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Manipulating micro-robots in blood vessels is an essential technology for medical researchers in applications such as drug delivery and thrombus removal. The usage of micro-robots in medicine can help overcome the limitations of many conventional clinical methods. In this study, we aimed to make the micro-robot more intelligent while moving through blood vessels. First, the skeleton of an image of the blood vessels is extracted, which is further used for path planning. Then, the skeleton-extraction-based A* algorithm was used for determining a best route for the movement of the microrobot at a safe distance from the vascular wall. Finally, the gradient descent algorithm was utilized to smooth the planned path. Simulations were conducted to verify the effectiveness of the proposed algorithms. The proposed methods would improve the efficiency for the further manipulation of the micro-robot in the blood vessel environment.
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Introduction

In recent years, micro-robotics applications have been widely studied by biomedical engineering applications (Pan et al., 2009; Cheah et al., 2014; Bi et al., 2019; Abdelaziz and Habib, 2020; Jeon et al., 2020). In order to achieve accurate control of micro-robots, several control strategies have been explored; for example (Sabra et al., 2005), a 3D-path-planning algorithm for a microdevice through the blood vessels with MRI system. Meng et al. (2020) constructed a model-free reverse sliding mode controller for the navigation of micro-robots in the vascular environment and designed a smooth and efficient local planning trajectory. Xie et al. (2020) aimed to embed the biomimetic magnetic micro-robot with an internal magnetosome structure into non-expanding micro-solvents with accurate positioning control in order to enhance the thrombolytic effect on blood vessels. Park et al. (2010) proposed an integrated wireless-powered vascular micro-robot for the treatment of diseases, such as angina and cardiac infarction. Experiments were conducted for the investigation of motor performance, location recognition, therapeutic capacity, and overall control in blood vessels.

In order to increase the autonomous capability of micro-robots in complex vascular environments, real-time path planning could be introduced to improve the control performance. Conventional robot path planning operations used several different algorithms, such as the Dijkstra algorithm (Wang et al., 2011), A* algorithm (Wang, 2021), RRT algorithm (Gong et al., 2014), ant colony algorithm (Wang et al., 2018), genetic algorithm (Liu et al., 2004), and artificial potential field algorithm (Qi et al., 2008). The A* search algorithm is one of the most simple and efficient methods that have high adaptation and accuracy. However, in some situations, the conventional A* algorithm (Qin et al., 2019) has several disadvantages, such as low search efficiency and a multiplicity of path turning points. Researchers have improved the heuristic function of the A* algorithm (Shan and Meng, 2010) and combined a polynomial curve and a segmented polynomial function curve to smoothen the path. Path optimization with the secondary A* search algorithm and a dynamic tangent point adjustment method on the basis of completing the global path planning has also been attempted (Wang et al., 2019). They also optimized the local path based on environmental information with the artificial potential field method to reduce the computation and improve the search efficiency. Those studies were mainly focused on the optimization of path smoothing and search efficiency of A* algorithm. Nevertheless, in a complex vascular mimic environment, the micro-robot collides or develops friction with the vascular wall due to the deflection of motion during movement. Moreover, the movement trajectory of the micro-robot can also be influenced by environmental disturbance (Zhong et al., 2013, 2021; Lee et al., 2018; Guo et al., 2019). Therefore, we improved the path planning of the micro-robot on the basis of the A* algorithm in order to guarantee a safe and smooth trajectory for the movement of micro-robots in blood vessels. The conventional A* algorithm was combined with a map skeleton extraction method to obtain a safe route for the actual movement. Moreover, the smoothness of the route also has a significant effect on the control of the micro-robot in a vessel-mimic environment. The micro-robot experiences a more fluid movement with a relatively continuous speed. The gradient descent method (Chowdhury et al., 2000) was used for smoothening the movement trajectory.



Methods

Owing to the complexity of the vascular environment, the movement of the micro-robot is affected by the properties of the blood fluid (Liang et al., 2011). Based on the analysis of blood viscosity coefficient and blood flow velocity, it can be seen that the flowing blood may be divided into liquid layers with different flow rates under steady-state flow. The flow speed is the highest near the central line of the vessel, and is lowest close to the vessel wall. As shown in Figure 1A, if the micro-robot moves along a random route in the vessel, the blood speed varies according to the distance to the vessel wall, thus increasing the difficulty in control (Zhong et al., 2021). Because disturbances can also be induced by the different microfluidic environments, the micro-robot can deviate easily from the desired route, and scratch or even collide with the blood vessel wall, which would cause unpredictabilities in the motion state. Therefore, we tried to set a safe and stable path for the micro-robot away from the vessel wall along the central line of the microfluidic environment, where the blood has steady flow velocity, as shown in Figure 1B (Zhang, 2008; Qi and Xu, 2010; Biswas et al., 2014; Shi and Long, 2014; Deng and Huang, 2017; Jiang et al., 2020). The skeleton of the vessel-mimic map was extracted, with which we could obtain the center line of the passable area through refinement iteration.
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FIGURE 1
 A schematic diagram for: (A) a micro-robot moving along a random route; (B) a micro-robot moving close to the central line of vessel.


The vessel-mimic map was imported and reconstructed with binary processing. Then, the morphological operation method of corrosion and expansion was used to achieve boundary elimination and burr removal. After the image was open processed, the center line position of the map was obtained by refining the iterative over-extracted skeleton. A skeleton channel with the width of only one pixel was extracted without changing the image boundary. Finally, modified A* algorithm was used to search within the skeleton channel. This method could make sure that the microrobot was at a safe distance away from the vessel wall, which could also enhance the search efficiency for path planning.

In order to further test the proposed algorithm, two maps mimicking the vessel environment were constructed. To enable the navigation of the microrobot along the central skeleton of the map, the grid size of the map was set to be 20 μm × 20 μm, matching the size of the microrobot during preprocessing. Skeleton extraction was performed with the two proposed maps, respectively.



Results and discussion


Path planning simulation

As mentioned in section Methods, it is necessary to ensure that the movement of the micro-robot in the blood vessel does not collide or scratch with the vessel wall. Pretreatment for the environmental map by extracting the skeleton can solve the problem, which can keep the micro-robot at a safe distance from the blood vessel wall and avoid obstacles during the movement. After the extraction of the map skeleton, these nodes were retained for further navigation. The A* algorithm was used to find a feasible path from the start point to the end. The heuristic function was utilized to estimate the cost distance between the neighboring nodes, find the series of minimum nodes, and search an optimal path for the micro-robot. As shown in Figure 2, simulation experiments were conducted with the constructed vessel-mimic environment maps. The path search procedure was performed with the A* algorithm in the original maps and in the skeleton-extracted maps, respectively. The simulation results in Figures 2A,B illustrate no significant difference between the planned routes with the A* algorithm in a grid-based map and a skeleton-extracted map. This was mainly because there are no obvious obstacles within the given Map 1. However, in an actual vascular environment, some abnormal tissue structures may be present as can be observed from Map 2, given in Figures 2C,D, which influences the normal movement path for the micro-robot.
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FIGURE 2
 Path planning in Map 1 with: (A) grid-based A*algorithm; (B) skeleton-extraction-based A*algorithm; path planning in Map 2 with: (C) grid-based A*algorithm; (D) skeleton-extraction-based A*algorithm; distance evaluation for Map 2 planned with (E) grid-based A*algorithm; (F) skeleton-extraction-based A*algorithm; (G) an analysis curve graph.


The skeleton is extracted to preprocess the map and obtain a safe path for the micro-robot moving in blood vessels to avoid collision and friction with the vessel wall. As shown in Figure 2C, with the furcation between the start point and the target point, the planned path will guide the micro-robot moving close to the vessel wall. However, with pretreatment via the skeleton extraction, Map 2 was reduced to several simple lines. On this basis, the points in the planned path always keep a maximum distance from the vessel wall, as illustrated in Figure 2D.



Efficiency analysis

The simulation results in Figure 2C show that the path planned for the micro-robot movement based on the grid-based A* algorithm in Map 2 cannot maintain a safe distance away from the obstacle. For some nodes, the micro-robot moves almost close to the edge of blood vessels. With such a short distance, the possibility of collision between the micro-robot and the vascular wall increases. As illustrated in Figures 2E,F, the distance between the micro-robot and the vascular wall was presented in three typical nodes for the path planned with the grid-based A* algorithm and skeleton-extraction-based A* algorithm. The radiuses of the circles in the red line represent the minimum distance from the vascular wall. For the first node and the third node, there is no significant difference between the two methods. However, for the second node, a suitable distance could be ensured using the path planned with the skeleton-extraction-based A* algorithm.

The entire path consists of 70 nodes as shown in Figure 2G. The path planned with the skeleton-extraction-based A* algorithm always maintained a relatively safe distance from the edge of the blood vessel given in the red curve. That is, the micro-robot could move in the center of the blood vessel, avoiding the possibility of collision and changing of flow velocity. However, for the path planned with the grid-based A* algorithm illustrated in blue, most of the nodes are close to the edge <5 pixels. Accuracy control for the micro-robot was extremely difficult with the increased disturbance.

To further evaluate the efficiency of the two proposed algorithms, the planning time required for the entire process was quantitatively analyzed. As presented in Table 1, most of the time for skeleton-extraction-based A* algorithm was spent in map preprocessing. Since the skeleton extraction in the improved A* algorithm dramatically reduced the range of target nodes, it is less time-consuming compared with the grid-based A* algorithm.


TABLE 1 Path planning efficiency.
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Path optimization

In addition, to ensure a safe distance within the planned route, the smoothness of the route also has a significant effect on the control of the micro-robot in a vessel-mimic environment. The micro-robot experiences a more fluid movement with a relatively continuous speed. Therefore, we utilized the image skeleton-extraction method to make up for the shortcomings of the grid-based A* algorithm. The original path was limited to the extracted single pixel channel. With the obtained discrete path points, the gradient descent method was further introduced to smooth the path.

The gradient descent method is a kind of algorithm that can solve a minimum value for the target function, which is commonly used to fix unconstrained optimization problems. In the path smoothing process, the main objective is to find a series of minimum distance, which stands for the offset of the path point sequence before and after the transformation. Assume that the original planned path point sequence in the environment is X(n), and the smooth path point sequence is Y(n). The route smoothing process serves to obtain the minimum values of Equations (1) and (2), respectively. With multiple iterations, the minimum value for the objective function in Equation (3) could be acquired.
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where α is the length of the learning step, and β is the degree of smoothness. D (n) is the degree of deviation between original points and optimized points. Dy(n) is the distance between the adjacent two points after optimization. The effect of smoothness for the target route varies as the values of the parameters change. As shown in Table 2, the results of the path-smoothing simulation results of different parameters were listed. In order to facilitate observation, the original planned path point sequence in the presented red line and the blue line stands for the smoothed route.


TABLE 2 Path smoothing simulation results with different parameters.

[image: Table 2]

After the simulation, the maximum rate of slope variation and the maximum offset distance for each optimized path were analyzed for further evaluation of the smoothening effect. The results indicate that, with different α and β inputs, the smoothness of the optimized path varies obviously. In order to ensure a safe path for the micro-robot movement, a minimum offset distance should be satisfied when choosing the parameters. Through comparison of the original points and the optimized curve points, the offset of the smoothed path moves up and down with the change in the parameter value. Thus, we analyzed the average variance around the inflection point of the optimized curve with different parameters. The appropriate parameters could be obtained, considering both the smoothness effect and the offset distance.

Five different groups of parameters were introduced for the simulation experiments. The results are listed in Table 2, respectively. According to the distribution of the result data, the smaller the learning step and the larger degree of smoothing, the smoother the processed curve obtained. However, the maximum offset distances of the processed curve increased accordingly. On the contrary, the smoothness of the processed curve deteriorates. In order to achieve the minimum deviation distance and a better smoothing effect concurrently, the maximum rate of slope variation was taken into consideration. With the smaller difference between each of the two adjacent points after the smoothing process, the smoothness of the curve improved. In contrast, a large rate of slope change indicates more mutation after the smoothing process, and the smoothing effect is relatively worse. Because the micro-robot should move along a safe path, which is based on the skeleton extraction, the maximum offset of the optimized path cannot exceed the 50% width of the skeleton channel. The data analysis in Table 2 shows that the smallest maximum offset distance is with the parameter of α = 0.9 and β = 0.1. However, the slope variation in this situation was the largest, which contains lots of inflection points. The best smoothness is obtained when α = 0.1 and β = 0.9, but the maximum offset distance of the path is the largest. When α = 0.5 and β = 0.5, the curve is relatively well-smoothed, and the maximum offset distance is within a reasonable range. Therefore, considering the requirement of the safe distance and smoothness of the optimized path, the processing parameter is selected as α = 0.5 and β = 0.5.




Conclusion

This study introduces the A* path-finding algorithm based on skeleton extraction to ensure the safety of micro-robot movement in the vascular environment, extracts the environment skeleton, and uses the A* search to obtain single-pixel-channel-path trajectories. By fitting the circle, the resulting path becomes safe again. The algorithm is greatly shortened, and the road-finding speed is rapidly improved. The gradient descent method is adopted to smoothen the path, which finally results in a safe and smooth path of the microrobot in the vascular environment.
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