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A B S T R A C T

3D voxel printing has emerged as a promising technology for fabricating sophisticated structures with voxel-
level material distributions, allowing for a wide design space beyond conventional individual material systems.
However, the development of theoretical models and design strategies for 3D voxel printed structures are
hindered due to the complex geometries and voxel-level material distributions. In this work, we propose a
design framework for 3D voxel printed lattice metamaterials by combining theoretical models, finite element
modeling (FEM), and experimental validations. We develop a finite deformation theoretical model and propose
a python-assisted FEM for the voxel lattice metamaterials with curled microstructures and arbitrary material
distributions. We develop a parametric algorithm to generate the voxel matrix for manufacturing automatically.
Experiments are conducted to validate the theoretical model and FEM simulations. The design framework
is then applied to program mechanical properties by tuning the geometric and material parameters. We
demonstrate simultaneous matching of the nonlinear stress–strain and Poisson’s ratio curves of biological
organisms, shape-matching of porcelain vase and magnetic voxel lattice soft robots with directional locomotion.
This work paves the way for designing and manufacturing 3D voxel printed lattice metamaterial with
multifunctionality.
1. Introduction

Additive manufacturing (AM) has become a promising technology
for fabricating three-dimensional (3D) architectures with sophisticated
geometries [1–4]. Besides the geometric design, combining multiple
materials in a single structure adds an extra dimension to the de-
sign space [5–12], which can be realized by multimaterial additive
manufacturing. 3D voxel printing is a representative technology in mul-
timaterial additive manufacturing. Analog to the pixels in 2D images,
each voxel is an individually addressable finite-volume element within
a 3D object, where the material property and position can be defined
independently [13,14]. By rational voxel-by-voxel design in 3D space,
the voxelated matters enable tremendous design freedom [15,16] with
promising applications in areas such as the conservation and preser-
vation of cultural artifacts [17], learning and education [17] and soft
robotics [18,19].

3D voxel printing is similar to the biologically mediated assembly in
nature [20–22]. Alike the printing process, cells of animals and plants
utilize multiple bio-components (e.g., proteins and polysaccharides)
to lay down extracellular matrix (ECM) in a layer-by-layer manner
[23,24], which generates variable properties by the distinct arrange-
ment and distribution of the bio-components. For example, the high
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extensibility of tendons and the anti-cracking property of bones are
derived from the integration of spatial structures and protein distri-
bution [25,26]. Tarsal setae, the hairy attachment organs of lady-
birds, are endowed with an effective adaptation to rough surfaces due
to the graded distribution of elastin and chitin from the tip toward
the bases [27]. Such extraordinary functions have inspired the inte-
grated design of structures and material distributions in the engineering
field [28–30].

Lattice metamaterials are artificial structures composed of peri-
odically arranged microstructures exhibiting extraordinary properties
by rational geometric designs [31–35]. Theoretical models have been
developed to guide the design of lattice metamaterials. For instance, Ma
et al. studied the nonlinear mechanics of hierarchical lattice materials
generated by horseshoe microstructures [36]. The theoretical frame-
works were further developed for lattice metamaterials with diverse
geometrics, such as serpentine [37], rotatable [38], and fractal [39].
However, the above work mainly focused on the geometric design
and neglected the effects of material distributions, which cannot fully
exploit the potentials of lattice metamaterials.
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The development of AM technologies has spawned studies on mul-
timaterial lattice metamaterials [40–45]. For example, Ge et al. re-
ported highly stretchable multimaterial hydrogel composites with drug-
releasing functions [46]. Mirzaali et al. developed multimaterial cel-
lular metamaterial with tunable elastic properties [47]. Recently, ma-
chine learning and evolutionary algorithm have been efficiently utilized
to enable the customizable mechanical behaviors of lattice metamate-
rials. For example, Deng et al. developed a design workflow for hinged
quadrilateral lattice metamaterials with target nonlinear response via
a neural accelerated evolution strategy [48]. Zeng et al. proposed a
topology optimization for energy-absorbing lattice metamaterials based
on genetic algorithm [49]. Hamel et al. introduced a machine learning
based approach for the deformation control of 4D printed active com-
posite structures [50]. By 3D voxel printing, lattice metamaterials with
voxel-level material distributions can be achieved, exhibiting diverse
functions and further expanding the application prospects. The abil-
ity to distribute multiple materials precisely increases the structures’
design freedom but simultaneously imposes emerging challenges on
the modeling and design. Our previous work developed a combined
machine learning and evolutionary algorithm based on FEM data to
optimal design voxel printed lattice metamaterials [51]. However,
the lack of theoretical models hinders understanding the underlying
physics and more efficient and diverse designs. Therefore, developing
theoretical modeling of voxel printed lattice metamaterials that consid-
ers the voxel-level material distribution, complex geometry, and finite
deformation is highly needed.

In this work, we develop a design framework for 3D voxel printed
lattice materials by integrating the parametric generation of the voxel
matrix, finite deformation theoretical model, python-assisted FEM, and
experimental validation. As depicted in Fig. 1, the voxel matrix is
generated first, including the geometric design and material distribu-
tion information. Secondly, a previously developed theoretical model
for the lattice metamaterials is extended to account for the voxel-
level material distribution, complex geometry, and finite deformation.
Python-assisted FEM simulations for lattice metamaterials with voxel
material distributions are conducted. Thirdly, 3D voxel printing is ap-
plied to fabricate the lattice metamaterials (Fig. 1(b) and (c)), which are
used to validate the theoretical model and FEM simulations. The com-
bined theoretical, FEM, and experimental framework is then used to
design the mechanical properties by tuning the geometric and material
parameters. We demonstrate simultaneous matching of the nonlinear
stress–strain and Poisson’s ratio curves of biological organisms, shape-
matching of porcelain vases, magnetic voxel lattice soft robots and
voxel soft grippers using the developed design framework (Fig. 1(d)).

2. Structural geometry and material characterization

2.1. Geometry and material design

Fig. 1(a) shows the geometric and material design of the lattice
metamaterials. The geometry was formed by replacing straight beams
in a lattice pattern with antisymmetric microstructures. Three typi-
cal unit patterns were used: triangular, rectangular, and hexagonal
patterns. The microstructures can be constructed using parametric
functions in Cartesian coordinates or curvature functions in polar co-
ordinates. The curvature functions defined the relationship between
the slope angle 𝛼 and the instantaneous radius of curvature 𝑅. The
microstructures were antisymmetric with respect to the origin. The pe-
riodic unit of the lattice metamaterials can be constructed by different
microstructures.

3D voxel printing allows accurate material distributions on the mi-
crometer scale. Different from the conventional single-material design,
hard (cyan color) and soft (red color) materials were used. The volume
fraction of the hard material 𝑉𝑓 was used to characterize the material
istribution. By mixing the hard and soft materials on a voxel scale,
arious moduli in between can be formed. In particular, functional
2

gradient structures can be formed by varying 𝑉𝑓 continuously. The
voxel matrix of the lattice metamaterial containing the geometric and
material information was generated for 3D voxel printing. A home-
written MATLAB script was used to automatically perform the process,
which consisted of the following three steps. (i) The 2D sketch of
each microstructure was formed by constructing the central curve using
parametric functions first and then offset to add width information.
The 2D sketch was then converted to a binary voxel matrix, in which
1 represented solid and 0 represented void. (ii) Material information
was then added into the voxel matrix by modifying the binary values
depending on the material distributions. Each value represented a
specific material. (iii) The voxel matrix of the lattice metamaterial
was then formed by transforming and merging the voxel matrix of
microstructures.

Analog to the pixels in 2D images, each voxel is an individually
addressable finite-volume element within a 3D object. Voxels can be
stored as a virtual three-dimensional matrix, the individual elements
defining the material property and position. 3D voxel printing enables
accurate material distributions layer by layer. Fig. S3 shows the voxel
matrix of lattice metamaterial in one layer. Each voxel in the matrix
has a corresponding position coordinate representing the geometric
information. The specific value of the voxel indicates the material
information, where 0 represents no material, 1 represents soft material
and 2 represents hard material.

2.2. Material characterization and fabrication

The lattice metamaterials were fabricated using a material jetting
additive manufacturing system J750 (Fig. 1(b) and (c)). Each voxel in
the voxel matrix defined the material and 3D placement of a jetting
droplet. The dimension of each voxel was 42 µm × 8 µm × 27 µm.
Verowhite (Stratasys, MN, USA) and Agilus (Stratasys, MN, USA) were
chosen as the hard and soft digital materials. Young’s moduli of
Verowhite and Agilus were 1.5 GPa and 0.5 MPa, respectively. The
Poisson’s ratios 𝜈 = 0.3. Young’s modulus (𝐸) can be tuned over
hree orders of magnitude (from 0.5 MPa to 1.5 GPa) by varying
𝑓 . Tensile tests were conducted to test Young’s modulus of dog-
one tensile specimens with different 𝑉𝑓 . A uniaxial materials testing
ystem (Instron 68SC-2) was used with a tensile rate of 5 mm/min. The
xperimental stress–strain curves are shown in Fig. S1(a). The Young’s
oduli with various 𝑉𝑓 were obtained by linearly fitting the curves
ith a 5% strain. The relationship between Young’s modulus and 𝑉𝑓 is

hown in Fig. S1(b).

.3. Python-assisted FEM model

We developed a Python-assisted FEM model to perform numerical
nalysis by resolving the difficulties resulting from the complex ge-
metries and voxel-level material distributions. The FEM was carried
ut using the commercial software ABAQUS (SIMULIA, Providence,
I). The Python script allowed for assigning the materials on each
lement. The node and element information were extracted and the
oung’s modulus was assigned according to the voxel matrix using the
ython script. Geometric information can also be programmed, such
s the cross-section properties. 3-node quadratic hybrid beam elements
B32H) were used. Refined meshes were adopted to ensure computa-
ional accuracy. The lower boundary of the lattice metamaterial was
ixed and a vertical displacement was applied to the upper boundary.
uasi-static simulations were performed using Abaqus/Standard.

. Modeling of 3D voxel printed lattice metamaterials

In this section, the previously developed theoretical model for lat-
ice metamaterials was extended to incorporate the multimaterial dis-
ributions and varying microstructures.
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Fig. 1. The design framework of 3D voxel printed lattice metamaterials. The design procedures include (a) geometric design, generation of the voxel matrices of microstructures,
lattice units, and lattice metamaterials. (b) Voxel slices of lattice metamaterials. (c) Manufacturing process using 3D voxel printing. (d) Application prospects including programmable
mechanical behaviors, magnetic voxel lattice soft robots and voxel soft grippers. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
3.1. Theoretical model of voxel microstructure

Consider a 3D voxel printed lattice metamaterial under uniaxial
stretching, as depicted in Fig. 2. The geometry of microstructure was
generated by R(𝛼), 𝛼0 ≤ 𝛼 ≤ 𝛼𝑒𝑛𝑑 , where 𝛼0 and 𝛼𝑒𝑛𝑑 are the initial
and end slope angle of the designed microstructure. The material
distribution was characterized by 𝑉𝑓 (𝛼). The Young’s modulus of mi-
crostructure was therefore defined as 𝐸(𝛼) = 𝐸(𝑉𝑓 (𝛼)). The voxel
microstructure was modeled as a simple supported with the horizontal
3

force 𝐹𝑥, vertical force 𝐹𝑦, and moment 𝐹0 at both ends. The coordi-
nates of each point on the half of the undeformed microstructure can
be obtained as
(

𝑋(𝛼)
𝑌 (𝛼)

)

= ∫

𝛼

𝛼0
𝑅(𝛼)

(

cos 𝛼
sin 𝛼

)

𝑑𝛼. (1)

Due to the antisymmetric geometry and material distribution, each
microstructure has an antisymmetrical deformation when uniaxial
stretched. Only half of the voxel microstructure is needed to be ana-
lyzed (Fig. 2(a)). For an infinitesimal segment of voxel microstructure
in the X–Y plane, the tangent angle 𝛼 and length dS in the initial
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Fig. 2. Theoretical model for 3D voxel printed lattice metamaterials. (a) The microstructure is simply supported with the horizontal force 𝐹𝑥, vertical force 𝐹𝑦, and moment 𝑀0 at
both ends. The slope angle at a point 𝑃 deforms from 𝛼 to 𝜃. (b) The inner forces and moments of an infinitesimal beam element before and after deformation. (c) A rectangular
lattice metamaterial with four different microstructures under uniaxial vertical stress 𝜎. The undeformed and deformed shapes of a representative unit are shown. (d) Inner forces
and moments on each microstructure.
state became 𝜃 and ds after deformation. The rotational angle and
the strain at the centroid axis were given by 𝜑 = 𝜃 − 𝛼 and 𝜀 =
(𝑑𝑠 − 𝑑𝑆)∕𝑑𝑠, where 𝑑𝑠 = 𝑟(𝜃)𝑑𝜃, 𝑑𝑆 = 𝑅(𝛼)𝑑𝛼. R(𝛼) and r(𝜃) were the
radii of the microstructure in undeformed and deformed configurations,
respectively. We denoted the axial force, shear force and bending
moment as 𝑁 , 𝑄 and 𝑀 on the cross-section.

For a linear elastic material with Young’s modulus 𝐸(𝛼), 𝑁 and 𝑀
are given by

𝑁 = 𝐸(𝛼)𝐴𝜀 and 𝑀 = 𝐸(𝛼)𝐼
𝑑𝜑
𝑑𝑆

, (2)

where 𝐴 and 𝐼 represent the area and moment of inertia of the
cross-section. According to the static equilibrium, we can get

𝑁 = 𝐹𝑥 cos 𝜃 + 𝐹𝑦 sin 𝜃 and 𝑄 = 𝐹𝑥 sin 𝜃 − 𝐹𝑦 cos 𝜃. (3)

The equilibrium equations can be written in terms of the internal forces
and moments as
𝑑𝑁
𝑑𝑠

+ 𝑄
𝑟

= 0,−𝑁
𝑟

+ 𝑑𝑄
𝑑𝑠

= 0, and 𝑑𝑀
𝑑𝑠

= 𝑄. (4)

Substitution of Eqs. (2) and (3) into Eq. (4) gives

𝑑2𝜑
𝑑𝑆2

=

(

𝐸(𝛼)𝐴+𝐹𝑥 cos 𝜃 + 𝐹𝑦 sin 𝜃
)

·
(

𝐹𝑥 sin 𝜃 − 𝐹𝑦 cos 𝜃
)

𝐸(𝛼)𝐼 ·𝐸(𝛼)𝐴
. (5)

Using 𝑑𝑆 = 𝑅(𝛼)𝑑𝛼, 𝑑𝜑
𝑑𝛼 = 𝑑𝜃

𝑑𝛼 − 1 and 𝑑2𝜑
𝑑𝛼2

= 𝑑2𝜃
𝑑𝛼2

, Eq. (5) becomes

𝑑2𝜃
𝑑𝛼2

= −𝑅
𝑑(𝑅−1)
𝑑𝛼

( 𝑑𝜃
𝑑𝛼

− 1)

+
𝑅2 (𝐸(𝛼)𝐴+𝐹𝑥 cos 𝜃 + 𝐹𝑦 sin 𝜃

) (

𝐹𝑥 sin 𝜃 − 𝐹𝑦 cos 𝜃
)

,
(6)
4

𝐸(𝛼)𝐼 ·𝐸(𝛼)𝐴
with the following two boundary conditions
𝑑𝜃
𝑑𝛼

(𝛼 = 𝛼0) = 1, (7)

𝑙𝑦 = ∫

𝛼𝑒𝑛𝑑

𝛼0
(1 + 𝜀)𝑅(𝛼) sin 𝜃𝑑𝛼 = 0. (8)

The first boundary condition (Eq. (7)) implies a null moment at
the center point of a microstructure. When a voxel lattice structure
is subjected to a uniaxial stretching, each microstructure undergoes
anti-symmetric deformation relative to the central point due to its anti-
symmetrical design. With no additional moment applied at the center,
the moment at the center remains null. The second boundary condi-
tions (Eq. (8)) means the ends and the center point of the deformed
microstructure are on the same horizontal alignment due to the anti-
symmetric geometry. 𝑙𝑦 represents the distance between the ends and
the center point of the microstructure along the 𝑦-axis.

The voxelized material distribution was defined on the undeformed
configuration. As shown in Fig. 2(a), a point 𝑃 moves during de-
formation and its slope angles before and after deformation change
from 𝛼 to 𝜃. The relation between 𝛼 and 𝜃 was not prescribed. It was
obtained by solving the second-order ordinary differential Eq. (6) with
two boundary conditions Eqs. (7) and (8). The deformed shape of the
voxel microstructure can be obtained. The coordinates of the right half
are given by
(

𝑥(𝜃)
𝑦(𝜃)

)

= ∫

𝜃

𝜃0
(1 + 𝜀)𝑅(𝜃)

(

cos 𝜃
sin 𝜃

)

𝑑𝜃, (9)

where 𝜃0 ≤ 𝜃 ≤ 𝜃𝑒𝑛𝑑 . 𝜃0 and 𝜃𝑒𝑛𝑑 are corresponding to 𝛼0 and 𝛼𝑒𝑛𝑑 at
the deformed configuration. The mechanism of voxel microstructures
generated by the parametric function X = 𝜓(𝑡) and 𝑌 = 𝜁 (𝑡) was also
studied. Details are given in the Supporting Information S1.
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3.2. Theoretical model of 3D voxel printed lattice metamaterials with dis-
tinct microstructures

We investigated the deformation of rectangular 3D voxel printed
lattice metamaterials under transverse vertical load 𝜎𝑥𝑥, longitudinal
vertical load 𝜎𝑦𝑦, and shear load 𝜎𝑥𝑦(𝜎𝑥𝑦 = 𝜎𝑦𝑥). As shown in Fig. 2(d),
each representative unit cell consists of four microstructures indexed
from I to IV. The static equilibrium of the unit cell gives the relations
between the inner forces and the external loading. In the normal and
shear directions, it requires that

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

cos 𝛽2 − sin 𝛽2 cos 𝛽1 cos 𝛽2 0 0 0 0
sin 𝛽2 cos 𝛽2 0 0 0 0 sin 𝛽3 −cos 𝛽3
− sin 𝛽2 −cos 𝛽2 sin 𝛽1 −cos 𝛽1 0 0 0 0

0 0 0 0 − sin 𝛽4 −cos 𝛽4 sin 𝛽3 cos 𝛽3
−cos 𝛽2 sin 𝛽2 0 0 0 0 cos 𝛽3 sin 𝛽3

0 0 cos 𝛽1 sin 𝛽1 −cos 𝛽4 sin 𝛽4 0 0

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

×

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

𝐹𝑥1
𝐹𝑦1
𝐹𝑥2
𝐹𝑦2
𝐹𝑥3
𝐹𝑦3
𝐹𝑥4
𝐹𝑦4

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

=

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

√

2𝐿𝑑𝜎𝑥𝑥
√

2𝐿𝑑𝜎𝑦𝑦
√

2𝐿𝑑𝜎𝑦𝑥
√

2𝐿𝑑𝜎𝑦𝑥
√

2𝐿𝑑𝜎𝑥𝑦
√

2𝐿𝑑𝜎𝑥𝑦

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

.

(10)

The moment equilibrium of an arbitrary joint, which is connected
y four microstructures, and the anti-symmetry requires that
4

𝑖=1
𝑀𝑖 = −

4
∑

𝑖=1
(𝐹𝑦𝑖𝐿𝑖)∕2 = 0, (11)

here 𝐿 is the initial horizontal length of the microstructures. 𝐿𝑖 is the
eformed horizontal length of the corresponding microstructures.

The angle between the tangent directions of two connected mi-
rostructures remains unchanged during deformation. It gives

0 1 1 0
1 0 0 1
1 1 0 0

⎞

⎟

⎟

⎠

⎛

⎜

⎜

⎜

⎜

⎝

𝛽1
𝛽2
𝛽3
𝛽4

⎞

⎟

⎟

⎟

⎟

⎠

+
⎛

⎜

⎜

⎝

1 0 0 −1
0 −1 1 0
1 −1 0 0

⎞

⎟

⎟

⎠

⎛

⎜

⎜

⎜

⎜

⎝

𝜃1
𝜃2
𝜃3
𝜃4

⎞

⎟

⎟

⎟

⎟

⎠

=

⎛

⎜

⎜

⎜

⎝

𝜋
2𝜋
2𝜋
2

⎞

⎟

⎟

⎟

⎠

. (12)

The deformation compatibility requires that the side lengths and in-
terior angles of the deformed rectangle should satisfy the following
geometric relations

(

sin 𝛽2 sin 𝛽1 − sin 𝛽4 − sin 𝛽3
cos 𝛽2 −cos 𝛽1 −cos 𝛽4 cos 𝛽3

)

⎛

⎜

⎜

⎜

⎜

⎝

𝐿1
𝐿2
𝐿3
𝐿4

⎞

⎟

⎟

⎟

⎟

⎠

= 0. (13)

The deformed configurations of 3D voxel printed lattice metama-
erials can be obtained by solving Eqs. (10)–(13) and the governing
quations of the voxel microstructures Eqs. (6)–(8). The longitudinal
train 𝜀𝑦 and Poisson’s ratio 𝜈 can be written as

𝑦 =
𝐿1 sin 𝛽2 + 𝐿2 sin 𝛽1 −

√

2𝐿
√

2𝐿
, (14)

𝜈 = −
𝐿3 cos 𝛽4 + 𝐿4 cos 𝛽2 −

√

2𝐿

𝐿1 sin 𝛽2 + 𝐿2 sin 𝛽1 −
√

2⌢𝐿
. (15)

The theoretical models of triangular and hexagonal 3D voxel printed
attice metamaterial can be derived similarly. The details are shown in
he Supporting Information S2.
5

. Validation of the theoretical model

Experiments and FEM simulations were conducted to validate the
heoretical model. Here three lattice metamaterials were designed and
ested. The first lattice metamaterial consisted of distinct microstruc-
ures fabricated from the same material, while the second lattice meta-
aterial was composed of microstructures with the same geometry

ut different material distributions. Two different gradient material
istributions were used for the microstructures of the third lattice
etamaterials.

.1. Lattice metamaterials with distinct microstructures

The first lattice metamaterial included 5 × 8 units constructed by
our different microstructures (Fig. 3(a)). The curvature functions of
icrostructures I to IV were 𝑅(𝛼) = 𝛼 (0 ≤ 𝛼 ≤ 4.5), 𝑅(𝛼) = 𝛼2

0 ≤ 𝛼 ≤ 4.1), 𝑅(𝛼) = 𝛼2.5 (0 ≤ 𝛼 ≤ 4.0), and 𝑅(𝛼) = 𝛼3 (0 ≤
≤ 3.9), respectively. All the microstructures were scaled to 𝐿 =

0
√

2mm. The cross-sectional width w = 0.2 mm and the thickness d
= 3 mm. The same material with E = 1.5 GPa was used. Experiments
and FEM simulations of tension tests were conducted to compare with
the theoretical model. The experimental, FEM, and theoretical J-shaped
tensile curves and deformed unit shapes agreed well (Fig. 3(d) and
Video. S1). The J-shaped stress–strain curves result from the transitions
from bending-dominant to stretch-dominant deformation. Besides the
rectangular patterns, triangular and hexagonal lattice metamaterial
were also tested and compared with the theoretical and FEM simulated
results in Fig. S4. Due to the initial structural uncurling, the hexagonal
lattice metamaterials showed a slower increase in the tangent modu-
lus with the increased applied strain than triangular and rectangular
metamaterials. For instance, the axial strain of triangular, rectangular,
and hexagonal lattice metamaterials was around 32%, 75%, and 100%
under 𝜎𝑦𝑦 = 200 kPa, respectively.

The mechanical behaviors of lattice metamaterials with varying
cross-sections can also be studied using the developed model. Unlike
previous work where the cross-section was generally constant or piece-
wise constant, Fig. S7 shows a lattice metamaterial whose cross-section
varies continuously with 𝛼. The cross-section was designed by 𝐴(𝛼) =
𝑤(𝛼) ∗ 𝑑, where 𝑤 = (0.2+0.08𝛼) mm and d = 3 mm. 𝑉𝑓 = 0.87 (E = 1.2
GPa). By replacing A and I in Eq. (6) as 𝐴(𝛼) and 𝐼(𝛼), the theoretical
solutions can be calculated and compared with the experiments and
FEM. The theoretical results agreed well with the FEM simulations but
slightly differ from the experiments, which may be due to the structural
defects caused by voxel printing.

4.2. Lattice metamaterials with multimaterial distributions

Fig. 3(b) shows the second lattice metamaterial consisting of three
microstructures with different 𝑉𝑓 (0.94, 0.7, and 0.5). The correspond-
ing Young’s moduli were 1.4 GPa, 800 MPa, and 200 MPa. All the
microstructures were built using the same radius function 𝑅(𝛼) = 𝛼
(0 ≤ 𝛼 ≤ 4.5). w = 0.3 mm and d = 2 mm. The experimental, FEM,
and theoretical tensile stress–strain curves and deformed shapes agreed
well (Fig. 3(e) and Video. S1). For comparison, a homogeneous trian-
gular lattice metamaterial was designed with the same overall material
composition (𝑉𝑓 = 0.72, E = 820 MPa) in Fig. S5. We can observe
that the J-shaped stress–strain curves and Poisson’s ratio of triangular
lattice metamaterials can be tuned by varying the material distribution.
For example, the tensile stress increased from 9.5 kPa (homogeneous
metamaterial) to 11 kPa (metamaterial with multimaterial distribution)
when 𝜀 = 40%, while the Poisson’s ratio changed from a negative
(−0.18) to a positive value (0.06).

Fig. 3(c) shows the third lattice metamaterials consisting of four
microstructures with two types of gradient material distributions. For
microstructures I and III, Young’s modulus was set as 𝐸(𝛼) = 50 +
1450𝛼∕𝛼 , (0 ≤ 𝛼 ≤ 7.4) with 𝛼 = 7.4. The modulus of the
𝑒𝑛𝑑 𝑒𝑛𝑑
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Fig. 3. Validation of the theoretical model. Voxel slices of (a) a rectangular lattice with distinct microstructures, (b) a triangular and (c) a rectangular lattice metamaterial with
multimaterial distribution. (d), (e) and (f) show the experimental, theoretical and FEM uniaxial tensile curves of lattice metamaterials (a), (b), (c), respectively. Insets show the
theoretical, experimental, and FEM deformed shapes of the representative units. The optical image and FEM simulations of the tension test at specified strains. All scale bars are
10 mm.
microstructure increased from 50 MPa to 1.5 GPa as 𝛼 increased. For
microstructures II and IV, 𝐸(𝛼) = 1500 − 1450𝛼∕𝛼𝑒𝑛𝑑 . The modulus
of microstructures II and IV decreased from 1.5 GPa to 50 MPa as
𝛼 increased. The geometries of the microstructures were the same
and designed by 𝑅(𝛼) = 𝛼3 + 𝛼2 + 𝛼 − 1 (0 ≤ 𝛼 ≤ 7.4). Similarly,
6

a homogeneous rectangular lattice metamaterial was built with the
same overall material composition (𝑉𝑓 = 0.71, E = 806 MPa). The
theoretical, experimental, and FEM simulated results agreed well for
both lattice metamaterials, (Fig. 3(f), Fig. S6, and Video S1). The use
of gradient material distribution led to a significant change in the
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mechanical behaviors. For instance, the stress decreased from 40 kPa
to 29 kPa and the corresponding Poisson’s ratio increased from 0.36
to 0.65 at 𝜀 = 75%, when the material distribution changed from
homogeneous to gradient.

5. Applications

The theoretical model can further guide multifunctional applica-
tions. The effects of material and geometric parameters of lattice
metamaterials were investigated. Bionic stress–strain matching, shape-
matching lattice metamaterials, and magnetic voxel lattice soft robots
were demonstrated.

5.1. Programmable Poisson’s ratio

The effects of material and geometric parameters of the three mi-
crostructures on Poisson’s effect of a triangular lattice metamaterial
were studied. By designing the material compositions of the microstruc-
tures I-III separately, the 3D voxel printed triangular lattice metamate-
rial exhibited a tunable Poisson’s ratio from negative to positive. We
constructed a series of triangular lattice metamaterials by adjusting
Young’s modulus of each microstructure within the range [100MPa, 1.5
GPa]. The geometries of the microstructures were the same as those
used in Fig. 3(b). Fig. 4(a) shows the design space of the Poisson’s
ratio for three different 𝐸III = 100 MPa, 660 MPa, and 1500 MPa at
an applied strain 𝜀 = 45%. Similar trends can be observed. When the
material choice changed from the left-top to the right-bottom corner,
the Poisson’s ratio gradually changed from a large positive value to
zero or even negative. For example, the Poisson’s ratio changed from
0.25 to −0.16 as 𝐸I = 100 MPa and 𝐸II = 1500 MPa changed to 𝐸II =
100 MPa and 𝐸I = 100 MPa with a fixed 𝐸III = 660 MPa. We can also
observe that the Poisson’s ratio decreased from positive to negative as
𝐸III increased. Three typical lattice metamaterials with positive, nearly
zero or negative Poisson’s ratios were chosen from the design space
maps (marked by stars). The corresponding voxel slices and periodic
units are shown in Fig. 4(b)–(d). The FEM simulated and theoretical
deformed shapes are shown in Fig. 4(e)–(g).

Fig. 4(h) shows that the Poisson’s ratio can also be tuned by varying
the geometry of the microstructures. The curvature function 𝑅(𝛼) =
𝛼𝑛(1 ≤ 𝑛 ≤ 3) was used to generate various microstructures by varying
n. The periodic unit of each triangular lattice metamaterial consisted
of three microstructures with different n. The design space maps of
Poisson’s ratio by varying the 𝑛 for microstructure I (𝑛I) and II (𝑛II)
at different 𝑛 for microstructure III (𝑛III = 1, 2, and 3) were shown. The
maps showed that the Poisson’s ratio ranges from −0.2 to 0.8 by tuning
n.

5.2. Stress–strain matching and shape-matching designs

The programmable mechanical responses of 3D voxel printed lat-
tice metamaterial with distinct microstructures allowed for multifunc-
tional designs. Here stress–strain matching and shape-matching lattice
metamaterials were designed. Many biological tissues exhibit J-shaped
stress–strain curves and nonlinear Poisson’s ratio. The metamaterial
reproducing the bionic mechanical behaviors holds promise in bio-
integrated devices to avoid discomfort induced by the mechanical
mismatch. As shown in Fig. 5(a) and (b), the rationally designed
triangular metamaterial can simultaneously mimic the J-shaped stress–
strain curves and negative Poisson’s ratio of the cat’s skin. The design
functions of the microstructure I-III were 𝑅(𝛼) = 𝛼𝑛, where 𝑛I = 1.1
and 𝑛II = 𝑛III = 1, respectively. The corresponding material parameter
𝐸I = 𝐸III = 1500 MPa and 𝐸II = 0.5 MPa.

Fig. 5(c) demonstrates a shape-matching design, realized by com-
bining triangular lattice metamaterials with different Poisson’s ratio.
Three subregions were used. Subregions i-iii corresponded to negative
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Poisson’s ratio, positive Poisson’s ratio and nearly zero Poisson’s ratio
regions, respectively. The design parameters and periodic units are
illustrated in Fig. 5(d). The optical image of the 3D voxel printed lattice
metamaterials at 𝜀 = 45% is shown in Fig. 5(f). The lateral profiles of
a porcelain vase can be accurately reproduced. FEM simulations were
conducted for comparison and display well agreements (Fig. 5(e) and
Video. S2).

5.3. Magnetic voxel lattice soft robot

Lattice metamaterials have shown promising applications in soft
robotics, whose motion was mainly controlled by the embedded in-
telligence in the structures and materials. 3D voxel printing provides
a way to program movement through structural and material designs.
We demonstrated a magnetic voxel lattice soft robot with controllable
motions. The lattice soft robot consisted of a 3D voxel printed lat-
tice metamaterial and two magnetic cells with opposite magnetization
directions (Fig. 6(a)). The lattice design enabled lightweight (∼2 g)
and large deformation, facilitating fast and dexterous locomotion. Rect-
angular lattice metamaterials with three material distributions were
designed: homogenized, biaxial-graded, and lateral-graded material
distributions. The magnetic cells were magnetized in the Z direction.
Fabrication details are given in the Supporting Information.

Two types of magnetic fields were applied: (i) a sinusoidal magnetic
field 𝐵𝑋 in the 𝑋 direction and a uniform magnetic field 𝐵𝑍 in the
𝑍 direction (Fig. 6(b)); (ii) a sinusoidal magnetic field 𝐵𝑋 in the 𝑋
direction (Fig. 6(g)). In the presence of an external magnetic field 𝐵, a
magnetic torque 𝑀 = 𝑁×𝐵 was generated, which tended to align the
magnetization direction 𝑁 with the magnetic field direction 𝐵.

In case (i), the lattice soft robot with homogenized material (𝐸 =
810MPa) showed a crawling motion toward the X direction with a
speed of 1.6 mm/s. Under magnetic fields 𝐵𝑋 and 𝐵𝑍 , the left side of
the lattice soft robot bent higher, as the additional magnetic field 𝐵𝑍
along the 𝑍 direction was applied to break the symmetry. Therefore,
large elastic energy was stored in the left part. When 𝐵𝑋 reverses,
the elastic energy was released, and the lattice soft robot formed an
inward asymmetric bending shape. The peak of the asymmetric bending
shape was located at the left side. The asymmetric bending shape
caused different contact with the substrate, which led to differential
locomotion towards the right direction. Details are given in the Sup-
porting Information S5. The lateral-graded material distribution further
enhanced the asymmetry. The bending stiffness was relatively lower
than the right side due to uneven material distributions, leading to a
locomotion speed of 4.7 mm/s, around 3 times the homogenized lattice
soft robots (Fig. S11 and Video. S3).

We developed an analytical model to guide the design of the crawl-
ing motion of the magnetic soft robot with lateral-graded material
distribution. The lattice structures showed an out-of-plane bending
under a magnetic field. As the geometry and the material distribution
were complex, we simplified the lattice metamaterial to a beam with
effective modulus distribution.

The theoretical predicted stress–strain curves of lattice metamateri-
als with uniform volume fraction 𝑉𝑓 = 0 to 1 are shown in Fig. 6(c).
The effective modulus was obtained by linearly fitting the curves with
a 50% strain. The relationship between the effective moduli and the
volume fraction was obtained (Fig. 6(d)). The beam model was then
used to estimate the deformation of the magnetic soft robot under a
magnetic field Fig. 6(e). In case (1), the lattice in stage II (Fig. 6(f))
was modeled as a cantilever beam with its right end clamped and left
end under a moment 𝑀 . The moment acting at any point (x, y) was
also M. Using the Euler–Bernoulli moment–curvature relationship

d𝛿 = 𝑀 , (16)

d𝑠 𝐸(𝑠)𝐼
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Fig. 4. Programmable mechanical behaviors. (a) Tunable Poisson’s ratio at 𝜀 = 45% enabled by adjusting Young’s modulus of microstructure I-III within the range [100 MPa, 1.5
GPa] individually. Three typical 3D voxel printed triangular lattice metamaterials with (b) negative, (c) nearly zero and (d) positive Poisson’s ratio. (e), (f) and (g) show the FEM
deformed shapes of the lattice metamaterials, and the theoretical and FEM deformed representative units. (h) Tunable Poisson’s ratio at 𝜀 = 40% enabled by individually adjusting
the geometric parameters 𝑛 of microstructure I-III within the range [1, 3].
where 𝛿 is the slope angle at point (x, y). s is the distance along the
beam from that point to the fixed end. E(s) is the effective modulus
corresponding to the designed voxel distribution. E(s)I is the flexural
8

rigidity of the beam. M is the applied bending moment. The cantilever
is subjected to the following boundary condition

𝛿 = 0. (17)
|𝑠=0



Additive Manufacturing 69 (2023) 103532L. Dong et al.
Fig. 5. Multifunctional designs. Simultaneous reproduction of (a) the J-shaped stress–strain curves and (b) negative Poisson’s ratio of cat’s skin by a 3D voxel printed triangular
lattice metamaterial. (c) shows a subregional design for matching the lateral profile of a porcelain vase. (d) Design parameters and voxel units of each subregion. (e) and (f) show
the experimental and FEM simulation of the 3D voxel printed lattice metamaterials at 𝜀 = 45%. The scale bar is 10 mm.
Source: Data from Ref. [52].
The applied moment M should satisfy

𝑀 = 𝑁𝐵 sin(𝜑) with 𝜑 = 3𝜋∕4 − 𝛿𝑒𝑛𝑑 , (18)

where N is the magnetization of the magnetic cell and the measured
value is 123 kA/m (Fig. S9). B represents the synthetic magnetic field
strength with an amplitude of 14.14 mT. 𝛿 is the angle between the
direction of N and B, which is related to the slope angle at the end of
the beam (𝛿 ) as shown in Fig. 6(e).
9

end
By solving Eq. (16) with boundary condition Eq. (17) and load
requirement Eq. (18), 𝛿 can be obtained, and the deformed shape of
the beam can be further generated by numerically integrating 𝛿. In
case (2), The deformed configuration in stage IV was modeled as a
simply supported beam. The boundary condition at the free end with
no longitudinal displacement is

𝑠
sin 𝛿𝑑𝑠 = 0. (19)
∫0
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Fig. 6. Magnetic voxel lattice soft robot. (a) The magnetic soft robot consists of a 3D voxel printed rectangular lattice metamaterial and two magnetic cells. (b) Case (i). Under
a combined magnetic field 𝐵𝑋 (sinusoidal) and 𝐵𝑍 (constant), the soft robot with homogenized material moves at a speed of 1.6 mm/s, while the soft robot with lateral-graded
material distribution moves at 4.7 mm/s. (c) The theoretical stress–strain curves of voxel lattice material with different material parameters (𝑉𝑓 ). (d) shows the corresponding
effective modulus. (e) An analytical model to for crawling motion of the magnetic soft robot. (f) The comparison between theoretical bending deformations with the FEM simulated
and experimental results of the soft robot with the lateral-graded material distribution. (g) Case (ii). Under a sinusoidal magnetic field 𝐵𝑋 , the magnetic soft robot with homogenized
material does not move, while the soft robot with biaxial-graded material moves towards the right direction at 1.2 mm/s. All scale bars are 10 mm.
The deformed shape of the beam can be constructed by solving the
differential equation Eq. (16) with boundary condition Eq. (19) and
load requirement Eq. (18). Note that the direction of 𝐵 changes due to
the change of 𝐵𝑋 direction.

As shown in Fig. 6(f), the developed beam models were used to
predict the motion of the soft robot with the lateral-graded mate-
rial distribution. The theoretical bending deformations agreed with
10
the FEM simulated and experimental results, indicating that the non-
homogeneous material distribution breaks the symmetry and leads
to directional locomotion. The quasi-static analytical model allowed
guidance for designing magnetic voxel lattice soft robots. We should
note that the theoretical model for the magnetic soft robot is simplified
due to the complex structures and material distributions, and unable to
predict the behaviors of the bilateral-graded soft robots.
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Fig. 7. Tendon-driven soft fingers with three variable stiffness joints. (a) Schematic diagram of the finger joint. (b) Seven different stiffness finger joints and the corresponding
FEM simulated deformation under bending moment 𝑀 (1.5 N ·mm). 1: Vero; 2-6: Composites consisted of lattice metamaterials and Agilus; 7: Agilus. (c) The undeformed shape
of soft fingers with three joints (I, II and III). (d) The deformed shapes show programmable configurations using different stiffness finger joints. (e) Grasping with controllable
curvatures via assembled modular fingers. All scale bars are 10 mm.
In case (ii), the lattice soft robot with homogenized material bent
and curled symmetrically with no horizontal locomotion. In contrast,
the lattice with biaxial-graded material distribution showed a crawling
motion toward the 𝑋 direction with a speed of 1.2 mm/s. The non-
homogeneous material distribution shifted the location of the neutral
axis of lattices, thus the bending stiffness of part 1 was lower than part
2 which broke the symmetry and led to directional locomotion. The
voxel-level design strategies enable the programmable locomotion of
soft robots.

5.4. Voxel soft grippers

Developing a soft gripper with controllable curvatures is essential
for highly adaptable robotic hands with applications in industrial and
11
medical areas. The voxel printing method enabled the design of soft
grippers with controllable curvatures.

As shown in Fig. 7, we designed assembled modular finger. Seven
joints are designed. Joint 1 was made by pure Vero. Other joints
consisted of voxel-printed lattice metamaterials (Vero) and soft matrix
(Agilus) (Fig. 7(a)). The volume fractions of the embedded lattice
were 1, 0.8, 0.62, 0.36, 0.02 and 0 for joints 2 to 7. By varying the
volume fractions, the finger joints showed various stiffness. Fig. 7(b)
depicts the FEM simulated bending shapes of 7 joints under moment
𝑀 (1.5 N · mm). Tie constraints were used between the surface of
the lattice metamaterials and the matrix. The finger joints show pro-
grammable bending stiffness and can be applied in soft grippers to
realize controllable curvatures.
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Fig. 8. The effect of strain rate on stress–strain curves of (a) rectangular and (b) triangular voxel lattice metamaterial.
al
The soft gripper was assembled by a soft matrix and three joints
(Fig. 7(c)). Fig. 7(d) shows the configurations of the modular fingers
with different combinations of joints. All the fingers were pulled by
the same length 60 mm. Different joint combinations led to different
finger configurations. The fingers displayed a nearly constant curvature
configuration if the same joints were used. Controllable curvatures
can be realized by using different joint combinations. For example,
if a 1-4-1 type was used, the middle joint was softer than the other
two, resulting in a nearly two-segment configuration with a large fold
at the middle. Similarly, 1-7-1 formed a nearly horizontal vertical
configuration. In contrast, the finger was almost vertical if the first joint
was soft, as shown by 7-4-1 and 7-4-4. The soft fingers also exhibited
self-adapting properties. Fig. 7(e) shows the obtained grasps using two
modular fingers to grasp various objects with different shapes, weights
and dimensions. The stable grasp in different scenarios confirms the
grasping ability and curvature controllability of the gripper.

6. Discussions

6.1. Inverse design process

The inverse design process was enabled by machine learning (ML)
and evolutionary algorithm (EA). For stress–strain matching, a series of
voxel lattice metamaterials were constructed by tuning the geometric
(𝑛) and material parameters (𝐸) of microstructures I-III first. The
theoretical model was then used to evaluate the stress–strain responses
of lattice metamaterials to form the database for ML. Next, an ANN-
based ML model was established by learning the database. The input
was the design parameters, and the output was the corresponding
stress–strain curve. The ML model was served as a surrogate model
for fast and precise prediction of stress–strain curves. Last, the ML
model was combined with the EA to obtain the optimal design with
the target stress–strain curve. The EA involved the initial generation
establishment, selection, crossover, and mutation. We demonstrated
that the rationally designed triangular metamaterial can simultaneously
mimic the J-shaped stress–strain curves and negative Poisson’s ratio
of the cat’s skin. In our previous study [51], a python-assisted FEM
model was used to form the database for training the machine learning
model in the optimization process. In this work, the database for the
inverse design of the stress–strain curve was generated by the devel-
oped theoretical model. Benefiting from the low computation costs of
the theoretical model, the time consumed in forming the database using
the theoretical model is lower than that of using the FEM model.

The developed ML-EA approach was further used for shape-matching
designs. Three subregions were applied with individually designed mi-
crostructures. The lateral profiles of a porcelain vase can be accurately
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reproduced. The python-assisted FEM model was utilized to form the
database as boundary conditions between subregions are complex [51].

6.2. Viscoelasticity

We used the linear elasticity constitutive model. The three-dimension
Timoshenko beam was used. Linear elasticity was used because the
local strain of the material was generally less than 5% when the
overall strain of the lattice structure exceeds 100% [36,53]. Noted that
Vero and Agilus are both shape memory polymers with viscoelasticity.
Viscoelasticity also affects their mechanical behaviors. We had studied
the effect of viscoelasticity and strain rate based on the multi-branch
constitutive model developed in our previous study [54]. Based on the
model, we analyzed the effect of strain rate on stress–strain curves of
voxel lattice metamaterial at room temperature (20 ◦C). As shown in
Fig. 8, the tangent modulus of rectangular and triangular lattice meta-
material slightly increased as the strain rate increased. For instance, the
stress increased from 218.4 kPa to 239.4 kPa at 𝜀 = 30% as the strain
rate applied on triangular lattice metamaterial increased from 4 mm/s
to 12 mm/s.

6.3. FEM simulations

The mesh convergence study for the FEM models was conducted
for both the rectangular and triangular voxel lattice metamaterials.
The FEM simulated stress at 𝜀 = 60% for the rectangular lattice and
𝜀 = 20% for the triangular lattice with different mesh sizes are shown
in Fig. S12(a) and (b), respectively. By progressively decreasing the
mesh size, the number of elements increases from 5000 to 80000.
The results showed that the number of elements should be larger than
15000 to ensure computational accuracy. Therefore, 20000 elements
are adopted in the FEM simulations.

We used the B32H (3D Timoshenko beam) elements in FEM due to
the following reasons.

(1) The use of B32H element (considering both shear and out-of-
plane deformation) is a more accurate representation of the experimen-
tal conditions, as both shear and out-of-plane deformation may exist in
the experiments. Its applications in lattice structure have been verified
by previous studies [36,38,55].

(2) The main difference between Euler–Bernoulli and Timoshenko
beams is the shear effect. The FEM results using B32H show that the
shear strain and stress are small (Fig. S13(a)). Also, the Euler–Bernoulli
beam model is a good approximation to the Timoshenko beam model
when 𝐸𝐼∕𝐾𝑠𝐿𝑠2𝐴𝐺 ≪ 1 [56], where 𝐸 is the elastic modulus; 𝐼 is
the second moment inertia; 𝐾𝑠 is Timoshenko shear coefficient, 𝐺 is

the shear modulus; 𝐴 is the area of cross-section; 𝐿𝑠 is the length
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of the beam. In this work, 𝐸𝐼∕𝐾𝑠𝐿𝑠2𝐴𝐺 =∼ 10−3 ≪ 1. Therefore,
the difference between Euler–Bernoulli and Timoshenko beams can be
neglected.

(3) The FEM simulation using 2D and 3D Euler–Bernoulli beam ele-
ments (B23H and B33H) do not converge for complex microstructures.

The FEM simulation takes into account the out-of-plane deforma-
tion. The out-of-plane deformation exists in experiments, although it
is small and neglected in the theoretical model. The FEM results with
or without out-of-plane deformation are almost identical. As can be
seen from Fig.S13(b), the FEM simulated stress–strain curve of a typical
lattice metamaterial using 2D (B22H) or 3D (B32H) Timoshenko beams
almost coincide. The out-of-plane deformation could be large when
under a large deformation or specific structural designs are involved,
as studied in previous work [8,57].

6.4. 3D voxel structures

The voxel printed method provides an opportunity to design 3D
voxel lattice metamaterials. Both material and geometric parameters
can be used to design multifunctionalities. In addition, the straight
beams in a 3D lattice can be replaced by curled microstructures to
improve the stretchability in multiple directions. The potential applica-
tions range from 3D flexible electronics [58], energy absorption [59],
structured fabrics [32] to medical stents [60]. However, both fabrica-
tion and design are current challenges. Printing 3D voxel structures
may need a large amount of supporting material, which is difficult to be
removed and can easily lead to structural failures. Developing theoret-
ical model for 3D voxel structures is also difficult due to the complex
structure and material distribution. The wide material and structural
design spaces further hinder inverse design. Combining high-resolution
and support-free voxel 3D printing technologies, mathematics-based
modeling methods, and topological optimization may pave the way for
designing 3D voxel lattice metamaterials.

7. Conclusion

3D voxel printing allows for voxel-level material distributions, while
lattice metamaterials can provide multifunctions by structural design.
This work aims to develop a design framework for voxel-printed lattice
structures and explore their wide design spaces, which have not been
studied before based on our best knowledge. The theoretical model is
developed based on previous work, which focused mainly on structural
design and neglected voxel-level material distributions. By combining
the modulus and geometry changes (modified modulus/cross-section
term) caused by the voxel printing and the previously developed the-
oretical model of lattice structures, the theoretical model is estab-
lished for the voxel lattice and enables the design using both geomet-
ric and material parameters. The developed theoretical model shows
three innovations: (i) 𝐸(𝛼) is applied to characterize the microstruc-
tures with gradient voxel distributions; (ii) 𝐼(𝛼) is used to account for
varying cross-sections; (iii) lattice metamaterials whose representative
unit consisting of different microstructures can be modeled, while the
microstructures in a unit are the generally same in previous work [61].

In summary, we develop a combined theoretical, FEM and experi-
mental design framework for 3D voxel printed lattice metamaterials.
We extend a previously developed model for lattice metamaterials
by considering the voxel-level material distributions and various mi-
crostructures. A python-assisted FEM model is developed for the voxel
structures. We develop a parametric algorithm to generate the voxel
matrix for manufacturing. Experiments are conducted to validate the
theoretical and FEM models. The framework is used to design pro-
grammable mechanical behaviors, such as Poisson’s ratio and stretch-
ability, by tuning the geometric and material parameters. Multifunc-
tional designs of bionic stiffness and Poisson’s ratio simultaneously
reproduction and shape matching are demonstrated. We also present
13

a magnetic voxel lattice soft robot with directional locomotion. This
work paves the way for designing and manufacturing 3D voxel printed
lattice metamaterial with multifunctionality.
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