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초록: PLA와 열가소성 폴리우레탄(TPU) 간의 호환성을 향상시키기 위해 동적 반응을 통해 cardanol을 주요 백본             

체인에 그래프팅하였다. Cardanol-grafted PLA(PLAC)/TPU 혼합 기반 필라멘트는 용융 압출을 사용하여 테스트되          

었고 PLAC 그래프팅 비율이 PLAC/TPU 혼합물의 유변학적 특성 및 열 변형과 3 차원 인쇄 부품의 기계적 특성에                

미치는 영향을 조사하였다. Cardanol 농도가 증가함에 따라 유리 전이 온도가 감소하는 것을 확인하였고 differential             

scanning calorimetry 측정으로 결정성 감소가 관찰되어 PLA 와 TPU 간의 혼화성이 향상되었으며 결과적으로 PLAC/             

TPU 블렌드의 향상된 인성을 볼 수 있었다.

Abstract: The functionalization of polylactic acid (PLA) is examined by grafting cardanol onto its main backbone 

chain through a dynamic reaction to improve compatibility between PLA and thermoplastic polyurethane (TPU). 

Cardanol-grafted PLA (PLAC)/TPU blend-based filaments for fused deposition modeling are tested using melt 

extrusion. Effects of PLAC grafting ratio on the rheological properties and thermal transformation of the PLAC/

TPU blends and the mechanical properties of three-dimensional-printed parts are investigated. A decrease in the 

glass transition temperature and crystallinity from differential scanning calorimetry are observed with increasing 

cardanol concentration, implying improved miscibility between PLAC and TPU and as a result, PLAC/TPU blends 

exhibit improved toughness.

Keywords: cardanol, polylactic acid, fused deposition modeling, 3D printing, dynamic reaction.

Introduction

Over the past few years, additive manufacturing (AM) tech-

nology has been employed in aerospace, automotive, archi-

tecture, medical, education, and fashion applications1 owing to 

its advantages of producing complex shapes in a time-efficient 

and cost-effective manner.2 Several AM techniques, such as 

fused deposition modeling (FDM), stereolithography, inkjet 

printing, and selective laser sintering,3 have been developed. 

Among them, FDM is the most commonly used technique4-6

owing to its cost-effectiveness, versatility, ease of use, and cus-

tomizability.
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Polylactic acid (PLA) is a widely utilized raw material in 

FDM-based three-dimensional (3D)-printing processes because 

it offers numerous advantages, such as high strength and mod-

ulus, good processability, biodegradability, and barrier proper-

ties.7 However, the applications of PLA are hindered by 

drawbacks, such as poor processability, small elongation at 

break, and poor impact strength.8

To overcome these drawbacks, the blending of PLA with 

poly(ε-caprolactone), poly(butylene adipate-co-terephthalate),7,9

poly(butylene succinate),10,11 thermoplastic polyurethane (TPU) 

elastomers, polypropylene/ethylene-propylene-diene rubber, poly-

ester elastomers, ethylene-n-butyl acrylate-glycidyl methacry-

late, poly-(ethylene-glycidyl methacrylate), and unsaturated 

aliphatic polyester elastomers have been studied. These com-

binations have been shown to improve the toughness of PLA,12-14

and among them, TPU is considered a good candidate to facil-

itate the toughening of PLA owing to its unique flexibility, 

durability, toughness, and biocompatibility.15,16 However, mul-

tiphase morphology that originates from immiscible systems 

formed between PLA and TPU weakens interfacial adhesion.17

Consequently, the performance of such blends is limited. None-

theless, enhanced compatibility between PLA and TPU can be 

realized using an additional plasticizer. 

Cardanol is a by-product obtained during the processing of 

natural cashew shells. It is used as a plasticizer and antioxidant 

as well for improving the physico-mechanical properties in the 

polymer industry. Cardanol can be used as an interfacial com-

patibilizer via reactive compatibilization with the aid of the 

unsaturated side chains and phenyl hydroxyl.18 In contrast to 

other interfacial compatibilizers, cardanol is an eco-friendly and 

cost-effective alternative for enhancing the interface interaction 

between PLA and TPU, while retaining the biocompatibility of 

the blends. Previous studies demonstrated the compatibiliza-

tion of cardanol-grafted polypropylene/bamboo composites,19

cardanol-grafted liquid isoprene rubber/silica composites,20 and 

cardanol-grafted poly(acrylonitrile–butadiene–styrene) (ABS)/

PLA blends.21 However, studies on the compatibilization of 

cardanol-grafted PLA/TPU blends have not been conducted 

thus far.

In this study, first, cardanol-grafted PLA (PLAC) polymers 

were synthesized using dicumyl peroxide (DCP) to initiate free 

radical reactions between PLA and the unsaturated side chains 

of cardanol during a dynamic reaction in an extruder. The 

branched side chains of PLAC are expected to improve the 

miscibility with TPU macromolecules under heat and shear 

stress conditions during melt processing. Second, the rheological 

and thermal properties and 3D-printed parts of the PLAC/TPU 

blends were examined to evaluate the effectiveness of grafting. 

In addition, the percent grafting and chemical structure of 

PLAC were characterized.

We demonstrate that cardanol can function as a multifunc-

tional additive in PLA/TPU blends by acting as a compat-

ibilizer and plasticizer; consequently, the toughness of PLA can 

be effectively improved by dynamic reactive compatibilization. 

Moreover, the proposed method can be used to generate high-

toughness and biochemical PLA-based filament for 3D printing.

Experimental

Materials. PLA was obtained from Dongguan Dezhijian     

Co. Ltd. (China). Cardanol was supplied by Shandong Jiaying 

Chemical Technology Co. Ltd. (China). DCP was purchased 

from Jiangsu Altertech Material Co. Ltd. (China). TPU (LM-95A) 

was acquired from The Lubrizol Corporation (USA). All the 

other chemicals and reagents were obtained from a local market.

Synthesis of PLAC Polymers. Precalculated amounts of     

PLA, cardanol (0, 0.5, 1, 3, and 5 wt%), and DCP (0.5 wt%)22,23

were premixed at 1500 rpm/min and 25 ℃ in a high-speed     

mixer (HRS-0.5, Huanxin Technology, China). The PLA was 

dried for 24 h in a vacuum oven at 65 ℃ and 24 bar to remove     

moisture before compounding. Thereafter, the mixture was 

extruded using a corotation twin-screw extruder (SHJ-20C, 

Nanjing Giant Machinery, China). The rotation speed of the 

extruder was controlled at 10 rpm/min, and the extrusion tem-

perature from the feeder to the die was set to 170/180/190/185 

/180/170 ℃. The extrudate was solidified in a water bath     

Figure 1. (a) Preparation of PLAC; (b) preparation of PLAC/TPU 
filaments; (c) FDM printing of PLA and PLAC/TPU dumbbell-
shaped specimens.
폴리머, 제47권 제6호, 2023년



Innovative Synthesis of Durable Polylactic Acid-Thermoplastic Polyurethane Elastomer Composites for 3D Printing Applications 713

 

        

       

   

 

 

       

       

      

       

       

   
before granulation (Figure 1(a)). Thereafter, the PLAC polymer 

was dried under a vacuum at 80 ℃ to remove the absorbed           

water.

Preparation of PLAC/TPU Blends. The PLAC/TPU blends      

were obtained through the melt processing of PLAC and TPU 

in the twin-screw extruder, and the temperature from the feeder 

to the die was set to 170/180/190/185/180/170 ℃. The PLAC/         

TPU weight ratio was fixed at 70/30.16 Filaments with a diam-

eter of 1.75 ± 0.5 mm were obtained by adjusting the rotational 

speed of the winder (Figure 1(b)).

FDM Process. ISO527-2-2012 1BA type dumbbell-shaped     

specimens with a thickness of 4 mm were manufactured using 

an FDM 3D printer (4Max Pro2.0, Shenzhen Anycubic, China). 

The parameters of the FDM printer are listed in Table 1. Figure 

1(c) shows the FDM-printing procedure for the specimens.

Characterization. Determination of Percent Grafting:    

The PLAC was extracted for 48 h with acetone in a Soxhlet 

apparatus to remove any physically bound or entrapped car-

danol and DCP. The precipitate was dried at 70 ℃ in a vacuum            

oven until a constant weight was achieved.24,25

The percent grafting was calculated from the residual weight, 

as follows:

Percent grafting (%) = 

                   ×100 (1)

Gel Fraction: The PLAC was extracted using a Soxhlet        

extractor with toluene as the solvent. Before extraction, a cer-

tain amount of PLAC was packed with filter paper, and the 

system was refluxed for 12 h. The package was dried and 

weighed after the extraction. The extraction was repeated until 

no soluble residue was remaining in the package. The gel frac-

tion was calculated using the following equation:19

Gel fraction (%) =    (2)

where MP is the weight of PLAC (g); MT is the sum of the 

weights of PLAC and the filter paper before extraction (g); and 

MR is the sum of the weights of residual PLAC and the filter 

paper after extraction (g).

Fourier Transform Infrared (FTIR) Spectroscopy: FTIR     

spectra were recorded on a VERTEX70 (Bruker, Germany) 

spectrometer in a range of 400-4000 cm-1. The samples were 

purified by dissolving in refluxing acetone and toluene to 

remove the unreacted cardanol and DCP. 

Rheological Properties: The rheological properties were    

measured at 190 ℃ and shear rates of 100-1500 s-1 using a cap-    

illary rheometer (MLW-400B, Changchun Intelligent Instrument 

and Equipment, China) and a die with L/D = 10 (length: 10 mm, 

diameter: 1 mm).26,27

The melt flow index (MFI)28 was measured using an XNR-

400C melt flow indexer (Jinhe Instruments, China). The test 

was performed at a uniform temperature of 190 ℃ with a load    

of 3.24 kg. A rod (100 g) was used as a plunger. The MFI value 

was the average value of at least five measurements.

Tensile Properties: The tensile strength and elongation at    

break were measured using a universal testing machine (YF-900, 

Yuanfeng, China) at a crosshead speed of 10 mm/min according 

to ISO-527-1-2021. The sample length between benchmarks 

was 50 mm. Medial values were obtained from at least five 

specimens of each blend. 

Impact Measurement: The edgewise unnotched Charpy    

test was performed for all samples using the XJJ-50 Beam 

impact testing machine (Chengde Kecheng Testing Machine, 

China) according to ISO 179-1. At least three specimens were 

tested for each sample under the same conditions to ensure 

data reliability.

Thermal Analysis: Differential scanning calorimetry (DSC,    

DSC6200, NSK, Japan) was used for thermal analysis. The DSC 

program was set as follows. A temperature of 40 ℃ was main-    

tained for 3 min. Thereafter, it was increased to 200 ℃ at    

10 ℃/min, maintained for 5 min to remove any thermal his-    

tory, decreased to -50 ℃ at 10 ℃/min, maintained for 5 min,    

and then increased to 200 ℃ at 10 ℃/min.29 The TA Universal    

Analysis (v4.4A) software was used to analyze the data.

Results and Discussion

Effect of Cardanol Concentration on Grafting Ratio. PLAC    

was synthesized using a cardanol monomer and free radical 

initiator (DCP, 0.5 wt% of PLA) through a polymerization reac-

tion. The steps involved in the grafting reaction are shown in 

 

Weight of cardaonl grafted onto PLA

Weight of grafted PLAC

MR MT MP–( )–

MP

----------------------------------- 100×

Table 1. FDM-Printing Parameters

Parameters
Nozzle diameter 

(mm)
Layer thickness 

(mm)
Printing speed 

(mm/s)
Nozzle temperature

(℃)
Bed temperature

(℃)
Fill density

(%)

Value 0.4 0.1 40 190 60 20
 Polym. Korea, Vol. 47, No. 6, 2023
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Figure 2. The reaction begins with the thermal homolytic scis-

sion of the oxygen–oxygen bonds of DCP to from peroxy rad-

icals (RO·). These radicals can capture hydrogen at the α-carbon 

atom relative to the ester group and form a PLA macroradical 

(A·). Additionally, they can attack the unsaturated side chains 

of cardanol to form radicals (B·). After the PLA macroradical 

is generated, various termination reactions can occur through 

cardanol grafting or recombination along with other possible 

reactions. As shown in Figure 2, chain extension (crosslinking 

reaction) can occur through Combinations I and III during the 

grafting reaction. Cardanol grafting on the PLA macroradical 

occurs through Combination II. The movement of unsaturated 

side chains is hindered by the rigid phenyl groups of cardanol; 

therefore, cardanol grafted onto PLA does not crosslink during 

reactive extrusion. Hence, it is possible to obtain dimers or 

oligomers instead of crosslinked polymers.19,30

The cardanol concentration and percent grafting (the mass 

ratio of grafted cardanol to PLA) were investigated to qualita-

tively estimate the grafting degree of PLAC. Figure 3(a) shows 

that the percent grafting increases until a cardanol concen-

tration of 1% and then becomes saturated because the reaction 

time and reaction sites on PLA and the DCP content are lim-

ited.31 The reaction is initiated by DCP mainly owing to col-

lisions, and the probability of collisions significantly increases 

with the cardanol concentration. Accordingly, a higher car-

danol concentration results in a higher grafting percentage. A 

crosslinking reaction between PLA macroradicals is inevitable 

during melt grafting extrusion initiated by a peroxide (Figure 

2, Combination I). Gel fraction experiments were used to test 

Figure 2. Proposed reaction mechanism of PLAC.

Figure 3. Effects of the cardanol concentration on (a) percent graft-
ing and (b) gel fraction; (c) extruded filaments of PLAC0 and 
PLAC0.5.
폴리머, 제47권 제6호, 2023년
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the crosslinking frequency of PLA macroradicals. As shown in 

Figure 3(b), the variations in the percent grafting and gel fraction 

with the cardanol concentration show opposite trends because the 

cardanol monomer is an efficient plasticizer for PLA.32,33 The 

cardanol monomer can easily disperse into the PLA macro-

molecules and hinder the recombination reaction between PLA 

macroradicals. Therefore, the gel fraction decreases as the car-

danol concentration increases. Figure 3(c) shows the extruded 

filaments of PLAC0 and PLAC0.5. A strong extrudate swelling 

phenomenon is observed, and foam-like structures are formed 

through the dominant crosslinking reactions owing to the 

absence of cardanol in PLAC034. Consequently, the stiffness 

characteristics of PLAC0 render it difficult to process and use 

for filament preparation for FDM. However, with the addition 

of cardanol, PLAC0.5 shows a smooth and uniform shape 

without extrudate swelling, as shown in Figure 3(c). 

Characterization of PLAC. The grafting of cardanol onto     

the PLA macromolecules was confirmed by FTIR analysis, as 

shown in Figure 4. PLAC was purified to remove the unre-

acted cardanol and DCP by dissolving in refluxing acetone and 

toluene. The figure also shows the cardanol spectrum to iden-

tify and compare the absorption bands related to cardanol 

chemical bonds. In the cardanol spectrum, the strong and 

broad absorption peak at 3352 cm-1 (violet band in the figure) 

corresponds to the hydroxyl group. The peak at 3012 cm-1 is 

attributed to the unsaturated group (C=C-H) in the alkyl side 

chains. The characteristic peaks at 2927 and 2854 cm-1 cor-

respond to methylene C-H and methyl C-H stretching, respec-

tively. The peaks at 1590 (the skeletal vibration of aromatic 

(-C=C-) linkages), 1490, and 1455 cm–1 are associated with the 

vibration absorption of the benzene ring.34 The peak at 1265 cm-1

indicates the presence of the C-O stretching aromatic ring. The 

ortho substitution in benzene nuclei is confirmed by the pres-

ence of the peak at 723 cm-1. The vinyl vibrations at 694, 779, and 

991-869 cm-1 are due to side chain (-C=C-) double bonds.35

The PLA characteristic spectral peaks at 1758, 3002, 2950, and 

1080 cm-1 correspond to C=O, -CH3 asymmetric, -CH3 sym-

metric, and C-O, respectively. The peaks at 1455 and 1374 cm-1

correspond to -CH3 asymmetric and -CH3 symmetric blending 

frequencies, respectively.36 The PLAC spectrum also shows 

evident absorption peaks at 3352 and 1590 cm-1, which are 

assigned to the stretching vibration of the phenolic hydroxyl 

group and skeletal vibration of the benzene ring, respectively; 

these are mainly due to the presence of cardanol. Additionally, 

the peaks at approximately 1250-1600 cm-1 (yellow and blue 

bands in the figure) correspond to the in-plane bending of the 

aromatic ring. Based on the above-mentioned analysis, the 

Figure 4. FTIR spectra of cardanol, PLA, and PLAC.

Figure 5. (a) Steady shear rheology curve of viscosity as a function of shear rate for PLAC/TPU blends at 190 ℃; (b) MFI of PLAC/TPU 
blends.
 Polym. Korea, Vol. 47, No. 6, 2023
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grafting reaction occurs through the side chain of cardanol in 

the presence of DCP. In addition, the phenolic group does not par-

ticipate in the reaction and remains intact.37

Characterization of PLAC. The rheological properties and      

MFIs of various PLAC/TPU blend filaments were investigated, 

considering the importance of the melt viscosity of the poly-

mer filaments for the feeding performance.38,39 The viscosity 

(η) versus the shear rate (γ) at 190 ℃ are shown in Figure 5(a).             

For all blends, η decreases as γ increases, indicating that the 

blends behave as pseudoplastic or shear-thinning fluids under 

the experimental conditions.

The relationship between η and γ is defined by the power-

law model,26,40 as follows:

,        (3)

where K is the consistency index, and n is the power-law 

index. Note that n = 1 corresponds to Newtonian behavior, and 

n is less than 1 for pseudoplastic fluids. Figure 5(a) shows that 

the behavior of the PLAC/TPU blends closely resembles the 

power-law behavior at the investigated shear rate. The power-

law parameters for all blends are listed in Table 2. As the car-

danol concentration in PLAC increases, the shear thinning in 

the melt PLAC/TPU blends becomes stronger, and n decreases. 

The rheological behavior of the blends is influenced by the car-

danol concentration. The alkyl side chains of PLAC and dis-

sociative cardanol in the blends can weaken the PLAC–PLAC 

and TPU–TPU interactions (hydrogen bonds), respectively. 

Therefore, the mobility of the macromolecules is higher under 

the same processing conditions, and the blends exhibit a stron-

ger shear-thinning behavior. Therefore, 5 wt% is the maximum 

cardanol concentration in PLAC (PLAC5). At cardanol con-

centrations higher than 5 wt%, the extrudate behavior is similar 

to that of a Newtonian liquid. Hence, it is difficult to form fil-

aments for FDM.

Figure 5(b) shows the MFIs of the PLAC/TPU blends as a 

function of the cardanol concentration. The MFI is inversely 

proportional to the viscosity of the polymer melts. The branch-

ing and crosslinked structures can cause a low MFI.19 The MFI 

(melt viscosity) increases with the cardanol concentration, which 

is the same trend as that observed for the rheological prop-

erties. The MFI increases from 1.3 to 11.40 g/10 min as the car-

danol concentration increases from 0 to 5 wt%. As the cardanol 

concentration increases further, the percent grafting increases, 

and the possibility of crosslinking decreases, which decreases 

the viscosity of the blends. 

Thermal Properties of PLAC/TPU Blends. Figure 6 shows    

the DSC thermograms of PLA and the PLAC/TPU blends 

obtained by increasing the temperature from 0 to 250 ℃ at    

10 ℃/min. The melting temperature (Tm) of PLA is approx-    

imately 169.68 ℃. In addition, the Tm value of PLAC/TPU is    

164-165 ℃. The glass transition temperature (Tg) of PLA is    

approximately 60.65 ℃. Similar shapes of the Tg curves are    

reported in the literature.41-43 Note that the Tg values of the 

PLAC0.5/TPU and PLAC3/TPU blends are 56.83 and 49.83 ℃,    

respectively. The decrease in Tg indicates that cardanol effec-

tively improves the compatibility of the PLAC/TPU blends. 

Similarly, cardanol significantly increases the number of imper-

fect crystals in PLA.44 This behavior may be associated with 

the fact that the cardanol grafted onto PLA disturbs the crys-

tallization of PLA and weakens the interaction of PLA mac-

romolecules owing to the increase in the chain distance. 

Therefore, the polymer chains interspersed between PLA and 

TPU reduce the interfacial tension and improve the interfacial 

adhesion and compatibility of the blends.31,45 

Mechanical Properties of PLAC/TPU Blends. Figure    

7(a) presents images of the FDM-printed dumbbell-shaped 

specimens of PLA and the PLAC/TPU blends. Warpage, dis-

η Kγ
n 1–

 or logη logK n 1–( )logγ+= =

Table 2. Power-law Parameters of PLAC/TPU Blends

Specimen Power-law index
Consistency index
(K, Nsn/m2)�104

PLA 0.321 2.83

PLA/TPU 0.292 2.08

PLAC0.5/TPU 0.172 4.65

PLAC1/TPU 0.140 3.96

PLAC3/TPU 0.101 4.65

PLAC5/TPU 0.075 5.67

Figure 6. DSC thermograms of PLA and PLAC/TPU blends.
폴리머, 제47권 제6호, 2023년
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tortion, and delamination are not observed in any specimen, 

which shows the good printability of the PLAC/TPU-based fil-

aments. However, the surface quality of the PLA specimen is 

better than that of the PLAC/TPU blend specimens because the 

viscosity of polymer filaments strongly affects the dimensional 

accuracy of the FDM parts. When the viscosity is low, the height 

and shape of extruded material paths cannot be precisely con-

trolled.38 Figure 7(b) shows the typical stress–strain curves of 

PLA and the PLAC/TPU blends. The behavior of PLA and the 

PLAC/TPU blends changes from stiff to elastic, and the curves 

are characterized by a yield point of tensile stress and strain. 

PLA has rigid and brittle characteristics. It instantly shows an 

evident yield point followed by failure under tensile load. The 

tensile strength is 39.49 MPa, and the elongation at break is 

approximately 14.7%. However, the PLAC/TPU blends exhibit 

clear yielding characteristics upon stretching (Figure 7(c)). 

After yielding occurs, the strain increases, whereas the stress is 

approximately constant. Neck formation for different materials 

are shown in Figure 7(d). PLA shows the commonly observed 

brittle behavior of elongation at break, while PLAC/TPU exhib-

its excellent flexibility through significant yield and neck for-

mation before the fracture occurs, and this is supported by the 

stress-strain curve shown in Figure 7(b) and the deformation 

sequence shown in Figure 7(c). This indicates a transition from 

the brittle behavior of PLA to the ductile behavior of PLAC/

TPU. Notably, the elongation at break increases with the car-

danol concentration. PLAC3/TPU has a relatively high elon-

gation at break of 439.33% (28 and 1.6 times higher than those 

of the PLA and PLA/TPU blends, respectively), and its tensile 

strength is 21.4 MPa. In addition, the impact strength of the 

blends increases with the cardanol concentration (Figure 7(e)). 

PLAC3/TPU shows the maximum impact strength, which con-

firms that cardanol is an excellent agent for toughening PLA/

TPU through radical-induced grafting although PLAC5/TPU 

has the highest MFI (Figure 5(b)). This feature can improve 

the miscibility and entanglement of the TPU macromolecules 

in the PLA matrix. The optimum blend is identified as PLAC3/

TPU. For a better comparison of the samples, we summarize 

our results in Table 3.

Conclusions

Cardanol was successfully grafted onto PLA molecule chains 

under initiation by DCP, and the grafting ratio increased with 

the cardanol concentration. As the cardanol concentration 

increased, the Tg and Tm values of the PLAC/TPU blends 

decreased, and the cold-crystallization peak (Tcc) disappeared, 

indicating good compatibility between PLA and TPU after car-

danol grating. In addition, the MFI and tensile strength of the 

PLAC/TPU blends decreased, whereas the elongation at break 

and impact strength increased. These behaviors indicated that 

the cardanol grafting on PLA effectively improved the com-

prehensive properties of PLAC/TPU. The elongation at break 

of the 3D-printed specimens of the PLAC/TPU blends was 28 

and 1.6 times higher than that of PLA and the PLA/TPU blends, 

Figure 7. (a) Images of FDM-printed dumbbell-shaped specimens; 
(b) stress–strain curves of various specimens; (c) deformation 
sequence of 3D-printed PLAC3/TPU blend after loading; (d) 3D-
printed PLA, PLA/TPU, and PLAC/TPU specimens after breaking; 
(e) impact strength of different blends. 

Table 3. Summarize Mechancial Properties of Specimens

Properties PLA PLA/TPU PLAC0.5/TPU PLAC1/TPU PLAC3/TPU PLAC5/TPU

Tensile strength (MPa) 39.49 ± 0.995 32.48 ± 1.95 26.08 ± 1.52 21.23 ± 2.41 21.40 ± 0.995 18.75 ± 1.49

Elongation at break (%) 14.70 ± 1.95 159.13 ± 8.24 255.33 ± 25.95 308.99 ± 9.14 439.33 ± 55.35 305.33 ± 14.37

Impact strength (kJ/m2) 6.144 ± 1.81 38.21 ± 8.83 66.25 ± 9.18 86.20 ± 7.04 113.58 ± 13.24 86.67 ± 7.08
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respectively. However, the low surface roughness of the printed 

parts limits their applicability. Base on the literature, the reac-

tive compatibilizers used for the compatibilization of PLA and 

TPU are mainly isocyanates and acrylates derivatives. The tox-

icity of these compatibilizers destroy the biocompatibility of 

the blends. However, cardanol is an eco-friendly and renew-

able resource for biocompatibility.46 The presence of bi-func-

tional and reactive groups in the cardanol structure renders it 

suitable for introduction into PLA/TPU blends as a reactive 

compatibilizer. However, the low surface roughness of the 

printed parts needs to be improved using a post-polishing pro-

cess if the customized 3D printing design requires good surface 

quality. Furthermore, different grades of PLA, TPU, or other 

types of eco-friendly compatibilizers would help achieve supe-

rior surface qualities without any extra post processing, and this 

will be addressed in future studies.
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