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A B S T R A C T   

Impact accidents cause great damage to lives and devices due to strong destructiveness and weak predictability, 
and accordingly, flexibility and modifiability are essential in the design of novel impact-resistant structures. To 
achieve this goal, two newly-designed energy absorption systems were proposed in this paper, which could be 
discretely assembled without boundary constraints. Quasi-static experiments and finite element method (FEM) 
simulations were carried out to reveal the deformation mechanism and test the usability, based on which the 
analytical solutions of the crushing force of the models were established adopting plastic hinge analysis and 
energy method. Parametric study of multiple-tube systems was conducted to reveal the effects of foam porosity 
and inner tube parameters on dynamic response, and the optimal design was summarized, achieving the energy 
absorption efficiency of 39%. The functionally graded design of composite self-locked (CSL) systems was 
explored, and it was proven that the system with positive stiffness gradient was optimal.   

1. Introduction 

Sudden impacts cause severe damage to lives and properties, and 
accordingly, the development of effective energy absorption devices 
plays a paramount role in many fields, including aerospace, road traffic 
and navigation [1–3]. Thin-walled structures possess superior impact- 
resistant energy absorption performance because of light weight and 
high specific modulus [4–6], and among them round tube system is most 
widely used in engineering applications [7–9]. However, complicated 
boundary constraints are required before application to avoid the lateral 
splash of round tubes under impacts. The square- and ellipse-shaped 
tubes had been proven to respectively promote energy absorption ca-
pacity and efficiency by increasing material utilization [10,11], and 
nested systems were proposed by inserting inner tubes or rods to 
improve space utilization, while the energy-absorbing efficiency was 
commonly impaired owing to the distinct increase of overall stiffness 
[12,13]. Honeycomb structures, lattice structures, foaming materials 
and composite structures had also been studied extensively due to stable 
performance and enhanced designability [14–17]. 

Considering the urgency of impact accidents, the modifiability is in 
great demand for energy absorption systems to reduce the preparing 
time. Nevertheless, complicated boundary constraints are required for 

traditional energy-absorbing structures to ensure overall stability, which 
severely impairs the flexibility to response quickly to emergencies. 
Furthermore, once manufactured as a continuum, the characteristics 
parameters and arrangement patterns of the elements cannot be 
adjusted flexibly to meet the particular protection requirements, and the 
overall structure tends to be scrapped when some elements have already 
been crushed. To solve this problem, discretely assembling based on 
modular concept without the need of external constraints is the key 
[18]. Recently, Chen et al. proposed a self-locked energy absorption 
system [19], in which tubes can interlock with each other after 
discretely assembling, and the initial force peak was attenuated effec-
tively due to special topology design [20] (Supplementary Material S1). 
However, the material and space utilizations require further improve-
ment, and the effect of graded design relying on tube thickness control is 
limited, making it difficult to achieve expected properties of continuum 
body. 

To enhance impact-resistant performance as well as improving 
modifiability and designability, two discretely assembled energy ab-
sorption systems, including composite self-locked (CSL) and nested 
composite self-locked (NCSL) models, were proposed in this paper. 
Quasi-static experiments and FEM simulations were firstly carried out to 
test the energy absorption response of the newly-designed models, and 
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then the analytical solutions of the crushing force of models were 
derived based on plastic hinge analysis and energy method, to reveal the 
effect of deformation mechanism on energy-absorbing performance. 
Then, parametric study of multiple-tube systems under dynamic loading 
condition was conducted, where the effects of foam porosity and inner 
tube parameters were successively discussed and the optimal design was 
summarized. Finally, the dynamic response of CSL multiple-tube sys-
tems with various stiffness graded designs was investigated, and it was 
proven that the system with positive stiffness gradient was optimal 
under various loading conditions. This work provides guidelines for the 
design of energy-absorbing structures, and opens a new avenue for 
theoretically analyzing the mechanical response of composite 
structures. 

2. Experimental study 

Tube specimens of different models with various foam porosities are 
fabricated and assembled, and experiments and FEM simulations are 
carried out to compare their energy absorption response. 

2.1. Tube specimens and experimental setups 

Traditional thin-walled hollow self-lock (HSL) tube specimens are 
manufactured by three-dimensional printing method using 316L stain-
less steel as shown in Fig. 1(a), which is comprised of two cylindrical 
shells on both sides and two middle connecting plates. The tube geom-
etry is determined by 5 parameters: the axial length L, the flat plate 
width W, the spacing between the flat plates S, the thickness T and the 
mean diameter of cylindrical shells D. The average mass of HSL speci-
mens is 165.5 g, with material and geometry parameters respectively 
listed in Tables 1 and 2. 

To enhance impact-resistant performance as well as improving 
modifiability and designability, two innovative tube models are pro-
posed in this study by inserting cylindrical aluminum foam and round 
inner tubes into the two cylindrical shells of HSL model, including 
composite self-lock (CSL) model and nested composite self-lock (NCSL) 
model as shown in Fig. 1(b)–(c). The aluminum foam filler is adopted as 
closed-cell foam and prepared by smelt foaming method, where the 
foam porosity is denoted by θ.Herein, the porosities of aluminum foam 
specimens are adopted as 89.6% and 84.6%, respectively corresponding 
to equivalent density of 280.8 kg/m3 and 415.8 kg/m3. The nominal 
stress–strain diagrams of foam specimens are obtained from compressive 
tests, as shown in Fig. S4 (Supplementary Material S2). The inner tube 
specimens are manufactured using 304 stainless steel, with mechanical 
properties provided in Table 1. The axial length of foam filler and inner 
tubes are both selected as L, and the mean diameter and thickness of 

inner tubes are respectively denoted by d and t for NCSL model. The 
average parameters of single cylindrical aluminum foam and round 
inner tube of CSL and NCSL specimens are provided in Table 3. 

The quasi-static crushing of the experimental specimens of HSL, 
CSL1, CSL2, NCSL1 and NCSL2 models is conducted by MTSE 45.305 
test machine, and each specimen is placed between loading and sup-
porting plates, as shown in Fig. 3. The supporting plate is fixed, and the 
loading plate crushes the specimen with constant speed of 1 mm/min, 
which is low enough to reduce dynamic effects. The measuring range of 
the load cell is up to 300kN, with accuracy of 0.5%. The load and the 
corresponding displacement of the loading plate are recorded per 0.05 s, 
and the deformed configurations of the specimens are recorded by high 
definition camera. 

2.2. Mechanical response 

The crushing force of the five models obtained from experiments are 
depicted as solid symbols in Fig. 2(a), where the crushing displacement u 
is normalized by the initial height of the models in compressive direction 

Fig. 1. Isometric view and side view of specimens: (a) hollow self-lock (HSL), (b) composite self-lock (CSL) and (c) nested composite self-lock (NCSL) models.  

Table 1 
Material properties of stainless steel.  

Type Young’s 
modulus 
E (GPa) 

Poisson 
ratio 
ν 

Yield 
stress 
σs (MPa) 

Hardening 
modulus 
Ep (MPa) 

Density 
ρs (kg/ 
m3) 

316L 206  0.3 360 1100 7980 
304 189  0.25 340 1100 7930  

Table 2 
Average geometric parameters of HSL specimens (mm).  

Axial length 
L 

Plate width 
W 

Plate spacing 
S 

Wall thickness 
T 

Mean diameter 
D  

100.0  34.8  2.9  1.1  21.1  

Table 3 
Average parameters of fillers of CSL and NCSL specimens.  

Model Cylindrical Aluminum foam  Round inner tube 

Porosity 
θ (%) 

Mass 
mfoam (g)  

Diameter 
d (mm) 

Thickness 
t (mm) 

Mass 
minner (g) 

CSL1  89.6  17.6  / / / 
CSL2  84.6  26.1  / / / 
NCSL1  89.6  13.2  8.9 1.1 48.8 
NCSL2  84.6  19.6  8.9 1.1 48.8  
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H = D + T. To reveal the effect of deformation mechanism on me-
chanical response, the experimental deformed configurations of HSL, 
CSL1 and NCSL1 models are displayed in Fig. 3(a), (c) and (e) as in-
stances. The FEM simulation is also carried out by ABAQUS/Explicit, 
with details in Supplementary Material S2. In the simulation, the tube 
parameters and loading conditions are exactly same as those in experi-
ment to make a comparison. The numerical force–displacement curves 
of the five models are presented as dashed lines with hollow symbols in 
Fig. 2(a), and the deformation process is recorded in Fig. 3(b), (d) and 
(f). 

As shown in Fig. 3(a) and (b), the deformation of HSL model presents 
a three-phase behavior. In phase I, upper and lower sides of cylindrical 
shells are flattened and respectively attached to the loading and sup-
porting plates, and the middle plates are getting close to each other. As 
the crushing progresses, the middle plates of the tube contact each other 
at about 13.6% normalized displacement, and the deformation of the 
tube enters phase II. The flattened zones of cylindrical shells are 
enlarged significantly, and the middle plates begin bending reversely. At 
about 59.5% normalized displacement, the upper and lower middle 
plates respectively touch the loading and supporting plates, and the 
deformation enters the final phase. In the final phase, the middle plates 
are gradually flattened and attached to the loading and supporting 
plates, and the tube deformation is increasingly severe until the model 

completely loses the energy absorption potentials. For CSL model, due to 
strong load-carrying capacity and high squeezability of aluminum foam, 
the force–displacement curve is obviously higher than HSL model, and 
the deformation process is basically the same. For NCSL model, the foam 
filler is highly densified at about 35%-45% normalized displacement, 
when the inner tubes start resisting the compressive load. Therefore, the 
force–displacement curve of NCSL model presents a sudden increase 
here, and thus displays a four-phase deformation process. 

Overall, the experimental and simulation results of HSL model 
coincide well with each other, and the deformation is nearly longitu-
dinal symmetrical. The difference between experimental and simulation 
results is mainly caused by the manufacturing error of specimens and 
ideal assumptions of material constitutive relations. The upper and 
lower halves of HSL specimen occur slight horizontal sliding, and thus 
the final deformed process of specimen occurs later than simulation and 
the maximum experimental force is significantly smaller than that ob-
tained from FEM simulation. Besides, the steel is adopted as bilinear 
elastic–plastic constitutive model and the aluminum foam is adopted as 
crushable foam model, which slightly differs from behavior of real 
material of specimen. 

Herein, the deformation phases of NCSL models are defined as phases 
I-IV, and the displacement between i-th and i + 1-th phases of NCSL 
model is denoted by ui (1 ≤ i ≤ 3), as shown in Fig. 2(a).The critical 

Fig. 2. Mechanical response of HSL, CSL and NCSL models with various foam porosity: (a) force–displacement curves and (b) key performance indicators.  

Fig. 3. Deformed configurations of (a)–(b) HSL model, (c)–(d) CSL1 model and (e)–(f) NCSL1 model obtained from experiments and FEM simulations.  
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displacements u1 and u2 are approximated as (Supplementary Material 
S3). 
{

u1 = S
u2 = (D − T − d − t)θ (1)  

and the approximate solution of u3 can be obtained from (Supplemen-
tary Material S3). 

(H − u3)

(

arcsin
u3

H
− arcsin

S
H

)

= W
[

1 − cos
(

arcsin
u3

H
− arcsin

S
H

)]

(2) 

The accuracy of Eqs. (1) and (2) are validated by FEM simulation 
(Supplementary Material S3). 

2.3. Key performance indicators 

In this paper, the specific energy absorption SEAm and normalized 
energy absorption efficiency η are adopted as key performance in-
dicators. The effective stroke ratio is taken as ESR = Sef /H = 0.7 [21], 
where Sef is the effective stroke. The total energy absorption EA can be 
calculated by. 

EA =

∫ 0.7H

0
Fdu (3) 

The specific energy absorption SEAm is defined as the energy ab-
sorption per unit mass. 

SEAm =
EA
m

(4)  

where m is the mass of the model. For single tube model, it is satisfied 
that.  

where ρout, ρfoam and ρin are respectively defined as the densities of outer 
tube material, aluminum foam filler and inner tube material. Herein, the 
density of aluminum foam filler can be calculated by. 

ρfoam = ρAl(1 − θ) (6) 

where ρAl is the density of homogeneous aluminum equaling 2.7 g/ 
cm3. The normalized energy absorption efficiency η is defined as the 
ratio of the mean load Fmean [22] to the maximum load Fmax. 

η =
Fmean

Fmax
=

EA
0.7HFmax

(7)  

where Fmax is adopted between u = 0 and u = 0.7H. The energy ab-
sorption properties of the five models in experiments and FEM 

simulations are calculated and displayed in Fig. 2(b). The specific energy 
absorption SEAm obtained from experiments and FEM simulations 
coincide well with each other, and the experimental normalized energy 
absorption efficiency ηis slightly larger than that of FEM simulation 
because of manufacturing error. From the results in Fig. 2, the composite 
design can obviously enhance the load-carrying capacity, among which 
NCSL models display largest SEAm, and the energy absorption capacity 
can be increasingly enlarged by decreasing the foam porosity. For 
instance, NCSL2 model displays SEAm two times larger than that of HSL 
model. Because the maximum force is also increased, ηof the proposed 
models is weakened compared with HSL model. Even so, the loss of 
energy absorption efficiency can be impaired by decreasing inner tube 
thickness or selecting suitable foam porosity, which will be proven in 
Section 4. 

3. Theoretical model 

To predict the energy absorption performance of the proposed 
models, a theoretical static model is proposed in this section. It is proven 
that the interaction effect of composite structure [23] can be ignored 
when subjected to lateral loads (Supplementary Material S4), and thus 
the crushing force of complete model can be approximated as the 
summation of forces of all single elements [24]. 

For thin-walled outer tube and inner tubes made by base metal, the 
mechanical response can be analyzed by plastic hinge model, where 
plastic deformation is assumed only occurring at the plastic hinges. 
Since elastic strain in metals is of the order of 0.001, whereas the 
effective stroke ratio is 70%, it is reasonable to neglect the elastic 
deformation process. The rigid-plastic model with isotropic linear 
hardening is adopted here to describe the constitutive relation of ma-
terial [11,25]. 

M = M0

(

1 +
Ept0

3σs
⋅k
)

(8)  

where M0 = σst2
0L0/

(
2

̅̅̅
3

√ )
is the yield moment, t0 and L0 are wall 

thickness and axial length, and k is the curvature calculated by k = α/
(4t0) [11], where α is the inclined angle. 

The location of plastic hinges is firstly assumed, where only a quarter 
of the model is considered here because of symmetry. Geometry, 
moment and equilibrium equations are then established in Table 4, to 
obtain the analytical solution of the crushing force of outer tube Fout, 
which can be derived as.  

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

mHSL = 2ρoutLT
[

W + D
(

π − arcsin
S
D

)]

mCSL = 2ρoutLT
[

W + D
(

π − arcsin
S
D

)]

+
πρfoamL(D − T)2

2

mNCSL = 2ρoutLT
[

W + D
(

π − arcsin
S
D

)]

+
πρfoamL

[
(D − T)2

− (d + t)2 ]

2
+ 2πρinLtd

(5)   
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Table 4 
Theoretical model and core equations of the outer tube in each phase.  

Analysis Phase I (0⩽uout < u1) Phase II (u1⩽uout < u3) Phase III (u3⩽uout < D − T)

Theoretical model 

eometry equation sinβ =
uout

D 
sinβ =

uout

D

kAB =
2
W

(

arcsin
uout

D
− arcsin

S
D

)

sinβ =
uout

D

kFB =
2
W

(

arcsin
u3

D
− arcsin

S
D

)

ΔkF =
2
W

(

arcsin
u3

D
− arcsin

S
D

)

ΔkB =
1

4T

(

arccos
2RFB − D + u3

2RFB

− arccos
2RFB − D + uout

2RFB

+ arcsin
uout

D
− arcsin

u3

D

)

RFB =
W
2

(

arcsin
u3

D
− arcsin

S
D

)− 1

p =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R2
FB −

(

RFB −
D
2
+

uout

2

)2
√

Moment equation 
MD = M0

(

1 +
EpT
3σs

⋅
2
D

)

ME = M0

(

1 +
EpT
3σs

⋅
2β
4T

)

MAB = M0

[

1 +
EpT
3σs

⋅kAB

]

MC = M0

(

1 +
EpT
3σs

⋅
2
D

)

MF = M0

[

1 +
EpT
3σs

⋅(kFB + ΔkF)

]

MB = M0

(

1 +
EpT
3σs

⋅(kFB + ΔkB)

)

Equilibrium equation FD⋅
D
2

cosβ = MD + ME

Fout = 2FD 

FC⋅
D
2

cosβ = MAB + MC

FD⋅
D
2

cosβ = MD + ME

Fout = 2(FC + FD)

FC⋅
D
2

cosβ = MB + MC

FF⋅p = MF + MB

Fout = 2(FC + FD + FF)

Fout =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

4σs,outLT2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

3
(
D2 − u2

out

)√

(

1 +
Ep,outT
3σs,outD

+
Ep,out

12σs,out
arcsin

uout

D

)

(0⩽uout < u1)

2σs,outLT2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

3
(
D2 − u2

out

)√

{

4 +
Ep,outT
3σs,outD

[

4 +
2D
W

(

arcsin
uout

D
− arcsin

S
D

)

+
D
2T

arcsin
uout

D

]}

(u1⩽uout < u3)

2σs,outLT2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

3
(
D2 − u2

out

)√

{

4 +
Ep,outT
3σs,outD

[

4 +
2D
W

ψ +
D
4T

(
3arcsin

uout

D
− arcsin

u3

D

+arccos
W − (D − u3)ψ

W
− arccos

W − (D − uout)ψ
W

)]}

+2σs,outLT2ψ
[
3W2 − 3(W − Dψ + uoutψ)2 ]− 1

2

⋅
{

2 +
Ep,outT
3σs,outD

[
6Dψ
W

+
D
4T

(
arcsin

uout

D
− arcsin

u3

D

+arccos
W − (D − u3)ψ

W
− arccos

W − (D − uout)ψ
W

)]}

(u3⩽uout < D − T)

(9)   
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where uout, σs,out and Еp,out are respectively the crushing displacement, 
yield stress and hardening modulus of the outer tube, 
andψ = arcsin(u3/D) − arcsin(S/D). 

Similarly, the crushing force of single inner round tube Fin can be 
derived as. 

Fin =
4σs,inLt2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

3
(
d2 − u2

in
)√

(

1 +
Ep,int

3σs,ind
+

Ep,in

12σs,in
arcsin

uin

d

)

(10)  

where uin, σs,in and Еp,in are respectively defined as the crushing 
displacement, yield stress and hardening modulus of the inner tube. The 
accuracy of Eqs. (9) and (10) are validated by the experimental and 
simulation results (Supplementary Material S5). From the results, the 
analytical solutions of Fout and Fin coincide well with experimental and 
simulation results before densification stage. At large crushing 
displacement, the theoretical prediction gradually goes lower than the 
experimental and simulation results, which is caused by the assumption 
of plastic hinge model [26]. 

The deformation of aluminum foam is assumed consisting of plateau 
stress phase and densification phase, where σpl is the plateau stress and 

εd is the densification strain. The energy absorption per unit equivalent 
volume SEA V,foam can be derived based on energy method [27]. 

SEA V,foam =

⎧
⎪⎪⎨

⎪⎪⎩

σplufoam

D − T
(
ufoam⩽ud

)

σplufoam

D − T
+

m
n + 1

( ufoam

D − T
− εd

)n+1 (
ufoam > ud

)
(11) 

(Supplementary Material S6), where m and n are constants deter-
mined by experiment results in Fig. S4, ufoam is the crushing displace-
ment of foam, and ud=(D-T)εd is the densification displacement. The 
real-time equivalent volume of foam cylinder in CSL and NCSL models 
can be expressed as. 

Veq,foam− CSL =
L
(
D − T − ufoam

)

2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2(D − T)ufoam − u2
foam

√

+
L(D − T)2

2
arctg

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2(D − T)ufoam − u2

foam

√

D − T − ufoam

(12)  

and  

Fig. 4. The crushing force of (a) complete CSL model and (b) complete NCSL model with various foam porosities obtained from theoretical analysis and 
FEM simulation. 

Veq,foam− NCSL =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

L
{

π
4
(D − T)2

(

1 −
2
π arcsin

D − T − ufoam

D − T

)

+
D − T − ufoam

2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2(D − T)ufoam − u2
foam

√

−
π
4
(d + t)2

+
(d + t)2

2
arccos

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2(D − T)ufoam − u2

foam

√

d + t

−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
2(D − T)ufoam − u2

foam

)[
(d + t)2

− 2(D − T)ufoam + u2
foam

]√

2

⎫
⎪⎪⎬

⎪⎪⎭

(
ufoam⩽ucr

)

L
[

π
4
(D − T)2

(

1 −
2
π arcsin

D − T − ufoam

D − T

)

+
D − T − ufoam

2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2(D − T)ufoam − u2
foam

√

−
π
4
(d + t)2

]

(
ufoam > ucr

)

(13)   
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respectively (Supplementary Material S6). The critical displacement ucr 
here is defined as the critical displacement in calculating Veq,foam-NCSL, 
which can be expressed as. 

ucr = D − T −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(D − T)2
− (d + t)2

√

(14) 

(Supplementary Material S6). Therefore, the total energy absorption 
of each aluminum foam cylinder in CSL model can be expressed as. 

EAfoam,CSL =

⎧
⎪⎪⎨

⎪⎪⎩

σplufoam

D − T
Veq,foam− CSL

(
ufoam⩽ud

)

[
σplufoam

D − T
+

m
n + 1

( ufoam

D − T
− εd

)n+1
]

Veq,foam− CSL
(
ufoam > ud

)

(15) 

The lateral crushing force of each aluminum foam cylinder in CSL 
model Ffoam,CSL can be obtained by Ffoam,CSL = dEAfoam,CSL/dufoam and 
approximated as. 

Ffoam,CSL =

⎧
⎪⎨

⎪⎩

σpl

D − T
Veq,foam− CSL

(
ufoam⩽ud

)

[ σpl

D − T
+

m
D − T

( ufoam

D − T
− εd

)n ]
Veq,foam− CSL

(
ufoam > ud

)

(16)  

where the term dVeq,foam-CSL/dufoam is ignored because its effect to Ffoam, 

CSL is limited. Similarly, the lateral crushing force of each foam cylinder 
in NCSL model Ffoam,NCSL can be expressed as. 

Fig. 5. Initial configurations of (a) hollow self-locked (HSL), (b)composite self-locked (CSL) and (c) nested composite self-locked (NCSL) systems under dynamic 
loading conditions (v = 20 m/s). 

Fig. 6. The effects of the foam porosity on force–displacement curves and key performance indicators for (a)–(b) CSL system and (c)–(d) NCSL system.  
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Ffoam,NCSL =

⎧
⎪⎨

⎪⎩

σpl

D − T
Veq,foam− NCSL

(
ufoam⩽ud

)

[ σpl

D − T
+

m
D − T

( ufoam

D − T
− εd

)n ]
Veq,foam− NCSL

(
ufoam > ud

)

(17) 

The accuracy of the crushing force of single aluminum foam cylinder 
in CSL and NCSL models provided by Eqs. (16) and (17) are verified by 
simulation results (Supplementary Material S5). 

Because the thin-walled outer tube is made of solid metal, it is 
approximately satisfied that. 

uout = ufoam,CSL = ufoam,NCSL (18) 

The crushing force of CSL model can thus be obtained by adding that 
of outer tube and aluminum foam filler due to weak interaction effect 
(Supplementary Material S4). 

FCSL = Fout + 2Ffoam,CSL (19)  

where the expressions of Fout and Ffoam,CSL are provided in Eqs. (9) and 
(16), respectively. 

For NCSL models, according to Eq. (1), it is satisfied that. 

uin = uout − u2 = uout − (D − d − T + t)θ (20) 

Based on Eq. (20), the Heaviside step function H(x) is introduced 
here. 

H(x) =
{

0 x⩽0
1 x > 0 (21) 

Therefore, the crushing force of NCSL model can be expressed by. 

FNCSL = Fout + 2Ffoam,NCSL +H[uout − (D − d − T + t)θ ]⋅2Fin (22)  

where the expressions of Fout, Ffoam,NCSL and Fin are provided in Eqs. (9), 
(17) and (10), respectively. 

The theoretical crushing force of complete CSL and NCSL models 
obtained from Eqs. (19) and (22) are depicted as dashed lines with 
hollow symbols in Fig. 4, where the foam porosity θ is set ranging from 
74.6% to 89.6%. The thickness of inner tube is adopted as 0.5 mm and 
other parameters are adopted the same as NCSL1 model in Section 2. As 
comparison, the simulation is also carried out and the results are dis-
played as solid symbols in Fig. 4, which coincide well with analytical 
solutions. It is demonstrated that the maximum crushing force of NCSL 
model can be controlled lower than CSL model by selecting suitable 
inner tube thickness, which is beneficial for improving the energy ab-
sorption efficiency. The theoretical model established in this section 
displays high accuracy, and can reveal the effect of deformation mech-
anism on energy absorption performance under static loading condition. 

Considering the actual requirements in engineering fields, parametric 
study of the newly-designed multiple-tube systems is then carried out 
under dynamic loading condition, which will be provided in Section 4. 

4. Parametric study 

In this section, more than a hundred FEM simulation models of CSL 
and NCSL multiple-tube systems are established and applied to dynamic 
loading condition, to reveal the effects of foam porosity, inner tube 
diameter and thickness on energy absorption performance. As compar-
ison, the FEM simulation of HSL system is also carried out, and a 
guideline on the design of composite self-locked energy absorption 
systems is summarized. HSL, CSL and NCSL systems in this section are all 
assembled by 35 tubes, with the stacking arrangement and loading 
condition displayed in Fig. 5. 

4.1. Effects of foam porosity θ 

In this section, the foam porosity θ of the models is set ranging from 
74.6% to 89.6%, with constitutive models provided in Supplementary 
Material S7. The geometric parameters of the outer tube are the same as 
Table 2, and the inner tubes of NCSL models satisfy d = 10 mm and t =
0.5 mm. 

The force–displacement curves of CSL systems with various θ are 

Fig. 7. The effects of inner tube parameter on (a) SEAm and (b) η of NCSL systems.  

Fig. 8. SEAm and η of all CSL and NCSL system models with v = 20 m/s.  
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depicted in Fig. 6(a), and the specific energy absorption SEAm and the 
normalized energy absorption efficiency η of the systems are calculated 
based on Eqs. (3)-(7) and displayed in Fig. 6(b). Besides, the force-
–displacement curve and key performance indicators of HSL system are 
also illustrated in Fig. 5. From the results, the composite design can 
significantly enhance the load-carrying capacity, whilst the maximum 
crushing force is also increased. SEAm is obviously enhanced when 
decreasing foam porosity, and the CSL system with θθ of 74.6% can 
achieve SEAm of 4.92 J/g. η decreases with θ when θ < 82% and in-
creases with θ when θ > 82%, and ηof CSL system is larger than HSL 
system only when θ > 88%. Therefore, taking both energy absorption 
capacity and efficiency into consideration, θ = 89.6% can be approxi-
mated as optimal design for CSL system, which can display SEAm and η 
respectively 35.4% and 11.9% larger than HSL model. Specially, for 
emergent engineering conditions where energy absorption capacity is 
overarching, θcan be adopted as about 74.6%, which can achieve SEAm 
3.22 times of that of HSL system in spite of weakening η of about 15.4%. 

For NCSL systems, SEAm can also be promoted when decreasing θ and 
the enhancement effect is relatively weaker than CSL systems, because 
the foam filler volume is smaller. Consistent with CSL systems, η of the 
NCSL system nearly decreases with θ when θ < 82% and increases with 
θθ when θ > 82%, and η of NCSL system exceeds HSL system only when 
θ > 88%. As shown in Fig. 5(d), the NCSL system with θ = 89.6% can 
achieve SEAm and ηrespectively 39% and 6.6% larger than HSL model 
when d = 10 mm and t = 0.5 mm. Therefore, the energy absorption 
properties of NCSL systems can be increasingly promoted by adjusting 
d and t, which will be discussed in Section 4.2. 

4.2. Effects of inner tube diameter d and thickness t 

The effects of inner tube diameter d and thickness t on the energy 
absorption performance of NCSL systems are investigated here, where 
the foam porosity is selected as the optimal value of 89.6% based on 
conclusions of Section 4.1. Herein, the inner tube geometry is deter-
mined by normalized parameters, including diameter ratio of inner to 
outer tube d/D and ratio of thickness to diameter of inner tube t/d. Forty- 
nine FEM simulation models of NCSL systems are established here, with 
d/D ranging from 0.35 to 0.65 and t/d ranging from 0.02 to 0.08. 

The effects of d/D and t/d on SEAm and η of NCSL systems obtained 
from simulation results are depicted as contour plots, as shown in Fig. 7. 
As comparison, the energy absorption properties of HSL system obtained 
from FEM simulation are also symbolled. From the results in Fig. 7(a), 
SEAm significantly increases with t/d, especially when d/D is relatively 

large. Moreover, SEAm decreases with d/D when t/d ≤ 0.04 and in-
creases with d/D when t/d ≥ 0.05. It can be seen that NCSL systems 
display energy absorption capacity much larger than HSL system, and 
the enhancing effect can exceed 50% when t/d ≥ 0.05. As shown in 
Fig. 7(b), the systems with relatively large t/d and d/D exhibits weak 
energy absorption efficiency, because the stiffness of inner tubes is too 
large. Specially, NCSL systems display maximum efficiency of about 
38.89% when t/d = 0.05 and 0.4 ≤ d/D ≤ 0.45, which is 14.72% larger 
than that of HSL system. Therefore, the comprehensive performance can 
be enhanced by properly designing the fillers, and t/d = 0.05 and 0.4 ≤
d/D ≤ 0.45 are adopted as the optimal design considering both energy 
absorption capacity and efficiency. 

4.3. Comparison of CSL and NCSL systems with HSL system 

To reveal the combined effect of aluminum foam filler and inner 
tubes to energy absorption properties, the simulation results of more 
than a hundred system models are summarized in Fig. 8, where foam 
porosity θ, diameter ratio of inner to outer tube d/D and ratio of thick-
ness to diameter of inner tube t/d are respectively selected from 74.6% 
to 89.6%, 0.35 to 0.65 and 0.02 to 0.08. As a contrast, the energy ab-
sorption properties of HSL system obtained from FEM simulation are 
depicted as black dashed lines here. The two black dashed lines divide 
the indicator space into four subspaces, and the desired system model 
should have the energy absorption properties in the upper right sub-
space, indicating the improvement in both capacity and efficiency 
compared with traditional non-filling model. From the results, CSL and 
NCSL system models with θ = 89.6% as marked in dashed green circle of 
Fig. 8 exhibit best comprehensive properties, which is consistent with 
the observations in Section 4.1. Specially, NCSL system models display 
extreme superior properties after geometry optimization, and the 
optimal design for inner tubes is t/d = 0.05 and d/D = 0.4–0.45, which 
coincides well with the results of Section 4.2. Taking both convenience 
and properties into consideration, CSL system model with θ = 89.6% and 
NCSL system models with θ = 89.6%, t/d = 0.05 and d/D = 0.4–0.45 can 

Fig. 9. Initial configurations of CSL systems with various graded design in Section 5: (a) positive stiffness gradient, (b) without stiffness gradient and (c) negative 
stiffness gradient. 

Table 5 
Details of the three typical impact loading conditions adopted in Section 5.  

Loading mode Impact energy E (kJ) Mass M0 (kg) Initial velocity v0 (m/s) 

Low-speed 20 100 20 
Medium-speed 20 25 40 
High-speed 20 11.1 60  
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be approximated as the optimal design in engineering applications, 
which can respectively promote SEAm and ηby at least 35.3% and 11.9%. 
The results summarized in this section is based on the dynamic loading 
condition with v = 20 m/s, and it is proven that the conclusion of 
optimal design here is suitable for other dynamic condition. 

5. Functionally graded design 

Due to the convenience of discretely assembling, the proposed 
multiple-tube systems can easily improve the dynamic mechanical 
performance in practical applications by functionally graded design 
[28], where the stiffness distribution can be controlled by adjusting the 
foam porosity arrangement, enabling the discrete body to display the 
expected properties of continuum body. 

In this section, a series of CSL system models with various foam 
porosity gradients are established as instances to reveal the effect of 
functionally graded design, of which the layer number is 18 and total 
tube number is 45, as shown in Fig. 9. The foam porosity is set as con-
stant every six layers, and the integral tube thickness of each region is 
changed linearly. The average foam porosity of the systems is all set as 
82.1%, and the total mass and height of all systems respectively equal 

5.13 kg and 254.3 mm. The porosity gradients Δθ /ΔN are set as 
− 0.83%, 0 and 0.83% here as shown in Fig. 9, where Δθ/ΔN is defined 
as the foam porosity span divided by layer number of the system, rep-
resenting the systems with positive stiffness gradient, without stiffness 
gradient and with negative stiffness gradient, respectively. The thickness 
of outer tubes T is set as 0.5 mm to enhance the effect of the foam filler, 
and other parameters are the same as Section 4.1. 

Based on the calculation result of total energy absorption EA in 
Section 4.1, the loading plate with the impact energy E of 20 kJ is 
imposed to crush the systems. Three typical loads with same impact 
energy and initial velocities of 20 m/s, 40 m/s and 60 m/s are adopted as 
shown in Table 5, respectively representing low-speed, medium-speed 
and high-speed loading conditions. 

5.1. Low-speed loading condition 

The systems with various stiffness graded designs display different 
deformed configurations under same loading condition, bringing in 
significant effect on force–displacement curve characteristics (Supple-
mentary Material S8). The force–displacement curves of CSL system 
models with various graded design under impact loading with v0 = 20 

Fig. 10. Force-displacement curves and key performance indicators of CSL system models with various graded design under impact loading with various crush-
ing velocities. 
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m/s are depicted in Fig. 10(a), with SEAm and η respectively calculated 
and displayed in Fig. 10(b) and (c). Due to the stiffness difference of the 
regions near the loading plate, the system with positive gradient design 
displays weakest initial impact force peak and the system with negative 
gradient design displays strongest initial impact force peak. However, 
because the loading velocity is relatively small, the dynamic response is 
not intense and the force is increasing gently with the crushing 
displacement, and accordingly, the damage of the initial impact force 
peak can be neglected. Due to same average stiffness, the specific energy 
absorption SEAm of the three systems is almost equaling during the 
deformation process. From the results in Fig. 10(c), there is no apparent 
quality difference between η of the systems with various graded design. 
Therefore, the effect of the stiffness graded design of the proposed sys-
tem is not significant in low-speed loading condition, and the energy 
absorption performance is mainly dominated by average stiffness. 

5.2. Medium-speed loading condition 

For the loading condition with v0 = 40 m/s, the deformation process 
of the three systems is almost the same as that of Section 5.1, but the 
equivalent plastic strain level difference between the systems is more 
distinct on account of the increasing crushing velocity. The force-
–displacement curves of the models with various graded design under 
impact loading with v0 = 40 m/s are depicted in Fig. 10(d), with SEAm 
and η respectively calculated and displayed in Fig. 10(e) and (f). Similar 
as the dynamic response under low-speed loading condition, the system 
with negative stiffness gradient exhibits strong initial force peak and 
appears low value after that, and the system with positive stiffness 
gradient displays more stable force–displacement curve. As shown in 
Fig. 10(f), the normalized energy absorption efficiency η of the system 
with positive stiffness gradient maintains high level during the defor-
mation, and thus the system can be imposed with positive stiffness 
gradient in engineering fields to reply to medium-speed loading condi-
tion, to attenuate the initial impact force peak and improve compre-
hensive energy-absorbing performance. 

5.3. High-speed loading condition 

The force–displacement curves of the models with various graded 
design under impact loading with v0 = 60 m/s are depicted in Fig. 10(g), 
with SEAm and η displayed in Fig. 10(h) and (i), respectively. The initial 
force peak of the systems with the negative stiffness gradient and uni-
form stiffness is much more sharp due to the increase of the loading 
velocity, resulting in great damage to energy absorption efficiency based 
on Eq. (7). Taking both energy absorption capacity and efficiency into 
consideration, the system with positive stiffness gradient design is 
selected as the optimal design to apply to high-speed loading condition 
in this paper. 

As a summary, the proposed systems can easily improve the dynamic 
mechanical performance by functionally graded design due to the con-
venience of discretely assembling, and the system with positive stiffness 
gradient can be applied as the optimal design to apply to various engi-
neering conditions. This conclusion is different from part of previous 
studies, because the force–displacement curves of the self-locked sys-
tems are comparatively stable due to the interspaces among energy- 
absorbing elements, which had been proven in high-speed impact 
experiment [20], and thus the damage caused by initial force peak under 
dynamic loading condition is more obvious. 

6. Conclusion 

In this paper, composite self-locked (CSL) and nested composite self- 
locked (NCSL) energy absorption systems were proposed, and experi-
ments, FEM simulations and theoretical analysis were carried out to 
reveal their energy-absorbing response. Specific conclusions are as 
follows.  

(1) The deformation process of CSL and NCSL systems could be 
divided into three and four phases, respectively, and the energy 
absorption capacity was significantly enhanced. Although the 
maximum crushing force was also increased, it was proven that 
the energy-absorbing efficiency maintained high level by suitable 
design of aluminum foam and inner tubes.  

(2) The analytical solutions of the crushing force of CSL and NCSL 
models were derived based on plastic hinge analysis and energy 
method, revealing the effect of deformation mechanism on static 
mechanical response, and its accuracy was validated by experi-
ments and FEM simulation.  

(3) Parametric study of multiple-tube systems was carried out, to 
reveal the effect of foam porosity and inner tube parameter under 
dynamic loads. The optimal values of θθ, d/D and t/d were 
respectively 89.6%, 0.4–0.45 and 0.05, promoting capacity and 
efficiency by 35.3% and 11.9%. 

(4) The proposed systems could easily enhance the dynamic me-
chanical performance in engineering applications by functionally 
graded design due to the convenience of discretely assembling, 
and the system with positive stiffness gradient was the optimal 
design. 
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