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A B S T R A C T

Heterogeneous mechanical metamaterials can achieve extraordinary properties through their complex and 
diverse microstructural designs. However, research on the functional realization by heterogeneous mechanical 
metamaterials in varying scenarios remains insufficient. Nature’s materials generally feature irregular and multi- 
material characteristics, endowing them with remarkable functions such as mechanical stress regulation and 
crush protection. Accordingly, herein, we combine these two features to create a unified framework for the 
design of heterogeneous mechanical metamaterials. By optimizing the spatial distribution of a limited set of unit 
cells, we show that irregular and multi-material metamaterials can be assembled to achieve functions such as 
cloak, protection, and field control characteristics, demonstrating the universality of this framework. Although 
our optimized structures are irregular and non-periodic, the assembled materials exhibit spatially varying 
characteristics, allowing precise displacement or stress distribution adjustment in different control regions under 
various loading conditions to achieve functionality. Our approach excels in rapidly responding to new design 
scenarios that offer inspiration for the efficient design of functional metamaterials.

1. Introduction

Mechanical metamaterials can achieve unique and extraordinary 
mechanical properties by rationalizing their microstructures [1–7]. 
Those with heterogeneous microstructures have gained increasing 
attention in recent years due to their vast design space. Specifically, 
reducing stress concentrations through metamaterial microstructure 
design can help resist structural failure [8], manipulation of stress dis
tribution can stimulate the regeneration and repair of fractured bones 
[9], and optimizing microstructure distribution of multi-phase lattice 
materials can reduce local stress and maximize strain energy density 
[10–13]. Additionally, mechanical cloaks designed around objects or 
voids can manipulate the elastic field around them, making it difficult to 
distinguish the objects or voids from a uniform environment, thereby 
achieving mechanical “invisibility” [14–16].

To generate heterogeneous microstructures with targeted perfor
mance remains a challenging endeavor because of the infinite number of 
design spaces. Some pioneering approaches have been proposed, 

including filtered random lattices [17–19], phase-separation induced 
foams [20,21], biomimetic virtual growth processes [9,22,23], and data- 
driven design methods [24,25]. Among these, data-driven approaches 
are particularly powerful because they can explore the infinite design 
space of heterogeneous structures by leveraging extensive unit cell da
tabases. However, in the research on data-driven design, we have found 
that even with an extremely diverse and complex database of micro
structures, it is very difficult to effectively regulate the structural 
displacement field under varying scenarios. For instance, the perfor
mance of a mechanical cloak designed by data-driven methods was 
found to decline significantly under applied boundary forces [24]. As 
such, beyond pursuing complex microstructures, other potential design 
concepts deserve to be further examined for heterogeneous mechanical 
metamaterials. Also, current studies on heterogeneous mechanical 
metamaterials have generally focused on achieving specific functions, 
without validating the universality of the design methods for other 
various functionalities [8–10], Vangelatos et al., [24,26]. Accordingly, a 
universal design framework that can generate effective metamaterials 
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tailored for different functional requirements remains to be fully 
developed.

Nature provides guiding principles for generating inherent archi
tectures, where different parts generally exhibit various microstructures 
and constituting materials [27–30] (Fig. 1A), resulting in extraordinary 
performance [27,31–33]. The irregularity and multi-material composi
tion of natural materials confer functional grading properties, making 
them highly suitable for overall functions such as fruit integrity [34], 
hunting and attacking [35,36], body protection [37,38], and rapid 
swimming [39,40]. To simulate this by mimicking their multi-material 
features, some remarkable results have been achieved [41–44]. 
Considering this, we integrated the multi-material approach with 
irregular structures to design heterogeneous unit cell sets, as shown in 
Fig. 1B (and Fig. S1 in the Supplementary Materials). Our design 
simplified the unit cells compared to the data-driven method and 
expanded the property space by varying the parent materials. Mechan
ical properties (i.e., main diagonal components of the stiffness tensor 
matrix) of unit cells with different parent materials occupied different 
property space, shown by the gray and green illustrated areas. It is 
apparent that the green areas for the material of higher Young’s modulus 
have greatly expanded the property space.

A design framework for heterogeneous mechanical metamaterials is 
proposed in this study, based on a constructed set of multi-material unit 
cells and the discontinuous variable optimization design method. This 
framework was designed to optimize the physical field distribution to 
approximate the target by setting the distribution of the corresponding 
physical field as optimization objectives based on the desired arbitrary 
functionalities. As shown in Fig. 1C, the design domain was discretized 

into rectangular units, with each unit number corresponding to a unique 
microstructure within the unit cell set. The stiffness tensor correspond
ing to each unit was used in a finite element calculation, with the so
lutions directly mapped to the final results. The metamaterial defined in 
this study was composed of 30 × 30 tessellated square base cells (see the 
Appendix in the Supplementary Materials for more details). By using the 
proposed heterogeneous design framework, we have achieved the 
development of a mechanical metamaterial with various functionalities, 
such as mechanical cloak, protection, shape control and field control, 
demonstrating the universality of the framework (Fig. 1D). Other 
functionalities can be obtained for any metamaterial with this design 
framework, extending their application in more engineering scenarios.

2. Methods

The original design domain in this study comprised a 30 × 30 grid of 
two-dimensional plane elements, each grid with dimensions of 5 mm × 5 
mm. For finite element analysis (FEA), each element was modeled as a 
four-node rectangular plane element with a thickness of 10 mm. To 
facilitate energy-based homogenization calculations, each unit cell in 
the dataset was designed in a pixelated manner, represented by a 50 ×
50 binary matrix. We employed a conventional genetic algorithm to 
optimize the filling of each unit cell. The genetic algorithm was imple
mented using MATLAB’s built-in optimization toolbox, with default 
settings for selection, crossover, and mutation operations left un
changed. The algorithm terminates either when the average relative 
change in the best objective function value over 3000 generations falls 
below the specified tolerance of 1e-5, or when the maximum number of 

Fig. 1. Schematic diagram of the heterogeneous mechanical metamaterial design framework. (A) Naturally irregular materials found in wood, shells, stones, and 
fruits. (B) Construction method of unit cells and the properties space of different materials. (C) Definition and optimization of the schematic. (D) Optimized structure 
with the desired function.
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generations, set to 30,000, is reached. Let G denote the maximum 
number of generations, N the population size (i.e., the number of unit 
cells to be optimized), and Tf the time required for the finite element 
analysis. In this study, the overall time complexity of the optimization is 
O(G • N). Since the finite element computations are significantly more 
time-consuming than the genetic operations, the total computation time 
can be approximated by Ttotal ≈ G • N • Tf . On a single Intel(R) Xeon(R) 
Gold 6140 CPU, each finite element computation takes approximately 
0.0345 s. Given 84 unit cells and a maximum of 30,000 iterations, the 
estimated total runtime is approximately 24.15 h. In practice, this time 
can be significantly reduced by parallelizing the computations across 
multiple CPUs. Because the maximal strain of the assembled structure 
was ~1 % to 2 %, Finite element analysis (FEA) was carried out with 
MATLAB and ABAQUS using linear elasticity and plane stress assump
tions. The numerical calculations closely matched the measured ones, 
validating the effectiveness of the design framework. All the structures 
tested were fabricated using a Stratasys J750 Digital Anatomy 3D 
printer. We compressed the structures using a Zwick/Roell Z020 ma
chine. During the experiments, the displacement field on the tested 
structure was captured and analyzed using a Digital Image Correlation 
(DIC) equipment from GOM GmbH. More details on the design methods 
and experiments are given in the Supplementary Information.

2.1. Database generation

This study considered anisotropic and asymmetric units, whose 
stiffness tensors were calculated using energy-based homogenization 
[45]. The base cell’s homogenized elastic properties, calculated through 
energy-based homogenization, wereC11 = 110.94 MPa, C12= 28.22 
MPa, C22= 110.94 MPa, and C33 = 33.57 MPa. Inspired by multiphase 
lattice design, the local addition and removal of struts can introduce 
deliberate reinforcements and defects to modulate mechanical proper
ties [11,12]. Accordingly, nine distinct combinations of basic strut ele
ments were designed to introduce relative weakening and strengthening 
within the unit cells, resulting in a database of structures with aniso
tropic mechanical behavior as shown in Fig. 2A. Although more options 
for basic strut configurations are theoretically possible, the results of this 
research demonstrate that the selected nine combinations are already 
sufficient to achieve effective optimization outcomes. All possible 
combinations were generated, and duplicate structures were removed, 
resulting in a total of 152 unit cells. Since all unit cells include a frame, 
there was no need to design a new algorithm to ensure connections 
between the units. The struts in different directions introduced the ir
regularity found in natural materials, making them better suited for 
various loading angles and more effective at altering force transmission 
directions. The database is small and practical, directly applicable to 

discontinuous variable optimization calculations, and it significantly 
reduces mass production costs to some extent. Two materials with 
significantly different Young’s modulus properties were selected. Based 
on ASTM standard tests, the Young’s modulus and Poisson’s ratio of the 
stiffer material were respectively 3380 MPa and 0.4, while for the other 
(compliant) material, these properties were respectively 320 MPa and 
0.17. Ultimately, we created a small database with 152 different struc
tures and 304 distinct stiffness properties with the property space shown 
in Fig. 1B and Fig. 2B.

2.2. Structural displacement field optimization method

By performing finite element modeling of the structure, the dis
placements at each node within the design domain can be calculated and 
represented as ui

→. If the target displacement field is denoted as u0,i
̅→, then 

the optimization process can be expressed by the formula: 

min
x

F =
‖(u − u0)‖

2
2

‖u0‖
2
2 

s.t.K(X)u = f 

0 ≤ xi ≤ 304 (1) 

where u and f are the displacement and load vectors, respectively, and K 
is the global stiffness matrix depending on the xi of sub-domain. When 
u0,i
̅→ represents the displacement field of the initial homogeneous struc
ture, F denotes the distortion relative to the initial homogeneous 
displacement field, which represents the optimization process of the 
mechanical-cloaked structure. By removing u0,i

̅→ from both the numer
ator and denominator, the optimization objective represents the mini
mized displacement field, representing the optimization process of the 
mechanical-sheltered structure. Additionally, u0,i

̅→ can be set as any 
displacement field to achieve infinite design patterns.

2.3. Structural stress field optimization method

The regulatory efficacy of stress field manipulation can be validated 
through topological optimization of design domain configurations spe
cifically engineered to confine mechanical stresses within pre
determined protected regions shown in Fig. 3A. By performing finite 
element modeling of the structure, the stresses at each node within the 
design domain can be calculated and optimized, similar to the 
displacement field. As the physical meaning of stress is more complex, 
researchers have designed various equivalent stresses for different sit
uations. A Mohr’s circle can fully describe the stress state at any point 

Fig. 2. Schematic diagram of the unit cell set generation. A. Method for obtaining anisotropic unit cells. B. Radar chart of the homogenized stiffness tensor after 
assigning two different material properties to the unit cell.
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within a two-dimensional structure. As shown in Fig. 3B, the optimiza
tion process aims to reduce stress in all directions. The position and 
radius of Mohr’s circle can be fully represented by two parameters: the 
average of the two principal stresses, σ0 = (σ1 + σ2)/2, and the 
maximum shear stress, τmax. Reducing these two parameters minimizes 
stress in all directions, and we propose the equivalent stress for this 
optimization process as: 

σe =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(σ0)
2
+ (τmax)

22
√

(2) 

Since the stress within a Q4 element varies linearly, the stress at the 
center of each element can represent the stress for the entire element, 
approximating the stress field of the overall structure. Thus, the opti
mization process can be expressed by the formula: 

min
x

F =

∑
σe

N 

s.t.K(X)u = f 

0 ≤ xi ≤ 304 (3) 

where N represents the number of elements within the design domain, 
and the objective function F represents the average equivalent stress in 
the protected region.

3. Simulation and experiment for a mechanical cloak

To validate our design framework, metamaterials with a circular 
void were examined. Specifically, for the whole original design domain 

Fig. 3. A. The region definition adopted in mechanical-stress-barrier structure with designed, protected, and surrounding region. B. Optimization process of 
equivalent stress.

Fig. 4. (A) Definition of the designing region; (B) Displacement loading conditions applied; (C) Experimental setup for displacement field measurements and the 
close view of the structure. Comparison of the numerical and experimental displacement fields obtained for the reference (D–H), voided without a cloak (I–M), and 
cloaked (N–R) structure.
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with existing voids or defects, the area around the voids was defined as 
the designing region Ωc for clock function (Fig. 4A), where displacement 
was manipulated through the microstructure design in this region, so 
that the displacement field in the surrounding region Ωs was preserved 
as if the voids were not present. Consequently, for an observer located at 
any point within Ωs, these voids were “mechanically invisible”, 
including both the boundaries and the interior. To facilitate the loading 
condition in the experimental apparatus, a displacement boundary 
condition of ubc = 0.5 mm (0.67 % average strain) was applied to the left 
and right sides of the original design domain, while the top and bottom 
boundaries were kept free with no constraints, as shown in Fig. 4B. We 
refer to this configuration as a “displacement-free” boundary condition, 
termed as Uf. Note that the loading remained within the elastostatic 
regime throughout the process. The generated metamaterials with 
optimized microstructures were printed and then tested, as shown in 
Fig. 4C (see Appendix for more details). To facilitate displacement 
tracking in experimental measurement, a simple four-rod cubic lattice 
was chosen as the base cell (shown in Fig. 4D, Inset). For those without 
any voids as reference, the nodal displacement was recorded as u0. 
Subsequently, simulations and experiments were performed on meta
materials with and without the designed domain Ωc compared with the 
reference. The nodal displacements in the surrounding region were 
recorded as ui. To evaluate the effectiveness of the proposed method in 
mitigating the effects of internal voids, the degree of displacement field 
distortion was quantified using a relative displacement difference for
mula Δ, given by: 

Δ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑
Ωs
(ui
→

− u0
̅→

)
2

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑
Ωs
( u0
̅→

)
2

√ (4) 

Ideally, the distortion of the displacement field Δ should be zero, 
indicating that the displacements at each point ui were identical to those 
in the uniform structure u0. Therefore, this was set as the optimization 
objective, as described in more detail in the Appendix.

The simulated and tested displacement fields were compared for 
those metamaterials with a cloak, without cloak design and the refer
ence ones, as illustrated in Fig. 4D-R. By simulation, for the reference 
metamaterials without voids, a uniform transition was exhibited from 
one end to the other along both x and y directions (Fig. 4E-F). For those 
without a cloak, as voids were introduced, the overall stiffness 
decreased. At the same time, the internal load transmission paths 
changed, leading to an increased displacement near the voids (Fig. 4J- 
K), where the distortion Δ reached 15.9 %. For the optimized meta
materials with a cloak, the generated unit cells were arranged periodi
cally, resulting in a specified pattern shown in Fig. 4N. Generally, the 
stiffer green elements naturally clustered to form a ring around the 
voids, compensating for the stiffness loss of voids; whereas in directions 
where the displacement field was prone to distortion, the softer gray unit 
cells tend to align towards stiffer ones to optimize the transmission path. 
This optimized configuration enhanced the structural loading capacity, 
diminishing the displacement field distortion caused by the voids. The 
simulated results (Fig. 4O-2P) showed a largely restored uniform 
displacement field in the surrounding regions like the original structure, 
with the distortion parameter reduced to 1.87 % (from 15.9 % of the 
above-mentioned metamaterials without a cloak). To further validate 
these findings, the reference structure (Fig. 4G-H), the voided structure 
(Fig. 4L-M), and the cloaked structure (Fig. 4Q-R) were additively 
manufactured and then tested. Considering structural symmetry, dis
placements from the upper left corner of each structure were measured. 
Generally, the experimental displacements matched well the simulated 
ones in terms of both displacement distribution and displacement 
distortion (reduced from 11.21 % in the voided structure to 3.42 % in 
the cloaked structure).

To demonstrate the effectiveness and universality of the design 
framework proposed in this study, heterogeneous metamaterials with 

parent materials of different ratios of Young’s moduli of ~2, defined as λ 
under various boundary loading conditions, were examined (Movie S1
for λ = 10). Based on the modulus distribution for the same class of 
materials [46], λ values of 10, 30, 60, and 90 were, respectively, selected 
for optimization. Under displacement boundary conditions, those with 
two different Young’s modulus ratios exhibited similar patterns, as 
shown in Fig. 5A. The distortion parameters for the two cases were also 
comparable, respectively, with values of 1.87 % (λ = 10) and 1.77 % (λ 
= 30), as indicated in Fig. 5E. Under the force boundary conditions 
shown in Fig. 5B-5C, referred to as the “pressure-free” condition (Pf) and 
“dilating” boundary condition, the distortion parameters for the voided 
structures respectively reached 111.5 % and 125.84 % (Fig. 5E). A 
constant compressive pressure of pbc = 70.40 k Pa was applied to keep 
the average strain ~1 % and ensure that the structure remained in the 
linear elastic deformation range. However, for cloaked structures, the 
optimization results for those with two different Young’s modulus ratios 
revealed that stiffer (green) elements formed a ring within the design 
domain to compensate for the stiffness loss due to the voids. This opti
mized pattern enabled the structure to resist constant force boundary 
conditions, reducing the displacement field distortion. Under shear 
boundary conditions (Fig. 5D), similar patterns were obtained for those 
with two different material Young’s modulus ratios, with the distortion 
Δ reduced from 30.37 % to 0.35 % (λ = 10) and 0.45 % (λ = 30), nearly 
eliminating the displacement field distortion. Similar patterns were 
obtained for metamaterials with λ = 60 and λ = 90; the detailed mi
crostructures and corresponding displacement fields are illustrated in 
Figs. S1-S4 with further details in the Appendix. The four selected 
stiffness ratios cover the typical range of Young’s modulus found in 
common engineering materials shown in Fig. S5 [47]. As the stiffness 
contrast increases, the structures exhibit improved cloaking perfor
mance under the Pf boundary condition, while a slight reduction in 
cloaking effectiveness is observed under the dilating boundary condi
tion. Under the other two boundary conditions, the performance re
mains relatively stable. Overall, all cases demonstrate good cloaking 
capability.

In contrast to data-driven design approaches that rely on a large 
number of microstructures [24], this study expands the range of stiffness 
tensor properties of the candidate unit set by employing two constituent 
materials. As a result, improved performance in static elastic cloaking 
was achieved, particularly under force boundary conditions, where 
significant enhancement was observed. Moreover, instead of first opti
mizing the internal stiffness distribution and then mapping it to corre
sponding unit cells, our approach directly optimizes the selection of unit 
cells, thereby establishing a more direct correspondence between the 
optimized result and the physical structure. Compared with previous 
data-driven design approaches where only one single material was uti
lized, no matter how complex the generated unit cells were, the 
distortion Δ was greater, and the resulting metamaterials could not fully 
compensate for the decrease in load-bearing capacity. Accordingly, 
those with two material systems in our study demonstrated significant 
advantages. Also, the void shape could be arbitrarily specified, with the 
cloak shapes (cloak region Ωc) additionally optimized, as shown in 
Fig. S6.

4. Physical field manipulation

4.1. Displacement field manipulation

Based on these studies, the key point for realizing mechanical 
cloaking lies in regulating nodal displacements of unit cells. This design 
method by manipulating the overall displacement field was further 
expanded for other functionality using three simulation examples 
(Movie S2).

Facial expression changes. A cartoon face structure was defined in 
Fig. 6A. Our goal was to change the facial expression by displacement 
field control. By controlling the displacement away from the center 
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Fig. 5. Design results for different boundary conditions and material Young’s modulus ratios. (A–D) Cloaked structures under (A) displacement boundary condition, 
(B) pressure boundary condition, (C) dilating boundary condition, and (D) shearing boundary condition. (E) Bar graph for the relative displacement differences of 
different boundary conditions and material Young’s modulus ratios.
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(details are given in the Appendix), the optimized structure was shown 
as the unloaded structure with a specified pattern (Fig. 6A). After 
loading, the facial structure produced a “smile” expression (facial eyes 
move outward) by simulation. Alternatively, by concentrating the 
displacement towards the center, the facial expression transformed into 

an “angry” expression.
Mechanical shelter. A key-patterned void shape was specified and a 

design area around it was defined for optimization. The displacement 
summation value along the void edge was taken as the optimization 
objective to minimize the shape change of the void to nearly zero (as 

Fig. 6. Design results of the heterogeneous mechanical metamaterials for different application scenarios. (A) Customized cartoon facial expressions. (B) Mechanical 
shelter and (C) Wing-shaped voids, compared with the initial homogeneous structure.
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detailed in the Appendix). After optimization, the displacement value at 
the void edge was significantly reduced to only 0.0181 % of the original 
value, and the shape change was nearly undetectable. The exhibiting 
characteristic could isolate the external physical field from being 
detected by those inside the voids, i.e., behaving as a mechanical shelter. 
For example, for embedded chips or sensors, the optimized structure 
would protect their structural integrity and function from external 
disturbances.

Shape controlling. To arbitrarily control the local shape remained a 
challenge. Here, an example was illustrated by governing two rectan
gular voids to a “wing-like” shape (Fig. 6C). The optimization was car
ried out by manipulating the local displacement as the objective. The 
behavior of the optimized structures transformed from those with pos
itive Poisson’s ratio to a negative ratio. Interestingly, in the optimized 
structure, stiffer units were arranged in a pattern resembling a “butter
fly”, which again highlighted the advantage of incorporating dual- 
material systems in the design framework. The framework enabled 
other atypical mechanical behaviors, such as local displacement field 
rotation (Fig. S7). The deformation process is shown by simulation in 
Movie S2.

4.2. Stress field manipulation

Batteries and sensors are used more widely in smart vehicles, which 
may suffer damage or impact loading in real applications. To protect 
their functionality, one objective to markedly reduce the stress on these 
functional components is through a region that encloses them. The stress 

at any point within a two-dimensional structure can be represented by a 
Mohr’s circle, which describes the stress-state through the parameters of 
the circle, specifically its center position and radius. From this 
perspective, we proposed an equivalent stress σe that can serve as an 
optimization objective to reduce stress in all directions. A homogeneous 
unit cell representing the functional component (protected region) was 
utilized shown in Fig. 3A. The average equivalent stress σe in the pro
tected region was then taken as the optimization objective. Fig. 7A 
shows the optimization results under a constant force applied to the left 
and right sides. On the left and right sides, “arrow-like” parts formed by 
stiffer materials were observed with clear directionality, which directed 
the stress to be transmitted toward the top and bottom regions with 
stiffer sections.

This structure generated a stress barrier around functional compo
nents, reducing σe from 100 % (original value) to 16.12 %. Notably, with 
limited volume, the barrier region could be increased as the radius of the 
protected region is reduced, such that σe would approach zero. To 
demonstrate that this optimization process minimizes the stress in the 
protected region, we repeated the optimization process by gradually 
reducing the radius of the protected region shown in Fig. 3A, thereby 
increasing the design area. We defined the ratio of the average equiva
lent stress after optimization to the average equivalent stress before 
optimization in the protected region as “Decrease.” As shown in Fig. S8, 
the equivalent stress approached zero as the radius gradually decreased. 
Theoretically, as the design domain increases, a region completely un
affected by external stress will be achieved, with the mechanical stress 
barrier completely shielding the external stress. This suggests that, if the 

Fig. 7. Optimization results of stress barriers and their corresponding equivalent stress field distributions under different boundary conditions: under (A) pressure 
boundary condition, (B) dilating boundary condition, and (C) shear boundary condition.
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stress barrier was large enough, a completely protected region could be 
created within the structure where no stress was transmitted, ensuring 
absolute safety and reliability for the functional components in this area. 
The internal stress contours are shown in Figs. S9-S10, which further 
validates the effectiveness of using Mohr’s circle parameters as the 
optimization objective.

The generated structures under dilating boundary conditions are 
shown in Fig. 7B, where stiffer material formed a ring surrounding the 
protected area with four thickened corners; this reduces σe from 100 % 
(original value) to 20.09 %. The optimization results under shear 
boundary conditions are shown in Fig. 7C. The stress barrier causes a 
higher concentration of stress on both sides, which reduces σe to 47.12 
%. The stress reduction, however, was not significant, indicating that a 
larger stress barrier was necessary under such loading conditions to fully 
attenuate the stress within the barrier. This simulation of the stress 
barrier structure under different loading conditions is shown in Movie 
S3.

5. Conclusion

A universal design framework for heterogeneous mechanical meta
materials with various functionalities has been established. By 
employing a Nature-inspired multi-material with irregular features, unit 
cells with simple struts were constructed with two different parent 
materials as microstructure databases. The spatial distribution of a 
limited set of unit cells was optimized, and irregular and multi-material 
metamaterials were obtained for various functions. The optimized meta- 
structures for mechanical cloak performance were 3D printed and 
tested. The measured displacement field distribution agreed well with 
the simulated distribution, which demonstrated the effectiveness of the 
design approach. Microstructures with various Young’s modulus ratios 
of two parent materials were examined, with the created metamaterials 
exhibiting similar cloaking effects under various loading conditions, 
demonstrating the design approach was effective irrespective of the type 
of materials that were used. In addition to the establishment of a me
chanical cloak, other functionalities were realized through the manip
ulation of physical fields. Atypical mechanical behavior, such as facial 
expression change, mechanical shelter, shape control and local 
displacement field rotation, were generated by governing the displace
ment field. Additionally, by manipulating the stress field, the stress 
could be decreased for protection when the equivalent stress was set as 
the optimization target. For engineering applications, this framework 
can quickly initiate analysis, regardless of the complexity of the sce
nario. This approach enables heuristic solutions to functional structural 
design, significantly reducing labor-intensive modeling and experi
mental costs.
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