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Les étudiants et étudiantes en médecine rencontrent de nombreuses difficultés dans leur apprentissage de la chirurgie, difficultés qui ont pour conséquence l'abandon de cette spécialité pour un grand nombre d'entre eux et elles. Ces difficultés sont dues principalement à la diminution des heures passées au bloc opératoire, à apprendre en observant et en faisant. Pour pallier à ces difficultés, il existe aujourd'hui de nombreux dispositifs de simulation qui permettent aux chirugiens et chirurgiennes en apprentissage de s'exercer hors du bloc opératoire, dans des conditions moins stressantes, et de manière répétée. Cependant, ces dispositifs, aussi nombreux et variés soient-ils, échouent à couvrir efficacement l'ensemble des multiples connaissances et compétences nécessaire à l'apprentissage de la chirurgie. Le spectre de ces connaissances et compétences est large, du technique (dextérité, connaissances en anatomie, risques, instruments, étapes des interventions etc.) au non-technique (conscience de la situation, capacité à formuler un plan d'action, à rassembler des informations, à diriger une équipe etc.). Une des principales raison à ce manquement, est dûe au fait que ces dispositifs, bien souvent de haute technologie, ne sont pas conçus sur la base de considérations pédagogiques, ou sur l'apprentissage humain en général, et l'apprentissage de la chirurgie en particulier. En effet, les considérations sont souvent plutôt technologiques que pédagogiques. Cette thèse vise donc, d'abord, à décrire de manière aussi exhaustive que possible, l'ensemble des connaissances et compétences nécessaires à la maîtrise de la chirurgie. Ensuite, la thèse vise à définir l'impact de différents dispositifs d'entraînement à la chirurgie, dont la conception aura été guidée par des considérations pédagogiques, sur l'évolution de ces compétences, en comparaison avec des dispositifs d'entraînement plus classiques -et donc moins pédagogiques. Les résultats démontrent qu'une approche pédagogique dans la conception de dispositifs technologiques d'entraînement pour la chirurgie peuvent permettrent de participer au développement des compétences cibles (i.e. à l'oeuvre lors de performance en conditions réelles), au développement de connaissances indispensables à la réalisation du geste et difficilement accessibles et démontrent une tendance à l'augmentation des compétences techniques en conditions réelles.
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Context

Surgery has undeniable benefits for society contributing to both the saving of lives and to the improvement of its longevity and quality [START_REF] Debas | Surgery: a noble profession in a changing world[END_REF]. Yet, when looking closer at the numbers, estimates are that major morbidity complicates between 3-16% of all inpatient surgical procedures in developed countries, with permanent disability or death rates of about 0•4-0•8% [51 ; 76]. The estimated number of surgery in 2004 was between 187.2 million and 281.2 million cases per year [START_REF] Weiser | An estimation of the global volume of surgery: a modelling strategy based on available data[END_REF]. Almost 7 million patients undergoing surgery have major complications, including 1 million that die during or immediately after surgery every year. Nearly half of the adverse events are identified as preventable. Possible prevention includes: organizational structure with strategic control of healthcare delivery, teamwork and leadership, evidence-based practice, training and education, availability of health information technology, proficiency, and well-embedded incident reporting and disclosure systems [START_REF] Cuschieri | Nature of human error: implications for surgical practice[END_REF]. In the United States, public-health interventions and educational projects have significantly improved maternal and neonatal survival [START_REF] Ronsmans | Maternal mortality: who, when, where, and why[END_REF], so might analogous efforts in surgical safety and quality of care. In this thesis, the focus is on the improvement of training and education. To achieve improvement in this domain, two major challenges must be overcome.

1 2

General introduction

The first being that surgery is complex, unstandardized, and requires long and diversified experience to be mastered correctly [68]. Learning to operate is a laborious process that requires to acquire a large number of diverse skills, some rather traditional, and other technology-oriented, sometimes coming into conflict. These diverse skills include: technical skills such as dexterity and knowledge of instruments, risks, procedures and anatomy, and non-technical skills such as formulation of the intervention plan, ability to make decisions, to lead, to work in team, situation awareness: gathering information and anticipating future (cf. fig 1.1). Thus, in this thesis, we address this challenge by considering the widest possible range of knowledge and skills required to master surgery. Although, the lack of time resources in particular did not permit to include non-technical skills in our experiments. Surgical training traditionally takes place in the Operating Room (OR), but the growing number of students in residency from all specialities limits the number of opportunities to observe and thus learn to operate [118; 151]. As a result, medical students encounter difficulties when trying to compensate for the insufficient training inside the OR, which increases the number of possible mistakes when operating, decreases the opportunity to improve, and frequently results in them abandoning their specialization [START_REF] Berman | Attracting surgical clerks to surgical careers: role models, mentoring, and engagement in the operating room[END_REF]. Technology such as videos (e.g. Augmented Reality (AR), Virtual Reality (VR), simulation) and physical simulators is an efficient mean to transfer outside of the OR part of the knowledge acquired inside of the OR, and thus to alleviate this issue. Still, often surgical trainers and technology developers put technology at the center of concerns and consider it as an end in itself, putting aside the pedagogical and learning aspects [START_REF] Radianti | A systematic review of immersive virtual reality applications for higher education: Design elements, lessons learned, and research agenda[END_REF]. While many studies focus on the impact of different existing technologies on surgical training, few investigate the impact of learning theories and models implemented in these systems. This is partly due to the complex nature of surgical learning and to the fact that there are only few studies on surgical learning from a pedagogical or didactic perspective. This is the second challenge: the application of pedagogy and didactics to surgery and its implementation into technology. To explain the origins 1.1. Context 3 of the two main challenges cited, we are describing traditional surgical learning as well as new technologies for surgical learning, and both their limitations.

Traditional surgical learning

Surgery is traditionally taught through the apprenticeship model and its famous Halstedian "See one, Do one, Teach one" [START_REF] Kotsis | Application of see one, do one, teach one concept in surgical training[END_REF]. In this model, the student directly observes and then imitates the actions of a skilled mentor, both in the operating theater and in the clinical examination setting [START_REF] Dunnington | The art of mentoring[END_REF]. This model became the education standard when surgery evolved from a trade into a profession. The introduction of the apprenticeship model greatly improved surgical education, as now an experienced mentor instructs the trainee, shares collective knowledge, and teaches surgical techniques by demonstration and repetition. This change induced that surgical knowledge and techniques, though not scientifically studied to determine their benefit (or harm) to the patient or their success, were at least learned by instruction and example rather than trial and error [48].

Today, although the repertoire of tools available to the surgeon has increased, the attainment of safe and efficient surgical technique still depends on the same comprehensive knowledge of basic surgical skills. These include technical -proficiency in knot tying, instrument handling, suturing, haemostasis and tissue dissection [START_REF] Oram | Basic surgical skills[END_REF]-and non-technical -the cognitive and interpersonal skills that complement practical and technical competences, such as decision making, leadership and team working-skills. In surgical specialties, these behavioural or non-technical aspects of performance (e.g. communication failures) are often the underlying causes of adverse events, rather than a lack of technical expertise. Traditionally, these aspects of performances have been largely developed informally rather than explicitly addressed in training [START_REF] Huckman | The firm specificity of individual performance: Evidence from cardiac surgery[END_REF]. They are the following: (a) Situation Awarness, (b) Decision Making, (c) Communication and (d) Teamwork, Leadership. (a) : Gathering Information, Understanding Information, Projecting and Anticipating future state. (b) : Considering Options, Selecting and communicating option, Implementing and reviewing decisions. (c) : Exchanging information, Establishing a shared understanding, Co-ordinating team activities. (d) : Setting and maintaining standards, Supporting others, Coping with pressure. However, both the traditional Halstedian model and the basic skills it aims to teach, are evolving. On the one hand, the Halstedian model is challenged, among other things, by the introduction of new technologies for surgical education. On the other hand, on top of the basic skills, new skills have to be mastered by attending surgeons with the arrival of new technologies for expert performance support.

New technologies induce major changes both in surgical education and surgical practice. Technologic advancements have at the same time improved learning by providing new resources for anatomy learning [START_REF] Choi | Electronic resources for surgical anatomy[END_REF], real-time telementoring [START_REF] Shimizu | Telesurgery system with original-quality moving images over high-speed internet: expansion within the asia-pacific region[END_REF], clinical examination [START_REF] Criley | Innovative web-based multimedia curriculum improves cardiac examination competency of residents[END_REF], problem-based learning [START_REF] Corrigan | surgent"-student e-learning for reality: the application of interactive visual images to problem-based learning in undergraduate surgery[END_REF] and procedural skills [START_REF] Chenkin | Procedures can be learned on the web: a randomized study of ultrasound-guided vascular access training[END_REF], and forced students to acquire new, technology-oriented skills. In this section, we start by briefly describing how the new technology resources are improving surgical training, and end by mentioning those which oblige students to develop new skills, having made a major entrance in ORs in the last decades to assist the expert surgeons: robots. 

Existing technologies

In this section, the existing technologies for surgical training are detailed as exhaustively as possible. They are divided into the following categories: Video-based training, physical simulation and robotic-systems for learning. Each of these categories is not focused on training a particular skill and the boundaries between these different types of new technologies for surgical learning is thin, but typically video-based training are related with rather visual interactions than procedural training, physical simulators are rather related with procedural training.

Physical Simulators

Manikins A manikin refers to the concept of a full body patient simulator that safely allows for the training of clinical skills, cognitive thinking and behavioral communication in a professional healthcare setting (cf. figure 1.3). Other terms for manikin include human patient simulator, pediatric simulator, or surgery simulator. A manikin can range in its level of realism from a low-fidelity manikin to high-fidelity manikin. A low-fidelity manikin is a segmented clinical task trainer capable of a small number of specific tasks or procedures. A mid-fidelity manikin is usually a full-body simulated patient but with minimal computer components. A high-fidelity manikin incorporates the latest in computer hardware technology, 1.1. Context 5 is commonly wireless and can be programmed to provide for a very realistic fullbody patient presentation. A high-fidelity manikin can be used a variety of highstakes learning scenarios. Manikins help learners engage in patient assessment by providing cues as to the patient's state through the demonstration of vital signs such as pupil dilation, rate of pulse, rate of breath through chest rise and fall, or circulation through cyanotic discoloration. Manikins are used in many specialties. Yet, evidence lacks on their impact on medical residents skills and knowledge. In a study by Nackman et al. from 2003, authors proved that training with them resulted in increased clinical knowledge and ability to manage complex critically ill patients [START_REF] Nackman | Effective use of human simulators in surgical education1[END_REF]. Further research is needed to affirm with certainty their value in surgical education.

Robotic assistance With regards to robotics, a distinction must be made between assistance of learning and assistance of performance [67]. Several robotic assistance have made their entrance in the OR in the past thirty years, but not as assistance of learning. The great majority of them were designed to assist the expert's performance and later integrated simulations and VR training destined to develop skills on each specific robot and not to enhance traditional skills or alleviate traditional training -which must still be learned by medical residents and mastered in case technology would fail to work. The reason being that robotic assistance can easily improve performance when being used, but at opposite it is complicated to ensure that after the robot is turned off, surgeon who was using it for example, continues to perform as well as if s/he had never used it. A risk exists that the use of robotic assistance becomes "normal" and motor learning highly dependent on the robot specific dynamic environment.

With regards to learning assistance through robots, the majority of existing studies focus on describing one particular surgical robot and very few on surgical robotic features. In other domains, robotic assistance has proven helpful in improving motor skills for tasks of, for example, cursive writing [START_REF] Basteris | Robot-assisted intermanual transfer of handwriting skills[END_REF], golf swinging [START_REF] Kümmel | Robotic guidance induces long-lasting changes in the movement pattern of a novel sport-specific motor task[END_REF], tennis stroke [START_REF] Marchal-Crespo | The effect of haptic guidance and visual feedback on learning a complex tennis task[END_REF], pinball-like [START_REF] Milot | Comparison of error-amplification and hapticguidance training techniques for learning of a timing-based motor task by healthy individuals[END_REF]. One study was found to examine the effect of haptic General introduction feedback on the learning curve of a complex laparoscopic suturing and knot-tying task [START_REF] Zhou | Effect of haptic feedback in laparoscopic surgery skill acquisition[END_REF]. The results are nuanced: learning with haptic feedback was significantly better than learning without it for a laparoscopic suturing and knot-tying task, but only during the first 5 h of training. The authors stress that the benefits of a shorter time to the first performance plateau and more consistent initial performance should be balanced with the cost of implementing haptic feedback in surgical simulators. Another study was conducted which integrated two robotics arms to a learning environment in the context of percutaneous procedures in orthopedics [START_REF] Luengo | Teleos technology enhanced learning environment for orthopaedic surgery[END_REF]. It is described more precisely later on in the thesis.

Different mechanisms qualify motor learning: reward-based learning, error based learning, observational learning and use-dependant learning [154]. These mechanisms result from neural changes in the brain. Assistive forces, or haptic guidance help observational learning and use-dependant learning whereas resistive forces, or error-amplifying modes help error-based learning. The risk with assistive forces is to encourage motor learning in a passive role. Conversely, error amplification requires adaptation to participants' level. It is known as the challenge point [58]: learning is optimal when a certain level of experienced error, and thus a certain level of experienced difficulty is attained. Also, modifying the task dynamics increases motor learning by improving the rate of adaptation to new task dynamics [136; 42]. Thus, it is important to encourage motor control by remaining active when performing the gesture. However, most of today's robotic assistance systems to surgery (e.g. the da Vinci [START_REF] Dimaio | The da vinci surgical system[END_REF], the PRECEYES Surgical System [START_REF] Meenink | Robot assistance for micrometer precision in vitreoretinal surgery[END_REF], the Mako Rio [54] etc.) are designed to ease or lower the active role of human motor control and learning. By changing the surgical gesture -to greatly facilitate it-they require students and education programs to adapt to a completely different set-up, and to develop new psychomotor skills together with technical knowledge on the system. We address this problem in our first experiment presented in chapter 2.

Video-based training

Video-based training in surgery includes the majority of existing training for surgery: immersive and non-immersive Virtual Reality (VR) simulation and Augmented Reality (AR) simulation, animated interactive videos, multimedia training, etc.

Virtual Reality simulators VR simulators can either be non-immersive or immersive. The difference in impact on training for each of these technologies still remains to be demonstrated.

Non-immersive virtual and augmented reality AR and VR is now a mature enough technology to be used for surgical training [START_REF] Radianti | A systematic review of immersive virtual reality applications for higher education: Design elements, lessons learned, and research agenda[END_REF]. Some studies present results that show an absence of negative impact of non-immersive VR on the acquisition 1.1. Context of skills in surgery compared with traditional training, including the technical competence to handle instruments and tissue deftly, knowledge of the flow of each surgical procedure and the surgical anatomy required to support this, and judgement about when to employ specific operative approaches and deal with complicated pathology [START_REF] Piromchai | Virtual reality training for improving the skills needed for performing surgery of the ear, nose or throat[END_REF]. A literature review on non-immersive AR and VR and surgical education concludes that the evidence on their benefits is limited but suggests that these technologies may have a positive impact on the improvement of the speed acquisition of surgical skills, the ability to multitask, to perform a procedure accurately, hand-eye coordination and bimanualoperation [START_REF] Sheik-Ali | Next-generation virtual and augmented reality in surgical education: a narrative review[END_REF]. Further research still needs to be conducted, with larger sample sizes, robust outcome measures and longer follow-up periods.

Immersive virtual and augmented reality Immersive videos are commonly known as video recordings where a view in every direction is recorded at the same time, shot using an omnidirectional camera or a collection of cameras. During playback on normal flat display the viewer has control of the viewing direction like a panorama. In this case videos used are 360°videos. An immersive video can also be a 180degree video, monoscopic or stereoscopic video which captures only a 180-degree field of view, and allows more depth to be maintained by not subjecting the video to equirectangular projection: a stereoscopic 360-degree or 180-degree video which also captures depth and allows for six degrees of freedom in navigation within the captured environment. It can be played on a display or projectors arranged in a sphere or some part of a sphere.

We conducted a literature review on immersive VR and AR and its impact of surgical training and planing. Our work shows that VR seems to be particularly suited for surgical training, which is in line with previous works on immersive VR in education [START_REF] Radianti | A systematic review of immersive virtual reality applications for higher education: Design elements, lessons learned, and research agenda[END_REF]. Our review reinforces the notion that immersive VR is relevant for surgical training in terms of self-confidence [START_REF] Pulijala | Effectiveness of immersive virtual reality in surgical training-a randomized control trial[END_REF], performance [92; 91; 176; 90], and feeling of immersion [71; 70]. Regarding immersive AR, our study shows that there is very limited evidence on its interest both for training and planning. Both for immersive AR and VR, stronger evidence is needed and there are many directions for future research that can establish immersive AR and VR as crucial for training. These directions should include standardized protocols, the consideration of technological costs, the consideration for pedagogical aspects and the way they integrate in technological ones, the consideration for the inclusion of multiple perceptual senses, the measurement of clinical outcomes and of the evolution of non-technical skills. Indeed, regarding the multiple perceptual senses, further research should be conducted as immersive AR and RV augmented with robotic devices can allow to simulate surgical instruments such as in figure 1.5, an opportunity which is not systematically offered in the OR due to the risks to the patients. Finally, very few studies compare immersive vs. non-immersive VR, and thus we have limited insights on the trade-offs of each approach regarding its use as immersive or not.

Animated Interactive Videos: An interactive video gives the viewer the ability to interact with the video content itself through a variety of tools. Users can click, drag, scroll, hover, gesture and complete other digital actions to interact with the video's content, similar to the way they'd interact with web content. While animated videos are videos created with original designs, drawings, illustrations or computer-generated effects that have been made to move in an eye-catching way using any number of artistic styles.

Problematic

Animated interactive videos are promising ways to improve surgical learning as, when interacting with dynamic displays, viewers are much more active in the learning process and the instruction can be tailored by the learner to his or her needs [63]. A meta-analysis by Augestad et al. from 2020 [START_REF] Augestad | Video-based coaching in surgical education: a systematic review and metaanalysis[END_REF] shows that videobased coaching increases technical performance of medical students and surgical residents. Yet, the authors point out that there exists significant study and intervention heterogeneity that show the need to structure and standardize videobased coaching tools. In other domains, such as nautical not tying, interactive videos proved efficient in increasing the performance [START_REF] Schwan | The cognitive benefits of interactive videos: learning to tie nautical knots[END_REF] but that is only if the videos interface is intuitive and allows to understand the essential features. This condition is frequently emphasized as animated videos are rarely developed in collaboration with Human-Computer Interfaces (HCI) experts. An interface to a dynamic visualization can be a source of extraneous cognitive load [153] that can take the viewer's attention away from the task of understanding and learning from the dynamic visualization.

Multimedia Training (Videos and Sound) Multimedia is media that combines different content forms, and can be defined as the integration of text, audio, images, animation, video, and interactivity content forms [START_REF] Issa | Applying multimedia design principles enhances learning in medical education[END_REF]. In a systematic review by Shariff et al. from 2016, [START_REF] Shariff | The role of multimedia in surgical skills training and assessment[END_REF], it is explained that multimedia is more suited for training of cognitive skills using procedural platforms (used to teach and assess surgical operations or procedures related to aspects of surgery). This may be, as the authors propose, because in addition to learning operation steps through text and images, multimedia can provide interactive, engaging visual information whilst simultaneously facilitating spatial orientation. Multimedia can provide engaging interactive visual information while facilitating spatial orientation. It can be of great use such as shown in one study were 360°videos significantly increased participants medical knowledge and self-reported confidence [49], or another where, compared with a non-video training group, video-training group was associated with improved resident knowledge, improved operative performance, and greater participant satisfaction [56]. Video-based training has potential for use in surgical education as it appears as an efficient way of overcoming the difficulties and barriers of the traditional apprenticeship model cited earlier, and according to a systematic review on video-based education in surgery by Ahmet et al. from 2018, this method is effictive and should be used in addition to standard techniques in the surgical education [5].

Problematic

The limitations of traditional surgical learning

While the apprenticeship model still remains the golden standard in surgical training, the changing practice environment due to resident work-hour restrictions
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(resulting in less opportunities to observe surgical practice) [START_REF] Darosa | Residency program models, implications, and evaluation: results of a think tank consortium on resident work hours[END_REF], the changes in the realities and legalities of the business of medicine (changes in reimbursement and other insurance and medico-legal issues) [START_REF] Barone | The leapfrog initiative: a potential threat to surgical education[END_REF] and the shift in practice pattern [START_REF] Dunning | Outpatient surgery centers draw cases away from hospitals, impact resident training volume[END_REF] has induced the development of competing models [START_REF] Pugh | Surgical education in the internet era[END_REF]. Trainees today may have limited exposure to certain procedures, anatomical variations, or management of intraoperative and postoperative complications. Thus, there is a need for complementary strategies that expose trainees to a greater breadth and depth of surgery [START_REF] Antiel | Duty hour recommendations and implications for meeting the acgme core competencies: views of residency directors[END_REF]. Additionally, the introduction of new technologies, rapidly evolving and ever more numerous, force surgical students to keep adapting and continuously acquire more technology oriented skills on top of traditional skills.

The limitations of new technologies for surgical learning

Indeed, while new technologies for surgical education offer many opportunities for the improvement of training, inside and outside the OR, they also show numerous and hard to overcome limitations. One of the greatest limitations is their important cost, which results in their scarcity and makes them hard to access. Furthermore, there is a serious lack of evidence on the transferability of skills and knowledge acquired using new technologies, to the OR. This is in part due to the unpredictable nature of the events occurring in the OR making evaluation hard to standardize, and to the lack of time for evaluation in the OR. Still, this information is essential in the assessment of their value. To better define the limitations of existing new technologies for surgical training and the consequences of these limitations, in this thesis, a study is conducted which aims at interrogating 1st year medical residents (presented in Chapter 3) and an other study is conducted which evaluates the impact of a techno-pedagogical surgical training on knowledge and skills of 1st year medical residents under real-life conditions (presented in Chapter 4). In addition to these limitations, transversal to all new technologies for surgical education, other emerge which are specific to surgical robotic systems and which are specifically addressed in Chapter 2.

Robotic systems, which were initially introduced in ORs as an assistance to the expert surgeons, now have become omniscient. They thus require the surgical student to train on them. As these systems greatly alleviate surgery arduousness, in particular laparoscopic (a type of surgical procedure that allows a surgeon to access the inside of the abdomen and pelvis without having to make large incisions in the skin) [START_REF] Ahlering | Successful transfer of open surgical skills to a laparoscopic environment using a robotic interface: initial experience with laparoscopic radical prostatectomy[END_REF] and sometimes improve surgical outcomes, they require surgeons and future surgeons to spend time learning dexterity skills only applicable to one robot. It is time where, at least for surgical students, they are not learning the essential procedural knowledge or the non-technical skills related to surgery. These robot-related dexterity skills sometimes even negatively impact the traditional skills that surgeons and future surgeons are required to master throughout their whole career [19; 20], in case technology failed to work, or in the case of any 1.3. Contributions other adverse event. Most of the robotic assistance to surgery did not incorporate in their design the continuity of dexterity skills already mastered or in the process of being mastered by the students. New technologies for surgical training are great tools and a very adapted solutions to today's constraints in surgery, but they design requires to be reflected with regards to medical residents and expert already mastered skills and tight agenda.

Generally speaking, although being very interesting tools to alleviate the difficulty of the surgical practice (in terms of fatigue, the need for precision and accuracy, difficulty in accessing narrow areas of the human body), new technologies for surgical learning have limitations as they are either focused on dexterity or knowledge but rarely both, too technology-centered rather than human centered, and sometimes in conflict with traditional surgical skills. They lack consideration for the learner: his/her needs, previous knowledge, constraints, learning methods, motivation etc. Thus, the goal for surgical educators in to capitalize on the various existing technologies and to adapt to the learner, without lacking consideration for his/her core experiences and skills.

Contributions

This thesis aims at proposing ways to address the difficulties encountered by surgical students by covering as many surgery-related skills as possible, and by focusing on the pedagogical aspects rather than the technological, only used as a mean to convey surgical training.

Chapter 1 presents traditional surgical learning as well as new ways to learn surgery induced by technologies, both their limitations and our contributions to address these limitations.

Chapter 2 presents existing interaction designs for robotic-assisted surgery and more specifically comanipulated robot-assisted surgery, the skills they train and the quantitative methods to measure these skills acquisitions. This chapter then introduces an experimental protocol focused on dexterity, aiming at exploring ways of reducing existing discrepancies between the learning of traditional dexterity and of technology-oriented dexterity in surgery.

In chapter 3, the existing application of pedagogy and learning theories to surgery and the qualitative methods to measure surgical learning are presented. We also describe an exploratory study that aims at measuring the impact of learning and pedagogy theories in the design and production of a surgical training, putting aside the technological considerations.
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In chapter 4 the concept of techno-pedagogy is explained, whose purpose is to reconcile pedagogical and didactical considerations with technological ones. An experimental protocol is detailed, that aims at presenting a possible technopedagogical surgical training.

The goal of the thesis is to present guidelines in the development of learning modules in surgery that integrate a pedagogical guidance: regarding systems that aim at developing dexterity, the absence of negative impact on the skills previously mastered; in the case of systems that aim at developing the knowledge on the surgical intervention, the development of knowledge that is more structured, portable, and meaningful. Finally, by proposing ways to link these technological -and rather focused on technical skills-and pedagogical -and rather focused on knowledge and non-technical skills-devices, this thesis aims at showing the possibility of a continuum between these different material for surgical education which each cover different skills needed to perform surgery, presented in figure 1.1.

Publications

During this thesis, several answers to problems concerning surgical education were proposed which lead to one article publication and two articles submission (ongoing) This thesis also led to the deposit of a Soleau envelope on the shooting of videos in the operating room to create video-based learning scenarios. 

Chapter 2

Robotic assistance and surgical learning This chapter describes the state of the art in terms of technology and surgical learning, enabling to discuss the existing limitations. A first study is presented, on the impact of learning robot-assisted surgery on previous skills in classic surgery.

State of the art

Interaction Designs Surgical robotics

Robotic surgery is increasingly used in Operating Rooms (ORs), for a number of surgeries, including prostatectomies, cardiac valve repair, and gynecologic surgical 13 procedures. The Da Vinci (cf. figure 2.1-j) is by far the most widely used one with over 1 million procedures performed in 2018 [152]. This robot aims, along with many other to make laparoscopic surgery less arduous. It accelerates the learning curve [START_REF] Ahlering | Successful transfer of open surgical skills to a laparoscopic environment using a robotic interface: initial experience with laparoscopic radical prostatectomy[END_REF] and improves dexterity compared with classic laparoscopic surgery [START_REF] Moorthy | Dexterity enhancement with robotic surgery[END_REF] but its clinical advantages have yet to be proven [START_REF] Ahlering | Successful transfer of open surgical skills to a laparoscopic environment using a robotic interface: initial experience with laparoscopic radical prostatectomy[END_REF]. Without robot, e.g. Classic Laparoscopic Surgery (CLS) (cf. figure 2.1-e) is surgery done through small holes in the patient's belly, in which are inserted long instruments and a camera i.e. endoscope. The image of the endoscope is displayed on a 2D screen, showing the inside of the patient's body. CLS is advantageous for patients (less pain, shorter recovery, aesthetic benefits) but disadvantageous for surgeons who then have more visual as well as physical difficulties to deal with than in open surgery. Visual difficulties are partly generated by the absence of direct vision. The working space is visualized on a 2-dimensional screen while gestures are performed in a 3-dimensional space, making hand-eye coordination and depth perception complicated [START_REF] Dharia | Robotics in reproductive medicine. fertility and sterility[END_REF]. Physical difficulties are due to the length of the instruments and to the fact that their insertion point (the small incisions in the patient body) induces kinematic restrictions and the appearance of the fulcrum or lever arm effect [START_REF] Nisky | Perception of stiffness in laparoscopy-the fulcrum effect[END_REF]. Robot-Assisted Laparoscopic Surgery (RALS) aims to alleviate varying difficulties depending on the robot's interface and features.

There are two interaction designs for Robot Assisted Laparoscopic Surgery (RALS): telemanipulated (Tele-RALS) (cf. figure 2.1-f ) such as with the Da Vinci and comanipulated (Co-RALS) (cf. figure 2.1-k). In Tele-RALS, as indicated by the semantics, a distance exists between the surgeon (who sits at the master console) and the patient (above who stand the robotic arms holding the instruments, the slave console). This distance removes the hand-eye coordination and the physical difficulties as instruments situated at the slave console are controlled with joysticks situated at the master's console thanks to a communication channel between the two. However, it introduces new difficulties. To use the robot surgeons and future surgeons have to learn, on top of traditional skills linked with Classic Laparoscopic Surgery (CLS) more technology-oriented skills. Comanipulation, contrarily to the other design for surgical robot, telemanipulation, is a robotic assistance that allows for skill transfer to occur from robot-assisted mode to without robot mode by maintaining a role of motor and learning. In our first experiment, we focus on comanipulated robotics, a design which precisely aims at maintaining motor control active role and from which we have developed an experimental protocol. The definition of comanipulation can be found in Morel et al.'s article from 2013: A comanipulator is thus any robotic system performing a task, most often in contact with the environment, that can be controlled through direct contact by an operator. It aims to increase the manipulation performance of the operator [START_REF] Morel | Comanipulation. Medical Robotics[END_REF].

Comanipulated Interfaces in Robotics

Robotic assistance and surgical learning

The interaction design of comanipulation in robotics is derived from the concept of cobotic, a term invented by J. Edward Colgate and Michael Peshkin in 1996 [START_REF] Peshkin | Cobots. Industrial Robot: An International Journal[END_REF]. A cobot, or collaborative robot, is a robot intended for direct human robot interaction within a shared space, where humans and robots are in close proximity. Cobot applications are in contrast with industrial robot applications, which imply that robots are isolated from human contact. Comanipulation is an interaction paradigm involving a robot and a user simulta-neously manipulating a load or a tool. The robot is employed as a comanipulated device, in the sense that the gesture control of the instrument is shared by the robot and the surgeon. Of the difficulties of CLS mentioned earlier, comanipulation aims to facilitate the physical ones in particular. The currently existing commercialized comanipulated robotic systems are basically designed for specific types of surgical tasks in knee replacement surgery [START_REF] Jakopec | The hands-on orthopaedic robot" acrobot": Early clinical trials of total knee replacement surgery[END_REF], knee arthroplasty [START_REF] Pearle | Perioperative management of unicompartmental knee arthroplasty using the mako robotic arm system (makoplasty)[END_REF], placement of intracranial depth electrodes [START_REF] Hughes | Robotic placement of intracranial depth electrodes for long-term monitoring: Utility and efficacy[END_REF], [START_REF] Ferrand-Sorbets | Frameless stereotactic robot-guided placement of depth electrodes for stereo-electroencephalography in the presurgical evaluation[END_REF]. Research institutes have also exploited the idea for precise surgical tasks such as the positioning the tip of an instrument inserted through an orifice [START_REF] Chalard | Precisely positioning the tip of an instrument inserted through an orifice with a free wrist robot: application to prostate biopsies[END_REF]. Comanipulation can be applied to tasks that require both precise manipulation and human judgment so as to enhance gesture quality [155]. This interaction design for robotics has the ability to at least compensate for gravity and filter tremors [START_REF] Poquet | An endorectal ultrasound probe comanipulator with hybrid actuation combining brakes and motors[END_REF] while performing the surgical gesture. Some other physical difficulties can also be dealt with including the reduction of the fulcrum effect for example with the help of an an active force feedback [START_REF] Schmitt | Using comanipulation with active force feedback to undistort stiffness perception in laparoscopy[END_REF].

A comanipulated robotic assistance, such as the Acrobot [START_REF] Jakopec | The hands-on orthopaedic robot" acrobot": Early clinical trials of total knee replacement surgery[END_REF], aims to improve security and dexterity when performing the surgical gesture while keeping the surgeon close to her/his patient. Comanipulation means the shared control of the instruments by the robotic assistance and the surgeon [START_REF] Morel | Comanipulation. Medical Robotics[END_REF]: both the robotic arms and the user hold the instruments needed to perform the surgery. Same as for laparoscopic surgery, while technically possible to perform viewing the image of the endoscope in 3D, Co-RALS is most frequently performed viewing the image of the endoscope on a 2D screen. This design is at the fourth degree of human-robot collaboration scale [64]: Supportive. At this level, the human and the robot work together at the same time and with the same workpiece to complete a common task. Arguably, a successful Supportive human-robot collaboration is defined by its ability to augment performance compared to the same task performed without a robot, but also to confer to the human a cognitive and physical load that is neither too important nor too little, to diminish the difficulty of the task while keeping the human involved and active [START_REF] Parasuraman | Humans and automation: Use, misuse, disuse, abuse[END_REF].

For a task as complex as surgery simultaneously performed by a human operator and a robot, where robots are far from being able to replace the human operators, it can be suggested that keeping the human involved and active is mandatory, for him/her to maintain his/her acquired skills level. Indeed, in surgery, the robot assists the human in a task s/he already masters. Comanipulated robots for surgery are destined to work very closely with surgeons and future surgeons 2.2. Quantitative measurement of learning without disturbing their dexterity skills and while increasing their performance. The robot only augments already existing technical skills.

Still, learning with a telemanipulated robot was shown to negatively impact the traditional skills that surgeons and future surgeons are required to master throughout their whole career [19; 20], in case technology failed to work, or in the case of any other adverse event. This negative impact on the learning process was not considered by designers. A change in this direction is strongly recommended, through the conduct of experimental protocols on surgical learning and robot assistance. It starts with a thoughtful and well-considered choice of the measuring tools for surgical learning. They are a major component of this reflection, to the extent that measurement method also defines what is qualitative learning and how to improve it.

Quantitative measurement of learning

Gesture tracking

A very frequently used method for measuring surgical learning is motion tracking of the surgical instruments. The gesture is analyzed through the tracking of the instrument motion, either at its tip, or at its handle. Measures such as economy of movement have been shown to significantly differentiate a novice and an expert [50], and to be correlated with the FLS standard scoring and motion efficiency metrics [START_REF] Xeroulis | Simulation in laparoscopic surgery: a concurrent validity study for fls[END_REF]. Other metrics such as movement smoothness, path length, mean velocity, bimanual dexterity, working volume have also been used to differentiate between novice and expert level in laparoscopic surgery [START_REF] Despinoy | Evaluation of contactless human-machine interface for robotic surgical training[END_REF]. Motion tracking serves as a way to observe learning curves in the acquisition of the gesture, or rather, generally, learning curves showing the evolution of the proficiency in using a surgical tool. Oftentimes, a comparison is made between experts and novices when performing exercises of surgery such as in Herman et al.'s work from 2011 [65] in a more or less realistic context, i.e. integrating a varying number of elements needed to correctly perform the gesture in a realistic context. Still, gesture tracking as a measuring tool and its associated metrics, while succeeding in showing movement efficiency, fail to show movement quality. Gesture tracking measures dexterity efficiency independently from any other measure of quality of the gesture which makes using this measuring tool highly questionable, and as Smith et al. mention in their article from 2002 "It is of no use to be smooth and efficient with one's movements, if a clip is then placed on the bile duct." [START_REF] Smith | Motion analysis[END_REF]. For this reason, other methods for learning measurement in surgery have emerged, such as eye and gaze-tracking.

Eye and gaze tracking

In other domains than surgery, such as motor control and aviation, gaze-tracking proved to be an efficient way of observing eye-hand coordination, anticipation, information gathering and planning [139; 138]. In surgery, especially laparoscopic, eye and gaze tracking also proved several times to be efficient in showing eye-hand coordination skills [87; 172; 174; 62; 66]. The process of eye tracking involves three main steps; to discover the presence of eyes, a precise interpretation of eye positions, and frame to frame tracking of detected eyes. The position of the eye is generally measured with the help of the pupil or iris center [6]. Gaze estimation is a process to estimate and track the 3D line of sight of a person, or simply, where a person is looking. Experts have a greater ability to anticipate their gestures with their gaze than novices. This results, in tasks of target reaching, in a greater ability to look at the aimed target rather than the instruments used to reach the target. In other words, experts anticipate their movement by taking their eyes off it and projecting them to its goal, while novices are focused on achieving the movement itself and keep their eyes on it. This translates into a struggle to detach their eyes off their hands or the instruments they hold to perform the movement and to project their gaze to its goal. It can be measured by the number of fixations (the maintenance of the gaze in a single location) on the aimed target before reaching it with the instruments, a greater number meaning a better ability to anticipate, and greater expertise [9]. Experts also tend to do less back and forth movements with the eyes -movements used by novices to make calculations of distances, lengths, velocities-and a smaller number of fixations. The duration of their fixations also tends to be larger than for novices.

We used gaze tracking as a measuring tool to study the transfer of skills between robot and classic laparoscopic surgery, an experiment that is described later on.

Transfer of skills between classic and robotassisted surgery

In the case of laparoscopic surgery, the type of surgery that is majorly targeted by robotic assistance, mastering classic laparoscopic surgery appears as an advantage in the mastering of robot-assisted surgery. In a study by Angell et a. from 2013, the performance of a complex robotic task in laparoscopic surgery was improved by laparoscopic training [7]. The authors suggest than laparoscopic training improves the proficiency in operation of the robot. In an other study by Abaza et al. from 2009 [START_REF] Abaza | The robotic surgery era and the role of laparoscopy training[END_REF], the authors suggest that there are many aspects of robotic surgery that benefit from laparoscopic skills such as access, placement of ports, addressing of adhesions or other anatomic variations, instrument handling in the often narrow and potentially disorienting laparoscopic space and strategies for adjusting to the environment that are not a part of traditional open surgical training. However, as we will see later, the reverse -the transfer of skills from RALS to classic-is not necessarily true.

Impact of robotic interfaces on non-technical skills

Numerous articles in the field of Human Computer Interfaces (HCI) have focused on the impact of interfaces for RALS on non-technical skills [START_REF] Yule | Non-technical skills for surgeons in the operating room: a review of the literature[END_REF] related to laparoscopic surgery: workflow, communication, situation awareness, teamwork [12; 122; 23; 133; 134; 135]. These works are exclusively on Tele-RALS, and the metrics used are essentially subjective. These robotic systems enhance the surgeon's experience by making them more independent to perform surgery and increasing the number of instruments they can control. But the distance imposed with patients keeps them away from their team. This physical distance is compounded by visual, auditory and mental distances. It disrupts access to information, changes power distribution and decreases the surgeon's situation awareness. It also has consequences for students who then have fewer tasks, decisions and actions to make [START_REF] Wasen | Replacement of highly educated surgical assistants by robot technology in working life: Paradigm shift in the service sector[END_REF] than when the surgical intervention is performed without the robot. Their learning process is made more difficult: they can no longer learn by observing, hearing, and doing according to the well known wording See one, do one, teach one [START_REF] Polavarapu | 100 years of surgical education: the past, present, and future[END_REF] as they are not standing next to the surgeon any more [START_REF] Mondada | Instructions in the operating room: How the surgeon directs their assistant's hands[END_REF].

Impact of robotic interfaces on technical skills

Although less studied, the impact of interaction design for robotic assistance on technical skills [115] related to laparoscopic surgery is just as strong. The interaction design for robotic surgery defines the nature and the difficulty of motor skills either learned or mastered by the user, and how they transfer to without robotic assistance. Robotic assistance can easily improve performance when being used. However, as stressed in a review of literature on robotic assistance of motor learning by Heuer et. al's from 2015 from the field of neurosciences, it is complicated to ensure that after the robot is turned off, the user continues to perform as well as if s/he had never used it [67]. A risk exists that the use of robotic assistance becomes "normal" and the motor learning highly dependent on the robot specific dynamic environment.

This situation would lead to a negative impact of training with a robotic assistance on skills mastered in the classic technique, as it seems to be the case for Tele-RALS [19; 20]. Both these studies by Blavier et al. from 2007 were conducted with medical students without any prior surgical experience and results suggest that training in Tele-RALS has negative consequences on mastery of skills in CLS, compared with training in CLS alone. In the case of a conversion from Tele-RALS to CLS during a surgical intervention, a scenario that regularely happens for different reasons such as mentioned in Blavier's et al. article from 2007 [START_REF] Blavier | Comparison of learning curves and skill transfer between classical and robotic laparoscopy according to the viewing conditions: implications for training[END_REF], this negative impact can have major consequences. For this reason, we conducted an experimental protocol on the transfer of skills from Comanipulated Robot-Assisted Laparoscopic Surgery (Co-RALS) to Classic Laparoscopic Surgery (CLS), to explore the possibility of a robotic assistance that facilitates the surgical gesture without disrupting the learner's core dexterity skills and even hypothetically improving them.

Our Approach: from robot-assisted surgery to classic

In the first experimental protocol of this thesis, we study the transfer of skills from Co-RALS to CLS. We hypothesize that training in Co-RALS results in equivalent hand-eye coordination and time-wise abilities compared with training in CLS.

Hence we take a different approach than previous work: with objective metrics, we seek to observe the quality of the human-robot interaction through the analysis of the skills developed by the human in conjunction with the performances achieved by the human-robot team.

(A) (B) Two comanipulated robotic arms are used (cf. figure 2.3A). One for each instrument manipulated when performing exercises in laparoscopic surgery. Only the basic functions of the robots are studied. Gravity compensation for instruments is ensured, as well as tremor filtration. The algorithm used for tremor filtration is a viscous field, i.e. a damping algorithm proportional to the velocity of movement [START_REF] Dong | Assistance to laparoscopic surgery through comanipulation[END_REF]. The robots exhibit high viscosity at low velocities and no viscosity at high velocities, at the instrument tip. It helps the surgeons during precise surgical tasks (performed at small speed), by filtering unintentional movements and augmenting precision of the gesture. This viscous field also increases the rate of adaptation of the user, forced to remain active when performing her/his task.

2.4. Our Approach: from robot-assisted surgery to classic 21 A similar algorithm, implemented in a comanipulated robotic assistance where the human controls the direction and the speed while the robot ensures the precision and smoothness of motions by suppressing sudden and abrupt gestures, has been shown to significantly improve performance for tasks of manual welding [START_REF] Erden | Assisting manual welding with robot[END_REF]. In an other research article [160], a human robot cooperative calligraphic task is performed, in which the human and the robot grasp a writing brush at the same time. The robot is controlled against the human force to prevent the vibration and to enhance the accuracy, and results show the advantage of the control method. The benefits of variable damping coefficient have been demonstrated. Thus, referring to the second question of research, it is hypothesized that in Co-RALS, the adaptive damping algorithm implemented enables better time-wise performance for exercises of laparoscopic surgery compared to the same exercises performed without the robotic assistance.

Here, we study the learning period when surgeons simultaneously learn to perform classic (without robot) and robot-assisted laparoscopic surgery. During this period, the discrepancy between psycho-motor skills required to perform the two techniques is problematic. Most importantly since learning laparoscopic surgery with a telemanipulated assistance does not result in a transfer of skills to the classic technique [START_REF] Blavier | Perceptual and instrumental impacts of robotic laparoscopy on surgical performance[END_REF], a situation that requires re-learning for each switch between techniques.

We propose a method to measure with quantitative metrics, how a collaborative robotic assistance not only can help to increase performance and learning in very complex tasks but also the impact it has on the technical skills mastered by the human. We study it through two research questions, situated in the specific context of learning when the acquisition of skills is of crucial importance.

The main research question is the following: does training with a comanipulated robot in what we call a target task, in our case exercises of laparoscopic surgery, develop hand-eye coordination and time-wise skills in this target -and simultaneously learned in a surgical curriculum-task? We focus on the handeye coordination skills as these are especially complex to learn and perform in laparoscopic surgery. Indeed, laparoscopic surgery may require specific mental abilities, such as spatial orientation and mental representation [32; 3; 96]. To measure the hand-eye coordination skills, we use a tool that to our knowledge has rarely been used in Human-Robot Interaction: gaze tracking. The number of fixations (the event when the gaze remains on a point for 50 to 600 ms [START_REF] Land | Looking and acting: vision and eye movements in natural behaviour[END_REF]) on the aimed target, the fixation rate per second and the duration of fixations, when performing in CLS are measured either after training in Co-RALS or in CLS. Previous works have shown that these metrics enable to measure hand-eye coordination skills developed when training [62], in laparoscopic surgery especially [172; 173; 87]. To measure time-wise skills, time elapsed is recorded when performing exercises in CLS, either after training in Co-RALS or in CLS. This shows the operator's performance efficiency [START_REF] Marvel | Towards effective interface designs for collaborative hri in manufacturing: Metrics and measures[END_REF] in the target task after training in Co-RALS.

The secondary research question is the following: does using Co-RALS improve time-wise performance on exercises of laparoscopic surgery compared with the same exercises performed in CLS? Time elapsed is also recorded when performing repeated exercises with each technique. The repetition of the exercises highlights the shapes of the learning curves. Other metrics are used as exploratory measures: the NASA TLX [61] that serves to compare the workload between the robot-assisted technique and the classic technique, and a performance score given for the exercise performed in the classic technique either after training with the robotic-assistance or without. To investigate 1. whether training with a comanipulated device in laparoscopic surgery results in an equivalent development of skills in this target task, exercises of laparoscopic surgery, compared with training in the target task and 2. the comparison of the learning curve between the robot-assisted task and the classic task, we present an experimental protocol involving two conditions. The participants in Classic condition are pre-tested in CLS during the Pre-Learning Step, then trained in CLS, and then post-tested during the Post-Learning Step in CLS. The participants in Robot condition are also pre-tested in CLS, then trained in RALS, then post-tested in CLS (cf. table 2.1). Both groups are Pre-trained and Posttrained in the same task, CLS, to compare the differences in the process of learning for each group, Classic and Robot, in CLS. The main research question is studied by comparing the skills in CLS of the two groups, Classic and Robot with gazetracking and time recording, and the secondary research question by comparing the learning curves of the two groups Classic and Robot during their learning session with time recording. The exercises of laparoscopic surgery performed at each step were chosen among basic training exercises for this discipline, depending on the skills they enable to train and measure.

Methods and Material

During the Pre and Post-Learning steps, the exercise chosen was the Peg Transfer as it enables to observe a large panel of participant's skills in laparoscopic surgery: bimanual coordination, precision, and depth perception. It requires the participant to lift six objects place on the left side of a board with a grasper first using non-dominant (in this case, left) hand and transfer the object midair to the dominant hand. Then, the participant has to place each object on a peg on the right side of the board. It is also performed from dominant to non-dominant hand. This exercise is further described later on. Pea on a Peg and Loops and Wire were chosen because they trained precision and depth perception respectively. Exercise Pea on a Peg consists of placing 14 beads on pegs of different highs placed on a board, and exercise Loops and Wire consists of passing a wire through 4 different loops placed on a board. Both these exercises are also further described later on. The fact that each exercise trains different skills enables to better define the differences between CLS and Co-RALS in terms of learning. This experimental protocol is tested both with Resident participants and, more numerous, Non-Resident participants. The similarity of the exercises in laparoscopic surgery performed by each group is controlled. Level equivalence between group Robot and Classic is statistically verified for Non-Resident participants during the Pre-Learning Step. There were not enough Resident participants involved in the protocol to perform this verification, hence the Resident participants' results are presented as indication of tendency and insights for future research rather than results that can be generalized. The experiment is thus divided into three steps: 1. A pre-learning step to control the participants' level, 2. A learning step to train the participants of each group respectively in each task and (CLS and Co-RALS) and compare their performance and 3. A post-learning step to compare the mean level of each group in the target activity, i.e. CLS.

Participants

Fourteen Non-Resident participants and six Residents in medicine are recruited. Among them, seven Non-Resident participants and three Resident participants (group Classic) performed their training session in in CLS (task CLS). Seven other Non-Resident participants and three other Resident participants (group Robot) performed their training session in RALS on a comanipulated robot (task Co-RALS). Resident participants have a small and contrasted experience in laparoscopic surgery (6 ± 4.5 hours of practice). The number of Resident participants involved in the study does not allow to perform statistics. Still, their results enable to verify whether the trend observed among novices may be applied to intermediate level users. Because of their tight agenda, Residents in medicine could only perform one exercise, Pea on a Peg, during the training session and, due to a lack of technical and time resources, no gaze data could be recorded during Peg Transfer exercise before and after the Learning session. Their results are presented separately. Five of them are first year residents and one is third year resident. Non-Resident participants all declared to be novices in laparoscopic surgery, and are all university students. All procedures are in accordance with the ethical standards of Robotic assistance and surgical learning the institutional and/or national research committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.

Apparatus

Material includes two set-ups: one in CLS, and one in Co-RALS.

Task CLS. The CLS set-up: It includes two surgical graspers. Exercises are performed in a pelvi-trainer, above which is a 2D screen transcribing the 3D working space inside it (cf. figure 2.3A). The endoscope does not move during the entire learning session.

Task Co-RALS. The Co-RALS set-up: It consists of two robotic arms, each holding the same two graspers as those used in the CLS set-up. (cf. figure 2.3B). The two robotic arms are modified Haption Virtuose 3D robots, characterized by six rotational joints. The robots used are 3D robots as other degrees of freedom are constrained by the entree point in the patients' belly (cf. figure 2.4). The first three joints are fully actuated and the other three form a free wrist that allows full motion across the surgical workspace [START_REF] Mago | Safe teleoperation of a laparoscope holder with dynamic precision but low stiffness[END_REF]. Our research team designed the software implemented in these robotics arms: (i) tool weight compensation so that holding the tools is transparent to surgeons [156] and (ii) a damping algorithm proportional to the velocity of movement, experimentally tuned such as in [38; 89]. The same pelvi-trainer as for the CLS set-up is used (cf. figure 2.3A). The endoscope is not moved during the entire learning session. 

Measuring tools and metrics

Different measuring tools and metrics are used at each step of the experiment to assess hand-eye coordination abilities, time-wise performance and, workload and scores. They were chosen for their ability to show not only the observed performance at the end of a task but also the learning process itself. Gazetracking is used during the Pre-Learning Step to verify the absence of heterogeneity in average hand-eye coordination skills in laparoscopic surgery of groups Classic and Robot before the Learning session. It is also used during Post-Learning step to quantify for differences in the same skills between these groups after the Learning session. Time is recorded at each step of the experiment. Before and after the Learning session this metric enables to answer the first research question, together with gaze-tracking. During the learning session, Time recording serves to answer the secondary research question. The results obtained at the NASA Task Load Index during the learning session and the scores at the Peg Transfer exercise are explored, respectively as self-perceived feeling of comfort with the task and observed performance.

Pre-Learning Step

• Gaze-Tracking: Observing gaze pattern has been proven to be relevant in distinguishing novices from experts [172; 87; 174; 62]. Hence, the number of fixations on the aimed target before it has been reached with the instruments, fixation rate per second and duration of fixations are analyzed. A higher number of fixations on the aimed target at the specific moment of reaching for the target in the Peg Transfer means a greater level of comfort with the task. At the opposite, less fixations per second and greater duration of fixations while performing the entire exercise means better hand-eye coordination skills. Gaze data analysis is performed separately for each phase of the Peg Transfer exercise described later on in the article. It is cut into 3 phases: Grab, Transfer and Drop. Grab corresponds to the moment where participants grab the bead with their dominant hand, Transfer to the moment they pass it to their non-dominant hand and Drop to the moment they put it on the peg. The Transfer and Drop phases are the most interesting. They represent the moment where the participants are specifically doing a target reaching task. Recording gaze data enables observation of hand-eye coordination abilities. The Eye Tracker used to record gaze data is a Tobii X3-120 screen-based eye tracker with a sampling rate of 120Hz. It is mounted at the bottom of the screen at the eye level of participants. Data analysis is performed with Tobii Pro Lab and the filtering algorithm used is the IV-T Classifier. To identify the number of fixations on the aimed target, we manually defined, using Tobii Pro Lab, dynamic zones of interest. They were the zones, on the 2D screen, aimed by the participants when performing the Peg Transfer exercise described later on. Statistics of the number of fixations in these zones can then be extracted.

• Time: A timer is set during performance of exercises.

• Score: Videos of the camera used to perform the exercises is recorded to allow for scoring of the Peg Transfer exercise. 10 penalty points are counted per dropped sleeve. When a sleeve falls from the pegboard 20 penalty points 

(A) (B) (C)

Learning Step

• Time: A timer is set during each trial of the two exercises performed during the learning session, described latter on in the article.

• NASA Task Load Index (TLX): It is used as an exploratory measure of comfort level with the executed tasks during the learning session. This index is a subjective, multidimensional assessment tool that rates perceived workload in order to assess a task, system, or team's effectiveness or other aspects of performance. It was developed by the Human Performance Group at NASA's Arms Research Center. The higher the score is, the more important is the perceived workload. In this study, the score is NASA weighted. Participants were required to fill the NASA TLX after they had performed the learning session.

Procedures: Experiment is divided into three steps (cf. table 2.1):

Post-Learning

Step The measuring tools and metrics are the same as during the Pre-Learning Step.

Pre-Learning

Step This step consists in the measurement of participants' base level. The data recorded enables to ensure that the two groups of participants: Classic and Robot do not show, initially, significant differences in level in the target activity. Means of each group before the learning session are compared to check for statistical differences. The exercises performed are the following:

• Peg Transfer Non Dominant: familiarization exercise, data is not recorded during this task because it is the familiarization task, during which participants discover instruments and set-up for four minutes. There are 6 sleeves and 12 pegs on the board. The 6 sleeves are positioned on 6 pegs, on one side of the board. Subjects have to transfer the sleeves from one side of the board to the other. To pick up a sleeve, they use the instrument held in the non dominant hand. Then they transfer the sleeve to the instrument held in the dominant hand. Maximum time is 4 minutes.

• Peg Transfer Dominant: recorded exercise. Subjects have to transfer sleeves resting on pegs on the other side of the board. They pick the sleeves up with the instrument held in the dominant hand, transfer them in the instrument held in the non dominant hand, drop them on the other side of the board.

They have to do as many as possible within four minutes. Data is recorded during this exercise only (cf. figure 2.5A).

Learning

Step Participants are randomly assigned either to group Classic which will perform one hour training session in CLS or group Robot which will perform 1h training in Co-RALS. During each learning session, participants have to perform two exercises: Pea on a Peg, Loops and Wire (cf. figure 2.5). These two exercises are performed in a random order. They are each performed repeatedly: participants had a maximum number of five trials for each exercise. To avoid the influence of fatigue on performance, a maximum total time per exercise and a maximum time per trial is set. The exercises are the same when performed either in Co-RALS or in CLS. Exercises performed are the following:

• Pea on a Peg: Participants have to place 14 beads on pegs of different heights. The beads are positioned on a peg board with the cup containing them in front. A maximum time per trial of 10 minutes is set as well as a maximum number of trials of 5 and a maximum time spent on exercise of 30 minutes. Once all the beads are placed on the pegs, the trial is finished.

The psychomotor skills developed are similar to those involved during Peg Transfer : fine motor skills, coordination, precision and depth perception (cf. figure 2.5B).

• Loops and wire: The exercise contains a peg board with 4 loops on which is positioned a flexible wire. Participants have to insert the wire in the 4 loops in a specific order indicated on the board. A maximum time per trial of 4 minutes is set as well as a maximum number of trials of 5 and a maximum of time spent on exercise of 15 minutes. Once the wire is inserted in all the loops, the trial is finished. The psychomotor skills developed are related to depth perception and manipulation of the instruments (cf. figure 2.5C).

Post-Learning

Step Participants have to perform the same exercises as the one performed during the pre-learning step:

• Peg Transfer Non Dominant: familiarization exercise.

• Peg Transfer Dominant: recorded exercise.

Robotic assistance and surgical learning

Results

We present the results given by each of the measuring tools and metrics used during the experiment. As mentioned before, gaze-tracking could only be recorded for Non-Resident participants while time and score were recorded for all participants.

Statistical tests were performed as a comparison between the means of each group: Classic and Robot for every metric used during Pre-Learning, Learning and Post-Learning steps. All sets of data were normally distributed, variances were homogeneous and samples were independent, hence Student's t tests were performed for every pair of data: number of fixations, duration of fixations, time to perform Peg Transfer. These tests have been performed for Non-Resident partici-pants, Resident participants were not numerous enough to perform statistical comparisons.

Main

Post-Learning Step

• Mean number of fixations on aimed target: for Non-Resident participants, before learning, on average participants perform 0.6 ± 0.1 fixations on aimed target during Transfer phase. In the same phase, after learning, group Classic performs 0.55 ± 0.2 fixations on average on aimed targets, and group Targets are separated in accordance with the % of participants who managed to reach them, this number being proportionally lower for the targets with the higher number. On average, group Robot does more fixations on targets 1 to 5 in Transfer phase, on targets 1 to 3 in Drop phase, than group Classic. Group Classic does more fixations than group Robot on target n°6, but variability is also twice as important: ±0.28 for group Classic, ±0.14 for group Robot.

Robot 0.59 ± 0.2 fixations on average on aimed target. Before learning, on average participants perform 0.54 ± 0.19 fixations on aimed target during Drop phase. In the same phase, after learning, group Classic performs 0.55± 0.22 fixations and Group Robot performs 0.45 ± 0.13 fixations on average on aimed target (cf. figure 2.6). These differences are not significant (Student's t Test, t(0.12)=20.3, p = 0.9).

• Mean fixation rate per second: for Non-Resident participants, the fixation rate per second decreases for both groups before and after learning all phases, except in Grab phase where it slightly increases for group Classic. After learning, in Grab phase, group Classic increases on average the fixation rate per second of 4% compared to before learning, group Robot stagnates.

In Transfer phase, group Classic does on average as many fixations per second before and after learning, while group Robot does 5% less. Finally in Drop phase, group Classic decreases by 6% on average the fixation rate per second, group Robot decreases by 10% (cf. figure 2.7). Difference is not statistically significant between the groups (Student's t Test, t(1.9)=9.7, p = 0.08). • Duration of fixations: for Non-Resident participants, the duration of fixations increases for both groups before and after learning in all phases of the Peg Transfer exercise, except for Grab phase in which it slightly decreases for group Classic. After learning, in Grab phase, group Classic decreases on average the duration of fixations by 9% compared to before learning, group Robot increases by 6%. In Transfer phase, group Classic increases the duration of fixations of 3% before and after learning, while group Robot increases by 5%. Finally in Drop phase, group Classic increases by 2% on average the duration of fixations, group Robot increases by 7% (cf. figure 2.7). Difference is not statistically significant between the groups (Student's t Test, t(-0.7)=11.9, p = 0.4).

• Time to perform Peg Transfer : for Non-Resident participants, both groups decrease time to perform the Peg Transfer exercise after the learning session. Mean time to perform the exercise before the learning session is 3.1 ± 0.9 minutes, while mean time to perform the exercise after the learning session is, for group Classic of 2.6 ± 0.6 minutes and for group Robot of 1.9 ± 0. ). After verifying the normality and sphericity of data, and the independence of samples, a repeated measures analysis of variance was performed to test for effect of learning. This effect is significant for Group Classic for exercise Pea on a Peg (Anova, F(1,6) = 63.25, p = 0.0002), but not for group Robot (Anova, F(1,7) = 2.215, p = 0.18). For exercise Loops and Wire, the effect of learning is not significant for group Classic (Anova, F(1,6) = 3.68, p = 0.1), but it is for group Robot (Anova, F(2,5)=8.4, p = 0.025).

• Time to perform training exercises: for Resident participants, exercise Pea on a peg alone is performed. Group Residents Classic starts for Trial n°1 with a mean time of 4.7 ± 1 minutes and ends for Trial n°5 with a mean time of 2.9 ± 1.4 minutes. Group Robot starts for Trial n°1 with a mean time of 6.9 ± 2.8 minutes and ends for Trial n°5 with a mean time of 1. Group Classic decrease their score a little bit more than group Robot.

Discussion

The measuring tools' and metrics' results confirm their ability to show the differences in terms of skills and performance between the two experimental conditions (Co-RALS and CLS). They also confirm the absence of negative impact of training in Co-RALS on skills in CLS. Gaze-tracking enables to observe the subtle disparities in hand-eye coordination skills in CLS between training in Co-RALS and in CLS, although showing both train the human to perform laparoscopic surgery. Time recording showed a slightly significant difference in terms of the ability for speed in CLS for group trained in Co-RALS compared with group trained in CLS, but this result should be analyzed with care as before learning, group Robot showed better tim-wise skills than group Classic.

The scores obtained in CLS by each group show no difference in achieved performance. Time recording when performing similar repeated exercises in Co-RALS and in CLS identifies that differences in the number of repetition needed before mastering the task, and the time performance that can be achieved for each condition depends on the type of task performed. The NASA TLX, finally, confirms that no supplementary workload was felt when performing in Co-RALS compared with CLS. Also, group Robot augmented, on average, the number of fixations on target before reaching it with the instrument in phases Transfer and Drop for targets n°1 to 5 while group Classic, on average, slightly decreased it, showing little improvement for the first group, and consistency for the second. We interpret these results as a consequence of having to deal with the algorithm implemented in the robot, the viscous field forcing the participants in group Robot to remain active when performing the gesture. This may have increased their attention state, despite the fact that their score is almost equivalent to that of the group Classic. In other words, the results suggest that group Robot has developed skills in laparoscopic in a way that is not statistically different to those developed by group Classic in the same task. Without it being statistically significant, group Robot even has better results in terms of number of fixations on target, fixation rate per second and mean duration of fixations after learning than group Classic.

Resident Participants Groups Classic and Robot, for Resident participants, took on average the same time to perform the Peg Transfer exercise after the learning session, suggesting they have equivalently improved their skills. Time taken to perform the Peg Transfer decreases equivalently for both group Classic and group Robot. The results from the small cohort of residents show a similar trend to that observed in the non-residents' results. This suggests that the same results could be obtained on this experiment with larger groups of residents in medicine. Resident Participants For Resident participants, who had a better base level at laparoscopic surgery, more trials were required in RALS for Pea on a Peg exercise than for Non-Resident participants to attain the same level as in CLS, but better performance was attained with the same number of trials. This may be due to the fact that, as they were used to performing in CLS, they had to re-adapt to this new setting before they could achieve their best performance on it. No significant difference was observed regarding scores obtained at the NASA Task Load Index when training either in CLS or in Co-RALS. Same as for the main question of research, a similar trend than that of the novices is observed. This paves the way for more research on effect of Co-RALS on subjects with intermediate level in CLS, to assess whether their performance can be improved significantly compared with CLS. 

Conclusion

The experiment conducted and its results, first, demonstrate that the measuring tools and metrics used and the exercises performed succeed in showing the learning process and performance of participants on tasks of robotic and classic laparoscopic surgery. The different metrics' results also indicate the advantages and limits of Co-RALS for learning. A comanipulated interface for RALS seems to succeed in maintaining active learning of the motor skills of the user i.e. in the target task (CLS) while performing the robot-assisted task (Co-RALS), contrarily to what was observed by Blavier et al. with the da Vinci [19; 20]. However, these results confirm the motivations that lead to the development of comanipulation [START_REF] Morel | Comanipulation. Medical Robotics[END_REF]: to support and assist the gesture to make it easier to perform without changing its characteristics. Gaze-tracking and time recording permit observation of two different aspects of the learning process: the psycho-motor skills' acquisition and the immediately visible performance. These two measuring tools taken together provide a comprehensive overview of what has been learned when training with robotic assistance. However, they go along with other measurements, whose purpose is to study the performance of the human-robot team.

Thus, to evaluate the learning curve on exercises of laparoscopy either when training in Co-RALS or in CLS, we used time-recording also. We observed the learning curve of two exercises: one is learned faster and performed more rapidly in Co-RALS than in CLS, and the other is learned and performed more slowly with the robot compared to without. Hence, the superiority of the human-robot team's performance in terms of the learning curve, seems to depend greatly on the type of exercise performed. Co-RALS enables to increase performance for exercises of fine motor skills and precision but for a task of proprioceptive and manipulating skills, Loops and Wire, it does not improve the learning process. The exploratory measures show other aspects of the human-robot interaction. The results obtained with the NASA TLX suggest that interacting with a robotic assistance to laparoscopic surgery results in an equivalent workload compared with performing CLS. The comparison of the peg transfer scores in CLS either after training in Co-RALS or in CLS demonstrate and equivalent performance between the two groups, confirming the previous results.

This study encourages to pursue research in human-robot interaction using quantitative metrics to qualify the conditions for interactions to be virtuous both for the human, and for the human-robot team's performance. The results are also in favor of other interaction designs for RALS than the dominant one, Tele-RALS. Still, these findings present some limitations. First, the number of exercises performed are limited. Future research on comanipulated interfaces and RALS with longer, more complex and realistic tasks may show more clearly how it can benefit to students in surgery. Second, the number of Resident participants is small. A study with a greater number of Resident participants, with groups of different levels would show more precisely how the comanipulated robotic system impacts performance and develops psychomotor skills depending on the level in CLS. Also, our study only focuses on one aspect of laparoscopic surgery which is dexterity. One could imagine future research that would involve knowledge also: of anatomical structures, procedures, risks etc. Despite these limitations, our results pledge for more research on human-robot collaboration, which could lead to more adapted and hence more easily adopted technologies.

Contributions of the chapter

In this chapter, we present interaction designs for robot-assisted surgery today. One type of surgical robotics, comanipulated, is studied in greater details. On the basis of what is stated about comanipulation, a study is described on the way a comanipulated surgical robot, which integrates in its development both dimensions of surgical learning and of surgical performance may contribute to the hand-eye coordination learning of technical surgical skills and how it may even enhance this learning. Beyond the demonstration of the fact that training on a surgical robot can teach to perform surgery without it, the overall aim of the study is to show that integrating a user's needs and constraints (such as the necessity to learn traditional surgical skills) in the design of a surgical robot can have direct effects on reducing some of the difficulties encountered by medical residents when training for surgery.

Still, it is important to emphasize that although this posture is interesting to adopt when developing surgical robots, many of the skills needed to master surgery cannot be acquired using a surgical robot. A surgical robot has a strong and valuable capacity to make gestures more precise, less tiring, more secure, but no capacity to train neither novices nor experts on the knowledge that makes this gestures possible. In the words of Lucile Vadcard, a researcher who works on didactics of technical gestures in the context of health, Paradoxically, the gesture depends on the individual's knowledge at the same time as it enables to develop and structure it. The important thing to remember here is that a technical gesture can only exist if structured by knowledge on the environment and its properties, in relation with the purpose of the activity and the individual's physical abilities [START_REF] Vadcard | Habilitation à diriger des recherches en sciences de l'education et de la formation, université de bourgogne franche comté "vers une didactique des gestes technique -enjeux pour la formation professionnelle en santé[END_REF] and that this knowledge is not, and can never be, taught by the robot. This observation then invites to the development of technological learning tools by building on pedagogical and didactical considerations, which can even result in the finding of the continuum between these technologies, rather than their individual advantages. Lastly, it invites to teach this knowledge in a way that is consistent with the expectations, needs, and constraints of medical residents.

Chapter 3

Video-based learning, pedagogy and surgical education This chapter presents the state of the art in terms of pedagogy and video-based surgical learning, exposes the existing knowledge representations in surgery, and introduces a second study. The study is exploratory. It aims at investigating both the concrete difficulties faced by medical residents in their surgical training, their consequences, and the ability of a training video based on human learning theories and model to diminish these difficulties. Using the methodology of the interview, and the testimonies of the participating medical residents, answers are sought as to the creation of an association between the knowledge captured and exposed in the video (i.e. the scripting of the video) and the reduction of the obstacles faced to gain proficiency in surgery.
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State of the art

Video-based learning and pedagogy

Video-based learning has the capacity to bring knowledge to many people concurrently without requiring a heavy infrastructure or burdening healthcare [5; 110], but studies on this matter in surgical education have so far focused on the display of video content, but less so in their creation. Even thought this has aroused little attention in the field of surgical training, in other domains some studies show video-based training, when supported by theories of human learning [120; 53] and multimedia design principle [START_REF] Shariff | The role of multimedia in surgical skills training and assessment[END_REF], has the most value. In this thesis, we argue that video-based learning tools are not efficient as the content they use is rather demonstrational than pedagogical, mainly focusing on non-technical skills, lacking multimedia design principles [START_REF] Shariff | The role of multimedia in surgical skills training and assessment[END_REF], and consideration for learning theories [START_REF] Radianti | A systematic review of immersive virtual reality applications for higher education: Design elements, lessons learned, and research agenda[END_REF]. Furthermore, these videos do not provide learners with the implicit and tacit rules acquired during years of surgical practice and which constitute the surgical knowhow [START_REF] Mameli | Méthodologie de conception d'un simulateur vidéo laparoscopique. de l'analyse des connaissances á la création des parcours d'apprentissage: Le cas de la chirurgie aortique[END_REF].

Quite recently, research studies have pointed out the importance of the integration of research-based theories of human learning and evidence-based principles for the design of effective instruction in surgical education [102; 27].

In a book entirely dedicated to Video Research in the Learning Sciences by Sharon J. Derry et al. [START_REF] Derry | Conducting video research in the learning sciences: Guidance on selection, analysis, technology, and ethics[END_REF], the authors address "4 challenges for scientists who collect and use video records to conduct research in and on complex learning environments:"

• (a) Selection: How can researchers be systematic in deciding which elements of a complex environment or extensive video corpus to select for study? These challenges are addressed to all researchers whose research topic is video learning but they are particularly relevant in the case of video learning for surgical education. The selection process then refers to the identification of a framework, which would address the challenges of how to compile and arrange video footage to formalize elements that are transversal to different surgeries and that are essential for the surgical student at the different stages of his/her learning process. This is a very important matter. We partially address it during this thesis. The analysis refers to the selection of human learning theories and models that apply to surgical learning. This is the challenge that is addressed in the experimentation presented in this chapter. The technology refers to the informed choice in terms of technology to record and display these learning videos, this challenge is addressed in the next chapter. Finally, the ethics is particularly challenging in surgical education as surgical videos filmed in the OR represent patients who are filmed while receiving care, in a highly vulnerable position. Also, the videos show a very intimate aspect of their lives. This challenge is also a very important one but we were not able to completely address it during this thesis. Still, we did obtain a favorable opinion from the ethics committee (No. CER-2021-073) of Sorbonne Université.

The complex knowledge representation

There is an obvious need for better knowledge representation in surgery: only little work have recently focused on the identification of the psycho-motor skills required in surgery. Yet, it is known that there are three stages that occur during the acquisition of a motor skill: the first stage (cognition) is an understanding of the task: individuals who are provided with a clear description and a demonstration of the task are more likely to master a new skill than those who are not. The second stage (integration) is the moment where motor skills unique to the task are applied to avoid inefficient movements. In the final stage (automation), the skill becomes automatic so that there is no need to think about each step or rely on external cues [START_REF] Kopta | An approach to the evaluation of operative skills[END_REF].

The moment of automation, which underpins technical competence, is the moment where a map exists of the whole performance in the neural circuits. At this moment, it becomes difficult for experts to explain or demonstrate the components of the task to others. Thus, the skills of an expert surgeon are not easy to identify and complex actions may be difficult to break into understandable component parts. Still, for surgery to be taught efficiently, these need to be defined [START_REF] Kirk | Teaching the craft of operative surgery[END_REF]. One way of identifying and dividing surgical gestures is the computer-based approach: where surgical gestures are defined as simplified, formal, or semiformal representations of a network of surgery-related activities, reflecting a predefined subset of interest [START_REF] Neumuth | Surgical process modeling[END_REF].

The computer-based approaches

Widely used approaches to representing surgical procedures are Computer Interpretable Guidelines (CIG) and Surgical Process Models (SPM).

Video-based learning, pedagogy and surgical education

CIGs represent medical knowledge to be shared across medical institutions for the purpose of standardization of clinical practice [START_REF] De Clercq | Computer-interpretable guideline formalisms[END_REF].

CIGs are designed for representing and communicating how a procedure should be properly carried out therefore they do represent effects of incorrectly performed actions, which is essential for teaching purposes. Surgical Process Models represent operational activities related to surgical resources, e.g., time and operators [85; 97; 112; 113]. SPMs typically represent the hierarchical tasks in a surgical procedure, from the high-level actions to the low-level motor movements. Like CIGs, SPMs focus on the correct activities in a procedure and do not include effects of incorrectly chosen or executed actions. In the words of Lalys et al. [START_REF] Lalys | Surgical process modelling: a review[END_REF] in their literature review, in an SPM:

"The highest level is the procedure itself. The procedure is composed of a list of phases. A phase is defined as the major types of events occurring during surgery. Each phase is composed of several steps. A step is considered to be a sequence of activities used to achieve a surgical objective. An activity is defined as a physical task and each activity is composed of a list of motions. The motion can be considered to be a surgical task involving only one hand trajectory but with no semantics. One assumption is that each granularity level describes the surgical procedure as a sequential list of events, except for the surgical procedure itself and for lower levels where information may be continuous." However such approaches do not include elements related with learning, such as the teaching of decision making by instructors, the teaching strategies used, the rationale behind these strategies and the knowledge that the instructors bring with them to the teaching. These approaches do not model the learner but the expert. An ITS that is designed for surgical education is SDMentor, created for teaching decision making in the preoperative and intraoperative stages of root canal treatment [START_REF] Vannaprathip | Intelligent tutoring for surgical decision making: a planning-based approach[END_REF]. Two essential components of this ITS are teaching strategies and knowledge representation requirements. It aims at representing surgical decision making, which requires an understanding of the causal relations in the surgical domains. They are a function of how actions are performed, the effects of previous actions, and the condition of the patient. This requires continuous situation awareness to assess patient state and the effects of previous actions. It captures actions with parameters and conditional effects, changes in the state of the patient, and the situation awareness process of interpreting observable parameters. The pedagogical model makes use of this representation to respond to students errors and to explore the students knowledge. The teaching strategies and knowledge representation requirements are identified through experts interviewing and observations. Surgical activity representation in the domain of surgical education has also been studied using the TELEOS system [93; 95; 157; 158], a simulation-based intelligent tutoring system (ITS) for the learning of percutaneous orthopedic surgery. It is based on a model of human learning, the cKç model by Balacheff [START_REF] Balacheff | ck¢ modèle de connaissances pour le calcul de situations didactiques[END_REF] which we describe later on in the thesis 4. This model can formalize the conceptions of an expert but also of a learner that can be misused in a domain and thus lead to errors. This computer environment includes a set of problems, defined according to the their didactic variables (an element whose involvement affects the outcome of the problem in question), a set of operators which are the actions that the user has the ability to perform while solving the problem and a set of controls defined in the form of "if...then" or predicates (statements). A mapping of the three sets is then established. The focus is on perceptual-gestural knowledge. The system produces a trail of the student's problem-solving activity and uses Bayesian networks to diagnose the activity. A didactic decision agent uses the diagnosis to generate feedback to the student.

To be able to describe all these elements of a surgical procedure, it is not enough to be an expert in the procedure or to have seen many of them. A meticulous work of literature reading on surgical interventions, experts interviewing, observations in the OR must be carried.

Qualitative methods for surgical learning research

Here, we describe qualitative methods we use in the study presented later on, for different purposes. Qualitative methods were used to help model surgical procedures (i.e. the C-Section and hysterectomy), and to investigate what links pedagogy, video-based learning and surgical education.

Interviews

In social sciences, interviews are a method of data collection designed to elicit information from interview participants. They are especially useful when the topic of research is complex and requires long explanations, subtlety and needs a conversation to be clarified. They are also an appropriate research method in the case of the study of a process.

Interviews can either be perceived as a way to access authentically and directly the interviewees' realities [10; 147], or as a scene where the interviewers and the interviewee co-construct data for a research project, as advocated by Holstein and Gubrium. They are two sociologists who have published important and exhaustive work on the interview as a research method. They claim that "that all interviews are reality-constructing, meaning-making occasions, whether recognized or not" [59]. To apprehend interview as a co-construction is to attempt to create an analytical, dialogic (that refers to the use of conversation or shared dialogue to explore the meaning of something, as opposed to monologic, which refers to one entity with all the information simply giving it to others without exploration and clarification of meaning through discussion), and compassionate ethic with interviewees [START_REF] Ellis | With heart: Compassionate interviewing and storytelling with holocaust survivors[END_REF].

In the words of Carolyn Ellis and Chris J. Patti, two professors of communication whose research interests are personal and collective storytelling, and compassionate communication: "[Co-constructed interviewing] aspires to understand and treat conversational partners not as traditional "participants," but rather as collaborators in at least three ways: (i) that sharing in dialogic/discursive authority and expertise on the subjects at hand and in the trajectories, flows, and topics of the conversation is desired; (ii) that the interviewer's motivation is to have a constructive conversation that is open to the worldviews of interviewees, and that the roles of interviewer/interviewee can and sometimes do reverse and become blurred; and (iii) that interviewers continuously consider the ethical consequences of such research relationships and motivations, in addition to the potential pitfalls of attempts to collaboratively represent such results." [START_REF] Patti | Co-constructed interview[END_REF].

As mentioned before, in some of the works conducted in this thesis, we have performed interviews. While this compassionate approach applies particularly well to emotionally charged research topics such as those studied by Carolyn Ellis and Chris J. Patti, we believe that their guidelines are valuable tools to use in the conduct of an interview, even for less emotionally charged research subjects such as video-based surgical learning. We have sought proposals for answers to the question of how pedagogy, videos, and surgical learning link together on the basis of the assumption that an interview is a construction, and in the dialogue between the interviewer and the interviewee.

Observations in operating room

Different work in the fields of anthropology, education sciences, and human-computer interactions have used observations in the OR as a tool to study, investigate the impact of the introduction of telemanipulated surgical robot [12; 122; 23], the hierarchical relations between the different actors [START_REF] Pouchelle | L'hôpital ou le théâtre des opérations[END_REF] or for the same purpose as our, the impact of human learning theories for the creation of surgical training [START_REF] Mameli | Méthodologie de conception d'un simulateur vidéo laparoscopique. de l'analyse des connaissances á la création des parcours d'apprentissage: Le cas de la chirurgie aortique[END_REF].

"In the narrowest and most determined sense, observation consists in being present and involved in a social situation in order to record and interpret it, while striving not to modify it. This social situation is always the product of an interaction between the participants themselves and, in one way or another, between the participants and the observer; it takes the form of events composed of successive sequences with a beginning and an end. A one-time observation consists of a visit or two to the site for a simple exercise, scouting or first attempt. A systematic observation is one that is repeated, following a concerted schedule" [START_REF] Webb | Observation as a methodology[END_REF].

Observation is a means of recording the behavioral activity of participants, which cannot be translated into words.

3.2. Our approach: Learning theories and video-based surgical learning 45

In a case that is of particular interest to us, observations were used to elicit the automatised, untold reasons behind the surgical gestures in orthopedics surgery [161]. These reasons had been identified as essential for the learner of the basis of a human learning model cited before in the thesis, the cKç model [START_REF] Balacheff | Conception, connaissance et concept[END_REF]. The observations enabled the identification of validations, actions, verifications, and controls related to illosacral screwing and which were not found neither in the scientific nor during interviews with experts. It is the same approach that we have carried out in the following experiment.

3.2 Our approach: Learning theories and videobased surgical learning

Background

In the following experiment, we present an approach that differs from those previously presented for surgical education. Unlike computer-based approaches, we propose a rather low-technology solution: a video for surgical training developed using the classification system of a human learning model. The video serves as training for a basic procedure in gynecological surgery, the hysterectomy (the removal of the uterus). The video is visualized by residents in medicine specialized in gynecology: some of them have already performed parts of the procedure when viewing the video for the first time, and others have not. They have all seen hysterectomies before. All perform, during their current internship as a resident, some gestures presented in the video when participating in other interventions in gynecology such as the C-Section. Some of them take part in hysterectomies during the training which consists in visualizing the video, as part of their current internship.

The investigation presented through this experiment focuses on the investigation of the difficulties faced by the medical residents when trying to train for surgery, as well as their consequences. The investigation is also focused on the ability of the video-based training presented in the experiment, whose creation and scripting is directly based on a pedagogical theoretical framework, to diminish these difficulties. These difficulties have already been discussed in this thesis, such as the fact that time spent in the Operating Room (OR) is shortening due to working hours restrictions and the augmentation of the number of students, the fact that generally speaking surgical training are too technology-oriented and do not consider the learners' needs and previous knowledge, and finally that they do not rely in their creation on human learning theories. These materials, while designed to export clinical learning outside the clinic, fail in covering many aspects of the surgical learning process which is long and complex in the sense that it requires to master and combine various technical, as well as non-technical skills.
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The experimentation we carried out with this video and its use and appreciation by the medical interns, impact on their knowledge and skills, is original with respect to the experiments generally conducted in the domain of surgical education. Considering the subtlety, the complexity of the effects sought and the fact that they depend strongly on each individual, the methodology used to seek for answers to the questions of research is that of the interview. Before presenting the results obtained from the interviews with the medical residents on the training video, we present the human learning model that led to the video creation.

Conceptual fields theory

In this chapter, we approach pedagogy through the theoretical framework of constructivism. Constructivism is often defined in opposition to behaviorism [55], considering cognitive development as a construction of active learner reorganizations and not as a linear process, being the result of maturation and stages [47]. Learning in this theory is interpretive, recursive and a non-linear building process of constructing meaning, as active learners interact with their surrounds, the physical and social world. Having difficulties with meaning making engenders progressive shifts in perspectives that can be generalized across experiences and that often require the undoing or re-organization of earlier conceptions [47]. These generalizations are called operative invariant. Derived from this theory in the field of psychology, is the conceptual fields theory by G. Vergnaud [START_REF] Vergnaud | Conceptual fields, problem solving and intelligent computer tools[END_REF], whose concepts are illustrated in Figure 3 According to G. Vergnaud, "The theory of conceptual fields is a cognitivist theory which aims at providing a coherent framework and some basic principles for the study of the development and learning of complex skills, especially those related to science and techniques" [START_REF] Vergnaud | Catégories logiques et invariants opératoires[END_REF]. The conceptual fields theory presents the relations between explicit knowledge and implicit operational invariants that partially constitute schemes [START_REF] Vergnaud | Conceptual fields, problem solving and intelligent computer tools[END_REF].
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Schemes are, according to Vergnaud, the cognitive activity which is very closely linked with the visible activity of the subject performing a gesture. A scheme is composed of up to four categories of elements: goals and anticipations, rules of action, possibilities of inference in a situation, and operative invariants. The function of schemes is "to organize and generate the activity in situation", and schemes are both "producers and products" [START_REF] Vergnaud | De revault d'allonnes à une théorie du schème aujourd'hui[END_REF]. The learner has to be able to represent given situations in a conceptual field, and either activate a relevant scheme to solve the problem caused by this situation, or "map this situation into a symbolic representation and then operate inside this representation until the solution is reached" [START_REF] Vergnaud | Conceptual fields, problem solving and intelligent computer tools[END_REF].

The operative invariants represent the key elements of the model since they are used to select and interpret the relevant information to solve the problems that individuals face in complex situations, such as surgery. The operative invariants that partially constitute the schemes allow the subject to capture, select and integrate the information present in a situation and to process it thanks to the categories of thought that they have developed.

The conceptual fields theory has been used before in the domain of surgical education to describe the reasoning behind the surgeon's actions [161], or as a basis for the creation of a simulation-based intelligent tutoring system (ITS) for the learning of percutaneous orthopedic surgery, the TELEOS system [93; 95]. As reference for the development of TELEOS, the conceptual fields theory enabled to better understand and identify the structuring points of professional expertise in the surgical activity of sacroiliac screwing, a specific surgical procedure. It also allowed to better understand how certain sensory-motor patterns are acquired and to define and experiment later on some of their learning conditions. Thus, we hypothesize that using this theory as a framework to create a pedagogical video for learning hysterectomy by laparotomy is relevant as it enables to identify and define the explicit and implicit knowledge necessary to attain proficiency in this procedure, and provides the key to understanding how to expose this knowledge to attending surgeons as well as how learning of the surgical procedure occurs during guided practice.

Methods

Model of the surgical intervention

To build the model, we observed 6 different videos of hysterectomies, we directly observed 15 hysterectomies, read literature on hysterectomy [150; 26; 78; 80], we performed interviews with 2 surgical experts on hysterectomy and one medical resident in gynecology obstetrics. We build a model of hysterectomy by laparotomy with six different classes, directly derived from Vergnaud's conceptual fields theory. We only make a partial use of the model, leaving aside the inferences in situation which are the reasoning to 'calculate' the rules and expectations [START_REF] Vergnaud | La pensée est un geste comment analyser la forme opératoire de la connaissance[END_REF]. We consider that these inferences are calculations made by the learner when performing the target activity and are therefore difficult to represent in the video and/or to generate using the video.

These classes used to model the hysterectomy by laparotomy are the following:

• Activity: The surgical steps of hysterectomy by laparotomy, from which are derived the actions, goals and anticipations.

Activity is organized in an identical way for a given class of situations by schemes. Schemes are constituted by the following four categories of the model:

• Actions, goals and anticipations: the surgical gestures to be performed to fulfil the objectives of the activity, from general to specific, including the expected results of these gestures.

• Rules of action, information gathering and controls: A rule of action is a rule which result conditions how the surgical actions are performed, depending on the value of different variables in the situation.

Information gathering and controls are the actions of verifying the state of the world to identify the values of the different variables in the situation, at each step of the hysterectomy by laparotomy.

• Operational invariants: Concepts, given meaning through different kinds of situations, each of which partially deconstructs the concept as dependent on a single situation and integrate it in a conceptual field that includes various different situations for the same concept. In the case of hysterectomy by laparotomy, concepts are knowledge that are considered true in certain situations, depending on the results of the rules of action and depending on the activity being performed. When the surgeon lifts the anterior layer of the broad ligament, the vesico-uterine space opens spontaneously where the first incision should be made, in the center of the cervix. Finally, the last element of the model is:

• The intervention domain: the situation in which the constituent elements of the scheme specifically apply, situation which can be as general as the surgical intervention, or as specific as the result of a rule of action.

Through our empirical work of observation, conversation and investigation, we settled on 9 activities: 1. Positioning of patient, 2. Incision and inspection, 3. Opening of the peritoneum and exposure of the round ligament, 4. Opening of the broad ligament, 5. Ureter identification and section of the lumbo-ovarian, 6. Bladder detachment, 7. Ligation and section of the uterine pedicles, 8. Vaginal opening, 9. Closure of the abdomen. The full model with all the activities can be found Appendix A, we provide an excerpt detailing activity No.6 in Table 3.1.

Video-based learning, pedagogy and surgical education

The video

The editing of the video is done on the basis of the elements of the model. The video displays images of a total hysterectomy by laparotomy and are captured in the Operating Room (OR) as can be seen on Figure 3.3. The films obtained in the OR are edited to represent the activities which represent most of the chapters in the video (seen on Figure 3.3, A) but not all of them. Some chapters concern rules of action or an operative invariant. The first example of a chapter in the video is Positionning of the patient on Figure 3.3. Audio comments describe the actions, goals and anticipations, as well as the rules of action and the operative invariant, they are activated or inactivated by clicking on Figure 3.3, B. The actions, goals, anticipations, rules of action and operative invariant are sometimes made more explicit with text written on the images such as in Figure 3.3, C: Opening of the anterior leaf of the broad ligament, or anatomy boards and drawings such as in Figure 3.3, D and E: Ureter identification and Bladder detachment, to explicitly show the action to be performed, as well as the underlying anatomical structures which can be injured when performing an action.

The participants

Participants are seven 1st year Residents, specialized in gynecology obstetrics. As can be seen in Figure 3.4, participants each have a different experience with hysterectomies, some have seen only one or two before starting the video-based training, and others have seen four of five. During visualization of the video, the experience also differs: some can make an immediate connection between the video and actual practice because they take part in hysterectomies during the current internship, and others cannot. The fact that all the participants do not have the same level, as we shall see, enables to observe important elements, on the one hand in the way this video is understood by the participants and on the other hand in the way surgical learning occurs, and where the difficulties lie.

Procedures

Each participant was interviewed two times, at two weeks interval. In between the two interviews, the participants were invited to visualize the learning video, as many times as they wanted. The participants amount of knowledge on the procedure and their experience of performing the procedure before training with the video differs greatly. Each interview lasts between 15 and 25 minutes. They are performed by two researchers. In line with the methodology for interviewing mentioned above, interviews are co-constructed interviews, in an analytical, dialogic and compassionate manner. We consider that interviews are not only a way of 3.2. Our approach: Learning theories and video-based surgical learning 51 accessing a truth that exists without them, but are also reality-constructing. Thus, we perform a constructivist analysis of the interviews.

The interviewers remain open to interviewees views and topics of conversation desired. Interviewers are learning from the interviewees. Still, themes of interest to the interviewers were chosen to be addressed and examples of associated questions were prepared, for each interview: before viewing the video, which can be found in Appendix B and after viewing the video, which can be found in Appendix C. The themes to be addressed during the interviews were the following: 1. Before viewing the video: participants experience with surgery in general and hysterectomy in particular; knowledge of hysterectomy; examples of moments viewing hysterectomies or participating to hysterectomies; training received on hysterectomy; shortages felt in surgical education; suggestions to overcome these shortages and 2. After viewing the video: experience with hysterectomy since the first interview; training on hysterectomy since the first interview; moments of association between video and hysterectomy viewed or performed; general opinion on the video; observed difference between the video and training generally received. In between the interviews, the participants were able to visualize the video as many times as they wanted. They had access to the video through a URL.

Thematic analysis results

We have identified one overarching theme: the complementarity and influence of the OR on the video and four sub-themes: the fact that Practice gives learning a meaning and necessity, that The best learning scenario lies in the repeated succession of the pedagogical video and practice, that Acquiring knowledge with the 3.2. Our approach: Learning theories and video-based surgical learning 53 pedagogical video results in a greater feeling of belonging and the last sub-theme, The video and the creation of operating constants.

Practice gives learning a meaning and necessity

The proximity of the video with practice appears to be an essential component of learning in two ways: 1. the video has to show the reality in all its complexity otherwise the mental representation is impossible. 2. The knowledge presented in the video must be put into practice to make sense.

About the necessary proximity of the video with reality, R5, who has never participated in a hysterectomy but who has seen two, says:

"We can't visualize until we see in pictures what to expect. What does it represent and how is it done?" (R5).

As cited earlier in the thesis, there are many ways to train for surgery outside of the OR: there exists simulators for surgery, as well as manuals, manikins, Virtual Reality (VR) and Augmented Reality (AR) scenarios. Yet, very few of these use real images of the OR and therefore fail to make the connection in the medical residents' mind between the theory and the practice, i.e. between the information they give and the gestures performed by the experts in the OR. About the realism of the video, and the absence of realism of other learning material, R3 who has seen and participated in several hysterectomies mentions: "You visualize things better. Yes, you understand better. You visualize better what's going on than when you just have a text where they tell you that they're going to dissect your ligament and then you don't even really know exactly what the ligament looks like. Because you've been told that it's inserted at such and such a place. But if you can't see it with your eyes, it's complicated." (R3).

As said before, gesture learning is a paradox: it depends from the individual's knowledge at the same time as it develops and structures this knowledge. This paradox is directly observed in the interviews conducted with the residents in medicine. This is particularly noticeable in the words of R4, who has only seen one emergency hysterectomy before participating in the video-based training. Because of the urgency and the severity of this specific procedure, s/he could not develop a mental representation of the intervention: its steps, the anatomical structures, the instruments used, the risks... Furthermore, the first hysterectomy seen was in laparoscopy while in the video the hysterectomy is in laparotomy. About the fact that the knowledge presented in the video must be put into practice to make sense and to be structured, the words of R4 give valuable information. After viewing the video one time, R4 mentions: "I would say that I had a little trouble with this video" (R4) and then to explain the difficulties faced with the video: "So I think that the next 6 months, no, I won't really do [a hysterectomy] [...]. This is not the right time for me. (R4) That's probably not the priority here, the hysterectomy." (R4) and also: "Psychologically, I was expecting a laparoscopy. So I found the laparotomy aspect quite disturbing. And the view was not what I expected." (R4)

The video was too far from the OR practice for this participant to be even just listened to and entirely visualized. Yet it was designed to be accessible and instructive. Still, R4 is not going to participate in any hysterectomy during her current internship, and so the knowledge given in the video is not needed, neither can it be structured, i.e. given a meaning. Practice is learning, performing the gesture also means learning the reasons behind the performance of this gesture. R4 mentions not having neither the time nor the need to learn about hysterectomy by laparotomy, but the fact that s/he does not practices also means that there is an entire part of knowledge, the one acquired through practice, to which s/he does not have access.

Beyond the fact that practice gives meaning, there is another essential aspect that it also provides: the need to learn. We mentioned several times before the importance of taking into consideration the needs of medical residents, and this participant's testimony is a representation of this importance: his/her need is not to be trained on hysterectomy and even less by laparotomy so s/he has no time to spend on this video, as informative as it may be. R4 says it in in very explicit way: "[...]spontaneously the brain gets rid of all this useless information and if it's not in concordance with what you're going to do in the internship it's not very interesting, right away" (R4).

Residents have a busy schedule, they cannot offer to learn gestures that they do not practice every day as their heads are already full with the gestures they practice every day and are trying to learn. A video-based training, or any training, must come at the right time according to the daily practice and the needs of the medical residents. When a video-based training meets both of these conditions, is when the video interpretation will be the most interesting from a learning point of view.

A different testimony is given by R3, who saw and participated in two hysterectomies before viewing the video-based training for the first time, and continues to participate in hysterectomies.

" Yeah, well, I find that the video, in fact, it's halfway between theory and practice. Because [the video contains] all the theory in fact, [...] you have to pay 

About the clarity of the video:

"Honestly, it seemed clear to me. I think there was the necessary information, there wasn't too much excess either" (R3).

R3, unlike R4, not only has a need to know about hysterectomy in his/her daily practice but has also seen hysterectomies before so s/he has a mental representation of the procedure before starting the training. The video was watched and understood, and even specific missing elements could be identified: "In the video, the practical things like pushing your scalpel in such a way that it will work well with this clamp rather than that one, all that, it's not precise. I think it's a little bit precise, but not much more." (R3).

Here, R3 identifies a problem of comprehension in the definition of the scheme, being that the "practical " side of some of them is not found in the video. These are probably missing elements in the model, and therefore in the video, that are part of situational inferences that we have chosen not to include in the video.

R5 has also seen two hysterectomies before: " Well, perhaps because I had seen them in laparoscopy, I already had the time to know which ligament it was and which stage we were at, why we were doing this. Well, perhaps I didn't know where, I don't know, I had a slightly blurred vision of the places, of the elements, and now, as a result, of seeing them again several times [in the video] with a clear head. Well, I can visualize better such ligaments, where they are inserted, where they come in, and why do we take this off ? And why do we go this way?" (R5).

We can observe with these different situations how important practice is in the comprehension of the video first because it enables the exposition to similar situations as those presented in the video and hence contributes to creating the conceptions in a complementary way to the video, and second because it may or may not create the need to learn. It thus seems that without the experience of a real situation, the actions, goals, anticipations, rules of action and operative invariant described in the video do not succeed in generating the creation of a scheme according to the definition of Vergnaud. Additionally, as mentioned by R5, the knowledge contained in the video also appears to give practice a meaning. This is part of what allows us to affirm the complementarity of video and the operating room, they each bring essential aspects of learning. This statement leads us to the second sub-theme.

The best learning scenario lies in the repeated succession of the pedagogical video and practice

From this necessity to have seen hysterectomies in the OR to be able to understand the video and draw knowledge from it, a second one follows: the necessity to go back and forth between the video and the OR. The viewing of the video and the discussion about it highlights some deficiencies in the teaching that takes place in the operating room. We have already pointed out that the hours spent in the operating room are too few, but have not discussed what these hours do and do not bring to medical interns in terms of surgical learning. R1, who has seen and participated in hysterectomies before the first interview, mentions it:

"And so, yes, that's why the video has a good effect to say in retrospect I did that. [...] when we are taught sometimes, things are explained to us, or they show it by holding our hand and we don't think enough and seeing the video [afterwards] it can [..] reinforce a little bit the learning" (R1).

Here R1 says two things: both that in the OR, the explanations are scarce or only given by demonstration and that the video is efficient in providing information that are missing in the OR.

R2, who has only seen hysterectomy but not taken part in any describes how practicing and going back and forth between reality and video will help him/her learn:

"Ah yes I think that [...] the more I will progress and the more I will be interested in different things on this video. I find that it is made to be seen several times as we progress, because for the moment I was taking it a little bit in informative mode but after I have seen it several times it will be: 'why do we put the [clamps] like that?', 'how do we do it', I find that we have a different understanding of the video as we progress" (R2).

These testimonies enable to better identify the shortcomings that interns face in their surgical learning process and how the video can help solve them by being complementary to the OR. Indeed it appears that in the OR, the explanations given are not enough to fully understand the gestures. In other words the rules of action, the operative invariant are not systematically explained to the attending surgeons. This can be partly explained by the fact that the OR is dedicated to care before being dedicated to surgical education. Efficiency and speed constraints that guaranty patient's safety are often applied at the expense of teaching time. As a consequence, surgical students are not given detailed explanations on what is happening, they are not given time to perform in a way that allows them to learn while performing -this would imply the risk of making mistakes that could 3.2. Our approach: Learning theories and video-based surgical learning 57 be harmful for the patient-, and neither are they given explanations on why the gestures are done in such or such way. This is when the video makes sense, literally, of the images seen in the operating room.

On top of the reasons given before, the operating room as a place of practical application also fails at providing a fully comprehensive learning experience because of the fact that experts have automated, by dint of experience, the reasons why the make the decision to perform the gesture in such or such a way. As a consequence, they sometimes are unable to make these reasons explicit. This is explained by Vergnaud in an other situation: "This discrepancy between the finesse of the action and what can be said about it does not only concern the workers and technicians. About thirty engineers who designed the Ariane launchers, and who had become great experts after 12 or 15 years of experience, were asked to write "methodological guides". These guides were intended for the training of young engineers, as well as for the establishment of the company's own competences for its negotiations with other companies, French or foreign. A reading of these guides shows that, however expert they may have been, these engineers did not convey certain decisive elements of their professionalism: for example, they gave an almost purely sequential vision of their activity (we do this, then that...), leaving out the reasons for their choice, and the conditional reasoning which accompanied them. Similarly, they did not mention the cost/effectiveness criteria, which are nevertheless crucial for the choice of the technical solutions chosen" [START_REF] Vergnaud | La pensée est un geste comment analyser la forme opératoire de la connaissance[END_REF].

In the same way as in the story told here, in the OR, the residents do not have access to the reasons behind the gestures. The explanations are often brief and teaching is done by demonstration rather than by instruction. Yet, R2 underlines that "it is very important to explain during the intervention, otherwise we are completely blind. [...] It is very difficult to imagine what you see in picture [in laparoscopy] in real life, it's very important to know the anatomical references and everything" (R2). For R2, not having the explanations behind the gestures equals to being blind. At the opposite, not going to the OR, for reasons previously explained, hinders learning of the knowledge explained in the video. It is these observations that lead us to affirm that the best learning scenario lies in the repeated succession the pedagogical video and practice.

Going to the OR, as mentioned by R2, changes the perception of the video, and helps to realize better : "We realize better in real life [...] there is a big difference between reading slides and saying 'ok, we'll do it like this, we'll do it like that' and seeing it in real life." (R2) And also helps to:

Video-based learning, pedagogy and surgical education "anchor the knowledge learnt before and then to really integrate it so yes it is in the continuity in my opinion of the theoretical knowledge" (R5).

While the video appears to put a light on the knowledge that remains inaccessible -because untold-in the OR, the anchoring and integration of this knowledge takes place in the OR. Seeing the action performed or taking part in the performance in the OR, after viewing the video, gives action a meaning and a purpose that is not only purely conceptual and theoretical. These considerations must be put into the context of learning for medical residents: their presence is required in the "field" for many hours, to analyze and work on the resolution of numerous and varied situations, both inside the OR and outside the OR. A theoretical knowledge that is learnt can only be integrated if it is used in a real situation, with the genuine aim of solving a problematic situation. Performing or participating in the performance using this theoretical knowledge is one of the ways, if not the only way, to assimilate it. This moment of meaning-making and assimilation is very well described by Huard (2010):

"Situational experience is an opportunity to carry out the process of pragmatic elaboration, the process by which a concept acquires meaning for a subject through the situations in which s/he is involved. The return on the experience lived in situation in a training device cannot be a simple return on the action of the learner, but it is first of all necessarily a return on his activity of comprehension, of interpretation of the situations, of the activity of the more experienced others, and it is also a return on the interaction, on what was said there, what was done there" [START_REF] Huard | L'intérêt de la didactique professionnelle pour la mise en oeuvre d'une pragmatique de formation[END_REF].

Hence the need to go back and forth between the pedagogical video, and practice. Because of the "difficulty" on the one hand, experienced in the OR where explanations are lacking, and because the OR gives learning a purpose, and is a moment of comprehension and interpretation.

It is this difficulty, made almost invisible to the experts because they have learned to distinguish, to identify, to locate, to perform, that the videos enable to minimize. In the OR, not making these reasons explicit to the medical residents has a subtle but not insignificant consequence that the interviews enabled to reveal: it makes them feel as if they do not belong to the medical team.

Acquiring knowledge with the pedagogical video results in a greater feeling of belonging

The consequences of this lack of explanation of the reasons that guide the actions is the feeling of not belonging (to the medical team, to the action) by the residents. R3 describes how it feels not to have this knowledge:
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"I ask questions to the surgeon, but sometimes there are questions that you don't dare to ask, you say to yourself that it's a stupid question and you don't want people to think that you're useless, so sometimes you don't ask the question and then you don't really know" (R3).

Yet sometimes, the residents are invited by the experts to perform the gestures as a way to teach them to do it, but they are always fully guided when performing gestures in the OR, and have no explanations neither on its how nor on its why i.e. on the rules of action that apply, the operative invariant, the controls that have to be performed to verify the rules of action. R6, who has participated in several hysterectomies, speaks of it in these terms: "It's true that, for example, if [the expert] holds her scissors in one direction rather than the other, she won't necessarily say I'm holding my scissors in this direction because [...] if she gives me the scissors in my hands and I don't do it right, she'll say no. You have to hold it in this direction [...]. But I wouldn't necessarily have known in advance because I hadn't been told before and afterwards, regarding the stages too, when she advances in the surgery, when she goes from such and such gesture to such and such gesture, she doesn't necessarily think that she needs to specify what she is doing, she won't necessarily do it" (R6).

The reasons for the impossibility of access to this knowledge are twofold: because the experts have automatized the gesture, as mentioned and before, and because the stress is too high for the residents to be in good conditions to learn. This results in the impossibility for the residents to rely only on the OR for their surgical education.

R7 has also participated in several hysterectomies, including two between the first and the second interview, which means at the time the videos were available to him/her and he/she watched them, and describes it this way: "No, you couldn't learn everything in the OR because there is the time constraint in the OR, which means that even if the chiefs try to explain as much as possible, there are always things that they don't explain and that seem logical to them because they have done it 500,000 times and that in fact for you it is not logical. No, I think that not everything is .... It's not possible to learn everything in the OR" (R7).

Indeed, R7 also mentions how the stress hinders the ability to learn in the OR.

The problem is not only the few hours spent in the OR, but also what is taught during those hours and how it is taught. A part of the teaching necessary to the realization of the surgical gesture does not cease escaping to the resident. This knowledge will reach him/her only by dint of numerous and varied repetitions, which equals to great determination and hard work to succeed in retrieving it.

Video-based learning, pedagogy and surgical education

About the distribution of knowledge within the medical team, and his/her role as a "help" R6 makes interesting comments:

"I think that it is the operator who needs to know, to know the steps since the help at the end, s/he is only following. You have to anticipate the operator's gestures. Clearly, when I was holding the forceps, I did exactly what the surgeons told me to do. So, I don't know if it would have changed anything for me to have reviewed or not. And so, I think actually, everybody, whether it's the assistant or the operator, we need to know what's going to happen, for the smooth running of the intervention" (R6).

The comments made are paradoxical but provide important elements in the understanding of how the concepts described in the video and derived from the model can change the course of the intervention. R6 mentions that s/he was fully guided when performing a gesture during a hysterectomy and therefore she wouldn't have needed to know more about it to do it properly. Still, s/he also indicates that "for the smooth running of the intervention" every member of the medical team should be able to anticipate what is going to happen next i.e. to know the actions, goals and anticipations.

And R1, about a gesture s/he had previously done in hysterectomy, and that the video helped her/him understand:

"When I did it, I had a lot of support, I was accompanied in the gesture. When I did the gesture, I didn't think about it exactly, I didn't know exactly how to do it. I followed the movement of the hand that was necessary to perform, so yes, having seen the video, it makes me rethink how I had made the gesture and therefore, in what way it is necessary to hold the instrument, well how I had to do it" (R1).

In this case, viewing the video even after having performed gestures during a hysterectomy, helped R1 understand the reasons behind the gesture that s/he had not been explained during the intervention.

R1 also specifies:

"It was just at the time of the colpotomy in the last video when we did it in laparoscopy, just, I had not understood how to turn the uterine manipulator and there it was much clearer how it was explained [in the video] well it's silly because you just have to turn it. But I hadn't seen the shape of the instrument and so it didn't really work. So it just reminded me of that." (R1).

R2 also speaks of the part played by the video in the learning process: "I think it's the video that brings [the theory] because they don't necessarily tell us the name of the steps, like they say here you do like this you do like that but like that it's not very theoretical it's more technical stuff that they give us as advice and not really theoretical stuff and given that we don't have any course on that I think that the video has done this work" (R2).

3.2. Our approach: Learning theories and video-based surgical learning 61

And about how the absence of explanations on the how and the why of the gesture makes them feel, R6 has very specific words:

"For example, even if [the expert] tells me [to perform] gestures it would be nice if she could tell me why do this and not that. Because such and such a reason. And then, if we did that it would do that, that [the expert] explains the reasons and not just make us the technician of the operation" (R6).

The result is a feeling of being left aside and used as a "technician". Without knowing the reasons underlying the gestures, the attending surgeons are unable to gain proficiency, and as a consequence, they feel left aside.

When experts do explain, in most cases, residents are too stressed, their attention is overloaded by the fact that they are eager to perform correctly as they are told to perform, and that they want to anticipate the needs, the gestures of the expert. The attention is "broke" into little elements and it is hard for the learners to take a step backwards and have a global understanding on the intervention: its steps, its risks etc. R5 speaks about it in the following way:

"But when you're in the OR, you may be more stressed, you're there without being there and you concentrate a bit on things and you forget steps" (R5). This sub-theme also feeds the idea that the pedagogical video and the OR and complementary. So does the last sub-theme, which is about the creation of a conception by linking gestures performed in the operating room in a certain context such as a cesarean section, and gestures seen on the video performed in a different context: the hysterectomy.

The operative invariant

Participants who did not practice the intervention showed in the video, the hysterectomy, during their current internship, interestingly still benefited from it by making connections with gestures performed everyday during other surgical interventions. This is what we have called the operative invariant and is a direct observation of the creation of a conception in the sense given to it in the conceptual fields theory. The concept is here given meaning through different kinds of situations, each of which partially deconstructs the concept as dependent on a single situation and integrate it in a conceptual field that includes various different situations for the same concept. R4, who does not practice hysterectomy during her/his internship, still mentioned that viewing the video s/he was able to make a link with her daily practice, the C-Section. S/he mentions bladder detachment, performed during C-Sections, and while visualizing the video, discovered in the context of hysterectomy:

"Yes, where it was a bit useful and I found it interesting, was the bladder detachment part, since we do a bit of that in C-Section. And I found it funny to have the approach a little more surgical because in C-section it's a little bit the bladder that bothers us, so we kind of just get rid of it but don't bother too much. But yes, it was a little more, more detailed [in the video]. [...] That was interesting" (R4).

Even though most of the video was not understood or of interest to R4 who does not perform hysterectomies on a daily basis -and never performed any except an emergency one-, an activity presented in the video still caught her/his attention, because performed in another context. Here, the participant learned by being able to navigate between different surgical interventions during which identical conceptions are used, but in different contexts, requiring different goals and anticipations, and rules of action. This a typical situation of learning in Vergnaud's conceptual fields theory [START_REF] Vergnaud | Conceptual fields, problem solving and intelligent computer tools[END_REF]. By deciding to focus only on open hysterectomy and its different variants (total, interannexal) we had not anticipated this situation.

R6 also mentions making similar connection but regarding the incision activity:

And another for the Pfannenstiel incision: "Since I saw the video, I haven't done a hysterectomy. But I have done C-sections and as the video details the Pfannenstiel, I used it for C-sections. It helped me during the C-Section." (R6).

Here, too, learning occurs in a way that is very beneficial to the learner: by drawing parallels with an already known conception, but by encountering it in a different context with different constraints that apply to it. The same kind of learning situations are encountered when participants are mostly used to seeing laparoscopic hysterectomies, while the video shows a laparotomy hysterectomy, R6 talks about it this way: "Also, I had never seen a open hysterectomy, but only a laparoscopic hysterectomy, and I think that overall, we find the same steps" (R6).

And R5 says: "I think that the structures remain the same [between laparoscopic and open hysterectomy] -it's not the same angle, it's not the same vision exactly, but in itself, it remains the same steps in more or less the same order but with the same structures. So, I think that yes, it will help me to better visualize the anatomical structures" (R5).

Here, the actions, goals, anticipations, rules of action and operative invariant strictly related with laparoscopic hysterectomy instead of hysterectomy by laparotomy (shown in the video) remain unknown -at least they are not given to the learners by the video. Still, between the two surgical interventions, or rather between the two ways of performing the surgical intervention (by laparoscopy or by laparotomy), there exists operative invariant: "categories with which the subject takes from the environment the relevant information for his actions" [START_REF] Vergnaud | Catégories logiques et invariants opératoires[END_REF]. These categories form a knowledge which allows to "generate, consciously or unconsciously, rules of actions, actions and anticipations" related to every particular situations. Because some of the interviewed medical residents had participated in laparoscopic hystere-ctomies before, they had acquired part of the knowledge which constitutes the operative invariant related with hysterectomy, and viewing the video, they were then able to extend each of these categories with novel knowledge. Rather than a creation of categories, the video engendered an enrichment of categories: such as, as mentioned by R5, "the steps", the "[anatomical] structures". However, the same participant (R5) explains that the "angles", the "vision" differ, these are the elements enriching the categories. This observations also contributes to emphasizing the complementarity of the pedagogy-based video and of the OR.

Discussion

The results obtained in our study suggests that major improvements can be made in surgical education, not by means of technological advancements, but by means of more pedagogical training. The study enables identification of the types of not so obvious difficulties faced by residents in medicine when trying to learn surgery and the impact of the use of human learning model to develop video-based surgical training on the reduction of these difficulties (as for example the fact that it allows for the creation of meaning before or after the realization of the gesture, the fact that it results in the creation of multi-situational conceptions, that it improves residents feeling of belonging to the medical team etc.)

The purpose of developing video-based training within a human learning theoretical framework is not to replace or to differentiate from the apprenticeship model which is still very important in surgical education, but rather to complement it with elements that it lacks today. Whereas the Halstedian saying recommends to "See one, Do one, Teach one" it is as if today administrative and time constraints prevented the experts from doing the last, teaching part. To see and to do according to the residents testimonies appears to be the only elements that are still used by experts to teach interns while a whole part of the knowledge essential to perform the gesture, remains inaccessible to them.

Applying a human learning model to recorded videos of interventions allows for a systematic segmentation of these videos and the design of a training scenario, by adding text annotations and/or audio comments. It gives students in surgery the opportunity to train on realistic situations. Although this process may seem time consuming, it has the potential to reduce the surgical learning curve which is currently based on experience in the OR and thus requires an important quantity and variety of interventions to reach all of the learning objectives. Some points of the experiment yet deserve more detailed comments. First, some of the problems, operators and controls presented may not reach total agreement between experts. In our case, only two experts were consulted to design the model. A broader cohort of surgeons, as well as the measurement of their agreement on each element of the model, would reflect a more accurate modeling of laparoscopic hysterectomy. Second, the model presented here details a benign case of hysterectomy. It could be extended to more specific pathological cases to which students are not necessarily fortunate enough to have access, or simply to laparoscopic hysterectomy. Third, our study is very exploratory in nature.

The interviews revealed an interesting point on which we encourage the development of future, less exploratory research: the process of creation of the surgeryrelated conceptions. During the interviews, links were made by attending surgeons between the pedagogy-based videos and the reduction of difficulties faced when trying to train for surgery. Still, because the interviews were not focused on a particular topic, they do not allow for demonstration of a concrete situation of learning of a surgery-related conception: the moment of understanding, for one surgical gesture, of all the goals and anticipations that may condition its realization, all the rules of action, the operative invariant that condition the way in which it is realized, in each different intervention domain it applies. A whole study could be conducted on this specific topic, and would give precious information on the existing links between pedagogy and surgical education.

Conclusions

Although numerous solutions are developed for students to have access to surgical training outside of the OR, from bench-top models to simulation to manikins, VR, AR, videos etc., surgical training still seems difficult to access for medical school students. They easily mention that they have nothing to train with, because of the lack of time, because solutions are too expensive, not pedagogical enough. This discrepancy can be partly explained by the fact that high-technological learning material for surgery are often developed rather as a technological achievement than to significantly increase surgical student's knowledge and skills in surgery. This is demonstrated by the number of simulators focused on training the technical skills of interns rather than their knowledge of anatomy, risks, steps of procedure, instruments, decisions to make in case of advert event etc. Yet, this know-how is the majority of the surgical expertise. As mentioned several times by the medical residents, it is not -or rarely-either explained inside the OR. This first experiment enabled to show that a pedagogical video had a positive impact on this matter: the inaccessible knowledge became accessible. As a consequence of viewing the video, gestures seen in the OR that were not understood, in retrospect had a meaning, a purpose, the back and forth between the OR and the video made the meaning given to each of them evolv and finally, the knowledge acquired through viewing the video and viewing hysterectomies in the OR reinforces the feeling of belonging the medical residents.
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Yet, considerations in the creation of the learning script were only pedagogical and not technological. Technological considerations may certainly strengthen the impact of the video on the medical residents difficulties by making them more attractive, more accessible, more pleasant to watch, more interactive and therefore adaptable. But pedagogical ones seem more fundamental as they have the ability to reintegrate the learner in the surgical practice by making him/her go from being a passive "service provider" to being an active, understanding, decision-maker part of the medical team -which does not imply that the decisions have to be taken effectively putting the patient at risk, but can be proposed and formulated, and above all understood.

Contributions of the chapter

This chapter presents the methods and theories behind the creation of a pedagogical video-based surgical training. The concepts, approaches and measuring instruments used for this purpose are described. An exploratory study is presented, which aims at highlighting not only the difficulties faced by residents in medicine when training for surgery but also the practical and specific consequences of these difficulties, and how they can be alleviated by a scripting of learning. What is meant by scripting of learning is the theoretical framework that guided the creation of the video and which enables to elicit and to methodize the exposure of the knowledge that is essential to the realization of the gesture. The interviews conducted with residents in medicine trained with a scripted video-based training on hysterectomy and who perform gestures in hysterectomy, enable to determine that the difficulties are not only due to the lack of time spent in the OR or the ever increasing administrative burden as was mentioned before.

The difficulties are also found in the lack of explanations given in the OR, or even in the existing learning materials that are either not realistic enough or not didactic enough. Additionally, the comments made during the interviews show that the scripting of learning on the basis of a human learning model has the ability to ease these difficulties by giving meaning to the gestures seen in the OR as a result of which residents in medicine feel more a part of the medical team, and are able to learn in the sense given to this word by Vergnaud, i.e. are able to navigate between conceptions: to have a mental representation of a similar action in different contexts, knowing the different goals and anticipations, rules of action and operative invariant which apply in each context.

The study carried out here enables to determine that technological developments are not the only ones capable of improving the training of interns, and it may well be that they are the least capable of doing so. Technological developments are more valuable for the experts while advances in terms of pedagogical support for the development of surgical training seem to have a very high capacity to improve surgical training.

Chapter 4

Towards techno-pedagogical systems In this chapter, after detailing a state of the art on techno-pedagogy and the main theories that represent it, we present an experimental protocol which aims to investigate the impact of including such theories in video-based surgical learning on medical school residents' knowledge, skills, and experience as learners. As mentioned before, some work have focused on Intelligent Tutoring for surgical education [95; 93; 163; 158] but none, to our knowledge, in the context of gynecology, a medical specialization which requires, among other things, an excellent ability for tissue identification, fine anatomical knowledge, meaning a capacity for complex decision making.
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Towards techno-pedagogical systems

State of the art

The definition of techno-pedagogy

Techno-pedagogy refers to, as defined by the Interdisciplinary Research Group in Langages & Technology at the University of Ottawa, " (teaching) practices that take into account both pedagogical (teaching and learning methods, motivation, the development of students' skills), and technological aspects (using computers, the Internet, interactive whiteboards, etc.). [...] Technology, therefore, is considered as a mean to support active teaching methods, and not as an end in itself. The common goal of those innovations is to improve the quality of the students' learning." [tec]. Hence creating techno-pedagogical systems means considering both pedagogical and technological components and constraints, as well as the association of these elements, which create new components and constraints. There are existing models of learning which are based on techno-pedagogy and we describe one of these.

The Technological Pedagogical Content Knowledge (TPACK)

Matthew J. Koehler and Punya Mishra are two researchers with expertise in psychology, education and technology who created a framework, called technological pedagogical content knowledge (TPACK) based on Lee Shulman's construct of pedagogical content knowledge (PCK) [START_REF] Shulman | Those who understand: Knowledge growth in teaching[END_REF] -described later on. They state that: "Teaching is an example of an ill-structured discipline, requiring teachers to apply complex knowledge structures across different cases and contexts [106; 149]. Teachers practice their craft in highly complex, dynamic classroom contexts [START_REF] Leinhardt | The cognitive skill of teaching[END_REF] that require them constantly to shift and evolve their understanding. Thus, effective teaching depends on flexible access to rich, well-organized and integrated knowledge from different domains [52; 131; 146; 145], including knowledge of student thinking and learning, knowledge of subject matter, and increasingly, knowledge of technology. [...] particular technologies have their own propensities, potentials, affordances, and constraints that make them more suitable for certain tasks than others. " [START_REF] Koehler | The technological pedagogical content knowledge framework[END_REF].

Punya Mishra and Matthew J. Koehler's 2006 TPACK framework [START_REF] Mishra | Technological pedagogical content knowledge: A framework for teacher knowledge[END_REF], which focuses on technological knowledge (TK), pedagogical knowledge (PK), and content knowledge (CK), offers a productive approach to many of the dilemmas that teachers face in implementing educational technology (edtech) in their classrooms. By differentiating among these three types of knowledge, the TPACK framework outlines how content (what is being taught) and pedagogy (how the teacher imparts that content) must form the foundation for any effective edtech integration. This order is important because the technology being implemented must communicate the content and support the pedagogy in order to enhance students' learning experience. According to the TPACK framework, specific technological tools (hardware, software, applications, associated information literacy practices, etc.) are best used to instruct and guide students toward a better, more robust understanding of the subject matter. The three types of knowledge -TK, PK, and CKare thus combined and recombined in various ways within the TPACK framework.

Technological pedagogical knowledge (TPK) describes relationships and interactions between technological tools and specific pedagogical practices, while pedagogical content knowledge (PCK) describes the same between pedagogical practices and specific learning objectives; finally, technological content knowledge (TCK) describes relationships and intersections among technologies and learning objectives. These triangulated areas then constitute TPACK, which considers the relationships among all three areas and acknowledges that educators are acting within this complex space. Content Knowledge (CK) -This describes teachers' own knowledge of the subject matter. CK may include knowledge of concepts, theories, evidence, and organizational frameworks within a particular subject matter; it may also include the field's best practices and established approaches to communicating this information to students. CK will also differ according to discipline and grade level -for example, middle-school science and history classes require less detail and scope than undergraduate or graduate courses, so their various instructors' CK may differ, or the CK that each class imparts to its students will differ.

Pedagogical Knowledge (PK) -This describes teachers' knowledge of the practices, processes, and methods regarding teaching and learning. As a generic form of knowledge, PK encompasses the purposes, values, and aims of education, Towards techno-pedagogical systems and may apply to more specific areas including the understanding of teaching strategies, classroom management skills, lesson planning, and assessments.

Technological Knowledge (TK) -This describes teachers' knowledge of, and ability to use, various technologies, technological tools, and associated resources. TK concerns understanding edtech, considering its possibilities for a specific subject area or classroom, learning to recognize when it will assist or impede learning, and continually learning and adapting to new technology offerings.

And their different combinations:

Pedagogical Content Knowledge (PCK) -This describes teachers' knowledge regarding foundational areas of teaching and learning, including curricula development, student assessment, and reporting results. PCK focuses on promoting learning and on tracing the links among pedagogy and its supportive practices (curriculum, assessment, etc.), and much like CK, will also differ according to grade level and subject matter. In all cases, though, PCK seeks to improve teaching practices by creating stronger connections between the content and the pedagogy used to communicate it.

Technological Pedagogical Knowledge (TPK) -This describes teachers' understanding of how particular technologies can change both the teaching and learning experiences by introducing new pedagogical affordances and constraints. Another aspect of TPK concerns understanding how such tools can be deployed alongside pedagogy in ways that are appropriate to the discipline and the development of the lesson at hand. TPACK is the end result of these various combinations and interests, drawing from them -and from the three larger underlying areas of content, pedagogy, and technology -in order to create an effective basis for teaching using educational technology. In order for teachers to make effective use of the TPACK framework, they should be open to certain key ideas, including: concepts from the content being taught can be represented using technology, pedagogical techniques can communicate content in different ways using technology, different content concepts require different skill levels from students, and edtech can help address some of these requirements, students come into the classroom with different backgrounds -including prior educational experience and exposure to technology -and lessons utilizing edtech should account for this possibility, educational technology can be used in tandem with students' existing knowledge, helping them either strengthen prior epistemologies or develop new ones.

It is on the basis of these assertions that we wish to direct research in surgical education towards the consideration of a greater number of the mentioned factors. One way of doing it is using human learning theories and models in the creation of a video-based training for a surgical intervention, as well as different visualization devices in an experimental protocol to test for each of their "propensities, potentials, affordances and constraints" from a learner's point of view.

The Pedagogical Content Knowledge (PCK)

Previously mentioned, the Pedagogical Content Knowledge (PCK) is a concept which was developed by Lee Shulman in the mid-1980s [START_REF] Shulman | Those who understand: Knowledge growth in teaching[END_REF]. The concept is based on the idea that, on top of the subject knowledge and general pedagogical skills, teachers must know how to teach topics in ways that learners can understand. Shulman says teachers' expertise lies "in the capacity of the teacher to transform the content knowledge he or she possesses into forms that are pedagogically powerful and yet adaptive to the variations in ability and backgrounds presented by the students" [START_REF] Shulman | Knowledge and teaching: Foundations of the new reform[END_REF].

According to [START_REF] Shulman | Those who understand: Knowledge growth in teaching[END_REF] pedagogical content knowledge:

"embodies the aspects of content most germane to its teachability. Within the category of pedagogical content knowledge I include, for the most regularly taught topics in one's subject area, the most useful forms of representation of those ideas, the most powerful analogies, illustrations, examples, explanations, and demonstrations-in a word, the ways of representing and formulating the subject that make it comprehensible to others. Since there are no single most powerful forms of representation, the teacher must have at hand a veritable armamentarium of alternative forms of representation, some of which derive from research whereas others originate in the wisdom of practice." [START_REF] Shulman | Those who understand: Knowledge growth in teaching[END_REF].

On top of that,

"Pedagogical content knowledge also includes an understanding of what makes the learning of specific topics easy or difficult: the conceptions and preconceptions that students of different ages and backgrounds bring with them to the learning of those most frequently taught topics and lessons. If those preconceptions are misconceptions, which they so often are, teachers need knowledge of the strategies most likely to be fruitful in reorganizing the understanding of learners, because those learners are unlikely to appear before them as blank slates. Here, research on teaching and on learning coincide most closely." [START_REF] Shulman | Those who understand: Knowledge growth in teaching[END_REF].

The PCK incites to think, when creating a scripting of learning, not only to the subject taught, but also to the way of representing the elements of the subject taught, the analogies, illustrations, examples, explanations and demonstrations while paying special attention to the learners' previous knowledge, conceptions and preconceptions.

This model is at the origin of the TPACK. In the experiment we conducted (described below) which presents a techno-pedagogical training for the realization of the caesarean section, we carry out a reflexive work, in the scripting of the Halstedian "See one, Do one, Teach one" [START_REF] Kotsis | Application of see one, do one, teach one concept in surgical training[END_REF]. This model, even with the expansion of the repertoire of tools available to the surgeon, still plays an important part in surgical education, as the attainment of safe and efficient surgical technique still depends on the same comprehensive knowledge of basic surgical skills. Yet, a number of changes in the practice of surgery put the apprenticeship model under strain. The PK also refers to the recognition of these changes in surgical practice environment and their consequences: the resident work-hour restrictions (resulting in less opportunities to observe surgical practice) [START_REF] Darosa | Residency program models, implications, and evaluation: results of a think tank consortium on resident work hours[END_REF], the realities and legalities of the business of medicine (changes in reimbursement and other insurance and medico-legal issues which threaten to serve as a rigid surrogates for quality) [START_REF] Barone | The leapfrog initiative: a potential threat to surgical education[END_REF] and the shift in practice pattern [START_REF] Dunning | Outpatient surgery centers draw cases away from hospitals, impact resident training volume[END_REF] (the outpatient surgery centers draw cases away from hospitals and this shift negatively impacts resident training volume). The PK on surgical education strengthens the evidence of the need for easily accessible, knowledge-based, instructive, and interactive training for surgery.

The Technological Knowledge (TK) refers to the recent work which have shown the interest of Head Mounted Displays (HMDs) for learning, especially in Virtual Reality (VR) [124; 84; 60; 132], as it creates a feeling of immersion that enables better focus, a sense of realism that engages the learner in the exercise, enables to display interactive and level-adaptive 3D videos developing extended knowledge on the procedure and visuo-spatial ability which is a major component of surgical education. The use of HMDs, or VR helmets reduces learning time, augments learning frequencies and liberates temporal and material resources for other activities [START_REF] Piromchai | Virtual reality training for improving the skills needed for performing surgery of the ear, nose or throat[END_REF]. Finally, they also increase the degree of involvement for the task compared with videos viewed on a standard screen, and enable to give immediate feedback on performance [159]. They draw enthusiasm among students [71; 70]. The TK also refers to the fact that video-based training, whether viewed on a standard screen or in an HMD, is recognized for allowing for repeated and stress free training. It is of major interest knowing that the difficult access to the OR, the too little observation time and the stress that the presence in the OR implies for students are among the factors that hinder training the most [START_REF] Prabhu | Increased stress levels may explain the incomplete transfer of simulator-acquired skill to the operating room[END_REF]. Based on these assumptions, in the experiment presented here, both the knowledge-based video training, which is founded on pedagogical theories, and the demonstrational video for the C-Section are visualized by the medical school participants either on a low-technology standard computer screen that displays the video in 2 dimensions, or in a rather high-technology media, an HMD that displays the video in 3 dimensions.

At last, the Content Knowledge (CK) refers to the knowledge on the chosen surgical intervention, the C-Section, captured through hours of observation in the Operating Room (OR), interviews with experts and surgical students, and literature reading. The C-Section was selected because it is one of the first to be performed, in France, sometimes entirely by residents in medicine specialized in gynecology-obstetrics at the beginning of their residency. Hence training 1st year Towards techno-pedagogical systems residents on the C-Section enables to have the opportunity to directly measure and observe the consequences on their performance in the OR. The CK in this case also refers to the application of a constructivist learning theory [47]: the conceptual fields' theory [START_REF] Vergnaud | Conceptual fields, problem solving and intelligent computer tools[END_REF].

A conceptual field, as initially defined in the previous chapter is both a set of classes of situations, and as a set of interconnected concepts. This theory presents the relations between explicit knowledge and the implicit operational invariants that underlie schemes [START_REF] Vergnaud | Conceptual fields, problem solving and intelligent computer tools[END_REF], which are, according to Piaget, the invariant organization of behavior for a certain category of situations [START_REF] Wadsworth | Piaget's theory of cognitive and affective development: Foundations of constructivism[END_REF]. In Vergnaud's own words, the conceptual fields theory is based upon the fact that students' competences and conceptions develop through experience and that there are high regularities in the difficulties students have to overcome. [...] It is a matter of fact that a concept cannot be made meaningful through one kind of situation alone; similarly a situation cannot often be analysed with just one concept. This implies that the formation of several interconnected concepts needs to be studied concomitantly [START_REF] Vergnaud | Conceptual fields, problem solving and intelligent computer tools[END_REF]. The learner has to be able to represent given situations in a conceptual field, and either activate a relevant scheme to deal with it, or map this situation into a symbolic representation and then operate inside this representation until the solution is reached. In the previous chapter, this theory was used to guide the scripting of a learning scenario for hysterectomy.

Adapted from this theory is a model of human learning, ckc [START_REF] Balacheff | ck¢ modèle de connaissances pour le calcul de situations didactiques[END_REF], that adds to the conceptual fields the control structures i.e. the elements which insure conception consistency and the tools needed for decision making. In this model, a conception is neither dependant to a learner nor to an environment, but is rather a property of an interaction between the learner and the environment. The challenge of this interaction is to meet the viability conditions of the system, the stable conditions of equilibrium and the ability to regain them after a disruption i.e. problem. We use this model to develop the knowledge-based video, called the More Informative Video (MIV) while the Less Informative (LIV) and rather demonstrational video is also developed, that does not root in human models and theories. The details of how the human model is used as a base to create the MIV is detailed later on in the article. The relationships and intersections between the three types of knowledge, are explored through the experiment presented here in two ways: the pedagogical content knowledge (PCK) and the technological content knowledge (TCK).

The cKç model

In the conceptual fields theory, G. Vergnaud [START_REF] Vergnaud | Conceptual fields, problem solving and intelligent computer tools[END_REF] characterized a student's conceptions with three components: problems, systems of representation and operative invariants. N. Balacheff then explicitely added the control structures to this theory, to make the cKç model [START_REF] Balacheff | ck¢, un modèle pour relier connaissance et preuve en didactique des mathématiques[END_REF]. In this model, a conception is neither dependant to a learner nor to an environment, but is rather a property of an interaction between the learner and the environment. The challenge of this interaction is to meet the viability conditions of the system i.e. the stable conditions of equilibrium and the ability to regain them after a disruption i.e. problem.

A conception is then characterized by a quadruplet (P,R,L, ) in which the four elements respectively represent:

• P, a set of problems. Pragmatically speaking, this is the practice area of the conception.

• R, a set of operators, action that have consequences on the state of the world

• L, a representation system • a control structure. describes the elements that insure conception consistency and includes the tools needed for decision making.

The representation system L, enables formulation and manipulation of operators by the learner, and environmental feedback. The control structure enables expression and discussion of the learner's means to decide for validity and adequation of his/her action.

During this experiment, one of the research questions focuses on how the application of this model to the creation of a C-Section training impacts the medical residents knowledge and skills.

Research questions

The primary research question is whether the video structure and its theoretical basis with regard to pedagogy, has an impact on knowledge acquisition of residents in medicine on the C-Section. It is about investigating how the Pedagogical Content Knowledge (PCK), which is the understanding of teaching, teaching practices and learning, may influence how effectively a learning video teaches surgical students knowledge they need in their daily practice. We investigate whether a C-section learning video that is produced and edited in a pedagogical theoretical framework, based on theories and models of human learning has a greater positive impact on knowledge of young residents, compared with a Csection learning video that has no such framework and basis, that is rather demonstrational.

We also, as an exploratory result, study whether the videos theoretical framework impacts residents skills in the OR. This result is only exploratory as homogeneous and numerous data in the OR is very difficult to obtain, because of the diverse cases encountered, the high pace to be maintained, and the fact that OR is a place that is dedicated to care before being dedicated to training. To investigate this primary question of research, participants were randomly separated into two groups: MIV group who viewed the knowledge-based videos and LIV group who viewed the non knowledge-based videos to train for the C-Section before performing it either on their own, or with an expert.

The secondary research question, is whether the device used to view the videos has an impact on the participants' satisfaction and experience, depending on the videos' content. It is about the Technological Content Knowlegde (TCK) which is at the crossroads between technologies and learning objectives: we investigate the influence of the training video's content on the appreciation by the surgical students of the technology to mediate it. To answer this question of research, the videos, either MIV or LIV depending on the group, were first shown to participants on a standard PC screen and second in a VR helmet to test for their experience using each of these devices to view the videos.

Methods and Material

Participants

Authors performed a multi-center study in France, including 32 residents in first year of residency, in gynecology-obstetrics specialization. These 32 participants were randomly assigned either to group MIV (n=16) or to group LIV (n=16). Of the 16 participants assigned to group MIV, 16 were able to participate in Step 1 and Step 2, among which 6 were able to also participate in Step 3 (cf table 4.1). Of the 16 participants assigned to group LIV, only 12 were able to participate in Step 1 and 2, and among them 9 were able to participate in Step 3 (cf table 4.1).

Material

Videos Shooting The videos are obtained from films recorded in operating rooms with a 3D camera Z-Cam K1 and a numerical camera Panasonic Lumix LX100. The patients' consent for video shooting and sound recording was obtained prior to the surgical intervention. The surgical experts performing the intervention were aware of the purpose of the video and therefore did their best to be demonstrational when performing surgical gestures. The entire intervention was filmed from different points of view, in order to get a clear view of the whole medical team, but also a zoomed view of the surgical gestures. The use of the human learning model for the selection of important elements to put in the learning video is done after the video shooting, at the time of editing.

Videos content

The videos are used as training for the C-Section. They show the entire OR during installation, the instruments' table and the operating field. In this study, two videos for training on a surgical procedure are used: one More Informative Video (MIV) that is filmed, edited and produced following a pedagogical theoretical framework and one Less Informative Video (LIV) that follows no such scientific principles when being edited and produced, and is rather demonstrational. The MIV is edited and augmented with learning material (audio and text) according to the theories and models of human learning cited earlier [47; 165; 15]. Both LIV and MIV contained a view of the OR that was either 2D (when viewed on the standard screen) or 3D (when viewed with the VR helmet), a zoomed view of the gestures being performed and audio comments on the gestures being performed but only in the MIV the implicit knowledge behind the gestures was made explicit.

More Informative Videos

In accordance with the elements found in the cKç model [START_REF] Balacheff | ck¢ modèle de connaissances pour le calcul de situations didactiques[END_REF] cited in the Introduction, in the MIV, the learner is considered to acquire concepts by confronting with "problems" or "steps" of the intervention, that are solved performing "operators" (actions that change the state of the world) and "controls" (actions that serve to evaluate before and after the operators) subtended by rules of action. The experts acquire these rules of action through years of experience. An example is presented in Table 4.2 for the "problem" or "step" of the hysterotomy that requires knowledge of rules of action and operative invariant, and to perform certain operators and controls to be executed without mistakes. They are not always easy to identify, as they are sometimes performed in automatically by the expert surgeon. They have become implicit to the expert. It is thus necessary to elicit them and deconstruct them so that they can be taught to others [START_REF] Kirk | Teaching the craft of operative surgery[END_REF].

To retrieve the rules of action, and the gestures performed to confirm or infirm them called the control actions and return them in the videos, authors have been reading literature on the C-section, observing C-Sections and interviewing experts, in the same way it was done before for vascular surgery where the purpose was to build a video simulator for laparoscopic aortic surgery [START_REF] Mameli | Méthodologie de conception d'un simulateur vidéo laparoscopique. de l'analyse des connaissances á la création des parcours d'apprentissage: Le cas de la chirurgie aortique[END_REF]. The procedure was found to include 8 steps identified as the problems, 44 operators to solve these problems, and 25 control actions underpinned by rules of action. These elements can be found in Appendix D. All were made explicit in the video using audio comments, anatomy boards, and schemes. This explicitation aims at providing the surgical students with the elements that will enable the creation of conceptions that are neither dependant on a learner nor on a situation, i.e. the representation of given situations in a conceptual field.

In the MIV, to display these information, participants see, in a 180°video: a 2D zoomed view of the surgical gestures (cf figure 4.4, A); auditory comments on the step performed (cf figure 4.4, B); a view of the operating room with a close-up on the patient's belly i.e. sterile field (cf figure 4.4, C); the soundtrack corresponding to this view; classes, information on the step performed (gestures description, every actor's actions, anatomy, instruments used, risks involved) and different anatomy boards each corresponding to the steps performed (fig 4 .4,D). Participants are free to access or not the different elements of the video and to repeat them as many times as they want.

Step This type of caesarean section imposes the use of iterative caesarean sections, because this type of scar is more fragile and risks uterine rupture in the event of subsequent delivery by the natural route Table 4.2: Problem "hysterotomy" and part of the related "rules of action", "operators", "controls" and "operative invariant"

Less Informative Video The LIV displays a clear view of the gestures performed, and a succinct audio description of the gestures performed. The rules of action are

Related to the secondary objectives

• The UEQ is used to measure participants' satisfaction and experience after viewing the videos on a standard screen, both for group MIV and LIV, and after viewing the videos in 3D in a VR helmet, both for group MIV and LIV for the training they have received is filled by participants right after they have been trained

The results for every measuring tool are compared between groups of participants.

Procedures

There are two training sessions. Each training session includes one hour of interactive video viewing (S1,S2), each MIV or LIV depending on the MIV group or LIV group. There is a two weeks delay between the first two sessions. After the two training sessions, participants perform their first C-Sections as residents and are given a grade by experts during one month, these are the OR Evaluations (S3).

First Training Session (S1):

The first training session took place in our laboratory, in a quiet environment. Either before their arrival or at the moment of their arrival, participants had to fill an MCQ (found in Appendix E) on their knowledge on the C-Section. Then, they were invited to watch either the 2D MIV for MIV group or the 2D LIV for LIV group. After having watched the videos, participants of each group were invited to fill a UEQ.

Second Training Session (S2):

The second training session also took place in our laboratory so that participants all viewed the videos in the same, quiet environment. For every participant, it took place between one-two week after the first session. Upon their arrival, they were present with the VR HMD asked to take as much time as needed to position it correctly on their heads. They were shown the joysticks and explained how they worked. Once participants had understood how to interact with the videos, they started watching it, either the 3D MIV for MIV group or the 3D LIV for LIV group. They were told they could stop at any moment if they felt sick, or had a headache. Once they were done watching the videos, the participants were asked to fill the UEQ, and to answer again to the MCQ on the C-Section.

Operating Room Evaluations (S3) One week after their second training session, participants started their internship as 1st year residents in gynecologyobstetrics. They were asked, during the whole first month of their internship, to have their C-Sections evaluated by their chiefs using the OSATS score. their percentage of correct answers in a non-significant way (paired t test, t(9) = -2.2361, p = 0.05), participants in MIV group augmented it in a very significant way (paired t test, t(15) = -5.7446, p = 3.87e-05). On instruments, participants in LIV group augmented their percentage of correct answer in a significant way (paired t test, t(9) = -2.8620, p = 0.0187) and participants in group MIV augmented it in a very significant way (paired t test, t(15) = -6.3434, p = 1.31e-05).

Technical skills

Fifteen participants were able to send evaluation of their first C-Section as a resident in gynecology-obstetrics. Among these 15 participants, 9 were trained with MIV and 6 with LIV. The two groups performed equivalently on average on all variables of the OSATS Score, with a mean of 3.2 (± 0.4) for LIV group and 3.4 (± 0.5) for MIV group. Still differences are observed in performance between the two groups for ability to respect tissues and handle instruments. At Respect for Tissue, MIV group performs better than LIV group with a score of 3.5 (± 1) compared to 4.2 (± 0.8) for LIV group. At Instruments Handling, LIV group performs better than MIV group: participants obtain on average a score of 3.6 (± 0.5) while participants in MIV group obtain on average 3 (± 0.5). At Knowledge of Procedure, participants in MIV group obtain on average a score of 3.6 (± 0.7) while participants in LIV group obtain a score of 3.1 (± 0.7) (fig 4 .7).

Ten participants were able to send evaluations of the first and second C-Sections performed during their first internship as a Resident in gynecology-obtetrics. Among these 10 participants, 5 had been trained with LIV and 5 with MIV. Between first and second C-Section, the two groups, on average, increase their performance: group LIV increases their score of 0.35 (± 0.7) on average and MIV group of 0.39 (± 0.8) on average. Group LIV progresses essentially on knowledge of procedure (+0.8 ± 0.8) and flow operation (+1 ± 1.7) but with important variability between participants. MIV group progresses on knowledge Seven participants sent evaluations of their first, second and third C-Section performed during their first internship as a Resident in gynecology-obstetrics. Among them, 4 were trained with LIV and 3 with MIV. On average, participants in LIV group decrease their score on every variable of the OSATS except for time and motion where a stagnation is observed with a mean of -0.6 (± 0.4) for all variables confounded between second and third evaluation. Participants in MIV group progress on time and motion (+1.3 ± 1.15) and instruments handling (+0.6 ± 1.15) but results differ greatly between participants (fig 4.9).
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Discussion

Primary Research Question

Regarding clinical knowledge on procedure, while participant's level in both groups is equivalent before video training, differences are observed after video training. In group LIV, participants that were weaker before training progressed after training, but remained among the weaker participants. The participants that were the stronger before training progressed in an equivalent proportion compared to the weaker. In group MIV, participants that were among the weaker before training made proportionally better progress than participants who were the stronger before training, in such a way that they have as much knowledge on the C-Section after training, as those who were the stronger. This result, although insufficient in itself to demonstrate superiority of surgical training inspired and created from human learning theories and models, still demonstrates that using such framework positively impacts the amount of knowledge detained of the procedure by surgical students, in such a way that they reach an almost equivalent level, with little effect of their initial knowledge. Yet, will the amount of the initial knowledge does not predict the amount of knowledge that will be achieved when training with the techno-pedagogical video-based training, other factors must as disparities remain between the participants after training with the MIV. Our experiment does not succeed in identifying these factors, and we strongly encourage future research on the matter.

The results obtained on technical skills should be considered with caution, as time constraints and the priority of care over the experiment induced biases: each participants were rated by a different expert, in a different hospital. The intervention difficulty, and the expert subjectivity may have strongly influenced the results. Also, the results are obtained on a small number of participants. However, all precautions taken, a small tendency is observed in the data. Participants who were trained with the MIV tend to score better than participants trained with the LIV, for their first C-Section as a resident, on respect for tissue, time and motion, flow of operation and knowledge of procedure. They score equivalently than group LIV on knowledge of instruments, and they only do worse in instruments handling. Also, participants in group MIV tend to increase their performance on time and motion handling, instruments handling, knowledge of instruments and flow of operation from their 1st to their 3rd C-Section, while participants in group LIV do not overall increase their score from the 1st to the 3rd C-Section.

Due to the technical constraints mentioned earlier, it is very difficult to measure how the pedagogical framework of the video-based training influences technical skills of 1st year residents, hence the results obtained on this matter are only exploratory. Still, they tend to show a positive impact of the pedagogical framework used in the MIV on the skills in the OR, and while this tendency does not corroborate any hypothesis, it encourages further research to identify better the direct consequences of creating training videos for surgery within a theoretical pedagogical framework. Future research could investigate how the gesture quality is improved as a consequence of the explicitation problems, the operators, the rules of action and the control actions in the surgical learning, all elements with constitute the learner's conceptions. It would also be interesting to investigate whether the knowledge developed through training with the MIV are applicable to participants not only to different clinical cases of C-Sections, but also to other surgical interventions, as the cKç human learning aims to do.

Secondary Research Question

Only small differences are observed in terms of User Experience as measured by the User Experience Questionnaire (UEQ). An exception is observed for Novelty. Still, when looking scores given by each group of participants, LIV and MIV, at the UEQ for PC and VR, distinct differences emerge. Participants who viewed the LIV were more sensitive to the novelty of the HMD (Wilcoxon signed rank test, Z=55.5 p<0.001) than those who viewed the MIV. Group LIV also better rated attractiveness in VR compared with PC. At the opposite, LIV gave a worse score for efficiency, perspicuity and dependability in VR than on PC. Group MIV also better rated novelty when viewing the videos in VR compared with PC (Wilcoxon signed rank test, Z=1065, p<0.001), but the difference in score is much smaller than for group LIV. Group MIV, contrarily to group LIV rated better efficiency and perspicuity in VR compared to PC, but all other factors have a worse score in VR compared to PC. Tendency is inverted between the two groups for efficiency, perspicuity, stimulation and attractiveness, showing an influence of the videos content on the user's experience when using different visualization devices for a surgical training video.

Group MIV, who developed knowledge in a more equitable way, also seems to find the VR helmet visualization less easy to get familiar with, less predictable, less attracting and less stimulating, but more efficient. Group LIV, who developed knowledge less consistently than group MIV, was also more sensitive to the novel aspect of the VR helmet visualization, to its stimulating and attracting aspect, but found it less easy to get familiar with, and less secure and predictable. The results suggest that, when watching a pedagogical and didactic video, the technological aspect becomes less appealing. This observation is in contradiction with what was expected based on the Technological Content Knowledge (TCK), which may have been incomplete. Indeed, while several studies proved VR to draw enthusiasm [71; 70], to increase the degree of involvement in the task [159], no study to our knowledge has focused on the impact of immersive VR on the augmentation of clinical knowledge or skills in surgery. Hence the results obtained add to the existing Technological Content Knowledge (TCK). More research should be Towards techno-pedagogical systems conducted on other surgical interventions, using different human theories and models, and different visualization means.

Conclusion

The results obtained confirm the impact of a theoretical pedagogical framework for a C-Section training video on participants knowledge, showing +10% improvement in MCQ score for group MIV after training compared with group LIV. This result, while seemingly obvious, is too frequently ignored by surgical trainers when provide surgical videos to residents. The greater positive impact of the MIV on the surgical students knowledge compared with the LIV is probably due to the fact that the creation of the video is based on relevant Pedagogical Content Knowledge (PCK). The PCK lies at the intersection between pedagogical practices and learning objectives: in our case it represents both the adequate way to display the learning material to medical residents for the C-Section, and the the way to select the adequate learning material itself, needed by the medical residents to understand and reproduce the surgical gesture without errors.

Without this knowledge, the training video only displays the gestures in a linear manner and it is up to the learners to extract the know-how, the expertise that lead to the achievement of the gesture. Yet this information is both complex and essential [START_REF] Bril | Apprentissage et contexte[END_REF]. Video-based learning tools are often not efficient as the content they use is rather demonstrational than pedagogical, mainly focusing on nontechnical skills and lacking multimedia design principles [START_REF] Shariff | The role of multimedia in surgical skills training and assessment[END_REF]. Furthermore, these videos do not provide learners with the implicit and tacit rules acquired during years of surgical practice and which constitute the surgical know-how [START_REF] Mameli | Méthodologie de conception d'un simulateur vidéo laparoscopique. de l'analyse des connaissances á la création des parcours d'apprentissage: Le cas de la chirurgie aortique[END_REF]. These results are consistent with works by [START_REF] Peahl | Impact of 4 components of instructional design video on medical student medical decision making during the inpatient rounding experience[END_REF] for inpatient rounding experience, which showed the positive impact of an instructional design (the 4 Components of Instructional Design) for supporting learning videos content on learners long term knowledge.

To our knowledge, there are not existing work on the impact of a pedagogical video for gynecologic surgery on residents technical skills. The results presented in this article can hardly be generalized and do not corroborate a hypothesis, but still pave the way for future research, confirming or informing the tendency observed here: a positive impact of the pedagogical video on the residents surgical skills, at least in terms of respect for tissue, management of time and motion, respect of operation flow and knowledge of procedure as well as an appeal and appreciation of technology that is dependent on the content displayed through this technology.

Indeed, the participants experience when visualizing the videos, either LIV or MIV, on a standard PC screen or in a VR helmet, is interestingly almost completely opposed between the two groups. The technology is more appealing when the video is less instructive and vice and versa. Here the Technological Content Knowledge (TCK) seems to play an important part on the participant appreciation of the training received. When the learning objectives are better met, i.e. for the group MIV, then the newest technology, the VR headset, is rated less novel than by group LIV. Group MIV also rates the VR headset less stimulating, less predictable and less attractive compared with standard PC. At the opposite, group LIV who viewed the video where the learning objectives where not met, found the VR headset more stimulating and attractive than the standard PC.

These results are opposed to what was expected, based on the literature found on VR headset training in surgery [124; 84; 60]: while rated both by group MIV and LIV as more novel than the PC standard screen, the VR headset does not seem to improve the experience of the video-based training, and the most important factor seems to be the quality of the learning material, with group MIV rating the training as very stimulating and attracting on a standard PC screen. Yet, the system still lacks efficiency, intuitiveness and predictability, which are purely technological aspects needed to be worked on. These results, as well as those found in [START_REF] Radianti | A systematic review of immersive virtual reality applications for higher education: Design elements, lessons learned, and research agenda[END_REF], encourage more consideration for learning theories in the development of VR applications, more consideration for each technology strengths and limitations, showing their importance not only regarding knowledge acquisition of the user, but also her/his experience i.e. interest and motivation for using the VR application. Finally, it supports the conception of learning scripts including all dimensions covered by TPACK that guide the creation of learning scenarios towards the target competencies, used in real scenarios, and using adequate technologies.

However, the study presented here has different limitations, namely the limited number of participants leading to a heterogeneous set of data regarding the technical skills, the absence of long-term evaluation of knowledge or of the impact of the visualization device on the knowledge and skills developed by the participants, the absence of results on the influence of the video duration on the participant experience, the absence of evaluation of the MIV impact on development of skills on other surgical intervention that require the same knowledge as the C-Section. The results encourage future studies, involving other learning theories, other visualization devices, and stronger evaluation of either technical or non-technical short-term and long-term skills in the OR.

Contributions of the chapter

In this chapter, we present techno-pedagogy, as well as a study on the influence of a techno-pedagogical framework (TPACK) for the creation of a video-based training on: the evolution of the knowledge held by the medical residents on a surgical procedure, the evolution of their skills, and their experience and appreciation of the training. The study is conducted under real learning conditions with 1st year medical residents which gives it an undeniable value. The data are scarce but they are extracted in real conditions and not in a partial and distorted reproduction of the reality.

Towards techno-pedagogical systems

Additionally, the experimental protocol aims at highlighting hybrid pro-cesses, at the intersection between technology and learning, which is different from what is usually found in the literature: a focus either on technology, or on learning. The results obtained are in support of a greater attention given to the pedagogical content of surgical training -which might be guided by pedagogical frameworks such as the TPACK-, at least as important as the attention given to the technological features. This statement is in line with the observations made in the first and second chapters, that the creation of a surgical training should be motivated and framed by the residents expectations, needs, constraints and previous skills. That is to say that the training module should be designed to target the development of skills and knowledge that are transferable to the real world and not moduledependent, too specific or broken into too small parts for it to make sense in a real life situation. Here this was made possible by the use of the TPACK framework that lead to the human learning model ckcç. However, the limitations of this experiment are the same as its strengths: the too small number of data does not allow to corroborate a hypothesis with certainty. The experiment is empirical, and we plan to continue the research in a more methodological way, on the basis of the results primarily obtained.

Chapter 5

Conclusions and Perspectives

Surgery is a highly demanding activity that requires years of training, to learn the very diverse and complex skills that compose it. The words of Jean-Louis Faure, a surgeon during the 20th century, describe it nicely: "../..pour avoir le droit de pratiquer l'opération, pour avoir le droit d'exécuter sur son semblable cet acte sans appel qui porte avec lui la vie et la mort, il faut savoir! Oui, pour pouvoir travailler dans la chair de l'homme d'une main qui ne doit connaître ni l'hésitation ni la défaillance, il faut avoir la conscience profonde du droit que l'on a de l'entreprendre ; il faut avoir au fond de l'âme cette certitude, ou plutôt cette conviction, que l'on sera à la hauteur de sa tâche, et cette conviction, c'est une sévère éducation antérieure et une longue préparation qui peuvent seules la donner !" [START_REF] Faure | L'âme du chirurgien[END_REF] Having the right to perform surgery is being profoundly conscious of the ability to it. The ability is only given by knowledge acquired through education and lengthy preparation. Contrary to what is generally thought, the surgeon does not only operate with her skillful and dexterous hands, but first and foremost with her head: her knowledge, education, expertise. This lengthy training is now hindered by time and administrative constraints, and by the fact that the number of tools accessible to the surgeons keeps growing, forcing them to master increasingly varied skills, on technological systems that are rather technological achievements, and expert assistance than pedagogical achievements or learning assistance. In this sense, the key to the alarming number of medical residents abandoning the surgical speciality does not seem to be on the side of technological innovation alone, but on the side of technological innovation within a pedagogical and didactic theoretical framework. This theoretical framework may prove to be an indispensable tool for linking any system intended to be used for surgical education, or for improving surgical performance, with its users: their expectations, their previous skills, and as a consequence the systems attractiveness, understandability, usefulness, utility, completeness, etc.
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Conclusions and Perspectives

In this thesis, after having introduced the difficulties faced by medical residents in their surgical training in 1 we have investigated in three different ways to work on concrete levers for facilitating surgical learning.

In chapter 2, today's surgical robotics were presented, and especially one type of surgical rootics: comanipulation. This type of robotics, aims at augmenting the dexterous performance of the user without forcing her/him to re-learning another technique than the classic one, or forcing the medical team to rethink the way it works. We have developed an experiment that aims at studying whether robotassisted laparoscopic surgery (RALS), when controlled in a comanipulated manner still contributed to training hand-eye coordination skills in classic laparoscopic surgery (CLS), in the same way than training in CLS. The protocol and its results demonstrate that contrarily what was demonstrated in previous work for telemanipulated surgery, comanipulated surgery did not negatively impact handeye coordination skills in CLS and even developed them in the way as when training in CLS. This chapter answers the problematic addressed in this thesis by proposing a technological advanced system for surgical training which does not put technology at the center of its concerns but rather the user, and thus ensures the complementarity and continuity of learning: rather traditional or related to new technologies.

However, this study presents several limitations, notably regarding the too little number of exercises which do not represent the complexity of a surgical procedure, and the limited number of participants. These internal limitations of the study invite to conduct similar studies using other surgical robot, a greater number of exercises and more participants. However, other and more important limitations can be stressed: while the thesis encourage pedagogical approaches for surgical education, this study lacks consideration for an important aspect of what pedagogy is, literally. Pedagogy refers to the consideration of theories of learning, understandings of students and their needs, and the backgrounds and interests of individual students for educators to make their actions, judgments, and other teaching strategies. The study presented lacks consideration for what composes the surgical gesture: the knowledge. By training residents with exercises of laparoscopic surgery which train exclusively the technical skills (dexterity, handeye coordination) the great majority of what makes surgery proficiency is forgotten. It is this observation that led us to conduct the second study, presented in the following chapter.

In chapter 3, video-based learning for surgery is presented, as well as the knowledge representations in surgery which may serve to create the videos. An investigation carried with medical school residents is presented, which aims at elaborating the existing links between pedagogy, video-based learning and surgical education. The approach is very different to the study presented in the first chapter, both in the research questions raised and in the methodology used. The study is exploratory and aims firstly at identifying more precisely and in a more concrete way the difficulties faced by medical residents when training for surgery, as well as the consequences of these difficulties. Secondly, the objective of this study was to determine how a video-based training whose creation is based on a model of human learning, the ckç, impacted these difficulties. In this chapter, the creation of the video on the basis of the human model is presented, as well as the video itself. The methodology, contrarily to the study previously presented, is qualitative, because the expected results are complex and individual-dependent. Interviews are used, which aim at bringing out a reality that is unknown to the experimenters before starting the study, and that is constructed in the exchanges between the interviewers and the interviewee.

The interviews enabled to bring out different themes which characterize both the difficulties faced the medical residents when training for surgery, and the way the pedagogy-based video made it possible to overcome some of these difficulties, and not others. The themes observed are the following: the way practice gives learning a meaning and a necessity, the fact that the best learning scenario lies in the repeated succession of the pedagogical video and practice, that acquiring knowledge with the pedagogical video results in a better sense of belonging and finally, the comprehension, thanks to the video of operative invariant between different surgical procedures. All these themes amount to saying one and the same thing: there exists a complementarity and influence between the pedagogy-based video and the OR. The pedagogy-based video has enabled to revealed knowledge that otherwise remains unknown to the medical residents, while the OR plays an important part in creating the need to learn, the understanding of the ultimate reasons for performing the surgical gesture etc. These themes addressed allow us to affirm with more certainty that to increase the knowledge of interns on the surgical gesture on the one hand, and to increase their feeling of belonging to the medical team on the other hand, technological advancements are not needed as much as pedagogical advancements in surgical education.

However, this study presents some inherent limitations, which reside in the individuality of the testimonies collected, and in the absence of consideration for an important part of surgical training: the technological means to expose it. This brings us to chapter 4 were we present techno-pedagogy, which in short means considering both pedagogical and technical aspects in one's teaching practices. In this chapter we introduce a techno-pedagogical framework, the Technological Pedagogical Content Knowledge (TPACK) on which we base the creation of a video-based training for the C-Section. The creation of this video-based training is presented, as well as its impact on the medical residents knowledge, skills and experience depending both on the training pedagogical content and technological mean to display it. Indeed, the video-based training with which medical residents are trained during the protocol is either build following the classification of a human learning model -presented in the chapter-, the ckç, or rather demonstrational, following no specific pedagogical framework. Additionally, the video-based training is presented to residents both on a standard computer screen and in a Virtual Reality (VR) helmet. The results presented in this chapter show the positive impact of the pedagogical framework on the resident's knowledge and tends to show the same impact on the residents skills, but data are missing to make statistical comparison. Regarding the impact of the technological device used to display the video on the residents' experience, it varies greatly, depending not on the level of technology (high or low) but on the level of pedagogy of the training. That is to say, the level of pedagogy of the training has a greater importance in describing the resident's experience than the technological mean to display the video. These results are also consistent with the assertion that the training content is crucial in surgical education. However this study does not allow to affirm it with certainty, nor does it allow to know which type of technology better conveys which type of knowledge in surgical education. Hence the fact that the chapter is entitled "towards technopedagogy" rather than "a techno-pedagogical training". These results also encourage the conduct of more methodological protocols as opposed to empirical protocol proposed in this thesis.

On the basis of these different results, we can now present directions for future research. In the future, I would like to continue research on pedagogy and surgical education in different ways. First, we would like to study more broadly how models such as the ckç applies to different surgical interventions, in different domains, different locations and different clinical cases. This would require a meticulous study of the surgical activity through systematical analysis of surgical films, observations in the OR, as well as interviews with experts and learners. All of these probably from a sociological and anthropological as well as psychological point of view. Indeed, surgical training is not a solitary activity, it is an activity that is carried out by a group of people in which each person has a specific role to play affected by sociological, historical and psychological variables. All of these variables require time to be understood, as well as their influence on every individual's performance. They are likely to have a strong impact on the adoption or the abandon of any surgical training no matter how good it may be from a purely pedagogical point of view. The result would be a formalization of (1) surgical knowledge (steps, instruments, risks, anatomy), (2) technical skills (dexterity: pressure, force, angles) and (3) non-technical skills (decision making, plan formulation, communication, teamwork, leadership) related to the surgical interventions.

This detailed study of different surgical procedures would be completed by a study on the way specific skills and knowledge are conveyed by specific technological means (videos, VR helmets, surgical robotics). We mentioned before that a robot did not have the ability to train medical residents on the knowledge required to perform any surgical intervention. Neither does a video have the ability to teach medical residents the technical skills to perform surgical interventions. A better understanding of what connects the skills and knowledge to perform surgery, and technology is necessary. Experimental protocols could for focus on: the study of the steps of surgical training at which are comapinulated robotic arms are the most useful; the study of the elements of a surgical intervention from a pedagogical point of view (taking into account the learning variables: rules of action, operative invariant) who are of interest to be seen in a VR headset; the study of those who are of interest to be seen on a video and practiced with comanipulated robotics arms, etc. This would lead to analyzing how human learning models applied to surgery may be linked with relevant technological systems, so that the technical characteristics of the system are best put to use depending on the elements found on the model, and the skills targeted. This would enable the creation of a techno-pedagogical framework for (1) capturing, (2) structuring and (3) visualizing learning scripts in surgery. For capturing, the framework would characterize technology (e.g., stereo cameras, sound recording, image definition requirements, motion capture systems) and methods (e.g., how to capture the room or surgeons' point of view) to record the pedagogical elements identified in the empirical study; for structuring, the framework would characterize how to choose and arrange footage, as well as determine which elements are missing (such as instruments, robotic arms etc.) and how to add them to the script, so that learners acquire given concepts. For visualization, the framework would describe how to display the elements selected, rooting on multimedia and interaction design principles. The arrangement of these different resources would not be linear, each element contributing the inform the other elements while still guided by human learning models and theories.

This framework would then have to be evaluated, through a study with attending surgeons to capture and produce pedagogical videos, and with residents to visualize surgeries for learning, measuring its impact on learning outcomes compared to classic demonstrational training. Outcomes would reflect the knowledge, technical and non-technical skills acquired and their evolution. Despite the logistical difficulties involved, to achieve strong outcomes in surgical education, this evaluation would have to include numerous attending surgeons, and test their abilities under real conditions -in the OR, or in high-fidelity settings. Finally, in my opinion, it is important to emphasize the contribution of human and social sciences theories and methodologies in the creation and conduct of the proposed future research project, which would take place in a rather technology-oriented environment, to medical education, technology, and to their own domain. This human and social sciences approach, by contributing to giving a stronger meaning to technologies developed in the field of medical education, is important to me. 4. Dissect the connective tissue downward using scissors from the cervix completely to the lower end of the cervix Make sure that the dissection is not hemorrhagicIf the dissection is hemorrhagic, care must be taken to find the correct plane, in contact with Halban's fascia, for an exsanguinated dissection.

The bladder is now mobilized to the appropriate height, about 1cm below the vaginal cul-de-sac.

If you observe bleeding, you are not in the right plane.

The vesico-vaginal space is avascular 5. Loose connective tissue on the surface of the ligaments is carefully removed 6. Place the retractor over the detached portion, pushing the bladder down 7. Carefully dissect and remove connective tissue from the uterine artery and vein 8. Also remove connective tissue from the vesico-uterine ligament If you remove the connective tissue on the vesico-uterine ligament, then you avoid ureteral injuries 7. Ligature and section of the uterine pedicles 1. Skeletonize the ascending branches of the uterine artery and veins 2. Keep the uterus in an upward pull and push the bladder down using the retractor Feel the ureter running along the posterior leaflet of the broad ligamentIf you know the position of the ureter, then you limit the risk of injury It is possible to identify the level of the ureter that enters the cardinal ligament 1 to 3 cm lateral to the cervix and 2 to 4 cm below the uterine artery 3. Cut the cardinal ligament twice including the uterine artery and veins until you reach the vaginal cul-de-sac 4. Place a first Jean-Louis Faure forceps, concave upwards at a 90°angle to the upper part of the cervix so that the tip of the forceps arrives 1cm below the height of the internal os of the uterus 5. Place a second forceps along the cervix for hemostasis of the small ligament veins Check that the clamped side of the forceps is outside the surface of the cervixIf the clamped side is outside the surface of the cervix then all vessels will be fully clamped 6. The tip of the forceps reaches the level of the vaginal cul-de-sac, then the lower half of the cardinal ligament is cut and sutured.

Recognize the plane that demarcates the cervix from the ligament.

Once this plane is reached during the section of the cardinal ligament, especially near the utero-sacral ligament, it is possible to feel confident about the cutting. The cut has finally reached the vaginal cul-de-sac. Avoid cutting too deep into the paravaginal tissue.If you cut too deep into the paravaginal tissue, it may result in a significant amount of bleeding.

To avoid injury to the ureter during the cardinal ligament ligation, the use of two forceps is essential. Each step moves the ureter laterally to the cervix and vagina, which is safer than using only one clamp. The surgeon can feel the course of the ureter at any time during the surgical procedure and should confirm the distance between the ligature and the ureter. 7. Perform these steps on the left side Generally, it is not necessary to cut the utero-sacral ligament which will be cut simultaneously during the amputation of the vagina 8. Place a vaginal valve or mounted pad in the pouch of Douglas, and palpate the transitional area between the cervix and vagina 9. Insert the scalpel vertically into the highest portion of the anterior wall of the vagina 8. Vaginal opening 1. Prepare the portio and vagina with povidone-iodine 2. Insert a mounted tampon or vaginal valve into the vaginal cavity 3. Place the long, straight Kocher forceps sequentially at the end of the vagina for hemostasis 4. Cut and tie the utero-sacral ligament with the vaginal wall 5. Close the vaginal dome with separate X-stitches at the corners, then separate X-stitches or overjet of the vaginal slice Be sure to place the curved forceps along the vaginal cul-de-sac.If the curved forceps are placed along the vaginal cul-de-sac as a landmark, then it is easier to cut the vagina with the scalpel or scissors along the curve of the forceps.Be sure to make a careful suture at the lateral end of the vagina, near the tip of the cardinal ligament. 

2. 1

 1 CLS (Top); Tele-RALS (Middle); Co-RALS (Bottom). A CLS OR diagram (a) and an image of an OR in CLS (b). Mechanical tools (c), activated by pulling a trigger and a rotation knob (d). Surgeons insert instrument through small holes (e). Tele-RALS OR diagram (f ) and and image of an OR in Tele-RALS (g) where a surgeon works at the master console and two assistants at the bed side. Moving joysticks (i) control tools (h) on the robotic arms at the slave console (j). Co-RALS OR diagram (k) and image of an OR in Co-RALS (l). Same tools as in CLS are used (c) manipulated the same way (d), while gestures are secured and improved by the robotic arms (m). Extended from "Impacts of Telemanipulation in Robotic Assisted Surgery." by Avellino, I., et al. [12]. Extended with permission. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.2 A comanipulated set-up for foetus surgery [57] . . . . . . . . . . . . . . 2.3 (a) CLS Set-Up (b) Co-RALS Set Up . . . . . . . . . . . . . . . . . 2.4 A scheme of the kinematic chain of the robot (from [46]) . . . . . . 2.5 (a) Peg Transfer (b) Pea on a Peg (c) Loops and Wire . . . . . . . vii viii List of Figures 2.6 Number of fixations on target before reaching them with the instrument during Transfer and Drop phases: Non-Residents. Ta1-3 (Mean number of fixations on Targets n°1, 2 and 3 before reaching them with the instrument), Ta4-5 (Mean number of fixations on Targets n°4 and 5 before reaching them with the instrument), Ta6 (Mean number of fixations on Target n°6 before reaching it with the instrument).
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 15 Figure 1.5: An immersive virtual reality trainer for knee surgery by FundamentalVR

Finally, during this

  thesis, the work were presented during different seminars: ISIR PhD day 2018/2019/2020, a workshop on surgical robotics held by the University of Lorraine 2018, the Surgical Robot Challenge held during the Hamlyn Symposium 2019, Surgetica 2019, Doctoral School SMAER PhD day 2019, video session at CAMI Days 2020, the Fall of Science 2021 programs held by the city of Paris.
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 2 Figure 2.1: CLS (Top); Tele-RALS (Middle); Co-RALS (Bottom). A CLS OR diagram (a) and an image of an OR in CLS (b). Mechanical tools (c), activated by pulling a trigger and a rotation knob (d). Surgeons insert instrument through small holes (e). Tele-RALS OR diagram (f ) and and image of an OR in Tele-RALS (g) where a surgeon works at the master console and two assistants at the bed side. Moving joysticks (i) control tools (h) on the robotic arms at the slave console (j). Co-RALS OR diagram (k) and image of an OR in Co-RALS (l). Same tools as in CLS are used (c) manipulated the same way (d), while gestures are secured and improved by the robotic arms (m). Extended from "Impacts of Telemanipulation in Robotic Assisted Surgery." by Avellino, I., et al. [12]. Extended with permission.
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 22 Figure 2.2: A comanipulated set-up for foetus surgery [57]
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 24 Figure 2.4: A scheme of the kinematic chain of the robot (from [46])
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 25 Figure 2.5: (a) Peg Transfer (b) Pea on a Peg (c) Loops and Wire
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 26 Figure 2.6: Number of fixations on target before reaching them with the instrument during Transfer and Drop phases: Non-Residents.Ta1-3 (Mean number of fixations on Targets n°1, 2 and 3 before reaching them with the instrument), Ta4-5 (Mean number of fixations on Targets n°4 and 5 before reaching them with the instrument), Ta6 (Mean number of fixations on Target n°6 before reaching it with the instrument). Targets are separated in accordance with the % of participants who managed to reach them, this number being proportionally lower for the targets with the higher number. On average, group Robot does more fixations on targets 1 to 5 in Transfer phase, on targets 1 to 3 in Drop phase, than group Classic. Group Classic does more fixations than group Robot on target n°6, but variability is also twice as important: ±0.28 for group Classic, ±0.14 for group Robot.
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 27 Figure 2.7: Mean fixation rate per second and Duration of fixations during Peg Transfer Post-Learning Session: Non-Residents. Participants in group Robot reduce the mean fixation rate per second in phases Transfer and Drop before and after learning while group Classic stagnates in Transfer phase. Standard Deviation reduces strongly for the two groups before and after learning. Participants in groups Classic and Robot augment the mean duration of fixations before and after learning. Standard deviation also reduces strongly for the two groups.
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 31 Figure 3.1: Schemes in the conceptual fields theory
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 32 Figure 3.2: Concepts in the conceptual fields theory

  Halban's fascia. If you push the scissors vertically at the cervix and cut the connective tissue, then this will reveal Halban's fascia. Check for fat. If you encounter fat, then change the route. Encountering fat means the dissection coming too close to the bladder. Halban fascia is white, soft and shiny. The fat belongs to the bladder. Its presence indicates that you are not in the right plan.
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 33 Figure 3.3: Open hysterectomy video: 1. Introduction, 2. Opening of the anterior leaf of the broad ligament, 3. Ureter identification, 4. bladder detachment. The learner can navigate between the different activities of the intervention by clicking on the chapters displayed on the left side of the screen (A), or on the lower part of the screen. Audio comments (B) synchronized with the images of the intervention describe the Intervention domain, Actions, goals and anticipations, Rules of action, and Operative invariant. Text appears on the images (C) the show the hidden anatomical structures mentioned in rules of action and operative invariant. Anatomical boards (D) and explanatory drawing (E) show the actions to be performed and anatomical structures mentioned in rules of action and operative invariant.
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 34 Figure 3.4: Number of hysterectomies viewed for each participant before the first interview and between the first and the second interview, gestures of hysterectomy performed before the first interview (Y/N) and between the first and the second interview (Y/N), for each participant.

4. 1

 1 State of the art . . . . . . . . . . . . . . . . . . . . . . . . 4.1.1 The definition of techno-pedagogy . . . . . . . . . . . . 4.1.2 The Technological Pedagogical Content Knowledge (TPACK) 4.1.3 The Pedagogical Content Knowledge (PCK) . . . . . . . 4.2 Our approach: the case of C-Section . . . . . . . . . . . 4.2.1 The TPACK applied to surgery . . . . . . . . . . . . . . 4.2.2 Research questions . . . . . . . . . . . . . . . . . . . . . 4.2.3 Methods and Material . . . . . . . . . . . . . . . . . . . 4.2.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.3.1 Primary Research Question . . . . . . . . . . . . . . . . 4.3.2 Secondary Research Question . . . . . . . . . . . . . . . 4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.5 Contributions of the chapter . . . . . . . . . . . . . . . .

Figure 4 .

 4 Figure 4.1: TPACK

Figure 4 . 3 :

 43 Figure 4.3: Video Shooting in the OR using a Numerical Camera -in orange for zoom view of the surgical gestures and a stereo camera -in yellow for filming 3D images of the sterile field.
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 44 Figure 4.4: Left: The view from the left of the MIV (A: Zoomed view of the surgical gestures, B: Navigation toolbar, sound and light control, C: View of the sterile field), Center: The view from the center of the MIV (D: Anatomy boards and classes). Right: The view from the right of the MIV. In the VR headset, C: the view of the sterile field is visualized in 3 dimensions. On a standard screen, participants use their computer mouse to navigate in the video and focus either on the central film of the sterile field, the left film which show zoomed surgical gestures or the right view which displays anatomy boards and classes.
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 45 Figure 4.5: Left: The view from the left of the LIV (A: Zoomed view of the surgical gestures, B: Navigation toolbar, sound and light control, C: View of the sterile field. Right: view from the center of the LIV. In the VR headset, C: the view of the sterile field is visualized in 3 dimensions. On a standard screen, participants use their computer mouse to navigate in the video and focus either on the central film of the sterile field or the left film which show zoomed surgical gestures.
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 2 1: Experimental Protocol: exercises in bold are those during which data is recorded. The others are familiarization exercises. The order of exercises performed during the Learning Step is randomized.

	Group	Pre-Learning Step	Learning Step	Post-Learning Step
		Task CLS	Task CLS	Task CLS
	Classic	Peg Tran. Dom. (4')	Pea on a Peg (30')	Peg Tran. Dom. (4')
		Peg Tran. Non Dom. (4') Loops and Wire (15') Peg Tran. Non Dom. (4')
		Task CLS	Task Co-RALS	Task CLS
	Robot	Peg Tran. Dom. (4')	Pea on a Peg (30')	Peg Tran. Dom. (4')
		Peg Tran. Non Dom. (4') Loops and Wire (15') Peg Tran. Non Dom. (4')

  Non-Resident participants Both group Classic and group Robot decrease time taken to perform the Peg Transfer exercise. The difference between the groups is statistically significant, with group Robot taking on average 0.7 minutes less than group Classic after the learning session. Thus, group Robot seems to have developed better time-wise skills in laparoscopic surgery compared with group Classic. Gaze patterns between the two groups are very similar. Still, group Robot makes on average, after the learning session, slightly less and longer fixations in the three phases of the exercise: Grab, Transfer and Drop. These differences are not significant, but one can postulate that longer and repetitive learning sessions would expand them.

	2.4.2.5 Main Research Question: Does learning laparoscopic surgery
	with a comanipulated robotic assistance result in development
	of skills in CLS?

  2.4.2.6 Secondary Research Question: Does using a comanipulated interface for RALS improve performance compared with CLS? Non-Resident Participants For Non-Resident participants, it appears that training with robotic assistance decreases the time taken to perform exercises that require precision and fine motor skills such as Pea on a Peg. The group of participants trained in Co-RALS took significantly less time to perform the first trial, and visibly less time to perform every other trial. Contrary to what was expected, for exercise Loops and Wire in which proprioceptive and instrument manipulating skills are required, comanipulated robot-assistance seems to hinder learning compared to no robotic assistance. The damping algorithm may, in this case, have disturbed the participants as it forces them to adapt to a new eye-hand coordination which has no advantage over the goal of this exercise. The implementation of an other algorithm such as virtual fixtures may help to improve performance for such an exercise but could have a negative impact on skill transfer to without robot mode. Further investigation is needed. Scores obtained at the NASA Task Load Index are very close for the two groups, not significantly different, showing an

equivalent cognitive and physical load perceived when training either in CLS or in Co-RALS, suggesting it was as difficult to perform the learning session in CLS as it was in Co-RALS.

  Resident Participants. Resident participants started with a score equivalent to the Non-Resident participants -222 compared with 230-and ended with a slightly better score than the Non-Resident participants -111 compared with 153 for group Classic and 147 compared with 158 for group Robot-. No difference is observed in terms of perceived workload between group Robot and group Classic: the mean score at the NASA TLX is very close for the two groups.

2.4.2.7 Exploratory Results:Self perceived comfort level with the task and observed performance Non-Resident Participants. Group Classic and Robot have on average equivalently improved their score at the Peg Transfer exercise before and after learning, with group Robot slightly better than group Classic. The mean score given at the NASA TLX is almost equivalent for the two groups, showing no superior workload for group Robot compared with group Classic.
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  3.2. Our approach: Learning theories and video-based surgical learning 55 attention to that, etc. But at the same time, you still have this almost practical part in the sense that you see, you see the key steps at the moment when they are described" (R3).

	and:
	"As time goes by, it becomes clearer. Because you know the theory and you
	can see in practice, what corresponds to what" (R3).
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	Towards techno-pedagogical systems

You and the video [If they have seen no hysterectomy] 13

  6. Clean the retroperitoneal space with warm saline solution Confirm the absence of bleeding and foreign bodies Interview before training with the video of hysterectomy oublie de vous enseigner ces connaissances, ils sont le sentiment qu'elles sont inutiles à maîtriser, elles sont trop difficiles à enseigner) ? Your suggestions 12. Would you consider that your surgical education could be improved, both in the classroom and in the OR? Considérez-vous que votre formation chirurgicale pourrait être améliorée, à la fois dans les salles de classe et au bloc opératoire ? 13. Do you know which elements would help you to master hysterectomy better? Connaissez-vous les éléments qui vous permettraient de mieux maîtriser l'hystérectomie ? 14. Can you cite a specific gesture of hysterectomy that you do not perfectly understand, and tell me what would help you to understanding it? What kind of information? With what material? Pouvez-vous me citer un geste d'hysterectomie que vous ne maîtrisez pas complètement, et me dire ce qui vous aiderait à le comprendre ? Quel genre d'information ? Sur quel(s) support(s) ? Pourquoi ? Your opinion on the video 10. Can you tell me what you thought of the video? Why ? Pouvez-vous me dire ce que vous avez pensé de la vidéo ? Pourquoi ? Differences between video and surgical education 11. Can you tell me what is different between what you saw the video and what you learnt during the course of your studies? Pouvez-vous me dire quelle(s) étai(en)t la/les différence(s) entre ce que vous avez vu dans la vidéo et ce que vous apprenez pendant votre cursus ? Si besoin préciser : par rapport aux livres, cours, bloc opératoire, autres vidéos qu'ils voient du bloc opératoire… 12. Do you consider these differences to be beneficial for learning? Ces différences vous semblentelles bénéfiques pour l'apprentissage ? . Do you think that having this video would change your perceptions, next time you go to the Operating Room to perform (part of) a hysterectomy? Pouvez-vous me dire si oui ou non cette vidéo va changer vos perceptions, la prochaine fois que vous irez au bloc opératoire pour réaliser (partie d') une hystérectomie ? 14. What has changed in your mental representation and comprehension of the gestures performed by the expert after viewing the video? Qu'est-ce qui a changé dans votre représentation mentale et compréhension des gestes effectués par l'expert après avoir vu la vidéo ? 15. What has changed in your mental representation and comprehension of the steps of the procedure after viewing the video? Qu'est-ce qui a changé dans votre représentation mentale et compréhension étapes de la procédure après avoir vu la vidéo ? 16. Can you tell me what elements of the video will help you the most (if some elements will) ? Or some elements that you remember specifically?
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	l'expérience du			Si la paroi adipeuse fait	environ 2cm au-dessous Vérifiez la paroi adipeuse Cela limite le risque de sans décollement du
	chirurgien, l'utilisation			Si le saignement est plus de 3cm (en cas de	du niveau de sa fixation à Tamponnez avec des Vérifiez le saignement placenta, une délivrance Cela permet une désunion
	d'antibiotiques et le lieu			important patiente obèse), alors il	compresses	l'utérus dans la ligne	meilleure visualisation et artificielle est réalisée
	d'exercice		Assistant.e est possible de suturer le	médiane Aspirez le sang et le	réduit les risques de
				fascia superficialis	Etendez-le latéralement fluide amniotique	blessure
		Installation Fermeture cutanée		Si vous observez des	Installez la patiente en de chaque côté: le Confirmez l'entrée dans Effectuez Fermez la peau par un	es bras ne sont pas L'entrée dans l'utérus est
				membranes amniotique,	décubitus dorsal, les péritoine peut alors être l'utérus surjet intradermique, par	attachés pour éviter un confirmée par la systématiquement un
				du fluide maniotique ou	jambes allongées, les saisi à l'aide de pinces et des points séparés ou	sentiment de frustration visualisation des examen de l'utérus
				le foetus, alors vous êtes	bras à 90°, non des agraphes	la vessie peut être Idéalement n'extériorisez	de la maman de ne membranes Cela diminue le risque
				dans l'utérus		attanchés. Installez-la en séparée doucement du pas l'utérus Appliquez un pansement	pouvoir libérer ses bras amniotiques, de fluide hémorragique Un pansement
						proclive gauche 12,5°-segment inférieur de simple	lorsqu'elle voit son bébé. ou du foetus compressif est contre-
		Hysteroraphie			15°L La position en proclive façon brutale avec Réalisez l'amniotomie Il vaut mieux le faire avec Exposez le segment indiqué et expose à un
						l'index inférieur à l'aide d'une	gauche permet de doigts pour éviter les risque d'hémorragie du
			Operator, assistant		Ecartez de façon pince en coeur	réduire la compression Curvy lininear extension blessures foetales post partum par
						identique les muscles et Saisissez la présentation Démarrez la suture à	aortico-cave rétention vésicale is essential because
						le péritoine par les doigts avec la main, fléchissez-l'angle homolatéral à Effectuez la surveillance	direct transverse
		Sondage vésical				Vérifiez que la patiente de l'opérateur et de la et remontez-la au l'opérateur à l'aide d'un post opératoire pendant	extension often leads to
						niveau de 2 heures	est sondée fil à résorption lente de l'aide	inadvertent msucle
		Préparation de la peau				Réalisez le badigeonnage l'hystérotomie, dans type Vicryl 1 Vérifiez que les deux	incisions and bleeding
					depuis les mamelons Si vous vous trouvez en Décollez le péritoine épines iliaques l'axe de dégagement Réalisez un point en X,	Vérifiez s'il y a des Visualisez totalement le	Aucun point ne doit être
					jusqu'au pubis en présence d'adhérences vésico-utérin antérosupérieures sont adhérences Pendant l'extraction, en veillant à placer le champ opératoire	effectué à l'aveugle afin
					gardant les deux éipnes (en cas de césarienne noeud à l'extérieur de libres vérifiez que vous n'êtes	d'éviter tout lésion à
					iliaques antérieure par exemple)	l'angle	pas en train d'exercer un	l'artère utérine ou à
			Assistant			antérosupérieures libres Exposez avec une valve effet levier sur le Identifiez le segment	Cette exposition permet l'uretère
		Incision cutanée				Réalisez une incision sus-pubienne Vérifier l'indication de la inférieur, le cul-de-sac Il existe aussi d'autres de visualiser clairement segment inférieur Procédez de la même
						selon Cohen-Stark Retirez la valve sus manière à l'autre angle césarienne: l'incision en vésico utérin et la vessie types d'incision: le segement inférieur, le
						consistant à une incision pubienne Pratiquez la suture dépend	verticale, transversale qui réalise un renflement siège de l'hystérotomie
		Extraction		Si la présentation est	transverale d'environ Réalisez le dégagement utérine en 1 plan par un	discret	avec ou sans ligature des Proscrivez le mouvement
			céphalique Assistant.e	13cm, 3cm au dessus du pubis déchirer le tissu de la tête par efforts de surjet simple poussée maternelle Si vous êtes dans l'axe de Maintenez la traction du moins de risques de la suture alors il existe surjet	vaisseaux épigastriques. Pour le choix de l'incision plusieurs critères rentrent en compte : l'esthétique (raison pour Identifiez le péritoine utéro-vésical pour vérifier si adhérences et Palpez l'utérus L'utérus est palpé pour pédicules utérins) vessie pas remontée de levier de la main endo-Aucun décollement utérine pour éviter Veillez à rester dans l'axe vésico-utérin n'est (vésicales, cervicales, aux nécessaire d'éventuelles lésions de la suture
		Incision de la graisse et de l'aponévrose Hysterotomie Assitant.e Contrôle hémosthase	laquelle l'incision transversale a pris le pas sur l'incision verticale) le temps d'ouverture (moins long avec une ouverture de type Jöel-Cohen), la facilité d'extraction foetale (importante pour ne pas transformer un accouchement par voie basse difficile en un accouchement par voie haute traumatique pour la mère et l'enfant) et le rsique de complications per-ou post-opératoires inhérentes à chaque type d'incision vérifier la présentation It avoids tearing the foetale et l'alignement Vérifiez que vous êtes au moins 2cm au dessus de la marge vésicale. Prenez garde de ne pas blesser une partie foetale sous myometrial tissue Une hytérotomie transversale est moins Vérifiez l'hémostase associé à un risuqe de Suture par points simples rupture utérine de Vycril 3.0 ultérieure Vérifiez la position de la Chaque point est réalisé Dans la région médiane, incisez uniquement sur 3cm la graisse sus aponévrotique jsuqu'au plan de l'aponévrose des grands droits Appliquez ce principe de myométrial Si l'extraction foetale est Appliquez une pression Si aucune difficulté n'est prévue à l'extraction foetale Incisez l'utérus horizontalement en monobloc sur le segment inférieur compliquée abdominale sur le fond avec un espacement utérin régulier Si les mains ne suffisent Recourez à une pas à faire sortir le foetus extraction par forceps ou Vérifiez les plaies par ventouse vésicales: test au bleu si Si la tête est très haute Effectuez une version par doute jacente par rapport à l'incision et manouvre interne et tête Si hémarogie de la Visuel 500ml pertes sanguines Réalisez une petite que l'expression grande extraction du délivrance ouverture utérine fundique ne suffit pas à siège utérotonique type centrale au bistouri Si une difficulté est prévue à l'extraction foetale (placenta accreta….) Invisez verticalement l'utérus, sur le coprs utérin (hystérotomie corporéale) Vérifiez si une difficulté est prévue à l'extraction foetale l'amener au niveau de nalador Ce type de césarienne l'hystérotomie technique de ballonet impose le recours à des (présentation transverse) intra utérin césariennes itératives, ligature vasculaire: triple car ce type de cicatrice ligature de tsirulnikov, est plus fragile et risque Faites son application au ligature des artères une rupture utérine en plus près de l'occupit hippograstriques, cas d'accouchement pour favorisze au hystérectomie ultérieur par les voies maximum la fliexion de d'hémostase naturelles Si vous rencontrez une difficulté pendant l'extraction foetale, suite à une incision transverse Elargissez verticalement et crânialement la cicatrice la tête et la tracter vers Cela permet d'avoir plus l'ouverture utérine d'espace et de place Completez si besoin avec Points en U de toujours en maintenant pour manoeuvrer. Cette de nouveaux points rapprochement des l'expression fundique cicatrice impose aussi le Si la présentation est en berges ou point en X L'extraction peut être recours à des siège hémostatique quasi spontanée grâce à césariennes itératives l'expression fundique si doute lésion uretère urétérolise
				la boutonnière à chacun S'il surgit une difficulté Des tractions inguinales	Inspectez la cavité
						des plans sont suffisantes pour	abdominale
						Poussez les tissus sous-dégager un siège Effectuez une toilette Identifiez le fascia sous-	L'objectif de la toilette
						cutanés pour identifier le décomplété, ainsi que péritonéale	est de retirer les caillots,
						fascia sous-jacent l'abaissement des deux	le liquide étant résorbé
						pieds pour un siège	par le péritoine
						complet	Le péritoine péritonéal
						n'est pas suturé
			Figure D.2: Model of C-Section

Figure B.3: Interview before training Figure C.2: Interview after training cutané Figure D.1: Model of C-Section Figure D.3: Model of C-Section Figure D.4: Model of C-Section

  Merci d'entourer le numéro correspondant à la performance pour chaque catégorie, peu importe le niveau d'entraînement

	Respect des tissus :				
	1	2	3	4	5
	Manipulation		Manipulation		Manipulation
	inappropriée des	précautionneuse		appropriée constante
	tissus ou		des tissus mais		des tissus avec des
	traumatismes	occasionnellement		traumatismes
	tissulaires	des traumatismes		minimaux
			sont causés par		
			inadvertance		
	Temps et mouvements :				
	1	2	3	4	5
	Réalisation de	Efficacité du rapport		Nette économie de
	mouvements non	temps/mouvements		mouvement et
	nécessaires		mais quelques		efficacité maximale
		mouvements non		
			nécessaires		
	Manipulation des instruments :			
	1	2	3	4	5
	Utilisation		Utilisation		Mouvements fluides
	inappropriée des		appropriée des		avec les instruments
	instruments ou	instruments mais		et aucune
	gestes maladroits	parfois raideur ou		maladresse
			maladresse		
	Connaissance des instruments :			
	1	2	3	4	5
	Demande ou	Connaissance du		Connaissance
	utilisation fréquente	nom de la plupart des		manifeste du nom et
	du mauvais		instruments et		de la fonction des
	instrument	utilisation appropriée		instruments
			des instruments		
	Déroulé de l'intervention :				
	1	2	3	4	5
	Arrêt fréquent de		Démonstration		Anticipation
	l'intervention et		d'anticipation et		manifeste du cours
	incertitude quant au		progression		de l'intervention avec
	prochain geste	raisonnable de la		une continuité sans
			procédure		effort entre les
					gestes
	Connaissance spécifique de la procédure :			
	1	2	3	4	5
	Connaissance	Connaissance de		Familiarité avec tous
	déficiente. Besoin	toutes les étapes		les aspects de
	d'instructions		importantes de		l'intervention
	spécifiques durant la		l'intervention		
	plupart des étapes				

Figure E.6: OSATS Score
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Towards techno-pedagogical systems training on the different elements that contribute to its creation: the Pedagogical Knowledge (PK), the Technological Knowledge (TK), the Content Knowledge (CK).

4.2 Our approach: the case of C-Section In the experimental protocol presented here, we propose a video-based training for the Caesarian Section (C-Section), that roots in a pedagogical theoretical framework, and follows techno-pedagogical guidelines (for content, technology, and demonstration selection). We study the impact of this video-based training depending on its content (either based on pedagogical theories or strictly demonstrational), and the media used (high-technology or low-technology) on knowledge skills and experience of medical school students.

The TPACK applied to surgery

Definition of terms

We aim to pursue the techno-pedagogical practices and goals in this study. Hence here, the Pedagogical Knowledge (PK) refers to the understanding of the teaching practices in surgery, including the apprenticeship model and its famous Towards techno-pedagogical systems not clarified, neither are the control actions. Same as for the MIV, the participant has access to: a 3D view of an operating room with a close-up on the patient's belly; the soundtrack corresponding to this view; a 2D view even closer to the patient's belly; but has only limited auditory comments on the step performed; and no information on rules of action or control action that underlie the gesture (fig 4.5). Participants are also free to access or not the different elements of the video and to repeat them as many times as they want. In the LIV, participants see, in a 180°video: a 2D view zoom on the surgical gestures (cf figure 4 

Measuring tools and metrics

Related to the primary objective

• MQC: Before their first training session and after each training session, participants of groups A and B are required to fill up an MQC to test for improvement of their clinical knowledge on the C-section.

• Evaluation grid of gesture's quality (OSATS Score): When participants are performing C-sections during the first month of their first internship as a resident, two blind experts give them a score that reflects their technical abilities (respect for tissues, instruments handling, knowledge of procedure etc.). The OSATS score can be found in Appendix E.6

Towards techno-pedagogical systems

Results

This section presents 1. the impact of a theoretical framework, the Pedagogical Content Knowledge (PCK) and the associated human learning model, the ckç, for the creation of a training video on the C-Section on residents' knowledge and skills and 2. the impact of the device used to visualize these videos, referring to the Technological Content Knowledge (TCK), on residents' satisfaction and experience, depending on the videos content. Statistics are performed on results obtained at the MCQ as these compare between sufficient sets of data, but results obtained during S3 on technical skills are not statistically tested as the number of participants and hence the set of data are too small. Also, data obtained during S3 originate from the OR, representing different surgical interventions, performed in different hospitals: it very heterogeneous. These data are presented as tendencies and insights for future research rather than to corroborate the hypothesis.

Primary Research Question

Clinical knowledge Participants in the LIV group augmented their percentage of correct answers on anatomy in a non-significant way (paired t test, t(9) = -1.9365, p = 0.08), while participants in the MIV augmented it in a significant way (paired t test, t(15) = -2.4934, p =0.02). On surgical technique, participants in LIV group augmented The same pattern is found for group LIV, with only Novelty being significantly different between PC and VR (Wilcoxon signed rank test, Z=55.5 p<0.001) as well as for group MIV which also rates Novelty significantly better when viewed in VR compared with PC (Wilcoxon signed rank test, Z=1065, p<0.001). While not significant, group LIV rates efficiency, perspicuity and dependability better on a standard PC screen compared with VR. Mean score for efficiency on a PC is 1.8 ± 1 vs. 1.5 ± 1.2 in VR, mean score for perspicuity on a PC is 2.6 ± 0.9 vs. 2.4 ± 0.7 on a PC vs. 2.3 ± 0.9 in VR, and mean score for dependability is 1.8 ± 1.2 on a PC vs. 1.6 ± 1.2 in VR. Simulation is better rated in VR (2.3 ± 0.9) than on a PC (2 ± 0.9), same as attractiveness: 2.4 ± 0.8 in VR vs. 2.3 ± 0.8 on a PC (cf. fig 4.10). Group MIV rates better stimulation, dependability and attractiveness on a standard PC screen compared with VR. Mean score for stimulation on a PC is 2.4 ± 0.8 vs. 2.3 ± 0.8 in VR, mean score for dependability is 1.9 ± 1.1 on a PC vs. 1.6 ± 1.3 in VR and mean score for attractiveness on a PC is 2.5 ± 0.6 vs. 2.3 ± 0.8 in VR. The differences are not significant. At the opposite, efficiency and perspicuity are better rated in VR compared with PC. Mean score for efficiency is 1.5 ± 1.2 vs. 1. 
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