1. Polylactic Acid (PLA) and Its Grouped Categories: A Comprehensive Summary
Polylactic Acid (PLA) is a biopolymer that’s making waves in the world of sustainable materials. It’s not just biodegradable and renewable it’s also incredibly versatile. From 3D printing to construction and packaging, PLA can be tweaked with various additives to improve its thermal, mechanical, and structural properties. To make sense of all these possibilities, researchers have grouped PLA enhancements into five categories: Fibers, Wood and Agricultural Waste, Wools and Natural Insulators, Plastics and Polymers, and Advanced Additives. These categories help tackle specific challenges like insulation, strength, and sustainability, offering a clear path for innovation.

1.1 Fibers
Fibers are transforming PLA in exciting ways. Whether synthetic, natural, or cellulose-based, each type brings something unique to the table. Synthetic fibers, for instance, are great for boosting strength. Natural fibers, like those from rabbit hair, add biodegradability and toughness. Cellulose fibers, on the other hand, are lightweight and compostable, making them ideal for insulation in eco-friendly buildings. Together, these fibers are pushing PLA into new territories.
Yildizel et al. [1] looked at how different fibers plain, hooked, and corrugated affect PLA in foam concrete. They tested concentrations of 0.5%, 1%, and 1.5%. The results were fascinating: hooked fibers at 1.5% had the lowest thermal conductivity (0.151 W/mK), beating plain fibers (0.164 W/mK). These composites also showed good compressive strength (1.7 MPa) and flexural strength (0.52 MPa) after 28 days. While this is promising, more work is needed to see how these materials hold up over time in real-world conditions.
In another study, Vázquez-Hernández et al. [2] and Flores-Hernández et al. [3] explored fibers from keratin-rich sources like rabbit hair. Vázquez-Hernández et al. [2] found that 3.0 wt% fibers reduced thermal conductivity to 0.113 W/mK and boosted tensile strength to 56.2 MPa. Flores-Hernández et al. [3] went further by treating fibers with NaOH, achieving a thermal conductivity of 0.191 W/mK at 0.5% concentration. These results show the potential of fiber-reinforced PLA for sustainable 3D printing and insulation, but questions remain about long-term environmental impact and scalability. Meanwhile, Oluwabunmi et al. [12] studied microcellulose fibers for use in zero-energy buildings. They tested PLA with 1.5%, 2.25%, and 3% microcellulose. At 1.5%, thermal conductivity dropped to 0.05774 W/mK, and compression modulus improved by 20%. But at 3%, compressive strength fell by 44%. This highlights the trade-off between insulation and strength, showing that while these materials are promising, they need careful balancing.

1.2 Wood and Agricultural Waste
Wood particles and agricultural waste are stepping into the spotlight as game-changing additives for PLA. These natural fillers like wood chips, rice husks, and wheat straw are not just eco-friendly; they also bring unique benefits to PLA composites. They improve thermal insulation, add mechanical strength, and enhance biodegradability. But, as with any material, there are trade-offs to consider.
Ravula and Gatheeshgar [5] studied how wood particles affect PLA in 3D-printed concrete walls. They tested concentrations from 0% to 1.0% and found that 1.0% wood particles gave the lowest thermal conductivity (0.035 W/mK), beating pure PLA. However, this came with a 15% drop in compressive strength. While this makes wood-reinforced PLA great for insulation, its structural performance needs more research, especially for real-world applications.
In another study, Bahar et al. [6] looked at wood-PLA composites made through additive manufacturing. They tested PLA with 30% wood particles and found a thermal conductivity of 27.5 mW/mK and a tensile strength of 20.6 MPa. These results are promising for sustainable construction, but higher filler concentrations might weaken the material, which could limit its use in some cases.
Zhang et al. [7] took a slightly different approach by adding multi-walled carbon nanotubes (MWCNTs) to PLA. While their focus was on nanomaterials, they also explored agricultural waste as a filler. They tested PLA with 10%, 15%, and 20% MWCNTs and found that higher concentrations improved thermal conductivity but reduced mechanical strength. For example, at 20% MWCNTs, thermal conductivity jumped to 0.575 W/mK, but tensile strength dropped to 56.88 MPa. This shows that while MWCNTs can boost thermal performance, they need to be balanced carefully to avoid weakening the material.
Flores-Hernández et al. [8] also explored agricultural waste, specifically keratin-rich fibers from rabbit hair. They tested PLA with fiber concentrations from 0.7% to 10.0% and found that 3.0 wt% fibers reduced thermal conductivity to 0.113 W/mK while achieving tensile strengths of up to 56.2 MPa. These findings highlight the potential of agricultural waste in sustainable 3D printing and insulation, but questions remain about long-term environmental impact and scalability.

1.3 Wools and Natural Insulators
When it comes to enhancing PLA, wools both synthetic and natural are proving to be incredibly versatile. These materials are not just about keeping things warm; they’re also about improving mechanical performance and sustainability. Synthetic wools, for instance, are great for boosting thermal insulation, while natural wools, like sheep’s wool, bring biodegradability and eco-friendliness to the table. Each type has its strengths and weaknesses, but together, they offer a range of possibilities for PLA-based materials.
De Rubeis et al. [19] looked at how synthetic wools perform in 3D-printed blocks. They found that PLA composites with synthetic wool additives achieved a thermal conductivity of 0.038 W/mK, which is comparable to natural wool. However, synthetic wools had slightly higher mechanical strength. That said, the study pointed out that natural wools, like sheep’s wool, are more sustainable and biodegradable, making them a better choice for eco-friendly applications.
In a similar study, Palaniyappan et al. [20] explored functional gradient multi-material composites using PLA and walnut shell-reinforced PLA filaments. They tested PLA composites with single-gradient and multi-gradient synthetic wools and found that synthetic wools improved thermal conductivity to 0.062–0.087 W/mK, depending on the gradient structure. The tensile strength of these composites ranged from 17.78 MPa to 28.88 MPa, showing that synthetic wools can enhance mechanical performance while maintaining decent thermal insulation. However, the study concluded that natural wools, like walnut shell-reinforced PLA, are more sustainable and cost-effective for insulation applications.
On the other hand, Kananathan et al. [17] focused on natural wools, testing PLA composites with 40% natural wool fibers. These composites achieved a thermal conductivity of 0.035 W/mK, making them excellent for insulation. However, their mechanical properties were modest, with a tensile strength of 12.185 MPa and a compressive strength of 13.738 MPa. This suggests that while natural wools excel in thermal insulation, their mechanical performance could be improved through chemical treatments or by combining them with other reinforcing materials.
1.4 Plastics and Polymers
When it comes to enhancing PLA, blending it with other plastics and polymers opens up a world of possibilities. These blends can improve everything from thermal stability to mechanical strength, making PLA even more versatile. Techniques like gas foaming also come into play, creating lightweight, insulating structures that are perfect for specific applications. Each approach has its own set of benefits and challenges, but together, they push the boundaries of what PLA can do.
Yu et al. [15] explored how coffee grounds could enhance PLA’s mechanical and thermal properties. They tested PLA composites with coffee ground concentrations ranging from 1% to 7%. At 1%, the composites achieved a tensile strength of 49.99 MPa, but higher concentrations gradually reduced mechanical performance. On the thermal side, the lowest conductivity was 0.192 W/mK at 2.5% coffee grounds. These results show that polymer blends can boost PLA’s mechanical properties, though higher filler concentrations might compromise performance.
In a related study, Wang et al. [16] looked at PLA/PBAT blends with PCL for thermal insulation. They tested PLA composites with PCL concentrations ranging from 5% to 20%. At 20% PCL, the composites achieved a thermal conductivity of 32.5 mW/mK and a compressive strength of 1650 N·m/kg. These findings highlight the potential of polymer blends to enhance both thermal and mechanical properties, making them suitable for insulation and structural applications.
Meanwhile, [Oluwabunmi et al. [14]] focused on gas foaming to create fully biobased foams using PLA and microcellulose for zero-energy buildings. They tested PLA composites with microcellulose concentrations of 1.5%, 2.25%, and 3%. At 1.5%, the composites achieved the lowest thermal conductivity (0.05774 W/mK) and improved the compression modulus by 20%. However, at 3%, compressive strength dropped by 44%. This trade-off between insulation and mechanical performance shows that while these foams are sustainable and lightweight, their mechanical properties need careful consideration at higher filler concentrations.

1.5 Advanced Additives
Advanced additives like phase change materials (PCMs) and nanomaterials are taking PLA to the next level. These materials enhance thermal energy storage, conductivity, and mechanical strength, making PLA suitable for high-performance applications. Each additive brings its own unique benefits, but they also come with challenges that need to be addressed.
Park et al. [10] studied how PCMs could improve PLA’s thermal energy storage. They tested PLA composites with microencapsulated PCMs at concentrations ranging from 0% to 1.0%. At 1.0%, the composites achieved a thermal conductivity of 0.153 W/mK, along with a tensile strength of 34.88 MPa and a flexural strength of 48.23 MPa. These results show that PCMs can enhance thermal performance without compromising mechanical integrity.
In another study, Barkhad et al. [11] explored PLA/date pit composites for thermal insulation. They tested PLA with 10% and 40% date pit powder (DPP). At 40% DPP, the composites achieved a thermal conductivity of 0.053 W/mK and a compressive strength of 84.31 MPa. These findings demonstrate the potential of nanomaterials to enhance both thermal and mechanical properties in PLA composites.
Bayram et al. [18] took a different approach by using 3D-printed PLA-microencapsulated phase change material (MPCM) composites for building thermal management. They tested PLA composites with 83.4g MPCM, achieving a thermal conductivity of 0.038–0.050 W/mK and a tensile strength of 49.5 MPa. These results highlight the promise of nanomaterials in enhancing thermal performance, especially in applications requiring precise temperature regulation.
To provide a comprehensive overview of the research on PLA and its categories, Table 1 summarizes the key findings from various studies. The Table 1 below highlights the materials used, thermal conductivity, mechanical properties, and research outcomes for each category of PLA enhancements. This structured presentation allows for a quick comparison of the performance improvements achieved through different additives and techniques. Table 1 serves as a quick reference for researchers and industry professionals, summarizing the key findings and performance metrics of PLA composites across various applications. It highlights the trade-offs between thermal insulation, mechanical strength, and biodegradability, providing a clear framework for future innovation and optimization.




Table 1: Summary of PLA Enhancements and Key Findings
	No.
	Title
	Materials
	Thermal Conductivity Testing Method
	Thermal Conductivity
	Thermal Diffusivity
	Mechanical Properties
	Research Findings
	Ref

	1.
	Enhancing foam concrete: A comparative analysis of PLA+ fiber reinforcements with plain, hooked, and corrugated fibers


	PLA+ 0.5%, 1%, 1.5% Plain Fibers
	ASTM C177
	0.164 W/mK (reference mix)
	-
	-
	PLA+ fibers, especially hooked fibers, significantly enhances the mechanical and thermal properties of concrete strength
	[1]

	
	
	PLA+ 0.5%, 1%, 1.5% Hooked Fibers
	ASTM C177
	0.151 W/mK (minimum 1.5% fibers)
	-
	· Compressive strength: 1.7 MPa (28 days, FC-H1)
· Flexural strength: 0.52 MPa (28 days, FC-H1)
	
	

	
	
	PLA+ 0.5%, 1%, 1.5% Corrugated Fibers 
	ASTM C177
	0.151 W/mK (minimum 1.5% fibers)
	-
	· Compressive strength: 1.7 MPa (28 days, FC-H1)
· Flexural strength: 0.52 MPa (28 days, FC-H1)
	
	

	2.
	Enhancing sustainability in polymer 3D printing via fusion filament fabrication through integration of by-products in powder form: mechanical and thermal characterization
	PLA 
	Laser Flash Analysis (LFA)
	0.164 W/mK (virgin PLA)
	-
	· Tensile strength: 64.27 MPa (virgin PLA)
· Flexural strength: 97.41 MPa (virgin PLA)
	Thermal conductivity is reduced due to air voids
	[2]

	
	
	PETg
	Laser Flash Analysis (LFA)
	0.151 W/mK (virgin PETg)
	-
	· Tensile strength: 30.12 MPa (virgin PETg)
· Flexural strength: 58.00 MPa (virgin PETg)
	
	

	
	
	PLA+ 10%, 20% Seashells Powder
	Laser Flash Analysis (LFA)
	0.164 W/mK (virgin PLA)
	0.086 mm²/s
	· Tensile strength: 44.21 MPa (10% seashells)
· Flexural strength: 75.31 MPa (10% seashells)
	
	

	
	
	PLA+ 10%, 20% Glass Powder 
	Laser Flash Analysis (LFA)
	0.164 W/mK (virgin PLA)
	0.083 mm²/s
	· Tensile strength: 43.47 MPa (10% glass)
· Flexural strength: 81.15 MPa (10% glass)
	
	

	
	
	PLA+ 10%, 20% Metal Powder 
	Laser Flash Analysis (LFA)
	0.164 W/mK (virgin PLA)
	0.092 mm²/s
	· Tensile strength: 56.88 MPa (10% metal)
· Flexural strength: 91.52 MPa (10% metal)
	
	

	
	
	PETg+ 10%, 20% Seashells Powder
	Laser Flash Analysis (LFA)
	0.151 W/mK (virgin PETg)
	0.091 mm²/s
	· Tensile strength: 43.89 MPa (10% seashells)
· Flexural strength: 60.18 MPa (10% seashells)
	
	

	
	
	PETg+ 10%, 20% Glass Powder
	Laser Flash Analysis (LFA)
	0.151 W/mK (virgin PETg)
	0.087 mm²/s
	· Tensile strength: 34.95 MPa (10% glass)
· Flexural strength: 37.69 MPa (10% glass)
	
	

	
	
	PETg+ 10%, 20% Metal Powder
	Laser Flash Analysis (LFA)
	0.151 W/mK (virgin PETg)
	0.094 mm²/s
	· Tensile strength: 44.50 MPa (10% metal)
· Flexural strength: 52.38 MPa (10% metal)
	
	

	3.
	Effect of keratin-rich fibers from rabbit hair in two polymers processed using additive manufacturing: FDM and SLA


	PLA 
	Laser Flash Analysis (LFA)
	0.141 W/mK (virgin PLA)
	-
	· Tensile strength: 49.5 MPa (virgin PLA)
· Young’s modulus: 2.7 GPa (virgin PLA)
	Keratin-rich fibers with PLA and FR enhance biodegradability in PLA composites
	[3]

	
	
	PLA+ 0.7, 1.5, 3.0, 5.0, 7.0, 10.0 Keratin-Rich Fibers (KFs) 
	Laser Flash Analysis (LFA)
	0.113 W/mK (3.0 wt% KFs)
	-
	· Tensile strength: 56.2 MPa (0.7 wt% KFs)
· Young’s modulus: 2.9 GPa (0.7 wt% KFs)
	
	

	
	
	Flexible Resin (FR)+ methacrylic esters
	Laser Flash Analysis (LFA)
	0.116 W/mK (virgin FR)
	-
	· Young’s modulus: 1.2 GPa (virgin FR)
	
	

	
	
	FR+ 0.7, 1.5, 3.0, 5.0, 7.0 Keratin-Rich Fibers (KFs)
	Laser Flash Analysis (LFA)
	0.096 W/mK (5.0 wt% KFs)
	-
	· Young’s modulus: 2.3 GPa (7.0 wt% KFs)
	
	

	4.
	3D Printing of sustainable coal polymer composites: Thermophysical characteristics
	PLA+ 20%, 70% Coal 
	Laser Flash Thermal Diffusivity Test
	0.23 W/mK to 0.26 W/mK 
	-
	-
	Reduced warping and shrinkage due to lower CTE

	[4]

	
	
	PETG+ 20%, 70% Coal 
	Laser Flash Thermal Diffusivity Test
	0.26 W/mK to 0.27 W/mK
	-
	-
	
	

	
	
	HDPE+ 20%, 70% Coal
	Laser Flash Thermal Diffusivity Test
	0.38 W/mK to 0.61 W/mK
	-
	-
	
	

	
	
	PA12+ 20%, 70% Coal
	Laser Flash Thermal Diffusivity Test
	0.23 W/mK to 0.26 W/mK
	-
	-
	
	

	5.
	On the thermal-energy performance of 3D printed concrete walls with varying insulation ratios
	E-PLA+ 0 to 1.0% 
	THERM 7.8 software
	0.03 W/mK
	-
	-
	E-PLA can significantly improve the thermal performance of 3DPC walls due to increasing insulation ration and decreasing thermal conductivity
	[5]

	
	
	Mineral+ 0 to 1.0% Wool
	THERM 7.8 software
	0.035 W/mK
	-
	-
	
	

	
	
	Rock+ 0 to 1.0% Wool
	THERM 7.8 software
	0.037 W/mK
	-
	-
	
	

	
	
	Fiber+ 0 to 1.0% Glass Wool
	THERM 7.8 software
	0.04 W/mK
	-
	-
	
	

	
	
	Concrete Mix+ 0 to 1.0% Powdered silica sand + organic binder
	THERM 7.8 software
	0.2 W/mK
	-
	-
	
	

	6.
	The Thermal and Mechanical Behaviour of Wood-PLA Composites Processed by Additive Manufacturing for Building Insulation
	Wood-PLA+ 30% Wood Particles
	Transient hot probe (FP2C)
	49.5 mW/mK (10% infill)
	1.98 × 10⁻⁷ m²/s (10% infill)
	· Tensile strength: 20.6 MPa
· Young’s modulus: 0.53 GPa
	The mechanical properties of wood-PLA are sufficient for insulation and Thermal performance was still lower than glass wool and foam
	[6]

	
	
	Glass Wool
	Transient hot probe (FP2C)
	31.5 mW/m·K
	4.08 × 10⁻⁷ m²/s
	-
	
	

	
	
	Synthetic Foam
	Transient hot probe (FP2C)
	36.0 mW/m·K
	4.23 × 10⁻⁷ m²/s
	-
	
	

	7.
	Thermally Conductive 3D-Printed Carbon-Nanotube-Filled Polymer Nanocomposites for Scalable Thermal Management
	PLA
	Steady-state and guarded hot plate technique (DTC-300 heat flow meter)	
	0.098 W/m·K	
	-
	-
	MWCNT/PLA with vertically aligned CNTs enhanced thermal conductivity 
	[7]

	
	
	PLA+ 10% MWCNT	
	Steady-state and guarded hot plate technique (DTC-300 heat flow meter)

	0.199 W/(m·K) at 35°C (vertically aligned)

	-
	-
	
	

	
	
	PLA+ 15% MWCNT

	Steady-state and guarded hot plate technique (DTC-300 heat flow meter)

	0.229 W/(m·K) at 35°C (vertically aligned)

	-
	-
	
	

	
	
	PLA+ 20% MWCNT


	Steady-state and guarded hot plate technique (DTC-300 heat flow meter)

	-Vertically aligned: 0.575 W/(m·K) at 35°C, 0.800 W/(m·K) at 108°C

	-
	-
	
	

	
	
	PLA+ 20% MWCNT

	Steady-state and guarded hot plate technique (DTC-300 heat flow meter)

	- Horizontally aligned: 0.218 W/(m·K) at 35°C

	-
	-
	
	

	8.
	Additive Manufacturing of Green Composites: Poly (lactic acid) reinforced with keratin from Angora rabbit hair


	PLA+ 100% 
	Laser flash analysis (LFA)
	0.111 W/mK
	1.02E-07
	-
	Highest thermal conductivity was achieved with untreated rabbit hair and NaOH treatment reduces thermal conductivity
	[8]

	
	
	PLA+ 0.5% Angora Rabbit Hair (RH) 
	Laser flash analysis (LFA)
	0.278 W/mK
	2.31E-07
	-
	
	

	
	
	PLA+ 1.0% Angora Rabbit Hair (RH)
	Laser flash analysis (LFA)
	0.280 W/mK
	2.10E-07
	-
	
	

	
	
	PLA+ 2.5% Angora Rabbit Hair (RH) 
	Laser flash analysis (LFA)
	0.192 W/mK
	2.60E-07
	-
	
	

	
	
	PLA+ 0.5% NaOH-Treated Angora Rabbit Hair (RHM-1)
	Laser flash analysis (LFA)
	0.191 W/mK
	1.81E-07
	-
	
	

	
	
	PLA+ 1.0% NaOH-Treated Angora Rabbit Hair (RHM-1)
	Laser flash analysis (LFA)
	0.227 W/mK
	2.50E-07
	-
	
	

	
	
	PLA+ 2.5% NaOH-Treated Angora Rabbit Hair (RHM-1)
	Laser flash analysis (LFA)
	0.172 W/mK
	1.76E-07
	-
	
	

	
	
	PLA+ 0.5% NaOH-Treated Angora Rabbit Hair (RHM-5)
	Laser flash analysis (LFA)
	0.187 W/mK
	2.02E-07
	-
	
	

	
	
	PLA+ 1.0% NaOH-Treated Angora Rabbit Hair (RHM-5)
	Laser flash analysis (LFA)
	0.183 W/mK
	1.71E-07
	-
	
	

	
	
	PLA+ 2.5% NaOH-Treated Angora Rabbit Hair (RHM-5)
	Laser flash analysis (LFA)
	0.122 W/mK
	1.32E-07
	-
	
	

	9.
	Low Concentrations for Significant Improvements in Thermal and Thermomechanical Properties of Poly (Lactic Acid)–Keratin Biocomposites Obtained by Extrusion and 3D Printing


	PLA+ 100%
	Laser flash analysis (LFA)
	2.14 W/mK
	1.12E-07
	-
	Highest thermal conductivity achieved with PLA untreated rachis and reduced thermal conductivity due to oversaturation
	[9]

	
	
	PLA+ 0.5% Ground Rachis (GR)
	Laser flash analysis (LFA)
	2.48 W/mK
	1.34E-07
	-
	
	

	
	
	PLA+ 0.75% Ground Rachis (GR) 
	Laser flash analysis (LFA)
	2.91 W/mK
	1.20E-07
	-
	
	

	
	
	PLA+ 1.0% Ground Rachis (GR)
	Laser flash analysis (LFA)
	3.05 W/mK
	1.12E-07
	-
	
	

	
	
	PLA+ 5.0% Ground Rachis (GR)
	Laser flash analysis (LFA)
	3.74 W/mK
	2.36E-07
	-
	
	

	
	
	PLA+ 7.0% Ground Rachis (GR)
	Laser flash analysis (LFA)
	5.44 W/mK
	2.34E-07
	-
	
	

	
	
	PLA+ 10.0% Ground Rachis (GR)
	Laser flash analysis (LFA)
	3.38 W/mK
	1.12E-07
	-
	
	

	
	
	PLA+ 0.5% NaOH-Treated Ground Rachis (GRM)
	Laser flash analysis (LFA)
	2.15 W/mK
	1.56E-07
	-
	
	

	
	
	PLA+ 0.75% NaOH-Treated Ground Rachis (GRM)
	Laser flash analysis (LFA)
	2.23 W/mK
	1.41E-07
	-
	
	

	
	
	PLA+ 1.0% NaOH-Treated Ground Rachis (GRM)
	Laser flash analysis (LFA)
	2.42 W/mK
	1.38E-07
	-
	
	

	
	
	PLA+ 5.0% NaOH-Treated Ground Rachis (GRM)
	Laser flash analysis (LFA)
	2.51 W/mK
	1.20E-07
	-
	
	

	
	
	PLA+ 7.0% NaOH-Treated Ground Rachis (GRM)
	Laser flash analysis (LFA)
	2.59 W/mK
	1.66E-07
	-
	
	

	
	
	PLA+ 10.0 % NaOH-Treated Ground Rachis (GRM)
	Laser flash analysis (LFA)
	2.54 W/mK
	1.25E-07
	-
	
	

	10.
	Fabrication and Characterization of Multiscale PLA Structures Using Integrated Rapid Prototyping and Gas Foaming Technologies
	PLA+ 100%
	· Differential Scanning Calorimetry (DSC)
· Thermogravimetric Analysis (TGA)
	-
	-
	· Bending stress: ~5.65 MPa at ~0.035 mm/mm
· Compressive stress: ~4.81 MPa at 0.22–0.38 mm/mm
	PLA-with nanoscale foams improve mechanical strength and thermal insulation properties and CO₂ foaming reduces mechanical strength due to pore coalescence
	[10]

	
	
	PLA+ CO₂ Foaming 
	· Differential Scanning Calorimetry (DSC)
· Thermogravimetric Analysis (TGA)
	-
	-
	· Compressive stress: ~7.2 MPa at 80°C post-foaming
	
	

	11.
	Thermal insulation using biodegradable poly (lactic acid)-date pit composites
	PLA+ 100%
	ASTM C1045-07 using Laser comp FOX-200 thermal conductivity meter
	0.0794 W/(mK) (for 10% DPP)
	0.0549 mm²/s (for pure PLA)
	· Compressive strength: 96.35 MPa (for pure PLA)
	DPP reduced thermal conductivity and excellent mechanical integritywith compressive strength
	[11]

	
	
	PLA+ 10%, 40% Date Pit Powder (DPP)
	ASTM C1045-07 using Laser comp FOX-200 thermal conductivity meter
	0.063 W/(mK) (for pure DPP)
	0.0342 mm²/s (lowest, 40% DPP)
	· Compressive strength: 65.36–84.31 MPa
	
	

	
	
	DPP (as filler)
	ASTM C1045-07 using Laser comp FOX-200 thermal conductivity meter
	0.063 (reported for DPP filler alone)
	-
	-
	
	

	12.
	Thermal and acoustic performance evaluation of 3D-Printable PLA materials
	PLA+ Filament Control

	Sweating guarded hotplate (ASTM-F1868-C)

	0.135 W/(mK)

	-
	· Compressive strength: 17.92 MPa
	Better acoustic insulation properties achieved in all five printed panels than commercially used gypsum
	[12]

	
	
	PLA+ Porous: Sample I-10

	Sweating guarded hotplate (ASTM-F1868-C)

	0.037 W/(mK)

	-
	· Density: 366.46 kg/m³
· Porosity: 71%
	
	

	
	
	PLA+ Porous: Sample I-20

	Sweating guarded hotplate (ASTM-F1868-C)

	0.041 W/(mK)

	-
	· Density: 459.22 kg/m³
· Porosity: 64%
	
	

	
	
	PLA+ Porous: Sample I-30

	Sweating guarded hotplate (ASTM-F1868-C)

	0.052 W/(mK)

	-
	· Density: 546.75 kg/m³
· Porosity: 57%
	
	

	
	
	PLA+ Porous: Sample I-50

	Sweating guarded hotplate (ASTM-F1868-C)

	0.070 W/(mK)

	-
	· Density: 721.26 kg/m³
· Porosity: 43%
	
	

	13.
	Ultralow-Threshold and Lightweight Biodegradable Porous PLA/MWCNT with Segregated Conductive Networks for High-Performance Thermal Insulation and EMI Shielding
	PLA+ 0.00055% MWCNT Foam
	Guarded hot plate method (EN 12664 and EN 12667)
	27.5 mW·m⁻¹·K⁻¹

	-
	-
	Excellent thermal insulation performance with a thermal conductivity of 27.5 mW·m−1·K−1 and outstanding EMI shielding performance
	[13]

	
	
	PLA+ 0.0024% MWCNT Foam
	Guarded hot plate method (EN 12664 and EN 12667)
	27.5 mW·m⁻¹·K⁻¹

	-
	-
	
	

	
	
	PLA+ 0.0054% MWCNT Foam
	Guarded hot plate method (EN 12664 and EN 12667)
	27.5 mW·m⁻¹·K⁻¹

	-
	-
	
	

	
	
	PLA+ 0% Pure Foam

	Guarded hot plate method (EN 12664 and EN 12667)
	34.6 mW·m⁻¹·K⁻¹

	-
	-
	
	

	
	
	PLA+ 0.00094% MWCNT Foam
	Guarded hot plate method (EN 12664 and EN 12667)
	27.5 mW·m⁻¹·K⁻¹

	-
	-
	
	

	14.
	Compostable, fully biobased foams using PLA and micro cellulose for zero energy buildings
	PLA  
	Hot-Disk thermal constants analyzer (TPS 1500)
	0.05774 W/mK

	-
	· Compression modulus: 0.83 MPa
· Compression strength: 0.021 MPa

	Biofoams improve insulation and degrade sustainably

	[14]

	
	
	MCF+ 1.5%
	Hot-Disk thermal constants analyzer (TPS 1500)
	0.04926 W/mK (15% lower than PLA)

	-
	· Compression modulus: 1 MPa (20% increase over PLA)
· Compression strength: 0.025 MPa (19% increase over PLA)

	
	

	
	
	MCF+ 2.25
	Hot-Disk thermal constants analyzer (TPS 1500)
	0.06755 W/mK (17% higher than PLA_Af)

	-
	· Compression modulus: 0.53 MPa (42% reduction over PLA_Af)
· Compression strength: 0.018 MPa (28% reduction over PLA_Af)

	
	

	
	
	MCF+ 3%
	Hot-Disk thermal constants analyzer (TPS 1500)
	0.07408 W/mK (50% higher than PLA_Af)

	-
	· Compression modulus: 0.41 MPa (60% reduction over PLA_Af)
· Compression strength: 0.014 MPa (44% reduction over PLA_Af)
	
	

	15.
	PLA/Coffee Grounds Composite for 3D Printing and Its Properties
	PLA+ 100%
	-
	-
	-
	· Tensile Strength: 49.99 MPa
· Modulus of Rupture: 2336 MPa
	Enhanced PLA with coffee grounds
	[15]

	
	
	PLA+ 1% Coffee Grounds
	-
	-
	-
	· Tensile Strength: ~50 MPa
· Modulus of Rupture: ~2500 MPa
	
	

	
	
	PLA+ 3% Coffee Grounds
	-
	-
	-
	· Tensile Strength: 51.28 MPa
· Modulus of Rupture: 3604 MPa
	
	

	
	
	PLA+ 5% Coffee Grounds
	-
	-
	-
	· Tensile Strength: ~40 MPa
· Modulus of Rupture: ~2500 MPa
	
	

	
	
	PLA+ 7% Coffee Grounds
	-
	-
	-
	· Tensile Strength: 26.45 MPa
· Modulus of Rupture: 2044 MPa
	
	

	16.
	Poly(caprolactone) Enabled Ultralight and Recyclable Poly (butylene adipate-co-terephthalate) Foams for Thermal Insulation Applications
	PBAT+ 100%

	Transient plane source method

	43.5 mW/mK

	-
	· Expansion ratio: 22.8
· Compression strength: 920 N·m/kg 
	PCL enhances PBAT foam insulation

	[16]

	
	
	PBAT+ 5% PCL

	Transient plane source method

	~40 mW/mK

	-
	· Expansion ratio: 27.5
· Compression strength: 1240 N·m/kg
	
	

	
	
	PBAT+ 10% PCL

	Transient plane source method

	32.5 mW/mK

	-
	· Expansion ratio: 29.4
· Compression strength: 1450 N·m/kg
	
	

	
	
	PBAT+ 20% PCL

	Transient plane source method

	32.5 mW/mK
	-
	· Expansion ratio: 31.8
· Compression strength: 1650 N·m/kg
	
	

	17.
	Comprehensive investigation and prediction model for mechanical properties of coconut wood–polylactic acid composites filaments for FDM 3D printing
	PLA+ 100% 
	-
	-
	-
	· Tensile Strength: 37.55 MPa (75% infill, concentric pattern)
· Compression Strength: 41.22 MPa (75% infill, grid pattern)
· Flexural Strength: 57.46 MPa (75% infill, concentric pattern)
	PLA-coconut wood enhances mechanical properties significantly
	[17]

	
	
	PLA+ 40%, 60% Coconut Wood

	-
	-
	-
	· Tensile Strength: 12.185 MPa (75% infill, concentric pattern)
· Compression Strength: 13.738 MPa (75% infill, grid pattern)
· Flexural Strength: 23.183 MPa (75% infill, concentric pattern)
	
	

	18.
	3D-printed polylactic acid-microencapsulated phase change material composites for building thermal management
	PLA+ 100% 

	Pyranometer and Thermocouples in simulated environmental conditions
	-
	-
	· 
	PLA-MPCM improves building thermal efficiency significantly especially in different climatic conditions

	[18]

	
	
	PLA+ 100% MPCM

	Differential Scanning Calorimetry (DSC)

	-
	-
	· 
	
	

	
	
	PLA+ 83.4% MPCM Composite

	83.4g MPCM in PLA matrix

	-
	-
	· 
	
	

	19.
	On the Use of Waste Materials for Thermal Improvement of 3D-Printed Block—An Experimental Comparison
	PLA+ 237.32 kg/m³ Block with Wood Sawdust
	Heat Flow Meter (HFM)

	0.038 - 0.050 mW/mK

	-
	· 
	Waste materials enhance 3D-printed insulation
	[19]

	
	
	PLA+ 72.62 kg/m³ Block with Sheep’s Wool 
	Heat Flow Meter (HFM)

	0.038 - 0.054 mW/mK

	-
	· 
	
	

	
	
	PLA+ 91.53 kg/m³ Block with Hemp 
	Heat Flow Meter (HFM)

	0.038 - 0.060 mW/mK

	-
	· 
	
	

	20.
	Development of functional gradient multi-material composites using Poly Lactic Acid and walnut shell reinforced Poly Lactic Acid filaments by fused filament fabrication technology
	Neat PLA

	-

	0.153 mW/mK
	-
	· Tensile strength: 34.88 MPa, Flexural strength: 48.23 MPa
· Compressive strength: 40.81 MPa, Shore D hardness: 72
	Functional gradient composites enhance material properties
	[20]

	
	
	PLA+ (WPLA)

	-
	0.062 mW/mK

	-
	· Tensile strength: 17.78 MPa, Flexural strength: 19.26 MPa
· Compressive strength: 70.165 MPa, Shore D hardness: 77.8
	
	

	
	
	PLA+ 50% Single-gradient PW, 
PLA+ 50% WPLA
	-
	-
	-
	· Tensile strength: 27.25 MPa, Flexural strength: 41.58 MPa
· Compressive strength: 63.68 MPa, Shore D hardness: 76.2
	
	

	
	
	PLA, 40%, 60% Multi-gradient PWP (WPLA)
	-
	-
	-
	· Tensile strength: 28.88 MPa, Flexural strength: 38.45 MPa
· Compressive strength: 52.24 MPa, Shore D hardness: 74
	
	

	
	
	PLA+ 40% Multi-gradient WPW,
PLA+ 60% WPLA
	-
	0.087 mW/mK

	-
	· Tensile strength: 26.865 MPa, Flexural strength: 36.78 MPa
· Compressive strength: 54.69 MPa, Shore D hardness: 75.9

	
	

	
	
	
	
	
	
	· 
	
	



Conclusion
The exploration of PLA and its categories reveals the immense potential of these materials to redefine sustainable material science. By leveraging fibers, wood and agricultural waste, wools, polymer blends, gas foaming, and advanced additives, researchers have unlocked new possibilities for enhancing PLA’s thermal, mechanical, and structural properties. Each category addresses specific challenges, from thermal insulation and mechanical strength to biodegradability and sustainability, providing a structured framework for innovation and optimization.
As research continues to optimize these materials, their applications in construction, packaging, and 3D printing will continue to expand, driving innovation and sustainability in material engineering. The integration of these additives not only enhances PLA’s performance but also aligns with the growing demand for renewable and biodegradable materials, paving the way for a more sustainable future.
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