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Abstract. Increasing profile thickness enhances mechanical resistance but wastes materials and is not cost-effective. This research advances the lightweight hybrid lattice-filled profile (HLFP) concept for modular engineering, which combines a thin-walled tubular shell with an additively manufactured lattice structure (AMLS) as a lightweight core. Various materials, such as steel, aluminum, and fiber-reinforced polymer, can form the mechanically resilient shell. At the same time, the sparse core enhances local stability and reduces stress concentrations, thereby preventing premature structural failures. Preliminary tests on HLFP with metal profiles demonstrated that the adhesively bonded AMLS increases load-bearing capacity by 130%. Reducing infill density does not affect mechanical resistance; a fourfold decrease in density (from 10% to 2.5%) results in only a 20% reduction in ultimate load. However, the sparse lattice shifts AMLS failure from ductile to brittle, necessitating further optimization. Therefore, this study focuses on the mechanical performance of polymeric AMLS under various manufacturing layouts to establish a reliable experimental database for verifying theoretical and numerical models. The AMLS development utilizes ABAQUS finite element software, incorporating a standard optimization solver and buildability conditions derived from this study. The refined AMLS model reflects this condition, while diverse internal lattice arrangements create a complex optimization problem. The physical tests of the AMLS verify optimization efficiency, revealing the necessity of considering the peculiarities of additive manufacturing technologies related to the uneven mechanical performance of the fabricated solids, which are under the control of the fabrication pathway.
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Introduction
The demand for efficient, lightweight structural systems in modern construction has accelerated the development of hybrid profiles that combine mechanical performance with low material usage and modular fabrication. One such innovation is the lightweight hybrid lattice-filled profile (HLFP)—a structural configuration consisting of a thin-walled metal profile filled with an adhesively bonded polymeric core. The HLFP concept combines a stiff shell in the shape of a tubular profile with a three-dimensional, additively manufactured lattice structure (AMLS) insert. In particular, steel, aluminum, and even fiber-reinforced polymeric profiles can form the thin-walled, mechanically resilient shell. The sparse core ensures local stability and reduces stress concentrations in the shell, thereby avoiding premature failure of the structural components. Prior experimental results have shown that such configurations enhance elastic-stage mechanical performance and maintain structural contribution under conditions of partial debonding and damage [1–3], confirming their potential for integration into prefabricated and modular structural systems.
Previous investigations have demonstrated that lattice cores manufactured via additive methods with low infill densities (e.g., 10%) can substantially enhance the elastic response of thin-walled profiles while only marginally increasing weight [2,3]. However, the performance of these inserts is susceptible to manufacturing factors, including core geometry, bonding area configuration, and printing orientation. Specifically, cores printed orthogonally to the loading direction demonstrate significantly greater stability and post-yield resistance than inclined or fragmented structures, which are prone to brittle failure and early debonding.
Topology optimization (TO) has increasingly been used to derive structurally efficient lattice geometries based on defined boundary conditions and objective functions, thereby overcoming the geometric limitations of predefined infill patterns. Finite element-based TO tools, such as ABAQUS/CAE, optimize material distribution under constraints that include strain energy minimization and volume limitation. However, despite its computational robustness, standard TO procedures face numerous limitations when applied to designing internal lattices for hybrid profiles. These limitations include reliance on linear elastic assumptions, a lack of post-yield or stability criteria, and the frequent generation of slender or disconnected features that are not readily manufacturable [4–6]. Moreover, optimization results are highly dependent on boundary and loading conditions; for example, distributed loads often lead to material accumulation near the boundaries rather than the formation of effective internal strut networks.
Recent studies have emphasized the importance of incorporating manufacturing-aware geometric restrictions, such as demolding directions or minimum feature size, into TO routines to ensure the feasibility of the final output [5,7]. Adjusting the load application strategy, such as replacing distributed loading with strategically placed point forces, has also been shown to guide the optimization toward more functional and directional topologies [6,7]. Even with these improvements, manual refinement remains necessary to adjust algorithm-generated geometries for manufacturability, stiffness continuity, and structural coherence under compressive load. This modification implements the design for additive manufacturing (DfAM), integrating computational design with manufacturing constraints to optimize both shape and performance [8].
This study employs the DfAM approach to develop lattice cores for HLFP systems, integrating the TO tool in finite element (FE) software ABAQUS/CAE with expert-driven post-processing of lattice geometries. This study is limited to the mechanical performance of polymeric AMLS with various manufacturing layouts, aiming to generate a reliable experimental database for verifying theoretical and numerical models and further optimizing the mechanical resistance of the polymeric core. All geometries replicate polymeric inserts from previous studies [2,3] with slight modifications to verify the effect of 3D printing parameters on the mechanical resistance of the polymeric core under axial compression. The tests include 104×46×40 mm³ AMLS specimens with different fabrication layouts, including the reference topology created by AM slicing software, two TO patterns, and one modified lattice structure by implementing the DfAM approach. All specimens were designed to ensure the same weight. Further AM (using fused filament fabrication, FFF) and compression tests confirm the effectiveness of the modified design procedure.
The DfAM Concept
The development of a structurally efficient AMLS was supported by a topology optimization procedure conducted in ABAQUS/CAE using its built-in optimization module. The simulation utilizes a polylactic acid (PLA) model, which assumes a linear elastic, isotropic material with a modulus of elasticity of 1.9 GPa, a Poisson’s ratio of 0.33, and a density of 1.24 g/cm³. The geometry was meshed using 8-node linear brick elements with reduced integration (C3D8R), applying a global mesh size of 2 mm. The bottom surface was fully constrained in all degrees of freedom. A 1 mm-thick bonded shell, replicating the adhesive interface with the composite skin, was modeled and excluded from the optimization domain to simulate fixed boundaries.
Two different loading configurations were introduced to assess their influence on optimization outcomes. Model A, the load-representative model, applied a 20 kN uniformly distributed load over the entire top surface, approximating realistic service conditions. Model B, the topology-driven configuration, used discrete 100 N point loads applied at the four corners of a 10.75 mm square on the top face to promote the emergence of structurally efficient paths. Figure 1 outlines the optimization process, including modeling steps, load schemes, AMLS configurations, constraint refinements, and the resulting structures.
The design problem was addressed by defining the central volume (i.e., weight equivalent) of the AMLS specimen as the design region, while excluding boundary zones and the bonded shell. The goal was to minimize total strain energy under the applied static load. A mass constraint was imposed, limiting the retained material to 60 g. The optimization employed the solid isotropic material with penalization (SIMP) method, featuring a penalty factor of 3, a convergence criterion of 0.001, and a maximum of 15 optimization cycles. In Attempt 1 (Fig. 1), Model A was used without any restrictions. It yielded a design with vertically aligned elements and directional struts, although it retained multiple disconnected or inefficient regions. While the material was redistributed along the expected load paths, the outcome lacked structural coherence and manufacturability, rendering it unsuitable for AM without further refinement.
Attempt 2 (Fig. 1) introduced a technological constraint to enhance buildability by restricting material removal to the vertical direction. This forging constraint was applied using the geometric restriction tools in ABAQUS to simulate demolding limitations. The resulting topology exhibited localized thickening near the supports and along web zones, yet it failed to form any organized internal structure. Similar to the first case, the output did not yield a viable solution for additive manufacturing, as it lacked defined struts and effective connectivity.
Attempt 3 (Fig. 1) combined the geometric restriction with the load reconfiguration of Model B. This setup encouraged load-following paths and directed material distribution, significantly enhancing lattice topology. The output demonstrated greater continuity and alignment of internal members, although some minor unsupported fragments persisted.
Figure 2 presents the results of the finite element (FE) simulations for two “optimized” AMLS configurations from the second and third topology optimization attempts, referred to as the O-shaped and Column-supported topologies. In Figure 2a, the stress distributions and failure modes from both linear (LA) and nonlinear (NLA) finite element analyses are displayed; Figure 2b presents the associated load-vertical displacement curves from these simulations. This comparison highlights a significant limitation in automated topology optimization for slender lattice structures: the optimization relies on linear static analysis, which neglects geometric nonlinearities that significantly impact the adequate structural response under compressive loads. Figure 2b indicates that both topologies achieve the design target—supporting loads exceeding 20 kN—when evaluated using linear analysis. However, with large displacements factored in through nonlinear analysis, the estimated bearing capacities drop significantly for both configurations. The failure mode analysis in Figure 2a illustrates that both structures are prone to buckling, although the failure mechanisms differ. In the optimized O-shaped design, instability originates from the continuous, shell-like walls, whereas the column-supported configuration fails due to the buckling of vertical strut elements. These insights underscore the importance of performing nonlinear verification to confirm the desired load-bearing capacity and stability in TO structures, particularly in compression-dominated scenarios.
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Fig. 1. The DfAM workflow for AMLS.
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Fig. 2. The FE simulations of “optimized” AMLS geometries: (a) stress distributions and instability modes; (b) the predicted vertical load-displacement diagrams by linear and non-linear analysis procedures.
While the automated TO in ABAQUS provided an efficient material distribution based on predicted strain energy minimization, the final output reflected intrinsic limitations of the underlying algorithm and the linear analysis framework. In particular, the solution yielded in Attempt 3 (Figs. 1 and 2a) produced disconnected, slender, column-like features that, although directionally aligned with the load paths, were structurally vulnerable to premature buckling and lacked the global continuity necessary for the AM pathway integrity and mechanical resistance of the fabricated structure.
These limitations highlight the automated procedure’s inability to ensure manufacturable or buckling-resistant designs alone, particularly in the absence of nonlinear stability considerations. To overcome these issues, a heuristic DfAM approach was adopted, combining automated optimization with expert-driven post-processing. This included manual interventions that integrated isolated features into a continuous structural contour to enhance global stiffness and mechanical stability. Such adjustments required domain-specific knowledge to reinterpret and reinforce the automated topology, effectively bridging the gap between algorithmic output and physical viability.
Experimental Program
The experimental investigation was conducted at the Laboratory of Innovative Building Structures at VILNIUS TECH. The primary objective was to evaluate the mechanical behavior of polymeric lattice structures (cores) manufactured using FFF technology, derived directly from automated TO, and incorporating the DfAM approach to enhance structural continuity. The specimens were fabricated from PLA and subjected to axial compression to evaluate their stiffness, strength, and failure mechanisms. All geometries and the assumed 60 g weight replicate polymeric inserts from previous studies [2,3] were examined. So, the compression tests include 104×46×40 mm³ AMLS specimens with different fabrication layouts, including the reference topology created by AM slicing software (Fig. 3a), two TO patterns (Figs. 3b and 3c), and one modified lattice structure by implementing the DfAM approach (Fig. 3d). These results provided experimental validation for the automated TO process and the DfAM approach concerning manufacturability and load-bearing efficiency.
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Fig. 3. The front views and sliced AMLS models prepared for fabrication: (a) the reference structure; (b) and (c) automatically optimized O-shaped and Columns-supported geometries; (d) the expert-driven DfAM result.
AMLS Fabrication
The test specimens (Fig. 3) were fabricated using a PRUSA i3 MK3 3D printer with 1.75 mm PLA filament (PRUSAMENT). The slicing and printing strategy was adapted from previous experimental protocols [1–3] and was optimized for dimensional accuracy and interlayer adhesion. Slicing was performed using PRUSASLICER 2.8.1, which generated the toolpaths for FFF. Except for the reference geometry (Fig. 3a), the internal lattice pattern models were created automatically through the TO routines in ABAQUS. The automatic design of the DfAM model was further enhanced using AUTODESK FUSION 360. All models were treated as solid bodies during slicing and processed with 100% infill density to preserve the designed internal geometry. Two solid perimeter shells were applied to ensure structural integrity and dimensional accuracy at the outer boundaries, forming a continuous, millimeter-thick outer layer that connects the lattice core to an HLFP structure. The lattice geometry generated through topology optimization constituted the inner structure, resulting in a sparse internal material distribution. As a result, the considered models exhibited distinct weights: the reference structure weighed 63.09 g, the O-shaped TO variant weighed 62.77 g, the Columns-supported geometry weighed 61.46 g, and the expert-designed DfAM model weighed 61.34 g.
Printing was conducted using a 0.4 mm nozzle, a layer height of 0.2 mm, and a printing speed of 28 mm/s. The extrusion temperature was 215 °C, while the bed temperature was 60 °C. To ensure consistent flow and surface finish, the volumetric flow rate was maintained at 15 mm³/s, whereas the outer wall layers were printed at a reduced rate of 1.5 mm³/s. All lattice configurations were oriented vertically during printing to align the layer direction with the compressive load path used in subsequent mechanical testing. This orientation was chosen to minimize delamination and enhance axial stiffness under load. No post-processing or thermal treatment was performed following fabrication. This direct-print approach ensured geometric fidelity between the optimization output and the physical specimens, enabling a direct comparison of the investigated lattice designs under controlled experimental conditions.
Compression Tests
The tests involve nine specimens: one DfAM element, two O-shaped structures, and three samples of each of the reference and Columns-supported structure types. The tests were conducted using a Tinius Olsen H75kS electromechanical testing machine, operated in displacement-controlled mode at a constant loading rate of 0.25 mm/min. Each specimen was positioned between two polished steel loading plates to ensure uniform distribution of the axial load. The sample alignment was maintained throughout the test to avoid eccentricities or out-of-plane deformation. Two linear variable displacement transducers (LVDTs) with a resolution of 0.001 mm recorded the vertical displacement of the upper loading plate. Figures 4 to 6 show the AMLS specimens, test setup, vertical load-displacement curves, and the typical failure shapes of the tested AMLS.
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Fig. 4. The AMLS samples prepared for the test (left) and the test setup (right).
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Fig. 5. Compression load-displacement diagrams of AMLS specimens.
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Fig. 6. The typical failure shapes of the AMLS specimens: (a) reference; (b) and (c) automatically optimized O-shaped and Columns-supported geometries; (d) the expert-driven DfAM sample.
Discussion of the Results
The load-displacement diagrams (Fig. 5) reveal the apparent differences in the load-bearing capacity and post-yield response of the tested AMLS samples. The automatically “optimized” geometries were incapable of resisting the compression resulting from the oversimplified modeling assumptions inherent in the linear analysis procedures used by the ABAQUS software. This model does not account for the non-linear AMLS behavior and fabrication inaccuracies, which lead to premature failure or stability losses (Figs. 3c and 3b). The numerical simulation results support this hypothesis: the geometrically non-linear analysis (Fig. 2b) substantially reduced the predicted load-bearing capacity, aligning it with the test results (Fig. 5). However, the simulated failure shapes (Fig. 2a) only partially reflect the experimental results (Figs. 6b and 6c). This disagreement mainly arises from the natural brittleness of PLA [9,10], which was neglected in the FE model.
The refined DfAM specimen exhibited a steeper initial stiffness and the highest load-bearing capacity among the tested AMLS specimens, indicating improved load transfer through continuous pathways. Remarkably, this specimen has an internal structure identical to that of the Columns-supported AMLS, except for the connection of the columns; compare the internal structures shown in Figures 3c and 3d. During the geometry modification, a slight reduction was applied to the thickness of the top and bottom surfaces of the DfAM element, resulting in a negligible effect on the overall specimen mass. In contrast, the original specimen reached a much lower peak load. It exhibited brittle failure, characterized by an abrupt drop in load following the sudden, explosive collapse of slender, disconnected columns (Figs. 5 and 6c). The analysis of the failure shapes (Fig. 6) highlights the differences between these two geometries. In the original configuration, localized buckling and premature collapse were observed along unsupported vertical elements, consistent with the fragmented topology produced by the optimization algorithm. The tailored DfAM specimen exhibited a more gradual failure, featuring distributed crushing and deformation across the lattice, which suggests enhanced load redistribution and energy absorption.
Overall, the test results confirm the structural benefits of geometric refinement following DfAM optimization, particularly in enhancing compressive stiffness and stability. These findings highlight the crucial role of expert intervention or algorithmic post-processing in transforming optimization outputs into functional, manufacturable lattice structures, thereby enhancing the capabilities of AI-driven optimization algorithms to design lightweight and structurally efficient constructions, as demonstrated by Shamseldin et al. [11]. The solution process presented by Garnevičius and Gribniak [12], depicting a sequence of improved geometries and precise modeling assumptions, offers a promising framework for the TO process. Nevertheless, reliable data is essential for confirming the optimization’s success, and AM technologies serve as a quick and dependable means to validate design solutions.
Conclusions
This study aims to establish a foundation for the future development of adaptive, AI-driven generative design frameworks. It presents manufacturable polymeric lattice structure designs and identifies algorithmic limitations that hinder automatic topology optimization (TO) algorithms from delivering mechanically efficient solutions. By documenting the structural, geometric, and manufacturability challenges encountered during automated TO and the expert-driven interventions required to address them, this study contributes to the development of data-informed design systems capable of producing functionally graded, performance-driven, and buildable lattice shapes for additively manufactured (AM) structural objects. This investigation delivers the following essential outcomes:
1. This study presents a simplified, modal example of enhancing structural performance for a constant material volume distributed in a lattice structure, following the principles of design for additive manufacturing (DfAM). The expert intervention ensures the solution’s efficiency, which was proven experimentally. The complexity of the assumed heuristic optimization defines the problem, which may involve AI-driven algorithms and substantially extend the current horizons of automatic optimization.
2. The simplified modeling assumptions may distort TO outputs from reaching structurally efficient solutions. On the other hand, non-linear models complicate solution convergence, increasing both computational costs and risks of convergence loss. The staged solution process, representing the sequence of enhanced geometries and adequate elaboration of the modeling assumptions, embodies a promising solution structure. However, reliable information is crucial for validating the success of the optimization, and AM technologies can provide a fast and reliable tool for verifying design solutions. Thus, this investigation suggests utilizing DfAM methodology to enhance optimization algorithms and procedures, which could be extended to a wide range of fabrication processes outside AM technologies.
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