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Abstract  

The 3-dimensional (3D) printing technology has been recently successfully applied to 

all aspects of life such as architecture and education. The filaments for 3D printing are 

usually made from pure plastics and inorganic fibers, causing some shortcomings to 

the printed products, such as insufficient strength and environmental issues. The use of 

biofibers has become a new trend. This thesis report was aimed to develop an 

optimized recipe of making durable filaments using spruce wood flour, polylactic acid 

(PLA) and polyhexanide hydrochloride (PHMB), and silane. These materials were 

melt-blended and extruded into wood-plastic filaments using a twin screw extruder, 

which were, thereafter, used to print the coupon specimens via a 3d printer. Tension, 

water absorption and swelling and antimicrobial tests were conducted. The scanning 

electron microscopy (SEM) was carried out to investigate the interfacial bonding of 

the filaments made. It was found that (1) all the filaments successfully went through 

the 3D printer, suggesting the printability of the filament was promising; (2) the 

ultimate tensile strength (UTS) and modulus of elasticity (MOE) of the specimens 

were, after adding wood flour, increased by 68.28% and 73.08%, respectively; (3) the 

addition of silane created the weak interfacial layer, reducing UTS and MOE by 

59.19% and 62.25%, respectively; (4) adding 5% wood flour increased the 2-hour and 

24-hour water absorption by about 60% and 175%, respectively, and the swelling in 

diameter was increased by 6.62% after 24 hours immersion; (5) antimicrobial property 
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was significantly improved with the addition of 2% PHMB, with the growth inhibition 

rate being 99.95%; and (6) the SEM showed that the interfacial adhesion was weak in 

some areas, therefore, the fracture surface is erratic. It could be recommended that the 

filaments developed in this study could be used in food industry. 

Key words: 3D printing, antimicrobial wood-plastic filament, fracture morphology, 

interfacial bonding, modulus of elasticity, polyhexanide hydrochloride, polylactic acid, 

spruce, ultimate tensile strength, water absorption. 
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1. Introduction 

Three-dimensional (3D) printing, which is also called additive manufacturing (AM) 

technology, is a method that creates three-dimensional objects in a layer-by-layer 

manner. In the 21st century, with increasing needs for 3D printing together with the 

development of the self-replicating rapid prototype that greatly reduce the cost of 3d 

printing, AM technologies have extended to areas of the aerospace, automotive, 

medical, architecture, education, and fashion industries (Zeng et al., 2013; Choi and 

Cheung, 2005).  

1.1 Types of 3D printing 

Till now, many methods have been developed for 3D printing technology for various 

applications, including fused deposition modeling (FDM), laminated object 

manufacturing (LOM), electron beam melting (EBM), stereolithography apparatus 

(SLA), and selective laser sintering (SLS).  

   

• Fused deposition modeling (FDM): FDM, sometimes also called fused 

filament fabrication (FFF), is a 3D printing process that uses a continuous 

filament of a thermoplastic material (Hwang et al.,2015). In FDM, a polymer 

filament is heated and extruded through a small nozzle and subsequently 

solidified on a build plate, as in Fig.1 (Sells et al.,2007; Jones et al., 2011). 
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• Laminated object manufacturing (LOM): LOM is a rapid prototyping system, 

in which layers of adhesive-coated paper, plastic, or metal laminates are 

successively glued together and cut to shape with a knife or laser cutter (Park 

et al., 2000). 

 

• Electron beam melting (EBM): EBM is also called electron-beam additive 

manufacturing, is a type of additive manufacturing. The raw material (such as 

metal powder or wire) is placed under a vacuum and fused together through 

heating by an electron beam (Murr et al., 2010). 

 

• Stereolithography apparatus (SLA): The SLA process is based on the 

photopolymerization principle of liquid photosensitive resin. This liquid 

material can rapidly undergo the polymerization induced by the irradiation of 

ultraviolet light at a certain wavelength and intensity, causing the molecular 

weight or chain length of polymer to increase sharply, and the material to 

change from liquid to solid (West et al., 2001). 

 

• Selective laser sintering (SLS): SLS uses a laser as the power source to sinter 

powdered material (typically nylon or polyamide), aiming the laser 

automatically at points in space defined by a 3D model, binding the material 
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together to create a solid structure (Kruth et al., 2003). 

 

In this project, FDM was used since it is cheap and easy to operate when compared 

with other methods discussed above. FDM is low cost, because FDM technology 

does not use lasers; the cost of equipment operation and maintenance is low; and 

its molding materials are mostly acrylonitrile-butadiene-styrene (ABS) resin, 

polylactic acid (PLA), and other engineering plastics which are easy to get. 

Besides, FDM also produces less environmental pollution. The whole process only 

involves the melting and solidification of thermoplastic materials, is carried out in 

a relatively closed 3D printing room, does not require very high temperature and 

pressure, and does not involve the discharge of toxic and harmful substances. 

Therefore, it is highly environmentally friendly.  

 

  



4 

 

 

Figure 1 progress of FDM 
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1.2 Raw materials used in FDM 

Currently, the most commonly used polymer in filaments is PLA, which is widely 

used in FDM (Stewart et al., 2018). This is because PLA has high mechanical strength 

and low coefficient of thermal expansion, which are suitable for FDM. Moreover, PLA 

is an environmentally friendly material that is renewable, biocompatible and easy to 

degrade (Chiulan et al., 2017; Farah et al., 2016). These properties make PLA an ideal 

material for pharmaceutical and biomedical applications. Other commonly used 

polymers are ABS, high-density polyethylene (HDPE), polypropylene (PP), 

polystyrene (PS), polyethylene terephthalate (PET), linear low-density polyethylene 

(LLDPE), low-density polyethylene (LDPE) and elastomers (Dudek, 2013). Currently, 

more and more attention has been paid to PLA for its availability and its low price 

(Lunt, 1998). Also it is more environmentally friendly for it can be obtained from 

renewable resources like corn and sugar beet (Jacobsen et al., 1999). Integration of 

hemp into the AM area is of interest due to its positive impacts on the environment 

and its better properties. 

   

However, the disadvantages of 3D printed structures using pure plastic materials are 

also obvious, such as high cost, low mechanical properties, and easy distortion. These 

drawbacks cause pure plastic product’s lack of competitiveness in structural and multi-

functional production fields (Ning et al., 2015; Masood et al. 2004). Therefore, 
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improving the mechanical properties of filaments with other materials has become an 

important topic in the 3D printing industry. 

   

1.3 Existing composite filaments 

Many studies have been conducted to develop composite filament materials to 

improve mechanical properties of plastics, resulting in significant progress. 

 

1.3.1 Iron powder/nylon 

Masood et al. (2004) used iron powder/nylon composite filaments consisting of 

polyamide (nylon) thermoplastic as the matrix and commercial grade iron powder as 

the reinforcement or constituent material (see Fig. 2). It was discovered that this type 

of composite filament showed high strength, toughness and conductivity compared to 

pure nylon, which is especially suitable for rapidly making tooling.  
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Figure 2 Iron powder/nylon filament 
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  1.3.2 Glass fibers/ABS 

Zhong et al. (2001) developed glass fibers/ABS filaments, using ABS as matrix and 

glass fiber as reinforcement; after that Linear low-density polyethylene(LLDPE) was 

added to improve the ductility and flexibility. However, adding LLDPE resulted in 

extensive phase separation between the LLDPE-rich phase and the ABS matrix, which 

had a detrimental effect on the appearance and the ductility of the filaments; therefore, 

to solve this incompatibility between LLDPE and ABS, hydrogenated Buna-N was 

added. Ethylene-ethyl-acrylate (EEA), an elastomer, did not have any obvious effect on 

the properties. The materials were blended and extruded twice to produce composite 

filament. A wax, polyethylene (PE), was added to make the composite extrude more 

easily. The test formula is shown in Table 1. It was proven that adding glass fibers could 

significantly improve the strength of an ABS filament. However, it also brought 

drawbacks like reduced flexibility and handleability. 
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Glass fiber 

(g) 

ABS(g) LLDPE(g) PE(wax) Hydrogenated 

Buna-N(g) 

EEA(g) Weight content 

of GF(%) 

440 440 100(0209) 20 0 0 13.2 

340 340 300(0209) 20 0 0 10.2 

0 880 100(0209) 20 0 0 0 

440 430 100(0209) 20 10 0 13.2 

600 270 100(0209) 20 10 0 18 

 

Table 1 Modified formula of GFABS 
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1.3.3 Carbon nanotubes/ nylon 

Tibbetts et al. (1999) developed a composite from Acarbon nanotubes and nylon. 

Carbon nanotubes are also called vapor-grown carbon fibers (VGCF), which can be 

produced catalytically on metallic particles from gaseous hydrocarbons. In this 

experiment VGCF was used as a composite reinforcement and nylon was used as a 

matrix. Adding a high loading of VGCFs in polypropylene could increase the tensile 

strength by 39%.  

 

 

1.3.4 Carbonfibers /ABS 

In order to produce carbonfibers/ABS composite filament, virgin ABS thermoplastic 

pellets and carbon fiber powders were used by Ning et al. (2015). The pellets and 

carbon fiber powders were mixed in a blender with different carbon fiber contents; 

after adding carbon fibres, the tensile property was significantly improved as shown in 

Fig. 3. When the content of carbon fibers was 5 wt%,the tensile stress were 43.33% 

than the pure ABS composite. Young’ modulus was the largest (2.5 GPa) at 7.5 wt% 

carbon fiber content, while the smallest mean value (1.9 GPa) was found in pure 

plastic specimen. 
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Figure 3 Typical tensile strain–stress curves of specimens with different carbon fiber 

contents  
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1.4 Analysis and summary on existing filaments 

Traditional composite filaments aforementioned have the advantages of being resistant 

to chemicals and excellent thermal and electrical insulators and possessing a 

seemingly limitless range of characteristics and colors. These composite filaments 

constitute the majority of the market share. However, they are also accompanied by 

some problems, such as not being very environmentally friendly because usually these 

composite filaments are not easily degradable (Scheffler et al., 2009). Besides, some 

of the composite filaments are also expensive and hard to produce. At this time, 

natural fibers are attracting great attention for their low cost and environment 

friendliness. Table 2 provides information about existing filaments in the market. 
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Filament Type Key Properties Usage Printing 

Temperature 

Acrylonitrile 

Butadiene Styrene 

ABS 

Durable,  

Strong plastic 

Instruments, 

Sports equipment, 

210°C - 250°C 

Polylactic Acid  

PLA 

Odorless,  

Low-warp,  

Eco-Friendly 

Food containers, 

Models, 

Prototype parts 

190°C - 230°C 

Polyvinyl Alcohol 

PVA 

Easily be dissolved 

in water,  

Easily stripping 

Paper adhesive, 

Thickener, 

Packaging film, 

180°C - 230°C 

Polyethylene 

terephthalate  

PET 

Barely warps,  

No odors or fumes 

Phone cases 230°C - 255 °C 

Wood-based Versatility, 

 Real wood scent 

Wooden figurine 200°C - 260°C 

Metal Highly durable, 

 Not soluble, 

 Little shrinkage 

Jewelry, Statues 195 °C - 220 °C 

 

Table 2 Advantages and disadvantages of existing composites 
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Thus, many scientists have turned to natural fibers for their special properties. Bio-

fiber/plastic matrix composites recently have become quite popular for advantages like 

moderate density, easy degradation, and greater economy. Unlike the many fillers 

mentioned above, natural fillers or reinforcements have several advantages, such as a 

renewable nature, low cost, low density, high specific strength and stiffness, CO2 

sequestration, low energy consumption, and low wear on machinery (Mohanty et al., 

2002).  

 

Besides, when considering producing bio-composite filaments for the 3D printer to 

produce products, heat resistance is always one of the most important issues to 

consider. When the plastic is exposed to high temperatures it will degrade, decompose, 

and yield toxic gases, this disadvantage limits its applications. In order to prevent that, 

flame retardants are added to polymers. Contradicting initial expectations, bio-fibers 

like cellulose actually possess better fire resistance than traditional flame-retardants. 

In the market, inorganic reactive fillers and halogenated compounds together with 

metal hydroxides are extensively used. However, they all have some disadvantages; 

for example, metal hydroxide has a poor interfacial bonding with polymer, which 

reduces the mechanical properties of the filament. Inorganic fillers have poor 

compatibility with polymer and tend to deteriorate mechanical properties. Halogenated 

flame retardants have the most serious problem due to the release of toxic gases such 
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as HBr and brominated phenols/benzenes when burned, which is a major cause of 

deaths in fires. These factors promote the research for a safer, more effective and 

environmentally friendly fire retardant system. Natural fibers like cellulose have 

become a hot research topic, though enhancing the flame retardancy of fibers still 

remain challenging. 

 

Cellulose is the most abundant organic, renewable material on the earth; researchers 

have found that when cellulose is added into polymer, mechanical properties, chemical 

stability and thermal stability will increase (Zhang et al., 2014). The reason adding 

cellulose can increase thermal stability is that, when burned, cellulose will transform 

into charred structures, which prevents further combustion. Recent studies have shown 

that coating cellulose with nano-sized zinc oxide (ZnO) will enhance the flame 

retardancy by increasing the amount of char generated during burning, which acts as a 

flame retardant. Compared with conventional fire retardants, zinc oxide/cellulose 

possess advantages such as low price, environmental safety, and high surface 

reactivity (Fallah et al., 2011).  

 

Softwood is one of the most popular materials for manufacturing cellulose/plastic 

composites because of the high cellulose content (c. 43%) and low price. Spruce and 

pine had been used to mix with polypropylene (PP). Tensile test was conducted, the 



16 

 

results were variable, but overall, they had a positive effect on tensile modulus and 

tensile strength (Farshid et al., 2010). 

 

However the usage of bio-material makes the composite decay more easily, thereby 

reducing durability. Several organic and inorganic antimicrobial additives have been 

used to obtain a composite with much better antimicrobial performance; benzalkonium 

chlorides, cetylpyridinium chloride, aldehydes, anilides, diamidines and silver are the 

most common compounds adding in the composite. (McDonnell, 2020; Monteiro et 

al., 2009; Zilberman & Elsner, 2008). The inorganic nanoparticles has dominated the 

market for a long time, for example, Ag/ZnO was used as an antimicrobial additive in 

wood/PVC and achieved promising result (Bazant et al., 2014).  

 

While most focus has been placed on inorganic additives, organic antimicrobial 

additives received little attention. Biguanide, also known as chlorhexidine, it is an 

effective antimicrobial additive that has a wide range of applications. In this article, 

polyhexanide hydrochloride (PHMB), bearing the biguanide groups, would be used as 

an antimicrobial additive, together with PLA and spruce wood flour to obtain a 

composite with both good mechanical and chemical properties.  

 

Because PLA is hydrophobic whereas wood flour is hydrophilic, therefore, they will 
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increase the water absorption rate and reduce the stability in the bonding structure 

(Marcovich et al., 1998). Therefore, water absorption rate was measured to find an 

appropriate percentage of wood flour; also, silane, a coupling additive, was added. 

 

1.5 Objectives and Scope of Work 

The objective of this project was to develop antimicrobial filaments made of spruce 

wood and PLA. To achieve this, the following work was done:  

1) developing optimized recipes of making durable filaments by adding PHMB;   

2) testing the physical and mechanical properties of the filaments developed, 

including printability, UTS, MOE, Water absorption, swelling and antimicrobial 

property. 

3) examining, via SEM, the interfacial bonding and fracture morphology of the 

filaments and coupon specimens printed.   

 

2. Materials and Methods 

2.1 Materials 

Virgin PLA thermoplastic pellets with diameter of 3mm (4043D, Filabot, USA) (see 

Fig. 4) were purchased from Filabot, USA, and used as matrix. Commercial pure PLA 

filament and wood/PLA filament were purchased from Formfura, Netherlands.  
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Figure 4 PLA pellets 
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White spruce (Picea glauca) was obtained from the Wood Science and Technology 

Center, the University of New Brunswick, Fredericton, Canada, as shown in Fig. 5. 

PHMB was used as an antimicrobial agent (32289-58-0, Boc Sciences, USA). Silane 

was used as a coupling agent (372358, Sigma, USA).  
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Figure 5 Spruce wood flour 

   

  

  



21 

 

2.2 Manufacturing of Wood-PLA Composite Filaments 

 

A twin-screw extruder (Model: ZSK 18ML) was used for fabricating WF/PLA 

composite filaments (see Fig. 6). A range of temperatures (up to the maximum 320oC) 

were set for mixing and extruding. The extruder allows a maximum extrusion speed of 

2 m/min. A 2.85-mm-diameter extrusion die is equipped with the extruder. 

The following chart illustrates how the Wood-PLA composite filaments were made in 

this project (Fig. 7). 
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Figure 6 The extruder used 
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Figure 7 Illustration of manufacturing of wood-PLA composite filaments 
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2.3.1 Preparing of spruce flour 

As shown in Fig.8, the spruce sawdust was initially dried in an oven at temperature of 

103oC for 24 hours to reach a moisture content of about 0%, then the dried spruce 

sawdust was grinded into small particles by a grinder (Model: 1188Y48, THOMAS 

SCIENTIFIC, USA), after which the particles went through a 60-mesh sieve. 
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Figure 8 The process of making spruce wood flour 

 

  

Oven dry for 24 

hours at 103  

Spruce

Grind to 60 mesh

Wood flour
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2.3.2. Mixing  

The 60-mesh spruce flour was mixed with silane and PHMB in 30 ℃ water by the 

recipes in Table 3, after that they were placed in the oven to remove the moisture. 

Then the grinder was used to get 60 mesh particles. PLA pellet were mixed at various 

combinations as shown in Table 3. 
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Group Wood (%) PLA (%) PHMB (%) Silane (%) 

N1 5 94.4 0.5 0.1 

N2 5 93.9 1 0.1 

N3 5 92.9 2 0.1 

N4 5 91.9 3 0.1 

N5 5 93.0 2 0 

N6 5 95.0 0 0 

N7 0 100 0 0 

N8 Commercial wood filament  

N9 Commercial pure filament 

Table 3 Design of experiment for making filaments 
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2.3.3 Extruding 

As shown in Fig. 9, the spruce flour and PLA pellets were firstly slowly put into the 

extruder, and then the mixed solid material was heated to liquid at a temperature of 

185oC. The extruding speed was set at 1m / min. The melted composite went through 

the nozzle (2.85mm diameter) and water-cooled in the sink at room temperature. The 

parameter of the extruder was set as shown in Fig. 10.  
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Figure 9 Extruding process 
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Figure 10 Parameters used during extruding 
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2.3 Preparing coupon specimens using 3D printer 

Dog-bone coupon specimens were printed using an Ultimaker S5 desktop 3D printer 

with 2.85mm diameter PLA filament and wood-based PLA, which were made in Wood 

Science center. The specimens were extruded by a 0.8-mm-diameter AA printing core at 

a printing speed of 60 mm/s and a height layer of 0.2-mm, producing a wall thickness of 

0.8mm and an infill density of 50%. The geometric shape and dimensions of the 3D 

printed dog-bone coupon specimens were adopted according to ISO 527-2-2012 

“Determination of tensile properties Part 2: Test conditions for molding and extrusion 

plastics” (ISO 527-2-2012), Fig. 11. Seven (7) groups of specimens were printed 

following the lines pattern set at an infill line direction of 90°. Each group had 7 

specimens, producing a total of 49 specimens (Table 4). Groups from N5 to N7 were 

printed as control groups. 
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Figure 11 Shape and dimensions of a specimen 
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2.4 Evaluation of the properties of filaments and coupon 

specimens 

2.4.1 Printability 

Printability is the basis for 3D printing, which is defined as the performance and ability 

that 3D filaments show. The printability was determined by the stable printing condition 

of at least 10 min. The volumetric flow rate corresponded to an x–y printing speed ranging. 

The optimized printing speed was between 1 mm/s and 20 mm/ s under the control of air 

pressures between 68.9 kPa and 413.7 kPa (Chen et al., 2018). In this report, it was 

evaluated the fact if the filaments could go through the 3D printer and printed the required 

specimens.  

 

 

 

2.4.3 Tensile modulus and strength 

Prior to testing, each specimen was weighed using a balance and the thickness and 

width of each specimen were measured using a caliper. A mechanical testing machine 

(Model: Instron 3367) was employed to conduct the tensile tests. The specimen was 

mounted between two grips; meanwhile an Instron’s 25-mm strain gauge (CAT. No. 

2630-032) was mounted on the middle part of the specimen. The loading speed used 

was 5 mm/min, while the elapsed time, crosshead movement, strain, and load were 

logged at a frequency of 4 Hz. The following properties were calculated. 
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Figure 12 Stress-strain diagram 
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Tensile modulus: 𝐸 =
∆𝜎

∆𝜀
    (1)    

 

Where, E is tensile modulus (MPa), ∆𝜎 is the range of tensile stresses (MPa) in the linear 

region (Fig. 12), and ∆𝜀 is the strain range corresponds to ∆𝜎 (Fig. 12). 

 

Tensile strength at break: the stress that a specimen breaks (MPa) 

 

Tensile strength (MPa): 𝐹𝑡𝑢 =
𝑃𝑚𝑎𝑥

𝐴
     (2) 

 

Where, 𝐹𝑡𝑢 is ultimate tensile strength (MPa); 𝑃𝑚𝑎𝑥  is the maximum force before 

failure (KN), and A is the cross-sectional area (m2). 

 

2.4.4 SEM test 

Analysis was performed at the UNB Microscopy and Microanalysis. Facility with a JEOL 

JSM-6400 Scanning Electron Microscope (SEM) equipped with an EDAX Genesis 4000 

Energy Dispersive spectroscopy (EDS) analyzer (Fig. 13). The samples were carbon-

coated using an Edwards 306A carbon coater before observation in the microscope. EDS 

analysis was performed at an accelerating voltage of 15 KV and a beam current of 1.5 Na, 

with a working distance of 14 mm. Collection time was 50 seconds per analysis point. 
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Figure 13 The JEOL JSM-6400 analyzer 
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2.4.2 Water absorption 

The water absorption tests were conducted with reference to ASTM International. 

D570-98(2018) “Standard Test Method for Water Absorption of Plastics.” (ASTM, 

2018), which contains the following two measures: 

 

• 2-Hour Immersion. The conditioned specimens were placed in a container of 

distilled water maintained at a temperature of 23 °C and were stood on edge and 

entirely immersed. At the end of 120 min, the specimens were removed from the 

water one at a time, all surface water was wiped off with a dry cloth, and they were 

weighed to the nearest 0.001 g immediately. 

 

• 24-Hour Immersion. The conditioned specimens were placed in a container of 

distilled water maintained at a temperature of 23 °C and were stood on edge and 

entirely immersed. At the end of 24h, the specimens were removed from the water 

one at a time, all surface water was wiped off with a dry cloth, and they were 

weighed to the nearest 0.001 g immediately. 

 

 

The water absorption (WA) was calculated using Equation (1). 

 

WA (%) = 
𝑤𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡−𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑑 𝑤𝑒𝑖𝑔ℎ

𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡
× 100         (3) 
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2.4.5 Antimicrobial property 

In Table 4, the specimens tested were presented. In this test, the shaking flask method 

was used in the test, and the gram-negative bacterium Escherichia coli (E. coli, ATCC 

11229) was chosen as the representative of bacteria. The shaking flask method was a 

quantitative approach to evaluate the antimicrobial properties of the samples. The 

procedure was as follows: 0.10g test sample scraps and 5mL bacterial culture (105 

CFU/mL) were mixed and shaken at 200rpm at 37°C in an incubator for a certain time, 

for instance, 1 h. After shaking, a series of the dilutions (10-1, 10-2, 10-3 and 10-4) were 

prepared by successively adding 0.5mL culture into 4.5mL PBS solution. Then 0.1mL of 

the culture was seeded on an agar plate. The plates were kept in an incubator at 37 °C for 

24 hrs. The number of the colonies was counted, and the process was repeated three 

times to have an average colony count for each sample. The inhibition of the cell growth 

was calculated based on the following equation:  

 

𝐺𝑟𝑜𝑤𝑡ℎ 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑒𝑙𝑙 (%) =
𝐴−𝐵

𝐴
× 100%      (4)  

  

Where, A and B are the number of the colonies counted from the control and the film 

sample, respectively. 
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Wood PLA PHMB Silane 

N1 5 94.4 0.5 0.1 

N2 5 93.9 1 0.1 

N3 5 92.9 2 0.1 

N4 5 91.9 3 0.1 

N5 5 93 2 0 

N6 5 95 0 0 

N7 0 100 0 0 

N8 Commercial wood/PLA 

N9 Printed N4 specimen 

N10 Commercial pure PLA 

 

Table 4 The number of the specimens for antimicrobial test 
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3. Results and Discussion 

3.1 Printability 

In general, the filament went through the 3d printer successfully, suggesting the 

printability of the filaments developed was good. However, three problems were found 

as well: 

 

First, spruce flour was unevenly distributed with PLA in the spruce/PLA filament. The 

filament was not uniform (see Fig. 14) because significant differences in the diameters 

of PLA pellets and spruce flour made them difficult to mix: 3.0 mm for the former but 

0.42 mm for the latter. As a result, it could cause the failure to go through the 3d printer. 

In order to fix that, the uneven filament should be grinded again into small particles then 

the particles were blended as shown in Fig. 15; after that, they were extruded again to 

produce the more uniform filaments. 
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Figure 14 Uneven filament (left) and uniform filament (right) 

  



42 

 

 

 

Figure 15 Procedure of regrinding the filaments 
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Second, the diameter of the filaments made was bigger than 2.85mm. The diameter of 

the filaments was found to be uniform after the filament came out the die (or nozzle) and 

cooled in the sink. However, the filaments swelled to some degree, and the diameter 

could increase to more than 3.00 mm Fig. 16, making it impossible to go through the 3D 

printer’s tube, leading to the failure of printing. In order to solve this problem, an effort 

was made to increase the speed of collecting the filament manually. Thus, the diameter 

of the filaments could be controlled under 2.85mm (see Fig.17). However, this caused 

another problem, i.e. the diameter was not very uniform. Eventually, a decision was 

made to make a new die of a diameter of 2.0 mm, which was ordered and will be used in 

the future research. Also, an electric roller would also be purchased to collect the 

filament automatically.  
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Figure 16 Filament with a large diameter of 3.42 mm 
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Figure 17 Filament with a small diameter of 2.61 mm 
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Third, the fracture happened in some specimens during printing. As shown in Fig. 18, 

fractures were detected during the printing, these fractures had great impact on the result 

of the tensile test, and was the main reason for the fluctuation of the UTS and MOE. 

This could be attributed to other factors; first, the wood flour was still not distributed 

evenly in the composite; therefore, when printed out, the fracture took place where there 

was excess proportion of wood flour, it was also noticed that extruding twice can reduce 

the fracture. Second, the size of wood flour was too big for the 3D printer’s nozzle, some 

of the wood flour may have blocked the nozzle and resulted in the fracture. Therefore, in 

the future research, a smaller size of wood flour will be used, together with a better 

mixing device would be used to solve the problem. 
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Figure 18 The inconsistent printing 
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3.2 Tensile modulus and strength 

The modulus of elasticity (MOE) and ultimate tensile strength (UTS) results of each group 

are provided in Table 5. In Table 6, the covariance was used to examine the relationship 

between each pair of variables.  

 

First, the coupling agent, silane, did not have a positive effect on the tensile property. After 

adding silane, groups from N1 to N4 showed a decrease in tensile property. The UTS (7.87 

MPa) and MOE (435.84 MPa) of Group N3 were reduced by 62.19% and 59.23%, 

respectively, compared to group N5 (no silane) which showed the highest average UTS 

(20.85MPa) and MOE (1067.19MPa). Besides, from the boxplots in Fig.19 and Fig. 20, 

it was also confirmed that N5 was the best group. In table 6, the covariance between silane 

and UTS was -0.06, the covariance between silane and MOE was -3.284. The result 

suggested that as silane content increases, the UTS and MOE decrease. In the original 

assumption, the silane should have been able to combine with the hydroxyl groups on 

wood flour and enhance the bonding between wood flour and PLA. The failure of coupling 

agent can be a result of uneven mixture. 
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  N1 N2 N3 N4 N5 N6 N7 

MOE 

(MPa) 
Average 864 495  435 780 1067 595 614 

Standard 

deviation 
224 223 131 412 300 45 119 

UTS 

(MPa) 

Average 

 

15.33 11.84 7.87 15.19 20.85 10.74 12.39 

Standard 

deviation 

2.01 3.77 1.67 4.65 1.68 1.47 2.40 

 

Table 5 UTS of the dog-bone specimens tested  
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Covariances Wood flour PHMB PLA Silane 

UTS 0.89 1.353 -2.183 -0.06 

MOE 65.854 63.796 -126.365 -3.284 

 

Table 6 Covariances of UTS and MOE 
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Second, the wood flour did have a significant positive influence on the UTS and MOE; in 

Table 6, the covariance between wood flour and UTS was 0.89, the covariance between 

wood flour and MOE was 65.854. Both of these covariances were negative, which 

indicated that as wood flour content increased, strength tended to decrease. Though group 

N6 showed a slightly lower result compared to group 7, it was also observed that group 

N1 and group N4 exceeded the group N7 on both UTS and MOE. It indicated that the 

wood flour enhanced the tensile property; this could be attributed to the low aspect ratios 

(length-to-diameter ratios) of wood flour, which was only 1-5. These low aspect ratios 

allow wood flour to bond with PLA (Kumar, Tyagi, & Sinha, 2011). 

 

Third, adding the PHMB should have a positive effect on the tensile property, even though, 

it seemed to have a negative correlation, because of the decline from group N1 to N3. 

However, In the group N4, the PHMB content was 3%, it had a close UTS and MOE 

compared with N1. The decline can be a result of the low compatibility of the material 

and the fractures occurred during the printing, Fig. 18. The SEM and EDS test will also 

give more information about the consistence of the specimens. 

 

Fourth, of the samples, N4 had the highest standard deviations in both UTS and MOE, 

while N6 had the lowest UTS and MOE standard deviations (Table 5-6). In Fig. 19-20, 
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the boxplots confirmed that group N5 had the smallest variance, while group N3 had the 

largest variance.  

 

Fifth, Xiong et al. (2020) studied how infill pattern and infill direction impacted the tensile 

properties of dog-bone coupon specimens printed using PLA and wood-fill PLA. In his 

experiment, the commercial pure PLA and 40%wood/PLA filaments were chosen to 

conduct the same test, in the test the UTS of pure PLA and wood/PLA were 41.38 MPa 

and 11.66 MPa. The MOE of Xiong’s pure PLA and wood/PLA were 1330 and 330 MPa, 

respectively. The UTS result of the group N5 in this experiment was 50.38% of Xiong’s 

commercial pure PLA specimen. the MOE result of N5 was 80.23% of Xiong’s pure 

commercial PLA specimen. 
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Figure 19 Boxplot of the MOE results 

 

  



54 

 

 

 

Figure 20 Box plot of the UTS results 
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3.3 Water absorption and swelling 

As shown in Fig. 21 and Fig.22, the 2-hour water absorption and 24-hour water 

absorption were presented. The N7, the pure PLA specimen had the lowest water 

absorption, which was 0.15% for 2-hour immersion and 0.41% for 24-hour immersion, 

and the commercial wood/PLA specimen had the highest water absorption, 1% for 2-

hour immersion and 3.16% for 24-hour immersion, its wood content is 40%, this 

indicated that, with the increasing proportion of wood flour, the water absorption would 

increase. Ayrilmis tested the 28-day water absorption by using wood/PLA filaments (30 

wt% wood and 70 wt% PLA) with different layer thickness. When the layer thickness 

was 0.2mm, the same thickness as in the this experiment, water absorption was 0.64% 

(Ayrilmis, Kariz, Kwon, & Kitek Kuzman, 2019). The result was closed to the 2-hour 

water absorption of N1 in this experiment. it can also be observed that during the first 20 

minutes, the water absorption rate increased slightly: the most significant increase in 

water absorption was during the 20-40 minute period, after that, it slowed down.  

 

The increase in specimen diameter is shown in Fig.23. The group N8 showed highest 

swelling, it could be attributed to its high wood content (40%). Results of specimens 

from N1 to N6 varied from sample to sample, though the wood content was 5% for each 

of them. This could be the result of the uneven distribution of wood flour in the 

specimen and the pores existing in the filament. 
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Figure 21 Water absorption of filaments 
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Figure 22 Waster absorption curve 
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Figure 23 Bar chart of swelling in diameter 
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3.4 Antimicrobial test results 

In this experiment, 8 specimens showed that microbial growth inhibition effect. It ranged 

from 13.75 % (N6) to 99.96% (N4) against E. coli. 2 specimens. Group N8 (commercial) 

and N10 showed the growth promoting effect for this test. It was noted that for specimen 

N8, all three replicates showed higher results than control one and specimen N10, and 2 

replicates were higher and one was lower than control one (Table 7). According to Table 

7 and Fig. 24, several conclusions can be drawn. Firstly, PHMB showed significant 

microbial growth inhibition effect, when compared specimen N1-5 with Specimen N6-7, 

the growth of the microbial was clearly inhibited. Secondly, the appropriate proportion of 

the PHMB should be 2%; a clear trend was witnessed that under 2%, the antimicrobial 

activity was positively correlated with the proportion of PHMB. However, when it 

exceeded 2%, no significant increase can be found. Therefore, 2% PHMB should be 

deemed as the appropriate proportion, since the growth inhibition rate of microbial was 

highest. Thirdly, the antimicrobial properties of N4 and N9 were almost the same, which 

indicated that melting the filament and extruding it again in the 3D printer did not weaken 

the antimicrobial property. Last but not least, when comparing the existing filament in the 

market, the PHMB-added filaments also showed the excellent antimicrobial property. 

 

 

 

 

 

 



60 

 

Specimens Trial 1 

cfu/ml 

Trial 2 

cfu/ml 

Trial 3 

cfu/ml 

Average 

cfu/ml 

E. coli growth 

inhibition (%) 

N1 560000 90000 820000 490000 65.73 

N2 55000 14000 29000 32666  97.71 

N3 400 300 1500 733 99.95 

N4 1000 600 300 633 99.95 

N5 900 600 1000 833 99.94 

N6 1300000 1100000 1300000 1233333 13.75 

N7 2040000 160000 1240000 1146667 19.81 

N8 1650000 2100000 1790000 1846667 -29.13 

N9 1400 900 1000 1100 99.92 

N10 2400000 1500000 1360000 1753333 -22.61 

Control    1430000  

Table 7 Results of the antimicrobial tests 
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Figure 24  Antimicrobial test results 
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3.5 SEM observation 

Fig. 25 showed the microstructure of the specimens as well as the interfacial adhesion 

between the WF particles and PLA matrix. Brittle failure occurred in all 4 pictures in 

Fig.25, It was also confirmed in the stress-strain diagram in Fig.26. The fracture surface 

of only PLA was flat and smooth. In the section combined with spruce, the composite 

fracture surface becomes rough. WF can be encapsulated by the PLA matrix. Clear gaps 

can be observed in certain areas between the WF and PLA interfaces. This indicates there 

was poor interfacial adhesion between the PLA and WF. Due to the fact that WF is a polar 

surface (hydrophilic) and PLA is a non-polar surface (hydrophobic), in theory, the 

interface force between the WF and PLA is poor. Therefore, gaps / delamination between 

PLA and WF existed in the filaments made in this project, eventually resulting in the pores 

when the specimens were fractured. In Fig 27, the pores were detected in every specimen.  

The poor interfacial bonding and gaps caused the poor tensile property. The interfacial 

adhesion between the WF and PLA can be increased by using other kinds of coupling 

agent, for example, Basiji had used Polypropylene-graft-maleic anhydride (MAPP), a 

coupling agent, to successfully increase the interfacial adhesion between softwood fibers 

and Homopolymer polypropylene (Basiji et al., 2010). In the future experiments, MAPP 

can be applied into the composite, which might be beneficial for improving the mechanical 

properties of the WF/PLA composite.  
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Figure 25 Fracture morphology of Specimens under the SEM. 
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Figure 26 Stress-strain diagrams of the representative specimens from each group 
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Figure 27 SEM microphotographs of breaking surface100 µm. 
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4. Conclusions 

Durable WF/PLA composite filaments were developed in this study by adding PHMB 

and silane. There properties were evaluated, including printability, UTS, MOE, water 

absorption and antimicrobial property. The following conclusions could be drawn 

based on the above results: 

1) WF/PLA could be printed through the 3D printer after extruding twice and 

adjusting the extruding speed. 

2) Wood flour had a positive impact on the tensile property, that the average MOE 

of N5 was 82.48% higher than N7 (the pure PLA). The average UTS of group 

N5 was 68.28% higher than group N7. 

3) Silane was not necessarily required and PHMB had some sort of the coupling 

function. Adding up to 3% PHMB could enhance the tensile strength by 79.33% 

compared with pure WF/PLA group. The decrease shown in group N2 and N3 

can be explained by the poor interfacial adhesion. 

4) The poor interfacial adhesion was detected between the wood particles and PLA; 

pores were founded in Fig. 26, it also leaded to the fractures that occurred during 

printing. Extruding the filament for 2 times and adding material in several small 

amount would obtain a more uniform composite and increase the interfacial 

adhesion.  

5) Proportion of wood flour had a positive correlation with water absorption and 
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swelling, adding 5% wood flour increase the 2-hour and 24-hour water absorption 

by 60% and 175.61%. The swelling in diameters was indicated same result, when 

the wood flour content was 5%, the swelling were from 0.37% to 1.47%, while the 

N8 was 5.49%. 

6) Adding 2% of the PHMB could obtain the best antimicrobial property, the growth 

inhibition rate can be 99.95%. After printing through a 3D printer, the 

antimicrobial property was not reduced. 

 

 

In future work, greater emphasis will be placed on solving the fracture occurred 

during printing, a better grinder machine would be required, and 80 mesh, 100 mesh 

wood flour would be used to test if they can avoid the fracture. Also, a new mix 

technology that could mix all the material thoroughly would be invented. Last but 

not least, instead of the 50% filling rate of the dogbone specimens, 100% filling rate 

would be applied to minimize the effect of fracture. 
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