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1. Introduction 
Mechanical metamaterials are engineered materials with arti- 
ficial structures, targeting specific sets of mechanical proper- 
ties that cannot be achieved by conventional bulk materials. 
They have wide applications including structural morphing,[1] 

energy harvesting,[2] energy absorbing,[3] noise reduction,[4] and 
shock and impact mitigation.[5] Unusual physical properties 
emerging from mechanical metamaterials include negative Pois- 
son’s ratio,[6] chirality,[7] twisting under compression,[ 8] negative 
stiffness,[9] negative coefficient of thermal expansion,[10] and neg- 
ative refraction;[11] or a combination of them. However, these 
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desired material properties often conflict 
with each other. For example, strength and 
toughness,[ 12] resilience and hysteresis,[ 13] 

auxeticity and isotropy,[6a,c] and auxeticity 
and twisting,[8] are often mutually exclusive. 

Resilience defines the maximum en- 
ergy absorbed under recoverable deforma- 
tion, while large energy dissipation oc- 

curs mainly through plastic deformation.[14] 

Thus, engineering materials often possess 
high resilience but low energy dissipation 
capability or vice versa. For example, hy- 
perelastic elastomers often have high re- 
silience but with zero mechanical hystere- 
sis. In contrast, ductile metals are able to 
dissipate large amount of energy through 
plastic deformation but cannot recover to 
the original shape beyond very small defor- 
mation. Viscoelastic materials can achieve 

both as bulk materials but not at the 
structural level. Therefore, designing a me- 
chanical metamaterial with both high re- 
silience and high energy dissipation capa- 
bility is challenging. Moreover, prevalent 
mechanical metamaterials are dominated 
by cellular/porous designs.[15] However, 

most existing cellular/porous 2D and 3D mechanical meta- 
materials cannot achieve ideal mechanical isotropy. Very few 
breaks this trend but only under very small deformation.[16] 

The bottleneck is that under large deformation, the dis- 
tortion of ligaments or cell walls will break the initial 
structural symmetry and therefore the potential mechanical 
isotropy. 

To meet these challenges, we propose and characterize a new 
family of 3D tiled auxetic metamaterials including isotropic 
designs, anisotropic designs, and twisting designs. The new 
metamaterials show remarkable resilience under large defor- 
mation together with significant hysteresis under cyclic com- 
pressive loading, large tunability, and ideal isotropy in all di- 
rections in 3D space and coupled twisting, and auxeticity un- 
der uni-axial compression as rarely seen in existing mechanical 
metamaterials. An integrated experimental, analytical, and nu- 
merical approach is applied to quantify the effective mechan- 
ical properties of the new designs. Systematic finite element 
(FE) simulations and analytical analyses are performed. The pre- 
dictions are verified via mechanical experiments on 3D printed 
specimens. 
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For artificial materials, desired properties often conflict. For example, 
engineering materials often achieve high energy dissipation by sacrificing 
resilience and vice versa, or desired auxeticity by losing their isotropy, which 
limits their performance and applications. To solve these conflicts, a strategy 
is proposed to create novel mechanical metamaterial via 3D space filling tiles 
with engaging key-channel pairs, exemplified via auxetic 3D keyed- 
octahedron–cuboctahedron metamaterials. This metamaterial shows high 
resilience while achieving large mechanical hysteresis synergistically under 
large compressive strain. Especially, this metamaterial exhibits ideal isotropy 
approaching the theoretical limit of isotropic Poisson’s ratio, -1, as rarely seen 
in existing 3D mechanical metamaterials. In addition, the new class of 
metamaterials provides wide tunability on mechanical properties and 
behaviors, including an unusual coupled auxeticity and twisting behavior 
under normal compression. The designing methodology is illustrated by the 
integral of numerical modeling, theoretical analysis, and experimental 
characterization. The new mechanical metamaterials have broad applications 
in actuators and dampers, soft robotics, biomedical materials, and 
engineering materials/systems for energy dissipation. 
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Figure 1. Design strategy and process to construct 3D tiled auxetic mechanical metamaterials. a) The design process, exemplified via keyed tiles of 
octahedron and cuboctahedron. b) Tune anisotropy and twisting by varying key-channel orientation and location. c) Two types of designs: the assembled 
sample with spring connection, and the assembly-free sample with double-ring connection. d) Friction induced mechanical hysteresis under cyclic 
loading. 

 

2. Results and Discussion 
2.1. Three-dimensional tiled auxetic metamaterial design 

 
The design process started from selecting a space-filling tessel- 
lation template from the family of uniform tiling of Euclidean 
3D space.[ 17] Here, we selected the octahedron and cuboctahe- 
dron tessellation as an example to demonstrate the design pro- 
cess. As shown in Figure 1a, each cuboctahedron in the tessel- 
lation has eight triangular faces and six square faces. Each tri- 
angular face of the cuboctahedron is next to one of the triangu- 
lar faces of a neighboring octahedron. Each square face of the 
cuboctahedron is next to one of the square faces of a neigh- 
boring cuboctahedron. After selecting the template, two opera- 
tions were conducted on the template: 1) neighboring octahe- 
dra and cuboctahedra were separated by a certain distance; 2) 
eight keys were added on each face of octahedra and eight match- 
ing channel structures were added on each triangular face of 
cuboctahedra. 

The unit cell or representative volume element (RVE) of the 
periodic 3D tiled metamaterial is composed of a center keyed oc- 
tahedron and eight corner pieces, as shown in Figure 1a. Each 
corner piece is one eighth of a cuboctahedron with a chan- 
nel structure. To connect the center piece and corner pieces, 
a connecting architecture will be designed with one end con- 
nected to the end of a key on the center piece and the other 
end connected to the end of a channel on the corner piece. Fi- 
nally, a 3D keyed-octahedron–cuboctahedron mechanical meta- 
material has been designed. Thus, as shown in Figure 1b, the 
key design factors include the key-channel orientation and loca- 
tion, the key-channel connection type, and the frictional prop- 
erties of the contact surfaces between the key and channel 
pairs. 

As shown in Figure 1b, by varying the key-channel orientation, 
mechanical anisotropy can be tuned, and by introducing an off- 
set 𝛿𝛿, coupled auxeticity and twisting behavior can be achieved. 
As shown in Figure 1c, in this investigation, we explored de- 
signs with two different types of connection architectures: an 
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assembled sample with steel springs connecting the keyed tiles 
and an assembly-free sample with rubbery double-ring connec- 
tion. The former needs to be assembled manually and the latter 
can be directly printed via multi-material 3D printing. In addi- 
tion, as shown in Figure 1d, due to friction between the contact 
surfaces of keys and channels, the designs are expected to achieve 
mechanical hysteresis under cyclic loading. 

 
 

2.2. Deformation mechanism and auxeticity 
 

We started from exploring the representative isotropic design of 
the assembled sample with springs, as shown in Figure 2a. In the 
RVE, the key-spring–channels are along 45° with the horizontal 
direction in all the views of x–y, y–z, and x–z planes. The diameter 
and length of the spring are d0 = 5.5 mm, l0 = 9.4 mm, respec- 
tively. As shown in Figure 2b, the RVE of the assembled design in- 
cludes three parts (Section S1, Supporting Information): the first 
part is the rigid center octahedron (orange) with eight cylindrical 
key-channel attached to each of its eight faces; the second part 
includes the eight rigid corner pieces (grey) with cylindrical en- 
graved caps; the third part includes eight metal springs. The two 
rigid parts form eight channels perpendicular to each face of the 
center octahedron. The three parts are assembled by installing 
each spring in each channel to connect the two rigid parts. The 
diameter of the key is d1 = 6.5 mm, the diameter of the chan- 
nel is D1 = 9 mm, and the length of the channel is L1 = 7 mm. 
Thus, the 3D mechanical metamaterial with body-centered cubic 
(BCC) symmetry is created. The rigid parts are fabricated via a 
3D printer (Stratasys, Connex3) by using the VeroClear material 
(transparent, polymethyl methacrylate) in the printer. The speci- 
men of the RVE is generated by assembling the 3D printed rigid 
parts and eight springs (steel, McMaster, 94125K422), as shown 
in Figure 1b. The initial length of the spring is 9.4 mm, and the 
spring stiffness k = 1.16 N mm−1. The overall dimension of the 
3D printed specimen is 30 mm × 30 mm × 30 mm. 

For the assembly-free design, the steel springs in the assem- 
bled design are replaced with rubbery double-ring structures, as 
shown in Figure 2c. The diameter of the channel D2 = 10 mm, 
the length of the key is L2 = 7 mm. The specimen of assembly- 
free design is fabricated via the same 3D printer with multi- 
material printing by using the VeroWhite material (white, poly- 
methyl methacrylate) for the rigid parts and TangoBlack material 
(black, rubbery) for the soft double-rings. To facilitate the remov- 
ing of the supporting materials inside the samples after printing, 
three cylindrical holes with radius r = 4 mm are added on each 
corner piece. 

Both specimens are compressed uniaxially on an Instron 
(Model 9400) material testing machine with a 500 N load cell. 
To reduce friction, lubrication oil is applied on the bottom and 
top surfaces of the specimen and the compression plates. For the 
assembled sample, the effective engineering stress–strain curves 
and the curves of the effective Poisson’s ratio from the experi- 
ment (Video S1, Supporting Information), FE simulation, and an 
analytical model (Section S2, Supporting Information) are com- 
pared in Figure 2d. It can be seen that the experimental, numer- 
ical, and analytical results match very well. During the overall 
compressive deformation, contact between parts occurs twice (C1 
and C2): the first contact C1 occurs at ≈3% overall compressive 

strain, when the keys are in contact with the channel walls, as 
shown in Figure 2e; and the second contact C2 occurs at ≈21% 
overall compressive strain, when the keys are in contact with the 
end of the channel, as shown in Figure 2e. 

For the assembled sample, the two contact events separate 
the deformation into three stages (Stages I, II, and III shown in 
Figure 2d): Stage I, before the first contact C1, the stress–strain 
curves show a very low slope and the effective Poisson’s ratio is 
positive, ≈0.2; Stage II, after the first contact C1 and before the 
second contact C2, the stress–strain curves show an increased 
constant slope and the effective Poisson’s ratio dramatically drops 
to −1 and is kept unchanged during this stage; Stage III, after 
the second contact C2, the stress–strain curves show a large in- 
crease in slope and the effective Poisson’s ratio also increases to 
≈0.33. The experimental snapshots i, ii, and iii representing the 
deformed configuration in each stage are shown in Figure 2e. 
Evidently, the specimen shows large auxeticity in Stage II. The 
auxetic behavior in Stage II is because of that the deformation of 
the spring is kinematically constrained by the key-channel of the 
rigid components, and there is relative sliding between the keys 
and the channels. This mechanism is similar to the keyed-brick 
mechanism explained by Evans and Alderson.[9a,18] Through the 
sliding and the spring deformation, the eight rigid corner pieces 
are brought in together toward the center octahedron, showing 
an overall negative Poisson’s ratio. 

For the assembly-free sample, similar mechanical behaviors 
were observed. The effective engineering stress–strain curves 
and the curves of the effective Poisson’s ratio from the exper- 
iment (Video S3, Supporting Information), FE simulation, are 
compared in Figure 2f. Again, the curves show three stages in- 
cluding stage I and II as the same deformation mechanism with 
that of assembled sample. While at stage III, the assembly-free 
sample shows a decreased stress due to the damage in one of the 
soft rubber rings. Stress/strain contours of the hard pieces/the 
rings are shown in Figure 2g. Moreover, the Poisson’s ratio grad- 
ually decreases to −1 which is different with the assembled 
sample. This is because in the assembled sample, the defor- 
mation of steel spring is uni-directional while in the assembly- 
free sample, the deformation of rubbery rings has both in- 
plane and small out-of-plane componentswhich induce slight key 
rotation. 

 
 

2.3. Resilience and hysteresis 
 

The resilience and the energy dissipation capability of 3D keyed- 
octahedron–cuboctahedron metamaterial are characterized via 
cyclic loading–unloading uni-axial compression experiments. 
The assembled sample is cyclically loaded to strains of 0.075, 
0.125, 0.175, and 0.21 sequentially and unloaded after through 
total four cycles (Video S2, Supporting Information). Thus, the 
cyclical loading covers Stages I and Stage II. The overall engi- 
neering stress–strain curves from experiments, FE simulations, 
and the analytical model match well, as shown in Figure 3a. 

Interestingly, Figure 3a shows that after each loading cycle, the 
deformation is not only fully recovered to its original configu- 
ration but also with very high hysteresis in Stage II, indicating 
both high resilience and high energy dissipation capability, which 
are two desired mechanical properties often conflicting to each 

 
Adv. Mater. 2024, 36, 2309604 2309604 (3 of 11) © 2024 Wiley-VCH GmbH 

15214095, 2024, 15, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202309604 by Y
aning Li - N

ortheastern U
niversity , W

iley O
nline Library on [30/06/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License 

http://www.advancedsciencenews.com/
http://www.advmat.de/


www.advancedsciencenews.com www.advmat.de 

 
 

  
 

 

Figure 2. The representative isotropic design of 3D keyed-octahedron–cuboctahedron metamaterial shows an effective Poisson’s ratio of −1 under 
uniaxial compression. a) The periodic 3D isotropic design and the RVE with BCC symmetry, in all the views of x–y, y–z, and x–z planes, the key-spring– 
channel is 45° along the horizontal directions. b) The geometry and the specimen of the assembled design with springs. c) The geometry and the 
specimen of the assembly-free design. d,f) Experimental, numerical, and analytical engineering stress–strain curves, and the curves of the effective 
Poisson’s ratio versus engineering strain for the assembled sample and the assembly-free sample, respectively. e,g) Experimental snapshots of the 
specimen at different overall engineering strains in uni-axial compression experiment (Scale bar, 10 mm) and FE von-Mises stress contours of the 
specimen with deformed configuration during FE simulations for the assembled design and assembly-free design, respectively. and the corresponding 
schematics at the two contact points, C1 and C2 shown in (d). 

 
 
 

Adv. Mater. 2024, 36, 2309604 2309604 (4 of 11) © 2024 Wiley-VCH GmbH 

15214095, 2024, 15, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202309604 by Y
aning Li - N

ortheastern U
niversity , W

iley O
nline Library on [30/06/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License 

http://www.advancedsciencenews.com/
http://www.advmat.de/


www.advancedsciencenews.com www.advmat.de 

 
 

  
 
 

Figure 3. The representative isotropic design of 3D keyed-octahedron–cuboctahedron metamaterial shows high resilience and large hysteresis under 
cyclic loading–unloading. For assembled samples, a) engineering stress–strain curves from experiments, FE simulations, and the analytical model. b) 
FE von-Mises stress contours and free body diagrams for loading stage and unloading stage at the same 15% overall compressive strain (the friction 
force changes direction from loading to unloading). c) FE and analytical stress–strain curves for models with different friction coefficients of 0, 0.25, 
and 0.53. d) Storage modulus E′ and loss modulus E″ as functions of friction coefficient. e) The evolution of damping ratio tan𝛿𝛿 with friction coefficient 
𝜇𝜇 and the critical 𝜇𝜇* for transition between sliding and locking behaviors. f) The evolution of energy dissipation as a function of engineering strain for 
different friction coefficients 𝜇𝜇 = 0.02, 0.1, 0.25, and 0.53. For assembly-free samples, g) engineering stress–strain curves from experiments and FE 
simulations. h) FE von-Mises stress contours for loading stage and unloading stage at the same 15% overall compressive strain. i) The evolution of 
energy dissipation as a function of engineering strain for different friction coefficients 𝜇𝜇 = 0.02, 0.1, 0.25, and 0.53. 
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other. To explore the influences of friction coefficients between 
the parts, FE predictions of the engineering stress–strain curves 
for models with various friction coefficients 𝜇𝜇 = 0, 0.25, and 0.53 
are compared in Figure 3c. It can be seen that when 𝜇𝜇 = 0, the 
effective stiffness in loading and unloading process is the same, 
indicating zero hysteresis. When 𝜇𝜇 increases, the effective stiff- 
ness in Stage II in the loading process increases, while it dramat- 
ically decreases in the unloading process. Thus, the hysteresis is 
due to friction, and it increases with friction coefficient. 

The difference in the effective stiffness in loading and unload- 
ing process is because of the change in direction of the friction 
forces, as schematically shown in Figure 3b. FE simulations fur- 
ther proved that when unloading starts, the friction force imme- 
diately changes to the opposite direction, making the overall com- 
pressive force suddenly drops to a low level and then linearly de- 
creases until all energy stored in the springs is released. The ef- 
fective stiffness of the design in the loading and unloading stages 
is derived from the analytical model (Section S2, Supporting In- 
formation) as 

E(loading) =   2k  (1) 
a sin 𝜃𝜃(sin 𝜃𝜃 − 𝜇𝜇 cos 𝜃𝜃) 

loading–unloading curves represents the energy dissipation U, 
which can be derived as a function of the applied overall strain 𝜖𝜖 
as 

U(hysteresis) =    2k𝜇𝜇 cot 𝜃𝜃    (𝜀𝜀 − 𝜀𝜀 
)2 (4) 

a(sin2𝜃𝜃 − 𝜇𝜇cos2𝜃𝜃) c1 

where 𝜖𝜖c1 is the overall strain at the first contact C1. Equation (4) 
is plotted as a logarithm graph in Figure 3f and verified via both 
FE simulations and experiments. The energy dissipation capabil- 
ity increases with the friction coefficient. 

The assembly-free sample is cyclically loaded to strains of 
0.044, 0.066, 0.088, and 0.11 sequentially and unloaded after 
through total four cycles (Video S4, Supporting Information). 
Figure 3g shows that after each loading cycle, the deformation is 
not only fully recovered to its original configuration but also with 
very high mechanical hysteresis, indicating both high resilience 
and high energy dissipation capability. Similarly, FE simulations 
(Figure 3h) further proved that when unloading starts, the fric- 
tion force immediately changes to the opposite direction, making 
the overall stress drops to a low level and then decreases until all 
energy stored in the rubber circles is released. Again, Figure 3i 

E(unloading) =   2k  
a sin 𝜃𝜃(sin 𝜃𝜃 + 𝜇𝜇 cos 𝜃𝜃) 

(2) shows that the energy dissipation capability increases with the 
friction coefficient. 

where k is the spring constant, a is the edge length of the RVE, 
and slant angle 𝜃𝜃 shown in Figure 3b is the angle between the 
key-channel and the horizontal direction measured in the diag- 
onal cross section. For the representative isotropic design with 

cubic symmetry, the angle 𝜃𝜃 = arcsin(1∕
√

3). Equation (1) shows 
that when the friction coefficient 𝜇𝜇 ≥ tan 𝜃𝜃, the effective stiffness 
in the loading process will go to negative, indicating a locking 
behavior. Thus, 𝜇𝜇* = tan 𝜃𝜃 is the upper limit of the friction co- 
efficient to ensure the sliding between the key and channel and 
therefore the deformation of the springs inside. 

The hysteresis in Stage II produces damping. Thus, to quantify 
damping, the storage modulus E′ is defined as the modulus in the 
unloading process, that is, E′ = E(unloading), and the loss mod- 
ulus E′′ is defined as the difference of the modulus in loading 
and unloading process, that is,E′′ = E(loading) − E(unloading). 
According to Equations (1) and (2), when the friction coefficient 
increases, the storage modulus dramatically increases while the 
loss modulus slightly decreases. This is proved via both FE and 
analytical modeling, as shown in Figure 3d. The damping ra- 
tio tan𝛿𝛿 is defined as the ratio of the area between the loading– 
unloading curves to that under the loading curve. According to 
Equations (1) and (2), the damping ratio (tan𝛿𝛿) in Stage II is de- 
rived as 

 
 

2.4. Ideal isotropy 
 

The assembled design with springs is expected to show ideal 
isotropy. To verify this hypothesis, FE simulations are performed 
to determine three independent elastic constants[16c] of the as- 
sembled design (details in Section S3, Supporting Information). 
The arbitrary loading direction is defined as a vector [hkl] in the 
global cartesian coordinate system x–y–z, as shown in Figure 4a. 
From three FE simulations under uniaxial compression, pure- 
shear, and hydrostatic compression, the three components of the 
compliance matrix, S11, S12, and S44 are obtained as S11 = 2.04 
(MPa)−1, S12 = 1.98 (MPa)-1, and S44 = 0.13 (MPa)−1. Due to the 
cubic symmetry of the design, the effective stiffness and the ef- 
fective Poisson’s ratio in an arbitrary loading direction can be 
calculated.[ 19] Details of the calculation method can be found in 
the Section S4 (Supporting Information). The results are shown 
in Figure 4. While for the assembly-free design with double-ring 
structures, since the double-ring structure has a 2D geometry, 
we do not expect it to be ideally isotropic, although it could po- 
tentially be ideally isotropic as well, if a 3D symmetric design is 
employed. 

As shown in Figure 4a, the effective Poisson’s ratio 𝜈𝜈ij of the 

tan 𝛿𝛿 = E′′ =    2𝜇𝜇 cos 𝜃𝜃  (3) design in an arbitrary loading direction [hkl] can be measured in 
 

 

E′ sin 𝜃𝜃 − 𝜇𝜇 cos 𝜃𝜃 

Equation (3) is plotted in Figure 3e and verified by the FE simula- 
tions. It shows that the damping ratio increases from 0 to infinity 
when the friction coefficient increases from 0 to tan𝜃𝜃. When 𝜇𝜇 ≤ 
tan 𝜃𝜃, due to the keyed-brick mechanism, the key-channel pairs 
will have relative sliding and the springs will be compressed. 
However, when 𝜇𝜇 ≥ tan 𝜃𝜃, key-channel pair is locked and the 
springs inside cannot be deformed, indicating a rigid mode for 
the design. In one loading cycle, the hysteresis area between the 

a local coordinate system x′–y′–z′. The subscript i represents the 
loading direction, which is along z′ direction represented as vec- 
tor [hkl] in x–y–z global coordinate system, and the second sub- 
script j represents the direction of the lateral strain measured. 
Angle 𝜑𝜑 defines the direction j, as an angle in the x′–y′ plane. 
The effective Poisson’s ratio 𝜈𝜈ij are plotted as a function of 𝜑𝜑 in 
a polar graph for selected loading direction [hkl], as shown in 
Figure 4b,c. In the three most important loading directions, uni- 
axial direction [001], plane diagonal direction [011], and body di- 
agonal direction [111], the effective Poisson’s ratios are between 

 
Adv. Mater. 2024, 36, 2309604 2309604 (6 of 11) © 2024 Wiley-VCH GmbH 

15214095, 2024, 15, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202309604 by Y
aning Li - N

ortheastern U
niversity , W

iley O
nline Library on [30/06/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License 

http://www.advancedsciencenews.com/
http://www.advmat.de/


www.advancedsciencenews.com www.advmat.de 

 
 

  
 

 

Figure 4. The representative isotropic design of 3D keyed-octahedron–cuboctahedron metamaterial achieves ideal mechanical isotropy. a) Schematics 
illustrating the effective Poisson’s ratio 𝜈𝜈ij of the design measured under loading in an arbitrary loading direction i, defined by [hkl] in the global coordinate 
system x–y–z, and along direction j defined as angle 𝜑𝜑 in the plane perpendicular to the loading direction. b) FE results of the effective Poisson’s ratios in 
a polar plot measured under three orthogonal loading directions of [001], [011], and [111], respectively. c) FE polar plots for the effective Poisson’s ratios 
in 14 different loading directions. d,e) The average effective Poisson’s ratio (d) and the normalized effective moduli (e) in all different loading directions 
in a 3D space. f) The curve of the Poisson’s ratio versus the ratio G/B of the shear modulus to the bulk modulus for ideal isotropic continuums, and the 
data for existing materials,[6a,16a,20] and the data for the current design. 

 
−0.96 to −0.97, as shown in Figure 4b. Figure 4c shows the ef- 
fective Poisson’s ratios are superimposed on the standard trian- 
gle of the stereographic projection and in all 14 arbitrarily se- 
lected loading directions, indicating high isotropy with values be- 
tween −0.968 to −0.971. The average effective Poisson’s ratio un- 
der loading direction i can then be calculated via averaging the 
measured results in the corresponding polar plots. Figure 4d,e 
shows the FE results of the average effective Poisson’s ratio and 
the normalized modulus in all different directions. The spheri- 
cal profile of the plots in Figure 4d,e clearly illustrates that both 
the effective Poisson’s ratio and the effective stiffness of the de- 
sign are ideally isotropic, that is, having the same values in any 
direction. 

Based on the classic continuum mechanics, for ideal isotropic 
continuum, the ratio of the shear modulus to bulk modulus is 
related to the Poisson’ s ratio as G∕B = 3(1 − 2𝜈𝜈)∕2(1 + 𝜈𝜈). Thus, 
for ideal isotropic material, when the Poisson’s ratio reaches −1, 
the G/B ratio will go to infinity. However, for existing isotropic 
materials, G/B ratio can only reach to less than 19.5, when the 
Poisson’s ratio of them[6a,16a,20] reaches larger than −0.8. For the 
current design, from FE simulations, the effective shear modulus 
G = 7.69 MPa, the bulk modulus B = 0.056 MPa, and the ratio 
G/B = 138, which is about one order of magnitude higher than 
that of existing ones. Thus, in this sense, the current design is 
pushing toward the theoretical limit. 

For isotropic material, the shear stiffness, G = E/2(1 + 
𝜈𝜈), where E is Young’s modulus. The indentation stiffness is 
proportional to E/(1 − 𝜈𝜈2).[18] The mode I (opening) fracture 
stress of a structure from a pre-existing flaw is proportional to 
√

𝛾𝛾E∕a(1 − 𝜈𝜈2), where 𝛾𝛾 is the fracture surface energy, and a is the 
critical flaw size.[6a] Even if the material is compliant, provided 
the Poisson’s ratio 𝜈𝜈 is closed to the thermodynamic limit of −1, 
it is still hard to be sheared, indented or fractured. Our designed 
metamaterial can reach the theoretical limit of isotropic negative 
Poisson’s ratio, −1. Therefore, the new auxetic tiled designs are 
excellent candidates for applications targeting enhanced shear re- 
sistance, indent resistance, or fracture toughness. 

 
2.5. Tunable anisotropy 

 
By taking the assembled design as an example, based on the 
isotropic design, anisotropic designs with tuned mechanical 
anisotropy can be created by varying the two projection angles 
𝛼𝛼 and 𝛽𝛽 (shown in Figure 5a) of the key-channel on the x–y 
plane and x–z plane, respectively. For the previous representative 
isotropic design, 𝛼𝛼 = 𝛽𝛽 = 45°. By choosing 𝛼𝛼 = 27°, 𝛽𝛽 = 14°, an 
anisotropic design is generated and fabricated via the 3D printer 
(Connex 3) with the same springs installed inside as shown in 
Figure 5a. Three uniaxial compression tests on three orthotropic 
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Figure 5. Anisotropic designs of 3D keyed-octahedron–cuboctahedron metamaterial with widely tuned mechanical anisotropy. a) Schematics illustrating 
the two projection angles 𝛼𝛼 and 𝛽𝛽 of the key-channel on the x–y plane and x–z plane, respectively, and the assembled specimen. b) The experimental and 
FE engineering stress–strain curves and the measured effective Poisson’s ratios in three loading directions x, y, and z, respectively, for friction coefficient 
of 0.53, and c) for comparison, the same set of FE curves for the case with friction coefficient of 0. d) A map shows the design spaces for sliding or 
locking behaviors with different parameter (𝛼𝛼, 𝛽𝛽, 𝜇𝜇). e) FE prediction of the effective stiffness and f) the effective Poisson’s ratios in three orthogonal 
directions. 

 
directions (x, y, and z) are performed on the specimen. Results 
from the experiments and corresponding simulations agree well, 
which are shown in Figure 5b. 

For the anisotropic designs, the critical friction coefficients for 
the locking behavior vary in x, y, and z directions and can be 
calculated analytically as 𝜇𝜇∗ = tan 𝜃𝜃x = √ 

1 , 𝜇𝜇∗ = tan 𝜃𝜃y = 
As shown in Figure 5b, in both experiments and FE simula-   x tan2 𝛼𝛼+tan2 𝛽𝛽 y 

tions, the specimen shows locking behavior when compressed 
tan 𝛼𝛼 √
1+tan2 𝛽𝛽 and 𝜇𝜇∗ = tan 𝜃𝜃z = tan 𝛽𝛽 cos 𝛼𝛼, respectively. Thus, a map 

along x and y directions, respectively, and shows sliding behavior 
when compressed along direction z. When compressed in x and 
y direction, right after Stage I, the stress dramatically increases 
after the first contact, indicating the locking between keys and 
channels. The effective Poisson’s ratios measured are around 
0.33 which is similar to that of the 3D printed material. While 
when compressed in direction z, due to the sliding behavior, 
the hysteresis effects are observed in stage II. The measured 
Poisson’s ratios are 𝜈𝜈zx = −0.57 and 𝜈𝜈zy = −0.33. Moreover, for 
comparison, FE simulations on the same design with 𝜇𝜇 = 0 are 
also performed and the results are shown in Figure 5c. It can 
be seen that the design shows sliding behaviors and therefore 
negative Poisson’s ratio when compressed in all three directions. 
The Poisson’s ratios when loaded in x, y, and z directions are 
𝜈𝜈xy = −0.51, 𝜈𝜈xz = −1.76, 𝜈𝜈yx = −1.83, 𝜈𝜈yz = −3.23, 𝜈𝜈zx = −0.33, 
and 𝜈𝜈zy = −0.57, respectively. The stress–strain curves show the 
three stages and zero hysteresis. 

of the design space for locking or sliding behaviors in all three 
directions can be plotted in Figure 5d. It shows that when 𝜇𝜇 = 0, 
there is no locking zone, the design can slide when compressed 
in all three directions. As shown in Figure 5d, for a certain non- 
zero friction coefficient, the area between the three colored lines 
indicates the design space for sliding in all three directions. Out- 
side this area, the design will lock either in x and/or y and/or 
z directions. It can be seen that when the friction coefficient in- 
creases, the design space for sliding shrinks, and the design space 
for locking increases. 

The effective modulus and the effective Poisson’s ratio for the 
anisotropic design can be derived analytically as well (details in 
Section S5, Supporting Information). At 𝜇𝜇 = 0, the FE predicted 
effective moduli and the effective Poisson’s ratios in three or- 
thotropic directions for various geometry parameters (𝛼𝛼, 𝛽𝛽) are 
shown in Figure 5e,f, respectively. It can be seen that by chang- 
ing 𝛼𝛼, 𝛽𝛽 between 0° and 90°, the effective moduli and the effective 
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Figure 6. The rotationally symmetric design of 3D keyed-octahedron–cuboctahedron metamaterial with simultaneous twisting and auxeticity. a) The 
specimen and schematics illustrating the design strategy, offset 𝛿𝛿, and the torque. b) Experimental set-ups to measure the twisting and shrinkage, 
including a ball bearing for free z-rotation on the top surface, and a protractor to measure the twist angle, and the 3D printed sliding channels to 
constrain z-rotation while allow in-plane shrinkage on both top and bottom surfaces. c) Experimental and FE engineering stress–strain curves, and d) 
the curves of the twisting angle, and the effective Poisson’s ratio as a function of the engineering strain. e) Snapshots from the experiments and FE 
simulations at the overall compressive strains of 0, 0.04, 0.08, and 0.12, from i–iv, respectively (the square frames on the bottom row represents the 
profile of the undeformed configuration). 

 

Poisson’s ratios can be tuned by orders of magnitude in all three 
directions. 

 
 

2.6. Simultaneous twisting and auxeticity 
 

The isotropic and anisotropy designs are symmetric about the 
x–z, and y–z planes. If the symmetry is changed, interesting new 
properties can be obtained. By taking the assembled design as an 
example, as shown in Figure 6a, by introducing an offset 𝛿𝛿, de- 
fined as the distance between the axes of the key-channels and 
the midlines of the center piece in the x–y plane, a new design 
with rotational symmetry about z axis is generated. Thus, due to 
the offsets, the forces applied on the center piece through the key- 
channels will generate a torque about the z axis. Also, due to the 

sliding between keys and channels, auxetic effects also preserved. 
Then, under compression along z direction, the rotationally sym- 
metric design will twist and shrink simultaneously. 

The rigid components of the rotational symmetric design 
are fabricated via the 3D printer and the same springs are in- 
stalled inside the channels. The assembled specimen is shown 
in Figure 6a. To experimentally characterize this unique behavior 
of coupled twisting and shrinkage, special fixtures are designed 
and fabricated to ensure correct boundary constraints, as shown 
in Figure 6b. To allow free shrinkage on the top and bottom sur- 
faces, rigid fixtures with sliding channels in two orthogonal direc- 
tions are designed and 3D printed, and matching keys are printed 
on the top and bottom surfaces of the specimen. Lubrication is 
applied between the keys and channels, ensuring free sliding and 
therefore the free shrinkage in the x–y plane. To ensure free twist- 
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ing on top surface, a ball bearing is used to allow free rotation 
about z axis on the top surface. The rotation of the bottom sur- 
face is constrained by adding sandpaper between the specimen 
and the bottom compression disk. The twisting angle can be mea- 
sured by a protractor attached to the top surface. 

The experimental and FE results of the engineering stress– 
strain curves, the twisting angle, and the effective Poisson’s ratio 
vzx match well, as shown in Video S5 (Supporting Information) 
and Figure 6c,d, respectively. It can be seen that the twisting angle 
increases with the overall compressive strain, while the Poisson’s 
ratio decreases with the overall compressive strain. Snapshots 
from the experiments and simulations at the overall compres- 
sive strains of 0, 0.04, 0.08, and 0.12 are shown in Figure 6e. The 
FE contours of the total displacement demonstrate the simulta- 
neous in-plane rotation and shrinkage from both a 3D side view 
and a top view, as shown in Figure 6e. It is clearly seen that the 
3D keyed-octahedron–cuboctahedron metamaterial shows cou- 
pled twisting and shrinking under uni-axial compression, as is 
rarely seen in existing mechanical metamaterials. It is known 
that materials with coupled twisting and axial deformation have a 
wide variety of applications in soft robotics,[21] mechanical com- 
puting devices,[ 22] sensors, and actuators.[23] The current design 
with simultaneous axial-twisting and axial-shrinking can further 
broaden these applications. For example, applications on soft 
robotic joints with tunable and controllable rotation and shrink- 
age, mechanical computing units for multi-digital logics, and de- 
vices that guide force filed or mechanical waves around obstacles. 

 
3. Conclusions 
In summary, a strategy of designing a new family of 3D aux- 
etic tiled metamaterials based on 3D space filling tessellation is 
demonstrated via 3D keyed-octahedron–cuboctahedron designs, 
including the isotropic design, anisotropic design, and the rota- 
tionally symmetric design. Two types of designs are explored: the 
assembled designs with springs and the assembly-free design 
with double-ring connections. The former can be fabricated by 
assembling metal springs and 3D printed components, and the 
latter can be directly printed via a multi-material 3D printer. An 
integrated experimental, analytical, and numerical approach is 
applied to systematically quantify the unique mechanical prop- 
erties of the new designs. Due to the remarkable and unusual 
mechanical properties and behaviors of this new family of me- 
chanical metamaterials, they can have broad applications in soft 
robotics, mechanical actuators and dampers, and engineering 
materials/systems for energy absorption and impact and vibra- 
tion mitigation. 

Generally, the new metamaterials show large auxeticity to- 
gether with remarkable resilience and significant hysteresis un- 
der cyclic loading–unloading compressive experiments. Both the 
effective stiffness and the damping ratio can be tuned via varying 
the friction coefficient between the 3D printed keys and chan- 
nels. Three deformation stages separated by two contact events 
are identified during the loading process. The effective stiffness 
and the Poisson’s ratio vary at different deformation stages. Stage 
II is the dominant stage for high auxeticity, resilience, and me- 
chanical hysteresis. Depending on the friction coefficient, the de- 
signs show two deformation modes: sliding and locking. The crit- 
ical friction coefficient for the transition from one mode to the 

other is derived analytically and verified numerically and experi- 
mentally as well. 

Interestingly, the isotropic design is proved to have ideal me- 
chanical isotropy, including both effective stiffness and the neg- 
ative Poisson’s ratio close to −1, in all loading directions in the 
3D space, as rarely seen in existing mechanical metamaterials. 
Compared with the existing auxetic mechanical metamaterials, 
the current isotropic design can increase the ratio between shear 
modulus and bulk modulus by order of magnitude, reaching the 
theoretical limit. 

Also, by varying the orientation of the key-channel pairs, 
anisotropic designs can be created. The anisotropic mechanical 
properties including the effective stiffness and effective Poisson’s 
ratio can be tuned in a very wide range. Design space for sliding 
or locking behaviors of the anisotropic designs are also explored 
and identified as a function of friction coefficient and the key- 
channel orientation. 

In addition, by introducing an offset of the key-channel pairs, 
3D rotationally symmetric designs can be created, which show a 
unique coupled compression, twisting, and shrinking behavior. 
To characterize this unique behavior, mechanical compression 
experiments on 3D printed specimens with specially designed 
fixtures are performed. The new designs have broad applications 
in soft robotics, mechanical actuators and dampers, and engi- 
neering materials/systems for energy absorption and impact and 
vibration mitigation. 

 
4. Experimental Section 

Mechanical Experiments: Each part of the assembly sample shown in 
Figure 2b and Figure S1 (Supporting Information) were manufactured by 
a multi-material 3D printer (Stratasys, Objet260) using a glassy polymer 
VeroClear and a soft rubbery material TangoPlus. VeroClear was used to 
print components of key and channel parts and TangoPlus was used to 
print the bumps on channels and keys to connect the metal springs. Each 
design of 3D metamaterial was assembled from the 3D printed parts and 
metal springs. The assembly-free samples shown in Figure 2c and Figure 
S2 (Supporting Information) were directly printed by the same 3D printer 
using a glassy polymer VeroWhite and soft rubbery material TangoBlack. 
VeroWhite was used to print components of key and channel parts and 
TangoBlack was used to print the double rings connection parts (Details 
can be found in Section S1, Supporting Information). 

Uniaxial compression experiments were performed on each specimen 
by using an Instron universal material testing machine with a 500 N 
load cell. All experiments were conducted under a constant strain rate 
of 0.001 s−1. To avoid the friction between the samples and compres- 
sion plates, lubricating oil was used on the top and bottom surfaces of 
the samples. Markers were made on each specimen. A high-resolution 
camera (Grasshooper3) was used to record the deformed configurations 
of the specimens at each time instant during the experiments. By post- 
processing images, the displacement history of each marker point was 
obtained from which the effective Poisson’s ratio and the overall strains 
were obtained. 

Finite Element Simulations: Finite element (FE) models of the designs 
were developed in ABAQUS/CAE v 6.13. 3D tetrahedral elements (C3D10) 
were used, and the accuracy was verified by mesh refinement study. In the 
FE models, the 3D printed parts (VeroClear and VeroWhite) were modeled 
as isotropic, elastic-perfect–plastic material with Young’s modulus of 
1.4 GPa, the Poisson’s ratio of 0.33, and the yielding stress of 𝜎𝜎y = 
40 MPa. The constituent material for the metal spring was modeled as 
elastic-perfect–plastic material with Young’s modulus of 207 GPa, the 
Poisson’s ratio of 0.33, and the yielding stress of 2 GPa. The constituent 
material for the double rings (TangoBlack) was modeled as hyperelastic 
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incompressible Neo-hooken model (C10 = 0.33 MPa, D1 = 0). In all 
FE models, the nonlinear geometry effect was considered. The contact 
between the key and channel parts was defined. To model the 3D printed 
materials, the friction coefficient was set as 0.53 by a systematic ex- 
ploration. For the isotropic and anisotropic designs, numerical results 
were based on unit cell analysis with periodic boundary conditions. For 
the rotationally symmetric design, the boundary conditions of the FE 
model were the same as those applied in experiments. The displacement 
was controlled through the motion of the master nodes. Details of 
determining the elastic parameters through FE simulations can be found 
in Sections S4 and S5 (Supporting Information). 
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