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Biopolymers, especially poly(lactic acid) (PLA), have been among major 
3D-printing materials, particularly for fused deposition modelling (FDM) 
techniques. Blending of PLA with poly(butylene succinate) (PBS) can 
enhance toughness. The blend can be reinforced by the addition cellulose 
nanofibrils (CNF), which has been rarely studied. A 1% solution of CNF 
was added to PLA/PBS with ratio of 70:30 directly during melt-blending 
into 3D-printing filament, which was fed into a FDM 3D printer. 
Characterization by Fourier transform infrared spectroscopy revealed 
successful integration of CNF fillers with more hydroxyl group availability 
in the composite. The degree of crystallinity of PLA, however, was 
decreased by addition of CNF fillers. This was also evident by the X-ray 
diffraction analysis, probably due to reduced chain mobility by 
entanglement effect. Mechanical performance of the printed samples was 
studied at 23 °C and at slightly elevated temperature of 40 °C, which 
revealed improved modulus and elongation stability at 40 °C in PLA/PBS-
CNF1% composite. Water absorption study also revealed 50% 
enhancement with addition of CNF fillers, indicating improved water 
penetration, which could be beneficial for biodegradability. With good 
mechanical stability at around 40 °C and good water penetration, 
PLA/PBS-CNF1% composite could be beneficial in 3D-printing for 
biomedical application and water treatment. 

 

DOI: 10.15376/biores.21.1.1050-1064 

 

Keywords: Polylactic acid; Polybutylene succinate; Cellulose nanofibrils; Bio-based composites 

 
Contact information: a: Research Center for Sustainable Process Technology (CESPRO), Faculty of 

Engineering and Built Environment, Universiti Kebangsaan Malaysia, 43600 Bangi, Selangor, Malaysia; 

b: Department of Chemical and Process Engineering, Faculty of Engineering and Built Environment, 

Universiti Kebangsaan Malaysia, 43600 Bangi, Selangor, Malaysia; c: Roobah Sdn. Bhd., Akademia Siber 

Teknopolis, Universiti Kebangsaan Malaysia, 43600 Bangi, Selangor, Malaysia; d: Department of Applied 

Physics, Faculty of Science and Technology, Universiti Kebangsaan Malaysia, 43600 Bangi, Selangor, 

Malaysia; *Corresponding author: mohdshaiful@ukm.edu.my 

 

 
INTRODUCTION 
 

Additive manufacturing, especially in the 3D-printing area, has already gained 

special interests from scientific communities due to its immense potential in various 

application areas (Tappa et al. 2019; Tao et al. 2021; Gauss and Pickering 2023). Among 

the popular techniques being utilized is fused deposition modelling (FDM). This method 

is especially popular for polymers due to its flexibility with various types of polymeric 

materials and composites (Tao et al. 2021; Mukoroh et al. 2024). Poly-lactic acid (PLA) 

for examples has become integral part of FDM 3D-printing materials, especially being a 
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bio-based and biodegradable, which could be beneficial for sustainability and 

environmental preservation (Bhagia et al. 2021; Tao et al. 2021; Musa et al. 2022; Zaidi et 

al. 2023). It has considerable modulus due to being in glassy state as its glass transition 

temperature is generally above ambient temperature. However, the glassy state of PLA 

contributes to its low impact resistance and relative brittleness compared to several 

polymers such as polypropylene (PP) (Rosli et al. 2021; da Silva Barbosa Ferreira et al. 

2022; Schmitz et al. 2023). 

Blending of PLA with other ductile polymers such as poly-butylene succinate 

(PBS) has been shown to enhance ductility and toughness due to capability of PBS to 

achieve over 500% of elongation (Ostrowska et al. 2019; Su et al. 2019; Schmitz et al. 

2023). Addition of PBS can add a plasticizing effect and improve energy-dissipating 

mechanisms contributing to high toughness, such as effective stress transfer along its 

backbone chain and multiple nanosized voids formation (Tangnorawich et al. 2023). Over 

8-fold increase of elongation at break has been achieved by the FDM 3D-printed samples 

by blending with 50% w/w PBS compared to the neat PLA (Garofalo et al. 2025). 

Biodegradability of PBS is also advantageous for biodegradable polymer blends 

formulations with PLA, as PBS is also biodegradable (Garofalo et al. 2025). The interfacial 

region between PLA and PBS phases in PLA/PBS blends could enhance water penetration, 

thereby potentially further improving biodegradability (Lyyra et al. 2023). Although most 

of PBS production is still petroleum-based, fully bio-based PBS production has been 

growing, especially from the underutilized agricultural biomass (Qiu et al. 2016; Luthfi et 

al. 2020; Lyyra et al. 2023). A study on production of PBS from oil palm biomass has 

revealed high feasibility of producing 100% bio-based PBS with 99.69% purity, 6.33 years 

of dynamic payback period (Arpa et al. 2023). Fully bio-based especially from agricultural 

biomass leftovers could be highly valued due to rising concern on the environmental 

problems, especially related to the petroleum (Luthfi et al. 2020; Aliotta et al. 2022).  

A high content of cellulosic materials in the agricultural biomass can be further 

utilized to reinforce PLA/PBS blends, which has been studied extensively with PLA and 

PBS (Cindradewi et al. 2021; Lafia-Araga et al. 2021; Shazleen et al. 2021; Ren et al. 

2022; Hanipa et al. 2025). In both PLA and PBS-based cellulose composites, mechanical 

improvements have been reported (Cindradewi et al. 2021; Platnieks et al. 2021; Shazleen 

et al. 2021). PLA reinforced with cellulose nanofibrils (CNF) improved tensile strength 

and modulus by maximum of 8% and 14%, respectively, as reported by a previous study 

(Shazleen et al. 2021). Another study that formulated PBS with CNF has successfully 

improved tensile strength by up to 19%, however with the use of a coupling agent 

(Cindradewi et al. 2021). PLA/PBS blends composite with cellulosic materials have also 

been reported particularly with the use of agricultural fibers and crystalline cellulose such 

as microcrystalline cellulose (MCC) and cellulose nanocrystals (CNC) (Rasheed et al. 

2021; Zhang et al. 2022; Garofalo et al. 2025; Ucpinar et al. 2025). For example, the effect 

of hemp fiber addition into PLA/PBS FDM 3D-printing filament has been investigated in 

a previous study, which observed improvement of flexural modulus but slight decrease of 

flexural strength (Garofalo et al. 2025). Another study reported over 22% of tensile 

strength improvement and over 1-fold of improvement of modulus with addition of 0.75% 

w/w CNC into PLA/PBS blends (Rasheed et al. 2021). One previous study has utilized 

CNF for PLA/PBS with notable improvement of hydrophilicity, protein adsorption, and 

cell proliferation rate, revealing its potential in biomedical studies (Saeed et al. 2022). The 

study however was focused on electrospinning, which is highly different than FDM 3D-

printing. Despite having huge benefit and potentials, several challenges associated with 
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incorporation of fillers from biomass into FDM 3D-printing were reported, including 

nozzle clogging and flow inconsistency (Bhagia et al. 2021). Limited miscibility between 

PLA and PBS could also impose challenges, especially when adding cellulose fillers, albeit 

good compatibility of the fillers has been reported separately with PLA and PBS, 

respectively below 3% w/w of filler loading (Deng et al. 2015; Cindradewi et al. 2021; 

Shazleen et al. 2021). 

The aim of this study was to investigate the effect of CNF addition to PLA/PBS 

formulation for 3D-printing applications. This involved the process of direct melt-

compounding and extrusion into 3D-printing filaments by using a benchtop filament 

maker, which were fed into a 3D-printer to prepare samples for mechanical performance 

and water absorption study. The effect of CNF addition was observed in terms of chemical 

interactions, thermal stability properties, and crystallinity properties, in comparison to the 

PLA/PBS polymer blend. 

 
 
EXPERIMENTAL 
 

Materials 
PLA pellets with brand name Luminy LX-575 were obtained from Total Corbion 

(Rayong, Thailand). The PLA pellets were reported to have a density, melt flow index, and 

stereoisomer purity, of 1.24 g/cm3, 7 g/10 min (210 °C/2.16 kg), and 98% L-isomer, 

respectively. Bio-based PBS pellets with a density, melting point, and melt flow index, of 

1.21 g/cm3, 100 to 115 °C, and 2.5 to 4.5 g/10 min (190 °C/2.16 kg), respectively, were 

sourced from Xinjiang Blue Ridge Tunhe Polyesters Co., Ltd. (Xinjiang, China). CNF 

extracted from oil palm empty fruit bunch fibers (OPEFB) was sourced from Roobah Sdn. 

Bhd. (Selangor, Malaysia) following the previously reported method (Wan Jusoh et al. 

2025).  

Briefly, dissolved lignin was removed from OPEFB using an organosolv extraction 

process, where OPEFB fibers were mixed with 90% formic acid at a 30:1 ratio and heated 

in a three-neck flask at 90 °C for 2 h. The resulting pulp was separated by vacuum filtration 

and washed with deionized water. Catalytic oxidation was then performed using 30% 

hydrogen peroxide (1–6% w/v) and Fe(II) (2–14 mg/L) at 90 °C for 24 h, with ~0.1 mL of 

1 M HCl added to stabilize the solution. All chemicals used in this process were obtained 

from Merck, Darmstadt, Germany. After filtration and washing, the purified cellulose pulp 

was stored at ~4 °C. To prepare cellulose nanofibrils (CNF), the isolated cellulose (0.7 

wt%) was dispersed in deionized water and fibrillated for 30 min using a high-speed 

homogenizer (25,000 rpm, IKA T25 Digital, Staufen, IKA Germany), maintaining the 

temperature below 70 °C. The CNF suspension was stored at ~4 °C prior to drying. For 

CNF powder production, the suspension was subsequently spray-dried using an in-house 

laboratory spray-drying system to obtain dry CNF powder. 

 

Preparation of 3D-Printing Filament 
CNF powder, PLA, and PBS pellets were heated at a temperature of 50 ºC overnight 

to remove moisture before the extrusion to produce filaments to avoid hydrolytic 

degradation during the extrusion. The dried PLA and PBS pellets were weighed according 

to 70:30 ratio and mixed inside a beaker until obtaining well distributed PLA and PBS 

pellets. To produce a premix of PLA/PBS-CNF1%, 1% w/w of dry CNF powder was 

weighed. 1% v/w of chloroform was added into the beaker, and the CNF powder was 
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immediately added and mixed until the CNF homogeneously attached on the surface of the 

pellets by visual observation. The PLA/PBS-CNF1% premix then was kept in an oven at 

50 ºC for 30 min to allow complete drying before extrusion process.  

For the PLA/PBS-CNF1% composite preparation, a benchtop filament maker 

(Filabot EX2 Extruder, Filabot, Barre, VT, USA) was used for this study. The extruder was 

pre-cleaned and purged with HDPE at 230 °C, followed by the desire polymer, PLA/PBS 

extrusion to purge the excess HDPE in accordance with the standard operating procedure 

of the extruder, as HDPE provides a low-viscosity and thermally stable melt that effectively 

removes residual materials. The premix of PLA/PBS of was fed into the filament maker at 

a minimum of 100 g until PLA/PBS started to be extruded, after which the temperature of 

165 and 175 °C at feeding and at the nozzle, respectively were used. The filament diameter 

was continuously measured and controlled by the diameter control package of the filament 

maker to ensure consistent diameter of 1.75 ± 0.10 mm. After PLA/PBS finished, premix 

of PLA/PBS-CNF1% was fed and the same extrusion process was carried out to produce 

PLA/PBS-CNF1% filament. 

 

3D-Printing Process 
Samples for tensile and impact testing were prepared through fused deposition 

modelling (FDM) 3D-printing technique using Prusa i3 MK3S (Prusa Research, Prague, 

Czech Republic). The tensile sample design was based on ASTM D638 Type V, while the 

water absorption test was based on ASTM D570 (76.2 mm × 25.4 mm × 3.2 mm). All 

designs were converted to G-code by using PrusaSlicer software 2.7.4 (Prusa Research, 

Prague, Czech Republic) by using vertical shell consisting of 2 perimeter lines, and a 

rectilinear infill of 100% at an angle of 45°. Nozzle temperatures of 215 and 205 °C were 

used for the first layer and the remaining layers, respectively, while a constant printer bed 

temperature of 60 °C was used. 

 

Water Absorption Study 
3D-printed ASTM D570 samples were dried overnight using an oven at 

temperature 50 °C. The samples were taken out and left cooled in a desiccator for 2 h before 

being weighed using a high precision balance to get the initial weight, w0. The samples 

then were fully immersed in deionized water and kept at 23 °C. The wet weight of each 

sample at each determined time, wt was measured by wiping the surface of sample with 

lint free dry tissue before being weighed using the precision balance. Water absorption at 

a specific time was calculated using the following Eq. 1 (Lagazzo et al. 2025). 

𝑊𝑎𝑡𝑒𝑟 𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = [
𝑤𝑡−𝑤0

𝑤0
] × 100     (1) 

 

Characterization 
Fourier transform infrared spectrophotometric analysis was carried out to study 

chemical bonding in both PLA/PBS and PLA/PBS-CNF1% using an IRSpirit attenuated 

total reflectance FTIR spectrophotometer (ATR-FTIR; Shimadzu, Kyoto, Japan). A 

resolution of 1.0 cm-1 was used for this study covering from 4000 to 400 cm-1 of spectral 

range.  

Thermogravimetric analysis (TGA) was carried out at a rate of 20 °C/min from 

room temperature of 25 to 600 °C, to study thermal degradation of the filaments. Thermal 

properties of both compositions were also assessed by differential scanning calorimetry 
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(DSC). This involved a heating the sample at a rate of 10 °C/min from 25 to 200 °C for the 

initial heating phase, followed by cooling from 200 to -60 °C, and a second heating from 

minus 60 °C to 200 °C. The degree of crystallinity of was determined using the melting 

enthalpy (∆𝐻m) and cold crystallization (∆𝐻cc) obtained from the DSC, using Eq. 2, where 

∆Hm
∗  is the heat of fusion of PLA (93 J/g) and w represents the weight fraction of PLA (He 

et al. 2023; Ucpinar et al. 2025). 
 

𝑋𝑐 = [
∆𝐻𝑚− ∆𝐻𝑐𝑐

∆𝐻𝑚
∗ ×𝑤

] × 100       (2) 

 

X-ray diffraction (XRD) was used to study the crystal structures in the samples 

using a D8 Adance (Bruker AXS, Germany) XRD machine 2θ range of 3° to 50°, with 

CuKα-1 as radiation source (λ = 0.15406 nm). The crystallinity index (CrI), was calculated 

based on the integrated intensity of peak signals due to crystalline phase (𝐼𝑐𝑟𝑦𝑠𝑡𝑎𝑙) and 

amorphous phase (𝐼𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠), based on following equation (Eq. 3).  

𝐶𝑟𝐼 = [
𝐼𝑐𝑟𝑦𝑠𝑡𝑎𝑙

𝐼𝑐𝑟𝑦𝑠𝑡𝑎𝑙 + 𝐼𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠
] × 100     (3) 

Mechanical performance was evaluated through tensile testing of 3D-printed 

sample prepared according to ASTM D638 standards. Tests were conducted using an 

Instron® Electromechanical Universal Testing System (3300 Series) equipped with a 1 kN 

load cell, at a crosshead speed of 10 mm/min. Morphology and microstructural viewing of 

the filament cross-section and fracture sites of 3D-printed tensile samples, were observed 

using a field emission scanning electron microscopy (FESEM) (Merlin Compact, Zeiss 

Pvt. Ltd., Oberkochen, Germany). 

 

 
RESULTS AND DISCUSSION 
 

Structural and Thermal Characterization of PLA/PBS-CNF 
 The prepared CNF was characterized to examine its morphological properties. As 

shown in Fig. 1(a), the CNF exhibited a well-dispersed fibrillar network. TEM analysis 

confirmed fibril diameters in the range of 10 to 30 nm, indicating effective size reduction 

during mechanical fibrillation. These dimensions are consistent with the authors’ previous 

findings, further validating the efficiency of the CNF isolation and disintegration process 

(Wan Jusoh et al. 2025). Fourier transform infrared spectroscopy (FTIR) was carried out 

on PLA/PBS-CNF1% filament to study the interaction between the chemical structures of 

PLA, PBS, and CNF. Based on the FTIR absorption spectra in Fig. 1a, a strong and wide 

absorbance peak can be seen at 3000 to 3600 cm-1, representing bending of hydroxyl (O-

H) group in CNF, similar to a previous study (Jakka et al. 2025). A similar wide absorbance 

peak at 3000 to 3600 cm-1 due to O-H bending in the CNF, was observed in PLA/PBS-

CNF1% because of the presence of more hydroxyl groups contributed by the 1% CNF 

fillers. A slight increase in the absorbance at 1336 cm-1 and a shoulder at 1163 cm-1 can be 

attributed to O-H bending and C-O stretching vibration, respectively, in CNF fillers. Such 

features were shown in absorbance spectra of PLA/PBS-CNF1% as in Fig. 1b (Jakka et al. 

2025). 

Thermal degradation properties were analysed by TGA, as shown in Fig. 1b. It is 

apparent that the weight loss of CNF started at around 250 °C, probably contributed by the 



 

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 

 

 

Hanipa et al. (2026). “CNF & melt-blending of PLA,” BioResources 21(1), 1050-1064.  1055 

degradation of cellulose chain (Hanipa et al. 2025). The CNF reached maximum 

degradation at around 340 °C. Beyond 375 °C, the weight loss still could be observed at a 

significantly lower rate, probably attributed to the oxidation and degradation of short-chain 

cellulose into lower molecular weight and volatile products (Hanipa et al. 2025). The 

weight of PLA/PBS and PLA/PBS-CNF1% started to drop at 320 and 310 °C, respectively, 

as shown in Fig. 1c. The DTG curves in Fig. 1d shows that the degradation rate of the 

composite filament PLA/PBS-CNF1% was only slightly lower than PLA/PBS control 

sample, indicating minimal improvement of thermal degradation stability by CNF addition. 

 
 

Fig. 1. (a) TEM micrograph of CNF and (b) FTIR absorption spectra, (c) TGA analysis, (d) DTG 
(c), for CNF, PLA/PBS, PLA/PBS-CNF1%. 

 

Differential scanning calorimetry (DSC) was carried out to examine the thermal 

properties of PLA/PBS and PLA/PBS-CNF1% in the range of -50 to 200 °C. A narrower 

peak of cold crystallization can be observed in PLA/PBS-CNF-1% in Fig. 2a. The Tcc was 

also lower in PLA/PBS-CNF1%, as shown by Table 1, indicating potential CNF nucleation 

effect similar to other studies (Shazleen et al. 2021). In the cooling scan, higher Tc of PBS 

phase at 73.8 °C was observed in PLA/PBS-CNF1%, indicating nucleation effect of CNF 

fillers on the PBS phase (Cindradewi et al. 2021). A clear second exothermic peaks were 

observed in PLA/PBS-CNF1% at 46.3 °C, compared to PLA/PBS, probably hinting trans-

crystallization of PBS during the cooling scan (Platnieks et al. 2020). A second heating 

scan showed lower cold crystallization peak in PLA/PBS as the slower DSC cooling scan 

compared to during extrusion, allowing for better rearrangement of PLA/PBS. In 

PLA/PBS-CNF1%, chain entanglement effect by CNF fillers could restrict chain mobility 
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during the DSC cooling scan, therefore there was only a small decrease of Tcc in the second 

heating (Wang et al. 2020; Cindradewi et al. 2021). 

The movement restriction could also be the reason for the drop of XRD intensity 

as shown by Fig. 2d, especially at 16.5° representing (110/200) crystal plane of PLA. 

PLA/PBS blends have been known to increase crystallinity of PLA phase compared to the 

neat PLA, due to the heterogeneous nucleation effect by the PBS phase (Deng and Thomas 

2015; Su et al. 2019). Addition of the CNF fillers could interrupt the crystallization process 

due to the entanglement effect, which reduces chain mobility (Wang et al. 2020; 

Cindradewi et al. 2021). A slight intensity drop was also shown by Fig. 2d at 19.6° and 

22.6°, which represent (020) and (110) crystal planes of PBS, respectively. A previous 

study also reported decrease in the degree of crystallinity of PBS with addition of CNF 

(Cindradewi et al. 2021). The degree of crystallinity of PLA, which was calculated based 

on DSC thermal properties, also showed a drop in the PLA/PBS-CNF1%, as reported in 

Table 1. Similarly, the crystallinity index of PLA/PBS also showed a decrease as shown 

by Table 1. 

 

 
 

Fig. 2. (a) DSC first heating scan, (b) cooling scan, (c) second heating scan, and (d) XRD 
diffractogram for PLA/PBS and PBS/PBS-CNF1% 

 

Table 1. Thermal and Crystallinity Properties PLA/PBS and PLA/PBS-CNF1% 
 

Filament Tg, PLA 
(°C) 

Tc, PBS  

(°C) 
Tcc, PLA 
(°C) 

Tm, PLA 
(°C) 

ΔHcc 
(J/g) 

ΔHm, PLA 

(J/g) 
Xc,PLA 
(%) 

CrI 
(%) 

PLA/PBS 59.3 68.8 92.0 167.6 15.7 28.7 19.8 12.9 

PLA/PBS-CNF1% 56.6 73.8 90.8 167.6 19.5 24.0 6.9 9.3 
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Physical and Mechanical Characterization of 3D-printed PLA/PBS-CNF  
Water absorption tests according to ASTM D570 were carried out, using 3D-

printed samples of PLA/PBS-CNF1%, with PLA/PBS sample as control, as depicted in 

Fig. 3. Addition of CNF has been shown to alter the color of the 3D-printed samples 

towards slightly brown due to the effect of high heat on the CNF, as shown in the authors’ 

previous study of PLA-CNF composites (Hanipa et al. 2025). The water absorption profiles 

in Fig. 3 reveal that addition of 1% CNF increased the water absorption ability by 50%, 

thanks to the excellent hydrophilicity of CNF. A similar study focusing on CNF 

nanocomposite based on PLA plasticized by PEG also reported similar water absorption 

increases by CNF addition (Wolf et al. 2023). Significant increasing of water absorption 

could indicate promotion of water penetration in PLA/PBS-CNF1% composite FDM 3D-

printed samples, which could help to further improve biodegradability of the materials 

(Rosli et al. 2021; Lyyra et al. 2023). 

 

 
, 

Fig. 3. Water absorption study for the 3D-printed PLA/PBS and PLA/PBS-CNF1% 

 

In terms of mechanical properties of the printed samples, the addition of CNF 

slightly decreased the maximum tensile strength and modulus at 23 °C, as shown by Fig. 

4a. The decrease was possibly due to agglomeration of CNF fillers and microphase 

separation, preventing effective transfer of stress throughout the matrix, especially at room 

temperature of 23 °C (Rasheed et al. 2021). Similar profiles of the stress-strain curves for 

both PLA/PBS and PLA/PBS-CNF1% were observed at testing temperature 23 °C, as 

depicted in Fig. 4a, probably due to less freedom for the chain movement at 23 °C, 

especially for FDM 3D-printed samples. 

At slightly elevated temperature of 40 °C, both PLA/PBS and PLA/PBS-CNF1% 

exhibited lower maximum tensile stress and longer tensile strain than at room temperature, 

as shown by Fig. 4(b). At 40 °C, PLA/PBS polymer chains have more freedom to undergo 

plastic deformation than at 23 °C, contributing to longer strain (Dmitruk et al. 2023). While 

PLA/PBS-CNF1% achieved slightly lower maximum tensile strength, the modulus and the 

elongation at break were higher than in PLA/PBS, as shown by Table 2. Reinforcement 

effect by the CNF in PLA matrix might be the reason for the increased modulus at 40 °C, 

similar to previous studies (Garofalo et al. 2025; Hanipa et al. 2025). 
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Fig. 4. Tensile properties (left) and stress-strain curves (right) for testing temperature of (a) 23 °C 
and (b) 40 °C 

 

The stress-strain curves at 40 °C in Fig. 4(b) reveal better stability of the PLA/PBS-

CNF1% composite up to around 170% strain, maintaining tensile strength at above 25 

MPa, compared to the PLA/PBS. Better stability at slightly elevated temperature of 40 °C 

could be promoted by the chain entanglement by CNF addition, allowing for effective 

elongation of PBS phase (Platnieks et al. 2021). The stability of PBS elongation by CNF 

contributes to the overall higher elongation by PLA/PBS-CNF1% at 40 °C, as shown by 

Table 2. Enhanced modulus and elongation of PLA/PBS-CNF1% at 16.8% and 62.7% were 

higher than PLA/PBS, respectively. The slight decrease of tensile strength of 10.0% could 

be beneficial for biomedical-related applications that need stiffness and resistance to brittle 

fracture while operating near body temperature of around 37 °C, such as in orthopaedics.  

 

Table 2. Tensile Properties of the Printed PLA/PBS and PLA/PBS-CNF1% at 
Testing Temperatures of 23 °C and 40 °C, Respectively 

Sample Testing T 
(°C) 

Max. Tensile 
Stress (MPa) 

Modulus  
(MPa) 

Strain at Break 
(%) 

PLA/PBS 23 48.3 ± 2.2 949.9 ± 79.9 33.2 ± 7.0 

PLA/PBS-CNF1% 23 46.2 ± 2.3 777.8 ± 76.2 28.6 ± 7.4 

PLA/PBS 40 44.9 ± 1.3 761.2 ± 113.8 110.5 ± 46.7 

PLA/PBS-CNF1% 40 40.4 ± 0.7 889.1 ± 83.6 179.8 ± 88.9 
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Micrograph of PLA/PBS-CNF 
The morphologies of the cross-section of filaments of PLA/PBS filament and 

PLA/PBS-CNF1% composite filament are shown in Fig. 5. A higher concentration of voids 

can be seen in the cross-section of PLA/PBS-CNF1% composite filament than in PLA/PBS 

in Figs. 5a-b. Under higher magnification of the area marked by the red arrow, higher 

variation of the PBS droplets size can also be observed for the PLA/PBS-CNF1% 

composite in Fig. 5b. A larger PBS phase can also be seen in the PLA/PBS-CNF1% 

composite, which could indicate possibility of having co-continuous phase of PBS as 

reported in a previous study (Deng and Thomas 2015).  

CNF fillers could induce a heterogeneous nucleation effect on both molten PLA 

and PBS, causing even faster nucleation hence larger variations of PBS phase in PLA 

matrix (Shazleen et al. 2021). Restriction of chain movement of both PLA and PBS caused 

by chain entanglement with CNF fillers could also influence the variation of PBS phase in 

PLA matrix (Platnieks et al. 2021; Hanipa et al. 2025). Tensile fracture morphology 

revealed fibre pull-out in both PLA/PBS and PLA/PBS-CNF1% due to elongated PBS 

droplets during tensile testing in Figs. 5c-d. Fine elongated PBS fibre pull-out with 

thickness of below 1.0 μm can be observed in the PLA/PBS-CNF1%, as shown in Fig. 5d. 

The fine elongated fibres were mostly still attached to the neighbouring elongated fibres, 

indicating improved stability of the elongated fibre by chain entanglement with addition of 

1% w/w of CNF fillers (Platnieks et al. 2020). 

 

 
Fig. 5. Morphology of 3D-printed filament cross-section of (a) PLA/PBS, (b) PLA/PBS-CNF1%, 
and tensile fractures of (c) PLA/PBS and (d) PLA/PBS-CNF1% 
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CONCLUSIONS 
 

1. In conclusion, 1% w/w of CNF was successfully added into PLA/PBS through direct 

melt-blending into 3D-printing filaments and was 3D-printed. The CNF addition 

slightly decreased mechanical strength of PLA/PBS at room temperature, which was 

attributable to the decrease of crystallinity and potential agglomeration of CNF fillers. 

2. Improved elongation stability at slightly elevated temperature of 40 °C was observed 

in PLA/PBS-CNF1% composite, probably due to effective entanglement between 

elongated PBS molecular chains. 

3. Thermal degradation stability was slightly reduced by the addition of CNF. However 

significant improvement of water absorption capability was achieved by 50% increase 

with CNF addition, which could be beneficial for biomedical and water treatment 

application. 
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