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Abstract
The crashworthiness of an automobile bumper plays a vital role in overall vehicle safety. Energy absorption efficiency, as
well as predictable and stable performance, are the most demanding features in the design of the bumper system. To this
end, this paper presents a series of innovative bumper designs using built-in origami patterns. Also, we outline a
numerical framework for evaluating the energy absorption performance of a bumper when subjected to an impact
loading. Comparative analyses on full frontal and 40% offset frontal impact tests are conducted numerically for both low
and high-speed scenarios. It is found that the designed failure modes are successfully triggered and followed during the
collision process for the combined origami beam-origami crash box design. Most importantly, this optimal design could
absorb 31.5% more energy than the conventional bumper.
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Introduction
Traﬃc accidents have increased dramatically accompanying the rapid development of the vehicle industry. A report from the World Health Organization1
predicted that road traﬃc injuries could be the third
leading cause of disease and injury by 2020 due to the
expansion of car markets, especially in less developed
countries. Apart from severe injuries to human
beings, an accident once happens, often leads to catastrophic damages to the vehicles involved.
The most common approach to minimize the loss of
life and property in an impact accident is to install
energy absorption devices in the vehicles. A typical
energy absorption system in an automobile is a frontal
bumper. It is composed of one cross-beam and two
crash boxes attached to both ends, which are designed
to deform and absorb kinetic energy in the event of a
collision. The cross-beam usually takes a shallow curved
proﬁle with an open or closed cross-section, whereas the
crash box is often a tapered thin-walled tube.
The collapse and energy dissipation of thin-walled
tubular structures, which are mostly adopted in
designing impact resistance structures, has been a
long-standing research topic with extensive research
outcomes on tubes with various geometries and loading scenarios.2–15 Recently, a new design approach to
increase the energy absorption of tubes is to pre-fold
the thin-walled structures following speciﬁcally
designed origami patterns. Origami is an ancient art

of producing three-dimensional objects through folding a piece of paper. In the past, the design of thinwalled deployable cylinders in aerospace booms
already used various origami patterns for eﬃcient
packaging.16–18 By introducing pre-folded origami
patterns to the surface of a thin-walled structure,
researchers successfully designed various innovative
crash boxes.19–25 The foremost objective is to get rid
of the large undesirable initial peak force and subsequent force ﬂuctuation, and meanwhile to improve
the overall energy absorption eﬃciency.
Signiﬁcant eﬀorts have been undertaken to study
the energy absorption performance of individual
structural component with diﬀerent origami patterns.
The design was capable of absorbing considerably
more energy than conventional counterparts and
inducing new collapse modes. Relevant experiments
and numerical studies were conducted to understand
this phenomenon and the main factors governing the
overall performance. Besides the eﬀorts regarding
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quasi-static loading, the energy absorption characteristics subject to dynamic oblique loading were also
evaluated.26 In addition, analytical solutions for the
elastic energy absorption were proposed for Miura-ori
tessellation by some researchers.27 More recently, it
was reported that suitable geometric imperfection
could better improve the compliance of origami
crash boxes with more stable and better collapse performance.28 On the other hand, more eﬃcient origami
beams were also developed following the same technique, as included in our previous work.29,30 Despite
these eﬀorts, most existing work focuses on the performance of individual origami components, whereas
investigation on the assembled behaviors, for
instance, a bumper system, is less developed in the
open literature.
In this work, we outline a numerical framework to
demonstrate the energy absorption capability of
an assembled automobile bumper consisting of an
origami beam29 and two origami crash boxes.19,20
The layout of this paper is as follows. First, the
upcoming section presents the design of new bumpers
considering diﬀerent combinations of conventional
and origami components. Next, two major categories
of impact tests conducted in this work are brieﬂy
introduced. After that, the details of the ﬁnite element
modeling scheme are given. Furthermore, the numerical results of full and partial overlap frontal impact
tests are presented and discussed. In the end, a summary of the results and conclusions are provided.

Bumper design
Conventional beam (denoted as Cb ) and origami
beam (denoted as Ob ), as shown in Figure 1(a)
and (b), were designed to take the shallow curved
proﬁle. The cross-section of the conventional beam
component is chosen as a closed form, the same as
the origami counterpart. Cb had a uniform square
cross-section, whereas Ob had origami modules
along the entire beam segment. The details of the geometric design were shown in Figure 2(a).29 The beam
dimensions, as well as design parameters of the origami module, are listed in Table 1, where S is the
surface area, and M is the number of modules in the
axial direction.
On the other hand, conventional crash boxes
(denoted as Cc ) and origami crash boxes (denoted as
Oc ) were also designed and shown in Figure 1(a) and
(b). Both Cc and Oc took a tapered tubular proﬁle,
with two opposite sides inclined and the other two
straight. The developed and folded conﬁgurations
of the origami cash box module are shown in
Figure 2(b).20 The design parameters of the origami
pattern for the crash box are listed in Table 2.
Four groups of bumpers were assembled accounting for diﬀerent combinations of conventional and
origami components. They were: A Conventional
beam–Conventional crash boxes (denoted as CC);
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B Conventional beam–Origami crash boxes (denoted
as CO); C Origami beam–Conventional crash boxes
(denoted as OC); and D Origami beam–Origami crash
boxes (denoted as OO). The assembled bumpers are
also listed in Table 3. The beam and crash boxes were
connected using small transitional plates.
Regarding the manufacture of abovementioned
components, a common approach is to stamp sheet
material through a set of molds to form the origami
pattern31 and make two half tubes/beam, which can
be then joined together through spot-welding. After
that, the origami crash boxes can be bolted or welded
to the origami beam to form the complete bumper
system. It is worth pointing out that the mass of diﬀerent bumper systems was controlled to be nearly the
same, with the maximum diﬀerence being around 0.5%.

Impact tests
A vehicle could be hit from diﬀerent angles at diﬀerent speeds in a real-world car crash. Thus, a frontal
bumper needs to pass a series of impact tests to ensure
an all-around sound performance. Several standards
and protocols32–36 are currently adopted in the design
of a bumper subjected to low and high-speed impacts.
Speciﬁcally, a vehicle strikes a rigid barrier at its frontal bumper covering either the whole width or only
one end of the bumper. The low-speed impact is usually below 9.3 mph, and for the high-speed impact, it
is no larger than 40 mph. Here we mainly considered
two categories of impact tests as below:
1. Full frontal crash test at low speed. The rigid barrier, shown in Figure 1(a), was designed to conform
to the IIHS Bumper Test Protocol (Version VII).32
The barrier length had L1 ¼ 1524 mm, and the
radius of curvature R1 ¼ 3404 mm. The bumper
was crashed into the barrier at a constant loading
speed of 5 m/s (11.2 mph).
2. A 40% partial overlap frontal crash test at both low
and high speed. The rigid barrier was from the
RCAR structural test protocol.34 The geometry of
the barrier was: corner radius of curvature
R2 ¼ 150 mm, and barrier angle  ¼ 10 . The crashing speed was 5 m/s (11.2 mph) for low-speed impact
test and 20 m/s (44.7 mph) for the high-speed case.

Finite element modeling
A nonlinear numerical model consisting of a rigid barrier and a bumper assembly was constructed using
Abaqus/Explicit. The rigid barrier was meshed with
four-node 3D rigid quadrilateral elements R3D4.
Quadrilateral shell element with reduced integration
S4R was used to mesh the assembly. The symmetry
about the mid-plane (plane x–y in Figure 1(b)) allowed
modeling only half of the bumper. The lower ends
of the two crash boxes were ﬁxed, and symmetric
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Figure 1. (a) Front view of CC subjected to full frontal crash test, (b) front view of OO subjected to 40% partial overlap frontal
crash test, and, (c) perspective view of CC.

boundary conditions were applied to the lateral edges
on the symmetric plane. With all the other degrees of
freedom constrained, the rigid barrier was only allowed
to translate in the vertical direction with a constant
velocity. Contact interaction plays an important role
in this problem, and thus two types of contacts deﬁnition, i.e. self-contact and surface-to-surface, were both
considered in the analysis. In addition, the friction
eﬀect was also taken into account with the coeﬃcient
of friction chosen as 0.25.20 The ﬁnal crushing distance,
, was prescribed as 250 mm in the full overlap impact
tests and 200 mm was applied in the 40% overlap
impact tests.
Mild steel was selected as the bumper material. The
mechanical properties are: density  ¼ 7800 kg/m3,
Young’s modulus E ¼ 210 GPa, Poisson’s ratio
 ¼ 0:3, yield stress y ¼ 200 MPa, tensile strength

u ¼ 400 MPa, and ultimate strain "u ¼ 20:0%.
Material strain rate eﬀects were taken into account
through the Cowper–Symonds equation37
 1=qr
0d
"_
¼1þ
0
Cr

ð1Þ

where Cr and qr were material constants, and "_ is the
strain rate. Here, the material constants Cr and qr
were chosen as 6844 s1 and 3.91, respectively.38
Collectively, the ratio of artiﬁcial energy to internal
energy was also controlled to be below 5% to ensure
that the hourglassing eﬀect was negligible.39 Mesh
convergence study was conducted, and a global element size of 2 mm was found suitable and thus adopted
in the analysis. In recent publications,40,41 we presented a similar numerical framework, which has
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Figure 2. (a) Pattern geometry for the origami beam, and (b) pattern geometry for the origami crash box.

Table 1. Geometry of the cross beams.
Rb
(mm)

b
(mm)

t
(mm)

 ( )

l
(mm)

M

Model

Lb
(mm)

Cb
Ob

1276
1276

1592
1592

60
60

2.0
2.0

–
168

–
57.15

–
14

corresponding force–displacement responses are
plotted in Figure 4. The mean crushing force, Pm ,
energy absorption of the beam, Eb , and energy
absorption of the crash box, Ec are listed in Table 4.
Note that Pm was calculated using
R
Pm ¼

Table 2. Geometry of the crash boxes.
Model

a1
(mm)

a2
(mm)

b
(mm)

t
(mm)

c
(mm)

l
(mm)

M

60
60

90
90

60
60

2.0
2.0

–
22.5

–
45

–
4

Cc
Oc

0

PðxÞdx


ð2Þ

which  is the ﬁnal crushing distance.
The energy absorption performances of diﬀerent
origami bumpers are evaluated and compared.
The crushing process can be approximately divided
into three stages: (1) Stage I (0–70 mm): the collapse
of beam segment between two crash boxes; (2) Stage
II (70–120 mm): the localized ﬂattening of the beam in
the neighborhood of the two crash boxes; (3) Stage III
(120–250 mm): the crushing of the two crash boxes.

Table 3. Configurations of the bumpers.
Bumper
CC
CO
OC
OO

Beam

Crash box

Cb
Cb
Ob
Ob

Cc
Oc
Cc
Oc

been successfully used and validated in a separate
crash box study.

Results
Full frontal crash test at low speed
The sequence of crushing events is shown in Figure 3
during the frontal bumper crash test, with the color
contour representing von Mises stress. The

Performance of OC bumper. Bumper CC and OC, consisting of the same type of crash box but diﬀerent
beams, are crashed ﬁrst. At Stage I, the conventional
beam (bumper CC) develops a local kink once it contacts the rigid barrier and then swiftly forms a plastic
hinge in the mid-span with rapid growth of deﬂection.
In essence, the lateral bending collapse mode dominates its failure. On the contrary, no plastic hinge takes
place in the origami beam assembly. Instead, relatively
uniform plastic deformation is observed along the
entire beam section, leading to a longitudinal folding
deformation mode.29 The energy absorption of Stage I
was listed in Table 5. Clearly, the origami beam design
(OC) reduces the peak force Pmax by 17.5% and
increases Eb by 18.0% (comparing with CC).
The deformation mechanisms of Stages II and III
are mainly the lateral ﬂattening and folding of the
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Figure 3. Full overlap crushing processes at 5 m/s of: (a) CC, (b) CO, (c) OC, and (d) OO.

Table 4. Numerical results of the bumpers subjected to the
full overlap impact at 5 m/s.
Bumper
CC
CO
OC
OO

Figure 4. Force vs. displacement curves of bumpers subjected to the full overlap impact at 5 m/s.

beam cross-section, taking place in the neighborhood
of crash boxes for both cases. As a result, the beam
origami pattern has little eﬀect of alleviating the force
level or improving its energy absorption performance:
the overall Eb and Pm of OC are only 9.8% and

Pm
(kN)

Pm
increase

Eb
(kJ)

Eb
increase

Ec
(kJ)

Ec
increase

83.21
98.12
84.85
102.17

–
19.6%
2.0%
23.4%

7.32
7.35
8.04
8.50

–
0.4%
9.8%
16.1%

6.30
8.12
6.20
8.11

–
28.9%
1.6%
28.7%

Table 5. Numerical results of CC and OC subjected to the
full overlap impact at 5 m/s at Stage I.
Bumper
CC
OC

Pmax (kN)

Pmax
reduction

Eb (kJ)

Eb
increase

45.84
37.84

–
17.5%

1.50
1.77

–
18.0%

6
2.0% higher than those of CC respectively, as shown
in Table 4.
Therefore, while conﬁrming the eﬀectiveness of the
origami pattern at triggering the longitudinal folding
mode and mitigating the impact damage at the early
stage of collision, the results also indicate that using
origami beam alone provides a limited improvement
in term of the overall energy absorption.
Performance of CO bumper. Bumper CC and CO, consisting of the same type of beam but diﬀerent crash
boxes, are evaluated and compared to check the performance of the origami crash box as a bumper component. The same kind of beam failure modes are
observed both at Stages I and II, which is shown in
Figure 3(a) and (b). However, the subsequent crushing
of crash boxes is entirely diﬀerent at Stage III.
For bumper CC, as soon as the rigid barrier touches
the top of conventional crash boxes, some local dents,
even though of small magnitude, occur next to the
bottom. With increasing compression, localized buckles
are pushed out near the dents, developing signiﬁcant
bending deformations. On the other hand, for bumper
CO, the two origami crash boxes collapse following the
crease patterns on their surfaces although bending
results in somewhat incomplete diamond mode19 in
the end, with only well-folded lobes at the corner.
The force–displacement responses of the two bumpers are plotted in Figure 4. The two curves nearly
follow the same trajectory before reaching about
120 mm displacement during which only the beams
are deformed signiﬁcantly. Then, CO rises on top of
CC as soon as the crash boxes start to fold. The
numerical results in Table 4 show that energy
absorbed by the beam, Eb , are very close to each
other, which is reasonable because both beams collapse in an almost identical collapse mode. Despite
deviating from the ideal complete diamond mode
due to bending, the energy of CO’s crash boxes, Ec ,
is 28.9% higher than that of CC. In the end, the total
energy absorption of CO, Pm , is increased by 19.6%
compared with that of CC, which evidently demonstrates the advantage of the origami crash box.
Performance of OO bumper. In this section, bumper OO,
which consists of an origami beam and two origami
crash boxes, is studied. The crushing is observed to
follow the crease patterns on their surfaces, as shown
in Figure 3(d). It turns out that this combined design
preserves the advantages of individual origami component. However, some bending deformation is visible in
the crash box, which to some extent lowers its energy
absorption alike. The force–displacement response of
OO is plotted in Figure 4 along with the other designs,
and the summary of numerical results is given in Table
4. The peak force magnitude is similar to the other
bumpers, although the corresponding crushing distance
of OO is the largest. It reaches around 156 mm, which is
20.3% greater than that of CC. As expected, the energy
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absorption of OO bumper is the best, with its Pm reaching 23.4% higher than that of CC. Therefore, combining the two types of origami structures leads to the most
eﬃcient bumper design in this loading scenario.

Partial overlap frontal crash test
The crushing processes subjected to 40% overlap
impact at both low speed and high speed are presented
in this section. The corresponding energy absorption
performances are examined and compared.
Performance of OC bumper at low speed. Bumpers CC
and OC are again compared to understand the behavior of the origami beam when built in the bumper
assembly. The crushing process can be roughly
divided into two stages here: (1) Stage I (0–50 mm):
the localized ﬂattening of the beam segment; (2) Stage
II (50–200 mm): the crushing of the crash box.
It can be seen in Figure 5 that both types of beams
develop localized ﬂattening mode at the neighborhood
of crash boxes at Stage I. The origami beam, without
following the crease pattern, shows no apparent signs
of longitudinal folding along the length, which mostly
behaves like the conventional beam, and this, in turn,
limits its energy absorption performance. Not surprisingly, as shown in Table 6, their overall energy dissipation are very close. Here, Ec is mainly the energy
absorption of the crash box from the side of impact.
Clearly, the installation of merely the origami beam in
the bumper is not increasing the energy absorption in
the event of low-speed impact with partial overlap.
Performance of CO bumper at low speed. Here, we study
the performance of origami crash boxes by comparing
the responses of CC and CO. The crushing processes
are shown in Figure 5(a) and (b). At Stage II, crash
boxes at the impact end are completely crushed after
the localization and ﬂattening of beams. Speciﬁcally, the
conventional crash box in CC collapses in the symmetric mode, whereas the origami one in CO in a complete
diamond mode.19 It is worth noting that the bending
deformation is quite small in both types of crash boxes.
The force–displacement curves of the two bumpers
are plotted in Figure 6. Diﬀerent from the high degree of
ﬂuctuation of CC, the trajectory of CO is quite smooth.
As a desirable feature, it can deliver a relatively constant
deceleration during an impact. Additional numerical
results in Table 6 show that CO’s Ec increases by
39.7% in comparison with that of CC, which is noticeably higher than the full frontal impact. The conformity
of its crushing deformation to the crease pattern is
responsible for this improvement. Eb of the two bumpers are found very close, but Pm of CO is 27.2% higher
than that of CC, which is primarily because of the superior performance of the origami crash box.
Performance of OO bumper at low speed. The crushing
process of bumper OO is presented in Figure 5(d).
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Figure 5. The 40% overlap crushing processes at 5 m/s of: (a) CC, (b) CO, (c) OC, and (d) OO.

Table 6. Numerical results of the bumpers subjected to the
40% overlap impact at 5 m/s.
Bumper

Pm
(kN)

Pm
increase

Eb
(kJ)

Eb
increase

Ec
(kJ)

Ec
increase

CC
CO
OC
OO

64.58
82.15
65.95
83.21

–
27.2%
2.1%
28.8%

3.97
3.96
4.20
3.83

–
0.3%
5.8%
3.5%

8.21
11.47
8.16
12.15

–
39.7%
0.6%
48.0%

The crash box on the impact side collapses in a full
diamond mode without severe distortion by bending.
Moreover, the origami beam collapses in a similar
localized ﬂattening mode.
The force–displacement responses plotted in
Figure 6 shows that the curve of OO stays very
close to that of OC during the crushing of the origami
beam and subsequently jumps to the neighborhood
of CO when the origami crash box folding starts.

Figure 6. Force vs. displacement curves of bumpers subjected to the 40% overlap impact at 5 m/s.

The numerical results in Table 6 show that OO’s Ec
increases by 48.0%, whereas no Eb increase is
achieved in the same bumper. Despite the less satisfactory performance of the origami beam in OO, its

8
Pm is the highest among all the designs. The increase
of Pm is 28.8% compared with that of CC. Therefore,
OO is the most eﬃcient design regarding the energy
absorption in this loading scenario, in spite of the
minor role played by the origami beam.
Partial overlap impact at high speed. The sequence of
deformed conﬁgurations during the 20 m/s crash test
is shown in Figure 7. And the additional numerical
results are plotted and summarized in Figure 8
and Table 7.
The collapse modes of all the bumpers are very
similar to those obtained from low-speed impact
except that the bending deformation in the crash
box is less evident here. As a result, the crash boxes
develop a folding mode which looks like an axial compression event. Additionally, Pm of all of the bumpers
is found to increase noticeably when the loading speed
rises from 5 m/s to 20 m/s. The reduced bending
deformation and the strain rate eﬀects are considered
to be the leading causes of this increase. Furthermore,
an increase of over 50% in Ec is obtained for both CO
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and OO in comparison with that of CC. With its Pm
increased by 31.5% for OO bumper, it once again
demonstrates the eﬃcient energy absorption performance of the origami structures.

Figure 8. Force vs. displacement curves of bumpers subjected to the 40% overlap impact at 20 m/s.

Figure 7. The 40% overlap crushing processes at 20 m/s of: (a) CC, (b) CO, (c) OC, and (d) OO.
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Table 7. Numerical results of the bumpers subjected to the
40% overlap impact at 20 m/s.
Bumper

Pm
(kN)

Pm
increase

Eb
(kJ)

Eb
increase

Ec
(kJ)

Ec
increase

CC
CO
OC
OO

74.13
95.20
79.88
97.47

–
28.4%
7.8%
31.5%

5.15
4.69
5.28
4.71

–
8.9%
2.5%
8.5%

8.39
13.14
9.27
13.48

–
56.6%
10.5%
60.7%

Table 8. Performances of the origami beam subjected to the
three impact tests.
Eb increase
Impact test
Full overlap at 5 m/s
40% overlap at 5 m/s
40% overlap at 20 m/s

Failure mode

OC

OO

Longitudinal folding
mode
Localized flattening
mode
Localized flattening
mode

9.8%

16.1%

5.8%

3.5%

2.5%

8.5%

Eb increase is calculated in comparison with that of CC.

Table 9. Performances of the origami crash box subjected to
the three impact tests.
Ec increase
Impact test

Collapse mode

CO

OO

Full overlap at 5 m/s

Incomplete diamond
mode
Complete diamond
mode
Complete diamond
mode

28.9%

28.7%

39.7%

48.0%

56.6%

60.7%

40% overlap at 5 m/s
40% overlap at 20 m/s

Ec increase is calculated in comparison with that of CC.

Table 10. Mean crushing forces of the bumpers subjected to
the three impact tests.
Impact test

CC

CO

OC

OO

Full overlap at 5 m/s
40% overlap at 5 m/s
40% overlap at 20 m/s

83.21
64.58
74.13

98.12
82.15
95.20

84.85
65.95
79.88

102.17
83.21
97.47

The unit of the data in the table is kN.

Summary and conclusions
Four groups of novel automobile bumpers, which
account for diﬀerent origami beam and origami crash
box combinations, were designed. Comparative analyses on full frontal impact test at 5 m/s, 40% overlap
impact at 5 m/s, and 40% overlap impact at 20 m/s,

were conducted for all the designs numerically.
As expected, the optimal energy dissipation capacity
of origami component mainly lied in its axial direction.
In turn, the behavior of the beam as well as the crash
box was found to be aﬀected by the characteristics of
the loading and boundary conditions to some extent.
The energy absorbed by each structural component is
summarized in Tables 4, 6, and 7. It is quite interesting
to observe that for the full frontal crash, the contribution of the beam and the crash box is almost the same.
However, the latter one greatly surpasses the former
one by around 2 times during the partial overlap frontal crash of the OO bumper system. In other words, the
crash box plays a critical role in the overall performance of the bumper system. On the other hand, the
detailed comparisons among diﬀerent designs are
listed in Tables 8 to 10, and the major conclusions
are as follows:
(a) The origami beam was found to be compatible
with both conventional and origami crash boxes
when subjected to the impact loading. However,
its advantage in energy absorption performance,
as shown in Table 8, was closely related to the
failure mode. The localized ﬂattening mode,
which dominated the overlap frontal crash tests,
severely limited or even reduced the energy
absorbed by the beam when compared with the
conventional bumper system.
(b) The performance of the origami crash box outweighed the counterpart of the origami beam,
achieving a 60.7% increase in the high-speed overlap impact scenario. As shown in Table 9, its
merit in energy absorption strongly depended on
whether the complete diamond mode was triggered or not. In addition, the results of bumper
CO resembled those of bumper OO to some
extent, which suggests that the energy performance of the crash box is not very sensitive to the
beam’s choice at least within the range of study
conducted here.
(c) In terms of the overall performance, the bumper
assembly consisting of an origami beam and
two origami crash boxes (OO) achieved the best
performance under all the loading scenarios.
The mean crushing forces reached a 31.5%
increase than the conventional bumper in the
high-speed overlap impact case.
In closing, this study has clearly shown that introducing origami crease pattern to the bumper assembly
can lead to an eﬃcient design with regards to energy
absorption. The application of this technique has great
potential for designing more eﬀective and safe energy
absorption devices including vehicle bumpers. As the
next step of this project, full-scale impact experiments
are being prepared, which will be used to further study
the local deformation and collapse evolution of the
origami bumper system in more details.
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