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Abstract

Architected materials with precisely engineered microstructures have attracted significant interest due to
their high mechanical efficiency and multifunctionality. Some monolithic (single material) architectures
are limited in ductility and energy absorption due to constrained stress redistribution and fail
catastrophically in a brittle manner. Bioinspired multilayered designs offer an alternative paradigm by
enabling distributed deformation and enhanced damage tolerance. In this work, we investigate the
coupled effects of mesoscale fractal topology and microscale soft-stiff layering on the compressive
response of 3D-printed fractal lattices. A design space spanning (i) fractal order (N = 1-3), (ii) soft material
volume fraction, and (iii) number of layers within each cell wall is explored through quasi-static axial
compression experiments complemented by calibrated finite element simulations. The results show a
pronounced enhancement in energy absorption with increasing fractal order: the N = 3 lattice achieves
approximately fivefold higher energy absorption than a honeycomb with the same wall thickness,
attributable to the activation of localized short-wavelength buckling modes. Introducing a compliant phase
markedly increases energy absorption, while the peak stress and stiffness exhibit trade-offs governed by
layer thickness and interlayer constraint effects. In the traditional single-phase honeycomb, replacing
50.9% of the stiff material with an intermediate soft layer resulted in 43% increase in energy absorption.
Similarly, we achieved fully ductile behavior in a fractal configuration by including a single soft layer
compared to a fully brittle response of the corresponding monolithic fractal. Numerical simulations further
revealed non-linear interlayer interactions that lead to a non-monotonic dependence of peak stress on

layer number. Collectively, these findings establish mechanistic links between fractal topology, layering
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configuration, and progressive buckling. The combination of soft and stiff material offers enhanced

mechanical properties for applications such as protective helmets, soft robotics, and athletic shoe soles.
Keywords:

Architected materials; multilayered structures; fractal architectures; additive manufacturing; energy

absorption
1. Introduction

The increasing demand for lightweight materials and structures is shaping modern engineering,
especially in aerospace [1-3], automotive [4, 5], and civil engineering applications [6-8]. There is a
continuous push to enhance mechanical performance of structures while reducing their weight. This drive
for optimization has led to innovative designs such as 2D honeycomb structures [9-14] and 3D stochastic
foams [15, 16], valued for their mechanical efficiency and low density. 2D honeycomb structures exhibit
exceptional strength-to-weight ratios, making them suitable for applications requiring efficient in-plane
load distribution and out-of-plane energy dissipation. For instance, dynamic drop-weight impact
experiments have shown that the specific energy absorption (SEA) of bionic honeycomb structures can
reach up to 29.3 J/g, highlighting their potential in energy absorption [17]. However, their in-plane
mechanical properties are generally inferior to their out-of-plane response, limiting their applicability in
multiaxial loading environments. 3D foams offer better stress transfer efficiency, enabling them to
effectively absorb energy under extreme conditions. A notable example is a metallic glass syntactic 3D
foam, which has a demonstrated energy absorbing capacity of 113.6 MJ/m?3, attributed to the combined
effects of its high strength, stability, and ductility [18]. Nevertheless, precise control over the
microstructure of 3D foams remains a challenge. The rise of additive manufacturing has fundamentally
transformed material science, particularly in the development of architected materials [19, 20]. These
engineered materials with precise microstructures have gained significant attention for their improved
mechanical properties and multifunctionality. Examples include lattice structures [21-27], triply periodic
minimal surfaces and re-entrant structures [28-30], fractal structures [31], robust and adaptive modular
metamaterials [32, 33], multifunctional and auxetic materials [34-37]. However, these predominantly
monolithic architectures have not fully exploited the design space offered by architected materials. This
limitation calls for a shift towards multi-material architected designs, where the integration of different

layers and materials could unlock new functionalities and performance levels.

Structural biological materials often possess multilayered structures that enable them to thrive
under extreme environmental and loading conditions. For instance, the glass sea sponge features silica
hexactinal spicules with multilayered cross-sections exhibiting compositional variation. Failure processes

within the multilayered architecture activate effective crack-arresting mechanisms, thereby enhancing its
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fracture toughness [38-40]. Another example is of cork [41-43], which is distinguished by the composition
of its cell walls that consist of several distinct material layers. This multilayered feature allows cork to
excel in applications where both strength and energy absorption are demanded. The increase in energy
absorption in multilayered structures arises from modulation of the crack driving force as a crack traverses
through materials with contrasting elastic moduli. When a crack transitions between layers with a modulus
ratio over 5, the crack driving force decreases, leading to crack deceleration or arrest. Even a small
volume fraction of a compliant layer can lead to a substantial increase in energy absorption [40].
Consequently, multilayered architectures have emerged as a central design principle for achieving
damage tolerance in both natural and engineered material systems. For example, a new multilayered
cellular composite with hard brittle and soft flexible phases was shown to absorb four times more energy
than conventional structures under 70% compressive strain [41]. An architecture consisting of multiple,
coaxially aligned layers separated by interfaces led to increased strains to failure [44, 45]. This design
can also increase energy absorption by over 100% compared to conventional struts while maintaining
comparable density, stiffness, and strength. Another example is the layered-hybrid metamaterial
structure which possesses superior energy absorption ability. A recent study showed that a layered-
hybrid metamaterial has specific energy absorption 25.0% and 84.7% higher than that of each individual
component with the same mass [46]. Together, these examples underscore the effectiveness of
multilayered architectures in enhancing mechanical performance, motivating their continued exploration

in advanced engineering applications.

In addition to the engineering of architected materials at the microscale cell wall level,
implementing a mesoscale structural design approach can be further leveraged to explore the mechanical
property space. Fractal lattice metamaterials have been shown to improve in-plane stretchability,
enhance out-of-plane mechanical properties such as energy dissipation, and exhibit negative Poisson's
ratio. For instance, chiral kerf fractal structures enhance flexibility, energy absorption, and load-bearing
capacity by coupling cell-level reconfiguration with material deformation through two mechanisms:
geometric reconfiguration of kerf cells (uncoiling, rotation, and packing) and nonlinear material responses
[47]. Specifically, in-plane fractal patterns can significantly enhance structural flexibility. For instance,
incorporating fractal cut patterns into a sheet material has enabled the fabrication of an electrode capable
of stretching to over 800% of its original dimensions with negligible strain to the base material [48].
Meanwhile, out-of-plane fractal patterns excel in energy dissipation, absorption, and bandgap tuning. For
instance, fractal cut patterns enable the design of robust lattice metamaterials with enhanced out-of-
plane energy dissipation [49]. Fractal kerfing, which facilitates significant out-of-plane deformation under
static loads, allows for bandgap tuning [50]. Moreover, tree-like fractal structures demonstrate superior

specific energy absorption and crashworthiness compared to single-walled counterparts, with third-order
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structures exhibiting optimal load-bearing capacity [51]. Another energy-absorbing design, the Koch
fractal honeycomb, has shown about 28% increase in specific energy absorption compared to

conventional honeycomb structures [52].

Bending flexibility and out-of-plane energy dissipation of these fractal structures have been
studied recently. By introducing a fractal pattern into a solid stiff plate, the maximum bending load was
reduced to approximately 0.05% of that of the original plate [49]. A subsequent tensile study further
revealed a maximum stretchability of 518%. Additionally, by increasing the cutting gap in samples with a
fractal order of one, the failure strain increased to approximately 700% of its initial value. Enhancements
in energy absorption have been achieved by increasing the fractal order, increasing wall thickness,
introducing a wall gradient, or applying pre-biaxial strain. Together, these studies on macroscopic fractal
structures clearly highlight their potential in advancing structural mechanics. However, a key challenge
remains in understanding how fractal cell walls mechanically interact with one another, particularly when

coupled with layered microstructural features.

The present study investigates the mechanical response of soft—stiff multilayered fractal
architected metamaterials under compressive loading. We examine the effects of fractal orders, volume
fractions of soft constituent, and layering scheme. The metamaterials were fabricated using a multi-
material 3D printing platform. Axial compression tests were conducted to characterize the mechanical
performance of three distinct design groups. This manuscript examines the quasi-static compression
response, providing initial insights into the mechanisms of deformation and energy absorption of these
multilayered soft-stiff fractal metamaterials. Through this study, we elucidate how mesoscale cell walls
deform under direct compression and how microscale layering modulates deformation, buckling, and
energy absorption. Quasi-static simulations were performed to gain insights on the mechanical response

of the fractal metamaterials, with emphasis on the progressive buckling of cell walls.

2. Materials and Methods
2.1 Design of Multilayered Fractal Metamaterials

At the mesoscale, the metamaterial architecture is defined by a fractal topology that introduces geometric
self-similarity. This topology generates a network of interconnected structural members with varying
characteristic lengths, which enables controlled deformation and instability under compressive loading.
At the microscale, material layering is employed to further tailor mechanical response. In many natural
materials, including bone, teeth, nacre, and bamboo shoots, which are shown in Fig. 1, alternating stiff
and compliant layers are known to enhance energy dissipation [53, 54]. Motivated by these observations,

alternating stiff and compliant layers are incorporated into each structural wall of the fractal architecture.
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This combination results in a multilayered architected material that couples mesoscale geometry with
microscale material heterogeneity. Three fractal configurations with increasing hierarchical order are
considered (N = 1, 2, and 3; denoted as N1, N2, and N3), as shown in Fig. 1(c). The stiff constituent
material is VeroWhitePlus, a rigid photopolymer. VeroWhitePlus can be described with Arruda and Boyce
model in Ref. [55], which predicts the large deformation of glassy polymers assuming no temperature
effects. The compliant constituent material is Agilus 30, a rubber-like material that is modeled by the
Arruda-Boyce eight-chain model which assumes no rate-dependence, shown in Ref. [56]. These models
are described in detail in Section 2.2. Material degradation due to void nucleation and fracture are not
included in the models as the focus is understanding the buckling behavior of the structures before
significant fracture. Representative additively manufactured specimens are shown in Fig. 1(d). To
systematically examine the coupled effects of mesoscale fractal topology and microscale layering on
mechanical performance, the designs are grouped into three categories discussed below. As a reference
case, the mechanical response of monolithic and multilayered honeycomb structures with soft-material

volume fractions of 0%, 29.4%, and 50.9% is first investigated.

(1) Metamaterials with different fractal orders: In this category, we use the multilayered honeycomb
structure as the baseline model and we compare this with fractal structures with orders N =1, 2, and 3.
All four structures are made up of 2x2 unit cells with the same lattice constant (a = 35 mm), height (h =
70 mm), and overall cell wall thickness (b = a/ 25 = 1.4 mm). Each cell wall consists of three layers, with
the central layer composed of the compliant material. The ratio of the first stiff layer thickness bg;gr,
intermediate compliant layer thickness by, , and second stiff layer thickness bg.s, denoted by
btite: bsofe: Dstife » 1S 0.5:1:0.5. This configuration ensures that the combined thickness of both stiff layers
is equal to that of the soft layer, resulting in a soft-material volume fraction of approximately 50%. For
different fractal orders, the lattice members and their junctions form square nodal regions, which appear

as locally thickened pillars enriched with the soft material (see Fig. 1(c)).

(2) Cell walls with different volume fractions of soft material: The three-layer N = 2 fractal structure is
selected as the baseline configuration. The geometric parameters a (35 mm), h (70 mm), and b (1.4 mm)
are the same as in the first design. We consider two additional designs for N = 2 by varying the thickness
of the soft material layer. The ratios of each stiff layer thickness to the central soft layer thickness, denoted
by bgtife: bsoft: bstiee for the three designs are: 1:1:1, 0.5:1:0.5, and 0.2:1:0.2, respectively. These

configurations result in soft material volume fractions of 36.7%, 52.6%, and 73.0%, respectively.
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Figure 1. Biological structures with alternating stiff-compliant layers: (a) bamboo shoot and (b) cross-section of

the bamboo shoot with alternating layers [53, 54]. (c) Three-layer honeycomb and Greek key—inspired fractal lattices
with increasing fractal order (N = 1, 2, 3); each cell wall consists of alternating stiff and compliant layers with a
thickness ratio of 0.5:1:0.5. (d) Additively manufactured multilayered honeycomb and fractal lattice specimens

fabricated using a multimaterial PolyJet printer.

(3) Cell walls with a different number of layers: We choose the 3-multilayered fractal structure with a soft
material volume fraction of 52.6% as the baseline. While maintaining a constant overall wall thickness of
b=1.4mm, we construct the five-layer and seven-layer structures. We ensure that the total thickness of
the stiff layers equals the total thickness of the soft layers for all three designs. With the thickness of a
single stiff layer denoted as b and the thickness of a single soft layer denoted as by, the ratios of
stiff to soft layer thicknesses are as follows: for the three-layer structure, bgss: bsost: bstise = 0.5:1:0.5; for
the five-layer structure, bgiise: bsort: Dstifr: Psose: Dstiss = 2:3:2:3:2; and for the seven-layer structure,

bstife: Dsoft: Dstife: Dsofe: Dstifr * Dsofe: Dstiee = 3:4:3:4:3:4:3. In the five-layer structure, the central layer is stiff,
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which leads to the formation of stiff pillars at the lattice members and their junctions. To isolate
deformation mechanisms associated with the cell walls, we replaced the connecting pillars in the five-

layer structure with soft material.
2.2 3D Printing of Multilayered Fractal Metamaterials

All specimens were fabricated using a multimaterial PolyJet printer (Objet260 Connex3, Stratasys, USA)
with a nominal resolution of 16 um. The printer ejects photopolymer resin from the print heads and cures
it with UV light, as schematically shown in Fig. 2(a). The mechanical properties of the samples can be
tailored through the selection of different photopolymer resins. The printer builds the samples layer by
layer, precisely constructing the 3D models. For the multilayered fractal metamaterials, we selected
VeroWhitePlus for the stiff phase of the structure, and Agilus 30 (a rubber-like hyper-elastic material) for
the compliant phase. VeroWhitePlus exhibits a relatively high Young’s modulus (~1,200 MPa), whereas
Agilus 30 is significantly more compliant, with a Young’s modulus of approximately 15 MPa (Fig. 2(b)).
VeroWhitePlus is more brittle compared to Agilus 30.

(a) . o i (b) ; ; : . ; 20
<= Print block moving direction (X) %Prmt black - . , ' ' L. :
1200 MP VeroWhitePlus _|
o . — ~ a
Leveling —— Agilus 30 |5
uv Print heads roller uv 45}
lamp lamp . 1 =
& [ {112 &
J = z
ofll ) g R A 30 = 2
¥ g v ¥ g v ) [5)
¢ me e B 18 &
7 75
Agilus 30 sl ~ 15 MPa |~ il
~<— VeroWhitePlus / 14
'«— Support material 4 S N i 3
Build tray 0 0.1 02 03 04 05 06
Strain (mm/mm)

Figure 2. Multimaterial fabrication and constituent material behavior. (a) Schematic of the PolyJet multimaterial
printing process used to fabricate stiff-compliant layered architectures. (b) Representative uniaxial stress—strain

responses of the stiff (VeroWhitePlus) and compliant (Agilus 30) polymer constituents under quasi-static loading.

2.3 Quasi-static Axial Compression Tests
Quasi-static compression tests were carried out to assess the mechanical properties of honeycomb and
multilayered fractal structures. The Instron 5569A machine was used for these tests, which allows for

precise measurement of force up to 50 kN and measures the displacement by the movement of the platen.

Each specimen was compressed at a constant crosshead displacement rate of 3.5 mm/min, resulting in
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a nominally consistent strain rate across all samples. Each test was terminated when the specimen

reached a maximum compressive strain of 80%, corresponding to a displacement of 56 mm.

Four indicators, including stiffness, peak stress, energy absorption, and average crushing stress
were selected to evaluate the mechanical properties of the metamaterials. The stiffness was determined
from the slope of the linear region of the nominal stress-strain curve. The peak stress is the maximum
stress in the nominal stress-strain curve prior to densification. The energy absorption of the metamaterials
is the area under the nominal stress-strain curve and is obtained by integrating the stress, o, with respect

to strain, €, from the start of loading to a chosen strain level, ¢, and is expressed as follows:
f
EA = f ode (1)
0
The average crushing stress is the mean value of stress over a strain of 10% to 40%, indicating the
behavior of the structure during the plateau in stresses.
2.4 Constitutive Models and Numerical Framework
2.4.1 Constitutive Model - Hard Material
The stiff material, VeroWhitePlus, typically undergoes elastic behavior followed by yielding and rate-
dependent strain softening and strain hardening, as shown in Fig. 2(b) [57, 58]. To model this mechanical

behavior, the viscoplastic-hyperelastic model for amorphous polymers developed by Arruda and Boyce

is used, and the rheology of the material model used is shown in Fig. 3 [55].

T
Linear elastic
spring (E, v)
Viscoplastic dashpot Langevin spring
(}'/0’ AG, S0s Sgs h) I:J (IJ., )\L, K())

Figure 3. Rheological representation of the viscoplastic—hyperelastic constitutive model employed to describe the

mechanical response of the stiff polymer phase (VeroWhitePlus), following the Arruda—Boyce framework.

The deformation gradient, F, at a material point is multiplicatively decomposed into an elastic

component, F¢ and a plastic component, FP, as shown below:
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F = FeFP. 2)

The plastic deformation gradient is further decomposed into the stretch and rotation components
using polar decomposition (FP = VP RP), where V? is the left stretch tensor and RP? is the plastic rotation
tensor. It is assumed that F¢ = V¢ = U® is symmetric stretch tensor as the elastic deformation is a result
of pure stretch and no rotation [55] with V¢ defined as the left elastic stretch tensor and U¢ as the right

elastic stretch tensor.

The spatial velocity gradient is decomposed into symmetric rate of deformation D, and the skew-

symmetric spin W. Using the multiplicative decomposition given in Eq. (2), L is written as:
L=FF'=D+W =L®+ FeLPF¢1, (3)

where L¢ = Fe F€™' s the elastic velocity gradient and L? = FP FP~! is the velocity gradient of the
relaxed/intermediate configuration. The velocity gradient of the relaxed configuration is expressed as
LP = DP + WP, where DP? is the rate of shape change of the relaxed configuration and W? is the spin of
the relaxed shape, obtained based on the requirement to guarantee the adopted symmetry chosen for
F¢ [55].

The Cauchy stress in the linear spring element is defined as follows:

T_l

= L8 (InU°) (4)

where L€ is the fourth order elasticity tensor, In U¢ is the Hencky strain, and J = det U¢. In this work, we

. . . Ev E . y
use isotropic elasticity tensor as L¢ = vy i1 + Yeren) (6 6j; + 6;6;) with E the Young's

modulus and v the Poisson’s ratio.

The plastic shear strain rate is defined as follows [55],

) ) AG T\5/6
V”=Voexp[—w{1—(;) }] (5)

where v, is the pre-exponential factor, s is the athermal shear strength, AG is the zero stress level
activation energy, t is the effective equivalent shear stress, k is Boltzmann’s constant, and 0 is the
absolute temperature. The athermal shear yield strength s reduces from the initial athermal shear yield

strength s, to a steady state shear yield strength, s, as per the following softening rule:
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s'=h(1—i)yp, 6)

where h is the softening slope [55].

The driving stress state T* is the portion of the stress that contributes to plastic flow, which is

obtained as:
1
T* =T — =F¢BF°T, (7
J

where B is the convected back stress on the Langevin spring element and %FeBFeT is the push-forward

back stress from intermediate to current configuration.

The effective equivalent shear stress 7 is defined as the deviatoric component of T*, as:
Y Py ! 1/2
=T (8)

The rate of shape change D? is defined by D? = yPN, where N is a normalized tensor aligned
with the deviatoric portion of the driving stress state [55] as given by:
1

N=—T"

Nors 9)

The hardening behavior is described by back stress using the eight-chain hyperelastic model [56].
The principal components of the deviatoric back stress tensor in the Langevin spring can be obtained

from the following eight-chain hyperelastic model:

nk@® Azghain (/11'))2 - l11
Bi=— 2, L7} (— ——, (10)
3 ‘/A—L Achain

where A2, . = \[I,/3 is the plastic stretch on a chain, with I; = (4))? + (4))? + (4%)?, and A? are the

chain

principal applied stretches. B is taken to be coaxial with VP [55].

10



263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

2.4.2 Constitutive Model - Soft Material

The eight-chain hyperelastic model by Arruda and Boyce is used to idealize the behavior of Agilus30 [56].

The first five terms of the strain energy function, with the final term added for compressibility, are

W= [1(1 3) + ! (I2 -9) + 1 (1,3 27)]
~Hz 204, 10502,2 %"
519 1/(J,2-1
tp|————= U —81) + ———— (I — 243) [+ = (= —In ) 11
“[7000,1L3(1 ) 6737501{*(1 )] D< 2 Je an

where [, is the first stretch invariant of the left Cauchy-Green deformation tensor and J, is the elastic
volume ratio. The material parameters are D, the material incompressibility parameter; u, the initial shear

modulus; and A;, the locking chain stretch.

2.4.3. Calibration and Material Properties

In this section, the calibration strategy used to determine the material properties of the hard and soft
polymer phases in the multilayered fractal structures is described. In the manufactured fractal
metamaterials, the resulting hard and soft layer thicknesses fall below the recommended minimum
thickness of 1 mm for printing structures [59]. The effect of layer thickness on the mechanical properties
of hard polymers like VeroWhitePlus has been reported in literature [60, 61]. One study reported that
VeroWhitePlus exhibited a strength size effect, where the ratio between print layer thickness and
specimen thickness had a non-monotonic effect on the strength of the specimen, causing an initial
increase followed by a decrease on increasing print layer thickness [60]. Another study reported that in
other rigid polymers, polycarbonate acrylonitrile butadiene styrene (PC/ABS), acrylonitrile-styrene-
acrylate (ASA), and polylactic acid (PLA), thicker specimens had more reproducible stress-strain
responses with lower standard deviations compared to thinner specimens in tensile and flexural tests
[61].

Following the above-mentioned arguments, we consider that the Young’'s Modulus and initial
shear yield strength of Verowhite are thickness dependent. As the layer thickness decreases, the density
of defects produced in the printing process remains the same, but the overall density of defects per layer
may be larger resulting in reduced stiffness and strength of the material. Below a critical layer-thickness
threshold, the density of defects is saturated and does not lead to further reduction in material properties.
Calibration of the material properties is performed using the experimental results from quasi-static

compression tests on the multilayered fractal lattice structures. At 0.47 mm thickness, the Young’s

11
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modulus and initial athermal shear yield strength values used in the simulation are taken from Ref. [41].
However, for the multilayered fractals with stiff layer thickness of 0.35 mm, the specimens exhibit reduced
stiffness and strength. The Young’s modulus and initial athermal shear yield strength were set to 1,200
and 120 MPa, respectively, calibrated based on the experimental test of N71. Further, for specimens with
thicknesses of 0.233 mm and below, due to layer crumpling effects and printing defects, the material
properties are expected to be degraded, and the values chosen for Young’s modulus and initial athermal
shear yield strength were 475 and 85 MPa, respectively, with calibration done with the experimental test
of N2 with five layers. The values for the Young’s Modulus and initial athermal shear yield strength are

described in Egs. (12) and (13), respectively, where t is the cell wall thickness.

600 fort < 0.24

E ={4891t — 699 for0.24 <t < 047 (12)
1600 fort = 047
85 fort < 0.24

So =4391t — 8.9 for0.24 <t < 047 (13)
175 fort = 047

For all simulations, the value of the steady state athermal shear yield strength, s., of 20 MPa was
used, calibrated with the dataset of N1. The Poisson’s ratio, hyperelastic parameters, and remaining
softening parameters are assumed to be weakly dependent on layer thickness, and the values were kept

constant across all simulations, taken from Ref. [41] and shown in Table 1.

Table 1: Material parameters used for VeroWhitePlus.

Material Parameters Values

v 0.33

Yo (s 5.0x10°
4G () 1.25x 10"
ss(MPa) 20

h (MPa) 500

1 (MPa) 4.5

A 3.5
Ky(MPa) 15

12
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For Agilus30, the values for u and D are obtained by calibration with the experimental results from
N1, and the value for 1, is taken from Ref. [41]. The material parameters used for Agilus 30 are

summarized in Table 2.

Table 2: Material parameters used for Agilus 30.

Material Parameters Values
1 (MPa) 0.453
A 2.05

D (MPa) 0.075

The constitutive response of VeroWhitePlus subjected to uniaxial compression at a strain rate of
0.1 s'is shown in Fig. 4. The uniaxial tensile (engineering stress vs. engineering strain) behavior of
Agilus 30 with the calibrated parameters is also shown in Fig. 4. The thickness of VeroWhitePlus
specimen is set to 1 mm. The constitutive responses match the qualitative behavior seen in the
experimental quasi-static compression test and the typical behavior of VeroWhitePlus [58]. Similarly,
the response of Agilus30 matches the qualitative experimental behavior. However, the simulated peak
stress values for both materials are higher than those observed in the experiments shown in Fig. 2(b).
As explained above, the calibrations were performed on the multilayered fractal geometry and not on

the base material experiments due to significant variability often observed in 3D-printed samples.

Figure 4: Nominal stress-strain responses in single element simulations for uniaxial compression test of

VeroWhitePlus and uniaxial tensile test of Agilus 30.
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2.4.4. Numerical Implementation

Finite element simulations are performed using Abaqus/Explicit [62]. The constitutive model for
VeroWhitePlus is implemented in Abaqus through a vectorized user material subroutine (VUMAT) using
exponential return-mapping algorithm [57]. The default Arruda-Boyce hyperelastic model in Abaqus is
used to model Agilus 30. The soft and stiff layers of each lattice are merged and meshed with 10-noded
modified tetrahedral (C3D10M) elements with an approximate element size of 2.5 mm. A mesh
convergence study was performed to ensure that further refinement does not significantly influence the
observed behavior. Nodes on the lower surface of each lattice are fully constrained using zero Dirichlet
boundary conditions, while a prescribed vertical displacement is applied to nodes on the upper surface
at a quasi-static rate of 0.1 s!, with displacements in the remaining directions constrained. Mass scaling
is used to reduce the computation time while keeping the kinetic energy to internal energy ratio below
5%. General contact is defined with an assumed friction coefficient value of 0.2 between cell walls [41].
Preliminary simulations were conducted to assess the sensitivity of the metamaterial response to self-
contact friction coefficient. Larger values of the friction coefficient increase the average crushing stress
and hence energy absorption. For consistency with the previous literature, the friction coefficient was the

same as the value reported in Ref. [41].

3. Results and Discussion
3.1 Effect of Layering in Cell Walls on the Mechanical Performance of Baseline Honeycombs

We begin by analyzing the baseline honeycomb structure, comparing the single layer (HO) with the three-
layered counterparts (H7 and H2). H1 contains equal proportions of stiff and soft material (1:1:1), while
H2 has a higher proportion of soft material (0.5:1:0.5), making up 29.4% and 50.9% of the total volume
respectively. Figure 5(a) shows the nominal stress-strain curves for each structure. The monolithic
honeycomb (HO) undergoes brittle failure after reaching its peak stress at about 4% strain, accompanied
by catastrophic fragmentation. In contrast, the three-layered configurations maintain structural integrity
and deform through progressive, spatially distributed damage mechanisms. For the multilayered
specimens, the post-peak response transitions into a stable stress plateau at approximately half of the
peak stress, reflecting controlled post-buckling deformation rather than catastrophic collapse. As evident
in Figs. 5(b)-(c), we see a comparison of the deformation and fracture behavior in single and three-
layered honeycombs (with a soft material volume fraction of 29.4%). We focus on the 1% to 4%
deformation range for an easier comparison with the single-phase honeycomb. These observations
indicate that the monolithic honeycomb buckles globally, while the three-layered honeycomb buckles
locally via progressive cell-wall buckling. Figures 5(d)-(g) compare the stiffness, peak stress, energy

absorption up to 80% strain, and average crushing stress over 10% to 40% strain for each honeycomb.
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In Fig. 5(d), naturally, as the volume of soft material goes up, the stiffness goes down, and a similar trend
is observed for peak stress in Fig. 5(e). Up to 5% strain, the monolithic honeycomb exhibits the highest
energy absorption due to its higher initial stiffness and peak stress. However, the three-layered
honeycomb continues to absorb energy even after the monolithic honeycomb fragments, due to its
structural integrity and ductility, as seen from the extended stress-strain curves. When analyzing the
energy absorption over the entire duration of loading, which is 80% strain, the H7 structure has 195%
higher energy absorption than the monolithic honeycomb, and the H2 structure has 43% higher energy
absorption than the monolithic honeycomb. The H7 structure absorbs more energy than H2 as it has
higher peak stress (due to lower soft volume fraction) and similar ductility compared to H2. Though H1
exhibits the most impressive mechanical properties, in the following section the H2 structure is studied
further, along with multilayered fractals that also have approximately 50% soft volume fraction. This is
because the H1 structure is more prone to cracks. The monolithic honeycomb has the lowest average

crushing stress over 10-40% strain, reflecting the sharp drop in stress after the initial peak.

The numerical simulations capture the progressive buckling of the multilayered H2 structure,
shown in Fig. 6. The onset of buckling in both the experiment and simulation is around 1.6-1.7% strain.
The simulations reveal strain localization on the outer faces of the lattice due to folding, consistent with
the experimentally observed fracture initiation at higher strain levels. Following the onset of local buckling,
the honeycomb structure continues to deform through the layers folding and interlayer contact at
approximately 10% strain due to the high deformability of the soft material layer. At 10% strain, the H2
structure continues to absorb energy at a plateau stress level, with localized stress across the center of
the lattice structure, seen in Fig. 6(c). The simulations are performed up to 15% strain, beyond which

fracture and material separation are not captured due to the absence of an explicit failure criterion.
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381 Figure 5. Mechanical response of monolithic and multilayered honeycomb architectures under quasi-static
382 compression. (a) Nominal stress—strain curves for monolithic and three-layer honeycomb structures with increasing
383 compliant-phase volume fraction. (b) Representative deformation and failure modes highlighting global buckling in
384 the monolithic honeycomb. (c) Representative deformation modes showing progressive local cell-wall buckling in
385  the multilayered design. (d) Effective stiffness. (e) Peak stress. (f) Energy absorption from 0% to 80% strain. (g)

386  Average crushing stress over 10% to 40% strain.
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Figure 6. Experimental-numerical comparison of the multilayered honeycomb (H2) under compression, illustrating
progressive buckling, folding, and stress redistribution. (a) Nominal stress—strain response. (b) Normal logarithmic

strain fields. (c) Von Mises stress distributions.
3.2 Effect of Fractal Order on the Mechanical Properties of Multilayered Fractal Metamaterials

To investigate the influence of fractal order on the mechanical behavior of multilayered fractal
metamaterials, we analyze the stress-strain responses of both honeycomb and fractal structures with
varying fractal orders, as depicted in Fig. 7(a). The first-order configuration (N7) serves as the base unit
cell, while higher-order configurations introduce additional geometric refinement through recursive
subdivision of structural members. The resulting architectures span hierarchical features from the
microscale to the mesoscale. Each structural wall comprises three sublayers, where the outer layers are
made of a stiff material, while the inner layer consists of a soft material. The ratio of each stiff layer
thickness bg¢r to the central soft layer thickness by iS bgtiff: bsoft: bstiee = 0.5:1:0.5. The curves illustrate
that during the initial compression stage, the stress of different structures increases linearly and peaks at
around 4% strain. Following peak stress, all structures exhibit a rapid stress drop associated with
buckling initiation, followed by a gradual transition toward a post-buckling plateau regime. The
mechanical responses of honeycomb and fractal N1 reach a stress plateau more rapidly. Figure 7(b)
shows the normalized stress-strain curves where the stress is normalized with the volumetric relative
density of each structure. As evident in Fig. 7(b), the curves of N2 and N3 overlap, suggesting a
convergence in mechanical response with increasing fractal order. N7 and honeycomb display a more
pronounced stress plateau and have lower peak normalized stress compared to N2 and N3. Figures 7(c)-
(f) depict deformation images of the samples under various strain levels. Both honeycomb and fractal

structures undergo local buckling at strains of 2% and 5% respectively. As compressive strain increases,
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the honeycomb exhibits layer-by-layer collapse, while the buckling of the fractal structure progressively

propagates until failure.
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Figure 7. Effect of fractal order on the compressive response of multilayered architected lattices. (a) Nominal
stress—strain curves for honeycomb and fractal lattices (N = 1, 2, and 3). (b) Stress—strain responses normalized
by relative density, illustrating convergence of mechanical behavior at higher fractal orders. (c—f) Representative
deformation modes of multilayered honeycomb, N7, N2, and N3 at increasing strain levels, highlighting progressive

buckling and collapse mechanisms.

Next, we examine key mechanical properties of honeycomb and fractal metamaterials (N = 1, 2,
3). In Fig. 8(a), we compare the stiffness of various structures from the experimental stress-strain curves.
These values are obtained from the initial linear portion of the stress-strain curve. From honeycomb to
N3, the stiffness increases approximately linearly with fractal order. Figure 8(b) shows the peak stress of
each structure. This trend is similar to stiffness, increasing steadily from honeycomb to N3. Figure 8(c)
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shows the energy absorption of the structures, obtained by integrating the stress-strain curves up to a
40% strain threshold. N3 has the highest energy absorption, while honeycomb has the lowest. N7 and
N2 have similar values. We note that the onset of plastic deformation in the specimens is early
(approximately 0.5% applied strain). Energy absorption at the onset of irreversible deformation is
therefore insignificant. Figure 8(d) presents the buckling wave number during deformation, defined as
the specimen height over the wavelength (h/A). Honeycomb has a wave number of 2.5 at 2% strain, while
N1 has 5 at 5% strain. N2 and N3 have the same wave number of 3 at 5% strain. At comparable strain
levels, the N1 structure exhibits a higher buckling wave number, reflecting the shorter effective wall length
and increased geometric constraint. However, due to the asymmetry of the fractal lattice design, the outer
faces of the lattice show different wave numbers based on the face being viewed. Therefore, the
simulations provide additional insight beyond what can be directly observed in the experimental images.
Viewing all sides of the lattice in the simulations show that there are some faces of N1 with a higher wave
number compared to N2, while other faces of N1 have a lower wave number compared to N2. The
deformation images of N7 and N2 at 1.57% strain (the strain level where buckling is first visible) are
shown in Fig. 8(d), with a cell wall highlighted in each configuration. A deformation scale factor of four is
applied to enhance visualization of the buckling wave numbers. At the onset of buckling, the cell walls
deform independently. The cell wall in N2 is wider than N7 and shows a lower wave number compared
to N1. We observe this trend for all corresponding cell walls of the two configurations. This may be due
to the observation that wider walls are more slender and less constrained [63-67]. Understanding the
relationship between lattice geometry and buckling behavior is essential for the rational design of fractal

structures with controlled mechanical stability.
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Figure 8. Quantitative comparison of mechanical performance across honeycomb and fractal architectures. (a)
Effective stiffness and specific stiffness. (b) Strength (peak stress) and specific strength (peak stress divided by
mass). (c) Energy absorption and specific energy absorption evaluated up to 40% strain. (d) Buckling wave number

as a function of fractal order, illustrating geometry-driven instability modes.

The simulation results of multilayered N1 and N2 are shown in Fig. 9. Calibration for the material
properties was done for the experimental test of N7, and same properties are used for N2 and the
previous H2 as the stiff layer thickness is the same. The Young’s modulus and initial athermal shear yield
strength used were calculated from Eqgs. (12) and (13), respectively. For N1, a similar local buckling
pattern is captured in the simulations and the experiments at the onset of buckling. However, in the
simulations, local cell-wall buckling initiates at approximately 2% strain, followed by the onset of global
buckling. At 5% strain, simulations show strain concentrations across the center of the lattice, seen in

Fig. 9(c), and at larger strains cell walls begin to collapse, consistent with experimental observations.

For multilayered N2, the simulation results are displayed in Figs. 9(b) and (e)-(g). Local buckling
of cell walls is observed in the simulations at 2% strain. The wave number of 4 is observed in each of the
cell walls during the local buckling stage. The cell walls exhibit buckling as evidenced by pronounced out-

of-plane deformation of the lattice in the strain range of 5-10%. The out-of-plane deformation of the cell
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walls is shown in Fig. 9(g), where contact occurs as the structure buckles. Local fracture is observed in
the experiment of N2 at 10% strain, which could cause the overprediction of the plateau stress in the
simulations as seen in Fig. 9(b), as failure criterion is not incorporated. Incorporation of failure criteria into

the material models is reserved for future work.

The buckling strain is similar in both N7 and N2 structures which suggests that the buckling is
predominantly elastic, as the critical strain for the elastic buckling is dependent on the cell wall thickness
and elastic properties of the constituents. If the buckling was plastic and dictated by material yielding,
then the N2 structure would likely buckle at a larger strain, due to its higher density and high load bearing

capacity compared to N1 structure.
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Figure 9. Direct numerical simulations of multilayered fractal lattices, illustrating progressive buckling and post-
buckling deformation pathways. (a) Nominal stress—strain response of N71. (b) Nominal stress-strain response of
N2. (c) Normal logarithmic strain fields of N7. (d) Von Mises stress distributions of N1. (e) Normal logarithmic strain
fields of N2. (f) Von Mises stress distributions of N2. (g) Out of plane deformation images of N2 with von Mises

stress contours.
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3.3 Effect of Soft Layer Volume Fraction in the Cell Walls of Multilayered Fractal Metamaterials

Having shown that multilayered arrangement in honeycomb and fractal metamaterials exhibit distinctive
mechanical properties and deformation patterns, we now examine the role of volume fraction of soft layer
in this section. Our focus is on four N2 structures: N2-0 (1:0:1), N2-1 (1:1:1), N2-2 (0.5:1:0.5), and N2-3
(1:5:1), representing soft material volume fractions of 0%, 36.7%, 52.6%, and 73.0% respectively. N2-2
used parameters previously mentioned for N2 in Section 3.2. The stress-strain curves in Fig. 10(a)
indicate that maximum stress decreases with increasing soft material volume fraction. This trend appears
in both the stress values at peak and plateau region. With a soft material volume fraction of 73.0%, the
maximum stress is considerably less but has the highest ductility, characterized by a stress plateau that
remains close to the peak stress. In contrast, the other two structures show a pronounced drop from peak
to plateau stress. Figure 10(b) shows the behavior of monolithic N2, with fracture occurring at 5% strain.
Figure 10(c) shows the deformation behavior of the N2 structure with a soft material volume fraction of
36.7%. At a strain of 5%, the structure exhibits clear local buckling, with a wave number of 3. Moreover,
at 30% strain, the structure with a soft material volume fraction of 36.7% fails. Figures 10(d)-(g) show the
trends for stiffness, peak stress, energy absorption to 40% strain, and average crushing stress over 10%
to 40% strain. These results highlight the critical role of compliant-phase volume fraction in mediating the
trade-off between peak stress, ductility, and sustained energy absorption and offer a pathway to design

the soft material volume fraction based on desired design criteria.
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Figure 10. Effect of compliant-phase volume fraction on the mechanical response of layered fractal lattices (N =
2). (a) Nominal stress—strain curves for increasing soft-material content. (b) Representative deformation modes of
monolithic N2. (c) Representative deformation modes of multilayered N2. (d) Effective stiffness. (e) Strength (peak

stress). (f) Energy absorption to 40% strain. (g) Average crushing stress over 10-40% strain, highlighting the trade-
off between strength and sustained ductility.

Simulations were performed on N2 structures with the method described in Section 2.4.4, and the
results for N2-1 (36.7% soft VF) and N2-2 (52.6% soft VF) are shown in Fig. 11. Calibration was done for
N2-1 as described in Section 2.4.3 due to the variation in stiff layer thickness. The Young’s modulus used
in the simulation was 1600 MPa, and the initial athermal shear yield strength was 175 MPa. As observed
in the experiments, the buckling stress of N2-1 is higher than that of N2-2, due to the higher effective
Young’s modulus in individual cell walls, as predicted by the first-order elastic buckling analysis. Moreover,
the buckling strain in both structures remains the same, highlighting the fact that the cell walls buckle

globally rather than local buckling of individual layers, as the three-layer structure is symmetric.
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Figure 11. Experimental-numerical comparison of multilayered fractal lattices (N2) with varying compliant-phase
volume fraction under compression. (a) Nominal stress—strain response. (b) Normal logarithmic strain fields,

illustrating strain localization. (c) Von Mises stress distributions.

The simulation results in Figs. 11(b)-(c) show concentrations of strain and folding in N2-7 in
regions of the cell wall where cracks begin to form in the experiments beyond 10% strain. Although N2-
1 exhibits higher stiffness, peak stress, and energy absorption up to 10% strain compared to N2-2, the
greater proportion of soft material in N2-2 helps delay fracture. This is because, at 10% strain, the
localized von Mises stresses in the N2-1 structure are higher than those in N2-2 as evident in Figs. 9(f)
and 11(c). These high-stress regions serve as preferential sites for failure initiation, ultimately leading to

earlier fracture in N2-1.
3.4 Effect of Layering Number in Cell Walls of Multilayered Fractal Metamaterials

To further understand the mechanical performance of multilayered fractal metamaterials, we examine
the impact of the number of layers on their structural behavior, focusing on the fractal N2 configuration.
The number of layers is observed to play a significant role in dictating the energy absorption and
deformation characteristics of these materials. Figure 12 provides a comparative assessment of three-
layer, five-layer, and seven-layer structures, highlighting the variations in mechanical properties with
increasing layer count. To ensure the same volume fractions of soft materials, the total thickness of the
soft layers is matched to that of the stiff layers. For example, in a five-layer structure, each beam is
partitioned into three layers of stiff material and two layers of soft material. This configuration results in
a stiff central layer, forming stiff columns at the lattice junctions. The three-layer and seven-layer
structures, in contrast, had soft columns. We maintained similar soft volume fractions across all structures

by replacing the junction between the lattices in the five-layer structure with soft material. The soft material
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fractions for the three structures were close to each other, at approximately 52.6%, 51.9%, and 52.4%
respectively. Figure 12(a) presents the nominal stress-strain curves for different structures. Notably, the
three-layer structure displayed the highest peak stress, followed by the seven-layer structure, while the
five-layer structure showed the lowest peak stress. The peak stress across the various layers occurred
at approximately 5% strain, with all three curves intersecting around 20% strain. Figures 12(b)-(c) depict
deformation images at various strains for the five-layer and seven-layer structures. In the seven-layer
structure, the cell wall remained intact. In contrast, fractures are observed in both the three-layer and
five-layer structures, with more extensive fracture in the three-layer configuration. Similarly, peak stress,
energy absorption, and average crushing stress (Figs. 12(d)-(g)) for the five-layer structure had the lowest
values, while the three-layer structure recorded the highest values. However, the energy absorption and

average crushing stress values were similar in the three-layer and seven-layer structures.
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Figure 12. Influence of layer number on the mechanical response of multilayered fractal lattices (N = 2). (a) Nominal
stress—strain curves for three-, five-, and seven-layer configurations with matched soft-material volume fraction. (b)

Deformation modes of N2 with five layers. (c) Deformation modes of N2 with seven layers. (d) Effective stiffness.
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(e) Strength (peak stress). (f) Energy absorption up to 40% strain. (g) Average crushing stress from 10% to 40%

strain.

In the simulations, as shown in Fig. 13, the seven-layer outperforms the five-layer structure in
energy absorption and peak stress. In the five-layer structure, the central layer is stiff, resulting in soft
pillars that are fully constrained by surrounding stiff layers. This configuration differs from the three- and
seven-layer structures, in which the soft pillars extend into a central compliant layer. The pillars are
replaced with soft material. However, columns adjacent to the pillars in the five-layer structure begin to
exhibit local buckling earlier than those in the seven-layer structure. Some of the columns in the five-layer
structure initiate buckling at a compressive strain of 1.8%, while the corresponding columns in the seven-
layer structure remain stable. The earlier onset of local buckling in the five-layer configuration leads to
premature loss of load-bearing capacity, resulting in a lower peak stress and a lower post-buckling

plateau stress.
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Figure 13. Numerical simulations of multilayered fractal lattices with different layer numbers. (a) Nominal stress-
strain behavior of N2 with five layers. (b) Nominal stress-strain response of N2 with seven layers. (c). Normal
logarithmic strain distributions of N2 with five layers. (d) Von Mises stress distributions of N2 with five layers. (e)
Normal logarithmic strain distributions on N2 with seven layers. (f) Von Mises stress distributions of N2 with seven

layers.
4. Conclusions

This study provides mechanistic insights into the mechanical behavior of 3D-printed, multi-material
architected metamaterials by examining the coupled effects of mesoscale fractal order and microscale
layering. The results demonstrate that increasing fractal order enhances energy absorption, with the third
fractal order structure outperforming density-matched honeycomb designs in energy dissipation. The
incorporation of a compliant phase enhances energy absorption by promoting progressive deformation
and delaying catastrophic failure, while introducing systematic trade-offs in stiffness and peak stress.
Although weight minimization is not the focus of this study, the stiffness and strength of the metamaterials
studied herein are comparable to those of conventional engineering foams at similar densities,
highlighting their structural efficiency within this class of materials. The numerical simulations provide
detailed mechanistic insight into the buckling of cell walls and the stress distributions of the fractal lattices
under quasi-static compression. The simulations reveal complex interlayer interactions that give rise to
a non-monotonic dependence of peak stress on layer number, arising from competing effects of
geometric constraint, effective stiffness, and buckling initiation. Together, these findings demonstrate
that the deliberate coupling of fractal topology with multilayered material architectures enables access to
deformation and energy-dissipation mechanisms that are inaccessible in monolithic designs. This work
establishes a mechanism-based foundation for future studies, particularly in understanding dynamic
responses and optimizing multilayered fractal architectures for applications where materials must absorb
or withstand sudden, intense forces, such as in military armor, aerospace structures, and automotive
safety components. By integrating the findings of this work with dynamic testing, numerical simulation
[68, 69] and multiscale modeling [70, 71], future studies will investigate the relationship between the

dynamic impact response and the governing features of multilayered architected material systems.
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