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Fused deposition modelling (FDM) is a popular additive manufacturing (AM) technique 

for 3D printing thermoplastics. The biomedical industry has benefited from 3D printing technology 

because of the ability to fabricate complex objects and customized medical parts. Poly (lactic acid) 

(PLA) is an excellent 3D printable bioplastic that is biocompatible and biodegradable. However, 

its brittleness hinders its wider use in biomedical applications. A potential solution to enhance PLA 

toughness, without compromising its biodegradability and biocompatibility, is polymer blending 

with tough polymers such as poly (butylene succinate) (PBS). 

The objective of this research was producing 3D printable material with improved 

mechanical performance. The fabricated PLA/BioPBS (90/10) blend achieved higher tensile and 

impact strengths than neat PLA. It was found that the alternating layers of the 3D samples 

enhanced the impact strength in comparison to injection molded sample. However, voids 

formation during 3D printing can negatively affect the tensile and flexural strengths. 
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1. Chapter One: Introduction 
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1.1   Polymers  

 

1.1.1   Introduction 

 

From the plastic cutlery we use on a daily basis to tissues that make up our bodies, polymers 

occupy a predominant part of our lives. The word “polymer” is comprised from the Greek words 

“poly” meaning “many” and “meros” which means “parts” [1]. Naturally occurring polymers 

(biopolymers) exist and produced by in living organisms, animals, and plants in the form of 

proteins, enzymes, cellulose, polysaccharides, silk, and natural rubber, etc. [2]. Proteins are a class 

of biopolymers that are versatile that have found a way in several industrial applications such as 

adhesives, coatings, and surfactants due to the flexibility [2]. Another type of biopolymers is 

cellulose which is the most abundant biopolymer on the planet. Moreover, collagen is another 

biopolymer that is essential in many biological processes, biomedical and industrial applications 

[2].  

 

Polymers are defined as large macromolecules that comprise of repeating units called 

“monomers” [3]. The backbone of polymers is organic covalently bonded aliphatic (linear chain) 

or aromatic (ring) hydrocarbon chain [3,4]. The simplest form of the hydrocarbon chain is paraffin 

with the general structure of CnH2n+2 [4]. Polymers can be categorized based on different attributes 

including the branching of their chains, molecular weight, functional groups, and the physical 

properties. 

 

Polymers are broadly classified as natural or synthetic polymers. Naturally occurring 

polymers are produced from animals or plants. This class of polymers are referred to as 

“biopolymers”. On the other hand, synthetic polymers are man-made polymers which are produced 

from petrochemical resources. Backlite was the first synthetic polymer which was invented by Leo 

Hendrik in 1907 [5]. Currently, the highly effective polymerization techniques have led to mass 

production of synthetic polymers [5]. 

 

Worldwide, the most commonly produced synthetic polymers are commodity plastics 

including “polyethylene terephthalate” (PET) and “high-density polyethylene” (HDPE). These 
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synthetic commodity polymers are very cheap to produce which exploited their use in many 

applications, especially, food packaging [5]. 

 

Synthetic polymers can be produced from petroleum or renewable sources. These polymers 

which are derived from biobased resources and/or biodegradable are denoted “bioplastics” [6]. 

This class of plastics have gained popularity driven by the serious concerns about plastics waste 

pollution. One major concern regarding synthetic nonbiodegradable polymers is that it may take 

hundreds of years for these synthetic polymers to degrade in nature into unharmful substances [5]. 

For example, it takes more than 100 years for a plastic telephone top-up card to degrade naturally 

[5].  

 

1.1.2   Biodegradable Polymers 

 

The mass production and extensive use of synthetic polymers have created controversies 

around plastics production and usage. The massive production of synthetic polymers over the last 

45 years made plastic the highest produced manufacturing material [7].  After the shift from using 

reusable food containers to single-use food containers, the packing industry has become the biggest 

producer of plastic materials [7]. Only 10 % of all plastic products that have ever been made are 

recycled and the majority end up in landfills or accumulate as waste in the environment [7]. It is 

estimated that plastics waste has already reached 4900 million tons which accounts to nearly 60% 

of all plastic production [7]. These alarming numbers about plastics pollution have ignited growing 

interest in replacing commodity plastics with more eco-friendly and biodegradable synthetic 

polymers.  

 

Using biodegradable plastics is a potential solution to minimize the plastics pollution and 

control the carbon footprint. Biodegradable plastic is any plastic that harmlessly degrade in the 

environment into H2O and CO2 under the effect of microorganisms [6]. Most biodegradable 

polymers belong to the polyester family [5]. Polyesters are a type of polymers which contain an 

ester functional group. The ester is formed by chemical reaction, esterification, of carboxylic acid 

(R-COOH) and alcohol (R-OH) [8].  The covalent bond in the ester group of polyesters has a 

reactive polar characteristic which can be easily broken down via hydrolysis reaction easily [5]. 
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As illustrated in Figure 1-1, biodegradable polyesters are grouped into two main categories, 

aliphatic and aromatic. Furthermore, the aliphatic polyesters are subdivided into two categories 

based on the source, renewable and non-renewable. Biodegradable polyesters produced from 

renewable resources includes “poly(hydroxyalkanoate)” (PHA) and “poly (lactic acid)” (PLA). On 

the other hand, “poly (butylene succinate)” (PBS) and “poly(caprolactone)” (PCL) are commonly 

produced biodegradable polyesters from fossil fuel.  

 

 

 

Figure 1-1: The family of biodegradable polyesters (redrawn after: Ebnesajjad, 

“Handbook of Biopolymers and Biodegradable Plastics: Properties”, 2013. With permission). 

Note: PBS now is partially biobased. 
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1.2   Polymer processing  

 

Polymer processing is the action of converting of polymer resins into a final product. There 

are two main methods for processing polymers, conventional methods and additive manufacturing 

techniques. Each of these old and new processing technologies is discussed with more details in 

the subsequent sections.  

 

1.2.1   Conventional Methods 

 

Conventional polymer processing techniques are traditional methods to produce plastic 

products from polymer resins. These conventional processing methods are well established 

processing techniques and still widely used for research development and manufacturing purposes. 

Among the most common conventional processing methods of polymer are extrusion, injection 

molding and blow molding. Other processing method includes compression molding, melt 

spinning and some special processing such as solution electrospinning. There different processing 

methods - injection molding, compression molding and electrospinning are discussed here and 

compared to the novel additive manufacturing. 

 

1.2.1.1   Injection Molding  

 

Commercially, injection molding is perhaps the most common method for plastic mass 

production. Injection molding is a versatile processing method that involves multiple processing 

steps (Figure 1-2) - heating the plastic in temperature-controlled barrel, shear mixing with screws, 

and then injecting the plastic molten into a mold cavity [9,10]. The temperature and packing 

pressure of the mold are controlled to prevent any material shrinkage [9]. The versatility of the 

injection molding method allows the fabrication of different material types such as polymer 

composites and blends.  
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Figure 1-1: The reciprocate configuration of the injection molding method (from: Zheng, 

R., Tanner, R. I., & Fan, X. J. (2011). Injection molding: integration of theory and modeling 

methods. Springer Science & Business Media. With permission)  

 

1.2.1.2   Compression Molding  

 

Another widely used method for plastics processing, especially for thermoset polymers, is 

compression molding. Compression molding method as shown in Figure 1-3 is based on a two-

part molding system, often called female and male [11]. The raw material is placed in the bottom 

die cavity as shown in Figure 1-3 and then the top mold compresses the raw material under 

hydraulic press [12]. The compression molding technique has been popular in the automotive 

industry due to its cost effectiveness and ability to produce high strength composite materials 

[12,13].  

 

Figure 1-2: Schematic of the compression molding process 
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1.2.1.3   Electrospinning 

  

Electrospinning is a polymer processing technique to fabricate plastic fibers. Because of 

its ability to produce nanofiber, electrospinning has been widely used for biomedical application 

such as tissue engineering and biomaterial scaffolding [14]. There are two different process setups 

for electrospinning, vertical and horizontal, as shown in Figure 1-4 [15]. Moreover, there are also 

two different electrospinning techniques - solution electrospinning and melt-electrospinning [16]. 

The electrospinning process starts with liquidizing the polymer resin with heat and solvent [14].  

After that, the polymer solution in the syringe (Figure 1-4) is electrically charged and then 

dispensed through the syringe spinneret to produce the fibers [14]. There are several factors that 

affect the quality of the fabricated fibers including processing temperature, size of the syringe 

nozzle, and method of collection [14].   

 

 

Figure 1-3: The electrospinning process with two different configuration: (a) Vertical 

setup and (b) Horizontal setup (from: Bhardwaj, N., & Kundu, S. C. (2010). Electrospinning: a 

fascinating fiber fabrication technique. Biotechnology advances, 28(3), 325-347. With 

permission)  
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1.2.2   Additive Manufacturing  

 

Additive manufacturing (AM) is “a process of joining materials to make objects from 3D 

model data, usually layer upon layer, as opposed to subtractive manufacturing methodologies” as 

defined by the “American Society for Testing and Materials” (ASTM) [17]. Often, the term “3D 

printing” has been widely used to describe AM processes.  The major advantage of AM techniques 

is the ability to fabricate highly complex objects from computer aided design (CAD) models [18].  

 

In contrast to conventional processing methods, no mold or machining are required in 3D 

printing [18]. These attractive characteristics of 3D printing made it popular manufacturing tool in 

many industries including biomedical, aerospace, and automotive [19]. Among the most common 

AM techniques are Selective Laser Sintering and Fused Deposition Modelling.  

 

1.2.2.1   Stereolithography Apparatus (SLA) 

 

SLA was the first AM technique to be commercialized in the 1980’s [20]. As illustrated in 

Figure 1-5 [21], the SLA process uses ultraviolet (UV) laser to cure a photosensitive liquid resin 

into solid 3D object based on the CAD model [20,21]. SLA process can produce 3D parts with 

high quality build resolution with smooth surface finishing [21]. These advantages of SLA made 

very attractive technology to be used for dental applications [21].  

 

Figure 1-4: Schematic of Stereolithography process (from: Stansbury, J. W., & 

Idacavage, M. J. (2016). 3D printing with polymers: Challenges among expanding options and 

opportunities. Dental Materials, 32(1), 54-64. With permission)  
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1.2.2.2   Selective Laser Sintering (SLS) 

 

SLS process is based on polymer powder resin as shown in Figure 1-6 [21]. In a similar 

manner as SLA, SLS uses laser to fuse metal, ceramic, and polymeric powder particles into 3D 

object [5]. The high-power laser selectively fuses the powder in the build platform layer by layer 

based on CAD model [5,21]. After fusing a layer of the 3D object, the build platform is lowered, 

and the powder bed is lifted to add a level of un-sintered powder using a roller as shown in  

Figure 1-6 [5,21]. The powder bed can be heated to make the powder fusion process in the build 

plate quicker [5]. The unfused powder particles are used as structural support for the 3D objects 

[5,21].    

 

Figure 1-5: The selective laser sintering process (from: Stansbury, J. W., & Idacavage, 

M. J. (2016). 3D printing with polymers: Challenges among expanding options and 

opportunities. Dental Materials, 32(1), 54-64. With permission) 

 

 

1.2.2.3   Fused Deposition Modelling (FDM) 

 

Fused deposition modelling (FDM) was developed by Stratasys, USA, in the early 1990’s 

[17,21]. FDM has different names such as fused filament fabrication (FFF) because thermoplastic 

filaments are used as the raw material. However, the new generation of FDM 3D printers can use 
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pellets as the raw materials and hence FDM term is more comprehensive. The FDM process is 

based on continuous extrusion of melted thermoplastic. As shown in Figure 1-7, the thermoplastic 

filament is fed into the nozzle where the heating barrel will melt the filament and extrude according 

to a CAD model. The FDM process is the most common 3D printing technique due its versatillity 

and ability to fabricate not only neat thermoplastics but also composite material. In comparison to 

SLS, FDM approach has more tolerance to 3D print a variety of materials including recycled 

commodity polymers [21].  

 

 

Figure 1-6: Schematic of the fused deposition modelling 3D printing process 

Different AM approaches have different advantages and limitations depending on the 

technique and specific materials used. For instance, powder or liquid polymer cannot be 

processed using FDM techniques. Table 1-1 lists the main working principles, advantages, and 

disadvantages of the discussed AM techniques [22]. 
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Table 1-1: Characteristics of different additive manufacturing (AM) techniques (from: 

Ligon, S. C., Liska, R., Stampfl, J., Gurr, M., & Mülhaupt, R. (2017). Polymers for 3D printing 

and customized additive manufacturing. Chemical reviews, 117(15), 10212-10290. With 

permission) 

 

Categorized 

Technique 

Typical 

Feature 

Resolution 

(µm) 

 

Typical 

Materials 

 

Advantages 

 

Disadvantages 

SLA 50 - 100 Acrylates/ 

epoxides 

Excellent 

surface quality 

and precision 

Limited mechanical 

properties 

SLS 50 - 100 PA12/PEEK Best mechanical 

properties; less 

anisotropy 

Rough surfaces; poor 

reusability of un-sintered 

powder 

FDM 100 - 150 ABS/ PLA/ 

PC 

Inexpensive 

machines and 

materials 

Rough surfaces; high 

temperature process 
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2.1   Overviews of Bioplastic 

 

Bioplastics is a class of synthetic polymers that are wholly or partially synthesized from 

renewable resources; Thus, bioplastics can be either biobased, biodegradable, or biobased and 

biodegradable [1, 2]. Although the terms “biobased” and “biodegradable” are used 

interchangeably, this is incorrect [2]. In fact, bioplastic can be completely synthesized from 

renewable resources, completely petroleum-based but biodegradable, or mixed from renewable 

and petroleum resources [1]. As illustrated in Figure 2-1, bioplastics can be classified into 3 main 

categories, petroleum based biodegradable polymers, renewable resources-based polymers, and 

polymers from mixed sources biobased and petroleum [1].  

 

 

Figure 2-1: Classification of bioplastics (redrawn after: Ebnesajjad, “Handbook of 

Biopolymers and Biodegradable Plastics: Properties, Processing, and Applications”, 2012. With 

permission).  
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Although the current share of bioplastics is around 1% of the total plastic production 

annually, bioplastics production is estimated to record a rapid increase in production capacity [3]. 

According to European Bioplastics and the German research institute, Nova, the global market of 

bioplastic production will increase from 2.11 million tonnes in 2018 to around 2.62 million tonnes 

in 2023 [3]. The high global demand on bioplastic is driven by concerns about the plastic pollution 

and its negative consequences on the environment. In comparison to conventional petroleum based 

and non-biodegradable plastics, bioplastics offer several advantages including the reduction of 

carbon footprint and harmful greenhouse gas (GHG) emissions [3]. Biodegradable and biobased 

plastics such as PLA and PHA are recording the fastest production rate among all bioplastic [3]. 

Other biodegradable fossil-based plastics are now successfully produced partially from biobased 

resources. As it can be seen in Table 2-1, there are several fossil-based synthetic polymers that 

can be synthesized with higher biobased contents such as PA and PBS [4]. There are many 

companies around the world that are produce biobased plastics. In total, there are 247 companies 

in 363 locations that produce different bioplastics [4].  

 

Table 22-1: Commercial bioplastics market numbers, companies, and locations (from: 

Aeschelmann et al., “Bio-based building blocks and polymers in the world. Capacities, 

production and applications: Status quo and trends towards”, 2015. With permission) 
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In 2018, biobased Polyethylene terephthalate (PET) was the highest product of all 

bioplastics with 26.6 % production capacity as depicted in Figure 2-2 [3]. This is not surprising 

as PET is heavily used plastic, especially in food packaging applications. It is also worth to note 

that biodegradable and biobased bioplastics recorded a significant production capacity globally 

[3]. As shown in Figure 2-2, starch blends, PLA, PBAT, and PBS topped the biodegradable and 

biobased bioplastics production list with 18.2%, 10.3%, 7.2%, and 4.6% respectively [3]. PLA 

production has been increasing annually under high demands from different industries from 

biomedical to food packaging. The attractive physical properties and eco-friendliness of PLA made 

it a potential replacement for many fossil-based synthetic polymers. Another attractive bioplastic 

is PBS which is tough and biodegradable.  

 

 

Figure 2-2: The global market of bioplastics (from: European-bioplastics.org, 

2018 Report Bioplastics Market Data, 2016. Permission)  
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2.2   Examples of Biodegradable Bioplastics  

 

2.2.1   Poly (Lactic Acid) (PLA) 

 

2.2.1.1   Introduction 

 

Poly (lactic acid) is a biodegradable aliphatic polyester with the building block of PLA 

being lactic acid, which can be obtained by the fermentation of sugar. Lactic acid naturally occurs 

in mammals’ muscles as a by-product of carbohydrates metabolism [5]. Lactic acid was first 

discovered in 1780 by a Swedish chemist named Carl Wilhelm Scheele who found lactic acid in 

milk [5]. Because lactic acid was found the first time in milk, the acid was named after milk [5]. 

However, the preferred systematic PLA name by the “International Union of Pure and Applied 

Chemistry” (IUPAC) is 2-hydroxypropionic acid [6]. In 1813, lactic acid was rediscovered in 

fermented rice water and plant liqueur by a French chemist called Braconnot [5].  

 

Although PLA had been discovered and synthesized in the early 1800s, it was not 

commercially produced until 1990s [7]. Presently, PLA is one of the most widely produced 

bioplastics and its mass production is estimated to reach 800,000 million tons by 2020 [7]. The 

current advancement in downstream processing technologies of PLA has made it a potential 

replacement for petroleum based non-biodegradable plastics [7]. 

 

2.2.1.2   Synthesis and Properties 

 

PLA is completely derived from renewable resources especially starch-rich biomass such 

as corn, beets, and cassava [8]. A common industrial method of synthesizing PLA is done by ring 

opening of lactide as shown in Figure 2-3 [7,8]. Recently, several attempts have been made by 

some researchers to synthesize lactic acid, PLA’s monomer, from sourced food waste (vegetables 

and rice) and food processing waste (potato peels) [9,10]. The successful attempts to produce lactic 

acid from waste food can offer promising opportunities to decrease PLA cost and lower 

environmental pollution [10].  
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Figure 2-3: The synthesis of PLA using ring opening polymerization (ROP) of lactide 

after fermenting corn starches 

 

PLA attains high tensile strength and modulus, as well as, good biodegradability and 

biocompatibility properties. These attributes made PLA an excellent bioplastic for biomedical 

applications. The American company “NatureWorks” is currently the biggest producer of different 

grades of PLA [11]. One of the NatureWorks PLA products is PLA grade (4043D). The 

mechanical properties of PLA (grade 4043D) are shown in Table 2-2.   
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Table 2-2: PLA 4043D properties (from: PLA4043D Technical Data Sheet, (2019). 

Natureworksllc.com. Retrieved 8 April 2019) [11] 

Property PLA 4043D (ASTM) 

Tensile Strength (MPa) 60 

Tensile Modulus (GPa) 3.6 

Impact Strength (J/m) 16 

Elongation (%) 6 

Heat Deflection Temperature (oC) 55 

 

PLA is a brittle bioplastic with slow crystallizing, however, blending PLA with other tough 

polymers is an effective method to improve PLA mechanical performance. Choosing another 

tough and highly crystalline bioplastic is a good option to enhance PLA blends properties. For this 

research, poly (butylene succinate) (PBS) was chosen because of its biodegradability and excellent 

toughness as well as biodegradable properties.    

 

2.2.2   Poly (Butylene Succinate) (PBS) 

 

2.2.2.1   Introduction 

 

Poly (butylene succinate) (PBS) also belongs to the aliphatic polyesters’ family with 

comparable properties to polypropylene [12]. The pioneering work of synthesizing PBS was 

started by Carothers in 1931 [13]. But because of the low molecular weight, PBS was useful for 

any applications [13]. In 1993, the Japanese company Showa High Polymer began 

commercializing high molecular weight PBS under the trademark “Bionelle” [13].  Due to its 

toughness properties, high heat deflection temperature (HDT), and biodegradability, PBS is used 

in many applications including food wares, compostable bags, and textiles [13].  
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2.2.2.2   Synthesis and Properties 

 

PBS is traditionally produced by the polycondensation of 1,4 butanediol (BDO) and 

succinic acid. However, PBS can now be produced partially from biobased resources. The 

chemical structure of biobased PBS is illustrated in Figure 2-4. Both chemicals, succinic acid and 

BDO, are derivatives of maleic anhydride [14].  

 

 

Figure 2-4: The chemical structure of poly (butylene succinate) (PBS) 

 

Usually, succinic acid and BDO are both synthesized from petrochemical resources [8]. 

However, the production of succinic acid from biobased resources is feasible as shown in Figure 

2-5 [8]. In fact, the demand for bio-succinic acid is increasing due to its attractive cost and eco-

friendliness [8].   
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Figure 2-5: The synthesis of PBS from biobased and petroleum based routes (redrawn 

after: Xu, J., & Guo, B. H. (2010). Poly (butylene succinate) and its copolymers: research, 

development and industrialization. Biotechnology journal, 5(11), 1149-1163. With permission) 

 

For the interest of this research, Biobased PBS (BioPBS) is being used to obtain blends 

with higher biobased wt.%.  The properties of BioPBS grade FZ91PM produced by PCC MTT 

Biochem Co., Ltd. are shown in Table 2-3. 
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Table 2-3: BioPBS FZ91PM properties (from: Pttmcc.com. Retrieved 8 April 2019. 

BioPBS FZ 91PM Technical Data Sheet, PCC MTT) [15] 

Property BioPBS FZ 91PM (ISO) 

Tensile Strength (MPa) 40 

Flexural Strength (MPa) 40 

Impact Strength (J/m) 70 

Elongation (%) 210 

Heat Deflection Temperature (oC) 95 

 

2.3   Biobased Polymeric Blends 

 

Blending synthetic plastic with bioplastic is not a new venue of polymer engineering 

science. Polymeric blends are a mixture of two more polymers. There are several advantages to 

blend polymers and ones of the major advantages of blending polymers are [12]:  

 

• Production of new material with lower cost  

• Enhancement of the material’s physical and physicochemical properties 

• Controlling specific properties (i.e., biodegradability)  

 

Polymer blends can compensate for the drawbacks of the blend’s individual constituent 

polymers. Blending polymers is an attractive method to enhance polymers performance and cost-

effectiveness [12].  Polymeric blends can be categorized based on the number of the polymer 

components in the blend (i.e., binary and ternary blends). 
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2.3.1   PLA/PBS Blend 

 

Binary blends, which consist of two polymers, have been widely studied in the literature. 

As of 2018, the number of research studies that have been conducted on biodegradable binary 

blends reached 230 articles in just the last two decades According to Nofar et al. (Figure 2-6) [12].  

 

 

Figure 2-6: Scientific studies forecast of PLA biobased and/or biodegradable (from: 

Nofar, M., Sacligil, D., Carreau, P. J., Kamal, M. R., & Heuzey, M. C. (2018). Poly (lactic acid) 

blends: Processing, properties and applications. International journal of biological 

macromolecules. With permission)  

 

So far, there are approximately 30 research articles concerning PLA/PBS binary blends 

[12]. These PLA/PBS binary blends include studies on PLA/PBS blends with chemical additives 

such as compatibilizers and chain extenders. The vast majority of these studies were conducted on 

PLA/PBS blends processed with conventional processing.  

 

A considerable number of scientific researches have been done on binary PLA/PBS blends 

prepared by conventional processing methods including compression and injection molding, 

electrospinning, and recently FDM 3D printing of this blend is also been reported. The thermal, 

mechanical, morphological, biodegradation and biocompatibility properties of PLA/PBS blends 

are discussed in the subsequent sections. 
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2.3.1.1   Thermal Properties 

 

PLA is a slow crystallizing polymer with low degree of crystallinity (Xc). PBS on the other 

hand, has a faster crystallization rate and a higher degree of crystallinity. PBS addition to PLA 

blends is expected to aid the crystallization of PLA. In fact, PBS can work as a nucleating agent 

for PLA [16, 17, 18]. Qiu et al. reported that PLA Xc (%) improved from 19.35 to 24.64 with the 

addition of 30 % PBS [16]. The significant increase in PLA Xc (%), when blended with PBS, can 

be also attributed to the impurities present in PBS [18]. The dependence of crystallinity of 

PLA/PBS on PBS contents obtained by Park et al (Figure 2-7) shows that the increasing content 

of PBS is positively impacting the PLA Xc (%) [18]. Also, the Xc (%) of PBS increases in 

PLA/PBS blend with the further addition of PLA reaching its peak at 70 wt.% PLA content as 

shown in Figure 2-7 [18]. However, further addition of PLA decreases PBS Xc (%) [18]. Qiu et 

al. [16] reported similar findings and they attributed the decrease of PBS Xc (%) to the fact that 

PBS Xc (%) was compromised by PLA Xc (%) [16].  

 

Figure 2-7: The linear crystallinity of PLA/PBS with respect with PBS content wt.% 

(from: Park, J. W., & Im, S. S. (2002). Phase behavior and morphology in blends of poly (L‐

lactic acid) and poly (butylene succinate). Journal of applied polymer science, 86(3), 647-655. 

With permission)  
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Moreover, PLA glass transition and melting temperature are also influenced by the addition 

of PBS. Thermal properties can indicate miscibility if the blend exhibits one glass transition. 

Having a single transition glass indicates that the blend components are completely compatible. 

PLA and PBS can be partially compatible but at lower wt.% of PBS [19]. However, the PLA/PBS 

system miscibility can better be studied using scanning electron microscopy (SEM).  

 

2.3.1.2   Morphological Properties 

 

PLA is thermodynamically incompatible with PBS especially at higher wt.% [20]. 

However, PLA can be partially miscible with PBS at lower wt.% contents. Bhatia et al. [19] 

observed miscibility between PLA and PBS when PBS content is 20 wt.% or less in PLA/PBS 

blends [19]. At low contents of PLA or PBS in PLA/PBS blends, it is expected that the blend will 

form a sea-island morphological structure. However, co-continuous and fibular PBS phases have 

been reported at low contents of PLA or PBS [20].  

 

2.3.1.3   Mechanical Properties 

 

The mechanical properties of binary PLA/PBS blend are directly influenced by the 

morphological behaviour of PBS and PLA in the blend (Figure 2-8) [20]. For instance, well 

dispersion of PBS into PLA matrix can enhance the elongation at break (%) [20]. The impact 

strength is also expected to increase with higher wt.% of PBS in the blend due to the ductility 

effect [16, 20].  
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Figure 2-8: The elongation at break (%) and corresponding morphological structure for 

different PLA/PBS blends (from: Deng, Y., & Thomas, N. L. (2015). Blending poly 

(butylene succinate) with poly (lactic acid): Ductility and phase inversion effects. 

European Polymer Journal, 71, 534-546. With permission) 

 

2.3.1.4   Biodegradability  

 

Several studies have investigated the biodegradability of PLA/PBS blends, especially for 

some biomedical applications including bone fracture fixations, wound dressing, and drug delivery 

[21]. There are different means to assess the biodegradability of PLA/PBS blends including 

simulated human body liquid [21], enzymatic reaction [22], and soil burial [23].  Jian et al. [21] 

investigated the biodegradability of different ratios of PBS/PLA blends in comparison to neat PLA 

and neat PBS. The biodegradability assessment was carried out for a period of 16 months in 

simulated body fluid. It was found that the PBS/PLA blend show faster degradation than PBS 

(Figure 2-9). The reason behind the faster biodegradation of PBS/PLA blend in comparison to 

PBS is that the interfacial sites between PLA and PBS in the blend create active sites for hydrolysis 
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reaction [21]. The number-average molecular weights (Mn) for neat PBS and PBS/PLA blends 

were similar during the first 2 months of degradation test (Figure 2-9a). However, the degradation 

rate for the blends was faster than that of neat PBS after the second month. Interestingly, the 

PBS/PLA blends with higher wt.% of PLA hydrolyze faster according to the trends shown in 

(Figure 2-9) [21]. The reciprocal of the Mn can be used to examine the hydrolysis rate. Both the 

hydrolytic rates of neat PBS and PBS50/PLA (Figure 2-9b) exhibited flat trends initially and then 

a steep rise, indicating that PBS went from slow to fast hydrolytic rate [21].   

 

 

Figure 2-9: Analysis of hydrolysis test of PBS and PBS/PLA blends in terms of time and 

: (a) Number average molecular weight (Mn) and (b) Reciprocal of Mn (from: Zhou, J., Wang, 

X., Hua, K., Zhang, W., Ji, J., & Yang, X. (2013). Enhanced mechanical properties and 

degradability of poly (butylene succinate) and poly (lactic acid) blends. Iranian Polymer 

Journal, 22(4), 267-275. With permission)  

 

PBS degrades at a faster rate than PLA [21, 22], however, the enzymatic and microbial 

degradation of PBS/PLA blends can be controlled via addition of crosslinking agent or a natural 

filler. PLA binds very well with proteinase K enzyme leading to fast degradation of PLA [22]. 

However, compatibilization of PBS/PLA blends with benzoyl peroxide (BPO) enhances the 

compatibility between PBS and PLA and can inhibit the enzymatic degradation [22]. According 

to Hu et al. [22], the complete biodegradability of PLA in the compatibilized PBS/PLA blend with 

BPO is inhibited to some extent. Figure 2-10 shows neat PLA and PBS/PLA/BPO degradation as 
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a function of time (up to 100 hr). Neat PLA completely degrades by proteinase K within am 

incubation period of 60 hr (Figure 2-10). On the other hand, the PBS/PLA/BPO blend lost only 

67% of its weight after 96 incubation time (Figure 2-10) [22].  The remaining percentage of PLA 

did not degrade due to the crosslinked bonds with PBS which resisted the degradation by 

proteinase K. 

 

 

 

Figure 2-10: The degradation of PLA and PBS/PLA/PBO blend by proteinase K within 

100 hr incubation  period (from: Chuayjuljit, S., Wongwaiwattanakul, C., Chaiwutthinan, P., & 

Prasassarakich, P. (2017). Biodegradable poly (lactic acid)/poly (butylene succinate)/wood flour 

composites: Physical and morphological properties. Polymer Composites, 38(12), 2841-

2851.With permission)  

 

In contrast, the incorporation of a natural filler such as wood flour (WF) into PBS/PLA 

matrix can speed up the biodegradability of PBS/PLA/WF biocomposites due to higher water 

uptake by WF [23].  Additionally, the fast biodegrading nature of PBS and the presence of the 

biodegradable cellulose and hemicellulose in WF all contribute to the fast degradation of 

PBS/PLA/WF biocomposite according to Chuayjuljit et al. [23].  
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2.3.1.5   Biocompatibility  

 

The definition of biocompatibility has changed over the years. Biocompatibility is widely 

known as the “ability of a material to perform with an appropriate host response in a specific 

application” [24]. However, this definition is ambiguous and not consistent with new biomaterial 

discoveries and biomedical advancements [2]. According to Ratner, biocompatibility can be better 

defined as “the ability of material to locally trigger and guide non-fibrotic wound healing, 

reconstruction and tissue integration.” 

 

To investigate the biocompatibility of biomaterial or biomedical devices, the cytotoxicity 

must be assessed using in vitro and in vivo assays [26]. In vitro assays are easy to perform and can 

eliminate the unnecessary experimentations on test animals (in vivo experiments) [26]. Mouse 

fibroblast (L929) cell lines are often used for in vitro assays of biomaterials [26, 27,28].  

 

The first study concerning PBS/PLA blends biocompatibility was conducted by Kun et al. 

[27] in 2012. Kun et al. [27] used two different cells, mouse fibroblast cells (L929) and bone 

marrow stem cells (BMSCs) to assess the cytocompatibility of PBS/PLA blends. The assay was 

conducted with Cell Counting Kit-8 (CCK-8) which is a method of quantifying the cell viability 

using a water-soluble tetrazolium salt [29]. The in vivo assay was performed on healthy male rats 

using PLA. PBS/PLA, and PBS subcutaneous implants. The results from the CCK-8 assay and the 

subcutaneous implants show that PBS/PLA blends has satisfactory in vitro and in vivo 

cytocompatibility [27].  

 

PBS/PLA cytocompatibility has been investigated by Tsou et al. [28] using L929 cells. The 

biocompatibility was assessed by culturing the L929 cells on the surface of PBS/PLA (70/30) 

specimen. The L929 cell growth was examined and compared with neat PBS and polypropylene 

(PP) specimens after 3 days incubation period (Figure 2-11) [28]. As shown in Figure 2-11, both 

neat PBS and PBS/PLA (70/30) specimens show good compatibility with L929 cells and much 

better cytocompatibility than PP [28]. Not only L929 fibroblasts and BMCS cells show good cell 

growth and attachment to PLA/PBS blends. The human mesenchymal stem cells (hMSCs) show 

good cytocompatibility with PLA/PBS and neat PBS [30]. Moreover, the hMSCs exhibited good 
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osteogenic differentiation and proliferation on PLA/PBS scaffolds, especially at higher PBS wt.% 

[30].  

 

 

Figure 2-11: The L929 cell growth on PBS, PBS/PLA, and polypropylene respectively 

after 3 days incubation period (from: Tsou, C. H., Kao, B. J., Suen, M. C., Yang, M. C., Wu, T. 

Y., Tsou, C. Y. & Hwang, J. Z. (2014). Crystallisation behaviour and biocompatibility of poly 

(butylene succinate)/poly (lactic acid) composites. Materials Research Innovations, 18(sup2), 

S2-372. With permission) 

 

2.3.1.6   PLA/PBS Blend for Biomedical Applications 

 

PLA has been used in the biomedical industry for decades for its strength and good 

biocompatibility [7]. However, PLA is a brittle bioplastic, and this is a major limitation for its 

wider biomedical uses as some biomedical applications require certain degree of flexibility. For 

example, it is difficult to fabricate successful stent materials [31] and neural tissue scaffolds [32] 

due to PLA’s brittleness. Blending bioplastics is an attractive method to fabricate functional 

biomaterial for bone scaffolds [30, 31, 32]. The biodegradable and biocompatible characteristics 

of PLA/PBS blends make it a good candidate for tissue engineering applications [30].   

 

Stent is a tube-shaped biomedical device that is used for treating heart diseases [33]. The 

stent is placed in the artery using angioplasty procedure in which a catheter tube carrying a deflated 

balloon is inserted to the affected artery. The balloon inflates within the narrow artery to place the 

stent in the desired location inside the artery. After placing the stent, the catheter is removed, and 

stent remains to facilitate blood flow [33].  
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Historically, stents are made of metallic materials, but recently biodegradable stents made 

from bioplastics have been investigated. The first biodegradable stent was developed in 1990 at 

Kyoto Medical planning, Japan [31]. The coronary stent was named “Igaki-Tamai” after Dr. 

Hiedeo Tamai who was the main developer of the stent [34].  Igaki-Tamai stent was made of 

biodegradable poly (L-lactic acid) (PLLA) bioplastic. Unlike metallic stents, Igaki-Tamai stent is 

biodegradable which harmlessly disappears after a period of time [34].  

 

Due to its brittleness and lack of ductility, Igaki-Tami stent made of PLLA involves 

fracturing risks during angioplasty when stent is deployed [31]. An effective method to overcome 

this issue is to improve PLA ductility is via blending it with other tough bioplastics namely PBS. 

Kimble et al. [31] studied a potential stent material made of PLLA/PBS. The PLLA/PBS shows 

improved ductility in comparison to neat PLLA [31]. Their results reveal that PLLA/PBS present 

a potential stent material with better ductile performance than stents made of PLLA only [31].  

 

Furthermore, PLLA/PBS blends can be employed for other biomedical applications. A 

potential biomedical application where PLLA/PBS can used is neural tissue engineering. Altinisik 

et al. [32] constructed sponges made of PLLA/PBS scaffolds and evaluated their biocompatibility 

using Schwann cells which have a key role in the growth of central and peripheral nervous cells 

[32]. 20,000 of Schwann cells per sample were cultured into the PLLA/PBS scaffolds to 

investigate the cell adhesion and morphology using a confocal microscope. Two fluorescent, red 

and blue, were used to stain the F-actin and nuclear DNA respectively [32]. The Schwann cells 

survived up to 21 days of incubation on the surface and within the PLLA/PBS scaffolds which 

indicates biocompatibility [32]. In day 7 and 14, normal growth of neural extensions of Schwann 

cells were detected an in the PLLA/PBS (2%, w/v, 1:1) and PLLA/PBS (3%, w/v, 2:1) enhance 

growth of cell sheets [32].  
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2.4   3D Printing Biodegradable Bioplastics: Biomedical Applications  

 

Fused deposition modelling (FDM) is very popular technique for 3D printing bioplastics, 

biobased blends, and biocomposites. Because of the cost effectiveness and the ability to print 

complex geometries, FDM became the main 3D printing technique of thermoplastics. Unlike 

conventional methods such as injection modeling, FDM 3D printers offer an affordable 

prototyping and customization of products. 3D printing technologies have revolutionized the 

biomedical industry and introduced a new era of personalized medicine. Examples of using FDM 

to tailor customized patients’ parts includes, bone scaffolds [35], drug delivery devices [36,37], 

and prosthetics (Figure 2-12).  

 

 

Figure 2-12: Biomedical applications that use fused deposition modelling 3D printing 

technique 
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2.4.1   Tissue Engineering 

 

3D printing has become a popular method for fabricating porous scaffolds for tissue 

engineering [35]. Fabrication of biocompatible bone like structure present attractive alternative to 

conventional bone repair methods [35, 36]. Bone defects old fashion treatment such as autograft, 

allograft, and commercial artificial bones, involves undesired complications and serious risks on 

the patient’s health. These traditional methods of bone repair require surgical intervention and 

potential immune rejection in case of allografted bone in which bone tissue is harvested from a 

deceased donor [35,36]. The commercially available artificial bone in market come in uniform 

sizes and do not meet the personal requirements of patients [36]. Additionally, the current 

commercial artificial bone may require additional surgery for removal [36]. Alternative solution 

to the health associated with traditional treatments of bone defects is to 3D print customized from 

biodegradable bioplastics. Using computed tomography (CT) scans in conjunction with FDM 3D 

printing technology can eliminate the need for traditional bone repair treatments [36].  

 

Xu et al. [36] successfully fabricated 3D bone scaffolds from polycaprolactone (PCL) and 

PLA mixed with hydroxyapatite (HA). The procedure of fabrication started with obtaining a CT 

scan of normal goat femur bone (Figure 2-13). 1.5 cm piece was modelled and then 3D printed 

using FDM technique.  The 3D printed bone piece mechanical performance was evaluated in vitro 

before it was implanted in vivo on a section of goat’s femur [36].  
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Figure 2-13: The 3D printing process of goat artificial bones: (A) Normal CT scan of 

goat’s femur (B) Reconstructed 3D model of (A), (C) 3D model of goat’s femur bony, (D) 1.5 

cm 3D model of load-bearing femur, (E) Sliced 3D model with designed alternating 3D printing 

path, (F) 3D printed PCL/HA artificial bones, (G) and (H) Micrographs of the 3D PCL/HA 

bones (from: Xu, N., Ye, X., Wei, D., Zhong, J., Chen, Y., Xu, G., & He, D. (2014). 3D artificial 

bones for bone repair prepared by computed tomography-guided fused deposition modeling for 

bone repair. ACS applied materials & interfaces, 6(17), 14952-14963. With permission)  

 

It was found that the 3D printed PCL/HA artificial bone recorded better mechanical 

performance (Figure 2-14) in comparison to commercial BAM artificial bone [36]. In comparison 

to the natural goat’s bone, the 3D printed PCL/HA performs similar compressive loading 

resistance [36]. The 3D printed PCL has a lower compressive strength than the 3D printed PCL/HA 

(Figure 2-14). The addition of nanoparticles HA to PCL enhances the compressive strength of the 

3D printed artificial bone [36]. It can be concluded that 3D printed biocompatible PCL/HA bone 

like scaffolds offers a promising opportunity for bone repair using a cost effective and convenient 

FDM technique [36].  

 



 

 

36 

 

Figure 2-14: The force–displacement curves of: (a) Natural goat femur bone, (b) 

Commercial BAM artificial bone, (c) 3D printed PCL bone, and (d) 3D printed PCL/HA bone 

(from: Xu, N., Ye, X., Wei, D., Zhong, J., Chen, Y., Xu, G., & He, D. (2014). 3D artificial bones 

for bone repair prepared by computed tomography-guided fused deposition modeling for bone 

repair. ACS applied materials & interfaces, 6(17), 14952-14963. With permission) 

 

2.4.2   Drug Delivery 

 

Another promising application of FDM is the fabrication drug-lorded delivery systems via 

hot melt extrusion (HME) [37]. The definition of drug delivery has changed throughout the years 

from oral dosage with immediate release to a more sophisticated targeted-release drug delivery 

[38]. The pharmaceutical industry has shown a growing interest in the 3D printing technologies, 

especially FDM, to produce personalized anti-microbial devices [37] and customized medicines at 

point of care [39].  

 

Sandler et al. [37] fabricated a functional anti-microbial medical device to prevent bacterial 

biofilm formation. The formation of bacterial biofilm can result in various health risks to the 

patients. This proof of concept medical device can be used in urinal catheter which an ideal 

environment for bacterial colonies [37]. The first step to fabricate the drug delivery system was to 

use computer aided design (CAD) software to generate the 3D disc model (Figure 2-15) [37]. And 

then nitrofurantoin (NF), anti-microbial drug, was incorporated into PLA via HME process [37]. 
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Finally, different discs of PLA/NF were 3D printed to compare the effect of drug-loading and 

surface finishing of the discs on the inhibition of the biofilm formation.  

 

 

Figure 2-15: From Left to Right: 3D disc model designed with CAD, the 3D printed discs 

of NF/PLA (in yellow) and neat PLA (in white), and the 3D printing of NF/PLA disc (from: 

Sandler, N., Salmela, I., Fallarero, A., Rosling, A., Khajeheian, M., Kolakovic, R. & Vuorela, P. 

(2014). Towards fabrication of 3D printed medical devices to prevent biofilm 

formation. International journal of pharmaceutics, 459(1-2), 62-64. With permission)   

 

Assessment of the anti-microbial properties of the 3D printed discs was done using a 

resazurin solution (Figure 2-16) [37]. The bacteria cultures that were added to the test plates 

contained tryptic soy broth (TSB); the 3D printed discs and the bacterial attachment results are 

depicted in (Figure 2-16). The highest bacterial attachment and thus biofilm formation, which 

resembled in the reduction of resazurin, was detected on the surface on neat PLA and NF externally 

treated PLA [37]. However, the NF treated PLA discs show about 24.6 % better inhibition of 

biofilm formation than only PLA disc. The PLA discs with incorporated NF show superior anti-

microbial properties with up to 89.6 % and 85.1 % inhibition of biofilm formation for smooth 

PLA/NF and rough PLA/NF respectively [37].  
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Figure 2-16: The kinetic of Resazurin reduction by bacterial attachment for different 3D 

printed discs with and without NF (from: Sandler, N., Salmela, I., Fallarero, A., Rosling, A., 

Khajeheian, M., Kolakovic, R. & Vuorela, P. (2014). Towards fabrication of 3D printed medical 

devices to prevent biofilm formation. International journal of pharmaceutics, 459(1-2), 62-64. 

With permission)   

 

2.5   FDM of Biodegradable Bioplastics: 3D Printing Parameters   

 

There are various parameters influencing the mechanical properties of the 3D printed 

bioplastics. Some of these key parameters are temperature conditions including nozzle and bed 

temperature, and the slicing condition (i.e., printing direction and layer thickness) as illustrated in 

Figure 2-17 [40]. This section discusses some of the significant parameters that directly impact 

the mechanical performance of the 3D printed bioplastic.  
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Figure 2-17: FDM processing parameters that influence the 3D printed part (from: 

Popescu, D., Zapciu, A., Amza, C., Baciu, F. & Marinescu, R. (2018). FDM process parameters 

influence over the mechanical properties of polymer specimens: A review. Polymer Testing, 69, 

157-166. With permission)  

 

2.5.1   Temperature Parameter 

 

Since FDM technique is based on processing thermoplastics., temperature is a significant 

parameter. The variation in the temperature condition will have an impact on the processing 

conditions and the overall properties of the 3D printed part.  

 

2.5.1.1   Nozzle/Liquefier Temperature  

 

The extrusion of the filament from the nozzle is dependent on the nozzle temperature. In 

order to extrude the 3D filament, it’s required that the nozzle temperature to be higher than the 

polymer’s melting temperature. If the nozzle temperature is low, the filament may not flow 

properly from the heating barrel of the 3D printer [41]. In generally, higher printing temperature 

promotes better bonding between the layers of the FDM part and thus mechanical properties will 

be enhanced [41]. 
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Tian et al. [41] studied the nozzle temperature (between 180 and 240 oC) effect on the 

mechanical properties of PLA composites. At low nozzle temperature, the PLA composite had 

poor flowability from the nozzle, causing delamination of the FDM part due to poor layer adhesion 

[41].  This poor adhesion resulted in lower flexural strength and modulus (Figure 2-18). On the 

other hand, higher 3D printing temperature promoted better filament flow ability. At higher 

printing temperature, not only did the flowability improve but also the impregnation between the 

layers [41]. The highest flexural strength and modulus was achieved at 240 oC (Figure 2-18). This 

indicated that controlled high temperatures are required for better filament flow ability and layer 

adhesion in FDM process.  

 

 

Figure 2-18: The effect of the printing temperature on the PLA composites flexural 

strength and modulus (from: Tian, X., Liu, T., Yang, C., Wang, Q., & Li, D. (2016). Interface 

and performance of 3D printed continuous carbon fiber reinforced PLA composites. Composites 

Part A: Applied Science and Manufacturing, 88, 198-205. With permission)  
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2.5.1.2   Bed Temperature  

 

The mechanical properties including flexural strength and modulus of PLA can be 

improved with higher bed temperature, while the crystallinity of the polymer is significantly 

influenced by the thermal processing. In a study conducted by Benwood et al. [42], higher bed 

temperature led to an increase in the crystallinity of 3D printed PLA (Figure 2-19). The higher 

bed temperature has an annealing effect on the PLA part [42]. The highest crystallinity (~18.3 %) 

was achieved by the FDM PLA sample that was 3D printed with 105 oC bed temperature (Figure 

2-19) [41].  

 

 

 

Figure 2-19: The crystallinity degree (%) of FDM PLA at different bed temperature in 

comparison to injection molded PLA sample (from: Benwood, C., Anstey, A., Andrzejewski, J., 

Misra, M., & Mohanty, A. K. (2018). Improving the Impact Strength and Heat Resistance of 3D 

Printed Models: Structure, Property, and Processing Correlationships during Fused Deposition 

Modeling (FDM) of Poly (Lactic Acid). ACS Omega, 3(4), 4400-4411. With permission)  
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The mechanical performance of the 3D printed samples can improve significantly with 

increasing bed temperature [42]. For example, the flexural strength increased from 74.4 MPa at 45 

oC bed temperature to 106.7 MPa when bed temperature was set at 105 oC (Figure 2-20) [42]. 

Similarly, the flexural modulus significantly improved with 105 oC bed temperature achieving 

3529 MPa in comparison to FDM sample printed on 45 oC bed (Figure 2-20) [42]. These results 

confirm that the bed temperature is a significant parameter in PLA FDM process.  

 

Figure 2-20: Flexural properties of 3D samples at various temperature conditions (from: 

Benwood, C., Anstey, A., Andrzejewski, J., Misra, M., & Mohanty, A. K. (2018). Improving the 

Impact Strength and Heat Resistance of 3D Printed Models: Structure, Property, and Processing 

Correlationships during Fused Deposition Modeling (FDM) of Poly (Lactic Acid). ACS 

Omega, 3(4), 4400-4411. With permission) 

2.5.2   Slicing Parameters   

 

In FDM processing, there are various slicing parameters to be considered. Raster angle and 

layer thickness are examples of slicing parameters that directly influence the 3D printed part 

quality. The slicing conditions of raster angle and layer thickness can be adjusted in the 3D printing 
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software. In this section, the effect of raster angle and layer thickness on the FDM parts is 

discussed.     

2.5.2.1   Raster Angle 

 

Raster angle is the angle of the pattern during the 3D printing with respect to X axis [43]. 

The raster angle can range between 0o (longitudinal) and 90o (transverse) as shown in Figure 2-21 

[44]. Raster angle is a very important parameter especially for FDM part with multiple curvatures 

[43].  

 

Figure 2-21: Different FDM slicing parameters including possible raster angle 

orientations (from: Mohamed, O. A., Masood, S. H., & Bhowmik, J. L. (2015). Optimization of 

fused deposition modeling process parameters: a review of current research and future prospects. 

Advances in Manufacturing, 3(1), 42-53. With permission)  

There have been studies done on the effect of raster angle orientation on the mechanical 

performance of the FDM parts [42, 45]. Benwood et al. [42] studied the mechanical properties of 

3D PLA samples printed with different raster angles and concluded that 45/45o was the optimal 

raster angle. The PLA sample printed with 45/45o raster angle recorded 7.4 % elongation at break, 

doubling from 3.6 % in samples printed with 30/60o, 15/75o, and 0/90o [42].  
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Duigou et al. [45] evaluated the effect of longitudinal (0o raster angle) and transvers (90o 

raster angle) printing direction on the tensile properties of wood fibre composites made of PLA 

matrix and recycled wood fibres. Their findings conclude that the properties of 3D printed wood 

fiber biocomposites is strongly dependent on the printing orientation (longitudinal or transverse) 

due to anisotropic properties of wood fibers [45].  

 

 

2.5.2.2   Layer Thickness  

 

Layer height is an important FDM parameter as it directly influences the 3D parts’ 

mechanical performance. Tian et al. [41] studied how the variation of layer thickness can impact 

the flexural properties of PLA composites produced with FDM. As shown in Figure 2-22, the 

higher layer thickness results in a drastic drop in the flexural strength and modulus [41]. The 

flexural strength dropped from 240 MPa in the 3D sample with 0.3 mm layer thickness to below 

100 MPa in the sample 3D printed with 0.8 mm. The optimal layer thickness for printing PLA 

composites is 0.3 mm. The higher layer thickness leads to insufficient layer bonding which results 

in delamination between the FDM part and poor mechanical performance [41].  

 

 

Figure 2-22: The layer thickness influence on PLA composites flexural strength and 

modulus (from: Tian, X., Liu, T., Yang, C., Wang, Q., & Li, D. (2016). Interface and 

performance of 3D printed continuous carbon fiber reinforced PLA composites. Composites Part 

A: Applied Science and Manufacturing, 88, 198-205. With permission)  
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2.6   FDM 3D Printing Limitations   

 

One of the main limitations of FDM 3D printing is the scale of the 3D printed object. The 

layer thickness highly influences the quality and strength of the 3D printed object. For most FDM 

3D printers, the minimum layer thickness can be set at 0.1 mm [47]. Often, 3D printers require 

certain filament diameter to extrude the molten filament. If the filament diameter is smaller than a 

certain range, it is difficult to push through the filament into the heating barrel. As a result, defects 

in the 3D printed object will be produced. Another, limitation of the FDM 3D printing technique 

is the low resolution (250 µm) in comparison to other 3D printing technique [48] such as 

selective laser sintering technique, which can produce objects with double the resolution 

(500 µm). Therefore, FDM may not be ideal for biomedical microstructures that requires very 

high resolution and smaller than 1.0 mm layer thickness.  
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3.1 Introduction 

 

The world has been gravitating towards the production of more environmentally friendly 

materials and manufacturing products from sustainable and renewable resources. With an 

estimated increase of 30% of bioplastic production annually [1], these bioplastics are offering a 

promising opportunity to reduce greenhouse emissions and conventional plastic pollution [2]. 

Additive manufacturing (AM) is known as the technique of building up materials layer by layer 

from powder, liquid or solid based on computer generated models [3-5]. Fused deposition 

modelling (FDM) is among the most commonly used methods for AM processing of 

thermoplastics [6]. As shown in Figure 3-1a, the FDM is a polymer processing technique which 

involves the continuous extrusion and deposition of molten thermoplastic polymer to build parts 

in a layered assembly [7]. Figure 3-1b displays the actual FDM process of producing a tensile 

specimen.  In contrast to the conventional injection molding process, for FDM, a mold is not 

required [7-8]. Nowadays, the advances in the three-dimensional (3D) printing technologies made 

it feasible to fabricate functional components [9]. Cost-effectiveness and short prototyping time, 

as well as the ability to fabricate complex geometry components are some of the major advantages 

of FDM technique [6, 10].  

 

3D printing via FDM has greatly benefited many sectors including aerospace [4], automotive 

[5], concept modelling/prototyping [6, 8, 9], and biomedical [11-12]. Because aerospace 

components can be very complex in geometry, FDM technique has been highly beneficial for the 

aerospace industry [4]. FDM is now used to 3D print functional parts for aircrafts and repair these 

parts [4]. FDM technique has also benefited the automotive industry making it easier to fabricate 
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automotive tools and small complex components used in the cars [5]. Moreover, FDM is 

convenient and efficient technology for rapid prototyping and producing concept designs [6]. 

Highly complex designs and moving parts can be directly 3D printed in reasonable timeframes 

using FDM and without the need of tooling or machining [6, 9]. For instance, the production of 

shoes prototype can be fabricated within 90 minutes using 3D printing where it would otherwise 

take 1 week to produce these prototypes using conventional methods [8].  In the biomedical 

industry, it’s now easy to fabricate complex bone scaffolds and functional drug delivery systems 

with FDM technique [11-12]. The combination of medical imaging techniques such as computed 

tomography (CT) with 3D printing rapid prototyping technology made it a lot easier to fabricate 

implants with high precision in a matter of a few hours [13]. Currently, poly (lactic acid) (PLA) 

and acrylonitrile butadiene styrene (ABS) are the most commonly used thermoplastics for 3D 

printing via FDM. However, PLA is more popular 3D printing material due to its excellent 3D 

printability, biodegradability, good strength and environmental friendliness [14-16]. 

 

Figure 3-1: (a) Schematic illustration of the fused deposition modelling (FDM) 3D 

printing process of impact test sample and (b) 3D printing of PLA/BioPBS tensile sample in 

Lulzbot Taz6 desktop 3D printer 
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PLA belongs to the aliphatic polyester family and is completely derived and synthesized from 

biological resources, mostly from corn or beet starch [2, 17-18]. The production of PLA with high 

molecular weight is primarily done using ring opening polymerization (ROP) of lactide monomers 

[19-20]. PLA attains good mechanical strength and is known for its biodegradability and 

cytocompatibility, which are two essential factors for fabricating biomedical parts [15]. 

Nevertheless, the inherent brittleness of PLA greatly limits its applications [21]. Modifying PLA 

by blending with more flexible polymers can improve its toughness and expand its applications 

[19, 21]. Blending PLA with a tough polymer can be advantageous in two ways: lowering the cost 

and improving the toughness [17].  

 

Poly (butylene succinate) (PBS) is also a member of the aliphatic polyester family that has been 

getting a lot of attention due to its good toughness and biodegradability [22-23]. PBS is synthesized 

by condensation of petroleum based 1,4-butanediol and succinic acid, however, PBS has also been 

successfully produced from a succinic acid derived from renewable resources [19, 24]. Food 

packaging, textile and agriculture are some of the main industries where PBS is being used [24-

25]. PBS has also been used in the biomedical sector to fabricate drug delivery systems and tissue 

repair [22, 26-27]. Although PBS possesses excellent flexibility and elongation, its low rigidity 

hinders its use in many applications [24]. In this case, blending PBS with PLA can achieve a good 

balance between mechanical strength and toughness allowing it to be used for wider number of 

applications [24, 28]. 

 

PLA/PBS blends have been prepared via compression molding [29-32], injection molding [33], 

electrospinning [34-35] and recently, 3D printing [36]. Bhatia et al. [29] studied the properties of 
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compression moulded PLA/PBS blends and reported that PLA/PBS blend is miscible at low PBS 

contents (< 20 wt.%). Qiu et al. [30] investigated the crystallinity and mechanical properties of 

multiple PLA/PBS blend ratios. Their findings confirmed that adding PBS to PLA aided in PLA 

crystallization enhancing its ductility [30]. Park et al. [31] studied the morphology PLA/PBS 

blends and observed significant phase separation of PLA/PBS blends when PBS content equaled 

or exceeded 40 wt.%. Moreover, PBS was reported to have a good plasticizing effect on PLA. 

Fabricating PLA/PBS fibers via melt spinning and electrospinning had also been reported [24, 35]. 

Jompang et al. [34] examined the influence of different PBS contents on the thermal, mechanical 

and morphological properties of PLA/PBS fibers. They were successful in collecting fibers with 

good tensile strength and ductility from blends with PBS content lower than 30 wt.%. They found 

that the best PLA/PBS blend ratio for producing textile fibers was (90/10). So far, it appears that 

only Ou-Yang et al. [36] investigated the 3D printability of PBS/PLA blend with FDM technique.  

They studied the tensile properties and interlayer bond strength of the 3D printed PBS/PLA: 

(20/80), (40/60), and (60/40) blends. They concluded that the PBS/PLA (40/60) is the optimal 

blend for 3D printing because of its moderate melt viscosity and good mechanical performance 

[36].  

 

Until now, the 3D printability of PLA/Biobased PBS (BioPBS) blends has not been 

investigated. This research reports, for the first time, the 3D processability of the PLA/BioPBS 

blends and its correlation to coefficient of linear thermal expansion (CLTE). 3D printing filaments 

were fabricated based on a mixture design of experiment (DoE) approach from PLA/BioPBS: 

(90/10), (80/20), (70/30), (60/40) and (50/50) blends. In which the PLA/BioPBS filaments were 

successfully 3D printed using FDM technique. The statistical analysis of the DoE was employed 
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to investigate the correlation between the mechanical performance (tensile, flexural, and impact 

strengths) of the PLA/BioPBS blends with respect to varying wt.% of PLA and BioPBS. The 3D 

printed PLA/BioPBS samples achieved superior tensile strength and modulus compared to the 

previous study using petroleum-based PBS by Ou-Yang et al. [36] as shown in Table 3-1. For 

example, the PLA/BioPBS (80/20) achieved 17% higher tensile strength and 42% higher tensile 

modulus than PLA/PBS [36] samples. 

Table 3-1: Comparison between the 3D printed PLA/PBS (80/20) and (60/40) tensile 

strength and modulus reported by Ou-Yang et al. [36] and the 3D printed PLA/BioPBS reported 

in this work 

 

PLA/BioPBS 

Blend Ratio 

Ou-Yang et al. [36] Our data 

Tensile Strength 

(MPa) 

Tensile Modulus 

(GPa) 

Tensile Strength 

(MPa) 

Tensile 

Modulus 

(GPa) 

(80/20) 55.6 2.1 64.9 (±3.8) 3.0 (±0.16) 

(60/40) 51.2 2.0 57.1 (±1.4) 2.4 (±0.05) 

 

The main objective of this work is to successfully fabricate sustainable 3D printable filament 

with good mechanical properties using 50 wt.% biobased PBS with the aim of making the 3D 

printing products more sustainable. The interest in FDM 3D printing was motivated by the various 

advantages that 3D printing technology has to offer providing opportunities to different industries 

and applications.  
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3.2 Experimental and Methods  

  

3.2.1 Materials 

 

Both PLA (grade 4043D) and BioPBS (grade FZ91 PM) used in this study were film grade 

polymers. The PLA (Ingeo 4043D) from NatureWorks LLC, USA had a melt flow index (MFI) of 

6 g/10 min (210 °C, 2.16 kg) and isomeric form of L/D = 98/2 [37]. The BioPBS (50% bio-based) 

with MFI of 5 g/10 min (190 °C, 2.16 kg) was a produced from PTT MCC BIOCHEM CO., Ltd., 

Thailand and supplied by Competitive Green Technologies, Leamington, ON, Canada.  

 

The MFI (210 oC, 2.16 kg) of the extruded neat PLA and neat BioPBS were measured and 

compared to the reported MFI in the technical data sheet to ensure no degradation occurred under 

the processing conditions. The obtained MFI values for PLA 4043D was 5.3 (±0.22) g/10 min and 

5.2 (±0.75) g/10 min for the BioPBS FZ91 PM.  

 

 3.2.2 Blend Preparation, Filament Fabrication, and 3D Processing  

 

A convection oven was used to dry the pellets of PLA and BioPBS in order to minimize the 

thermal degradation of the polymers during processing. For PLA pellets, the oven temperature was 

set at 70 oC for approximately 4 hours while BioPBS was dried at the same temperature for 12 

hours. The moisture content percentage (%) for PLA and BioPBS was measured prior to melt 

mixing. The moisture content percentage (%) after drying was 0.12 in PLA and 0.16 in BioPBS. 
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The melt mixing of PLA/BioPBS blends was performed in a co-rotating twin-screw extruder 

(manufactured by Leistritz) with a screw diameter of 27mm and length to diameter ratio (L/D) of 

48:1. The processing conditions of the blend were kept at 180 oC, 100 rpm, and feed rate of 5 kg 

per hour. The strands were collected after passing through a water bath and dried in an oven at 60 

oC overnight.  

 

The 3D printing was carried out using a Lulzbot Taz6 desktop 3D Printer with the following 

conditions: 250 oC nozzle temperature, 65 oC bed temperature, 2.25 mm layer thickness, 60 mm/s 

nozzle speed, and 45°/-45o raster angle. The 3D printability of the PLA/BioPBS blends: (90/10), 

(80/20), (70/30), (60/40), and (50/50) were studied.  

 

3.2.3 Rheology  

 

The rheological behaviour of the blends was investigated prior to 3D printing using an 

Anton Paar MCR 302 rheometer. The rheological experiments were done using a 25 mm diameter 

parallel plate with 1 mm plate gap under nitrogen atmosphere with frequency sweeps in the range 

between 0.01 and 100 rad.s-1. In the rheological testing, the time to obtain a data point was 2π/ω 

(where ω is the angular frequency). Therefore, it will take a long time to obtain data in the low 

frequency (i.e. 10 min at 0.01 rad/s). This will make the PLA/PBS blend to thermally degrade at 

high temperatures. To avoid the thermal degradation of the polymers (at low frequency) [38], the 

frequency sweeping was performed from high frequency to low frequency in this study. At the 

same time, the true viscosity value during the actual 3D printing for different samples can be 

revealed and compared since the shear rate at the printer nozzle is very high (above 100 rad/s). To 
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determine the optimal 3D printing temperature, the rheological test was performed on one of the 

PLA/BioPBS blends at different temperatures of 180, 200, 220, 250 and 270 oC. Additionally, the 

complex viscosities of all PLA/BioPBS blends were determined at the optimal 3D printing 

temperature (250 oC). 

 

 3.2.4 Mechanical Testing  

 

Flexural and tensile mechanical testing were carried using an Instron universal testing machine 

Model 3382. The flexural and tensile properties were determined in accordance with ASTM D790 

and D638, respectively. The flexural test was performed using 52 mm gauge length and 14 

mm/min crosshead speed and the tensile properties were measured at 50 mm/min. The notched 

Izod impact resistance was measured in accordance with ASTM D256 using a TMI monitor impact 

tester with a 6.8 J pendulum. All the samples were conditioned at ambient temperature and 50% 

humidity for 48 hours before testing.  

 

 3.2.5 Differential Scanning Calorimetry (DSC) 

 

The thermograms were obtained using a TA Instruments differential scanning calorimeter 

(DSC) model Q200. The first heating cycle was initiated at 23 oC (ambient temperature) with a 10 

oC/min rate up to 200 oC under nitrogen. The sample was then cooled at a rate of 10 oC/min to 

ambient temperature. The 2nd heating cycle was set from 23 to 200 oC at 10 oC/min. The 

crystallinity of the polymer (Xc) was calculated from the second heating curve based on the 

equation: 
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𝑋𝑐 = ( 
∆𝐻𝑚

𝑊𝑓∗∆𝐻𝑚
𝑜 ) ∗ 100%                         (1) 

 

where ∆𝐻𝑚   is the melting enthalpy, ∆𝐻𝑚
𝑜  is the 100% crystalline melting enthalpy for 

PLA (93.0 J/g) [30] and 100% crystalline PBS (210 J/g) [30], and 𝑊𝑓 is the polymer weight 

fraction in the blend.   

 

3.2.6 Thermo-Mechanical Analysis (TMA) 

 

The coefficient of linear thermal expansion (CLTE) was determined using a TA Instruments 

Q400 in accordance with ASTM E831. The experiment was completed under N2 atmosphere with 

0.1 N compressive force.  All the CLTE values were obtained from the linear range which was 

defined as between 0 - 50 oC since at higher temperatures the influence of PLA glass transition 

temperature caused non-linear behaviour.   

 

3.2.7 Electron Scanning Microscopy (SEM) and Polarizing Optical Microscopy 

(POM)   

 

The morphology of the PLA/BioPBS blends was studied using the middle section of the 3D 

printed tensile test sample. The samples were fractured after being placed in liquid nitrogen for 

approximately 15 minutes. After that, the samples were sputter-coated with gold for 13 seconds 

and then analyzed V using a Phenom ProX SEM machine with 10 kV acceleration voltage.  

The crystallization behaviour of the neat polymers versus the blend was observed using an 

ECLIPSE LV100 manufactured by Nikon. Initially, the samples were melted on a hot stage at 40 
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oC/min heating rate to 180 oC/min. After that, the samples were quenched rapidly at 40 oC/min to 

100 oC and held isothermally at that temperature.  

 

 3.2.8 Design of Experiment and Statistical Analysis 

 

Minitab software (version 17.1.0) was used to set up a DoE for the PLA/BioPBS filaments 

fabrication. The influence of different ratios of PLA and BioPBS on the blends’ mechanical 

properties was studied using a mixture DoE approach. The mixture design approach allows for a 

blending ratio range according to maximum and minimum composition limits. The DoE was 

carried out according to maximum and minimum wt.% limits of PLA and BioPBS. The highest 

and lowest wt.% limits of PLA composition in the PLA/BioPBS blends was set between 100 and 

50 wt.%.  For BioPBS limit range, the maximum wt.% was set at 50 wt.% and the lowest limit at 

0 wt.%. The highest BioPBS composition in the PLA/BioPBS blends was decided based on 

preliminary experiments to investigate the 3D printability of PLA/BioPBS filaments. It was found 

that the 3D PLA/BioPBS filaments with BioPBS content higher than 50% wt. could not be 3D 

printed due to the high blend viscosity and thermal instability. Therefore, the limits for both blend 

components were set as the following:  

0.5  PLA  1.0 and 0.0  BioPBS  0.5  

The linear regression models of mechanical properties (tensile, flexural, and impact 

strengths) were obtained to estimate the mechanical performance of PLA/BioPBS at different PLA 

and BioPBS wt.% compositions. The mechanical performance (response variable) were studied 

based on two controlling variables (PLA and BioPBS wt.%) according to the following equation 

[39]:  
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                         Y = 1*X1 + 2*X2 +                         (2) 

where Y is the response variable (the mechanical property), 1 is X1 predictor, 2 is X2  

predictor , X1 is the controlling variable 1 (PLA wt. %), X2 is the controlling variable 2 (BioPBS 

wt. %), and  is the random error associated with the data obtained.  

 

3.3 Results and Discussion  

 

3.3.1 3D Processing and Correlation with Rheological and Thermal Expansion of 

PLA/BioPBS blends  

 

The printing temperature in FDM is one of the most significant processing parameters and it 

highly influences the filament flowability from the nozzle and the adhesion between layers in the 

3D printed part. To optimize the 3D printing process, it is essential to study the influence of the 

printing temperature on the viscoelastic (rheological) behavior of the 3D filament. In this work, a 

rheological test was performed on the PLA/BioPBS (70/30) blend under a range of temperatures 

(180 to 270 oC) as shown in Figure 3-2a. These temperatures were chosen to simulate the actual 

3D printing temperatures in the 3D printer heating barrel and to study their influence on the 

PLA/BioPBS molten filaments. The corresponding complex viscosity of the PLA/BioPBS (70/30) 

blend is shown in Figure 3-2a. The viscosity at frequency above 100 rad/s in the oscillation 

dynamic testing represents the viscosity in the real 3D printing process based on the Cox-Merz 

rule [40] and the work reported by Seppala et al. [41]. 
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Figure 3-2:(a) The complex viscosity of PLA/BioPBS (70/30) blend at a range of 

temperatures between 180 and 270 oC, (b) The layer adhesion of 3D PLA/BioPBS (70/30) tensile 

sample printed at 220 oC (side view), and (c) The layer adhesion of 3D PLA/BioPBS (70/30) 

tensile sample printed at 250 oC (side view) 

As shown in Figure 3-2a, the complex viscosity of the PLA/BioPBS (70/30) decreases with 

increasing temperature. The highest viscosity (1000 Pa.s) was recorded at 180 oC (Figure 3-2a). 

During FDM of PLA/BioPBS (70/30) filament, the filament flowability was poor at 180 oC 

printing temperature which indicates that the high viscosity was a limitation in 3D printing. At 

very high printing temperature (270 oC), the viscosity of the PLA/BioPBS (70/30) blend dropped 

significantly as shown in Figure 3-2a. The drastic decrease in the viscosity at high printing 

temperatures and low sweep frequency ranges can be attributed to deterioration of the polymer 

chains. It should be noted that the sharp increase of viscosity with rising shear rate at the low shear 

rate range appeared due to the experimental artifacts resulting from the serious degradation of the 

polymer chains. The polymer decomposition at high printing temperatures and the gravity effect 
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caused the filament to uncontrollably leak out of the nozzle which was not ideal 3D processing 

condition [40, 42-43]. 

 

However, moderately high printing temperature can improve not the only the flowability of the 

filament but also the layer adhesion of the 3D printed sample. It has been reported by other 

researchers that higher printing temperature improved the adhesion between sample layers leading 

to better mechanical performance [40, 42]. Figures 3-2b and 3-2c show the effect of the printing 

temperature on the layer integrity of the 3D printed tensile test samples. The PLA/BioPBS (70/30) 

tensile samples that were 3D printed at 220 oC (Figure 3-2b) experienced poor adhesion between 

the layers and resulted in dimensional inaccuracy and delamination of layers. Increasing the 

printing temperature to 250 oC, showed excellent layer adhesion and optimized dimensional 

accuracy and constant viscosity under the tested frequency range for the samples. Therefore, the 

optimal FDM printing temperature for the PLA/BioPBS blends was chosen to be 250 oC.   

 

The second step after determining the optimal 3D printing temperature was the investigation of 

the rheological properties of multiple PLA/BioPBS blends at the optimal 3D printing temperature 

(250 oC). As shown in Figure 3-3a, the shear viscosity of the PLA/BioPBS: (90/10), (80/20), 

(70/30), (60/40), (50/50), (40/60), and (30/70) blends significantly increased with increasing 

BioPBS content from 100 Pa.s in the PLA/BioPBS (90/10) blend to roughly 42 000 Pa.s in the 

PLA/BioPBS (70/30) blend. The sharp increases in viscosity of the PLA/BioPBS blends with 

increasing BioPBS content was attributed to the fact that BioPBS had a higher viscosity than PLA.  
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The high viscosity negatively impacted the flowability of the PLA/BioPBS filaments from the 

printing nozzle. To achieve successful FDM processing conditions, the 3D filaments viscosity 

must be moderate [36]. For the PLA/BioPBS filaments, it was observed that the extrusion of the 

PLA/BioPBS: (90/10), (80/20), (70/30), (60/40), and (50/50) filaments were consistent (Figure 3-

3b). The consistent extrusion of PLA/BioPBS filaments with BioPBS content less than 50 wt.% 

produced perfect 3D samples with good surface finishing and no defects (Figure 3-3b). On the 

other hand, the 3D printing of PLA/BioPBS (40/60) and (30/70) filaments was not successful and 

the printing job failed quickly due to high viscosity and dimensional instability. The inconsistent 

extrusion of the PLA/BioPBS filaments when BioPBS content was higher than 50 wt.% led to 

defected 3D sample as shown in Figure 3-3c. In the current work, the rheological studies revealed 

that the high viscosity of BioPBS was the main contributor to the difficulty of 3D printing 

PLA/BioPBS filaments with high BioPBS contents.  
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Figure 3-3: (a) The complex viscosity of PLA/BioPBS: (90/10), (80/20), (70/30), (60/40), 

(50/50), (40/60), and (30/70) blends within a range of 0 - 100 rad.s-1 at 250 oC, (b) The extrusion 

of PLA/BioPBS: (90/10), (80/20), (70/30), (60/40), and (50/50) filaments for 3D printing the 

flexural sample at 250 oC, and (c) The extrusion of PLA/BioPBS (40/60) and (30/70) filaments 

for 3D printing the flexural sample at 250 oC 
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Besides the viscosity effect, the volume shrinkage of the polymeric materials also dramatically 

influenced the 3D printing processability. Therefore, the CLTE of the PLA/BioPBS: (90/10), 

(80/20), (70/30), (60/40), and (50/50) blends in the flow direction. The CLTE of the PLA/BioPBS 

blends was investigated and compared with the neat PLA to check the dimensional stability of the 

3D printed samples. Previous research also showed that there is a link between the viscosity ratio 

of the blend’s components and the blend’s CLTE [44]. Figure 3-4 shows the CLTE values of the 

PLA/BioPBS: (90/10), (80/20), (70/30), (60/40), and (50/50) blends within a temperature range of 

0 – 50 oC in the flow direction. This CLTE temperature range was chosen because above 50 oC, 

the PLA/BioPBS blends exhibit nonlinear behaviour due to the glass transition of PLA. It can be 

seen from Figure 3-4 that the CLTE of the tested PLA/BioPBS blends constantly increases with 

increasing BioPBS content. The CLTE of the PLA/BioPBS blend increased from about 87 m/(m. 

oC) in the PLA/BioPBS (90/10) blend to 115 m/(m. oC) in the PLA/BioPBS (50/50) blend. 

Comparing the CLTE data of the PLA/BioPBS blends with the neat PLA (~77.5 m/ (m. oC)), it 

can be clearly observed that CLTE is influenced by the addition of BioPBS. The addition of 

BioPBS did not only influence the viscosity of the blend but also contributed to the thermal 

instability of the filament, leading to failure of FDM of PLA/BioPBS filaments with BioPBS 

content greater than 50 wt.%.  The problematic volume shrinkage at higher PBS contents was 

probably caused by the high crystallinity of PBS as reported by Ou-Yang et al. [36].  
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Figure 3-4: The coefficient of linear thermal expansion (CLTE) in the flow direction of 

the 3D PLA/BioPBS samples showing a constant increase with higher BioPBS content 

 

 3.3.2 Co-relation of Morphological with Thermal and Mechanical Properties  

3.3.2.1 Morphology Evaluation 

 

The properties of polymer blends are closely related to the morphology of the samples, 

especially the compatibility between different components. To observe the evolution of 

morphology with increasing PBS content and the compatibility between PLA and PBS, SEM 

micrographs of the blends from the liquid nitrogen fractured surface of the tensile samples were 

obtained and are shown in Figure 3-5. The PLA/BioPBS blends experienced a transition from 

miscibility at 10 wt.% BioPBS to immiscibility (droplet dispersion structure) with higher contents 

of PBS. The PLA/BioPBS (90/10) did not exhibit any clear phase separation which indicates that 
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the two polymers (PLA and BioPBS) can be miscible at low BioPBS content. Miscibility between 

PLA and PBS in the PLA/PBS blends with low content of PBS have also been reported by Bhatia 

et al. [29] and Jompang et al. [34]. However, PLA/BioPBS (80/20) blend showed an obvious sea-

island structure with a PLA matrix and dispersed BioPBS droplets phase. The size of the dispersed 

PBS droplets increased with increasing PBS, which can be observed in the PLA/BioPBS (70/30) 

blend. With higher addition of BioPBS, the morphology started to form a cluster of BioPBS 

droplets in the PLA matrix as shown in the (60/40) blend. Similarly, the BioPBS clusters are 

present along with random dispersion of smaller BioPBS droplets across the PLA matrix.  

 

 

Figure 3-5: The PLA/BioPBS: (90/10), (80/20), (70/30), (60/40) and (50/50) micrographs 

of the 3D printed tensile sample 
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The obvious interface between the PLA and PBS in the SEM images indicated that the 

compatibility between PLA and PBS was poor at higher BioPBS wt. % (greater than 10 wt.%). As 

shown in PLA/PBS 80/20 blend, the gap between the two phase is clear, demonstrating the 

incompatibility of these two components. The immiscibility of PLA and PBS has been reported 

by other researchers. Bhatia et al. [29] reported that PLA is incompatible with PBS in the PLA/PBS 

blends when PBS content is 20 wt.% or higher. Deng et al. [32] also reported that co-continuous 

phase separation was formed in PBS/PLA blends when PBS content exceeded 8.4 wt.% and 

concluded that PLA is incompatible thermodynamically with PBS.  

 

3.3.3 Thermal Properties and Crystallization Behaviour   

 

Table 3-2: The glass transition (Tg), melting temperatures (Tm), and calculated 

crystallinity degree (Xc) percentage of PLA and BioPBS of the 3D PLA/BioPBS samples in 

comparison to neat PLA 

PLA/BioPBS Blend  

Ratio 

Tg (oC) Tm (oC) Xc (%) 

PLA BioPBS PLA BioPBS PLA BioPBS 

(100/0)  60.8 

(±0.14) 

-  151.05 

(±0.24) 

-  7.1  -  

(90/10)  60.02 

(±0.08) 

-  148.36 

(±0.16) 

113.45 

(±0.10)  

 21.2 3.6 

 (80/20) 58.89 

(±0.03) 

- 148.71 

(±0.63) 

 113.15 

(±0.08) 

19.6 16.4 

(70/30) 59.26 

(±0.36) 

 149.46 

(±0.11) 

113.45 

(±0.03) 

18.1 27.8 

(60/40) 58.99 

(±0.44) 

- 149.03 

(±0.16) 

113.31 

(±0.08) 

19.0 29.8 

(50/50) 58.45 

(±0.07) 

- 148.93 

(±0.02) 

113.2 

(±0.15) 

14.2* 24.0 

*Crystallinity (%) was calculated based on the enthalpy of the highest PLA Tm 
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Figure 3-6: The DSC thermograms of the 2nd heating scan of the PLA/BioPBS 3D 

samples showing the PLA glass transition and the endothermic melting peaks of BioPBS and 

PLA 

 

The thermal properties of the PLA/BioPBS blends are listed in Table 3-2 and the DSC 

thermograms are shown in Figure 3-6. The cold crystallization (Tc) peak of PLA could not be 

captured because of the overlapping of PLA Tc and melting of PBS, as reported by Park et al. [31] 

and Deng et al. [34]. Therefore, all the crystallinities were calculated based on the melting 

enthalpies of PLA and BioPBS.  

 

It can be clearly seen that with increasing BioPBS content, the PLA glass transition temperature 

(Tg) and the melting temperature (Tm) decreased for all PLA/BioPBS blends agreeing with prior 

work done by Park et al. [31]. The Tg   of the neat PLA dropped from 60.8°C to 58 oC in the 

PLA/BioPBS (50/50) blend. Similarly, the Tm  of the neat PLA dropped from 151 oC to nearly 149 
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oC in the PLA/BioPBS (50/50) blend. Among all PLA/BioPBS blends, only the PLA/BioPBS 

(50/50) blend exhibited double BioPBS melting peaks. The double melting peak of BioPBS in the 

PLA/BioPBS (50/50) blend occurred as a result of crystals melting, recrystallization and re-

melting during the DSC scans resulting in two forms of crystals or lamellae [45-46]. The first melt 

peak of BioPBS was attributed to the less organized or less perfect crystals, whereas the well-

organized crystals of BioPBS melted at higher temperatures [45-46].   

 

 

Figure 3-7: The polarized optical microscopic images of 25 minutes isothermal 

crystallization at 100 oC of: (a) The neat PLA and enlarged view of PLA crystal, (b) The neat 

BioPBS, (c) The PLA/BioPBS (90/10) blend, and (d) The PLA/BioPBS (70/30) blend 
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Because both polymers in the blend are considered semi-crystalline, they crystallize 

individually, which resulted in the two distinct individual melting peaks [29]. However, PLA and 

BioPBS affected each other’s crystallization behaviour in the blend. PBS can act as nucleating 

agent and have a plasticizing effect on the PLA [31]. With 10 wt.% BioPBS, the crystallinity of 

PLA significantly improved from 7% in the neat PLA to 21% in the PLA/BioPBS (90/10) blend, 

indicating a positive BioPBS crystallization effect on PLA. BioPBS crystallinity was supressed by 

the PLA in the blends with low BioPBS content due to restriction of the BioPBS chain mobility 

[47]. However, further addition of BioPBS led to an increase in the BioPBS crystallinity. The 

BioPBS crystallinity continuously improved up to 24% with higher BioPBS content. The 

crystallinity of both PLA and BioPBS dropped nearly 5% in the PLA/BioPBS (50/50) blend. 

Jompang et al. [34] also recorded a lower PBS crystallinity in the PLA/PBS (50/50) blend in 

comparison to their PLA/PBS (60/40) blend and reported that the retardation in PBS crystallinity 

was caused by PLA presence.  

 

A polarizing optical microscope (POM) was used to investigate the isothermal crystallinity of 

the neat PLA and PLA after blending with BioPBS. Because of the huge difference in the 

crystallization rate between PBS and PLA, the crystal morphologies of these two polymers were 

different from one another, as shown from the POM images in Figures 3-7a (PLA crystals) and 

3-7b (BioPBS crystals). After twenty minutes of isothermal crystallization, a small amount of 

spherulites were observed for neat PLA. The spherulites formed a classic Maltese cross under 

POM observation, as shown in Figure 3-7a. For neat BioPBS, large amounts of tiny crystals were 

formed due to the fast crystallization rate. The tiny crystals filled the whole matrix after twenty 

minutes, as shown in Figure 3-7b. After blending PLA and PBS together, the crystallization 
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behaviour of both polymers will be influenced. Crystal observations for PLA/BioPBS (90/10) and 

PLA/BioPBS (70/30) blends are shown in Figures 3-7c and 3-7d, respectively. With addition of 

10% BioPBS, the crystallization rate of PLA was enhanced, which was manifested under POM 

observation as many well dispersed smaller crystals. The increase of small PLA crystals at 10 wt.% 

BioPBS indicated that a small amount of BioPBS can act as a nucleating agent for PLA. With 

further increase of BioPBS content to 30 wt.%, it was found that the crystals of PLA and BioPBS 

will co-exist together. Figure 3-7d shows the co-existence of fine and widely dispersed BioPBS 

crystals with large non-uniform PLA crystals. The co-existence of different crystal forms indicates 

immiscibility between PLA and BioPBS [32].  

 

3.3.4 Mechanical Properties 

 

Table 3-3: The tensile, flexural, and impact strengths of the PLA/BioPBS 3D printed at 

250 oC and 60 oC bed temperatures 

Run Order PLA (%) BioPBS 

(%) 

Tensile  

Strength 

(MPa) 

Flexural 

Strength 

(MPa) 

Impact 

Strength 

 (J/m) 

3 100 0 66.2 (±3.2) 113.5 (±5.8) 32.9 (±4.2) 

1 90 10 77.0 (±3.2) 

 

82.3 (±4.10) 37.5 (±2.2) 

5 80 20 64.9 (±3.8) 85.2 (±4.7) 41.4 (±2.5) 

2 70 30 60.2 (±2.3) 80.1 (±4.6) 42.45 (±3.6) 

6 60 40 57.1 (±1.4) 80.4 (±1.0) 44.4 (±3.5) 

4 50 50 47.5 (±2.5) 63.75 (±14) 54.3 (±9.2) 
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The mechanical properties of experimental designs for neat PLA and PLA/BioPBS: (90/10), 

(80/20), (70/30), (60/40), and (50/50) blends are reported in Table 3-3. The PLA/BioPBS 

filaments fabrication and 3D printing were performed in randomized “Run Order” as shown in 

Table 3-3 to minimize any bias in the data. It can be noted that the tensile strength decreased with 

increasing BioPBS content in the PLA/BioPBS blends, except for PLA/BioPBS (90/10) blend. 

This drop in tensile strength is expected as the PBS attains lower tensile strength compared to that 

of PLA.  However, it is noteworthy to see that the tensile strength of the PLA/BioPBS (90/10) 

blend was enhanced by 16% after adding 10% of BioPBS. The higher tensile strength in the 

PLA/BioPBS (90/10) blend can be attributed to the morphological behaviour in which the BioPBS 

droplets are well disposed in the PLA matrix, as well as PLA percent (% Xc) crystallinity 

enhancement. As shown in Table 3-3, the crystallinity of PLA was highest in the PLA/BioPBS 

(90/10) blend. High PLA crystallinity has been reported to positively affect the tensile strength of 

the material [48]. Jompang et al. [34] also reported higher tensile strength for the PLA/PBS (90/10) 

blend in comparison to the tensile strength of the neat PLA. Moreover, the impact strength 

improved from 32.9 J/m for the neat PLA to 37.5 J/m for the PLA/BioPBS (90/10) blend. This 

suggests that in the FDM process, a low wt.% of PBS in the PLA/PBS blend system will likely 

cause a simultaneous improvement in the tensile and impact strengths. In a similar manner, Ou-

Yang et al. [36] reported that PBS/PLA blend with 20 wt.% PLA could result in a significant 

increase in 3D tensile and impact strengths compared to the neat PBS.  

 

Further BioPBS addition led to a decline in tensile strength due to the ductility effect of BioPBS. 

The drop in the tensile strength can be caused by poor stress transfer between the two phases of 
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the blend because of the incompatibility between PLA and BioPBS, as shown in the SEM images 

(Figure 3-6). For the flexural strength, the blends show a constant decline with increasing BioPBS 

content. In comparison to neat PLA, the flexural strength dropped from 82.3 to 63.7 MPa in the 

PLA/BioPBS (50/50) blend.  

 

 3.3.5 Statistical Analysis of Design of Experiment Results  

 

The statistical analysis of the DoE and the linear regression models (Table 3-4) of the 

mechanical properties are based on 3 response variables (the tensile, flexural, and impact 

strengths). The controlling variables are the wt.% of PLA (coded as X1) and BioPBS (coded as 

X2). In this study, the wt.% of PLA and BioPBS in the mixture DoE were bounded by upper and 

lower limit based on the 3D printability of the PLA/BioPBS blends.  The upper and lower 

boundaries of PLA blending percentage in the PLA/BioPBS blends were set between 100 and 

50%. And the BioPBS upper and lower blending percentage limits were set between 50 and 0%. 

Hence, the obtained contour plots, surface plots, and linear regression models are all based on 

these blending constraints. The contour plots and their corresponding surface plots (Figure 3-8) 

were generated based on the obtained experimental data using Minitab software. The contour plots 

map the relationship between the controlling and the response variables in 2-dimensions [49]. On 

the other hand, surface plots are 3D representation of the contour plots [49]. The darker colour 

areas indicated high response and the lighter colour areas indicated a low response value [49]. In 

the surface plots, the high response values were reflected as peaks in the surface plots.  
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Figure 3-8: The mechanical properties of the 3D printed PLA/BioPBS samples where: 

(a) The tensile strength contour plot, (a’) The tensile strength surface plot, (b) The flexural 

strength contour plot, (b’) The flexural strength surface plot, (c) The impact strength contour 

plot, and (c’) The impact strength surface plot with respect to varying wt.% of PLA and BioPBS 

 

In this study, the contour and surface plots were obtained to examine the correlation between 

varying wt.% of PLA and BioPBS and the mechanical performance of the 3D printed PLA/BioPBS 

blends. The contour plots of the tensile, flexural, and impact strengths relative to different wt.% of 

PLA and BioPBS are shown in Figures 3-8a, 3-8b, and 3-8c. And their corresponding surface 

plots are shown in Figures 3-8a’, 3-8b’, and 3-8c’ respectively. The dark green area indicates the 

highest mechanical performance and the lowest mechanical performance are displayed in lighter 

shades of green (Figures 3-8a and 3-8b). The tensile strength contour plot (Figure 3-8a) shows a 

transition from dark green to light green with further addition of BioPBS content. This transition 

indicates that increasing BioPBS wt.% will lead to lower tensile strength (which is expected due 

to ductility effect). However, an interesting trend can be observed in the tensile strength contour 



 

 

78 

and surface plots. The darkest green area (highest tensile strength) is concentrated around 90 wt.% 

PLA and 10 wt.% BioPBS. The highest tensile strength values are resembled as a peak in the 

surface plot (Figure 3-8a’). Based on the obtained experimental data, the tensile strength contour 

and surface plots predict that the highest tensile strength can be achieved at lower wt.% of BioPBS 

(approx. 5 – 15 %) in the PLA/BioPBS blends. The flexural strength contour plot (Figure 3-8b) 

displays an expected transition from high to low strength (dark green to lighter green) with higher 

wt.% of BioPBS in the blend. The surface plot of the flexural strength (Figure 3-8b’) shows this 

transition of this high to low in 3D. In contrast to the flexural strength plots, the impact strength 

contour and surface plots (Figure 3-8c and 3-8c’) showed a transition from low to high impact 

performance (light green to darker green) with increasing wt.% of BioPBS. The contour plots show 

that BioPBS addition will linearly increase the impact strength and the highest impact strengths 

will be achieved at the highest wt.% of BioPBS in the PLA/BioPBS blend.  

 

The mechanical properties of the 3D printed PLA/BioPBS samples and their linear regression 

models are listed in Table 3-4. The R-squared (R2) is a statistical tool to measure how well the 

regression models explain the variation in the data [39, 49]. The R2 values are always expressed in 

(0 – 100 %), so high R2  values theoretically indicate that the regression models explain the data 

variability well.   
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Table 3-4: The mechanical properties response variables, the obtained linear regression 

models where X1 represents PLA wt. fraction and X2 represents BioPBS wt. fraction in the 

PLA/BioPBS blends and the R2 value obtained by the 3D printed PLA/BioPBS samples 

Response Variable Regression Model R2 (%) 

Tensile Strength (MPa) 0.696440 X1 - 0.343508 X2 + 0.0115457 X1*X2 82.7 

Flexural Strength (MPa) 1.09221 X1 + 1.18530 X2 - 0.0196892 X1*X2 89.1 

Impact Strength (J/m) 0.336028 X1 + 0.869275 X2 - 0.00255228 X1*X2 97.6 

 

It can be seen in Table 3-4 that there is positive interaction factor (X1*X2 term) between PLA 

and BioPBS in the tensile strength regression model. This indicates that PLA and BioPBS (at 

certain compositions) in the PLA/BioPBS blends will positively impact the tensile strength which 

was observed in the PLA/BioPBS (90/10) blend. However, there is a negative interaction between 

PLA and BioPBS in the flexural and impact strengths’ regression models. This indicates that PLA 

and BioPBS have inverse relationship which reflected on the corresponding response variables 

(flexural and impact strengths). For example, higher additions of BioPBS in the PLA/BioPBS 

blends will decrease the flexural strength but the impact strength will increase. On the other hand, 

higher addition of PLA will improve the flexural strength, but the impact strength will decrease.    

 

The linear regression models for all three response variables were above 80 %. The lowest R2 

(82.7%) was recorded for the tensile strength regression model since the model takes into 

consideration only two controlling variables (PLA and BioPBS wt.% ratios). Other factors such as 

PLA crystallinity could have a significant influence on the tensile strength of the PLA/BioPBS 

blends. At low wt.% of BioPBS, the tensile strength can be significantly enhanced which was 

observed in the PLA/BioPBS (90/10) blend. The high tensile performance in the PLA/BioPBS 
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(90/10) is attributed to the improved PLA crystallinity (%) (Table 3-2) and the miscibility between 

PLA and BioPBS (Figure 3-5). According to the tensile strength regression model, the tensile 

strength of the PLA/BioPBS (90/10) blend is estimated at 69.6 MPa. But, the obtained tensile 

strength for the 3D PLA/BioPBS (90/10) blend was 77.0 MPa (Table 3-3). This result reveals an 

interesting finding that the PLA crystallinity (%) was a significant variable in determining the 

tensile strength of the PLA/BioPBS blends. On the other hand, impact strength regression model 

recorded the highest R2 (97.61 %) followed by the flexural strength regression model (89.1%). 

This suggests that the impact and flexural strengths of PLA/BioPBS could be well predicted, in 

theory, by these regression models.  

 

These linear regression models, contour and surface plots are useful tools in material design 

that can be utilized to study the influence different variable on the mechanical performance of 

polymer blends. Moreover, the linear regression models and DoE contour plots can be obtained to 

predict the mechanical performance polymer blends under different blending ratios which can 

promote cost effectiveness and time efficiency in material design.   

 

3.4 Conclusion 

 DoE approach was used to investigate and analyze the 3D printability of different ratios of 

sustainable PLA/BioPBS blends. Additionally, with the assistance of the DoE tools, the linear 

regression relationships of mechanical properties with respect to PLA and BioPBS ratios were 

modeled. The statistical regression models successfully predict the mechanical properties of the 

blends, which can be used to guide future material design based on the property requirements. It 

was found that the PLA/BioPBS (90/10) blend achieved the highest tensile strength due to high 
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PLA crystallinity which was enhanced by the addition of 10 wt.% BioPBS and the miscibility 

between PLA and BioPBS. The further addition of BioPBS improved the toughness of the 

PLA/BioPBS blends and increased the viscosity and CLTE. As the FDM process was highly 

influenced by the viscosity of the filament, the printing operation was challenging at high BioPBS 

contents, especially higher than 50 wt.%. The CLTE value, which was closely related to the 

dimensional stability, increased proportionally with increasing BioPBS content, which also 

contributed to the failure of 3D printing at high PBS contents. By applying a linear regression 

model, the mathematical relationship between the mechanical performance of the 3D PLA/PBS 

blends and different blending ratios of PLA and BioPBS was determined. 
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4. Chapter Four: Comparison between Injection Molded and 

3D Printed PLA/BioPBS Blends: Thermal, Morphological, 

and Mechanical Characterization* 

 

 

 

 

 

 

 

 

 

 

* A version of this chapter is in progress for publication  
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4.1   Introduction 

 

One of the most popular polymer processing technique and most widely used for 

manufacturing plastic products is injection molding. Injection molding is a versatile process that 

is mainly used for mass production [1]. Often, polymer in granules form are used as the raw 

material. In a manufacturing setup, injection molding process is a continuous cyclic process in 

which the raw material is melted and formed into the desired shape. The injection molding process 

requires a mold piece with different designs as shown in Figure 4-1 [2, 3].  

 

 

Figure 4-1: Different mold designs of tensile sample 

As a popular mass production method, one of the main disadvantages of injection molding 

is its expensive molds and associate machining [4]. Additionally, the fabrication of complex 

geometries can be a challenging task with conventional processing methods such as injection 

molding [4].  

 

The emerging processing technologies present an alternative option to fabricate complex 

geometries without a mold. For example, additive manufacturing (AM) techniques such as fused 

deposition modelling (FDM) are processing methods based on 3D printing that are able produce 

highly complex objects. 3D printing techniques are more automated processes that depend on 
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computer aided design (CAD) software to run code and guide the printing process. On the other 

hand, conventional processing methods is labour based process and requires tooling and machining 

[4].  

 

Nevertheless, the injection molding process cannot be replaced especially when regarding 

mass production. Choosing the right polymer processing approach can be decided based on three 

factors, production volume, customization, and complexity [1, 4]. In some industrial sectors, 

injection molding is still not able to compete with 3D printing technologies. To be more specific, 

some biomedical applications requires highly customized and porous structures for tissue 

engineering which is still not feasible with injection molding [5]. 

 

Injection molding is more cost-effective processing method in terms of mass production of 

high volume and low customized non-complex mass products [1]. In contrary, AM techniques are 

more cost effective and efficient for fabrication low volume, highly customized and complex parts 

[1]. An example of highly customized products is patient’s medical implant. AM is also more cost 

effective for mass customized products of small and medium run applications including prototypes 

and dental applications [4]. Therefore, understanding the complexity and requirements of the 

product will lead a better decision on choosing the best manufacturing method, conventional or 

AM.  

 

In this work, samples from a range of PLA/BioPBS blends were injection molded and then 

the thermal, morphological, and mechanical properties were compared to their counterparts FDM 

3D printed samples. The FDM samples show anisotropic properties in contrast to the injection 

molded samples. Despite the fact that tensile and flexural strengths were higher for injection 

molded samples, the impact strengths for the FDM 3D samples were superior.   
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4.2   Experimental Methods 

 

4.2.1   Blend Preparation, Filament Fabrication, and 3D Processing 

 

To minimize the thermal degradation of the polymers during processing, the neat PLA and 

BioPBS were dried in a convection oven prior to processing. The PLA was dried at a temperature 

of 70 oC for ~ 4hr and BioPBS was dried at the same temperature for 12 hours. 

 

4.2.2.1   Injection molding 

 

The first step of the injection molding process was the melt-compounding of the dried PLA 

and BioPBS pellets. The PLA/BioPBS blends melt mixing (Figure 4-2a) was performed using a 

rotating twin-screw Leistritz extruder with a screw diameter of 27mm and length to diameter ratio 

(L/D) of 48:1. The processing conditions of the blend were kept at 180 oC, 100 rpm, and a feeding 

rate of 5 kg per hour. The filaments were collected after passing them through a water bath as 

shown in (Figure 4-2b). A pelletizer was used to cut the extruded filaments into pellets as shown 

Figure 4-2c. After that, the pelletized filaments were dried in a convention oven at 70 oC to remove 

moisture that was collected from the water bath. The injection molding process was carried out 

under 180 oC using Mini Jector machine model 55 (Figure 4-2d). 
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Figure 4-2: The PLA/BioPBS Injection molding process: (a) Melt compounding in twin-

screw extruder, (b) Strands extrusion in water bath, (c) Pelletized PLA/BioPBS strands, and (d) 

Injection molding machine 

4.2.2.2   3D Printing 

 

The filament fabrication was carried out in the following order: melt-compounding of PLA 

and BioPBS (Figure 4-2a) and then filament extrusion in the water bath (Figure 4-2b). The 

extruded filaments were collected (Figure 4-2c) and then dried in a convection oven set at 60 oC 

for 12 hours to remove the absorbed moisture from the water bath. The 3D printing (Figure 4-2d) 

was carried using TAZ6 desktop 3D printer manufactured by LulzBOT. The 3D printing 

parameters were set to 250 oC printing temperature, 60 oC bed temperature, 60 mm/s printing speed 

and 0.25 mm layer thickness.  
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Figure 4-3: The PLA/BioPBS 3D printing process: (a) Melt compounding in twin-screw 

extruder ,(b) Strands extrusion in water bath, (c) Filaments collection, and (d) FDM 3D printing 

of flexural sample 

 

4.2.3   Differential Scanning Calorimetry (DSC) 

 

The DSC thermograms of the 2nd heating cycle were obtained using TA instrument DSC 

model Q200. The first heating cycle was initiated at room temperature up to 200 oC at a heating 

rate of 10 oC per minute under a nitrogen environment.   
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 4.2.4   Scanning Electron Microscopy (SEM)  

 

The morphological structure of the fractured impact PLA/BioPBS blend samples prepared 

by 3D printing and injection molding was investigated by SEM.  The samples were first sputter-

coated with gold for 12 seconds and then analyzed with an acceleration voltage of 10 kV using 

Phenom ProX SEM machine.  

 

4.2.5   Mechanical Testing 

 

The flexural and tensile mechanical testing were carried using Instron Universal testing 

machine Model 3382. The flexural and tensile properties were determined in accordance with 

ASTM D790 and D638 standards respectively. The flexural test was performed with a gauge 

length of 52mm and a crosshead speed of 14 mm/min. Tensile properties were measured at room 

temperature (23 oC) and 50% humidity conditions. The notched Izod impact resistance was 

measured according to ASTM D256 standard using TMI monitor impact tester with a 5-ft-lb 

pendulum. 
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4.3   Results and discussion 

4.3.1   Thermal properties  

 

Figure 4-4: The DSC thermograms of PLA/BioPBS blends processed with: (a) Injection 

molding and (b) 3D Printing 
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The 2nd heating cycle DSC thermograms of PLA/BioPBS blends are shown in Figure 4-4. 

The PLA/BioPBS samples processed with injection molding are shown in Figure 4-4a and the 

samples process with 3D printing are shown in Figure 4-4b.  

 

It can be observed that double melting BioPBS peak appears in the injection molded 

samples for PLA/BioPBS (80/20), (60/40), and (50/50) blends. Interestingly, only the 

PLA/BioPBS (70/30) injection molding did not show double melting. The double melting peaks 

exhibited by the blends can be attributed to the formation of primary and secondary crystals [7].  

Some studies attributed the double-melting peak behaviour to different crystal structures [7, 8, 9]. 

The lower melting peak is responsible for the less ordered crystal structures while more organized 

crystals will melt at higher temperature [7, 8]. Another reason behind the formation of double 

melting behaviour is the melt-recrystallization during the DSC heating-cooling-heating cycles [9]. 

It is noteworthy that the DSC thermograms of the 3D printed PLA/BioPBS samples show no 

double melting peak behaviour (Figure 4-4b). However, BioPBS Tm for the 3D PLA/BioPBS 

(50/50) form a double melting peak (Figure 4-4b). This indicates that PLA/BioPBS blend with 50 

wt.% BioPBS will form two different crystal structures regardless of the processing method.  

 

The building plate or bed is analogue to the mold in the injection molding process. The 

temperature of the 3D printer bed can be controlled and set to the desired temperature. For this 

experiment, the bed temperature was set at a temperature of 60 to ensure adhesion of the sample 

to the bed and avoid delamination. The heated bed during the FDM process gives PLA and BioPBS 

enough time to crystalize and form organized crystals. The existence of one form of crystals is 

manifested in the DSC curve as single melting peak for either PLA or BioPBS in 3D printing 

samples.  
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4.3.2   Morphological properties  

 

 

 

Figure 4-5: SEM micrographs of PLA/BioPBS (70/30) blend: (a) – (c) 3D Printed 

samples at 100, 30, and 10 µm respectively and (d) – (f) Injection Molded samples at 100, 30, 

and 10 µm respectively 
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For the sake of comparison, the SEM images of the injection molded and 3D printed 

PLA/BioPBS (70/30) blend are shown in Figure 4-5. It can be clearly observed that there are two 

distinct phases in the 3D sample (Figure 4-5b) and injection molded sample (Figure 4-5c) which 

indicates immiscibility between PLA and BioPBS. It has been reported in the literature that 

PLA/PBS is an immiscible blend by Yokohara et al [6], Qiu et al. [8], and Deng et al. [10].  The 

miscibility between PLA and PBS is attributed to the fact that PLA and PBS are 

thermodynamically incompatible [10]. 

 

The influence of processing method can be clearly observed in Figure 4-5c and Figure 4-

5c. The 3D printed sample has more pores in comparison to the injection molded sample. FDM 

process is based on building an object layer by layer. During FDM process, potential defects such 

as voids and delamination may occur. The formation of voids during FDM can happen as a result 

of non-uniform filament diameter [11]. If the filament is too thin, poor filament deposition will 

leave unfilled space between the contour and the fused lines as shown in Figure 4-6.  

 

 

Figure 4-6: The formation of voids in the 3D printed tensile sample during FDM 
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4.3.3 Mechanical properties  

 

4.3.3.1 Tensile and Flexural Strengths 

 

The effect of porosity is clearly reflected on the mechanical properties as shown in Figure 

4-7. The tensile strengths of all the 3D printed sample are lower than their injection molded 

counterparts. The internal defects such as pores in the 3D printed samples negatively impact the 

mechanical performance [12,13]. The voids between the layers contribute to lowering the 

effectiveness of the cross-sectional area of the 3D tensile samples [14]. The variation in the 

temperature around the 3D printing chamber can also affect the bonding strength between the 

layers [15].   

 

Another factor influencing the mechanical properties of the 3D printed samples is 

anisotropic behaviour of the FDM parts [14, 15, 16, 17]. Even if the filament material is isotropic, 

the nature of the FDM technique will produce anisotropic parts [16].  The 3D printing layer 

orientation was set to 45/-45o or criss-cross. So, another reason behind the reduction in the tensile 

strength of the 3D printed samples is the fact the tensile loading is not parallel to the printing 

layering orientation of the 3D samples [14, 17].  
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Figure 4-7: The tensile strength of the injection molded (red) and 3D printed (blue) 

PLA/BioPBS samples 

 

Similarly, the flexural strengths of the 3D printed samples recorded a lower value due to 

higher porosity of the samples. Interestingly, the effect of the processing method is very minor in 

case of neat PLA (Figure 4-8). The neat 3D and injection molded PLA samples achieved flexural 

strengths of approximately 113.5 and 116.3 MPa respectively. The higher wt.% of BioPBS in the 

PLA/BioPBS blends led to a decline in the flexural strength. The flexural strength for injection 

molded and 3D printed samples decreased to 75 and 63.7 MPa respectively with addition of 50 

wt.% BioPBS (Figure 4-8).    
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Figure 4-8: The flexural strength of the injection molded (red) and 3D printed (blue) 

PLA/BioPBS samples 
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4.3.3.1   Impact Strength 

 

Figure 4-9: The impact strength of the injection molded (red) and 3D printed (blue) 

PLA/BioPBS samples 

 

The impact strengths of the 3D and injection molded PLA/BioPBS blends with comparison 

to neat PLA are shown in Figure 4-9. The addition of BioPBS enhanced the toughness resulting 

in higher impact strength with higher wt.% of BioPBS. The impact strength of the injection molded 

and 3D samples improved from 27.7 and 32.9 J/m to 51.2 and 54.3 respectively. The alternating 

layer of 45/45o raster angle compensates for the voids and internal defects. The fracture behaviour 

of the 3D sample versus the injection molded sample indicates that the criss-cross layering 

orientation has more resistivity against impact, as shown in Figure 4-10.  
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Figure 4-10: The fracture behavior of the 3D impact sample vs the injection molded 

PLA/BioPBS 

 

4.4   Conclusion 

 

Injection molding is a conventional processing method that has been used for mass 

production. Additive manufacturing techniques such as fused deposition modelling is competing 

in some arenas with injection molding. Highly customized and complex products can be fabricated 

more effectively and efficiently with additive manufacturing techniques. Choosing the most 

suitable processing approach is based on 3 factors which are production volume, customization, 

and complexity level. The processing method is greatly inflecting the parts’ mechanical properties. 

For example, injection molding will produce isotropic parts and FDM will produce anisotropic 

parts in terms of the mechanical properties. The orientation of the layering in FDM process impact 

the mechanical properties of the 3D printed samples. However, the ability of FDM process to 

change the layering pattern is an advantageous feature especially for applications that require high 

impact strength.    
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5. Chapter Five: Overall Conclusion and Future work 
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5.1   Overall Conclusion 

 

Polymers are materials which are present in our bodies and everywhere around us. 

Biopolymers are polymers that are produced by living organisms such as polyhydroxyalkanoates 

(PHAs). In contrast, polymers that are man-made are known as synthetic polymers or plastics. 

Synthetic polymers can be biodegradable or non-biodegradable. Biodegradable polymers can 

degrade into H2O and CO2 without disturbing the environment. With rising concerns about plastics 

pollution in the environment, biodegradable polymers became more significant in manufacturing 

streams. Traditional methods for processing polymers in a manufacturing setup include injection 

molding, compression molding, and electrospinning, etc. However, new techniques of polymers 

processing have emerged in the late 90’s. These new technologies are based on additive 

manufacturing, or 3D printing as commonly described. The most common 3D printing techniques 

are stereolithography apparatus (SLA), selective laser sintering (SLS), and fused deposition 

modelling (FDM).   

 

Promising 3D printing materials are bioplastics. Bioplastics are a class of synthetic 

polymers that meet one or both conditions, biodegradability and wholly or partially synthesized 

from renewable resources. Polyesters are often biodegradable because if the presence of ester 

group in their structure which can be easily hydrolyzed. Currently, the most commonly produced 

biodegradable bioplastics are PLA and PBS. PLA has good biocompatibility which made it 

popular in the biomedical industry. Some of the main biomedical applications of PLA are tissue 

engineering and drug delivery. However, PLA is brittle which is a major limitation for its wider 

use in biomedical applications. To compensate for PLA brittleness, PLA can be blended with PBS 

to achieve higher ductility which is a requirement in many biomedical applications such as 

coronary stents.  

 

A design of experiment (DoE) approach was used to investigate and analyze the 3D 

printability of different ratios of sustainable PLA/BioPBS blends. Additionally, with the assistance 

of the DOE tools, the linear regression relationships of mechanical properties with respect to PLA 

and BioPBS ratios were modeled. The statistical regression models successfully predict the 
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mechanical properties of the blends, which can be used to guide future material design based on 

the property requirements. It was found that the (90/10) PLA/BioPBS blend achieved the highest 

tensile strength due to high PLA crystallinity enhanced by addition of 10% BioPBS, and the 

morphology phase demonstrated good dispersion of BioPBS in PLA matrix. The further addition 

of BioPBS improved the toughness of the PLA/BioPBS blends and increased the viscosity and 

CLTE. As the FDM process is highly influenced by the viscosity of the filament, the printing job 

was challenging at high BioPBS contents, especially higher than 50%. The CLTE value, which is 

closely related to the dimensional stability, increased proportionally with increasing BioPBS 

content, which also contributed to the failure of 3D printing at high PBS contents. By applying a 

linear regression model, the mathematical relationship between the mechanical properties and 

PLA/PBS contents was built. 

 

Injection molding is a conventional processing method that has been used for mass 

production. Additive manufacturing techniques such as fused deposition modelling is competing 

in some arenas with injection molding. The processing method greatly inflects the parts’ 

mechanical properties. The PLA/BioPBS blends were fabricated by these two methods in our study 

and the mechanical properties of the injection molding and 3D printing samples were compared. 

It was found that the injection molding will produce isotropic part and FDM will produce 

anisotropic parts in terms of the mechanical properties, endowing the samples with different 

mechanical performance. The orientation of the layering in FDM process decrease the stiffness 

and strength of the 3D printed samples compared to that of injection molding samples. However, 

the ability of FDM process to change the layering pattern results to higher impact strength, 

indicating that the 3D printing is an advantageous feature especially for applications that require 

high impact strength.   
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5.2   Future Work 

 

Future work on the 3D printability of PLA/BioPBS blends may investigate the anisotropic 

properties of the 3D printable parts using factorial DoE approach. A factorial DoE can investigate 

the influence of 3 factors (raster angle, bed temperature, and nozzle temperature) on the mechanical 

properties 3D printed samples. It is expected that the change in the raster angle of the 3D printing 

will have a significant impact on the mechanical performance of the 3D printed parts. The results 

from this factorial DoE will help in optimizing the mechanical performance of the 3D printed 

PLA/BioPBS samples.  

 

After that, the in vitro cytotoxicity of the PLA/BioPBS blends can be assessed using L992 

fibroblast cells. The in vitro assessment of the PLA/BioPBS blends cytotoxicity will be required 

before attempting to use PLA/BioPBS 3D printed parts as implants. Additionally, the 

biodegradability of the PLA/BioPBS can be assessed to see how fast the blend degrades.  

 

In case the PLA/BioPBS blends shows in vitro biocompatibility and good biodegradable 

properties, the next step is to 3D print a biomedical implant. The in vivo biocompatibility of this 

biomedical implant, i.e., scaffolds, can be investigated on animals.  
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