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Energy Absorption of
Thin-Walled Square Tubes
With a Prefolded Origami
Pattern—Part I: Geometry
and Numerical Simulation
Thin-walled tubes subjected to axial crushing have been extensively employed as energy
absorption devices in transport vehicles. Conventionally, they have a square or rectangular
section, either straight or tapered. Dents are sometimes added to the surface in order to
reduce the initial buckling force. This paper presents a novel thin-walled energy absorption
device known as the origami crash box that is made from a thin-walled tube of square cross
section whose surface is prefolded according to a developable origami pattern. The pre-
folded surface serves both as a type of geometric imperfection to lower the initial buckling
force and as a mode inducer to trigger a collapse mode that is more efficient in terms of
energy absorption. It has been found out from quasi-static numerical simulation that a new
collapse mode referred to as the completed diamond mode, which features doubled traveling
plastic hinge lines compared with those in conventional square tubes, can be triggered,
leading to higher energy absorption and lower peak force than those of conventional ones
of identical weight. A parametric study indicates that for a wide range of geometric parame-
ters the origami crash box exhibits predictable and stable collapse behavior, with an energy
absorption increase of 92.1% being achieved in the optimum case. The origami crash box
can be stamped out of a thin sheet of material like conventional energy absorption devices
without incurring in-plane stretching due to the developable surface of the origami pattern.
The manufacturing cost is comparable to that of existing thin-walled crash boxes, but it
absorbs a great deal more energy during a collision. [DOI: 10.1115/1.4024405]

Keywords: thin-walled tube, energy absorption, axial crushing, origami pattern, devel-
opable surface

1 Introduction

In transport vehicle design, an increasing emphasis is put on
safety. A common design approach to enhance the crashworthiness
of a vehicle is to install energy absorption devices which deform
and absorb kinetic energy during a low speed collision. Thin-walled
metal tubes, particularly those with a circular or square section,
have been widely used for this purpose because of their relatively
stable and predictable collapse mode, long stroke, and low costs. In
automobiles, the device, also known as the crash box due to its tu-
bular profile with a square or rectangular section, is mounted
between the bumper and the main frame of a vehicle to absorb
energy in the event of an impact. The primary energy absorbers in
trains adopt a similar square tubular form [1]. Circular tubular struc-
tures are also found in the landing gears of helicopters [2].

A significant amount of research has been done on the energy
absorption characteristics of thin-walled tubes, with both circular
and square section subjected to axial crushing. Depending on tube
diameter D to wall thickness t ratio, D/t, circular tubes could be
crushed in the axis-symmetric concertina mode, the nonsymmetric
diamond mode, or a mixture of the two [3]. A great deal of literature
on the concertina mode [4–6] and the diamond mode [7–9] are
available.

Like circular tubes, square tubes also exhibit various collapse
modes depending on tube width b to wall thickness t ratio, b/t.
Relatively thin and short square tubes, most commonly used in
energy absorption devices, usually collapse in the symmetric
mode. Wierzbicki and Abramowicz [10] established a kinemati-
cally admissible and circumferentially inextensional basic fold-
ing element, also known as super folding element, which
consisted of trapezoidal, cylindrical, conical, and toroidal surfa-
ces. Two types of plastic hinge lines, namely, the stationary plas-
tic hinge lines, which stayed in the same place throughout
folding, and traveling plastic hinge lines, which transmitted over
the thin-walled surfaces as the element collapsed, were consid-
ered in the element. The study showed that the energy dissipa-
tion of the element came from three main sources, i.e., folding
along stationary plastic hinge lines, propagation of traveling
plastic hinge lines, and localized in-plane stretching in the toroi-
dal surface which was associated with traveling plastic hinge
lines in order to satisfy the condition of kinematical continuity
of the element. An important conclusion drawn from the study
was that traveling plastic hinge lines, which accounted for two-
thirds of the total energy absorption caused by the propagation
of themselves and the associated in-plane stretching, were most
effective at dissipating energy. Abramowicz and Jones [11,12]
further modified the element by introducing the concept of effec-
tive crushing distance and derived the theoretical expression for
the mean crushing force as follows:

Pm ¼ 13:06r0b1=3t5=3 (1)
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in which r0 is equivalent plastic flow stress. For elastic-strain
hardening materials with power law hardening behavior, r0 can
be calculated by Ref. [13]

r0 ¼
ffiffiffiffiffiffiffiffiffiffiffi
ryru

1þ n

r
(2)

where ry is yield stress, ru is tensile strength, and n is power law
exponent.

Thick square tubes fail in the extensional mode. This mode
involves large material in-plane extension in the circumferential
direction and folding along stationary plastic hinge lines. The
mean crushing force can be estimated as Ref. [14]

Pm ¼ 8:16r0t3=2b1=2 þ 2:04r0t2 (3)

The mean crushing force associated with the extensional mode is
higher than that with the symmetric mode for b/t values higher
than 7.5, indicating that circumferential membrane deformation
requires much more energy to be activated than bending in thin
tubes with b/t much larger than 7.5. This further explains why
commonly used thin-walled square tubes as energy absorption
devices tend to assume a circumferentially inextensional collapse
mode.

An ideal energy absorption device should satisfy the following
twin conditions. First, it must have a low peak force, i.e., the high-
est reaction force during the crushing process, in order that no ex-
cessive force is transmitted to the main structure it is designed to
protect. Secondly, the mean crushing force, defined as the total
energy absorption divided by the final crushing distance, needs to
be high to dissipate as much kinetic energy as possible [3]. A com-
monly adopted approach to reduce the peak force is to introduce
dents at predetermined locations on the surface of a tube. Relevant
research includes the work done by Singace and El-Sobky [15] and
Hosseinipour and Daneshi [16] on circular tubes, and by Lee et al.
[17] on square tubes. With respect to increasing the mean crushing
force, Adachi et al. [18] applied circumferential ribs as stiffeners to
reduce the longitudinal wavelength of circular tubes and reported
as much as 30% increase in mean crushing force. Lee et al. [19]
used a controller to improve the energy absorption of square tubes
and reported about 15–20% increase in mean crushing force. For
actual crash boxes used in automotive industry, dents or even pat-
terns are stamped out on the surface of thin-walled boxes in order

to reduce the peak force while maintaining the collapse mode,
which is in fact the symmetric mode of a thin-walled square tube
even if the load is slightly eccentric. An interesting attempt to
achieve both objectives within a design is to introduce a type of
pyramid pattern on the surface of a square tube [20]. However, ex-
perimental results revealed that the tube with pyramid pattern was
very sensitive to imperfections and the expected octagonal mode
was not always triggered [21]. Moreover, the pyramid pattern is
nondevelopable and hence, the conventional stamping method may
lead to large in-plane deformation.

In this paper, we propose a novel energy absorption device
referred to as the origami crash box hereafter. It uses a specifically
designed developable origami pattern to prefold the thin-walled
surface with the aim to achieve the twin objectives outlined
above. Origami is an ancient Japanese art of producing intricate
models through folding a piece of paper or card with only two
types of folding creases, namely, the valley and the mountain
creases. A folding pattern is produced by combining and arrang-
ing those creases. In the past, various origami patterns were
applied in the design of thin-walled deployable cylinders in aero-
space engineering for the purpose of compact packaging [22–25].
In the origami crash box concept, the pattern acts as a type of geo-
metric imperfection both to reduce peak force and to activate a
collapse mode that is efficient in terms of energy absorption.

This is the first of the two papers with respect to the origami
crash box. It deals with the geometric design and numerical simu-
lation of the novel box whereas the subsequent paper is on experi-
ments. The layout of this article is as follows. First, the geometric
design of the novel origami crash box is outlined and discussed in
Sec. 2. Subsequently, a series of origami crash boxes with varying
geometry are designed in Sec. 3. The finite element modeling
approach applied to simulate the axial crushing of the origami
crash box is also presented in this section. The numerical simula-
tion results are presented and discussed in Sec. 4. The conclusions
are found in Sec. 5.

2 Design of the Origami Crash Box

2.1 Geometry. The origami crash box uses the origami pat-
tern shown in Fig. 1(a). The solid lines in the figure stand for hill
creases and the dashed ones for valley creases. Gradually folding a
flat sheet along the creases and then joining the two opposite free
edges, a square origami crash box shown in Fig. 1(b) can be

Fig. 1 (a) A module of the origami pattern, (b) a module of the origami crash box, (c)
a quarter of the origami pattern partially folded, and (d) a conventional square tube
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constructed; now consider, only a quarter of the pattern shown in
Fig. 1(a), whose partially folded configuration is shown in
Fig. 1(c). There is a one to one relationship between the dihedral
angle, h, and the corner angle, w,

w ¼ p� 4 arctan
l

c
cos

h
2

� �
(4)

When the sheet is completely flat, both h and w are equal to p. When
w reaches p/2, the folded quarter of the pattern forms a corner of a
tube. Four such corners complete a square origami crash box shown
in Fig. 1(b) due to symmetry. Equation (4) then reduces to

h ¼ 2 arccos ð
ffiffiffi
2
p
� 1Þ c

l

h i
(5)

which gives the dihedral angle when the origami crash box is
formed.

This proves the origami crash box can be formed from a flat
sheet. In other words, The surface is developable.

The most important geometric feature of the origami crash box
that distinguishes it from a conventional square tube shown in
Fig. 1(d) is the lobe at each corner.

Three independent geometric parameters define the origami
pattern in Fig. 1(a): tube width b, corner width c, and module
length l. In addition, geometric constraints on c require that:

• c � b, as otherwise the adjacent lobes at the corners would
intercept with each other

• c � ð
ffiffiffi
2
p
þ 1Þl, since cos h=2ð Þ � 1

When c ¼ 0, the origami crash box reduces to a conventional
square tube.

The pattern has several desirable properties. First, what is pre-
sented in Fig. 1(a) can be taken as a module, and longer tubes can
be obtained by stacking a number of modules axially. Second, the
pattern can be easily modified to make origami crash boxes of rec-
tangular, polygonal cross sections or tapered shapes. This is a
very useful feature as those tube profiles are frequently employed
for practical energy absorption devices.

2.2 Theoretical Foundation. The load bearing capacity of a
structure depends critically on structural profiles. For instance, a
“T” section will exhibit different bending stiffness from that of an
“I” section, provided that they have identical cross section area.
Structural engineers have been able to design very efficient struc-
tural members to suit various loading scenarios by exploiting this
principle. The main difficulty in applying this principle to the
design of thin-walled energy absorption devices, however, lies in
that the energy absorption occurs at the postbuckling stage which
is highly nonlinear and thus, cannot be effectively manipulated by
conventional structural design approaches.

To overcome this difficulty, the approach adopted in this paper
is to prefold a thin-walled tube using the origami pattern so that
the buckling and postbuckling behavior of the tube can be con-
trolled and adjusted. The rationale behind this approach is that, if
a tube has a prefolded pattern on it, the structure may follow this
pattern during a crash. Hence, the collapse mode is determined by
the pattern put on. Alternation of the pattern can then change the
collapse mode, and high energy absorption can be achieved pro-
vided that a correct mode is chosen and this mode is followed dur-
ing crushing.

When a conventional square tube crashes subjected to a com-
pressive load, it is known from Sec. 1 that three main deformation
mechanisms exist, i.e., stationary plastic hinge line in both the
symmetric and extensional modes, traveling plastic hinge line in
the symmetric mode, and circumferential extension in the exten-
sional mode. Circumferential extension is very efficient in terms
of energy absorption but hard to be activated in thin-walled tubes
because a thin sheet is more easily bent than stretched. Traveling

plastic hinge line is another type of deformation mechanism, re-
sponsible for two-thirds of the total energy absorption of a square
tube collapsing in the symmetric mode. On a conventional tube,
one pair of traveling hinge lines forms at each corner, which is
shown in dotted lines in Fig. 1(d). To increase the number of trav-
eling hinge lines, the origami crash box has two pairs of inclined
prefolded creases at each corner. It is hoped that these crease lines
would become traveling hinge lines during a crash and therefore,
the overall energy absorption capability is increased.

Why the designed creases will become traveling hinge lines lies
on the geometric compatibility when the origami crash box is
crashed. Imagine that the origami crash box is made from a card
and the inclined creases forming the lobe have an inclination
angle a as shown in Fig. 1(b). a has to reduce considerably when
the box folds up, i.e., the height of the box reduces. For instance,
if a is p/3 initially, it will reach p/4 once the height of the box
becomes zero. The change in a indicates that the inclined creases
have to travel, resulting in traveling hinge lines. Moreover, the
smaller a is, the lower the peak force. When a suitable a is
selected, it is possible to achieve the twin conditions for a good
crash box design. Next, we shall explain how this is achieved
through extensive analysis.

3 Numerical Simulation

3.1 Numerical Models. A total of twenty-four origami crash
boxes with various geometries were analyzed to investigate the
collapse mode and energy absorption properties of the origami
crash box. A conventional square tube was used as a benchmark.
The width, height, and wall thickness of the conventional square
tube, A0, were b¼ 60 mm, H¼ 120 mm, and t¼ 1.0 mm. A geo-
metric imperfection in the form of a small dent was introduced
near the upper end of the tube in order to ensure a stable and pro-
gressive collapse mode. All of the origami crash boxes had identi-
cal width and surface area to those of A0. Parameters c, l, and t,
on the other hand, were systematically varied to investigate the
influences of nondimensional geometric parameters c/l, l/b, and b/
t on tubes performance. The configurations of all of the tubes are
listed in Tables 1 and 2, in which M denotes the number of mod-
ules in the axial direction of the tubes. The peak force, Pmax, and
mean crushing force, Pm, of each tube were generated from the
results of numerical simulation. Note that Pm was calculated
using,

Pm ¼

ðd

0

PðxÞdx

d
(6)

in which d is the final crushing distance.
Commercial finite element analysis software package ABAQUS/

Explicit [26] was applied to simulate the axial crushing process.
The crushing scenario was modeled as a tube standing on a sta-
tionary rigid panel and being compressed by a moving one. Only
half of the tube was modeled because of symmetry. The upper and
lower ends of the tube were coupled to the moving and stationary
rigid panels, respectively, by three translational degrees of free-
dom. Symmetric boundary conditions were assigned to the tube
edges on the plane of symmetry. The stationary rigid panel was
completely fixed, whereas all of the degrees of freedom of the
moving rigid panel were constrained except for the translational
one in the axial direction of the tube. Prescribed downward dis-
placement was assigned to the free degree of freedom of the mov-
ing rigid panel to control the crushing process, and smooth
amplitude definition built in ABAQUS was assigned to the control
the loading rate. The final crushing distance was so chosen that
the residual height was 35 mm for all of the tubes. Four-node shell
elements with reduced integration S4R were used to mesh the
tube, supplemented by a few triangular elements to avoid exces-
sively small or distorted elements. Self-contact was employed to
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model the contacts among different parts of the tube, and surface-
to-surface contact was defined between the tube and each rigid
panel. Friction was also considered and the friction coefficient l
was taken as 0.25 [26].

Mild steel, commonly used for tubular energy absorption devi-
ces, was chosen as the material. The mechanical properties are:
density q ¼ 7800 Kg/m3, Young’s Modulus E ¼ 210 GPa,
ry ¼ 200 MPa, ru ¼ 400 MPa, ultimate strain eu ¼ 20:0%, Pois-
son’s ratio � ¼ 0:3, and n¼ 0.34. The engineering stress versus
strain curve is plotted in Fig. 2 [26].

Convergence tests with respect to mesh density and analysis
time, respectively, were also conducted prior to the analysis. Two
principles recommended by ABAQUS [27] were checked:

• The ratio of artificial energy to internal energy is below 5%
to make sure that hour-glassing effect would not significantly
affect the results.

• The ratio of kinetic energy to internal energy is below 5%
during most of the crushing process to ensure that dynamic
effect can be considered as insignificant.

It was found out that a global mesh size of 1 mm and an analy-
sis time of 0.02 s yielded satisfactory results.

3.2 Validation of Numerical Models. The numerical models
of the conventional square tube and the origami crash box were
validated against the experimental results [28] of a number of
physical samples. For example, one set of samples had
b¼ 60 mm, H¼ 120 mm, and t¼ 0.5 mm for the conventional
tube, and b¼ 60 mm, c¼ 30 mm, l¼ 60 mm, M¼ 2, and
t¼ 0.5 mm for the origami crash box. The material in hand at the
time for physical models had the following properties:
E¼ 220.8 GPa, ry¼ 245.6 MPa, ru¼ 369.2 MPa, and eu¼ 25.0%.
It was found that in the case of the conventional tube, the symmet-
ric mode appeared in both simulation and experiment. The mean
crushing forces, 4.75 kN for the numerical model and 4.78 kN for
the physical sample, matched quite well. Moreover, the numerical
model of the origami crash box also showed identical collapse
mode to those of the physical samples. And a reasonable match
between the mean crushing force of the numerical model,
5.42 kN, and those for the physical ones, 5.50 kN and 5.84 kN,
was achieved.

4 Results

4.1 Axial Crushing of Conventional Square Tube. The
conventional square tube A0 was analyzed to set a benchmark to
evaluate the energy absorption enhancement of the origami crash
box. The axial crushing process of A0 is shown in Fig. 3(a). Note
that only a quarter of the tube is presented in order to highlight the
deformation in the critical corner areas. A0 collapses from the
upper end where the dent is placed, is then progressively folded
three times axially through the initiation and propagation of hori-
zontal stationary and inclined traveling plastic hinge lines, and
eventually forms the symmetric mode. The corresponding equiva-
lent plastic strain (PEEQ) contour maps of A0, which are plotted
on the undeformed shape for clarity, are shown in Fig. 3(b). It can
be seen that large plastic strain concentrates on the stationary plas-
tic hinge lines and the corner areas where the traveling plastic

Table 1 Tube geometries and numerical results

Model c (mm) l (mm) h (deg) M t (mm) Pmax (kN)
Pmax

reduction Pm (kN)
Pm

increase
Collapse

mode

A0 — — — 1.0 40.17 — 11.98 — —
A1_1 20 40 156 3 1.0 25.00 37.8% 19.03 58.9% CDM
A1_2 16 40 160 3 1.0 25.74 35.9% 18.73 56.3% CDM
A1_3 13.3 40 164 3 1.0 24.41 39.2% 19.35 61.5% CDM
A1_4 10 40 168 3 1.0 25.35 36.9% 20.12 68.0% CDM
A1_5 6.7 40 172 3 1.0 25.37 36.8% 18.77 56.7% IDM
A2_1 15 30 156 4 1.0 24.54 38.9% 19.49 62.7% CDM
A2_2 12 30 160 4 1.0 27.80 30.8% 20.93 74.7% CDM
A2_3 10 30 164 4 1.0 25.02 37.7% 21.15 76.5% CDM
A2_4 7.5 30 168 4 1.0 24.51 39.0% 20.95 74.9% IDM
A2_5 5 30 172 4 1.0 26.20 34.8% 19.16 59.9% IDM
A3_1 12 24 156 5 1.0 26.46 34.1% 21.66 80.8% CDM
A3_2 9.6 24 160 5 1.0 25.14 37.4% 22.25 85.7% CDM
A3_3 8 24 164 5 1.0 25.39 36.8% 22.27 85.9% CDM
A3_4 6 24 168 5 1.0 24.71 38.5% 20.28 69.3% IDM
A4_1 10 20 156 6 1.0 31.77 20.9% 23.01 92.1% CDM
A4_2 8 20 160 6 1.0 23.69 41.0% 21.34 78.1% IDM
A5_1 8.6 17.2 156 7 1.0 27.19 32.3% 20.26 69.1% IDM

Table 2 Tube geometries with various thickness and numerical
results

Model c (mm) l (mm) h (deg) M t (mm) Pmax (kN) Pm (kN)
Collapse

mode

A6_1 20 40 156 3 0.6 10.76 7.86 CDM
A6_2 20 40 156 3 0.8 16.56 12.95 CDM
A6_3 20 40 156 3 1.2 33.93 26.09 CDM
A6_4 20 40 156 3 1.4 46.28 34.33 CDM
A6_5 20 40 156 3 1.6 51.42 44.98 CDM
A6_6 20 40 156 3 1.8 62.27 56.11 CDM
A6_7 20 40 156 3 2.0 83.26 65.60 CDM

Fig. 2 Material engineering stress–strain curve
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hinge lines are located, whereas the remaining panels undergo
negligible plastic deformation.

The force versus displacement curve of A0 is plotted in Fig. 4.
The curve starts with a very high Pmax of 40.17 kN, followed by a
number of crests and troughs. The numerical value of Pm,
11.98 kN as listed in Table 1, agrees reasonably well with the the-
oretical value of 12.49 kN, calculated using Eq. (1), indicating
that the finite element modeling procedure is appropriate for the
problem analyzed here. The numerical value being slightly lower
than the theoretical value is attributed to the fact that essentially
pinned boundary conditions at the two ends of the tube were
applied in the numerical analysis, whereas clamped boundary con-
ditions were assumed in the derivation of Eq. (1) [11,12]. Apply-
ing clamped boundary conditions to A0, the numerical value of
the mean crushing force was 12.50 kN, which coincided with the
theoretical value 12.49 kN.

4.2 Axial Crushing of Origami Crash Box. Tube A1_1,
which has three modules, is chosen here as the representative of
the origami crash boxes. The three modules of the tube are
referred to as modules I–III from top to bottom. Figure 5(a) shows
the crushing process of a quarter of A1_1, and the corresponding
contour maps on undeformed shape are plotted in Fig. 5(b). It can
be seen that A1_1 collapses following the premanufactured ori-
gami pattern on the surface in a progressive and stable manner. At
the beginning, module II first starts to fold. The second configura-
tion in Fig. 5(a) indicates that two pairs of traveling plastic hinge
lines are formed along the four sides of the lobe in the module.
This observation is also reflected in the second PEEQ contour
map in Fig. 5(b), which shows that large plastic deformation
occurs along the four sides. As the tube is further compressed, the
traveling plastic hinge lines move away from each other, deform-
ing the corner areas, as can be observed from the third configura-
tion in Fig. 5(a). The third PEEQ contour map in Fig. 5(b) shows
that large plastic strain takes place in the corner areas, too. Mean-
while, horizontal stationary plastic hinge lines are formed near the
upper and lower ends of the module, respectively. Those hinges
are not exactly along the ends of the module but at locations
inside the module, which can be seen from the third configurations
in Fig. 5(a) and the third PEEQ contour map in Fig. 5(b). As a
result, the module is not completely flattened but has a residual
height. The horizontal stationary plastic hinge line in the middle
of the module, initiated at the beginning of the crushing process,
is also completely folded at this point. Subsequently modules I
and III are folded one after another in a similar manner until the
tube is completely crushed. Another observation that can be made
from the PEEQ contour maps in Fig. 5(b) is that large plastic de-
formation is limited to the areas swept by the traveling plastic
hinge lines and the neighborhood of the stationary plastic hinge
lines, whereas the remaining panels undergo small plastic defor-
mation. This observation indicates that no circumferential mem-
brane deformation of a large magnitude occurs, further supporting

Fig. 3 (a) Crushing process of A0, and (b) PEEQ contour maps of A0

Fig. 4 Force versus displacement curves of A0 and A1_1
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that traveling plastic hinge lines are activated in the tube. Compar-
ing this collapse mode with the diamond mode of circular tubes
reveals that the two modes are quite similar in shape, except that
the origami crash box is composed of flat plates instead of curved
shells. Therefore, the collapse mode of A1_1 is referred to as the
complete diamond mode (CDM), in which all of the lobes develop
well during the crushing process.

The force versus displacement curve of A1_1 is also plotted in
Fig. 4. It can be seen that high peak force no longer exists at the
beginning of the crash, leading to a considerably lower Pmax of
A1_1 than that of A0. On the other hand, the area below the curve
of A1_1, which indicates the energy absorption capacity, is sub-
stantially larger than that of A0. The numerical data in Table 1
show that Pmax of A1_1 is 25.00 kN, 37.8% lower than that of A0,
whereas Pm of A1_1 is 19.03 kN, 58.9% higher than that of A0.
Therefore, it can be concluded that the origami pattern has suc-
cessfully created a thin-walled tube with low peak force and high
mean crushing force.

4.3 Effects of Ratios c/l and l/b. It has been shown that the
complete diamond mode is more efficient in terms of energy absorp-
tion than the symmetric mode. Therefore, a key task in the design of
the origami crash box is to determine the range of pattern geometry
that is able to trigger the complete diamond mode and the optimum
pattern geometry that leads to maximum energy absorption.

Ratio c/l, which increases with decreasing h following Eq. (4),
is a crucial factor to determine whether the complete diamond
mode occurs and how traveling plastic hinge lines propagate if it
does occur. It is not difficult to infer that the pattern would no lon-
ger be followed if c/l is too small, leading to low energy absorp-
tion. On the other hand, a very large c/l, while ensuring the
following of the pattern, is also undesirable from the perspective
of energy absorption as it would reduce the areas swept by travel-
ing plastic hinge lines. In addition, the amount of rotation of sta-
tionary plastic hinge lines is also reduced.

Ratio l/b, which is inversely proportional to M for an origami
crash box with fixed width and surface area, is another important

factor that influences the performance of the origami crash box. It
is intuitive that the smaller the ratio l/b, or the more the modules
in a tube, the higher the energy absorption. This is because more
modules lead to more horizontal stationary plastic hinge lines.
However, a very small l/b would not only make the tube geometry
complicated but could also result in the pattern being overridden
during the crushing process.

Sixteen more origami crash boxes, A1_2–A5_1, which had
width and surface area identical to those of A0, were also ana-
lyzed to investigate the effects of c/l and l/b. The results are
organized based on variations of h and M in Table 1.

The collapse modes of the tubes are first looked into. The
crushed configurations of A1_2–A1_5, all of which have M¼ 3,
are presented in Figs. 6(a)–6(d). When h � 168 deg (A1_2, A1_3,
and A1_4), the pattern is well followed and the complete diamond
mode is successfully attained. When h reaches 172 deg, however,
it can be seen from the crushed configuration of A1_5 in Fig. 6(d)
that although the pattern is still followed, traveling plastic hinge
lines fail to be activated in the middle module of the tube, result-
ing in that the lobes in that module do not develop well. If M
reaches 4, like in the case of M¼ 3, the collapse mode still transits
from the complete diamond mode seen in A2_1 with
h ¼ 156 deg, Fig. 6(e), to the mode featuring under folded lobes
seen in A2_4 with h ¼ 168 deg, Fig. 6(f). But unlike in the case
of M¼ 3, it is observed from A2_5 with h ¼ 172 deg, Fig. 6(g),
that the pattern is no longer followed and the two modules at the
lower half of the tube merge. As a result, A2_5 are axially folded
only three times instead of four as the design intended. Similar
phenomena can also be observed in A3_4 in Fig. 6(h), and A4_2
in Fig. 6(i). When M¼ 7, A5_1 in Fig. 6(j), the pattern is not fol-
lowed when h ¼ 156 deg. No further reduction in h was attempted
as the results have been sufficiently clear to draw conclusions
upon.

Two conclusions can be drawn from the results presented
above:

• For tubes with identical M, the complete diamond mode is
usually triggered when h is relatively small, and then ceases

Fig. 5 (a) Crushing process of A1_1, and (b) PEEQ contour maps of A1_1
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to appear as h surpasses a critical value where collapse modes
featuring either under development of the lobes or the pattern
not being followed occur, see A1_5, A2_4, A2_5, A3_4,
A4_2, and A5_1. Note that there are no rigorous criteria to
determine whether the lobes develop “well” or not, and thus,
this is done based mainly on visual inspection. Those col-
lapse modes are named the incomplete diamond mode (IDM)
here, as opposed to the complete diamond mode shown in
A1_1, A2_1, and A3_1. A schematic diagram of the crushing
process of a quarter of a module of the origami crash box is
drawn in Fig. 7 in order to highlight the difference between
the complete and the incomplete diamond modes. For the
complete diamond mode shown in Fig. 7(a), the prefolded
inclined creases highlighted by bold lines at the corner will
form traveling plastic hinge lines that subsequently travel. On
the other hand, in the incomplete diamond mode shown in
Fig. 7(b), the prefolded creases do not transform to traveling

plastic hinge lines. Instead, new and shorter inclined plastic
hinge lines, also highlighted by bold lines, form and travel in
the subsequent crushing process. The positions and lengths of
these traveling plastic hinge lines account for the difference
of the two collapse modes.

• When 156 deg � h � 172 deg, the pattern is always fol-
lowed for M¼ 3. If M> 3, h gets smaller as M increases in
order for the prefolded pattern to be followed. Recalling
that the conventional tube A0 forms three folds axially,
we speculate that if M is identical to the number of folds in
the corresponding conventional tube, the complete diamond
mode is the most stable. This conjecture can be explained
from the perspective of energy. When a geometrically
perfect square tube collapses, the number of folds naturally
formed, which is three in this case, corresponds to the
lowest energy, or the most stable mode. The function of
the origami pattern is to distract the tube from its natural

Fig. 6 Crushed configurations of (a) A1_2, (b) A1_3, (c) A1_4, (d) A1_5, (e) A2_1, (f)
A2_4, (g) A2_5, (h) A3_1, (i) A3_4, (j) A4_1, (k) A4_2, and (l) A5_1

Fig. 7 Schematic diagrams of (a) the complete diamond mode, and (b) the incom-
plete diamond mode
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collapse mode via prefolding at each corner with inclined
creases to increase the number of traveling plastic hinge
lines in each fold and via setting the number of modules to
increase the number of folds axially. Hence, the closer the
new collapse mode of the origami crash box is to the natural
mode of the corresponding conventional tube, the more sta-
ble the new collapse mode becomes. A greater M would fur-
ther deviate the collapse mode of the origami crash box
from the natural one, making it harder for the pattern to be
followed. Wu investigated the influence of number of mod-
ules for another family of tubes with prefolds numerically
[29]. The same could be applied to the origami crash box.
However, the underlying principle in determining M for the
formation of the complete diamond mode still warrants fur-
ther investigation.

Subsequently, the energy absorption properties of the tubes are
investigated. The numerical data of the tubes are summarized in
Table 1. In addition, Pm versus h and M are plotted in Figs. 8(a)
and 8(b), respectively, and Pmax versus h and M, are plotted in
Figs. 8(c) and 8(d), respectively. Both Pm and Pmax have been nor-
malized against those of the conventional one. Four observations
can be made from those results.

First of all, Fig. 8(a) shows that for tubes with identical M, Pm

tends to increase with h, provided that the complete diamond mode
is successfully triggered, but the increment is minor. For instance,
at M¼ 4, Pm first slightly rises from h ¼ 156 deg to h ¼ 164 deg
within which the complete diamond mode is always obtained. Simi-
lar trends can also be observed at M¼ 3 and 5. The only exception
is A1_2 with h ¼ 156 deg has a lower Pm than that of A1_1 with
h ¼ 160 deg, both of which collapse in the complete diamond

Fig. 8 (a) Normalized mean crushing force versus dihedral angle curves, (b) normalized mean crushing force versus number of
modules curves, (c) normalized peak force versus dihedral angle curves, (d) normalized peak force versus number of modules
curves, and (e) length of stationary plastic hinge lines versus number of modules curves of A1_1–A5_1
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mode. The explanation is as follows. On one hand, h determines
the corner areas swept by traveling plastic hinge lines and the rota-
tion angles of stationary plastic hinge lines. The larger h, the larger
the corner areas and the rotation angles, leading to a slight increase
in Pm. On the other hand, the energy absorption of a tube is primar-
ily determined by the collapse mode it takes. Therefore, as long as
the collapse mode is identical, the energy absorption is close. The
force versus displacement curves of A1_1, A1_2, and A1_3, which
have identical M and increasing h, are plotted in Fig. 9. It can be
seen that the three curves are all quite similar in shape, and the
curve of A1_3 are generally slightly higher than that of A1_2 which
is higher than that of A1_1.

Secondly, it can be seen from Figs. 8(c) and 8(d) that Pmax, in
contrast to Pm, shows no obvious close correlation to h or M for
the ranges that are considered in this analysis. This phenomenon
is also understandable because after the elimination of the very
high initial buckling force, the location and magnitude of Pmax

show certain degree of randomness. Again, the variation in Pmax

is not substantial.
Thirdly, the switch from the complete diamond mode to the

incomplete diamond mode, such as from A1_4 to A1_5, from
A2_3 to A2_4, and from A3_3 to A3_4, is usually accompanied
by a drop in Pm. This observation again confirms that the new col-
lapse mode mainly accounts for the increase in energy absorption.
If the collapse mode of a tube deviates from the complete dia-
mond mode, the energy absorption also reduces.

Finally, as shown in Fig. 8(b), for tubes with identical h, Pm

increases with M provided that the complete diamond mode is
obtained. However, the increment is not large, and Pm of most
tubes fall into the range of 20 6 2 kN, indicating that increasing M
would not substantially improve the energy absorption of the ori-
gami crash box. The force versus displacement curves of A1_1,
A2_1, and A3_1, which have identical h but increasing M, are
plotted in Fig. 10, as an example. It can be seen that although the
curve shapes in terms of the number of crests and troughs are dif-
ferent from each other, the areas below the curves, which repre-
sent the energy absorption of the tubes, are 1568.1, 1606.0, and
1784.8 J, respectively, with a variation of 13.8% when M is
increased from 3 to 5. A qualitative explanation to this observa-
tion involves different energy dissipation mechanisms in the col-
lapse process. Two of the main sources of energy dissipation are
the rotation of stationary plastic hinge lines and the sweeping of
traveling plastic hinge lines; although the total length of stationary
plastic hinge lines, L, increases with M, as shown in Fig. 8(e), the
corner areas swept by traveling plastic hinge lines shrink since the
height of each module is reduced, as clearly observed by compar-
ing A1_1, A2_1, and A3_1 shown in Figs. 5, 6(e) and 6(h),
respectively. The energy absorption enhancement contributed by
extra stationary plastic hinge lines is comparable to the energy
absorption reduction due to the shrunk corner areas swept by

traveling plastic hinge lines, resulting in only minor net energy
absorption difference.

4.4 Effects of Ratio b/t. As mentioned in Sec. 1, ratio b/t is
an important factor that influences the collapse mode of a thin-
walled square tube. Different collapse modes can be triggered when
b/t varies, resulting in very different energy absorption capabilities.

Seven origami crash boxes, A6_1–A6_7, are analyzed to inves-
tigate the effects of b/t. All of the tubes have identical geometry
with that of A1_1 except that t varies from 0.6 mm to 2.0 mm;
thus covering the range of 30 � b=t � 100. It is shown from the
results in Table 2 that the crushing process of the tube is not
noticeably affected by b/t and the complete diamond mode is con-
sistently obtained. Data collected from automakers such as Range
Rover, MG Rover, and BMW indicate that commercial crash
boxes usually have b/t of 30–60. Therefore, the collapse mode of
the origami crash box can be seen as independent of b/t, which is
a desirable characteristics in the design of crash boxes.

5 Discussion

5.1 Half Tube Model Versus Full Tube Model. The half
tube model, rather than a full tube model, was used in the numeri-
cal simulation for the following reasons. First, all the tubes are rel-
atively short with tube height to cross section width ratio around
2, which are expected to buckle progressively [30]. Reduced mod-
els were often used in the past to simulate axial crushing of such
short tubes [20,31]. Second, the half tube model can also model
some global buckling modes of collapse since it is constrained
only in one plane of symmetry. Third, the half tube model is less
sensitive to small numerical errors than full 3D tube model, which
could lead to fictitious collapse modes [32]. In addition, one of the
tubes (A1_1) was analyzed using both the full tube model and the
half tube model, respectively. It was found that the collapse
modes obtained from both models were symmetric and progres-
sive. Their mean crushing forces, 18.94 kN for the full tube model
and 19.03 kN for the half tube model, also matched very well.
Therefore, the half tube model was used for all of the other tubes.

5.2 Quasi-Static Analysis Versus Dynamic Analysis. The
crash boxes are always subjected to dynamic loading in a real world
collision. The impact speed adopted in the design of crash boxes is
usually within the range of low to medium velocity of under 20 m/s.
Although quasi-static analysis has been used in this paper, dynamic
analysis has also shown a similar trend. To demonstrate the per-
formance of the origami crash box subjected to dynamic loading,
the crushed configurations of model A1_1 under dynamic loading
of 20 m/s constant velocity is shown in Fig. 11(a), as an example.
The Cowper–Symonds relation [29] was employed in the dynamic
analysis to take material strain rate effect into consideration. It can

Fig. 9 Force versus displacement curves of A1_1, A1_2 and
A1_3

Fig. 10 Force versus displacement curves of A1_1, A2_1 and
A3_1
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be seen that the new complete diamond mode is still retained under
the dynamic loading, indicating that the novel origami crash box is
suitable for impact applications.

5.3 Effects of Material Properties. The origami crash boxes
analyzed so far are made from mild steel, a material commonly
used for crash boxes. However, the concept is purely structural
and not associated with a particular material. It is expected that
crash boxes made from other ductile materials would also exhibit
similarly favorable crash performance. To confirm that, two other
commonly used ductile materials, the high strength steel and alu-
minum alloy, were, respectively, assigned to model A1_1 and the
axial crushing analysis was conducted. The properties of the mate-
rials are q ¼ 7800 Kg/m3, E ¼ 210 GPa, � ¼ 0:3, ry ¼ 406 MPa,
ru ¼ 819:6 MPa, and eu ¼ 17:6% for the high strength steel and
q ¼ 2700 Kg/m3, E ¼ 68:2 GPa, � ¼ 0:3, ry ¼ 80 MPa,
ru ¼ 173 MPa, and eu ¼ 17:3% for aluminum alloy. The crushed
configurations of A1_1 associated with the two materials are pre-
sented in Figs. 11(b) and 11(c), respectively. It can be seen that
the complete diamond mode is successfully triggered in both
cases. These results indicate that the complete diamond mode is
insensitive to material properties; thus demonstrating the robust-
ness of the performance of the origami crash box.

Obviously, brittle materials would be unsuitable for the origami
crash box since the collapse of the origami crash box involves
large plastic deformation.

5.4 Effects of Boundary Conditions. Pinned-pinned bound-
ary conditions have been considered in this paper. This is because
commercial crash boxes are commonly installed in a car through
spot-welding one end to a mounting plate and bolting the other to a
bumper beam, which are close to pinned-pinned boundary condi-
tions. However, in practice crash boxes could be subjected to vari-
ous other boundary conditions depending on the installation
methods. For those crash boxes whose ends are connected to a
mounting plate and a bumper beam, respectively, through seam
welding, the fixed-fixed boundary conditions are more appropriate.

We analyzed model A1_1 under both free-free and fixed-fixed
boundary conditions, respectively. The collapse modes are shown
in Figs. 11(d) and 11(e). It can be seen that the complete diamond
mode has invariably been triggered irrespective of boundary con-
ditions. The complete diamond mode is therefore insensitive to
boundary conditions. Moreover, the mean crushing forces of
A1_1 under both types of boundary conditions are very close to
that under pined-pinned boundary conditions. The same conclu-
sion can also be obtained for peak forces.

5.5 Summary. A novel origami pattern has been proposed to
design a type of high-performance energy absorption device
called the origami crash box. Numerical simulation results show
that a new and more efficient collapse mode in terms of energy

absorption, namely the complete diamond mode which features
increased traveling plastic hinge lines, can be successfully trig-
gered in the origami crash box within a wide range of pattern ge-
ometry. As a result, both peak force reduction of more than 30%
and mean crushing force increase of over 50% are obtained for
the origami crash box in comparison with those of conventional
square tubes with identical weight.

A parametric study has also been conducted to investigate the
effects of geometric parameters, including the dihedral angle h,
the number of modules M, and the tube width to wall thickness ra-
tio b/t, on the collapse mode, peak reaction force Pmax, and mean
crushing force Pm of the origami crash box. The main conclusions
drawn from the study are as follows.

• The critical value of h, that is just able to trigger the complete
diamond mode depends on M, and this value decreases with
M. In other words, a larger amount of prefolding is needed to
induce the complete diamond mode as more modules are put
on a tube.

• When the complete diamond mode is triggered, increasing h
leads to increase in Pm provided that M remains the same,
while increasing M results in increase in Pm provided that h
is unchanged. Therefore, generally less prefolding and more
modules help to improve the energy absorption of an origami
crash box.

• In the optimum case (tube model A4_1 in Table 1), as much
as a 92.1% increase in Pm is achieved, while a Pmax reduction
of 20.9% is obtained in the same design in comparison with a
conventional square tube of same thickness and overall sur-
face area.

• The collapse mode of the origami crash box is independent of
b/t for 30 � b=t � 100, provided that a proper pattern geome-
try is selected.

A series of static and dynamic axial crushing tests have been
carried out and the results will be published in a subsequent paper.
Moreover, further theoretical investigation of some interesting
phenomena observed in the numerical simulation, such as the crit-
ical value of h for tubes with different configurations, is currently
being conducted.

This paper is probably the first attempt to apply origami pat-
terns to design efficient crash boxes. The successful design of the
origami crash box naturally raises a question: are there other pat-
terns that are better for applications as crash boxes? A large pool
of origami patterns have been designed by origami artists [33,34],
some of which could be potential candidates for crash boxes. We
are currently investigating a number of other patterns and the
results will be reported in due course.
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