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Abstract

Inspired by the mechanical principles governing efficient impact load transmission and
dissipation in drum shells, this study proposes a novel hierarchical microlattice design
strategy that integrates bionic concepts with fractal geometry, aiming to develop multifunc-
tional microlattice structures combining superior mechanical performance with favorable
fluid transport characteristics. Based on the hexagonal crystal structure (HCS), first- and
second-order fractal designs were introduced to construct microlattice architectures of
varying topological complexities, designated as F-HCS (first-order fractal HCS) and T-HCS
(second-order fractal HCS), respectively. Ti-6Al-4V alloy specimens were fabricated via
laser powder bed fusion (LPBF), and their mechanical responses and permeability charac-
teristics were systematically investigated through quasi-static compression experiments
and computational fluid dynamics (CFD) simulations. The results demonstrate that the
second-order fractal architecture effectively optimizes stress distribution at nodal regions;
under identical strut diameter conditions, its elastic modulus, yield strength, and energy
absorption capacity significantly surpass those of the control structure. Nevertheless, the
enhancement in topological complexity, while improving mechanical properties, concur-
rently increases fluid flow resistance and reduces permeability. This study quantitatively
elucidates the intrinsic trade-off between mechanical performance and fluid transport in
microlattice design, providing a critical theoretical basis for the rational design of multi-
functional microlattices in integrated load-bearing and mass-transfer applications.

Keywords: bio-inspired design; fractal microlattice; additive manufacturing; mechanical
and fluid transport trade-off; microlattice metamaterials

1. Introduction

Aerospace thermal protection [1-3], compact heat exchangers [4-6], and bone tissue
engineering scaffolds [7-9] demand structural materials simultaneously possessing high
stiffness, strength, and open interconnected porosity. However, dense materials or simple
porous structures struggle to reconcile both requirements: stiffness increases with decreas-
ing porosity, yet excessively low porosity blocks fluid channels. How to independently
regulate mechanical and transport properties constitutes a critical challenge in lightweight
structural design.

Microlattice structures concentrate material into microscopic struts and nodes, en-
abling high specific stiffness, specific strength, and specific energy absorption at extremely
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low relative densities [10-15]. Additive manufacturing technologies such as laser pow-
der bed fusion (LPBF) have enabled the fabrication of geometrically complex microlat-
tices [16-21], transitioning them from conceptual designs to practical applications. Never-
theless, classical microlattice topologies characterized by uniform strut diameters exhibit
mechanical responses strictly following the Gibson-Ashby scaling law: elastic modulus and
yield strength increase with relative density in a power-law relationship [22-25]. Within this
framework, relative density becomes the core variable simultaneously governing mechani-
cal load-bearing and fluid transport—increasing density enhances load-bearing capacity
yet inevitably reduces porosity and increases flow resistance. This reveals the inherent
trade-off between mechanical and transport properties [26-28].

Nature provides abundant design prototypes for lightweight, high-strength struc-
tures [29-33]. Inspired by the hollow internode structure of bamboo, Ma et al. [34] inte-
grated plate and hollow-truss designs, significantly improving the load-bearing capacity
and material utilization efficiency of lattice structures. Sun et al. [35] extracted key connec-
tion features from the microstructure of pomelo peel, constructing bio-inspired lattices with
negative Poisson’s ratio properties, whose mechanical performance and specific energy
absorption surpassed conventional body-centered-cubic topologies. Zhang et al. [36] drew
inspiration from the bimodal pore structure of wood, achieving robust load-bearing under
high-throughput water flow through a microlattice overlapping strategy for structural—-
functional integrated catalysts. These studies demonstrate that bio-inspired strategies
can optimize structural responses without substantially increasing mass by redistributing
material and reconstructing topological connectivity.

Current research on alleviating the inherent contradiction between mechanical and
transport properties primarily encompasses three directions: gradient design [37-40],
topological innovation [41-44], and fluid transport [45-50]. Maskery et al. [51] systemati-
cally compared strut variants with uniform structures, revealing that gradient specimens
achieved approximately twice the energy absorption of uniform structures, with com-
pression initiating layer-by-layer collapse from low-density layers, effectively delaying
global failure. Regarding topological innovation, Zheng et al. [52] investigated the in-
fluence of relative density on four triply periodic minimal surface lattices, finding that
the primitive type exhibited stretch-dominated behavior and thus the highest stiffness,
while gyroid, diamond, and wrapped types all displayed bending-dominated deformation,
providing a basis for directional performance regulation through topological selection. In
fluid transport, Ali et al. [46] systematically compared permeability and wall shear stress
between lattice-type and gyroid-type scaffolds based on Newtonian and non-Newtonian
blood flow models, discovering that permeability under the non-Newtonian model was
significantly lower than under the Newtonian model, while wall shear stress was nearly
doubled, revealing the important influence of fluid constitutive behavior on transport
performance. He et al. [53] further proposed a material-structure-function integrated
additive manufacturing strategy, achieving unprecedented specific energy absorption and
stable stress platforms through cross-scale synergy between microstructural organization
and mesoscopic structural stress regulation. However, the aforementioned studies mostly
examined mechanical or transport properties independently under variable relative density
conditions, lacking quantitative investigations of the relationship between topological
complexity and dual performance under manufacturing process constraints (fixed strut
diameter). Therefore, clarifying the independent contributions of fractal hierarchy to me-
chanical enhancement and flow resistance under controlled strut diameter conditions is
essential for establishing multifunctional microlattice design criteria [54].

This study draws core design inspiration from a unique bio-inspired prototype—the
drum shell. Though artificially constructed, the drum shell’s hoop-tension shell mechanism
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shares its mechanical principles with natural tension-shell structures (e.g., eggshells, turtle
shells): both convert concentrated loads into uniform membrane stresses through curved-
surface geometry, achieving efficient load-bearing that dissipates maximum energy with
minimal material. As an efficient hoop-tension shell, the drum shell’s exceptional impact
resistance originates from its ability to efficiently convert external impact loads into uniform
hoop tension and dissipate energy along optimal paths. This macroscopic load-bearing
and microscopic force-flow optimization principle aligns closely with the fractal geometry
concept of self-similar structural response optimization across multiple scales.

Despite these advances, existing studies predominantly optimize either mechanical
or transport properties independently, or rely on density variation as the sole tuning
knob—thereby inherently coupling the two performances and precluding independent
regulation. A topology-driven strategy that decouples mechanical load-bearing enhance-
ment from open-channel permeability preservation, without resorting to density gradients,
remains elusive. To address this gap, this study proposes a novel multilevel microlattice
design strategy integrating drum shell mechanics with fractal geometry: based on the
hexagonal crystal structure (HCS), first-order and second-order fractal designs are intro-
duced to construct a microlattice series with varying topological complexities, designated as
first-order fractal hexagonal crystal structure (F-HCS) and second-order fractal hexagonal
crystal structure (T-HCS), respectively. Employing LPBF technology to fabricate Ti-6Al-
4V alloy specimens, and through systematic quasi-static compression experiments and
computational fluid dynamics simulations, this study aims to quantitatively reveal, under
controlled strut diameter conditions, how increasing topological complexity independently
influences mechanical properties and fluid permeation performance, and to systematically
establish the intrinsic trade-off relationship between the two, thereby providing theoreti-
cal foundations and performance prediction frameworks for multifunctional microlattice
structures oriented toward load-bearing and mass transfer integrated applications.

2. Materials and Methods
2.1. Sample Preparation

Ti-6Al-4V powder particles exhibit near-spherical morphology with smooth surfaces
and excellent flowability. The particle size distribution ranges from 20.4 to 49.6 um, with an
average particle diameter of 30.0 pm, satisfying LPBF process requirements. An EOS system
was employed for additive manufacturing, with a laser power of 100 W, scanning speed of
1400 mm /s, hatch spacing of 60 um, and layer thickness of 20 pm. After fabrication, samples
were separated from the substrate via wire electrical discharge machining and ultrasonically
cleaned in anhydrous ethanol to remove residual powder. Three replicate specimens were
prepared for each configuration, totaling 21 samples for quasi-static compression testing.

2.2. Morphological Analysis and Compression Testing

A tungsten filament scanning electron microscope (SEM; VEGA3, TESCAN, Brno,
Czech Republic) was utilized for microstructural analysis of as-built surfaces and post-
compression fracture interfaces, with an accelerating voltage of 20 kV and working distance
of 10 mm. Prior to testing, LPBF-fabricated specimens were ultrasonically cleaned in ethanol
to ensure imaging quality. In accordance with ISO 13314:2011 [55], uniaxial quasi-static
compression was conducted using a Shimadzu AG-IC 100 kN universal testing machine
(Shimadzu, Kyoto, Japan) at a loading rate of 1.0 mm/min under displacement control
mode. Engineering stress was calculated as o = F/Ag and engineering strain as ¢ = Ah/hy,
where F is the applied load measured by the load cell, Ag is the initial cross-sectional area,
Ah is the crosshead displacement, and hy is the initial specimen height. Stress—strain curves
were processed via least-squares fitting: the elastic modulus was determined from the slope
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of the initial linear elastic segment (strain range 0.05-0.15%); yield strength was defined
using the 0.2% offset method; and compressive strength was defined as the peak stress in
the engineering stress—strain curve.

2.3. Finite Element Model

Geometric models of HCS, F-HCS, and T-HCS structures were established in SOLID-
WORKS 2024 based on design parameters and imported into nTopology 2025 for mesh
generation: the solid domain was discretized using tetrahedral elements with local refine-
ment at strut nodes and fractal feature regions to accurately capture stress concentration;
the fluid domain employed free tetrahedral meshes with local refinement at strut surfaces
and narrow fractal channel regions to ensure computational accuracy of flow fields within
fractal channels. Mechanical and flow simulations were completed on ABAQUS 2024
and COMSOL Multiphysics 2024 platforms, respectively. Mesh convergence was veri-
fied using T-0.350 as a representative case: the permeability variation among three mesh
sets (13.14 million, 14.57 million, and 17.00 million elements) was below 0.2%, confirming
mesh independence. The final calculations adopted the 14.57-million-element mesh with a
maximum element size of 0.9 mm and a minimum element size of 0.08 mm.

2.3.1. Mechanical Compression

A compression simulation model was developed for Ti-6Al-4V microlattice struc-
tures to analyze stress distribution and failure characteristics. The Ti-6Al-4V material is
modeled as an elastic-plastic solid using an elastic-perfectly plastic constitutive model.
Model parameters were configured based on the quasi-static experiments of Thijs et al. [18]:
density 4450 kg/ m3, elastic modulus 120 GPa, and Poisson’s ratio 0.34; material failure
was governed by an equivalent plastic strain threshold. When this threshold was exceeded,
elements were progressively degraded to simulate fracture, as reflected in the stress contour
evolution. Contact conditions employed a Coulomb friction model with a friction coeffi-
cient of 0.1, and strut self-contact was enabled. Simulations were conducted at ambient
temperature, applying 8% compressive strain (corresponding to 0.96 mm axial displace-
ment) under axial displacement control. In the FE simulations, stress was computed as the
volume-averaged von Mises stress over the solid elements, and strain was defined as the
nominal strain calculated from the applied axial displacement boundary condition. Bound-
ary constraints were defined as follows: the top platen permitted only axial displacement,
while the bottom base was fully fixed in all degrees of freedom.

2.3.2. Fluid Flow Simulation

The computational fluid dynamics model investigated fluid permeability character-
istics and mass transport mechanisms in porous media. In the fluid domain, the solid
microlattice structure is treated as a rigid, impermeable wall; only the fluid phase (water)
is solved, with no solid material constitutive model required. Numerical simulations em-
ployed the incompressible Navier-Stokes equations as the core governing equations [56],
with constitutive relations expressed as:

p(gj+(v~V)v>:VP+yV20+f,V~v:0 (1)

where p denotes fluid density (kg/ m?), 1t denotes dynamic viscosity (Pa-s), v denotes the ve-
locity field (m/s), P denotes the pressure field (Pa); and f represents body forces (neglected
in this study, f = 0). Boundary conditions were set as follows: the inlet was defined as a ve-
locity inlet (v = 0.001 m/s), and the outlet was defined as a pressure outlet (relative pressure
of 0); the fluid domain dimensions were at the unit cell scale (12.350 x 10.742 x 10.392 mm).
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Based on the inlet velocity, characteristic length, and water properties, the Reynolds number
was calculated as Re ~ 0.35, confirming laminar flow conditions. To accurately characterize
steady-state permeability, periodic boundary conditions were applied in the computational
domain, thereby analyzing permeation behavior under fully developed flow conditions.

The fluid domain utilized water as the working medium. The inlet velocity was set to
0.001 m/s. The pressure gradient (i.e., pressure drop AP) was calculated from the pressure
difference between inlet and outlet cross-sections.

AP:Pin_Pout (2)

Based on established theoretical transport models, structural transport efficiency was
quantitatively evaluated through permeability analysis [57], expressed as:
ou AP
k= —=— = — 3
Material property modules were loaded with standard water parameters: density
103 kg/m?3, dynamic viscosity coefficient 1.01 x 103 Pa-s. H denotes the model height.

3. Results and Discussion
3.1. Structural Design of HCS

Inspired by the efficient transmission and dissipation of impact loads in African drum
shells, this study proposes a multilevel microlattice design strategy integrating bio-inspired
concepts with fractal geometry. As shown in Figure 1A,B, the drum shell, as a typical
hoop-tension shell, derives its exceptional load-bearing capacity from efficiently convert-
ing external impacts into uniform hoop tension and transmitting and dissipating energy
along optimal paths on the hyperbolic shell surface. This macroscopic load-bearing and
microscopic force-flow optimization mechanism provides the core bio-inspired prototype
for microlattice structural design.

As shown in Figure 1C, the left panel presents the classical hexagonal crystal structure
(HCS) unit cell, whose uniform straight-strut topology constitutes the design starting point;
the right panel presents the drum shell-inspired double-conical variable-cross-section strut
unit cell, in which the hyperbolic shell surface feature of the drum shell is abstracted into
variable-cross-section struts while maintaining the topological connectivity of the hexagonal
lattice, constructing the fundamental bio-inspired microlattice. This design inherits the hoop
force-flow transmission advantage of the drum shell: the double-conical struts form natural
thickening at nodes, effectively increasing connection areas and providing a geometric
foundation for mitigating stress concentration.

To further enhance load-bearing efficiency and optimize energy absorption, fractal ge-
ometry is introduced for multilevel topological refinement while maintaining macroscopic
porosity and double-conical features. As shown in Figure 1D, by inserting a first-order
internal support fractal structure within the base HCS unit cell, the first-order fractal hexag-
onal crystal structure (F-HCS) is obtained. This design adds internal load-transfer paths
within the original lightweight framework, enabling external loads to be collaboratively
distributed through primary struts and fractal substructures. On this basis, to more finely
regulate local stress gradients, a second-order fractal design is implemented at the mid-
points of F-HCS struts, yielding the second-order fractal hexagonal crystal structure (T-HCS)
(Figure 1E). This hierarchical fractal strategy achieves multiscale optimization of force-flow
paths through successive refinement of feature sizes, without substantially increasing struc-
tural mass. The fractal nature of this strategy lies in that substructures at each level form
topological self-similarity with the parent structure through multi-branch connections at
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nodes, enabling external loads to be distributed and transferred across different scales,
thereby inheriting the core characteristic of fractal geometry: “local-global self-similarity”.
Figure 1F illustrates the periodic three-dimensional stacking morphologies of the three
structures, whose open pore channels retain connected pathways for fluid transport.
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Figure 1. Drum shell-inspired fractal microlattice structural design and geometric parameter analysis:
(A) African drum; (B) skeleton sketch of the drum; (C-E) CAD unit cell models of hexagonal crystal
structure and drum shell-inspired lattice structures, corresponding to HCS, F-HCS, and T-HCS
structures, respectively; (F) three-dimensional rendering of microlattice structures; (G) relationship
between surface area and strut diameter; (H) relationship between relative density and strut diameter;
(I) relationship between specific surface area and strut diameter.

To quantitatively characterize the influence of topological complexity on geometric
parameters, HCS, F-HCS, and T-HCS are first compared laterally using a baseline strut
diameter of 0.35 mm; on this basis, a parametric study of five strut diameters is further
conducted for T-HCS to examine scale effects. As shown in Figure 1G-I, under the 0.35 mm
baseline strut diameter, the relative density, total surface area, and specific surface area of
the three structures exhibit significant differentiation dominated by topological complexity:
with increasing fractal hierarchy, the solid volume fraction and total surface area increase
under identical strut diameter, while specific surface area decreases. For T-HCS, as strut
diameter increases, relative density exhibits a monotonically increasing trend (Figure 1H),
total surface area increases correspondingly (Figure 1G), and specific surface area gradually
decreases (Figure 1I). These results indicate that the introduction of fractal hierarchy not
only alters local geometric morphology, but also, through the independent degree of
freedom of strut diameter, achieves decoupled regulation of solid volume fraction and fluid
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contact area while maintaining topological features, providing a structural foundation for
subsequent coupled investigations of mechanical and transport properties.

3.2. Manufacturing Accuracy

All designed structures were fabricated via laser powder bed fusion (LPBF) using
Ti-6Al-4V powder. Specimens were arranged as 4 x 4 x 4 cubic microlattices. This study
employed T-HCS as the core variable, with strut diameter D varying from 0.300 mm to
0.400 mm in increments of 0.025 mm, designated as T-0.300, T-0.325, T-0.350, T-0.375, and
T-0.400, respectively. Simultaneously, HCS and F-HCS with strut diameter D = 0.35 mm
were prepared as controls, totaling seven independent sample groups.

Macroscopically, as shown in Figure 2B, the fabricated microlattice samples exhibit
a typical uniform silver-gray metallic luster characteristic of Ti-6Al-4V alloy, with clearly
visible overlapping melt pool morphologies. No obvious macroscopic pores or cracks were
observed, indicating appropriate LPBF process parameter settings. Through measurement
and calculation (Figure 2C), the measured mass of samples increases with structural density,
ranging from 0.53 g (HCS) to 2.04 g (T-0.400). Analysis reveals that the measured mass () of
all samples is slightly higher than their theoretical design values (1m,;). This mass deviation
(17m) was quantified via Equation (4), with results indicating that mass deviation exhibits a
negative correlation with structural relative density. This is primarily attributed to the fact
that low relative density (high porosity) structures are more prone to generating support
structures and powder adhesion during LPBF, leading to increased actual fabricated mass.

(4)

(@)

Diviation(%)
S 8 3

o

o

HCS F  T-300 T-325 T-350 T-375 T-400

Figure 2. LPBF-fabricated Ti-6Al-4V microlattice structures and fabrication quality analysis: (A) seven
sets of Ti-6Al-4V microlattice structures fabricated via LPBF; (B) designed three structural microlat-
tices; (C) mass deviation plot of LPBF-fabricated samples versus theoretical values; (D) topological
micrographs of HCS, F-0.35, T-0.35, T-0.30, and T-0.40 microlattices.
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Scanning electron microscopy (SEM) observation of sample side morphologies enables
direct verification of manufacturing geometric fidelity. Strut diameters were measured
directly from SEM micrographs. As shown in Figure 2D, SEM images clearly demonstrate
that the actual strut diameter of microlattices increases correspondingly with the designed
D value, while pore sizes within the structures decrease accordingly, consistent with design
expectations and proving the favorable formability of LPBF processes for such complex
fractal microlattice structures. Further observation of the mesoscopic morphologies of
different topologies reveals that the base HCS exhibits relatively smooth straight-strut
surfaces with regular melt track textures aligned along the strut axis; the F-HCS diagonal
strut surfaces exhibit slight staircase effects, yet overall geometric contours remain clearly
defined; due to its highest topological complexity, the T-HCS exhibits localized powder
sintering adhesion at the intersections of multilevel fractal substructures, with strut surface
roughness slightly higher than the former two, but the geometric identifiability of fractal
features remains satisfactory. The aforementioned mesoscopic morphological characteristics
confirm the feasibility of LPBF fabrication of fractal hierarchical microlattice structures,
with strut diameter deviations, surface roughness, and internal porosity all falling within
typical ranges for LPBF Ti-6Al-4V microlattices (diameter deviation +2-5%, Ra 5-15 um,
porosity <2%), providing a reliable sample foundation for subsequent mechanical and
transport property testing.

3.3. Mechanical Response
3.3.1. Deformation Mechanism

Through uniaxial quasi-static compression experiments combined with synchronized
imaging, the progressive failure processes of microlattice structures under different topo-
logical configurations and strut diameter parameters were systematically recorded. As
shown in Figure 3, all specimens primarily exhibit elastic deformation and initial plastic
buckling during the early compression stage (0-10% strain), with localized slender struts
undergoing bending or fracture first due to stress concentration. As strain increases to
approximately 20%, structures enter the progressive failure stage, yet failure modes ex-
hibit significant differentiation among different topologies: the base HCS displays typical
horizontal layer-by-layer collapse, with failure propagating downward layer-by-layer;
whereas the F-HCS and T-HCS with introduced fractal topologies transition to shear band-
dominated modes extending along approximately 45° diagonals. This topology-dependent
transition from layer collapse to shear band failure originates from the reconstruction of
nodal stress distribution by fractal design—multilevel fractal substructures disperse loads
from nodes toward strut midsections, suppressing localized layer crushing and promoting
collaborative deformation transfer over larger regions.

Further comparison of deformation behaviors among T-HCS series with different
strut diameters reveals that the strut diameter parameter exerts significant regulation on
failure localization degree. T-0.30 exhibits the most pronounced bending compliance during
compression due to its highest strut slenderness ratio, with energy primarily dissipated
through large-deflection bending of struts, leading to higher localization degree within
shear band regions; whereas T-0.40 demonstrates enhanced strut bending stiffness and
improved structural integrity due to increased strut diameter and relative density, with its
failure evolving from localized shear toward global shear failure and more uniform progres-
sive collapse. T-0.35 exhibits transitional characteristics between the two. This regularity
indicates that, under fixed topological configuration, strut diameter as an independent
geometric parameter can effectively regulate energy dissipation mechanisms and failure
localization degree of structures.
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0% pA 40% 60%

Figure 3. Quasi-static compression progressive deformation behaviors: deformation behaviors of
HCS, F, T-0.35, T-0.30, and T-0.40 specimens at 10%, 20%, 40%, and 60% compressive strains. Red
dashed ellipses indicate failure initiation and propagation: horizontal layer-by-layer collapse for
HCS-0.35, and ~45° shear-band failure for F-HCS and T-HCS variants.

As strain continues to increase to 40-60%, all structures enter the densification stage,
with original pores significantly compressed and struts undergoing large-area contact and
overlap. Notably, post-compression fracture morphology analysis reveals that all specimen
fracture surfaces exhibit distinct fibrous dimple characteristics, typical microscopic evidence
of ductile fracture in Ti-6Al-4V alloy, indicating that crack propagation is closely related
to microscopic plastic deformation, and structures maintain favorable plastic deformation
capability rather than catastrophic brittle fracture during macroscopic failure. From the
deformation mechanism perspective, HCS failure is characterized by bending-dominated
layer-by-layer collapse, with stress concentration at nodes triggering local buckling that
propagates sequentially through layers; F-HCS and T-HCS, however, transform into shear-
dominated shear band failure due to the load-dispersing effect of fractal substructures
on nodal loads, with deformation cooperativity significantly enhanced. This mechanism
transition is consistent with the evolution of Mises stress from nodal concentration toward
uniformization across fractal hierarchies observed in finite element results (Figure 5B),
revealing the fundamental reason why fractal design optimizes mechanical properties.
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3.3.2. Mechanical Properties

To systematically evaluate the influence of topological configuration on mechanical
properties, HCS, F-HCS, and T-HCS structures were compared laterally using a baseline
strut diameter of 0.35 mm. Figure 4A presents the typical compressive stress—strain curves
of the three structures, all exhibiting the characteristic three-stage behavior of porous
materials: initial linear elastic segment, plastic yield plateau segment, and densification
segment. Notably, the first peak stress of T-0.35 is significantly higher than those of HCS
and F-0.35, and stress fluctuations in the plateau region are more moderate after entering
the plateau, indicating a transition from localized brittle fracture to progressive stable
collapse. To quantitatively compare the energy absorption capability, the specific energy

absorption (SEA) is defined as:

where o is the engineering stress, ¢4 is the densification strain, and p is the apparent density
of the microlattice structure. Figure 4C further confirms through specific energy absorption
curves that T-0.35 accumulates significantly superior energy absorption values throughout
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Figure 4. Influence of topological configuration on mechanical properties: (A) stress-strain curves of
three models; (B) Ashby plot of relative elastic modulus versus volume fraction; (C) specific energy
absorption; (D) elastic modulus; (E) compressive strength; (F) yield strength; (G) experimental error
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Quantitative comparison of key mechanical parameters (Figure 4D-F) reveals that,
under identical strut diameter constraints, the elastic modulus, yield strength (0.2% offset
method), and compressive strength of T-0.35 structure comprehensively surpass those of
F-0.35 and the base HCS. This topology-dependent enhancement effect indicates that the
increase in fractal hierarchy itself can significantly improve mechanical properties, with
the fundamental reason lying in that the second-order fractal design of T-HCS optimizes
node connections, effectively mitigating stress concentration, thereby more fully exploiting
the load-bearing potential of the material. To further exclude interference from relative
density differences on performance comparisons, Figure 4B presents an Ashby plot of
relative elastic modulus versus volume fraction, with results showing that the T-HCS
series overall lies above the Gibson—Ashby scaling law, confirming that the mechanical
enhancement from fractal design originates not merely from increased material volume
but from topological optimization achieving redistribution of force-flow paths. Figure 4G
further validates the reliability of the above conclusions through experimental error bar
plots of seven sample groups, with small error ranges for each group indicating good
experimental repeatability.

To validate experimental findings and reveal underlying deformation mechanisms,
finite element models corresponding to experiments were established. Figure 5A super-
imposes the simulated and experimental stress—strain curves of HCS, F-0.35, and T-0.35
structures. Results indicate that the simulation models can satisfactorily capture the stiff-
ness responses of the three structures in the elastic segment and overall stress levels in the
plateau region, confirming the basic predictive capability of the models for macroscopic
mechanical behavior trends; simultaneously, certain deviations exist between simulation
and experiment in local peak stresses and fluctuation details, primarily originating from
actual manufacturing defects (such as surface roughness, microporosity) and material
constitutive simplifications. Based on this model, Figure 5B presents the Mises stress
distribution evolution of the three structures at 0%, 10%, 20%, 40%, and 60% compressive
strains. Clear observation reveals that the base HCS exhibits significant stress concentration
at horizontal and vertical strut intersection nodes at 10% strain, with high-stress regions
appearing as localized red hotspots, rapidly triggering strut fracture and layer-by-layer
collapse with increasing strain; F-HCS disperses high-stress regions along diagonal struts
through first-order fractal design, reducing stress peaks at nodes, yet primary node regions
remain weak links, with shear bands initiating along diagonal directions visible at 20%
strain; whereas the stress contour of T-0.35 structure demonstrates that second-order fractal
substructures effectively channel concentrated loads at nodes into multilevel microscopic
strut networks, with high-stress regions homogenizing along fractal hierarchies, and no
catastrophic localized fracture occurring even at 40% strain, with significantly improved de-
formation coordination. This stress redistribution mechanism indicates that the multilevel
fractal design of T-HCS is not simply increasing material usage, but rather achieving force-
flow path redistribution through topological optimization, thereby enhancing load-bearing
efficiency and failure stability without increasing structural mass, intuitively explaining the
superiority of its experimental performance from the mechanical mechanism perspective.

On the basis of establishing T-HCS as the optimal topology, the refined regulation
law of strut diameter parameters on mechanical properties of T-HCS series was further
systematically investigated. Figure 6A presents the typical compression curves of T-HCS
series (D = 0.300, 0.325, 0.350, 0.375, 0.400 mm). With increasing strut diameter, initial
stiffness, peak stress, and plateau stress of structures all exhibit upward trends, yet the
overall morphology of stress—strain curves remains similar, indicating that topological
configuration has a decisive effect on deformation mode, while strut diameter primarily
regulates load-bearing magnitude. Notably, curves of T-0.300 and T-0.325 rapidly drop
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after the elastic segment and enter low-stress plateaus, reflecting load-bearing instability
of slender struts under large-deflection bending; whereas curves of T-0.375 and T-0.400
maintain higher stress levels after reaching peaks, with reduced plateau fluctuation ampli-
tudes, indicating that enhanced strut bending stiffness promotes structural transition from
localized brittle fracture to progressive stable collapse.
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Figure 6B reveals that specific energy absorption increases approximately linearly with
strut diameter. Quantitative statistics in Figure 6C-E further corroborate this regularity:
elastic modulus, compressive strength, and yield strength all steadily increase with strut
diameter, with no obvious performance saturation signs within the 0.300-0.400 mm range.
This linear response relationship indicates that, within this strut diameter interval, me-
chanical properties of T-HCS are primarily dominated by solid volume fraction, and strut
diameter as an independent geometric parameter can effectively and predictably regulate
load-bearing capacity. However, excessively large strut diameters will significantly reduce
structural porosity, which is unfavorable for multifunctional application scenarios requiring
concurrent fluid transport. Comprehensively weighing absolute mechanical performance
and pore connectivity requirements, the T-0.350 structure demonstrates relatively optimal
comprehensive load-bearing efficiency within the parameter range of this study.

Experimental and simulation results jointly demonstrate that: (1) through introducing
second-order fractal T-HCS topology, stress distribution can be effectively improved, with
mechanical properties significantly surpassing traditional HCS and first-order fractal F-
HCS structures; (2) for T-HCS series, mechanical properties and specific energy absorption
increase approximately linearly with strut diameter, with T-0.350 achieving relatively
optimal balance between load-bearing efficiency and porosity. The above findings provide
quantitative foundations for high-performance lightweight microlattice structural design
oriented toward load-bearing and mass transfer integrated applications.

3.3.3. Fluid Transport Properties

To comprehensively evaluate the multifunctional potential of the designed fractal
microlattice structures, this study further systematically analyzes permeability and internal
flow field characteristics through computational fluid dynamics (CFD) simulations, aiming
to reveal the influence of structural topology on fluid transport efficiency.

Figure 7A presents a schematic diagram of the periodic flow channel computational
model established in COMSOL Multiphysics. This model employs water as the working
medium, with constant inlet velocity applied, and calculates pressure drop and flow field
distribution as fluid passes through porous structures by solving steady-state incompress-
ible Navier—Stokes equations (Equation (1)). Structural permeability (k) is calculated from
inlet-outlet pressure drop (AP) according to Darcy’s law (Equation (3)), serving as the core
metric for quantifying fluid passage capability.

Figure 7B compares simulated and experimental permeabilities of HCS, F-0.35, and
T-0.35 structures. Experimental data clearly demonstrate that, under identical strut diame-
ter (D = 0.35 mm), permeabilities of the three structures exhibit a definitive monotonically
decreasing trend: HCS possesses the highest permeability (~22 x 1077 m?), F-HCS is
intermediate (~15 x 107? m?), and T-0.35 is the lowest (~13 x 10~% m?). This ranking
aligns with physical intuition: the straight-channel structure of HCS is the most unob-
structed, while the introduction of fractal hierarchy increases flow channel tortuosity and
surface friction, leading to progressively increased flow resistance. Simulation results after
mesh convergence verification show good consistency with experimental data, similarly
reflecting the permeability degradation pattern with increasing fractal hierarchy, validating
the reliability of the CFD model in capturing the influence of topological complexity on
fluid resistance.

Figure 7C further presents the dynamic trend of permeability with inlet velocity
variation. For HCS, F-HCS, and T-HCS topological structures, permeability all exhibits
a decreasing trend with increasing inlet velocity, consistent with non-Darcy flow charac-
teristics in porous media. Notably, with increasing fractal hierarchy, permeability curves
progressively shift downward: T-HCS consistently remains at the lowest position, F-HCS is
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intermediate, and HCS is the highest; simultaneously, the decreasing magnitudes of F-HCS
and T-HCS curves with velocity increase are more moderate compared to HCS, with T-HCS
being particularly stable, indicating that more complex flow channel structures exhibit
lower sensitivity to velocity variations and more stable flow behavior. In contrast, although
HCS structure possesses higher permeability, its decreasing curve is the steepest. This
figure corroborates from a dynamic dimension that topological structure is the fundamental
factor determining transport performance.
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Figure 7. Numerical simulation analysis of fluid transport properties: (A) COMSOL model schematic;
(B) permeability comparison of simulation and experiment for three models; (C) permeability varia-
tion trend with flow velocity; (D) velocity contour plots of three models; (E) pressure contour plots of
three models; (F) velocity line plots; (G) pressure line plots.

Figure 7D,E visualize field distributions of fluid flowing through central cross-sections
of the three structures in the form of velocity contour plots and pressure contour plots,
respectively. From the velocity contour plots in Figure 7D, it can be observed that in the
HCS structure, high-velocity flow regions (red) concentrate in the centers of wide channels
between struts, with relatively uniform flow field distribution. In F-HCS and T-HCS struc-
tures, due to interference from fractal struts, high-velocity flow regions are segmented and
compressed, with fluid accelerating through narrower gaps more frequently, while more
pronounced low-velocity wake regions (blue) form behind struts. Corresponding pressure
contour plots in Figure 7E reveal that pressure gradients (color variations) are not uniformly
distributed within structures, with higher pressures in flow channel contraction regions
and strut upstream faces, and lower pressures in expansion regions and downstream faces.
The T-HCS structure exhibits the most dramatic internal pressure field variations due to its
most complex geometry.
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To quantitatively compare field variable variations along the flow direction, Figure 7EG
extract velocity and pressure distribution curves along the flow channel centerline. The
velocity line plot in Figure 7F further confirms that velocity fluctuations along the centerline
of the T-HCS structure are the most frequent with the largest amplitude variations, indicat-
ing that fluid undergoes more frequent acceleration and deceleration processes within this
structure. The pressure line plot in Figure 7G demonstrates that wall shear stress along the
flow path of the T-HCS structure is significantly higher than the other two, corroborating
the conclusion of its minimum permeability in Figure 7B—greater flow resistance implies
larger pressure differences required to drive identical flow rates, yet multilevel fractal
substructures simultaneously provide larger fluid—solid contact areas.

Comprehensive analysis reveals that fractal design significantly enhances microlattice
structural mechanical properties while inevitably increasing fluid flow resistance, leading
to reduced permeability. This trade-off relationship between mechanical and permeation
performance provides critical foundations for microlattice structural design oriented to-
ward multiphysics applications (such as implants with combined load-bearing and heat
dissipation/filtration functions, catalyst supports, or heat exchangers). In practical ap-
plications, topology selection among HCS, F-HCS, and T-HCS can be made according to
dominant requirements (e.g., higher strength or higher permeability).

3.3.4. Mechanical-Transport Coupling Analysis

The multifunctional design of microlattice structures essentially represents synergis-
tic regulation of multi-physics performance including mechanical load-bearing and fluid
transport. The preceding sections respectively revealed the independent influences of
topological complexity and strut diameter on individual properties, yet a unified design
framework for quantitatively describing the synergistic evolution of multiple properties
with geometric parameters remains to be established. To this end, a mechanical-transport
performance correlation map based on the T-HCS series is constructed (Figure 8), systemat-
ically investigating the synergistic regulation mechanism of strut diameter on mechanical
and transport properties under fixed topology.

2815 = 2815 2495 o~

/ 224 / )

~42 / hws_ & %5 __ 4.2 a8 T

[} ~ 9 & © H

(_')j Y 4 - 25.01 ?E ‘§21 25,01 ,{,E (i 21.96 -:-.

7] o g 211 — = H

539 y nuT @ nu T 339 y. 24 9

E o 2

E] o x g < x 3 V 4 «

'S ztmé > 21.87 é -g y 1898 o

E 36 = D18y = Egp 4 2

° nig @ 0315 O 1748 @

= s § © = 7] g
] o [ ] 4

K S O w4 £ © 1599 ©

w33 T 515 5 W 334 &

/ e g / 77 14.49 g

=3 Q

- i r 1560 n . . . 1560 . . . 1300 0O

0300 0325 0350 0375  0.400 0300 0325 0350 0.375  0.400 0300 0325 0350 0.375  0.400
D(mm) D(mm) D(mm)

Figure 8. Mechanical-transport coupling performance analysis of T-HCS series: (A) elastic modulus-
permeability; (B) specific energy absorption-permeability; (C) elastic modulus-specific energy absorption.

Figure 8A,B respectively present the synergistic evolution laws of elastic modu-
lus, specific energy absorption, and permeability. As D increases from 0.300 mm to
0.400 mm, elastic modulus rises from approximately 3.0 GPa to 4.3 GPa, specific en-
ergy absorption synchronously increases monotonically, while permeability decreases
from 28.15 x 1072 m? to 15.60 x 10~? m?. This regularity indicates that increasing strut
diameter simultaneously enhances structural load-bearing capacity by increasing solid vol-
ume fraction, yet simultaneously compresses effective cross-sectional areas of fluid channels
and increases wall friction, thereby significantly increasing flow resistance. Figure 8C fur-
ther reveals the synergistic growth trend of elastic modulus and specific energy absorption
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with increasing D. Within the T-HCS topological framework, elastic modulus and specific
energy absorption can be synchronously enhanced through the same geometric parameter,
exhibiting an internal synergistic enhancement effect of mechanical properties; however,
this synergistic optimization of mechanical properties is always achieved at the expense of
permeability, reflecting the inherent trade-off mechanism among multiple properties.

The above results demonstrate that strut diameter D is a critical variable for synergis-
tically regulating mechanical and fluid transport properties. Through precise regulation
of D, directional trade-offs between load-bearing capacity and transport efficiency can be
achieved: decreasing D favors obtaining high permeability, applicable to mass transfer-
dominated scenarios; increasing D can significantly enhance elastic modulus and specific
energy absorption, applicable to load-bearing-dominated scenarios. The T-0.350 structure
exhibits relatively optimal comprehensive performance among elastic modulus, specific
energy absorption, and permeability within the parameter range of this study, providing
quantified synergistic regulation foundations for multifunctional microlattice structures
oriented toward load-bearing and mass transfer integrated applications.

4. Conclusions

This study integrates bionics and fractal geometry to design and fabricate novel
multilevel fractal microlattice structures (T-HCS), and systematically characterizes their
quasi-static compression mechanical properties and fluid transport characteristics. The
main conclusions are as follows: (1) Under identical strut diameter conditions, T-HCS
effectively optimizes nodal force-flow transmission paths through second-order fractal
design, mitigating stress concentration, with its elastic modulus, yield strength, and specific
energy absorption significantly surpassing those of F-HCS and HCS; (2) T-HCS mechanical
properties increase approximately linearly with strut diameter, yet porosity synchronously
decreases, exerting adverse effects on fluid transport, with the T-0.350 structure achieving a
relatively optimal balance between load-bearing efficiency and porosity within the parame-
ter range of this study; (3) Increasing fractal hierarchy and strut diameter simultaneously
enhance mechanical properties while weakening fluid transport, with T-HCS exhibiting the
highest flow resistance and lowest permeability due to its complex tortuous flow channels,
whereas HCS possesses optimal permeation performance, revealing the inherent trade-off
relationship between mechanical and fluid transport properties.

The above findings provide theoretical foundations and design guidance for multifunc-
tional microlattice structures oriented toward load-bearing and mass transfer integrated
applications. Future work may further explore gradient fractal designs for spatial reg-
ulation of performance trade-offs, and extend to complex service environments such as
dynamic impact, fatigue, and fluid-structure coupling.
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