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ABSTRACT - Polymeric stents can be produced using three-dimensional (3D) printing 
methods. The most commonly used 3D printer is fused deposition modeling (FDM), as it is 
cost-effective and easy to use. However, the solvent-cast printing (SCP) method has more 
advantages as it offers material versatility and can print products with complex geometries. 
Combining these two techniques to build a solvent-cast direct-write 3D printer will enable 
better production of polymeric stents.  This study proposes a concept for creating a solvent-
cast direct-write 3D printer by combining FDM and SCP 3D printing systems, aiming to 
enhance the production of polymeric stents. However, some challenges need to be 
addressed. Firstly, stents have complex network-like structures that require support during the 
printing process. Secondly, the stent will have a better quality if the polymeric material is 
printed from its solvent form. Therefore, three design concepts for the printing axis and printer 
nozzle are proposed and carefully selected to tackle the challenges. Then, to test the 3D 
printer, a sample stent is fabricated using thermoplastic polyurethane (TPU). Even though the 
3D printer has several limitations, it is the initial step for designing an affordable way to 
fabricate in-house medical stents. 
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1. INTRODUCTION 

A medical stent is a tube that can be inserted into the lumen of a blood vessel to open the blood passageway [1-3]. 

The stent is usually used to reopen blocked arteries by holding the arterial walls from collapsing [1-4]. The stent is made 

from material, such as metal [1, 2] or polymer [5, 6]. However, the polymeric stent is more favorable due to many 

advantages such as having mechanical flexibility, not producing artifacts during medical imaging, and bioresorbable [6]. 

The manufacturing process of stents depends on the material used. Metallic stents are fabricated using laser micro-cutting 

technology [7], which is expensive and requires technical skills in handling the procedure. Meanwhile, polymeric stents 

can be manufactured using three-dimensional (3D) additive manufacturing techniques [8], which is a more economical 

solution. Additive manufacturing, also known as 3D printing, is an effective way to fabricate low-volume and customized 

products with complex structures [9] and has been widely utilized for the fabrication of medical products such as syringes 

and stents [8]. To date, a number of 3D printing techniques have been used to fabricate polymeric stents, including 

selective laser melting (SLM) [10, 11], stereolithography (SLA) [10], and fused deposition modeling (FDM) [10, 12]. 

Solvent-cast printing (SCP) is another alternative of the 3D printing approach, which is suitable for solid product 

fabrication using fluid-based polymers [13]. 

FDM is a low-cost and a high-efficiency manufacturing method [14]. In FDM, polymer fibers are extruded through a 

printhead at a temperature higher than the melting temperature to form liquid-like filaments [15]. With the movement of 

the printhead, filaments are deposited layer by layer based on the designated paths and solidified rapidly to form 3D 

structures, especially in the environment with the ambient temperature much lower than the melting temperature [15]. 

One of the biggest advantages of FDM 3D Printing is scalability [16], as it can be easily scaled to any size. One of the 

more obvious benefits of having an easily scalable design is the cost-to-size ratio. FDM printers are continually being 

made bigger and less expensive, due to low part costs and simple designs. However, traditional melt-based techniques 

require high processing temperatures and pressures to achieve continuous flow, which limits the type of polymer suitable 

for the printing process [13]. 

Meanwhile, SCP has various advantages, including the ease with which it may be employed in labs for small-scale 

applications [13, 17]. The polymer is dissolved in one or more volatile solvents (organic or water) to produce a 

homogenous, low-viscosity solution [13, 18]. The solution can be spread over a surface or poured into a mold. The 

produced structure is a composite substance made of polymer and solvent particles [13]. The fundamental advantage of 

this method is that a liquid on a surface is dried without any external factors such as temperature or mechanical stress in 

solvent-cast films [13]. 
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Despite the availability of the various 3D printing techniques, combining FDM and SCP will enable a better production 

methodology for stents. This new technique, also known as the solvent-cast direct-write 3D printing, is expected to 

function similarly to an FDM, but instead of using the temperature and pressure, the solvent will be printed out as a 

polymeric stent through the nozzle similar to an FDM printer head. However, some challenges need to be addressed. First, 

stents have complicated structures, which are composed of some overhang sections or holes in between [19, 20]. 

Therefore, using traditional FDM, a support or a holder must be included to hold the overhang sections of the stent.  The 

removal of these supports may cause some damage and deformations to the printed stents [19, 20]. Secondly, the 

dimensions and structure of the stents vary depending on the patient’s anatomy [21]. Hence, precision is also important 

when designing the printer head.  

In this study, the solvent-cast direct-write 3D printing system is proposed through a combination of FDM and SCP 

techniques for polymeric stents fabrication. Firstly, the 3D printer system is designed, in which the new design for the 

two main parts of the printer, namely the printing axis and printer nozzle are proposed. The printing axis is used as a 

support to hold the overhang structure of the stent, while the printer nozzle is designed to exude polymeric solution for 

stent fabrication. Then, to test the capabilities of the 3D printer, a simple stent design will be fabricated. Several limitations 

and improvements for the 3D printer will be presented. The solvent-cast direct-write 3D printing system is expected to 

produce a stent structure before being applied for producing medical grade stents. 

2. METHODS  

This section describes the process of designing the 3D printer. Firstly, the design concepts for the printing axis and 

printer nozzle are discussed. Then, to test the usability of the 3D printer, simple stent designs are proposed, and the 

fabrication processes are discussed. 

2.1 Printing Axis 

There are four criteria for building the printing axis: (1) printing axis structure stability; (2) fabrication durability, 

which depends on how the stent fabricated on the printing axis can maintain its structure until the fabrication process 

ended; (3) ease of assembly of the printing axis on the overall 3D printer; and (4) printing axis fabrication cost. Figure 1 

shows three design concepts for the printing axis. Figure 1(a) shows the Design 1. In this design, the printing axis will 

rotate vertically and controlled by a motor. The stent structure will be drawn vertically around the printing axis. This 

process applies the concept knitting for nitinol stent fabrication [22]. Meanwhile, Figure 1(b) shows the Design 2. Here, 

the printing axis will be positioned horizontally with the printer nozzle will be in a fixed position. The printing axis will 

rotate along the horizontal axis and translate horizontally. This concept follows the fabrication of stent using laser cutting 

[23]. Lastly, Figure 1(c) shows the Design 3. In this design, the printing axis will have the same position and rotation as 

the second design. However, the printer nozzle will move horizontally to print the stent structure. 

2.2 Printer Nozzle 

The criteria for selecting the printer nozzle are the precision, ease to fabricate, low cost, and leakage control. Figure 2 

shows the three design concepts for the printing nozzle. Figure 2(a) shows the Design 1. This design will be like an ink-

pen [24], where the stent structure can be drawn directly on the printing axis. It will be equipped with a heating element 

system to prevent the solvent from hardened and to ensure an easy solvent flow. Meanwhile, Figure 2(b) shows the Design 

2. This design will utilize a screw pump that pushes the solvent through the nozzle for a better printing precision and to 

produce a one-way solvent flow [25]. Lastly, Figure 2(c) shows the Design 3. It will be a syringe-pusher system, in which 

it is designed to allow user to put a syringe containing the polymeric solvent, and then the system will precisely push the 

syringe during the printing process [26]. Regular syringe can be used as the printing tip, but a precise motor control must 

be developed that will push the syringe. 

2.3 Test Stent Design and Fabrication Procedure 

A simple test stent design will be fabricated using the 3D printer developed here. In this study, a stent shape as shown 

in Figure 3 will be fabricated. The arrowhead stent design is commonly used because it is suitable for compression, which 

is important during deployment in the blood vessels [27]. Thermoplastic polyurethane (TPU) is used to fabricate the stent. 

This is because it is very elastic, flexible, and may not break easily when a strong force is applied [28]. The process for 

stent fabrication is as follows. Firstly, the TPU pellets are dried in an oven at 80 oC for two hours to reduce the moisture 

content. Then, 30 g of TPU and 3 g of polyethylene glycol 400 (PEG400) are dissolved in 200 ml of methylene chloride. 

After that, the solution is stirred for 12 hours at room temperature using an orbital shaker. Lastly, the mixture is sealed 

and ready to be used for stent fabrication. 
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Figure 1. Printing axis design concepts: (a) Design 1, (b) Design 2, and (c) Design 3 
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Figure 2. Printing nozzle design concepts: (a) Design 1, (b) Design 2, and (c) Design 3 

 

 
Figure 3. Test stent design with arrowhead shape: (a) a unit cell structure of the stent, and (b) a portion of a complete 

arrangement of the unit cell structures of the stent 

3. RESULTS  

In this section, the selection process for printing axis, printer nozzle, and stent design are presented. The Pugh table 

will be used to select for the best design concept. Throughout this section, each design criterion will be assigned the 

symbols + or – that represent the advantage and disadvantage of the design over the other designs, respectively. The net 

score is calculated by summing all criteria with + symbol minus all the criteria with – symbol. 

3.1 Printing Axis Design Selection  

Table 1 shows the Pugh table for the evaluation of printing axis designs. Design 1 has the best structure stability and 

easy to develop. However, the final product durability is expected to be a major limitation as the vertical printing will 

require a support structure to print a stent, which has a complicated network-like structure [10]. Meanwhile, Design 2 will 

be less stable due to the printing axis being held only on one side. Moreover, controlling the movements of the printing 

axis, which involve rotating and translating, will be difficult and is expected to incur higher cost as it will require stringent 

motor control. However, this design is expected to have a positive product durability because it does not require structural 

support compared to Design 1. Lastly, Design 3 has similar printing axis rotation as Design 2, but it is supported at both 

ends, which provides additionally stability. It will be easy to develop because the motor only controls the printing axis 

rotation. In addition, the final product durability is positive based on the same reason as Design 2. From the Pugh 

evaluation, it shows that design 3 scores the highest net score and hence, it is chosen for developing the 3D printer. 

Design 3 is chosen as it meets all the criteria for the printing axis. Further improvement can be done by incorporating 

a heating system inside the rotating cylinder for a better material curing and to ensure the printed product does not slip 

during the printing process [10]. The components to support the printing axis could be built using FDM with polylactic 

acid (PLA) filament to reduce the development cost. Figure 4 shows the Solidwork drawings of Design 3. 
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Table 1. Pugh evaluation criteria for the printing axis 

    Criteria Design 1 Design 2 Design 3 

Easy to develop + – + 

Stability + – + 

Stent Durability – + + 

Cost + – + 

Sum + 3 1 4 

Sum – 1 3 0 

Net score 2 -2 3 

Rank 2 2 1 

 

 

Figure 4. The final Solidworks drawing of Design 3 printing axis 

3.2 Printer Nozzle Design Selection 

Similarly, Pugh table is used for selecting the best printer nozzle design. Design 1 has the best precision because it 

can print the stent structure as easy as drawing using a pen. However, it will not be easy to fabricate and will require high 

cost due to the use of the heating element Furthermore, the ink flow will depend on the heating system inside the nozzle. 

Meanwhile, Design 2 will have the best ink flow control due to the screw pump design. However, the design is difficult 

to be fabricated and is expected to be expensive due to the screw component. Lastly, Design 3 will be simple to fabricate 

as it only requires a precise motor control to push the syringe. The cost will be relatively cheaper than the other 2 designs. 

However, the flow control depends on the type of syringe used. Based on the Pugh method in Table 2, Design 3 is chosen 

because it has the highest net score. 

Design 3 depends on the motor control to push the syringe. The polymeric solvent can then be poured into the syringe 

and then, the syringe can be put on the syringe holder. The syringe will be reusable, and the cleaning process is easy by 

just removing the syringe from the syringe-pusher system. Figure 5 shows the proposed Solidwork drawing of Design 3. 

Meanwhile, Figure 6 shows the final 3D printer developed using the selected designs for printing axis and printer nozzle. 

Table 2. Pugh evaluation criteria for the solvent-cast nozzle 

Selection of criteria Design 1 Design 2 Design 3 

Easy to fabricate – – + 

Precision + + + 

Ink flow control – + – 

Cost – – + 

Sum + 1 2 3 

Sum – 3 2 1 

Net score -2 0 2 

Rank 2 2 1 
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Figure 5. The final design of Design 3 for the printer nozzle 

 

 

Figure 6. The final solvent-cast direct-write 3D printer developed 

3.3 Stent Fabricated using the Solvent-cast Direct-write 3D Printer 

The 3D printer developed in Figure 6 is then be used to fabricate the stent design as proposed in Figure 3. The stent 

fabricated, however, is not for used in the human body, and it is larger than the real stent. It is fabricated for the purpose 

of validating the 3D printer developed. Further improvements of the 3D printer are needed so that it can be used to 

fabricate stents for the use in the human body. Figure 7(a) shows the CAD drawing of the stent. Meanwhile, Figure 7(b) 

shows the stent fabricated using the 3D printer developed. The TPU materials were deposited onto the surface of the 

printing axis as it is rotating to form a cylindrical stent shape. After the printing is completed, the stent can be removed 

from the printing axis. From Figure 7(b), it can be observed that the stent is easily compressible due to the mechanical 

properties of the TPU. However, the network-like structure produced is not smooth. This requires post-processing to 

ensure that the stent produced has a smooth surface. 

 

Figure 7. (a) 3D drawing of the stent; (b) Stent fabricated using the 3D printer 
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4. DISCUSSION 

Polymeric stents have become favourable over metallic stents due to their characteristics such as light weight, good 

bioresorbable, easy fabricability, and low cost [6, 29]. With the advancement of the 3D printing techniques, the 

manufacturing process of polymeric stents have been more efficient with lower material cost and more complex 3D 

structures can be created [30]. The 3D printer developed here was modified from an ordinary 3D printer by changing the 

printing axis and printer nozzle. Several proposed designs have been presented and the final solvent-cast direct-write 3D 

printer developed here has a rotating printing axis and printer nozzle that precisely push a syringe containing the polymeric 

material. Then, a sample stent is fabricated using the 3D printer developed. The rotating printing axis reduces the need 

for the use of unnecessary support structures to fabricate the network-like structure of the stent [8, 19, 27]. Meanwhile, 

the syringe-pusher printer nozzle ensures for a precise solvent flow during the fabrication process. The solvent-cast direct-

write 3D printer developed here could provide a way for an affordable in-house medical stent fabrication. However, the 

final stent produced has several limitations that need to be addressed for further improvement. 

The stent produced here is rough and needs post-processing. Several post-processing procedure to improve the 

roughness are mechanical polishing [30] and chemical etching [30, 31]. However, care must be taken as this post-

processing procedure may cause damage to the final product [32]. Previous studies on the printing process using solvent-

based ink have suggested various crosslinking mechanisms to ensure for a smooth stent product, such as by using ionic 

solutions [33-35], ultraviolet (UV) radiation [36-38], and evaporation [39, 40]. Modification of the 3D printer may also 

be done by adding a heating element on the printing axis that will enhance the mechanical properties and removability of 

the stent from the axis [30].  

Furthermore, the current study enables the fabrication of different sizes of stent for different blood vessels diameter 

such as small arteries (i.e. coronary artery) [41], bigger arteries (i.e. aorta) [42], and also may be used for fluid flow study 

during stent insertion [43]. This can be done by changing the printing axis with different diameter. This advantage allows 

for the fabrication of customized stents with different sizes, which are very important so that the stent can fit within the 

blood vessel. However, the limitation of this printing axis design is that only straight stents can be fabricated. In some 

cases, branched stent is needed [30], and this will require the use of a specific printing axis. 

Finally, the stent material also plays important roles in determining the quality of the final product fabricated using 

the 3D printer. In this study, TPU was used to test the ability of the 3D printer developed. Various polymers have been 

used to fabricate stents using 3D printing, including PLA [19, 44], poly-vinyl alcohol (PVA) [27], polycaprolactone (PCL) 

[44, 45], methacrylated poly (dodecanediol citrate) (mPDC) [46], and poly L-lactic acid (PLLA) [44, 47]. For future 

improvements of the 3D printer efficiency, the use of these polymers should be taken into consideration for the stent 

fabrication.  

5. CONCLUSION 

A solvent-cast direct-write 3D printer has been developed for polymeric stent fabrication. The printer utilized a 

rotating printing axis as the platform, and a syringe-pusher to precisely exude the polymeric solvent. A thermoplastic 

polyurethane (TPU) stent with arrowhead design is printed using the developed 3D printer. The stent fabricated has poor 

surface roughness, which demands a further improvement of the fabrication process, including adding a post-treatment 

procedure, using a better polymer, and improving the printing precision. Despite the limitations, the solvent-cast direct-

write 3D printer developed here could provide an affordable way for producing in-house medical stent. 
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