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ABSTRACT

In this paper, after investigating the folding behavior and bistable positions of the sixfold Waterbomb, we
propose a novel origami structure, multi-stable quadruple Waterbomb origami (QWO), which is designed as a
composition of four sixfold Waterbombs. QWO exhibits three stable configurations under axial symmetric con-
ditions. By controlling the pushing inward and popping outward of the Waterbomb center, two alternative
folding paths can be generated, which achieves easy folding and high-stiffness in the axial direction, respectively.
When the structural symmetry is disrupted, QWO exhibits four stable configurations in axial bending. We
develop a truss model of QWO, and the energy landscape derived from it confirms the tri-stable property under
symmetric deformation along its axis. Moreover, the high stiffness of the third stable state of QWO is verified by
physical compression experiments. A novel QWO tube is fabricated by connecting QWO units in series. Each
QWO in the tube can be deformed independently, which avoids the problem of interlayer motion coupling that
commonly occurs in existing Waterbomb origami tubes. Our QWO tube offers diverse spatial configurations and
mechanical properties that can be potentially used in mimicking the deformation of strip-shaped soft organisms.

1. Introduction

By properly designing the folds, a piece of planar paper can be folded
into complex and diverse origami structures. This approach achieves
mechanical properties and forms of movement that are challenging for
many traditional materials, offering new solutions to practical engi-
neering problems. Such as the design of mechanical metamaterials
[1-4], flexible robotic arms [5-7], soft actuators [8,9], micro-robots
[10], and deployment structures [11].

Among all three-dimensional structures obtained from origami,
origami tubes have received extensive attention. Typically, they consist
of multilayer structures formed by serially connecting identical origami
units, where each unit can be considered as a unit cell. This assembly
enables origami tubes to achieve intricate spatial configurations and
mechanical properties, which vary depending on the origami pattern
employed. Common origami patterns include Miura, Kresling, Yoshi-
mura, and Waterbomb. Miura pattern, a primary focus in rigid origami
research, exhibits properties such as stiffness anisotropy and a negative
Poisson’s ratio [12]. It maintains a single degree of freedom during
folding [13]. Kresling and Yoshimura patterns belong to non-rigid

origami, where panels deform during folding. Kresling pattern finds
extensive application in origami tube designs [14-16], characterized by
telescopic-torsion coupling and bi-stability. Recent research has also
identified a third stable state with high stiffness [17,18]. Yoshimura
origami originates from the axial buckling of thin cylinders. It experi-
ences significant panel deformation during axial folding and is
frequently used in origami tubes for energy absorption [19].
Waterbomb pattern belongs to rigid origami and includes both
sixfold and eightfold forms, being recognized as a bistable structure
[20]. Waterbomb origami tubes differ from the previously mentioned
origami tubes in their structural form, as they are composed of sixfold
Waterbomb inlays. These inlays are generally non-rigidly foldable [21],
but can achieve rigid foldability with specific structural parameters [22,
23]. The structure of a commonly studied Waterbomb origami tube [24]
is shown in Fig. 1(d), where m and n represent the number of layers and
the number of Waterbomb units per layer. The layers are spaced apart by
half a Waterbomb length. This structural form leads to unique folding
behavior. On one hand, the vertices shared between layers have relative
motions during the folding process, causing movements in the upper
layer to affect the lower layer, resulting in interlayer motion coupling
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