assessment of their crashworthiness through key parameters such as peak crush 

force, mean crush force, CFE, EA and SEA. Following this initial assessment, the crash box design demonstrating superior 

crashworthiness for bio-composites is carefully selected. Subsequently, an optimization phase is implemented to enhance 

the performance of the chosen design. This optimization process systematically alters crucial design parameters, including 

thickness, perimeter, and length, all conducted under quasi-static conditions. Thickness optimization is explored utilizing 

varied thicknesses from 1 mm to 2.25 mm, the perimeter of the crash box is changed from 175 mm to 250 mm, and the 

length of the crash box is varied from 80 mm to 120 mm.  

The final step involves subjecting the optimized bio-composite crash box to impact test simulation, providing valuable 

insights into its dynamic crashworthiness performance as the quasi-static test cannot replicate the decreasing initial 

velocity from the starting velocity to rest. For a better representation of the real collision, the conventional steel crash box 

and bio-composites optimized crash box design are subjected to a low-velocity impact test, in which the impactor is 

subjected to an initial velocity of 4 km/h, according to the low velocity impact standard by FMVSS 581 [24]. In addition, 

a point mass of 550 kg is applied to the impactor because the average car weighs 1100 kg and has 2 crash boxes. 

2.2.2 Material 

MAT_054 simulates two bio-composites and one synthetic composite: OPEFB fiber and kenaf fiber-reinforced epoxy 

composites and carbon fiber-reinforced epoxy. The fiber orientation in composites made with the MAT 054 card is 

assigned parallel to the axial load. The composite material properties used were based on literature by Hassan, et al. [25], 

Bruno and Baskaran [26], Manap, et al. [27] and Feraboli and Wade [28]. Since 1018 steel has a high stiffness due to a 

high Young's modulus value, it is chosen as the conventional metal that would be utilized as the benchmark for measuring 

crashworthiness performance. For impactor material, MAT_020 is utilized due to the impactor’s higher stiffness and is 

assumed to be undeformable rigid bodies. The materials of the impactor and base are steel, and the material properties 

are referenced from a study by Karantza and Manolakos [23]. The material card data of the bio-composites and synthetic 

composites are shown in Table 2. 
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Table 2. Material card data for the bio-composites and synthetic composite 

MAT_054 Material Card Data for OPEFB/Epoxy bio-composite. 

Variable MID RO EA EB EC PRBA PRCA PRCB 

Value 1 1.12e-6 1.09968 0.83823 - 0.17 - - 

Variable GAB GBC GCA XC XT YC YT SC 

Value 0.35755 0.35755 0.35755 0.21304 0.06638 0.06318 0.02956 - 

MAT_054 Material Card Data for Kenaf/Epoxy Bio-composite. 

Variable MID RO EA EB EC PRBA PRCA PRCB 

Value 1 1.29e-6 4.12 2.05 - 0.1945 - - 

Variable GAB GBC GCA XC XT YC YT SC 

Value 1.472 0.855 1.472 0.01203 0.04218 0.01184 0.00445 - 

MAT_054 Material Card Data for Carbon Fibre/Epoxy Composite. 

Variable MID RO EA EB EC PRBA PRCA PRCB 

Value 1 1.57e-6 124.7951 8.4116 8.4116 0.0204 - - 

Variable GAB GBC GCA XC XT YC YT SC 

Value 4.2058 4.2058 4.2058 1.4479 2.19943 0.19857 0.048882 0.154443 

3.0 RESULTS AND DISCUSSION 

3.1 Design Evaluation under Quasi-Static Load 

Quasi-static simulation is conducted to evaluate the crashworthiness of steel, carbon/epoxy, OPEFB/epoxy, and 

kenaf/epoxy with all 6 designs proposed. The low-velocity impact is such that the top impactor moves downwards at a 

constant speed of 4 km/h. Peak crush force, mean crush force and CFE obtained are shown in Figure 3. As shown in 

Figure 3(a), the peak crush force of OPEFB/epoxy and kenaf/epoxy crash boxes are significantly lower than crash boxes 

made of steel and carbon/epoxy. This might be due to the low stiffness and strength of bio-composites. This low peak 

force is desirable for an ideal crash box as the passengers will experience no sudden large impact force. In terms of design, 

the hexagonal cross-section will produce the lowest peak force for carbon/epoxy and OPEFB fiber/epoxy. Similar findings 

were observed in the study by Reddy, et al. [6], where a hexagonal cross-section tube yielded the lowest peak force 

compared to other geometries. For steel and kenaf/epoxy crash boxes the lowest peak force is achieved by square cross-

section. For all 4 types of materials, the largest peak force is obtained from a decagonal 10-cell design. This result can be 

supported by a study from Chen and Wierzbicki [14], where increasing the number of cells in a multicell column also 

raises the peak force. This might be due to the larger surface area available to absorb kinetic energy. Besides, mean crush 

force is also an important parameter. A higher mean crush force is desired, resulting in higher energy absorption. Figure 

3(b) shows the mean crush force of the 6 designs with different materials. The mean crush force of the bio-composites is 

also significantly lower than the conventional steel and carbon/epoxy crash boxes. Bio-composites do not perform as well 

as steel and carbon/epoxy in energy absorption. For crash box design, the decagonal 10-cell design performs the best, 

with the significantly highest mean force for each type of material. This is comparable to a study by Chen and Wierzbicki 

[14], where increasing the number of cells in a multicell column effectively raises the mean force. The decagonal cross-

section has the lowest mean force for carbon/epoxy and OPEFB/epoxy, whereas the square cross-section has the lowest 

mean force for steel and kenaf/epoxy. Similarly, in the study by Reddy, et al. [6], the mean force is the least when using 

a mild steel tube with a square cross-section, compared to other geometries. CFE is also evaluated, which is the ratio of 

mean force to peak force. A higher CFE means impact energy is absorbed effectively. Therefore, a higher CFE is 

favorable. The CFE of the designs and materials are shown in Figure 3(c). The CFE of bio-composites (OPEFB 

fiber/epoxy and kenaf/epoxy) are comparable to conventional steel and carbon/epoxy. The OPEFB fiber/epoxy hexagonal 

6-cell design performs best with the highest CFE. This shows that bio-composite crash boxes can have a very high CFE 

when carefully designed, which means a higher load uniformity. For both steel and kenaf/epoxy materials, decagonal 10-

cells achieve the highest CFE. For carbon fiber/epoxy and OPEFB fiber/epoxy, the hexagonal 6-cell design has the highest 

CFE. 

EA obtained from the simulation is shown in Figure 4(a). It is recommended that the EA of the crash box to be high 

when it is deforming to absorb as much collision energy and reduce damage to vehicles and passengers. Bio-composites 

do not perform as well as conventional materials in terms of EA due to their lower stiffness and strength than conventional 

materials. This could suggest that the bio-composite crash box has a poorer energy absorption capacity since it deforms 

more easily under an impact load [29]. The manufacturing method and the bio-composite material's natural variation may 

contribute to the poor stiffness and strength [30]. Comparing hexagonal and decagonal designs, decagonal yields a higher 

EA than hexagonal designs for steel. Research from Reddy, et al. [6] also produced similar findings, where stainless steel 

crash boxes with decagonal design produce a higher EA than hexagonal ones. For composites such as carbon/epoxy, 

OPEFB/epoxy and kenaf/epoxy, hexagonal design performs better in EA than decagonal design. This might suggest that 

hexagonal design performs better in initiating the folding mechanisms in composites and produces higher EA for 
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composites. In addition, increasing the number of cells effectively raises EA, especially for OPEFB fiber/epoxy 

composites, where hexagonal 3-cell and 6-cell designs boost EA by 98% and 226%, respectively, compared to hexagonal 

designs. This is in accordance with the study by Chen and Wierzbicki [14], where increasing the number of cells in a 

multicell column can increase the EA significantly. The best crash box is the decagonal 10-cell structure that absorbs the 

greatest energy for each material. With the most cells, the greater surface area for deformation allows force distribution 

and energy absorption. However, it should be noted that increasing the number of cells has a potential drawback of an 

increase in mass, which might affect the crash box’s SEA. Therefore, it is important to study the SEA in this case. Figure 

4(b) depicts the SEA of the crash boxes with different materials. Carbon/epoxy outperforms other materials due to 

synthetic composite's low weight, high strength and stiffness qualities, which result in a high strength-to-weight ratio and 

improved energy absorption per unit mass [29]. For bio-composites, SEA is significantly lower than that of conventional 

material. Bio-composite crash boxes have lower masses than steel, but their EA is too low compared to steel and 

carbon/epoxy, resulting in poor SEA. To maximize energy absorption, the bio-composite crash box should be optimized. 

  
(a) Peak crush force of different materials using different 

designs 

(b) Mean crush force of different materials using different 

designs 

 

 
(c) CFE of different materials using different designs 

Figure 3. Crashworthiness parameters obtained from simulation results 

3.2 Optimization under Quasi-Static Load 

For all proposed designs for bio-composite crash boxes, their EA and SEA are not comparable to the conventional 

steel material. Hence, optimization is required to maximize the energy capability of the bio-composite materials. The 

design that can yield the highest EA and SEA for bio-composite is the decagonal 10-cell design, therefore, it is selected 

to be optimized by varying the thickness, perimeter and length. OPEFB fiber/epoxy is used between the two bio-composite 

materials since it outperforms kenaf/epoxy in various aspects such as EA, SEA and CFE.  

Thickness optimization is explored using varied thicknesses from 1 mm to 2.25 mm. As shown in Figure 5(a), when 

the thickness of the crash box is increased, EA increases almost linearly until the thickness reaches 2.0 mm. However, 

beyond 2.0 mm, EA decreases. This trend was also observed in the research by Porwal, et al. [22], where a conical tube 

made of aluminium was subjected to low-velocity impact. Thicker crash boxes can absorb energy more, but the EA will 

reach a certain saturation point beyond a certain thickness. SEA also exhibits a similar trend as EA as shown in Figure 

5(b). This shows that up to 2 mm thickness, although the increase in thickness results in an increase in mass, the improved 

energy absorption capacity still compensates for the additional weight, causing SEA to increase. 
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(a) EA of different materials using different designs (b) SEA of different materials using different designs 

Figure 4. EA and SEA obtained from simulation results 

 

  
(a) EA of decagonal 10-cell crash box with varied 

thickness 

(b) SEA of decagonal 10-cell crash box with varied 

thickness 

Figure 5. Simulation results with varied thicknesses 

The perimeter of the crash box is changed from 175 mm to 250 mm. EA and SEA obtained are shown in Figure 6. As 

the perimeter increases, EA rises as well. However, SEA reduces quite significantly if the perimeter is increased. 

Therefore, the increase in EA due to the increase in perimeter is insufficient to compensate for the increase in mass, 

causing SEA to reduce. 

  
(a) EA of decagonal 10-cell crash box with varied 

perimeter 

(b) SEA of decagonal 10-cell crash box with varied 

perimeter 

Figure 6. Simulation results with varied perimeter 

From Figure 7(a), EA rises only slightly when the length increases from 80 mm to 110 mm. Beyond 110 mm, EA 

decreases. SEA of the crash boxes with varied lengths is as shown in Figure 7(b), revealing a decrease in SEA when 

length is increased. It can be concluded that the change in the length of the crash box does not obviously affect the EA 

but reduces the SEA values significantly. Research by Ataollahi, et al. [19] also produced a comparable outcome, where 

silk/epoxy crash box with the shortest length produced the highest SEA. Since the crushing displacement is maintained 

at 60 mm, and the amount and surface area undergoing deformation are still the same, hence results in equivalent EA. 

Without an increase in EA, the greater mass caused by the lengthening of the crash box will cause a decline in EA. 
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(a) EA of decagonal 10-cell crash box with varied 

length 

(b) SEA of decagonal 10-cell crash box with varied 

length 

Figure 7. Simulation results with varied lengths 

The optimal thickness for the decagonal 10-cell design is 2 mm, which produces the maximum SEA and EA. The 

length has an insignificant effect on EA but increasing it will cause SEA to reduce dramatically. Hence, it is maintained 

at the original value, which is 100 mm.  An increase in perimeter increases EA but lowers SEA due to mass increase, so 

the original perimeter of 200 mm remains. Hence, a decagonal 10-cell design with 2 mm thickness, 100 mm length, and 

200 mm perimeter is optimal. The optimized design is then evaluated and compared against the design before optimization 

and the steel conventional design (square cross-section) as shown in Table 3. The force-displacement graphs of the 

conventional square steel design, OPEFB fiber/epoxy decagonal 10-cell, and OPEFB fiber/epoxy optimized design are 

shown in Figure 8. 

Table 3. Comparison of crashworthiness performance of steel and OPEFB/epoxy crash box. 

Material Steel OPEFB/epoxy 

Design Square 
Decagonal 

10-cell 

Optimized 

Design 

Crashworthiness 

Parameters 

𝐹𝑝𝑒𝑎𝑘 (kN) 91.5 19.1 32.6 

𝐹𝑚𝑒𝑎𝑛  (kN) 28.167 9.850 15.683 

EA (kJ) 1.690 0.591 0.941 

SEA (kJ/kg) 7.542 6.719 8.023 

CFE 0.308 0.516 0.481 

Mass (kg) 0.224 0.088 0.117 

 

 

Figure 8. Force-displacement graph of steel and OPEFB/epoxy crash box 

Compared to the original design, EA increases by 59%, SEA increases by 19%, but CFE decreases by around 6%. 

The decrease in CFE is still acceptable as the CFE is higher than the conventional steel crash box. Despite the 

improvements, the EA of the optimized OPEFB/epoxy is still 44% lower than the conventional steel design. The improved 

design cannot compensate for the bio-composite material's low stiffness and strength. However, the SEA of the optimized 

design is 6% higher than the steel crash box, which means it is more efficient in energy absorption in relation to its mass 

compared to steel. Besides, optimized OPEFB/epoxy crash boxes have 64% lower peak force than steel, which can be 

observed clearly in Figure 8. It prevents abrupt passenger impact and deceleration better than steel. In terms of CFE, 

OPEFB/epoxy optimized design outperforms steel by 56%, indicating that energy is absorbed more efficiently for 

OPEFB/epoxy. Lastly, OPEFB/epoxy is 48% lighter than steel. 
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3.3 Impact Test 

The quasi-static test cannot replicate the decreasing of initial velocity from starting velocity to rest. For a better 

representation of the real collision, the conventional steel crash box and OPEFB/epoxy optimized design are subjected to 

low velocity impact test, in which the impactor is subjected to an initial velocity of 4 km/h, according to the low velocity 

impact standard by FMVSS 581 [20]. In addition, a point mass of 550 kg is applied to the impactor because the average 

car weighs 1100 kg and has 2 crash boxes. 

The results of the impact tests are shown in Table 4. Both the EA for steel and OPEFB crash boxes are 0.340 kJ, which 

represents all the kinetic energy present in the impactor at the beginning, which is all transferred and absorbed by both 

crash boxes.  

Table 4. Results of impact tests for steel and OPEFB/epoxy crash box 

Material Steel OPEFB/epoxy 

Design Square Optimized Design 

Crashworthiness 

Parameters 

Displacement (mm) 8.59 20.3 

𝐹𝑝𝑒𝑎𝑘 (kN) 92 32.9 

𝐹𝑚𝑒𝑎𝑛  (kN) 39.581 16.749 

EA (kJ) 0.340 0.340 

SEA (kJ/kg) 1.517 2.899 

CFE 0.43 0.509 

Mass (g) 0.224 0.117 

For OPEFB/epoxy with an optimized design, the crushing displacement is higher than steel. Its peak force is 64% 

lower than steel, which means it can prevent sudden major impact and deceleration for passengers better than steel. 

Besides, the CFE of the optimized design is 18% higher than the steel crash box, indicating better energy absorption 

efficiency for OPEFB/epoxy. The performance of OPEFB/epoxy with optimized design is excellent in terms of SEA, 

where its SEA is 91% greater than that of the standard steel crash box. As both steel and OPEFB/epoxy absorb the same 

amount of energy during the low velocity impact, the lightweight property of the OPEFB/epoxy crash box contributes to 

its high SEA compared to steel. Comparing the mass of steel and OPEFB/epoxy crash box, the mass of steel with a square 

design is almost 2 times the mass of the OPEFB/epoxy with an optimized design. Hence, with the same amount of energy 

absorbed, the OPEFB/epoxy crash box with a lighter mass outperforms the steel crash box and can contribute to the 

reduction in fuel consumption in vehicles. 

4.0 CONCLUSIONS 

LS-DYNA quasi-static simulation is performed to compare bio-composites like OPEFB/epoxy and kenaf/epoxy 

against steel and carbon/epoxy crash boxes. To assess crash box performance, square, hexagonal, decagonal, hexagonal 

3-cell, hexagonal 6-cell, and decagonal 10-cell crash boxes are proposed. Results show that bio-composite crash boxes 

perform better for CFE but worse for EA and SEA. Decagonal 10-cell bio-composites have the greatest SEA and EA. 

Hence, the OPEFB/epoxy decagonal 10-cell crash box’s thickness, perimeter, and length are optimized to enhance EA. 

Increasing thickness raises the EA and SEA significantly, while altering the length has little effect on EA but causes SEA 

to reduce dramatically. An increase in perimeter causes EA to increase, but is compensated by a drop in SEA. Hence, the 

design is optimized by increasing thickness and maintaining length and perimeter. The optimized design improves EA by 

59% and SEA by 19% over the original design. The last step is to compare the optimized design to a standard square steel 

crash box while being subjected to quasi-static and impact loads. For the quasi-static test, optimized OPEFB/epoxy design 

is 44% lower in EA than steel, but 56% higher in CFE and 6 % higher in SEA. When subjected to impact loading, both 

steel and OPEFB/epoxy crash boxes can absorb all the energy in the crash. Particularly, optimized OPEFB/epoxy design 

outperforms steel crash boxes by 91% in terms of SEA. Hence, the OPEFB/epoxy, with its lower mass but equivalent 

energy absorption, outperforms the steel crash box under low-velocity impact conditions and can help bring down vehicle 

fuel usage. 
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