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A B S T R A C T   

In this paper, the crushing behaviors of composite pre-folded tubes made of KFRP/CFRP hybrid laminates 
subjected to quasi-static axial loads are investigated both experimentally and numerically. The full-diamond 
origami pattern and its variation forms with curved lobes are considered for the tube design. Five pre-folded 
tube specimens with different ply stacking sequences consisting of CFRP and KFRP woven fabrics are manu-
factured and tested in quasi-static axial compression tests. The finite element models for pre-folded tubes made of 
KFRP/CFRP hybrid laminates are developed and validated with the experimental results. A comprehensive 
parametric study on the energy absorption properties of CFRP/KFRP hybrid composite tubes with various ge-
ometries is performed numerically. The results show that the energy absorption performance of the composite 
tubes has a strong correlation with the composition of hybrid fiber and the specimen with the stacking sequence 
of ½0

�

k =0
�

c =0
�

c =0
�

k� has the best overall energy absorption performance among the five specimens tested. Moreover, 
it is found that by converting the standard full-diamond pattern to the curved variation forms, the energy ab-
sorption performance of the pre-folded tubes can be improved.   

1. Introduction 

A significant amount of energy absorption devices have been 
designed to protect humans from injury and important devices from 
damage during the crush of an accident. Due to the relatively low 
manufacturing cost, thin-walled steel tubes with circular or polygonal 
cross-sectional shapes are among the most commonly used energy ab-
sorption devices in vehicles [1–5]. However, these metallic tubes are 
often associated with an undesirable high peak crushing force, erratic 
fluctuation in the force-displacement curve and a relatively low specific 
energy absorption (SEA) [6]. 

To improve the energy absorption performance of the conventional 
steel tubes, many research efforts have been made with regards to the 
structural optimization and material selection of thin-walled tubes [7]. 
On one hand, an effective way to reduce the peak crushing force and 
suppress the fluctuation in the force history is to introduce imperfections 
to the tube wall in the forms of dents [8], grooves [9], corrugations [10] 
and pre-folded origami patterns [11–14], among which the origami 
patterns are a very efficient way to trigger some desired collapse modes 
and lower the initial peak force. For example, Ma and You [11] found a 

new collapse mode in origami crash boxes, known as the complete 
diamond mode, which features double traveling plastic hinges and leads 
to a maximum of 92.1% increase in the energy absorption and 20.9% 
reduction in the peak force as compared to conventional tubes with 
identical weight. Zhou et al. [12] performed low velocity impact tests on 
trapezoidal origami crash boxes and suggested that increasing the sur-
face area ratio and lowering the module numbers are beneficial to 
trigger the complete diamond mode and the origami crash boxes 
exhibited a much lower peak force and higher mean crushing force than 
the conventional straight tubes. Ma et al. [13] studied origami crash 
boxes with a kite-shape rigidly-foldable origami pattern. Their results 
showed that a smooth force-displacement curve can be obtained, with 
the maximum increase of 29.2% in SEA and the maximum reduction of 
56.5% in initial peak force as compared to the conventional square 
tubes. Moreover, Yuan et al. [14] studied two types of tapered origami 
crash boxes, showing that they can produce more stable and consistent 
failure modes than straight ones when subjected to eccentric or oblique 
load. On the other hand, a main trend in recent years is the use of 
composite materials on energy absorption tubes due to the high 
strength-to-weight ratio offered by these materials. For example, Wang 
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et al. [15] investigated the effects of ply angle and wall thickness of 
carbon-fiber reinforced polymer (CFRP) tubes in axial crushing tests. 
Their results indicated that increasing the ply angle could reduce the 
peak force Pmax, the mean crush load Pm, the specific energy absorption 
(SEA) and the crush load efficiency (CLE), and with the increase in wall 

thickness, both Pmax and Pm were increased whereas SEA and CLE were 
first increased and then decreased. Boria et al. [16] investigated the 
impact behavior of the frontal thin-walled impact box made of CFRP, 
and showed that by progressively reducing the wall thickness of CFRP 
crash box, the force peaks could be effectively reduced. Mamalis et al. 

Fig. 1. (a) A basic module of the full-diamond pattern (a lobe is highlighted as the red triangle); (b) Top view of the module; (c) The concave curved module; (d) The 
convex curved module. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. (a) The assembly of the female and male dies; (b) The manufactured test specimen.  
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[17] presented a study on square CFRP thin-walled tubes subjected to 
static and dynamic axial compressive loading. Their results showed that 
the CFRP tubes collapsed in a brittle manner. Furthermore, to avoid the 
unstable brittle collapse modes found in CFRP thin-walled tubes, the 
metal-composite hybrid tubes such as metal/GFRP [18] and met-
al/CFRP [19–22] have also been developed. For instance, Kalhor and 
Case [18] studied steel/GFRP tubes and showed that by introducing an 
initial plastic deformation in the steel tubes, the crushing load efficiency 
could be increased by up to 13% as compared to the original tube. 
Bambach et al. [19] presented an experimental study on the square 
hollow section steel/CFRP hybrid tubes subjected to axial impact. Their 
results showed that the hybrid tubes exhibited an axis-symmetric 
ductile, stable plastic collapse mode and SEA of the hybrid tubes sur-
passed those of pure-steel or pure-CFRP tubes with the same geometries. 
Reuter et al. [20] reported an experimental and numerical study on the 
circular aluminum/CFRP hybrid tubes. Their results suggested that a 
37% increase in the SEA could be achieved by the hybrid tubes when 
compared to pure aluminum tubes. Hussein et al. [21] used specially 
designed platens with sharp and round tip blades as triggers to reduce 
the initial peak crushing force and increase the energy absorption of 
aluminum/CFRP tubes. Sun et al. [22] studied the hybrid effect of alu-
minum/CFRP hybrid tubes and showed that in the optimal case, the 
energy absorption of the hybrid tube was nearly twice as much as the 
sum of the energy absorption of its two components acting separately. 

The existing work mentioned above suggested that introducing the 
origami patterns to the thin-walled metal tubes is an efficient means to 
reduce the initial peak crushing force while using composite materials to 
manufacture thin-walled tubes shows great potential to increase the 
specific energy absorption. However, to the best of our knowledge, re-
searches on combining origami patterns with thin-walled composite 
tubes are relatively rare. In our previous work [23], we reported our first 
endeavor to understand the energy absorption properties of CFRP tubes 
with the full-diamond origami pattern. According to this work, while 
CFRP tubes with origami patterns showed some interesting behaviors, 

we also found that these tubes were associated with some brittle collapse 
modes that restricted the fully utilization of the wall material in the 
energy absorption process. Kevlar fibers were originally developed as a 
replacement of steel in automotive tires. Distinctive features of Kevlar 
are high impact resistance, low elongation up to breaking point and low 
density. Besides, Kevlar may protect carbon fibers and improve their 
properties: hybrid fabric (Kevlar þ Carbon fibers) combines very high 
tensile strength with high impact and abrasion resistance. Inspired by 
the works on metal-composite hybrid tubes, e.g. Refs. [18–22], in this 
paper we try to extend our previous work by introducing Kevlar-fiber 
reinforced polymer (KFRP) woven fabric into the wall of the original 
CFPR tubes with origami patterns. Moreover, some geometrical modi-
fications to the original full-diamond pattern are investigated. The re-
sults of the present work show that the CFRP/KFRP hybrid tubes with 
modified full-diamond patterns exhibit much more intriguing axial 
crushing behaviors than previous designs. The layout of the paper is 
arranged as follows. The geometries of the full-diamond pattern and its 
variations are introduced in Section 2. The experimental study on five 
pre-folded composite tube specimens with various ply stacking se-
quences is presented in Section 3. The finite element (FE) modelling 
procedure is developed and validated in Section 4. The results of the 
parametric study on pre-folded tube models with various geometries are 
discussed in Section 5. Finally, a brief summary concludes the paper. 

2. Geometrical design 

In this paper, the full-diamond pattern, also known as the Yoshimura 
pattern, is employed as the standard structure for the tube designs. A 
basic folded module of the full-diamond pattern is shown in Fig. 1(a), 
where the solid and dashed lines correspond to the hill and valley folds, 
respectively. The module consists of two layers of N (for the current case, 
N ¼ 8) periodically arrayed identical isosceles triangular facets, referred 
to as lobes, and has a polygonal cross-section with N sides, as shown in 
Fig. 1(b). Denote the bottom length and the height of each lobe by a and 
l, respectively, the height of the module by h, the acute angle between 

Table 1 
Geometrical properties, stacking sequences and experiment results of five test specimens.  

Specimens H (mm)  t (mm)  Mass (g) Stacking sequence Pmax (kN)  Pmean (kN)  CFE  SEA(J/g)  

M83_kkkk 150.2 0.84 45.35 ½0
�

k =0
�

k =0
�

k =0
�

k� 5.49 2.22 0.404 7.60 

M83_cccc 149.9 0.92 60.36 ½0�c =0
�

c =0
�

c =0
�

c � 23.01 5.82 0.252 15.50 

M83_kkkc 148.9 0.85 49.1 ½0�k =0
�

k =0
�

k =0
�

c � 9.54 3.81 0.400 10.19 

M83_kcck 150.2 0.81 52.59 ½0�k =0
�

c =0
�

c =0
�

k� 15.88 5.24 0.330 14.14 

M83_kccc 149.6 0.95 56.61 ½0�k =0
�

c =0
�

c =0
�

c � 19.71 4.24 0.215 9.75  

Fig. 3. The force-displacement curves of five test specimens with different 
layer stacking sequences. Fig. 5. Mesh convergence test.  
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the lobe plane and the cross-sectional plane of the module by θ (2θ is 
called as folding angle), and the radius of the circumscribed circle of the 
cross-section by R, which is referred to as the outer radius of the tube for 
simplicity. The following relationships can be obtained, 

h¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4l2 �
a2ð1 � cos αÞ2

sin2 α

s

(1)  

cos θ¼
að1 � cos αÞ

2l sin α (2)  

R¼
a

2 sin α (3)  

where α ¼ π=N. According to Eqns. (1)–(3), h, θ and R are fully deter-
mined once the dimensions of the lobe (i.e. a and l) and the number of 
lobes in the circumferential direction (i.e. N) of the module are given. 

Two types of modification to the original full-diamond pattern are 

considered in this paper. In the first type, the valley folds are replaced by 
arcs that are curved inwards of the module, yielding a so-called concave 
curved model, as shown in Fig. 1(c). In the second modification, the 
valley folds are replaced by arcs that are curved outwards of the module, 
yielding a convex curved model, as shown in Fig. 1(d). For both concave 
and convex curved models, the curved ratio ω is defined as the ratio 
between the radius of the arc r and the outer radius of the tube R. 

3. Experimental study 

3.1. Experiment method 

The fabrication procedure of the specimens is as follows. Firstly, an 
aluminum female die, consisting of two half parts, was manufactured 
according to the outer surface of the specimen. Secondly, a dummy mold 
made of PMI foam was machined according to the inner surface of the 
specimen, and then the male die made of silicone gel was made using the 
dummy mold. Thirdly, dry woven fabrics were laid onto the outer sur-
face of the male die according to the desired lay-up sequence, and then 
the male die was put inside the female die whose two half parts were 
fixed together with bolts. The assembly of the female and male die is 
shown in Fig. 2(a). In the fourth step, the epoxy resin was injected into 
the gap between the female and male dies using the vacuum bag forming 
method. Finally, the test specimens were obtained by removing the male 
and female dies after the epoxy resin cured at room temperature. 

Five pre-folded tube specimens were fabricated. Each specimen 
consists of four layers of carbon/epoxy and/or Kevlar/epoxy woven 
fabrics. The stacking sequences of the five specimens are ½0

�

c =0
�

c =0
�

c =0
�

c�, 
½0
�

k =0
�

k =0
�

k =0
�

k�, ½0
�

k =0
�

k =0
�

k =0
�

c�, ½0
�

k =0
�

c =0
�

c =0
�

k� and ½0
�

k =0
�

c =0
�

c =0
�

c�, 
where the ply angle is measured with respect to the axial direction of the 
specimen and the subscripts c and k denote carbon and Kevlar fibers, 
respectively. Each specimen consists of three modules in the axial di-
rection, i.e. M ¼ 3. The module parameters for the five specimens are 
identical, with a, l and N being 32.47 mm, 130 mm and 8, respectively. 
The geometrical properties and stacking sequences of the five specimens 
are summarized in Table 1, where H and t are the total height and wall 
thickness of the specimens. 

We performed quasi-static axial compression tests with the fabri-
cated specimens on a universal testing machine (CMT-5105, MTS/ 
SANS). In the experiments, the test specimens were loaded between two 

Table 2 
Material properties of CFRP and KFRP.  

Description Variable CFRP KFRP 

Density (kg/m3) ρ  1394 1270 
Poisson’s ratio ν12  0.04 0.093 
Longitudinal modulus in elastic stage (GPa) E1  50.8 21.09 
Longitudinal modulus in plastic stage (GPa) Et1  – 7.69 
Transverse modulus in elastic stage (GPa) E2  44.9 21.15 
Transverse modulus in plastic stage (GPa) Et2  – 6.52 
In-plane shear modulus in elastic stage (GPa) G12  3.48 1.87 
In-plane shear modulus in plastic stage (GPa) Gt12  – 0.185 
Longitudinal tensile yield strength (MPa) X1t0  – 240.6 
Longitudinal tensile failure strength (MPa) X1t  530.1 240.6 
Longitudinal compressive yield strength (MPa) X1c0  – 62 
Longitudinal compressive failure strength (MPa) X1c  549.2 85.7 
Transverse tensile yield strength (MPa) X2t0  – 375.8 
Transverse tensile failure strength (MPa) X2t  401.2 375.8 
Transverse compressive yield strength (MPa) X2c0  – 61.5 
Transverse compressive failure strength (MPa) X2c  449.4 87.7 
In-plane shear yield strength (MPa) S0  – 48.3 
In-plane shear failure strength (MPa) S  111.5 60.3  

Fig. 4. (a) The Al/CFRP hybrid tube specimen; (b) The crushing force per unit mass versus displacement curves of specimen M83_kcck and the Al/CFRP hybrid tube.  

H. Ye et al.                                                                                                                                                                                                                                       
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Fig. 6. CFRP material tests: (a) 0� tensile test, (b) 90� tensile test, (c) 0� compression test, (d) 90� compression test, (e) in-plane shear test.  
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Fig. 7. KFRP material tests: (a)  0� tensile test, (b)  90� tensile test, (c)  0� compression test, (d)  90�compression test, (e) in-plane shear test.  
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Fig. 8. (a) The FE model and (b–f) comparison of the FE (dashed line) and experimental (solid line) results of models: (b) M83_kkkk, (c) M83_kkkc, (d) M83_kcck, (e) 
M83_kccc and (f) M83_cccc. 

H. Ye et al.                                                                                                                                                                                                                                       
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10-mm thick aluminum plates, as shown in Fig. 2(b). Each plate was 
engraved with a 2.5 mm deep octagonal groove identical to the cross- 
sectional polygon of the specimen to prevent the ends of the specimen 
from moving during loading. The axial crushing load was applied with a 
constant crosshead rate of 4 mm per minute. The maximum crushing 
distance δc was set to 105 mm, equivalent to 70% of the height of the 
tube. 

3.2. Results 

Four key indicators are used to characterize the energy absorption 
properties of the specimens, namely the peak crushing force Pmax, the 

mean crushing force Pmean, the crush force efficiency (CFE) and the 
specific energy absorption (SEA), where Pmax is measured as the highest 
point on the force-displacement curve, and Pmean is defined as 

Pmean¼
EA
δc

(4)  

δc is the crushing distance, where EA is the total energy absorption, 
which is obtained as the area under the force-displacement curve, 

EA¼
Z δc

0
PðxÞdx (5) 

Fig. 9. The twelve pre-folded models in Section 5.1.  
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CFE and SEA are defined as the ratios between Pmean and Pmax and 
between EA and the mass of crushed part (i.e. 70% height) of the tube, 
respectively. 

Fig. 3 shows the force-displacement curves of the five specimens. The 
values of the four key indicators of the five specimens are given in 
Table 1. It is noted that the pure CFRP specimen M83_cccc has the 
highest Pmax, Pmean and SEA among the five specimens but with a low 
CFE. The pure KFRP specimen M83_kkkk has the lowest Pmax, Pmean and 
SEA among the five specimens but with a high CFE. Among the three 
hybrid composite specimens, M83_kkkc has the lowest Pmax and Pmean 
but the highest CFE, M83_kcck has the highest Pmean and SEA, and 
M83_kccc has the highest Pmax and the lowest CFE. Considering that a 
higher SEA and CFE and a lower Pmax are desirable, the hybrid specimen 
M83_kcck appears to have the best overall energy absorption perfor-
mance among the five specimens. 

Moreover, we compared the test results of the hybrid specimen 
M83_kcck to an aluminum-CFRP (Al/CFRP) hybrid tube, as shown in 
Fig. 4(a). The Al/CFRP tube wall consists of an inner and outer layer of 
CFRP fabrics and a middle layer of 1 mm thick aluminum sheet. The 
total weight of the Al/CFRP tube is 141.2 g. The crushing force per unit 
mass versus displacement curves of specimen M83_kcck and the Al/ 
CFRP tube are shown in Fig. 4(b). Note that the hybrid specimen 
M83_kcck outperforms the Al/CFRP tube. 

4. Numerical simulation 

4.1. FE modelling procedure 

In this paper, the finite element (FE) analysis was performed using 
the FE solver ABAQUS/Explicit (SIMULIA Corp., USA). The FE tube 
models were meshed using the reduced-integration four-node shell el-
ements S4R with an average mesh size of 3 mm according to the mesh 
convergence test (Fig. 5). To apply the axial compressive load, two rigid 
plates meshed with R3D4 elements were attached to the ends of the tube 
model using the tie constraints, as shown in Fig. 8(a). The surface-to- 
surface contacts between the rigid plates and the tube and the self- 
contact of the tube wall were modeled using the general contact algo-
rithm with a friction factor of 0.28 [24]. During the simulation, all 
rotational and translational degrees-of-freedom of the bottom rigid plate 
were constrained, and the top rigid plate was displaced along the axial 
direction of the tube towards the bottom plate by a distance of 105 mm 
(70% of the tube height). The duration of loading was chosen as 2 s 
according to the convergence study on the loading rate, in which we 
gradually reduce the loading rate until further reduction in the loading 
rate has negligible influence on the simulation results. 

Table 3 
Parameters and FE results of the models in section 5.1, where H ¼ 150 mm, R ¼
42:43 mm, t ¼ 0:81mm and the stacking sequence is ½0

�

k =0
�

c =0
�

c =0
�

k� for all 
models.  

Model N  M  2θ (�)  Pmax (kN)  CFE  SEA (J/g)  Collapse mode 

M0 – – – 19.81 0.238 11.94 II, IDM  
M52 5 2 155.61 7.86 0.345 7.26 II, IDM  
M62 6 2 162.76 10.42 0.325 9.34 II, IDM  
M72 7 2 167.22 11.83 0.329 10.47 II, IDM  
M82 8 2 170.16 13.13 0.308 10.63 Iþ II, IDM  
M53 5 3 144.08 7.58 0.356 7.07 II, CDM 
M63 6 3 154.38 9.59 0.339 8.69 IIþ III, IDM  
M73 7 3 160.93 11.95 0.29 9.29 III, IDM  
M83 8 3 165.28 14.4 0.339 13.16 Iþ II, IDM  
M54 5 4 133.25 7.06 0.397 7.49 II, CDM  
M64 6 4 142.26 8.99 0.328 8.0 II, CDM  
M74 7 4 154.75 11.28 0.354 10.8 II, IDM  
M84 8 4 160.46 9.63 0.309 8.53 III, IDM   

Fig. 10. (a) The normalized initial peak forces Pmax, (b) the normalized CFE 
and (c) the normalized SEA versus N of the twelve models in Section 5.1. 
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Fig. 11. The crushing processes of five models: (a) M0, (b) M72, (c) M73, (d) M74 and (e) M54.  
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The material properties of the CFRP and KFRP woven fabrics used in 
the study were obtained from the tensile, compression and shear tests 
with material test specimens according to the ASTM D3039, D6641 and 
D3518 standards, respectively, and are listed in Table 2. The stress- 
strain curves of the CFRP and KFRP are shown in Figs. 6 and 7, 
respectively. The CFRP woven fabric was simulated using the plane- 
stress orthotropic material model with the built-in failure criterion 
[25]. Due to the significant nonlinear responses of the KFRP woven 
fabric under compression and shear, the built-in material models in 
ABAQUS/Explicit were unable to simulate the behaviors of KFRP well. 
By referring to the works published in Refs. [26,27], we developed a 
user-defined material subroutine (VUMAT) for the KFRP woven fabric, 
in which a plane-stress elastoplastic constitutive model with linear 
plastic hardening was employed. Because of the thin wall of the com-
posite tube and good adhesion between hybrid fiber materials, the 
delamination phenomenon between CFRP and KFRP is not obvious. 
Thus, the FE model does not consider the delamination. The element 
eliminations of CFRP and KFRP are realized using the built-in failure 
criterion and the maximum strain failure criterion in VUMAT, 
respectively. 

4.2. Validation 

To validate the FE modeling procedure, we generated the FE models 

of the five test specimens described in Section 3.1 and compared the 
simulation results with the experiment results. Four distinct collapse 
modes of the composite tubes were observed, and for clarity, they are 
referred to as mode I – progressive brittle fracturing, mode II – pro-
gressive local buckling, mode III – unstable local buckling and mode IV – 
mid-length collapse. The force-displacement curves and the crushing 
processes obtained from the FE simulations and experiments of the five 
tubes are shown in Fig. 8(b–f). Incidentally, due to the manufacturing 
cost, only the tests for specimens M83_kcck are repeated for three times 
and good repeatability of the experiment results can be observed. Note 
that both the force-displacement curves and the interim crushed states of 
the five models exhibit good agreements between the FE and experi-
mental results. The deviations in the peak and mean crushing forces are 
8.5% and 17.0% for model M83_kkkk, 2.5% and 7.3% for model 
M83_kkkc, 9.3% and 9.6% for model M83_kcck, 5.7% and 20.2% for 
model M83_kccc, and 14.9% and 1.5% for model M83_cccc. The errors 
between the FE and experimental results arise mainly from two sources. 
The first are the manufacturing imperfections of the specimens. These 
imperfections include geometrical imperfections such as the rounded 
creases and material imperfections such as local misalignment of the 
fibers. The second source is attributed to the difference of the boundary 
conditions used in the FE simulation and the actual boundary conditions 
in the experiment. This is particularly the case for the case of model 
M83_kccc. It is observed in the test of specimen M83_kccc that when the 
crushing displacement was between 20 mm and 80 mm, the bottom end 
of the specimen jumped out of the groove of the loading plate. In the 
later stage of the crushing process, the bottom end of the specimen went 
back into the groove again, which is consistent to the boundary condi-
tions used in the FE model. Therefore, the largest error between the FE 
and experimental results occurred during the 20 mm–80 mm crushing 
distance of sample M83_kccc. The ends of the other specimens always 
remained in the grooves of the loading plates during the test. Therefore, 
the errors between the FE and experimental results of the other speci-
mens are smaller than that of M83_kccc. Besides, both the FE and 
experimental crushed states show a progressive local buckling process (i. 
e. collapse mode II) in models M83_kkkk, M83_kkkc and M83_kcck, an 
unstable mid-length collapse mode (i.e. mode IV) in model M83_kccc, 
and a mixture of modes I and III in model M83_cccc. 

5. Parametric studies 

5.1. Parametric study on models with straight folds 

First, the influences of the geometries of the hybrid pre-folded tube 
on the energy absorption behavior are investigated. Twelve models with 
different side number N of the cross-section and number of modules M 
are considered, as shown in Fig. 9. All models have the same height H of 
150 mm, outer radius R of 42.4 mm, and wall stacking sequence of 
½0�k =0

�

c =0
�

c =0
�

k�. The detailed parameters of these models are summarized 
in Table 3. A conventional straight tube, referred to as model M0, is used 
as the benchmark, whose height, radius and wall stacking sequence are 
identical to those of the pre-folded tube models. 

The normalized initial peak forces Pmax of the twelve models plotted 
against the side number N of the cross-section are shown in Fig. 10(a), 
where Pmax of a model is defined as the ratio of the peak force of the 
model to that of M0, and the square, round and triangular dots represent 
models with 2, 3 and 4 modules, respectively. It is noted that all pre- 
folded models have a lower initial peak force than that of the straight 
tube model, with the maximum 64.6% reduction of the initial peak force 
observed in model M54. In general, the initial peak force decreases with 
the decrease in N. Fig. 10(b) plots the normalized CFE of the twelve 
models against N, where the normalized CFE is obtained as the ratio of 
the CFE of a model to that of M0. It is shown that there are evident in-
creases in the CFE of all pre-folded models as compared to that of model 
M0, with the highest percentage increase of 66.9% observed in model 

Fig. 12. The force-displacement curves of models M74 and M54.  

Fig. 13. The normalized CFE (plotted against the left y-axis) and SEA (plotted 
against the right y-axis) versus 2θ of the twelve models in Section 5.1. 
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M54. In general, the normalized CFE increases with the decrease in N. 
Finally, the normalized SEA of the twelve models are plotted in Fig. 10 
(c). In general, SEA increases with the increase in N. When comparing 
the SEA of the pre-folded models to that of model M0, however, it is 
shown that the straight tube model outperforms most of the pre-folded 
models considered with the exception of model M83 whose SEA is 
10% higher than that of model M0. Besides, there are no strong corre-
lations between the module number M and the initial peak force, 
normalized CFE and SEA. The aforementioned influences of the geom-
etry indicate that pre-folding will reduce the initial peak force and help 
to improve the CFE and SEA through increasing fold crease numbers. 

The energy absorption behaviors of the models have a strong cor-
relation with their crushing process and collapse modes. Fig. 11 shows 
five representative cases of the crushing processes of the tube models. 
According to Fig. 11(a), the straight tube model collapses in an unstable 
local buckling process (i.e. mode III). Both horizontal stationary and 

inclined traveling plastic hinges appear during the crushing process of 
model M0, which plays an important role in the energy absorption of the 
model. The crushing processes of models M72 and M74 are shown in 
Fig. 11(b) and (d). For instance, the second configuration in Fig. 11(b) 
indicates that two pairs of traveling plastic hinge lines are formed along 
the four sides of the lobe in the module. As the tube is further com-
pressed, the traveling plastic hinge lines move away from each other, 
deforming the corner areas, as can be observed from the third configu-
ration in Fig. 11(b). The rotation of the corner and the in-plane stretch 
caused by the sweeping of traveling plastic hinge lines all contribute to 
the dissipation of energies [11]. It is shown that both models have a 
stable mode II collapse mode in which the modules are folded one after 
another, and plastic hinges are formed along the mountain and valley 
folds and travel into the lobes, which boosts the energy absorption ca-
pacity of these models. In contrast, unstable local buckling (mode III) 
occurs in model M73, leading to an inclined collapse process, as illus-
trated by Fig. 11(c). The difference in the crushing behaviors of models 
M72, M74 and M73 explain that models M72 and M74 have a higher 
CFE and SEA than model M72. Moreover, to illustrate the difference 
between the complete diamond collapse mode (CDM) and the incom-
plete diamond collapse mode (IDM), we compare the crushing process of 
model M74 in Fig. 11(d) to that of model M54 shown in Fig. 11(e). In the 
latter case, a typical complete diamond collapse is highlighted with the 
red ellipse, and more CDMs appear as the model further collapses. In 
contrast, the crushing process of model M74 involves only incomplete 
diamond collapse mode, which is highlighted by the red ellipse in Fig. 11 
(d). Fig. 12 compares the force-displacement curves of models M54 and 
M74. It is noted that model M74 has small force fluctuation in the 
post-buckling region (i.e. displacement larger than 50 mm) than model 
M54. This is due to the fact that the CDM found in model M54 requires 
larger more energy to jump to the next mode than the IDM does. In 
general, according to Table 3, models with CDM have lower peak force 

Fig. 14. The ten curved models based on model M83 in Section 5.2.  

Table 4 
Parameters and FE results of ten curved models modified from model M83.  

Model ω  Pmax (kN)  CFE  SEA (J/g)  

M0 – 19.81 0.238 11.94 
M83 – 14.40 0.339 13.16 
M83C06 0.6 11.51 0.456 12.34 
M83C08 0.8 11.69 0.452 13.39 
M83C10 1.0 12.35 0.392 12.41 
M83C12 1.2 10.44 0.438 11.77 
M83C14 1.4 12.25 0.404 12.61 
M83V06 0.6 5.89 0.657 10.09 
M83V08 0.8 6.72 0.534 9.43 
M83V10 1.0 8.33 0.340 6.76 
M83V12 1.2 11.31 0.295 7.70 
M83V14 1.4 10.31 0.374 9.76  
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and higher CFE but lower SEA than models with IDM. 
Although the folding angle 2θ is not an independent parameter due 

to Eqn. (2), it plays an important role in the prediction of collapse mode 
of the pre-folded tubes. Fig. 13 shows the normalized CFE (plotted 
against the left y-axis) and SEA (plotted against the right y-axis) versus 
2θ of the twelve models, where the triangle and square dots are used to 
indicate the CFE and SEA values, respectively. Ideally, one hopes that 
the pre-folded tube has both high CFE and high SEA, meaning that both 
the square and triangle dots of an ideal tube model in Fig. 13 should 
locate as close to the top boundary as possible. It is noted that when 2θ is 
in the range of 130� to 145� , all the models in this range are associated 
with mode II and CDM collapse modes, and the distances between the 
square and triangle dots of these models are relatively large, indicating 
that there is a large mismatch between the performance goals for CFE 
and SEA. On the other hand, the models with 2θ ranging from 145� to 
175� assume IDM collapse modes, and the square and triangle dots are in 
general closer to each other as compared to those in the previous range. 

5.2. Parametric study on curved models 

In this section, we will show that by converting the straight folds and 
planar lobes to curved ones, the energy absorption properties of the pre- 
folded tubes can be further improved. First, ten curved models modified 
from model M83 are considered, as shown in Fig. 14, whose curved 
ratios ω range from 0.6 to 1.4. The detailed parameters of the ten models 
are listed in Table 4, where the letters “C” and “V” in the model names 
represent the concave and convex models, respectively. The other 
geometrical parameters and stacking sequence of the ten models are the 
same as those of model M83. 

The normalized initial peak force Pmax of the curved models are 
plotted against ω in Fig. 15(a), where the square and circle dots corre-
spond to the concave and convex models, respectively. It is noted that 
the initial peak forces of all curved models are lower than those of 
models M0 and M83, with the highest reduction to that of model M0 
reaching 70:27% observed in model M83V06. For the concave models, 
the curved ratio has little influence on the initial peak forces, while for 
the convex models, Pmax increases as the curved ratio are increased. The 
normalized CFE values of the curved models are plotted in Fig. 15(b). It 
can be observed not only that the CFEs of all curved models are signif-
icantly larger than that of model M0 with the highest increase of 176.1% 
observed in model M83V06 but also that most curved models except 
M83V12 have higher CFE than that of model M83. Similar to the peak 
force results, the curved ratio shows much greater influence on the 
convex models than on the concave models. For the convex models, the 
CFEs first decrease then increase as the curved ratio is increased. The 
normalized SEA values of the curved models are shown in Fig. 15(c). It is 
noted that the SEAs of the concave models are higher than that of model 
M0 whereas those of the convex models are lower than that of model 
M0. Again, the curved ratio shows little influence on the SEAs of the 
concave models. For the convex models, the SEAs first decrease and then 
increase with the increase in the curved ratio. Among the curved pre- 
folded models, model M83C08 has the best SEA performance. 

From the above discussion, we find that the concave and convex 
models exhibit distinct energy absorption behaviors. To illustrate the 
reason for the difference, the force-displacement curves and the crush-
ing processes of models M83V06 and M83C06 are shown in Fig. 16. 
According to Fig. 16(a), model M83C06 has a higher mean crushing 
force than model M83V06, meaning that the former has a higher energy 
absorption capacity than the latter. On the other hand, model M83V06 
shows less fluctuation in the crush force history, with its initial peak 
force being nearly half of that of model M83C06, meaning that model 
M83V06 has a higher crush force efficiency. When it comes to the 
crushing process, although both models show a progressive local buck-
ling mode, namely mode II, the details of the collapse processes are quite 
different. For model M83V06, local buckling occurs first in the middle 

Fig. 15. (a) The normalized initial peak forces Pmax, (b) the normalized CFE 
and (c) the normalized SEA versus ω of the ten curved models based on M83 in 
Section 5.2. 
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module of the tube, and plastic deformation mainly occurs in this region 
until the module is fully squeezed. For model M83C06, the collapse 
process propagates from the top end to the bottom end of the tube. As 
the top module undergoes crushing, the rest lobes deform synchro-
nously, forming relatively tough triangular areas (indicated by the red 
dashed triangle), which provide support to the top module and prevent 
early buckling of the rest modules. We believe that this particular phe-
nomenon gives rise to the high energy absorption capacity of model 
M83C06. 

Next, we compare the energy absorption performances of twelve 
concave curved models that are converted from the twelve straight-fold 
models M52 – M84 in Section 5.1 with a uniform curved ratio of 0.8. The 
detailed parameters of these models are listed in Table 5. The 

normalized initial peak forces Pmax, the normalized CFE and the 
normalized SEA of the twelve curved models and their straight-fold 
counterparts are plotted against N in Fig. 17(a–c), respectively, where 
the red, green and magenta represent models with 2, 3 and 4 modules, 
respectively, and the solid and dash-dotted lines correspond to the 
curved and straight-fold models, respectively. Several findings can be 
gained from Fig. 17. First, all curved models except when N ¼ 5 have a 
lower normalized Pmax than the corresponding straight-fold counter-
parts. Second, the CFEs of all curved models are significantly increased 
as compared to those of the straight-fold counterparts. Finally, most 
curved models have a higher SEA than their straight-fold counterparts. 
These findings confirm that by converting the straight folds to curved 
ones, the energy absorption performance of pre-folded tubes can be 

Fig. 16. (a) The force-displacement curves of models M83V06 and M83C06. (b) The crushing process of model M83V06. (c) The crushing process of model M83C06.  
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further improved. 

6. Conclusion 

In this study, the effects of geometrical parameters and wall material 
composition on the energy absorption performances of pre-folded 
composite tubes with hybrid KFRP/CFRP laminates subjected to quasi- 
static axial compression are investigated both experimentally and 
numerically. The standard full-diamond pattern and its variation forms 
with curved lobes and five different ply stacking sequences for the wall 
material are considered in the study. 

The main findings of this study are summarized as follows. First, the 
energy absorption performance of the composite pre-folded tube has a 
strong correlation with the composition of hybrid fiber. The model with 
the stacking sequence of ½0�k =0

�

c =0
�

c =0
�

k� has the best overall energy ab-
sorption performance among the five stacking sequences considered. 
Second, for the standard full-diamond origami tubes, increasing N or 
reducing M will increase both the initial peak force and the specific 
energy absorption but lead to a decrease in the crushing force efficiency. 
Therefore, in order to gain a balanced energy absorption performance 
among Pmax, SEA and CFE, intermediate N and M should be chosen. 
Third, the energy absorption performance of pre-folded tubes has a 
strong correlation with the collapse modes. A stable progressive local 
buckling collapse would lead to more traveling plastic hinges, which 
increase energy absorption. Also, when a local buckling collapse mode 
mix with complete diamond collapse manner, it usually leads to a large 
fluctuate to the crushing force. Fourth, the folding angle 2θ shows a 
certain influence on the energy absorption performance of the pre- 
folded tubes. The complete diamond mode only exists in the range of 
130� to 145� and mix with Mode II collapse, but showing a much larger 
unbalance of CFE and SEA than tubes with a dihedral among 145� to 
175� . Finally, by converting planar lobes to curved ones, the energy 
absorption performance of the pre-folded tubes can be improved. 
Among the curved pre-folded models, model M83C08 shows the best 
SEA performance, curved pre-folded models with w ¼ 0.8 showing a 
versatile improvement on the peak force, crushing force efficiency and 
specific energy absorption of the straight pre-folded models, and only 
with small SEA compromise compared to the benchmark. Besides, the 
load uniformity of curved pre-folded tube has been significantly 
improved compared to the circular tube and pre-folded tubes with 
straight creases. A 176.1% increase in CFE as compared to model M0 is 
achievable by model M83V06. 

It is worth mention that the work presented in this paper stems from 
a series of research projects by the authors towards a systematic un-
derstanding of the energy absorption properties of composite tubes with 
origami patterns. Our ongoing work includes investigating pre-folded 
tubes with other origami patterns and using the pre-folded tube as the 
core of sandwich cylindrical structure. The results will be discussed in 

Table 5 
Parameters and FE results of twelve concave curved models that are converted 
from the twelve straight-fold models in Section 5.1 with a uniform curved ratio 
of 0.8.  

Model N  M  Pmax (kN)  CFE  SEA (J/g)  

M52C08 5 2 8.17 0.476 8.37 
M62C08 6 2 9.72 0.499 11.50 
M72C08 7 2 11.28 0.362 9.13 
M82C08 8 2 12.39 0.383 11.41 
M53C08 5 3 9.55 0.623 11.67 
M63C08 6 3 9.25 0.508 10.81 
M73C08 7 3 11.82 0.458 12.08 
M83C08 8 3 11.69 0.452 13.38 
M54C08 5 4 10.48 0.592 10.26 
M64C08 6 4 9.91 0.502 9.94 
M74C08 7 4 10.96 0.478 11.79 
M84C08 8 4 9.23 0.457 10.62  

Fig. 17. (a) The normalized initial peak forces Pmax, (b) the normalized CFE 
and (c) the normalized SEA versus N of the twelve curved models in Table 5 and 
their straight-fold counterparts. 
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