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A B S T R A C T

Flexible auxetic metamaterials has demonstrated significant potential in engineering applications. However, 
most existing flexible auxetic metamaterials are limited to two-dimensional (2D) designs, restricting their utility 
in real 3D engineering scenarios. Here we represent a versatile strategy for designing 3D auxetic metamaterials 
that showcase extraordinary flexibility, recoverability, and programmability which is accomplished by embed
ding truss lattice with elastic spring into rotating rigid frameworks. We exemplify this approach with the 
eccentric spring connected rotating octet truss structures (ROCT-S) through experimental, numerical, and 
theoretical analysis. Under in-plane tension, engineering stress of the proposed eccentric spring connected 
rotating octet truss structures in two directions (ROCT-S-2D) is approximately 9.4 × 10− 6 of the base material’s 
modulus at an average strain of 161 %. Simultaneously, the programmable mechanical performance of the 
ROCT-S-2D under out-plane compression is decoupling with their in-plane performance and can be designed to 
support a load exceeding 12,800 times its own weight. The robust and adaptable mechanical performance of 
ROCT-S highlight its broad applicability, spanning electronics and biomedical devices to wearable flexible 
protective gear, paving the way for advanced 3D auxetic metamaterials in practical engineering solutions.

1. Introduction

Materials with negative Poisson’s ratio (NPR), also known as auxetic 
materials, attract considerable attention due to their designable physical 
properties [1–3], such as rigid and compliant structures [4], shape 
programming [5], colossal magnetocaloric effect [6] and bending 
induced expansion [7], et al. Usually, auxetic materials were built by 
periodic regular structures [2,8], such as, re-entrant [9,10], chiral [11, 
12], missing ribs [13,14] and rotating rigid structures [15–17]. Dictated 
by their node connectivity, most of the classical auxetic structures are 
bending dominated structures with low stiffness and strength [18]. 
Therefore, these structures were used to design auxetic materials with 
low modulus, high stretchability, and low stress at large strains [18]. 
These materials can be named as flexible auxetic metamaterials and are 
commonly used as stretchable strain sensors [19,20], cardiac patches 
[21], triboelectric nanogenerator [22] and biomedical devices [23].

One effective strategy to design flexible auxetic metamaterials is 
transferring lattice’s straight ribs into curved ones. Mechanical 

metamaterial with flexible behavior and large stretchability was ob
tained by replacing the straight microstructure in triangle lattices to 
horseshoe microstructure [24]. Theoretical analysis was conducted to 
given their stress–strain curves and Poisson’s ratio [25]. A similar 
microstructure was employed in re-entrant and hexagonal lattice to 
achieve shape reconfigure, highly stretchability, and tunable Poisson’s 
ratio [26]. Replacing the straight microstructure in triangular lattice to 
zigzag microstructure, the new lattice exhibits isotropic Poisson’s ratio 
in the range from − 1 to 1 and controllable strain from 0 % to ~ 90 % 
[27]. Auxetic behavior and flexible performance were also found in the 
2D structure with sinusoidally microstructure [28] as well as 3D lattice 
structures [29]. Chiral structure connected by curved microstructure 
exhibits tunable mechanical responses and high stretchability [30].

Another effective strategy to design flexible auxetic metamaterials is 
hierarchical design of the original auxetic structures. Usually, rotating 
rigid structures were used in this strategy [31–33]. High compressibility 
and stretchability, compression strain up to 0.5 and stretching strain up 
to 1.2, were obtained in hierarchical auxetic cellular materials [31]. 
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Hierarchical design of rotating rigid squares could also increase its 
stretchability [32] or design metamaterials with shape configuration 
[32–35]. By changing geometry parameter of its microstructure, shape 
at a certain strain [32,33] or final shape [34,35] of the hierarchical 
metamaterials can be controlled. Most of the flexible auxetic cellular 
materials are 2D materials. However, true 3D structure brings more 
possibilities to mechanical metamaterials.

Some previous works reported auxetic metamaterials that can 
exhibit negative values for all the six on-axis Poisson’s ratios [36], 
isotropic behavior [37,38], anisotropic behavior [39], tunable me
chanical and conduction properties [40], and programming instabilities 
[41], in 3D spaces. It is still very challenging to develop 3D auxetic 
metamaterials that can reproduce flexible mechanical behavior at 
extreme large strains suggest potential uses in 3D engineering practices, 
for example, 3D biological tissues [42] and bio-integrated electronic 
devices [43].

In this work, through embedding connected truss lattices and springs 
into rotating rigid configuration, we develop a class of spring connected 
rotating truss lattice (RTL-S). First, spring connected rotating octet lat
tice in two directions (ROCT-S-2D) was fabricated and tested to show its 
auxetic behavior, excellent recoverability, extreme low Young’s 
modulus, high flexible performance and tunable elastic properties under 
in-plane tension. Then, an analytical model was proposed to evaluate 
the elastic properties of the ROCT-S-2D with general connections. After 
that, spring connected rotating octet truss in three directions (ROCT-S- 
3D) were fabricated and tested to demonstrate their robust auxetic 
behavior, flexibility, and recoverability behavior. At last, two more 3D 
metamaterials with connected spring in two directions were fabricated 
and tested to demonstrate their decoupling mechanical performance 
under in-plane tension and out-of-plane compression as well as their 
programmable mechanical performance. Considering the outstanding 

mechanical properties of these metamaterials, it can be used in the area 
of electronic device, biomedical device as well as wearable protections.

2. Structural design

Traditional rotating rigid structures [15] follows the auxetic mech
anism of the crystal structure [44] were often built by use of round [45], 
elliptical [16], rectangular [46] or even random [47] perforations into a 
planar structure. In their structures, the rigid structures and connections 
are built by bulk material. These limits their out-of-plane mechanical 
performance and in-plane deformability. 3D truss lattices could show 
programmable mechanical performance based on structural design. For 
example, octet structure (as shown in Figs. 1a and 1e) is one of the 
well-known truss lattices with high specific stiffness and stress. Springs, 
widely recognized as flexible structures, exhibit significant elastic 
deformation under low stress. Here, to integrate the auxeticity, flexible 
behavior, and programmable mechanical performance in one 3D 
structure, we proposed spring connected rotating octet truss structures 
(ROCT-S).

The first structure we create is ROCT-S-2D (Fig. 1c). In this structure, 
octet truss structure-1 (Fig. 1a) were connected by eccentric springs 
(Fig. 1b) in x and y directions. Here, eccentric spring were employed to 
prevent mutual interference. As illustrated in Fig. 1b, the eccentric 
spring is consisting by three parts: connect pillar, helix part and swirl 
part. Diameter of the eccentric spring and the octet truss structure-1 is D, 
length of the connect pillar is u, radius of the helix is R1, pitch of the 
helix is p. The longer and shorter radii of the swirl part are R0 and R1, 
respectively. Therefore, the diameter of the swirl part is R =

sin(φ/2)(R1 − R0) + R0. The second structure we create is ROCT-S-3D 
(Fig. 1f). Similar with the first structure octet truss and eccentric 
spring were also employed in this structure. Octet truss structure-2 

Fig. 1. Design and fabricated tensile samples of ROCT-S. (a) Octet structure-1, (b) eccentric spring, (c) basic unit of spring connected rotating octet truss in two- 
directions (ROCT-S-2D), (d) 3D printed ROCT-S-2D tensile sample, (e) octet structure-2, (f) basic unit of spring connected rotating octet truss in three-directions 
(ROCT-S-3D), (g) 3D printed ROCT-S-3D tensile sample. (Scale bars are 10 mm, four points in (d) was used to calculate the Poisson’s ratio).
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(Fig. 1e) was used in ROCT-S-3D, with its vertices connected in all three 
spatial directions via eccentric springs. Geometries eccentric spring used 
in ROCT-S-3D are the same with that used in the ROCT-S-2D. In the 
eccentric spring used in our 3D metamaterials, the helix spring only have 
one circle. While swirl spring connected with the helix spring have half 
of a circle in two sides. In addition, side length of the octet truss 
structure-1 and octet truss structure-2 is L0.

3. Fabrication and mechanical test

3.1. Fabrication of the spring connected rotating truss lattice

ROCT-S-2D with base material of nylon was fabricated using 3D 
printing technology. In the ROCT-S-2D tensile samples, the total mate
rial contains 2 × 4 unit cells (see Fig. 1d). One layer and three layer 
compression samples with 2 × 2 unit cells were fabricated for the 
compression and load bearing tests (see Fig. S1). In these samples, D/L0 
was fixed as 0.1. While R1/L0 was changing from 0.25 to 0.4. In addition, 
tensile sample of ROCT-S-3D with 2 × 4 × 2 unit cells was also fabri
cated using 3D printing technique (Fig. 1g). In this sample, D/L0 and 
R1/L0 was 0.1 and 0.3 respectively.

3.2. Mechanical testing

Uniaxial in-plane tension tests were conducted using an MTS 
CMT6503 material testing system equipped with a 100 N load cell under 
displacement control. For out-of-plane compression tests, a 5KN load 
cell was employed. Since this study mainly focuses on the static me
chanical behavior of the spring connected rotating truss lattice, a 
consistent loading rate of 1 × 10− 4 was applied both in tension and 
compression experiments. A high-resolution canon camera (EOS 70D) 
was used to take pictures of the deformation progress during the tension 
tests every 10 s. Four points was marked in the middle of the tension 
samples to estimate the Poisson’s ratio of the sample via digital image 
correlation method (Fig. 1d). Three samples were tested in the 

experiment to obtained the mechanical properties of the base materials 
(Fig. S2a).

4. Simulation and analytical models

4.1. Simulations of the spring connected truss lattices

To realize the mechanical behavior of the proposed metamaterials, 
mechanical behavior of spring-connected truss lattices was analyzed 
through simulations using commercial software ABAQUS. Three models 
were considered in the simulations. To obtain the elastic Young’s 
modulus and Poisson’s ratio under small strain of the ROCT-S-2D 
exactly, unit cell solid model with periodic boundary conditions (PBC) 
were performed in simulations (see Fig. 2a). In this simulation, finite 
element simulations (ABAQUS/static) with a 10-node quadratic tetra
hedron C3D10 with 0.5 mm element size were performed. To obtain the 
tensile behavior of the ROCT-S-2D at large strain, multicellular beam 
model was used in simulations (see Fig. 2b). In this model, finite element 
simulations (ABAQUS/explicit) with a 3-node quadratic beam in space 
B32 with 0.5 mm element size were performed. Multicellular solid 
model (see Fig. 2c) was also considered in this paper to valid the 
multicellular beam model. Finite element simulations (ABAQUS/ 
explicit) with a 10-node quadratic tetrahedron C3D10 with 0.5 mm 
element size were performed. General contact with ‘hard contact’ for the 
normal behavior and friction coefficient of 0.25 for the tangential 
behavior was performed in the multicellular beam and solid models. In 
all the simulations, the base material of the RTL-S was assumed to be 
elastic perfectly-plastic, and its corresponding Young’s modulus and the 
Poisson’s ratio is 900 MPa and 0.44, which was obtained in the tensile 
test of the base material. Stress-strain curves of the base material ob
tained in the test and used in the simulation were shown in Fig. 2d.

Stress-strain curves of the ROCT-S-2D obtained from the multicel
lular beam and solid models were shown in Fig. 2e. The corresponding 
Poisson’s ratio was given in Fig. 2f. One can found that the stress-strain 
curves and corresponding Poisson’s ratio obtained from the 

Fig. 2. Models and material properties used in the simulations. (a) Unit cell solid model of the ROCT-S-2D with periodic boundary conditions, (b) multicellular beam 
model and (c) multicellular solid model of the ROCT-S-2D used in the simulation, (d) stress-strain curves of the base materials, (e) stress-strain and (f) Poisson’s ratio 
of the ROCT-S-2D obtained from simulations.
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multicellular beam model agreed with that of multicellular solid model 
quite well. We consider structures with 1 × 2, 2 × 2, 2 × 3, 2 × 4, and 
3 × 6 unit cells in the x and y directions (see Fig. S2b). The Poisson’s 
ratio of the structure with 2 × 4 unit cells is about − 0.46. While, the 
Poisson’s ratio obtained from the structure with 3 × 6 unit cells is −
0.43. The difference between the two results is less than 6 %. Consid
ering the economic benefits, structures with 2 × 4 unit cells were used in 
the experiment in this paper.

4.2. Analytical model of spring connected octet truss lattice in two 
directions

To illustrate deformation mechanism of the ROCT-S-2D under in- 
plane tensile load, deformation of ROCT-S-2D with one unit cell were 
shown in Fig. 3. When a ROCT-S-2D unit cell was subjected to a tensile 
load 2F, the result force and moment applied on every octet truss was F 
and M, respectively. Similar with original rotating rigid squares, 
moment M would lead to rotate of the octet truss (see Fig. 3c). Resulting 
in expansion on the lateral direction of the ROCT-S-2D, i.e., negative 
Poisson’s ratio. However, the force F would also lead to extension of the 
eccentric spring. Axial extension of the eccentric spring increases axial 
strain of the ROCT-S-2D. Therefore, the auxetic behavior of the ROCT-S- 
2D is lower than that of the rotating rigid squares.

For an ROCT-S-2D unit cell subjected to force 2F, the total moment 
applied on an octet truss is M = FL0. Four eccentric springs were con
nected with one octet truss (see Fig. 3a). One can find that the force 
applied on eccentric springs A and B are F and 0, respectively. Assumed 
the corresponding moment applied on eccentric springs A and B are MA 
and MB, respectively (see Fig. 3b). Then, we have 

2MA +2MB = FL0 (1) 

Assumed that the rotate angle of the eccentric spring under per unit 
moment is φ0. The rotate angles of the eccentric springs A and B due to 
pure moment are 

φM
A = MAφ0 (2) 

φM
B = MBφ0 (3) 

Rotate and stretch of the eccentric spring are coupling. Assumed that 
the rotate angle of the eccentric spring per unit force is φF. Then, the 
rotate angle of the eccentric spring A under force F is 

φF
A = FφF (4) 

The deformation coordination requires that 

φF
A +φM

A = φM
B (5) 

Solve Eqs. (1)–(5), the rotate angle of the eccentric spring B can be 
obtained: 

φM
B =

FL0

4
φ0 +

F
2

φF (6) 

Rotate of the octet truss is shown in Fig. 3c. Rotate angle of the octet 
truss is φM

B /2. From the geometric relationship, displacement of a 
quarter of the ROCT-S-2D unit cell due to the rotate of the octet truss is 

δr =
L0

2
φM

B =
L0FL0

8
φ0 +

FL0

4
φF (7) 

Assumed that the force constant of the eccentric spring is ke. The 
elongation of the eccentric spring A due to pure tensile is 

δF
A =

F
Ke

(8) 

The displacement of the eccentric spring per unit moment is δb. Then, 
the elongation of the eccentric springs A and B due to moment are 

δM
A = MAδb =

FL0

4
δb −

F
2φ0

φFδb (9) 

δM
B = MBδb =

FL0

4
δb +

F
2φ0

φFδb (10) 

Total displacements of the ROCT-S under axial and lateral directions 
are 

δAxial = δr + δM
A + δF

A (11) 

δLateral = δr + δM
B (12) 

The axial and lateral stains of the ROCT-S are 

εAxial =
δAxial

(L0 + Lr)
=

δr + δM
A + δF

A
(L0 + Lr)

(13) 

εLateral =
δLateral

(L0 + Lr)
=

δr + δM
B

(L0 + Lr)
(14) 

where, Lr is the length of the eccentric spring (see Fig. 4b). The corre
sponding stress is 

σ =
F

(L0 + Lr)L0
(15) 

Therefore, the Young’s modulus of the ROCT-S-2D can be obtained 

E =
σ

εAxial
=

8Keφ0

L0φ0KeL0(L0φ0 + 2φF + δb) + 4L0(2φ0 − φFδbKe)
(16) 

While the corresponding Poisson’s ratio is 

ν = −
εLateral

εAxial
= − Ke

L0φ0(L0φ0 + 2φF + δb) + 4φFδb

L0φ0Ke(L0φ0 + 2φF + δb) + 4(2φ0 − φFδbKe)
(17) 

If the connection between the octet truss is an elastic mater without 
coupling between elongation and bending, then, the Young’s modulus 
and Poisson’s ratio of the ROCT-S-2D can be clarified as: 

E =
8Ke

L0(Ke/Kr + 8)
(18) 

Fig. 3. Deformation and force analysis of the ROCT-S-2D. (a) Deformation of the unit cell of ROCT-S-2D, (b) force and moment applied on the eccentric springs A and 
B, and (c) rotate of the octet lattice under tension in direction x.
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ν = −
Ke/Kr

Ke/Kr + 8
(19) 

where, Kr= 1/L0φ0L0, is the rotate force constant of the connected 
matter. If Ke = λKr, from Eq. (18) we have E = 8Ke/L0/(λ + 8). Which 
means that for all Ke = λKr, effective Young’s modulus E0 has a linear 
relation with Ke.

Here, we try to give the Poisson’s ratio of the ROCT-S-2D under small 
strain. Buckling and contact between springs occurs at large strains 
rather than small strain. Therefore, buckling and contact between 
springs were not considered in the theoretical model and Eqs. (16)–(19)
can not be used at large strains. In addition, Eqs. (16) and (17) can be 
used to give the Young’s modulus and Poisson’s ratio of the structures 
with connections with coupling between elongation and bending, such 
as springs connections. While we also considered the connections 
without coupling between elongation and bending in Eqs. (18) and (19). 
These two equations can be used in a more simple connections, such as 
short struts connections.

5. Results and discussion

5.1. Auxetic behaviors of the ROCT-S-2D under in-plane tension

To illustrate the auxetic behavior of the ROCT-S-2D, in-plane tensile 
samples with L0 = 12.5 mm and D = 1.25 mm were fabricated using 3D 
printing (Fig. 1d and S1a). Elastic behavior of the ROCT-S-2D is mainly 
dependent on the parameter of the eccentric spring and R1/L0. The 
stress-strain curves and Poisson’s ratio νxy of ROCT-S-2D samples with 
R1/L0 = 0.25 and R1/L0 = 0.4 were shown in Figs. 4a and 4b. Three 

samples were used to obtain these results. As shown in Fig. 4a, the blue 
hollow circles represent the three stress-strain curves of the three ROCT- 
S-2D samples with R1/L0 = 0.25. One can find that the differences be
tween the three tests were not significant, indicating the relative well 
reproducibility.

Poisson’s ratio under small strain of the ROCT-S-2D with D/L0 = 0.1 
and different radius R1/L0 obtained from numerical and experimental 
methods was illustrated in Fig. 4b. One can find that the results obtained 
from these two methods agreed with each other quite well. As illustrated 
in Fig. 4b, the Poisson’s ratio νxy of ROCT-S-2D increases with strain. 
Poisson’s ratio under small strain νxy of the ROCT-S-2D with R1/L0 

= 0.25 was about − 0.55. After being stretched to 0.3 average strain, the 
Poisson’s ratio νxy increases to a value of approximately − 0.45 (Fig. 4b). 
In fact, the NPR behavior of this structure is induced by the rotate of the 
OCT structure. As shown in Fig. 3a, there is a spring connection on the 
left and right sides of the OCT structure. The spring generates a couple 
on the OCT structure to make it rotate. At small strain, the moment arm 
of the couple is L0, the OCT structure can be rotate easily. Which leads to 
large NPR behavior of the whole structure. With the strain increase, the 
moment arm of the couple is decreased due to the rotate of the OCT 
structure, leading to the reduce of the NPR behavior of the whole 
structure. Stress-strain curves and Poisson’s ratio νxy of ROCT-S-2D with 
R1/L0 = 0.3 and R1/L0 = 0.35 was illustrated in Fig. S3. Auxetic 
behavior was observed in these two samples under in-plane tension 
either.

To show the auxetic behavior clearly, deformation of the ROCT-S-2D 
at tensile strain ε = 0.3 obtained from experiment and simulation was 
illustrated in Fig. 4d. Where, a red rectangle was used to realize the 
boundary of the ROCT-S-2D before stretching. The simulation results 

Fig. 4. Auxetic behavior of the ROCT-S-2D. (a) Stress-strain curves and (b) Poisson’s ratio with different strain; (c) Poisson’s ratio under small strain of ROCT-S-2D 
with different R1/L0; (d) deformation of the ROCT-S-2D obtained in experiments and simulation. (Scale bar 10 mm).
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showed excellent agreement with experimental measurements, 
demonstrating lateral expansion characteristic of auxetic behavior. 
More deformation of the ROCT-S-2D samples under in-plane tension was 
shown in Fig. S4. Auxetic behavior can be observed in the tensile of all 
the samples even when the applied tensile strain up to 1.56.

Poisson’s ratio at small strain of the ROCT-S-2D with different D/L0 
obtained from simulate, experimental and theoretical methods were 
given in Fig. 4c. With increase of R1/L0, the stiffness of the spring would 
be decrease. Resulting in the increase of the Poisson’s ratio under small 
strain. When R1/L0 increase to 0.4, the corresponding Poisson’s ratio 
under small strain increase to a value approximately − 0.2 (see Fig. 4c).

5.2. Recoverability of the ROCT-S-2D

To have a comprehensive understanding of the recoverability of the 
ROCT-S-2D, samples with R1/L0 equals to 0.25, 0.3, 0.35, and 0.4 were 
stretched four times. The preset stretched strain for the ROCT-S-2D is 
depend on R1/L0. For ROCT-S-2D with R1/L0= 0.25, the preset stretched 
strains for the first, second, and third time are 0.3, 0.4, and 0.5, 
respectively. While, for ROCT-S-2D with R1/L0= 0.4, the preset 
stretched strains are 0.55, 0.75, and 1, respectively. For the fourth time, 
all the samples are stretched to fracture. Stress-strain curves of ROCT-S- 
2D with R1/L0= 0.4 under this four times load was shown in Fig. 5a. 
Stress-strain curves obtained from four different times agreed each other 

very well. Negative Poisson’s can be observed in this four times stretch. 
Detail stress-strain curves and Poisson’s ratio of ROCT-S-2D under this 
four times stretch were given in Figs. S5 and S6.

Fig. 5b illustrate the recoverability of the ROCT-S-2D under in-plane 
tension. ROCT-S-2D with R1/L0= 0.25, can recover about 99 %, after 
stretched to 0.3. Increase the preset stretched strain to 0.5, the ROCT-S- 
2D with R1/L0= 0.25 can still have a recover up to about 97 %. 
Recoverability of the ROCT-S-2D is increase with R1/L0. When R1/L0 
increase to 0.4, the recoverability at preset stretched strain 0.55 is 
approximately 99 %. Even when stretched for a strain up to 1, it can 
exhibit a high recoverability up to about 96 %. Recoverability of the 
ROCT-S-2D obtained in the tests was measured 30 minutes after the load 
is released. It should be noticed that the ROCT-S-2D can exhibit very 
large deformation ability. Fracture strain of the ROCT-S-2D was shown 
in Fig. 5c. The ROCT-S-2D can bear a large strain before fracture. The 
fracture strain of the ROCT-S-2D samples with R1/L0 equals to 0.25, 0.3, 
0.35, and 0.4 is 0.6, 0.8, 1.1, and 1.4, respectively (see Fig. 5c). Figure of 
the ROCT-S-2D samples with R1/L0 equals to 0.25, 0.3, 0.35, and 0.4 
after fracture was given in Fig. S4. One can find that the fracture mainly 
occurs at the spring connections. To demonstrate the robustness of its 
recoverability, ROCT-S-2D with R1/L0= 0.3 was stretched to 0.51 for 30 
times. Recoverability of this structure under different loading times was 
given in Fig. 5d. This structure can recover about 98 %, after stretched to 
0.51 for 5 times. Recoverability of the ROCT-S-2D is decrease with 

Fig. 5. Recoverability, flexible behavior and general elastic properties of ROCT-S-2D under in-plane tension. (a) Stress-strain curves, (b) recoverability, and (c) 
fracture strain of the ROCT-S-2D samples stretched four times; (d) recoverability of the ROCT-S-2D with R1/L0 = 0.3 under different loading times; (e) Young’s 
modulus Ex of ROCT-S-2D; (f) ES/σ and (g) Poisson’s ratio of the ROCT-S-2D at different strains; (h) Young’s modulus Ex and (i) Poisson’s ratio under small strain νxy 

with different force constant of a general connection without coupling effect.
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increase of loading times. However, the reduction rate gradually became 
smaller. Increase the loading times to 30, the structure can still have a 
recover up to about 94 %. This structure was also stretched to 0.3 for 50 
times and the corresponding stress-strain curves obtained in the first, 
20th, 40th, and 50th stretch was given in Fig. S7. We can see that the 
stress-strains in the 50th time was still very close to that of the first time, 
which indicate robust recoverability of ROCT-S-2D under cyclic load.

5.3. Extreme low Young’s modulus and high flexible performance of the 
ROCT-S-2D under in-plane tension

Perhaps the most intriguing property of the ROCT-S-2D is their 
ability to exhibit extremely high flexible performance. First of all, ROCT- 
S-2D exhibit extremely low in-plane Young’s modulus. This was benefit 
from the usage of spring as connections. We illustrated the effective 
Young’s modulus of the ROCT-S-2D in Fig. 5e. The Young’s modulus of 
the ROCT-S with R1/L0 = 0.25 was about 1.1 × 10− 2 MPa (about 1.2 ×

10− 5 of its base material). Increase R1/L0 would reduce the stiffness of 
the spring and decrease in-plane modulus of the ROCT-S-2D. Increase 
R1/L0 to 0.4, the in-plane modulus of ROCT-S-2D reduced to about 
4 × 10− 3 MPa (about 4.4 × 10− 6 of its base material).

As shown in Fig. 5e. With D/L0 decrease, Young’s modulus of the 
ROCT-S-2D will decrease. However, Poisson’s ratio of the ROCT-S-2D 
with different D/L0 is almost the same (see Fig. 4c). This indicating 
that the Young’s modulus and Poisson’s ratio of the ROCT-S-2D with 
different D/L0 is independent as their Poisson’s ratio is constant. If we 
want to design a ROCT-S-2D structure with specific values of Young’s 
modulus E and Poisson’s ratio ν, we can find a ROCT-S-2D structure 
satisfy the demand of auxetic behavior. Then, changing D/L0 to obtain a 
structure with Young’s modulus E we needed.

Secondly, our ROCT-S-2D structure can exhibit extreme high flexi
bility. Here, we use a normalized value Es/σ to represent the flexibility of 
the structures. Where, Es is the Young’s modulus of the base material, 
and σ is the engineering stress of the auxetic metamaterials. For the same 
strain, materials with high value of Es/σ indicate they have high flexi
bility. To have better comparison with the previous flexible auxetic 
materials, ES/σ at large strains were given in Fig. 5f. Auxetic meta
materials built by the strategy with curved ribs [24–26,28], zigzag 
structure [27], double-helix yarn [48], and hieratical design [31,32,35, 
49] were included in this comparison.

As illustrated in Fig. 5f, Es/σ of the zigzag auxetic material is about 
5.9 × 103 at strain of approximately 0.56 [27]. However, Es/σ of 
ROCT-S-2D is about 9.1 × 104 at the same strain, which is about 15.5 
times of that of the zigzag auxetic metamaterial. For another example, 
Es/σ of the curved ribs auxetic metamaterial is about 7.7 × 103 at strain 
of approximately 1.43 [24]. For ROCT-S-2D with R1/L0= 0.4 at the 
same strain, the value of Es/σ is about 1.7 × 105, 22 times higher than 
that of the curved ribs auxetic metamaterial. It’s amazing to find that our 
spring connected truss lattices exhibit a flexibility one order higher than 
the previous flexible auxetic metamaterials. In another word, extreme 
high flexibility of our ROCT-S-2D means they could exhibit extreme low 
stress. For ROCT-S-2D with R1/L0= 0.4, after stretched to a 161 % 
strain, its engineering stress was approximately 9.4 × 10− 6 of the base 
material’s modulus.

Last but not least, our ROCT-S-2D can exhibit auxetic behavior at 
very large strains. As we mentioned in the previous section, auxetic 
behavior of the ROCT-S-2D was decrease with the tensile strain. How
ever, they can still exhibit auxetic behavior at very large strains. As 
illustrate in Fig. 5g, the Poisson’s ratio of the ROCT-S-2D at strain of 
0.54, 1.11, and 1.61 was approximately − 0.3, − 0.11, and − 0.08 
respectively.

5.4. Elastic properties of the ROCT-S-2D with general connections

To have a better understanding of the elastic properties of the ROCT- 
S-2D, Young’s modulus and Poisson’s ratio with different Ke and Kr were 

given in Figs. 5h and 5i. Where, Ke and Kr are the stretching and rotate 
force constant of the eccentric spring. Here, L0 is fixed as 10, while Ke 
and Kr are changing from 0.1 to 100. The effective Young’s modulus of 
the ROCT-S-2D has a linear relation with force constant Ke when Ke = Kr 
(Fig. 5h). For Ke = Kr= 0.1, the effective Young’s modulus E0 is about 
8.9 × 10− 3. Increasing Ke and Kr to 100, the value of E0 increases to 8.9 
(see Fig. 5h). In fact, for all Ke = λKr, effective Young’s modulus E0 has a 
linear relation with Ke.

It should be noticed that the auxetic behavior of the ROCT-S-2D 
comes from the rotate of the octet truss under load. When the force 
constant Ke is much larger than the rotating force constant Kr, i.e., Ke≫ 
Kr, the octet trusses can be rotated easily, resulting in a large auxetic 
behavior of the ROCT-S-2D under in-plane tension (Fig. 5i). For 
example, when Ke/Kr= 1000, the Poisson’s ratio is about − 0.99, a 
performance very close to ideal rotate rigid squares [15]. However, 
when Ke≪Kr, rotate of the octet trusses is constrained. Resulting in near 
zero Poisson’s ratio of ROCT-S-2D. For example, when Ke/Kr= 1/13, the 
Poisson’s ratio is approximately − 0.01. This indicate that the Poisson’s 
ratio of the ROCT-S-2D is only dependent on the ratio Ke/Kr. Therefore, 
similar with other auxetic metamaterials, the Poisson’s ratio of the 
ROCT-S-2D is material and scale independent. In addition, the analytical 
results can also be used to illustrate the auxetic behavior of the auxetic 
structures with elliptical [16] or rectangular [46] perforations into a 
planar structure.

5.5. Tensile behavior of the ROCT-S-3D

Similar with the 2D situation, robust flexibility, recoverability and 
negative Poisson’s ratio behavior were also observed in the tensile test of 
the ROCT-S-3D. Tensile sample of the ROCT-S-3D were shown in Fig. 1g. 
Cyclic tensile testing was performed on this sample for 25 cycles at 0.35 
maximum strain. Stress-strain curves and corresponding Poisson’s ratio 
for this sample when stretched for the first, 10th, and 25th load was 
given in Figs. 6a and 6b, respectively. The ROCT-S-3D also possess 
extreme low modulus. From the stress-strain curves in Fig. 6a, the 
Yong’s modulus of the ROCT-S-3D is 4.5 × 10− 3 MPa, which was about 
5 × 10− 6 of its base material. As illustrated in Fig. 6a, at the strain of 
0.35, the stress for the first time was about 1.8 × 10− 3 MPa. However, 
the stress for the 25th time load was about 1.7 × 10− 3 MPa, which was 
very close to that for the first time. This indicates excellent recover
ability for the ROCT-S-3D. Auxetic behavior can be found both in the 
first and 25th stretch of the ROCT-S-3D (see Fig. 6b). Though there is 
some differences between the first and 25th stretch. However, similar 
differences can be found in the Poisson’s ratio of ROCT-S-2D with 
different samples (see Fig. 4b). Considering the calculation error, we 
believe the ROCT-S-3D exhibit similar auxetic behavior.

To have a clear observation of the auxetic behavior of the ROCT-S- 
3D, deformation of this structure was given in Fig. 6c. A yellow dash 
line was used to represent the original boundary of the ROCT-S-3D. 
When the ROCT-S-3D was stretched to a strain of 0.3, an obvious 
lateral expansion was observed in Fig. 6c, which indicate its auxetic 
behavior. Similar with the structure with spring connected in two di
rections, auxetic behavior of the ROCT-S-3D was also decrease with the 
applied strain. As shown in Fig. 6b, Poisson’s ratio of ROCT-S-3D under 
small strain was about − 0.38. When stretching the ROCT-S-3D to a 
strain of 0.3, its Poisson’s ratio increases to a value approximately −
0.31.

Young’s modulus and Poisson’s ratio under small strain of the ROCT- 
S-3D with different L0/R1 obtained from simulations were shown in 
Figs. 6d and 6e, respectively. Here R1 and D is fixed as 3.25 mm and 
1.25 mm, respectively. With L0/R1 increase the Young’s modulus of the 
ROCT-S-3D decrease. Young’s modulus of the ROCT-S-3D with L0/R1 =

4 is about 3.3 × 10− 3 MPa. However, increase L0/R1 to 12, this struc
ture’s Young’s modulus decreases to a value about 1.3 × 10− 4 MPa (see 
Fig. 6d). Low modulus of the structure indicate that they can have higher 
flexibility. In should be noticed that ROCT-S-3D with higher flexibility 
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could have large auxetic behavior either. For example, Poisson’s ratio of 
ROCT-S-3D with L0/R1 = 4 is about − 0.4, while Poisson’s ratio of 
ROCT-S-3D with L0/R1 = 12 is about − 0.7, a value much smaller than −
0.4. This makes it possible to design metamaterials with large auxetic 
behavior as well as extreme high flexibility. Deformation of the ROCT-S- 
3D with L0/R1 = 4 and L0/R1 = 12 was shown in Figs. 6f and 6g, 
respectively. Young’s modulus and Poisson’s ratios of the ROCT-S-3D in 
three orthogonal directions were given in Figs. 6h and 6i. Obviously, the 
Young’s moduli of the ROCT-S-3D in three orthogonal directions were 
very close. Similar auxetic behavior can be found in this figure. There
fore, the ROCT-S-3D show similar mechanical performance in three 
orthogonal directions.

ES/σ and Poisson’s ratio of the ROCT-S-3D at different strains were 
compared with 3D auxetic structures in Figs. 6j and 6k. Here, 3D auxetic 
structures with curved ribs [29,50], bucklicrystals [51], chiral structures 

[52,53], and re-entrant structures [54,55] were used in this comparison. 
Similar with the situation in 2D structures, the ROCT-S-3D show 
extremely high flexibility than the previous 3D auxetic structures.

5.6. Anisotropic auxetic behavior of the RCDT-S-2D

The strategy we proposed to design flexible auxetic metamaterials in 
two and three directions can expand to other structures. Inspired by the 
rotate rigid rectangles [17], one can obtain spring connected rotating 
rectangular octet truss in two directions (RCDT-S-2D) (Fig. 7a). In this 
structure, rectangular octet trusses were connected by eccentric springs 
in x and y directions (Fig. 7a). Lx and Ly are length of the rectangular 
octet truss in x and y directions, respectively (Fig. 7a).

Auxetic behavior of the RCDT-S-2D with different Lx/Ly were shown 
in Figs. 7b and 7c. Here Ly and R1/Ly were fixed as 12.5 mm and 0.3, 

Fig. 6. Tensile behavior of the ROCT-S-3D. (a) Stress-strain curves, (b) Poisson’s ratio and (c) deformation of the ROCT-S-3D with L0/R1= 4; (d) Young’s modulus 
and (e) Poisson’s ratio under small strain of the ROCT-S-3D with different L0/R1; (f)-(g) deformation of the ROCT-S-3D with L0/R1 equals to 4 and 12; (h) Young’s 
modulus and (i) Poisson’s ratio under small strain of the ROCT-S-3D in three orthogonal directions; (j) ES/σ and (k) Poisson’s ratio of the ROCT-S-3D at different 
strains. (scale bar in (c) is 10 mm).
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respectively. Large auxetic behavior can be observed when stretched in 
x direction. Poisson’s ratio νxy at small strain of the RCDT-S-2D with 
Lx/Ly= 2 was about − 2.2 (Fig. 7b). While its Poisson’s ratio νyx at small 
strain was about − 0.2 (Fig. 7c). To show the anisotropic auxetic 
behavior clearly, deformation of this structure was shown in Fig. 7f. 
Obvious lateral expansion in the y direction can be observed when the 
structure is stretched in x direction. However, lateral expansion was 
small when it was stretched in the y direction. Increase the aspect ratio 
Lx/Ly to 3, Poisson’s ratio νxy and νyx at small strain of the RCDT-S-2D 
changed to − 3.6 and − 0.1, respectively. This indicate that the aniso
tropic of the structure increase with the aspect ratio Lx/Ly.

Auxetic behavior of the RCDT-S-2D with different R1/Ly were shown 
in Figs. 7d and 7e. Here Lx/Ly is fixed as 2. Similar with the ROCT-S-2D, 
large auxetic behavior was observed in RCDT-S-2D structures with small 
R1/Ly. Poisson’s ratio νxy and νyx at small strain of the RCDT-S-2D with 
R1/Ly = 0.25 is about − 2.6 and − 0.24, respectively. Increase R1/Ly to 
0.4, Poisson’s ratio νxy and νyx at small strain changed to about − 1.25 
and − 0.09, respectively.

Inspired by the rotate rigid triangles [15], spring connected rotating 
triangle truss in two directions (RTTS-S-2D) can be obtained (Fig. S8a). 
Young’s modulus, Poisson’s ratio and deformation of RTTS-S-2D under 
small strain was given in Fig. S8b–d. Anisotropic auxetic behavior was 
observed in the RTTS-S-2D under in-plane tensile load.

5.7. Programmable mechanical performance of RTL-S-2D under out- 
plane compression

Lattices used in RTL-S-2D can be regard as a black box, which can be 
replaced by architectures based on the demand of the real engineering 
application. Here we given two more spring connected rotating cube 
lattices in two directions. The first structure is spring connected reduced 
octet lattice in two directions, which is short for RCOTY-S-2D. Reduced 
octet lattice is reduced a ‘X’ structure vertical to the y direction in the 
octet structure. The second structure is spring connected re-entrant 
lattice in two directions, which is short for RREL-S-2D. Basic struc
tures of the RCOTY-S-2D and RREL-S-2D were given in Fig. 8a. As 
illustrated in Fig. 8b, stress-strain curves of RREL-S-2D and RCOTY-S-2D 
obtained from experiment under in-plane tension was almost the same 
with that of ROCT-S-2D. In fact, their effective in-plane Young’s 
modulus were about 1.2 × 10− 2 MPa. However, out-of-plane compres
sion behavior of these three structures was quite different (Fig. 8c). 
Effective Young’s modulus of the ROCT-S-2D, ROCTY-S-2D, and RREL- 
S-2D subjected to out-of-plane compression were 14.6, 7.6, and 
1.4 MPa respectively, which is about 1216, 633, and 116 times of the in- 
plane tensile Young’s modulus. This indicates that the out-of-plane 
compression performance of RTL-S-2D are dependent on its cube lat
tice’s structure rather than the connected springs, and can be designed 
based on the demand of the real engineering application. Resulting in 
the decoupling effect between the in-plane and out-plane mechanical 
performance, which bring more degrees of freedom in their mechanical 
performance.

We compared the normalized Young’s modulus of the ROCT-S-2D 

Fig. 7. Design and auxetic behavior of the RCDT-S-2D. (a) structure design, (b-e) Poisson’s ratio and (f) deformation of the RCDT-S-2D. (Here D is fixed as 1.25 mm 
and Ly is fixed as 12.5 mm).
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and ROCT-S-3D with other 3D NPR cellular materials in Fig. 8d. E/Es of 
chiral structures [52,53], and re-entrant structures [54,55], auxetic 
foam [56] were included in this figure. In addition, 
stretching-dominated tree-like structures [57] and plate structure with 
negative Poisson’s ratio [58] were also included in this figure. From this 
figure, one can find that chiral structure show low modulus than other 
3D NPR cellular materials. However, the modulus of the chiral structure 
is about 100 times higher than the ROCT-S-2D and ROCT-S-3D proposed 
in our manuscript. This proves extreme low Young’s modulus of our 
ROCT-S-2D and ROCT-S-3D under in-plane tension. While the E/Es of 
RTL-S-2D under out-of-plane compression could be similar with the 

re-entrant structure [54] or the stretching-dominated tree-like struc
tures [57]. This demonstrates the designability of the out-of-plane 
modulus of RTL-S-2D over a wide range.

It should be notice that the eccentric spring used in this paper only 
has one helix coil and one swirl coil. Increase the number of coils, 
recoverability and flexibility of our 3D metamaterial will increase. 
Discovering, characterizing, fabrication and application of these 3D 
flexible auxetic metamaterials need more researchers’ efforts.

Fig. 8. General structure of the RTL-S-2D and their potential applications. (a) General structure of RTL-S-2D and their basic units; stress-strain curves of the RTL-S-2D 
under (b) in-plane tension and (c) out-of-plane compression; (d) E/Es versus ρ/ρs of the ROCT-S-2D and ROCT-S-3D; load bearing of the ROCT-S-2D under (e) in-plane 
tension and (f) out-of-plane compression; (g) flexible protection application of the ROCT-S-2D. (scale bars in (e) and (g) are 30 mm).

X. Li et al.                                                                                                                                                                                                                                        Extreme Mechanics Letters 77 (2025) 102351 

10 



5.8. Potential application of the RTL-S-2D

Previously we show that the mechanical performance of the ROCT-S- 
2D subject to in-plane tension and put-of-plane compression load are 
decoupling. Load bearing of the ROCT-S-2D subject to in-plane tension 
and put-of-plane compression were demonstrated in Figs. 8e and 8f. A 
one-layer ROCT-S-2D with 2 × 2 unit cells was used in this demon
stration. When a ROCT-S-2D with 2 × 2 unit cells was bearing a 100 g 
and 200 g weight under in-plane tension load, the corresponding strain 
was approximately 0.16 and 0.36 (see Fig. 8e). However, the ROCT-S-2D 
could bear very large weight when it was under out-of-plane compres
sion. As demonstrated in Fig. 8f, the weight of a ROCT-S-2D with 2 × 2 
unit cells is approximately 7.8 g. We cut it into 4 pieces and let them to 
be the load-bearing structure. A plate board was covered on the one- 
layer ROCT-S-2D to supporting heavy objects. Two students with a 
weight of 100 Kg were stand on the plate board and the one-layer ROCT- 
S-2D was remained intact (see Fig. 8f). This proved that the ROCT-S-2D 
can withstand out-of-plane compressive loads exceeding 1.28 × 104 

times its own weight.
Considering the extreme in-plane flexible behavior of RTL-S-2D and 

its programmable out-of-plane compression performance, we believe 
our RTL-S-2D can be used as wearable flexible protections. Fig. 8f 
showed the possibility to use ROCT-S-2D as wristband and kneepad. 
Depend on the size of arm and leg, ROCT-S-2D with different total sizes 
were fabricated. Then, the flat ROCT-S-2D were curved to a tube 
wearing on the arm and leg. The ROCT-S-2D-based wristband enabled 
arm flexion exceeding 58̊ while worn. While, the ROCT-S-2D-based 
kneepad allowed for leg flexion exceeding 73◦ during use. In addition, 
the auxetic behavior of the ROCT-S-2D leads to small warp of the ROCT- 
S-2D based wristband and kneepad when the arm and leg is bending. 
This makes the ROCT-S-2D wristband and kneepad more comfortable.

6. Conclusion

In summary, we report a universal strategy to design 3D flexible 
auxetic metamaterials with extreme flexible performance by intro
ducing truss lattice and eccentric spring in rotating rigid frameworks. To 
demonstrate the broad applicability of our design strategy, we propose 
and investigate six additional 3D flexible auxetic metamaterials: ROCT- 
S-2D, ROCT-S-3D, ROCTY-S-2D, RREL-S-2D, RCDT-S-2D, and RTTS-S- 
2D.

The ROCT-S-2D structure demonstrate three key characteristics: (1) 
exceptional in-plane tensile flexibility, (2) high recoverability, and (3) 
programmable mechanical properties, while maintaining negative 
Poisson’s ratio behavior. A general analytical method has been proposed 
to characterize the auxetic behavior and Young’s modulus of the ROCT- 
S-2D under in-plane load. The ROCT-S-3D structure exhibited auxetic 
behavior, high recoverability and demonstrating exceptional in-plane 
tensile flexibility along three orthogonal directions. The RTL-S-2D can 
exhibit extreme low modulus under in-plane tension and withstands 
huge loads under out-of-plane compression. Independence of in-plane 
and out-of-plane performance and the decoupling of elastic modulus 
and Poisson’s ratio of the RTL-S-2D greatly improves the designability of 
these structures. This study opens up new avenues for the design and 
fabrication of novel 3D auxetic metamaterials experiencing ultra- 
flexible behaviors. We expect that the more functional mechanical 
metamaterial with flexible behavior under tension, compression, or 
bending load could be designed and developed based on the present 
work.
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