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xúc giác trong thực tế ảo Evaluation of innovative surgical instrument using haptic interface in virtual reality

Tóm tắt

Những kỹ thuật mới trong giao diện người-máy cho những ứng dụng thực tế ảo có thể dẫn đến những khám phá mới và thú vị trong nhiều lĩnh vực như kiến trúc, y học, nghệ thuật, giải trí và có tác động đến cuộc sống hằng ngày.Có nhiều hệ thống thực tế ảo khác nhau nhưng chúng có cùng điểm chung là khả năng cho phép người sử dụng quan sát những hình ảnh trong không gian ba chiều.Do đó, những sản phẩm được chế tạo gắn liền với việc sử dụng thực tế ảo trong mô phỏng phẫu thuật cho phép người thiết kế hiểu rõ hơn, hoạch định kế hoạch tốt hơn và thực hiện công việc một cách có hiệu quả. Ngoài ra, thực tế ảo còn hỗ trợ các nhà chuyên môn thông qua các giai đoạn chẩn đoán, điều trị, và theo dõi sau phẫu thuật.Trong dự án DESTIN(DEsign of Surgical/Technological INnovation),các nhà nghiên cứu đề xuất các mô phỏng trong một phòng phẫu thuật để đồng đánh giá các sản phẩm mới và phương thức phẫu thuật mới thích ứng.Trong bài báo này, chúng tôi sẽ đánh giá việc sử dụng các sản phẩm đã được thiết kế trong một môi trường ảo bằng việc sử dụng hệ thống thông tin phản hồi xúc giác 3D.Các nhà nghiên cứu không chỉ đề xuất những tư thế làm việc tốt hơn cho bác sĩ phẫu thuật khi luôn ở phía trước màn hình phẫu thuật, mà còn tăng hiệu quả của thiết bị mô phỏng trong việc thao tác với các dụng cụ phẫu thuật đã được phát triển.Chúng tôi đã sử dụng môi trường thực tế ảo và các mẫu vật thử nghiệm đã được chế tạo với mục đích kiểm tra các thủ tục phẫu thuật và dụng cụ phẫu thuật mới.

Abstract:

New technologies in HMI (Human Machine Interface) for Virtual reality applications can lead to new and exciting discoveries in many areas such as architechture, medicine, the arts, entertainment which impact upon our day to day lives. There are many different types of virtual reality systems but they all share the same characteristics such as the ability to allow the person to view three-dimensional images.Therefore, manufactured product linked with the use of virtual reality in surgical simulation allows better understanding, better planning and better work.

In addition, the HMI for virtual reality supports the practitioner through the stages of diagnosis, therapy, and postoperative monitoring.In the DESTIN (DEsign of Surgical/Technological INnovation) project, researchers propose emulations in an operating room for co-evaluation of innovative products and new adapted surgical procedures. In this paper, we intend to evaluate the usage of the product in a virtual environment using a HMI 3D haptic feedback system. Researchers not only propose a better ergonomic situation of the physician in front of the operating screen, but also increase the performance of the simulator in order to allow the manipulation of the innovative surgical instrument developed. We used virtual reality environment and the manufactured prototype with the aim to validate the new surgical procedure and the innovative designed surgical instrument. 

Abbreviations

Research context

The development of new technologies in medicine can significantly improve the effectiveness. On the contrary, the use of more complex systems tends to make the practice of medicine more difficult. In particular, this complexity reinforces the importance of preoperative planning and postoperative monitoring. New technologies in informatics and virtual reality allow physicians to better interpret the enormous amount of information that is provided by the imaging systems or therapy system.Specifically, virtual reality allows better understanding, better planning and better work through visualization of three-dimensional images of anatomy and pathology.

In The specific surgical application we are working on addresses thoraco-lumbarfracture.The current"classical" procedure is carried out with the patient in the prone position under general anesthesia. The surgeon performs a posterior open approach through a 15cm large incision. The posterior vertebral arch is exposed. Pedicle screw entry points are chosen by direct visual control and they are fixed to the vertebrae. Rods are placed to connect the pedicle screws together. Prone placement added with rodscrew connection provides reduction of the trauma deformity and durable stability Thus, vertebrae are preventing from moving while bone healing and graft fusion takes place. The new surgical procedure proposed by the surgeon consists in inserted the rod inside the pedicular screws in MIS (Minimally-Invasive Surgery). Thus, new little incisions should allow the insertion of the rod in the three pedicle screws. In this context, researchers, designers and the medical staff regularly work in the real operating room. This work was very effective but time consuming. It necessitates heavy organization and management (mainly in the hospital), creation of mannequins, manufacturing of many prototypes, etc. To facilitate this organization by maintaining the essential experimental aspects, we create a CATIA CAD model of the virtual operating room. It integrates patient, medical equipment and surgical instruments. In this virtual environment, the surgeon has to manipulate the virtual surgical instrument on the virtual patient's spine (the spine has been modeled in a compatible format as the CATIA environment and integrated in a mannequin placed on the operative table ). The goal of this exercise is to provide information to the designers for the validation of the innovative surgical instruments during the design process. At the same time, it also allows surgeons to perform the operative procedures with haptic feedback as in the real operative case. The difficulties in this research concern the ability to sufficiently represent the virtual environment for the co-validation of the medical procedure and the innovative surgical instrument. Supposing that surgeons can manipulate the virtual innovative surgical instrument using a 3D-Haption© haptic system in the virtual operating room, the research questions can be summarized as follow:

• How to modify the configuration of the virtual reality room and the physical interface for a better immersion of the physician in the virtual environment? • Which are the optimal dimensions of the virtual surgical instruments for a better manipulation feedback using the 3D-Haption© haptic system? To answer these questions, this research methodology is proposed:

• Research some ergonomic references in the surgery domain and compare them to our virtual reality room organization, • Secondly design and link a new physical interface to the arm of the 3DHaption © haptic system, • Modify the virtual model and to compare the surgical intervention feedback with the real one. In this article, we focus on the virtual reality and ergonomic applications and research in the surgical field. This first step allows us to analyze the general situation in the world. From this work, we propose modifications and adaptations of our current virtual operating room and 3D-Haption© haptic system user interface. Next, we present the first results of the manipulation in virtual environment and conclusions concerning its efficiency related to the situation in real situation.

Virtual reality, ergonomics and their application in surgical field

Virtual reality and application to the surgical field

Virtual Reality (VR) is an interactive immersive dataprocessing simulation in real or imaginary environments. Currently, the technology of VR was applied in many different fields such as: formation by simulator (driving vehicles, aerospace), design of products, the simulation of surgery, meteorology… In the surgical field, the laparoscopy is a procedure which requires surgeons to observe the surgical intervention on a monitor and requires acquisitions of new competences. This Minimally Invasive Surgery (MIS) differs from the open surgery by the fact that the surgeon operates through small incisions and uses specific instruments as scalpel, grips, nets, etc. [START_REF] Guiatni | Design and Evaluation of a Haptic Interface for Interactive Simulation of Minimally-Invasive Surgeries[END_REF]. In spite of its many advantages (faster recovery of the patients, less damage with healthy tissues and smaller scars, less pain and less need for drugs), the MIS requires a long time training eyes-hands coordination.

Researches developing the haptic control feedback device can be found in [START_REF] Saupin | Contact model for haptic medical simulations[END_REF][START_REF] Zarrad | Stability and Transparency Analysis of a Haptic Feedback Controller for Medical Applications[END_REF][START_REF] Mizokamit | Simulation of ICSI Procedure Using Virtual Haptic Feedback Model[END_REF]. To follow the user intentional movements, by interaction between hand and device, high powerful haptic devices must be able to produce force feedback. Consequently, it is essential to closely examine the human touched and the constraints of application during the construction of these devices. A haptic interface with 4 degrees of freedom was designed by Guiatni et al. to compare it with devices commercially available [START_REF] Guiatni | Design and Evaluation of a Haptic Interface for Interactive Simulation of Minimally-Invasive Surgeries[END_REF]. This device has the capacity to offer force feedback in all the degrees of freedom available during the MIS procedure.
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In our case, researchers, designers and physicians work together on the development of a virtual environment to simulate a MIS operation on the spinal column.

The goal is to create a complete virtual surgical environment integrated surgical instruments, haptic feebdack, the operating room and the necessary parts of the anatomy.

Ergonomics in the surgical field

Ergonomics is based on design models of machines and tools that optimize the performance of users. In our case, the aim of ergonomics consists on improving the simulation conditions in virtual reality surgery environment: creating a better immersion for surgeons by finding the factors that influenced its comfort during operations in the operating room. For example the optimum ergonomic position of the monitor was defined according to various sources in the literature [START_REF] Matern | Ergonomics: requirements for adjusting the height of laparoscopic operating tables[END_REF], [START_REF] Burgess-Limerick | Visual display height[END_REF], [START_REF] Jaschinski | Preferred position of visual displays relative to the eyes: a field study of visual strain and individual differences[END_REF], [START_REF] Turville | The effects of video display terminal height on the operator: a comparison of the 15°and 40° recommendations[END_REF]. The monitor was at a distance of 0.6 m apart from the subjects' eyes.The monitor height (from the middle of the screen to the ground) was between the operating surface and eyelevel height, and the monitor was inclined (to a maximum of 15°) as by the subjects. Moreover the optimal operating surface height was 80% of the elbow height and the table was positioned in 20° tilt. [START_REF] Van Veelen | Assessment of the ergonomically optimal operating surface height for laparoscopic surgery[END_REF].In Gurvinder Kaur [START_REF] Kaur | Role of OT Table Height on the Task Performance of Minimal Access Surgery World Journal of Laparoscopic Surgery[END_REF], researcher conducted a test to find the height of the ergonomics table in the minimally invasive surgery. In this study, the height of the table has an effect on the upper joint movements of the shoulders, arms and wrist during laparoscopy. Table height should vary from 65 to 90 cm from the floor.The surgeon should be able tonadjust the table corresponding to his/her height in order to bring upper joint movements to the minimum position with the resultant less discomfort in the shoulder, back elbow and the wrist. After analyzing the ratio between the surgeon's height with the height of the operating table, it was assumed that the height of the operating table should be calculated as follows: Table Height = Surgeon's Height X 0.49

The ideal posture for the MIS is supposed in the literature [START_REF] Van Veelen | Human-Product Interaction in Minimally Invasive Surgery:A Design Vision for Innovative Products[END_REF] and [START_REF] Matern | Instruments for minimally invasive surgery[END_REF]. The arms are slightly removed, retroversion, and turned inward at the level of the shoulder (abduction <30 °). The elbows are bent at about 90-120° of flexion. This position leads to the maximum force to be applied for a maximum duration. The head is slightly bent with an angle of between 15 and 45°. Through this study literature, we find that the virtual reality technology plays an important role in many areas. In particular, the applications of VR technique in surgical simulation have been developed to provide better and better ergonomic solutions which satisfy users. Through these studies, we can better consider the virtual reality room and design the components that give a better immersion for the surgeons. Thus, we can improve the ergonomics in surgical simulation by changing haptic interface, the position of the surgeon and his posture.

Related works 4.1 The Human Machine Interface

The practitioner manipulated the haptic arm using the 3D-prining machine handle (figure 2). The position of the physician was not comparable to the real operating room environment and the conditions of experimentation not ideal:

• The surgeon was not in front of the screen and the posture position not comfortable.

•

The 3D-printing handle material was different than the final product'sone. Moreover, the idea is to use the same surgical instrument on mannequin in operating room and during the simulation. Through ergonomics studies, we can better consider the virtual reality room and design the components that can make a better immersion of the practitioner.

Fig. 2. Picture of the 3D-prining machine handle at the end of the haptic arm

The surgeon posture and position

To perform the simulation with haptic sensation as in real surgical environment, we adapted and modified the haptic interfaces as well as the position of surgeon:

• Setting the table height corresponding to the surgeon's height. We chose table height is equal to 0.49 of surgeon's height. [START_REF] Van Veelen | Human-Product Interaction in Minimally Invasive Surgery:A Design Vision for Innovative Products[END_REF]. Notice that it is now possible to adjust at real time the position of table? • Adjusting the distance between the screen and the surgeon's position. Normally, this distance is 0.60 m, but with the giant screen in Virtual Reality room at our laboratory; we chose the distance of 1.5 m.Changing position as well as the posture of the surgeon: the surgery is always in front of the screen. We improve ergonomics in surgery simulation by changing haptic interfaces handle. In order that the surgeon can use the haptic arm in the operating simulation as in reality, we thought to create an intermediate mechanical piece to hang the surgical instrument prototype (Protige) at the end of the haptic arm. The objectives of this adaptation are to give the surgeon a real sensation when holding the real instrument Protige and then to carry it in a direction parallel to the spine's main axis. Before the mechanic piece was fabricated, we carried out a numerical simulation to ensure the strength, deformation and constraints of the piece to work properly when it tightened the surgical instrument .We divided the simulation into two cases :

• Test the strength of the piece under the Protige's effort when the simulator is running maximum the instrument. • Test the tightness of the piece under the load of the screws so it could tight well Protige. The intermediate piece of aluminum has been made at our workshop by Numerical Control of Machine Tools (figure 3). We observe the 90° modification orientation compared to the previous 3D-prining machine handle (figure 2) Fig. 3. The instrument tightened by the piece is tied to the haptic arm

Testing the haptic sensation during the insertion of the rod inside screws' holes

Concerning the simulations, the previous virtual surgical instruments dimensions never allows the insertion of the rod inside the pedicle screws head. The main objective of this activity is to find optimal dimensions of the virtual surgical instruments and verify the friction sensation when inserting the rod into the holes of the pedicle screws head. Using a simplified virtual model, we test different manipulation situations (figure 4): changing screws holes diameters and rod diameters. We modified the diameter of the pedicle screw hole from 6 to 9mm. We also used different rod diameters: from 4 to 6mm .

Fig. 4. The translation of Protige parallel with the spine position

To simplify the simulation with many different cases, we use a simple model of the spine. Of course, the positional parameters between screws and spine are similar than in MIS procedure.We ran several simulations with different views ("multiple views" on IFC CATIA software). So we set up a kind of viewpoints allowing the surgeon to use more isometric views, each vignette characterizing a different spatial view.User moves the virtual instrument over the screws and we set the test duration up to one minute to validate the feasibility of the procedure phase. Five trials are conducted for each case. The experimental duration for each case were taken in order to determine the levels of difficulty in inserting the rod into the holes. A test was considered successful if the positioning time of the rod through the holes did not exceed one minute. We got the test results with different cases (see an extraction of the results in table 1). Simulation is recorded by video to analyze the results as well as confirmation of results.

Table 1. Results of the trials (in duration time)

We have tested a maximum of the possible experimental conditions. Depending of the trauma cases, the physician has to use two or more screws inside the body.We asked the user to test the virtual insertion of the rod in 1, 2 and 3 screws. An extraction of the complete results is presented in table 2.

Table 2. Conclusion for one specific configuration: extraction from the complete table.

Hole of the screws: 8mm / diameter of the rod 4mm and 4.5mm

"OK" means that the corresponding experiment is working well. For example, inserting a 4 mm diameter rod through 3 pedicle screws' holes of 8mm takes less than ten seconds. Inserting a 4.5mm diameter rod through one pedicle screw hole of 8mm takes more than one minute. We qualified this situation as difficult (diff.). Finally, it is impossible (imp.) for the user to insert the 4.5mm diameter rod through two or more pedicle screw holes of 8mm. The complete experiment shows that the 9mm pedicle screws' holes always allow the insertion of the rod from 4mm to 5.5mm. For the 8mm pedicle screws' holes,they are compatible only with the 4mm rod diameter (insertion through 3 screws) and 4.5mm rod diameter (insertion through 1 screw). One of the reasons that prevent this insertion is the precision of the collision detection between parts using the IFC CATIA software coupled with the haptic device. It doesn't allow the relative movements between rode and holes even if the rod's diameter is smaller than screws' holes. Moreover, the durations of the trials depend of the user's experience.

Conclusion

In this study, we not only propose a better ergonomic situation of the physician in front of the operating screen, but also increase the calibration of the simulator in order to allow the manipulation of the real innovative surgical instrument developed.

We used virtual reality environment and the manufactured prototype with theaim to validate the new surgical procedure and the innovative designed surgical instrument. For that, an adaptation piece has been designed, manufactured and manipulated. This adaptation has really increased the real sensation of the user in front of the virtual reality screen. Moreover, the disposition of the experimental room and the user has evolved.The modification of the model and the different trials with different users allow researchers to find parameters which influence the quality of physical sensation. This activity will allow • Designers to propose tools and models more realistic for effective simulations during the design process. Inconsequences, design choices can be more precise • Physicians to quickly evaluate and validate an adapted operative procedure.

These experiments with users and researchers give us some qualitative results.The next step will be the evaluation of the complete virtual environment (with different dimensional models) with numerous expert surgeons to:

• validate the design of the surgical instrument • quantify the sensations of the experts

The surgical instruments developed are generally composed of multiple mobile parts. One of the future objectives will be to work on the possibility to manipulate all the parts of the product in virtual reality. This objective imposes the integration of multiple cameras and markers in the experimental room. 
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