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Architected materials with advanced functionalities are increasingly employed
in fields such as biomedicine and robotics. While periodic designs have been

predominant, disordered materials inspired by natural irregularities have
recently gained prominence for their potential to high damage tolerance,
isotropy, and imperfection insensitivity. However, the advantages of such
irregular materials remain debated. Here, inspired by a pioneering stochastic
growth rule, we present an irregular growth strategy that uses a limited set of
cells to engineer mechanical stealth, achieving both static cloaking and
camouflage within a narrow error tolerance—a feat challenging for periodic
designs. Our approach demonstrates adaptability to diverse boundary loads
and void configurations, ensuring reliable performance without requiring
extensive datasets. Arbitrary cloaks generated with minimal samples retain
camouflage under varied conditions, including mutual camouflage between
targets with disparate void shapes. This framework is further extended to
three-dimensional scenarios, highlighting its potential for cloaking and
camouflage across multiscale applications.

The meticulous engineering of microarchitecture has led to the
development of a diverse range of architected materials with excep-
tional properties, which have been extensively applied across
mechanics'™, electromagnetism’®”’, acoustics®*'°, and robotics™". Spe-
cifically in mechanics, the extraordinary properties of architected
materials, such as ultrastiffness>, ultralight", negative stiffness and
poisson’s ratio'®?°, skin effects”, programmability’’, have been uni-
versally presented. These functionalities are primarily derived from
their uniquely engineered geometries and topologies rather than
chemical compositions. Traditionally, most architeched materials have
been designed with periodicity to simplify the design process™ .
However, natural materials—such as bone”, toucan beak, dragonfly
wing, water lily*®, and wood*—are typically characterized by a lack of
periodicity, in contrast often exhibiting superior functionalities.

Inspired by these irregular natural structures, disordered architeceted
materials have recently been engineered to offer advanced functions,
including high damage tolerance® >, perfect isotropic®, and imper-
fection insensitivity*, etc.

Natural variation in the shape of biomaterials is a result of their
self-organizing growth. This growth occurs through a decentralized,
probabilistic construction process that adheres to straightforward
local guidelines, rather than being directed by a central blueprint®.
Consequently, compared to the traditional periodic architectures,
irregular architected materials can offer a vastly expanded design
space for structural geometry. However, this expanded design space
gives rise to increased complexity and strong nolinearity in geometry
modeling. To address this challenge, several pioneering methods for
designing irregular or disorderd archtected materials have been
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proposed, including stochastic bond removal and addition®®, node
replacement in regular materials®, framework for disorder cellular
metamaterials®® and bio-inspired irregular growth techniques™. Liu et
al. initially demonstrated that irregular architected materials, designed
via random growth based on predefined adjacency rules, possess
diverse and superior properties of stress regulation®**, Liu et al. fur-
ther developed this random growth approach and expanded the
enhancement potential of irregular architected materials in the func-
tionality of sound absorption*°. Furthermore, a recently developed
aperiodic monotile truss lattice and polymer interpenetrating phase
composites demonstrate significant improvements in strength and
toughness*. However, up to now, research on irregular architected
materials remains in its infancy. Controversies and doubts stills persist
regarding their mechanical properties such as damage insensitivity
and other diverse functionalities in irregular structures®, warranting
further exploration to inspire more exotic and unique characteristics.
Therefore, it is worthwhile to further advance the irregular architected
materials, ranging from the design framework, growth methodology
to function expansion, targeting on achieving more versatile, superior
funcationalities not possible with periodic structures.

Meanwhile, as a topic of particular interest, cloaking has attracted
ever-increasing  attention in  multiple physical fields of
electromagnetics**, optics**°, thermodynamics**® and acoustics***.
Nonetheless, static mechanical cloaking poses unique challenges, as
material-parameter transformations, effective in other physics, are
inapplicable. In static mechanics, the governing equation can not satisfy
the form invariance under transformation, making perfect mechanical
cloaking theoretically unattainable®>, Additionally, the use of 4-rank
tensors to describe the mechanical response adds complexity to the
design of the cloak. Thus, only approximate mechanical cloaking effects
can be realized within a narrow tolerance. Exisiting mechanical cloak
designs typically rely on direct lattice transformation®>**, periodically bi-
mode or pentamode materials**, or topological optimazation®*,
While these methods have shown prospect, they are often limited by
computational complexity or an inability to handle complex geometric
voids. In terms of rich structural responses of irregular architected
materials, the distinctive mechanical behaviors offer innovative pro-
spects for the engineering of mechanical cloaks. Additionally, camou-
flage, which can be applied for stealth technology®”, thermal
management®’, and multispectral concealment®, has been extensively
explored in electromagnetic manipulations and thermodynamics, but
absent in the control of static mechanical deformation. Therefore,
introducing irregular structures into mechanical cloaking and camou-
flage design presents an intriguing research avenue.

Here, we propose an irregular growth strategy based on a varying
stiffness rule to generate irregular architected materials, experimen-
tally demonstrating that outstanding static mechancial cloaking and
camouflage can emerge directly from the disorder inherent in these
structures. The so-called mechanical cloaking device can make a void
structure perform as if it is defect-free, thereby achieving protective
functionality. Beyond that, the camouflage cloak enables a void
structure to mimic the mechanical response of another, offering
diverse functional potentials. It holds promise in VR®* and gaming for
creating haptic illusions, in soft robotics for concealing mechanical
signatures, and in biomedical devices for replicating tissue-like tactile
feedback. Moreover, it supports the design of mechanical metama-
terials with adaptive or programmable behaviors under varied loading
conditions. Notably, the proposed method requires only a small
number of unit cells with simple configurations, greatly simplifying
manufacturing and implementation compared to approaches that rely
on large unit cell libraries, topology optimization and manual adjust-
ment. In addition to achieving static mechanical cloaking, the frame-
work enables static mechanical camouflage under complex void
shapes and boundary conditions, including mutual camouflage
between different voids. Furthermore, the same structure robustly

suppresses void-induced distortions and maintains effective camou-
flage across varying loading conditions. Even in non-uniform sur-
roundings, it significantly mitigates the global deformation of the
structure.

Irregular growth strategy

As illustrated in Fig. 1, we present a design strategy for generating
irregular structures capable of static mechanical cloaking and
camouflage for arbitrarily shaped voids. A butterfly-shaped void is
selected as an example, where the cloak region (Q,.) surrounds the
void and the background region (Q;) consists of periodically arran-
ged microstructures. Several types of basic building blocks with
varying stiffness are meticulously designed to fill the cloak region
based on the proposed growth rules. Through interative virtual
growth process, numerous irregular structures can be created, with
the resulting cloak maintaining the static response of the back-
ground material under complex loads as if no void or another
entirely different void were present. Additionally, the cloak can
mimic the responses of other void shapes, such as an elephant or a
star, demonstrating excellent mutual camouflage effects. Our irre-
gular growth method for static mechanical cloaking and camouflage
holds promising applications across scales, from micro- to macro-
scale, including multifunctional cloaks for chips, bio-skeletal scaf-
folds and tunnel support structures.

We first detail our growth method for generating irregular struc-
tures, as illustrated in Fig. 2. This growth framework consists of four
key components: the basic constitutive building blocks, the adjacency
rules governing block connections, the proportional distribution of
each block class, and the underlying grid of target structure to be filled.
Unlike the existing virtual growth procedure*, we ensure connectivity
and minimize defects by constructing the building blocks with sym-
metric geometries, enabling seamless connections between any two
blocks. For manufacturing ease and design simplicity, a series of basic
microstructural building blocks with increasing stiffness and uniform
dimensions are designed through a step-by-step material removal
approach, starting from solid unit cells and combined with simulation
analysis (as described in Fig. 2a, and Methods section). These blocks
can be categorized into four classes according to their stiffness level.
The fourth class consists of a single solid block without any micro-
structure, exhibiting the highest stiffness. Here, the four classes are
defined as four sets, Class I: $; = {By, B,,B;}, Class II: S, = {B,, Bs, B },
Class Ill: S3 = {B;, Bg, By } and Class IV: S, = {Byy }.. B; is the block code,
showing in Fig. 2a. For the irregular growth, the normalized probability
of an admissible block I (B;) is formulated as

r(B)=cn

L _ic[l,m
S [1, m] @

where n; is the number of occurrences of block B; within the database,
and m represents the number of block types (here, m=10). The
expression Y 2 n; denotes the total number of occurrences for all
blocks B, B,, ..., B,, within the database. The database comprises a
limited number of reusable building blocks. Subsequently, the initial
proportion of the j™ class sets, £, can be calculated as

gjo = Z r(Bi)'j c[1,4] )

BjeS;

By default, the initial proportion of each block I'(B;) is set to a
given constant (e.g., ' (B;) =10%), then the initial proportion of each
class in database can be calculated as 6? =30%, 63 =30%, 63 =30%,
62 =10%, respectively. When one of the initial proportions 6;’ changes,
the proportion of the rest types of blocks are set to be equal, ensuring
that Y7, =1.
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ad Customizable cloak

Irregular growth cloak

Mechanical
camouflage

Fig. 1| Schematic diagram of disorder mechanical cloak design strategy
incorporating irregular growth. a The irregular growth process of a cloak with
butterfly-shaped void is presented. The definition of void, cloak, and surroundings
region in an entire structure is demonstrated, and for different voids, the cloaks can
vary. With the help of cloak irregularly built by ten blocks, structure with voids can

Mechanical
cloaking

possess displacement field distribution almost same to its reference structure
which is reflected in the uniform gradient color. Finally, mechanical cloaking and
camouflage effect can be achieved. b, ¢ Examples of mechanical cloaking and
camouflage.

The adjacency rules are defined as follows. In k% step, the ran-
domly selected block Bf-‘ e S; will be filled into a position P(xk.yk) e,
as shown in Fig. 2b. As a result, the availability of different types of
blocks in adjacent positions P, 41 ), Py, +1) Plg-1y,) and
P(xk y,-1) are influenced. For any position P, ,, ¢ Q., such as P( “1y)
and P( Ve-1) showing in Fig. 2b, they will not contribute to the next
choice. After the selection of B" the current permissible block Bf,
adjacent positions have to meet the requirement B’,j €S 1USUS
(So=S5= ), as illustrated in Fig. 2c. Simultaneously, these adjacent
positions may have already influenced by previous operations. Assume
that, in (k- 1)‘h step, the alternative blocks’ set in any influenced posi-
tion Py ) is S(X Y Consequently, in the current adjacent positions, the
final alternative blocks’ set S(x W= (x y) NS5 US;US;j1)- As aresulg,
the alternative class proportion &; in adjacent posmons for k™ step
should be updated as

ks

2Bes N5k, r8;)
&= ZBEQ—>J elL4Lke [Lng 3)

(x,y) ( )

where n, is the number of grids within cloak region.

To determine the next position to be filled, we introduce a factor
e, presented in each grid (Fig. 2d), as e=logy, n,,, in which n, is the total
number of permissible types of blocks in specific position and N is the

total number of different types of blocks. Notably, at initial state, the e
value in each grid is the same, with e=1, as n, equals N,. After the first
choice, the subsequent choice B" 1 selected from the database,
should fill into the position with the minimum factor value e,;,. During
each growth step, the block that satisfies the adjacency rules is ran-
domly selected from the database with equal probability, where the
block proportion in database is not deliberately changed. Therefore, a
stochastic generation of irregular structures can be readily con-
structed by following this irregular growth rule when the underlying
grid of a target structure is given, regardless of the target shape.

To illustrate, a part of permissible cloak region, meshed asa 5 x5
chessboard, is extracted as an example to illustrate the growth pro-
cess, as described in Fig. 2d. In the initial step, we must specify an initial
growth position, which can be the corner or any other position
throughout the chessboard. Then, a building block is randomly
selected from database to fill in the initial position P(x,,5,)- As aresult,
the adjacent positions’ permissible choice of blocks is changed
according to the adjacent, leading to a smaller e value. Subsequently,
the adjacent position with e, is selected, or, in cases of ties, a position
will be randomly chosen from the grids with same e, value and filled
with a randomly selected block from the permissible set S;. After each
selection, the e values of the positions adjacent to the filled locations
are updated according to the adjacency rules to determine the next
position to be filled. And this growth process is repeated until all
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Fig. 2 | Stiffness gradient-based irregular growth structural design strategy.
a The stiffness of block is obtained through uniaxial compression testing and the
buildings blocks are divided into four classes according to their stiffness level. The
base block’s stiffness level is marked as dashed line to highlight the stiffness dif-
ferences of various class of blocks relative to their surrounding environment.

b Sketch map for demonstrating how the chosen block in a position affects its
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adjacent positions while choosing the next block to fill in. ¢ The adjacency rule of
blocks in each class is illustrated and the code B; in the rings are the indexes of
blocks shown in (a), S; is a set containing several types of blocks. d The detailed
growth process of generating a 5 x 5 square based irregular structure which is
extracted from the permissible cloak region. e Demonstration of the process for
generating irregular structures based on circular and irregular underlying grid.

positions are filled, ultimately achieving a stochastically irregular
structure. This approach can be applied to generate an arbitrary-
shaped, irregular cloak Q. for a corresponding given grid, as demon-
strated in Fig. 2e and Supplementary Movie 1. It is clearly presented
that for any void structure, regardless of its complicated void geo-
metries and size, the proposed framework enables rapid and custo-
mized growth of irregular structures once the growth region is given.
More details regarding the entire design framework are presented in
Supplementary Note 1.

Results

Cloaking and camouflage under complex boundary conditions
In this section, we evaluate the effectiveness of our irregular growth
strategy in achieving the challenging functionalities of static mechan-
ical cloaking and camouflage. We begin with the cloaking effect for a
circular void. As illustrated in Fig. 3a, a reference structure, without a
cloak or void, consists of 30 x 30 identical blocks arranged in a peri-
odic pattern. Each base square block measures 5mm in width and
contains four crossed bars, each 0.5 mm wide (see inset). The void
structure is identical to the reference structure but includes a central
circular void with a radius of 30 mm. The cloak structure includes a
circular cloak with a 55mm radius surrounding the void, approxi-
mately 1.83 times the void size, while the background blocks outside
the cloak are identical to those in the reference structure. The cloak
structure is generated by applying the proposed irregular growth to a
quarter of the circular cloak, followed by symmetric replication.

A tensile displacement load is applied to the upper and lower
boundaries of the structures, (d,=0.75mm along the y direction,
d, =0 mm along the x direction), as shown in the inset of Fig. 3a. The
structures experience approximately 1% strain within the linear elastic
regime. Numerically simulated overall displacement field of the void
and reference structures under the same loading conditions are
compared in Fig. 3a. Significant differences between the intact and
void displacement responses are captured. In the reference structure,
displacement changes approximately uniformly from the center to the
upper/lower boundaries, while in the void structure, displacement
filed is significantly distorted due to the void.

To quantitatively characterize the difference between the dis-
placement response of the void/cloak structures and the reference
structure under the same loading conditions, we measure the relative
displacement differences in the surrounding region Q. Three differ-
ence indexes, the x-direction displacement difference A, the y-direc-
tion displacement difference A,, and the total displacement difference
A, are defined and calculated as

A= \/Zos(ui—uo,i)2 A= \/Zos(ui—uo,i)z

. A= _ \/Zos\di—do,i\z
V2o, (uo,)* V2o, (vo,1)° V0, ldo I
“

where u;(u, ;) and v;(v, ;) are the nodal displacements of the void/
cloak (reference) structure along the x and y directions, respectively,

,A
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Fig. 3 | The resultant mechanical cloaking performance under tensile loading
and camouflage performance under different loadings. a The simulated dis-
placement field of void structure, reference structure, and cloak structure for
cloaking (a-i to iii) and their corresponding experiment results (a-iv to vi). b The
simulated displacement field of void structure, reference structure and cloak
structure for camouflage (b-i to iii) and their corresponding experiment results

Relative difference A (%)

(b-iv to vi). c-f Displacement curves of void, reference and cloak structures’ left
boundary under P-f, D-T, T-F and TT-F loadings. g Displacement curves of structural
upper boundary under shearing loads. h The relative differences of cloak and
reference structures under different loads. i The radar chart of the overall relative
difference under different loading angles.

and d; = (u;,v;) and dy ; = (ug ;, Vo, ;) represent the corresponding nodal
displacement vector of the void/cloak and reference structures,
respectively. Lower values of A,, A,, especially A, indicate a better
cloaking or camouflage performance.

For the basic case of a circular void, the relative displacement
difference of the void structure is calculated as A =23.68%. A series of
irregular cloak structures are generated by using the proposed irre-
gular growth strategy. In this work, we set the total number of the
irregular structures of irregular growth for each case is N=1000,
which is a very small sample quantity compared with tens of thousands

of quantities. The relative displacement differences of the 1000 virtual
cloak structures are shown in Supplementary Fig. 2a. It is observed that
a considerable amount of irregular cloak structures generated by using
the proposed framework exhibit relative displacement differences of
less than 10%. Notably, the static displacement response of the cloak
structure with the minimum A=6.07% is presented in Fig. 3a-iii,
demonstrating superb cloaking performance. The deformation field in
the surrounding region Q; of this cloak structure is almost same as that
of the reference structure. The specimens using nylon fiber-reinforced
materials via Selective Laser Sintering (SLS) 3D printing technology,
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exhibiting a structurally coherent and aesthetically refined surface,
characterized by its uniformity and smoothness. The simulation
results are verified by tensile testing and Digital Image Correlation
(DIC) technology. For more details, see Methods. The experiment
results are shown in Fig. 3a-iv to vi, in which the A value of the void
structure is 22.04% and that of the cloak structure is significantly
reduced to 5.48%, aligning well with the numerical results and further
confirming the excellent cloaking effect of the irregular-growth
structures. Remarkably, besides the advantages of few samples and
efficient applicability for arbitrary-shape voids, the generated irregular
cloak exhibits small size region, yet still shows impressive cloaking
performance. This suggests that our method allows for achieving static
mechanical cloaking within a smaller cloak region® and a specific tol-
erance range by modifying the underlying grid.

We further demonstrate that our irregular growth method can
be used to design mechanical camouflage device. Firstly, we begin
with a simple reference structure with a small center void (radius
15mm), as shown in Fig. 3b. We verify the mechanical camouflage
functionality by performing that the irregular cloak structure with a
larger void can achieve the same static responses as the reference
structure. Specifically, without the cloak, the displacement response
of the structure with a larger void has a significant difference,
A=14.59%, from that of the reference structure, as shown in Fig. 3b-i
and ii. Using our irregular growth method, the response difference of
a cloak structure can realize a significant four-time decrease to
A=3.63% within a small sampling database of 1000 virtual cloak
structures. The database values of A,, A,, and A are shown in Sup-
plementary Fig. 2b. The displacement field of the cloak structure with
the larger circular void closely matches that of the reference struc-
ture with the small void, demonstrating exceptional camouflage
performance. The experimental results have also effectively corro-
borated this point, where the experimentally measured A reduces
from 16.54% (the large void structure) to 4.56% (the cloak structure),
as shown in Fig. 3b-iv to vi.

As additional evidence of the applicability of our method in
mechanical camouflage design, we evaluate the camouflage perfor-
mance under five additional complex loading conditions: Pressure-
free (P-f), Double-tensile (D-T), Tensile-fix (T-F), Triangle tensile-fix
(TT-F), and shearing, as illustrated in the insets of Fig. 3c-g. The
magnitudes of these loads are given as p=88 MPa, p.,, =0 MPa,
Dmax = P- Figure 3c—f display the displacement amplitude responses
at the left boundary of the void, reference and cloak structures for
the loading conditions of P-f, D-T, T-F, and TT-F. For the shear case,
we observe the amplitude response at the upper structure boundary,
see Fig. 3g. It is observed that the response curves of the cloak
structures closely match those of the reference structure under all
loading conditions mentioned above, but significantly differ from
those of the void structure. As compared in Fig. 3h, the optimal cloak
structure for each case shows a significant reduction in A by 89.6%,
92.43%, 93.26%, 83.6%, and 86.25%, respectively (Fig. 3h, A, and A, in
Supplementary Fig. 2). Compared to the corresponding void struc-
tures without a cloak, it verifies the extraordinary camouflage per-
formance under all complex boundary conditions. The structural
details of the optimal cloak for each boundary load are presented in
the inset of Fig. 3c-g, and their displacement fields are supplemented
in Supplementary Fig. 3.

Demonstrating the robustness of a single cloak under varying
loading conditions, we select the camouflage design under shearing
loads as an example. As shown in Fig. 3i, fixing the left boundary and
applying a load p (with a loading angle varying from 0° to 360°) at the
right boundary, we find that, except near the extreme 0° and 180°
loading angles, the A of a same cloak structure is always below 10%,
indicating remarkable robustness of our irregular cloak method for
camouflage performance. The displacement field diagrams at various
loading angles are presented in Supplementary Movie 2.

Camouflage for complex geometries

For voids with more complex geometric topologies, such as heart-
shaped, elephant-shaped, and butterfly-shaped void etc. (see Fig. 4a),
the applicability and robustness of our proposed method in mechan-
ical camouflage is further verified. Targeting a reference structure with
a small central circular void under P-f loading condition (Fig. 4a), a
series of irregular cloak structures for various shapes of voids are built
based on the proposed irregular growth strategy. The A,, A, and A
distributions of cloak structures for each void shape are provided in
Supplementary Fig. 4. And the detailed configurations of the final cloak
structures for each void shape are illustrated in Fig. 4b, and the rele-
vant displacement fields are supplemented in Supplementary Fig. 5.
Besides, the A of the void and cloak structures are compared in Fig. 4c.
Compared to the void structures without cloak, the A of cloak struc-
tures has a great decrease of 85.3%, 90.68%, 87.21%, 88.36%, 80.07%,
and 79.63% for various void shapes, respectively. The results unam-
biguously demonstrate the remarkable camouflage effect of the irre-
gular aperiodic cloaks for various complex voids. However, as the
complexity of the void shape increases, the camouflage effect dete-
riorates, as observed in the cases of the elephant and butterfly voids.
To mitigate this, an optimization strategy is introduced (see details in
Supplementary Note 4), which further reduces the A values of these
two complex void structures from 28.39 to 14.15% and from 20.97 to
12.14%, respectively, following the initial A values of 142.28% and
102.94%, respectively. The cloaking performance has a significant two-
fold enhancement.

To assess the robustness of camouflage effect, we also calculate
the displacement responses for the reference, void, and cloak struc-
tures under varying pressure amplitudes. The maximum displace-
ments at the left and upper edges of these structures are captured and
compared to characterize the camouflage performance. Two typical
voids of ellipse-shape and star-shape are selected as examples, as
shown in Fig. 4d, e, the profiles for other shapes are provided in Sup-
plementary Fig. 8. The results show that as the pressure increases, the
maximum displacements at the left or upper boundary of the cloak
structures remain nearly identical to those of the reference structures,
but diverging significantly from those of the void structures. This
finding highlights the robust camouflage performance of irregular-
growth cloaks.

More intriguingly, the proposed growth method enables mutual
camouflage between different complex void structures, as shown in
Fig. 4f and Supplementary Fig. 9. For example, under P-f loading, the
relative displacement difference A between the star-void and the
elephant-void structure is 37.46%. If taking the star-void structure as
the reference structure, the value of A is significantly reduced to 7.88%
by applying an irregular cloak to the elephant-void structure. Corre-
spondingly, if taking elephant-void structure as the reference, A also
has a significant decrease to 8.80% by applying an irregular cloak to the
star-void structure for disguising as an elephant-shape. These results
further confirm the adaptability and generalizability of our irregular
growth method for cloaking and camouflage.

Research on block proportion and sample quantity

To explore the effect of block proportion on cloaking performance
using a complex butterfly-shaped void, a displacement load of
0.75 mm is applied to the left and right boundaries, corresponding to a
1% strain. By varying the proportion of each block class from 5 to 95%
(in interval of 10%), while keeping the other three classes equal, we
generate 300 irregular cloak structures for each proportion case. Thus,
resulting in 3000 structures per class, and a total of 12,000 structures.
The values of A, A, and A are shown in Fig. 5a. The reference structure
without any void and the butterfly-shaped void structure are shown in
Fig. 5b. Numerous structures demonstrate excellent cloaking perfor-
mance, with a representative example (not the best) also shown in
Fig. 5b. Compared to the void structure without a cloak, the values of
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Fig. 4 | Mechanical camouflage performance of cloak structures with different
voids under the P-f loading. a Deformation of cloak structures with different
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the cloak structure in A. ¢ Bar chart for the total relative difference A of cloak

structures and their corresponding void structures, also the optimization results
are presented. d, e The trend of maximum displacement values of left and upper
boundary of each structure as load increase. f Mutual camouflage between star-
void structure and elephant-void structure.

A, A, and A, in the cloak structure decrease from 21.80 to 6.74%, 16.58
to 5.16%, and 46.14 to 12.25%, respectively. And experimental results
further validate this cloaking effect (Fig. 5c), showing a reduction in A
from 25.15% (void structure) to 9.16% (cloak structure).

The probabilities of obtaining favorable outcomes varies with
different class proportions. Assuming a 50% reduction in A as
favorable, Fig. 5d-g show the probability trends for achieving a
favorable cloak structure as the proportion of each class increases.
This analysis shows that balancing the block proportion is critical for
modulating cloaking performance. For the blocks of Class |, it is
observed from Fig. 5d that excessively low or high proportions are
detrimental. An optimal proportion between 30 and 70% is pre-
ferred, as proportions outside this range are less conducive to
achieving effective cloaking due to insufficient or excessive stiffness.
For Class Il, a low proportion is preferable. As illustrated in Fig. Se, a
higher proportion of Class Il blocks reduces the likelihood of pro-
ducing a good cloak structure. Thus, it is advisable to limit the pro-
portion of Class Il at 40%, ensuring a more rational composition.
Similarly, an excessive proportion of Class Il blocks contributes little

to the formation of an effective cloak structure, as illustrated in
Fig. 5f. However, a modest proportion of Class Ill, between 15 and
35%, shows a relatively high occurrence rate of favorable outcomes.
Additionally, Fig. 5g shows that a high proportion of solid block
(Class IV) significantly lowers the probability of obtaining a good
cloak structure. Consequently, the proportion of Class IV block
should be restricted to a maximum of 40%. The occurrence rate for
favorable cloak structures declines sharply when the proportion of
Class Il, il or IV exceeds 50%, which should be balanced.
Furthermore, the analysis shows, regardless of the proportion of
first three classes, achieving a 50% reduction in A, is consistently
feasible, indicating all three classes are vital for mitigating distortion in
the loading direction. The occurrence rate for cloak structures
achieving a 50% reduction in A, is nearly 100% (Fig. 5d-f). However, the
occurrence rate drops dramatically once the proportion of Class IV
exceeds 50%, suggesting that producing a cloak structure with effec-
tive cloaking capabilities is challenging under such conditions. In
summary, a well-calibrated ratio of block classes is conducive to fos-
tering superb cloak structures and optimizing their functionality.
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Fig. 5 | The influence of a specific class’s proportion on the likelihood of
obtaining favorable cloaks. a Scatter plots of the cloak structures’ A, A, and A
produced by controlling the proportion of each class. b The reference, butterfly-
void, cloak structures, and their distribution of displacement fields in the x and y
directions. ¢ The experimental results of the three structures. d-g show that, in the
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producing a cloak structure achieving a reduction of 50% on A, A, and A, changes
as the proportion of specific class gradually rise. Occurrence rates of A <10% with
varying block proportions of (h) Class I-1l and (i) Class IlI-1V, each grid contains
300 samples. A, distributions for every 300 samples under different block pro-
portions of (j) Class I-1l and (k) Class IlI-IV.

To further investigate the impact of stiffness classes weighting
on cloaking performance, we adjust class proportions by varying
Class I-1l while keeping Class IlI-IV equal, and by varying Class llI-IV
while keeping Class I-1l equal. When only Class I-II or Class llI-1V is
present—meaning the structure consists entirely of low-stiffness
or high-stiffness unit cells, as shown by the diagonal elements in
Fig. 5h, i—it is highly unfavorable for producing cloak structures with
A <10%. In contrast, when all the four classes (Class I-IV) are present
with balanced proportions, cloak structures with A <10% are more
likely to occur. For example, when the proportions of Class I to IV
fluctuate around 70%, 10%, 10%, and 10%, respectively, with a varia-
tion range not exceeding 10%, 38% of the structures exhibit A <10%,
which is highly favorable for achieving excellent cloaking perfor-
mance. Furthermore, the maximum occurrence rate in Fig. 5h
reaches only 5%, substantially lower than the 38% observed in Fig. 5i,
highlighting the critical regulatory role played by low-stiffness unit

cells. Similarly, when controlling Class I-1l and Class IlI-1V separately,
the corresponding A, values are shown in Fig. 5j, k. The best-
performing structure achieves a A;, of 6.27%, which also does not
appear along the diagonal, but rather in regions where the propor-
tions of all the four classes are balanced. More details are provided in
Supplementary Note 7.

Additionally, to reveal the influence of sample quantity on
obtaining good results (A <10%), we take the camouflage of a square
hole as a small circular hole as an example to analysis. Under P-f
boundary conditions, increasing sample numbers enhance camouflage
performance, with A reaching 5.2% at 1500 samples (Supplementary
Fig. 13a). Besides, we confirm the validity of the proposed method by
generating two groups of samples under the same conditions, each
consisting of 1000 samples. The two groups show A values of 6.23%
and 4.25%, respectively, with similar proportions of good results,
indicating robust performance (Supplementary Fig. 13b).
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Discussion

In this work, we present an irregular growth method based on a limited
set of building blocks with varying stiffness, enabling the design of
irregular cloaks that achieve excellent mechanical cloaking and
camouflage within a narrow tolerance. This method, requiring only a
small sampling database, is versatile and applicable to arbitrary-shape
voids and complex boundary conditions, allowing the same cloak
structure to maintain effective camouflage performance across var-
ious loading directions. By altering the underlying network, a wide
range of cloaks for complex voids can be generated, demonstrating
remarkable camouflage effects. More notably, it allows mutual
camouflage between two distinct complex voids. By controlling the
block proportions, we elucidate the influence of block proportions on
the probability of producing cloaks with desirable performance, and
offer corresponding design recommendations. The consistency
between simulation and experimental results has been unambiguously
validated using 3D printed physical models.

Notably, due to the inherent limitations of 3D printing—such as
fabrication accuracy, residual thermal stress, and layer-by-layer
deposition induced non-ideal isotropy®***—printed structures in
practice inevitably exhibit a certain degree of anisotropy, which can
adversely affect their mechanical performance and hinder large-scale
applications. Thereby, we further investigate the effect of material
anisotropy on the cloaking and camouflage performance, as detailed in
Supplementary Note 9. It is indicated that the proposed method can
still realize a nice cloaking and camouflage performance although in
consideration of the anisotropic effect, which verifies its robustness
and holds its potential for large-scale implementation.

For astep further, the proposed method can generate a variety
of irregular structures, resulting in distinct properties for each
irregular structure, such as the “cloaked” displacement field dis-
cussed in this work. Thereby, introducing irregular topologies into
periodic frameworks can greatly expand the mechanical perfor-
mance, such as Poisson’s ratio, Young’s modulus, etc. Besides,
adjacency rules also play a vital role in the performance of irregular
growth algorithm, which is thoroughly discussed in Supplementary
Note 10. Determining appropriate adjacency rules can significantly
enhance the performance and diversity of static cloaking, as
demonstrated by the adjacency rules employed in this work.
Additionally, the introduction of blocks with different overall sizes
to construct cloak structures is conducive to further enhancing the
mechanical performance and helps to reduce the distortion of the
displacement field caused by void. For detailed information, see
Supplementary Note 11. We further investigate the cloaking per-
formance under more complex loading scenarios, including non-
uniform loading, dynamic mechanical cloaking of vibration, and the
impact responses (see Supplementary Note 12). Specifically, we
conducted both experimental and numerical verifications of static
cloaking under a non-uniform complex load, where a favorable
cloaking performance is still maintained. Additionally, we suc-
cessfully achieve cloaking for elastic waves, enabling the void
structure, under the effect of the cloak, to exhibit transmission and
reflection coefficients identical to those of the defect-free refer-
ence structure, along with nearly identical phase and displacement
field distributions.

Furthermore, embedding a cloak into an irregular surrounding
can substantially reduce the void-induced distortion in displacement
field, as shown in Fig. 6a. The overall difference A, has a significant
reduction, dropping from 482.10% in the void structure to 75.45% with
the implementation of the irregular cloak. This method can be further
extended to a three-dimensional space, for instance, in a 3D homo-
geneous medium, cloak or protective structures can be generated
through irregular attachment growth (see Fig. 6b). Additionally, for the
continuous protection requirements of different cross-sections, such
as tunnel construction, the cloak structure with each layer possessing

different void and cloak configurations can also be generated, see
Supplementary Note 13. By modifying the block geometries, the
adjacency rules, and even the underlying grid, this method can be
leveraged to explore a wide range of intriguing non-periodic 3D
structures.

Incorporating machine learning and optimization algorithms, this
approach can be further refined to customize non-periodic structures
with specific functionalities. For example, in chip technology, an
increase in temperature can lead to uneven thermal expansion, caus-
ing the failure in load-bearing circuit components, short circuits or
leakage currents (Fig. 6¢). Hence, exploring a micro-scale thermo-
mechanical coupling cloak to achieve uniform heat dissipation and
deformation control is highly meaningful. Additionally, for medical
care, drilling and nailing bones is a common therapeutic approach to
help patients recover from fractures, bone tumors, skeletal defor-
mities, and other conditions. This method could be applied to support
damaged bones, helping maintain structural integrity and basic func-
tionality (Fig. 6d). To demonstrate, the irregular cloak is introduced to
a bone-like homogeneous structure to mitigate the void-induced dis-
tortion, as shown in Supplementary Fig. 21, which eventually leads a A
of only 1.92%. In aviation, this irregular growth method can be applied
to wing rib structures with voids, preserving the aerodynamic shape
during elasticity and enabling morphing wings under dynamic loads.
(Fig. 6e). We also present a static cloaking design for a wing rib
structure with circular voids, as depicted in Supplementary Fig. 22, in
which the A value of the cloak structure decreases from 47.78% (in the
void structure) to 4.41%, representing a 90.77% reduction. Overall, the
proposed approach offers significant promise for broad and impactful
applications across diverse domains.

Methods

The design of building blocks

In this work, the primary objective in determining the geometric
characteristics of a unit cell is to achieve varying stiffness levels among
the building blocks. To simplify the fabrication of specimens—con-
sidering potential constraints on the overall structure’s dimensions
and minimum feature size—we prioritize lower configuration com-
plexity in the designed building blocks. As a result, we employ a step-
by-step material removal approach — that is, gradually introducing
voids to incrementally increase the porosity — thereby generating
building blocks with varying stiffness. This process starts with a solid
block without any void and is combined with simulation analysis to
identify the optimal geometric configurations.

Stiffness calculation of building blocks

The stiffness of building blocks is calculated through uniaxial com-
pression testing on a 3 x 3 lattice structure composed of individual
blocks (Supplementary Fig. 23a). The constituent material has a
Young’s modulus £=1.2 GPa and Poisson’s ratio v=0.35. In the simu-
lation, a displacement load is applied to the upper plate, inducing a
10% strain in the structure, while the lower support plate remained
fixed. A friction coefficient of 0.05 is set between the structure and the
two plates. Based on the force-displacement curve (Supplementary
Fig. 23b), the stiffness is calculated through the formula k = F/d, where
F is the force applied, and d is the displacement. All these simulations
were performed in Abaqus.

Finite Element Method (FEM) simulation

The code for the irregular growth method is written in MATLAB, while
the overall structures were modeled in COMSOL Multiphysics 5.6. The
FEM model utilized triangular elements with a maximum size not
exceeding 0.25 mm. First, the algorithm generated the matrix para-
meters containing information on the relative positions, cloak regions,
and specific distribution. Then, according to the matrix, the numerical
model is constructed. Using the numerical results, we calculated three
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principal indexes A,, A, and A. This procedure is repeated until the
maximum iteration is reached.

Experimental testing of cloaking and camouflage performance

Experimental testing is performed using a Instron 3382 testing station
with a load limitation of 100 kN. The experiment set up is illustrated in
Supplementary Fig. S24. The upper and lower extremities of specimen
were specifically designed to facilitate griping. The high-resolution
camera is employed to capture the state of the specimen during spe-
cific loading phases. Digital Image Correlation (DIC) analysis is con-
ducted using GOM Correlate software. Black spots were sprayed on the
specimen surface to facilitate image tracking, enabling calculation of
the displacement of each point. Due to the symmetry, a quarter of the
structure is selected to calculate relative differences for simplicity.

Data availability

All data needed to evaluate the conclusions in the paper are present in
the paper and/or the Supplementary Materials. The raw data can be
accessed at https://doi.org/10.6084/m9.figshare.29975335.v1.

Code availability
The codes that support the findings of this study can be accessed at
https://codeocean.com/capsule/6287444/tree.
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