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Energy absorption devices are widely used to mitigate damage from collisions and impact
loads. Due to the inherent uncertainty of possible impact characteristics, passive energy
absorbers with ﬁxed mechanical properties are not capable of serving in versatile application scenarios. Here, we explore a deployable design concept where origami tubes can
extend, lock, and are intended to absorb energy through crushing (buckling and plasticity).
This system concept is unique because origami deployment can increase the crushing distance between two impacting bodies and can tune the energy absorption characteristics. We
show that the stiffness, peak crushing force, and total energy absorption of the origami
tubes all increase with the deployed state. We present numerical and experimental
studies that investigate these tunable behaviors under both static and dynamic scenarios.
The energy-absorbing performance of the deployed origami tubes is slightly better than
conventional prismatic tubes in terms of total absorbed energy and peak force. When the
origami tubes are only partially deployed, they exhibit a nearly elastic collapse behavior;
however, when they are locked in a more deployed conﬁguration, they can experience nonrecoverable crushing with higher energy absorption. Parametric studies reveal that the
geometric design of the tube can control the nonlinear relationship between energy absorption and deployment. A physical model shows the potential of the self-locking after deployment. This concept for deployable energy-absorbing origami tubes can enable future
protective systems with on-demand properties for different impact scenarios.
[DOI: 10.1115/1.4054363]
Keywords: energy absorption, deployable structures, origami, origami crushing and
buckling

Introduction
Conventional energy absorption systems serve as passive sacriﬁcial structures that absorb the kinetic energy of an impact through
buckling, crumpling, and plastic deformation. Thin-walled prismatic tubes and cellular structures are effective in this role
because they can provide a large amount of energy absorption for
their small overall mass [1]. The energy absorption characteristics
of such structures are typically evaluated from quasi-static compressive tests where the crushing distance (δ), mean crushing force
(Pm), and peak crushing force (Pmax) are of primary interest
(Fig. 1(a)). The total energy that can be absorbed by the system
is δ · Pm, while the peak crushing force is of interest as it correlates
with the forces and accelerations translated to the object that is to be
protected.
One recent innovation for energy-absorbing tubes has been to use
origami inspired patterns in the design and fabrication of the thinwalled structures [2]. The pre-patterned geometry triggers controlled buckling modes during crushing, which in turn can reduce
the peak forces and increase the total amount of energy absorbed
(Fig. 1(b)). Origami can also offer a variety of geometric design
options and can have the beneﬁt of easy fabrication from a ﬂat
developable surface [3–5]. For example, a thin-walled tube with
pre-folded Yoshimura pattern [6] and a sandwich-like structure
with Kresling pattern [7] can both provide favorable
energy-absorbing behaviors. However, all of these previous
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origami systems are passive, and the entire energy absorption performance is determined by the design geometry and material
properties.
In this paper, we present a concept that takes further advantage of
the origami principles and uses the folding kinematics of zippercoupled tubes [8] to enable deployment and tuning of the energy
absorber. By deploying the origami, it becomes possible to initiate
earlier contact between colliding objects and to increase the crushing distance (δ) of the system. The longer crushing distance allows
for an increase in the amount of absorbed energy if we assume that
forces would be in the same range (Fig. 1(c)). Additionally, a
deployable energy absorber could be stowed compactly prior to
impact in order to save onboard space or improve the aerodynamics
in vehicle applications.
Deployment of the origami tubes also enables tunable performance of the energy absorber as shown conceptually in Fig. 1(d).
The proposed structures have the potential to deploy, lock, and
crush at different geometric states where each state offers drastically
different force–displacement characteristics. Our results, presented
later in the paper, show that the crushing distance (δ), mean crushing force (Pm), and peak crushing force (Pmax) can all be increased
by elongating the origami tubes. Depending on the mass and velocity of an impacting object, the energy absorber could be deployed to
minimize the peak force and absorb only the desired amount of
kinetic energy (Fig. 1(d)).
The deployable origami structures explored in this paper share
similarities with other energy absorber designs in the emerging
ﬁeld of mechanical metamaterials [9–11]. Similar to the proposed
origami structures, the programable behavior of these metamaterials
is a function of their design and geometric architecture. However,
the proposed systems are also fundamentally different. In contrast
to designs that store and dissipate energy through elastic behaviors
[11], the proposed origami tubes are non-recoverable and energy is
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absorbed through crushing, buckling, and plasticity in the thin
sheets (non-recoverable, but a lighter and more efﬁcient method
for energy absorption). The potential capability for deployment is
also different because the origami tubes could increase the crushing
distance and enable on-demand tuning of the system behavior.
This work serves as an initial demonstration and a proof-of-concept
for the deployable origami tube energy absorbers. To present their
capabilities, this paper is structured as follows: ﬁrst, the geometry,
material properties, and fabrication of the origami tubes are discussed
with an emphasis on locking the tubes into a speciﬁc state. Next, a
ﬁnite element (FE) model is introduced to study the energy absorption
behavior. The experimental setup for quasi-static and dynamic drop
tests are then described. A series of quasi-static experiments are performed to quantify the energy absorption behavior of the tubes at different states of deployment. The effect of tube locking on the energy
performance is explored by simulating tube crushing with only one
or both ends of the tube restrained. Analytical simulations of the
systems allow for a comprehensive parametric study, which explores
the performance and tunable designs offered by various geometries of
the tube. A series of dynamic drop tests are used to demonstrate the
tunable stiffness and its inﬂuence on the initial impact. Next, a prototype of the zip-tie mechanism is integrated into a physical model to
enable self-locking. Finally, the concluding remarks summarize the
results, present limitations of the current study, and emphasize
topics for further research including the deployment mechanisms
and the physical fabrication of the proposed energy absorbers. An
earlier version of this study was presented by the authors in a conference publication [12], while the work presented here contains a more
extensive numerical and experimental exploration of the energyabsorbing tubes.

System and Methods
Geometry, Fabrication, and Locking of Origami Tubes. The
geometry of the proposed deployable energy-absorbing tubes originates from the popular “Miura-ori” origami pattern. This pattern was
ﬁrst explored as a way to package large membranes and deploy them
in outer space [13]. The Miura-ori has been applied in various
041007-2 / Vol. 14, AUGUST 2022
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Fig. 1 Conceptual force–displacement curves of different
energy-absorbing tubes. (a) A prismatic tube has a high peak
force for crushing (Pmax) with the total absorbed energy represented by the area underneath the curve (≈δ · Pm). (b) Introducing
origami patterns in the design can reduce the peak force while
increasing the total energy absorbed [2]. (c) The proposed
origami tubes here could deploy to increase the crushing distance δ while remaining stowed prior to use. The increased
crushing distance could allow for more energy absorption than
a passive system with comparable peak forces. (d) Deployment
of the proposed tubes can tune the initial stiffness, the peak
forces, and the total absorbed energy.

engineering disciplines, such as the self-locking metamaterials [14]
and the deployable canopies [15]. The Miura-ori pattern is developable making it easy to fold directly from a ﬂat sheet. It is ﬂat foldable
so it can be stowed compactly and is rigid foldable which allows for
fabrication with rigid panel components connected by ﬂexible
hinges. The structure also has one-degree-of-freedom (DOF)
origami kinematics which allows for a prescriptive longitudinal
deployment where only the hinges (or folds) deform. Finally, the
zipper-coupling concept for Miura-ori tubes adds stiffness to the
origami structure [8], which makes it possible to lock the system
and crush it as will be discussed further.
The geometric deﬁnition of the Miura-ori pattern and zipper
tubes begins by prescribing the dimensions of the unit cell
(Fig. 2(a)). The unit cell is formed by four identical panels connected at a vertex, with each panel deﬁned by a height a, width c,
and vertex angle α (the acute angle of the parallelogram). This
unit cell can be folded into a three-dimensional shape where the
current geometric conﬁguration is governed by the dihedral
folding angle θ ∈ [0, π].
The zipper-coupled tube system (Fig. 2(b)) is constructed by
repeating and connecting symmetric Miura-ori cells. Instead of
the dihedral angle, it is more intuitive to use a percentage of extension to deﬁne the longitudinal conﬁguration of the tubes. The percentage equals to the ratio of current length to the maximum
extended length, which is the product of the number of segments
(N) and the panel width (c). The tube is thus fully deployed when
the extension is 100% (θ = π) and packed into a compact size
when the extension is 0% (θ = 0). This structure has only one ﬂexible deformation mode through which it can be deployed with
bending around the fold lines. Other deformation modes require
engagement of panel bending and stretching, which signiﬁcantly
increases the stiffness of the system [8].
The zipper tubes were manually folded and glued from laser-cut
polyester Mylar® sheets with a thickness of 0.127 mm. Based on a
prior work [16], the tubes for all experimental tests consist of six
segments, with their planar geometry set to be a = c = 25 mm and
α = 55 deg. The systems were locked by constraining both ends
with signiﬁcantly thicker 5 mm acrylic plates.
Fabrication of the locked zipper tubes consists of four major steps
(Fig. 2(c)). First, two Miura-ori patterns with three units (six segments) are perforated by a Universal Laser System (VLS 6) and
folded into a 3D shape. These two Miura-ori sheets are then ﬂattened
again and glued in the zipper orientation (step 1). This assembly is
folded into a 3D shape and two additional Miura-ori sheets are
glued to form the complete unlocked zipper tubes (step 2). Speciﬁcally, one sheet is rotated and glued to the other in a zig-zag
manner, and a prior work [8] illustrated the connection in its
second ﬁgure. This system can fold and unfold freely to different
states (step 3). The zipper tubes are designed with tabs on both ends
that are glued to two square acrylic plates to lock the tubes (step 4).
The connections between zipper tubes and acrylic plates were
made by gluing the two parts together with a LOCTITE® bonding
system. The tabs are continuous with the base sheet and are perforated
to fold orthogonally against the acrylic plate. Therefore, the relative
translation between the zipper tubes and the acrylic plate is restrained,
while the edges of the tube are free to rotate relative to the plate. When
this connection with the endplates is complete, the structure is locked
and can no longer fold without crushing.
We explored zipper tube systems locked at three different levels
of extension, ∼50%, ∼75%, and ∼95%. These extensions are
chosen to represent a half, three quarters, and near fully deployed
systems. A 100% deployed structure is not feasible because it is
completely ﬂat (θ = π). Seven tubes were fabricated for each of
the three desired extension ranges. Due to manufacturing error,
the tubes aimed at half extension (∼50%) averaged at 52%, those
at the three-quarters extension averaged at 72%, and those at the
high extension averaged at 95%. In the subsequent text, we use
these averaged extensions to represent the systems folded at the
three different extensions.

To demonstrate the importance of locking on the axial stiffness, in
Fig. 2(d), we present two identical zipper tubes made with construction paper. The locked structure weights 8.6 g and can support a mass
of 500 g without a visible deformation (58 times its own weight),
while the unlocked structure collapses into a ﬂat state by following
the one DOF folding kinematics. We also make a quantitative comparison of the axial loading response between locked and unlocked
tubes (Fig. 2(e)), where the tests are conducted on polyester prototypes. For the locked tube system, the ends are constrained with
acrylic plates. The initial stiffness of the two cases is drastically different. The locked tube has an initial stiffness of 1.8 N/mm, while the
unrestrained tube has a stiffness of 0.2 N/mm. The unrestrained tube
does not have a zero stiffness and has a generally elastic response
because the folds of the system remain elastic, and fabrication imperfections (e.g., adhesive at fold vertices) restrict the perfect kinematic
motion of the Miura-ori pattern. These preliminary tests show the
large difference that can be obtained by locking the ends of the
tubes. We then explore the nonlinear axial crushing of these
systems in the subsequent sections.
Finite Element Model. In this paper, we use a ﬁnite element
model (ABAQUS/Explicit [17]) that consists of shells elements
and rotational hinges as the basis for numerical simulation. The
origami panels are meshed with S4 general purpose shell elements
(Fig. 3(a)). Adjacent panels are connected via connector elements
(hinges) with prescribed rotational stiffness to simulate the
bending behavior of fold lines. Each end of the thin tube system
is connected to a plate with signiﬁcantly higher stiffness to restrain
translational movements.
Journal of Mechanisms and Robotics

In the simulation, the crushing of locked zipper tubes is modeled
as axial compression between two rigid plates. One of the rigid
plates is set to be completely ﬁxed by restraining all six DOFs,
while the moving plate is constrained to only translate along the
axial direction of the zipper tubes. The crushing process is controlled by assigning a prescribed downward displacement to the
moving plate, in which the moving rate is applied using a smooth
amplitude deﬁnition. Self-contact (surface to surface) is applied to
model contact between different parts of the zipper tubes and
rigid plates. Friction resulting from contact is considered in the
model with a coefﬁcient of friction of μ = 0.25. The reaction force
in the axial direction is monitored in each simulation step and is
recorded with respect to the position of the top plate. The force–displacement data are then used to calculate absorbed energy, mean
force, and maximum force. Convergence with respect to the mesh
size is examined, and a mesh size of 2.5 × 2.5 mm is chosen
because it is able to provide a strain energy solution that is within
2% of a mesh with 1 × 1 mm elements. The simulation time is set
to be 20 ms to keep the ratio of kinetic energy to strain energy
under 5% so the dynamic effects can be considered as negligible
to the global response.
Material properties for the polyester ﬁlms are assumed to be isotropic. Young’s modulus is set to be E = 4.4 GPa based on the material tests, and Poisson’s ratio is assumed to be ν = 0.33. The model
dimensions and thickness are set to be the same as the physical
models that were fabricated. The rotational stiffness (Kl) of the
folds can vary dramatically due to the variation in materials, fabrication, and folding history. Previous research [18,19] reveals that
(Kl) is expected to be proportional to the length of fold lines and
AUGUST 2022, Vol. 14 / 041007-3
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Fig. 2 Geometry, fabrication, and locking. (a) A unit cell of the Miura-ori pattern is deﬁned by side lengths a, c, vertex angle α,
and folding angle θ. (b) Zipper tubes at 30% and 90% extension with one segment indicated. (c) Fabrication process of locked
zipper tubes. Paper tubes are shown on the left for visual clarity, and a ﬁnal tube made from polyester sheets is shown on the
right. (d) Comparison of load bearing capacity between unlocked (left) and locked (right) zipper tubes. Locking restricts the
kinematic motion and makes the structure signiﬁcantly stiffer. (e) Axial loading response in quasi-static experiments for
locked and unlocked tubes. The locked structure ultimately crushes resulting in the nonlinear response.

the bending stiffness of the thin-sheet material. The equation to calculate rotational stiffness is empirically written as
LF
Et 3
Kl = ∗ ·
(1)
L 12(1 − ν3 )
where E and ν are the Young’s modulus and Poisson’s ratio of material, and t is the thickness of panels. L* is the length scale parameter
which relates the bending of fold lines to the bending of initially ﬂat
sheets.
The stiffness Kl is then dependent on L* and there is no theoretical
basis for determining the exact value of L*. Therefore, a sensitivity
analysis is performed (Fig. 3(b)) by compressing tubes of 52%, 72%,
and 95% extension with different length scales, L* = 8, 50, 500,
1000 mm. As the response curves are relatively close to each other
for substantially different length scales, we determine that the
global crushing behavior is not sensitive to the local fold stiffness.
This phenomenon occurs because the axial crushing is mainly inﬂuenced by the constrained geometry from the rigid end plates rather
than the local bending stiffness.
Based on the material tests, the elastoplastic constitutive relationship for the polyester material used in the numerical simulation can
be modeled as follows:
⎧
ε < εy = 0.0227
⎨ 4400ε,
(2)
σ(MPa) = 153.86(ε − εy ) + 100, εy ≤ ε ≤ 0.15
⎩
120,
0.15 ≤ ε
Experimental Methods. Quasi-static uniaxial compression tests
of locked zipper tubes are used to explore the nonlinear force–displacement behavior of these systems. First, a set of tensile coupon
tests were performed to verify the elastic modulus of the polyester
sheets and to test the strength of the adhesive connections. The
stress–strain relationships of the coupons are used for the numerical
simulations and provide background on the validity and limitations
of the experimental tests.
A specialized grip (Fig. 4(a)) is fabricated to connect the locked
zipper tubes to the test machine, where the tube endplates ﬁt within

voids of the grips and are adhered with plastic tape to stay in place.
This conﬁguration allows the test machine to apply a compressive
force to the locked zipper tubes without restricting rotation at the
top. An Instron 5969 dual column axial testing frame is used for
the testing with a 1000 N load cell attached to the top grip to
record the reaction force. The displacement of the load cell is controlled and recorded by the machine. A testing rate of 25.4 mm/min
is used for all experimental tests in this study. Through the numerical simulation, we showed that even at fast loading rates (completing the analysis in 20 ms) the internal dynamics are insigniﬁcant
when compared to the nonlinear crushing behaviors.
Drop tests are carried out to explore the dynamic properties of
locked zipper tubes under a low-energy scenario. The displacement
is recorded by tracking a laser pointer attached to the top of the constrained zipper tubes using a high-speed camera. The setup for the
dynamic experiments is shown in Figs. 4(b) and 4(c). The tests are
built into a vertical track with T-slot parts (80/20 Inc.). A slider
which can move vertically along the track was used to hold the
zipper tubes. Horizontal movement at the top of the tubes was
restricted by additional sliders while still allowing for vertical
movement of the tube (Fig. 4(b)). Two tubes can be accommodated
on the slider and tested under the same conditions. They are
dropped simultaneously and the sliders for horizontal restriction
are the same for both tubes. A lighting system is provided to illuminate the devices in order to capture high-quality images with a highspeed camera (Photron INC., FASTCAM SA5). Videos are
recorded at a frame rate of 2000 frames per second. For the quantitative results, displacement is tracked using the high-speed images.
Tracking of the objects was most precise when measured from two
laser pointers attached to the top of the zipper tubes (Fig. 4(c)).
These laser pointers provided precise point-based locations for the
tube tops through the duration of the drop test.

Results
Quasi-Static Axial Tests. Zipper tubes locked at three different states of extension, 52%, 72%, and 95%, are tested with a

Fig. 4 Experimental methods. (a) A locked zipper tube in a quasi-static test. (b) The drop test frame. (c) Two laser pointers at
the top of the tubes allow for accurate tracking of the position with a high-speed camera.
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Fig. 3 Finite element model. (a) The zoom-in ﬁgure on top shows the details of the connections between adjacent panels.
Finite element model of the locked zipper tubes on the bottom is only representative and a ﬁner mesh is used for the analyses.
(b) Axial force–displacement simulation for the locked zipper tube with different length scale parameters L*.

load–unload cycle (Fig. 5(a), Movie S1 available in the Supplemental Materials on the ASME Digital Collection), where the
shaded area denotes the dissipated energy during a load–unload
cycle. The initial stiffness increases with the extension of the
tubes (i.e., 1 N/mm for the 52%, 1.8 N/mm for the 72%, and
6.5 N/mm for the 95%). The tubes at 52% extension show a
nearly elastic response and recovery; and thus, little energy is dissipated. During loading, there is some elastic buckling and minor
yielding (point no. I), followed by a plateau (point No. II), and
ﬁnally some densiﬁcation of the tube (point no. III). Upon recovery, the force–displacement response is nearly identical with the
buckled locations recovering to the initial conﬁguration. For the
tubes with 52% extension, most of the deformations occur as
recoverable buckling and local bending around fold lines which
follows the one DOF kinematics of the origami. The tubes
locked at higher extensions have a more nonlinear force–displacement response because more panel deﬂection, buckling, and local

yielding occur. The force–displacement results for the zipper
tubes at 95% extension show three peaks during the loading
process. Before the ﬁrst peak, the zipper tubes have a linear
elastic response to the axial loading. Due to the buckling and
local cracking in the adhesive around fold lines, the force drops
sharply at point no. 1. As the loading is continued, localized
contact occurs at the central segments, which leads to another
peak in the force–displacement curve (point no. 2). More buckling around end-segments of the tube brings the force down
until the whole structure becomes densiﬁed (point no. 3). As
the system is unloaded, it has a low stiffness and recovers near
linearly (from 80 to 0 mm displacement). The response of the
tube with 72% extension is between the two other cases. Buckling, yielding, and local bending around fold lines are affecting
the global responses simultaneously in the tube with 72% extension. Buckling and yielding induce a drastic change in the forces
and non-recoverable deformations, whereas the local bending will

Fig. 6 Comparison of the energy absorption behavior between prismatic tubes
and locked zipper tubes of the same length. (a) Experimental photos of prismatic
square tubes, the numbering corresponds to part (b). (b) Mean value of loading
responses from seven experiments for prismatic tubes and locked zipper tubes
at 95% extension.
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Fig. 5 Quasi-static axial loading response of locked tubes. (a) Load–unload cycle response of tubes extended to 52%, 72%,
and 95% (top) and corresponding experimental photos for the 95% and 52% extensions (bottom). The shaded area is the dissipated energy during a load–unload cycle. (b) Mean value of loading responses from seven experiments for each extension.
(c) Mean value of energy absorption from seven experiments for each extension. (d) Comparison of mean force between experimental testing and numerical FEM simulation (for a crushing distance δ/lc = 50%). (e) Comparison of absorbed energy
between experimental testing and numerical FEM simulation (for a crushing distance δ/lc = 50%).

increase the forces and recover after unloading. A combination of
these opposing effects distinguishes the loading response from the
nearly elastic behavior of the tube with 52% extension or the ﬂuctuating forces of the tube with 95% extension.
To verify the overall behavior with respect to extension, seven
individual tests are performed for each of the three cases. The
overall force–displacement for the three sets of tests is similar to
those shown in Fig. 5(a). The systems with low extension (52%)
have a nearly recoverable response, those at a high extension
(95%) have three peaks, and the third set (72%) again fall in the
middle. The load–displacement response for each set of tubes is
averaged and presented in Fig. 5(b). The overall behavior is again
inﬂuenced by the extensions. The tubes with larger extension
exhibit a larger axial stiffness, a higher peak force for crushing,
and are able to provide a longer crushing distance before
densiﬁcation.
As illustrated in Fig. 1(a), the absorbed energy for each test is
characterized as the area underneath the force–displacement
curve. Figure 5(c) shows the absorbed energy versus the crushing
distance for the three sets of experimental tests (each set is averaged). This plot shows another tunable behavior beneﬁted from
the deployable property of these systems. The tubes with larger
extensions have higher levels of energy-absorbing capability even
for the same crushing distance (slopes of lines in Fig. 5(c)). From
the quantitative comparison of mean values of energy absorption,
the locked zipper tubes extended to 95% can absorb 2.3 J while
those at 52% absorb less than 0.4 J. However, the mean forces
and peak forces also increase with the extension. In summary, the
behavior obtained from quasi-static tests show that the axial
response including stiffness, peak force for crushing, and total
041007-6 / Vol. 14, AUGUST 2022

energy absorption can be changed dramatically for the same tube
design. By deploying and locking the tubes at different extensions,
it is possible to tune the behavior without changing the system
design.
Finite element numerical simulations are performed for the same
range of tube extensions, and the results are compared with experimental results in terms of the mean reaction force and absorbed
energy (Figs. 5(d) and 5(e)). The large variation of experimental
results comes from the limited specimens. For each deployment
ratio, we made seven samples for the quasi-static compressions.
The variation can be narrowed by testing more samples.
These results are obtained when we compare the systems over a
crushing distance of δ/Lc = 60% of the total length of locked zipper
tubes (see schematic in Fig. 5(d )). Comparing over only a portion of
the crushing distance (50–80%) provides a more reasonable comparison, because the ﬁnite element models substantially overestimate forces and energy absorption in the densiﬁcation regime.
For the limited range, the mean forces and total energies are in reasonable agreement with those obtained from the compression experiments. Additionally, the overall trends are similar and show that the
extension can be used to increase the forces and the total amount of
energy absorbed. Finally, the increase of energy absorption from
extending the tubes is substantially faster than a linear growth
(dashed line in Fig. 5(e)). In other words, if the tube is already
deployed past 50% extension, a small additional extension will
result in much higher forces and energy absorption.
Benchmark Comparison. Seven conventional square tubes of
the same length and cross-sectional area are tested to set a
Transactions of the ASME
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Fig. 7 Comparison of the energy absorption behavior between zipper tubes that
are locked on both ends and zipper tubes that are restrained only on the bottom
end. Comparison of mean force for (a) different extensions and (b) different
number of segments, while the extension is set to be 82%. The crushing distance
δ/Lc = 50%. Plastic deformation for (c) the bottom-restrained and (d) the fully
locked tubes with different number of segments deployed to 82% extension
(the equivalent plastic strain, PEEQ, is plotted on the undeformed shape).

benchmark for evaluating the relative energy-absorbing behavior of
the locked zipper tubes. The square tube is selected as a representative of the conventional thin-walled prismatic energy absorbers,
because those devices have similar loading responses where the critical buckling causes a high initial peak force and subsequent sharp
decrease. These square tubes are fabricated with the same polyester
sheets as the locked zipper tubes, where the total amount of material
used and the axial length of the squared-tube are equal to the locked
zipper tubes at 95% extension. Both ends of the prismatic tube are
glued to two square acrylic plates to restrain the translational movement (Fig. 6(a)). These prismatic tubes are tested using the same
loading procedure as the locked zipper tubes and the mean
loading responses are plotted in Fig. 6(b) for the prismatic tubes
and the locked zipper tubes at 95% extension. The

Table 1 The ratio of the amount of energy absorbed at 95%
extension to the corresponding peak force (δ · Pm/Pmax)
Number of segments

2

4

6

8

10

δ · Pm/Pmax (10−1 J/N)
Aspect ratio, a/c
δ · Pm/Pmax (10−1 J/N)

0.55
0.5
1

0.83
0.8
1.5

1
1.0
1

0.84
1.5
0.83

0.76
2.0
0.83

Journal of Mechanisms and Robotics

energy-absorbing characteristics are compared over the whole
crushing distance of 0.5Lc = 72.5 mm, where Lc is the initial
length of both tubes. The comparison shows that initial peak
force of the locked zipper tubes (40.7 N) is 23.6% lower than the
initial peak force of the prismatic tubes (53.3 N), whereas mean
crushing force of the locked zipper tubes (24.9 N) is slightly
higher than the mean crushing force of the prismatic tubes
(23.9 N). These results show that the zipper-coupled origami
pattern offers similar advantages for energy absorption as those presented with other origami inspired designs [2] and can provide an
overall comparable response to prismatic tubular systems. Notice
that if the comparison is carried out over a shorter crushing distance
(e.g., 0.14Lc ≈ 20 mm), the mean crushing force of the square tube
(29.5 N) will be greater than that of the zipper tube (28.8 N).
However, to absorb more impact energy, an thin-walled tube is typically crushed over a longer portion of the initial length (e.g., half of
the initial length or more).
Inﬂuence of the End Constraints. Figure 2(d) shows that a
zipper tube that is locked on both ends can offer signiﬁcantly
more stiffness than an unrestrained tube, and is thus suitable for
energy absorption. The numerical study of energy characteristics
is now extended to zipper tubes that are only restrained on the
bottom, and the locking at the top plate is released. The FE
AUGUST 2022, Vol. 14 / 041007-7
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Fig. 8 Parametric variation of tube geometry. (a) Energy absorption and (b) maximum force for tubes with different number of
segments. (c) Plastic deformation for two tubes with a different number of segments (PEEQ is plotted on the undeformed
shape). Distributed panel plastiﬁcation is observed for tubes with only two segments, whereas most plastic deformation
occurs around fold lines for tubes with ten segments. (d) Energy absorption and (e) maximum force for tubes with different
vertex angles. (f) Plastic deformation for tubes with different vertex angles deployed to 95% extension (PEEQ is plotted on
the undeformed shape). Distributed panel plastiﬁcation is observed for tubes with a vertex angle of α = 75 deg, whereas
most plastic deformation happens around fold lines for tubes with a vertex angle of α = 35 deg. (g) Energy absorption and
(h) maximum force for tubes with different aspect ratios. (i) Plastic deformation for tubes with different aspect ratios deployed
to 95% extension (PEEQ is plotted on the undeformed shape). Distributed panel plastiﬁcation is observed for tubes with an
aspect ratio of a/c = 2, whereas most plastic deformation happens around fold lines for tubes with an aspect ratio of a/c = 0.5.

model of the bottom-restrained zipper tube is built with same geometry as the fully locked tube, while the top plate now only serves as a
moving plate to compress the tube. Finite element simulations are
performed for the same range of extensions from 52% to 95%,
and the mean crushing forces are compared with those of fully
locked tubes (Fig. 7(a)). The results compare the tubes over a crushing distance of δ/Lc = 50% of the total length. Both trends show
that the mean forces (Pm) increase with the axial extension, while
the fully locked tubes have a higher Pm over the whole range of
extensions. The fully locked zipper tube can absorb more energy
because the restraint from the top plate results in more panel crushing within the segments that are close to the top.
For zipper tubes with different number of segments, the top
restraint has a different level of inﬂuence on the overall energy
behavior. Keeping the panel geometry to be the same, zipper
tubes with different number of segments are compressed from
82% extension, and their mean forces are shown in Fig. 7(b).
With more segments in the tube, the mean force decreases for
both the fully locked and the bottom-restrained tubes, because
with more segments there is more kinematic deformation and less
crushing. However, the difference between the mean forces, quantiﬁed as the ratio of the fully locked Pm to the bottom-restrained Pm,
varies with the number of segments (inset in Fig. 7(b)). The ratio
ﬁrst increases then decreases with the number of section, and it
reached the peak for six segments. The trend of this ratio is
related to the distribution of crushing in the two different locked
cases, which can be explored through the equivalent plastic strain,
PEEQ, in the systems (Figs. 7(c) and 7(d)). With only two segments, the case with only the bottom restraint still provides substantial constraint to the kinematics of the tube, inducing similar panel
crushing and plastic strain to those of the fully locked tube. Thus,
the fully locked Pm is only 1.6 times as high as the bottomrestrained Pm. For the bottom-restrained tube with six segments,
the top panels are much less restrained and do not experience crushing, while the fully locked tube can provide restraints and cause
more panel crushing. Thus the ratio of Pm increases to 3. Furthermore, with ten segments in the tube, the majority of the panels in
both tubes will follow the kinematic folding motions of the
creases, regardless of the existence of the top restraint. The ratio
of Pm drops back to 1.6, which implies that the energy absorption
is not signiﬁcantly improved by adding the top restraint.
Parametric Study. The ﬁnite element simulations are extended
to conduct a parametric study where the geometry of locked zipper
tubes is varied. From the parameters used in the geometric design of
zipper tubes, the number of segments N, the vertex angle α, and the
aspect ratio a/c (Figs. 2(a) and 2(b)) result in differences in the
system performance. To enable a fair comparison within the parametric study, the total material cost and the shell thickness of the
zipper tubes are kept the same for all cases. As the number of segments is changed, the size of panels (variables a and c) changes such
041007-8 / Vol. 14, AUGUST 2022

that the material cost remains the same. The crushing percentage
(δ/Lc) is set to be 80% for all simulations. Changing the number
of segments does not change the overall kinematics of the tubes.
The vertex angle and the aspect ratio characterize the planar geometry of the Miura-ori pattern, which affects the global shape of the
system. Changing the vertex angle or the aspect ratio does not affect
the size of the panels (variables a and c). The vertex angle does
affect the folding kinematics of the system where tubes with
higher α change their shapes to essentially square-like tubes when
fully deployed. The aspect ratio also alters the folding kinematics,
where a larger aspect ratio deﬁnes a shorter and more dense
zipper tube. The crushing characteristics of the different parametric
cases are compared in terms of the energy absorption and the
maximum force Pmax (Fig. 8).
The Number of Segments. When increasing the number of segments in a tube, both the absorbed energy and the maximum
force decrease (Figs. 8(a) and 8(b)). The general trends are
similar to those observed in the experiments, and the force/energy
characteristics with respect to deployment remain aligned for the
different number of segments (lines do not overlap). To compare
the efﬁcacy of these systems as energy absorbers, we compare the
ratio of the amount of energy absorbed at 95% extension to the corresponding peak force (δ · Pm/Pmax, summarized in Table 1). All
these systems use the same amount of material, so if more energy
absorption is desired, then the design with the fewest segments
should be used (Fig. 8(a)). However, if it is also desirable to mitigate the peak crushing forces, then tubes with six segments
provide the maximum energy absorbed for the lowest relative
peak force (Table 1). These trends are a result of the strain distribution and crushing behavior of the origami tubes (see Fig. 8(c), where
the PEEQ represents the equivalent plastic strain status). For the
most part, we see the high strains to be happening around diagonals.
Additionally, we see the high strains happening at the vertices. The
only case where we see islands of high strains is when there are only
two segments in the zipper tube. All the tube panels are subjected to
constraints from the rigid plates. The local rotations are restrained,
leading to crushing and higher strains. For the zipper tube with more
segments, portions in the middle of the tube have less restriction and
can experience a more controlled buckling that also involves kinematic deformation of the system. These buckling characteristics and
the plasticity distributions could allow for more advanced designs
of the structures, where the number of segments could be used to
design the mean to maximum force ratio in the system.
The Planar Geometry. Both the vertex angle α and the aspect
ratio a/c can change the planar geometry of the Miura-ori pattern.
When varying the vertex angles, the energy absorption properties
with respect to the system extension show different nonlinear trends
(Figs. 8(d) and 8(e)). For a tube with a vertex angle of α = 75 deg,
the energy absorption increases from 0.24 J at 50% extension to
6.76 J for a 95% extension (28 times increase). On the other
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Fig. 9 Drop tests demonstrating peak accelerations in a low-energy impact scenario. (a) Time history of acceleration for tubes
with an extension of 52% and (b) tubes with an extension of 95%. (c) The peak accelerations after collision versus drop heights.
The 90% conﬁdence intervals are indicated with vertical bars and are derived from four repeated tests.

Fig. 10 Self-locking of the zipper-coupled tube. (a) A tube at
72% extension is deployed to 95% extension by squeezing the
sides. Panels on the ends are locked into one-way inclined
ridges that are bonded onto the rigid plates. The lock edge is parallel to the glued edge. (b) Corresponding experimental photos of
the deployment and locking. The tube is (1) at the initial state; (2)
deployed and locked at around 70% extension; (3) deployed and
locked at around 90% extension, and a mass of 500 g is supported on the top; (4) retracted to the initial state by releasing
the locking ridges from the tube edge. The insets show the
locking ridges at the initial state (1) and a deployed state (3).
See Movie S4 available in the Supplemental Materials on the
ASME Digital Collection.

hand, the trend for a smaller vertex angle is smoother without such a
drastic variability. For example, the tube with α = 35 deg has an
energy absorption of 0.37 J at 50% extension and only increases
to about 1.82 J at 95% extension (only a 4.9 times increase). The
maximum forces follow these same general trends where higher
vertex angles result in higher variability with extension. These
Journal of Mechanisms and Robotics

Drop Tests and Dynamic Analyses. Mechanical properties
such as axial stiffness and yielding forces can be extracted from
the quasi-static loading response, whereas the ability of the absorber
to provide buffering during impact can be characterized by exploring the acceleration time history after a free drop and collision. A
small mass is attached to the top of a locked tube to provide
enough impact, and the drop frame (Fig. 4(b)) is used to test the buffering capabilities. The tests are performed at three different heights
and the peak acceleration versus drop height are calculated (Figs.
9(a)–9(c)). The acceleration time history is calculated by twice differentiating the displacement data. The longer constrained zipper
tubes (95% extension) result in a larger peak acceleration after the
collision when compared to tubes with the same geometry but
shorter extension. For the drop test from a height of h = 5 cm, the
peak acceleration for a zipper tube at 52% extension averages at
3.5 m/s2, whereas the peak acceleration for tubes at 95% can
reach 10 m/s2. Similar relations can also be observed with different
drop heights. The peak acceleration during a collision is correlated
to the damage that can be transmitted to protected objects. A lower
peak acceleration (52% extension) corresponds to better protection,
and a higher peak acceleration (95% extension) means more serious
damage. Although the friction in the system is not negligible, it does
not affect the comparison between the tubes, as they are dropped
simultaneously with the same setup (discussed in the experimental
methods).
Dynamic buffering capability is also demonstrated qualitatively
using drop tests with (i) two measuring cylinders containing 2 cm
of colored water which are placed on locked zipper tubes with
extensions of 52% and 95% (Movie S2 available in the Supplemental Materials on the ASME Digital Collection) and (ii) eggs on top
of a 52% locked zipper tube and the slider (Movie S3 available in
the Supplemental Materials on the ASME Digital Collection).
In this low-energy scenario, these structures with extension of
95% do not crush during the test, and their high stiffness causes
the higher accelerations. On the other hand, the tubes with a 52%
extension have a substantially lower stiffness and remain nearly
elastic (even when slight crushing and nonlinearity occurs
(Fig. 5(a)).

Locking Mechanism
In this subsection, we show a locking mechanism inspired by zip
ties that allows the deployment and subsequent self-locking of the
AUGUST 2022, Vol. 14 / 041007-9
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results show that the vertex angle can be used to control how
tunable the system is. The change in the energy absorption trends
relate to the kinematics of the systems. When the tubes are deployed
to a smaller extension (e.g., 50%), the crushing of all tubes follows
the fold kinematics and little energy is absorbed. When deployed to
higher extensions (above 90%), crushing the tubes with large vertex
angles engages local panel deformations and distributes plasticity
throughout the system, while crushing tubes with small vertex
angles still follow the fold kinematics (Fig. 8( f )).
When increasing the aspect ratio a/c of the tube panels, both the
absorbed energy and the maximum force increase (Figs. 8(g) and
8(h)). The ratio of the energy absorption at 95% extension to the
corresponding peak force (δ · Pm/Pmax) is compared to show the efﬁcacy (Table 1), and the tubes with aspect ratio around 1.0 offer the
highest efﬁcacy. The change of the energy absorption and the max
force is related to the global shape difference (Fig. 8(i)). The tubes
with large aspect ratio are shorter and more dense (Fig. 8(i)), i.e.,
have more amount of material in a unit longitudinal length. When
the tubes are compressed, the same crushing distance results in
more material deformation in the tubes with large aspect ratio. Furthermore, for the zipper tubes with large aspect ratio, the tube panels
also have more restriction from the rigid plate due to the smaller
longitudinal length, causing higher strains within the tube panels
(Fig. 8(i)). Thus, the energy absorption and the max force both
increase with the aspect ratio based on the above two effects.

on the zip-tie mechanism is introduced to demonstrate self-locking
of the tube after deployment.
In comparison with the conventional thin-walled tube of identical
material cost, the proposed zipper tube shares similar loading
responses as those of other origami energy absorbers [2,6]: lower
peak force and more energy absorption. Moreover, the zipper
tube also owns the potential to tune the energy-absorbing behavior
by deploying to different extensions. For vehicle applications, we
expect that the deployable energy absorbers can work with speed
sensors that detect the incoming collision. Generally, the absorbers
should be deployed to a longer extension for a higher speed to
absorb as much impact energy as possible. For a relatively lower
speed, the absorbers should be deployed to a shorter extension to
reduce the peak force. A set of sensors, decision making methods,
and control algorithms will be required to effectively implement and
use the active energy absorption.
The work presented here is a proof-of-concept for the deployable
and adaptable energy-absorbing systems and is thus limited in
nature. First, innovation and improvement are needed in the materials, design, and scalable fabrication of the deployable origami
tubes [20]. Next, it is important to resolve methods for rapid deployment mechanism to allow real-time responsive behavior. An inﬂatable bladder within the origami tubes [21] driven by a chemical
reaction similar to an airbag could be suitable for rapid deployment
and tuning. Using fabric-polyester for fabrication can increase the
life-span robustness [22]. Calculation of the energy absorption per
unit volume versus density would enable the comparison to other
materials, using the standard Ashby map [23]. We are hoping that
we can create a mechanism in the future, enabling the tunable
locking and deployment of the system.
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and numerical studies of the deployable tubes demonstrate the
tunable characteristics. Locking the tubes changes the system
from being elastically deployable to becoming stiff structures that
require crushing to compress longitudinally (nine times stiffer for
a tube at 72% extension). Axial quasi-static experiments of the
tubular structures made from polyester sheets demonstrate that
the stiffness, system forces, and energy absorption all increase as
the system is deployed. The quantitative increase of these properties
is nonlinear with respect to extension of the system. Numerical
simulations of the crushing are in reasonable agreement with the
experimental results. Both studies show similar values for the
force–displacement characteristics and the overall system trends
with respect to the extension. The improvement of using the
locked zipper tubes as energy absorbers is veriﬁed by comparing
the crashworthy behavior with that of prismatic tubes. A numerical
parametric study indicates that tubes with fewer segments (fewer
panels and folds) will result in more plasticity throughout the structure resulting in higher energy absorption and peak forces. These
results demonstrate the importance of effectively locking the thinsheet structure to absorb energy through crushing. Structures with
six segments have an optimal balance when comparing the total
energy absorption to the peak force. For these systems, it is important to lock both ends of the tube, while locking only one will
provide only about a third of the energy absorption. A parametric
study on the design of the planar tube geometry showed that the
vertex angle can control the nonlinearity of the relationship
between energy absorption and extension, or in other words how
tunable the system is. Another parametric study on the planar geometry suggests that the energy absorption increases with the panel
aspect ratio, where a short and dense tube will crush with more plasticity. Given a low-energy impact, a set of experimental dynamic
drop test show that the tubes can offer different levels of buffering
when locked at different extensions. Finally, a physical model based
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