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Design and Manufacturing of Mechanical Metamaterials: A Review
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Chan-Wook Park*, Youn-Chul Kim**, Jonghwan Suhr##*7

ABSTRACT: As an additive manufacturing achieves technological advances, it enables to manufacture complex
structures with saving a cost and time. Therefore, metamaterials, which has geometric complexity, have gradually
gathered attention due to the unprecedented properties: the unprecedented mechanical, thermal, electromagnetic, and
optical properties. The metamaterials could exhibit a high potential in engineering applications, and thus it has been
steadily investigated to design or/and develop novel metamaterials. Here, mechanical metamaterials, which had been
reported, were reviewed to suggest the way to design and fabricate the metamaterials for industrial applications.
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Table 1. Types and characteristics of the additive manufacturing: SLA, DLP, Polyjet, SLS, PBF types

Process Materials Curing or heat source

Accuracy Properties Ref.

SLA Polymer resin Laser

Soft materials
UTS = 3.2-8.9 MPa
E.B. = 75-160% [43]

100-1
00-150 pm [105-108]

Hard materials
UTS = 32-78 MPa
E.B.=1.3-25%

DLP Polymer resin UV curing light

Soft materials
UTS: 4-13 MPa
E.B.: 84-220%

Hard materials
UTS: 20-84 MPa
E.B.: 2.2-30%

30-133 um [96-99]

Polyjet Polymer resin UV curing light

Soft materials
UTS: 0.5-5 MPa
E.B.: 45-240%

Hard materials
UTS: 40-80 MPa
E.B.: 10-40%

20-600 ptm [100]

SLS Polymer powder Laser

Soft materials
UTS = 1.8-49 MPa
E.B. = 60-529% [44]
Hard materials [101-104]
UTS = 1.8-90 MPa
E.B.=1.5-47%

200-500um

Metal powder: STS, Ti, Al,

PBF
IN, etc

Electron beam, Laser

UTS =264-1515 MPa

80-600 um E.B. = 14-42.8%

[45-58]
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Fig. 1. Elementary lattices of cubic symmetry: (a) Simple Cubic
(SC) (b) Body-Centered Cubic (BCC) and (c) Face-Centered
Cubic (FCC). Selected isotropic lattices composed of the
SC, BCC and FCC elementary cubic lattices (c) SC-BCC, (d)
SC2-BCC, (e) SC8-BCC, (f) SC-FCC, (g) SC2-FCC, (h) SC8-
FCC, (i) SC-BCC-FCC, and (j) SC8-BCC-FCC [38]
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the compared moduli with the theoretical estimate of
isotropic lattice material (dashed line) and the Hashin-
Shtrikman bound for isotropic porous solids [38]
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Fig. 5. Twist degrees of freedom in mechanics. (A) Pushing on
an elastic material bar (red arrow) can make it expand or
contract isotropically or anisotropically in the orthogonal
directions. (B) A twist, however, is forbidden in ordinary
linear (Cauchy) continuum mechanics. (C) Unit cell of a
metamaterial crystal enabling the twist degree of freedom.
The lattice constant a, the angle d, the radiir 1 and r 2,
and the widths b and d are indicated. (D) Calculated
deformed cell and displacement under uniaxial loading.
The arrows aid the discussion of the mechanism: 1. The
arms connecting the corners with the rings move down-
ward. 2. This motion leads to a rotation of the rings. 3.
This rotation exerts forces onto the corners in the plane
normal to the pushing axis, resulting in an overall twist of
the unit cell around this axis [18]
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Fig. 6. (a) Configuration of the unit cell of the 3D chiral metama-
terial, (b) overall configuration of the 3D chiral metama-
terial and (c) FEM calculated deformed 3D chiral
metamaterial and displacements under uniaxial loading
€ = 1%. For better visibility, the deformations have been
multiplied by a factor of 2. The theoretical predicted and
simulated load-strain curve for the chiral lattice columns
with (a) 2 X 2 x 8 cells. The insets show the buckling pro-
cess the corresponding lattice column [16]
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Fig. 12. Stress-strain curve with the variation of the relative
density. The testing was performed for the TPMS-CM
with 64 (4 x 4 x 4) unit cells at a strain rate of 0.01 s—1:
(a) Primitive, (b) IWP, (c) Neovius, and (d) Gyroid meta-
materials to horizontal orientation with respect to the
3D printed layers, and (e) vertical orientation with
respect to the 3D printed layers [69,72]

Fig. 13. Regions of localized deformations inside TPMS: (a)
Gyroid-, (b) Primitive-, (c) IWP-, (d) Neovius-cells under
compression [94,136]
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Fig. 15. The elastic stiffness of the six material geometries, char-
acterized by E, G and K—the Yound's, shear and bulk
modulus, respectively (data points); results are fitted to
third-order polynomials (solid lines). The theoretical
Hashin-Shtrikman upper bounds for isotropic stiffness
are plotted for each modulus (red dashed line). Only
anisotropic materials can have stiffnesses in excess of
these upper bounds. Open-cell materials (‘<" and ‘+
symbols) underperform closed-cell materials by a large
margin [30]

S5 B4 Holk WAUZE ol3F F o2} fAK
NP v S etk 72 W B0 S50 5
e A Wt ohek S EG 5 Slolt. @A

7HA] B aE 22 melE &L Kelvin, poroelastic, octet,
cubic+octet foam 50 2, Ax}& 3} Wg LR 2 o] F o] A
UTH17,76]. oA = AA7HA] Hare Iy veEd
F oot B4 9 BAE AU WE derEe] a7)s
2} gy,

J. B. Berger 52 =2 eb48-5 X|d Closed-cell 9FZ3 uj]
e of s A-E8F A TH17]. 513 (Istotropic) &/d =
Z)d Octet/isotropic truss?} cubic/octet/cubic+octet foam2]
U=/ 5 (hydrostatic) A5t ©Hd& 4 o5 HE &
/e Wi BABIT). Fig. 150] o] o 24l A4 &
£-(Volume fraction) =0 -4 721 Hashin-Shtrikman

upper bounds 0| 23} W veHEe] B S H
© 72 vkt Ax}g (tuss) HEREA Q] 7 Open-cell
£ 4 g2lo] Wy Wk wol AFEol B gol At
=St iy e s d 5 vl elS off Cubic+Octet
foamo] A4} 54 AF WE o] S2E WTelol, B S
Bk opyet o v 2] F SAE 7Y St A& Eelst
At} ESE 9FA] o153t Hashin-Shtrikman upper bound ©¢]
E3} 8| w8t Ay}, Cubict+octet foamo] Q1A /AT A A €HA]
& B o] g} S SAR SHE ol AL Tl
1T}, o] = Cubic+octet foamo] | Z E L2 17
o, o2 Mo W shset Ao B g 4}
Ad 4= s AE 2RIkt 9] 2y veE
A, AL Al 27 ¥ o] ok, A 7, 217/ (High
stiffness) 549 ok A W AEA AH0] 2 s
g Ao 7E

ol
X

kloox 32
o o o

0y

S
FlO m.hj

4. SEEO0F

N

N

i)

=

it

X,

o flo

Ho

o)

re,

ol

o
R

rﬂ

i

ol £ A
o
g

n =

lo Io _lﬁ
T 1

HEetEd2 2

[
9'_11‘
2
B>
Iz
m 5
HU [e]
e
WE
o
Mg
iy
>
[
ol
-3
2
o
i}
>
s
T

B~
=
I
u
e
2
ik
ofo
i)
rr
=
o
o
M
1o
ol
:{o
[ o
_IO
A
2,

Y
ot

Bt g w0

Ry
Horle X oo X rfo ot O -

32
o

=

Boll 71412 et 2 8e Fgoto] Hatal
2 MA R ZRIEY 3 S ek ol
AG7HA, FUAF, sy 2
o eHR A e A5 Aot 33
of &-& 7}535fr}[78-81]. EEF e
A% A% HAZ AN, AF, 924 5, 14
glofelE tutol ol & go] 7Hsatch(s2-8
MPA, SR, A4 5 TR ARl A B8 4 glow, 7
AJEE g-§-Foks Table 20] £.0Fw|of 9lct.

in 3 o
ox

> Elo{r
o b
o2

o

iCul
)

1o

o

ol

ox, F-or'l

o

o flo Lm

© o
o,

Table 2. Industrial applications for mechanical metamaterials: automobile, aerospace, defense, medical treatment, construction, sensor/

actuator, cloth, composites

Industrial field Applications Ref.
Automobile Impact absorber, cushion, fastner, thermal protection, and bumper [78, 81]
Aerospace Aircraft’s wing, wing panel, nose cone, rivet, belt, noise/vibration absorber, and thermal protection [78-80]
system for aerospace
Defense Lightweight and protecting sgbstanc?, explosive proof curtains, bulletproof jacket, bulletproof (79, 86, 87]
helmet, and the other protection equipment
Stent, implant, artery prosthetics, band, pressure pad, monitoring sensor for healthcare, artificial
Medical care . P . YP . p P & (82, 88]
skin, prosthesis, suture, and retainer for ligament and muscle
Construction Reinforcement of a stone wall [89]
Sensor/Acutator | High-performance piezoelectric element, underwater sensor, etc [90,91]
Fiber/Fabric Fabric structure, functional fiber, fabric with color transition (82,92, 93]
Composite Composite reinforcement [86, 90, 94, 95]
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