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Ron Resch Origami Pattern
Inspired Energy Absorption
Structures
Energy absorption structures are widely used in many scenarios. Thin-walled members
have been heavily employed to absorb impact energy. This paper presents a novel, Ron
Resch origami pattern inspired energy absorption structure. Experimental characteriza-
tion and numerical simulations were conducted to study the energy absorption of this
structure. The results show a new collapse mode in terms of energy absorption featuring
multiple plastic hinge lines, which lead to the peak force reduction and larger effective
stroke, as compared with the classical honeycomb structure. Overall, the Ron Resch
origami-inspired structure and the classical honeycomb structure are quite complemen-
tary as energy absorption structures. [DOI: 10.1115/1.4041415]
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1 Introduction

Energy absorption structures [1] that deform and absorb kinetic
energy during impact have been widely utilized to enhance the
crashworthiness in various situations, including vehicles [2–5],
crash barriers [6], nuclear reactors [7], and bridges [8]. Thin-
walled members (or tubular structures) with circular or square
cross section have been heavily used to absorb energy under axial
loading [9–15]. Tubes with other cross-sectional shapes, including
pentagonal tubes, hexagonal tubes, and some prefolded surface
tubes [16–21], have also been studied for their crashworthiness
performance. In addition to tubes, the composite sandwich struc-
ture consisting of a lighter core material sandwiched between two
stiffer sheets is also adopted as a primary energy absorption struc-
ture in several industrial sectors because of its low-weight and
high-energy absorbability [22–24] in which the stiffer sheet ena-
bles even distribution of loads over the lighter core materials.
Despite different structures being used, the mechanisms of energy
absorption mainly come from three sources [12], i.e., (1) folding
along stationary plastic hinge lines, (2) propagation of traveling
plastic hinge lines, and (3) localized in-plane stretching. For
crashing structure with square and circular cross section, among
these three contributions, in-plane extensional deformation occurs
only at very small fraction of the total area of the shell but contrib-
utes as much as one-third of the total energy dissipated in the
structure; while the other two mechanisms, stationary and moving
plastic hinge lines, contribute another two-thirds of the absorbed
energy [12]. Significant efforts have been focused on the energy
absorption characteristics, i.e., the crushing mode when a thin-
walled structure is subjected to axial load [11,13,14]. The com-
mon modes are symmetric mode, nonsymmetric diamond mode,
or a mix of these two [20].

Although the design requirements may vary notably from one
application to another, some fundamental principles exist for all
applications [17]. The main ones are (1) low peak reaction force
Fpeak of an energy absorber to prevent excessive force being trans-
mitted to the main structure during the crushing process, (2) high
mean crushing force Fmean that is defined as the integral mean of
the crushing force FðxÞ within the range of the effective stroke H,
i.e., total energy absorption within the range of the effective stroke
H divided by H

Fmean ¼

ðH

0

F xð Þdx

H
(1)

To determine the effective stroke H, a variable named
“deformation efficiency f” was introduced [25]

f sð Þ ¼

ðs

0

F xð Þdx

Fmax sð Þ
(2)

where s is the crush distance and Fmax is the maximum crush force
in crush process [0, s], except peak force Fpeak. When the defor-
mation efficiency f ðsÞ reaches a maximum at a certain s, the corre-
sponding crushing distance s is thus the effective stroke H. A
common method to reduce the peak force Fpeak is to introduce
some imperfections in absorption structures, such as dents [26] or
prefolded pattern [20]. Adding cross-sectional area or applying
ribs as stiffeners [27] can increase the mean crushing force Fmean.
In addition to the peak force and mean crushing force, many other
quantities have been introduced to evaluate the energy absorption
capacity, such as the specific energy absorption defined as energy
absorption capacity per unit mass, and the load uniformity defined
as the ratio of the peak force to the mean crushing force.

Recently, origami, the art of paper folding that creates 3D struc-
tures from 2D sheets through a high degree of folding along the
creases, has been explored to create new energy absorption struc-
tures [20,21,28–36], in addition to mechanical metamaterials

[37–39] and foldable structure applying in space exploration [40].
Since the origami patterns are made from 2D sheets, the 3D folded
pattern is developable, and thus, can be readily manufactured. The
main rationale of adopting origami structures as energy storage is
to utilize the predefined crease lines to control the crushing mode.
In other words, the origami structure would follow the origami
pattern during a crash, and thus, the crushing mode is determined
by the predefined pattern. Specifically, for the fundamental princi-
ples on the design of energy absorption structures, namely, low
peak reaction force and high mean crushing force, the crease lines
that are perpendicular to the axial direction would function as the
grooves to reduce the peak force. Meanwhile, these crease lines
may also function as the traveling plastic hinge lines, one of the
three mechanisms to dissipate energy.

In this paper, we study the energy absorption capability of a
particular origami pattern, namely Ron Resch pattern, and its
derivatives. 3D printing is used to prepare the sample for crushing.
The experimental and finite element simulation results are com-
pared and analyzed.

2 Rationale of Choosing the Ron Resch Pattern

A Ron Resch origami pattern is shown in Fig. 1(a). The solid
lines represent “mountain” creases that will remain on the top
after folding and the dashed lines are for the “valley” creases that
will stay on the bottom after folding. Gradually folding a paper
along the creases, the Ron Resch pattern in a dome shape is shown
in Fig. 1(b). After that, a Ron Resch dome can be transformed
into a flat state (namely, a Ron Resch plate) when applying the
compressive load on top of the dome. Three dihedral angles, b1,
b2, and b3, are used to describe this origami folding (Fig. 1(c)
[37]). When b1 ¼ b2 ¼ b3 ¼ 180 deg, it describes a planar state
(Fig. 1(a)). When b1 2 0 deg; 180 deg½ �;b2 2 ½0 deg; 180 deg�, and
b3 2 ½0 deg; 180 deg�, it represents a curved state (illustrated by
the left inset of Fig. 1(b) [37]). When b1 ¼ 0 deg; b2

¼ 120 deg; and b3 ¼ 90 deg, it forms another planar state, i.e.,
Ron Resch plate state, illustrated by the right inset of Fig. 1(b).
This more compact Ron Resch plate state shows a striking load
bearing capability [37]. The energy absorbing structure shown in
Fig. 1(d) is constructed using the Ron Resch plate. Two geometric
parameters define the energy absorbing structure: the base line
length l and the height h. In the original Ron Resch structure, the
ratio of the l to the h is constant (l=h ¼

ffiffiffi
3
p

). In this study, we aim
to optimize the energy absorption capability; such that different l
and h ratios are used, i.e., Ron Resch inspired structures are
studied.

The rationale of choosing the Ron Resch pattern as an object to
study energy absorption is the following. During an axial crush-
ing, the absorber usually exhibits three stages: an initial buckling
stage, responsible for initial peak force; a plateau state which is
caused by the plastic buckling and the progressive folding; finally,
a densification stage due to the compaction of materials [25]. Plas-
tic dissipation of the second stage is responsible for the majority
of the total energy absorption. Wierzbicki and Abramowicz [12]
presented that the energy dissipation came from folding along sta-
tionary plastic hinge lines, propagation of traveling plastic hinge
lines, and localized in-plane stretching. Given that the Ron Resch
structure consists of many triangles and triangles may generate
many plastic hinge lines with different length at the post-buckling
state when applying an axial crushing, it is thus assumed that the
Ron Resch inspired structures could reduce the initial peak force
as incipient buckling appearing relatively easily. And subsequent
post-buckling would absorb more energy, thereby increasing
mean crushing force.

3 Fabrication and Experimental Procedure of the Ron

Resch Patterns

Three-dimensional printing provides a facile and low-cost
approach to fabricate complex 3D objects, such as the Ron Resch
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structure. Here, we choose an elastic-plastic 3D printing material-
Nylon and selective laser sintering method (TPM3D S360) to
fabricate the Ron Resch inspired structures. Illustration shown in
Fig. 1(d) is used to 3D print the origami-inspired structures with
chopped sharp corners of the triangles to avoid excessive stress
concentration under compressive load. Figure 2(a) shows one
specimen. The structure is composed of a core with Ron Resch
plate pattern sandwiched between two sheets. The height (h) and
the thickness (t) of the specimens are 11mm and 1mm, respec-
tively. Three different sets of base line (l) are printed, with
l¼ 11 mm, 20 mm, and 33 mm. The testing processes are shown
in Fig. 2(b) and Supplemental Video S1 which is available under
the “Supplemental Data” tab for this paper on the ASME digital
collection. The axial crushing tests are conducted on a universal
testing machine (SUNS 300KN). In the test, an absorber stands on
a thick plate and the indenter moves downward to compress the
structure. The velocity of compress is chosen as 5 mm/min for a
quasi-static loading. When the structure reaches the compaction
stage, i.e., the force appears a sharp rise, the test will be stopped.
The experiment is repeated three times for each model. The
curves for reaction force (F) versus displacement (s) will be
recorded. The peak force Fpeak and the mean crushing force Fmean

of each structure are extracted from the experimental results.

Uniaxial tensile tests are conducted on the three tensile speci-
mens which are fabricated by 3D printing using the identical
material in axial crushing experiment at 5 mm/min loading rate to
characterize the material properties. The average mechanical
properties obtained are Young’s modulus E ¼ 700 Mpa; yield
stress ry ¼ 8 MPa; tensile strength ru ¼ 30:8 Mpa; and ultimate
strain eu ¼14.8%. And the engineering stress versus strain curve
is plotted in Fig. 2(c). In addition, the density and Poisson’s ratio
of both materials are q ¼ 1080 Kg=m3 and �¼ 0.3.

4 Finite Element Modeling

A periodic repeated unit of a Ron Resch inspired structure with
different geometries is adopted to investigate the collapse mode
and energy absorption properties. To compare with the experi-
ments, the numerical models have the identical sizes as those in
the experiments. In the simulations, the bottom plate of the
absorber structure is constrained completely, and the upper one is
tied to the moving rigid plate in all directions except the transla-
tional one in the axial direction (shown in Fig. 3(a)). Periodic
boundary conditions are adopted on the peripheral boundaries of
the finite element model. Imperfections are introduced in order to
simulate the post-buckling behavior, such that the mode shapes of

Fig. 1 Design of the origami energy absorber. (a) A Ron Resch pattern in its planar state. The
solid lines represent “mountain” creases and the dashed lines represent “valley.” (b) Process
of a Ron Resch dome deforming to a Ron Resch plate upon compressive load from the top. (c)
Three dihedral angles b1, b2, and b3 are used to describe a Ron Resch pattern. (d) An energy
absorbing structure with Ron Resch pattern. Two crucial geometric parameters l and h are
used to describe the structure.

Fig. 2 Experiments for investigating the energy absorption properties of the origami absorber. (a) An origami absorber with
multiple origami units is fabricated by 3D printing. (b) A quasi-static axial crushing test is carried out. (c) Material engineering
stress–strain curve obtained by uniaxial tensile tests.
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the origami energy absorber, extracted via the mode analysis, are
adopted as the imperfection. Figure 3(b) shows the first ten mode
shapes for a structure with periodic repeated features of Ron
Resch pattern. The finite element analysis software package
ABAQUS/BUCKLE is used. Amplitudes of imperfections are distrib-
uted randomly in the range of 0.001–0.01. After introducing
imperfections, post-buckling of absorber structure can proceed.
Then, ABAQUS/EXPLICIT is applied for the post-buckling analysis.
The scenario of post-buckling stage is similar to the prior one, but
compression displacement is set to 80% of the height of the struc-
ture, h. Specified vertical displacement of the rigid plate is used to
control the crushing process, and a smooth loading versus time
curve is adopted to help numerical convergence. The smooth
amplitude built in ABAQUS, which settles zero loading speed both
at beginning and at the end of loading process to prevent mutation
of loading speed, is assigned to the displacement of the moving
rigid plate. The structure is mainly meshed of quadrilateral ele-
ments with reduced integration S4R, supplemented by a few trian-
gular elements for avoiding excessive distortion. General contact
is employed. Given that the 3D printed experimental specimen is
composed of nylon powder by laser sintering and thus has a rough
surface, friction is taken into consideration in the simulations with
friction coefficient of l ¼ 0:8. The Nylon used for 3D printing
specimens is chosen as the material and mechanical properties
have been provided in Sec. 3.

It must be noted that the axial crushing process in experiment is
quasi-static, such that the ABAQUS/STANDARD solver that is designed

to deal with static problems should be applied. However, the
crushing process involves extensive contact and local buckling,
which is very challenging to solve using ABAQUS/STANDARD solver.
Hence, the ABAQUS/EXPLICIT solver that is designed to solve
dynamic problems is used to simulate the quasi-static process.
Thus, a proper time-step in ABAQUS/EXPLICIT must be chosen. This
time-step needs to be long enough to simulate a quasi-static state
but also as short as possible with reasonable computational cost.
In the simulations, we ensure that the ratio of the kinetic energy to
the internal energy is below 5% to make the dynamic effect igno-
rable, and the ratio of artificial energy to internal energy is less
than 5% to diminish the hourglass effect. The mesh density and
analysis time should meet convergence requirements. Given the
above, a global mesh size of 0.2 mm and an analysis time of 0.2 s
are adopted.

5 Results

Figure 4(a) shows the simulation results of the crushing process
of a periodic repeated unit with l=h ¼ 1:81, and the corresponding
equivalent plastic strain (i.e., PEEQ used in ABAQUS) contour maps
on undeformed shape for clarity are plotted in Fig. 4(b). Supple-
mentary Video S2 which is available under the “Supplemental
Data” tab for this paper on the ASME digital collection shows the
dynamic compression process. About 10,448 S4R elements are
employed and the 0.2 s analysis time is simulated. At the
beginning (t¼ 0.045 s), the plastic strain takes place at the

Fig. 3 (a) Setting up a numerical model. A periodic repeated unit of the origami absorber is adopted and the way to divide the
periodic boundary is shown in the inset. (b) Ten natural modes of the numerical model.

Fig. 4 (a) Crushing process of No. 2 model in simulation and (b) PEEQ contour maps. Here, No. 2 model represents the model
with l/h 5 1:81 shown in Table 1.
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upper corner (Fig. 4(b)), close to the moving rigid plate, and prop-
agates to the bottom of the structure along the central line. The
configurations (t¼ 0.15 s) in Figs. 4(a) and 4(b) show the forma-
tion of two plastic hinge lines in each thin-wall, such that the thin-
walls start to fold along plastic hinge lines. The PEEQ contour
map in Fig. 4(b) at time t¼ 0.15 s clearly indicates that the large
plastic deformation occurs around plastic hinge lines. As the
structure is further compressed, the plastic strain along central
line continues to propagate, and the plastic hinge lines become
more apparent. The simulation completes when the elements have
excessive distortion and the model is not completely flattened
(time t¼ 0.2 s). At this state, three central thin-walls are folded
along the horizontal plastic hinge, and the external three triangles
also bend. Figure 5 shows the top view of the simulated origami
absorber, which has great consistency with the experimental
observation.

The force versus displacement curves of this model both in
experiment and simulation are plotted in Fig. 6. Overall, the experi-
ment and simulation fit very well. Supplementary Video S1 which
is available under the “Supplemental Data” tab for this paper on

the ASME digital collection shows the dynamic compression pro-
cess from the experiment. As it shows, the thin wall starts from lin-
ear bending before buckling at approximate time t¼ 12 s,
corresponding to the experimental curve before 1.5 mm in displace-
ment. After that, the thin walls are folded and a smooth plateau
with a maximum force around 8 kN presents. When crushing dis-
placement reaches approximately 7.3 mm, the curve increases
sharply due to self-contact. Based on Eqs. (1) and (2), the mean
crushing force Fmean, the effective stroke H, and the energy absorp-
tion efficiency are calculated, Fmean ¼ 6:9 kN ðexperiemntsÞ,
Fmean ¼ 7:2 kN ðsimulationsÞ, H ¼ 7:7 mm ðexperimentsÞ, H ¼
7:3 mm ðsimulationsÞ, E ¼ 53:1 JðexperiemntsÞ, E ¼ 52:6 J
ðsimulationsÞ, which again show good agreement between experi-
ments and simulations.

To optimize the origami geometry for energy absorption, two
more structures with l=h ¼ 1and3 are studied. The force versus
displacement curves are provided in Fig. 7 and Table 1 summa-
rizes the key characteristics. With the decreasing of l=h ¼ 3 ratio
(from 3 to 1), the structures become denser because the unit cell
occupies smaller volume and the effective density increases. This

Fig. 5 Comparison of collapse mode in both experiment and simulation

Fig. 6 Force versus displacement curves of No. 2 model
obtained by both experiment and simulation. Here, No. 2 model
represents the model with l/h 5 1:81 shown in Table 1.

Table 1 Origami absorber geometries and numerical results

No. l=h Relative density
Effective

stroke (mm) Fmean(K�N)
Energy absorption efficiency

(energy/volume) (J=cm3)

1 1 0.159 5.7 5.1 8.0
2 1.81 0.089 7.3 7.1 4.6
3 3 0.054 8.2 8.8 2.3
Honey-comb 0.089 5.9 10.6 5.4

Fig. 7 Force versus displacement curves of physical and
numerical models. Here, numbers 1, 2, 3 represent models with
different l and h ratios shown in Table 1.
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also explains that for l=h ¼ 1, the initial buckling occurs later
than that for l=h ¼ 3. For the same reason, the effective stroke for
l=h ¼ 1 is smaller than that for l=h ¼ 3, as shown in Table 1.
Overall, smaller l=h ratio provides higher energy absorption effi-
ciency (Table 1).

Figure 8 further shows the deformation characteristics for
l=h ¼ 1 and 3. As seen in Fig. 8(a) for l=h ¼ 1, in addition to the
two plastic hinge lines as observed in Fig. 4 for l=h ¼ 1:81, the
neighboring thin walls have contacted, and thus, provide another
way to absorb energy, which is not observed for l=h ¼ 3
(Fig. 8(b)). This is also because the structure with l=h ¼ 1 is rela-
tively denser than that for l=h ¼ 3. This self-compression for
l=h ¼ 1 leads to smaller effective stroke, compared with individ-
ual folding in each thin wall structure for l=h ¼ 3, as summarized
in Table 1. Figures 8(c) and 8(d) show that the plastic zone for
l=h ¼ 1 is much larger than that for l=h ¼ 3.

To compare with a widely used energy absorber structure,
namely a honeycomb structure, Fig. 7 and Table 1 also provide
the results for honeycomb. The honeycomb specimen is fabricated
using the same way of the origami models. To keep the same vol-
ume, same height, same cross-sectional area, and the same relative
density as the origami absorber (l=h¼ 1.81) described in experi-
ment, a different wall thickness (t¼ 1.5 mm) is used. As shown in
Fig. 7, honeycomb and origami-based structures show different
characteristics. For honeycomb, the load first increases linearly
during the elastic stage, resulting in a sharp peak of the load.
Afterward, a valley of the load forms and the load finally increases
at the densification stage. The major energy is absorbed at the
primary stage due to the high peak force. Compared with the hon-
eycomb structures, though the Ron Resch origami-inspired struc-
tures have lower energy absorption efficiency, the smaller peak
force and the larger effective stroke offer unique characteristics as
energy absorption structures. In other words, the Ron Resch
origami-inspired and the classical honeycomb structures are
complementary.

6 Conclusions

In this work, a novel energy absorbing structure inspired by the
Ron Resch origami pattern is designed and investigated via both
experiment and simulation. 3D printing method is used for

fabricating the origami absorber and quasi-static axial crushing
test is carried out for validating the energy absorbing properties.
The results show a new collapse mode in terms of energy absorp-
tion featuring multiple plastic hinge lines, which lead to the peak
force reduction and larger effective stroke, as compared with the
classical honeycomb structure. Overall, the Ron Resch origami-
inspired structure and the classical honeycomb structure are quite
complementary as energy absorption structures.
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