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ABSTRACT

Origami structures have gained tremendous attention due to their extreme kinematic performance. However, typical origami structures
suffer from poor load-bearing capacity due to extreme slenderness of facets. In this letter, we introduce a technique to design an origami-
equivalent compliant mechanism which preserves the origami kinetics and kinematics while offering higher load-bearing capacity compared
to the original origami structure. In this technique, we offer an energy equivalence principle between the origami and the compliant mecha-
nism. We validate the principle using experimental investigation for a square-twist origami pattern. This principle thus opens up a significant
avenue for designing deployable and programmable structures.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5115790

Origami structures, consisting of segmented flat facets, can be
fully described through straightforward mathematical relationships.
This makes the origami a reliable paradigm for building various struc-
tures with a wide range of functionalities.1,2 For instance, origami-
based structures have been made with intriguing properties such as
programmable auxeticity,3–5 self-folding,1,6–10 reconfigurability,11–14

bistability and multistability,15–17 vibration isolation,18,19 and tunable
stiffness.20,21 Expansion of these features or creating new functionali-
ties in the origami structures requires a full understanding of their
behavior which has been done through different modeling
approaches.22,23 Traditional modeling approaches need to be modified
to incorporate facet deformation22,24–26 which is especially inevitable
due to their slender structures. Facet deformation can itself be a reason
for emerging new properties in the origami structures, for instance,
bistability.15,17 Such properties made the origami-based systems a
potential candidate for applications in various engineering purposes
such as deployable solar panels,27 medical stents,28 robotic manipula-
tors,29,30 and fold-core sandwich panels,31 as well as functional
load-bearing systems.32

Although using the extremely thin facets in making origami
structures results in the straightforward kinematic analysis, the thin
facets undermine their load-bearing capacity. Using thicker face sheets
prevents utilizing the full range of origami kinematics33,34 thereby
defeating the purpose. In this letter, we propose an alternative
approach for increasing the load-bearing capacity of origami structures
where we substitute the origami facets with either rigid or deformable

linkages while preserving the essential kinematic and kinetic perfor-
mance. Such deformable mechanisms are called compliant mecha-
nisms, which are a set of interconnected linkages which can elastically
deform under certain loadings to achieve a desired set of move-
ments.35,36 The connection between complaint mechanism and
origami pattern has been studied in the literature from different per-
spectives.37–40 For example, Greenberg et al. proposed a method based
on graph theory to investigate the coupling between the behavior of
origami structures and compliant mechanisms.24 Also, Filipov et al.
proposed a method in which the deformable facets of origami can be
replaced with bars, hinges, and springs to form a mechanism with sim-
ilar properties to the original origami structure.23 Here, we develop a
practical method based on the numerical analysis to come up with a
compliant mechanism design which mimics both the kinematics and
kinetics of the original origami structure. We hypothesize that an
equivalence in performance can be achieved using a strain energy
equivalence principle between the origami and the compliant mecha-
nism. The equivalence would mean reproducing the original kinemat-
ics (the way it folds) and kinetics (the forces required for folding) of
the origami. We apply this hypothesis to a square-twist origami, which
consists of an inner-square facet located at the center, four identical
trapezoidal facets, and four identical rectangular facets located at the
corners, see Fig. 1(a). The square-twist is also a deformable origami, in
which all three facet types (inner-square, trapezoidal, and rectangular)
deform during the folding procedure, see Fig. 1(b). Each square-twist
pattern can be fully defined using three independent geometrical
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parameters L, c, and a, where L is the side length of the outer-square
in origami pattern, c is the side length of the inner-square, and a is one
of the nonright internal angles of the trapezius, see Fig. 1(a). All other
geometrical parameters of the square-twist pattern can be determined
using Eqs. (1)–(3),

a ¼ L
2
� c
2

sin a� cos að Þ; (1)

b ¼ L
2
� c
2

sin aþ cos að Þ; (2)

d ¼ c sin a: (3)

Figure 1(b) shows unfolding of a square-twist origami with
L ¼ 70mm, a ¼ 45�, and c ¼ 20mm through applying in-plane ten-
sion along its diagonal, which causes the inner square to rotate by h�.
The stored strain energy differs in different facet types (inner-square,
trapezoidal, and rectangular) but it is identical for the same facets type
because of symmetry in the pattern. We model the unfolding of the
square-twist origami with L¼ 70mm and a ¼ 30� using finite ele-
ment (FE) simulation. The boundary conditions are imposed, which
move all four corners of the outer-square outward along the diagonals
while keeping them fixed in the out-of-plane direction. Figure 1(c)
shows the value of strain energy stored in the three facet types, inner-
square, rectangular, and trapezoidal, as a function of unfolding per-

centage defined as 100� diagonal�diagonalmin
diagonalmax�diagonalmin

� �
, where diagonal is the

instantaneous distance between two nonadjacent corners of outer-
square in square-twist origami at any level of folding and diagonalmax
and diagonalmin are the maximum and minimum values of the diago-
nal, respectively [see Fig. 1(b)]. The plot shows that the stored energy
in rectangular facets dominates other members, which are minor and
considered low-energy members.

We now propose an energy-equivalent origami design through
assigning rigid and deformable linkages to low-energy and dominant-
energy members. We replace each rectangular facet (dominant in
energy) with a deformable rectangular frame representing the facet
edges. The frame retrieves the elastic response to in-plane tension/
compression, shear, and bending loadings, which are the fundamental
loading modes in an origami structure.23 Then, we replace all edges of
the inner-square and trapezoidal facets (low in energy), with rigid link-
ages except those are shared between the rectangular and trapezoidal
facets and already assigned as a dominant elastic energy member.
Note that the inner-square facet can be replaced with a rigid square
member since all of its edges are assigned to be rigid. Figure 1(d)
shows the composition of different linkages where dashed lines and
solid lines are the flexible and rigid linkages, respectively. Using this
construction, we ensure that all the elastic energy from deformation
would come from the flexible linkages. The connection points [shown
with circular markers in Fig. 1(d)] are assigned to be either revolute or
ball-socket joints based on their desired motion in the original square-
twist origami pattern. Figure 1(e) shows a graphical illustration of the
fabricated proposed compliant mechanism where the energy domi-
nant linkages are fabricated using a deformable steel wire with a diam-
eter of 0.81mm and low-energy members are 3D printed as thick and
rigid linkages. The inner-square facet is replaced with a 3D printed
rigid square plate. The ball-socket and revolute joints are also shown
in this figure.

Figure 1(f) confirms that the unfolding of compliant mecha-
nism is similar to the square-twist origami pattern. Unfolding of
both paper origami and the proposed compliant mechanism can
be quantified using the rotation value of inner-square, h�. Note
that h for an ideal thin square-twist origami (zero-thickness
facets) is

FIG. 1. (a) Crease pattern and geometrical parameters of the square-twist origami. (b) Unfolding of a square-twist origami through applying in-plane tension along its diagonal
line. (c) Normalized strain energy stored in different facet types (obtained from finite element simulation) vs unfolding ratio (lower axis). (d) Dashed lines represent members
with dominant energy and solid lines represent low energy members. The connection between linkages is shown with circular markers and is assigned to be revolute or ball-
socket joints based on their desired motion in the original origami structure. (e) The energy dominant members are fabricated using a deformable steel wire and remaining are
3D printed as thick and rigid members to mimic the behavior of the paper origami. (f) Unfolding of a compliant mechanism with similar folding/unfolding characteristics as a
square-twist paper origami.
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h ¼ 2a; 0 < a < 45�

2 a� 180�ð Þ; 135� < a < 180�:

�
(4)

See the supplementary material for derivation of Eq. (4). However, for
an origami made from thick paper (nonzero thickness) or equivalent
compliant mechanism, h ¼ 2a� d (or 2a� 360� � dÞ where d is the
offset from the zero-thickness origami due to the internal contact
between members. The square-twist origami patterns with 45� < a
< 135� are excluded from consideration since they cannot achieve the
fully folded configuration due to inherent geometrical limitations even
for zero-thickness members.

We now compare the performance of the original origami and its
equivalent compliant mechanism. Figure 2(a) shows the front view of
the unfolded and folded square-twist compliant mechanism where the
inner-square plate and the rigid linkages are colored in blue and green,
respectively. The geometrical parameters that describe the geometry of
the mechanism are shown in Fig. 2(a). We choose the rotation of
inner-square (h) and extension in diagonal direction as two geometrical
parameters describing the overall configuration of origami and quantify

the kinematics of folding using the change of h as a function of diago-
nal extension. The kinetics of folding can be quantified using the forces
required to fold or unfold the origami/mechanism, which would be the
applied bidirectional compression or tension along the diagonals.

We fabricated three paper origami and three origami-based
complaint mechanism prototypes with (L ¼ 70mm, a ¼ 30�; and c
¼ 20mm), (L ¼ 70mm, a ¼ 25�, and c ¼ 23:7mm), and (L
¼ 70mm, a ¼ 20�; and c ¼ 29:2mm). Because of the existing asym-
metry in the square-twist pattern, a bidirectional tensile test is pre-
ferred, which causes identical deformed shape in facets from the same
type during the folding or unfolding process. The biaxial tensile test is
performed using a single-column Instron 5582 testing machine in con-
junction with a 3D printed customized testing mechanism, which
transfers the load and displacement applied from the testing machine
equally to both orthogonal diagonal directions, see Fig. 2(b) and the
supplementary material for detailed information regarding the testing
mechanism. Figure 2(c) shows plots of bidirectional tensile load and
rotation of inner-square (h) vs diagonal extension for all six tested pro-
totypes. The rotation of inner-square in both paper origami and the
compliant mechanism starts from the zero at zero diagonal extension
and goes to the maximum rotation value of 2a� d at maximum
diagonal extension of 20

ffiffiffi
2
p

mm. Maximum diagonal extension is a
function of angle a and can be determined from subtracting the diago-
nal length of origami in the folded configuration from the unfolded
configuration,

Maximumdiagonal extension

¼ diagonalmax � diagonalmin ¼ 2
ffiffiffi
2
p

csina: (5)

Our plots show that both the compliant mechanism and origami
exhibit similar profiles of gradually decreasing slope and range of diag-
onal extension. These similarities are even stronger for the kinetic tests
as seen in Fig. 2(c) (right), which show a rapid increase and decrease
in the initial values of tensile load and bistability in all six samples.15

The bistability seen in the original origami is also reproduced in the
proposed origami equivalent structure and is a direct consequence of
energy equivalence. Note that in spite of these similarities in force-
displacement diagrams, the force magnitudes are different but are
expected due to using different materials for fabricating them and we
believe that the force magnitude is a direct function of the geometry
and material properties of the metal wire. All the results presented in
Fig. 2 are extracted from the experimental testing using the Instron
machine and a customized biaxial testing setup, please see the supple-
mentary material for more information on the reproducibility of the
results.

The square-twist complaint mechanism can be used to create a
variety of multifunctional structures. Specifically, creating 3D shapes is
of great interest for designing deployable structures. We will now com-
pare the relative behavior of 3D structures made using the compliant
mechanism and original origami. We fabricate a 3D inflatable rota-
tional cube made of the proposed compliant mechanism and compare
its load-displacement characteristic with the equivalent origami struc-
ture. The cube is made by assembling a six square-twist mechanism
into a cubic shape (each mechanism serves as one face of the cube),
see Fig. 3(a) (Multimedia view). Note that the inner-square is fabri-
cated in a round shape to make all facets alike although they have dif-
ferent c values. In the next step, putting a balloon inside the assembled

FIG. 2. (a) Unfolded and folded configurations of the equivalent compliant mecha-
nism. (b) Biaxial tensile test on the proposed compliant mechanism and paper ori-
gami (not shown here). (c) The rotation of the inner square (h) and the applied
tensile load along the diagonal lines vs the diagonal extension measured experi-
mentally for three paper origamis and three equivalent compliant mechanisms.
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cube provides the single source of actuation for the rotational cube
where pressurizing the balloon opens all faces simultaneously and
results in potentially six different rotations at different faces, see Fig.
3(a) and supplementary Movie. This cube can be used as an actuator
which provides different amounts of rotation values at different faces
using a single source of actuation. The demonstrated rotational cube
in Fig. 3(a) is designed and fabricated in a way that pressurizing the
balloon causes 60� CW, 50� CCW, 40� CW, 60� CCW, 50� CW, and
40� CCW rotations on the faces. The presented inflatable rotational
cube was also made out of paper with the same folding and unfolding
characteristics for comparison.

Here, we compare the load-bearing capacity of the proposed
compliant mechanism cube with an ordinary paper origami cube. We
fabricate six square-twist origami with L ¼ 70mm, a ¼ 30�; and
c ¼ 20mm out of paper and glue them in a cubic form to make a
paper origami cube, see Fig. 3(b). We apply an axial compression load
on them and capture the load-displacement curve for each sample
using a single-column Instron machine, see Fig. 3(b). The blue plots in
Fig. 3(b) show the results for compression test of three paper cubes
made out of papers with 0.12mm, 0.18mm, and 0.36mm thicknesses
(Strathmore, 500 Bristol sheets, Plate Surface). Further thickening the
paper results in a limited range of folding and round creases instead of
sharp creases. All samples have been compressed for 21mm and the
maximum reported load values for 0.12mm, 0.18mm, and 0.36mm
samples are 13, 45, and 100 N, respectively (see the left vertical axis for
the load values for paper samples). The red curve shows the compres-
sion test result for the load-bearing compliant mechanism cube in
which the maximum reported load value is 1044 N (see the right verti-
cal axis for the load values for the compliant mechanism cube). The
maximum load borne by the compliant mechanism cube was almost
an order of magnitude greater than the thickest paper origami cube,
confirming a considerable improvement in the load-bearing capacity
of the proposed system, while preserving the essential kinematics and
kinetics of the origami.

In conclusion, we hypothesized and validated an energy equiva-
lent principle for the synthesis of the origami based compliant

mechanism with equivalent characteristics to the square-twist origami
pattern and higher load bearing capacity. Although the resultant com-
pliant mechanism has a similar behavior to the original origami pat-
tern, we are not able to categorize it as an origami structure since it is
not made through the folding action. However, the title of “origami-
equivalent compliant mechanism” can truly describe the similarities
and differences between these two concepts. This process has been
done through the study of paper origami to identify the contribution
level of each facet in building the energy landscape of the system and
replacing them with rigid or deformable components based on the
obtained results. We validated our method through comparing the
kinematics and kinetics of a square-twist origami with the proposed
equivalent compliant mechanism. The square-twist origami has been
chosen for the validation of the proposed method because of its com-
plex kinematics of the folding and complex kinetics arising from both
hinge rotation and facet deformation. We believe that equivalency
between different aspects of the kinematics and kinetics of the original
origami and the designed compliant mechanism validates the func-
tionality of the proposed method and demonstrates its ability to be
applied for other origami patterns. At the end, we designed and fabri-
cated a functional inflatable rotational cube based on the proposed
compliant mechanism to demonstrate the higher load-bearing capac-
ity and potential functionalities for such an origami-inspired compli-
ant mechanism.

See the supplementary material for more information on the
square-twist origami pattern, biaxial testing, and inflatable cube design.
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