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As an art of paper folding, origami has been widely explored by artists for centuries. Only in recent decades has it gained atten-

tion from mathematicians and engineers for its complex geometry and rich mechanical properties. The surge of origami-inspired

metamaterials has opened a new window for designing materials and structures. Typically, to build origami structures, a sheet of

material is folded according to the creaselines that are marked with compliant mechanisms. However, despite their importance in

origami fabrication, such compliant mechanisms have been relatively unexplored in the setting of origami metamaterials. In this

study, we explore the relationship between the design parameters of compliant mechanisms and origami mechanical properties.

In particular, we employ single hinge crease and Kresling origami, representative examples of rigid and non-rigid origami units,

fabricated using a double-stitch perforation compliant mechanism design. We conduct axial compression tests using different

crease parameters and fit the result into the bar-hinge origami model consisting of axial and torsional springs. We extract the

relationship between the spring coefficients and crease parameters using Gaussian process regression. Our result shows that the

change in the crease parameter contributes significantly to each spring element in a very different manner, which suggests the

fine tunability of the compliant mechanisms depending on the mode of deformation. In particular, the spring stiffness varies with

the crease parameter differently for rigid and non-rigid origami, even when the same crease parameter is tuned. Furthermore, we

report that the qualitative static response of the Kresling origami can be tuned between monostable and bistable, or linear and

nonlinear, by only changing the crease parameter while keeping the same fold pattern geometry. We believe that our compiled

result proffers a library and guidelines for choosing compliant mechanisms for the creases of origami mechanical metamaterials.
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1. Introduction

In recent decades, the origami principle has been inten-

sively studied to use origami as a building block of me-

chanical metamaterials. Origami-based structures have pri-

marily gained attention from mathematicians and engineers,

owing to their deployability for efficiently packing the pla-

nar or tubular structures, while offering precise control of

how each section of structure deforms during deployment

(e.g., solar panels [1, 2] and inflatable booms [3]). Later,

their unconventional mechanical properties have increasingly
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gained attention [4]. To list a few exemplary properties,

origami-inspired systems host load-bearing capability [5-7],

variable stiffness [8-10], auxeticity [6, 11-13], and multi-

stability [14-16], some of which are in-situ tunable. More-

over, the origami principle offers mechanics-based structural

design, where we can determine the geometrical design of

the origami based on the design space to obtain desired me-

chanical properties. As such, unlike conventional deployable

systems, origami-based design allows predictable, yet com-

plex geometrical morphing associated with unconventional

mechanical properties of one’s choice.
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In general, origami-based structures are made from a sheet

of materials where the crease deformation dominates the en-

tire folding motion, while the facets remain undeformed or

experience minimum distortion. To achieve such behavior,

the facets and creases need to be clearly distinguished by

their relative stiffness (i.e., facets being stiffer than creases).

This suggests the vital role and contribution of choice and

design of creases in origami behavior.

However, while innumerable origami patterns have been

proposed and investigated, the significance of the compli-

ant mechanism has been overlooked in the previous stud-

ies, except for a few attempts to directly study the com-

pliant hinge [17-21]. These attempts include different de-

signs of hinges, such as simple bending of soft material

[20], etched or grooved hinge [17, 19, 21], stitched perfora-

tion [21], and complex so-called lamina-emergent mecah-

nism [17, 18]. The first three mechanisms rely heavily on

the mechanical properties of the hinge material, which limits

the controllability of the crease stiffness and could potentially

suffer from failure due to material fatigue after repeated fold-

ing. In Ref. [17], various types of compliant hinges are pre-

sented, which mainly operate within the elastic deformation

regime of the hinge material. Most of these hinges are based

on lamina emergent mechanisms [22], which is a rather com-

plex mechanism consisting of polygonal holes and multiple

thin ligaments. Similarly, Ref. [18] proposed a compliant

joint with in-situ variable stiffness and estimated the equiv-

alent torsion spring constant of the hinge mechanism. The

complex geometry of compliant hinges allows more design

flexibility, but such complexity also poses difficulty in fabri-

cation and assembly. Consequently, these designs have not

been widely adopted in prototyping and analyzing origami-

based mechanical metamaterials. Moreover, the previous

studies on compliant hinges focus on the characteristics of

the hinges themselves, and do not consider how the hinges af-

fect the overall behavior of origami structures, such as force-

displacement profile, multi-stability, and bulk stiffness.

On the other hand, some of the commonly used hinge

mechanisms for origami-based mechanical metamaterials are

hardly analyzed. Only recently, it has been pointed out that

the choice of compliant mechanisms can determine the struc-

ture’s mechanical properties of the structure [23]. However,

the previous studies only provide qualitative insights into the

bulk response of non-rigid origami through experimental and

numerical demonstration. The connection between crease

design parameters and the behavior of the rigid origami struc-

ture, and further, to the origami model parameter, is yet to be

revealed.

To fill such knowledge gap between the understanding of

macroscopic and mesoscopic (i.e., crease-level) behaviors of

the origami-based metamaterials, in the current paper, we at-

tempt to both quantitatively and qualitatively explore the in-

fluence of the hinge mechanism properties onto the origami

mechanical behavior. To this end, we first list a few com-

mon compliant mechanisms to be reviewed associated with

some previous origami studies. Then we use one of the com-

monly used designs to show the influence of the parameter

on the behavior of origami units. Specifically, we employ

a single hinge crease structure and Kresling origami to in-

vestigate the crease parameter effect in rigid and non-rigid

origami, by conducting uni-axial compression tests to ob-

tain force-displacement curves. Here, we use the bar-hinge

model consisting of axial and torsion spring elements to de-

scribe our origami unit, and quantitatively analyze the rela-

tionship between compliant design parameters and model pa-

rameters. Interestingly, we observe that the change in com-

pliant design parameters is reflected differently in rigid and

non-rigid origami. Moreover, such phenomenon differs by

the crease design parameter; some parameter shows a simi-

lar effect, and some parameter shows very distinctive effect

in rigid and nonrigid origami. We believe that our study

offers insight into selecting the compliant mechanisms and

their corresponding parameters.

The paper is structured as follows: In Sect. 2, we introduce

and review some common methods to fold a sheet of material

into an origami structure. We identify the suitable compliant

design for folding origami-based metamaterials for analyz-

ing their mechanical response, including rigid and non-rigid

origami. We then examine the influence of selected crease

parameters on the effective stiffness of the hinge using the

single hinge structure in Sect. 3. Section 4 considers the ef-

fect of the hinge parameter on the non-rigid origami behavior.

For both rigid and non-rigid origami, we use a data-driven

approach to analyze the parametric study result and examine

how (e.g., linearly or nonlinearly) compliant mechanism pa-

rameters affect the folding behavior. In Sect. 5, we show a

few examples of drastically altering the force-displacement

landscape, e.g., from monostable to bistable, or nonlinear to

linear, only by changing the compliant crease design param-

eters, but using the same Kresling origami geometry. In Sect.

6, we conclude the paper and present some possible direc-

tions for further study.

2. Compliant mechanism designs

Here, we briefly review five commonly used crease design

approaches to origami-based mechanical metamaterials and

assess the current state of compliant mechanisms in these

metamaterials. Generally, origami-based structures employ

compliant hinge design with relatively simple geometry, the

folding of which is based on simple bending or folding of
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the material, etching or grooving, or perforation. The fol-

lowing sections provide examples of each type of compliant

mechanism design, including their potential advantages and

disadvantages. The scenarios in which they have been used

are also discussed.

2.1 Simple fold

The simple fold method folds the creases according to the

reference lines without any compliant mechanisms. This

method is used in origami art and can be effective in fast-

prototyping using paper or thin polymer sheets (e.g., see a

single hinge in Fig. 1a).

The advantage of this method is that it is simple and does

not require additional steps. However, it can cause fatigue

and fracture after being folded a few times. This is because

compliant creases typically involve large deformation and

can cause plastic deformation (due to, e.g., a wide range of

fold angle, thick material, extremely small radius of curva-

ture about the crease, etc.) [24]. This can significantly limit

the repeatability and precision of origami-based mechanical

metamaterials. In Ref. [25], the folded prototype is used

to show the geometry of Kresling origami, but not for, e.g.,

measuring static or dynamic response.

2.2 Half-cut

The half-cut approach removes half of the material along the

crease lines (see Fig. 1b), which is controlled by a laser cutter

engraving or etching [19, 21, 26]. This method is more accu-

rate than the simple fold, but the creases are still bent in their

plastic deformation regime. For this reason, the design is em-

ployed in one-time use scenario, as we see in Ref. [26], where

the origami stent is fabricated with titanium/nickel shape

memory alloy for one-time deployment inside the blood ves-

sel (Fig. 1b(i)). If used repeatedly, cracks can develop from

and along the creases, causing them to tear apart.

2.3 Single-stitch perforation (SSP)

As shown in Fig. 1c, the SSP cuts out the holes (circu-

lar, oval, rectangular, line slit, etc.) along the creaselines

[11, 21, 27-31] to reduce the material. This allows one to

physically distinguish the rigid facet regions from compliant

crease regions by relying on thin bridges (e.g., red circle in

Fig. 1c). (The estimate of the effective torsion stiffness can

be found in Ref. [17].) This improves fabrication accuracy

over the simple fold approach. In most previous studies, the

SSP approach is used for both proof-of-concept prototyping

[28, 29] and measuring mechanical responses of the origami

a b

c

d

e

Figure 1 Various types of crease designs with samples made of PET sheet. a Simple-fold. Crease line marked with red marker pen for better visibility. b

Half-cut. A thin white line in the top-left panel is engraved with the laser cutter. Sub-panel (i) shows an origami stent with etched crease lines [26]. c SSP.

The stress concentration area is denoted by the red-shaded area. Sub-panel (i) shows a lockable origami unit with perforated creases [27]. d Multi-layered

design. Single hinge prototype shows PET-based and nylon layers denoted as blue- and red-shaded regions. Sub-panel (i) shows a triangular Resch origami

made of a thick panel and thin hinge material [32]. e Double-stitch perforation. Ligament twisting is shown in the magnified view on the bottom half of the

panel. Sub-panel (i) in panel b is adapted with permission from Ref. [26], Elsevier. Sub-panel (i) in panel c is adapted with permission from Ref. [27], Springer

Nature. Sub-panel (i) in panel d is adapted with permission from Ref. [32], Elsevier.
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structures [27, 30, 31]. However, it still requires the plastic

deformation (bending) of the material around the area indi-

cated by the red shaded region in Fig. 1c, therefore does not

fully resolve the vulnerability to fatigue and fracture that are

present in the above two approaches.

2.4 Multi-layered

The methods above use a single layer of material with com-

pliant creases, which can cause plastic deformation. To

address this, multi-layered design distinguishes facets and

creases by material type and thickness [19, 32, 33]. Figure

1d shows the schematics of the multi-layer (multi-material)

method, made of polyethylene terephthalate (PET) layers and

nylon layer, which play the role of stiff facets and compli-

ant hinges, respectively. Reference [32] (see Fig. 1d(i)) fab-

ricated Resch-patterned origami with thick panels and thin

sheets for facets and creases, respectively. Similarly, Ref.

[33] used cardboard paper (facet) and nylon sheets (crease)

to fabricate leaf-like origami. The multi-layer approach, us-

ing different materials for the facets and creases, limits plastic

deformation and improves folding accuracy and precision. In

the above previous studies, the method was employed to cap-

ture the mechanical response of the origami structure, both

in static and dynamic scenarios. However, this method is not

suitable for complex origami designs due to its relatively in-

volved fabrication process.

2.5 Double-stitch perforation (DSP)

The DSP is a modification to the SSP that limits plastic de-

formation and improves folding accuracy and precision. The

discorectangular holes are made both on the left and right of

the creaselines in an alternating order (see Fig. 1e). Such ge-

ometry allows the ligament to twist (see the bottom half of

Fig. 1e), which typically resides within the elastic deforma-

tion regime, improving the resistance to fatigue and fracture.

The DSP crease design is often used for capturing the

static and dynamic response rather than a proof-of-concept

fast-prototyping [10, 23, 34]. Furthermore, unlike the other

compliant mechanisms, the DSP crease is capable of hosting

non-rigid origami motion, where the panel is intrinsically de-

signed to bend or allow shear and twist along creases. Ad-

ditionally, the DSP hinge offers another dimension of tun-

able parameters, changing the folding behavior of a hinge and

panel deformation, which in turn drastically alters the behav-

ior of the origami itself in a unique manner. The following

sections show a few selected examples of origami behavior

tuning using DSP.

3. Rigid origami with DSP crease

3.1 Physical setup and model

Here, we explore the effect of crease design parameters on

the mechanical behavior of the origami structure by investi-

gating the response of a single hinge unit. The DSP crease

design parameters are as defined in Fig. 2a. In this study,

we particularly investigate the relationship between the me-

chanical response and the parameters L and W, which are the

length of the perforation and with spacing between the ad-

jacent perforation, respectively. We note in passing that the

length parameters B and H are also important parameters of

the DSP hinge, but we limit our discussion to L and W in the

current paper to cover broader examples of the crease param-

eter effect.

The single hinge unit consists of two panels connected

through the compliant mechanism (in the current case, DSP

crease hinge), and its geometrical parameters and variables

are defined as in Fig. 2b. We assume two panels remain flat

and rigid (i.e., area and side length remain constant), such

that the hinge rotates about the segment BB′, along which

the torsion spring is embedded. Under the external load F

along the z direction, the force-displacement relationship can

be described as

F =
4kθw√
4l2 − h2

[

sin−1

(

h0

2l

)

− sin−1

(

h

2l

)]

, (1)

where kθ is the torsion spring coefficient per unit length, w is

the width of the crease hinge, l is the length of the individual

panel, h0 is the initial height of the hinge unit, and h = h0 − u

is the instantaneous height of the hinge unit.

3.2 Uni-axial compression test and data-driven mod-

elling

In Fig. 2c, we show the experimental setup of the DSP hinge

uni-axial compression test. The hinge is folded at its natural

folding angle and mounted to the in-house load frame, where

the displacement is controlled by a linear stage (Velmex, Inc.

Bislide motorized linear stage MN10), and force is measured

through the load cell (Kyowa Compact Tension/Compression

Load Cell LUX-B-50N-ID). We fabricate the testing sam-

ples made of a 0.254 mm thick PET sheet, cut with a laser

cutting machine (Universal Laser Systems, Inc. VLS4.60).

For the parametric study, we fabricate the prototypes with

the following ten parameter sets: L = (4, 6, 8, 10, 12) mm

with B = 0.8, H = 0.7, and W = 0.8 mm kept constant;

W = (0.4, 0.6, 0.8, 1.0, 1.2) mm with L = 10, B = 0.8, and

H = 0.7 mm kept constant.
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b

c d e

f g

Figure 2 Relationships between spring coefficients and DSP crease parameters for single hinge unit. a Definition of the DSP crease parameters L, B, H, and

W. b Schematical illustration of single hinge unit and definition of variables and parameters. c Experimental setup of the single hinge uni-axial compression

test. d Force-displacement relationship with different values of DSP parameter L. Red, L = 4 mm; blue, L = 10 mm; green, L = 12 mm. Solid lines, model;

dashed lines, experimental result. e Force-displacement relationship with different values of DSP parameter W. Red, W = 0.4 mm; blue, W = 0.8 mm; green,

W = 1.2 mm. Solid lines, model; dashed lines, experimental result. Torsional spring coefficient kθ as a function of length f L, and g W. Solid lines, prediction

based on Gaussian process regression; shaded regions, standard deviation; open circle symbols, experimental data. Experimental data are obtained from five

prototypes for each value of L and W.

Figure 2d and e shows the force-displacement curves of

the three select cases, each for varying L and W cases, re-

spectively. The dashed lines with shaded regions represent

the experimental results, and the solid lines are drawn based

on Eq. (1). Here, the torsion spring coefficient kθ of the an-

alytical model is estimated using the least-square method to

fit the analytical profile to the experimental result. In gen-

eral, we see the strain-softening behavior for any choice of

the DSP parameter. For varying L case, the magnitude of the

force amplifies as L decreases (negatively correlated). On the

contrary, the varying W case shows the increase in magnitude

as W increases (positively correlated).

To examine such correlation in detail, we show the spring

coefficient kθ as a function of length parameter L and W

in Fig. 2f and g. Here, we use the Gaussian process re-

gression to capture the variation of spring coefficients with

respect to DSP parameters. The reason behind using the

Gaussian process regression instead of conventional regres-

sion, e.g., linear regression, is to capture the behavior that

is not necessarily linear. Especially, origami-based mechan-

ical units are known to behave inherently nonlinear due to

their complex geometrical configuration. In this study, we

employ the Gaussian process regression function provided

in the Python-based machine learning package, Scikit-learn

[35]. We employ the combined kernel based on the radial

basis function (RBF), which is one of the most commonly

used kernels [36]. In combination, we use a constant kernel

(CK) to scale the RBF, and a white noise kernel (WNK) to

describe unknown noise, such that we obtain the kernel func-

tion: CK×RBF+WNK. During the regression by Scikit-learn

GaussianProcessRegressor, the hyperparameter optimization

is performed by restarting the optimizer ten times (i.e., the

parameter n_restarts_optimizer=10). All other param-

eters follow the default values of GaussianProcessRegressor

class, RBF, and ConstantKernel kernels [35].

Clearly, we see that the spring coefficients are negatively

correlated to the length L. In particular, kθ decreases lin-

early with L. On the contrary, as suggested by the magni-

tude of the force in Fig. 2e, the spring coefficients show a

positive correlation for varying W case. Interestingly, un-

like the linear correlation of varying L case, the spring coef-

ficient is nonlinearly correlated to W, showing the saturating

behavior as W increases. We believe that such positive and

negative correlations between DSP parameters and the tor-

sional stiffness of the hinge can be explained by the length of

the twisted ligament. In general, the larger the L, the longer

the twisted ligament. Similarly, the larger the W, the shorter

the effective length of the twisted ligament. By preserving

more material between perforations, the effective length of

the ligament decreases (ligament length can be approximated

as L
2
− W). If we approximate the ligament as a rectangular

cross-section beam under torsion, generally, the longer beam

requires less torque to twist at a certain angle (i.e., torque,

thus the torsional spring coefficient, is inversely proportional

to the length of the beam). Here, we note in passing that

Gaussian process regression reveals the notably nonlinear re-

lationship between spacing W and kθ while kθ varies almost

linearly with respect to length L.
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4. Non-rigid origami with DSP crease

Given the contribution of the crease parameter to the mechan-

ical response of the rigid origami (i.e., crease hinge), in this

section, we examine the contribution of the DSP crease pa-

rameter in the non-rigid deformation of origami. As an ex-

ample of non-rigid origami, here, we consider the Kresling

origami unit [37] shown in Fig. 3a. The Kresling origami is

one of the non-rigid origami structures, the folding behavior

of which involves not only the crease folding but also facet

deformation. We employ a DSP crease design to fabricate

the Kresling prototypes (see Fig. 3a). The sample is made

of a 0.254 mm thick PET sheet, folded after being cut out

with a laser cutting machine (Universal Laser Systems, Inc.

VLS4.60). The top and bottom surfaces are capped with 1.5

mm acrylic plates to ensure that all vertices stay on the same

plane while the Kresling unit folds.

4.1 Physical setup and model

We use the geometrical and kinematic parameters shown in

Fig. 3b to describe the Kresling origami unit. The unit cell

has two coupled degrees of freedom: translation along z-axis

(u) and rotation about z-axis (φ). As the unit cell gets com-

pressed (u increases), the top surface rotates (φ varies) rela-

tive to the bottom surface, therefore exhibiting coupled be-

havior. The resultant force-displacement relationship under

pure axial compression (i.e., no external torque applied) in

the experiment is shown in Fig. 3c, denoted as a red dashed

line.

To model this coupled folding behavior, we employ a truss

model [38] by replacing the creases along segments AC and

BC (denoted by red and blue solid lines in Fig. 3b) with lin-

ear spring elements, and segment AB (green solid line in Fig.

3b) with a linear torsion spring. The model gives the total

potential energy expressed as

Π =
Np

2

[

ka(a − a0)2 + kb(b − b0)2 + 2kψ(ψ − ψ0)2
]

− Fu − Tφ, (2)

where Np is the number of vertices of the polygonal cross-

section (for the case of Fig. 3, Np = 6), ka and kb are the

linear axial spring coefficients of the axial spring elements

along AC and BC respectively, and kψ is the torsion spring

coefficient of the element along AB. Variables a and b are

the lengths of the element AC and BC, and ψ is the angle

between the horizontal surface and the triangular facet (e.g.,

△ABC), which are a function of u and φ (see Ref. [34] for

the explicit expression). The subscript 0 denotes the initial

values. F is the axial force along z-axis, and T is the torque

about z-axis.

Here, the truss model assumes the following relationship

between kb and ka:

kb =
a0

b0

ka, (3)

based on the linear bar element stiffness, k = EA
l

, where

k is the linear truss stiffness, E is the Young’s modulus, A

is the cross-sectional area, and l is the length of the truss

bar element. By assuming that the material property (i.e.,

EA) does not change between element a and b, we obtain

EA = kaa0 = kbb0, yielding Eq. (3).

By applying the principle of minimum potential energy,

we obtain F and T as a function of u and φ (see Ref. [34] for

the detail of derivation). This analytical force-displacement

relationship is shown in Fig. 3c, denoted as a blue solid line.

The experimental result is denoted as a red dashed line with a

shaded region representing the standard deviation from three

prototypes. Here, the spring coefficients are empirically de-

termined using the least-square method to fit the model curve

with the experimental curve obtained from a pure axial com-

pression test (i.e., zero external torque T ). As a result, we

a b c

Figure 3 Geometrical parameter definition of Kresling origami. a Prototype made of PET sheet of thickness 0.254 mm. b Geometrical parameters and

variables of Kresling origami. c Force-displacement profile. Blue solid line, truss-hinge model; red dashed line, averaged experimental result; red shaded

region, standard deviation. Geometrical parameters used for panels a and c are: h0 = 30 mm, θ0 = 70◦, R = 36 mm.
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can see the model agrees well with the experimental force-

displacement profile. The spring coefficients are estimated

to be ka = 1.211 × 104 N/m, kb = 7.486 × 103 N/m, and

kψ = 1.455 × 10−2 N m/rad. (Note again that ka and kb are

effective axial spring coefficients and kψ is the effective tor-

sional spring coefficients that best describes the panel defor-

mation and crease folding, respectively.)

4.2 Parametric study

Now, we examine the relationship between the Kresling

origami stiffness (i.e., spring coefficients) and the size of the

DSP discorectangular holes. The geometrical parameter of

the Kresling prototype in this section is kept to h0 = 35 mm,

θ0 = 70◦, and R = 36 mm. It has previously been suggested

that the perforation size significantly affects both the qualita-

tive behavior of the Kresling origami [23]. Here, we inves-

tigate the DSP parameter effect in a quantitative manner, by

estimating the effective spring coefficient of the commonly

used bar-and-hinge model of non-rigid origami. To this end,

we again vary L and W of the DSP crease parameter (see

Fig. 2a for definition), to study the Kresling origami behav-

ior parametrically.

Figure 4a and b shows the selected force-displacement

profiles for varying L and W cases, respectively. Similar to

the single hinge constitutive relationship, we can see that the

magnitude of the force decreases (increases) with an increase

in length parameter L (W). For instance, we can see that the

maximum force for the shorter L = 4 mm sample is about

three times larger than, the longer L = 12 mm sample. Such

variation can qualitatively be seen in the spring coefficients as

well. While the L = 12 mm sample estimates the spring coef-

ficients to be ka = 2.595×104 N/m and kψ = 0.0536 N m/rad,

the L = 4 mm sample coefficients are ka = 6.585 × 104 N/m

and kψ = 0.1849 N m/rad. Note that the axial and torsional

spring coefficients of the shorter L sample are 2.5 times and

3.5 times larger than the longer L sample, respectively.

We show the spring coefficients ka and kψ as a function of

length parameter L in Fig. 4c. We plot L = 4 and 12 mm

results and two additional data sets for L = 6, L = 8, and

L = 10 mm, with B = 0.8, H = 0.7, W = 0.8 mm, denoted

as open circle symbols. Similar to the hinge study in the pre-

vious section, the solid lines with shaded regions represent

the prediction by Gaussian process regression with standard

deviation. Clearly, we see that the spring coefficients are neg-

atively correlated to the length L. Moreover, both ka and kψ

show linear correlation with respect to L, which agrees well

with the rigid origami hinge parametric study. Note that the

magnitude of kψ matches with that of a single hinge struc-

ture for all values of L, which suggests the validity of the

estimated values of the Kresling model.

Figure 4d shows the axial and torsional spring coefficients

as a function of parameter W in sub-panel (i) and (ii), re-

spectively. Here, we fabricate prototypes with five differ-

ent parameter sets: W = (0.4, 0.6, 0.8, 1.0, 1.2) mm with

L = 10, B = 0.8, H = 0.7 mm. At a glance, we see that

the order of magnitude of the spring element stiffness resides

within a similar range for rigid and non-rigid origami cases.

However, interestingly, varying W case shows different trend

than in the single hinge case. While the single hinge paramet-

ric study shows the decreasing slope of the prediction curve,

the Kresling origami case shows the increasing slope of the

prediction curve. This suggests that the parameter W con-

tributes predominantly to the facet deformation of the non-

rigid origami, and vice versa, which is contrary to the ef-

fect of length L. We believe that this discrepancy between

the rigid and non-rigid origami case can bring insight into

improving the conventional origami models (e.g., bar-hinge

model), by taking crease geometry and parameters into ac-

count.

a b c d

Figure 4 Kresling origami static response and DSP parameters. a Force-displacement relationship of different values of L. Red, L = 4 mm; blue, L = 12

mm. b Force-displacement relationship of different values of W. Red, W = 0.4 mm; blue, W = 1.2 mm. Solid lines, model; dashed lines, experimental result.

Axial spring coefficient ka and torsional spring coefficient kψ as a function of c length L, and d length W. Red, axial spring coefficients ka; blue, torsional

spring coefficients kψ. Solid lines, prediction based on Gaussian process regression; shaded regions, standard deviation; open circle symbols, experimental

data. Experimental data are obtained from three prototypes for each value of L, and two prototypes for each value of W.
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5. Reconfiguration of constitutive relation land-

scape

The previous section shows that the change in crease param-

eters can significantly affect the spring coefficients ka, kb, and

kψ while preserving the landscape of the force-displacement

curve to be strain-softening and monostable. Here, we show

that the combination of such stiffness change, in turn, can

even alter the overall landscape of the force-displacement

curve by exploring two examples.

In Fig. 5a, we show the force-displacement relationships of

the Kresling origami with h0 = 50 mm, θ0 = 70◦, and R = 36

mm, made of PET sheet using different DSP parameter sets.

Unlike the prototype in the previous section (h0 = 35 mm,

θ0 = 70◦, and R = 36 mm), the force-displacement curve

now shows a significant decrease in the force after reaching

the peak, which is especially prominent with DSP parameter

set (L, B, H, W) = (4, 0.8, 0.7, 0.8) mm, where the maxi-

mum force F ≈ 16 N is reached around u ≈ 6 mm, as shown

by the red solid line labeled as A-I in Fig. 5a. The minimum

force reads about half of the maximum force, then rapidly re-

covers above the peak force. Such force-displacement land-

scape is very typical for the system with snap-through under

force-controlled loading conditions, while having only one

stable fixed point (i.e., monostable).

Following the regression result we saw in the previous sec-

tion, we find that by increasing L from 4 mm to 12 mm

(blue solid line labeled as A-II in Fig. 5a), the overall mag-

nitude of the force drops significantly (i.e., the maximum

force differs by a factor of 4). In both cases, the local min-

imum around u = 18 mm is still positive (i.e., compressive

force), the unit of which hosts only one stable energy state

at u = 0 (i.e., monostable), as suggested by the potential en-

ergy curve in Fig. 5a(i). Interestingly, if we tailor the DSP

parameters by combining two different DSP parameter sets

for each type of spring, the minimum force becomes neg-

ative (i.e., tensile force). In the current study, we assign

(L, B, H, W) = (10, 1.0, 0.4, 0.4) to creases along segement

with lengths a and b, and (L, B, H, W) = (4, 1.0, 0.4, 0.6)

to creases along segment with length c (see inset of Fig. 5a

or Fig. 3b). The Kresling unit hosts two stable energy states

(i.e., bistable), at u = 0 and u ≈ 22 mm. As such, the unit

cell can be designed to be multi-stable by selecting and com-

bining the DSP parameter.

Now, we show another example of the rich versatility

of the DSP crease parameter choice, by fabricating Kres-

ling origami with geometrical parameter h0 = 35 mm,

θ0 = 90◦, and R = 36 mm, made of a paper sheet (3-ply

Strathmore 500 Series Bristol). Figure 5b shows the force-

displacement curves from four different DSP parameter sets:

Set B-I, (L, B, H, W) = (10.1, 0.5, 0.5, 0.95); Set B-II, a hy-

brid of (10.6, 1.0, 0.5, 0.7) and (6.6, 1.0, 0.5, 0.7); Set B-III,

(14, 1.0, 0.5, 0.7); Set B-IV, (10.6, 1.0, 0.3, 0.7), with units

in mm. First, if we examine Set I, the profile is very simi-

lar to that of Fig. 5a, where the unit cell hosts snap-through

behavior when it reaches the local maximum. However, if

we slightly change to DSP parameter to Set II, the dip dis-

appears, such that the force monotonically increases while

going through the near-zero stiffness regime from x ≈ 5 to

x ≈ 8 mm.

While the example in Fig. 5a preserves structural instabil-

ity by having a snap-through profile regardless of parameter

choice, we see that such instability is completely removed in

the example shown in Fig. 5b. Moreover, if we further change

the DSP parameter to Set B-III, where L is much larger, we

see a long-lasting plateau region starting from u ≈ 5 mm

after a slight increase of the force in a linear manner. In

Set B-IV, we have the perforation length L and the ligament

width H being smaller than in Set B-III. Interestingly enough,

the nearly zero-stiffness region in Set B-III is now replaced

a b
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Displacement, u (mm) Displacement, u (mm)

Figure 5 Force-displacement landscape with different DSP crease parameters. a Force-displacement relationships of the Kresling prototype with h0 = 50

mm, θ0 = 70◦, and R = 36 mm, made of PET sheet. Sub-panel (i) shows the potential energy obtained by numerically integrating the corresponding force-

displacement curves with Simpson’s rule. Red solids lines, parameter set A-I; blue, A-II; green, A-III. b Force-displacement relationships of the Kresling

prototype with h0 = 35 mm, θ0 = 90◦, and R = 36 mm, made of Bristol art paper. Red solids lines, parameter set B-I; blue, B-II; green, B-III; orange, B-IV.

DSP parameters are ordered as (L, B, H, W) with the unit in mm.
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by linearly increasing behavior. Note that such drastic tun-

ability, ranging from linear to nonlinear force-displacement

landscape, is achieved only by changing the DSP parame-

ter, keeping the bulk geometry of the Kresling origami con-

sistent. This clearly suggests the significance of compliant

mechanism design in origami-based metamaterials, which

provides additional dimensions of tuning parameters.

6. Conclusion

In conclusion, we have reviewed and examined the compli-

ant mechanism design for the origami mechanical metamate-

rials. Some of the exemplary compliant mechanisms include

simple fold, half-cut (or etching), SSP and DSP, and multi-

layered crease, each of which offers unique benefits, for in-

stance, fast-prototyping, folding accuracy and precision, or

tolerance in fatigue. Out of five common designs, we se-

lect DSP crease design to be further examined. Specifically,

the DSP parameters (e.g., perforation size) have been inves-

tigated from an origami modeling standpoint, for both rigid

and non-rigid origami structures. We conduct the uni-axial

compression test on the single hinge and Kresling origami

units fabricated using different sets of DSP parameters. We

then feed the experimental force-displacement relationship

into the analytical models based on torsion spring elements

for rigid origami, and axial and torsion spring elements for

non-rigid origami to estimate the stiffness of the origami

units. The extracted spring coefficients are plotted against

length parameters L and W, the relationships of which were

described using Gaussian process regression.

The data-driven regression revealed the unique contribu-

tion of DSP parameters to the spring stiffness, which dif-

fers for rigid and non-rigid origami. Specifically, while the

change of length parameter L contributed to origami stiffness

in a likewise manner regardless of the rigid or non-rigid na-

ture of origami, the change in W acted on the stiffness differ-

ently. Lastly, we showed a few examples of changing the

overall mechanical response of the Kresling origami by only

changing DSP parameters. Here, we report that we can easily

tune the Kresling unit cell to be monostable or bistable, and

the force-displacement curve to be linear or nonlinear. We

envision that these findings shall not only proffer insight into

selecting and designing compliant mechanisms for origami-

based mechanical metamaterials, but also hints at extending

the versatility of origami systems based on a data-driven ap-

proach.
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折折折纸纸纸超超超材材材料料料合合合规规规机机机制制制的的的设设设计计计

Yasuhiro Miyazawa, Hiromi Yasuda, Jinkyu Yang

摘要 折纸作为一种折纸艺术,几个世纪以来一直被艺术家们广泛探索. 直到最近几十年,它才因其复杂的几何形状和丰富的力学性

能而受到数学家和工程师的关注. 以折纸为灵感的超材料的激增为材料和结构的设计打开了一扇新的窗口. 通常,会根据标有合规机

制的折痕线折叠一张材料来构建折纸结构. 尽管它们在折纸制造中很重要,但在折纸超材料的设置中,这种合规机制尚未得到探索. 本

研究探讨了合规机制设计参数与折纸力学性能之间的关系.尤其我们采用的是单铰链折痕和Kresling折纸,这是刚性和非刚性折纸单

元的代表性示例,采用双针穿孔兼容机构设计制造.我们使用不同的折痕参数进行轴向压缩测试,并将结果拟合到由轴向和扭转弹簧

组成的棒铰折纸模型中. 使用高斯回归过程提取弹簧系数和折痕参数之间的关系.结果表明,折痕参数的变化以非常不同的方式对每

个弹簧元件有显著贡献,这表明合规机制根据变形模式的微调性. 特别是,刚性和非刚性折纸的弹簧刚度随折痕参数而变化不同,即使

调整了相同的折痕参数也是如此. 此外,我们报道了Kresling折纸的定性静态响应只需改变折痕参数,就可以在单稳态和双稳态之间,

或者线性和非线性之间调节,同时可以保持相同的折叠图案几何形状.我们相信,我们的结果为折纸机械超材料的褶皱选择合规机制

提供了一个库和指南.
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