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Printability of a Cellulose Derivative for Extrusion-Based 3D Printing: The Application on a Biodegradable Support Material
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Support material plays a leading role in the application of 3D printing to avoid deformation and enhance stability. This study aimed to fabricate the support structure by using hydroxypropyl methylcellulose (HPMC), which has advantages over conventional material such as low cost, low printable temperature, and high biodegradability. Once dissolved in water over gelling temperature, the HPMC based hydrogel exhibited shear-thinning behavior with decreasing apparent viscosity values at higher shear rates. The shear-dependent viscosity makes the HPMC hydrogel extrudable throughout the printing process and the printed structure stable enough without deformation. As concentration increased, apparent viscosity, and storage modulus both subsequently increased. These rheological properties indicated that the concentration of HPMC K4M hydrogel significantly influenced the printability and shape retention ability, which is associated with the mechanical strength of printed filaments. The highest concentration, 12% w/v, should have the best ability to hold the printed shape over time due to the highest G' and lowest loss tangent. The printability test also showed that K4M 12% w/v could be printed into different fill density (100, 75, and 50%) with different patterns, i.e., rectilinear and Hilbert curve. The selection of fill density and pattern both have an effect on surface roughness and porosity. The printed support material was compatible with acrylonitrile butadiene styrene (ABS), which is the material to fabricate the main structure for 3D printing. The support material made of HPMC can be easily removed by peeling off from the main structure without visible residual.
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INTRODUCTION

In recent years, 3D printing has been widely applied in many fields. A support structure is used to prevent the deformation or collapse caused by gravity or other external forces during the printing process (Jiang et al., 2018). As additive manufacturing is developing, it is necessary to find out a proper sacrificial support material that includes advantages such as low waste and cost. Cellulose is one of the most abundant polymers made from plants. It attracts wide attention as a biodegradable polymer in additive manufacturing fields. Cellulose derivatives are modified from cellulose by substitution of hydroxyl groups with hydroxypropyl groups and methoxyl groups using chemical reactions. Such chemical modifications improve the water solubility, thus overcome certain material limitations for the technical applications. Cellulose derivatives have been widely used as a coating material, emulsifier, thickener, binder, and filler for food and drug production (Banks et al., 2014; Ding et al., 2014); however, their usages in the area of additive manufacturing is still in its infancy.

While polylactic acid (PLA) is the most mature support materials used in Fused Deposition Modeling (FDM) 3D printing technology, cellulose-based biopolymer materials have a relatively lower cost (<10 $/kg) compared to PLA (20–30 $/kg) (Sanandiya et al., 2018; Baran and Erbil, 2019). As a thermoplastic polymer, PLA material requires a high printing temperature (180–200°C) to become printable and achieves desirable quality (Valerga et al., 2018). But the previous study demonstrated that the cellulose-based hydrogel could be printable under ambient process temperature and showed excellent shape retention ability (Polamaplly et al., 2019). Besides, cellulose-based polymers showed high degradability and dissolubility due to the behavior of hydrolytic degradation in cold water (Luo et al., 2019). Compared with cellulose polymers, it is less environmentally friendly to remove PLA supportive structure from the main structure by soaking in the chemical solution of isopropyl alcohol and potassium hydroxide (Jiang et al., 2018).

The main difference between different cellulose derivatives depends on their substituted groups. Additionally, the degree of substituted groups results in unique properties. Hydroxypropyl methylcellulose (HPMC) is one of the most common types of commercially available grades of cellulose derivatives. The hydroxypropyl group from HPMC material significantly increased the thermostability when compared with other cellulose derivatives, such as methylcellulose (MC), carboxymethyl cellulose (CMC), and hydroxyethylcellulose (HEC) (Li et al., 1999).

Currently, the field is limited by a lack of the printability test of cellulose derivatives materials which could be potentially applied as biodegradable support structure for extrusion-based 3D printing. To fill in the knowledge gap, we hypothesize the HPMC hydrogels can be 3D printed to provide mechanical support to the main structure, and then easily removed without a negative effect on the main structure quality. Our previous study indicated that the hydrogels made from HPMC K4M showed rheological properties that are suitable for 3D printing, and the printed filaments can be dissolved by water (Polamaplly et al., 2019). The aim of this paper is to investigate the viscoelastic properties and mechanical strength of HPMC K4M hydrogels with different concentrations and explore the potential of using HPMC as supportive material in the application of 3D printing technology.



MATERIALS AND METHODS

HPMC K4M was provided by J. Rettenmaier USA LP (Schoolcraft, MI, United States). The degree of substitution for the methoxyl groups is 19–24%, for the hydroxypropyl groups is 4–12%. The 4M terminology indicates the viscosity of this material is in the range of 3000–5600 mPa⋅s in 2% solution at 20°C under 20 rpm. The dissolving and gelling temperatures are 25–30°C and 77°C, respectively. The aqueous solutions were prepared with 80°C water into three different concentrations: 8, 10, and 12% w/v. After cooling down to ambient temperature (25°C), all samples were centrifuged at 5000 rpm for 10 min to remove air bubbles.

The rheological properties test was carried out using Rheometer (TA Instruments Discovery HR-2, United States) with parallel geometry plates at a gap size of 1mm under ambient temperature. The flow ramp test was conducted to determine the apparent viscosity under the increased shear rate (0.1 to 100 1/s). The apparent viscosity was measured and plotted as a function of the shear rate. The oscillatory frequency sweep test was used to characterize the materials’ dynamic modulus with sweep strain increased from 1 to 100%. The rheological properties, i.e., shear rate, apparent viscosity, angular frequency, storage modulus (G'), loss modulus (G”), and loss tangent (tan δ = G”/G'), were recorded by the Trios Software (TA Instruments, United States). All rheological properties tests were conducted in triplicates.

The printability test was conducted using the extrusion-based syringe that was configured on the platform of the Velleman K8200 3D printer (Velleman Inc., Fort Worth, TX, United States). The test was designed to print geometries with different fill-in patterns, i.e., rectilinear and Hilbert curve, and densities (100, 75, and 50%). Figure 1 shows the sketch of the extrusion-based 3D printer. The printer settings were as follows: speed was 5 mm/s, nozzle diameter was 0.437 mm, extrusion multilayer was 0.05, print under ambient temperature, and the number of layers was twelve. To study the morphology and the pore structure of the printed objects, the freeze-dried HPMC K4M 12% sample (100% fill-in density with rectilinear pattern) was coated with gold (SBC-12 Sputter coater) to improve the conductivity. The SEM images were observed on JEOL (JCM-6000). The average pore size (width and length) of K4M 12% object’s surface was acquired by measuring 5 pores with image J software (version Java 1.8.0).
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FIGURE 1. Semi-solid extrusion-based 3D printer schematic.




RESULTS AND DISCUSSION

As shown in Figure 2A, the apparent viscosity of all the materials decreased as the shear rate increased, which means the materials behave as shear-thinning fluids (Polamaplly et al., 2019). The property of shear stress-dependent viscosity makes the HPMC gel printable through the extrusion-based printer once the applied stress exceeds the yield stress. Then the printed filament showed the shape retention ability that is associated with the high apparent viscosity after extrusion (Gunasekaran and Ak, 2000; Rao, 2014; Yang et al., 2018). The G' and G” are functions of frequency, and both gradually increased with the increasing oscillatory frequency, as shown in Figure 2B. The G' and G” used to describe the magnitude of energy stored and lost per cycle of deformation (Gunasekaran and Ak, 2000). Under the same concentration, G' is higher than G” which indicated the deformation through this material is permanently elastic or recoverable (Rao, 2014). When the concentration increased, both G' and G” increased, which indicated the strength of the material network structure increased, and the material behaved more solid-like (Yang et al., 2018). The reason is the increased concentration of HPMC brings stronger intermolecular hydrogen bonding (Ranganathan et al., 2018). The G' for HPMC gel increased when the formation of the gel network was more completed, and the dense network structure contributed to the stronger gel strength (Joshi, 2011). The decreased G' of materials improved the flowability when extruding from the syringe nozzle, but it is not helpful for the shape retention ability (Wang et al., 2018).
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FIGURE 2. (A) Flow ramp test data: apparent viscosity versus shear rate profiles. (B) Frequency sweep test data: dynamic modulus and loss tangent versus angular frequency profiles of HPMC K4M under different concentrations (8, 10, and 12% w/v).


The loss tangent values for all three different concentrations are less than 1, which means the materials have predominant solid-like behavior. The loss tangent decreased as HPMC K4M concentration increased, which indicated the G' become dominant, i.e., materials showed more solid-like behavior due to water content decreased (Liu et al., 2018). Gao et al. (2019) claimed that the gelatin-alginate composite hydrogels showed optimal compromise between structural integrity and extrusion uniformity with a tanδ in the range of 0.25 to 0.45. According to the rheological properties of HPMC hydrogel, the increased concentration made the value of tanδ fall into this critical range under relatively lower angular frequency. In general, the rheological properties of HPMC K4M demonstrated concentration played a significant role in the mechanical strength of printed filaments. The highest concentration, 12% w/v HPMC K4M hydrogel, showed the highest G' (3072 Pa) and lowest loss tangent (0.55) at 1 rad/s.

For shear-thinning materials, it has been reported that increasing the material concentration could conducive to the resolution of printed objects. Because the increased content of HPMC polymer brings more available interaction sites to form hydrogen bonding which led to resolution improvement (Wilson et al., 2017). Meanwhile, the filament diameter during the printing process also decreased as HPMC hydrogel concentration increased, which also enhanced the resolution of printed objects and inhibited the extrude swell or die swell phenomenon (Cloitre et al., 1998; Polamaplly et al., 2019). Polamaplly et al. (2019) indicated that the decreasing shape fidelity factor of printed filaments attributed to an increase in the storage modulus of materials. The 12% w/v HPMC hydrogel showed the highest G' value, which should exhibit the lowest shape fidelity factor correspondingly, i.e., the printed filaments could stack up in layers without sagging or deformation. In this case, the 12% w/v HPMC hydrogel had been selected to do the printability test due to the optimal shape retention ability and buildability. According to the previous study, when compared with other nozzles with different diameters ranging from 0.437 mm to 1.0 mm, the smallest one showed the smallest diameter of printed filaments which subsequently improved the geometries’ resolution (Polamaplly et al., 2019). As a result, the nozzle with 0.437 mm diameter was chosen to print the objects for the printability test because of the desired resolution and surface quality.

The rectilinear pattern makes the printer nozzle move into simple parallel lines at a 45° angle. Not like the clear surface of the rectilinear pattern, the geometries filled in with the Hilbert curve pattern showed less straight and distinct peripheral lines (Figures 3A–C). The main reason may be the short traveling distance of the nozzle caused the printed filaments to have less tensile strength (Fafenrot et al., 2017; Akhoundi and Behravesh, 2019). The nozzle could be moved more smoothly through the x and y direction when using a rectilinear fill-in pattern. Besides, the printing process of the Hilbert curve pattern took a remarkably long time to fill in the printed geometries. Figure 3D showed the surface of extruded K4M 12% filaments was porous with uneven oblong shape pores. The average length and width of the pores are 267 and 173 μm, respectively. These microscale pores have composed a net structure of K4M hydrogel which contained high water content before sublimation. When mixing with the water over gelling temperature, the power-like K4M material firstly dissolved into solvent as a liquid then converted into a semi-solid state as a hydrogel. The gelation formed as the self-aggregation between methyl groups and water because of the relative hydrophobic property. The aggregation is expedited by increased temperature which promotes the formation of hydrogen bonds (Joshi, 2011). The hydrophobic interaction induced the gelation of the HPMC solution and resulted in a three-dimensional network as evidenced in Figure 3D. The porous network structure also showed the potential of the application for pharmaceutical purposes, because the cross-linked net structure may work as a micro-scale barrier to control the active pharmaceutical ingredients release profile from HPMC based hydrogel matrix (Ali et al., 2015).
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FIGURE 3. K4M 12% w/v printed geometries with different fill-in patterns (R means rectilinear fill-in patterns and H means Hilbert curve fill-in patterns) and densities (100, 75, and 50%). (A) Top view; (B) Side view; (C) Front view; (D) SEM micrographs of HPMC K4M 12% (R-100%).


For the rectilinear pattern, the 50% fill density geometry showed uneven surface and twisted filaments compared with other densities. The reason may be the lower density left more space for printed material to fill in. The Hilbert curve developed much higher porosity than the rectilinear pattern under the same level of density. The high porosity should favor the penetration rate of gas or liquid in future applications.

Figure 4 showed the combination between the 12% w/v K4M based support structure and the main structure made of ABS. The support structure was sticky and provided excellent adhesiveness to attach the surface of ABS. These two printed parts could hold together and are supposed to provide high integrity and stability during the printing process. Also, the K4M supportive structure can be thoroughly peeled off from the main structure without visible residual. According to the rheological properties, K4M 12% w/v hydrogel showed the best shape retention ability. The relatively high G' of this concentration also denotes more solid-like property and higher mechanical rigidity.
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FIGURE 4. K4M 12% w/v based support structure (a) attached with ABS based main structure and (b) peeled off from the main structure without visible residual.




CONCLUSION

Compared with the most common filaments for 3D printing, such as polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS), cellulose derivatives-based filament has a bunch of advantages such as low-cost, ambient temperature printable, and eco-friendly processing. The HPMC K4M hydrogel showed excellent printability by using the extrusion-based 3D printer. The shape retention ability during printing attributed to an increase in the concentration of HPMC K4M. The shear-thinning and viscoelastic properties confer printability on the printed geometries allowing them to be printed with different fill-in patterns and densities. There are several critical rheological parameters that play the leading role when building the relationship between flowability and shape retention ability. The higher concentration of printed hydrogel is desirable due to the optimal value of apparent viscosity, storage modulus, and loss tangent. The HPMC K4M 12% w/v material had been selected for the printability test with consideration of the highest G' and lowest loss tangent. The selection between fill-in patterns and densities depends on the purpose of the support structure. The rectilinear surface fill is clearer and more distinct, and the Hilbert curve fill-in pattern could provide a more rough contact surface. The printing process time and structure porosity could be modified by adjusting the fill-in density. In other words, the printed geometries suffer from extreme pitting with a grid-like pattern of holes in the surface once the fill-in density was lower than 75%. The support material made of HPMC K4M can be easily removed by peeling off from the ABS-based structure without visible residual. The future potential of this edible material will move on the application with human consumption, such as drug delivery systems and bio-scaffold printing. The biocompatibility, mechanical strength, porosity, and drug loading/release profile need to be investigated based on the research purpose.
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