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Abstract

Metamaterials and metastructures developed based on tubular origami-inspired structural forms can
leverage the convolution of crease architecture and the mechanics of deformation therein to provide
unique multi-functional properties. In the existing literature, the intriguing aspect of deformation mode
coupling between the axial and twisting modes in different classes of origami tubes has not been explored
adequately. Based on computational and experimental investigations, here we present novel exploitable
insights on tunable axial-twist coupling behaviour in tubular origami metamaterials, including the as-
pect of programming Poynting effects as a function of triangulated crease architecture. We focus on
exploring whether there can be twisting or axial deformation under the application of either axial or
twisting far-field actuation in a compulsory or discretionary way, and the functional relationship to mod-
ulate such constitutive coupling through triangulated crease architecturing. The corresponding energy
landscapes are investigated, revealing their stability behaviour and the prospect of crease-dependent
tailoring of multi-stability.

Keywords: Origami metamaterials; Tubular origami; Poynting effect; Bi-stability programming;

Constitutive mode coupling; Triangulated crease architecture

1. Introduction

Mechanical metamaterials [1], driven by the recent progress in manufacturing technilogies for com-

plicated topologies [2, 3], have surged in popularity over the last decade due to their innovative approach

in incorporating bottom-up lower-length scale architectures with intricate micro- and nano-scale designs

to achieve unprecedented mechanical and multi-physical attributes (at a relatively higher length scale)

which are not available in naturally-occurring materials [4–9]. The effective mechanical attributes in

metamaterials are often driven by the geometry of unit cells along with the intrinsic material properties,

leading to the possibility of modulating the effective mechanical behaviour as a function of lower-length

scale architectures maintaining invariance of the base intrinsic material. These architected materi-

als are artificially manufactured using conventional materials (referred to as intrinsic materials), often

organized in repetitive patterns at scales smaller than the wavelengths they influence for a dynamic

system. In the case of evaluating static effective properties, it is ensured that there exists a significant

difference in the length scales of unit cell geometry and the higher length scale at which the effec-

tive properties are defined, resulting in a converged number of unit cells without boundary effects. In
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case of the absence of an adequate number of unit cells such that homogenised properties cannot be

evaluated, the term ‘metastructure’ is defined in the literature (note that even metastructures possess

exotic properties attributed to the designed geometric architecture). In general, metamaterials derive

their unique capabilities not only from their constituent materials unlike conventional materials (where

chemical compositions derive the mechanical properties), but from the deliberate design of their lower-

scale architectures as well through precise shaping, sizing, orientation, and arrangement. This leads to

the manipulation of static and dynamic properties exceeding the capabilities of traditional materials,

offering a wide range of possibilities for various engineering applications [1, 10–16]. Two primary classes

of metamaterial architectures are typically conceptualized based on lattice and origami base patterns

[1, 17, 18]. The central theme of this paper is origami-inspired metamaterials wherein we will focus on

tubular origami architectures due to their inherent advantages such as geometric efficiency and com-

pactness, deployability and reconfigurability, structural integration ability in complex shapes, stiffness

and strength modulation, constitutive programming and deformation mode coupling, high specific en-

ergy absorption capability, controlled transportation of fluid and gas, multi-stability and programmable

dynamic behaviour [19–27].

Unlike lattice-based metamaterials that derive their unique properties from intricate beam, plate

or shell-based unit cells [1], origami and kirigami-inspired metamaterials primarily exploit geometric

principles and mechanics of folding to create periodic functional architectures [28–30]. Origami, a

traditional Japanese paper-folding technique, involves the transformation of two-dimensional sheets of

material into intricate three-dimensional architecture through the introduction of predefined creases for

folding [31, 32]. In comparison, kirigami is a technique that involves cutting paper along with folding.

Metamaterials are formed when such origami or kirigami base patterns are tessellated in one, two or

three-dimensional spaces to form a periodic architecture. Over time, for engineering applications of

origami and kirigami, there has been a transition from traditional paper to a diverse array of materials

such as metals, smart material alloys, polymers, and hydrogels, expanding the possibilities and func-

tionalities of these origami and kirigami-inspired metamaterials. Origami-based tubes (refer to Figure

1) are formed by folding a sheet of material into a tessellated architecture and often rolling it to give

a hollow cylindrical shape, which leads to a range of enhanced mechanical and multi-physical features

[33–40]. Some of the prominent tubular origami architectures include Miura-ori [41, 42], waterbomb

[43–46], Yoshimura [47–52] and Kresling [32, 53–58], among which we will primarily concentrate on

triangulated crease patterns such as waterbomb and Kresling architectures in this paper due to their

unique constitutive traits concerning deformation mode coupling behaviour.
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Figure 1: Crease-architecture driven deformation-mode coupling and programmable multi-stability. Crease
architecture and the resulting tubular metamaterials showing the deformation behaviour under axial compression and
twisting moment based on numerical models and experimental prototypes. (A) Triangulated origami architecture I (B)
Triangulated origami architecture II (C) Triangulated origami architecture III.

Waterbomb unit cells, as typically adopted in tubular metamaterials with triangulated crease pat-

terns, comprise a square sheet of material having six creases: four diagonal creases acting as valley

creases intersecting at a common vertex and two collinear sides acting as mountain creases (refer to

Figure 1(A)). Through repetitive tessellation of the waterbomb unit cell in both longitudinal and cir-

cumferential directions, a waterbomb tube is formed, exhibiting rich mechanical characteristics [59] in

terms of programming constitutive laws, auxetic behaviour and shape modulation. Additionally, the

symmetrical folding of the waterbomb tube makes it a single-degree-of-freedom system [43–46] that

requires limited actuation. Interestingly, it may be noted that since each of the waterbomb units is

inherently bistable along the radial direction, it leads to a possibility of further programming the me-

chanical behaviour based on selective stable state distribution. Based on the common theme of this
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paper concerning triangulated origami creases, we refer waterbomb tubes as triangulated origami ar-

chitecture I in the following sections. Waterbomb tubes find critical applications in the construction of

origami robots, medical devices [60] and the design of wheels suitable for autonomous navigation [61].

Fonseca et al. proposed an expandable origami wheel, constructed based on the fundamental principles

of the waterbomb pattern undergoing transitions between various configurations via thermal actuation

enabled by shape memory alloy actuators [62]. Its deployment gives rise to a lot of benefits, including

trajectory adjustments through alteration of configuration, obstacle traversal capabilities, and enhanced

stability during rolling movements. Li et al. proposed the architecture of a simple soft gripper involving

waterbomb origami [63]. This gripper is evaluated by capturing a range of everyday objects as well as

a set of test objects with diverse geometries.

One of the most versatile bases in the design of origami tubes with triangulated crease patterns

is Kresling which can show a range of programmable mechanical characteristics based on crease ar-

chitecture and assembly. Based on the common theme of this paper concerning triangulated origami

creases, we have referred to the two primary Kresling patterns here as triangulated origami architecture

II and III. The triangulated origami architecture II and III tubes are constructed based on the same

Kresling unit, with Type II utilizing units of the same handedness and Type III employing an alter-

nating handedness configuration (refer to figure 1(B, C)). In this context, it will be demonstrated later

in this manuscript that such configurational changes with even similar triangulated patterns can bring

marked differences in the characteristic constitutive behaviour. The triangulated origami architecture

II base consists of a parallelogram sheet designated by five creases, with four sides of the parallelogram

acting as mountain folds and one vertical diagonal functioning as a valley fold. Through repetitive

tessellation of triangulated origami architecture II unit cells in both longitudinal and circumferential

directions, a tube is formed [64] (refer to Figure 1(B)). Notably, the triangulated origami architecture

II based tube lacks rigid foldability and cannot deviate from its nominal expanded state through crease

manipulation. Upon reaching its fully folded state, the upper and lower triangular planes align with

each other. A distinguishing characteristic of these tubular metamaterials lies in its multi-stability,

which depends upon the tube’s height and the length of its diagonal [53–56]. One notable application of

the triangulated origami architecture II is in the development of multi-degree-of-freedom origami robots

that achieve motion by electro-thermal actuation, resembling a caterpillar [65]. This technology offers

several advantages, including its lightweight design, ability to execute steering motions by assembling

with other robotic units and cargo transportation.

The triangulated origami architecture III pattern draws inspiration from the geometric structure of
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unfolded tree leaves. It is characterized by a tessellation process where triangulated origami architecture

III bases are repetitively arranged longitudinally and circumferentially to form a tube. The base here

comprises two identical parallelograms positioned adjacent with sharing a common side and it addition-

ally includes two vertical diagonals in opposite alignment converging at a common vertex. Triangulated

origami architecture III unit cells comprise nine creases, with all seven sides acting as mountain creases

and the two diagonals acting as valley creases (refer to Figure 1(C)). Triangulated origami architecture

III based tubes exhibit partial flat folding exclusively at the region of valley creases, while remaining

essentially three-dimensional in already bent regions [66–69]. However, it lacks rigid foldability and can

exhibit mono-stability and multi-stability depending on the geometric parameters. Among its practical

applications, the triangulated origami architecture III based design can find its utility in the develop-

ment of magnetically actuated biopsy robot [70]. In this application, the proposed structure enables

the robot to fold, deploy the needle into the targeted tissue, effectively capture the tissue and provide

the retraction force when external magnetic force is removed. The permanent magnet on the top of the

robot generates magnetic force and torque in response to external magnetic field, allowing the robot to

effectively perform the rolling and sampling motion. Yasuda et al. proposed triangulated origami cylin-

ders for vibration analysis and dynamic characteristics of structures, while Chung et al. demonstrated

these cylinders to serve as piezoelectric generators [71, 72]. Further applications based on triangulated

origami architecture III include untethered robots propelled by magnetic actuation [73] and memory

switch that can be activated by providing harmonic mechanical excitation at its base [74].

A careful review of the literature concerning tubular origami metamaterials [17, 29] reveals that the

intriguing aspect of deformation mode coupling between the axial and twisting modes in different classes

of origami tubes has not been explored adequately. Such interaction between axial and twisting modes

can be instrumental for designing tailored constitutive behaviour in advanced engineering applications

with efficient load distribution and conversion of deformation modes in wave propagation and steering,

energy harvesting and vibration control applications. Based on computational and experimental inves-

tigations, here we endeavour to present novel exploitable insights on the axial-twist coupling behaviour

in tubular origami metamaterials including the aspect of programming Poynting and inverse Poynting

effects as a function of crease architecture. We will primarily focus on exploring whether there can be

twisting or axial deformation under the application of either axial or twisting far-field actuation (refer

to figure 1(A, B, C)) in a compulsory or discretionary way, and the functional relationship to mod-

ulate such constitutive coupling through crease architecturing. The corresponding energy landscapes

will be investigated as an integral part, revealing the stability behaviour and the prospect of crease
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architecture-dependent tailoring of multi-stability. Based on a common triangulated pattern inscribed

in the same intrinsic material, such constitutive programming in coupling behaviour, Poynting effect,

energy landscape and stability behaviour would be demonstrated through targated architecturing of the

creases. The unique and tailorable mechanical constitutive behaviour of tubular metamaterials will lead

to diverse applications in the field of mechanical, robotics, space, electronic devices and communication,

biomedical, and architecture.

2. Results

The current discussion centres around three major tubular metamaterial architectures based on tri-

angulated crease patterns (refer to figure 1(A, B, C)) with a range of different geometric parameters

to investigate their deformation mode coupling and stability behaviour. These crease architectures are

chosen in the current paper to demonstrate the crease architecture and motion stage-dependent con-

stitutive coupling behaviour. We would demonstrate that such targeted constitutive programming in

tubular metamaterial is feasible through appropriate orientation and assembly of the triangular facets

in designing the origami bases. To begin the discussion, we first describe the architecture of these

three tubular origami metamaterials under consideration. The triangulated origami architecture I (also

referred to as waterbomb origami in the literature) base comprises a square sheet having six creases:

two creases parallel to the vertical sides of the square represent the mountain crease, and four diago-

nal creases represent the valley creases. The triangulated origami architecture II (also referred to as

Kresling origami in the literature) base comprises a parallelogram sheet with five creases: four sides of

the parallelogram represent mountain creases, and one diagonal represents the valley crease. The trian-

gulated origami architecture III (also referred to as Kresling origami in the literature) base comprises

two identical parallelograms with mirror configurations connected to a common side. These parallel-

ograms are arranged in series on the vertical axis, with nine creases: seven sides of the parallelogram

represent mountain creases, and two diagonals represent valley creases. These unit cells are repeatedly

arranged in series along vertical and circumferential directions to obtain a tubular configuration of the

metamaterial, as depicted in Figure 1 (sometimes a row in the vertical direction is referred as storey).

The tubular metamaterials discussed above are subjected to two loading conditions: axial force and

twisting moment (at the two ends, which is also occasionally referred as far-field actuation) in order to

analyse the deformation mode coupling behaviour. A compressive axial force is applied in the vertical

z-direction (i.e. longitudinal direction) on the top nodes, while the twisting moment is applied in the

x-y plane (perpendicular to the tube axis) of the tubular metamaterial. These tubular metamaterials

are modelled computationally according to the idealized bar-hinge approach (refer to Methods section
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for a detailed discussion on the methodology) [75]. The discretization method used to analyse these

tubular metamaterials is following a triangulated approach by N4B5 scheme. Besides computational

modelling, we have created physical prototypes for qualitatively validating the mechanical constitutive

behaviour, as depicted in supplementary videos SM1 - SM3. In the following discussions, the material

properties used for the triangulated origami architecture I model is: folding stiffness (Kf ) = 0.1 N/cm2,

bending stiffness (Kb) = 1 × 103 N/cm2, stretching stiffness (Eo) = 1 × 106 N/cm2, and idealized bar

area (Abar) = 0.1 cm2. The material properties used for the triangulated origami architecture II and

III model are: folding stiffness (Kf ) = 1 × 10−3 N/cm2, bending stiffness (Kb) = 1 × 10−3 N/cm2,

stretching stiffness (Eo) = 5 × 103 N/cm2, and idealized bar area (Abar) = 0.1 cm2. Note that the

bar-hinge based computational modelling approach adopted here is quantitatively validated for tubular

origami architectures with separate experimental results (refer to supplementary material Figure S7

and supplementary note II) besides the qualitative validations presented in Figure 1 and supplementary

videos SM1 - SM3, providing adequate confidence on the insights presented in this paper.

In the following subsections, we will first investigate qualitatively using physical prototypes as to how

the origami crease architecture influences the deformation mode coupling behaviour. Subsequently, a

detailed numerical investigation is presented to quantify the degree of axial-twist coupling and stability

behaviour as a function of the crease architecture and motion stage.

2.1. Qualitative constitutive behaviour of tubular origami metamterials

When triangulated origami architecture I based tubes are subjected to a compressive force, they

start compressing in the axial direction and also show outward or inward bulging due to deformation

in lateral directions. This bulging changes with an increase in compressive force on the tube (refer

to Figure 1(A)). The deformation behaviour of the triangulated origami architecture I based tube is

qualitatively validated here with the deformation behaviour of a physical prototype under compression

(refer to supplementary movie SM1). Negligible or no rotational deformation is shown under lower

range of compressive axial forces. A more detailed analysis covering this aspect of shape morphing in

triangulated origami architecture I based tubes as a function of crease architecture and motion stage

can be found in literature [59].

When a similar triangulated origami architecture I based tube is subjected to a twisting moment,

the creases of the tube initiate rotational deformation and aim to converge toward each other. This

behaviour of creases results in the deformation of the tube in the axial direction. As the twisting

moment on the structure increases, a corresponding increase in axial deformation is observed (refer to

Figure 1(A)). The physical prototype under twisting further validates this deformation behaviour of the
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triangulated origami architecture I based tube, as presented in the supplementary movie SM1.

When a triangulated origami architecture II based tube is subjected to compressive force, it shows

axial deformation (and twisting deformation) due to the tube twisting. As the compressive force initiates

its action, the central segment of the tube undergoes initial torsional deformation, consequently resulting

in axial deformation. As the applied force increases, the structure transitions into multi-stable or mono-

stable deformation depending on the crease architecture and dimensions, further increasing the level of

axial deformation (refer to Figure 1(B)). The triangulated origami architecture II based tube deformation

behaviour is validated with a physical prototype under compression (refer to supplementary movie SM2).

The triangulated origami architecture II based tube, under the application of a twisting moment,

exhibits similar behaviour (i.e. both axial and twisting deformations) to that observed under compressive

loading conditions. With the application of a twisting moment on a triangulated origami architecture II

based tube, the last segment of the tube initially experiences torsional deformation and results in axial

deformation. With the increase in the twisting moment, the structure enters into multiple stable states

or follows a monostable path depending on crease dimensions, leading to increased axial contraction

(refer to Figure 1(B)). A physical prototype under twisting validates this deformation behaviour of

triangulated origami architecture II based tubes, as presented in supplementary movie SM2.

The triangulated origami architecture III based tube, under the action of compressive force, shows

axial deformation-dominated behaviour. As the compressive force increases, the underlying kinematics

of the tube allows axial deformation with very minimal rotation, resulting in a mostly decoupled axial

and rotation motion (refer to Figure 1(C)). A physical prototype under compressive force validates this

deformation behaviour of the triangulated origami architecture III based tube (refer to supplementary

movie SM3).

When a similar triangulated origami architecture III based tube is under the application of a twisting

moment, the tube undergoes minimal axial contraction. As the twisting moment increases, the tube

exhibits predominant rotational motion resulting in minimal axial contraction (refer to Figure 1(C)).

The triangulated origami architecture III based tube deformation behaviour is validated with a physical

prototype under a twisting moment, as discussed in the supplementary movie SM3.

It is worth noting that both the triangulated origami architecture II and III based tubes can exhibit

mono-stability, bi-stability and multi-stability depending on the geometric parameters and structural

configuration, while the triangulated origami architecture I based tubes always show monostability. To

be more specific, whether a triangulated origami architecture II or III based tube will undergo a series

of bi-stable deformation (leading to multi-stability for a tube with multiple storeys) or mono-stable
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Figure 2: Numerical quantification of axial-twist mode coupling. Constitutive behaviour under the action
of compressive force (F , in N), and twisting moment (Mt, in N-cm) for (A) Triangulated origami architecture I (B)
Triangulated origami architecture II and (C) Triangulated origami architecture III. Subfigures (a) and (b) show results on
mechanical deformation concerning axial and twisting modes under applied axial force and twisting moments respectively.

deformation, depends on the crease architecture. In case of multi-stability, it may be noted that the

sequence of bi-stable deformation in both triangulated origami architecture II and III based tubes is

highly dependent on the local imperfection and stiffness distribution in a physical sample, and it would

be controlled by the rate of applying compressive force or torsional moment. The aspect of mono-

stability and multi-stability is further numerically investigated in the following subsection based on

mechanical constitutive behaviour. Under the application of compressive axial loading, all three tubes

undergo some degree of axial deformation, but it is also compulsory for triangulated origami architecture

II based tubes to undergo torsional deformation simultaneously. Triangulated origami architecture I

and III based tubes can have predominantly axial deformation (without torsion, or with very little
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value of it) under the application of compressive force. On the contrary, under the application of

torsional moment, all three tubes undergo torsional deformation and they also show axial deformation

simultaneously. It may be noted that the axial deformation of triangulated origami architecture III based

tubes under the application of torsional moment is negligible compared to the other two architectures.

This behaviour is primarily influenced by the middle crease of the triangulated origami architecture III

unit, which induces a coupled axial-rotation motion that tries to maintain the total length of the tube

constant. Furthermore, it can be concluded that the triangulated origami architecture III based tubes

predominantly undergo decoupled axial and rotation motion on the free ends of the tube under axial

compression and twisting moment.

To summarise the qualitative behaviour of the three different tubular architectures, we note the

following salient points (refer to Figures 1, 2, S1, S2 and 4 along with corresponding supplementary

videos SM1 to SM6).

Triangulated origami architecture I based tubular metamaterials: (1) Under axial force it shows only

axial deformation (this is true up to a threshold limit of compressive force, beyond which there will be

both twist and axial deformation - this aspect is discussed in detail later). Thus under low value of

compressive force, no axial and twist coupling exists. (2) Under the application of twisting moments,

there will be both twisting deformation and axial deformation simultaneously. Thus, there exists a axial-

twist coupling under the application of twisting moment. (3) The triangulated origami architecture I

based tubes always show a mono-stable behaviour. (4) There exists a significant lateral deformation

under the application of axial and twisting forces, leading to a programmable spatially-varying bulging

along the length of tubes [59].

Triangulated origami architecture II based tubular metamaterials: (1) Under axial force it shows both

axial deformation and twisting simultaneously. (2) Under the application of twisting moments, there

will be both twisting deformation and axial deformation simultaneously. Thus, there exists a axial-twist

coupling under the application of both axial force and twisting moment. (3) The triangulated origami

architecture II based tubes may exhibit mono-stable, bi-stable and multi-stable behaviour depending

on the crease architecture. (4) The lateral deformation under the application of axial force or twisting

moment is less significant compared to the triangulated origami architecture I based tubes.

Triangulated origami architecture III based tubular metamaterials: (1) Under axial force it shows

predominantly axial deformation. (2) Under the application of twisting moments, there will be pre-

dominantly twisting deformation. Thus, there exists no (or less significant) axial-twist coupling under

the application of both axial force and twisting moment. (3) The triangulated origami architecture
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III based tubes may exhibit mono-stable, bi-stable and multi-stable behaviour depending on the crease

architecture. (4) The lateral deformation under the application of axial force or twisting moment is less

significant compared to the triangulated origami architecture I based tubes.

The primary nature of the current investigation is computational analysis, wherein the physical

prototypes are used for qualitative validation of deformation modes as depicted in the supplementary

videos (SM1-SM3). This qualitative analysis is intended to visually demonstrate the general character-

istic constitutive behaviour identified for each of the triangulated origami architectures. Note that the

bar-hinge-based reduced-order computational model is validated with quantitative experimental results

concerning force-deformation (refer to Figure S7). This ensures that the computational predictions are

accurate quantitatively. For a more detailed and rigorous assessment, we have performed comprehensive

numerical analyses in the following subsection, which provide the quantitative data and predictions of

the triangulated origami architectures. However, future experimental investigations are necessary to

present quantitative experimental results and compare the current numerical findings in more detail.

The crease-dependent qualitative behaviour of tubular origami architectures, as discussed in this

subsection, is substantiated quantitatively through a detailed numerical reduced order analysis in the

following subsections.

2.2. Numerical quantification of the axial-twisting mode coupling

For each of the tubular structures having triangulated origami architecture I, II or III, compressive

axial force and twisting moment will be applied separately in this subsection to study their axial defor-

mation, twisting deformation and stability behaviour based on the bar-hinge based numerical model.

Under the initial stage of applying compressive force, the triangulated origami architecture I based

tube shows a decrease in axial deformation as represented in configuration I (refer to Figure 2(A(a))).

The geometry of the triangulated origami architecture I based tube is taken as: width = 2 cm, dihedral

angle (α) = 55o, and the number of bases longitudinally m = 7, and circumferentially n = 6. As

the compressive force (F ) starts increasing, the length of the triangulated origami architecture I based

tube decreases more rapidly (as represented in configuration II) due to the folding of the creases. With

further increment in the axial force (F ), the axial deformation increases, along with outward bulging

(as represented in configurations III and IV). Under the application of compressive force, slight twisting

deformation is also observed along with axial deformation. The twisting of the triangulated origami

architecture I based tube represented by rotation (θ) shows an increasing trend with the increase in axial

compressive force. However, the value of twist throughout the considered range of applied axial force here

is negligible. The increment in compressive force induces an increase in axial strain (ε) and a decrease in
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the non-dimensional mode coupling factor (θ/ε) (refer to Figure S1(A(a))). The mode coupling factor,

when compared with axial strain for a given applied force (or torsional moment, as discussed in the

following paragraph), gives a sense of the relative twisting deformation with axial strain. It becomes

evident that the twisting deformation here is negligible compared to axial deformation. The numerical

results demonstrate negligible axial-twist coupling and mono-stability in the deformation behaviour of

triangulated origami architecture I based tubes under the application of axial force. In this context,

refer to the supplementary video SM1 showing the deformation behaviour obtained numerically and

using physical prototypes. The behaviour of a triangulated origami architecture I based tube under

compressive axial forces, as presented in this paragraph, is true up to a threshold limit of compressive

force, beyond which there will be both twist and axial deformation - this aspect is discussed in detail

later in the current section.

Further, we analyze a similar triangulated origami architecture I based tube under twisting moment

(refer to Figure 2(A(b))). The geometry of the tube is taken as: width = 2 cm, dihedral angle (α) = 55o,

and the number of bases longitudinally m = 7, and circumferentially n = 6. The initial configuration

of the triangulated origami architecture I based tube under zero twisting moment is represented by

configuration I. An increase in the twisting moment (Mt), resulting in the twisting of the tube, leads

also to an axial deformation of the triangulated origami architecture I based tube with respect to the

initial configuration (represented by configurations II and III) (refer to Figure 2(A(b))). Configuration

IV is achieved at a maximum axial deformation, maximal rotation (θ), and peak twisting moment (Mt)

magnitude. The increase in twisting moment results in comparatively lower axial strain levels when

compared to the strain experienced under compressive loading conditions. In addition, as the twisting

moment increases, the mode coupling factor (θ/ε) curve demonstrates an asymptotic decline due to high

values of rotational deformation (refer to Figure S1(A(b))). The numerical results demonstrate an axial-

twist coupling and mono-stability in the deformation behaviour of triangulated origami architecture I

based tubes under the application of twisting moment. In this context, refer to the supplementary video

SM1 showing the deformation behaviour obtained numerically and using physical prototypes.

Now we shift our focus to the detailed numerical exploration of the deformation mode coupling

behaviour of the triangulated origami architecture II based tube (refer to Figure 2(B(a))). The geometry

of the triangulated origami architecture II based tube is taken as: height of each layer = 1 cm, angle

(ϕ) = 45o, and the number of bases longitudinally m = 4, and circumferentially n = 12. The initial

configuration of the triangulated origami architecture II based tube under zero compressive loading (F )

is represented by configuration I. With an increase in the compressive force (F ), the central segment of
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the tube initially starts folding by twisting, resulting in a decrease in the tube length. As the compressive

force (F ) reaches its peak value, it starts to decline and even enters the negative zone while the tube

length decreases (represented by configuration II) along with an increase in rotation (θ). At this stage,

the triangulated origami architecture II based tube undergoes substantial folding through twisting,

leading to a bistable folding state. This state is characterized by a sudden decrease in tube length from

configuration I and a sudden increase in rotation (refer to Figure 2(B(a))). After reaching the negative

zone, the force value starts to increase and reaches another peak where the structure stabilizes into this

state (represented by configuration III). After this peak, the force value again moves into the negative

zone, but the tube length continues to decrease, while rotation increases, as the structure transitions

toward another stable state, represented by configuration IV. As explained in Figure S1(B(a), during

the initial increase in compressive force leading to the first peak, there is a rise in axial strain (ε) and

the mode coupling factor (θ/ε). After reaching the peak force, as the force starts decreasing, the axial

strain continues to increase, while the mode coupling factor decreases. With a further increase in the

compressive force after entering the negative zone, the mode coupling factor begins to rise again. This

behaviour of the mode coupling factor and axial strain highlights the bi-stable and multi-stable nature

of the triangulated origami architecture II based tube with the considered crease architecture. Notably,

the increase in axial strain and decrease in the mode coupling factor while achieving the first stable state

is greater than that observed during the transition to the second stable state. From the comparative

values of axial strain and mode coupling factor, it becomes evident that both axial strain and twisting

rotation are significant during the deformation process for a given applied force value. In summary, the

numerical results demonstrate a strong axial-twist coupling in the deformation behaviour of triangulated

origami architecture II based tubes under the application of axial compressive force. In this context,

refer to the supplementary video SM2 showing the deformation behaviour obtained numerically and

using physical prototypes.

When the triangulated origami architecture II based tube is subjected to a twisting moment, the

initial configuration of the tube under zero twisting moment (Mt) is demonstrated by configuration I

(refer to Figure 2(B(b))). The geometry of the triangulated origami architecture II based tube is taken

as: height of each layer = 1 cm, angle (ϕ) = 45o, and the number of bases longitudinally m = 4,

and circumferentially n = 12. With an increase in the twisting moment (Mt), the last segment of the

triangulated origami architecture II based tube starts folding through twisting, resulting in a decrease

of the tube length (represented by configuration II) and an increase in rotation (θ). After reaching

at peak of a twisting moment, it starts decreasing and enters into a negative zone. At this stage, the
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tube undergoes substantial folding through twisting, characterized by an abrupt decrease in tube length

from configuration II to configuration III and a sudden increase in rotation (θ) attributed to a bi-stable

folding state achieved by triangulated origami architecture II based tube (refer to Figure 2(B(b))).

Following this negative phase, the twisting moment starts to increase again, reaching another peak that

signals the transition to a new stable state, represented by configuration IV. The triangulated origami

architecture II based tube with the considered crease dimensions, thus, exhibits multi-stable behaviour.

The increment in the twisting moment (Mt) induces a sudden rise in axial strain (ε) and a corresponding

decline in the mode coupling factor (θ/ε), which is attributed to the triangulated origami architecture II

based tube’s bi-stable and multi-stable nature (refer to Figure S1(B(b))). From the comparative values

of axial strain and mode coupling factor, it becomes evident that both axial strain and twisting rotation

are significant during the deformation process for a given applied twisting moment. In summary, the

numerical results demonstrate a strong axial-twist coupling in the deformation behaviour of triangulated

origami architecture II based tubes under the application of twisting moment. In this context, refer

to the supplementary video SM2 showing the deformation behaviour obtained numerically and using

physical prototypes.

Now, we focus on the deformation mode coupling behaviour of triangulated origami architecture

III based tubes (refer to Figure 2(C(a))). The geometry of the tri-angulated origami architecture

III based tube is taken as: height of each layer = 1 cm, angle (ϕ) = 45o, and the number of bases

longitudinally m = 3, and circumferentially n = 12. When the triangulated origami architecture III

based tube is subjected to compressive force, with an increase in the compressive force (F ), the tube

shows compression in the axial direction (from configuration I to configuration IV) and a marginal

increase in rotation (θ). The increment in compressive force (F ) induces a rise in both strain (ε) and

the mode coupling factor (θ/ε) (refer to Figure S1(C)). From the comparative values of axial strain

and mode coupling factor, it becomes evident that both axial strain and twisting rotation are small

during the deformation process for a given applied force, while the twisting rotation is negligible. In

summary, the numerical results demonstrate a very weak (or negligible) axial-twist coupling in the

deformation behaviour of triangulated origami architecture III based tubes under the application of

axial compressive force. In this context, refer to the supplementary video SM3 showing the deformation

behaviour obtained numerically and using physical prototypes.

Further, when the triangulated origami architecture III based tube is subjected to twisting moment

(the geometry of the triangulated origami architecture III based tube is taken as: height of each layer

= 1 cm, angle (ϕ) = 45o, and the number of bases longitudinally m = 3, and circumferentially n = 12),
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with an increase in the twisting moment (Mt), the tube initially starts folding through twisting, resulting

in a decrease of the tube length (from configuration I to configuration IV) and an increase in rotation (θ)

(refer to Figure 2(C(b))). The increment in the twisting moment (Mt) induces a rise in both axial strain

(ε) and the mode coupling factor (θ/ε) (refer to Figure S1(C)). From the comparative values of axial

strain and mode coupling factor, it becomes evident that both axial strain and twisting rotation are

small during the deformation process for a given applied twisting moment, while the axial deformation

is negligible. Further parametric study on the axial-twist mode coupling behaviour of triangulated

origami architecture III is presented in Supplementary note I, which upholds similar trends. In summary,

the numerical results demonstrate a very weak (or negligible) axial-twist coupling in the deformation

behaviour of triangulated origami architecture III based tubes under the application of of twisting

moment. In this context, refer to the supplementary video SM3 showing the deformation behaviour

obtained numerically and using physical prototypes.

An important point to note from the above discussion is that triangulated origami architecture

II based tube exhibits coupled axial-twist motion, while triangulated origami architecture III based

tube exhibits decoupled (or very weakly coupled) axial-twist motion under the application of axial

compressive force and twisting moment separately. In the numerical results presented in Figure 2, we

demonstrate that triangulated origami architecture II based tubes show bi-stability and multi-stability,

while triangulated origami architecture III based tubes show mono-stability. However, this is true for

the considered crease architectures and geometry. It can be shown that both triangulated origami

architecture II and III based tubes can exhibit mono-, bi- and multi-stability depending on the crease

architecture (as discussed further later in this section), while it may be noted that triangulated origami

architecture I based tubes are always mono-stable.

2.3. Energy landscape under far-field axial and twisting actuations

Different modes of deformations and their couplings are a manifestation of the energy landscape

during the deformation process in triangulated origami architecture I, II or III based based tubes. To

bring more insights, we investigate the total energy and different constituting energy components for

the three crease patterns under consideration (refer to Figure 3). Note the total energy is defined as

the summation of all energy contributions in the system, including the bar energy, bending energy

and folding energy. The folding energy refers to the energy stored at the hinges due to rotational

deformations. The geometry of the triangulated origami architecture I based tube is taken as: width = 2

cm, dihedral angle (α) = 55o, and the number of bases longitudinally m = 7, and circumferentially n = 6.

The geometry of the triangulated origami architecture II based tube is taken as: height of each layer
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Figure 3: Energy landscape under axial and twisting modes. Energy landscape of tubular origami metamaterials
under the action of far-field compressive force, and twisting moment. Total energy and folding energy are shown sepa-
rately along with the corresponding axial strain and rotation under the application of axial force and twisting moment,
respectively. (A, D) Triangulated origami architecture I (B, E) Triangulated origami architecture II (C, F) Triangulated
origami architecture III. In each pair of subfigures ((A, D), (B, E) and (C, F)), the lower X axes of subfigures show the
axial strain and corresponding twisting deformations, respectively under the application of axial force. The corresponding
total energy and folding energy are presented using the red and blue-coloured Y axes, respectively. The upper X axes in
each pair of subfigures show the axial strain and corresponding twisting deformations, respectively, under the application
of twisting moment. The corresponding total energy and folding energy are presented using the green and purple-coloured
Y axes, respectively. Note that the curves presented in the subplots follow same color coding as the respective Y axes.

= 1 cm, angle (ϕ) = 45o, and the number of bases longitudinally m = 4, and circumferentially n = 12.

The geometry of the triangulated origami architecture III based tube is taken as: height of each layer

= 1 cm, angle (ϕ) = 45o, and the number of bases longitudinally m = 3, and circumferentially n = 12.

Each pair of subplots (triangulated origami architecture I - A, D; triangulated origami architecture II

– B, E; triangulated origami architecture III – C, F) presents results for applied compressive load and

twisting moment, showing the corresponding axial strain and twisting deformations. For example, in

case of triangulated origami architecture I based tubes, the lower x-axes of subfigures A and D show

the axial strain and corresponding twisting deformations, respectively under the application of axial

force. The corresponding total energy and folding energy are presented using the red and blue-coloured

Y axes, respectively. The upper x-axes of subfigures A and D show the axial strain and corresponding

twisting deformations, respectively, under the application of twisting moment. The corresponding total

energy and folding energy are presented using the green and purple-coloured Y axes, respectively. Note

that the curves presented in the subplots follow same color coding as the respective Y axes. Similar

color coding and legends are adopted for the other two pairs (B, E and C, F)) of subfigures in Figure 3.

For the triangulated origami architecture I based tube under compressive force, it can be observed

that the total energy stored by the tube with axial strain (εc) and rotation (θc) primarily arises from the

folding energy of creases, resulting in curve overlapping (refer to Figure 3(A)). In contrast, under the
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application of the twisting moment, the total energy stored by the triangulated origami architecture I

based tube concerning axial strain (εt) and rotation (θt) is mostly due to folding along creases, but the

energy due to facet bending and deformation of the creases is higher compared to the case of applied

axial force (refer to Figure 3(D)). In the case of triangulated origami architecture II based tubes, crease

folding becomes significantly less predominant energy component and the contribution of facet bending

and crease deformation energy shows one order higher magnitude (depending on the applied axial force

or torsional moment) (refer to Figure 3(B, E)). The total energy plots show energy minima in this case

for both cases of appplied external compression and twist (corresponding to the motion states of zero

force and moments depicted in Figure 2(B)), indicating a bi-stable behaviour. The energy contribution

of crease folding further reduces in the case of triangulated origami architecture III based tubes, and

there cannot be spotted any energy optima related to the stability behaviour (refer to Figure 3(C,

F)). The energy landscape concerning the proportions of folding energy and the remaining energy due

to facet bending and deformation of the creases vary significantly for different origami architectures,

leading to their distinct mechanical behaviour and stability characteristics.

As depicted in Figure 3(B, E)), the triangulated origami architecture II based tube experiences a

snap-back instability, during which it undergoes a decrease in displacement at specific points to maintain

the variation in force. The region, characterised by a simultaneous reduction in both displacement and

force, is referred to as the snap-back instability region [76]. The simulation in this study is performed

by employing the arc-length method [77], where equilibrium path of the force-displacement curve is

determined by allowing both force and displacement to vary throughout each time step. Due to the

nature of this approach, the applied load primarily indicates the direction of loading. The actual load

applied in the first increment is obtained by multiplying the initial arc-length with the applied load.

The behaviour of the force-displacement curve is influenced by the arc-length value, which can lead to

either an instantaneous jump or snap-back instabilities [78]. The snap-back instability region generally

forms to prevent the occurrence of an instantaneous jump. Within this region, a difference in total

energy is observed, as shown in Figure 3(B). In general, the triangulated origami architecture II based

tube always seeks to maintain a path with the lowest total energy. Within snap-back instability region,

since the total energy of the next stable state is less, the triangulated origami architecture II based

tube follows that path and achieves a bi-stable state without reverting to the snap-back path. Similar

instability behaviour can be seen in Figure 3(E).
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2.4. Remarks on stability states of triangulated origami architecture II and III based tubes under axial
and twisting actuation

In the preceding discussions presented corresponding to Figure 2(B, C), the triangulated origami

architecture II based tube shows bi-stability (and multi-stability), whereas the triangulated origami

architecture III based tube shows mono-stability under compressive force and twisting moment for the

given geometric parameters. However, when the geometry of the triangulated origami architecture II

based tube is modified to a height of each layer = 0.41 cm, angle (ϕ) = 65o, and triangulated origami

architecture III based tube is set to a height of each layer = 1.75 cm and an angle (ϕ) = 60o, while keeping

the material properties unchanged, the stability behaviour reverses. With these crease architectures and

geometry, the triangulated origami architecture II based tube exhibits mono-stability (refer to Figure

S2(A)), whereas the triangulated origami architecture III based tube displays bi-stability (refer to Figure

S2(B)), under the application of a compressive force or twisting moment. Thus, it can be concluded

that the stability behaviour of the triangulated origami architecture II and III based tubes depends on

the geometric parameters, and both of these configurations can show mono-, bi- and multi-stability.

In addition to the above remarks on stability behaviour, it can be noted that the axial-twist coupling

behaviour of triangulated origami architecture II and III based tubes remains similar as discussed in the

preceding paragraphs irrespective of the geometry (i.e. triangulated origami architecture II based tubes

exhibit strong axial-twist coupling, while triangulated origami architecture III based tubes very less or

negligible axial-twist coupling, as depicted in Figure S2). When a triangulated origami architecture III

based tube with geometric parameters of layer height 1.75 cm and an angle (ϕ) = 60o is subjected to the

compressive force, a similar behaviour is observed, where the tube’s length significantly decreases with

a slight increase in rotation. When a triangulated origami architecture III based tube with geometric

parameters of layer height 1.75 cm and an angle (ϕ) = 60o is subjected to the twisting moment, the

tube length decreases with significant increase in rotation. As the triangulated origami architecture III

based tube transitions from configuration III to configuration IV, the decrease in tube length is evident,

accompanied by a significant increased in rotation, as the middle crease of the last row of the tube

attempts to rotate and maintain the tube’s length (refer to Figure S2(B(a)). In general, the axial and

rotational stiffness of the triangulated origami architecture III based tubes are much higher than that of

the triangulated origami architecture I and II based tubes. In this context, refer to the supplementary

videos SM4 and SM5 showing the deformation behaviour obtained numerically.
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2.5. Parametric analysis of stability states in triangulated origami tubes under axial and twisting actu-
ation

So far we have established that the triangulated origami architecture I is always monostable, while

the triangulated origami architecture II and III can have both monostable and bistable (and multi-

stable in case of multi-row configurations) behavior depending on the geometric parameters. We have

presented atleast one configuration to support this statement. In this section, we have conducted a

detailed parametric analysis to systematically investigate the trends of stability variation for the three

triangulated origami architectures I, II and III. It will be apparent from the parametric variation of geo-

metric and configurational attributes that an aspect of programmability in the motion-state-dependent

stiffness exists in such tubular metamaterials, leading to the notion of “nonlinearity as functionality" in

the constitutive behaviour for its prospective exploitation in niche engineering applications.

We first varied the number of circumferential units for all triangulated origami architectures while

keeping the other parameters constant. For triangulated origami architecture I, the tube’s geometry is

defined as follows: width = 2 cm, dihedral angle (α) = 55o, and the number of bases longitudinally

m = 7. The circumferential units are varied as n = 4, 6, 8, respectively. It is noted that triangulated

origami architecture I always exhibits monostability with the increase in the number of circumferential

units n under both axial and twisting actuation (refer to Figure S3A(a,b) in the supplementary material).

For triangulated origami architecture II, the tube’s geometry is defined as follows: height of each

layer = 1 cm, angle (ϕ) = 45o, and the number of bases longitudinally m = 4. The circumferential

units are varied as n = 8, 12, 16, respectively. Interestingly, the triangulated origami architecture II

exhibits bistability for the circumferential units n = 8 and = 12 under both axial and twisting actu-

ation. However, the triangulated origami architecture II exhibits mono-stability when the number of

circumferential units increases to 16 under both axial and twisting actuation. In this case, when the

circumferential units are n = 16, the force (or moment) value decreases but doesn’t achieve the negative

force, which reflects the mono-stability behaviour. It can be concluded that as the number of circumfer-

ential units increases, the triangulated origami architecture II for this geometry loses bi-stability under

both axial and twisting actuation (refer to Figure S3B(a,b) in the supplementary material).

For triangulated origami architecture III, the tube’s geometry is defined as follows: height of each

layer = 1 cm, angle (ϕ) = 45o, and the number of bases longitudinally m = 3. The circumferential

units are varied as n = 8, 12, 16, respectively. It is observed that the triangulated origami architecture

III exhibits consistently mono-stability for all three considered cases under both axial and twisting

actuation. In all these cases, force (or moment) doesn’t achieve the negative value, which reflects the

mono-stability behaviour in all three cases (refer to Figure S3C(a,b) in the supplementary material).
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Having investigated the effect of the number of units in the circumferential direction, further para-

metric study is conducted by varying the geometric parameters (angle: α, ϕ) for triangulated origami

architecture I, II and III in each of the units. For triangulated origami architecture I, the tube’s geome-

try is defined as follows: width = 2 cm, the number of bases longitudinally m = 7, and circumferentially

n = 6. The dihedral angle (α) is varied as 45o, 50o , 55o, respectively. With the variation in the dihedral

angle, the triangulated origami architecture I tube exhibits mono-stability under both axial and twisting

actuation (refer to Figure S4A(a, b) in the supplementary material).

For triangulated origami architecture II, the tube’s geometry is defined as follows: height of each

layer = 1 cm, the number of bases longitudinally m = 3 and circumferentially n = 12. The angle (ϕ) is

varied as 45o, 50o, 55o, respectively. The triangulated origami architecture II exhibits bistability in all

variations of the angle (ϕ). In all the cases, the tubes reflect a decrease in the force up to a negative

value and then again increase under both axial and twisting actuation (refer to Figure S4B(a,b) in the

supplementary material).

For triangulated origami architecture III, the tube’s geometry is defined as follows: height of each

layer = 1 cm, the number of bases longitudinally m = 4 and circumferentially n = 12 The angle (ϕ) is

varied as 45o, 50o, 55o, respectively. The triangulated origami architecture III exhibits mono-stability

in all variations of the angle (ϕ) (refer to Figure S4C(a,b) in the supplementary material).

We have further explored the influence of the height of each layer (h) on the stability behaviour

of triangulated origami architecture II and III. In this analysis, the triangulated origami architecture

I is not considered since it has been firmly established here and in our earlier work [59] that these

configurations are always monostable. For triangulated origami architecture II, the tube’s geometry is

defined as follows: angle (ϕ) = 65o, the number of bases longitudinally m = 4 and circumferentially

n = 12. The height of each layer h is varied as 0.5 cm, 0.8 cm, and 1 cm, respectively. Remarkably,

when the layer height h is 0.5 cm, the triangulated origami architecture II shows mono-stability, while

an increase in h to 0.8 cm and 1 cm shifts the behaviour to bi-stability. It can be concluded that the

triangulated origami architecture II achieves bi-stability with an increase in the height of each layer h

under both axial and twisting actuation (refer to Figure S5A(a,b) in the supplementary material).

For triangulated origami architecture III, the tube’s geometry is defined as follows: angle (ϕ) = 60o,

the number of bases longitudinally m = 3 and circumferentially n = 12. The height of each layer h is

varied as 0.5 cm, 0.875 cm, and 1 cm, respectively. It is observed that triangulated origami architecture

III achieves bi-stability with an increase in the height of each layer h under both axial and twisting

actuation (refer to Figure S5B(a,b) in the supplementary material). From the above discussion, it can
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be concluded that hight (h) plays a crucial factor in achieving bi-stable behaviour and tailoring the

energy barrier between stability states.

In general, the parametric study presented in this section, considering geometric and configurational

attributes, upholds the earlier observations regarding the stability behaviour that triangulated origami

architecture I is always monostable, while the triangulated origami architecture II and III can have

both monostable and bistable (and multi-stable in case of multi-row configurations). However, such

stability behaviour and the energy barriers (in triangulated origami architecture II and III) can be

tailored significantly (and optimized under certain operational and manufacturing constraints) through

such parametric variation.

2.6. Post-contraction twist in triangulated origami architecture I based tubes under axial force

In the preceding discussions concerning the deformation process of triangulated origami architecture

I based tubes we have highlighted that a predominantly axial mode of deformation is exhibited under

the application of axial loads. However, this is not valid for a very high amount of applied axial force

and a post-contraction twisting deformation can be observed beyond a critical value of axial force.

During this stage of deformation, the twist motion starts in the middle of the tube and successively

spreads toward both ends [46]. Note that as a result of this twisting deformation, there exists axial

deformation as well during the second phase of the deformation. In other words, the predominant

deformation modes (and axial-twist mode coupling behaviour) of triangulated origami architecture I

based tubes are dependent on the stage of deformation under the application of axial force. (1) There

exists only predominant axial contraction in the first stage (covered in the preceding paragraphs) (2)

Beyond a critical compressive load value, in the post-contraction second stage, there exists both axial

and twisting deformations predominantly with a strong axial-twist mode coupling. In the following

paragraphs, we demonstrate these two stages of deformation numerically based on the idealized bar and

hinge based model for the first time.

The triangulated origami architecture I based tube is idealised as a reduced-order bar-hinge model

with the geometric parameters as: width = 2 cm, dihedral angle (α) = 55o, and the number of bases

longitudinally m = 7, and circumferentially n = 6. The material properties used for the triangulated

origami architecture I based tubular model is folding stiffness (Kf ) = 0.1 N/cm2, bending stiffness (Kb)

= 1 × 103 N/cm2, stretching stiffness (Eo) = 1 × 106 N/cm2, and bar area (Abar) = 0.1 cm2. We have

simulated the entire deformation process in the following stages: (1) During the first stage, only com-

pressive load is applied as discussed in the preceding paragraphs. This stage only leads to compressive

deformation until the maximum limit (corresponding to which the threshold compressive force is de-
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Figure 4: Post-contraction twist in triangulated origami architecture I under axial force. Simulated con-
stitutive behaviour under the action of compressive force (F , in N) for triangulated origami architecture I. Both tube
length and rotation (θ, in degree) are shown under axial force. It is shown that the predominant deformation modes (and
axial-twist mode coupling behaviour) here are dependent on the stage of deformation under the application of axial force.
(1) There exists only predominant axial contraction in the first stage. (2) Beyond a critical compressive load value, in the
post-contraction second stage, there exists both axial and twisting deformations predominantly with a strong axial-twist
mode coupling. Refer to Supplementary video SM6 for the entire simulation of different deformation stages.

fined) and no twisting deformation. (2) To initiate the twist, we adopt a very short intermediate stage

(the starting origami configuration for which is the end point of stage 1), where the twisting mode is

activated by applying a small value of twist at the middle row of the triangulated origami architecture

I based tube. Note that this sort of approach is quite standard in finite element modeling of buckling/

instability to activate the instability mode. (3) In the third stage (the starting origami configuration for

which is the end point of the short intermediate stage), referred to as post-contraction stage here, we

remove the twisting moment and only apply compressive force, leading to both twisting and compressive

deformations simultaneously.

During the first stage of contraction, as the compressive force increases, the length of the tube

decreases with minimal rotation, resulting in predominant axial contraction (refer to Figure 4). In this
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stage, the triangulated origami architecture I based tube transitions from configuration I to configuration

II. Further, a slight twist is applied to the middle row of the tube’s configuration II, resulting in

configuration III. This configuration III then serves as the initial state for simulating the post-contraction

stage. As further compression is applied (without any twisting moment), the twist motion starts from

the middle rows and continues to spread in both directions, leading to a further reduction in tube

length (refer to configuration IV). In this post-contraction stage, it is observed that the tube exhibits

both rotational deformation and axial contraction. In this context, simulation of the entire deformation

behaviour is presented in the supplementary video SM6.

2.7. Programmable Poynting and inverted Poynting effect

The deformation mode coupling behaviour of tubular origami metamaterials, as presented in the

preceding paragraphs, shows a numerical quantification of the extent of coupling between axial and

twisting deformations under applied axial force or twisting moment. This behaviour can be explained

in terms of Poynting and inverted Poynting effect [79]. The Poynting effect is a non-linear elastic ef-

fect in which a cylinder expands axially under the application of torsion (or applied shear stress). A

positive Poynting modulus causes shear-induced (or torsion-induced) normal expansion, while a neg-

ative Poynting modulus leads to normal contraction. When, on the contrary, an applied pure axial

compression results in twisting (or shear) deformation, it is referred to as inverted Poynting effect.

Generally, the Poynting effect adheres to the Maxwell-Betti reciprocity theorem, which demonstrates

that identical shear displacements in the opposite directions result in equal normal stresses. However,

in some lattice-based tubular metamaterials, this theorem is violated, leading to a phenomenon known

as the non-reciprocal Poynting effect, where identical shear displacements in opposite directions induce

unequal normal stresses [80]. In the current context, we deal with cylindrical tubes, where the Poynting

and inverted Poynting effects are defined based on the coupling between axial and twisting modes.

From the numerical and physical insights on deformation mode coupling, as presented in the pre-

ceding section, we reveal that a programmable Poynting effect can be achieved in origami tubes as a

function of crease architecture. If we only consider the predominant deformation modes of the three

tubular origami architectures, the following inferences can be drawn. (1) Triangulated origami archi-

tecture I based tubes exhibit Poynting effect throughout the entire deformation under the application

of twisting moment, but the inverse Poynting effect is only exhibited during the post-contraction de-

formation stage under the application of axial force. Thus, the exhibited inverse Poynting effect here

is dependent on the motion stage. (2) Triangulated origami architecture II based tubes exhibit both

Poynting effect and inverse Poynting effect throughout the deformation process. (3) The Poynting effect
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and inverse Poynting effect are negligible in the case of triangulated origami architecture III based tubes.

2.8. Summary of contribution and contextualization

While the insightful works reporeted in literature (such as the mechanics of Kresling origami by Zang

et al. [32]) provide an in-depth investigation of the coupling behaviour in Kresling origami with the

same handedness, our study focuses on a broader objective, that is, the analysis of triangulated origami

architectures for unravelling their constitutive coupling with a comparative perspective. In this context,

the Kresling (with the same or opposite handedness) and waterbomb configurations are specific patterns

that naturally fall within the class – generally referred to as tubular triangulated origami architectures.

Please note the following points highlighting the contribution of the current work:

(1) In the existing literature, the intriguing aspect of deformation mode coupling between the axial

and twisting modes in different classes of origami tubes has not been explored adequately. We present

novel exploitable insights on tunable axial-twist coupling behaviour in tubular origami metamaterials,

including the aspect of programming Poynting and inverse Poynting effects as a function of triangulated

crease architecture. Rather than focusing on just a specific origami architecture (such as the Kresling

origami, as investigated in literature [32]), we focus on exploring whether there can be twisting or

axial deformation under the application of either axial or twisting far-field actuation in a compulsory

or discretionary way, and the functional relationship to modulate such constitutive coupling through

crease architecturing. Through rigorous numerical analyses and qualitative experiments, we establish

the crease pattern-dependent characteristic features concerning such compulsory or discretionary cou-

pling behaviour.

(2) The corresponding energy landscapes are investigated as an integral part, revealing their stability

behaviour and the prospect of triangulated crease architecture-dependent tailoring of multi-stability,

leading to establishing generic statements such as: triangulated origami architecture I is always monos-

table, while the triangulated origami architecture II and III can have both monostable and bistable (and

multi-stable in case of multi-row configurations) behavior depending on the geometric parameters.

(3) Our study provides a numerical analysis of the post-contraction twisting behaviour of the triangu-

lated origami pattern I, which has not been previously quantified through a bar-hinge based reduced

order model, leading to novel insights concerning the Poynting and inverted Poynting effect under large

axial deformations.

(4) Supplementary notes on equivalent lattice architectures: The primary focus of this paper is developing

tubular origami based models consisting of creases and facets. However, in many cases, manufacturing
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an engineering-grade origami architecture for achieving the necessary constitutive behavior may be chal-

lenging. Just to achieve the desired effective constitutive mechanical behavior as outlined in this paper,

it is not always necessary to manufacture the exact origami tube with triangulated crease architecture.

An idealized and equivalent lattice-based tube can be manufactured much easily, while retaining all the

critical effective properties in terms of mode coupling and stability. For developing such a lattice tube,

the construction should follow: (a) all the origami creases replaced by bar-like elements, (b) all the

facets removed and (c) all the bars connected at the origami vertices where rotational springs should

be implemented. Thus, the proposed results demonstrated using triangulated origami architectures are

equally applicable to equivalent lattice tubes.

The coupling behavior between axial and twisting responses, including associated constitutive in-

sights in terms of energy landscape, Poynting effect and unique large deformation behaviour has not

been comprehensively studied before considering the generic class of triangulated origami architec-

tures. In light of the above discussion, the novel and potentially impactful contribution reported in this

manuscript will influence the design of a range of engineering systems for achieving bespoke mechanical

behaviour demanding a high level of programmability in the constitutive behaviour.

3. Discussion

This article presents novel exploitable insights on deformation mode coupling behaviour of tubular

origami metamaterials exploring whether there can be twisting or axial deformation under the applica-

tion of axial or twisting far-field forces in a compulsory or discretionary way as a function of the crease

architecture and motion state. Based on comprehensive computational and experimental investigations

it is unravelled that the following constitutive behaviour can be achieved through crease architecturing

as per application-specific demands: coupled axial and twisting modes under applied twisting moment

(triangulated origami architecture I), motion state-dependent axial and twisting coupling behaviour

under the application of axial force (triangulated origami architecture I, where decoupled constitutive

behaviour is noticed with purely axial deformation under the application of lower values of axial force,

but beyond a threshold value of axial force a coupled constitutive behaviour is demonstrated), coupled

axial and twisting modes under the application of both axial force and twisting moments (triangu-

lated origami architecture II), decoupled axial and twisting modes under the application of both axial

force and twisting moments (triangulated origami architecture III). It is noted that the triangulated

origami architecture I based tubes exhibit Poynting effect throughout the entire deformation process

under the application of twisting moment, but the inverse Poynting effect is only exhibited during the
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post-contraction deformation stage (i.e. beyond the threshold limit of axial force) under the application

of axial force. Thus, the exhibited inverse Poynting effect here is dependent on the motion stage. Tri-

angulated origami architecture II based tubes exhibit both Poynting effect and inverse Poynting effect

throughout the deformation process, while both Poynting and inverse Poynting effects are negligible

in the case of triangulated origami architecture III. The force-deformation constitutive behaviour and

the energy landscape corresponding to different tubular origami metamaterials further reveal that it

is possible to achieve mono-stability, bi-stability or multi-stability of different degree in triangulated

origami architecture II and III through appropriate geometric design, while the triangulated origami

architecture I invariably exhibit mono-stability. Notably, such constitutive programming in coupling be-

haviour, Poynting effect, energy landscape and stability behaviour is achievable through architecturing

the creases based on a common triangulated pattern inscribed in the same intrinsic sheet of material.

In summary, we demonstrate that the exploitable nexus of crease architecture and folding mechanics

can lead to programmable constitutive mode coupling and stability behaviour in tubular origami meta-

materials, resulting in improved and unprecedented functionalities concerning efficient load distribution

and conversion of deformation modes in wave propagation and steering, energy harvesting, vibration

control, energy absorption, controlled deployment and mechanical computing.

Methods

Idealized computational modelling

The numerical analysis is carried out in this paper following a reduced order modelling approach

of origami based on idealized bar-hinge model. The bar-hinge model is a simplified representation of

the deformation mechanics of origami structures capturing the motion kinematics, where forces are

considered to analyse the behaviour of origami structures. The origami structure with a bar framework

undergoes basic forms of deformation: in-plane stretching and out-of-plane crease folding and bending.

In the bar hinge model, the bars are placed along straight fold lines, whereas rotational hinges are

placed along and across the bar connecting panels to model the crease folding and panels bending. The

bar-hinge model reduces the degree of freedom of the overall model, resulting in efficient prediction of

the mechanical behaviour of origami structures. The bar-hinge model is a mesh-dependent approach

analysed with two triangular schemes, including N4B5 and N8B5 schemes. In the N4B5 scheme, the

quadrilateral panel is divided into two panels by one of its diagonals. In contrast, in the N8B5 scheme,

the quadrilateral panel is divided into four triangles by adding an extra internode. The number of

triangles in the N8B5 scheme gives closer results to the physical model than the N4B5 scheme. The

bar-hinge model can essentially be referred to as a reduced-order modeling approach since the important
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Figure 5: Bar-hinge model for idealising the structural behaviour of origami structure. Typical representation
of (A) the actual folding model with two facets and one crease, (B) reduced order bar-hinge model.

features concerning load and deformation are captured accurately by adopting a simplified equivalent

structural form of the origami. Origami codes such as MERLIN2 uses both N4B5 and N8B5 triangular

scheme to analyse the origami structure [75, 77]. In the current work, the bar-hinge based idealized

origami model is adopted considering the material and geometric attributes as described in the preceding

sections for the three tubular origami architectures.

In the triangulated origami architectures, the triangular facet is modelled by bar elements, whereas

the crease is considered equivalent to a rotational spring stiffness in this idealisation (refer to Figure 5).

Assuming that the structure exhibits non-linear elasticity, we can express the total potential energy of

this simplified origami model:

Π = Ubar + Uspring − Vext (1)

The potential energy contains three terms : Ubar denotes strain energy stored in bars, accounting for

the in-plane deformation strain energy of the origami sheet, Uspring denotes strain energy stored in

the bending and folding deformation accounting for the out-plane deformation strain energy and Vext

denotes the work done by external load. The equilibrium equation for an idealised bar-hinge-based

model can be expressed as:
∂Ubar

∂u
+

∂Uspring

∂u
= F (2)

where u denotes the nodal displacement. Note that the stored energy in the system would depend

upon the axial stiffness of bars EA, the rotational stiffness of springs along the fold lines Kf and

bending stiffness of facets Kb [75, 77]. The above equation is solved following the modified generalised

displacement control method, which is an arc-length type method leading to the whole equilibrium path

of the displacement-controlled system [77].

In the current paper, we have followed the reduced order modelling approach, as described above,

for obtaining all the computational results. However, from an analytical modelling perspective, the

27



far-field response of Type II and Type III tubes could also be analysed based on the behaviour of

a single Kresling unit and its axial-twisting coupling. For a purely kinematic analysis, analysing a

single Kresling unit can provide valuable insights into its mono-stability or bi-stability characteristics.

However, since our study is based on numerical simulations that incorporate elasticity (stretching,

bending, and folding deformation), accurately capturing the mechanical response of a single Kresling

unit becomes challenging with difficulties in assigning appropriate Dirichlet and Neumann boundary

conditions. In order to capture the response perfectly, an ideal boundary would need to be enforced,

which is nontrivial in this reduced order simulation framework. Therefore, to obtain reliable numerical

results, it is necessary to include a sufficient number of units along both the axial and circumferential

directions for minimizing the boundary effects and ensure a meaningful and representative analysis of

the overall structural behaviour.

Physical prototyping

Besides computational modelling, we have created physical prototypes for qualitatively validating

the mechanical behaviour based on 300 GSM thick engineering-grade paper samples following the con-

ventional process of creasing using Silhouette cutting machine, and subsequently folding and attaching

the two opposite edges to form tubes. The qualitative constitutive behaviour of the physical prototypes

is captured through motion recognition enabled high-quality cameras, as presented in Supplementary

videos SM1 - SM3.

Data availability
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