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Introduction: Esophageal stenting is a widely used treatment for esophageal diseases, which can also be used for adjuvant therapy and feeding after chemotherapy for esophageal cancer. The structural parameters of the stent have a significant impact on its mechanical properties and patient comfort.
Methods: In the present work, we reconstructed the esophagus model based on the patient’s computed tomography (CT) data, and designed stents with different structural parameters. We used 3D printing technology to achieve rapid production of the designed stents by using Thermoplastic polyurethane (TPU)/Poly-ε-caprolactone (PCL) blends as the materials. The mechanical properties and effects on the esophagus of polymer stents with four different structural parameters of diameter, wall thickness, length and flaring were investigated by in vitro tests of radial compression and migration of the stents, as well as by finite element simulations of the stent implantation process in the esophagus and of the stent migration process. An artificial neural network model was established to predict the radial force of the stent and the maximum equivalent stress of the esophagus during implantation based on these four structural parameters.
Results: The results show that wall thickness was the structural parameter that had the greatest impact on the radial force of the stent (statistically significant, p < 0.01), and flaring was the structural parameter that had the greatest impact on the maximum equivalent stress of the esophageal wall after stent implantation (statistically significant, p < 0.01). No. 6 stent had a maximum radial force of 18.07 N, which exceeded that of commercial esophageal stents and had good mechanical properties. And the maximum equivalent force on the esophagus caused by its implantation was only 30.39 kPa, which can improve patient comfort. The predicted values of the constructed back propagation (BP) neural network model had an error of less than 10% from the true values, and the overall prediction accuracies were both above 97%, which can provide guidance for optimizing the design of the stent and for clinical research.
Discussion: 3D printing technology presents a wide range of applications for the rapid fabrication of personalized TPU/PCL blend stents that are more suitable for individual patients.
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1 INTRODUCTION
Esophageal cancer is one of the most common malignant tumors worldwide, with extremely high morbidity and mortality. It is rarely cured in the advanced or terminal stage [1–3]. Esophageal stricture is a common symptom of esophageal cancer patients. Due to cancer cells, the local wall of the esophagus of patients will be unevenly thickened, causing esophageal stenosis and difficulty in swallowing, seriously affecting the quality of life of patients [4]. Despite surgical treatment or chemotherapy, the incidence of secondary esophageal stricture is still high [5, 6].
Esophageal stenting is an effective palliative treatment for esophageal disease, that can help patients with advanced esophageal cancer to relieve the esophageal obstruction and improve the swallowing function [7, 8]. After surgery or chemotherapy, esophageal stenting can be used to protect the treated area of the esophagus in feeding, and reduce the likelihood of secondary strictures for adjunctive treatment [9]. Esophageal stents include self-expanding metal stents (SEMS) and self-expanding plastic stents (SEPS) [10]. Currently, SEMS are widely used in clinical treatment of esophageal diseases due to their excellent shape memory properties and mechanical properties [11, 12]. However, metal stents can cause complications such as tumor tissue growth, perforation, bleeding, stent fall, and secondary strictures to varying degrees [13]. SEPS are effective in reducing esophageal injury and reducing the risk of esophageal restenosis, as well as being easy to remove from the esophagus [14]. However, it has been demonstrated that the migration rate of SEPS is significantly higher than that of SEMS [15]. Moreover, the sizes of commercial esophageal stents circulating are fixed and cannot be fully adapted to the patient, which will reduce the patient’s comfort and affect the therapeutic effect. This puts forward higher demands for esophageal stents in terms of materials, structure and humanized design.
3D printing is a technology that uses layers of discrete materials to print three-dimensional objects based on three-dimensional digital models. The products manufactured by 3D printing technology have a short cycle and can save costs. More importantly, 3D printing is not only independent of product complexity and size limitations, but also allows for innovative and personalized autonomous production. With the development of 3D printing technology, 3D printing has shown advantages in the field of biomaterials and medical devices [16, 17]. For example, Farzin et al. fabricated of sugar-based stents with ideal geometry and size for facilitating arterial surgical anastomosis by 3D printing [18]. And Matheus et al. developed 3D printed bioresorbable nitric oxide-releasing vascular stents [19]. Currently, an increasing number of scholars have begun to use 3D printing technology to develop blend esophageal stents that are more suitable for patients and have excellent mechanical properties [20]. For example, Lin et al. developed a new 3D-printed flexible PLA/TPU tubular polymeric stent with spirals that exhibits excellent self-expansion and anti-migration properties, and the performance is modulated by changing the ratio of PLA to TPU [21].
The structure and mechanical properties of esophageal stents are the most important factors in determining the interaction between the stent and the esophageal wall. At the same time, the structure of the stent also influences on its mechanical properties. Therefore, it is necessary to study the impact of esophageal stent implantation with different structural parameters on the individual esophagus of specific patients. However, it is impossible to test stent implantation into the human esophagus in the clinic, which in turn makes it difficult to accurately predict the effects of stent implantation.
Finite element method (FEM) is widely used in the biomedical field as an important and effective research method [22, 23]. For instance, Alkentar et al. investigated the performance of Ti6Al4V lattice structures designed for biomedical implants by using the FEM [24]. FEM is not be limited by environment and cost as experiments. It can also well solve various nonlinear problems encountered in the biomedical field, and achieve results very similar to the real situation. The accuracy of FEM can be improved through model reconstruction of medical cases [25]. Therefore, it is necessary to perform inverse modeling of the patient’s esophagus and FEM of the process of stent implantation into the esophagus with different structural parameters, so as to provide physicians with important guidance in designing stents and treating patients.
In this paper, we extracted the esophageal model from the computed tomography (CT) images and 3D printed it with thermoplastic elastomer (TPE). TPE is a new polymer material between rubber and resin, so it has the dual properties of rubber and plastic: high strength, high elasticity and injection molding [26, 27]. At the same time, TPE is an environmentally friendly, non-toxic and safe material with excellent weather resistance, fatigue resistance and temperature resistance. It also has a wide range of hardness from ultra-soft to 90A, which can meet the hardness needs of different products [28, 29]. Therefore, TPE is not only used in the manufacture of daily necessities and industrial products, but also in the manufacture of medical devices, such as tourniquets, nebulizer hoses, human tissue anatomy models, etc. [30]. Wu et al. used TPE to prepare high sensitivity capacitive pressure sensor of medical devices [31]. Fischenich et al. discovered that TPE hydrogels have elastic and viscous components that make them ideal for soft tissue replacements [32]. Esophageal model materials need to be as close as possible to the biomechanical properties of the human esophagus. In existing research, thermoplastic elastomers have been used for artificial blood vessels and artificial esophagus [33, 34]. TPE can be used to make artificial blood vessels [35]. Similarly, TPE can meet this basic requirement by adjusting its hardness, and as a commonly used soft material for 3D printing, it allows esophageal models to be molded quickly.
The stent designed in this paper consists of thermoplastic polyurethane (TPU) and poly-ε-caprolactone (PCL). TPU is a biocompatible polymer with high tensile strength, abrasion resistance, tear resistance, and low-temperature flexibility, enables provides the feasibility of designing elastic products with potential applications in medicine and tissue engineering [36–38]. PCL is a biodegradable polyester with the advantages of high availability and tensile strength, degradability and biocompatibility, and thus has been used in the field of tissue engineering [39, 40]. Some scholars used TPU and PCL blend materials for the manufacturing of various medical equipment, such as Pinto et al. prepared TPU/PCL blend for biomedical application [41]. Thus, TPU/PCL blends make it easier to manufacture flexible esophageal stents that are better suited to individual patients.
Back propagation (BP) neural network is a multilayer feedforward neural network trained according to the error back propagation algorithm. BP neural network has strong nonlinear mapping ability and flexible network structure, no need to determine the mathematical equation of the mapping relationship between the input and output in advance. It only learns a certain rule through its own training and gets the closest result to the desired output value when the input value is given [42–44]. Using BP neural network to predict the structural parameters of 3D printed esophageal stents can quickly and accurately obtain the index values of unknown combinations of structural parameters based on historical data and influencing factors, which can be fed back into the optimized design of esophageal stents for individual patients.
Based on the patient’s CT scan data, we reversed model, optimized and simplified the patient’s esophageal geometric model through medical software, and designed 12 esophageal stents with different structural parameters. By conducting in vitro tests and FEM on the 3D printed simulated esophagus and 12 esophageal stents, we analyzed the characteristics of structural parameters affecting the support performance, safety and comfort of 3D printed blend esophageal stents from a mechanical perspective. We established an artificial neural network model to predict the radial force of the stent and the maximum equivalent stress in the esophagus after stent implantation, and optimized the structural parameters of the esophageal stent for a specific patient. It provided physicians with a reference for the selection and design of esophageal stents, as well as the prediction and selection of auxiliary treatment with stent implantation after chemotherapy.
2 MATERIALS AND METHODS
2.1 CT reverse modeling and simplification of the esophagus
The main flowchart of esophageal model acquisition is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Esophageal model acquisition process.
2.1.1 Extraction of esophageal model
The esophageal model was extracted from CT scans of a patient with esophageal cancer who underwent chemotherapy. The purpose of the extraction was to design a stent that could improve the patient’s comfort by covering the chemotherapy area and extending slightly beyond it. The chemotherapy area was determined by positron emission computed tomography (PET)-CT fusion imaging, which showed the metabolic activity of the tumor cells. The extracted esophagus included the chemotherapy area and 8 additional tomograms (each 1.25 mm thick) at both ends of the chemotherapy area.
The raw data of the esophageal model in this paper comes from the PET-CT enhancement scan images of the patient. The patient is an elderly male diagnosed with esophageal cancer in a hospital in Zhongshan, Guangdong Province, based on the provided medical imaging data in digital image and communication on medicine (DICOM) format.
The patient’s DICOM data file before chemotherapy was imported into a medical image reading software called Xiaosaikankan DICOM Viewer, and PET-CT fusion browsing was used to obtain the metabolic information of each cell in the body. Based on the principle that tumor cells are metabolically active and their ability to uptake contrast agent is 2–10 times higher than normal cells, the location of the patient’s esophageal tumor and the CT section range of the chemotherapy area were accurately and rapidly determined.
The DICOM data file of the patient’s post-chemotherapy review was identified and imported by the medical image processing software called Mimics. After self-processing of the data by the software, three views of the patient’s CT-enhanced scan data were obtained. The Soft tissue scale was selected in the Grayscale of the Contrast workspace below, so that the soft tissues including the esophagus could be displayed in high contrast, which facilitated the segmentation of the human body tissues.
In Mimics, the extraction method for esophagus was mainly divided into the following steps:
1. After the DICOM data file was successfully imported, a new two-dimensional mask was created using the New Mask in the SEGMENT function area, and the Threshold gray value range was adjusted to separate the esophagus from other tissues in the image, resulting in a preliminary segmentation of the human body tissues.
2. Since the gray value range of the esophagus also included other tissues within this range, such as liver, kidney, and stomach. The Crop Mask was used to roughly segment the desired extraction region of the esophagus after the gray value segmentation. The Edit Masks mask editing tool was used to extract the roughly segmented esophagus to obtain a relatively complete esophagus model.
3. Due to the software’s inability to accurately distinguish more complex content during the gray value segmentation stage, there are still some problems with the esophageal model at this point, such as voids at the borders. The details of the model were refined using 2D mask editing. The Edit Masks and Multiple Slice Edit 2D editing tools were used to repair the details of the esophagus layer by layer in the 2D mask. The Mask 3D Preview function was used to preview the entire extraction process in the 3D view box and generate a 3D esophagus model from the mask. Finally, the Calculate Part tool was used to generate a 3D solid model of the esophagus from the edited mask.
2.1.2 Smoothing and simplification of the esophagus model
The extracted esophageal model had a complex and rough surface structure. To improve the 3D printing quality and reduce the computational complexity and time of the FEM, the model needed to be smoothed and simplified. The Smooth tool in the 3D TOOLS function area of Mimics software was not sufficient to achieve a satisfactory smoothing effect, so the model was further optimized in detail in a digital auxiliary design software called 3-Matic, while preserving the integrity of the inner wall boundary of the esophageal model.
The esophageal model data extracted from Mimics were transferred to 3-Matic. The Smooth tool in the Fix function area was used for surface processing, and then the Local Smoothing tool in the Finish function area was used to paint and smooth the local unevenness, abnormally raised areas, and the areas with serious granularity of the model, resulting in a smooth esophagus model. To accurately capture the boundary lines of the inner and outer walls of the esophagus, the Calculate Polylines tool was used to generate the boundary polylines of the inner and outer walls of the esophagus from the smooth esophageal model.
To ensure the convergence of the FEM and avoid the problems of numerical instability and long calculation time during the simulation process, the complex boundary polylines were fitted into circles one by one using the Radius tool in the Measure function area. By placing the centers of all circles on the same axis without changing their relative positions in the axial direction, the extracted esophagus was simplified to a slightly narrower cylinders in the middle, with a length of 64 mm, an inner diameter of 22 mm at both ends, and 18 mm in the middle, and an outer diameter of 28 mm at both ends and in the middle. The wall thickness of the esophageal cylinder was 3 mm at both ends and 5 mm in the middle, which was consistent with the results and analysis of the images on the patient’s post-chemotherapy examination report.
The two ends of the simplified esophageal cylinder were extended 30 mm and 50 mm up and down the axis respectively as the esophageal non-chemotherapy area. As shown in Figure 2A, the non-chemotherapy zone was simplified to a uniform cylinder with an inner diameter of 22 mm and a wall thickness of 3 mm, in order to facilitate the simulation of stent implantation, anti-migration test and simulation. The simplified entire esophageal cylinder was modeled in SolidWorks software for subsequent 3D printing.
[image: Figure 2]FIGURE 2 | (A) Simplified esophageal model, (B) Three different outer diameters of stents.
2.2 Stent design with different structural parameters
The biomechanical performance of the interaction between the stent and the esophagus after implantation depends on the structural parameters of the stent. The stent was designed based on four structural parameters by SolidWorks: 1) outer diameter; 2) wall thickness; 3) length; 4) presence of flares at both ends.
Based on the variation of the inner diameter of the middle section of the simplified cylindrical esophagus model, three different outer diameters of stents with a slightly narrower middle were designed (Figure 2B). For each outer diameter, the stents were designed different varying in wall thickness, length and presence of flares at both ends. The flare was designed as a bell mouth with a length of 4 mm and a slope of 0.5. To facilitate the subsequent training of the BP neural network, three more stents with different structural parameters were added to the orthogonal experimental design scheme. The structural parameters of the 12 different stents are shown in Table 1. The outer diameters of the stents are recorded on the diameter of the narrowest point in the center.
TABLE 1 | Structural parameters of esophageal stents.
[image: Table 1]2.3 3D printed esophageal and stents
The esophagus material was TPE and the stent material was TPU/PCL blend.
TPE with shore hardness of 30A was purchased from Jie Jia Plastic Technology Co., Ltd. (Dongguan, China). TPU with a specific gravity of 1.14–1.18 g/cm3 and shore hardness of 60A was purchased from De Chuang Co., Ltd. (Dongguan, China). PCL 600C (Mn = 65,000) was purchased from Shenzhen eSUN Industrial Co., Ltd. (Shenzhen, China). All materials were commercially available and were not further purified.
Materials with 80%TPU/20%PCL component ratios were prepared using a co-rotating twin-screw extruder (Nanjing Hass Extrusion Equipment Co., Ltd. China, diameter of screw = 2 cm, length/diameter ratio = 40/1). The process and details of TPU/PCL blend preparation can be found in Ref. [45].
The esophagus model and the designed stents in SolidWorks were exported as STL format files, and were sliced in Creality Print (Version3.5.9.0) slicing software. Then the G5 screw extrusion 3D printer from Shenzhen Creality 3D Technology Co., Ltd. (Shenzhen, China) was used for 3D printing (Figure 3). The printing parameters for different materials are presented in Table 2.
[image: Figure 3]FIGURE 3 | 3D printed esophageal model and designed stent (from left to right are the esophagus and No. 1-No. 12 stents).
TABLE 2 | Printing parameters for different materials.
[image: Table 2]2.4 Radial behavior and migration resistance of the stent
2.4.1 Radial force test
The radial performance of esophageal stents was evaluated using a universal testing machine (JJ UTM-1422, Jin Jian Testing Instrument Co., Ltd., Chengde, China). Three samples of each stent were tested. As shown in Figure 4A, the stents were placed between two circular platens and compressed at a rate of 10 mm/min until the stents reached 50% strain, and the force was recorded.
[image: Figure 4]FIGURE 4 | (A) Radial force test, (B) Migration resistance force test.
2.4.2 Migration resistance force test
The migration resistance of the esophageal stents in the 3D printed simplified esophageal model was tested. As shown in Figure 4B, the lower end of the esophageal model was clamped, and then the esophageal stent was implanted into the corresponding position of the chemotherapy area of the esophageal model. Holes were perforated at the upper end of the esophageal stent and tied to the universal tensile machine with a rope to ensure the same placement position each time. Use the universal testing machine to pull out the esophageal stent from the esophageal model at a constant speed, and set the end distance to 35 mm. The force-distance curve and maximum peak force during the uniform traction process of the stent along the esophageal axis were recorded.
2.5 Finite element method of esophagus and stents
2.5.1 Modeling and material parameters of esophagus and stents
Modeling of the simplified esophagus and stents were completed in Abaqus, a finite element software for engineering simulation. A rigid cylinder with a diameter slightly larger than the maximum diameter of the esophagus and stent was built to assist in the contraction surface.
The esophagus was manufactured using TPE, a highly elastic material that had mechanical properties close to those of the human esophagus. The stent material was 80%TPU/20%PCL hyperelastic blend, so the Mooney-Rivlin hyperelastic model was used for finite element calculations.
The strain energy density function of the Mooney-Rivlin model is:
[image: image]
Where I1 and I2 are strain invariants, W is the strain energy density function, and c10, c01, c11, c20, c02, and D1 are the hyperelastic constants. The subscripts of the constants indicate different strain invariants. c10 denotes the linear term coefficient of the first strain invariant I1, c01 denotes the linear term coefficient of the second strain invariant I2, c11 denotes the cross-term coefficient of I1 and I2, c20 denotes the quadratic term coefficient of I1, and c02 denotes the quadratic term coefficient of I2.
The Mooney-Rivlin hyperelastic constants were automatically generated by uniaxial tensile tests (n = 5) in combination with Abaqus software to fit the stress-strain curves. The simulation curves of the experimental stress-strain curves fitted to the Mooney-Rivlin model can be found in ref. [46]. The hyperelastic constants of esophagus and 80%TPU/20%PCL hyperelastic materials are listed in Table 3 [47].
TABLE 3 | Mooney-Rivlin parameters of esophagus and stent material.
[image: Table 3]2.5.2 Assembly and interaction of esophageal-stent
The esophagus, stent, and auxiliary constriction surface were assembled as follows: As shown in Figure 5, the plane center point of the narrowest position of the simplified esophageal chemotherapy area as the coordinate origin. Then the stent was moved so that the center point of the plane at the narrowest position in the middle section of the stent and the axis of the cylinder coincided with the coordinate origin and the axis of the esophagus. Similarly, the auxiliary contraction surface was moved so that the center of mass and axis of the auxiliary surface coincide with the coordinate origin and the esophageal axis.
[image: Figure 5]FIGURE 5 | Assemble the esophagus, stent, and auxiliary constriction surface.
Simulation of stenting for esophageal treatment: A cylindrical coordinate system was established with the axis as the Z-axis and the radial direction of the stent as the T-axis. The esophagus was fixed in the Z-axis direction, and a uniform displacement was applied to the entire auxiliary contraction surface in the radial direction. After contraction, the auxiliary surface contacted the outer surface of the stent, and the stent was pressed into the simplified esophagus. Then the constraints between the auxiliary surface and the stent were released, allowing the stent to self-expand and interact with the inner wall of the esophageal model until equilibrium was reached.
Stent migration simulation in the esophagus: After the stent was implanted in the esophagus, the esophagus was kept fixed in the Z-axis direction, while a distance in the negative Z-axis direction was applied to the stent. The stent moved at a constant speed along the negative direction of the Z-axis in the esophagus. The friction coefficient between the outer surface of the stent and the surface of the inner wall of the esophagus was set to be 0.1, and the termination distance was 40 mm.
2.6 Artificial neural network design
2.6.1 Selection of input and output parameters
We established a simple single-output artificial neural network model to train the structural parameter combinations and performance metrics of existing esophageal stents, which could quickly predict the stent performance metrics of other structural parameter combinations. The most common BP neural network topology includes input layer, hidden layer, and output layer, as shown in Figure 6. The number of nodes in the input layer was set to 4, representing the four structural parameters of the designed stent: outer diameter, wall thickness, length and flare width. The number of nodes in the output layer was set to 1, which represented the performance index value of the designed stent.
[image: Figure 6]FIGURE 6 | BP neural network topology.
The radial force of the stent determines the effect of supporting the esophageal treatment area, facilitating eating and assisting treatment after implantation. However, excessive radial force not only affects the patient’s comfort, but can also lead to bleeding and other complications. In contrast, the maximum equivalent force in the esophagus after stent implantation can largely reflect the patient’s comfort. Therefore, we used the stent radial force and the maximum equivalent stress of the esophagus after implantation as the performance indicators of the stent for training and prediction.
The characteristic parameters of the training set and test set of the BP neural network model are shown in Table 1, while the performance index values were obtained from the results in vitro test and FEM result. Common neural networks require 70% of the data as the training set and 30% of the data as the test set, and the amount of data will directly affect the prediction results. Therefore, all the data in the first 9 groups of the 12 sets of stents data were repeatedly trained as the training set, and the last 3 groups were used as the test set.
2.6.2 BP neural network modeling
The amount of data in this study was small and the calculation was simple, so the BP neural network model can be designed with a single hidden layer. The number of nodes in the hidden layer can be set according to the following empirical formula:
[image: image]
where n is the number of input nodes, m is the number of output nodes, and a is a constant value from 1 to 10.
Since the number of hidden layer nodes is the main determinant of the accuracy of the neural network model, we set a to 1–10 in turn and plugged it into the formula to get the number of hidden layer nodes for the function training, after completing the design of the training function and data normalization. In this way, we obtained the number of hidden layer nodes that minimized mean square error (MSE) of the training set, and set it as the optimal number of hidden layer nodes to update the training function parameters.
The trainlm of Levenberg-Marquardt (L-M) optimization algorithm was adopted as the training function. Considering that the different magnitudes of the input parameters would interfere with the accuracy and performance of the network structure when training the neural network, all data were normalized through the mapminmax function so that the values of all magnitudes converge between 0 and 1. The maximum number of training times of the network was set to 1,000, the learning rate was 0.01, and the minimum error of the training target was 1e-6. After completing the training and testing of the network, denormalization was performed through the mapminmax function to obtain the actual predicted value of the output index value. Finally, the plot function and the bar function were used respectively to complete the plotting of the actual value, predicted value and error of the output indicator value.
3 RESULTS AND DISCUSSION
3.1 Results of radial compression test and migration test
3.1.1 Radial force of the stents
Figure 7 shows the radial force-distance curves of stents with different structural parameters and a commercial stent. The radial force of No.4 stent was the smallest, 1.64 N. The radial force of No.6 stent was the largest, 18.07 N. The radial force of commercial stent was 8.28 N, which lay between No.3 stent and No.11 stent. This suggests that the 3D printed polymer stent could provide the same radial support force as the commercial esophageal stent by adjusting the structural parameters, thereby supporting the chemotherapy area to assist with feeding.
[image: Figure 7]FIGURE 7 | Radial force-distance curves of stents (n = 3).
By analysis of range and analysis of variance (ANOVA) on the maximum radial force obtained from the stents. We found that all the four structural parameters studied in the tests had significant influence (statistically significant, p < 0.01) and main effect on the stent radial force. Among them, wall thickness was the structural parameter with the greatest impact, which could greatly improve the stiffness of the stent. This was followed by flare and length in that order, while the outer diameter had the least effect. The optimum level of structural parameters for the maximum radial force were: 21 mm for the outer diameter, 0.16 mm for the wall thickness and 74 mm for the length without flare.
3.1.2 Migration resistance force of the stents
Since the FEM often has some differences with the actual situation, we performed in vitro tests to verify the accuracy of the model by comparing the test results with the finite element analysis results. The force-distance curves of the stent migration test and simulation are shown in Figure 8. From the figure, it could be seen that the force-distance curve shows a rapid upward trend in the initial stage. Then the upward trend gradually slowed down, became relatively flat, and finally decreased after passing the peak point. No. 1 stent had the lowest peak resistance to migration of 3.00 N, while No. 12 stent had the highest peak resistance to migration of 20.07 N. Increasing the diameter, wall thickness, length, as well as designing the flare of the stent can improve migration resistance. Among them, the outer diameter had the most significant effect on the migration resistance. Improving the migration resistance can reduce the probability of migration or even fall of the stent.
[image: Figure 8]FIGURE 8 | The force-distance curves of the stent migration test (n = 3) and simulation.
3.2 Finite element simulation of stent implantation and self-expansion
The stress distribution of the esophageal wall after the stent with different structural parameters is implanted into the esophagus is shown in Figure 9. The smallest maximum equivalent force on the esophageal wall after implantation was caused by stent 1 with 12.04 kPa. The largest maximum equivalent force caused was caused by stent 7 with 103.2 kPa. It could be seen that the maximum equivalent stress on the esophageal wall caused by the esophageal stent occurs at both ends of the stent, because the diameter of the stent is largest at both ends of the stent, which stretches the esophagus and causes greater deformation of the esophagus. This is most obvious in stents with flares at both ends. The stent without flares exerted a greater equivalent force on the esophageal wall at 10 mm from the origin because the rate of change of the stent diameter became greater here, resulting in a concentration of stress in the esophageal wall.
[image: Figure 9]FIGURE 9 | The stress distribution of the esophageal wall after stenting. (From top to bottom on the left are No.1 stent to No. 6 stent, and on the right are No. 7 stent to No.12 stent).
By performing range and ANOVA on the simulated maximum equivalent stress of the esophagus, it could be found that the outer diameter and dilation had a significant impact on the maximum equivalent stress (statistically significant, p < 0.01), and there was a main effect. Flare was the structural parameter that had the greatest impact, causing convex deformation of the esophageal wall and stress concentration at the contact point with the esophagus. Then followed the order of diameter, length and wall thickness. When the equivalent stress of the esophagus wall was minimum, the optimal levels of structural parameters were: outer diameter 19 mm, wall thickness 0.16 mm, length 64 mm, and without flare.
3.3 Finite element simulation of stent migration
The process of stent migration was investigated by applying displacement to the completed implanted stent in the esophagus. Comparing the force-distance curves of the migration test and the simulation in Figure 9, it was easy to find that the trends of the migration resistance of the stents with different structural parameters obtained by FEM were similar to those of the test results, and the peaks of the two were very close to each other. The peaks of the anti-migration force approximately occurred at the displacement point where the end of the stent passes through the narrowest area in the middle of the esophagus. Although the force-distance curves have errors due to the differences in the boundary conditions and load settings of the finite element simulation and the real test, this does not affect our analysis of the anti-migration ability of the stents through FEM.
When the maximum equivalent stress is exerted on the esophageal wall during dynamic migration of blended stents with different structural parameters, the stress distribution of the esophageal wall is shown in Figure 10. Obviously, the dynamic stress on the esophageal wall caused by dynamic migration of the stent was higher than the static stress at the completion of implantation. This is due to the fact that in order to make the stent fit better into the esophagus to improve patient comfort, the esophageal stent was designed as a cylindrical model with a slightly narrower middle like the simplified esophagus model. Even the rate of change of the stent’s outer diameter was basically the same as that of the esophagus’s inner diameter. Therefore, when migration of the stent occurs to the point where its end passes through the narrowest region in the middle of the esophagus, the deformation of the narrowest region is the greatest, and the dynamic maximum equivalent stress caused by the stent to the esophagus is also the largest during the migration process. Therefore, when increasing the stent migration resistance, it is important to avoid excessive migration resistance that may cause secondary damage to the mucosa of the esophageal inner wall during stent migration [48].
[image: Figure 10]FIGURE 10 | The stress distribution of the esophageal wall when the dynamic migration of the stent produces the maximum equivalent stress on the esophageal wall. (From top to bottom on the left are No. 1 stent to No. 6 stent, and on the right are No. 7 stent to No. 12 stent).
3.4 Comparative analysis of neural network model predictions
3.4.1 Stent radial force prediction
When cyclically training and predicting the radial force of the stent through the BP neural network, the optimal number of hidden layer nodes was 9, and the corresponding MSE was 0.00019. The standard BP neural network was constructed with 9 hidden layer nodes, and the trend of MSE during the training process is shown in Figure 11A. As can be seen from the figure, the best verification performance occurred in the 6th round with MSE of 0.0004. The performance of the BP neural network at this point is shown in Figure 11B. It is evident that the constructed BP neural network model fitted the test data excellently, and the correlation coefficients R were all above 0.998. By analyzing the true and predicted values of the radial force of the last three groups of stents listed in Table 4, we found that the error between them was less than 10%, and the overall prediction accuracy was as high as 97.5%, which indicated that the BP neural network predicted the radial force of stents very well.
[image: Figure 11]FIGURE 11 | (A) Training mean squared error curve, (B) The curve fitting of BP neural network on training and predicting the radial force.
TABLE 4 | Comparison of actual and predicted values of stent radial force.
[image: Table 4]3.4.2 Prediction of maximum equivalent stress of esophagus
Similarly, the optimal number of hidden layer nodes was 6 and the corresponding MSE was 1.75e-05 when the maximum equivalent force of esophagus after stent implantation was trained and predicted cyclically by BP neural network. The standard BP neural network was constructed with 6 hidden layer nodes, and the trend of MSE was obtained during the training process as shown in Figure 12A. The figure shows that the best validation performance occurred in round 5 with MSE of 2.60e-05, at which time the performance of the BP neural network is shown in Figure 12B. It is also clear that the established BP neural network model fitted the finite element simulation data excellently, with correlation coefficients R above 0.999. Table 5 lists the true and predicted values of the maximal equivalent stress of the esophagus after stent implantation in the last three groups, and we could find that the errors between them are all less than 10%, and the overall prediction accuracy was as high as 99.91%, showing that the BP neural network also predicted the maximum equivalent stress of the esophagus very well.
[image: Figure 12]FIGURE 12 | (A) Training mean squared error curve, (B) The curve fitting of BP neural network on training and predicting the maximum equivalent force of esophagus after stenting.
TABLE 5 | Comparison of actual and predicted values of esophagus maximum equivalent force.
[image: Table 5]3.5 Discussion
From the overall results of the in vitro tests and FEM, it can be seen that among the 12 designed stents, No. 6 stent has the best mechanical properties. Its radial force is the largest at 18.07 N, which can effectively stretch the middle section of the esophagus that is still somewhat stenotic after treatment and prevent the occurrence of secondary narrow. The maximum equivalent stress on the inner wall of the esophageal stent after its implantation is only 30.39 kPa, which improves patient comfort to a large extent. However, in the clinic, it is necessary to select the appropriate stent according to the complex actual situation and needs of the patient.
In the current study, we obtained a simplified esophageal reconstruction model of the patient by processing the patient’s CT scan images using Mimics software and 3-Matic software. Based on this, esophageal stents with different structural parameters were designed. Using a twin-screw extruder, we melt blended two polymers with different flexibility, TPU and PCL, in a ratio of 8:2 for 3D printing of flexible esophageal stents.
In this study, quasi-static finite element simulations of the stent implantation process were performed using Abaqus software to obtain the biomechanical interactions between the stent and the esophagus after stent implantation, which is important for assessing patient comfort and the likelihood of bleeding from esophageal injury after stent implantation. On this basis, finite element simulations of dynamic migration occurring after completion of stent implantation were performed to assess the effectiveness of stent-assisted therapy and the possibility of complications, such as stent displacement, after stent implantation. Therefore, FEM plays a vital role in the design of esophageal stent and can provide a reference for optimizing the structural parameters of the esophagus.
However, the simulation in this article used a simplified patient esophageal model, which ignored the weight of the stent itself, the complex environment in the esophagus, and the impact of the patient’s eating and esophageal physiological swallowing on the stent. It also does not consider the possible changes in the esophageal characteristics due to chemotherapy [49]. Follow-up studies should explore the impact of patient feeding on the stent and the fatigue of the stent under cyclic swallowing stress [50].
The esophagus model used in the test was 3D printed by TPE, which can quickly obtain an esophagus model with physical properties close to those of the real human esophagus, but it cannot achieve a complete simulation of the real esophagus. In the study, we extracted and simplified the esophageal model as an unstratified homogeneous structure, which was uniformly printed with TPE of the same properties. The entire esophageal model was given the same material properties during finite element analysis. However, based on the histology, the real esophagus consists of five layers from inside to outside are: mucosa, the submucosa, the virtual interfacial layer, the circumferential inner and the longitudinal outer muscle layer [51]. There may be differences in properties between the different histologic layers. Moreover, the tests were conducted in vitro, ignoring the influence of the in vivo environment on the stent, which may not be able to directly and accurately reflect the effect of stent implantation on the human body. Therefore, it is necessary to consider animal tests or even clinical tests in future studies to further evaluate the performance of stents.
The constructed BP neural network can be trained according to the performance index values derived from existing experiments or simulations, and can rapidly and well predict the radial force of other stents and the maximum equivalent force of the esophagus after stent implantation, so as to provide a reference for the design of structural parameters of stents. But the amount of data in the training set was not very large. In the future, the accuracy of prediction can be further improved by increasing the amount of data in the training set and optimizing the BP neural network by using genetic algorithm according to the influence of structural parameters on the performance index.
Using 3D printing technology, we can rapidly design and manufacture customized esophageal stents based on patients’ CT and therapeutic needs, which can improve patient comfort and assist therapeutic effects.
4 CONCLUSION
In this study, the esophagus was inversely modeled based on CT images of the patient’s esophagus, and stents with different structural parameters were designed. TPU/PCL blend and TPE were selected as materials to 3D print the stent and simplified esophageal model. The results indicated that the 3D printed esophageal stent designed based on the CT of the patient’s esophagus exhibits good radial properties and anti-migration ability. Compared with 3D esophageal stents with fixed dimensions, it is able to ensure the required mechanical properties while generating less isotropic force on the esophageal wall, which can reduce the patient’s discomfort. We can adjust the mechanical properties of the stent and its effect on the esophagus by adjusting the structural parameters of the stent. In addition, a BP neural network was established in this paper to predict the radial force of the stent and the maximum equivalent stress of the esophagus after implantation. The results showed that the mechanical properties of the stent can be quickly and relatively accurately obtained by finite element simulation and BP neural network prediction, and fed back into the design of the stent, providing scientific guidance to further improve the comfort and clinical selection of the stent. Of course, further studies are needed regarding the fatigue performance of the stent to cope with physiological swallowing of the esophagus after implantation, more accurate finite element simulation, and optimization of the BP neural network.
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