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a b s t r a c t 

Open thin-shell structures exhibit advantages such as lightweight properties and high energy absorption effi- 

ciency. By randomly stacking these structures as unit cells, adjustable mechanical metamaterials with tunable 

and stable mechanical properties can be constructed. This study investigates the mechanical performance of ran- 

domly stacked open thin-shell mechanical metamaterials using a combined experimental and numerical simula- 

tion approach. Results indicate that under compressive loading, shell unit cells primarily dissipate energy through 

large deformation, snap-fit behavior, friction, and shell relocation. Different combinations of randomly stacked 

mechanical metamaterials demonstrate nearly identical energy dissipation ratios during the first compression- 

unloading cycle, indicating that the energy dissipation efficiency exhibits robust stability independent of contact 

and geometric randomness. However, under limit cycle conditions, increasing the proportion of Type II shells 

enhances the maximum relative displacement, energy dissipation capacity, and energy dissipation ratio by up to 

fivefold. Notably, under compressive loading, Type I shells engaged through snap-fit behavior exhibit irreversible 

deformation after unloading, while Type II shells maintain their configuration without active engagement. The 

proportion of Type II shells directly determines the mechanical performance of the structure.This research pro- 

vides new references for the development of lightweight mechanical metamaterials, disordered mechanical meta- 

materials, and adjustable mechanical metamaterials. 
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. Introduction 

Metamaterials are artificially designed materials that subvert the

onventional paradigm of material property regulation. By innovatively

ontrolling and exploiting physical mechanisms, they achieve extraordi-

ary performance unattainable in natural materials. The unique proper-

ies of metamaterials primarily originate from sophisticated geometric

esigns [1–3] , rather than the intrinsic attributes of constituent materi-

ls. In recent years, mechanical metamaterials have garnered significant

ttention due to their distinctive mechanical characteristics, including

ultistable configurations [4,5] , tunable stiffness [6,7] , negative Pois-

on’s ratio [8,9] , and negative thermal expansion [10] . These character-

stics can be achieved through the design of metamaterials. 

The adjustability of metamaterials refers to the phenomenon

here desired mechanical properties emerge as functions of con-

rollable parameters, such as geometric parameters, boundary condi-

ions, and external constraints [11] . Current research recognizes shape-
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econfigurable systems leveraging structural instabilities or structural

eformation as effective approaches for achieving tunability and pro-

rammability in mechanical metamaterials [12,13] . For instance, con-

entional materials absorb energy through irreversible plastic deforma-

ion [14–16] , whereas adjustable mechanical metamaterials primarily

tilize mechanical instabilities in deformable microstructures for energy

bsorption [17] . Building upon this characteristic, researchers are ac-

ively exploring metamaterial design strategies incorporating compliant

tructures buckling [18,19] , hinged multi-segment structures [20,21] ,

nd structural locking [22–24] . 

In the design of mechanical metamaterials, thin-walled structures

e.g., rods, plates, shells) have gradually become key components due

o their advantages of lightweight properties and high energy absorp-

ion efficiency. During axial compression, these structures utilize their

nherent bending and buckling mechanisms to convert external energy

nto stored bending energy. Upon removal of the external load, the

tored energy is released. The traditional “buckliphobia ” toward struc-
ember 2025 
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ures has transformed into “buckliphilia ” with such mechanical insta-

ilities being regarded as mechanical energy transducers [25] . Mean-

hile, researchers have investigated the tunable mechanical properties

f elastic thin-walled structures, including friction/torsion/buckling of

lastic strips [26–28] , snap-fit behavior of elastic shells [29–32] , and in-

entation of elastic arches on frictional substrates [33] . However, cur-

ent studies remain focused on individual thin-walled structures. For

omposite systems formed by stacking multiple thin-walled structures,

heir potential to generate more complex and predictable mechanical re-

ponses through interactions between units has not been fully explored.

Indeed, research on the stacking of thin structures has a long history:

n 1992, Poirier et al. [34] conducted pioneering research on the local-

zed deformation of stacked closed cylindrical thin shells. This seminal

ork proposed three types of disordered stacking configurations: con-

act disorder, geometric disorder, and compositional disorder. Poirier’s

tudy specifically focused on contact disorder, examining the behav-

or of identical cylinders (with identical geometry and material compo-

ition) under uniaxial compression. Subsequent developments include

oincloux et al. [35] analyzing the bending response of stacked thin

heets (book-like structures), and Sun et al. [36] investigating energy

issipation through interlayer sliding in layered systems. Recently, in-

pired by disordered microstructures in biological materials (e.g., spi-

er silk, bone tissue), researchers have begun exploring the influence

f structural disorder on metamaterial performance [37–39] , marking

 paradigm shift from traditionally ordered architectures to controlled-

isorder engineering in advanced material design. In 2023, Sano et al.

40] proposed a mechanical energy absorber composed of randomly

tacked identical open cylindrical shells, which functions as a adjustable

echanical metamaterial ingeniously integrated with shell-shell snap-

t. Through combined experimental and two-dimensional (2D) simula-

ion approaches, they demonstrated that the stacked shells can absorb

nd store mechanical energy during compression. Despite the random

tacking configuration of shells, the system exhibited statistically robust

echanical performance. These studies on stacked slender structures

eveal that the rearrangement of thin-shell cellular units (flexible com-

onents) can generate versatile and predictable mechanical responses.

owever, existing studies on randomly stacked mechanical metamate-

ials based on thin-shell unit cells have only considered the contact dis-

rder of shells with identical openings, and their research has primarily

ocused on the mechanical properties under the first compression load.

hus, further investigations are still required. 

This study uses open cylindrical thin shells as unit cells to design 42

ypes of randomly stacked mechanical metamaterials with thin shells of

ifferent openings, introducing geometric disorder on the basis of con-

act disorder (including positional disorder), thus not limited to shells

ith identical openings. The thin-shell unit cells were fabricated using

he PET thermoplastic molding process, and the mechanical metama-

erials were formed by randomly stacking different thin-shell unit cells

nder gravity. First, the mechanical properties and energy dissipation

f two thin-shell unit cells under compressive loading were analyzed.

uilding on this, the deformation processes of different combinations

f randomly stacked thin-shell mechanical metamaterials under com-

ressive loading, as well as their characteristics and mechanical prop-

rties under cyclic loading, were further investigated, with a partic-

lar focus on comparing the mechanical properties between the first

nd tenth loading cycles. The influence of the opening angle Φ of the

hin-shell unit cells on the stiffness and energy dissipation capacity of

hese randomly stacked mechanical metamaterials under cyclic load-

ng (specifically the first and tenth cycles) was analyzed. Additionally,

nite element analysis software ABAQUS was used to construct three-

imensional mechanical metamaterials by randomly stacking open thin-

hell unit cells, and numerical simulations of the cyclic compression-

nloading process were performed. Experimental results were combined

o validate the correctness of the model. This research is highly likely

o fill the gap in the field regarding the design of aperiodic randomly

tacked unit cell metamaterials and mechanical property research un-
2 
er cyclic compression loading, providing new references for the study

f lightweight, disordered, and adjustable mechanical metamaterials. 

. Design and fabrication 

This study is based on the fundamental principles of dissipate en-

rgy through thin-shell bending deformation, snap-fit, friction, and shell

elocation. By using 𝑁 = 30 open cylindrical thin-shells as unit cells

nd randomly stacking them (disordered arrangement) under gravity

ithin U-shaped containers, various mechanical metamaterials were de-

igned, as shown in Fig. 1 . The containers are made of acrylic plates

ith internal dimensions of 200mm × 300mm × 12mm . The open cylin-

rical thin-shells have a radius 𝑅 = 19mm , an opening angle 𝛷 in

he range 1 . 75 rad ≤ 𝛷 ≤ 3 . 1 rad , and a thickness 𝑡 = 0 . 42mm . The open

ylindrical thin-shells are fabricated via a thermoforming process us-

ng polyethylene terephthalate (PET). The density of the PET material

s 𝜌 = 1 . 35 g·cm− 3 , and its Poisson’s ratio is 𝜈 = 0 . 35 . Transparent PET

heets with a thickness of 0 . 42mm are cut into straight strips using a

uillotine shear, with a width 𝑏 = 10mm and a length 𝐿 in the range

6 . 6mm ≤ 𝐿 ≤ 119 . 3mm . The surfaces of the strips are lightly polished

ith sandpaper to prevent adhesion. A thermoforming mold is designed

nd fabricated by 3D printing aluminum alloy, and the straight strips

re inserted into the reserved gaps in the mold to uniformly bend them

nto open cylindrical thin-shells with a curvature radius of 19mm . The

trips and mold are heated in an 85 ◦C water bath for 10min , then re-

oved and cooled in tap water ( 15 ◦C –20 ◦C ) for 5min for demolding.

he entire fabrication process of the open cylindrical thin-shell unit cells

s shown in Fig. 2 . 

Considering the effects of gravity and external forces, the stacked

ystem exhibits a phenomenon where one open shell is driven to snap-

t with another. Under compression, open thin-shells display “snap-fit ”

ehavior, which can be classified into two types based on the motion of

he upper shell: Type I snap-fit (sliding engagement of the upper shell

ith the lower shell) and Type II snap-fit (snapping motion of the upper

hell to engage the lower shell). As established by Yoshida et al. [29] and

uo et al. [30–32] , the snap-fit type is governed by the friction coeffi-

ient 𝜇 and the opening angle Φ. In this study, all open cylindrical shells

hare identical radii (eliminating geometric misfit), and with a constant

riction coefficient 𝜇, the analysis focuses solely on the role of the open-

ng angle Φ. 

We selected shells with Type I opening angles 𝛷1 = 1 . 75 rad , 𝛷2 =
 . 1 rad , and 𝛷3 = 2 . 36 rad and shells with Type II opening angles 𝛷4 =
 . 7 rad , 𝛷5 = 2 . 88 rad , and 𝛷6 = 3 . 05 rad for investigation. To achieve ge-

metric disorder by considering the disordered composition of randomly

tacked open thin-shell mechanical metamaterials, we mixed shells with

ifferent opening angles (combining Type I and Type II shells). There-

ore, 𝛷1 shells were separately combined with 𝛷4 , 𝛷5 , and 𝛷6 shells in

ix ratios (Type A = 30:0, Type B = 24:6, Type C = 18:12, Type D =
2:18, Type E = 6:24, Type F = 0:30) and named accordingly; for ex-

mple, 𝛷1−4 Type C represents a random stacking combination of 𝛷1 
hells (18 units) and 𝛷4 shells (12 units). Similarly, 𝛷2 shells were com-

ined with 𝛷4 , 𝛷5 , and 𝛷6 shells; 𝛷3 shells were combined with 𝛷4 ,

5 , and 𝛷6 shells, all in six ratios. As shown in Fig. 3 , the randomly

tacked open thin-shell mechanical metamaterials are illustrated, with

heir initial height before compression recorded as 𝐻0 . 

. Experimental 

.1. Material characterization 

Material characterization of the open thin-shells was conducted, and

he obtained material properties were applied to finite element simula-

ions to simulate the compression-unloading cyclic testing process of

hree-dimensional (3D) randomly stacked open thin-shell mechanical

etamaterials. 
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Fig. 1. Schematic of randomly stacked open thin-shell mechanical metamaterials. 

Fig. 2. Fabrication process of open cylindrical thin-shell unit cells. 

Fig. 3. Randomly stacked open thin-shells mechanical metamaterials. 
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Following the GB13022-91 standard Test Method for Tensile Properties

f Plastic Films (which references the international standard ISO 1184–
3 
983), strip-shaped tensile specimens were prepared. This method is

pplicable to plastic sheets with thicknesses less than 1 mm. The PET

heets used in the experiments had a thickness of 0 . 42mm , with two

ayers of transparent protective films (which were removed during test-

ng). The specimens were cut using a guillotine shear, and the experi-

ental setup and specimen dimensions for tensile testing are shown in

ig. 4 (a). Quasi-static isothermal tensile tests were performed using a

niversal testing machine (MTS) at a loading rate of 5 mm·min− 3 . The

ominal stress-nominal strain curves obtained from the tests are shown

n Fig. 4 (b). These curves were converted into true stress-true strain

elationships to derive the fundamental material property parameters.

s shown in Fig. 4 (b), at small strains (near the origin region), stress

ncreases approximately linearly with strain, exhibiting a linear elastic

ehavior consistent with Hooke’s law; during this stage, material de-

ormation is fully recoverable, corresponding to the elastic stage. When

he strain exceeds a critical value, the stress-strain curve deviates from

inearity and enters a nonlinear deformation region, where the material

egins to exhibit irreversible plastic deformation. With further strain in-

rease, stress continues to rise, showing strain hardening behavior —the
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Fig. 4. (a) Tensile specimens and experimental setup; (b) stress-strain curves of the tensile specimens. 

Fig. 5. (a) Friction and wear specimens and testing equipment; (b) friction curve. 
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aterial’s resistance to deformation increases with accumulating plastic

train. The results of this mechanical property test are consistent with

he characteristics of elastoplastic materials. 

The coefficient of friction is an important property of materials, re-

ecting the friction characteristics between material surfaces. Dry fric-

ion tests were performed using a Bruker UMT Tribolab tribometer with

 ball-on-disc contact configuration. Since PET sheets cannot be directly

abricated into small spherical samples, a 5mm diameter metal ball was

sed, coated with a 0 . 05mm thick PET film. The lower sample was a

 . 42mm thick PET sheet. The normal load was set at 1N , the sliding

troke at 1mm , the sliding frequency at 3Hz , and the test duration was

0min . As shown in Fig. 5 , the friction coefficient curve of the PET sheet

as obtained after the friction and wear experiment. 

.2. Compression snap-fit testing of two open thin-shells 

To better design the combinations of open thin-shells within the

tructure and comprehensively understand the mechanical properties

nd deformation processes of stacked shells, prior to conducting random

tacking experiments with different combinations of open thin-shells,

e performed pairwise engagement testing on cylindrical thin-shells

ith varying Φ. Tests were established by attaching acrylic plates in-

ide/outside the open thin-shelled structures and using MTS. The lower

hell was fixed, while the upper shell was displaced downward at a speed

f 2 mm·s− 1 . The upper part of the shell was connected to the universal
4 
esting machine to measure the assembly force 𝑓 and displacement 𝑢

hroughout the process, as shown in Fig. 6 . 

.3. Cyclic compression testing of randomly stacked open thin-shells 

echanical metamaterials 

To evaluate the mechanical properties of different combinations of

andomly stacked open thin-shell mechanical metamaterials, we con-

ucted cyclic compression-unloading tests using MTS at room temper-

ture, as shown in Fig. 7 . To ensure that the thin-shell deformation

emained within the elastic regime and that snap-fit occurred during

ompression, the maximum force applied by the upper rigid plate was

ontrolled at 𝐹max = 5N throughout the cyclic compression testing pro-

ess. 

First, 30 open thin-shells were randomly stacked under gravity

ithin the container according to different combinations, with the rigid

late suspended at the initial height 𝐻0 . The upper end of the rigid plate

as connected to the load cell of the universal testing machine without

ontacting the container walls. The universal testing machine was then

rogrammed to execute a cyclic compression-unloading testing proto-

ol: when the maximum force applied by the upper rigid plate reached

N , it immediately retracted to the initial position 𝐻0 . This cycle was

epeated 10 times per group. During this process, the compressive dis-

lacement of the stacked thin-shells is defined as 𝛥 = 𝐻0 − 𝐻 , where 𝐻 

epresents the height of the stacked thin-shells during compression. In
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Fig. 6. Compression snap-fit testing of two open thin-shells. 

Fig. 7. Cyclic compression-unloading testing. 
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ach cycle, when the force applied by the rigid plate reaches 𝐹 = 𝐹max =
N , the compressive displacement attains its maximum value 𝛥max . To

nsure the generality of experimental results, 30 replicate tests (includ-

ng 30 randomized stacking configurations and corresponding 30 sets

f compression-unloading cyclic tests) were performed for each combi-

ation of randomly stacked open thin-shells mechanical metamaterials.

he data acquisition system of the equipment precisely recorded the en-

ire testing process, with the force-displacement ( 𝐹 − 𝛥) curves captured

ia built-in sensors in the universal testing machine. 

. Numerical simulation 

Three-dimensional numerical simulations were performed using

BAQUS to investigate the compression snap-fit process of two open

hin-shells, as well as the deformation processes, cyclic characteristics,
5 
nd mechanical properties of randomly stacked open thin-shells me-

hanical metamaterials with different combinations. The explicit dy-

amics solver of the software was employed to effectively address struc-

ural nonlinearities, large deformations, and complex contact interac-

ions. 

.1. Compression snap-fit simulation of two open thin-shells 

The Abaqus/Explicit general solver module was employed. The input

arameters of the finite element model adopt the PET material model,

ith the relevant material parameters detailed in the Sections 2 and 3 .

he model setup reflects the experimental apparatus. To simulate the

xperimental conditions, the open thin-shell is bonded to a rectangular

igid body (inside/outside) to measure the installation force 𝑓 and dis-

lacement 𝑢 during the compression process. The in-plane longitudinal

irection of the finite element model is the 𝑌 -direction, and the in-plane

ransverse direction is the 𝑋-direction. The finite element model is illus-

rated in Fig. 8 (a). Throughout the simulation, the rigid body tied to the

pper open thin-shell was prescribed a constant velocity along the 𝑌 -

irection while all other degrees of freedom were constrained, whereas

he rigid body tied to the lower open thin-shell remained fixed. To pre-

ent interpenetration between open thin-shells, the model’s contact was

efined as general contact with “hard ” normal contact behavior, and the

ystem friction coefficient 𝜇 was varied between 0 and 0.5. The three-

imensional shell element type S4R was used, with free meshing gener-

ting quadrilateral elements. A mesh convergence study was conducted,

electing a global element size of 1mm for numerical simulations con-

idering computational accuracy, as shown in Fig. 8 (b). 

Finite element model validation was performed by simulating the

ompression snap-fit of two identical open elastic thin-shells under vary-

ng 𝜇. Assuming the upper and lower open elastic thin-shells are pre-

isely contact-fixed, the boundary conditions between Type I snap-fit

nd Type II snap-fit for the two elastic thin-shells at this state can be de-

ived according to the analytical boundary formula provided by Yoshida

nd Wada [29] for distinguishing Type I and Type II snap-fit: 

1 
2 − cos ( 𝛷) ⋅

(
−1 + 𝛷 sin ( 𝛷) + 3 

2 cos ( 𝛷) 
)

2 − cos ( 𝛷) ⋅
(
3 sin ( 𝛷) 

2 − 𝛷 cos ( 𝛷) 
) + tan ( 𝛷) − 𝜇

1 + 𝜇 tan ( 𝛷) 
= 0 . (1) 

Determine the critical angle 𝛷∗ ( 𝜇) for Type I and Type II snap-fit.

s shown in Fig. 9 , the simulation results of snap-fit between the two

hin-shells under compression exhibit strong agreement with the snap-

t classification in the contact mechanics framework established by

oshida and Wada. 

When the upper and lower open elastic thin-shells are identical, the

elationship between the 𝜇, 𝛷, and snap-fit type aligns with the re-

ults from Sano et al. [40] 2D compression simulations of elastic double

hells, thereby demonstrating the validity of the finite element model. 

.2. Cyclic compression simulation of randomly stacked open thin-shells 

echanical metamaterials 

The Abaqus/Explicit general solver module was employed. The ma-

erial parameters of the open thin-shells adopt the PET material model,

nd the container is modeled as a U-shaped rigid shell. To avoid in-

erpenetration between stacked shell unit cells, the model’s contact is

efined as general contact with “hard ” behavior in the normal direc-

ion. Based on friction experiments and the relationship between the

riction coefficient 𝜇, opening angle 𝛷, and snap-fit type, the friction

oefficient 𝜇 is set to 0.35. The three-dimensional shell element type

4R is used, with quadrilateral elements generated via free meshing; a

lobal element size of 1mm is selected for the numerical simulations.

irst, 30 shell unit cells of different combinations were randomly stacked

nder gravity, with constraints allowing only translational motion along

he X / Y directions and rotational motion about the Z -axis. The stacked
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Fig. 8. (a) Finite element model of two open cylindrical thin-shells. (b) Force-displacement curves for different mesh sizes. 

Fig. 9. Phase diagram of snap-fit deformation modes for two identical open 

cylindrical thin-shells. 
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nit cells and container were then imported into a new model as ini-

ial parts for assembly, with a rectangular rigid shell positioned above

he unit cells without contacting the container. The compression pro-

ess was configured with the upper rectangular rigid shell moving at a

onstant velocity along the Y -direction, while all other degrees of free-

om were constrained. The unit cells were permitted only to translate

long the X / Y directions and rotate about the Z -axis, with a gravity

eld applied throughout the system. A termination criterion was de-

ned in the analysis step: the Y -direction reaction force from the rigid

late must not exceed 5N , and the analysis terminates once this preset

ondition is met, consistent with the experimental setup where the rigid

late’s 𝐹max = 5N . The displacement at termination corresponds to 𝛥max 

f the first cycle. Subsequently, the rigid plate was retracted to the ini-

ial position 𝐻0 (unloading phase). The result of the first unloading was

hen used as the starting point for the second compression, maintaining

he rigid plate’s initial position. This procedure was repeated cyclically

o capture the complete compression-unloading process for each cycle.

he establishment of this finite element model is divided into two main

teps: the first step involves random stacking under gravity, and the

econd step conducts cyclic compression-unloading loading. The com-

lete process of the finite element model establishment is illustrated in

ig. 10 . 

Integrating the experimental results from this study with the find-

ngs of Sano et al. [40] , open cylindrical thin-shells with opening angles
6 
1 , 𝛷2 , 𝛷3 , 𝛷4 , 𝛷5 , and 𝛷6 were randomly stacked and assembled into

ix groups of mechanical metamaterials with identical open thin-shell

nit cells. These groups were selected as validation cases to verify the

orrectness of the finite element model. 

First, we validate the finite element model for the random stacking

nder gravity in the first step. The 𝐻0 of the randomly stacked open

hin-shells increases with the 𝛷 and ultimately reaches a limit height

i.e., when 𝛷 → π). Based on the hexagonal close packing (HCP) demon-

trated by Norwegian mathematician Thue [41] as the most efficient

lanar packing arrangement, it can be derived that as 𝛷 → π, the 𝐻0 of

0 randomly stacked identical shell unit cells approaches 𝑅 (2 + 6
√
3 ) ,

eglecting the shell thickness. As shown in Fig. 11 , our simulations of

andom stacking under gravity show that the normalized initial height

0 ∕𝑅 aligns with both experimental results and HCP predictions. 

Next, we validate the finite element model for the second step of

yclic compression-unloading loading. The force-displacement curves

rom the first compression-unloading cycle in both numerical simula-

ions and experiments are compared, with the 𝐹 normalized by 𝑅2 ∕𝐵
where 𝐵 is the bending modulus of the shell), as shown in Fig. 12 .

he numerical simulation results demonstrate good agreement with the

xperimental results. 

. Results and discussion 

.1. Compression snap-fit study of two open thin-shells 

Experimental results were comparatively validated against finite el-

ment simulations. Based on friction experiments and the relationship

etween the 𝜇, 𝛷, and snap-fit type, the friction coefficient was set to

= 0 . 35 . The snap-fit type between the two open thin-shells is primarily

overned by both 𝜇 and 𝛷. However, with uniform material properties

nd a constant 𝜇 maintained in this study, the snap-fit type is solely

etermined by the 𝛷. 

For Type I snap-fit, the upper shell with 𝛷3 = 2 . 36 rad was selected,

hile for Type II snap-fit, the upper shell with 𝛷4 = 2 . 7 rad was chosen.

s shown in Fig. 13 , the force-displacement curves of Type I and Type

I open thin-shells are plotted, with the force 𝑓 normalized by 𝑅2 ∕𝐵. It

s evident that the force required for Type II snap-fit significantly ex-

eeds that of Type I snap-fit, i.e., 𝑓Type II ≫ 𝑓Type I . As shown in Fig. 8 ,

hen the contact angle between the upper and lower shells satisfies

= 𝛷 − π∕2 , the edge of the upper shell tightly engages with the lower

hell. For Type I snap-fit, as the assembly force 𝑓 increases, the open-

ng of the upper shell gradually expands. Through sliding, spontaneous

nap-fit with the lower shell occurs under a negative force condition
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Fig. 10. Full Process of finite element modeling for randomly stacked open thin-shells mechanical metamaterials. 

Fig. 11. (a) In-plane hexagonal close packing (HCP) of circular units. (b) Relationship between initial height 𝐻0 and opening angle 𝛷 (Data are presented as mean 

±SD , n = 30). 

Fig. 12. 𝐹 − 𝛥 curves of mechanical metamaterials composed of randomly stacked identical open thin-shell unit cells. 
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 𝑓 < 0 ). In contrast, for Type II snap-fit, increasing the assembly force

induces large deformations in the upper shell. When the indentation

epth reaches a critical threshold, sudden snapping occurs, accompa-

ied by a discontinuous force jump. The numerical simulations of the

ntire snap-fit process demonstrate strong agreement with experimental

esults. 
𝐸

7 
To better understand the mechanical behavior of open thin-shells

nder external loading for different snap-fit types, we investigated the

nergy dissipation during the assembly process, defining the energy dis-

ipation during assembly as 𝐸A , 

A = ∫
𝑢 |𝑓 ( 𝑢) | d 𝑢. (2) 
0 
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Fig. 13. Force-displacement curves for Type I and Type II open thin-shells snap-fit. 

Fig. 14. Energy dissipation during the two thin-shells snap-fit process. 
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A normalized analysis was conducted on the energy dissipation dur-

ng the snap-fit process of the two shells. The energy dissipation in Type

I snap-fit far exceeds that of Type I, with 𝐸A-Type II being approximately

0 to 50 times greater than 𝐸A-Type I , as shown in Fig. 14 . Notably,

he energy dissipation in Type II snap-fit increases nearly exponentially

efore reaching the critical snap-fit force. Based on these findings, we

ropose that mechanical metamaterials composed of randomly stacked

ype II open thin-shells would exhibit superior energy absorption prop-

rties. 

.2. Deformation process of randomly stacked open thin-shells mechanical 

etamaterials under compressive loading 

By investigating the deformation processes of randomly stacked open

hin-shell mechanical metamaterials under compressive loading, the

tructural stability and reliability can be better evaluated. In this study,

2 types of randomly stacked mechanical metamaterials were designed,

hich can be categorized into three major groups: (1) mechanical meta-

aterials composed of randomly stacked identical Type I open thin-

hells, (2) mechanical metamaterials composed of randomly stacked

dentical Type II open thin-shells, and (3) mechanical metamaterials

omposed of mixed random stacking of Type I and Type II open thin-

hells. 

Comparison of experimental and finite element simulation results.

lthough the initial conditions of experiments and simulations are diffi-
8 
ult to be completely identical, leading to minor discrepancies in the de-

ormation processes, their variation patterns exhibit strong consistency,

s shown in Figs. 15–17 . 

Figure 15 shows the deformation processes of experiments and sim-

lations for mechanical metamaterials composed of randomly stacked

dentical Type I open thin-shells. Under compressive loading, the open

hin-shells mutually compress, undergoing snap-fit, elastic bending, and

ovement to resist compression, with the snap-fit process being irre-

ersible. After the stacking of shell unit cells, stiffness enhancement oc-

urs, leading to an increase in the overall structural stiffness. Dissipate

nergy throughout the process relies on shells’ snap-fit, elastic deforma-

ion, friction, and repositioning. 

Figure 16 shows the deformation processes of experiments and sim-

lations for mechanical metamaterials composed of randomly stacked

dentical Type II open thin-shells. Under compressive loading, Type II

pen thin-shells lack sufficient space for snap-fit. The shell unit cells can

nly resist compression through elastic bending and movement. As il-

ustrated, the deformation of Type II shell unit cells under compression

an be viewed as resembling the digit ‘6’, indicating that the overall

tructure exhibits superior flexibility to withstand compressive loads.

n densely packed configurations, compressive loading can only induce

lastic deformation and repositioning in Type II open thin-shells. Dissi-

ate energy throughout the process relies on shells’ elastic deformation,

riction, and repositioning. 

Figure 17 shows the deformation processes of experiments and simu-

ations for mechanical metamaterials composed of mixed random stack-

ng of Type I and Type II open thin-shells. Under compressive load-

ng, Type I open thin-shells engage with surrounding shells through

nap-fit, while resisting compression via elastic bending and move-

ent, with the snap-fit process being irreversible. Simultaneously, Type

I open thin-shells passively engage with Type I shells through snap-

t resisting compression via elastic bending and friction. After stack-

ng the shell unit cells, stiffness enhancement occurs, leading to in-

reased overall structural stiffness. Dissipate energy throughout the

rocess relies on shells’ snap-fit, elastic deformation, friction, and

epositioning. 

.3. Cyclic characteristics of randomly stacked open thin-shells mechanical 

etamaterials under cyclic loading 

We conducted an in-depth analysis of the cyclic characteristics of

andomly stacked open thin-shells mechanical metamaterials with dif-

erent compositional types under cyclic compression-unloading load-

ng. Three sample groups —𝛷3−6 Type A, 𝛷3−6 Type F, and 𝛷3−6 Type

 —were selected for investigation. Due to the inherently random stack-
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Fig. 15. Experimental and simulated deformation comparison of mechanical metamaterials composed of randomly stacked identical Type I open thin-shells. 

Fig. 16. Experimental and simulated deformation comparison of mechanical metamaterials composed of randomly stacked identical Type II open thin-shells. 

i  

a  

n  

w  

l  

T  

fi

 

u  

s  

p  

c  

T  

t  
ng configuration of these mechanical metamaterials, though slight vari-

tions exist in the internal stacking sequences between experiments and

umerical simulations, both follow similar patterns. As shown in Fig. 18 ,

e analyzed force-displacement curves at the 1st, 2nd, 5th, and 10th

oading cycles to comprehensively evaluate their cyclic characteristics.

he numerical simulation results are in agreement with experimental

ndings. 
9 
Figure 18 (a1) and (a2) display experimental and numerical sim-

lation results for mechanical metamaterials composed of randomly

tacked identical Type I open thin-shells. During the first cycle, the rigid

late first moves downward, causing bending in the internal shells ac-

ompanied by an increase in 𝐹 ; as the rigid plate continues descending,

ype I sliding snap-fit sequentially activates among the internal open

hin-shells, resulting in a corresponding decrease in 𝐹 , until ultimately
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Fig. 17. Experimental and simulated deformation comparison of mechanical metamaterials with mixed random stacking of Type I and Type II open thin-shells. 

Fig. 18. Cyclic characteristics of randomly stacked mechanical metamaterials. (a1), (a2) 𝐹 − 𝛥 curves for 𝛷3−6 Type A; (b1), (b2) 𝐹 − 𝛥 curves for 𝛷3−6 Type F; (c1), 

(c2) 𝐹 − 𝛥 curves for 𝛷3−6 Type D. 
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he 𝐹 rises to 5N before the rigid plate returns to 𝐻0 . During the unload-

ng phase, shell misfit rarely occurs. The entire compression-unloading

ycle is irreversible, as the snap-fit interlocking of open thin-shells en-

ances the internal structural stiffness. Consequently, the stacked height

f the shells becomes significantly lower than 𝐻0 . During the second cy-

le, the rigid plate must first descend to the stacked height of the shells

t the end of the first cycle; upon contacting the shells, as bending occurs

n the shells, 𝐹 increases accordingly; then, as the rigid plate continues
10 
escending, a small fraction of internal open thin-shells undergo Type I

liding snap-fit, resulting in a corresponding decrease in 𝐹 ; ultimately,

 rises to 5N before the rigid plate returns to 𝐻0 , and the internal struc-

ural stiffness is further enhanced. During the fifth and tenth cycles, after

he rigid plate descends to the surface of the stacked shells, 𝐹 rapidly in-

reases to 5N due to compressive deformation of the shells, and the rigid

late returns to 𝐻0 , with snap-fit rarely occurring throughout the pro-

ess (no significant force drop phenomenon observed). From Fig. 19 (a),
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Fig. 19. Initial state before cyclic loading. (a) 𝛷3−6 Type A; (b) 𝛷3−6 Type F; (c) 𝛷3−6 Type D. 
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t can be observed that Type I shell snap-fit primarily occur during the

rst cycle, while such engagements become scarce in the second cycle;

uring these two cycles, the structure mainly resists compressive loading

hrough shell snap-fit, elastic deformation, friction, and repositioning;

y the fifth and tenth cycles, due to extensive snap-fit between shells, the

nternal stiffness of the structure has significantly increased, and com-

ressive loading is primarily resisted through elastic deformation and

riction of the shells. 

Figure 18 (b1) and (b2) present experimental and numerical sim-

lation results for mechanical metamaterials composed of randomly

tacked identical Type II open thin-shells. During the first cycle, the rigid

late first moves downward, causing bending in the internal shells ac-

ompanied by an increase in 𝐹 ; as the rigid plate continues descending,

he internal Type II open thin-shells remain in a densely packed state

ith insufficient space for jump-type snap-fit between shells, resisting

ompression solely through elastic bending and large sliding deforma-

ions; ultimately, 𝐹 rapidly increases to 5N before the rigid plate returns

o 𝐻0 . Although no complete shell snap-fit occurs during compression,

epositioning of the shells takes place, rendering the entire compression-

nloading cycle irreversible, with the stacked height of the shells now

ower than 𝐻0 . During the second, fifth, and tenth cycles, after the rigid

late descends to the surface of the stacked shells, 𝐹 increases to 5N

ue to compressive deformation of the shells, and the rigid plate re-

urns to 𝐻0 . Although no shell snap-fit occurs throughout the process,

uring each compression cycle, the shells undergo varying degrees of

arge deformations (e.g., coiling) due to mutual compression, causing

dge-to-edge stacking of shells and a slight increase in internal structural

tiffness. In every compression-unloading cycle, the structure primarily

esists compressive loading through elastic deformation, friction, and

epositioning of the shells. As shown in Fig. 19 (b), the cyclic processes

f such mechanical metamaterials exhibit relative stability. 

Figure 18 (c1) and (c2) present experimental and numerical simula-

ion results for mechanical metamaterials composed of mixed randomly

tacked Type I and Type II open thin-shells. During the first cycle, the

igid plate first moves downward, causing bending in the internal shells

ccompanied by an increase in 𝐹 ; as the rigid plate continues descend-

ng, sliding snap-fit occur between Type I open thin-shells and surround-

ng shells, resulting in a corresponding decrease in 𝐹 ; ultimately, 𝐹 rises

o 5N before the rigid plate returns to 𝐻0 , with the snap-fit interlocking

f open thin-shells enhancing the internal structural stiffness through-

ut this process. During the second cycle, a small number of Type I slid-

ng snap-fit still occur; ultimately, 𝐹 rises to 5N before the rigid plate

eturns to 𝐻0 , and the internal structural stiffness is further enhanced.

uring the fifth and tenth cycles, Type I open thin-shells are virtually ab-
11 
ent within the structure. After the rigid plate descends to the surface of

he stacked shells, compression resistance is primarily achieved through

arge sliding deformations of Type II open thin-shells, with 𝐹 increasing

o 5N due to compressive deformation of the shells before the rigid plate

eturns to 𝐻0 . Throughout this process, Type II open thin-shells do not

ctively engage in snap-fit with other shells. From Fig. 19 (c), it can be

bserved that Type I shell snap-fit primarily occur during the first cycle,

hile a small number of such snap-fit also manifest in the second cycle;

uring these two cycles, the structure mainly resists compressive loading

hrough shell snap-fit, elastic deformation, friction, and repositioning;

y the fifth and tenth cycles, the internal stiffness of the structure has

ignificantly increased, yet the incorporation of Type II shells relatively

nhances the internal flexibility, with the structure primarily resisting

ompressive loading through elastic deformation, friction, and reposi-

ioning of the shells. 

.4. Mechanical properties of randomly stacked open thin-shells 

echanical metamaterials under cyclic loading 

In randomly stacked open thin-shell mechanical metamaterials un-

er cyclic compression-unloading loading, snap-fit between shells are

ost pronounced during the first loading cycle. However, due to the

andomness of initial stacking, a small number of shell snap-fit events

ay still be observed in the initial few cycles. This snap-fit phenomenon

rogressively diminishes with increasing cycle count and eventually sta-

ilizes. Consequently, to more accurately evaluate the performance lim-

ts of such mechanical metamaterials, the tenth loading cycle is selected

s limit cycle. This section focuses on investigating the mechanical per-

ormance of randomly stacked mechanical metamaterials during both

he first and tenth compression-unloading cycles. 

To mitigate errors arising from the initial conditions of random stack-

ng, we conducted 30 parallel experimental trials for each of the 42 dis-

inct configurations of randomly stacked mechanical metamaterials. 

First, statistical validation of the initial stacking height 𝐻0 of shell

nit cells within the structure was performed, as shown in Fig. 20 . The

nitial stacking height 𝐻0 is determined by the opening angle 𝛷 of the

hells. When 𝛷 → π and Type II open thin-shells dominate numerically,

he initial relative height of shell unit cells 𝐻0 ∕𝑅 → (2 + 6
√
3 ) , consis-

ent with HCP predictions. Numerical simulation results align with ex-

erimental findings. 

Subsequently, three metrics were selected to investigate the mechan-

cal properties of randomly stacked open cylindrical thin-shell mechani-

al metamaterials: the maximum displacement ( 𝛥max ) in a compression-

nloading cycle, energy dissipation ( 𝐸diss ) per cycle, and energy dissipa-
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Fig. 20. Initial height 𝐻0 of randomly stacked mechanical metamaterials under gravity (Data are presented as mean ± SD, ( n = 30)). 
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ion ratio ( 𝜂). Given the excessive number of distinct randomly stacked

onfigurations and the substantial computational resources required for

imulating limit cycles, the analysis herein primarily focuses on experi-

ental results. 

.4.1. Comparison of maximum displacement 

Maximum displacement 𝛥max (maximum working distance) refers to

he maximum deformation magnitude achieved by a structure under

oad, typically corresponding to the peak displacement on the force-

isplacement curve. It characterizes the maximum deformation level a

tructure can withstand under loading and serves as a critical parameter

or evaluating structural performance and design safety margins. Statis-

ical comparisons of 𝛥max during the first and tenth cycles are presented

n Fig. 21 . 

First, comparing Type A configurations in Fig. 21 (a1), (b1), and (c1),

hich consist of mechanical metamaterials composed of identical Type

 open thin-shells, it is observed that 𝛥max increases with 𝛷. This occurs

ecause Type I shells undergo snap-fit during compression; a larger 𝛷 of

hell requires greater snap-fit force (namely, higher assembly force 𝑓 ),

hereby reducing the 𝐹 on the rigid plate and consequently increasing

he displacement required to reach the specified 𝐹max . Thus, for me-

hanical metamaterials composed of identical Type I open thin-shells,

max under compressive loading increases monotonically with 𝛷 until

eaching the critical angle 𝛷∗ ( 𝜇) . 
Subsequently, comparing Type F configurations in Fig. 21 (a1), (a2),

nd (a3), which consist of mechanical metamaterials composed of iden-
12 
ical Type II open thin-shells, it is observed that 𝛥max remains essentially

onstant and exhibits minimal correlation with the opening angle 𝛷.

his occurs because Type II shells lack sufficient space for snap-fit dur-

ng compression, resisting compressive loads primarily through elastic

ending and frictional sliding of the shells themselves, which exhibits

inimal dependence on 𝛷. Type II thin-shells feature larger opening an-

les, enabling greater deformation and displacement under compressive

orces. Thus, mechanical metamaterials composed of Type II thin-shells

emonstrate exceptional flexibility, achieving substantial displacements

uring compression while maintaining structural stability. 

Next, comparing the four configurations —Type B, Type C, Type D,

nd Type E —in Fig. 21 (a1), which consist of mechanical metamateri-

ls composed of mixed Type I and Type II open thin-shells, it is ob-

erved that 𝛥max increases with the rising proportion of Type II open

hin-shells in the mixture. This occurs because the incorporation of Type

I shells enhances the structural flexibility, enabling the system to with-

tand greater deformation while maintaining substantial stability. 

Finally, comparing the four configurations–Type B, Type C, Type D,

nd Type E —in Fig. 21 (a1), (b1), and (c1), which consist of mechanical

etamaterials composed of mixed Type I and Type II open thin-shells,

t is observed that 𝛥max increases with the rising 𝛷 of Type I open thin-

hells in the mixture. This occurs because a larger 𝛷 of Type I shells re-

uires greater assembly force, resulting in a reduced 𝐹 on the rigid plate

nd thereby increasing the displacement required to reach the specified

. 
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Fig. 21. Comparison of maximum displacement ( 𝛥max ) at the first and tenth cycles. (a1)–(a3) Open thin-shell mechanical metamaterials composed of 𝛷1 shells 

randomly stacked with 𝛷4 , 𝛷5 , and 𝛷6 shells in different proportions, respectively; (b1)–(b3) open thin-shell mechanical metamaterials composed of 𝛷2 shells 

randomly stacked with 𝛷4 , 𝛷5 , and 𝛷6 shells in different proportions, respectively; (c1)–(c3) open thin-shell mechanical metamaterials composed of 𝛷3 shells 

randomly stacked with 𝛷4 , 𝛷5 , and 𝛷6 shells in different proportions, respectively. (Data are presented as mean ± SD, ( n = 30)). 
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From the perspective of 𝛥max , whether in the first cycle or the tenth

ycle, larger 𝛷 of shell unit cells in randomly stacked mechanical meta-

aterials yield enhanced composite effectiveness and superior struc-

ural performance, with the 𝛥max reaching 5–6 times the shell unit cell

adius 𝑅 . 

.4.2. Comparison of energy dissipation 

This analysis primarily focuses on energy dissipation 𝐸diss induced

y damping effects. The energy dissipation per compression-unloading

ycle can be calculated as the area enclosed by the force-displacement

urve, namely 

diss = ∮ 𝐹 d 𝛥, (3) 

here 𝐹 denotes the load value on the rigid plate, and 𝛥 represents the

isplacement of the rigid plate. 

The energy dissipation capacity of a structure serves as a critical

arameter for evaluating its performance under cyclic loading, with sig-

ificant implications for enhancing structural stability and durability.

tatistical comparisons of 𝐸diss during the first and tenth cycles are pre-

ented in Fig. 22 . 

First, comparing Type A configurations in Fig. 22 (a1), (b1), and (c1),

hich consist of mechanical metamaterials composed of identical Type I

pen thin-shells, during the first cycle, 𝐸diss increases with the 𝛷. At this
13 
tage, Type I shells undergo snap-fit during compression; a larger 𝛷 re-

uires greater snap-fit force, resulting in reduced 𝐹 on the rigid plate and

onsequently increasing the displacement required to reach the specified

max . During unloading, Type I shells exhibit virtually no mismatch phe-

omena. Thus, 𝐸diss throughout the cycle is predominantly governed by

he compression process. By the tenth cycle, shell unit cells capable of

nap-fit engagements within the structure have completed, and the su-

erposition effect of multi-layered shells enhances structural stiffness,

eading to minimal variation in 𝐸diss per cycle. In summary, for me-

hanical metamaterials composed of identical Type I open thin-shells

nder cyclic loading, 𝐸diss increases monotonically with 𝛷 during the

rst cycle until reaching the critical angle 𝛷∗ ( 𝜇) ; whereas at the tenth

ycle, 𝐸diss may be regarded as constant. 

Subsequently, comparing Type F configurations in Fig. 22 (a1), (a2),

nd (a3), which consist of mechanical metamaterials composed of iden-

ical Type II open thin-shells, during the first cycle, 𝐸diss exhibits min-

mal variation and is essentially independent of the 𝛷. This occurs be-

ause, although the 𝛷 of Type II shells differ during the first cycle, fric-

ional contacts and repositioning between shells have not yet fully de-

eloped; consequently, 𝐸diss is primarily determined by elastic deforma-

ion of the shells and minor frictional dissipation, resulting in negligi-

le differences in 𝐸diss . By the tenth cycle, the structure has undergone

ultiple compression-unloading processes, with cumulative inter-shell

ontacts and friction. Shells with larger 𝛷 develop greater contact areas
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Fig. 22. Comparison of energy dissipation( 𝐸diss ) at the first and tenth cycles. (a1)–(a3) Open thin-shell mechanical metamaterials composed of 𝛷1 shells randomly 

stacked with 𝛷4 , 𝛷5 , and 𝛷6 shells in different proportions, respectively; (b1)–(b3) open thin-shell mechanical metamaterials composed of 𝛷2 shells randomly stacked 

with 𝛷4 , 𝛷5 , and 𝛷6 shells in different proportions, respectively; (c1)–(c3) open thin-shell mechanical metamaterials composed of 𝛷3 shells randomly stacked with 

𝛷4 , 𝛷5 , and 𝛷6 shells in different proportions, respectively. (Data are presented as mean ± SD, ( n = 30)). 
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uring compression, generating stronger frictional forces that increase

diss . Thus, for mechanical metamaterials composed of identical Type

I open thin-shells under cyclic loading, 𝐸diss may be considered con-

tant during the first cycle, whereas at the tenth cycle, 𝐸diss increases

onotonically with 𝛷. 

Next, comparing the four configurations —Type B, Type C, Type D,

nd Type E —in Fig. 22 (a1), which consist of mechanical metamaterials

omposed of mixed Type I and Type II open thin-shells, 𝐸diss increases

ith the rising proportion of Type II open thin-shells during both the

rst and tenth loading cycles. This behavior is attributed to the enhanced

tructural flexibility resulting from the incorporation of Type II shells,

hus strengthening the energy dissipation capacity of the structure. 

Finally, comparing the four configurations —Type B, Type C, Type

, and Type E —in Fig. 22 (a1), (b1), and (c1), which consist of mechan-

cal metamaterials composed of mixed Type I and Type II open thin-

hells, during the first cycle, 𝐸diss increases with the rising 𝛷 of Type I

pen thin-shells in the mixture. At the tenth cycle, 𝐸diss exhibits min-

mal variation. This behavior arises because larger 𝛷 of Type I shells

issipate more energy during compression, whereas during unloading,

hells exhibit no misfit. 

From the perspective of 𝐸diss , whether in the first cycle or the tenth

ycle, larger 𝛷 of shell unit cells in randomly stacked mechanical meta-

aterials significantly enhance the energy dissipation capacity under

yclic loading, achieving a fivefold enhancement. 

t  

14 
.4.3. Comparison of energy dissipation ratio 

The energy dissipation ratio 𝜂 is defined as the ratio of energy uti-

ized for useful work to the total input energy during a single cycle. The

alculation formula for 𝜂 is 

=
𝐸diss 

𝐸in 

, (4) 

here 𝐸diss is the energy dissipated during that cycle, and 𝐸in =
max 𝛥max is the total energy input per compression-unloading cycle. 

The energy dissipation ratio 𝜂 of a structure reflects the effectiveness

f energy utilization from the input energy and serves as a key metric

or evaluating structural energy performance. Statistical comparisons of

during the first and tenth cycles are presented in Fig. 23 . 

Comparing 𝜂 during the first cycle of randomly stacked mechanical

etamaterials, it is observed that no significant correlation exists be-

ween 𝜂 and 𝛷, with 𝜂 exhibiting minimal variation and may be regarded

s constant. This indicates that during the initial cycle, the structure

emonstrates robust stability and reliability in terms of energy utiliza-

ion efficiency and overall performance. 

Comparing 𝜂 during the tenth cycle of randomly stacked mechanical

etamaterials, it is observed that larger 𝛷 of shell unit cells in randomly

tacked mechanical metamaterials yield higher 𝜂. 

From the perspective of 𝜂, under a single compression-unloading cy-

le, randomly stacked mechanical metamaterials with different open

hin-shell configurations exhibit essentially constant 𝜂 values, indicat-
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Fig. 23. Comparison of energy dissipation ratio ( 𝜂) at the first and tenth cycles. (a1)–(a3) Open thin-shell mechanical metamaterials composed of 𝛷1 shells randomly 

stacked with 𝛷4 , 𝛷5 , and 𝛷6 shells in different proportions, respectively; (b1)–(b3) open thin-shell mechanical metamaterials composed of 𝛷2 shells randomly stacked 

with 𝛷4 , 𝛷5 , and 𝛷6 shells in different proportions, respectively; (c1)–(c3) open thin-shell mechanical metamaterials composed of 𝛷3 shells randomly stacked with 

𝛷4 , 𝛷5 , and 𝛷6 shells in different proportions, respectively. (Data are presented as mean ± SD, ( n = 30)). 
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ng exceptional performance stability. Under cyclic loading, larger 𝛷 of

hell unit cells in randomly stacked mechanical metamaterials yield pro-

ressively higher 𝜂 values, thereby enhancing structural reliability and

tability. 

. Conclusions 

This study designed and fabricated 42 distinct configurations of

andomly stacked mechanical metamaterials composed of open thin-

hells. Employing a combined experimental and numerical simulation

pproach, the mechanical properties and energy dissipation of two thin-

hell unit cells under compressive loading were first analyzed. Building

n this foundation, the investigation further examined the deformation

rocesses under compressive loading, cyclic characteristics under cyclic

oading, and mechanical performance of randomly stacked thin-shells

etamaterials with varying configurations. The principal conclusions

re summarized as follows: 

(1) Through experimental and numerical simulation studies on two

cylindrical open thin-shell unit cells, it was found that Type II

shells demonstrate superior energy dissipation performance, ex-

hibiting 40 to 50 times higher energy dissipation capacity com-

pared to Type I shells. Guided by structural energy absorption

principles, high-efficiency energy dissipation in Type II shells can
15 
be achieved via synergistic optimization of the opening angle 𝛷

and friction coefficient 𝜇. 

(2) Through investigation of deformation processes in randomly

stacked open thin-shells mechanical metamaterials under com-

pressive loading, it was found that regardless of configuration, in

close-packed assemblies of shell unit cells, Type I shells readily

undergo snap-fit, while Type II shells, constrained by surrounding

shells, resist compression exclusively through their own elastic

bending and friction without actively initiating snap-fit. During

compression, shell unit cells dissipate energy through large de-

formations, snap-fit, friction, and repositioning. 

(3) Through investigation of the dynamic characteristics of randomly

stacked open thin-shells mechanical metamaterials under cyclic

loading, it was found that metamaterials composed of identical

Type II open thin-shells in random stacking configurations exhibit

superior stability. 

(4) Through investigation of the mechanical performance of ran-

domly stacked open thin-shells mechanical metamaterials under

cyclic loading, it was found that with increasing opening angle 𝛷

of Type I shells, the maximum displacement and energy dissipa-

tion capacity of the structure increase progressively until reach-

ing the critical angle 𝛷∗ ( 𝜇) . When shells are mixed in stacking

configurations, increasing the proportion of Type II thin-shells

significantly enhances the overall flexibility of the structure. This
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enhancement enables the structure to achieve greater displace-

ment and energy dissipation under compressive loading without

compromising its stability. 

(5) During the first compression-unloading cycle, the energy dissipa-

tion ratio 𝜂 remains virtually identical across different configu-

rations of randomly stacked mechanical metamaterials, indicat-

ing that the energy dissipation efficiency exhibits robust stabil-

ity independent of contact and geometric randomness. However,

at limit cycles, Type II-dominant metamaterials achieve higher 𝜂

values, demonstrating their superior structural attributes. 
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