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Abstract

:

Vascular intervention involves inserting a catheter and guidewire into blood vessels to diagnose and treat a disease in an X-ray environment. In this conventional vascular intervention procedure, the doctor is exposed to considerable radiation. To reduce the exposure, we developed a master–slave robot system. A steerable catheter is employed to shorten the task-time and reduce the contact force applied to the vessel walls during catheter insertion. The steerable catheter helps to select a vascular branch; thus, the radiation exposure time for patients is reduced, and perforation in the patient’s vessel is prevented. Additionally, the robot system employs a haptic function to replicate the physician’s tactile sensing in vascular intervention. In this study, the effectiveness of the steering catheter and haptic function was demonstrated experimentally in comparison with a conventional catheter.
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1. Introduction


The catheter-based approach is an important and common method for treating vascular and cardiac disease. Application of the catheter-based technique has grown from simple stenting to complex aortic and valve procedures [1,2,3]. Vascular interventional radiology (VIR) is used to diagnose and treat diseases in the vascular system by using several vascular tools, such as catheters and guidewires. However, because angiography is frequently performed to visualize the arteries and the catheter in the body, operators are exposed to large amounts of radiation [4,5,6,7,8,9]. Most countries regulate the radiation dose limit for occupationally exposed persons according to the recommendations of the International Commission on Radiological Protection (ICRP). As prescribed by ICRP 103 [10], the effective dose limit for radiation workers is 20 millisieverts (mSv) per year, averaged over 5 years with no more than 50 mSv in any one year. Because of the dose limit, the number of procedures for a year is restrictive. Radiation workers wear radiation protection, such as aprons, collars, glasses, and gloves, but they become stressed owing to the weight of the apron. Additionally, use of gloves is low; thus, doses to the hands are high [5]. Robotic systems are undergoing major development. They need careful clinical evaluation and should be tailored to specific clinical needs. In some cases, e.g., patients with acute coronary syndrome or high-syntax score lesions, special evaluation is needed for applying a robotic system [11,12,13]. Therefore, a master–slave robotic system for VIR is necessary for minimization of the radiation exposure to operators.



Reducing the radiation doses to the patient and physician is important. If the curvature of the vasculature is large, vascular selection using a catheter takes a long time, and the radiation dose to the patient is increased. Therefore, to reduce the time needed to select a vascular branch with a catheter, it is necessary to develop a steering catheter whose tip is capable of bending freely according to the curvature of the blood vessel.



Because vascular intervention depends on the physician’s tactile sense, haptic function is very important. The physician’s movements are determined by using tactile information regarding the contact force between the VIR devices and the blood-vessel wall; thus, the haptic function significantly affects the safety of the patient.



Various robot systems reflect these requirements [14]. To avoid the radiation exposure, the slave robot of the systems is installed on a surgical bed, and an operator controls the slave robot from the master console, which is separated from the bed.



Hansen Medical Co. developed the Magellan robotic system and the Sensei robotic system [15,16]. The Magellan robotic system has a robotic catheter system that controls a guidewire, a sheath, and a robotic catheter for a wide variety of endovascular procedures. The guidewire can be inserted and rotated, and the sheath and the robotic catheter can be not only inserted but also steered in four directions.



The Sensei robotic system has a robotically steerable sheath for intracardiac electrophysiology procedures. It provides contact-force feedback via a visual display on the workstation and vibration feedback on the motion controller.



The Corindus system [17,18] consists of a guidewire driving system and a master console. The system controls a guidewire and a stent. The Corindus system does not offer a haptic feedback function of a guidewire but offers a visual feedback function with a navigation system.



The Amigo robot system [19] consists of a remote controller and a slave robot that controls the insertion, rotation, and steering motion of the catheter. An operator manipulates the catheter using the remote controller. However, the system does not have a haptic feedback function.



Cha et al. [20,21] developed a 4-degree of freedom (DOF) robotic system and a 5-DOF robotic system for vascular intervention. The 4-DOF robotic system controls the guidewire and the catheter, and the 5-DOF robotic system includes a steerable catheter. Both systems offer the haptic feedback function. However, it does not provide any exact information, because the contact force of the guidewire is measured indirectly according to the current of the actuator.



In this study, a previously developed 5-DOF slave robot [21] was used, and a 6-DOF master device was specially designed. Additionally, a steering catheter was designed to conduct vascular intervention surgery. By using the steering catheter and haptic function, the task-time and the repulsive force were significantly reduced compared with the case of a curved catheter.




2. Robotic System for Vascular Intervention


2.1. 5-DOF Slave Robot


This section briefly introduces the 5-DOF slave robot shown in Figure 1. The previous robot for vascular intervention [20] was designed to have 4 DOFs, including insertion and rotation of both the guidewire and catheter. The second design [21] having 5 DOFs included a catheter steering function. The modified version shown in Figure 1 has the same 5 DOFs, but an FT (Force/Torque) sensor is newly installed to measure the interaction force between the catheter and the vascular lines.



The main reason for adding the steerable function to the catheter is to facilitate access to and branching in the blood vessel. The main reason for employing the haptic function is to prevent perforation as the catheter passes through largely curved vascular lines. To measure the force, an FT sensor was used (ROBOTUS, RFT60-HA01 force load capacity (based on z-axis): 200 N; force resolution (based on z-axis): 200 mN; torque load capacity: 4 Nm, torque resolution 5 mNm). The operation principle of FT sensor is capacitance sensing. When the electrode (−) is moved by an external force, it reacts with the electrode (+) fixed on the substrate. Therefore, the FT sensor can measure the magnitude of the external force. The operation principle is well described in [22]. The FT sensor is installed at the location where the root of the catheter is attached to the body of the slave robot, as shown in Figure 1, and it provides a ground-truth data for the repulsive force measured during the insertion of the catheter.



Conventional catheters used in the operating room are operated by two modes: catheter rotation and catheter insertion. However, it is sometimes difficult to make branching in complex vascular lines with movements of the catheter. For this reason, a steerable-catheter module was employed not only for successful branching but also to reduce the possibility of perforation of the patient’s vessel during vascular intervention surgery. The detailed results are discussed in Section 5.



2.1.1. Motion


In this study, the slave robotic system for vascular intervention had a total of 5 DOFs: steering, insertion and rotation of the catheter, and insertion and rotation of the guidewire. This motion mimics the surgeon’s motion during a vascular intervention surgery. Figure 2 describes the motion of the slave robot system for vascular intervention.




2.1.2. Steerable-Catheter Module


The steerable catheter is designed by connecting a soft part and a rigid part, as shown in Figure 3. Two wires pass through the rigid and soft parts and are connected to the distal end of the catheter. The cross-sectional area consists of three holes; two for steering wires and one for the guidewire. Two wires pass through the proximal part of the rigid part and are connected to the spool. By rotating the knob on the spool, a steerable motion of the catheter is generated. When the spool is installed on the slave robot, a stepping motor connected to the spool turns the spool knob for the steering of the catheter, as shown in Figure 4.





2.2. Master Device


The master device for controlling the slave robot must have at least 5 DOFs for insertion, rotation, and steering of the catheter and insertion and rotation of the guidewire. An intuitive design is required, because the motions of the guidewire and catheter are similar. Additionally, a haptic function is needed to make the user feel the repulsive force generated by the blood-vessel wall during the insertion of the catheter. In this paper, we designed a master device that combines a mechanism for 3-DOF x-y-z translational motion and a mechanism for 4-DOF rotational motion. The proposed master device is kinematically redundant. 3-DOF rotational motion is sufficient to perform wrist motion similar to that of a human, but the motion is not natural. Kinematically redundant features help the operator to move more naturally when manipulating the master device. Therefore, to facilitate the operation of the master device, a kinematically redundant master device is proposed.



2.2.1. Structure


As shown in Figure 5, the 3-DOF x-y-z positioning device is constructed by combining a double four-bar structure and a five-bar structure. The 4-DOF mechanism is constructed by combining three-axis rotational motion with one additional redundant DOF and one grip motion, as shown in Figure 6.



Additionally, a foot switch is used to distinguish between catheter control and guidewire control, and the operation of the catheter and guidewire is controlled by one master device through mode change. The grip switch of Figure 6b allows the user to repeatedly insert the catheter and guidewire through an activating and releasing command.



For the haptic function, a 3-DOF stackable mechanism is equipped with a motor. The user can feel the repulsive force by using the information measured by an FT sensor in the slave robot. The master device system is configured as shown in Figure 7.




2.2.2. Motion Matching


To operate the slave robot that drives the catheter and the guidewire with the master device, it is necessary to match each motion of the slave robot with the motion of the master. Because the catheter control mode and guidewire control mode can be changed using the footswitch, the master device matches only the insertion and rotation operations of the slave robot regardless of the catheter or guidewire; the steering operation of the steerable catheter is independently controlled. Figure 8 shows that only three axes of the master device are employed for motion matching between the slave robot and master device.





2.3. Master–Slave System


The master device and the slave robot are controlled through a single personal computer (PC). The PC obtains motion information and mode information from the master device and sends an operation command to the slave robot. The slave robot drives the catheter and the guidewire according to the motion information from the master device. The FT sensor mounted on the slave robot measures the repulsive force generated by the blood-vessel wall while the catheter is being inserted, and the PC sends a haptic command to the master device according to the measured FT sensor value. A block diagram of the master–slave system is shown in Figure 9.





3. Experiments


We compared the performance of the existing curved catheter and the developed steerable catheter (Figure 10) for the vascular interventional robotic system. The effectiveness of the haptic function was experimentally tested. The phantom employed in this experiment was manufactured by United Biologics [23]. It was designed to include vascular lines of the abdominal region. The experiment comprised three scenarios, as shown in Table 1. Each scenario targeted three points of the vascular phantom. Figure 11 presents details regarding the three targets and their paths. The path to the first target was smooth compared with those to the other targets. The third target was the most difficult to reach, as the path was highly curved. The operator controlled the slave robot by using the master device with visual feedback from top-view and side-view cameras. For each scenario, the time taken to reach the target and the repulsive force measured during the insertion of the catheters were measured. The experiment was repeated 10 times for each target to obtain average data.



3.1. Scenario 1


In Scenario 1, a curved catheter, which is a commercial product, was used. The time taken to reach the three targets and the repulsive force due to interaction with the vessel wall were measured and averaged. Figure 12 presents the experimental results for Scenario 1, which clearly differed among the three targets. For the first target, the task-time was measured as 2 min 41 s, and the average force per second was measured as 0.4226 N. For the second target, the task-time was 2 min 51 s, and the average force per second was 0.7078 N. For the third target, the task-time was 7 min 24 s, and the average force per second was 1.0465 N. The experimental results indicate that the task-time was the longest for Target 3. This is because the branches to Target 3 were more complex than those to the other targets.




3.2. Scenario 2


Scenario 2 tested the effect of a steerable catheter, i.e., a catheter with a steering function. In the experiment, the time and the force were measured until the three targets were reached, similar to Scenario 1. Figure 13 presents the experimental results for Scenario 2, which clearly differed among the three targets. For the first target, the task-time was 2 min 28 s, and the average force per second was 0.2850 N. For the second target, the task-time was 2 min 11 s, and the average force per second was 0.2015 N. For the third target, the task-time was 3 min and 17 s, and the average force per second was 0.3544 N. Compared with the results for the curved catheter, the task-time and repulsive force were reduced, indicating the effectiveness of the steerable catheter.




3.3. Scenario 3


In Scenario 3, the steerable catheter was used, but the haptic function was added to allow the user to feel the repulsive force generated by the vessel wall during the insertion of the steerable catheter. This objective of the experiment was to determine whether the haptic function can prevent vascular damage such as perforation. The process was identical to that for the two aforementioned scenarios. Figure 14 presents the experimental results for Scenario 3, clearly indicating the differences among the results for the three targets. For the first target, the task-time was 1 min 22 s, and the average force per second was 0.2188 N. For the second target, the task-time was 1 min 39 s, and the average force per second was 0.1811 N. For the third target, the task-time was 2 min 6 s, and the average force per second was 0.2690 N. With the haptic function, both the task-time and repulsive force were improved, indicating the effectiveness of the haptic function.





4. Results


The task-time was reduced by using the steerable catheter in Scenario 2 compared with the case of the commercial curved catheter in Scenario 1. Additionally, by applying the haptic function in Scenario 3, the average measured force could be reduced by allowing the user to manipulate the catheter without exerting an excessive force on the vessel wall.



The experimental results for the different targets, which are presented in Table 2 and Figure 15, Figure 16 and Figure 17, also indicate the following. For Target 1, the task-time was reduced by 8.07% when the steering catheter was used and was reduced by 49.07% when the haptic function was added. Additionally, the average measured force per second was reduced by 32.56% for the steering catheter and was reduced by 48.23% for the haptic function. For the Target 2, the task-time was reduced by 23.39% when the steering catheter was used and was reduced by 42.11% when the haptic function was added. The average force per second was reduced by 71.53% when the steering catheter was used and was reduced by 74.41% when the haptic function was added.



Finally, compared with the case of the conventional curved catheter for Target 3, the task-time for the steering catheter was reduced by 56.98% and was reduced by 71.62% when the haptic function was added. Additionally, the average force per second was reduced by 66.13% when the steering catheter was used and was reduced by 74.30% when the haptic function was added.




5. Discussion


We examined the effectiveness of a steering catheter and a haptic function in the vascular intervention procedure. A 5-DOF vascular interventional robot system and a 7-DOF master device were employed for a blood-vessel phantom experiment. The experimental results indicated that the haptic feedback and steerable catheter were useful for reducing the procedure time and minimizing the damage to the vessel wall. Therefore, applying the steerable catheter and haptic feedback during vascular intervention can reduce the radiation dose to the patient, as well as the vascular perforation. The proposed 5-DOF vascular interventional robot system and 7-DOF master device can assist inexperienced surgeons to easily drive catheters and guidewires in vascular intervention. When the catheter and guidewire must pass through complex blood vessels, manipulating them is difficult for inexperienced surgeons. By using our proposed robot, inexperienced surgeons can easily access difficult vessels with a steerable catheter and haptic feedback. Regarding safety, the insulation problem should be resolved in accordance with IEC60601-1 3.1ed. Adding more sensors to the final commercial product is not recommended. Instead of using a force/torque sensor, the interaction force can be indirectly measured according to the current change in the motor controller. The application areas of this device are diverse, including chemotherapy for liver cancer and stent installation on the heart.



Many future studies related to this research can be performed. In recent studies, various sensors and artificial intelligence were applied to surgical robots [24,25,26]. In the present study, force measurements using the FT sensor were performed only on the catheters. This is because the catheter contacted most of the vascular line, while only the distal part of the guidewire contacted the vascular line. However, it is necessary to measure the repulsive force induced by the guidewire, particularly when the vascular line is already closed. Recently, research has been conducted on the use of deep neural networks in a vascular interventional robot. Research is also being performed to predict the force generated during vascular intervention according to the motor current data by using deep neural networks instead of an FT sensor. The force measured by an FT sensor can be initially used as the ground truth, but the FT sensor can be removed once the learning process is complete. In the future, it is expected that the degree of autonomy in robotic vascular intervention can be increased. W. Chi et al. [27] reported vascular intervention path planning using reinforcement learning. Similarly, we plan to apply a reinforced learning algorithm to our vascular intervention robotic system for successful insertion of the catheter into the vascular lines. Precise haptic rendering is another important research topic [28].
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Figure 1. Five degrees of freedom (5-DOF) slave robotic system for vascular intervention. 
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Figure 2. Motions of the 5-DOF slave robot. 
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Figure 3. Structure of the steerable catheter. 
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Figure 4. Assembly of the steerable catheter and the spool. 
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Figure 5. 3-DOF stackable mechanism: (a) z-axis; (b) y-axis; (c) x-axis. 
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Figure 6. 4-DOF wrist mechanism: (a) 3-DOF wrist mechanism; (b) grip motion. 
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Figure 7. Master device system. 
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Figure 8. Motion matching: (a) insertion motion; (b) rotation motion; (c) steering motion. 
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Figure 9. Block diagram of the master–slave system. 
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Figure 10. (a) 5F (1.67 mm) conventional curved catheter; (b) 6F (2 mm) steerable catheter. 
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Figure 11. Three target points in the vascular phantom: (a) Target 1; (b) Target 2; (c) Target 3. 
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Figure 12. Reaction force for the three different targets in the case of the commercial catheter. 
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Figure 13. Reaction force for the three different targets in the case of the steerable catheter. 
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Figure 14. Reaction force for the three different targets in the case of the steerable catheter with the haptic function. 
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Figure 15. Reaction force in the three different scenarios for Target 1. 
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Figure 16. Reaction force in the three different scenarios for Target 2. 






Figure 16. Reaction force in the three different scenarios for Target 2.
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Figure 17. Reaction force in the three different scenarios for Target 3. 






Figure 17. Reaction force in the three different scenarios for Target 3.
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Table 1. Scenarios.






Table 1. Scenarios.





	Scenario
	Method





	1
	Using conventional curved catheter



	2
	Using steerable catheter



	3
	Using steerable catheter with haptic function
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Table 2. Experimental results for each target.






Table 2. Experimental results for each target.





	
Target

	
Scenario *

	
Task-Time (s)

	
Average Force (N)/s






	
1

	
1

	
161

	
0.4226




	
2

	
148

	
0.2850




	
3

	
82

	
0.2188




	
2

	
1

	
171

	
0.7078




	
2

	
131

	
0.2015




	
3

	
99

	
0.1811




	
3

	
1

	
444

	
1.0465




	
2

	
191

	
0.3544




	
3

	
126

	
0.2690








* Scenario 1: only curved catheter; Scenario 2: steerable catheter; Scenario 3: steerable catheter + haptic function.
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