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Highlights: 

 Laser processing parameters and thermal history are directly linked to defect formation and 

microstructural anisotropy in Ni- and Ti-based lattice systems. 

 Functionally graded and TPMS architectures offer improved specific stiffness and energy 

absorption compared to conventional strut-based lattices. 

 Node reinforcement strategies, particularly filleted geometries, effectively reduce stress 

concentration and significantly enhance fatigue resistance. 

 Lattice-enabled heat exchangers and vibration isolation systems demonstrate enhanced heat transfer 

efficiency and frequency-selective attenuation. 

 Machine learning-driven design optimization and standardized qualification frameworks are 

identified as key enablers for next-generation lattice manufacturing. 

Abstract: Metallic lattice structures have emerged as revolutionary lightweight materials with 

exceptional specific strength and multifunctional capabilities, particularly in aerospace applications. 
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This review comprehensively examines the state of the art in laser additive manufacturing (LAM) of 

metallic lattice structures, focusing on selective laser melting (SLM) and electron beam melting (EBM). 

We critically analyze recent advances in materials development, including nickel-based superalloys 

(GH4169/IN718, K465), titanium alloys (Ti-6Al-4V), and functionally graded composites. The review 

addresses key design considerations, including unit cell topology optimization, node reinforcement 

strategies, and gradient structures. We examine mechanical properties under various loading conditions, 

thermal management capabilities, and failure mechanisms through both experimental and numerical 

perspectives. Advanced detection methods, including micro-CT imaging and AI-based defect 

identification, are evaluated for quality assurance. Critical challenges, including surface roughness 

control, residual stress management, and size limitations, are discussed alongside emerging 

opportunities in machine-learning-assisted design and multi-material systems. This review provides 

essential insights for researchers and engineers seeking to advance lattice-structured applications in 

next-generation aerospace systems. 

Keywords: lattice structures; additive manufacturing; selective laser melting; mechanical properties; 

aerospace applications; non-destructive testing 

1. Introduction 

The growing demand for structural efficiency and multifunctional performance across engineering 

sectors, including aerospace, automotive, energy, and biomedical applications, has driven the 

development of metallic lattice structures as advanced lightweight systems [1,2]. These periodic cellular 

architectures offer unprecedented combinations of specific strength, stiffness, and energy absorption, 

while enabling integrated thermal management and vibration-damping capabilities [3,4]. Their 

architected nature allows mechanical performance to be tailored through topology, relative density, and 

geometric hierarchy. The emergence of laser additive manufacturing (LAM) technologies, particularly 

selective laser melting (SLM) and electron beam melting (EBM), has revolutionized the fabrication of 

these complex geometries, overcoming the limitations of traditional manufacturing methods [5,6]. 

Unlike conventional subtractive or casting-based processes, LAM allows the direct fabrication of 

complex, interconnected geometries without tooling constraints. The layer-wise manufacturing approach 

enables precise control over strut dimensions, node geometry, and internal architecture at the microscale.  

Furthermore, the localized and controllable thermal input during laser processing provides 

opportunities to tailor microstructure, relative density, and defect distribution. These unique capabilities 

make LAM particularly suitable for realizing architected metallic lattices with design-driven mechanical 

and multifunctional performance. Recent advances in LAM have enabled the production of lattice structures 

with feature sizes ranging from hundreds of micrometers to several millimeters, achieving relative densities 

as low as 0.01% [7]. This capability has opened new design spaces for aerospace applications, including 

turbine blades, heat exchangers, impact-resistant panels, and morphing structures [8,9]. The global 

aerospace additive manufacturing market, valued at $3.2 billion in 2023, is projected to reach $9.8 billion 

by 2030, with lattice structures representing a significant growth segment [10]. 

Despite these advances, several critical challenges remain. The formation mechanisms of defects 

during laser-matter interaction, particularly in high-temperature alloys, are not fully understood [11]. 

The relationship between processing parameters, microstructure evolution, and mechanical properties 
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requires further elucidation [12]. Additionally, the lack of standardized testing methods and qualification 

procedures hinders industrial adoption [13]. This review systematically examines the state-of-the-art across 

the full technology spectrum: Section 2 covers key metallic materials and their AM-specific behaviors; 

Section 3 discusses design methodologies from unit cells to hierarchical structures; Sections 4–5 examine 

manufacturing processes and resulting mechanical properties; Section 6 highlights thermal and 

multifunctional capabilities; Sections 7–8 address modeling approaches and quality assurance; Section 9 

presents industrial applications; and Sections 10–11 identify challenges and future research directions. 

While this review focuses primarily on SLM, we also include relevant advances in EBM, given its 

complementary role in lattice fabrication, and briefly acknowledge other metallic AM processes as 

relevant to lattice structures. A schematic overview of the topics covered in this review is presented in 

Figure 1. 

 

Figure 1. Schematic overview of metallic lattice structures fabricated via laser-based additive 

manufacturing (SLM/SLS). The flow begins with material selection, proceeds through key design 

strategies, and culminates in the AM process. 

2. Materials for lattice structures 

2.1. Nickel-based superalloys 

Nickel-based superalloys are widely used in high-temperature structural applications, including aerospace 

turbines and energy systems, due to their exceptional creep resistance and oxidation stability [14]. GH4169 

(Inconel 718), containing 50%–55% Ni, 17%–21% Cr, and strengthened by γ' (Ni₃(Al,Ti)) and γ" (Ni₃Nb) 

precipitates, exhibits excellent processability via SLM [15]. Recent studies by Zhang, Sun [16] 

demonstrated that optimized scanning strategies with alternating stripe patterns reduce residual stress 

by 45% while maintaining relative density above 99.5%. The solidification behavior during SLM 

processing significantly influences the microstructure. Chen, Clark [17] revealed through in-situ 

synchrotron X-ray imaging that the cooling rate of 10⁶–10⁷ K/s promotes the columnar-to-equiaxed 

transition, thereby affecting the formation of Laves phase and carbides. Post-processing heat treatment at 

980 °C for 1 hour followed by double ageing (720 °C/8 h + 620 °C/8 h) optimizes the γ"/γ' precipitation, 

achieving tensile strength exceeding 1400 MPa [18]. 
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The stress concentration reduction mechanism in filleted nodes occurs through gradual load 

transfer and the elimination of sharp stress risers, where the smooth radius distributes stress over a 

larger area, preventing crack initiation at angular intersections. The microstructure of SLM-fabricated 

IN718 lattices was shown in Figure 2: (a) as-built (with dendritic/cellular structures and Laves phases) 

versus (b–d) after various heat treatments, illustrating grain refinement and precipitate evolution. 

These images vividly demonstrate how post-processing alters the microstructure (e.g., dissolution of 

Laves phase and precipitation of γ′/γ″) to improve mechanical performance. 

 

Figure 2. Microstructural characterization of SLM IN718 with various heat treatments. (a) As-built 

sample (nHT); (b) HT1; (c) HT2; (d) HT3 [19]. 

IN718 lattice structures produced by SLM show cellular dendritic growth with Laves phase 

formation in the as-built state, contributing to brittleness. Post-processing heat treatments dissolve the 

Laves phase and promote the precipitation of γ′/γ″ phases, thereby enhancing strength and ductility. 

K465 superalloy presents unique challenges due to its high Al+Ti content (>7 wt %), which increases 

the susceptibility to solidification cracking [20]. Recent work by Liu, Wang [21] demonstrated that 

preheating the substrate to 800 °C and employing a chessboard scanning strategy with a 67° rotation 

between layers significantly reduces crack density from 2.5 mm/mm² to 0.3 mm/mm². 

2.2. Titanium alloys 

Ti-6Al-4V is a widely used alloy in lightweight structural lattice applications, including aerospace 

components, biomedical implants, and automotive systems, owing to its high strength-to-weight 

ratio and biocompatibility [22]. The α+β microstructure evolution during SLM processing follows a 

complex pathway: β solidification → martensitic transformation → α' decomposition during 

intrinsic heat treatment [23]. Wang, Yang [24] demonstrated that controlling the volumetric energy 

density (VED = P/(v × h × t)) between 40–60 J/mm³ optimizes the balance between density and 

microstructure refinement. The fabricated gear’s body is a lattice structure optimized via topology 

optimization (as shown in Figure 3), and the image shows the successful build, including the teeth, hub, 

and internal lattice. Figure 3 highlights that the supporting structures and surface finish are managed on a 

complex geometry. 
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Figure 3. Illustration of a lightweight Ti-6Al-4V lattice gear produced by SLM [25]. 

Lattice structures integrated into mechanical components, such as gears, enable substantial mass 

reduction without compromising strength. The example shown demonstrates how topology optimization 

can embed a lightweight Ti6Al4V lattice core within a functional gear, suitable for aerospace or 

automotive applications. Recent advances in alloy design have led to the development of Ti-Al-V-Mo 

systems with enhanced strength. The addition of 2% Mo promotes β-phase stability, resulting in improved 

ductility without compromising strength [26]. Furthermore, the incorporation of boron (0.1 wt %) as a 

grain refiner reduces the prior β grain size from 150 μm to 45 μm, enhancing fatigue resistance [27]. 

Process anisotropy considerations are critical, as build orientation affects both the α/β phase distribution 

and mechanical properties, with vertical builds typically showing 10%–15% higher strength but reduced 

ductility compared to horizontal orientations due to alignment of the columnar grain structure. 

2.3. Functionally graded and composite materials 

The integration of reinforcement phases offers pathways to enhanced performance. TiB₂/IN718 

composites, produced through in-situ reaction during SLM, exhibit 25% higher yield strength compared 

to unreinforced IN718 [28]. The TiB₂ particles (50–200 nm) act as heterogeneous nucleation sites, refining 

the grain structure and providing Orowan strengthening [29]. Recent developments in multi-material LAM 

enable spatial variation in lattice composition. Li et al. demonstrated gradient structures transitioning 

from 316L stainless steel to Inconel 625, achieving tailored thermal expansion coefficients for thermal 

management applications [30]. The interface region, characterized by a 200 μm transition zone, exhibits 

no detrimental intermetallic formation when processed with optimized interlayer dwell time [31]. 

3. Design methodologies 

3.1. Unit cell topology 

The selection of unit cell topology profoundly influences mechanical behavior. Beyond traditional designs 

(BCC, FCC, octet), triply periodic minimal surfaces (TPMS) have emerged as superior architectures [32]. 

Gyroid structures exhibit 40% higher energy absorption than equivalent-density strut-based designs due to 

their smooth stress distribution and absence of stress concentrations [33]. A practical design consideration 

is powder removal accessibility-TPMS structures like gyroids may trap unsintered powder in closed cells, 
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necessitating drain holes or post-processing techniques such as chemical dissolution or ultrasonic cleaning 

to ensure complete powder extraction. 

Various lattice unit cells, including BCC, FCC, octet, and gyroid topologies, offer distinct geometric 

connectivity and deformation mechanisms. Strut-based lattices, such as BCC and octet lattices, are easier 

to design and analyze but may suffer from stress concentration at nodes. Conversely, TPMS-based lattices, 

such as the gyroid, offer smoother stress distribution due to their continuous surfaces, thereby enhancing 

mechanical performance and manufacturability. Diamond, gyroid, BCC and I-WP structures are shown in 

Figure 4 at equal scale and relative density (~50% porosity). It visually compares traditional strut-based 

lattices to smooth-surface TPMS lattices. The gyroid and diamond have continuous surfaces, whereas the 

BCC has sharp nodes. Minimal surface structures such as the gyroid, diamond, primitive, and I-WP have 

attracted attention for their excellent surface continuity and manufacturability via AM. Compared to 

strut-based lattices, these topologies exhibit smoother profiles and reduced stress concentrations. Recent 

topology optimization approaches integrating machine learning with finite element analysis. Zhang, Song [34] 

employed convolutional neural networks to predict mechanical properties of novel unit cells, reducing design 

iteration time by 85%. The optimization considers multiple objectives: maximizing stiffness, minimizing 

weight, and ensuring manufacturability constraints (minimum feature size, overhang angles) [35]. 

 

Figure 4. CAD representations of various lattice unit cell designs, including (a) diamond (Schwarz 

D minimal surface); (b) gyroid (TPMS); (c) BCC strut lattice; (d) I-WP minimal surface. These 

topologies differ in connectivity and deformation behavior, thereby influencing the mechanical 

response, energy absorption, and manufacturability of AM lattice structures. 

3.2. Gradient and hierarchical structures 

Nature-inspired gradient designs offer superior performance compared to uniform structures. Density 

gradients following power-law distributions (ρ(z) = ρ₀(z/H)ⁿ) optimize stress distribution under 

compression, increasing energy absorption by 60% [36]. The gradient exponent n = 0.5–0.7 provides 

optimal balance between strength and deformation stability [37]. Hierarchical designs incorporating 

multiple length scales enhance mechanical properties through structural hierarchy. Second-order lattices, 

where struts themselves possess lattice architecture, achieve specific stiffness exceeding theoretical 

bounds for first-order structures [38]. The critical aspect ratio for second-order struts (L/D > 15) prevents 

premature buckling while maintaining weight efficiency [39]. 

A first-order lattice (octet) is shown in Figure 5 alongside a second-order lattice where a miniature 

lattice of the same type replaces each strut of the octet. The figure illustrates the concept of hierarchical 

(multi-scale) design: the “lattice of lattices” architecture. To improve stiffness and energy absorption, 

hierarchical lattice architectures have been proposed, in which each primary strut is substituted with a 

secondary lattice. This nested approach draws inspiration from biological structures such as bone or 
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bamboo, combining mechanical efficiency with low density. Graded TPMS structures enable tailored 

properties but introduce challenges in printability, especially where wall thickness is minimized. Thin 

regions are more prone to surface roughness and geometric deviation due to inadequate heat dissipation 

and structural support during printing. 

 

Figure 5. Schematic representation of a hierarchical lattice structure, where primary struts of 

a first-order octet lattice are replaced with secondary lattices, enhancing energy absorption and 

stiffness while maintaining lightweight characteristics. Such designs mimic natural 

hierarchical architectures [40]. 

3.3. Node reinforcement strategies 

Node geometry plays a decisive role in failure initiation in lattice structures, as stress concentration 

typically localizes at strut intersections. Finite element analysis indicates that sharp node corners 

can generate stress concentration factors exceeding 3.5 under compressive or cyclic loading [41]. 

These sharp intersections act as crack initiation sites due to abrupt changes in load path direction 

and bending-dominated stress accumulation. Filleted nodes with radius r = 0.15D–0.20D (where D 

is strut diameter) reduce stress concentration by 45% while increasing fatigue life by an order of 

magnitude [42]. The improvement in yield strength with increasing fillet radius is plotted in Figure 6. The 

images in Figure 6 visually confirm that FEA results show stress concentration factors > 3.5 at sharp 

corners and state that r = 0.15D–0.2D fillets greatly extend fatigue life, showing where cracks would 

initiate and how fillets alleviate them. 

 

Figure 6. Finite element analysis showing von Mises stress distributions in lattice nodes: (a) sharp 

node corners generate significant stress concentrations; (b) filleted nodes (radius ≈ 0.15D) 

effectively mitigate stress concentration; (c) face-centered cubic. Node smoothing improves 

fatigue resistance and structural reliability [43]. 

Sharp lattice nodes can lead to stress localization and premature failure under cyclic loading. 

Filleting these nodes (e.g., using a radius of 0.15D–0.2D) redistributes stress more uniformly, thereby 

improving fatigue resistance and yield strength. FEA simulations have validated this stress-reduction 
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strategy. Advanced node designs incorporate variable thickness and material composition. Beyond 

geometric smoothing, advanced node reinforcement strategies include selective node thickening and 

localized material strengthening. Increasing laser power by approximately 30% at node regions enhances 

local density and microstructural refinement without significantly increasing overall weight [44]. This 

approach, termed “functional grading at microscale”, represents a paradigm shift in lattice design [45]. 

4. Manufacturing process optimization 

4.1. Process parameters 

The complex interplay between laser parameters determines final part quality. Recent high-speed 

imaging studies (10,000 fps) reveal melt pool dynamics governing defect formation [46]. The 

dimensionless number Π = (P·η)/(v·λ·ΔT) (where η is the absorption coefficient, λ is thermal 

conductivity, and ΔT is the melting temperature) provides a universal framework for parameter 

selection across materials [47]. Layer thickness optimization balances productivity and quality. Thin 

layers (20–30 μm) improve surface quality but increase build time and thermal cycling. Adaptive layer 

thickness, varying from 20 μm for fine features to 60 μm for bulk regions, reduces build time by 40% 

while maintaining quality [48]. 

4.2. Support structure design 

Support structures for lattice components require careful consideration. Tree-like supports with 

gradual diameter reduction (following D(h) = D₀(1−h/H)^0.5) minimize material usage while 

ensuring stability [49]. The support-part interface, designed with a 0.3–0.5 mm offset, facilitates 

removal without surface damage [50]. Self-supporting lattice designs eliminate the need for external 

supports through geometric constraints. Maintaining strut angles > 35° from the horizontal and 

incorporating gradual transitions prevent collapse during construction [51]. This approach reduces 

post-processing time by 60% and material waste by 40% [52]. 

4.3. In-situ monitoring and control 

Real-time process monitoring enables adaptive control for consistent quality. Acoustic emission 

sensors detect cracking events with 95% accuracy, enabling immediate parameter adjustment  [53]. 

Pyrometry-based melt pool monitoring maintains temperature within ± 50°C through closed-loop 

power control [54]. Machine learning algorithms trained on multi-sensor data predict defect 

formation with 92% accuracy. Integration of these systems with adaptive slicing software creates 

“intelligent” AM systems capable of self-optimization [55], which represents the future of quality 

assurance in LAM [56]. 

4.4. SLM versus EBM process considerations 

Selective laser melting and electron beam melting offer complementary advantages for lattice 

fabrication. EBM’s higher build temperature (700 °C–1000 °C) and vacuum environment result in lower 

residual stresses and often eliminate the need for stress relief heat treatment, particularly beneficial for 

high-temperature alloys [57]. However, EBM’s larger beam size (0.1–0.2 mm vs 0.02–0.1 mm for SLM) 
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produces rougher surface finishes (Ra = 25–40 μm) and limits minimum feature resolution. SLM offers 

superior dimensional accuracy and broader material compatibility, but requires careful management of 

residual stresses through process optimization or post-processing. For lattice structures, EBM excels at 

larger features where surface finish is secondary, while SLM enables fine-featured designs that require 

high precision. 

5. Mechanical properties and performance 

5.1. Quasi-static behavior 

The compressive behavior of lattice structures exhibits three distinct regimes: linear elastic, plateau, and 

densification [58]. The Gibson-Ashby scaling relationships (E*/Es = C₁(ρ*/ρs)ⁿ) provide first-order 

approximations but fail to capture size effects and manufacturing defects [59]. These deviations occur 

because the Gibson-Ashby theory assumes perfect cellular geometry and bulk material properties in 

struts, whereas AM lattices exhibit geometric imperfections, surface roughness, and size-dependent 

material behavior. Struts with diameters below 500 μm exhibit significant deviations from bulk 

properties due to surface-area-to-volume effects and defect populations. 

These images in Figure 7 capture the collapse mechanisms, e.g. layer-by-layer buckling in a cubic 

lattice vs diagonal shear in an octahedron—just before failure. Recent experimental studies using digital 

image correlation (DIC) reveal strain localization patterns that precede macroscopic failure. Shear bands 

initiate at 45° to the loading direction in BCC lattices, while face-centered designs exhibit layer-by-layer 

collapse [60]. The critical strain for shear band formation correlates with the lattice connectivity (Z = 6 for 

BCC, Z = 12 for FCC) [61]. 

 

Figure 7. Sequential photographs of lattice specimens under compression for several unit cell 

types (simple cubic, octahedral, etc.), all at 30% relative density [43]. 

As for the deformation modes, all the specimens used in the experiments showed the same deformation 

modes. Figure 8 presents the deformation evolution of lattice blocks with varying cell sizes under 
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quasi-static compression. Across all specimens, deformation localization consistently initiates near the 

mid-height of the blocks in the sequential images. This characteristic mid-plane localization indicates 

a bending-dominated behavior, in which strut members aligned with the loading direction undergo 

progressive buckling (visible as lateral bowing in the images) before global densification. The 

formation of these deformation bands stems from geometric instability and load redistribution driven 

by connectivity. In lower-connectivity lattices, the load-transfer path is less redundant, leading to 

stress concentration in the central layers and triggering early shear-dominated collapse. As 

compression proceeds to ε = 0.3–0.4, densification becomes pronounced, characterized by visually 

distinct strut interlocking and local compaction, which enhances energy absorption. Notably, smaller cell 

sizes exhibit slightly more uniform deformation patterns, attributed to increased nodal constraint and a 

reduced effective slenderness ratio of the struts. Collectively, these observations suggest that 

deformation localization is governed not merely by initial imperfections or residual stresses, but 

fundamentally by intrinsic topological connectivity and strut slenderness. Thus, the transition in 

deformation modes is strongly architecture-dependent rather than purely defect-driven. 

 

Figure 8. Deformation modes of lattice blocks for certain deformation amounts [60]. Reprinted 

with permission. Copyright 2013 Elsevier. 

Figure 9 compares experimental and finite element (FE) stress-strain responses for lattice structures 

with cell sizes of 2.5 mm and 1.25 mm. For the 2.5 mm cell, both the beam and solid FE models 

accurately capture the initial stiffness, peak strength, and overall loading path observed in experiments. 

However, for the 1.25 mm cell, the solid model closely aligns with the experimental response, whereas 

the beam model underestimates the strength. Specifically, the beam model correctly predicts the initial 

stiffness but yields approximately 10% lower strength than measured experimentally. This discrepancy 

is primarily due to the beam elements’ inability to represent the complex geometry at the strut junctions 

fully. Additionally, surface irregularities such as variable strut diameters and partially melted powder 

residues may further influence the mechanical performance of micro-lattice structures, which the 

simplified beam model cannot account for. 
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Figure 9. Comparisons of numerical and experimental compression results for: (a) 2.5 mm; 

(b) 1.25 mm cell size micro lattice blocks. L: the unit cell size, d: the strut diameter [60]. Reprinted 

with permission. Copyright 2013 Elsevier. 

5.2. Dynamic and impact response 

High strain rate behavior (ε̇ > 10³ s⁻¹) differs significantly from quasi-static response due to inertial 

effects and strain rate sensitivity [62]. Split-Hopkinson pressure bar tests reveal 30%–50% strength 

enhancement at high rates for Ti-6Al-4V lattices [63]. The dynamic strength enhancement factor 

follows β = 1 + (ε̇/ε̇₀)ᵐ, where m = 0.02−0.03 for titanium alloys [64]. Blast-resistance studies using 

explosive loading demonstrate the superior performance of gradient structures. The impedance 

mismatch between layers promotes stress wave attenuation, reducing transmitted impulse by 40% 

compared to uniform designs [65]. Sacrificial layers with programmed failure enhance protection 

while maintaining structural integrity [66]. 

5.3. Fatigue and fracture 

Fatigue behavior remains a critical concern for aerospace applications. S-N curves for SLM lattices 

show 50%–70% reduction in fatigue strength compared to bulk material due to surface defects and 

residual stress [67]. Surface treatments, including electropolishing and shot peening, improve fatigue 

life by 3–5 times [68]. Fracture mechanics approaches reveal the mechanisms of crack propagation. 

The Paris law exponent (m = 3.5–4.5) for lattice structures exceeds bulk values due to mixed-mode 

loading and stress redistribution [69]. Crack deflection at cell boundaries provides extrinsic 

toughening, increasing fracture toughness by 25% [70]. Build orientation significantly affects fatigue 

anisotropy, with vertically built specimens showing 20%–30% longer fatigue life due to favorable crack 

propagation paths at layer interfaces. Property scatter in AM lattices is typically 2–3 times higher than in 

bulk materials due to manufacturing variability, requiring statistical design approaches and larger 

safety factors. 

6. Thermal and multifunctional properties 

6.1. Thermal management 

Lattice structures offer unique thermal management capabilities through combined conduction and 

convection [71]. Forced convection through Kagome lattices yields heat transfer coefficients of 

500–800 W/m²K, comparable to those of conventional heat sinks at 50% lower weight [72]. Depicted 
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here are devices fabricated using our in-house AM system and control software (Figure 10), which 

were also cut in half to measure the gyroid structures and their quality. The findings confirmed that 

the printed aluminum HX exhibited no water leakage into adjacent channels. 

 

Figure 10. The photograph of a 3D-printed gyroid heat exchanger core [73]. 

As illustrated in Figure 11, the performance of the HX-70 was compared with that of the 

commercial heat exchanger (HX) model BT3 × 8–20. Specifically, for a 3 × 3 × 3 inch³ gyroid HX 

(HX70–555, featuring a 0.3 mm wall thickness and 5 mm gyroid unit length), the comparison with 

a commercial 20 kW plate HX (BT3 × 8–20, dimensions 3 × 8 × 2.2 inch³) at the same flow rate 

revealed a twofold size reduction, a two-to-threefold decrease in pressure drop, and a two-to-threefold 

enhancement in heat transfer coefficient. These exceptional characteristics distinguish the TPMS 

HX and warrant further in-depth research. The effective thermal conductivity is calculated using 

modified Maxwell-Eucken models that account for strut orientation and connectivity. Anisotropic 

designs with preferential strut alignment enhance directional heat transfer by 200% [74]. Integration 

of heat pipes into struts creates active thermal management systems for high-heat-flux applications [75]. 

 

Figure 11. Comparisons of the gyroid lattice HX and conventional finned heat exchanger 

performance [73]. 

6.2. Vibration damping 

The cellular architecture provides inherent damping through multiple mechanisms: material damping, 

air pumping, and friction at nodes [76]. Loss factors (η = 0.01–0.05) exceed bulk material values by an 

order of magnitude [77]. Viscoelastic coatings on struts further enhance damping without a significant 

weight penalty [78]. Phononic bandgap engineering enables frequency-selective vibration isolation. 

Periodic variation in unit cell size creates bandgaps at targeted frequencies, achieving 30 dB attenuation 

in specific frequency ranges [79]. This capability enables simultaneous load bearing and vibration 



Adv. Manuf.  Review 

 13 

isolation [80]. Figure 12 provides a concrete example of such a lattice meta-material, supporting the 

concept that lattice structures can be engineered for specific vibrational properties. 

 

Figure 12. The lattice layout and the mechanism for damping vibrations. (a) The color intensity 

represents the normalized displacement amplitude, with vibration localized around resonator ω₁ 

in this instance. (b) presents the transmission spectrum for longitudinal waves (FT = 0) across 

different numbers of resonators (0, 15, and 35), while (c) shows the transmission spectrum for 

transverse excitations (FL = 0). To demonstrate the potential filtering effect on the spectrum of a 

real earthquake, (d) applies the transfer function with 35 resonators to the 1994 Northridge 

earthquake, earthquake recording data is available for download from the PEER Ground Motion 

Database. (e) provides a design guideline that illustrates the average attenuation as a function of 

the number of resonators in the array [78]. Reprinted with permission. Copyright 2015 Elsevier. 

7. Numerical modeling and simulation 

7.1. Multiscale modeling approaches 

Accurate prediction of lattice behavior requires multiscale modeling spanning from microstructure to 

structure [81]. Crystal plasticity finite element models capture microscale deformation mechanisms, 

including slip-system activation and grain-boundary effects [82]. Homogenization techniques bridge 

micro-macro scales, reducing computational cost by 10³ while maintaining 95% accuracy [83]. Recent 

advances in neural network-based constitutive models capture complex path-dependent behavior. 

Physics-informed neural networks (PINNs) trained on limited experimental data predict stress-strain 

response with R² > 0.98 [84]. These models enable rapid design optimization without extensive 

experimental campaigns [85]. 

7.2. Process simulation 

Thermal–mechanical process simulation plays a critical role in predicting residual stress and geometric 

distortion in lattice structures, where thin struts and node intersections are particularly susceptible to 

deformation. The inherent strain method, calibrated through neutron diffraction measurements, has been 

applied to complex lattice geometries and achieves prediction accuracy within 15% [86]. In lattice 
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architectures, residual stress accumulation can lead to strut bending, dimensional deviation, and node 

cracking, which are more pronounced than in bulk components due to reduced cross-sectional area. 

Incorporating phase transformation kinetics improves predictions for materials undergoing solid-state 

transformations [87]. Melt-pool dynamics simulation using computational fluid dynamics reveals 

keyhole-formation mechanisms [88]. Excessive power density may induce localized keyhole porosity, 

which is particularly detrimental in slender lattice struts [89]. 

8. Detection and quality control methods 

8.1. Non-destructive testing 

X-ray computed tomography (CT) remains the gold standard for detecting internal defects. High-resolution 

micro-CT (voxel size < 5 μm) reveals pore morphology, size distribution, and location with 98% detection 

rate for pores > 50 μm [90]. Recent advances in helical CT reduce scan time by 75% while maintaining 

resolution [91]. Automated defect recognition using convolutional neural networks achieves 99.5% 

classification accuracy for common defect types (lack of fusion, keyhole porosity, cracks) [92]. Integration 

with digital twins enables predictive quality control, enabling identification of high-risk regions before 

manufacturing [93]. 

Non-destructive inspection plays a critical role in evaluating internal defects and dimensional 

fidelity in lattice structures fabricated by L-PBF. As illustrated in Figure 13, micro-CT scans provide 

detailed insight into internal pore distribution, geometric deviations, and crack formation. The 

highlighted CT reconstruction of TPMS lattices shows a clear mismatch between the printed structure 

and its CAD model, with color-coded deviation maps quantifying regional discrepancies. Pores and 

irregularities are visibly concentrated along strut intersections, a common site for thermal 

accumulation and insufficient fusion. The observed deviations in wall thickness up to ±0.20 mm 

demonstrate the sensitivity of CT for capturing fine-scale manufacturing errors. Such internal defects, 

including lack-of-fusion voids and surface-connected cracks, cannot be detected solely by surface 

imaging. These results support the growing use of CT-based in-situ validation workflows and digital 

twins for real-time quality assurance and predictive defect mitigation in metallic lattice fabrication. 

 

Figure 13. Micro-CT-based evaluation of TPMS lattice structures: (a–d) SEM and CT images 

highlighting typical defects such as partially melted powder, surface roughness, cracks, and 

overhang-induced irregularities; (e) comparison of CT reconstruction vs CAD geometry, showing 

pore formation and dimensional deviations (quantified by color-coded deviation map) [94]. 

Reprinted with permission. Copyright 2025 Springer Nature. 
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8.2. In-situ monitoring 

In-situ monitoring is particularly important for lattice fabrication because thin struts and complex 

node geometries are sensitive to thermal instability. Layer-wise imaging with high-resolution 

cameras (>5 megapixels) enables real-time detection of surface irregularities that may affect strut 

diameter uniformity and node connectivity. Machine vision algorithms can identify anomalies such as 

recoater interference, localized overmelting, and incomplete fusion, which are especially detrimental in 

fine-lattice architectures [95]. Thermographic monitoring reveals hot spots indicative of overheating or 

incomplete fusion [96]. Given the reduced cross-sectional area in lattice members, even minor thermal 

fluctuations can lead to dimensional deviations or micro-porosity. Acoustic emission monitoring further 

enables crack detection during fabrication, with characteristic frequency signatures associated with strut 

fracture or node-level cracking (100–400 kHz). Wavelet-based signal processing helps distinguish 

lattice-specific defect signals from background machine noise [97]. These monitoring approaches are 

therefore critical for ensuring geometric fidelity and mechanical reliability in lattice structures. 

8.3. Mechanical testing standards 

Standardization efforts by ASTM and ISO provide testing guidelines for lattice structures. ASTM F3575–23 

specifies compression testing procedures, including specimen geometry (minimum 5 × 5 × 5 unit cells) and 

loading rates [43]. However, size effects and boundary conditions significantly influence measured 

properties, necessitating careful interpretation [98]. Novel testing methods address lattice-specific 

challenges. Micro-mechanical testing using nanoindentation reveals strut-level properties, accounting 

for size effects and surface conditions [99]. Digital volume correlation enables full-field strain 

measurement during loading, validating numerical models [100]. 

8.4. Post-processing and final quality assurance 

Hot isostatic pressing (HIP) is widely employed to eliminate internal porosity and improve fatigue 

performance, typically conducted at 920 °C and 100 MPa for Ti-6Al-4V lattices, achieving > 99.8% density. 

Surface finishing presents unique challenges for lattice structures due to limited accessibility. Chemical 

etching using HF/HNO₃ solutions can reduce surface roughness from 15–20 μm to 8–12 μm, but requires 

careful control to prevent strut thinning. Electropolishing offers selective surface improvement but is limited 

to accessible surfaces. These post-processing steps are often mandatory for flight-critical applications. 

9. Applications and case studies 

9.1. Aerospace structures 

Boeing’s implementation of Ti-6Al-4V lattice brackets in the 787 Dreamliner achieved 50% weight 

reduction while meeting stringent safety requirements [101]. The optimized topology, combining solid 

skins with graded lattice cores, withstands a 150% design load with a factor of safety exceeding 1.5 [102]. 

Qualification involved extensive fatigue testing under simulated flight loads, with the lattice bracket 

demonstrating 2 million cycles at 120% design load without failure. The certification process required 

developing new test protocols since traditional design allowables for bulk materials do not apply to 
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complex lattice geometries, necessitating component-level qualification. Airbus’s development of 

lattice-based heat exchangers for next-generation aircraft demonstrates multifunctional integration. The 

Gyroid-based design achieves a 200% higher heat transfer rate per unit weight than conventional plate-fin 

designs [103,104]. Successful flight tests validate performance under extreme conditions (−55 °C to 120 °C, 

9 g acceleration) [105]. 

9.2. Propulsion systems 

GE Aviation has demonstrated the potential of additive manufacturing to integrate complex lattice 

cooling channels within turbine blades, structures that are nearly impossible to achieve with 

conventional methods. These lattices, characterized by high porosity, low weight, and excellent 

strength, markedly enhance cooling efficiency without compromising mechanical performance [106]. 

Studies indicate that optimized lattice channels can reduce blade temperatures by 100 °C–150 °C, 

thereby alleviating thermal stress, mitigating fatigue damage, and extending service life by 20%–30% 

or more [106]. Furthermore, multi-objective optimization of lattice geometries, including parameters 

such as height, diameter, and inclination, enables a balanced Improvement in heat transfer, structural 

strength, and vibration resistance, highlighting the multifunctional advantages of lattice-enabled 

cooling designs. 

In the SpaceX Raptor engine, SLM has enabled the fabrication of Inconel 718 lattice structures that 

integrate cooling channels directly within the load-bearing chamber walls, designs unattainable by 

conventional methods. These lattice channels significantly enhance heat transfer by improving coolant 

distribution and localized vortex formation, while simultaneously reducing weight by ~30% without 

compromising strength [107,108]. Combining high-temperature capability, corrosion resistance, and 

design flexibility, SLM-produced Inconel 718 lattices represent a key technology for achieving 

lightweight, integrated thermal management in aerospace propulsion systems. 

9.3. Space applications 

NASA and other research initiatives are exploring multilayer, lightweight structures, such as Whipple 

shields, for protecting lunar habitats from micrometeoroid impacts. A key emerging trend is the 

integration of gradient lattice or quasi-lattice cores into protective layers to balance extreme impact 

resistance with weight reduction. Numerical and experimental studies show that sandwich panels 

incorporating body-centered cubic (BCC) lattices can achieve significantly higher resistance to 

hypervelocity projectiles (2–6 km/s) than traditional Whipple shields at equal areal density, while 

gradient lattice cores offer further optimization of energy dissipation pathways, enabling effective 

interception at velocities up to 7 km/s [109,110]. Beyond impact resistance, these multilayer lattice 

hybrids also provide thermal insulation, which is critical for mitigating the extreme lunar temperature 

cycle. Importantly, the realization of such complex architectures increasingly relies on additive 

manufacturing, which enables the precise fabrication of tailored lattice geometries and facilitates the use 

of both in-situ resources (e.g., lunar regolith) and high-performance terrestrial materials. In this context, 

laser additive manufacturing of metallic lattice structures not only advances aerospace propulsion and 

thermal management applications but also emerges as a transformative enabler for extraterrestrial habitat 

protection, underscoring its broad relevance to future space exploration. 
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The James Webb Space Telescope (JWST) sunshield support system underscores the critical 

importance of lightweight, dimensionally stable architectures in space applications. While existing 

literature does not explicitly describe these supports as “lattice structures”, their multilayer, low-mass, 

and high-stiffness framework reflects design philosophies that parallel those of metallic lattices 

fabricated by laser additive manufacturing [111,112]. Both approaches leverage carefully engineered 

geometries and advanced materials—whether high-modulus composites, beryllium, or additively 

manufactured alloys to suppress thermal deformation and maintain precision alignment under extreme 

temperature gradients of up to 300 K [111,112]. This analogy illustrates how the core principles 

underpinning lattice design, lightweighting, multifunctionality, and structural stability are already 

validated in flagship aerospace missions. Extending these concepts through laser additive manufacturing 

of metallic lattices could further enable thermally stable, load-bearing components for next-generation 

space telescopes and satellites, thereby reinforcing the broader relevance of lattice-enabled architecture 

across aerospace and space exploration. 

10. Challenges and future perspectives 

10.1. Challenges and limitations 

Surface roughness remains a persistent challenge, with Ra values typically 10–20 μm for as-built 

surfaces [113]. While post-processing improves surface quality, accessibility within complex lattice 

geometries limits effectiveness. Chemical etching shows promise but requires careful control to 

prevent strut thinning [114]. Table 1 summarizes the critical challenges and correlative solutions. Size 

limitations constrain industrial adoption. Current SLM systems accommodate maximum build 

volumes of 500 × 500 × 500 mm³, insufficient for large aerospace components [115]. Multi-laser 

systems and hybrid manufacturing approaches offer potential solutions but introduce additional 

complexity [116]. 

Material limitations restrict design freedom. The requirement for spherical powder morphology and 

the limited number of alloy systems compatible with LAM constrain material selection [117]. The 

development of new alloys specifically designed for AM processing is an active research area [118]. 

Manufacturing yield and consistency remain industrial concerns, with typical first-pass success rates 

of 70%–85% for complex lattice geometries due to support failure, distortion, or defect formation. 

Quality variation between machines and even within build plates can be significant, driving investment 

in real-time monitoring and adaptive control systems. 

Residual stress accumulation poses another critical limitation, particularly for complex lattice 

geometries. Unlike solid components, where heat dissipates in all directions, the thin struts of lattice 

architectures restrict thermal conduction paths, leading to localized heat accumulation and severe 

thermal gradients. This mismatch often results in geometric distortion or even strut separation. Support 

structures, therefore, must serve a dual function: providing mechanical anchoring and acting as essential 

thermal conduits to facilitate heat dissipation to the build plate. 
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10.2. Emerging opportunities 

Machine learning integration throughout the design-manufacture-test cycle promises transformative 

capabilities [119]. Generative design algorithms explore vast design spaces, identifying non-intuitive 

solutions exceeding human-designed performance by 30%–40% [120]. Reinforcement learning optimizes 

process parameters in real time, adapting to material and machine variations [121]. Multi-material and 

functionally graded structures enable unprecedented combinations of properties. Recent 

developments in multi-nozzle systems enable material switching within a single layer, creating true 

3D composition variation [122]. This capability enables simultaneous optimization of multiple 

properties (strength, conductivity, density) [123]. Sustainability considerations drive the 

development of recycled powder utilization and reduced energy consumption. Closed-loop powder 

recycling systems maintain powder quality through 20+ reuse cycles [124]. Process optimization 

that reduces energy consumption by 40% while maintaining part quality demonstrates environmental 

responsibility [125]. 

10.3. Future research directions 

Understanding fundamental mechanisms governing defect formation requires advanced characterization. 

In-situ synchrotron studies with microsecond temporal resolution reveal the dynamics of solidification and 

defect nucleation [126]. These insights inform physics-based process models for defect prediction and 

prevention [127]. The development of lattice-specific design tools that integrate manufacturing constraints, 

performance requirements, and cost considerations remains critical. Cloud-based platforms enabling 

collaborative design and simulation accelerate development cycles [128]. Integration with digital twin 

frameworks enables lifecycle performance prediction and optimization [123]. Qualification and certification 

procedures specific to lattice structures need to be developed. Statistical approaches that account for spatial 

property variation and defect distributions provide a robust design. Machine learning-based quality 

prediction reduces testing requirements while maintaining safety margins [129,130]. 

Table 1. Critical challenges and current solutions. 

Challenges Current solutions Effectiveness References 

Surface roughness (Ra 15–25 μm) Chemical etching, electropolishing 40%–60% improvement [114,115] 

Size limitations (500 × 500 × 500 mm³) Multi-laser systems, hybrid manufacturing Partial solution [116,117] 

Residual stress Optimized scanning, preheating, HIP 70%–90% reduction [16,86] 

Material limitations AM-specific alloy development Ongoing research [118,119] 

Qualification standards ASTM/ISO standard development Emerging framework [130] 

Production consistency AI-based monitoring, closed-loop control 85%–95% yield improvement [55,95] 

11. Conclusion 

Laser additive manufacturing has profoundly transformed the fabrication of metallic lattice structures, 

offering unprecedented design flexibility and the ability to achieve unique property combinations. Over 

the past decade, advances have spanned the full ecosystem from material development and structural 

design to process understanding, property evaluation, and industrial application. Material innovations 

now extend well beyond conventional alloys, incorporating composites and functionally graded systems 
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in which in-situ alloying and reinforcements unlock new performance possibilities. On the design side, 

methodologies have evolved from simple periodic lattices to sophisticated hierarchical and gradient 

architectures, increasingly optimized using computational tools such as machine learning and topology 

optimization. Parallel advances in process monitoring and modelling, aided by high-speed imaging, have 

shed light on the mechanisms governing defect formation and microstructure evolution. These insights 

are complemented by mechanical characterizations that demonstrate how architecture can tailor 

responses, though challenges remain in fully understanding fatigue and fracture behavior.  

The integration of multifunctional capabilities, such as structural, thermal, and dynamic, has 

further underscored the potential of lattices for system-level optimization and weight reduction. 

Meanwhile, quality assurance has advanced significantly, with automated defect detection and in-situ 

monitoring nearing industrial maturity. However, critical barriers persist, particularly regarding 

surface quality, large-scale fabrication, and certification standards. Looking ahead, research must deepen 

the physics-based understanding of process-structure-property linkages, create lattice-specific design and 

analysis frameworks, and establish robust qualification pathways for safety-critical applications. The 

convergence of advanced materials, intelligent design tools, and high-precision manufacturing systems 

positions metallic lattice structures as a cornerstone technology for next-generation aerospace and beyond, 

provided continued investment sustains the pace of fundamental and applied innovations. 
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