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Abstract: The so-called fourth-generation biodegradable vascular stent has become a research hotspot in the field of bio-engineering because of its good degradation ability and drug-loading characteristics. However, the preparation of polymer-degraded vascular stents is affected by known problem such as poor process flexibility, low forming accuracy, large diameter wall thickness, limited complex pore structure, weak mechanical properties of radial support and high process cost. In this study, a deposition technique based on a high-voltage electric-field-driven continuous rotating jet is proposed to fabricate fully degraded polymer vascular stents. The experimental results show that, due to the rotation of the deposition axis, the deposition direction of PCL (polycaprolactone) micro-jet is always tangent to the surface of the deposition axis. The direction of the viscous drag force is also consistent with the deposition direction of the jet. It is shown that by setting different rotation speeds of deposition axis ω and linear motion speeds of the nozzle V, the direction of rotation, pitch and angle of the individual printed spiral curve can be precisely tuned. In the process of multiple spiral curves matching the deposition forming thin wall tube mesh, the mesh shape and size of the thin wall tube can be accurately controlled by changing the number of matching spiral curves and the size of the matching position bias distance. Finally, the characteristics of a PCL tubular stent sample (with uniform-size microfibers and mesh shape), fabricated under the appropriate process parameters are described in detail.
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Notation



	FN
	Normal electric field force



	FT
	Tangential electric field force



	FP
	Polarization electric field force



	FS
	Surface tension



	FV
	Viscous force



	FD
	Viscous drag force



	θ
	Angle of spiral



	P
	Spiral pitch



	r
	Radius of the helix



	S
	Eccentric distance



	L
	Circumference of the spiral curve



	ω
	Rotation speed



	V
	Linear motion speed



	H
	Deposition height



	D
	Diameter of nozzle



	U
	Electric field voltage



	Tn
	Temperature of nozzle



	Pr
	Air pressure





1  Introduction

Cardiovascular disease is a common and frequently occurring disease that poses a significant threat to human health [1]. Current treatments for vascular diseases rely on medications, surgery, and interventional stent therapies [2,3]. However, traditional stents, typically made of metal, can lead to long-term complications. Fourth-generation biodegradable stents offer a revolutionary approach (compared to previous scaffolds) [4]. These innovative stents provide temporary support to facilitate revascularization, the process of restoring blood flow to an occluded vessel. Once fully absorbed by the body, they leave behind only the natural, healthy blood vessels [5]. This allows the coronary arteries to return to their normal size and function, minimizing complications associated with permanent implants and offering a significantly reduced impact on the human body. Biodegradable stents are rapidly gaining recognition as the safest and most effective option, representing the future of vascular stent development [6].

Biodegradable polymer vascular stents have gained significant attention due to their artificial design, good degradation properties, and effective drug-loading capabilities. However, their preparation presents some challenges, such as poor process flexibility, low forming accuracy, large diameter and wall thickness, limited complex pore structure, weak mechanical properties of radial support, and high process cost. Several manufacturing methods can be employed for biodegradable vascular stents, including braided winding forming, injection molding, laser cutting, electrospinning, and fused deposition forming (FDM) three-dimensional (3D) printing. The braided winding forming method [7] involves using one or more silk wire materials to wrap around a mandrel according to a set trajectory to complete the manufacturing of the vascular stent. While offering simplicity and high molding efficiency, the resulting vascular stent often exhibits poor radial support, a single and unstable structure, and is prone to displacement or dislocation after implantation into blood vessels [8]. Injection molding [9] uses an injection molding machine to shape the vascular stent. This method is suitable for mass manufacturing of vascular stents with uniform structure at low cost. However, due to the small size and many fine structures of vascular stents, it is challenging to fill and release material during the process. Additionally, the need for corresponding molds to be manufactured in advance leads to long mold manufacturing cycles and limited structural complexity, thus failing to meet individual patient needs [10]. The laser cutting method [11] starts with creating a polymer tube of size that meets the specification. A laser then precisely cuts the required vascular stent structure onto the polymer tube, followed by cutting the obtained vascular stent from the tube to complete the manufacturing process. Vascular stents obtained by this method have high precision and can meet the individual needs of patients, making it one of the mainstream methods for manufacturing vascular stents [12]. However, vascular stents manufactured through this method produce a heat-affected zone, which affects the surface quality of the material and subsequently affects the performance of the vascular stent. Moreover, this method incurs high manufacturing costs and requires complex post-processing to obtain usable vascular stents. FDM [13] is a process in which molten polymer material is extruded from a heating nozzle to form filaments, which are then printed and deposited layer by layer onto the substrate to complete the fabrication of vascular scaffolds. This process allows for the controllable adjustment of various parameters, such as structure, shape, and porosity of vascular stents. However, there are challenges such as poor surface finish, large minimum molding size, and inability to achieve accurate printing [14]. Electrospinning [15] involves spraying polymer solution or melting through a high-pressure electrostatic field to form a polymer micro-jet for nanofibers spinning. However, traditional electrospinning’s disordered and uncontrollable jet flow impedes the controllable manufacturing of complex pore structures for vascular stents, resulting in structures with inferior mechanical properties [16]. In summary, existing methods such as braided winding forming, injection molding, laser cutting, FDM 3D printing, and electrospinning all face various theoretical and technical challenges. These include difficulty in forming complex scaffold microstructures, maintaining quality control of size and surface accuracy, ensuring limited flexibility and support stability of the scaffold, and achieving limited process control.

Electric field-driven jet deposition micro–nano 3D printing technology presents a novel process based on electrostatic induction self-excited electric field to achieve high-resolution micro-nano scale jet printing. This innovative technology [17] uses electro-hydrodynamic injection and charge-induced self-alignment principle to stretch the molten liquid at the nozzle tip into a Taylor cone. Based on the shrinking effect of the Taylor cone, high-resolution micro-nano scale 3D printing can be realized, which is an order of magnitude lower than the nozzle diameter. This facilitates efficient, cost-effective production of complex micro-nano scale components. Electric field-driven jet deposition micro–nano 3D printing technology has been initially applied in various fields, including transparent electrode, transparent electric heating [18], transparent electromagnetic shielding [19], porous tissue scaffolds [20], conformal surface structures [21], and flexible electronics [22]. For example, Peng et al. successfully employed electric field-driven jet deposition 3D printing technology to fabricate a PCL thin-wall tubular grid structure, demonstrating the feasibility of printing polymer vascular stent microstructure with this technology [23]. An ideal polymer vascular stent structure [24] should exhibit excellent supporting performance, flexibility, and mechanical properties such as small axial shortening and elastic recovery. Key factors influencing the mechanical properties of vascular stents include mesh shape, width, length, and thickness of supporting and connecting bars. However, research on electric field-driven 3D printing for vascular stent geometry remains relatively limited.

This study proposes a high-voltage electric field-driven jet and four-axis linkage printing deposition technology to fabricate vascular stents. By establishing a theoretical model for the geometric structure of the stent, this study aims to precisely control the continuous and stable extrusion of polymer microfibers. This will enable effective control over the forming mesh shape, pipe diameter, wall thickness, and size of the connecting bars of the stent. This process has the potential to fulfill the need for short-process, low-cost, and flexible manufacturing of customized, fully degradable polymer vascular stents.

2  Process Principle

Electric field-driven jet continuous micro-n–nano 3D printing technology is an innovative process based on electrostatic induction self-excited electric fields to achieve high-resolution micro–nano scale jet printing. Fig. 1 illustrates the principle of this process. The conductive nozzle is connected to the positive electrode of the high-voltage direct current (HVDC) power supply, and the molten polymer material forms a liquid bend at the bottom of the nozzle under the combined action of gravity and gas back pressure. Activating the power switch charges the conductive nozzle to a high potential, polarizing the polymer material inside the nozzle and accumulating a positive charge on the surface of the curved liquid. When the deposition mandrel approaches the positively charged nozzle, electrostatic induction is generated between the conductive nozzle and the deposition mandrel, resulting in charge redistribution. The negative charge attracts the upper semicircle surface of the deposition mandrel, while the positive charge repels the lower semicircle surface. Under the influence of electric field force, surface tension, and viscous force, the polymer material at the bottom of the nozzle gradually stretches and deforms to form a Taylor cone.
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Figure 1: Schematic diagram illustrating the principle of high-voltage electric field-driven continuous cone-jet deposition

With the increase in applied voltage, charge accumulation at the tip of the Taylor cone intensifies, resulting in a significant electric field force, including normal electric field force (FN), tangential electric field force (FT), and polarization electric field force (FP). When this electric field force exceeds the surface tension (FS) and viscous force (FV) of the jet material, the polymer material at the tip of the Taylor cone is expelled, forming a continuous micro-jet deposited on the outer circular surface of the mandrel. Due to the rapid rotation of the deposition mandrel, the deposited micro-jet generates viscous drag force (FD), which further elongates the micro-jet to form micro-fibers. Precise control of the applied voltage, injection back pressure, heating temperature, and the rotation speed of the deposition core shaft enables high-resolution printing through continuous injection deposition of fine fiber filaments.

3  Materials and Experimental Systems

3.1 Experimental Materials

In this experiment, polycaprolactone (PCL; CAS NO: 24980-41-4) polymer particles (Shandong USOLF) were used as printing materials. PCL, with the chemical formula (C6H10O2)N and an average molecular weight of 50,000 g/mol, exhibits non-toxic and excellent biocompatibility and biodegradability. Its melting point is 65°C, density at 25°C is 1.146 g/mL, and viscosity after melting is 11.25 dL/Gm. Additionally, its yield stress is 17.5 Mpa, and Young’s modulus is 470 Mpa. Various mandrel materials, such as glass, stainless steel, and copper rods with different diameters, were selected as deposited mandrel materials.

3.2 Experimental System

The electric field-driven jet deposition 3D printing system was designed and developed following the principle of electric-field-driven continuous jet deposition, as shown in Fig. 2a. The polymer material was placed inside a quartz crucible housed within the ring heating furnace, fixed on the Z-axis movement platform. The temperature of the ring heating furnace was controlled via the temperature controller to facilitate melting. A conductive nozzle, installed at the bottom of the quartz crucible, was connected to the positive electrode of the HVDC transmission power supply. The top of the quartz crucible was connected to the air pressure control unit, with an external air pump providing positive and negative air pressure. A high-speed charge-coupled device (CCD) camera and stroboscope were employed for real-time monitoring and capturing of the dynamic process of nozzle bottom bending surface and Taylor cone jet deposition, facilitating process parameter optimization and enhancement.
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Figure 2: Schematic of the high-voltage electric field-driven continuous jet printing experimental system: (a) experimental setup; (b) enlarged schematic of the deposition process of microfibers on the surface of a rotating mandrel; (c) actual deposition process of microfibers on the surface of a rotating mandrel

An X-axis linear motion platform is installed on two aluminum profile columns, a Z-axis linear motion platform is installed on the X-axis, a Y-axis linear motion platform is installed on the plane bottom plate, and the U-axis rotating platform is installed on the Y-axis. The repeated positioning accuracy of the XYZ-axis moving platform is 0.01 mm, while the positioning accuracy of the U-axis rotating platform is 0.018°. By controlling the linear motion of the XYZ-axis and the rotational motion of the U-axis, precise formation of polymer microfiber material on the deposited core axis can be achieved. Fig. 2b shows an enlarged diagram of the microfiber deposition process on the surface of the rotating mandrel, while Fig. 2c shows the actual printing process of micro-fiber deposition on the surface of the rotating mandrel.

4  Theoretical Analysis

4.1 Deposition Analysis of Preset Eccentric

The eccentric distance between the nozzle centerline and the center of the deposition mandrel is defined as S. Fig. 3b illustrates the scenario where the nozzle centerline coincides with the centerline of the deposition mandrel, resulting in an eccentric distance of 0 mm. When the nozzle centerline is to the left of the deposition mandrel centerline, the eccentricity distance is −X mm (Fig. 3a), and when it is to the right, the eccentricity distance is X mm (Fig. 3c).
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Figure 3: Schematic of the preset eccentricity distance between the nozzle and the center of the deposition mandrel: (a) S = −X mm; (b) S = 0; (c) S = X mm

To analyze the influence of eccentric distance on the print deposition morphology, a high-speed CCD camera was used to observe the deflection of the jet. Experimental parameters include a glass rod with a diameter of 12 mm serving as the deposition mandrel, nozzle diameter of 300 μm, crucible temperature set at 130°C, nozzle temperature at 80°C, back pressure of 15 kPa, electric field voltage of 1800 V, vertical distance from the nozzle to the deposition mandrel surface set at 5 mm, axial velocity at 37.6 mm/s, and rotational at 2π rad/s.

Fig. 4 shows the state of PCL jet deposition on the mandrel surface under different rotation directions. Throughout the experiment, the nozzle position remained unchanged. For counterclockwise rotation of the deposition core axis, preset eccentricity distances of −12, −6, 0, 4, and 8 mm were applied, as shown in Fig. 4a. However, for clockwise rotation, preset eccentricity distances of −6, 0, 6, 8, and 10 mm were employed, as shown in Fig. 4b.
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Figure 4: Deposition state of PCL jet on mandrel surface under different rotation directions and preset eccentricity: (a) the mandrel rotates counterclockwise; (b) the mandrel rotates clockwise

Analysis reveals that the PCL micro-jet can be effectively deposited on the core shaft surface with varying eccentricity distances S in different rotation directions. However, due to the rotation of the deposition core axis, the deposition direction of the PCL micro-jet changes noticeably with the change in eccentric distance S, consistently tangent to the surface of the deposition core axis. In addition, owing to the rotation of the deposition mandrel, the direction of viscous drag force (FD) produced by the PCL micro-jet also significantly changes, aligning with the deposition direction of the jet.

4.2 Deposition Principle of Single Spiral Curve

To achieve the deposition of PCL micro-jets in a spiral curve on the surface of the deposition mandrel, it is necessary to coordinate the rotational motion of the mandrel with the linear motion of the nozzle. Fig. 5 shows the process principle of forming left and right spiral curves by deposition of PCL micro-jets on the mandrel surface.
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Figure 5: Schematic of the left and right spiral curves formed by the deposition of PCL micro-jet on the mandrel surface: (a) right-handed spiral curve, (b) left-handed spiral curve, (c) right-handed spiral curve, and (d) left-handed spiral curve

When the rotation direction of the core shaft and the linear direction of the nozzle adopt different matching modes, curves of different spiral directions are formed. In Fig. 5a, when the rotation direction of the deposition core axis is clockwise, and the linear movement direction of the nozzle is from left to right, the resulting spiral curve formed by deposition is right-handed. However, in Fig. 5b, with counterclockwise rotation of the core axis and left-to-right linear nozzle movement, the resulting spiral curve is left-handed. Similarly, Fig. 5c depicts a counterclockwise rotation of the core axis and right-to-left nozzle movement, yielding a spiral curve is right-handed, whereas Fig. 5d shows a clockwise rotation of the core axis and right-to-left nozzle movement, resulting in a l spiral curve is left-handed.

In addition to the rotation direction of the spiral curve, its pitch and spiral angle are also the key parameters. Fig. 6 presents a schematic principle of controlling the spiral pitch and angle. P represents the spiral pitch, 
θ
denotes the angle of the spiral, r is the radius of the helix, and L is the circumference of the spiral curve. The helix radius equals the mandrel radius, and their computational relationship is expressed in Eqs. (1)–(3).


tan⁡θ=PL
(1)


L=2πr
(2)


tan⁡θ=P2πr
(3)

Eq. (4) expresses the computational relationship between the rotation speed of the deposition axis (ω), the linear motion speed of the nozzle (V), and the deposition motion time (t). Eqs. (5) and (6) further express P and 
θ
based on Figs. 5 and 6.


Vt=ωt2πP
(4)


P=2Vπω
(5)


θ=tan−1(Vωr)
(6)
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Figure 6: Control of spiral pitch and angle

Fig. 7 shows the calculated results of the spiral pitch P under different rotation speeds ω and linear motion speeds V. The spiral pitch P solely depends on the rotation speed ω and linear motion speed V, as shown in Eq. (5).
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Figure 7: Calculated results of spiral pitch P under different rotation speeds ω and linear motion speeds V

Similarly, Fig. 8 shows the calculated results of the spiral angle 
θ
under varying rotation speeds ω and linear motion speeds V, with a fixed helix radius. It demonstrates that the spiral angle 
θ
is solely influenced by the rotation speed ω and linear motion speed V. When the radius of the mandrel is fixed, 
θ
can be determined using Eq. (6) based on the rotation speeds of the deposition axis and nozzle.
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Figure 8: Calculated results of spiral angle θ under different rotation speeds ω and linear motion speeds V: (a) r = 1 mm, (b) r = 2 mm, (c) r = 4 mm, and (d) r = 5 mm

4.3 Forming Principle of a Thin-Walled Tubular Mesh Structure

The thin-walled tubular mesh structure serves as the fundamental form of vascular and nerve catheter scaffolds in tissue engineering. Utilizing the technological principle of micro-jet deposition on the surface of the mandrel to form a spiral curve (Fig. 6), multiple spiral curves can be used to form different spiral mesh structures. The distance between the starting positions of two spiral curves that match each other is defined as the position offset distance, while the angle between their starting positions is referred to as the angular deflection value.

Fig. 9 shows the helical grid structure formed by matching two spiral curves with the same turning direction. Fig. 9a displays the result of matching two spiral curves with a pitch of 2 mm, right-handed rotation, and a matching position offset distance of 1 mm under different angular offsets (0° and 90°). However, Fig. 9b shows the result of matching two spiral curves with a pitch of 2 mm, left-handed rotation, and a matching position offset distance of 1 mm, also under different angular offsets (0° and 90°). The analysis reveals that when two spiral curves with the same pitch and rotation are offset at a certain distance, the resultant mesh structure remains unchanged regardless of different angular offsets (0° and 90°). This underscores that the spiral mesh structure is formed by helix matching, with the matching angular deflection having no impact on the shape of the formed structure.
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Figure 9: Helical grid structure formed by matching two spiral curves with the same turning direction: (a) right-handed rotation (2 mm pitch and 1 mm position offset); (b) left-handed rotation (2 mm pitch and 1 mm position offset)

Fig. 10 shows the helical mesh structure formed by matching two same spiral curves with a left-turning direction and a 2 mm pitch at different position offsets. As the position offset distance changes from 0 to 1.6 mm, the shape of the spiral mesh structure formed by the matching of these curves significantly changes. This highlights the impact of position offset distance on the shape of the helical mesh structure when matching spiral curves with the same turning direction.
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Figure 10: Helical grid structure formed by matching two spiral curves with the same direction and different position offsets

To further investigate the influence of position offset and angle deflection on the shape of spiral mesh structure formed by matching spiral curves, Fig. 11 shows two spiral curves with different rotation directions with a 2 mm pitch and a matching position offset distance of 1 mm. The spiral mesh structure is formed under different angles of deflection (0°, 45°, 90°, 135°, 180°, and 225°). The findings reveal that when two spiral curves with the same pitch and different directions are matched, and the position offset distance is fixed, the shape of the resulting mesh structure remains consistent regardless of the varying angles of deflection. This reaffirms that the deflection of the fitting angle does not alter the shape of the formed structure when a spiral mesh is formed through helix matching.
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Figure 11: Helix grid structure formed by two helices with different turns at different angles

Fig. 12 shows the helical mesh structure formed by coordinating two distinct spiral curves with different rotation directions and a 2 mm pitch under different position offsets. As the position bias distance changes from 0 to 2 mm, the shape of the resulting spiral mesh structure undergoes significant changes. This highlights the influence of position offset distance on the shape of the helical mesh structure when matching spiral curves with different rotation directions.
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Figure 12: Helix grid structure formed by matching two spiral curves with different directions under different position offsets

Fig. 13 shows the helical grid structure formed by coordinating three left and three right spiral curves at different position offset distances. In Fig. 13a, the helical mesh structure results from the coordination of six spiral curves with a pitch of 4.5 mm and a position offset distance of 1 mm. The local 3D and sectional plane views reveal that the formed helical mesh structure is in a discontinuous state, with significant dimensional changes in the shape of a single mesh. However, Fig. 13b shows the helical mesh structure formed by coordinating six spiral curves with a pitch of 4.5 mm and a position offset distance of 1.5 mm. Here, the local 3D and sectional plane views reveal that the formed helical mesh structure is in a continuous and uniform state, with each mesh shaped like a diamond and consistent in size. Finally, Fig. 13c presents the helical mesh structure formed by coordinating six spiral curves with a pitch of 4.5 mm and a position offset distance of 2 mm. Similar to Fig. 13a, the local 3D and sectional plane views reveal that the formed helical mesh structure is in a discontinuous state, with significant dimensional changes in both the shape and size of a single mesh.
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Figure 13: Helical grid structure formed by six spiral curves with different directions under different position offset: (a) screw pitch of 4.5 mm and position offset distance of 1 mm; (b) screw pitch of 4.5 mm and position offset distance of 1.5 mm; (c) screw pitch of 4.5 mm and position offset distance of 2 mm

Fig. 14 shows the helical grid structure formed by coordinating six left and six right spiral curves at different position offset distances. In Fig. 14a, the spiral mesh structure is formed by coordinating 12 spiral curves with a pitch of 9 mm and a position offset distance of 1 mm. Both the local 3D and sectional plane views revealed a discontinuous helical mesh structure, with each mesh divided into small and large segments. However, Fig. 14b shows the helical mesh structure formed by coordinating 12 spiral curves with a pitch of 9 mm and a position offset distance of 1.5 mm. In this case, local 3D view and sectional plane views revealed a continuous and uniform helical mesh structure, with each mesh shaped like a diamond and consistent in size.
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Figure 14: Helical grid structure formed by the coordination of twelve spiral lines with different directions in fixed position offset: (a) 9 mm pitch and 1 mm position bias distance; (b) 9 mm pitch and 1.5 mm position bias distance

Fig. 15 shows the helical grid structure formed by coordinating eight left-handed and eight right-handed spiral lines at fixed position offset distances. Here, the pitch is 12 mm, and the position offset distance is 1.5 mm, resulting in a helical mesh structure formed by 16 spiral lines. Both the local 3D and sectional plane views show that the shape of the spiral mesh is continuous and uniform, with each mesh adopting a diamond shape and consistent size.
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Figure 15: Helical grid structure formed by the coordination of sixteen spiral lines with different directions in a fixed position offset

From the analysis of the results depicted in Figs. 14–16, it becomes evident that when the pitch and direction of the helix remain constant, and the product of the number of selected helices and the offset distance of the helix position matches the helix pitch, the resulting helical mesh structure is continuous and uniform. Furthermore, each mesh adopts a diamond shape, maintaining consistent size. By adjusting the number of spiral lines and the size of the matching position bias distance, a single rhomboid grid structure of different sizes can be obtained.
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Figure 16: Single spiral curve printing forming experiment: (a) schematic of the forming result (b) schematic of the microstructure

5  Experimental Results and Discussion

Fig. 16 shows the forming process results for a single helix. The overall view of the spiral after deposition is presented in Fig. 16a, while Fig. 16b shows the microscopic morphology of the spiral. In this experiment, an 8 mm diameter stainless steel cylinder was selected as the deposition mandrel, which was rotated clockwise while the nozzle moved unidirectionally from right to left. Table 1 provides specific test parameters used in the experiment. After the experiment, the spiral formed by deposition underwent observation and measurement using a KEYENCE VHX7100 ultra-depth field microscope. The spiral formed by deposition was uniform in size and constant in shape, with a linear width of 86.6 μm, a spiral pitch of 1.56 mm, and a left spiral curve. The relative error between the measured result of spiral pitch (1.56 mm) and the set value (1.5 mm) was 4%.

[image: images]

Fig. 17 displays the printing process of three spiral curves while maintaining the main process parameters from Table 1. By changing the rotation speed of the deposition axis (ω) and the linear motion speed of the nozzle (V), a spiral curve pitch of 6 mm was achieved. The experiment involved printing three spiral curves, as shown in Fig. 17. Here, During the experiment, an 8 mm diameter stainless steel cylinder was employed as the deposition mandrel. The mandrel rotated counterclockwise at an angular velocity of 5.2 rad/s, while the nozzle moved at a linear speed of 5 mm/s. The first movement of the nozzle was from left to right t, the second from right to left t, and the third also from left to right. The three spiral curves comprised a left, right, and left spiral, respectively, with a pitch of 6 mm. To ensure continuity, the end point of one spiral curve coincided with the starting point of the subsequent curve. However, a 1.5 mm position offset was introduced between the starting point of the third spiral curve and that of the first.
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Figure 17: Image of the printing process of three spiral curves

Fig. 18 shows the results of PCL microfiber printing deposition on a glass mandrel surface. By using an 8 mm diameter glass rod as the deposition mandrel, the mandrel rotated counterclockwise, and the nozzle moved in the direction shown in Fig. 18a. This arrangement allowed for the implementation of single, two, three, and four spiral curves on a single deposition mandrel. Table 2 outlines the main experimental parameters.
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Figure 18: Glass mandrel surface printing deposition forming results: (a) printing path of nozzle; (b) overall view of forming results; (c) local enlarged view; (d) microstructure of single spiral curve; (e) microstructure of three spiral curves; (f) microstructure of four spiral curves (g) microstructure of two spiral curves
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Fig. 18b shows the overall view of the print-forming results, divided into four different forming areas, as further illustrated in Fig. 18c. Due to the transparency of the glass core axis, both front and back views of the deposited single spiral curves are visible. Detailed microstructures of the single, two, three, and four spiral curves are depicted in Fig. 18d–g, respectively.

To further analyze the results of the deposition experiment, a KEYENCE VHX7100 ultra-depth field microscope was used to observe and measure the spiral lines formed by deposition at 100× magnification. Fig. 18d shows the microscopic morphology of single spirals. The deposited fiber lines appear uniform in size, with high straightness, forming a left-handed helix with a pitch of 1 mm. Fig. 18g shows the microscopic morphology of two spiral curves formed together, where the first spiral curve is left-handed and the second is right-handed, with both forming an intersection point. Each spiral line maintains a pitch of 1 mm. Fig. 18e shows the microscopic morphology of three spiral curves formed together. Here, the first and third curves are left-handed helices, while the second is right-handed. The second and third spiral curves form an intersection point, with each of the three spiral curves having a pitch of 1 mm. The position offset distance of the first and third spiral curves is about 350 μm. Fig. 18f shows the microscopic morphology of four spiral curves formed together. In this arrangement, the first and third curves are left-handed helices, while the second and fourth are right-handed. Similar to the previous scenario, each spiral has a 1 mm pitch, with intersections formed between the second and third and the third and fourth curves. The position offset distance between the second and fourth spiral curves is about 250 μm.

Fig. 19 presents a printed sample of a PCL tubular stent. Using an 8 mm diameter glass rod as the deposition mandrel, which rotated clockwise, the nozzle followed the trajectory shown in Fig. 19a. Fig. 19b shows the overall structural view of the formed sample after it was removed from the glass rod. Local observation of the shaped sample at 300× magnification using the KEYENCE VHX7100 ultra-depth field microscope reveals the micro-topography of the scaffold in Fig. 19c. The deposited PCL microfibers appear uniform in size, exhibiting a braided effect at the intersection of fiber lines.
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Figure 19: Printed sample of PCL tubular stent: (a) printing process; (b) overall view of the formed specimen; (c) local microscopic topography

To further analyze the characteristics of 3D cross-section shape changes at the intersection of multiple fibers, the KEYENS VHX7100 ultra-depth field microscope was used to capture photos at the intersection of formed samples at 400× magnification, and software was used for measurement, as shown in Fig. 20. Fig. 20a presents the 3D cross-section shape of the first layer of deposited fibers, showcasing a symmetrical cross-section profile with a height range from 25.88 to 91.53 μm. Fig. 20b shows the 3D cross-section shape of the second layer of deposited fibers. Here, height variations ranged from 91.21 to 151.20 μm due to fiber deposition bonding with the first layer of fibers. Fig. 20c shows the 3D cross-section shape at the intersection and superposition of the two layers of fibers, indicating a significant increase in forming height after superposition, with heights ranging from 20.25 to 246.94 μm. Finally, Fig. 20d shows the 3D cross-section shape measured along the deposition direction of the fiber surface, with heights ranging from 67.84 to 246.99 μm. Interestingly, the positions of the highest points in Fig. 20c,d are basically the same, resulting in similar measured data for the highest points.
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Figure 20: Measurement results of 3D cross-section shape of local fibers of PCL scaffold sample: (a) first layer of fibers; (b) second layer of fibers; (c) superimposed junction of two layers of fibers; (d) view along the fiber direction

6  Conclusions

(1) A novel high-voltage electric field-driven continuous jet rotating deposition technique is proposed for fabricating fully degraded polymer vascular stents. The process principle of high-voltage electric field-driven continuous cone-jet deposition was analyzed, and a four-axis rotary printing system was designed and developed.

(2) The rotation of the deposition core axis significantly influences the deposition direction of the PCL micro-jet, with changes in eccentric distance S resulting in tangent deposition directions to the surface of the deposition core axis. Additionally, the direction of the viscous drag force FD is consistent with the deposition direction of the jet.

(3) Matching the rotation direction of the deposition mandrel and the linear movement direction of the nozzle in four different ways results in the formation of spiral curves with different spiral directions. Keeping the radius of the deposition mandrel fixed, the spiral pitch P and the spiral angle 
θ
of printing spiral curves are solely determined by the rotation speed of the deposition axis ω and linear motion speed of the nozzle V.

(4) In the process of thin-wall tube mesh using multiple matching deposition spiral curves, we observed that when the pitch and direction of the spiral curve remain unchanged, and the product of the number of the selected spiral curves and the offset distance of the spiral curve fit position equals the spiral curve pitch, the resulting helix mesh structure is continuous and uniform. This structure features diamond-shaped single meshes with consistent sizes. By changing the number of spiral curves and the size of the matching position bias distance, a single rhomboid grid structure of different sizes can be obtained.
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Table 1: Process parameters of forming a single spiral line

Parameter Value Parameter Value
Printing material PCL Air pressure (P,) 15 kPa
Printing substrate Stainless steel cylinder Motion speed of nozzle (}) 5 mm/s
Diameter of nozzle (D) 300 um Spiral pitch (P) 1.5 mm
Deposition height (H) 2 mm Radius of the helix (r) 4 mm
Electric field voltage (U) 1800 v Eccentricity distance (s) 4 mm
Temperature of nozzle (7,,) 80°C Rotation speed of axis (w) 21 rad/s
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Table 2: Process parameters of PCL microfiber printing deposition on the glass mandrel surface

Parameter Value Parameter Value
Printing material PCL Air pressure (P,) 15 kPa
Printing substrate Glass mandrel surface Motion speed of nozzle () 2 mm/s
Diameter of nozzle (D) 300 um Spiral pitch (P) I mm
Deposition height (H) 2 mm Radius of the helix (r) 4 mm
Electric field voltage (U) 1800 v Eccentricity distance (s) 4 mm
Temperature of nozzle (7,,) 80°C Rotation speed of axis (w) 12.56 rad/s
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