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Abstract

CrossMark

Via numerical simulation and experimental assessment, this study examines the use of origami
folding to develop robotic jumping mechanisms with tailored nonlinear stiffness to improve
dynamic performance. We propose a multifunctional structure where the load-carrying skeleton
of the structure acts as the energy-storage medium at the same time. Specifically, we use
Tachi—Miura polyhedron (TMP) bellow origami—which exhibits a nonlinear ‘strain-softening’
force-displacement curve—as a jumping robotic skeleton with embedded energy storage.
TMP’s nonlinear stiffness allows it to store more energy than a linear spring and offers
improved jumping height and airtime. Moreover, the nonlinearity can be tailored by directly
changing the underlying TMP crease geometry. A critical challenge is to minimize the TMP’s
hysteresis and energy loss during its compression stage right before jumping. So we used the
plastically annealed lamina emergent origami (PALEO) concept to modify the TMP creases.
PALEO increases the folding limit before plastic deformation occurs, thus improving the overall
strain energy retention. Jumping experiments confirmed that a nonlinear TMP mechanism
achieved roughly 9% improvement in air time and a 13% improvement in jumping height
compared to a ‘control’ TMP sample with a relatively linear stiffness. This study’s results
validate the advantages of using origami in robotic jumping mechanisms and demonstrate the
benefits of utilizing nonlinear spring elements for improving jumping performance. Therefore,
they could foster a new family of energetically efficient jumping mechanisms with optimized

performance in the future.

Supplementary material for this article is available online
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1. Introduction

The ongoing advances in robotics technology have allowed for
exponential growth in their applications in many industries.
Robots have been critical to the recent growth of large-scale
manufacturing [1], as well as the energy, food, agriculture [2—
5], education [6, 7], and medical care sectors [8, 9]. Addition-
ally, the ability to send robots into hazardous environments
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1361-665X/21/065002+14$33.00

in place of humans has shown tremendous advantages in mil-
itary applications [10, 11], and search and rescue operations
[12, 13]. These robots sent into the field often encounter chal-
lenging terrains with unpredictable obstacles, which require
extensive research into various modes of locomotion for nav-
igation [14]. To this end, we have witnessed many stud-
ies of ground-contact-based locomotion, separated into five
main categories: wheeled robots, tracked robots, snake robots,
legged robots, and wheel-legged robots [14]. While each cat-
egory has distinct advantages in specific applications, legged
robots are of particular interest in rough terrains due to their
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ability to gain discrete footholds on various surfaces and tra-
verse steep inclines [14-16].

Among the various types of legged robots, jumping robots
are particularly interesting because locomotion through jump-
ing has several merits compared to walking or crawling. For
example, jumping has higher energy density, efficient obstacle
negotiation, and rapid terrain transition [17-19]. Jumping
robots are capable of moving through different heights and
irregular terrains, and can achieve more convenient freight
transportation [17], disaster relief [20], rescue [21], and inter-
stellar exploration [17].

For high-performance jumping, energy storage is crucial
[22, 23], so researchers have investigated various energy stor-
ing and releasing mechanisms. Besides the traditional spring
[24-26] and pneumatic devices [27], customized nonlinear
mechanisms [28, 29] were also examined for their unique
benefits to the overall jumping performance. For example,
Yamada et al exploited the snap-through buckling of a closed
elastica to store greater amounts of energy for increased jump-
ing height and distance [29, 30]. Fiorini et al designed a 6-bar
linkage coupled with gears at the joints with a nonlinear force
response curve and investigated its effects on overcoming the
pre-mature take-off of the jumper [31].

In a generic, theoretical study, we showed that using a non-
linear elastic element with ‘strain-softening’ characteristics
can increase the stored energy pre-jump, and consequently
offers higher jumps and ground clearance with a negligible
penalty in efficiency [23]. Figure 1 represents three differ-
ent generic force-displacement curves with the same max-
imum compression force (F,,) and displacement (Ay). They
are strain-hardening, linear, and strain-softening, respectively.
The shaded areas, A;, A; +Aj, and A; + A, + A3 represent
the amount of stored energy in these three elastic elements.
The strain-softening element clearly has the best performance
regarding energy storage.

This study aims to investigate the feasibility of using
origami—as a jumping robotic skeleton with embedded
energy storage—to generate the desired strain-softening beha-
vior, and experimentally validate the corresponding improve-
ment in jumping performance. It is worth noting that the nov-
elty of the proposed jumping mechanism lies in its multi-
functionality and simplicity. Unlike traditional jumping mech-
anisms that rely on assemblies of nonlinear springs and
external skeletons, the origami-inspired jumping mechan-
ism acts as the load-carrying skeleton and the energy stor-
age medium at the same time. In addition, unlike other
soft jumping robots [32, 33], origami provides a struc-
tural framework which can be easily integrated into more
complex structures to add to their multi-functionality. Ori-
gami has found many creative uses in robotics because it
is elegant, simple to fabricate, and capable of achieving
complex 3D shapes from an easy-to-transport flat config-
uration [34-37]. From origami-inspired self-locking robotic
arm [38] and origami-inspired three-finger manipulator [39]
to multi-modal locomotion origami robot (Tribot) [40] and
earthworm-like metameric robots [41, 42], we are witnessing
the seemingly endless potentials of origami in robotics [43].
Moreover, folding can also create unique and nonlinear elastic
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Figure 1. The overall background of this study. (a) Compression
force-displacement curves of three generic spring elements within
the same actuation and displacement limits. They are
strain-hardening, linear, and strain-softening. The shaded areas
(A1, A1 + Ay, and A; + Az + Az) represent the stored energy in these
three elastic elements. (b) The jumping problem of interest in this
study: As a jumping mechanism is compressed to the force and
deformation limits, its nonlinear spring (e.g. TMP origami) stores
elastic energy and then releases it to initiate the jump. since the
clearance and airborne time are directly related to the amount of
released energy from the spring, a strain-softening mechanism
offers the potential for improved jumping performance.

properties like tunable nonlinear stiffness [44, 45] and multi-
stability [46-50]. Tapping these folding-induced mechanics
for robotic applications is still a nascent field full of promising
potentials.

To this end, we use a modified Tachi-Miura polyhedron
(TMP) bellow origami (figure 2) as a nonlinear spring connect-
ing two end masses that simulate payloads. We used a rigid-
folding based mechanics model to uncover the correlation
between the nonlinear stiffness and TMP crease design, and
this model is also used to simulate the jumping dynamics. In
this study, we use airtime (i.e. the airborne time when the lower
mass is above the ground) and clearance (i.e. maximum height
of the lower mass) as the performance metrics to assess the
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Figure 2. The design and mechanics modeling of TMP bellow. (a) The crease pattern of TMP and the corresponding design and kinematics
parameters. (b) TMP bellows at (from left to right) resting folding angle (6, = 60°), upper bound of the linear crease stiffness

(Om = 62 =70°), lower bound of linear crease stiffness (6 = 6; = 38°), and a highly folded configuration (fy = 25°). Note that the main
folds refer to those parallel to the TMP base and sub-folds refer to those with an angle « to the main folds. (c) The reaction
force-displacement of a sample TMP design. The desired strain-softening behavior is evident when Ay < 0. The dashed and solid lines
show the force-displacement curves with and without stiffness modifications, respectively. The contribution of the sub-folds and main-folds

in the total force-displacement curve are also highlighted.

jumping performance and optimize the TMP design. We also
use a creasing technique known as plastically annealed lam-
ina emergent origami (PALEO) [51] to minimize the hyster-
esis observed during the pre-jump compression and release to
increase the jumping efficiency. In addition to an TMP jumper
with nonlinear strain-softening, we also fabricated a jumper
designed with a close-to-linear force-displacement relation-
ship. We experimentally compare the dynamic jumping per-
formance of both designs.

In what follows, section 2 of this paper reviews the kin-
ematics of TMP bellow, discusses its nonlinear stiffness mod-
eling, and details the fabrication method to minimize hyster-
esis. Section 3 presents the dynamic modeling of the jump-
ing mechanism consisting of a TMP bellow and two end-point
masses, and details the the results of the jumping experiments.
Section 4 presents a parametric study on the effects of TMP
design parameters on its nonlinear stiffness and jumping per-
formance. Finally, section 5 concludes this paper with a sum-
mary and discussion.

2. Using TMP folding to generate strain-softening

2.1. Kinematics and nonlinear stiffness of TMP bellow

The TMP origami bellow, initially proposed in 2009 [52], is a
variation of the classical Miura-ori pattern. Each TMP bellow
is a linear assembly of unit cells, and each cell consists of a

front sheet and back sheet (figure 2(a)). The TMP folding pat-
tern includes horizontal ‘main-folds’, as well as ‘sub-folds’
that are creased at an angle to the main-folds. During fold-
ing, the main-folds remain parallel to the TMP base (i.e. The
x — z horizontal reference plane), but the sub-folds change
their spatial orientation significantly (figure 2(b)). TMP is
rigid-foldable so its folding induce minimal deformation in the
facets [53, 54]. This characteristic indicates that the structure’s
folding behavior can be described primarily by the deforma-
tion along the main-folds and sub-folds that behave like hinges
with assigned torsional spring stiffness [54]. Using this rigid-
foldable condition and the virtual work principle, we can cal-
culate the TMP’s force-displacement relationship as a function
of dihedral crease angles [53]:

=32
" dcosfy
N—1 cos’ % sinf),
ky——— (O — 0 kg—2——— (05— 6
TN (O = Oy + ks cos asin g (05 = 0s,)
(D

where N is the number of unit cells in the TMP. d is the unit
cell height. k), and kg are the torsional spring coefficients of
the main-folds and the sub-folds, respectively. « is the angle
of the sub-folds relative to the main-folds at the unfolded flat
configuration. 6y, and 6 are half of the dihedral angle of
the main-folds and sub-folds, respectively. 6y, and fs, are
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their corresponding resting angles. 6 is the angle between the
x-axis and the main fold (figure 2(a)). The kinematic relation-
ships between these folding angles are:

. A
By = sin”~! (sm@MU — Nz) 2)
0 = 2tan”! (tanaccosfy) 3)
05 = cos ™! <Sm_0'59G> 4
sin o

where Ay is the deformation of the TMP from its resting
height. Moreover, the crease torsional stiffness can be formu-
lated as ky = ky (I+m+c) and ks = ksdsin~" o, where ky
and kg are the torsional stiffness per unit length of the main
and sub-folds, respectively. Finally, we define a folding ratio
Rp to determine the pre-jump TMP deformation through the
final main-fold angle 0y,

90° — O,
R = 000 (%)
However, the force-displacement relationship presented in
equation (1) does not consider the deformation limits due
to rigid folding. As the TMP is nearly compressed (6 =
Os =~ 0°), its facets will come into contact with one another,
increasing the reaction force significantly. On the other hand,
when the TMP is nearly stretched flat (6, = 05 ~ 90°), its
reaction force also increases significantly due to the in-
plane facet stretching. To more accurately calculate the force-
displacement relationship, we impose an increase in main and
sub-fold’s torsional stiffness when their folding angles exceed
pre-defined upper and lower bounds [54]. Based on experi-
mental data (as we detail later), we choose a lower bound of
01 = 38° and an upper bound of #, = 70° to modify the ky
and kg in equation (1), as follows:

ky, sec (”(e“‘ 01) ) 0< 0y <6

kyr = < kuy, 0 <O0u<0, (6
ky, sec (gff“g f;j) 0 <Oy <
ks, sec ( 393599')) 0<bs<6

ky = 1 ks, 01 <0s< 6, @)
ks, sec? (;750—33_59;» 0, < g < .

Figure 2(c) shows the force-displacement curve of a
baseline TMP design before and after the torsional stiffness
modification (c=d=[1=m =30 mm, N=8, a=40°, and
ky = I}S =0.005 N rad™"). Overall, the TMP clearly shows
the desired strain-softening nonlinearity in compression. It is
worth noting that the TMP stiffness in tension has relatively
minor effects on the jumping performance [23]. To gain a bet-
ter understanding, we separate the contribution from main and
sub-folds in compression. Although the main and sub-folds
have the same torsional stiffness per unit length, they have

different lengths (90 mm for the main-fold and 46.6 mm for
the sub-folds). As a result, the main folds have a large contri-
bution to the overall reaction force. Howeyver, it is also evid-
ent from figure 2(c) that the response of the sub-folds exhib-
its a stronger nonlinearity than the main-folds. At the begin-
ning of compression, the sub-folds rest at an angle to the TMP
base, significantly stiffening the overall structure. As the TMP
deforms in compression, the sub-folds gradually re-orient
themselves and become more parallel to the horizontal main-
folds, offering less resistance to folding (figure 2(b)). On the
other hand, the main-fold remain parallel to the horizontal ref-
erence plane throughout the folding process, so their response
is relatively linear. Therefore, to achieve a stronger strain-
softening nonlinear stiffness, one should increase the sub-
fold’s torsional stiffness per unit length and soften the main
folds.

2.2. Prototyping for minimal energy loss

The analytical results in the previous subsection validate the
feasibility of generating strain-softening compression nonlin-
ear stiffness from TMP origami. However, it does not con-
sider a critical issue: plastic deformation and energy loss due
to creasing and folding. In the classic origami, creases are cre-
ated by concentrated material deformation along a thin line,
which then holds its shape—this methodology inherently cre-
ates plastic deformation and is not conducive to a springy-like
response for efficient jumping. For example, we fabricated
a TMP bellow using 125 pm thick polyethylene terephthal-
ate (PET) sheets and classical creasing method (figure 3(a),
see table 1 for the design parameters of this TMP). We place
the PET sheet on a plotter cutter (Graphtec FCX4000) and
score the creases at a depth of 60 um, or just under half
the sheet thickness. The creased plastic sheets are then fol-
ded and assembled into the bellow, which is then annealed
at 170 °C for 60 min to hold its shape. We place the com-
pleted TMP bellow in a universal tester machine (ADMET
eXpert 5061 with 25 1bs load cell), compress it to a max-
imum displacement of 110, 130, and 150 mm (or 75%, 79%
and 85% of folding ratio), and then release it to simulate
the pre-jump compression stage illustrated in figure 1(b).
The end openings of TMP bellow change their shape dur-
ing folding, so we placed Teflon sheets on the contact sur-
face between TMP and tester machines to minimize sliding
friction. Figure 3(b) summarizes the averaged compression
force-displacement curves from five loading cycles. It is evid-
ent that, during compression, the TMP exhibits the desired
strain-softening behavior. However, during the release stage,
the strain-softening no longer exists, and the TMP bellow
indeed releases less energy than an equivalent, perfectly lin-
ear spring that has the same reaction force at the maximum
compression. Such a significant hysteresis behavior is a res-
ult of the concentrated plastic deformation along the crease
lines, and it negates the potential benefits from strain-softening
since the jumping performance is only related to the released
energy.

To quantitatively characterize the performance of TMP
regarding energy release, we define two different metrics. The
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Figure 3. Fabrication with the PALEO technique to minimize the hysteresis. (a) Left: a TMP crease pattern based on the traditional
creasing method by scoring. Right: the same TMP design with the PALEO creasing method. Notice the polygonal holes at the vertices to
eliminate stress concentration. (b) The averaged force-displacement curves of the two TMP prototypes at different maximum compression
displacement of five different trials. The corresponding nonlinearity ratio (R,) and efficiency ratio (n) are summarized. The standard
deviations (o) of five different trials for each case are also included. (c) A closed-up look of the laser-cut PALEO crease showing the
relatively smooth curvature near the fold lines. (d) The result of a validation jump without any end masses (or payloads).

first metric—referred to as the ‘efficiency ratio’ n—is the ratio
of the released energy from TMP during relaxation over the
stored energy during compression

_ Erelease (8)

Ecompress

A higher efficiency ratio close to one is desirable for
minimal energy loss due to hysteresis. The second metric—
‘nonlinearity ratio’ R,—is the ratio of the released energy
from TMP over the potential energy of an equivalent, per-
fectly linear spring (i.e. a spring that has the same reaction
force as the TMP at the maximum compression). To benefit
from the nonlinear stiffness for better jumping performance,
R, should be larger than one [23]. However, TMP with the
classic creasing fails to meet this target in that the efficiency
ratio is low around 0.65, and the corresponding nonliearity
ratio upon release is consistently below 1.

To address the issues of high hysteresis and low nonlinear-
ity ratio during release, we use a creasing technique known
as PALEO. PALEO works by folding the creased polymer
sheet into its desired state—often by plastically deforming the
material—and then annealing it well above the glass transition
temperature to relax the internal stresses (170 °C for 60 min,
then a rapid cooling of 15 °C min~"! to the glass transition tem-
perature, and finally a slow cooling of 0.5 °C min~' to room
temperature) [51, 55]. This procedure leaves the creases in a
stress-free state and allows the material to remain in the elastic

range during folding, thus minimizing hysteresis. In addition
to annealing, PALEO creases are designed with a series of
cuts parallel to the crease (Epilog Fusion M2 laser cutter,
figure 3(c)) so that one can fine-tune the crease torsional stiff-
ness per unit length (ks and kg) by adjusting the length and
spacing between these small cuts. In this way, we can apply
a stiff PALEO crease to the sub-folds and soft crease to the
main-folds to amplify the nonlinear strain-softening.

Figure 3(b) displays the same TMP design with the PALEO
crease and the corresponding force-displacement curves.
(section A of the appendix details the PALEO design and its
corresponding torsional stiffness measurement.) It is evident
that the PALEO design significantly reduces the hysteresis (i.e.
higher efficiency ratio of 7). The cuts incorporated into the
PALEO creases can increase the bend radius along the main-
folds and sub-folds, thus reducing the amount of energy loss
due to plastic deformation (figure 3(c)). More importantly, the
more efficient PALEO creases can increase the nonlearity ratio
and make the TMP origami outperform the equivalent lin-
ear spring during the releasing stage. However, these benefits
become less evident as the maximum displacement increases.
Therefore, a compression displacement of 110 mm was selec-
ted for subsequent dynamic jumping tests in an effort to max-
imize the benefits of nonlinearity. In a validation jump, the
TMP bellow with PALEO crease, without end masses to simu-
late the payload, reached more than 500% of its resting height
(figure 3(d) and supplemental video 1 (is available online at
stacks.iop.org/SMS/30/065002/mmedia)).
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Table 1. Design parameters, crease stiffness, and the two energy metrics of the nonlinear and linear TMP prototypes. The unit of ¢, d, [, and

m is millimeter, and the unit of lAcM and IAcS isNrad~'.

Design parameters

Crease stiffness Energy metrics

N «a c d l m IEMU I}SO R, n
Nonlinear 8 30° 21.1 34.2 39.9 232 0.0186 0.0946 1.12 0.89
Linear 8 50° 34.0 21.6 31.7 39.1 0.0946 0.0186 1.02 0.85

. Nonlinear TMP

Linear TMP
(b) Force (N) 4
-100 -80 -60 -40 -20 - 0
o=0.02 #/ | y
Linear TMP ({§lease)'.‘-::;; 1,
i

v 1-3
Equivalent 14

L1n§ar g2 Nonlinear TMP (release)
Spring 15
Displacement Ay (mm) 16

Figure 4. Experimental force-displacement curves of nonlinear and
linear TMP in compression. The dashed lines are measured
force-displacement curves during the releasing stage (as indicated
by the dashed arrow) and thin solid lines are the corresponding
theoretical predictions. Notice that the measured curves have the
same reaction force at the maximum compression (110 mm), which
are used to construct the equivalent linear spring. The standard
deviation (o) of five different trials is also included in the figure.

To validate that strain-softening nonlinearity can improve
the jumping performance, we fabricate an additional TMP pro-
totype with a close-to-linear force-displacement relationship
during the pre-jump release. This linear TMP has the same
reaction force as the nonlinear one at 110 mm compression dis-
placement (figure 4). It also features the PALEO crease design
but has stiff main-folds and soft sub-folds to reduce the nonlin-
earity. The linear TMP geometric design parameters, summar-
ized in table 1, are obtained and modified from an optimization
(technical details of this optimization and the modification we
made are detailed in the section B of appendix).

Figure 4 compares the averaged compression force-
displacement relationships of both nonlinear and linear TMP
samples based on five consecutive loading cycles. The

nonlinearity ratio of the linear TMP is R =1.02, indicating
that it is a good representation of an equivalent, ideally linear
spring. In comparison, the nonlinear TMP sample achieved a
nonlinearity ratio of R = 1.13. The percent error between the
theoretical and experimental results represents the quality of
agreement between the force-displacement model described
in section 2.1 and the experimental results. The model has
excellent agreement with the nonlinear TMP at 2.77% error
regarding the amount of released energy, while the linear TMP
shows acceptable agreement at 11.34% error. The effect of the
error in the approximation of energy storage will be discussed
later.

It should be noted that we also analyzed the effect of the
contact friction between the origami structure and the base,
as well as the effect of the deformation rate on the hyster-
esis and energy loss. However, as reported in the appendix C,
both contact friction and the deformation rate has a relatively
low impact on the hysteresis in the origami jumper. There-
fore, the main source of hysteresis is plastic deformation in the
creases, which we showed that can be resolved using PALEO
technique.

3. Dynamic jumping of TMP mechanism

3.1. Numerical simulation

Figure 5(a) illustrates the dynamic setup of the TMP jump-
ing. We secure thin steel plates to the facets at the two ends of
TMP bellow to simulate the payloads, so that the overall sys-
tem dynamics is approximately equivalent to that of two end
masses connected by a nonlinear spring and damping.

The jumper is actuated by an external force applied on
the upper mass (m;), which compresses the TMP and stores
energy, then this force is released instantaneously to initiate
jumping. The jumping includes two consecutive phases: pre-
jump and post-jump. During the pre-jump phase, the upper
mass (m;) accelerates upward due to the TMP’s reaction force,
but the lower mass (m;) remains on the ground. Due to the
complexity of implementing structural damping in dynamic
simulation, we use equivalent linear viscous damping instead,
so the equation of motion during the pre-jump phase is,

myyy = F(y2 — lo) —mag — Cy» )

where F is the reaction force from the TMP bellow as a func-
tion of relative displacement between the two end masses
(based on the nonlinear folding mechanics model in the previ-
ous section). C is the equivalent damping coefficient, which is
related to the experimentally observed hysteresis in that [56]
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Figure 5. Dynamic jumping test. (a) Schematic of the dynamic setup. (b) A simulated time-response of the upper and lower mass of the
structure as well as the center of gravity (CG). Dynamic jumping performance metrics of the mechanism (clearance and airtime) are shown.
(c), (d) Video footage of the jumping tests of the nonlinear and linear TMP, respectively.

C= 2(m1 + mz)Ceqwmeq (10)

where the equivalent damping ratio (., = 0.25(1 — )/, the
equivalent natural frequency

keq(ml + m2)
mimy

an

wn7eq =

and k., is the spring coefficient of the equivalent, perfectly lin-
ear spring.

The post-jump phase starts when the lower mass (m;)
leaves the ground and ends when it returns to the ground. In
order for the lower mass to leave the ground, the tensile reac-
tion force from the TMP bellow must exceed the weight of the
lower mass: F > m;g. The equations of motion in this phase
are:

miy1 = —F(y2 —y1 —lo) —mig+ C(y2 — y1) (12)

myyy = F(y2 —y1 —lo) —mg —C(h2—y1).  (13)

The pre-jump phase results are used as the initial condi-
tions for the governing equations during the post-jump phase.
Figure 5(b) shows the simulated jumping response of both
TMP jumper and the equivalent, perfectly linear jumper.

3.2. Jumping performance assessment

To accurately represent end-point masses on the TMP jump-
ers, we waterjet cut steel shim stocks to size and adhered them
to the top and bottom facets using double-sided tape (figure 4).
The geometry and number of these shim stocks are chosen
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Table 2. Jumping performance of the nonlinear and linear TMPs.

Nonlinear Linear
Experiment Analytical Experiment Analytical
Air-time (s) 0.461 +£0.014 0.495 0.423 + 0.011 0.484
Clearance (mm) 259.7 £ 14.3 314.8 230.6 £ 14.0 293.7

carefully to ensure the same end masses on the two TMP jump-
ers for direct performance comparison. In the completed pro-
totypes, the lower mass m; is 17.7 g for the nonlinear TMP
and 17.9 g for the linear TMP, and the upper mass my is 17.6
and 17.9 g, respectively.

To conduct the jumping test, we place the jumper in front
of a l-inch square grid paper, providing a height reference
for clearance data. We use two thread segments secured to
the jumping platform just behind the TMP sample to achieve
the initial compression. We drape these threads over the TMP
sample, pull them down manually, compress the TMP to
110 mm displacement, and then simultaneously cut the two
threads to release the TMP jumper. Dynamic data was collec-
ted by video recording each jump at 240 frames per second
and analyzing the footage, frame-by-frame, to extract take-off
time, landing time, and maximum clearance of the lower mass.
Figures 5(c) and (d) shows the still images of two jumping tri-
als. The airtime is the difference between the time stamp on the
‘take-off frame’ (Frame 3 in figure 5) and the ‘landing frame’
(Frame 7). The clearance was measured using the reference
grid, as shown in Frame 5 of figures 5(c) and (d).

Table 2 summarizes the averaged results of ten jumping
trials of both TMP jumpers. Both TMP show consistent per-
formance, and more importantly, the nonlinear TMP shows
a 9% improvement in airtime and 13% improvement in clear-
ance over the linear TMP. The experimentally measured jump-
ing performance metrics are consistent with the correspond-
ing theoretical predictions (also summarized in table 2). The
discrepancy in airtime prediction is acceptable at under 10%
for the nonlinear TMP and under 15% for the linear TMP.
However, the discrepancy in ground clearance is more sig-
nificant, especially for the linear TMP. Besides the error in
force-displacement prediction discussed in figure 4, another
potential cause for such discrepancy is the lateral oscilla-
tion of the end mass in addition to the vertical oscillation.
This lateral oscillation is particularly evident in the linear
TMP (supplemental video 2). Regardless, the experiment res-
ults validate our hypothesis that a ‘strain-softening’ nonlin-
earity can lead to more stored energy pre-jump and improve
the jumping performance compared to a perfectly linear
mechanism.

4. Correlating the TMP design to jumping
performance

To understand how the TMP folding geometry influences the
nonlinear strain-softening stiffness and jumping performance,
we perform a parametric study by varying the design variables
discussed in the previous sections, one at a time, between two

Table 3. TMP design variables used for the parametric study.

Base values Limits for parameter study

N=38 6<N<I10

d =30 mm 20 mm < d < 40 mm
1 =30 mm 20 mm < 1 < 40 mm
m =30 mm 20 mm < m < 40 mm
¢=230 mm 20 mm < ¢ < 40 mm
a=50° 30° < a < 70°

pre-defined limits (table 3). These upper and lower limits are
chosen based on folding kinematics, fabrication, and many
other factors. For example, we set the lower limit of the unit
cell number (N) at 6 to reduce unfavorable boundary effects
and set the upper limits at 10 to avoid localized buckling dur-
ing compression. The choice of the lower limit on the sub-
fold angle « can also help avoid buckling during compression
(a small « angle will result in a thin TMP in the z-axis), and
the upper limit can ensure proper foldability. The upper limit
of the length parameters d, [, m, and ¢ are determined based
on the fabrication capability available to the authors, and the
lower limit ensures sufficient space for PALEO creasing and
proper folding. It is worth emphasizing that the sub-folds in all
these TMP designs use the stiff PALEO crease design (table 4),
and the main-fold uses the soft crease design to maximize the
nonlinearity.

Figure 6 summarizes the compression force-displacement
curves of different TMP designs and their corresponding non-
linear ratio. It is important to note that for each design,
the maximum displacement corresponds to a folding ratio of
Rr=0.75. Since the folding ratio bases on the changes in the
crease angles (equation (5)), using it to calculate the maximum
displacement can avoid excessive plastic deformation and hys-
teresis loss. In other words, if the final displacement were con-
stant for all TMP designs, those with smaller resting height
(e.g. TMP designs with small N and d) would undergo excess-
ive folding that creates significant energy loss during the com-
pression stage.

Based on the results in figure 6, it is immediately evident
that some parameters have more significant influences on the
TMP’s nonlinearity than others. The main-folds’ lengths (/,
m, and c¢) have little impact on the force-displacement curve
because of the soft PALEO crease design. The unit cell num-
ber (N) affects the TMP’s reaction force magnitude but will
not affect the nonlinearity ratio. Increasing the unit cell height
d (which essentially increases the stiff sub-fold’s length) can
increase the reaction force’s magnitude; however, the cor-
responding increase in the nonlinearity ratio is small. The
sub-fold angle « has a strong influence on both the reaction
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Figure 6. Parametric study of the TMP design parameters’ effect on the force-displacement relationships. The unit of the crease length

variables (d, I, m, c¢) is millimeter.

force magnitude and the nonlinearity ratio. A higher a angle
would give a higher nonlinearity ratio R, but a smaller reac-
tion force magnitude at the same compression displacement.
This is because a higher o angle makes the sub-folds more
perpendicular to the TMP base before folding, thus amplify-
ing their spatial re-orientation during folding (figure 2) and
increasing the nonlinearity ratio. On the other hand, a higher
« angle decreases the stiff sub-fold’s length, thus reducing the
TMP’s overall stiffness.

Based on these parametric study results, we further exam-
ine the correlation between the sensitive TMP design paramet-
ers (i.e. unit cell number N, unit cell height d, and sub-fold
angle «) and the dynamic jumping performance by numerical
simulations.

We observe that a TMP with a larger number of unit cells
undergoes larger deformation before reaching the folding limit
of Rr =0.75, which results in a more considerable amount of
stored energy upon release. As a result, increasing N gives
a higher airtime and clearance (figure 7(a)). A TMP with a
higher unit cell length has a higher reaction force under the
same compression deformation, thus giving higher airtime and
clearance as well (figure 7(b)). However, these two design
parameters have no or minimal effects on the nonlinearity
ratio. As a result, even though TMPs will outperform their
equivalent linear springs (R, > 1 for all considered designs),
such out-performance does not change with N or d.

The angle of the sub-folds «, on the other hand, affects
both reaction force magnitude and nonlinearity ratio. When
a angle increases, the TMP outperforms its equivalent lin-
ear spring more because of a higher nonlinearity ratio; how-
ever, the absolute values of airtime and clearance decreases
due to a smaller reaction force and a smaller amount of stored
energy (figure 7(c)). This tradeoff indicates that design optim-
ization would be necessary when the TMP is used in robotic
applications subjected to different compression forces and dis-
placements constraints.

5. Summary and conclusion

This study demonstrates the effectiveness of using TMP ori-
gami to design and fabricate a jumping mechanism that out-
performs a linearly elastic element. We begin with a theor-
etical study of the nonlinear stiffness of TMP bellows by
assuming rigid facets and hinge-like fold lines with nonlin-
ear torsional spring coefficients. The theoretical prediction
shows that TMP bellows with appropriate designs exhibit a
‘strain-softening’ nonlinear stiffness, thus storing more elastic
energy for jumping than an equivalent linear spring with
the same reaction force at maximum compression. This non-
linearity originates from the sub-folds’ spatial re-orientation
during folding; thus, stiff sub-folds and soft main-folds are
desirable.

However, we encounter a significant challenge when fab-
ricating a TMP jumper that can harness this nonlinearity for
better dynamic performance: the hysteresis due to the con-
centrated plastic deformation along the fold lines. This hys-
teresis significantly reduces the released energy from TMP
right before jumping. To address this issue, we adopt a PALEO
creasing design technique, which places carefully spaced cuts
(perforations) along the fold lines and then applies annealing
after folding to release the residual stress. Moreover, PALEO
creasing allows us to fine-tune the crease torsional stiffness
for the main-folds and sub-folds. We then fabricate a nonlin-
ear and close-to-linear TMP bellow with the same reaction
force at maximum compression and conduct dynamic jump-
ing tests. The results show that the nonlinear TMP outper-
forms the linear one in terms of air time and clearance. This
out-performance is quantitatively consistent with the numer-
ical simulations that treat the TMP as a nonlinear spring con-
necting two end masses.

Finally, parametric studies on both force-displacement
curves and dynamic jumping performance indicate that the
number of unit cells, unit cell height, and sub-fold angles
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Figure 7. Parametric study on the correlation between TMP’s jumping performance and its (a) unit cell number (N), (b) unit cell height (d),
and (c) sub-fold angle («). The first row shows the airtime performance, and the second rows shows the clearance. The third row shows the
airtime and clearance ratio between the nonlinear TMP bellows and their corresponding, equivalent linear spring.

will affect TMP’s jumping performance. Increasing unit cell
number and height can offer higher airtime and clearance,
but it has minimal effects on the overall nonlinearity. On
the other hand, changing the sub-fold angle will create a
tradeoff between the airtime/clearance and nonlinearity ratio.
These parametric studies offer the necessary design insights
for optimizing the TMP bellow for future robotic applications
with different constraints.

Origami has its inherent advantages for robotic applications
(e.g. easy to fabricate, compact in the folded configuration,
and scalable in size). This study elucidates a new dimension
of using the mechanics of folding for robotic applications, thus
expanding the tools available to robotics engineers.
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Appendix A. PALEO crease stiffness

To investigate how the cut geometry affects the PALEO
crease stiffness, we fabricated 16 samples with different
combinations of cut length (P), the spacing between cuts (¢
and b), and the number of cut lines (Q) (figures 8(a) and (b)).
After cutting, we fold these samples completely until their
facets come to contact, and then placed them into a custom-
ized frame at a 90° dihedral angle for annealing. After anneal-
ing, we reinforced the facets on either side of the crease with a
1.5 mm thick layer of polypropylene to prevent facet deform-
ation during testing. The stiffness of each crease sample was
measured by applying a load to the stiff facet’s endpoint and
observing the crease’s angular deflection (figure 8(c)). We take
four measurements with increasing loads to understand how
the crease stiffness changes through the folding angle from
90° to roughly 30°. Torsional stiffness is calculated using the
equation below,

_ Fi.d,
G- 6)

ko (14)

where F') is the perpendicular component of the applied load,
d, is the perpendicular distance from the crease line to the
applied load position, and 8y and 0; are the resting and the
angle after loading, respectively. The results of the stiffness
study are summarized in figure 8(d).

The results show that the torsional stiffness is relat-
ively small near the resting angle (6p =90°) but quickly
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Figure 8. Design and testing of PALEO crease. (a) The design parameters of PALEO crease. (b) The sixteen different PALEO designs
tested for this study, the ‘stiff” and ‘soft’ crease designs used for the TMP prototyping are highlighted. (c) The schematic showing the test

setup for torsional stifffness. (d) A summary of the test results.

Table 4. Selection of PALEO crease configurations. Here, kg is the torsional stiffness of the tested sample, and ko is the corresponding

torsional stiffness per unit length.

P Q t b ko ko
Soft fold 5 5 1 mm 5 mm 0.0011 Nm rad ™! 0.0186 N rad ™!
Stiff fold 15 3 2 mm 2 mm 0.0057 Nm rad ! 0.0946 N rad ™!

increases as the folding angle decreases. This trend supports
the assumption that the crease stiffness should be increased as
the folding angle becomes small, as shown in equations (6)
and (7). Table 4 summarizes the cutting pattern selected for
the ‘stiff” and ‘soft’ creases in the nonlinear and linear TMP
prototype, along with the corresponding torsional spring stiff-
ness per unit length. The nonlinear TMP prototype uses the
stiff PALEO design for its sub folds and soft design for the
main folds. On the other hand, the linear TMP sample uses the
stiff design for its main folds and soft one for the sub folds.

Appendix B. Design of linear TMP

To experimentally validate the benefits of using a nonlin-
ear elastic element to enhance the jumping performance, we

designed a different TMP prototype showing a close-to-linear
force-displacement response. This linear TMP’s design para-
meters were determined using the Simplex and Powell single
objective optimization algorithms in the ModeFRONTIER™.,
We use two different algorithms as a way to cross-validate the
results of the optimization.

To design the linear TMP, we first define an ideally linear
force-displacement curve based on the final compression force
and displacement of the nonlinear TMP as the objective. The
optimization is then used to minimize the total error between
the linear TMP force-displacement curve and this ideally lin-
ear response (equation (15))

Minimize: e = Z | Frmp — Figeal | - (15)
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Table 5. Linear TMP parameter sets resulting from single objective optimization, the units of ¢, d, /, and m are millimeters.

Design variables

N « c d l m Error [N]
Powell 8 70° 34.0 21.6 31.7 39.1 205.1
Simplex 8 70° 39.6 21.1 20.0 40.0 206.5

More specifically, we calculate the error between these two
curves at roughly 2000 sample points within the displace-
ment range, and the sum of these errors is the objective func-
tion. The upper and lower bounds placed on the linear TMP
design variables are consistent with those shown in table 3.
The crease torsional stiffness of its main fold is based on the
stiff PALEO crease design in that (ky = 0.0946 1) (table 4),

and the sub fold uses the soft PALEO design (ks = 0.0186-2%).
More importantly, we directly constrain the final compression
force and displacement of the linear TMP to be the same as
those of nonlinear TMP prototype, allowing for a more direct
comparison.

Table 5 shows the optimized linear TMP design para-
meters resulting from both Powell and Simplex algorithms.
Both methods yield similar magnitudes of error, but the Pow-
ell algorithm results show slightly better agreement with the
ideally linear spring. However, the optimized linear TMP para-
meters resulted in difficulties during experimental testing. The
large sub-fold angle o =70° gives undesirable compression
behavior in that the TMP structure buckled rapidly cell-by-
cell under increasing compression, generating an inconsist-
ent force response curve. Through trial and error, we lower
the sub-fold angle until smooth compression cycles could
be achieved consistently. And the modified sub-fold angle is
a=>50°. It should be noted that although for this study we
chose a different sub-fold angle, other techniques, e.g. utiliz-
ing zipper tubes in the structure [48, 57], might help tackling
the buckling problem. The modified linear TMP design is sum-
marized in table 1.

Appendix C. Analyzing the effect of contact friction
and deformation rate on the hysteresis and energy
loss

Energy loss due to the surface contact friction between TMP
samples and the universal tester machine was reduced through
low-friction polytetrafluoroethylene (PTFE) sheets, known
commercially as the Teflon. PTFE is well known for its use
in low-friction applications with a coefficient of kinetic fric-
tion of roughly 0.3. A sample TMP bellow fabricated from
polypropylene was compressed to a folding ratio of 0.75 at
varying deformation rates.

A comparison between the efficiencies with and without the
PTFE sheets is detailed in table 6, which reveals an increase
in average efficiency of roughly 1.5% with the introduction
of the low-friction PTFE. Although marginal, this reduction
in hysteresis was still considered beneficial for the jump-
ing mechanism application, and PTFE sheets were used in
all subsequent quasi-static and dynamic experiments. Also,

Table 6. The effect of surface friction and deformation rate on
TMP’s hysteresis.

Deformation Efficiency

rate (n) Average
Direct contact with 4 mm s~ 0.690 0.699 £ 0.009
the tester 6mms! 0.696

§mms~! 0.700

10 mms~! 0.708
With PTFE sheets 4 mm s~ 0.704 0.713 + 0.008

6 mm s~ 0.709

§mms~! 0.719

10 mm s~ 0.722

compression cycles were conducted at different deformation
rates to understand its impact on the TMP structure’s effi-
ciency. However, the standard deviation regarding efficiencies
across the range of deformation rates was very low. This indic-
ates that the deformation rate has a relatively low impact on the
hysteresis of the structure.

ORCID iDs
Sahand Sadeghi (© https://orcid.org/0000-0003-2657-4953
Suyi Li @ https://orcid.org/0000-0002-0355-1655

References

[1] Shneier M and Bostelman R 2015 Literature review of mobile
robots for manufacturing Natl Inst. Stand. Technol. NISTIR
8022

[2] Shukla A and Karki H 2015 Application of robotics in onshore
oil and gas industry—a review part I Robot. Auton. Syst.
75 490-507

[3] Bogue R 2011 Robots in the nuclear industry: a review of
technologies and applications Ind. Robot 38 113-18

[4] Chua P, llschner T and Caldwell D 2003 Robotic manipulation
of food products—a review Ind. Robot 30 345-54

[5] Reddy N V, Reddy A, Pranavadithya S and Kumar J J 2016 A
critical review on agricultural robots Int. J. Mech. Eng.
Technol. 7 183-8

[6] Benitti F 2011 Exploring the educational potential of robotics
in schools: a systematic review Comput. Educ. 58 978-88

[7] van den Berghe R, Verhagen J, Oudgenoeg-Paz O, van der
Ven S and Leseman P 2018 Social robots for language
learning: a review Rev. Educ. Res. 89 259-95

[8] Jamwal P, Hussain S and Xie S 2015 Review on design and
control aspects of ankle rehabilitation robots Disab. Rehab.:
Assist. Technol. 10 93-101

[9] Robinson H, MacDonald B and Broadbent E 2014 The role of
healthcare robots for older people at home: a review Int. J.
Soc. Robotics 6 575-91


https://orcid.org/0000-0003-2657-4953
https://orcid.org/0000-0003-2657-4953
https://orcid.org/0000-0002-0355-1655
https://orcid.org/0000-0002-0355-1655
https://doi.org/10.6028/NIST.IR.8022
https://doi.org/10.6028/NIST.IR.8022
https://doi.org/10.1016/j.robot.2015.09.012
https://doi.org/10.1016/j.robot.2015.09.012
https://doi.org/10.1108/01439911111106327
https://doi.org/10.1108/01439911111106327
https://doi.org/10.1108/01439910310479612
https://doi.org/10.1108/01439910310479612
https://doi.org/10.1016/j.compedu.2011.10.006
https://doi.org/10.1016/j.compedu.2011.10.006
https://doi.org/10.3102/0034654318821286
https://doi.org/10.3102/0034654318821286
https://doi.org/10.3109/17483107.2013.866986
https://doi.org/10.3109/17483107.2013.866986
https://doi.org/10.1007/s12369-014-0242-2
https://doi.org/10.1007/s12369-014-0242-2

Smart Mater. Struct. 30 (2021) 065002

S Sadeghi et al

[10] Blokhin A, Koshurina A, Krasheninnikov M and Dorofeev R
2015 The analytical review of the condition of heavy class
military and dual-purpose unmanned ground vehicle
MATEC Web of Conferences 26

[11] Kunchev V, Jain L, Ivancevic V and Finn A 2006 Path
planning and obstacle avoidance for autonomous mobile
robots: a review Lecture Notes Comput. Sci. 4252 537-44

[12] Wang Z and Gu H 2007 A review of locomotion mechanisms
of urban search and rescue robot Ind. Robot 34 400-11

[13] Reddy A, Kalyan B and Murthy C 2015 Mine rescue robot
system—a review Proc. Earth Planet. Sci. 11 457-62

[14] Zhuang H, Gao H, Deng Z, Ding L and Liu Z 2013 A review
of heavy-duty legged robots Sci. China Technol. Sci.

57 298-314

[15] Dubey S, Prateek M and Saxena M 2015 Robot locomotion—a
review Int. J. Appl. Eng. Res. 10 7357-69

[16] Cherouvim N and Papadopoulos E 2006 Energy saving
passive-dynamic gait for a one-legged hopping robot
Robotica 24 491-8

[17] Zhang C, Zou W, Ma L and Wang Z 2020 Biologically
inspired jumping robots: a comprehensive review Robot.
Auton. Syst. 124 103362

[18] Gvirsman O, Kosa G and Ayali A 2016 Dynamics and stability
of directional jumps in the desert locust PeerJ 4 2481

[19] Siwanowicz I and Burrows M 2017 Three dimensional
reconstruction of energy stores for jumping in planthoppers
and froghoppers from confocal laser scanning microscopy
Elife 6 23824

[20] Wei D and Ge W 2014 Research on one bio-inspired jumping
locomotion robot for search and rescue Int. J. Adv. Robot.
Syst. 11 168

[21] Tsukagoshi H, Sasaki M, Kitagawa A and Tanaka T 2005
Design of a higher jumping rescue robot with the optimized
pneumatic drive pp 1276-83

[22] Zhao J, Xu J, Gao B, Xi N, Cintron F J, Mutka M W and
Xiao L 2013 MSU jumper: a single-motor-actuated
miniature steerable jumping robot IEEE Trans. Robot.

29 602-14

[23] Sadeghi S, Betsill B, Tallapragada P and Li S 2018 The effect
of nonlinear springs in jumping mechanisms ASME
Dynamic Systems and Conf.

[24] Scarfogliero U, Stefaninia C and Dario P 2009 The use of
compliant joints and elastic energy storage in bio-inspired
legged robots Mech. Mach. Theory 44 580-90

[25] Zhang J, Song G, Qiao G, Meng T and Sun H 2011 An indoor
security system with a jumping robot as the surveillance
terminal /EEE Trans. Consum. Electron. 57 1774-81

[26] Zhao J, Xi N, Gao B, Mutka M W and Xiao L 2010 Design
and testing of a controllable miniature jumping robot
IEEE/RSJ Int. Conf. on Intelligent Robots and Systems

[27] Tsukagoshi H, Sasaki M, Kitagawa A and Tanaka T 2005
Numerical analysis and design for a higher jumping rescue
robot using a pneumatic cylinder J. Mech. Des. 127 308-14

[28] Dubowsky S, Kesner S, Plante J S and Boston P 2008 Hopping
mobility concept for search and rescue robots Ind. Robot
35 238-45

[29] Yamada A, Watari M, Mochiyama H and Fujimoto H 2008 An
asymmetric robotic catapult based on the closed elastica for
jumping robot IEEE Int. Conf. on Robotics and Automation

[30] Yamada A, Mameda H, Mochiyama H and Fujimoto H 2010 A
compact jumping robot utilizing snap-through buckling
with bend and twist IEEE/RSJ Int. Conf. on Intelligent
Robots and Systems

[31] Fiorini P and Burdick J 2003 The development of hopping
capabilities for small robots Auton. Robots 14 239-54

[32] Lee H, Xia C and Fang N X 2010 First jump of microgel;
actuation speed enhancement by elastic instability Soft
Matter 6 4342-5

[33] Gorissen B, Melancon D, Vasios N, Torbati M and Bertoldi K
2020 Inflatable soft jumper inspired by shell snapping Sci.
Robot. 542

[34] Felton S, Tolley M, Demaine E, Rus D and Wood R 2014 A
method for building self-folding machines Science
345 644-6

[35] Lee D-Y, Kim J-S, Kim S-R, Koh J-S and Cho K-J 2013
The deformable wheel robot using magic-ball origami
structure ASME 2013 Int. Design Engineering Technical
Conferences and Computers and Information in Conf.
(American Society of Mechanical Engineers Digital
Collection)

[36] Shigemune H, Maeda S, Hara Y, Hosoya N and Hashimoto S
2016 Origami robot: a self-folding paper robot with an
electrothermal actuator created by printing IEEE/ASME
Trans. Mechatronics 21 2746-54

[37] Belke C H and Paik J 2017 Mori: a modular origami robot
IEEFE/ASME Trans. Mechatronics 22 2153-64

[38] Kim S-J, Lee D-Y, Jung G-P and Cho K-J 2018 An
origami-inspired, self-locking robotic arm that can be
folded flat Sci. Robot. 3 16

[39] Jeong D and Lee K 2018 Design and analysis of an
origami-based three-finger manipulator Robotica
36 261-74

[40] Zhakypov Z, Falahi M, Shah M and Paik J 2015 The design
and control of the multi-modal locomotion origami robot,
Tribot pp 4349-55

[41] Zhan X, Xu J and Fang H 2020 In-plane gait planning for
earthworm-like metameric robots using genetic algorithm
Bioinsp. Biomim. 15 056012

[42] Bhovad P, Kaufmann J and Li S 2019 Peristaltic locomotion
without digital controllers: exploiting multi-stability in
origami to coordinate robotic motion Extreme Mech. Lett.
32 100552

[43] Rus D and Tolley M T 2018 Design, fabrication and control of
origami robots Nat. Rev. Mater. 3 101-12

[44] Fang H, Li S and Wang K 2016 Self-locking degree-4 vertex
origami structures R. Soc. 472 20160682/2195

[45] Li S, Fang H, Sadeghi S, Bhovad P and Wang K 2018
Architected origami materials: how folding creates
sophisticated mechanical properties Adv. Mater. 31

[46] Fang H, Li S, Ji H and Wang K 2017 Dynamics of a bistable
Miura-origami structure Phys. Rev. 95 052211/5

[47] Kamrava S, Ghosh R, Wang Z and Vaziri A 2019
Origami-inspired cellular metamaterial with anisotropic
multi-stability Adv. Eng. Mater. 21 1800895

[48] Sadeghi S and Li S 2019 Fluidic origami cellular
structure with asymmetric quasi-zero stiffness for
low-frequency vibration isolation Smart Mater. Struct.

28 065006

[49] Zhakypov Z, Mori K, Hosoda K and Paik J 2019 Designing
minimal and scalable insect-inspired multi-locomotion
millirobots Nature 571 381-6

[50] Sadeghi S and Li S 2020 Dynamic folding of origami by
exploiting asymmetric bi-stability Extreme Mech. Lett.

40 100958

[51] Klett Y 2018 Paleo: Plastically annealed lamina emergent
origami American Society of Mechanical Engineers 5B:
42nd Mechanisms and Conf.

[52] Tachi T 2009 One-DOF cylindrical deployable structures with
rigid quadrilateral panels Symp. Int. Association for Shell
and Spatial Structures (50th 2009 Valencia) Evolution and
Trends in Design, Analysis and Construction of Shell and
Spatial Structures: Proc., Editorial Universitat Politecnica
de Valéncia

[53] Yasuda H and Yang J 2015 Reentrant origami-based
metamaterials with negative Poisson’s ratio and bistability
Am. Phys. Soc. 114 185502/18


https://doi.org/10.1007/11893004_70
https://doi.org/10.1007/11893004_70
https://doi.org/10.1108/01439910710774403
https://doi.org/10.1108/01439910710774403
https://doi.org/10.1016/j.proeps.2015.06.045
https://doi.org/10.1016/j.proeps.2015.06.045
https://doi.org/10.1007/s11431-013-5443-7
https://doi.org/10.1007/s11431-013-5443-7
https://doi.org/10.1017/S026357470500250X
https://doi.org/10.1017/S026357470500250X
https://doi.org/10.1016/j.robot.2019.103362
https://doi.org/10.1016/j.robot.2019.103362
https://doi.org/10.7717/peerj.2481
https://doi.org/10.7717/peerj.2481
https://doi.org/10.7554/eLife.23824
https://doi.org/10.7554/eLife.23824
https://doi.org/10.5772/58819
https://doi.org/10.5772/58819
https://doi.org/10.1109/TRO.2013.2249371
https://doi.org/10.1109/TRO.2013.2249371
https://doi.org/10.1016/j.mechmachtheory.2008.08.010
https://doi.org/10.1016/j.mechmachtheory.2008.08.010
https://doi.org/10.1109/TCE.2011.6131153
https://doi.org/10.1109/TCE.2011.6131153
https://doi.org/10.1115/1.1825440
https://doi.org/10.1115/1.1825440
https://doi.org/10.1108/01439910810868561
https://doi.org/10.1108/01439910810868561
https://doi.org/10.1023/A:1022239904879
https://doi.org/10.1023/A:1022239904879
https://doi.org/10.1039/c0sm00092b
https://doi.org/10.1039/c0sm00092b
https://doi.org/10.1126/scirobotics.abb1967
https://doi.org/10.1126/scirobotics.abb1967
https://doi.org/10.1126/science.1252610
https://doi.org/10.1126/science.1252610
https://doi.org/10.1109/TMECH.2016.2593912
https://doi.org/10.1109/TMECH.2016.2593912
https://doi.org/10.1109/TMECH.2017.2697310
https://doi.org/10.1109/TMECH.2017.2697310
https://doi.org/10.1126/scirobotics.aar2915
https://doi.org/10.1126/scirobotics.aar2915
https://doi.org/10.1017/S0263574717000340
https://doi.org/10.1017/S0263574717000340
https://doi.org/10.1088/1748-3190/ab97fb
https://doi.org/10.1088/1748-3190/ab97fb
https://doi.org/10.1016/j.eml.2019.100552
https://doi.org/10.1016/j.eml.2019.100552
https://doi.org/10.1038/s41578-018-0009-8
https://doi.org/10.1038/s41578-018-0009-8
https://doi.org//10.1098/rspa.2016.0682.
https://doi.org//10.1098/rspa.2016.0682.
https://doi.org/10.1002/adma.201805282.
https://doi.org/10.1103/PhysRevE.95.052211
https://doi.org/10.1103/PhysRevE.95.052211
https://doi.org/10.1002/adem.201800895
https://doi.org/10.1002/adem.201800895
https://doi.org/10.1088/1361-665X/ab143c
https://doi.org/10.1088/1361-665X/ab143c
https://doi.org/10.1038/s41586-019-1388-8
https://doi.org/10.1038/s41586-019-1388-8
https://doi.org/10.1016/j.eml.2020.100958
https://doi.org/10.1016/j.eml.2020.100958
https://doi.org/10.1103/PhysRevLett.114.185502
https://doi.org/10.1103/PhysRevLett.114.185502

Smart Mater. Struct. 30 (2021) 065002

S Sadeghi et al

[54] Liu K and Paulino G H 2017 Nonlinear mechanics of
non-rigid origami: an efficient computational approach R.
Soc. Pub. 473 20170348/2206

[55] Sargent B, Brown N, Jensen B D, Magleby S P, Pitt W G and
Howell L L 2019 Heat set creases in polyethylene
terephthalate (PET) sheets to enable origami-based
applications Smart Mater. Struct. 28 115047

[56] Blandon C A and Priestley M J 2010 Equivalent viscous
damping equations for direct displacement based design
J. Earthg. Eng. 9 257-78

[57] Filipov E, Tachi T and Paulinoa G 2015 Origami tubes
assembled into stiff, yet reconfigurable structures
and metamaterials Proc. Natl Acad. Sci.
112 12321-6


https://doi.org/10.1098/rspa.2017.0348
https://doi.org/10.1098/rspa.2017.0348
https://doi.org/10.1088/1361-665X/ab49df
https://doi.org/10.1088/1361-665X/ab49df
https://doi.org/10.1142/S1363246905002390
https://doi.org/10.1142/S1363246905002390
https://doi.org/10.1073/pnas.1509465112
https://doi.org/10.1073/pnas.1509465112

	TMP origami jumping mechanism with nonlinear stiffness
	1. Introduction
	2. Using TMP folding to generate strain-softening
	2.1. Kinematics and nonlinear stiffness of TMP bellow
	2.2. Prototyping for minimal energy loss

	3. Dynamic jumping of TMP mechanism
	3.1. Numerical simulation
	3.2. Jumping performance assessment

	4. Correlating the TMP design to jumping performance
	5. Summary and conclusion
	Acknowledgments
	Appendix A. PALEO crease stiffness
	Appendix B. Design of linear TMP
	Appendix C. Analyzing the effect of contact friction and deformation rate on the hysteresis and energy loss
	References


