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Deployable energy absorption structures are widely utilized in aircraft landing gear, seismic support systems,
and transport vessels due to their unique designs that significantly improve energy absorption capacity.
However, current studies encounter challenges related to insufficient connection strength and suboptimal
energy absorption performance. To address these issues, this paper proposed an interlocking negative Poisson’s
ratio connector (INPR-Connector) with expansion capabilities and geometric interlocking functions, aimed
at enhancing both connectivity and energy absorption. We developed two types of structures: complete
structure filling (CSF) and intermediate part filling (IPF), and experimentally validated the superior connection
performance and energy absorption capabilities of unit cell-generated structures under various geometric
configurations. Moreover, the proposed connection structure was integrated with a rigid plate to create an
expandable, bistable origami structure embedded INPR-Connector. When the load is applied, the hinge can
store energy through deformation, converting the applied load into tensile forces within the horizontal flexible
hinges. This structure can also recover its original shape after multiple cycles of compression, demonstrating
excellent load-bearing capacity. Both numerical simulations and physical experiments confirm the effectiveness
and feasibility of the designed connection structure within expandable configurations. The results indicate that
this structure not only possesses adjustable energy absorption capabilities but also significantly enhances impact
resistance.

1. Introduction aerospace, deployable structures such as satellite solar panels, anten-
nas, and detection equipment play a crucial role in absorbing external

A deployable energy absorption structure [1] is a system capable
of being compactly folded and subsequently unfolded for use. It is
designed to absorb and dissipate energy when subjected to external
forces, such as impacts [2,3], vibrations [4], or compressive loads [5].
The energy absorption and dissipation are primarily achieved through

the structure’s geometric configuration and material properties. These

impacts, ensuring stable system operation, and reducing vibration ef-
fects during deployment [27-29]. As a result, increasing attention
has been dedicated to understanding and optimizing the performance
of these structures. For example, Wang et al. [30] introduced thin
plates into thin-walled tubes inspired by Miura Origami, proposing

structures find extensive applications in lightweight design [6,7], colli-
sion safety [8,9], and aerospace engineering [10-14]. Examples include
foldable honeycomb structures [15-18], origami configurations [19-
22], and foldable composite support structures [23-26].

The growing demand for deployable energy absorption structures
has made designing more stable configurations with enhanced en-
ergy absorption capacity an important research focus. Especially in

* Corresponding authors.

a novel pre-folded tube design. Wo et al. [31] developed a deploy-
able origami tube, utilizing the LOCTITE® adhesive system to bond
the zipper tube to an acrylic plate. Wu et al. [32] studied the im-
pact performance of bistable composite shells during collisions with
space debris, developing a stretchable hybrid composite material com-
posed of carbon-carbon, carbon-Kevlar, Kevlar-Kevlar, and graphene-
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reinforced polyurethane elastomers, which significantly improved en-
ergy absorption. However, the fabrication of each layer in this design
was achieved through adhesive bonding. Deleo et al. [33] designed a
foldable, rigid structure using carbon fiber-reinforced polymer compos-
ites, relying primarily on adhesive bonding techniques. Notably, none
of these studies have addressed the role of connecting structures within
their designs.

Realizing effective connections is essential, as these connections sig-
nificantly influence the overall mechanical properties of the structure.
Currently, various methods have been proposed to facilitate the con-
nection of different structures. Ye et al. [34] proposed a wrapper-based
multi-material 3D printing strategy, where rigid panels are wrapped
in stretchable soft parts to effectively prevent interlayer separation.
However, differences in deformation between soft and hard structures
can lead to stress concentration under large tension, and thin cladding
may fracture. Chueh et al. [35,36] reported combining polymer—-metal
and ceramic multi-material parts using the laser powder bed fusion
technique. Wagner et al. [37] used fused deposition modeling (FDM)
and inkjet printing to print aramid fibers and polyamide hinges, which
can be folded approximately 10° times. However, the direct application
of these methods to deployable energy absorption structures has not
yet been demonstrated. Hunter et al. [38] introduced a framework
for designing unidirectional and bidirectional hinges, using viscoelastic
materials combined with rigid plates to form deployable structures.
Faber et al. [39] fabricated a biomimetic spring origami that enables
rigid origami folding and variable stiffness by printing a rigid face
(acrylonitrile butadiene styrene — ABS) onto a rubbery substrate (ther-
moplastic polyurethane — TPU). However, weak interface bonding
between materials with differing properties can result in delamina-
tion, causing structural failure at the interface during folding and
unfolding. Further developments have explored direct multi-material
printing [40-42], yet most of these structures still rely on the adhesive
force of adjacent layers and are prone to disconnection under relatively
small loads. Recently, more stable connection structures have been
proposed. Yang et al. [43] developed an interlocking assembly strategy
to design and fabricate 3D double-V hierarchical lattices with multi-
ple materials. Ituarte et al. [44] explored the design and fabrication
of functionally graded structures using multi-material binder jetting.
Brischetto et al. [45] employed the sandwich method to prepare a plate
with acrylonitrile butadiene styrene as the outer layer and polylactic
acid as the core. Saldivar et al. [46] fabricated a functional gradient
connection structure based on triply periodic minimal surfaces (TPMS),
colloidal triple helix, and randomly distributed particles, which of-
fered strong mechanical properties but was limited by manufacturing
equipment. Porter et al. [47] designed a bionic hinge inspired by fish
skin armors, while Stano et al. [48] developed adhesion mechanisms
inspired by biological joints, including spiral and linear shapes. Other
approaches incorporate multiple materials through path planning [49,
50]. Although these structures demonstrate good mechanical proper-
ties, most lack flexibility, limiting their applicability in deployable
systems. Additionally, many studies focus on connecting two structures,
often overlooking the impact of the connection on overall performance
when integrating multiple structural elements.

For energy absorption and shock mitigation, the negative Pois-
son’s ratio (NPR) structure has emerged as a promising solution [51—
53]. As a type of mechanical metamaterial [54], NPR structures offer
unique dilatability, allowing them to reduce material usage while
maintaining robust mechanical properties. Inspired by natural cellular
configurations, NPR structures have been widely studied [55]. For
instance, Lim [56] designed a mechanical metamaterial based on ro-
tating trapezoids and triangles, achieving adjustable positive and NPR.
Wang et al. [57] developed a bi-directional re-entrant anti-tetrachiral
NPR structure to meet the deformation requirements of a wing. Feng
et al. [58] proposed a concave four-arc honeycomb structure based on
the star-shaped honeycomb, modifying the straight rods into curved
ones while retaining the re-entrant angle. Yang et al. [59] developed
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a novel 3D star-shaped NPR element and composite structure. Qin
et al. [60] proposed two axisymmetric tetrachiral honeycomb struc-
tures. Li et al. [61] proposed a novel corrugated star-shaped honeycomb
hybrid core sandwich structure and investigated its impact response.
Wang and Fu [62] and Fu et al. [63] introduced an innovative hardened
sandwich doubly curved shell with an arcuate, growing honeycomb
core. NPR properties have also been integrated into origami struc-
tures [64,65], where folding kinematics allow for adjustable Poisson’s
ratios. Despite the potential of NPR structures in energy absorption
applications, few studies have explored their integration with con-
nection structures, limiting their broader application in multi-material
deployable systems.

To address these challenges, this paper introduces novel approaches
for developing integrated deployable structures with adjustable me-
chanical properties by utilizing multi-material additive manufacturing.
The focus lies on the critical issue of hard and soft interface connec-
tions in multi-material 3D printing. We propose an INPR-Connector,
which combines the traditional mortise-and-tenon design with an NPR
configuration. First, the NPR unit is generated through solid modeling,
where a set of parameters controls its shape and dimensions. Two
connection structures with varying fill ratios are created by applying
array and Boolean intersection operations to the unit cells: the complete
structure filling (CSF) and the intermediate part filling (IPF). To ensure
manufacturability, we evaluate the minimum printable wall thickness
and packing fraction of the unit cell, defining the packing resolution
within the design domain. Subsequently, a series of simulations and
physical tests are conducted to analyze the geometric and mechanical
properties of the INPR-Connector under different form factors and
volume fractions. Finally, an origami-inspired deployable structure,
featuring embedded NPR elements, is constructed by integrating the
designed connection structure with rigid plates. Experimental results
validate the feasibility and effectiveness of the proposed connection
structure.

2. Geometric configuration and property analysis of NPR unit cells
2.1. The geometrical configuration of the orthogonal elliptical unit cell

The NPR unit cell used in this paper is an orthogonal elliptical
hole structure [66,67], as shown in Fig. 1(a). We have synthesized
previous research and found that this porous structure exhibits superior
structural stability and energy absorption capability compared to other
NPR structures, such as the concave hexagonal structure, double-arrow
unit cell structure, and star-shaped unit cell structure [68-70]. The
orthogonal elliptical structure was selected primarily for its ability
to significantly enhance energy absorption performance and maintain
excellent mechanical properties during large deformations. By tuning
the aspect ratio of the ellipse, the deformation behavior of the structure
can be precisely controlled, optimizing its mechanical response under
various loading conditions. The orthogonal elliptical shape provides su-
perior structural stability, better compression resistance, and enhanced
energy absorption capacity. While other NPR structures may excel in
certain aspects, they are prone to stress concentration under large
deformations or complex loading, particularly at junctions or seams. In
contrast, the orthogonal elliptical geometry effectively mitigates these
issues, enabling superior toughness and extended service life under
extreme loads. Here, W denotes the length of the structure comprising
multiple single cells within a defined design domain, while L represents
the length of a single cell. The ratio W /L specifies the number of small
cells along the horizontal and vertical axes, respectively. Additionally, p
is the volume fraction, 7 is the wall thickness of the orthogonal elliptical
unit, a is the length of the ellipse’s major axis, b is the length of the
ellipse’s minor axis, and the geometric factor m = a/b determines the
overall shape, as it is the ratio between the major and minor axes. The
area of a single cell can be calculated using the following equation:

S. = L? — zab. (€)]
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Fig. 1. Design and properties of orthogonal elliptical hole structure. (a) Schematic of the geometric parameters of a single cell. (b) The filling fraction is the four monoids with
different geometric factors at 65%. (c) Range of effective volume fractions under different geometric factor monoids. (d) Stress distribution of four structures with volume fractions

of 25%, 45%, 65%, and 85%.
2.2. Mechanical properties of NPR single cell

In this study, the volume fraction of the orthogonal elliptical hole
NPR structure is defined as the ratio of the area of a single cell to the
area of its planar bounding box. Given a fixed length L for a single
cell, the cell’s volume fraction under various geometric factors m can be
adjusted by modifying the parameter values. Since m = a/b, controlling
the volume fraction of the unit cell can be achieved by varying the
length of the minor axis b, as illustrated in Fig. 1(b). The volume
fraction of the NPR structure is given by the equation:

p=1- ﬂmbz/LzA (2)

However, an excessively small volume fraction can lead to structural
failure, such as fracture phenomena, which prevent the porous struc-
ture from forming a continuous whole, thereby complicating additive
manufacturing processes. Conversely, an overly large volume fraction
can also result in manufacturing difficulties. For example, when the
voids within the porous structure become too small relative to the

nozzle diameter, the holes in the printed sample will disappear entirely.
To mitigate these issues, it is essential to calculate the effective volume
fraction of the generated porous structures with various geometric fac-
tors m. The design and filling constraints of the unit cell are determined
by the inequalities a + b < L and m = a/b, as follows:

(m+1)b< L. (3)
Therefore, the range of effective volume fraction is deduced as follows:
L—am/(m+172 <p<l. C)]

Within this effective range, 15 sets of b-value samples are uniformly
selected for four structural cells with different long-to-short axis ratios.
Based on these samples, porous structural cells with varying volume
fractions are generated. The sampled minor axis length b is then fitted
to the volume fraction to establish a relationship. Fig. 1(c) shows the
dependence of the effective volume fraction of the generated monoids
on the parameter b for the four geometric factors. The results indicate
that when the geometric factor m = 1, the unit cell has the largest
effective volume fraction range. Conversely, when m = 4, the range of
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Table 1
Maximum displacement of the structure under four different geometric factors with
volume fractions of 25%, 45%, 65%, and 85%.

p Maximum displacement (mm)

m=1 m=2 m=3 m=4
25% 8.664 - - -
45% 1.568 2.646 4.633 -
65% 0.865 1.170 1.764 2.692
85% 0.541 0.589 0.695 0.821

effective volume fractions for a single cell is minimized. These findings
underscore the design limitations associated with both high and low
volume fractions in porous structure design.

2.3. Finite element analysis of unit cell physical properties

The mechanical properties of porous structures are significantly
influenced by their geometric configuration. To evaluate and compare
the mechanical properties of unit cells with various shapes, we conduct
finite element analysis on cells with four different geometric factors m.
Specifically, unit cells of dimensions 10 mmx 10 mmx2 mm are designed
with volume fractions of 25%, 45%, 65%, and 85%. Each unit cell is
arranged in a 20 mmXx20 mm X2 mm region, periodically filling the area
with monoids of identical shape and volume fraction. Two monoids are
filled in both the x and y directions within each design domain, while
the z dimension remain constant.

To predict the deformation of the orthogonal elliptical unit, we
performed finite element simulations using the ABAQUS software pack-
age (V6.22-1, Dassault Systémes Simulia, USA). The nonlinear finite
element analysis was conducted using the hyperelastic Mooney-Rivlin
model with a strain energy density function W = C,,({; —3) + Cy; (I —
3)+ DLI(J — 1)2. The material coefficients were set to C;, = 0.78 MPa
and Cy; = 0.19 MPa. A mesh with 8-node linear hexahedral elements
(C3D8RH) was used, with a mesh size of 0.3. The left boundary of the
model was fully fixed, and a uniform load was applied on the right
side. Due to the small size of the model and the thinner wall thickness
at m = 1 and p = 25% (which results from the smaller volume fraction),
the final minimum load was set to 4.5 N.

Fig. 1(d) displays the stress distribution of porous structures with a
45% volume fraction across different geometric factors m. When the
shape is circular (m = 1), the porous structure exhibits significant
stress concentration. However, porous structures with geometric factors
m = 2,3,4 demonstrate favorable NPR properties, with more uniform
stress distributions.

Table 1 presents the maximum displacement observed for each
geometric factor under finite element analysis. Null values are indicated
by “~” in cases where effective fill scores are not achievable at certain
volume fractions. It is evident that m = 2,3,4 exhibit null values
at 25% and 45% fill fractions due to the limited effective range for
these geometric factors. Notably, at the same volume fraction, unit
cells with m = 4 yield the largest displacement, suggesting superior
NPR performance. For instance, with a volume fraction of 65%, the
maximum displacement for m = 4 reaches 2.692 mm, compared to
0.865 mm for m = 1, indicating that higher geometric factors enhance
mechanical performance under comparable conditions. At a volume
fraction of 45%, m = 3 exhibits the best mechanical characteristics.

NPR materials undergo substantial lateral deformation when
stretched, which enhances their capacity for energy dispersion and
absorption. Let v denote Poisson’s ratio, and ¢, and ¢, represent strains
in the vertical and horizontal directions, respectively. The following
equation is used to calculate Poisson’s ratio:

v=—€ /€. 5)
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Both computational and physical property analyses reveal that,
without considering manufacturability, unit cells with a geometric
factor of m = 4 exhibit the most favorable NPR performance. In
contrast, monoids with m = 1 lack the NPR properties desirable for
these applications.

3. Design of INPR-Connector

This section presents the design methodology and manufacturabil-
ity of the INPR-Connector, developed through multi-material additive
manufacturing. First, we outline the design workflow for the INPR-
Connector. Subsequently, a manufacturability analysis is conducted for
the proposed CSF and IPF structures. In parallel, the unit cell’s filling
resolution is determined based on the minimum printable accuracy
and volume fraction. Finally, experimental verification is performed to
assess the effectiveness of the designed structures.

3.1. Design process of connection structure

The design workflow for the INPR-Connector using multi-material
additive manufacturing is depicted in Fig. 2(a). The process begins
with the creation of a 3D model of an interlocking structure, which
serves as the foundation of the design. Next, the prototype for the
INPR-Connector is formed by incorporating unit cells with NPR effects.
Through Boolean operations on this prototype and the initial model, the
final configuration of the INPR-Connector is established, offering two
variations: the CSF and IPF. With the interconnected structure in place,
FEA is applied to evaluate its mechanical properties. Following simula-
tion, the structure is manufactured using TPU, a flexible material that
enhances its adaptability. Lastly, the manufactured flexible connection
structure is attached to a rigid plate to create the Rigid-Soft-Rigid (RSR)
configuration, completing the design and yielding the final sample.

3.2. Model structure design and size definition

The fill pattern significantly influences the performance and quality
of 3D-printed objects. By optimizing fill density, range, and pattern,
a balance between printing efficiency and material consumption can
be achieved. In light of these considerations, the design of the INPR-
Connector, illustrated in Fig. 2(a), includes two configurations — CSF
and IPF — to assess tensile properties. In this design, the IPF only
materializes at the joint sections, while the rest remains consistent with
the CSF.

Two specific sizes are defined for testing purposes, as shown in
Fig. 2(c), with a volume fraction of 65% and a geometric factor of
3. The unit cell measures 10 mm X 10 mm X 2 mm, with the middle
section comprising a 2 x 2 arrangement of cells stacked longitudinally
in sets of four. The first configuration, 40 x 15, features a lock head
arranged horizontally and laterally with three cells, while the second
configuration, 40 x 20, arranges the lock head laterally with four cells.
This arrangement allows for precise control of the interlocking angle
by adjusting the unit cell count in the joint section, while preserving
the primary structural characteristics.

The odd and even units are arranged distinctly at the joints, which
results in variations in the interlocking angles. This design approach
not only enhances mechanical performance but also offers substantial
flexibility. The model’s shape and size can be customized, allowing for
size adjustments to accommodate different connection requirements as
needed.
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Fig. 2. Design for INPR-Connector. (a) INPR-Connector design flow. (b) Monomials with a geometric factor of 3 filled with different resolutions under the same design domain. (c)
INPR-Connector under CSF with two size definitions. (d) Maximum stress and maximum displacement of NPR structures at different packing resolutions within the same domain.
(e) Monoidal Uniaxial Tensile Force-Displacement Curves for a Fixed Packing Domain with Packing Resolutions Ranging from 1 to 11.

3.3. Manufacturability

In practical design, it is essential to consider the minimum accuracy
of 3D printing to ensure that unit cell dimensions fall within a manu-
facturable range. First, the packing resolution of the unit cell within
the design domain must be determined, ensuring that the minimum
wall thickness is above the printer’s minimum printable accuracy. If
the fill resolution is too high, the wall thickness of the unit cell may fall

below the minimum printable threshold, resulting in fabrication failure.
When defining the design domain size and unit cell volume fraction,
wall thickness decreases as volume fraction increases. The effective
minimum unit size L can be calculated using the following formula:

2t )

L= ,
1=(m+ DA —=p)/zm

where ¢ is the wall thickness between two adjacent ellipses.
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The number of cells within the same region is constrained by the
minimum printable wall thickness between adjacent ellipses. The lim-
iting factor of cell size is expressed by Eq. (7). Under a fixed geometric
factor m, the cell size is restricted by the structural volume fraction.
Specifically, when the area and volume fraction are fixed, the wall
thickness ¢ between the elliptical holes decreases as the geometric factor
m increases. This relationship limits the cell size, as the wall thickness
cannot fall below the minimum printable threshold. The calculation
process is described as follows:

) L (1= n+ DT =p)/am)

1= 5 7

Fig. 2(b) illustrates a single cell with a volume fraction of 60%,
showing the packing of monoids at varying resolutions within the same
design domain. Monoids with a geometric factor of 3 are demonstrated
for packing resolutions from 1 x 1 to 11 x 11 within a 50 mm x50 mm X
2 mm domain. As packing resolution increases, the wall thickness of the
NPR structure decreases, approaching the limit of minimum fabrication
accuracy.

Assuming a minimum manufacturing accuracy of 0.4 mm, the min-
imum printable wall thickness for a unit cell is also 0.4 mm. Based
on the relationship between volume fraction, minimum printable wall
thickness, and the geometric factor m, the minimum side length L of
the unit cell is approximately 4.55 mm.

Packing resolution impacts not only the wall thickness of unit
cells but also the mechanical properties of NPR structures. To explore
the relationship between fill resolution and structural performance,
finite element analysis is used to simulate mechanical properties at
various fill resolutions, as shown in Fig. 2(b). With the model’s left
boundary fully fixed and a uniform load of 100 N applied to the right
side, Fig. 2(d) presents a line chart of simulation results, displaying
variations in maximum stress (blue) and maximum displacement (pur-
ple) with changes in packing resolution. Results indicate that both
maximum stress and maximum displacement decrease as packing res-
olution increases. However, high packing resolution can also lead
to greater fabrication challenges. Therefore, selecting an appropriate
packing resolution is critical to balancing mechanical properties and
the manufacturability of NPR structures.

To verify the simulation results, uniaxial tensile tests were con-
ducted on structures with varying resolutions. The experimental results
are presented in Fig. 2(e), and they demonstrate strong alignment with
the simulation data, confirming the accuracy and reliability of the
simulations.

4. Mechanical properties verification and fabrication of RSR spec-
imens

The algorithms for generating the proposed connection structures
are implemented in C++ and executed on a laptop equipped with a
12th Gen Intel(R) Core(TM) i5-1240P CPU @ 1.70 GHz and 16 GB of
RAM. All simulation experiments are conducted using ABAQUS soft-
ware. Hyperelastic parameters are analyzed using the Mooney-Rivlin
method for nonlinear finite element analysis, with C;; = 0.78 MPa
and Cj = 0.19 MPa, and meshed using eight-node linear hexahedral
elements (C3D8RH). All mockups are fabricated with a SNAPMAKER
J1s high-speed IDEX 3D printer, utilizing a dual nozzle configuration.
The nozzle diameter is w, = 0.4 mm, with a PLA printing speed of
105 mm/s at a nozzle temperature of 215 °C. The TPU printing speed
is 25 mm/s at a nozzle temperature of 220 °C, using Ultimaker PLA and
Ultimaker TPU95 A materials.
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4.1. Comparison of RSR connectors

This section compares traditional interlocking connection struc-
tures — U-Shape, T-Shape, and Trapezoid — as shown in Fig. 3(a).
Uniaxial tensile tests are conducted on each structure after printing.
The Trapezoid structure demonstrates superior load-bearing capability,
sustaining loads above 85 N, while the U-Shape and T-Shape structures
fail at loads below 70 N. The U-Shape structure’s poor performance is
attributed to weak interfacial binding, leading to delamination due to
reliance solely on interlayer adhesion without sufficient consideration
of interface geometry effects. Although the T-Shape structure incor-
porates interface geometry considerations, stress concentrations at the
interface result in low strength.

Building on this, comparative experiments are conducted to vali-
date the multi-material connection method and the MT-SEF (Mortise
Tenon with Single Ellipse Filling) using RSR tensile specimens. With a
fixed rigid plate setup, the mechanical properties of flexure hinges are
evaluated, with results illustrated in Fig. 3(b). These experiments assess
tensile strength, ductility, and energy absorption of flexural hinges
under different design parameters, aiming to optimize their application
in multi-material connection structures.

We analyze the experimental results using four evaluation indica-
tors: durability, versatility, performance-weight ratio, and paramet-
ric design. Regarding durability, we evaluate the lifespan and long-
term performance of the connection through cyclic load testing. Faber
et al. [39] printed rigid faces directly onto a rubber substrate, which
resulted in interlayer delamination after limited folding cycles. Sim-
ilarly, Wagner et al. [37] connected them by directly printing the
hinges, encountering comparable delamination issues. We successfully
addressed this issue by introducing an interlocking mechanism, which
significantly enhanced the joint strength and improved its durability
during the folding process. As for versatility, in addition to connection
strength, the interlocking structure also introduces additional function-
alities, such as energy absorption and impact resistance, thus expanding
its application range. In terms of performance-to-weight ratio, we assess
the ratio between structural strength or functionality and weight, which
is particularly important for lightweight applications such as aerospace.
As demonstrated in Table 2, the proposed method exhibits excel-
lent mechanical properties while maintaining a lightweight design.
When it comes to parametric design, by incorporating NPR method or
other parametric design techniques, the performance of the interlocking
structure can be enhanced, particularly in energy absorption. In our
study, we parameterized the geometric factor (m) of the ellipse, and
by controlling parameters such as m, volume fraction, dimensions, and
filling methods, we achieved programmable energy absorption and
structural deformation properties. Although Ye et al. [34] achieved
commendable mechanical properties, their approach primarily focused
on material effects, neglecting structural contributions to overall per-
formance. Other related studies similarly lacked parametric design
strategies for optimizing structural performance. Our work fills these
gaps by integrating a comprehensive parametric design framework that
significantly enhances the interlocking method’s efficacy.

Table 2 compares the mechanical properties of various connection
methods, where the proposed scheme exhibits better compatibility and
mechanical performance. For instance, the structures provide excel-
lent interlayer adhesion with viscoelastic materials and achieve high
load-bearing capacity and durability under cyclic loads.

Under identical parameters, CSF, IPF, and solid filling (SF) are
tested, with displacement-load curves shown in Fig. 3(c). Analysis
indicates that, while the SF structure performs best overall, CSF demon-
strates superior energy absorption and ductility at loads below 200
N. As seen in Fig. 3(d), under a constant load, the INPR-Connector
with CSF exhibits significantly enhanced energy absorption and duc-
tility compared to structures with IPF or SF. Specifically, CSF’s energy
absorption is 311.69% higher than IPF and 643.63% higher than SF
at a fixed load of 150 N. This suggests that CSF not only absorbs
more energy under load but also maintains better ductility at large
displacements, thereby enhancing the structure’s overall performance.
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Fig. 3. Comparison of RSR connectors. (a) Traditional interlocking connection structures—U-Shape, T-Shape, and Trapezoid. (b) RSR structure from literature vs. our proposed
structure. (c) Tensile test results for CSF, IPF, and SF under the same parameters. (d) Energy absorption of three structures under the same load.

Table 2

Comparison of structural parameters for multi-material connection methods.

Method Weight (g) Ultimate load (N) Fracture displacement (mm) Fracture strain (%) Specific ultimate load (N/g)
Faber et al. [39] 3.01 106 3.473 17.37 35.2

Wagner et al. [37]a  3.22 530 10.721 53.605 165

Wagner et al. [37]b  3.99 534 4.228 21.14 134

Ye et al. [34] 5.50 126 50.132 350.06 22.9

MT-SEF 2.45 95 56.625 157.29 39

Ours 1.99 207 86.674 433.37 104

4.2. Simulation analysis for mechanical properties of connected structures

The Poisson’s ratio of 2D NPR metamaterials is independent of
their thickness. To optimize computational efficiency, finite element
simulations are conducted on NPR cells with different geometric factors
under equal thickness and minimum packing fraction constraints. For
m = 1, the volume fractions are 25%, 45%, 65%, and 85%. For m = 2
and m = 3, the volume fractions are 45%, 65%, and 85%. For m = 4, the
volume fractions are 65% and 85%. Using the finite element software,
the stress distribution is simulated for these INPR-Connectors under
uniform horizontal displacement, as shown in Fig. 4.

Results indicate that, for a given geometric factor, higher volume
fraction correspond to greater stress in the connected structure. For a
fixed volume fraction, larger geometric factors (corresponding to larger
void sizes) yield higher deformability and lower stress. This suggests
that the INPR-Connector exhibits superior mechanical properties at a
theoretical geometric factor of m = 4 and volume fractions above the
minimum of 49.8%, as calculated in Eq. (4). However, final mechanical
properties should consider synthesized variables under manufacturable
conditions.

Furthermore, it is observed that the stress distribution within the
connection structure remains uniform across all volume fractions and
geometric factors, with no significant stress concentration. Maximum
stress decreases as the geometric factor increases, indicating that NPR
structures improve performance due to their geometric characteristics
and stress distribution behavior.

The analysis reveals that increasing cell wall thickness raises the
critical tensile stress capacity, whereas increasing pore size reduces
it. This demonstrates that wall thickness and pore size have opposing
influences on the tensile strength of the structure. For a single cell with
m = 1, only elements with thinner walls in the central region experi-
ence significant stretching under strain, while thicker-walled peripheral
elements show greater resistance to tensile deformation. Consequently,
the structure does not display the desired NPR effect.

Achieving a pronounced NPR effect requires a synergistic adjust-
ment of wall thickness and pore size, so that wall thickness gradients
and pore size gradients are properly matched. In such cases, elements
within the structure progressively deform under strain, leading to the
macroscopic NPR effect. Refer to Fig. 5 for further illustration.



W. Xu et al.

m=1,p=25%

3 I 3 ]

Composites Part B 297 (2025) 112243

m=1.0=85%

m=2,0=85%

m=3.p=85%

m=1,p=45% m=2,p=45% m=3,p =45%
S < > ¢

)<
3 ® |

p =65% m=3,p=65% m=4,p=65%

] ] e

m=4,p=85% von Mises

prag] P Jpung{ |

Fig. 4. Finite element analysis of INPR-Connector under four geometric factors with volume fractions of 25%, 45%, 65%, and 85%.

4.3. Tensile test analysis of RSR samples

The NPR structure is integrated into the trapezoidal interlocking
bulk material for the RSR samples, each with dimensions of 60 mm x
60 mm X 4 mm, and a hinge thickness of 2 mm. The details of the
printed sample parts are provided in Section S1 of the Supplementary
Materials. Tensile experiments are conducted on these samples using an
MTS machine (10 kN load cell, USA) at a loading speed of 60 mm/min
under ambient conditions.

This study examines the effect of geometric factors on the energy
absorption capacity of RSR specimens with a volume fraction of 65%,
maintaining a constant thickness of 2 mm for the connection structure.
Two specimen types, each with dimensions 40 x 15 and 40 x 20, are
tested. Figs. 6(a) and 6(b) depict the printing effects for the 40 x 15
samples, and Figs. 6(c) and 6(d) show those for 40 x 20 samples.

The tensile tests of these RSR samples highlight the fracture process
and energy absorption effects. In the orthogonal elliptic NPR structure,
the m of the ellipse significantly affects the Poisson’s ratio and, con-
sequently, the force-displacement curve. Through parametric analysis
of the m value, the deformation characteristics of the structure can be
tailored to specific needs. Smaller values of m generally result in smaller
Poisson ratios, offering designs with less expansion during tension. And
larger m values enhance the dilatation effect of the structure, leading to
a more pronounced change in the force-displacement curve. The results
indicate that the RSR sample with geometric factor m = 3 achieves
the best mechanical properties with CSF, owing to the dilatancy effect

of NPR structures during tension. Conversely, while m = 4 exhibits
favorable NPR characteristics, its performance is hindered by thinner
cell walls. Although m = 1 lacks NPR effects, its thicker walls improve
overall mechanical performance.

The filling mode — either CSF or IPF — plays a critical role in shap-
ing the force-displacement curve. CSF tends to produce more evenly
distributed energy absorption, ideal for applications requiring consis-
tent performance across the loading range. In contrast, IPF reduces the
NPR effect during stretching, leading to a distinct force-displacement
curve that prioritizes other mechanical properties, such as stiffness or
localized strength. Both CSF and IPF display similar trends under tensile
stress. However, IPF contributes less to tensile strength due to a smaller
structural part, making its overall mechanical properties inferior to
those of CSF.

Sample size also impacts mechanical properties. The 40 x 20 struc-
ture surpasses the 40 x 15 in energy absorption and ductility. The
experimental results show that as the structure size increases, the
energy absorption capacity also increases. This is because when the size
of the unit cell is fixed, larger structures typically contain more units,
which provides more space for deformation. Under applied load, the
larger structure can distribute the force more efficiently across these
additional units, thereby achieving a higher energy absorption effect,
validating the effectiveness of this design in traditional block structures.
Specimen fracture position [71,72] analysis is discussed in Section S2 of
the Supplementary Materials, indicating that the designed interlocking
structure has good performance.
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structure embedded INPR-Connector.

Research has demonstrated that orthogonal elliptical hole structures
exhibit unique deformation patterns in different directions, enhancing
impact resistance. These structures can promote localized buckling or
shear deformation across multiple directions, thereby improving the
durability and stability of materials under stress. By carefully adjusting
the local geometric features of the material, the risk of overall failure is
significantly reduced. Moreover, through geometric design, the auxetic
structures enable a reduction in overall stiffness while preserving ma-
terial strength, thereby optimizing stress distribution and facilitating
efficient stress transfer within the structure. This approach results
in improved mechanical performance and energy absorption capabil-
ities. In this study, two INPR-Connectors were specifically designed
for soft-hard interface connections. These connectors not only exhibit
excellent mechanical properties but also significantly enhance the en-
ergy absorption capacity of the connected structure during deformation
compared to conventional multi-material connections. Furthermore,
these connectors remain intact and functional under repeated folding,
demonstrating their superior durability and adaptability.

However, the proposed method has limitations. Excessively thin
structural units may lower molding efficiency, and printing errors can
occur due to extrusion delays and filament drag. Although pullback
techniques and slower print speeds can reduce these issues, they may
not fully eliminate them.

5. INPR-Connector embedded origami structure

In this paper, we combine a rigid plate with the INPR-Connector
and apply it to an embedded origami unit composed of Miura origami,
which can be regarded as bistable origami metamaterials. Specifically,
we propose a flexible hinge variable origami structure with a rigid
plate of adjustable thickness. This structure can be implemented in an
origami framework that incorporates stretchable soft hinges. The hinge
position, thickness, size, and the number of components can be adjusted
according to specific design requirements.

As shown in Fig. 7(a), the upper and lower plates of the embed-
ded origami unit are depicted. Two baffles are printed at each plate
boundary of the lower plate to limit the movement of the upper plate.
Bistability is achieved by folding the upper plate and fitting it into the
baffles on the lower plate, forming an integrated embedded origami
unit.
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The origami structure embedded INPR-Connector is shown in
Fig. 7(a), using a Miura origami unit design. The Miura crease pattern
exhibits bi-directional translation symmetry, comprising four congruent
parallelograms arranged in a mosaic pattern. This geometry can be
parameterized in several ways. For clarity, the origami cell is defined
by the dimensions of its constituent parallelograms, with edge lengths
c and d, and a sector angle y as demonstrated in Fig. 7(b). The dihedral
folding angle 6 € [0,z/2] represents the angle between the facet and
the xy-plane. Angles ¢ and y represent the angles between the fold line
and the y-axis, while ¢ is the dihedral angle between the small plane
and the yz-plane.

Since the height H between the upper and lower plates can be
derived from the expression H = c¢-siny-sinf or H = c-sina, it follows
that:

(®

After applying a force F to the top of the origami structure embedded
INPR-Connector, the difference between the initial height and the
height after compression deformation can be calculated as:

siny - sin@ = sin a.

9

The vertical compressive force acting on the entire origami structure is
transformed into tensile force along the horizontal soft hinges. During
this process, the deformation of the soft hinge is expressed as:

AH =c - (sina —sina’).

A6 =c - (cosa —cosa’). 10)

When the applied force F exceeds the critical load F,,, the upper plate
begins to bend, and this critical force can be determined using the
following equation:

F,=4d -0, -1, sind, an

where o, is the critical stress, which can be calculated according to the
elastic/plastic theory of thick plates [73].

5.1. Quasi-static compression test of origami structure embedded INPR-
connector with 2 x 2 elements

The soft hinges used in the experiments of this chapter adopt the
INPR-Connector, as designed in the previous chapter. This paper ana-
lyzes the INPR-Connector filled with two different sizes and evaluates
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Table 3

Eight geometric shape parameters under Structure I and Structure II.
Type Joint dimension (mm) ¢ (mm) 7, (mm) « (°) H (mm)
Structure 1.1 7.5 50 4 36.8 30
Structure 1 2 7.5 50 4 53.1 40
Structure 1.3 7.5 50 4 66.9 46
Structure 1.4 7.5 50 5 66.9 46
Structure II_1 10 50 4 36.8 30
Structure I1_2 10 50 4 53.1 40
Structure 1.3 10 50 4 66.9 46
Structure II 4 10 50 5 66.9 46

its performance as the intermediate soft hinge in the rigid plate of the
origami structure. It also discusses the influence of the rigid plate’s
thickness. Two origami structures are designed, considering the size
limitations of the printing platform.

Firstly, a soft hinge with a constant thickness and initial size of
40 x 15 mm, reduced to 20 x 7.5 mm, is used to form embedded folding
Structure I, with a rigid plate thickness of #,, = 4 mm and ¢, = 5 mm,
respectively. Additionally, a soft hinge with an initial size of 40x20 mm,
reduced to 20 x 10 mm, is used to form embedded folding Structure II,
maintaining the same rigid plate thickness as Structure I. The effect of
the trapezoidal joint size in the soft hinge, the thickness of the rigid
plate, and the height H of the origami structure (which corresponds
to the angle «) are investigated. The specific parameters are detailed
in Table 3. These four origami structures are subjected to quasi-static
compression tests using an MTS machine (10 kN load cell, USA) at room
temperature, with a loading rate of 60 mm/min.

As shown in Figs. 8(a) and 8(b), during the compression process,
the angle between the upper and lower plates decreases gradually.
Part of the compressive force in the origami structure is converted
into tensile force along the soft hinge of the lower plate. The results
of the compression test are presented in Figs. 8(a) and 8(b), and the
stress-strain curves for all types of origami structures are illustrated.
The integral area under these curves represents the energy absorbed
before failure.

Both Structure I and Structure II exhibit a transition from compres-
sive force at the top to tensile force at the lower plate’s soft hinge.
Under strain conditions approaching 100%, the soft hinge remains
intact, demonstrating the reliability and deformability of the designed
connection structure.

Moreover, a thicker rigid plate (7,,) significantly enhances the
strength of the origami structure. Longer soft hinges can endure greater
stretching and provide better energy absorption. Experimental results
show that the primary deformation occurred in the soft hinges at the
bottom, with maximum hinge extension exceeding 400%. The TPU soft
hinges absorb significant energy during stretching and provide superior
energy absorption without damage, even under higher compressive
strains.

5.2. Energy absorption rate test

The energy absorption rate is directly related to the displacement—
load area, and it can be controlled by designing an origami struc-
ture embedded INPR-Connector with varying geometric factors for the
INPR-Connector under CSF and IPF. As shown in Fig. 8(c), when a
rigid ball weighing 100 g is dropped from the same height, noticeable
differences in the rebound height are observed, demonstrating the
broad range of control over energy absorption. To enhance clarity,
the position of the ball is outlined in the figure. Table 4 presents the
average heights of the ball during each drop test, based on multiple
trials.

The experimental results indicate that, due to structural and man-
ufacturing constraints, the origami structure with a geometric factor
of m = 3 provides the best energy absorption, as evidenced by the
lowest rebound height. Conversely, the energy absorption performance
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Table 4
Ball fall and bounce heights at three moments for different geometric factors under
CSF and IPF.

A, (mm) CSF m = 1 CSF m=2 CSFm=3 CSFm=4  IPF
i, 26 26 26 26 26
i, 0 0 0 0 0

i, 2.342 3.249 0.839 4.362 5.573

under IPF is comparatively inferior. For the connection structure with a
geometric factor of m = 4, despite its favorable NPR characteristics, the
thin wall thickness results in suboptimal energy absorption. In contrast,
the structure with m = 1 exhibits superior mechanical properties due to
its thicker walls. This energy absorption trend is consistent with the
tensile test results of the RSR samples.

We also explore the impact of the upper plate’s connection method
on the overall performance of the origami structure. As discussed in
Section S3 of the Supplementary Materials, comparative experiments
between SF and CSF-connected upper plates demonstrated that the
CSF connection did not adversely affect the structure’s mechanical
performance.

5.3. Cyclic loading test of origami structure embedded INPR-Connector

A cyclic loading test is conducted on the origami structure embed-
ded INPR-Connector, which consists of 2 x 2 units. The structure is
placed on the testing platform, with this position serving as the initial
configuration for compression. The compression is applied at a rate of
60 mm/min. Detailed tests for all cases are provided in Section S4 of
the Supplementary Materials. The load—unload behavior of the eight
structures, as described in the previous section, is analyzed to observe
the deformation patterns of the hinges for the two different sizes
under varying plate parameters. These specific parameters are listed in
Table 3. The maximum compressive z-axis strain reaches approximately
90%, and the full cyclic loading and unloading process for the origami
structure embedded INPR-Connector is shown in Fig. 8(d).

During the compression phase, noticeable stretching of the soft
hinge at the base of the origami structure is observed. Throughout the
cyclic test, the peak force remains stable across each cycle, with no
significant fluctuations or force decline detected, as shown in Fig. 8(d).
This suggests that the origami structure embedded INPR-Connector
can endure several loading cycles without failure. Additionally, the
structure remains undamaged due to the soft hinge absorbing part of
the applied energy during compression. Upon unloading, the origami
structure is able to recover to its original shape, demonstrating its
reusability.

6. Discussion

In this study, the NPR units of the INPR-Connector significantly
enhance the energy absorption performance of the origami structure
through the auxetic mechanism. When external load is applied to the
structure, the NPR units first undergo deformation, with unit cells
that have a larger aspect ratio showing significant auxetic effects
under compression. This auxetic mechanism not only absorbs energy
effectively through geometric interlocking, preventing excessive energy
concentration or local failure, but also allows the structure to recover
its shape after repeated loading while maintaining excellent mechanical
properties. By incorporating the design of bistable origami structure
embedded with INPR-Connector, this mechanism is further optimized,
resulting in higher energy absorption efficiency and greater stability
under various loading conditions. This validates the system’s superior
impact resistance under dynamic loads.

In this work, the material used plays a crucial role in energy
absorption performance. The mechanical properties of different mate-
rials, such as elastic modulus, yield strength, and plastic deformation
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Fig. 8. Experiment for origami structure embedded INPR-Connector. (a) Compression load-displacement curves of four origami structures under Structure I. (b) Compression load—
displacement curves of four origami structures under Structure II. (c) Adjustable and controllable energy absorption rate of INPR-Connector under embedded origami structure. (d)
Cyclic compression test of an origami structure embedded INPR-Connector with 2 x 2 elements.

capacity, directly influence how the structure deforms under load
and how energy is absorbed. Given the unique characteristics of NPR
structures, selecting materials with good plasticity and ductility is
particularly important. For example, TPU exhibits excellent elasticity
and plasticity, allowing it to maintain high energy absorption efficiency
even during large deformations. Its hardness also significantly affects
its performance. Low-stiffness TPU has high elongation and elasticity,
making it suitable for applications that require flexibility and impact
resistance, although it has poor tensile strength and wear resistance.
Conversely, high-stiffness TPU offers better tensile strength and wear
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resistance, making it ideal for high-strength loading and wear-resistant
applications, but it has lower elongation and is more brittle. The choice
of TPU stiffness should strike a balance between flexibility, strength,
and durability, depending on the specific application requirements.
The connection mode of NPR structure has an important influence
on its mechanical properties and energy absorption capacity. In terms
of energy absorption, the method proposed in this paper, the proposed
method shows significant improvement compared to the methods of
Faber et al. [39] and Wagner et al. b [37]. Specifically, the energy
absorption capacity of the Wagner et al. a [37] method was increased
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to 428% by our method, meanwhile, Ye et al. [34] and the MF-
SEF methods were improved to 261% and 282% using our method,
respectively. These results highlight the clear advantage of our method
in energy absorption performance, confirming its potential for efficient
energy absorption design. In this study, an alternating elliptical NPR
structure was used. By parameterizing the elliptical holes and consid-
ering two different unit cell quantities (CSF and IPF), the impact of
varying m on the energy absorption performance of these two structures
was analyzed. It was found that CSF exhibits better energy absorption
performance compared to IPF. The alternating elliptical NPR structure
with m = 4 shows the best NPR effect, which aligns with the NPR effects
observed in both the simulation and physical experiments.

The origami structure proposed in this study has significant engi-
neering application potential, particularly in fields that require efficient
energy absorption. For example, the origami structure can be used as
a cushioning layer in automotive hoods and helmets, functioning as a
sandwich structure. In this context, the soft hinges during deformation
absorb energy, helping to mitigate impact forces on children’s heads
in vehicle collisions while providing cushioning [74]. Additionally,
it can be applied in aerospace, such as in deployable structures for
satellite solar panels, antennas, and detection equipment, as well as
in vibration damping systems. In these applications, the structure must
not only possess excellent energy absorption capabilities but also ensure
stability, reusability, and long-term material durability.

7. Conclusion

This paper proposes a design method for INPR-Connector, focusing
on the NPR effect and energy absorption of the connectors. Unlike
conventional methods, we not only address challenges associated with
connection joints but also explore the influence of the filling structure
on the mechanical performance of the connectors. The novelty of this
method lies in employing a mortise-and-tenon (interlocking) struc-
ture to connect geometric interfaces connections, thereby significantly
enhancing joint strength. Additionally, we incorporate an orthogonal
elliptical hole structure with excellent energy absorption and vibra-
tion damping properties. This structure is parameterized to maintain
superior energy absorption performance while ensuring compatibility
with deployable systems. Moreover, we demonstrate the integration
of the INPR-Connector with a rigid plate to construct a deployable
bistable origami structure inspired by origami principles. By controlling
the structural angles, we achieve tunable energy absorption, showcas-
ing the feasibility and versatility of the proposed connector design.
These innovations collectively provide a new perspective on advanced
connector systems, offering improved mechanical performance and
multifunctionality.

The wall thickness of the filled unit cell and the manufacturing
process significantly influence the stability and strength of the struc-
ture. In future work, we will focus on topology optimization based on
stress distribution to mitigate strain localization within the connection
structure. This will aim to enhance the uniformity of deformation
and reduce localized stress concentrations. Moreover, the incorpora-
tion of filler materials, such as short fibers or nanoparticles, will be
explored as a means of dispersing local stresses effectively. To address
material anisotropy, we plan to optimize the printing paths [75,76]
to ensure that the material deposition direction aligns with antici-
pated load paths. This alignment will reduce the effects of anisotropy
and significantly enhance the mechanical performance of the struc-
ture. These strategies will not only improve the performance of the
connection structure but also provide a foundation for designing high-
performance structures suitable for diverse mechanical environments
and application requirements. The multi-material additive manufac-
turing approach demonstrated in this study paves the way for the
development of deployable structures with exceptional adaptability and
reliability, offering broad application prospects.
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