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Surgery is a craft that has been handed down in a master–apprentice manner via supervised surgeries that demonstrates the need for high-quality training simulators. Despite advancements in this area, little progress has been made for one of the most common surgeries: total hip arthroplasty (THA). In this work, we describe a multiuser virtual reality training simulator for THA called HIPS that covers the surgical steps from cutting off the femoral head to insertion of the stem. This encompasses the simulation environment, surgical errors detected, multiuser capabilities, as well as user guidance and user feedback methods. In a mixed-method evaluation (N = 12), HIPS was deemed to be realistic, enjoyable, and needed in resident training. The qualitative evaluation methods used herein reveal valuable feedback for further improvements and important learnings for general assessment of surgical training simulators. The variations in surgical techniques need to be evaluated further at different hospitals in different countries along with high-quality simulations of all sensory cues.
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1 INTRODUCTION
Surgery is considered a craft that requires gaining a feel through experience in addition to having knowledge of how to perform the procedures. This is why surgical skills are often passed down in a master–apprentice manner, where specialist surgeons supervise residents during surgical procedures. Numerous training methods have been developed to prepare residents for their first surgeries to increase patient safety. These methods extend from cadaver training to the utilization of physical models and virtual reality (VR)- or augmented reality (AR)-based training simulators (Gilbody et al., 2011; Huri et al., 2021; LeBlanc et al., 2010; Melcher et al., 2023). In particular, VR-based training systems are very promising as they inherently have fewer ethical implications than cadaver training, along with greater variability and repeatability. Furthermore, they allow the implementation of sophisticated training curricula to a significantly higher degree than physical or cadaver training methods without consuming valuable resources, i.e., physical models and cadavers. Although traditional cadaver training remains an important method for learning surgical skills owing to its high realism, it can be gradually substituted with the increasing realism achieved through VR training simulations. However, this transition requires multimodal VR training environments with high degrees of simulation realism for every sensory cue as surgeons frequently navigate procedures using visual, haptic, tactile, and auditive cues (Lorenz et al., 2025). Until VR training simulations can provide such multimodal realism, traditional training methods will continue to prevail, even though VR simulations are superior in terms of repeatability, training scenario variations, stress scenario training, and self-guided learning using advanced feedback mechanisms. This is one of the primary reasons why VR training simulations are increasingly used in surgical training to enable surgeons to acquire real surgical techniques before their first interventions with live patients (McKnight et al., 2020). Although such systems are effectively designed, VR training systems that can ensure skill acquisition are still under investigation, and there are methodological concepts available presently that have helped the developers of surgical VR training simulators (Gupta et al., 2019).
VR training simulators ensure that the users are completely immersed in a virtual world (Skarbez et al., 2021). There are numerous VR applications in the medical field (Tene et al., 2024; Barré et al., 2019; Zhang et al., 2021; Verhey et al., 2020); some illustrative examples of these include training for laparoscopic surgery in VR (Toale et al., 2023; Burden et al., 2011) or performing dental implants in VR (Chen et al., 2018). Since the 1990s, VR has been steadily used to develop and deliver surgical training simulators that are now being incorporated in curricula in fields like arthroplasty (Syamlan et al., 2022) and laparoscopy (Dawe et al., 2014). Despite these remarkable accomplishments, there are still many surgical fields where realistic virtual training systems are not available. One such field is total hip arthroplasty (THA), where the major challenge is to provide realistic simulations of the very high forces occurring during the procedure (Pelliccia et al., 2020). THA is performed several hundred thousand times a year worldwide (Ferguson et al., 2018), so it is especially important to integrate simulators into the training of orthopedic surgeons. However, there is very limited literature on VR training systems in this field that is also largely lacking implementation details (see Section 2.1).
Many researchers have worked toward achieving this goal and have so far successfully developed a first prototype for acetabular reaming during THA (Kaluschke et al., 2018a) using the KUKA iiwa robot (Knopp et al., 2018), by integrating tactile feedback into the reaming tool (Weik et al., 2019), and by acquiring the material data for acetabular reaming (Pelliccia et al., 2020). Based on this prototype of the so-called HIPS training simulator, the authors extend the capabilities of HIPS to cover cutting off of the femoral head, reaming of the femur, and implanting of the cup and stem. This extended version now covers all steps of THA, except for incision and closure. Furthermore, HIPS now provides multiuser access and allows self-guided training by providing instructions, error detection, and instrument guidance in VR. Additionally, new haptic devices have been introduced to achieve realistic simulation of the forces and torques during surgery. However, for the first evaluation of HIPS presented in this work, we focus on the user experience and validity of the visual aspects. For this purpose, HIPS is assessed in the visual VR-only mode without haptic feedback. Hence, the particular aims of this study are to assess the correctness of the 3D models of the operating theatre, situs, and surgical instruments. Furthermore, the user feedback mechanism and intentions of use were considered in this study. Therefore, the main contributions of this study are as follows:
	1. Detailed descriptions of the user interactions and feedback concepts for THA training in VR.
	2. List of critical errors for each of the THA steps covered.
	3. Detailed description of the multiuser approach.

A follow-up study investigating the realism of HIPS includes haptic feedback incorporating the learnings from this study and shows positive reception overall (Lorenz et al., 2025). Aside from the a priori contributions intended above, our study revealed unexpected results regarding the qualitative assessment of HIPS that should be considered universally for the evaluation of any surgical VR training simulator. This motivated the authors to assign a second set of focus points for this study, which is why the evaluations of surgical VR training simulators are discussed with particular regard to qualitative methods. The contributions of this work regarding evaluation methods are as follows:
	1. Interviews as an evaluation method for assessing the surgical VR training simulator.
	2. Considerations for the design and evaluation of surgical VR training simulators based on the master–apprentice teaching method in surgery.
	3. Considerations for the design and evaluation of surgical VR training simulators based on different surgical techniques.

2 STATE OF THE ART
2.1 VR training simulators in orthopedic surgery
In orthopedic surgery, most VR applications revolve around operation planning, fracture treatment, and arthroscopy. Only a small set of applications focus on arthroplasty, while even fewer applications are based on THA (Cate et al., 2023; Clarke, 2021; Su et al., 2023; Syamlan et al., 2022; Verhey et al., 2020). A recent review on orthopedic VR training simulators used in resident training reveals that only two studies from 2011 to 2021 were related to hip arthroplasty (Cate et al., 2023) and that both studies did not incorporate haptic feedback (Hooper et al., 2019; Logishetty et al., 2020). Furthermore, the review by Sun et al. (2023) reported that most of the implant positioning applications were related to the cup and stem for THA. In a specific review regarding the inclination accuracy, anteversion, and surgical duration, Su et al. (2023) identified three studies that confirmed the benefits of THA training using VR. Earlier reviews are strongly focused on arthroscopic procedures and almost neglect arthroplasty (Aïm et al., 2016; Morgan et al., 2017). In a recent review by Syamlan et al. (2022), only one VR application was listed for training the acetabular reaming step (Kaluschke et al., 2018a; Panariello et al., 2019). Wu et al. (2025) recently presented a THA simulator that allows training on the correct angles for sawing off the femoral head, reaming the acetabulum, and inserting the stem; although this setup is based on AR using artificial bones for passive haptic feedback, it represents an important effort in the sparse literature available on virtual training systems for THA.
Multiuser VR training systems are very rare in the surgical field. One such example is provided in Edwards et al. (2021), Edwards et al. (2023), where novice surgeons and novice scrub nurses were jointly trained in VR with a focus on the communication between them. Wiese et al. (2021) provide a rare example of a THA training simulation in VR for the surgical approach (not covered in this study), starting from incision to joint dislocation; using a 3D model recreated from the patients’ image data, the authors implemented a self-guided learning simulator that leads the trainees through the procedure while providing detailed feedback regarding the correct execution of the approach. Hooper et al. (2019) evaluated a THA VR training simulation based on the ORamaVR (Heraklion, Crete, Greece) software platform; however, they do not provide further details on the implementation and user feedback. Another THA VR training simulation was developed by Younis and Al-Hemiary (2021) that enabled trainees to perform THA from incision to joint relocating; herein, the authors created 3D models of the operating theater, including all surgical instruments and the hip anatomy, and the simulator provides the opportunity to either train on a skeleton model or a model with soft tissue. However, the authors do not clarify the basis for modeling the anatomy. Although this simulator provides some level of instruction to the trainees about the procedural steps and also measures some performance indicators, the exact design of the simulator, including the user feedback mechanism, is not detailed. Logishetty et al. (2019b) presented an evaluation of the THA VR Simulation v1.1 from Pixelmolkerei AG, Chur, Switzerland; however, they do not indicate the THA steps included in the simulator or the basis for the anatomical 3D model. Although information about the user feedback mechanism is provided, the THA VR Simulation v1.1 can be operated in both training and assessment modes; here, guidance is provided on the next surgical steps, instrument positions, labeled anatomical regions, and implant orientation in the training mode. In both modes, the trainees are provided “[…] data on their errors in instrument selection and position, the number of prompts given by the simulator (triggered when the surgeon does not make stepwise progress for more than 30 seconds), hand path lengths, final component orientation, and the time taken to perform THA” (Logishetty et al., 2019b). Another notable effort was reported by Kaluschke et al. (2018a), 2Kaluschke et al. (2018b) and Knopp et al. (2018), who presented a training simulator for acetabular reaming using the KUKA iiwa robot for force feedback; this device is from a previous developmental stage of the HIPS training simulator presented in this study.
2.2 Evaluation methods for surgical VR training simulators
Systematic reviews indicate that the evaluations of surgical training simulators based on VR frequently entail quantitative approaches to determine the validity of these devices (Cate et al., 2023; Iskander et al., 2021; Lungu et al., 2021; Mao et al., 2021; Pfandler et al., 2017; Zhang et al., 2021). Many researchers choose to primarily assess the facial validity, performance times, error rates, and precision/accuracy (Cate et al., 2023; Iskander et al., 2021; Mao et al., 2021; Pfandler et al., 2017; Zhang et al., 2021); nevertheless, considerations such as cognitive load (Barré et al., 2019) and user experience (Färber et al., 2009) are sometimes included in these evaluations. To a much lesser extent, qualitative methods like interviews have been used to assess the general benefits and limitations of using VR for surgical training (Kuhn et al., 2021, 2024) or to assess specific training simulators (Koch et al., 2019). Notably, feedback on the qualitative nature of the quality of simulation and enhancements is scarce in existing literature. Koch et al. (2019) evaluated a vertebroplasty simulator with 13 specialist participants. Similarly, Allgaier et al. (2022) evaluated a simulator intended for clipping intracranial aneurysms with only two specialist participants. Furthermore, Frendø et al. (2019) examined a mastoidectomy training simulator with 20 resident participants.
3 MATERIALS AND METHODS
3.1 HIPS training simulator
The HIPS training simulator is a multiuser VR application for learning the procedures involved during a hip implant (i.e., THA) with realistic haptic feedback. HIPS can also be used as a visual VR-only application without haptic feedback. The multiuser capabilities allow a trainee to perform a virtual surgery while receiving guidance from a supervising specialist through the use of vocal instructions, pointing, and highlighting in VR. In addition, multiple spectators can observe the training in VR. The main mode of HIPS utilization is the self-guided single-user mode where the trainee is guided through the five main steps of the procedure using text, images, and visual guidance at the virtual patient’s situs. There are three levels of support that the user can choose from, namely, a beginner level with complete guidance through the procedure, an intermediate level with only crucial supportive information, and an expert level without any support. The five steps included in HIPS are cutting off the femoral head, reaming the acetabulum, inserting the acetabular implant, reaming the femur, and inserting the stem implant. These five steps are organized into five distinct modules that can be executed individually or consecutively. The status at the end of each module is not carried over to the next one; instead, each module starts at an ideal state. The reason for this is that it would not be realistic to proceed to the next step in a procedure when an error has occurred in the previous one. During training, any errors in the execution of a procedure are detected and directly fed back to the user. At the end of each module and at the end of training, a detailed assessment of the trainee’s performance is displayed. In the following subsections, the multiuser functionality, training modules, and feedback system are described in greater detail. Highly experienced surgeons from the Zeisigwaldkliniken Bethanien Chemnitz, Germany, who have completed more than 1,000 hip prosthesis implants were consulted for the development of the HIPS training simulator.
3.1.1 Training modules and user interactions
The training in HIPS is conducted in the virtual operating theater depicted in Figure 1, where the virtual patient is supine in the center of the room. Located behind the virtual patient is a big interactable information screen that guides the trainee through the procedures (see Section 3.1.2 for details). On the right side of the patient is a table on which the most important instruments for each module are placed. Furthermore, the height of the bed can be adjusted using the arrows near the virtual patient’s head. All interactions with the information screen, adjustment of the bed height, and selection of instruments in each module are achieved via look-and-wait. The trainee can view a small purple dot fixed at the center of their display that changes to a small ring when hovered over an interactable field; the ring then fills with purple color within 1 s and triggers the interaction event. The surgical instruments for each training module can be controlled using haptic devices in the force-feedback mode or using VR controllers in the VR-only mode of HIPS. However, as the aim of this study is to solely obtain feedback regarding the user experience and validity of HIPS in the VR-only mode, the interactions using VR controllers are explained in further detail.
[image: A virtual reality simulation of an operating room with a patient on the operating table. The room features medical equipment, including monitors with digital displays, surgical lights, and a medical tray. A screen with module information is mounted on the wall. An avatar with an exposed knee is positioned for a procedure, and interactive elements marked with arrows are visible on the simulation interface.]FIGURE 1 | Virtual operating theater displaying the patient in the center with the information screen located behind them and the typical equipment in the surroundings.The situses of the five modules are shown in Figures 2, 4. In the first module, the trainee operates an oscillating saw for cutting off the femoral head; the saw is moved using a VR controller and switched on by pressing the trigger button. Similarly, a surgical acetabular reamer is used in module 2 for preparing the acetabulum. Acetabular implant insertion, femoral reaming, and stem implantation are performed in modules 3 to 5, where the trainee operates a virtual surgical hammer attached to the VR controller. The virtual hammer has to strike the virtual implantation and corresponding reaming instruments during these steps. In the case of femoral reaming in module 4, three reaming rasps are used consecutively that have to be extracted by hitting the underside of the striking plate. Currently, only one patient anatomy, one hip side, one set of implants, and one surgical approach (lateral, transgluteal approach according to Bauer et al. (1979)) are available for training. The patient anatomical model was created using anatomy books, guidelines for THA, and feedback from consulting specialist surgeons.
[image: Four panels illustrating a simulated surgical procedure on a patient's hip. The patient is draped in a teal cloth with an exposed situs. Surgical instruments are positioned around and inside the incision site, demonstrating different steps of the procedure.]FIGURE 2 | Situses for modules 2 to 4: acetabular reaming (top left), acetabular implant insertion (top right), femoral reaming (bottom left), and stem insertion (bottom right).3.1.2 Surgical errors and user feedback
For efficient training with HIPS, it is important to detect surgical errors during training. Hence, the most severe surgical errors for each module were identified in collaboration with the consulting surgeons (Table 1). Each of these errors would or could lead to severe and irreversible damage to the patient’s health. The detection of these errors during the virtual surgery has been incorporated into HIPS, although the errors concerning the wrong application of forces are only detectable using haptic devices and not in the VR-only mode of HIPS. In the event that a trainee makes a surgical error, the specifics are listed on the evaluation screen of the module (Figure 3, bottom left). Furthermore, a red X is displayed next to the situs to inform the trainee that an error was detected but whose details are not exactly known.
TABLE 1 | List of training errors for each module.	Step 1: Cut femoral head	Step 2: Ream acetabulum	Step 3: Insertingacetabula implant	Step 4: Ream femur	Step 5: Inserting stem implant
	Trochanter Major sawn off/injured	Reamer activated outside the pelvis	Cup inserted too deep	Rasp inserted too deep	Stem inserted too deep
	Saw switched on at the bone	Incorrect angle	Cup inserted too little	Rasp inserted too little	Stem inserted too little
	Incorrect cutting angle	Too little material removed	Applied force too high	Applied force too high	Applied force too high
	Imprecise cutting path	Too much material removed	Applied force too low	Applied force too low	Applied force too low
	Femoral head cut off improperly		Incorrect impact angle	Incorrect impact angle	Incorrect impact angle
	Femoral head was cut off at the wrong place		Wrong implant selected	Wrong rasp selected	Wrong impact selected
	Femoral head not cut off				


[image: Interface showing medical training modules on cutting the femoral head, with instructions and evaluations in both German and English. It features training steps, evaluation criteria, and module summaries. A graph compares previous and best training performances, indicating varying success levels. Buttons allow navigation between modules.]FIGURE 3 | User feedback information screens. The images in the left-side column show the original text in German that were confirmed by an expert surgeon, while the images in the right-side column show English translations by the authors for better comprehension. Most important information for cutting the femoral head (top row); progress of the four steps that need to be carried out for cutting the femoral head (second row from top); assessment of the performance of cutting off the femoral head (third row from top); assessment overview of all modules after a training is completed, which can also be accessed as training history from the main menu (bottom row).Figure 3 depicts the information screen slides that guide the trainee through training and inform them about their performance. At the beginning of each module, the trainee is provided information on how this surgical step is carried out and the important points to watch out for during surgery (Figure 3, top row). To emphasize these important points, four pictograms are displayed that provide in-depth information below when selected. After starting a module, the information screen lists the steps that need to be performed and their progress (Figure 3, second row from top). When a training module is finished, the trainee is first asked to assess their own performance before the system informs them of their performance objectively (Figure 3, third row from top). The same color-coded horizontal bars are used for both assessments; the time and error points are listed below these (more points means worse), where the surgical errors listed in Table 1 are assigned point values. The most important information is then provided in the lower half of the information screen, where the surgical errors as well as correctly carried out steps are listed. After the last module is completed, the assessment of the entire training is displayed on the information screen (Figure 3, bottom row). For each module, the error points, time, and color-coded assessment bar are displayed concisely. Further, a reference to the previous training performances of the trainee is shown along with their high scores.
During the training for cutting off the femoral head in module 1 (Figure 4), the trainees are guided to find the correct position and angle. A change in color from green to yellow and red indicates how well they perform. A similar guide is also offered in module 2 for acetabular reaming. Further, some typical sounds of the surgical instruments and equipment are included to enhance immersion.
[image: Three-panel illustration showing an oscillating saw and the visual indicators for the correct angle and position for cutting the femoral head in module 1. The left panel shows the saw in a correct position with a green indicator, the center panel with a yellow indicator in an slightly wrong position, and the right panel with a red indicator in a wrong position.]FIGURE 4 | Visual indicators showing the correct angle and position for cutting the femoral head in module 1: good (left); medium deviation (center); wrong (right).3.1.3 Multiuser and recording functionalities
The multiuser mode enables HIPS users to observe and interact with their training through a network connection. Here, the specialist and trainee are physically separated but virtually united in the same operating room. In one-to-one supervision, the specialist can guide the trainee and provide direct feedback. Any number of viewers can watch a trainee at the same time by connecting to the simulator user through a personal computer (PC) with or without a VR system. To enable this functionality, a system was developed to distinguish between different user roles. HIPS also offers the functionality to record a training session along with its associated audio comments; this allows experienced surgeons to record a VR training session that trainees can watch and reenact to learn the exact handling of the surgical instruments. Furthermore, trainees can also record their training to assess and learn from their mistakes.
3.1.3.1 Trainee
This person carries out the training, and there can only be one user claiming this role. Here, HIPS is always implemented in expert mode, and the trainee is guided by the supervising specialist and not by the system. The screen in the operating theatre displays the module overview as well as the number and names of the other users present. Furthermore, only the trainee can switch between modules.
3.1.3.2 Specialist
This person is an experienced surgeon who guides the trainee through the surgery, and there can only be one user claiming this role. The specialist can place 3D markers on the virtual patient to guide the trainee, talk to the trainee, and use a pointing ray. This role can also be implemented in a non-VR setting using only the mouse and keyboard of a desktop PC.
3.1.3.3 Spectators
There can be an unlimited number of persons claiming this role. These users are only able to passively observe the scene from any perspective they want or choose to watch from the trainee’s perspective. This role can also be implemented in a non-VR setting using only the mouse and keyboard of a desktop PC.
3.2 Experimental setup
The HIPS training simulator was evaluated at the Clinic for Orthopedics, Trauma Surgery, and Sports Traumatology at the Zeisigwaldklinik Bethaninen Hospital in Chemnitz, Germany. Almost all members of the clinic participated in the evaluations. Their experience levels ranged from students to residents and even up to very experienced surgeons. Owing to this range in experience, it was possible to gather the opinions of actual end-users, namely, the students, residents, and specialists. The evaluations were conducted using the HP Reverb G2 head-mounted display (HMD, Figure 5). Initially, the participants were informed about the aims of the study and processing of their data. Thereafter, the participants provided their written informed consent. During the pre-assessments, the participants provided demographic data, including age, gender, year of residency or number of years since completion of residency, as well as the number of hip prosthesis implantation procedures that they are actively or passively participating in annually. Then, the participants were allowed to familiarize themselves with the VR system, and HIPS training simulation was started in the beginner mode with maximum guidance to gather feedback on trainee guidance and the feedback elements. The participants completed the five training modules consecutively; then, they were encouraged to report their impressions while experiencing the training simulator. The study investigators made further inquiries in the event of interesting or unclear comments. After the participants finished providing their comments on a module, the experimenter confronted them with selected comments from previous participants to better assess the severity and validity of the comments.
[image: A participant wearing a virtual reality headset is using VR controllers in a room. In the foreground, a laptop displays the HIPS simulation, showing a virtual surgical THA procedure on a hip.]FIGURE 5 | Experimental setup showing a participant performing acetabular reaming.The post-assessments were conducted immediately upon completion of the five training modules. While the participants were still wearing the HMD and inside the virtual operating theater, they were asked to rate their presence level on the scale of 1–10 using the single-item question suggested by Bouchard et al. (2004), and the responses were noted by the experimenter. Then, the participant removed the HMD and continued the post-assessment by answering a 21-item questionnaire regarding user acceptance and intention of use on a five-point Likert scale (Table 2). This questionnaire was customized from Fang et al. (2014), who evaluated a haptic-based VR temporal bone simulator and based their questionnaire on the widely used technology acceptance model (TAM) reported by Davis (1989). The reasons for customizing our questionnaire were as follows:
	1. Directly naming the HIPS simulator in the questions should help the participants better relate their experiences with the questions.
	2. As the study was conducted in the hospital during normal operation hours, the evaluation time had to be as short as possible to prevent occupying the participant for too long; hence, only the most important questions were asked.

TABLE 2 | Questionnaire for assessing user acceptance and intention of use of the HIPS training simulator grouped by scale.	Presence
	   1. The presentation of the virtual instruments helps me assess the correct positioning of the real instruments
	   2. The 3D presentation of the situs was realistic
	   3. The 3D presentation of the operating room was realistic
	Usefulness
	   4. The HIPS simulator helps learn how to insert a primary endoprosthesis
	Playfulness
	   5. Time passed quickly when I used the HIPS simulator
	   6. I felt happy when I used the HIPS simulator
	Ease of use
	   7. Learning how to use the HIPS simulator is easy
	   8. It is easy for me to use the HIPS simulator
	   9. It is comfortable to use the HIPS simulator
	Attitude
	   10. I have a positive attitude toward the HIPS simulator
	   11. Using the HIPS simulator is a good method of learning how to insert a primary endoprosthesis
	   12. I like the idea of virtual insertion of a primary endoprosthesis
	   13. I enjoyed using the HIPS simulator
	Intention of use
	   14. The HIPS simulator encourages me to perfect the insertion of a primary endoprosthesis
	   15. I would like to continue practicing the insertion of a primary endoprosthesis with the HIPS simulator
	   16. I would recommend the HIPS simulator to medical students
	   17. I would recommend the HIPS simulator to residents
	   18. I would recommend the HIPS simulator to medical specialists
	   19. The HIPS simulator should be a part of the medical curriculum
	   20. The HIPS simulator should become a part of specialist training
	   21. The HIPS simulator should enable patient-specific training in preparation for surgery


Lastly, the participants could provide additional comments and summarize their experiences.
3.3 Data analysis
The descriptive statistics were calculated using SPSS 28.0 from IBM. Regarding the qualitative analysis, each new comment by a participant was noted in a list by the experimenter. When another participant provided the same comment, this was noted so that the significance of a particular comment can be determined by the number of mentions.
3.4 Demographics
A total of N = 12 participants volunteered for the study, and their demographic data are presented in Table 3. Of these participants who had already experienced medical VR applications, two persons had experienced a previous version of the HIPS training simulator, one person had experienced a spine simulation, one person had experienced a knee implant simulation, and one person had experienced an application for navigation.
TABLE 3 | Demographic data of the participants.	Gender	10 Male
	2 Female
	Age (years)	M = 40.00 (SD = 9.80) [Min = 25; Max = 56]
	Professional level	1 Student
	3 Residents
	8 Specialists
	Yearly number of hip implants	M = 85.17 (SD = 120.34) [Min = 5; Max = 400]
	VR experience	5 No
	6 Few
	1 Yes
	Medical VR application experience	7 No
	5 Yes


4 RESULTS
4.1 User acceptance, intention of use, and presence
The results of the user acceptance and intention of use questionnaire reveal a positive assessment of the HIPS training simulator overall (Figures 6–8). The participants showed high levels of agreement with the user experience and usability that are also reflected in the median value of 4.00 for the presence, usefulness, playfulness, and ease of use scales; median value of 4.38 for the attitude scale; and median score of 4.13 for the intention of use scale. In detail, the results show that the situs, surgical instruments, and operating theater were assessed as realistic by a majority of at least 66% (questions 1–3). It is further evident that HIPS received very positive ratings in terms of enjoyment, ease of use, and comfort, leading to a positive attitude with at least 75% agreement (questions 5–9, 13). The general idea of training for THA in VR, its usefulness, and the motivation to continue practicing in VR also received positive responses with at least 66% agreement (questions 4, 10–12, 14, and 15). The usefulness of HIPS for medical students and residents was seen as very high with at least 75% agreement (questions 16, 17, and 19). For specialist surgeons, the benefits provided by HIPS were not seen as useful (25% agreeing with question 18) despite its perceived desirability in specialist training (53% agreeing to question 20). Given the 91% agreement to question 21, a large majority of the participants wished for the opportunity of patient-specific training with HIPS in preparation for surgery. The question by Bouchard et al. (2004) regarding the participants’ feeling of “being there” in the virtual environment received an average rating of M = 6.25 with a standard deviation of SD = 1.6.
[image: Stacked bar chart titled “User Acceptance and Intention of Use (1-7)” displaying responses to the first seven statements. Each bar represents percentages of responses: Strongly Agree (light gray), Agree, Neutral, Disagree, and Strongly Disagree (dark gray). Most responses are in the Strongly Agree and Agree categories, reflecting a generally positive attitude towards the simulator for ease of use, comfort, learning, and encouragement.]FIGURE 6 | Results of the questionnaire for user acceptance and intention of use of the HIPS training simulator (questions 1–7).[image: Stacked bar chart titled “User Acceptance and Intention of Use (8-14)” displaying responses to the second seven statements. Each bar represents percentages of responses: Strongly Agree (light gray), Agree, Neutral, Disagree, and Strongly Disagree (dark gray). Most responses are in the Strongly Agree and Agree categories, reflecting a generally positive attitude towards the simulator for ease of use, comfort, learning, and encouragement.]FIGURE 7 | Results of the questionnaire for user acceptance and intention of use of the HIPS training simulator (questions 8–14).[image: Stacked Stacked bar chart titled "User Acceptance and Intention of Use (15-21)" displaying responses to the third seven statements. Each bar represents percentages of responses: Strongly Agree (light gray), Agree, Neutral, Disagree, and Strongly Disagree (dark gray). Most responses are in the Strongly Agree and Agree categories, reflecting a generally positive attitude towards the simulator for ease of use, comfort, learning, and encouragement. The exception is statement 18 where were most participants remained neutral or disagreed.]FIGURE 8 | Results of the questionnaire for user acceptance and intention of use of the HIPS training simulator (questions 15–21).4.2 Qualitative feedback
In the following report regarding the participant comments, we focus on the negative aspects and important improvements since the positive comments only serve to underscore the positive feedback in the questionnaire without further substantial findings. Although unusual, we also report the experimenter’s observations as these might prove useful for other researchers planning user studies with medical staff and help them to interpret their results. In total, 66 statements were noted, of which 17 were at least mentioned by three participants each. Only four out of the 66 statements were mentioned by at least seven participants each, which represents a majority vote.
One of the interesting findings was that five participants commented that the positions of the hooks for cutting the femoral head in module 1 were wrong, even though their positions were agreed upon beforehand with the consulting specialists. The other participants did not comment on these wrong positions. The experimenter asked the specialist participants about this observation, and the specialists responded that this could probably be attributed to the manner in which surgery is taught. The hook settings are not standardized; instead, each specialist favors a certain configuration that they then impart to the residents, who perceive this as the only correct method of positioning. The specialist participants noted that such variations in the operating techniques were usually only perceived when switching hospitals as the specialists there have their own unique styles. Furthermore, the participants gave diverse feedback about the details of the operating theatre like the positioning of the lamps and vital monitors. There was conflicting feedback regarding the visibility of the patient; while one specialist stated that the patient’s head was not visible during surgery owing to a curtain, another specialist mentioned that this diversion from a realistic setup would be helpful for training students and residents to better immerse into the scenario and identify with the patient. Six participants noted that the look-and-wait interactions were not direct or clear and needed more detailed instructions by the experimenter. An important error that was detected by eight participants was that the angle indicated for acetabular reaming in module 2 and hence the implantation of the acetabular prosthesis in module 3 were wrong. Furthermore, five participants mentioned that they missed the visual changes to the acetabulum during reaming as this is an important indicator for them to determine when the reaming is complete. As the other specialist participants did not comment on this inadequacy, the experimenter specifically asked these specialists if it disturbed them that the acetabulum did not change visually during reaming; given this prompt, the response was that even though this was unusual, the users preferred to touch the acetabular surface and feel if sufficient material was reamed off. Although it was clarified that HIPS was evaluated without haptic feedback and only with the VR-HMD and controllers, 10 participants commented that they would have liked to use a second hand for controlling the instruments.
Thus far, only the most relevant comments made by the participants have been reported. Although the participants provided plenty of detailed feedback regarding further improvements to HIPS, these do not contribute to the general insights. However, the experimenter reported that the participants’ feedback points were very broad and contradictory in parts based on different aspects and the experience levels. The specialist participants tended to provide more feedback on the exact procedures of the surgery and focused on simulation quality of the cues that they used to orient themselves during surgery, be it visual, auditive, or haptic. The inexperienced participants often commented on deviations from the operating theatre and instruments familiar to them, e.g., the monitor or saw looks a bit different. Furthermore, the participants placed different levels of importance to the same aspects depending on their expectations of the simulation quality. When confronted with comments from other participants, e.g., the sound of the saw does not change when sawing bone, they mentioned that this was true but felt that this would be technically impossible to simulate in VR and would not have expected it to be accurate anyway.
5 DISCUSSION
5.1 Positive assessments of the HIPS training simulator
In this study, we present HIPS as a VR training simulator for THA (excluding the surgical approach and closure) and evaluate its user experience and validity with 12 participants ranging from medical students to residents and experienced specialists. To the best of our knowledge, we are the first research group to describe the implementation and user feedback of such a THA simulator in detail as well as present a list of the critical errors for THA in the context of a VR training system covering the steps from cutting the femoral head to implanting the stem. Unfortunately, the few other THA VR training simulators reported previously (Hooper et al., 2019; Logishetty et al., 2019a; Logishetty et al., 2020; Younis and Al-Hemiary, 2021) do not provide details about the capabilities and user feedback mechanisms of their devices, allowing only a superficial comparison with our work. Younis and Al-Hemiary, (2021) have covered all the surgical steps that we have presented herein and additionally the incision. In the absence of implementation details, we can only state that our anatomical models are not based on real data of patient images, in contrast to Hooper et al. (2019). Our anatomical model was created using anatomy books, guidelines for THA, and feedback from consulting specialist surgeons. We consider both approaches to be equal in terms of quality and accuracy. The THA VR Simulation v1.1 from Pixelmolkerei AG, Chur, Switzerland used by Logishetty et al. (2019b) also provides distinct training and assessment modes comparable to ours; further, it provides guidance on surgical instruments and implant orientations, along with tracking of certain types of errors during the operation. Given the lack of further information about the simulator, a more detailed comparison is unfortunately impossible. The study by Logishetty et al. (2019b) was focused on the training success of residents and did not assess the training simulator itself, so we cannot compare the study results directly. Furthermore, Wiese et al. (2021) reported the use of a similar concept as Logishetty et al. (2019b) and ours by providing detailed instructions and error detection in their simulator for training the approach for THA, which we do not cover with HIPS. Wu et al. (2025) compared three types of AR visualization overlays over a physical artificial bone, air-floating virtual model, as well as 2D perspectives for sawing the femoral head, reaming the acetabulum, and inserting the stem; these steps correspond to the HIPS modules 1, 2, and 5. It is worth noting that Wu et al. (2025) only trained the correct angles for these three steps using real tools and instruments; however, the procedures were not actually performed, i.e., the saw was placed on the femoral head in the correct position but the bone was not actually cut.
The feedback from the questionnaire as well as the comments of the participants were generally very positive. Nonetheless, many important details for improvements and a few errors regarding the angle of the acetabular reaming and implantation were reported. The correction of these errors and incorporation of the other feedback points will likely lead to better reception of HIPS in the subsequent evaluations. The most notable and interesting feedback was provided by the specialists, who revealed different methods used by experienced surgeons to perform the individual surgical steps. As an example, we note the reaming of the acetabulum, wherein some surgeons predominantly rely on the sound of the reaming process to determine the progress while others touch the surface of the acetabula or consider visual changes to the surface. This underscores the importance of simulating multiple cues to provide a training system that is usable by all. This effect is likely true for other surgical training methods as well, regardless of the use of VR, physical models, or cadavers. This curricular aspect for developing a surgical training simulation has not been described in literature yet. In our follow-up study including haptic feedback, these findings were confirmed by surgeons who expressed the need for simulating more cues (Lorenz et al., 2025).
The second very important insight for developing a surgical training simulator was obtained from the participant comments on seemingly wrongly placed hooks, which were in fact only placed differently than the common configuration used at the hospital where the participants worked. Although the positioning of the hooks was not wrong, it is crucial to provide the participants with the possibility of rearranging the hooks to their preference to improve the simulation and achieve greater acceptance. The low level of acceptance shown toward the arrangement of the hooks that contradicts their personal experiences could result in the surgeons doubting the medical competence of the training system developers. Alternatively, such doubts could be mitigated by naming a trustworthy medical author at the beginning of the simulation according to whose suggestion the hooks are placed. This insight on the importance of providing variations of the situs or other trust-increasing measures is generally useful for the developers of surgical training simulators and should always be considered. In our follow-up study, we built on these insights and reassured the participants that the hook positions were validated by a trusted expert so that the validity could not be doubted as in the present study (Lorenz et al., 2025).
The relatively low rating for presence may be explained by the lack of haptic feedback and the small number of errors detected during surgery simulation. This could have motivated the participants to provide rather low ratings for presence as it was plausible that the training simulation was affected. Indeed, we noted higher presence ratings (M = 7.20, SD = 1.90) in our follow-up study that provided haptic feedback (Lorenz et al., 2025). Although the multiuser capabilities of the HIPS training simulator were not assessed in the present study, this is the first time that a multiuser VR training program for THA is described in a scientific paper. Aside from THA, multiuser VR training is rarely implemented but shows promising benefits for improving medical education (Edwards et al., 2021; Edwards et al., 2023).
5.2 Lessons learned for evaluating surgical training simulators
Our approach on including thinking aloud as a qualitative measure for assessing a VR surgical training system is a relatively new concept that has sparse literature; Koch et al. (2019) claim to be the pioneers on using this method with 13 specialist vertebroplasty surgeons. In contrast to our findings, Koch et al. (2019), Allgaier et al. (2022), and Frendø et al. (2019) do not report such a variety of partly contradicting comments. This can have several reasons: the authors may simply not have reported them, no contradictions emerged as the investigators did not confront their participants with the comments of other participants, or their samples were more homogeneous in terms of experience; however, a mix of these reasons is also possible. Given our interrogatory style of qualitative evaluation, we moved away from the common method used to assess surgical training simulators. Thus, we not only gained important information for improving the HIPS simulator but also demonstrated the value of using this evaluation method to assess other surgical simulators. Even though there are guidelines available for surgical standard procedures, individual surgical operation techniques may vary greatly in detail. In combination with the fact that surgery is still taught in a master–apprentice manner like other traditional crafts, this creates a challenge for developing surgical training simulators that has been neglected thus far. Our study demonstrates the importance of performing evaluations in different hospitals and countries to uncover a larger number of techniques used. As demonstrated by the example with hook placement, even minor variations that deviate from known procedures may lead to reduced acceptance of a surgical training simulation. To ensure the success of a surgical training simulator, it is of utmost importance to discover these variations in surgical techniques and implement capabilities to adapt the training scenario so that the trainees feel comfortable and accept the training as plausible. Another learning here is the importance of taking into account the expectations of the participants; it is not possible to assume the absence of errors just because the users do not mention them. As demonstrated by the comment regarding the sound of the bone saw, users may also take for granted that it is impossible to simulate a change in the sawing sound and therefore accept this reduction in realism without mentioning it negatively.
5.3 Limitations
Despite the good coverage of the targeted user groups in this study, the results must be considered carefully owing to the small sample size given the difficulty of recruiting orthopedic surgeons as study participants. Further substantiation of these results with a greater number of participants from different hospitals and different countries is highly desirable. Currently, our training simulator offers only one patient anatomy, one hip side, one set of implants, and one surgical approach. Variations to the anatomy and approaches are desirable for increasing the bandwidth of situations experienced by the trainees. The authors are aware that Osso VR, Inc. (San Francisco, CA, United States) and Fundamental Surgery or Fundamental VR (FVRVS Ltd., London, United Kingdom) provide THA VR training simulators with multiuser capabilities that appear to be comparable to HIPS. Unfortunately, as these capabilities are only described in gray literature (company videos and websites), thorough scientific comparisons are not possible. Therefore, it would be highly desirable to describe and assess these commercial simulators in peer-reviewed papers to enable objective assessments and comparisons.
6 CONCLUSION
In this work, we present and evaluate HIPS as a VR training simulator for THA. HIPS allows trainee surgeons to gain experience with cutting off the femoral head, reaming the acetabulum and femur, as well as implanting the cup and stem in THA. We also present detailed descriptions of detectable surgical errors, multiuser functionalities, user feedback, and user guidance mechanisms. In a user study with 12 participants ranging from medical students to residents and specialist surgeons, we confirmed the correctness of HIPS along with high user experience and the need for such a VR training simulator for THA. Aside from common qualitative methods, the assessment of HIPS included thinking-aloud measures and interviews as additional qualitative features that are rarely used to evaluate surgical training simulators. The qualitative assessment allowed very detailed and insightful evaluation of HIPS as well as further revealed important insights for the general assessment of surgical training simulators. The master–apprentice manner of teaching surgical skills and broad variations in surgical techniques require flexible configurability of the surgical training simulation to achieve high plausibility and to enable evaluations at different hospitals in different countries. Further, it is important to incorporate multiple cues in the simulation to reflect different methods by which surgeons evaluate their progress during surgery. Aside from further studies to substantiate our findings, it is important to have at least similarly detailed descriptions of other THA training simulators from laboratories and commercial providers to allow meaningful comparisons and accelerate progress in the field.
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