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Abstract

In this study, a hybrid structure with an embedded rhombicuboctahedral core was fabricated using a material extrusion process, and its compressive behavior was investigated. Polylactic acid (PLA) was used as a stiff internal core, while thermoplastic copolyester (TPC) served as a compliant matrix. The hybrid structure exhibited a specific compressive strength and mass-normalized energy absorption approximately 1.46 times and 1.74–1.86 times higher than that of the TPC-based cubic structure. While the TPC structure showed a typical plateau behavior associated with progressive collapse, the hybrid structure demonstrated a higher initial stiffness and a continuously increasing stress response with noticeable stress fluctuations due to the sequential yielding of the PLA core. This behavior reflects a brittle–ductile synergistic effect, where the TPC matrix enables energy absorption and the PLA core enhances load-bearing capacity. These findings highlight the potential of multi-material additive manufacturing for designing mechanically efficient hybrid structures.
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1 Introduction
With recent advances in material extrusion (MEX), multi-material MEX systems capable of simultaneously depositing materials with distinct mechanical properties within a single build process have become increasingly widespread [1–3]. This capability enables the fabrication of hybrid structures combining materials with distinct mechanical properties, offering new opportunities for tailoring structural performance beyond conventional single-material designs [4,5]. Most previous studies on additively manufactured structures have focused on single-material systems or periodically repeated lattice architectures. In single-material structures, the overall mechanical response is primarily governed by the intrinsic properties of the constituent material and the structural geometry. For example, Hanks et al. reported that the mechanical properties of additively manufactured lattice structures vary significantly with unit-cell topology, highlighting the importance of architectural design in determining structural performance [6]. Furthermore, Li et al. reviewed a wide range of additively manufactured lattice structures and concluded that their mechanical response is governed by factors such as topology, relative density, material system, and loading conditions [7]. Although these studies demonstrated the effectiveness of geometric optimization and material selection, the mechanical response of single-material lattice structures remains fundamentally governed by the intrinsic properties of the constituent material. Consequently, it is challenging to simultaneously achieve multiple functional requirements, such as high load-bearing capacity, controlled deformation, and efficient energy absorption, beyond the inherent limitations of a single material system [8–11].
To address this limitation, hybrid structures integrating materials with contrasting mechanical responses have attracted increasing attention [12,13]. Harris et al. reported that hybrid lattice-walled honeycomb structures exhibited superior specific strength and energy absorption efficiency compared with conventional lattice structures [14]. Similarly, Zhang et al. demonstrated that hybrid lattice structures combining different unit-cell topologies achieved enhanced energy absorption while maintaining comparable stiffness [15]. More recently, Abbas et al. reported that multi-material lattice structures enabled tailored deformation behavior and improved mechanical performance through the synergistic interaction of constituent materials [16]. In particular, embedding a relatively stiff internal topology within a compliant matrix has emerged as an effective strategy for achieving a synergistic response under compressive loading [17–19]. In such systems, the compliant phase accommodates initial deformation and mitigates stress concentration, while the stiff phase enhances load-bearing capacity and structural stability [20,21]. Among various internal topologies, the rhombicuboctahedron is of interest due to its high geometric symmetry, which can promote uniform load distribution and reduced directional dependence in mechanical response, making it suitable as an embedded internal core [22–24].
In this study, the compressive behavior of PLA-based rhombicuboctahedral structures fabricated under different MEX processing conditions was first investigated to establish baseline mechanical performance. Based on the optimized conditions, a hybrid structure was designed by embedding the PLA-based rhombicuboctahedral core within a thermoplastic copolyester (TPC) matrix using a multi-material MEX process. The compressive behavior of the hybrid structure was then evaluated and compared with that of a TPC-based cubic structure. The results reveal a brittle–ductile synergistic effect, leading to enhanced specific compressive strength and controlled deformation behavior.
2 Methodology
An MEX system (H2D, Bambu Lab, China) was used to fabricate all specimens in this study. The MEX is equipped with a dual nozzle, enabling the deposition of different thermoplastic filaments within a single build process. A commercial PLA filament (HS PLA, Hanil Industry Co., Ltd., Republic of Korea) was employed as the relatively stiff phase, while a TPC (TPC 55D, Hanil Industry Co., Ltd., Republic of Korea) was used as the compliant phase. To investigate the compressive strength of the PLA-based rhombicuboctahedral topology, intended as the internal core, specimens were fabricated under different MEX processing conditions. Specifically, the nozzle temperature (190–230°C) and the layer thickness (0.10, 0.15, and 0.20 mm) were selected as key process parameters. The nozzle temperature was selected due to its strong correlation with interfacial adhesion and overall mechanical strength in MEX processes, while the layer thickness was varied considering its influence on build efficiency [25–27]. A nozzle diameter of 0.4 mm, a fill density of 100%, a nozzle speed of 250 mm/s, a bed temperature of 80°C, and a raster angle of ±45° were used. The rhombicuboctahedral structure was designed by arranging two-unit cells (one-unit cell size: 13 mm) along each of the three orthogonal directions, resulting in a specimen size of 26 × 26 × 26 mm. In the case of the TPC cube with a volume of 26 × 26 × 26 mm3, a layer thickness of 0.10 mm, a nozzle temperature of 270°C, a fill density of 15%, a nozzle speed of 250 mm/s, a bed temperature of 80°C, and a raster angle of 0/90° with a gyroid pattern (the top and bottom three layers were configured at 100% infill with a raster angle of ±45°) were used. For the hybrid structure, the PLA rhombicuboctahedral core was embedded within the TPC cubic matrix using the dual-nozzle MEX system, as shown in Figure 1. Figure 1 presents characteristic layer configurations extracted from the fabrication process to highlight the evolution of the embedded rhombicuboctahedral core. Since the hybrid structure consisted of a total of 260 layers and the upper half was geometrically symmetric to the lower half, only the first 130 layers are presented for clarity. The fabrication process began with the deposition of the TPC matrix at layer 1, followed by the gradual formation of the internal PLA rhombicuboctahedral core. All specimens were designed using Tinkercad (Autodesk Inc., USA). To evaluate the compressive properties of the PLA-based rhombicuboctahedral structures, TPC cubic structures, and the corresponding hybrid structures, compression tests were conducted. The tests were performed using a universal testing machine (AGX-10kNVD, Shimadzu, Japan). All specimens were compressed at a constant crosshead speed of 5 mm/min until the applied load reached 10 kN. For each experimental condition, three specimens were tested to ensure reproducibility, and the compressive strength, specific compressive strength, and mass-normalized energy absorption are displayed as average values with corresponding standard deviations. In particular, to further evaluate the mass-normalized energy absorption (MEA) capability of the structures, the area under the specific compressive stress–strain curve was calculated at strains of 40% (MEA40), 50% (MEA50), 60% (MEA60), and 70% (MEA70) as follows:
[image: Mathematical equation]
where σs is the specific compressive stress (MPa/g), and ε is the compressive strain corresponding to 0.4, 0.5, 0.6, and 0.7 for MEA40, MEA50, MEA60, and MEA70, respectively. The strain values were converted from percentage to dimensionless strain prior to integration.
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Selected layers of the proposed PLA–TPC hybrid structure (PLA: white, TPC: black).



3 Results and discussion
3.1 Compressive behavior of PLA-based rhombicuboctahedron according to the nozzle temperature and layer thickness
Since material-extruded (MEXed) thermoplastic materials are highly sensitive to thermal conditions, the influence of nozzle temperature was first examined, as it strongly affects interlayer bonding. Subsequently, the effect of layer thickness was investigated [28].
Figure 2a shows the compressive strength of the PLA-based rhombicuboctahedral structures as a function of nozzle temperature (layer thickness: 0.10 mm). As the nozzle temperature increased from 190 to 230°C, the compressive strength steadily increased from 0.75 to 1.18 MPa, corresponding to an improvement of approximately 57%. In particular, the compressive strength increased from 0.75 MPa at 190°C to 1.09 MPa at 210°C, indicating a significant enhancement in the low-to-intermediate temperature range. Beyond 210°C, the rate of increase became relatively moderate, reaching 1.16 MPa at 220°C and 1.18 MPa at 230°C. This nonlinear trend was well described by a second-order polynomial relationship, where y represents the compressive strength (MPa) and x denotes the nozzle temperature (°C): y = −0.0289x2 + 0.2839x + 0.4875 (R2 = 0.9952), indicating an excellent correlation between nozzle temperature and compressive strength. The negative quadratic term reflects the diminishing rate of strength increase at higher nozzle temperatures.
Figure 2b presents the compressive strength of the PLA-based rhombicuboctahedral structures as a function of layer thickness. Compared with the nozzle temperature, the influence of layer thickness on compressive strength was relatively less pronounced. As the layer thickness increased from 0.10 to 0.20 mm, the compressive strength slightly decreased from 1.18 to 1.07 MPa, corresponding to a reduction of approximately 9%. Specifically, the compressive strength decreased from 1.18 MPa at 0.10 mm to 1.09 MPa at 0.15 mm and further to 1.07 MPa at 0.20 mm. This decreasing trend can be attributed to the reduced interlayer bonding quality at larger layer thicknesses, where fewer interfaces are formed and the contact area between adjacent filaments becomes less effective for stress transfer [29–31]. The relationship between layer thickness and compressive strength was well described by a second-order polynomial function, where y represents the compressive strength (MPa) and x denotes the layer thickness (mm): y = 0.0329x2 − 0.1897x + 1.3382 (R2 = 1). The positive quadratic term suggests a mild curvature, although the overall trend remains decreasing within the investigated range.
	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Compressive strength of MEXed PLA-based rhombicuboctahedron according to the (a) nozzle temperature and (b) layer thickness.



3.2 Comparison of compressive behavior between TPC-based cubic and PLA–TPC hybrid structures
Based on the optimized processing conditions for the PLA-based rhombicuboctahedral structure identified in Section 3.1 (nozzle temperature of 230°C and layer thickness of 0.10 mm), a hybrid structure was fabricated by embedding the PLA core within a TPC-based cubic matrix. The compressive behavior of the hybrid structure was compared with that of the TPC-based cubic structure to evaluate the effect of the embedded internal topology.
Figure 3a shows the specific compressive stress–strain curves of both structures. The TPC-based cubic structure exhibited a low initial stiffness followed by an extended plateau region, where the stress remained relatively constant over a wide strain range. In contrast, the hybrid structure demonstrated a higher initial stiffness and a more pronounced stress increase with increasing strain. Unlike the TPC-based cubic structure, which exhibited a relatively smooth plateau region, the hybrid structure showed noticeable fluctuations in the stress–strain response, characterized by repeated stress rises and drops during compression. This serrated behavior is attributed to the subsequent yielding or collapse of the embedded PLA-based rhombicuboctahedral core [32,33]. Especially at the initial stage, the compliant TPC matrix deformed first, accommodating the applied load and reducing stress concentration. As the deformation progressed, the embedded PLA rhombicuboctahedral core gradually engaged, contributing to load support and resisting further deformation. This synergistic interaction between the compliant matrix and the stiff internal core led to a more controlled and progressive deformation process.
Figure 3b presents the specific compressive strength of the TPC-based cubic and the hybrid structure. The hybrid structure exhibited a specific compressive strength approximately 1.46 times higher than that of the TPC-based cubic structure. This enhancement can be attributed to the presence of the PLA-based rhombicuboctahedral core, which provides additional load-bearing capability while maintaining a relatively low overall density.
Figure 3c presents the MEA40, MEA50, MEA60, and MEA70 of the TPC-based cubic and hybrid structures at strains of 40%, 50%, 60%, and 70%, respectively. The strain values were converted from percentage to dimensionless strain (0.4, 0.5, 0.6, and 0.7, respectively) prior to integration. At all strain levels, the hybrid structure exhibited higher MEA values than the TPC-based cubic structure. Specifically, the hybrid structure exhibited higher MEA values than the TPC-based cubic structure, increasing from 0.056 to 0.104 MPa/g (1.86 times higher) at 40% strain, from 0.074 to 0.129 MPa/g (1.74 times higher) at 50% strain, from 0.097 to 0.175 MPa/g (1.80 times higher) at 60% strain, and from 0.137 to 0.246 MPa/g (1.80 times higher) at 70% strain. These results indicate that the incorporation of the PLA-based rhombicuboctahedral core consistently improved the MEA capability throughout the compression process.
The sequential deformation behavior during compression is illustrated in Figure 4, where the TPC-based cubic structure and the hybrid structure are denoted by blue and orange outlines, respectively. For the TPC-based cubic structure, representative deformation states are shown at strains of 14% (post-yield region) and 50% (prior to densification). At a strain of 14%, the structure entered the plateau region immediately after yielding. At a strain of 50%, a substantial reduction in specimen height was observed prior to densification. In contrast, for the hybrid structure, the deformation states corresponding to the post-first-yield and post-second-yield regions are illustrated at strains of 16% and 33%, respectively. At strains of 16% and 33%, progressive compression of the hybrid structure was observed following the first and second yield events, respectively. In addition, a representative deformation state prior to densification is presented at a strain of around 55%, where a further reduction in specimen height was observed. After unloading, the TPC-based cubic structure exhibited a noticeable tendency for shape recovery due to its inherent elasticity. In the hybrid structure, partial recovery was also observed, primarily attributed to the elastic response of the TPC matrix, although the overall deformation remained partially irreversible due to the plastic deformation of the embedded PLA core. Overall, the hybrid structure demonstrated a brittle–ductile synergistic behavior, where the ductile TPC matrix mitigates stress concentration and delays failure, while the relatively stiff PLA core enhances load-bearing capacity and structural stability. This combination results in improved compressive performance and energy absorption characteristics compared with the single-material TPC structure.
To further investigate the failure mechanism of the structures after compression, the specimens were sectioned along the upper region, and their internal morphologies were examined, as shown in Figure 5. The TPC-based cubic structure maintained a relatively continuous internal architecture after compression, not fracture. In contrast, the hybrid structure exhibited fragmentation of the embedded PLA rhombicuboctahedral core, while the surrounding TPC matrix remained largely intact. These observations indicate that the enhanced compressive response of the hybrid structure was primarily associated with the progressive fracture of the PLA core, which contributed to load-bearing capacity and energy dissipation during compression.
	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 (a) Specific compressive stress–strain curve, (b) specific compressive strength, and (c) MEA of TPC-based cubic and hybrid structure (TPC-based cubic + PLA-based rhombicuboctahedron).



	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Sequential deformation behavior of (a) TPC-based cubic and (b) hybrid structure (TPC-based cubic + PLA-based rhombicuboctahedron).



	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Cross-sectional images of the compressed specimens after the compressive test: (a) TPC-based cubic structure and (b) hybrid structure (TPC-based cubic + PLA-based rhombicuboctahedron).



3.3 Conceptual applications of the proposed hybrid structure
Although the present study focused on the compressive behavior of the proposed hybrid structure, its mechanical characteristics suggest potential applicability in various protective engineering systems. As illustrated in Figure 6, three representative application concepts are proposed, including drone electronics protection, electric vehicle (EV) component protection, and sensor protection. In these applications, the protected components are positioned within the hybrid structure, while the embedded rhombicuboctahedral core serves as a sacrificial energy-absorbing element. When external loads or impact events occur, the compliant TPC matrix initially accommodates deformation, followed by the progressive collapse and fracture of the rhombicuboctahedral core. Through this mechanism, a portion of the impact energy can be dissipated by the hybrid structure itself, thereby reducing the load transferred to the protected internal components. For drone electronics protection, electronic modules are frequently exposed to impact loads during landing, transportation, or accidental collisions. The proposed hybrid structure can serve as an energy-absorbing protective housing, where the compliant TPC matrix accommodates deformation while the embedded PLA rhombicuboctahedral core provides structural support and impact resistance. In EV applications, battery modules and electronic components require lightweight protective structures capable of mitigating mechanical damage caused by external loading. The combination of high specific compressive strength and progressive deformation behavior observed in the hybrid structure may provide a lightweight alternative for protective pads or housing components. For sensor protection systems, maintaining sensor integrity under mechanical loading is critical for reliable operation. The proposed hybrid structure may function as a protective enclosure that simultaneously offers load-bearing capability and energy absorption, thereby reducing the risk of sensor damage while minimizing additional weight. However, it should be noted that the hybrid structure exhibited substantially reduced shape recoverability compared with the TPC-based cubic structure, as shown in Figure 4, due to the irreversible deformation of the embedded PLA core. Therefore, the proposed hybrid structure is more suitable for single-use sacrificial protection applications, where impact energy absorption and protection of critical internal components are prioritized over structural reusability. Nevertheless, the observed brittle–ductile synergistic behavior and enhanced specific compressive strength indicate that the proposed hybrid structure has considerable potential for future protective engineering applications requiring both lightweight design and impact mitigation.
	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Potential engineering applications of the proposed PLA–TPC hybrid structure in protective systems for drone electronics, EV components, and sensors.



4 Conclusion
In this study, the compressive behavior of a hybrid structure with an embedded PLA-based rhombicuboctahedral core was investigated using a multi-material MEX process. The compressive strength of the PLA-based rhombicuboctahedral structure was significantly influenced by processing conditions, with the optimal condition identified as a nozzle temperature of 230°C and a layer thickness of 0.10 mm. The hybrid structure exhibited a specific compressive strength and MEA approximately 1.46 times and 1.74–1.86 times higher than that of the TPC-based cubic structure, respectively. While the TPC structure showed a typical plateau behavior associated with progressive collapse, the hybrid structure demonstrated a higher initial stiffness and a continuously increasing stress response with stress fluctuations due to the sequential yielding of the PLA core. Furthermore, deformation analysis revealed a distinct deformation sequence in the hybrid structure, where the compliant TPC matrix deformed first, followed by the gradual engagement of the PLA core. This interaction resulted in a brittle–ductile synergistic behavior, combining energy absorption and load-bearing capabilities. Notably, the hybrid structure exhibited a compressive strength (3.12 MPa) substantially higher than that of both the PLA-based rhombicuboctahedral structure (1.18 MPa) and the TPC-based cubic structure (1.78 MPa), suggesting that the enhanced mechanical performance is associated with the combined contribution of the embedded PLA core and the surrounding TPC matrix. These results demonstrate that embedding functionally designed internal topologies via multi-material additive manufacturing is an effective strategy for enhancing compressive performance and controlling deformation behavior in structural applications. However, the present study was not specifically designed to quantitatively separate the individual effects of material combination and structural topology. Therefore, future studies involving additional control structures are required to systematically distinguish and quantify their respective contributions.
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