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Investigation of the influence of resin coating and heat treatment on the 

mechanical properties of topology-optimized parts made of polylactic acid 

(PLA) by the fused filament fabrication (FFF) 
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Fused filament fabrication (FFF) allows the manufacturing of complex and lightweight 
polymer components; yet, the mechanical performance of topology-optimized parts is 
constrained by interlayer weaknesses, residual stresses, and diminished crystallinity. 
This study systematically investigates the combined effects of heat treatment and resin 
coating on the compressive behavior of topology-optimized polylactic acid (PLA+) 
structures produced by FFF. Topology optimization was conducted utilizing the Solid 
Isotropic Material with Penalization (SIMP) approach to attain a specified mass 
reduction of 60% while maintaining structural stiffness. The optimized geometry was 
manufactured and later subjected to post-processing at various heat-treatment 
temperatures and durations, both with and without resin coating. A central composite 
design (CCD) inside a response surface methodology (RSM) framework was utilized 
to assess the individual and interaction effects of post-processing parameters on the 
maximum compressive load (MCL). Statistical investigation indicated that heat-
treatment duration is the most significant variable, succeeded by temperature and 
coating condition. An ideal post-processing conditions around 82 °C for 90 minutes 
with resin coating provided a ~34% increase in MCL relative to the as-printed 
topology-optimized specimen. X-ray diffraction analysis verified a significant increase 
in crystallinity (≈232%), explaining the noted mechanical enhancement, whereas 
FESEM analysis indicated a consistent, defect-free coating layer with robust interfacial 
adhesion. The suggested combined optimization and post-processing strategy provides 
an efficient method for manufacturing lightweight PLA components with significantly 
enhanced load-bearing capacity for engineering applications. 

 

1. Introduction 1 

In recent years, additive manufacturing technology has emerged as a potent approach for manufacturing 2 

parts with complex and optimized geometry, [1].. This technique, utilizing 3D data, allows the layer-3 

by-layer manufacturing of components with distinctive characteristics, such as weight reduction, 4 

enhanced performance, and extensive modification [2, 3]. The Fused Filament Fabrication (FFF) or 5 

Fused Deposition Modeling (FDM) process is regarded as one of the most common additive 6 

manufacturing techniques for generating polymer components, owing to its accessibility, affordability, 7 

and capability to treat thermoplastic materials, [1, 2]. This method involves feeding the filament through 8 

a heated nozzle, where it melts and is subsequently deposited onto the printing platform. The mechanical 9 

properties of components fabricated using FFF are influenced by several parameters, including nozzle 10 

temperature, printing speed, layer thickness, filling pattern, and interlayer adhesion, [4]. Nonetheless, 11 

components manufactured by this technique typically exhibit porosity, interlayer discontinuities, and 12 

inferior strength compared to those produced by conventional processes, such as plastic injection 13 

molding. Consequently, post-processing techniques such as heat treatment and resin coating have been 14 

implemented as effective means to enhance the mechanical properties of FFF components, [5, 6]. Resin 15 

coating can augment surface adhesion, diminish porosity, and enhance the mechanical properties of the 16 

component, [7]. Conversely, heat treatment (annealing) is a thermal procedure wherein the component 17 

is heated to a temperature that lies between the glass transition temperature and the melting temperature, 18 

followed by a controlled cooling process after maintaining the temperature for a specified duration. This 19 

method significantly enhances the mechanical properties of polymer components by enhancing 20 

crystallinity, diminishing residual stresses, and boosting elastic characteristics, [8, 9]. With the 21 

progression of 3D printing technology, topology optimization has emerged as an effective design 22 

methodology for creating lightweight, efficient structures with optimal material allocation. Numerous 23 

techniques, including Solid Isotropic Material with Penalization (SIMP), Evolutionary Structural 24 
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Optimization (ESO), and Bi-directional Evolutionary Structural Optimization (BESO), have been 1 

introduced to derive optimal geometries that facilitate the design of high-performance components with 2 

reduced material usage, [10-18]. Nonetheless, the intricate geometry of topology-optimized components 3 

is typically achievable solely through additive manufacturing techniques; however, the existence of 4 

slender sections, intricate designs, and stress concentrations in these components renders their 5 

mechanical performance significantly reliant on manufacturing quality and interlayer characteristics 6 

[19]. Numerous research has examined the influence of printing and post-processing factors on the 7 

mechanical properties of FFF polymer components. For instance, Fu et al. [20], enhanced the SIMP 8 

approach and utilized suitable filters to yield dependable results in optimized components. Dvorakova 9 

and Dvorak [21], demonstrated that the production of optimized components via FFF is viable, albeit 10 

the intricate geometry of certain pieces elevates machining costs in conventional methods. Antar et al. 11 

[22], documented a 30% reduction in volume for an improved bracket utilizing ABAQUS software. 12 

Moreover, numerous research have examined the influence of printing factors, including printing 13 

direction, speed, filling pattern, filling density, layer thickness, and nozzle temperature, on the tensile, 14 

compressive, and flexural properties of PLA and ABS samples, [23-34]. Numerous research indicate 15 

that increasing filling density, optimizing layer thickness, and choosing the suitable filling pattern can 16 

enhance mechanical strength, [24-26]. The impact of heat treatment on enhancing crystallinity, 17 

diminishing porosity, and enhancing tensile and flexural strength of PLA components has been 18 

thoroughly investigated, [5, 35-41]. Yu et al. [40], examined the influence of annealing on the flexural 19 

strength, crystallinity, and dimensional alterations of PLA samples fabricated using FFF technology. 20 

The researchers examined the crystallinity of the samples by X-ray diffraction (XRD) and differential 21 

scanning calorimetry (DSC). The flexural strength was assessed with a bending test apparatus in 22 

accordance with ASTM D790-17. Their data indicate that annealing enhances the crystallinity of PLA. 23 

The optimal temperature range for this process is between the glass transition temperature and the 24 

crystallization temperature, stated to be within 65 to 110 °C. Janmanee and Ratchapakdee [41], 25 

examined the tensile strength of PLA utilizing the analysis of variance (ANOVA) method, incorporating 26 

three temperature levels and two annealing time levels. They discovered that elevating the process 27 

temperature and extending the duration both led to higher tensile strength. This effect was attributed to 28 

the enhancement of the material's crystallinity with the use of PLA annealing heat treatment. Research 29 

has also been undertaken in the domain of coatings. Barone et al. [42] shown that acrylic and epoxy 30 

resin coatings can enhance the tensile strength of FFF samples. López Taborda [7] and Koçak [43] 31 

similarly demonstrated enhancements in impact strength and mechanical properties upon coating. 32 

Additional research has examined the impact of metallic, composite, and hydrophobic coatings on the 33 

mechanical and surface properties of samples [44, 45]. Chiocca et al. [46], examined the influence of 34 

photopolymer coatings on the fatigue life and tensile strength of a PLA network structure fabricated by 35 

FFF. To fabricate the coating, scientists immersed the sample in a photopolymer tank and subsequently 36 

cured it using ultraviolet light. This type of coating resulted in a 21% enhancement in strength and a 9% 37 

reduction in elongation at break. Nevertheless, limited research has assessed the impact of concurrent 38 

heat treatment and resin coating on topologically optimized components. This is particularly significant 39 

since topological structures are more reliant on reinforcement techniques than other components due to 40 

the existence of restricted width areas and heightened sensitivity to interlayer discontinuities. 41 

This study's novelty is in the concurrent use of heat treatment and resin coating to enhance the 42 

mechanical properties of PLA samples, which have been optimized for topology using the SIMP 43 

approach and manufactured by FFF. This study examined the influence of heat treatment temperature 44 

and duration, together with resin coating, on the compressive behavior of samples, employing the 45 

statistical method of central composite design (CCD), a form of response surface methodology (RSM). 46 

This method enhances strength, diminishes mass, and improves the manufacturing capacity of 47 

topological components, facilitating the creation of lightweight and efficient structures in engineering 48 

applications. 49 

2. Materials and Methods 50 

2.1. Specimen Preparation 51 
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The preparation of topology-optimized specimens includes six phases, detailed as follows:  1 

• Step 1: Conducting a compression test using a standard specimen to obtain the mechanical properties 2 

of PLA+ 3 

• Step 2: Conducting the compression test simulation for convergence and mesh independence 4 

• Step 3: Topology Optimization  5 

• Step 4: Redesigning the geometry derived from the topology optimization process  6 

• Step 5: Conducting the compression test simulation with the topology-optimized specimen  7 

• Step 6: Designing the support structure and manufacturing specimens 8 

Step 1: The standard specimen was designed utilizing CATIA 2022 software in accordance with the 9 

ASTM D695 standard to attain PLA+ mechanical properties, and subsequently transformed into a layer-10 

by-layer file for 3D-printing with Simplify3D V4.1.2 software. Next, it involved preparing the output 11 

G-Code file from the program and transmitting it to the 3D printer via Pronterface V2.0.1, followed by 12 

the execution of the specimen printing process, as illustrated in Fig. 1. The compression test was 13 

conducted on the standard specimen to a strain of 50%. Fig. 1, displays the stress-strain diagram 14 

alongside the Young's modulus value. Fig. 1, indicates that the elastic region of PLA+ exists within the 15 

strain range of 0 to 4%. Consequently, a strain range of 0 to 3% was employed to optimize the topology 16 

in ABAQUS software. To attain the ideal element size and execute the convergence process while 17 

ensuring mesh independence, the real stress-strain diagram was utilized within the strain range of 0 to 18 

25%. 19 

 

 

No. Goal 
1. Topology Optimization 

2. Identification of Yield Strength and Elastic Region 

3. Compression Test Simulation, Convergence and Mesh Independence 

Fig. 1 Stress-strain diagram of a standard specimen exhibiting up to 50% strain, inclusive of Young's modulus. 20 

Step 2: The conditions for the compression test simulation regarding convergence and mesh 21 

independence are as follows:  22 
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Modeling: In ABAQUS software, the component model was designated as deformable as illustrated in 1 

Fig. 2. Two square flat plates measuring 30×30 mm were utilized as hard components to delineate the 2 

jaws of the compression apparatus. Each plate associated with the device was partitioned into four 3 

pieces, while the sample was segmented into nine sections to delineate nodal lines for the measurement 4 

of the applied load, as illustrated in Fig. 2 (a).  5 

Material: The data pertaining to Fig. 1 and Table 1 were utilized to delineate the specimen material 6 

(PLA+) in the simulation. The characteristics utilized for material behavior in ABAQUS software 7 

encompass density, Young's modulus, and the range of plastic deformation.  8 

Interaction: An interaction was established with a contact constraint featuring a friction coefficient of 9 

0.3 between the force application plates and the sample.  10 

Load: One of the force planes was restricted in both directions, and a displacement constraint of 6.35 11 

mm (25% strain) was established for the force plane along the Z axis. The force plane was restricted in 12 

the other directions, as illustrated in Fig. 2(a).  13 

Element: The element size was altered from 3 mm to 0.5 mm to facilitate the convergence and mesh 14 

independence process. The element type C3D8R was chosen in all phases. The C3D8R is an eight-node, 15 

linear, continuum, hexahedral with reduced integration, and general-purpose finite element. The mesh 16 

control was configured to a hex structured pattern.  17 

Reference point: The reaction force was measured at the reference point of the force plane to conduct 18 

the convergence and mesh independence process as illustrated in Fig. 2(a). 19 

Figure 2(b), presents the findings of the convergence and mesh independence analysis. At an element 20 

size of 0.6 mm, the deviation from the experimental data has fallen below 1%, which is deemed an 21 

acceptable level of accuracy for the simulation process. The figure illustrates that the force variations 22 

during the simulation process originally fluctuated significantly but began to stabilize from a mesh size 23 

of 1 mm onward, suggesting an enhancement in the accuracy of the simulation findings. The error 24 

variation depicted in this graph pertains to the acceptable error threshold (≤1%) for element sizes of 0.5 25 

and 0.6 mm. The results from the convergence and mesh independence analysis indicated that an 26 

element size of 0.6 was utilized for the topology optimization process. The reason for not selecting an 27 

element size of 0.5 mm, despite its lower error value, is the decrease in volume and computational time. 28 

 29 

 30 

 31 

 32 

 33 

 
 

(a) (b) 
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Element 
Size 

Number of 
Nodes 

Number of 
Elements 

Elements 
Type 

Reaction Force (N) Variation 

(%) 
Error 

(%) Theoretical Experimental 
3 250 144 

C3D8R 

9776.95 

9947.00 

------- 1.71 

2.5 539 360 9707.97 0.71 2.40 

2 637 432 9701.54 0.07 2.47 

1.5 1458 1088 9696.18 0.06 2.52 

1 5292 4394 9716.08 0.21 2.32 

0.8 9248 7936 9794.22 0.80 1.54 

0.6 22747 20328 9878.13 0.86 0.69 

0.5 37179 33800 9934.49 0.57 0.13 

Fig. 2 (a) Conditions for compression test simulation, (b) results of convergence and mesh independence study 1 

Step 3: The configurations for the compression test simulation used for topology optimization are 2 

similar to those in Step 1. The distinctions encompass the following: 3 

Modeling: The compression test specimen was segmented into 12 parts to establish nodal lines, 4 

facilitating the delineation of optimization conditions, as illustrated in Fig. 3(a).  5 

Material: The parameters utilized for the material behavior in ABAQUS software encompass density 6 

and Young's modulus. 7 

Load: A displacement constraint of 0.7631 mm (3% strain) was established along the Z axis for the 8 

force application plane, as illustrated in Fig. 3(a). 9 

Element: The element size was specified as 0.6 mm. 10 

The specified optimization conditions are as follows: 11 

Optimization region: The topology optimization region encompasses the central 20 mm segment of 12 

the compression test specimen, as seen in Fig. 3(a). 13 

Objective: Maximize stiffness while achieving a 60% reduction in mass. 14 

Geometric constraints: 1- In the additive manufacturing process, overhangs exceeding a 45-degree 15 

angle relative to the building axis require support for printing; thus, a geometric constraint limiting the 16 

overhang angle to 45 degrees relative to the Z axis was imposed on the specimen. 2- A plane symmetry 17 

constraint was established using a vector perpendicular to the Z axis. 18 

Topology optimization method: The SIMP method was chosen for the topology optimization of the 19 

compression test specimen, utilizing a penalty factor of 3. 20 

Figure 3(b), presents the distribution contour of the normalized relative material density of the optimized 21 

structure. This parameter was used to represent the spatial distribution of material during the topology 22 

optimization process. The red regions correspond to areas of high relative density, indicating critical 23 

load-bearing zones where material removal is restricted due to structural stiffness and integrity 24 

requirements. Material elimination is permitted only in regions where the overall structural performance 25 

is not adversely affected. 26 
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(a) (b) 

Fig. 3 (a) Conditions for compression test simulation intended for topology optimization, (b) distribution contour of the 1 

normalized relative material density 2 

Step 4: The raw geometry derived from the topology optimization process is not directly suitable for 3 

printing due to surface imperfections and jagged features. Furthermore, the optimization output yields 4 

only triangulated surface data instead of a manufacturable CAD model. Consequently, a geometry 5 

reconstruction phase was executed to refine the surfaces and provide a printable solid model. The 6 

redesign process is using CATIA 2022 to improve the optimal geometry and then convert it into a CAD 7 

model appropriate for additive manufacturing. All geometries included in the following simulations 8 

were derived from the reconstructed and optimized models at this stage. 9 

Step 5: The existence of surfaces perpendicular to the construction plate necessitated the incorporation 10 

of supplementary support structures, especially in the middle area of the specimen. A cylindrical hole 11 

with a diameter of 2.85 mm was integrated into the upper section of the model to reduce the volume of 12 

necessary supports. A specialized support-blocking geometry was created to inhibit the generation of 13 

support material on the lower surface of the component. Fig. 4, depicts the support-control features and 14 

the final printed shape of the specimens. All samples were manufactured utilizing shared geometry and 15 

the processing settings specified in Table 1. 16 

 17 
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Fig. 4 Support-blocking geometry and final printable geometry of the specimens 1 

Step 6: A compression test simulation was conducted on the redesigned topology-optimized specimen, 2 

according to the similar boundary conditions and loading procedure outlined in Step 3. The only other 3 

difference was the element formulation: a quadratic ten-node tetrahedral element (C3D10) was utilized.  4 

A free tetrahedral meshing strategy was implemented. To ensure a consistent comparison between the 5 

standard and topology-optimized geometries, the maximum von Mises stress was assessed at a cross-6 

section positioned at X = 4.04 mm and under a global compressive strain of 3%. Fig. 5, illustrates that 7 

the disparity in the maximum von Mises stress between the two specimens is negligible.  The results 8 

demonstrate that the topology-optimized design attains a reduction in mass while preserving a similar 9 

load-bearing capacity and strength. 10 

 11 

Fig. 5 Comparison of von Mises stress distribution in two specimens with and without topology optimization at 3% strain 12 

in cross-section X=4.04mm 13 

Figure 6, presents a comparison between the images from the experimental compression tests and the 14 

corresponding results from finite element analysis (FEA) across the strain range of 0–25%. A strong 15 

correlation between the simulated and experimental deformation patterns is seen, demonstrating that 16 

the numerical model accurately reflects the compressive behavior of the topology-optimized specimen. 17 

  
Strain: 0% Strain: 3% 

  
Strain: 4% Strain: 10% 

  
Strain: 20% Strain: 25% 
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Fig. 6 Comparison of deformation obtained from experimental compression test and FEA for topology-optimized 1 

specimens 2 

2.2. Material and Equipment 3 

A white PLA+ filament (diameter: 1.75 mm) manufactured by eSUN (China) was utilized for specimen 4 

manufacturing. The filament specifications are delineated in Table 1. All specimens were manufactured 5 

on a Sizan 4 desktop version 3D printer employing the FFF method. The printing parameters were 6 

chosen based on the printer characteristics and the filament manufacturer's datasheet, as detailed in 7 

Table 1. 8 

Table 1 Material properties of eSUN PLA+ filament and operational parameters of the FFF process [47, 48] 9 

Physical Property Unit Value 
Density 𝑔/ܿ݉3 1.23 

Melt Flow Index 𝑔/10݉݅݊ 5 
Melting Temperature °180-150 ܥ 
Poisson's ratio ----- 0.35 
FFF Operational Parameter Unit Value 

Extruder Temperature °220 ܥ 
Bed Temperature °55 ܥ 
Print Speed ݉݉/݉݅݊ 2400 
Nozzle Diameter ݉݉ 0.4 
Layer Thickness ݉݉ 0.2 
Number of Outline Solid Layer ------- 3 
Infill Percentage % 100 
Fan Speed % 30 

 10 

This study utilized a standard gray photopolymer resin manufactured by Anycubic (China) as the 11 

coating material. The resin's physical properties and post-processing parameters, as detailed in the 12 

manufacturer's datasheet, are encapsulated in Table 2. A "Do It Yourself (DIY)" ultraviolet (UV) curing 13 

machine was used for the coating process. The equipment featured two primary functions: regulated 14 

UV irradiation and a rotating platform, Fig. 7.  15 

The specimens were immersed in 300 mL of resin for 15 minutes and then positioned in the UV curing 16 

machine. UV irradiation was administered for 15 minutes at a wavelength of 400 nm to cure the coated 17 

layer. Subsequent to UV treatment, the samples were subjected to a 3-minute soak in alcohol to eliminate 18 

excess and uncured resin. 19 

Table 2 Physical and mechanical properties of Anycubic standard resin and post-processing conditions, [49] 20 

Physical and Mechanical Property Unit Value 
Viscosity ݉ܲܽ ∙  350-250 ݏ
Density 𝑔/ܿ݉3 1.05-1.25 

Hardness ܵℎ83-80 ܦ ݁ݎ݋ 
Tensile Strength 45-35 ܽܲܯ 
Elongation at Break % 25-30 
Bending Modulus 50-40 ܽܲܯ 
Bending Strength 2100-1500 ܽܲܯ 
Izod Impact Strength 102 ݉/ܬ 
Volume Shrinkage Rate % 4.3-5.6 

Post-processing Condition 
Wavelength required for solidification ݊݉ 365-405 
Curing time in UV curing machine ݉݅݊ ≥3 
Alcohol soak time ݉݅݊ ≥3 

 21 
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 1 

Fig. 7 UV Curing Machine 2 

The heat treatment was conducted in a low-temperature furnace with a temperature control precision of 3 

±2 °C and a maximum operational temperature of 350 °C. The furnace chamber was insulated with 4 

glass wool to reduce heat loss to the surrounding environment. Compression tests were performed 5 

utilizing an STM-400 universal testing equipment (SANTAM, Iran). The loading rate was established 6 

at 1.3 mm/min in accordance with ASTM D695. The testing machine's compression platens were 7 

utilized to exert the load. 8 

The phase transition temperatures were determined employing a DSC-400 differential scanning 9 

calorimeter (Sanaf, Iran). The thermal analysis of the 3D-printed PLA+ specimens indicated a glass 10 

transition temperature (Tg) of 74.15 °C, a crystallization temperature (Tc) of 110.25 °C, and a melting 11 

temperature (Tm) of 185 °C. Consequent to these findings, the heat-treatment temperature range was 12 

established between 60 and 130 °C to methodically examine its influence on material behavior. 13 

2.3. Design of Experiment (DOE) 14 

A CCD was employed inside the RSM framework, utilizing Design-Expert 13 software, to optimize 15 

post-processing parameters aimed at increasing mechanical strength. Three factors were evaluated as 16 

input variables: two numeric factors (heat-treatment temperature and duration) and one categorical 17 

factor (Coating). Five levels were designated for the numeric factors, while two levels were established 18 

for the categorical factor. The factors and their respective levels are presented in Table 3. The quantity 19 

of replicated runs at the center point was established at three, and the alpha value was set as 1.4. 20 

The temperature levels were established based on the DSC data presented in Section 2.2, whereas the 21 

heat-treatment time values were chosen in accordance with prior published studies. 22 

Table 3 Input variables of design of experiment along with their values 23 

Parameter Unit Value 

Heat treatment Temperature °130-120-95-70-60 ܥ 
Time ݉݅݊ 18-30-60-90-102 

Coating ----- Coated and Uncoated 

 24 

3. Results & Discussion 25 

According to the DOE, twenty-four PLA+ specimens featuring topology-optimized geometry were 26 

manufactured with the FFF method and subsequently post-processed. Following that, each specimen 27 

underwent compression testing, and the resultant force–displacement curves were recorded. The 28 

maximum sustainable load for every specimen was derived from the curve and reported as the maximum 29 

compressive load (MCL), [50]. Table 4, shows the MCL of each specimen. 30 

Table 4 Results of compression tests on the topology-optimized specimens subjected to various post-processing 31 

conditions, including heat treatment and coating. 32 

Row Designation Heat Treatment Coating MCL (N) 
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Time (min) Temperature (°C) 
1 Ti90Te120U 90 120 

Coated 

2017 
2 Ti60Te95U (1) 60 95 2541 

3 Ti60Te130U 60 130 1334 

4 Ti60Te95U (2) 60 95 2418 

5 Ti60Te95U (3) 60 95 2296 

6 Ti30Te120U 30 120 1452 

7 Ti30Te70U 30 70 1373 

8 Ti60Te60U 60 60 1844 

9 Ti90Te70U 90 70 2541 

10 Ti18Te95U 18 95 1511 

11 Ti102Te95U 102 95 2482 

12 TiXXTeXXU -------- -------- 1834 

13 Ti102Te95C 102 95 

Uncoated 

2874 
14 Ti90Te70C 90 70 2630 

15 Ti60Te60C 60 60 1668 

16 Ti60Te130C 60 130 1542 

17 Ti18Te95C 18 95 1354 

18 Ti60Te95C (1) 60 95 2090 

19 Ti60Te95C (2) 60 95 1979 

20 Ti60Te95C (3) 60 95 1933 

21 Ti90Te120C 90 120 2364 

22 Ti30Te120C 30 120 1515 

23 Ti30Te70C 30 70 1425 

24 TiXXTeXXC -------- -------- 1903 

 1 

Fit statistics play a critical role in evaluating the adequacy and predictive capability of statistical models 2 

in experimental design and response surface methodology. These metrics assess how well the proposed 3 

model represents the experimental data and help to identify potential sources of bias or lack of fit [51, 4 

52]. In this study, several goodness-of-fit criteria were considered. The coefficient of determination (R²) 5 

and the adjusted coefficient of determination (adjusted R²) were required to exceed 90%, while the 6 

adequate precision value was considered acceptable when greater than 4, [53]. 7 

 8 

 9 

 10 

3.1. Statistical Analysis 11 

Externally studentized residuals help to examine the appropriateness of regression models by evaluating 12 

the impact of individual data. The residuals are computed by temporarily excluding each observation 13 

from the model and calculating the variance in the absence of that data point. The standardized 14 

difference between the observed and expected values is later calculated via this externally estimated 15 

variance. This method facilitates the detection of outliers and important data points that could negatively 16 

impact the robustness and predictive accuracy of the regression model, [54, 55]. 17 

3.1.1. Diagnostics plots 18 

Figure 8(a), presents the normal probability plot of the residuals. The data points closely follow a 19 

straight line, indicating that the residuals are approximately normally distributed and that no significant 20 

outliers are present in the experimental compression test results. Fig. 8(b), shows the externally 21 

studentized residuals as a function of the test number. The absence of a systematic trend or structured 22 

pattern suggests that the residuals are independent of the experimental sequence and that no time-related 23 

bias affected the test results. 24 

Figure 8(c), compares the model-predicted values with the experimentally measured data. The 25 

maximum relative error was 9.21% for coated specimens and 5.74% for uncoated specimens. Since the 26 
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prediction errors remain below 10%, the developed model can be considered to provide an acceptable 1 

level of predictive accuracy. 2 

  
 

(a) (b) (c) 
Fig. 8 Essential plots to evaluate the model's suitability 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

3.1.2. MCL Model 16 

Table 5, presents the outcomes of the analysis of variance (ANOVA) and the fit statistics for MCL 17 

response. 18 

Table 5 Results of ANOVA and Fit Statistics for MCL 19 

ANOVA 

 Sum of Squares df Mean Square F-value p-value Contribution (%)  

Model 2.573×109 10 2.573×108 49.22 <0.0001 97.80 significant 
A-Time 1.727×109 1 1.727×109 330.31 <0.0001 65.64  

B-Temperature 7.452×107 1 7.452×107 14.26 0.0031 2.83  

C-Coating 1.472×108 1 1.472×108 28.16 0.0002 5.59  

AB 6.350×107 1 6.350×107 12.15 0.0051 2.41  

AC 4.421×107 1 4.421×107 8.46 0.0142 1.68  

BC 1.918×107 1 1.918×107 3.67 0.0818 0.73  

A² 9.010×106 1 9.010×106 1.72 0.2160 0.34  

B² 4.574×108 1 4.574×108 87.49 <0.0001 17.39  

A²C 1.378×108 1 1.378×108 26.36 0.0003 5.24  

B²C 8.143×107 1 8.143×107 15.58 0.0023 3.10  

Residual 5.750×107 11 5.228×106   2.19  
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Lack of Fit 3.272×107 7 4.674×106 0.7543 0.6514 1.24 not significant 
Pure Error 2.479×107 4 6.196×106   0.94  

Cor Total 2.631×109 21      

Fit statistics R2= 97.81% || Adjusted R²= 95.83% || Predicted R²= 90.23% || Adequate Precision= 22.9322 

 1 

As summarized in Table 5, the selected regression model exhibits a high level of predictive capability 2 

for MCL, with an adjusted R² exceeding 95%. All three main factors—heat treatment time, temperature, 3 

and resin coating—were statistically significant, with p-values less than 0.05. In addition, their 4 

interaction effects, as well as the square terms for time and temperature, were also statistically 5 

significant. 6 

The contribution percentage of each factor to the model response was 65.98% for heat treatment time, 7 

20.22% for temperature, and 5.59% for resin coating, indicating that heat treatment time is the most 8 

influential parameter. The square term for time also showed statistical not significance. However, 9 

because of its significant interaction with the coating factor, this term was retained in the final model. 10 

The reported contribution percentage were calculated by summing the linear and quadratic effects of 11 

each variable. 12 

According to the statistical analysis and the identified relevant terms, the prediction model for the MCL 13 

of the topology-optimized specimens is articulated as follows: 14 ܮܥܯCoated = (−51585.98073 + 409.18072t + 1316.11173T − 3.75644Tt + 2.92834t2 − 5.96561T2) 11.37 

%Error= 9.21% (1) ܮܥܯUncoated = (−1.33567 × 105 + 1242.02928t + 2882.93457T − 3.75644Tt − 4.94020t2− 14.67541T2) 11.37 

%Error= 5.74% 

(2) 

t: Time 

T: Temperature 
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3.1.3. Parametric influence on the response variable 16 

For investigating the effects of the input variables, three forms of graphical analysis were utilized: 17 

perturbation plots, three-dimensional response surface plots, and interaction plots. In perturbation plots, 18 

a greater slope or pronounced curvature signifies a more substantial impact of a factor on the response. 19 

Figs. 9(a) and 9(b), illustrate the perturbation plots. These findings demonstrate that both numeric 20 

variables considerably impact the response; however, the effect of temperature is less obvious in the 21 

coated specimens. Conversely, the time variable demonstrates a comparable effect under both coated 22 

and uncoated conditions. 23 

Figures 9(c) and 9(d), provide the three-dimensional response surface plots that depict the cumulative 24 

impact of the quantitative factors. The findings indicate that the patterns of time and temperature are 25 

uniform across both levels of the categorical factor. The MCL initially rises with increasing temperature, 26 

then declines, peaking at approximately 95 °C. The MCL exhibits a direct positive correlation with heat-27 

treatment duration, consistently increasing over time and reaching its peak at the longest duration 28 

examined. 29 

The interaction plots were analyzed to assess the impact of the resin coating on the response variable. 30 

Fig. 9(e), displays the relevant interaction diagrams. The findings demonstrate that at heat treatment 31 

temperatures of 70 °C and 95 °C, the presence of the coating correlates with a decrease in the MCL. 32 

Conversely, at 120 °C, the MCL of coated specimens rises with prolonged heat treatment duration. 33 

A comparable tendency is noted regarding the connection between temperature and coating. During heat 34 

treatment durations of 30 and 60 minutes, the coating adversely impacts the MCL; however, at 90 35 

minutes, the MCL improves with rising temperatures between 70 and 95 °C. The interaction plots in 36 
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Fig. 9(e), indicate that the maximum MCL is attained at heat treatment durations near 90 minutes, 1 

temperatures ranging from 70 to 95 °C, and under the coated state. 2 

In FFF additive manufacturing, material is deposited through high-temperature extrusion followed by 3 

rapid cooling, which typically results in reduced crystallinity and the development of residual thermal 4 

stresses. Post-process heat treatment can increase the degree of crystallinity and relieve internal stresses, 5 

thereby improving the mechanical performance of the material. The observed increase in the MCL with 6 

increasing heat treatment temperature, followed by a decrease at temperatures above approximately 95 7 

°C, can be explained by the thermal transitions of PLA+. When the temperature exceeds the glass 8 

transition temperature (Tg = 74.15 °C), enhanced molecular chain mobility promotes structural 9 

rearrangement and crystallization, leading to improved mechanical properties, [56, 57]. However, as the 10 

temperature approaches and exceeds the crystallization temperature (Tc = 110.25 °C), thermal 11 

degradation and morphological instability may occur, resulting in a reduction of MCL, [56-58]. 12 

The positive effect of heat-treatment time on mechanical properties is attributed to the progressive 13 

development of crystalline regions during prolonged thermal exposure. Nevertheless, excessively long 14 

heat-treatment durations may cause over-crystallization or phase instability, which adversely affects 15 

mechanical performance, [57, 59]. 16 

The enhanced MCL observed in coated specimens can be partially attributed to a reduction in surface 17 

defect sensitivity. The thin resin coating acts as a barrier to crack initiation and early-stage crack 18 

propagation, increasing the energy required for crack growth and thereby improving the load-bearing 19 

capacity of the specimens, [42]. 20 

 21 

 22 

 23 

 24 

 25 

 
(a) Coated 

 
(b) Uncoated 

A: Time || B: Temperature || *DFRP: Deviation From Reference Point 
Perturbation plots of the response at intermediate values of time and temperature. 
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(a) Coated 

 
(b) Uncoated 

Three-dimensional response surface plots illustrating the effects of numeric input variables 

 
(e) 

Time–temperature interaction plots including the resin coating factor 

Fig. 9 response plots for assessing the effects of input factors 1 

3.2. Optimization of post-processing parameters 2 

Table 6, delineates the ideal post-processing conditions together with the associated response values.  3 

The highest point of the response, denoted as the MCL, was attained at a heat-treatment temperature of 4 

82 °C and a duration of 90 minutes.  The position of this optimum can be elucidated by the thermal 5 

transition characteristics of PLA+. Section 3.1.3 indicates that the optimal heat-treatment window is 6 

between 60 and 95 °C, encompassing the glass transition and crystallization phases of the material. The 7 

optimal temperature of 82 °C facilitates molecular chain rearrangement and increased crystallinity, 8 

resulting in superior mechanical performance, [56-58]. 9 

 A heat-treatment duration of 90 minutes optimally promotes crystalline formation, therefore 10 

augmenting the maximum achievable compressive load under the examined conditions, [57, 59]. The 11 

resin coating enhances resistance to crack initiation and early-stage propagation, hence augmenting the 12 

load-bearing capability of the specimens, [42]. 13 
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Table 6 Optimization conditions and their results  1 

Optimization Constraints 
Criteria Goal Lower Limit Upper Limit Importance 

Time (min) 
in Range 

30 90 

3 Temperature (°C) 70 120 

Coating Coated Uncoated 

Response 

MCL (N) Maximize 1334 2874 5 

Optimized post-processing condition 

Time (min) Temperature (°C) Coating Desirability (%) MCL (N) Error (%) Actual Predicted 

90 80 Coated 84.1 2453 2653 8.15 

*Designation of the specimen optimized by topology and post-processing: Ti90Te82C 

 2 

3.3. Comparison of Specimen Optimized by Topology and Post-Processing 3 

3.3.1. Mechanical Properties 4 

A comparison of specimens Ti90Te82C (topology-optimized and heat-treated) and TiXXTeXXU 5 

(topology-optimized only) reveals that the first one demonstrates a 33.75% greater MCL. Table 7 6 

demonstrates that the mass reduction for TiXXTeXXU and Ti90Te82C was 66.14% and 58.50%, 7 

respectively. The mass reduction for Ti90Te82C closely aligns with the topology optimization target of 8 

60%, signifying that the optimization goal was achieved with satisfactory precision, resulting in 9 

enhanced load-bearing capability during post-processing. 10 

Table 7 Mass variation compared to the standard compression test 11 

Specimen 

Weight (gr) Variations compared to the 
standard compression test 

specimen (%)  Average 

Compression test 
standard specimen 

5.18 5.19 5.20 5.18 5.18 5.186 ---------- 

TiXXTeXXU 1.78 1.70 1.74 1.76 1.80 1.756 66.14 
Ti90Te82C 2.12 2.16 2.19 2.14 2.15 2.152 58.50 

 12 

Figure 10(a), displays the force–displacement curves for specimens Ti90Te82C and TiXXTeXXU. Both 13 

curves demonstrate a bifurcated failure mechanism marked by two separate load reductions, attributable 14 

to the complex topology of the specimens and the existence of localized stress concentrators. 15 

Figure 10(b), displays the specimen image at 0% strain, highlighting the areas that risk failure. Failure 16 

commences at areas with diminished cross-sectional dimensions and geometric irregularities; these sites 17 

function as stress concentrators, hence dictating the observed two-step collapse. 18 

 19 
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(a) Force-displacement plot of two specimens Ti90Te82C, and TiXXTeXXU 

 
Strain: 0% 

  
Strain: 3% Strain: 4% 

  
Strain: 10% Strain: 20% 

  
Strain: 25% Strain: 30% 

  
Strain: 40% Strain: 50% 

(b) Visual comparison of Ti90Te82C and TiXXTeXXU specimens 
Fig. 10 Comparison of the mechanical properties of Ti90Te82C and TiXXTeXXU 1 
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3.3.2. Crystallinity 1 

The XRD analysis indicates a substantial enhancement in crystallinity after heat treatment: Ti90Te82C 2 

and TiXXTeXXU exhibit crystallinity indices of 29.25% and 8.81%, respectively, Fig. 11. This 3 

corresponds to an absolute increase of 20.44% points and a relative increase of ≈231.9%. Given this 4 

marked increase in crystalline fraction, it is reasonable to attribute the observed improvement in MCL 5 

of the topology- and post-processed specimen primarily to enhanced PLA+ crystallinity, which 6 

promotes higher load-bearing capacity, [56-59]. 7 

 
Sum of net area: 1318 || Sum of total area: 14953 || Crystallinity: 8.81% 

TiXXTeXXU 

 
Sum of net area: 15024 || Sum of total area: 51364 || Crystallinity: 29.25% 

Ti90Te82U 
Fig. 11 XRD patterns of the two specimens in the uncoated condition, comparing the specimen subjected to heat treatment 8 

with the as-printed specimen. 9 

3.3.3. Resin coating evaluation 10 

Three critical aspects must be considered while evaluating the resin coating, 1- including the thickness 11 

of the resin coating. 2- The lack of porosity at the interface between the resin and PLA+. 3- The interface 12 

creation between the two materials is contingent upon the surface texture of the sample. FESEM images 13 

were obtained from the cross-section of the specimen designated TiXXTeXXC. Fig. 12, displays the 14 

photos of the cross-section of the sample fractured by liquid nitrogen. The image analysis was conducted 15 

with ImageJ V1.52 software. The figure suggests the average thickness of the resin coating is 0.186 16 

mm, with the resin deposited on the specimen lacking of porosity. The PLA+-resin border has formed 17 

without defects, and the resin has conformed to the outer surface texture of the specimen before 18 

solidifying. 19 
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 1 

Fig. 12 FESEM images of the coating layer formed on the TiXXTeXXC 2 

 3 

4. Conclusion 4 

The present study demonstrates that the integration of topology optimization and post-processing 5 

markedly improves the mechanical performance and decreases the bulk of PLA+ components. The 6 

principal conclusions are encapsulated as follows: 7 

• Agreement between numerical and experimental findings 8 

FEA demonstrated strong concordance with experimental compression testing, validating the 9 

dependability of numerical analysis for assessing the mechanical properties of topology-optimized 10 

samples. Due to the geometric complexity of the optimized structures, FEA is the most precise technique 11 

for evaluating stress distribution. The SIMP method utilized in this work offered both efficiency and 12 

precision, rendering it a feasible strategy for the design of lightweight buildings. 13 

• Influence of heat treatment and coating on MCL 14 

Experimental findings demonstrated that both the duration and temperature of heat treatment 15 

significantly impact the MCL of topology-optimized specimens. Excessive temperatures above the 16 

glass transition and crystallization temperatures of PLA+ can compromise the molecular structure, 17 

resulting in polymer chain degradation. Likewise, prolonged heat treatment reduces crystallinity, 18 

negatively impacting mechanical properties. Consequently, choosing a suitable heat treatment period is 19 

essential for enhancing load-bearing capacity and durability. 20 

While the effect of coating was less significant than that of heat treatment, it successfully augmented 21 

mechanical strength and MCL by impeding crack propagation and improving fracture strain. An 22 

optimization of post-processing configurations resulted in an approximate 34% enhancement in MCL. 23 

• Mathematical Modeling 24 

This study presents a prediction model that correctly calculates the MCL of FFF-manufactured, 25 

topology-optimized PLA+ components. This model clarifies the impact of post-processing parameters 26 

on mechanical performance and allows the adjustment of processing settings to attain maximum 27 

strength. 28 

• Analysis of Crystallinity and Microstructure 29 
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XRD examination demonstrated that heat treatment improved specimen crystallinity by approximately 1 

232%, underscoring its efficacy in improving stress relief and mechanical properties. Microscopic 2 

analysis of the cross-sections of the coated samples demonstrated consistent resin distribution and strong 3 

substrate adherence, offering visible proof of the coating's efficacy in enhancing MCL. 4 

Based on these findings, several avenues for future investigation are suggested: 5 

Assessing analogous optimization and post-processing techniques on alternative materials, such as 6 

engineering polymers and metals, to extrapolate the findings. 7 

Utilizing optimal compression specimen geometries as unit cells for the design and manufacturing of 8 

larger or lightweight structures. 9 

Investigating alternate topology optimization techniques (e.g., BESO, ESO, or metaheuristic 10 

algorithms) to enhance design precision. 11 

Examining the impact of various coatings (resin-based, nanostructured, or hybrid) on the mechanical 12 

and thermal characteristics of PLA+ components. 13 

Evaluating specimen performance under cyclic loading, fluctuating temperatures, and diverse 14 

environmental conditions to ascertain durability and stability in practical applications. 15 

Performing comprehensive microscopic analyses on resin-encased specimens to investigate crack 16 

propagation and formulate techniques for fracture prevention. 17 

  18 
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