


of origami [4]. Currently, origami inspires the design of deployable structures, such as the ingenious sunshield used on

the James Webb Telescope, and has captured the interest of researchers in various disciplines, leading to developments

in origami core sandwich panels [5], foldable robotics [6], and the synthesis of DNA nanoparticles [7]. Figure 1 (a) and

(b) illustrate natural and bioinspired structures that resemble origami.

In sandwich structures are composite structures comprising two face sheets known as skins, with a core material

sandwiched between them. An adhesive bonding layer secures each skin to the core material, ensuring that the

components cohere and function as a unified element. Fig. 1 (e) illustrates a sandwich structure that we used in our

study. Generally, skins are made from a composite metal that is both strong and stiff, while the core materials are

chosen to minimize weight while still providing the necessary stiffness. Lightweight core materials, such as foam

blocks, are used when weight reduction is a primary concern, whereas metal honeycomb structures are selected for their

superior compression and shear strength. Sandwich structures are widely used in aircraft bodies and wings of aircraft to

reduce weight, leading to benefits such as increased fuel efficiency, greater payload capacity, and enhanced structural

integrity [8–10]. Research into alternative core materials is driven by the extensive use of sandwich structures in

aerospace. The origami architecture represents one of the most promising advances in this area. The properties of origami

structures can be customized through the manipulation of joint properties and folding patterns, making them inherently

lightweight with substantial voids that can accommodate fluids, cooling systems, storage, and aerospace-specific sensors

and actuators. However, the application of origami as the core in sandwich structures poses significant challenges due

to the current lack of understanding of mechanical instabilities and the relationship between architectural design and

material properties under quasi-static loads [11, 12].

Various origami cores for sandwich structures have been studied in the engineering field. Origami structures are

lightweight, and all properties can be entirely tuned using joint properties and fold patterns. However, employing origami

as the core for sandwich structures poses challenges due to a lack of understanding of the mechanical instabilities, failure

modes, and complex architecture-property correlations under quasi-static and transient loads in such settings. The

past decade has seen an increased interest in origami-inspired engineering. It has been demonstrated that foldable and

spatially expandable structures with unconventional Poisson’s ratios, which have rich kinematics and tunable kinetics,

can be created using origami patterns [16]. One leading origami pattern in engineering research is the Miura-ori, which

has been applied in metamaterials [17], solar cells [18], artificial muscles [19], and soft robotics [20]. Other popular

folds include the Ron Resch [21], origami based square waterbomb [22], and Kresling patterns [23].

The Kresling origami fold has shown great promise from current research and development on it. It is generated

by the twisting and buckling of a cylinder to make it compressible and expandable [24]. Researchers have examined

the Kresling pattern in various studies, including load displacement testing [25], equilibrium and spring behavior

analysis [1], and its application in cryogenic technology [26]. The Kresling origami fold is comprised of a series of

adjacent triangles. Notably, the Kresling fold is of particular interest due to its non-rigidly foldable nature, necessitating

the bending and stretching of facets for compression of the structure [26]. Fig. 1 displays the geometry of the Kresling

fold employed in this paper [27]. The Kresling can be folded based on side length B, number of sides =, and angles U

and V. Research has provided evidence of bi- and tri-stability in Kresling paper structures, as well as advancements in

3D printer and polymer fabrication techniques [26] and their restoring load behavior [1]. It is crucial to note that the

behavior of the Kresling depends on the folds of the structures [16].

Previous studies on the Kresling structure are essential for validating our fabrication process and comparing the

Kresling behavior with previously fabricated polymer samples. In a recent study, the Kresling pattern was utilized to

design springs with nonlinear and tunable behavior, termed Kresling Origami Springs (KOSs) [28]. When axial loads

or torque are applied, the KOS stores energy through deformation and releases it when unloaded, making it useful in

various engineering structures. Many research applications have employed the KOS, such as in vibration isolators [29],

tunable truss structures [30], and modular robotics [31]. A popular method for fabricating Kresling origami structures

involves using additive manufacturing (3D printing). Overall, significant research has been conducted on various

origami patterns for their application as structures in engineering. This study aims to contribute to research in fabricating

and testing origami structures, focusing particularly on the compression behavior and three-point bending response of

the Kresling pattern. Utilizing TPU-based single material manufactured through a low-cost printing technique using

fused filament fabrication (FFF), the research explores the feasibility of using the Kresling pattern as a core in sandwich

structures. This investigation not only provides inspiration for further testing and research into sandwich structures but

also addresses the unique design challenges associated with the Kresling pattern. Additionally, this research seeks to

enhance our understanding of the mechanical behavior of the Kresling pattern with potential applications in aerospace,

particularly in the development of products for hypersonic vehicles. Through a comprehensive examination, we aim to

contribute valuable insights into the potential use of these structures in advanced engineering applications.
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is most significant at the center of the beam, with lower deformation towards the sides. Thus, the total energy that

can be absorbed due to indentation during three-point bending is influenced by the Kresling internal angle , while

keeping all other parameters constant. The experimental and simulation curves in Figure 3 show good agreement, with

similar trends for different internal angles, demonstrating the validity of the model. The deformation patterns from the

experiment and simulation, indicate that the internal Kresling angle U plays a crucial role in the structural response,

especially during bending.

IV. Conclusion
This study explores the innovative use of the Kresling origami pattern in sandwich plate structures using a 3D-printed

double structure, focusing on their bending and compression characteristics. Implementing both 3-point bending and

compression tests from the experimental analysis, alongside finite element (FE) simulations in ABAQUS for 3-point

bending analysis, we highlight the unique mechanical properties and potential performance benefits of these sandwiched

Kresling origami structures. The investigation into the bending behavior of Kresling-patterned sandwich structures

reveals that tailored nonlinear bending rigidity can be achieved by varying the internal angle U, making these structures

suitable for applications requiring significant weight reduction while maintaining structural integrity.

Our findings indicate that Kresling-patterned sandwich plates exhibit beneficial mechanical behaviors, such as

nonlinear spring responses and quasi-zero stiffness. By determining material properties from both experimental data and

FE simulations, we achieved close agreement between the simulated and experimental results. This research provides

valuable insights into the structural efficiency and applicability of Kresling origami patterns, especially for aerospace

and other engineering fields where lightweight, high-strength materials are essential.
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