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ABSTRACT 

DEVELOPING A VIRTUAL REALITY ADAPTATION OF THE 
LAPAROSCOPIC SURGICAL TRAINING: A MULTIMODAL STUDY 

 

Yosunkaya, Ege 
MSc., Department of Modeling and Simulation 

Supervisor: Assoc. Prof. Dr. Elif Sürer 
Co-Supervisor: Assist. Prof. Dr. Hasan Onur Keleş 

 
September 2023, 65 pages 

 
Laparoscopic surgical training has established methods with physical training tools 
that aim to improve the psychomotor skills of surgeons. Virtual reality is a technology 
that can greatly improve the effectiveness of training while increasing accessibility, 
especially by removing the physical devices needed. In this study, we developed a 
virtual reality adaptation of an established method of laparoscopy training, the box 
trainer. We implemented the simulation in two phases. We used the feedback from the 
three surgeons and questionnaire responses from 28 participants to develop the second 
version of the simulation. With a second group of 30 participants, we validated the 
second version with the same set of questionnaires. The responses to the questionnaires 
showed that the version with tutorials, haptic feedback, and assisted grabbing physics 
is more usable and better accepted by the participants. Additionally, we recorded the 
motion of the graspers in the second version and concluded that the performance can 
be distinguished by the kinematic characteristics of the motion, similar to its physical 
counterpart. Lastly, we examined the physiological response with electrocardiogram 
(ECG) recordings with 15 people from the second group. We found that, during the 
tasks, heart rate increased, and heart rate variability (HRV) decreased compared to the 
rest state. We approached the development of the simulation from a multimodal 
standpoint, focusing on the user’s self-reported experience, kinematic behavior of the 
hands, and physiological response. These results suggest that VR is a promising 
technology for laparoscopic surgical training. The VR adaptation of the box trainer 
provides a realistic and immersive experience that can help surgeons develop the 
psychomotor skills necessary for laparoscopic surgery. 

Keywords: Virtual Reality, Laparoscopy, Usability, Motion Analysis, Physiological 
Response 
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ÖZ 

LAPAROSKOPİK CERRAHİ EĞİTİMİNİN SANAL GERÇEKLİK 
UYARLAMASININ GELİŞTİRİLMESİ: ÇOK KİPLİ BİR ÇALIŞMA 

 

Yosunkaya, Ege 
Yüksek Lisans, Modelleme ve Simülasyon Anabilim Dalı 

Tez Yöneticisi: Doç. Dr. Elif Sürer 
Eş-Danışman: Dr. Öğretim Üyesi Hasan Onur Keleş 

 
Eylül 2023, 65 sayfa 

 
Laparoskopik cerrahi eğitiminde cerrahların psikomotor becerilerini geliştirmeyi 
amaçlayan fiziksel eğitim araçları kullanılmaktadır. Sanal gerçeklik, özellikle ihtiyaç 
duyulan fiziksel cihazları ortadan kaldırarak erişilebilirliği artırırken eğitimin 
etkinliğini büyük ölçüde artırabilecek bir teknoloji olarak önem arz etmektedir. Bu 
çalışmada, oturmuş bir laparoskopik cerrahi eğitim yöntemi olan eğitim kutularının 
sanal gerçeklik uyarlaması geliştirilmiştir. Üç cerrahtan alınan geri bildirimler ve 28 
katılımcının anket yanıtları ile, geliştirilen ilk versiyonun kullanıcı deneyimi 
incelenmiş ve yapılan çıkarımlar ikinci versiyonun tasarımında kullanılmıştır. Alınan 
geri bildirimler ile geliştirilen ikinci versiyon 30 kişilik ikinci bir grupla ve aynı anket 
setiyle doğrulanmıştır. Anketlere verilen yanıtlar, öğretici başlangıç, dokunsal geri 
bildirim ve yardımlı tutma fiziği içeren versiyonun daha kullanışlı olduğunu ve 
katılımcılar tarafından daha iyi kabul edildiğini göstermiştir. Ek olarak, ikinci 
versiyonda kavrayıcı cihazların hareketi kaydedilmiş ve kullanıcı performansının, 
fiziksel cihazlar ile gerçekleştirilen eğitime benzer şekilde, hareketin kinematik 
özelliklerinin performans açısından ayırt edici olduğu belirlenmiştir. İkinci grupta yer 
alan 15 kişiden elektrokardiyogram (EKG) kayıtları toplanmış ve fizyolojik değişim 
incelenmiştir. Görevler sırasında dinlenme durumuna göre kalp atış hızının arttığını ve 
kalp atış hızı değişkenliğinin (HRV) azaldığı görülmüştür. Bu çalışmada 
simülasyonun geliştirilmesine, kullanıcının kendi deneyimine, ellerin kinematik 
davranışına ve fizyolojik yanıtına odaklanan çoklu modüllü bir bakış açısıyla 
yaklaşılmıştır. Sonuçlar, sanal gerçekliğin laparoskopik cerrahi eğitimi için gelecek 
vaat eden bir teknoloji olduğunu göstermektedir. Fiziksel eğitim kutularının sanal 
gerçeklik uyarlaması, laparoskopik cerrahi için gerekli psikomotor becerileri 
geliştirmeye yardımcı olabilecek gerçekçi ve çevreleyici bir deneyim sunduğu 
görülmüştür.  

Anahtar Sözcükler: Sanal Gerçeklik, Laparoskopi, Kullanılabilirlik, Hareket Analizi, 
Fizyolojik Tepki  
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CHAPTER 1 

 

INTRODUCTION 

1.1 Motivation 

Virtual Reality (VR) has become a game-changing technology with a wide range of 
uses in a number of different fields, effectively overcoming the limitations of 
physical tools and the restrictions of physical presence. This innovative technology 
has paved the way for new approaches that challenge and reshape traditional 
methods, including the field of training. The capacity to generate immersive 
simulation settings that offer a genuine experience, obviating the necessity for 
physical presence, is a very advantageous attribute for training purposes. The 
capacity to generate immersive simulation settings that offer a genuine experience, 
obviating the necessity for physical presence, is a very advantageous attribute for 
training purposes. Furthermore, given that the experience is inherently computer-
assisted, it is possible to leverage prior advancements in human-computer interaction 
(HCI) to enhance the educational effects. 

Many surgeons have traditionally learned laparoscopic techniques through an 
informal “see one, do one” approach [1], which, while offering some amount of 
hands-on experience, frequently falls short of providing full and structured training. 
The utilization of this informal approach, while occasionally necessitated, has the 
potential to undermine the safety of patients and introduce variability in the outcomes 
achieved [2], [3]. Simulations are used at various phases of laparoscopic surgical 
training. Simulations in the medical field are a method, rather than a standalone 
technology, that seeks to substitute or enhance genuine experiences with guided 
experiences, typically immersive in nature, and these simulations attempt to 
represent or recreate significant components of the real world in an entirely 
interactive manner [4]. These methodologies exhibit variations in terms of their form 
and the degree to which they serve as substitutes for real-world analogues. The 
various approaches encompass multiple methods, including physical box trainers, 
computer-assisted simulations with physical graspers, simulation software featuring 
a screen interface, and head-mounted displays equipped with physical tools [5]. It 
should be noted, however, that all the aforementioned approaches need the usage of 
actual surgical instruments or expensive hardware to serve as a substitute for these 
instruments. This makes creating novel scenarios challenging and exacerbates the 
problem of limited accessibility due to the high price connected with obtaining the 
necessary technology and tools. The ability to recognize grasper motion and visually 
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perceive a three-dimensional world using a two-dimensional screen necessitates the 
development of hand-eye coordination, particularly in domains requiring extreme 
precision. 

The advancement of VR simulations with readily available hardware represents a 
crucial milestone in tackling these concerns. The cheap and extensive accessibility 
of these simulations can greatly mitigate the difficulties encountered by lower-
middle-income nations, where the expense of adequate laparoscopic training can be 
excessively burdensome [6], [7]. By providing an alternate solution that upholds both 
quality and safety standards, the implementation of accessible virtual reality (VR) 
simulations has the potential to overcome the accessibility hurdles that have hindered 
effective training and enhance the level of care in regions with limited resources. The 
democratization of surgical education guarantees that surgeons worldwide are 
provided with systematic, evidence-based training that improves their abilities and 
protects the welfare of patients, irrespective of their financial situation. 

In order to tackle the obstacles presented by the dependence on physical equipment 
and the accompanying expenses in laparoscopic surgical training, the creation of 
virtual reality simulations utilizing readily available hardware emerges as a 
potentially viable resolution. Virtual reality simulations possess the capacity to 
significantly transform laparoscopic training through the provision of a platform that 
is both more cost-effective and accessible to a larger population. Trainees get the 
opportunity to engage in realistic surgical scenarios by utilizing virtual reality 
headgear and motion-tracking controllers, thereby eliminating the requirement for 
costly physical instruments. This innovation has the dual effect of reducing the 
obstacles faced by prospective surgeons and facilitating the development of a wider 
array of situations that can augment the educational process. The replication of 
complex hand-eye coordination tasks within a three-dimensional virtual 
environment facilitates the cultivation of fundamental abilities necessary for 
executing precise surgical techniques. The utilization of virtual reality simulations 
in surgical training facilitates a highly engaging and interactive experience, enabling 
trainees to repetitively engage in practice sessions and enhance their skills. This 
immersive aspect of simulation-based training is particularly advantageous in the 
context of laparoscopic operations, as it promotes the development of muscle 
memory and spatial comprehension, both of which are vital for achieving effective 
outcomes in such procedures [8]. With the continuous advancement and increasing 
affordability of technology, the incorporation of easily available virtual reality 
simulations into surgical training curricula has the potential to democratize 
knowledge and skills, enhance patient outcomes, and fundamentally transform the 
field of surgical education. 

In conclusion, the use of virtual reality simulations in conjunction with readily 
available gear signifies a significant advancement in the enhancement of 
laparoscopic surgical training. Through the utilization of virtual reality technology, 
educators could construct training experiences that are immersive, flexible, and 
economically efficient. These experiences not only serve to bridge the knowledge 
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gap between inexperienced individuals and experts but also extend the accessibility 
of surgical education to a broader audience. With the continuous advancement and 
increasing affordability of technology, there is a growing potential for the 
incorporation of virtual reality simulations in surgical training. This integration holds 
the promise of improving patient safety and enhancing surgical proficiency. 

1.2 Purpose of the Study 

The purpose of this study is to cultivate a comprehensive comprehension of the 
adaptation of the virtual reality of the box trainer, a widely employed technique, 
especially in earlier stages of laparoscopic surgical training. The objectives of this 
study are as follows: 

• Developing a simulation to conduct early stages of training in laparoscopic 
surgery, utilizing affordable and easily accessible hardware. 

• Conduct a usability assessment of the application and delineate the key 
components that enhance user experience, thereby facilitating future research 
endeavors. 

• Demonstrate the potential applications of motion data generated within the 
VR iteration of psychomotor skill training, ultimately leading to the 
formulation of informed conclusions. 

• Examine the physiological response observed in VR environments when 
individuals engage in mentally demanding tasks, and further investigate the 
potential relationship between such responses and individuals’ skill levels. 

1.3 Contributions 

The aim of this study is to improve the understanding of psychomotor training by 
employing VR technology. Our research primarily centers on adapting an existing 
method training of for laparoscopy, a challenging activity that has been widely 
studied through the utilization of physical equipment and computer-assisted 
simulations on readily available hardware platforms. However, the growing ubiquity 
of readily available VR devices holds the promise of improving the accessibility of 
training programs. Consequently, this facilitates the utilization of our preexisting 
study discoveries and deductions by content generators to construct more engaging 
and efficient instructional encounters for people participating in these programs. The 
final conclusions are derived from an analysis of quantitative and qualitative data 
obtained from participants with varying levels of competence, as well as subject 
matter experts in the field of usability and acceptance of the application. 
Furthermore, we employ motion and physiological data to demonstrate similarities 
as well as differences between our adaptation and the existing simulations. 
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Additionally, we provide methods for integrating this data to evaluate skill levels 
and pave the way for future research aimed at enhancing the learning experience. 

1.4 Thesis Outline 

The rest of the thesis is outlined as follows:  

• Chapter 2 presents the previous studies on how computer-assisted 
simulations and physical tools are used in laparoscopic surgical training and 
the emerging standards for the validation of surgical skills in laparoscopy. 
The approaches in using kinematic and physiological data in other methods 
of training. 

• Chapter 3 gives a detailed explanation of the design and development process 
of the first and second iterations of the simulation. 

• Chapter 4 explains the evaluation methods used for usability analysis, 
kinematics, and physiological response. 

• Chapter 5 provides an exposition of the outcomes pertaining to assessment 
methodologies. 

• Chapter 6 presents a comprehensive analysis of the primary findings, 
exploring their correlation with the design decisions made and drawing 
comparisons with prior research in the field.  

• Chapter 7 summarizes the study and discusses the potential directions for 
research and its limitations. 
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CHAPTER 2 

 

LITERATURE REVIEW 

2.1 Medical Education Through Virtual Reality 

The increasing accessibility of VR has prompted substantial research into improving 
training methods utilizing this technology. The integration of technology in the 
education of health professionals is a possible avenue for enhancing or substituting 
traditional methods. According to Kyaw et al. [9], their comprehensive review of 
research spanning from 1990 to 2017 demonstrates substantial evidence supporting 
the notion that the utilization of VR enhances knowledge and skill acquisition among 
healthcare professionals when compared to conventional or alternative digital 
educational methods, regardless of whether they are delivered online or offline. 
While acknowledging the absence of a uniform approach for reporting data and the 
potential limitations in generalizing findings across various socioeconomic and 
geographic contexts due to the diversity of training topics, this study represents a 
significant initiative to examine the comparative effectiveness of VR and other 
educational modalities. In his study on current trends of change in medical education, 
Pottle [10], evaluates and compares several forms of VR-based teaching, analyzing 
their present and potential applications. The educational methods under 
consideration include screen-based instruction, 360-video experiences, and 
interactive VR. The screen-based instruction methods are rather confusing but have 
been referred to as virtual reality frequently in the medical domain. It has been argued 
that the utilization of VR simulation technology has resulted in, and will continue to 
yield, enhancements in the efficacy of training. This is akin to its shown impact in 
diverse industries, as a result of its advantageous attributes such as cost-
effectiveness, replicability, and standardized procedures. The inclusion of screen-
based instruction is rather confusing but is a common practice in the medical domain. 
In their research on VR training within the medical field. Mantovani et al. define VR 
as encompassing computer-generated representations of both real and imagined 
environments. [11]. However, this definition conflicts with the definition of others, 
since the aspects included in VR are listed as virtual world, immersion, sensory 
feedback, and interaction in other domains [12]. In the field of medicine, virtual 
reality training may not necessarily encompass all of these characteristics. 
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2.2 Motor Skill Training 

Motor skill training is a specific area of inquiry within the broader domain of 
education. Luft and Buitrago [13], in their study about motor skill training and its 
inner workings, claim that the acquisition of motor skills occurs gradually across 
multiple training sessions, and once acquired, these skills tend to be retained over an 
extended period. Furthermore, with regard to the meaning of motor skill learning, it 
is postulated that motor skills encompass the mastery of complex movement 
sequences achieved by repetitive practice. Motor skill education is identified under 
the latter of the three domains of learning; cognitive, affective, and psychomotor 
formulated by the important works of three book series by Benjamin S. Bloom, 
Taxonomy of Educational Objectives [14]–[16]. According to the classification, the 
psychomotor domain, which was subsequently investigated and refined [17]–[19], 
encompasses the domains of learning related to physical movement, coordination, 
and the utilization of motor abilities. These skills are assessed by measures of speed, 
precision, and the application of specific processes or techniques during execution. 
As stated in the literature, motor skills are developed with the repetition of tasks, 
which can be provided with immersive environments that are specifically designed 
for the task. In Krathwohl’s revision of the initial taxonomy [19], after remembering 
and understanding the topic, the next step is the ability to “carry out or use a 
procedure in a given situation”. The primary emphasis of this work is on the 
incorporation of laparoscopic training, specifically on strengthening the 
implementation and execution components of the learning process. 

2.3 Approaches in Surgical Training 

In the domain of surgical education, the conventional method is commonly referred 
to as “see one, do one” or “see one, do one, teach one,” which emphasizes the 
apprenticeship-based aspect of this discipline and comes from the method formalized 
by William Stewart Halsted, first Chief of Surgery at John Hopkins Hospital of USA 
in 1890 [20]. The concept of “see one, do one” refers to the process of initially 
witnessing a technique being performed, and subsequently acquiring the ability to 
independently execute the same activity. Additionally, the teach-one part of the 
concept entails the underlying assumption that an individual who is capable of 
instructing one trainee is also competent in instructing another learner [21]. Although 
the “see one, do one” approach is not only used in surgical training, our review of 
the surgical training literature discusses surgical training approaches especially ones 
concerned with laparoscopy. There are many takes on the conventional method in 
the literature, some studies argue that the method is still applicable and with points 
open to improvement [21]. Hermann-Werrner et al. [22] address shortcomings in 
assessing the training effectiveness of short-term studies by conducting 6 months 
randomized controlled trial (RCT) with 94 first-year medical students and comparing 
“see one, do one” with a method where the teacher shows the procedure two times 
and conduct a verbal examination on the material before the trainee performs the 
task. The authors concluded that modification of teaching methods could improve 
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learning outcomes. Conversely, numerous studies propose the incorporation of 
laboratory training using some form of computer-assisted simulation prior to 
engaging with actual patients, as a result of the notable prevalence of avoidable 
errors, as emphasized in the report published by the Institute of Medicine in 1999 
[23]. The scope of this work is not in a position to speculate on why an error occurs 
in a medical procedure, however, A notable proportion of doctors, namely 42%, 
indicate their perception of insufficient training to independently perform a practical 
procedure with proper safety measures [24]. This statistic suggests that a significant 
proportion of surgeons express dissatisfaction with the level of training they have 
received prior to independently performing surgical procedures It is imperative to 
examine this technique within the context of the aforementioned cognitive process 
of learning, wherein learning occurs in a multidimensional manner and the capacity 
to execute and implement the procedure takes precedence over the ability to analyze, 
evaluate, and create [19]. Therefore, it is suggested that a thorough understanding of 
a subject can only be achieved by meticulous training in the application of the 
relevant procedures. 

At the core, Halsted’s approach suggests not only a way of teaching but also how 
mentorship should be incorporated into surgical training. The “learning by doing” 
approach, still holds its validity and many studies focus on the increasing quality and 
fidelity of “doing” with computer-assisted simulations. Given the multitude of 
studies conducted on various medical procedures, our research has mostly 
concentrated on influential surveys and studies within the laparoscopic training field 
that have successfully captured suggested methodologies and assessed their efficacy. 

Simulation is used rather loosely in surgical training literature since it encompasses 
everything from animal and cadaver labs to physical training boxes and computer-
assisted virtual reality. On top of that, virtual reality (VR) does not imply an 
immersive environment, especially in earlier medical investigations, but rather 
computer software presents the simulation to a screen and receives input through 
robotic graspers similar to those used in laparoscopy. Simulation-based training 
facilitates the establishment of a secure and regulated setting, enabling trainees to 
engage in the practice of surgical techniques, refine their psychomotor skills, and 
acquire valuable experience before performing procedures on actual patients [25]. 
With the rapid advancement of VR technology, immersive and simulated settings in 
training are now becoming available. The current landscape in laparoscopy training 
has various levels of virtualization and paradigms in terms of realism. In their review 
study, Hammoud et al. examine the existing simulations in two main categories in 
terms of realism, and high and low fidelity [26]. The high-fidelity simulators 
incorporate laparoscopic instruments and a screen, whereas low-fidelity instruments 
often consist of box trainers that contain a box with slits, a camera, and a screen. The 
authors also note that low-fidelity simulations are hindered by their reliance on direct 
observation. In contrast, computer-assisted simulations have the capacity to employ 
objective assessment methods. The primary purpose of utilizing low-fidelity trainers, 
specifically box trainers, is mainly to train inexperienced surgeons on motor skill 
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acquisition. These trainers allow trainees to become acquainted with the 
manipulations of graspers and develop their video-hand-eye coordination skills [27]. 

Numerous endeavors have been made to assess and contrast the efficacy of various 
simulation-based training methodologies across various types of laparoscopic 
methods. The existing literature on comparing the efficacy of various training 
methods is characterized by a wide range of techniques employed and the specific 
body areas targeted, hence posing challenges in conducting direct comparisons. 
Regardless, the aim is to present an overview that highlights the benefits and 
drawbacks of using various techniques in literature without delving extensively into 
medical intricacies. Box trainers have been employed in surgical training since the 
early 2000s due to their ease of production and lack of reliance on computers. It is 
shown by RCTs that, training with box trainers results in better skill acquisition both 
in drills and in the operating room [28], [29]. The one obvious topic of interest is, 
how the box trainer and the computer-assisted simulations are compared in the 
acquisition of psychomotor skills. The meta-analysis by Guades et al. [30] consisting 
of 14 publications comparing box trainers concluded that the box trainer and virtual 
reality simulation performed practically identically except for the time to complete 
the initial peg transfer task. Moreover, additional studies show this skill acquisition 
through computer-assisted simulations also translates in the operating room [31], 
[32]. However, both methods of training utilize physical experience on graspers, 
whereas a VR simulation with a generic device would lack the feeling of the force 
as a main differentiator of the simulation used in our study and the other widely used 
commercial computer-assisted counterparts, MIST-VR®, ProMIS™, LapSim® 1 
and LapMentor™ [33]–[36] In their recent research conducted in 2019, Fritz et al. 
[37] examine the utilization of virtual reality (VR) in the context of surgical training. 
The authors assert that simulators equipped with pre-established training programs 
prove advantageous in terms of minimizing individual expenses and offering trainees 
intuitive advice. However, the study indicates that the availability of these 
technologies is limited, and while demonstrating their effectiveness, it is necessary 
to do further investigations on how they might be used in the operating room. 

An additional aspect of the simulations involves the evaluation of trainees’ 
proficiency. Chaudry et al. [38], in their study using MIST-VR to asses motos skills 
between experienced surgeons and inexperienced individuals found out it is possible 
to predict the level of laparoscopic skills performance and experienced surgeons 
perform better than the inexperienced group in all aspects of the training. Gallagher 
and Savata [39], conducted a study examining the relationship between skill level 
and simulator competency. Specifically, they explored how the experience of 
surgeons, categorized into three distinct groups based on their expertise, transfers 
into their proficiency in VR. The researchers reached the conclusion that, based on 

 

1 Surgical Science Ltd., Gothenburg, Sweden, https://surgicalscience.com/simulators/lapsim/, Last accessed: 
2023-07-01.  



9 
 

their utilization of MIST-VR, there were significant discrepancies in the participants’ 
performance with regard to speed, frequency of errors, and efficiency of movement 
[39]. Furthermore, Mason et al. [40] conducted a survey to evaluate the proficiency 
of laparoscopic abilities using motion analysis. Their findings indicated that 
duration, path length, and number of hand movements are reliable indicators for 
assessing the skill level of trainees. Hence, in the assessment of motor skill 
proficiency, it is crucial to take into account factors such as task completion time, 
error frequency, and efficiency of movement. 

The presence of diverse surgical training methodologies, tools, and assessment 
methods poses additional challenges in establishing a standardized curriculum. 
Although the effort to standardize the training in laparoscopic surgery, many 
surgeons trained in an informal fashion, ultimately resulting in differences in skill 
levels. High-end training computer-assisted training hardware is expensive, 
especially in lower-middle-income countries (LMICs). This accessibility barrier is 
also reported as an important factor restraining wider adaptation of the procedure by 
surgeons in the United States [41]. Moreover, lack of case volume and insufficient 
exposure to the devices result in poor video-eye-hand coordination, and unexpected 
scenarios are also reported as limiting factors [6]. Another review by Wilkinson et 
al. underlines the lack of equipment as one of the biggest issues and concludes low-
cost solutions with better implementation of laparoscopic training can improve 
access to surgical care in LMICs [7]. Their conclusion also supports our claim that 
training applications on affordable VR devices are an important direction for 
research. The study conducted by Kyaw et al. [9] acknowledges the absence of data 
on the usefulness of VR for health professionals' training in LMICs, thereby 
highlighting a gap in the existing literature. 

The absence of standardized curriculum and training tools in the sector leads to a 
wide range of methodologies, as previously emphasized. Different approaches have 
been researched in the forming of a curriculum for simulators [42]–[45]. Aggarval 
et al. suggest competency-based curricula and focus on basic and procedural tasks 
[46]. Furthermore, their additional research tries to define an objectively measured 
training methodology that results in a more desirable learning curve [47]. However, 
different tools that have been used in these studies and the plenitude of variations, 
such as surgical methods, trainee skill level, and using different evaluation methods 
make it harder to draw conclusions on compiling a uniform curriculum. 

2.4 Available Tasks for Training 

In the certification of laparoscopic surgery skills, the most known program 
Fundamentals of Laparoscopic Surgery (FLS) uses a manual skills component based 
on the McGill Inanimate System of Training and Evaluation of Laparoscopic Skills 
(MISTELS) program [48]–[50]. Thus, our selection of tasks was based on this 
rigorously evaluated and verified program [50]. There are five tasks used in the FLS 
manual skills exam. The Peg Transfer task is one of the standard tasks in the FLS 
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examination. The task was also studied in other VR-based simulations, and shown 
to be valid and parallel to its physical counterparts [51]. 

The other task designed for the experiment was the string pass, also called rope pass 
in some studies. This task was not in the standard examination but used in different 
studies in the field. The challenging part of this task is, apart from the hand-eye 
coordination the hardship of understanding the distance between the rope and circle. 
Another reason for using both of these tasks was to avoid the usage of soft tissue 
physics that was involved in some other tasks. The realistic soft tissue physics in VR 
was out of the scope of this study and would create another aspect to delve into in 
terms of user experience and task validity. These tasks are selected because they 
emphasize video-hand-eye coordination skill level [52], [53]. 

2.5 Utilization of Motion Data In Laparoscopy Training 

Objectively assessing the surgical skill is important to validate the proficiency of the 
trainee. With that need, before motion capture was widely available, the most used 
method was the Objective Structured Assessment of Technical Skill (OSATS) 
technique [54]. This technique uses a 5-point scale on seven topics that are filled out 
by the teacher. The OSATS method is shown to be correlated with motion analysis 
of hands using trackers in general surgery [55]. Two parts of the scale, time and 
motion, and instrument handling are especially connected to the motion. The five 
points of these topics correspond to “Economy of movement and maximum 
efficiency” and “Fluid moves with instruments and no awkwardness” respectively. 
However, these observations are not defined formally and are not trivial to translate 
into automated assessment. 

The data-driven approach has also been studied both in physical and computer-
assisted training methods. Ebina et al. use a box trainer with physical instruments 
and capture the motion data of surgical instruments [56]. As seen in their study, they 
set up six infrared cameras and used tracking software, which is costly and hard to 
use as opposed to computer-assisted simulations of our VR adaptation. Our proposed 
method can use motion tracking with no extra equipment and can produce more 
robust results since all participants use the same virtual environment. According to 
their results, for each task, there were distinguishing characteristics of higher-skilled 
participants such as shorter path length or faster overall velocity. 

Other studies have shown similar results in the laparoscopy field, where expert and 
novice groups showed significant differences in terms of economy of movement 
(path length) [57]. Moreover, Uemura et al. [58] incorporated interesting methods of 
motion analysis corresponding flexibility and stability of the trainee using time series 
analysis methods from different domains. Their method also suggests hand motion 
can be a distinguishing factor between surgeons who have varying laparoscopy 
experience. 
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2.6 Use of Electrocardiogram in Laparoscopy Training 

Psychomotor skill training, especially in the field of laparoscopy, is a task with high 
mental demand. Moreover, the increased workload is shown to be related to inferior 
task performance and a higher likelihood of errors [59]. The aforementioned studies 
use the National Aeronautics and Space Administration Task Load Index (NASA-
TLX) scales [60] that participants use for self-assessment after the procedures. 
However, the advancements in wearable technologies made physiological data 
collection more accessible. This physiological data can be utilized to assess the 
mental workload of the trainee during the training session. ECG signals are studied 
deeply in the medical field for diagnosing cardiovascular diseases and abnormalities; 
however, it is also shown that they are useful for understating stress levels and mental 
workload [61]. Many features can be extracted from the ECG signals for different 
purposes. Some of those features are unique to ECG signals, utilizing the QRS 
complex, waveform that reflects the main electrical activity. Moreover, there are 
other features such as statistical features, spectral domain features, and time-
frequency domain features used in various fields. 

Main time features of ECG, heart rate (HR), and heart rate variability (HRV) are 
shown to be indirect markers of stress in surgeons [62]. Moreover, HRV is shown to 
be significantly different between experts and non-surgeons on box trainers using 
similar tasks to our selection [63]. Zakeri et al. explain the underlying physiological 
mechanisms for this phenomenon by the relation between cognitive load and 
respiratory sinus arrhythmia [64]. Moreover, it suggests that HRV might detect 
autonomic changes even when the HR is constant. 
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 CHAPTER 3  

 

DESIGN AND DEVELOPMENT OF THE SIMULATION 

In preparation for the design and development phase, an examination was carried out 
at the Ankara University Department of Biomedical Engineering to get insight into the 
technique, objectives, and tactile experience of physical instruments. This 
investigation involved the utilization of the box trainer. The simulation underwent a 
two-part development process. In the initial phase, the first version was developed and 
refined based on input received from a group of 28 individuals. This feedback was 
collected through questionnaires and free-text questions, which sought suggestions for 
improvement. Additionally, the first version was subjected to testing sessions 
involving three surgeons. 

The Meta Quest 2 (formerly known as Oculus) is used for the purposes of development 
and experimentation as a virtual reality device. The hardware was selected based on 
its accessibility and versatile design. It is considered one of the most cost-effective 
options available in the market, offering an immersive environment with support for 
hand-tracking controllers. The Unity 3D Engine2 (2020.3.23f1) has been selected as 
the game engine for the implementation of the simulation. The integration of Oculus 
and Unity 3D entails the utilization of many libraries accessible through the online 
package manager, which has been produced by Unity Technologies. The “XR 
Interaction Toolkit” facilitates the seamless integration of VR and augmented reality 
(AR) applications with the Unity input system. The provided interaction encompasses 
several aspects. Firstly, there is a canvas where the user interface components are 
rendered and can be engaged with. Additionally, haptic feedback is sent through the 
controllers, enhancing the user’s sensory experience. Moreover, the default select, 
grab, and interact capabilities are available for manipulating objects within the scene. 
In addition, the package serves as a versatile, overarching component that provides 
compatibility for Meta Quest 1 and Quest 2, Windows Mixed Reality, and a generic 
interface known as OpenXR for additional devices. Our application makes use of 
version 2.2.0 of the package. The XR Origin is the component responsible for 
replacing the default main camera within a scene. It offers built-in functionality to 
facilitate a room-scale VR experience. The inclusion of the ability for the user to freely 
move and navigate on foot during the task was important in our experiment design. 

 

2 Unity Technologies. (n.d.). Unity - Game Development Platform. Retrieved from 
https://unity.com/. 

https://unity.com/
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Secondly, the “XR Plugin Management” (4.3.0) package is utilized to achieve a 
seamless development experience. The package provides the VR environment to be 
loaded to Quest 2 when the development version is started through the Unity 3D 
Editor. This provides a faster iteration cycle where the effects of changes in the project 
code or models can be seen without explicitly building the application into a .apk file 
and loaded into the device. Lastly, the “Oculus Integration SDK” which is developed 
by Meta, contains the necessary libraries to utilize Quest device capabilities. The main 
component used in the application was the OVRCameraRig which substitutes the Main 
Camera component of the Unity 3D engine with this component that enables the 
development of the immersive experience through the head-mounted display. The 
plugin includes the controller models and the interface for the buttons on the VR 
controllers to be mapped to the game engine. Moreover, the OVRManager component 
allows the configuration of device-related properties. The tracking origin type property 
governs the camera’s initial position upon scene loading. The program utilizes eye-
level tracking technology in order to offer a comparable user experience for 
individuals of varying heights. An alternative option floor level, involves drawing the 
objects always according to their heights in terms of their defined height in the editor; 
however, it is important to note that those with greater height may experience 
increased difficulty in reaching the graspers due to the stretched hand position 
required. 

Prior to conducting the tests, the Unity project was built into an Android Package Kit 
(APK) format and subsequently installed onto the Quest 2 device, as it operates on the 
Android operating system. The Android 10 version was utilized for the development 
process, and the app was compiled accordingly.  

3.1 Implementation and Features of the First Version 

The first version is planned to be unornamented but functional to receive feedback and 
draw conclusions on how to improve the experience before settling for design 
decisions. The main menu and two tasks (1) Peg Transfer and (2) String Pass are 
implemented in this version. The user is presented with a main menu when the 
application opens, where both tasks are selectable, however when the task starts, no 
in-game explanation or guidance is provided. Furthermore, elapsed time and error 
count are also not present as a UI element. For ease of development, the operation 
table, box, the room environment, and the graspers are reused and prevent scene 
reloading only the task objects are changed between the tasks. The task objects are 
modeled with inspiration from their real-life versions. In Figure 1, the green and red 
cylinders are the immovable objects, and blue toruses are the pegs that should be 
transferred inside the red cylinders. Moreover, the green squares under the red 
cylinders are the colliders that detect the successful transfer. For the String Pass task, 
the modeling of the toruses that the rope will pass through was relatively easier. 
However, the rope mechanic should be not computation-heavy and still be realistic to 
mimic the real movement patterns. In Figure 2, the rope with the toruses can be seen 
from a screen capture from the engine editor. The rope is dynamically created when 
the scene loads. The string consists of small cylinders, attached to each other with 
configurable joints. The script creates each one by one and then crates the joints 
between them. Every small cylinder is a rigid body and has its own collision box. 
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Figure 1: Modelling of task objects for the Peg Transfer task. 

 

Figure 2: Modelling of the task objects for the String Pass task. 

The primary instrument employed in laparoscopy is the grasper, which exhibits an 
inverted movement pattern as a result of the entry point serving as the pivot. The range 
of motion is constrained by the presence of a pivot point, limiting movement to angular 
motion along the X and Y axes with respect to the grasper object. The Z-axis 
movement pertains to the linear motion along the hole in the box, while rotation refers 
to the rolling motion that alters the angle of the grasper’s tip (see Figure 3). The 
imposition of movement limitations is accomplished through the utilization of the 3D 
configurable joint component of the Unity engine. The configurable joint is situated at 
the point of penetration of the grasper into the box. Analogous to the movement along 
the X and Y axes, it also imposes limitations on rotational motion along those axes. 
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Figure 3: Axes relative to the grasper and the pivot point in the box trainer setup from the editor screen. 

In the box trainer, graspers are held by hand and the index finger lays on the trigger 
that opens and closes the tip of the grasper. Moreover, the tip is rotatable by a disk, 
controlled by the thumb. In order to imitate the box trainer, the initial step involves 
holding the graspers. The detection of the proximity between the holding part of the 
grasper and the object is accomplished by the use of ray casting. Upon activation of 
the secondary trigger, placed on the side of the controller, the user applies pressure 
with their middle finger, resulting in a motion that closely resembles the action of 
genuine graspers. If the ray makes contact with the head of the grasper, it becomes 
attached to the user’s hand. Additionally, the process of object pickup involves the 
utilization of ray casting to detect events of collision between the objects and the two 
rays projected from the lower extremities of the grasper. If both rays cast from the tip 
of the graspers collide with the object then the object is attached to the grasper with a 
joint and a force threshold is applied for the joint to be broken. The tip of the graspers 
listens to the trigger button action and activates when pressed (see Figure 4). The use 
of ray casting as a substitute for object-to-object collision and reliance on friction leads 
to the occurrence of jittering due to the diminutive size of the objects. 

 

Figure 4: Flowchart of grasper and object grab interaction. 
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One of the most challenging aspects of laparoscopy involves the task of perceiving the 
three-dimensional (3D) environment through a two-dimensional (2D) screen. A 
camera was integrated within the box, enabling the rendering of its perspective onto a 
2D texture. This texture was then applied to the screen model, thereby replicating the 
visual representation of the box trainer. As depicted in the in-game sample scene, 
illustrated in Figure 5, the screen displays the interior of the box from an angled 
perspective. The requirement for video-hand-eye coordination can be understood by 
the examination of the inverse motion and altered perspective from which items are 
observed. Additionally, the sample scene without the cover of the box trainer further 
demonstrates the difference between viewing the graspers with the camera and with 
the naked eye in Figure 6. 

 

Figure 5: Peg Transfer task from in-game HMD recording. 

 

Figure 6: Peg Transfer task from in-game HMD recording top of the box removed to show inside with 
the naked eye. 

Another logical operation that was incorporated in the initial iteration involved the 
process of quantifying the drops and accurately determining the appropriate 
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positioning of the toruses. The identification of the object’s drop is recognized as an 
error within the context of the Peg Transfer job. It is essential to discern and eliminate 
collisions that do not constitute errors. The error in question is related to instances 
where the user grasps an object but afterward drops it. This can occur either when the 
force applied exceeds a predetermined threshold or when the timing of transferring the 
object between the graspers is not properly coordinated. In order to quantify the errors, 
a script was implemented on the toruses. This script considers whether the objects were 
grasped prior to the occurrence of the collision event, as well as whether they collided 
with the success zone or the table. Figure 6 displays five toruses positioned within 
green success zones, apart from one torus on the table, which is considered an error. 
Furthermore, the process of determining whether a drop is classified as an error, 
success, or should be excluded may be observed in Figure 7. 

 

Figure 7: Flowchart of deciding if a collision is a successful move or an error. 

3.2 Implementation and Features of the Second Version 

The second version is built on top of the existing version, reusing most of the 
components but changing several aspects of the user interface and physics. 

3.2.1. User Interface 

The predominant evaluation method of task performance as stated in the literature, is 
the time to finish the task, combined with some variation of punishment based on 
errors made on occasion. Therefore, we added the elapsed time for both tasks and the 
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error count for the Peg Transfer task. Both information is presented below the screen, 
in a place users can see without changing their head orientation. The displayed 
elements from the in-game recording can be seen in Figure 8. 

 

Figure 8: Time elapsed, error count and remaining task indicators added in the second version. 

3.2.2. Physics and Interactions 

The grabbing mechanism in the first version is improved with feedback from the 
participants. The ray length and the power threshold to break the joint that held the 
object attached to the grasper are increased. The top parts of the graspers are also 
marked with a green glow to indicate the correct holding position. Moreover, the haptic 
feedback on collision with solid, immovable objects is added to inform the user about 
the tip of the grasper touching the boundaries of the virtual box. 

3.2.3. Tutorials 

Before each task, a tutorial that showcases the required motion to achieve the task is 
added. For the Peg Transfer task, the user is required to correctly transfer one peg. The 
tutorial for the String Pass also shows the steps to pass a string-like object through one 
disk. The models used in the String Pass task are shown in Figure 9, the object marked 
with A, is grabbed with the left grasper to start the tutorial. Then user moves the object 
through the torus marked with B and grabs with the right grasper. Lastly, the object 
dropped on the zone marked with C to successfully finish the tutorial.  
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Figure 9: Object models of (A) rigid object for moving, (B) torus to move the object through, and (C) 
drop zone to put the object to complete the tutorial. 

For both tutorials, each step is explained to the user with on-screen text on the right-
hand side of the in-game screen. Since the tutorials are started after the task selection 
from the main menu, the ability to skip the tutorial is also provided with a button. 
shows the sample scenes from both tutorials added in this version. 

 

Figure 10: Sample scenes from (a) Peg Transfer tutorial (b) String Pass Tutorial. 

3.2.4. Motion Data Collection 

The analysis of hand motion data is crucial for assessing the proficiency of users and 
has been thoroughly explored in earlier studies within the context of both box trainers 
and computer-assisted trainers. This study aims to analyze the resemblances between 
the box trainer and our iteration of the virtual reality adaptation. Furthermore, an 
assessment follows to explore the potential application of VR motion data in assessing 
the proficiency level of the user. In order to accomplish this objective, a method for 
automatic data gathering is incorporated into the application. Once the task begins, the 
user’s simultaneous grasp of both graspers triggers the initiation of a listener 
mechanism and a lister. This listener is responsible for capturing the positional 
coordinates and rotational orientations of the graspers. The recorded data is then stored 
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in a comma-separated values (CSV) file, which includes a distinct identifier for each 
user and the duration of the task. The data files are stored in the local filesystem of the 
Quest 2 device and subsequently transferred to a computer for analysis following the 
completion of the experiment. In the following sections of the study, the data that has 
been gathered will be subjected to a detailed analysis with the objective of revealing 
patterns, trends, and similarities in hand motions between the two training 
methodologies. The present analysis aims to provide insights into the suitability and 
efficacy of motion data as a means of assessing user proficiency. By examining the 
potential of VR motion data in evaluating user skills, this study seeks to add useful 
insight into the fields of VR technology and skill assessment methodologies.  
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CHAPTER 4 

 

EVALUATION 

In the study, the VR adaptation is aimed to be evaluated in terms of self-assessed 
questionnaires, kinematics analysis of the hand motions, and the psychological 
response of the participants. 

4.1 Ethics 

The initial Ethical Approval of Research was granted for this study by the Middle East 
Technical University Human Subjects Ethics Committee before the user tests of the 
first version in December 2021. After the completion of the first version tests, with the 
inclusion of physiological data in the second version, the submission of approval is 
revised and re-submitted. The submission was approved in April 2023. 

4.2 Evaluating the First Version 

The first version acted as a starting point for our application. The evaluation is based 
on user experience for this version and aims to find points to improve and build upon. 
The study utilizes semi-structured interviews with the subject matter experts, surgeons 
with experience in laparoscopic surgery, as well as higher education students or 
graduates with no prior experience in this particular medical field for quantitative 
usability research. 

4.2.1. Participants 

In order to evaluate the usability with an acceptable confidence level, we aimed to 
organize a group of volunteers, more than 20 people [65]. The evaluation of the initial 
version was conducted with a cohort comprising 29 participants, with a mean age of 
24.8 ± 3.9. Moreover, 21 participants reported lacking prior experience in VR 
applications, and 8 participants reported prior experience in VR applications. The 
group was diverse in terms of previous gaming experience, nine of which categorized 
themselves as casual gamers, nine core/mid-core, nine non-gamers, and two hardcore 
gamers. Moreover, we contacted three surgeons who have previous experience in 
laparoscopic surgery. 

 



24 
 

4.2.2. Experiment Setup 

The experiments involving volunteers are conducted in a direct, in-person manner. The 
study participants utilized the Meta Quest 2 device to undertake job completion within 
a controlled setting that allowed for standing and mobility (see Figure 11). In order to 
determine the prior experience of our participants in virtual reality (VR) and gaming 
as a whole, individuals are requested to complete the user profile questionnaire prior 
to engaging in the experiment. Following the administration of the surveys, 
participants received a comprehensive orientation regarding the laparoscopic 
procedure, the task structure, and the objective. The allotted time frame for completing 
the assignment is constrained to a duration of 360 seconds. In the event that the task 
remains incomplete within this designated time restriction, the user has been promptly 
notified. Once participants have completed both activities, they are instructed to 
complete the System Usability Scale (SUS) [66], Gameful Experience Questionnaire 
(GAMEFULQUEST) [67], Presence Questionnaire (PQ) [68] and the Technology 
Acceptance Questionnaire (TAM) [69]. Each session, excluding the time to fill out the 
questionnaires, lasted around 30 minutes. 

 

Figure 11: Sample scene from the test conducted with Meta Quest 2. 

The experiments for the surgeon group were conducted in a less constrained manner. 
During the performance of the tasks, the surgeons who are involved are requested to 
engage in verbal communication and elucidate their cognitive processes, as well as 
provide a comprehensive account of their overall experience throughout the testing 
procedure. The methodology employed in this context is commonly referred to as the 
“think aloud” technique, which is widely utilized within the field of game user 
research. Furthermore, at the conclusion of the trial, participants are requested to 
provide feedback regarding their comprehensive encounter and their perspectives on 
the utilization of VR in laparoscopic training. 
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4.3 Evaluating the Second Version 

Similar to the first version, the same set of questionnaires is used for quantitative 
analysis. Different from the first version, this version includes automated motion data 
collection for the whole group and ECG data from half of the group for physiological 
response analysis. Half of the group is used for physiological data collection due to 
the hardships of the collection method and the unavailability of the hardware. 
Moreover, the preliminary results showed statistical significance with 95% confidence 
on some features that were expected to differentiate according to skill level, thus the 
collection of ECG data after 15 participants is concluded. 

4.3.1. Participants 

Following the enhancements made to the initial iteration, this revised version 
underwent testing with a distinct cohort of volunteers. The underlying justification for 
that move was to demonstrate that a different cohort of volunteers would exhibit 
similar inclinations toward the initial iteration. Moreover, upon doing comparative 
testing of both iterations, researchers would be able to discern enhanced elements 
within the program and observe heightened levels of acceptability and happiness 
among users. In order to fulfill the objective, an additional cohort of 29 individuals 
volunteered to partake in the experiment. The average age of the second group was 
24.78 ± 2.64, ranging from a minimum of 21 to a maximum of 31. Thus, the age 
distribution of the first and second groups was similar. 

4.3.2. Experiment Setup 

All participants receive a standardized briefing prior to the commencement of the test, 
after which they proceed to test the initial iteration of the application. No additional 
support is offered during the examination, and participants are allotted a maximum of 
360 seconds to complete the training task. Following the initial iteration, the initial 15 
individuals who took part in the study underwent the necessary preparations for the 
collection of ECG data. This involved the placement of a wireless ECG transmitter 
device on the user’s head, as well as the positioning of electrodes in appropriate 
locations to facilitate the recording of ECG signals across three channels. Following 
the installation of the electrodes, the participant commences the activities. Prior to each 
task, the participant is required to complete the tutorial part, while recording the rest 
condition ECG between the tutorial and the task for a duration of one minute. 
Subsequently, the ECG recording is marked by the end of the rest interval, at which 
point the subject commences the training task. 

4.4 Evaluation Methods 

4.4.1. Questionnaires 

The System Usability Scale is a method for assessing the perceived usability of a 
system. The questionnaire includes 10 questions that are applicable to a broad range 
of systems and are said to be technology agnostic. In the questionnaire, half of the 
questions are positive whereas the other half are negative and those are separated in 
odd and even numbers respectively. The questionnaire employs a 5-point Likert Scale 
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that indicates the level of agreement from strongly disagree to strongly agree. SUS 
results in a single score between 0 and 100 that expedites comparison. SUS score is 
calculated based on the following formula: 

SUS	Score = )*(Item!"#$

%

"&$

− 5) + (5-Item!")4 × 2.5 

There are alternative methods for interpreting the SUS score. Bangor et al. assign 
adjectives to score ranges and provide an easy way to interpret the results [70]. In this 
study, the results of the SUS are interpreted with these adjectives. 

Presence is an important aspect of immersive experiences. In this study, the extent of 
the user’s perceived feeling of being in the presented virtual environment is measured 
with a widely used Presence Questionnaire [68]. Witmer et al. constructed a PQ 
questionnaire with 28 questions and a 7-point scale. The questions are divided into 
subtopics, where the first 14 are about the control, eight are about sensory, five 
questions about distraction, and one is about realism. 

Fred Davis, in his work in the late 1980s, deeply investigated how to predict the 
acceptance of computer technology. Davis first mentions the Technology Acceptance 
Model (TAM) in 1985 and makes an effort to define a model to provide insight to 
system designers and implementors, especially in the early development process [71]. 
Furthermore, in his famous study on usefulness, ease of use, and acceptance, he builds 
upon his claims and deepens the theory of what affects an information system to be 
accepted [72]. The Technology Acceptance Model is one of the most widely used 
questionnaires since its introduction. Venkatesh and Davis provide a set of questions, 
referred to as TAM2 in their study [73]. We selected a subset of these questions 
corresponding to usefulness and ease of use. As proposed in their study, questions are 
answered on a 7-point Likert scale. 

4.4.2. Think-Aloud Playtest with Surgeons 

Game user research is a domain that connects human-computer interaction, game 
development, and experimental phycology. Although our simulation is not a game, it 
shares similarities in terms of interaction medium and having a goal with defined 
constraints. The feedback from the user is the main focal point for the game user 
research and can be in the form of qualitative and quantitative. We focus on qualitative 
approaches that extract information about the experience during play. One of these 
approaches to figuring out the problems with the subject at hand is the think-aloud 
technique [74]. It is an intuitive but recently formalized approach that has been used 
in game development. The user is asked to evaluate the experiment during the play 
session and the recording is investigated afterward. It is discussed that evaluating the 
experience during the play prevents the disruptive mental tendencies of producing 
explanations as opposed to retrospective verbal protocols [75]. In this study, we also 
benefit from Knoll’s overview of how to conduct a think-aloud session in preparation 
and interaction with the user during the test [76]. 
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The participant group is limited due to reaching out to expert surgeons and arranging 
test sessions. However, according to Nielsen, after five participants the number of 
problems found reaches a plateau and a group between three and five people is 
sufficient to figure a sufficient percentage of the problems [77]. 

As a result of a verbal protocol, extracting quantitative information from the think-
aloud transcripts is important for understanding the underlying patterns and repeating 
themes. The coding technique from grounded theory is used for this purpose [78]. In 
our study, our sessions with surgeons took at most 11 minutes and three surgeons 
participated, thus the findings could be reported by selecting the direct sentences, 
however using a method that would give insight for using alternative methodologies 
for analyzing a VR environment. We used the open coding technique in three stages 
as explained with sample cases and its pitfalls to avoid in Blair’s work [79]. The stages 
consist of coming up with new codes in the open coding stage, connecting the codes 
into subtopics in the axial coding stage, and coming up with central concepts that 
correspond to information that is extracted and grounded. 

4.4.3. Incorporating Motion Data 

Using the motion data and its kinematic analysis is important to underline similarities 
between the VR adaptation of the box trainer and other similar surgical training 
methods. To be able to extract the velocity, acceleration, and jerk the raw position and 
rotation vectors of the tips of the graspers are recorded into a file for each task and 
marked with a unique identifier. All rows in the recording have the timestamp, grasper 
name, and task name along with position and rotation vectors. The recording starts 
when the participant holds both graspers, avoiding the recording of the preparation 
time at the beginning of the task. Moreover, the recording time starts when the 
participant touches the first objective object, peg, and string in their respective tasks. 

The raw position vectors are then converted into velocity and jerk vectors using the 
change in position to calculate the velocity for each sample with the below equation. 

Δ𝑃' = 𝑃'($ − 𝑃' 

Then the instantaneous velocity becomes the limit of change in position vector P in 
three-dimensional space while the time difference between samples approaches zero. 
To find instantaneous velocity, closer to the real value, the sampling rate is set once in 
each frame. 

𝑣 = lim
)'→+

Δ𝑷
Δ𝑡 =

𝑑𝑃
𝑑𝑡  

We use the instantaneous velocities to find average velocity and use vector norm to 
convert it to average velocity magnitude. Where t is the time stamp and n is the sample 
size. Likewise, jerk is calculated by repeating the same process three times to calculate 
third order derivative of position P. 
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4.4.4. Features of physiological signals 

The ECG signals are collected from the 15 participants while playing the second 
version of the application. Users from this group are informed about the physiological 
data collection and confirmed that they have no diagnosed cardiological problems. 
ECG data recording is done after the participant completes the tutorial. The recording 
consists of two parts, resting and during the play. Participants are asked to sit down 
and stay still best of their ability until the observer marks the recording with the finish 
of the rest period by pressing a button located on the top of the recorder device. The 
resting period is one minute. The recording is saved as two CSV files, the main file 
with the timestamp and three separate columns of channels corresponding to the signal 
value at that time. The other file called marker is also in CSV format and has the 
timestamp of the marking click. The ECG signals are captured using the Mentalab 
wireless headset, which is equipped with 8-channel ECG and EEG capabilities. The 
wireless device was affixed to the participant’s head using an electroencephalography 
(EEG) cap that was designed for use with the wireless device. The sampling rate 
utilized in the recording was 250 Hz. 

The raw ECG signals are cleaned and analyzed using Python and The NeuroKit2 
Python package [80]. NeuroKit2 package provides a high-level abstraction over the 
preprocessing and feature extraction phases. There are many ways to extract features 
from ECG signals, the library works with cleaning and peak detection stages before 
time domain feature extraction. For the cleaning phase, after experimenting with 
available methods of cleaning and checking the cleaned signal quality we decided to 
use the method proposed by Elgendi et al. that uses an 8-20Hz bandpass filter and 
thresholding according to the expected width of QRS complex on healthy individuals 
[81]. The library supports various peak detection algorithms, and we selected the 
algorithm developed by Kalidas et al. due to its desirable properties, (1) the ability to 
adapt changes in HR and HRV, (2) the ability to adapt changes in signal quality [82]. 
As we record resting and during the task ECG and want to distinguish between the 
two, the selected algorithm must be adaptable to the expected change in HR and HRV 
between those two states by updating its beat detection thresholds. Furthermore, the 
collision between the HMD of the VR device and the ECG recorder on the head of the 
participant causes changes in the base voltage of the signal and false peaks, which the 
algorithm claims to suppress. After the R peaks are identified, mean HR is calculated 
as the average of beats per minute that is number of R peaks per minute. Furthermore, 
HRV is calculated mean distance between the R-R peaks.  
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CHAPTER 5 

 

RESULTS 

This chapter presents a statistical analysis conducted on data obtained from 
questionnaires administered to two groups: one consisting of 29 individuals and the 
other consisting of 30 individuals. Additionally, qualitative data obtained from 
professionals in the field on the first version of the questionnaire was also incorporated 
into the analysis. Additionally, we present the motion and physiological data that were 
collected during the tasks in the second version. The study comprises two 
developmental stages: the initial version and subsequent user testing, followed by the 
refinement of a second version based on the feedback received. The initial cohort of 
29 individuals completed the questionnaires subsequent to engaging with the 
aforementioned iteration, while the subsequent cohort of 30 individuals completed the 
questionnaires after engaging with both iterations. Our emphasis on the findings of the 
first version will be on how we identified areas that required improvement. 
Subsequently, we proceed with an analysis of usability, kinematics, and physiological 
response as we evaluate the second iteration. 

5.1 Feedback for the First Version 

5.1.1. Think Aloud Sessions with Surgeons 

The think-aloud sessions conducted with the surgeons during the initial version are 
transcribed into written records and subsequently subjected to analysis using the 
MAXQDA software, employing coding methodology. The process of open coding 
involves the identification and marking of significant points within the text. 
Additionally, the utilization of open and axial coding facilitated the identification of 
specific topics. Table 1 displays the identified topics along with sample translated 
segments extracted from the transcripts. The topics of “insufficient feedback,” “wrong 
angle” and “hard to hold objects” were mentioned in transcripts three, four, and eight 
times, respectively. Furthermore, the surgeons collectively express the difficulty 
associated with grasping the objects using the graspers. 
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Table 1: Most frequent codes and their corresponding segments after analyzing the think-aloud session 
recordings of surgeons. 

 Insufficient Feedback Wrong angle Hard to hold objects 

Surgeon 1 Lack of force feedback on VR 
controllers, it is not possible to 
stop the user’s hand from 
moving on a collision 

The angles do not 
coincide, the angle I 
hold the tool and the 
angle I move inside are 
not parallel to each 
other. 
 

It does not grab the 
object when I close the 
tips of the grasper. 

Surgeon 2  The angle of the 
camera is wrong, it is 
making it harder to 
understand the position 
of the graspers. 

Sometimes I get the 
object between the tips 
of the grasper but it does 
not attach. 

Surgeon 3 Lack of tissue feeling, related 
to the lack of force feedback 
on VR controllers 

 I picked it up, but it falls 
when I try to hold the 
object. 

5.1.2. Questionnaires 

In GAMEFULQUEST the questions belonging to four subtopics, “accomplishment”, 
“challenge”, “guidance” and “immersion” are investigated among their respective 
topics. As seen in Figure 12, the below-average score of the responses given to the 
“Guided” topic is apparent. The questions, “Gives me a sense of being redirected” and 
“Gives me useful feedback so I can adapt” are two questions that have an average 
rating below 3 on this topic. Moreover, some of the responses given to the “What is 
your general opinion about the application?” highlight the problem and show direction 
on how to improve on it, such as “The task about disks is a familiar image, but the 
second task is something that should be introduced for those outside the field.” 
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Figure 12: Boxplot of the responses to the GAMEFULQUEST for the first version, grouped by 
subtopics.  

The SUS questionnaire of the first version is important for two reasons, first to see the 
current stage of the development and understand the patterns in user profile and 
usability. Moreover, the SUS results of the first version are instrumental in comparing 
the two versions in the upcoming results. The individual scores of the participants can 
be seen in Figure 13. Also, it can be seen that 10 users out of 29 gave SUS scores 
above the “good” threshold and there were two users who evaluated the application as 
“not acceptable”. 
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Figure 13: Visualization of SUS scores of the first version per user with “acceptable” and “good” 
threshold markings. 

Another important quantitative data comes from the Technology Acceptance Model 
questionnaire, to show how the users perceived the usefulness and how easy to use the 
simulation. In Table 2, six questions on the topic “ease of use” are shown, the mean 
values of all the questions were above 4 out of 7. Since there is no scoring system for 
TAM to interpret the results as opposed to SUS, we assess the answers to questions to 
ascertain what can be improved in the version and use the numerical values to compare 
it with the second version. 

Table 2: TAM Questionnaire mean, and standard deviation of the questions answered for the first 
version under the topic “ease of use”. 

Question Mean STD 

Learning to use this application is easy for me. 4.97 1.57 

I found it easy to get this product to do what I want to do. 4.48 1.47 

My interaction with this application is clear and 
understandable. 

4.83 1.28 

I found this product flexible to interact with. 4.21 1.35 

It was easy for me to become skillful at using this application. 4.93 1.62 

I found this application easy to use. 4.79 1.49 
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5.2 Questionnaires on the Second Version 

In the second iteration, participants answered the questionnaires for both versions, 
making it possible to compare their observations. It is important to note that, the 
second group that we will present here played both versions before answering the 
questions, making it easier for them to compare the versions and recognize the changes 
made in the development of the second iteration. 

According to the analysis of the GAMEFULQUEST, the “Guided” topic was the worst 
performing aspect of the simulation according to the first group with a mean score of 
3.00 ± 1.08. The answers of the second group showed a significant increase in the 
“Guided” topic. The mean of the first version was 3.73 ± 1.45, whereas the mean of 
the second version was 5.70 ± 0.75. In Figure 14: Boxplot visualization of the 
GAMEFULQUEST answers in the “Guided” topic of both versions and groups.Figure 
14, the comparison of the distribution of the scores between the groups and versions 
is shown, the difference between the versions is apparent between the first and second 
iterations of the simulation. Moreover, considering other topics, the difference 
between the groups and the versions are tested if there is any significant difference. 
Between the first and second groups, no topic other than “accomplishment” was 
significantly different than expected. However, in both versions, the mean scores for 
“accomplishment” were relatively high, with 4.91 ± 1.21 for the first group and 5.57 
± 0.92 for the second group. In a comparison of the two versions of the application, 
the second group assessed the second version with higher scores in all topics but the 
“immersion”. Moreover, as the determined aspect for improvement, more guidance is 
appreciated by the users with improvement in mean score from 3.72 ± 1.45 to 5.70 ± 
0.75 according to a two-tailed t-test with a p-score less than 0.001. 
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Figure 14: Boxplot visualization of the GAMEFULQUEST answers in the “Guided” topic of both 
versions and groups. 

Table 3: Comparison of versions and groups on GAMEFULQUEST for each topic according to a two-
tailed t-test. 

 Group 1 vs Group 2 
On Version 1 

Version 1 vs Version 2 
On Group 2 

 t p t p 

Guided -2.027 0.059 -5.436 < 0.001 

Challenge -0.088 0.930 -2.056 0.045 

Accomplishment -2.261 0.028 -2.353 0.023 

Immersion 1.946 0.059 -1.579 0.122 

Playfulness 0.267 0.791 -2.028 0.049 
 

Moreover, SUS scores when compared between the groups show improvement 
between the first and second versions. Again, as expected the mean SUS score for the 
first version scored by the first and second cohort are 64.10 ± 9.89 and 56.96 ± 23.26 
respectively. However, the improvement is clear between the first and second versions. 
The mean score of the second version was 74.03 ± 15.69. The individual scores given 
by the second cohort for the second version of the game can be seen in Figure 15 for 
a better comparison with the distribution of the first version.  
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Figure 15: Visualization of SUS scores of the second version per user with “acceptable” and “good” 
threshold markings.  

 

Figure 16: Boxplot visualization of the SUS scores of both versions and groups. 
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In section 5.1.2, an examination is done based on the findings of the TAM 
questionnaires, with the objective of identifying potential enhancements for the initial 
version of the application. This section of the results involved the evaluation of a 
questionnaire to assess the average scores of different versions in relation to various 
categories to find whether the groups rated the versions differently. Similar to the 
findings of the SUS, there was no statistically significant difference observed between 
the first and second cohorts in relation to the perceived usefulness of the initial version 
of the application with mean scores of 5.11 ± 0.92 and 5.16 ± 1.4 respectively. 
However, the results for the second version received 6.33 ± 0.64 out of 7 from the 
second cohort. A similar case rests on the ease of use topic as well. The first and second 
groups rated the initial version of the application with 4.7 ± 1.18 and 4.48 ± 1.59. The 
second cohort rated the second version with 5.61 ± 1.22 out of 7 on ease of use. The 
box plot visualization in Figure 17 shows the distribution of the scores for each group 
and version match on the two aforementioned topics. 

 

Figure 17: Boxplot visualization of TAM scores of both versions and groups in Ease of Use and 
Perceived Usefulness topics. 

5.3 Kinematic Analysis 

Following the rife approach in the literature, the criterion used to define success is the 
completion time of the tasks. The time to finish the task is capped at 300 seconds for 
both tasks. Among those who finish the tasks, mean completion times are ~204 
seconds and ~257 seconds for Peg Transfer and String Pass respectively. Following 
the literature, the comparison between the groups, bottom and top half is done with 
respect to the mean completion times, users who finished the task or exceed the 
maximum time are labeled with the bottom half and those who achieved to finish the 
tasks are labeled as the top half. This leaderboard is done separately for the Peg 
Transfer and String Pass.  

The mean velocity and jerk are calculated for both graspers used by the participants 
and evaluated in terms of successful and unsuccessful groups. The two halves are 
evaluated to show if there is a significant difference between the movement patterns 
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of the graspers. An example of the movement throughout the task can be seen in Figure 
18. 

 

Figure 18: Movement of the grasper tip during the Peg Transfer task for two sample users representing 
the top half (Left) and bottom half (Right). 

 

Figure 19: Movement of the grasper tip during the String Transfer task for two sample users representing 
the top half (Left) and bottom half (Right). 

Moreover, an examination is conducted on the instantaneous velocity characteristics 
of the participants. Due to the absence of limiting hand movements in contrast to doing 
the task using simulated physical graspers, the velocity exhibits atypical patterns. In 
order to mitigate the impact of this anomalous motion on kinematic analysis, a 
rudimentary outlier detection method based on statistical principles is used. This 
method is designed to identify instantaneous velocity values that exceed the velocity 
exhibited by the individual user for a given task and hand. Anomaly detection is 
performed by assessing the probability of a given value being associated with the 
user’s hand for the specified task. For our instantaneous velocity values v, if we 
assume they belong to a normal distribution X, then we can threshold the values in 
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terms of multiples of standard deviation by using the Z-score. The Z score is calculated 
with the below formula, where χ is the sample, μ is the mean and σ is the standard 
deviation.	 

𝓏 = 	
𝜒 − 𝜇
𝜎  

For our case, the sample is the instantaneous velocity ν, and the sample mean, and the 
standard deviation is calculated from the user’s motion data for each task and hand. 

𝓏 = 	
ν − νK
𝜎  

This method, also called normalization, enables us to define the outliers in terms of 
multiples of the standard deviation since we transform our data to some sample with 
zero mean and a standard deviation of one.  

ν, ←	
ν − νK
𝜎  

After transforming our samples, we can use confidence intervals for finding the 
outliers in our sample. Since the probability of observing a Z score greater than 1.96 
or less than – 1.96, is less than 5%, we can say observing a sample	ν	 ∈ ν,with 95% 
confidence. 

This method presupposes that the sample set prior to the transformation follows a 
normal distribution, and it might be debated whether this assumption is valid. In order 
to assess the normality of the sample, the Shapiro-Wilk test was employed, as it is 
recognized as the most robust statistical test for examining the conformity of a dataset 
to a normal distribution. The velocity data is partitioned into sample sets based on user, 
task, and hand to test its normality. The results of the Shapiro-Wilk test indicate that 
all the data conform to a normal distribution, as evidenced by a p-value of greater than 
0.05. The outliers detected for two selected users are illustrated in Figure 20. 
Additionally, an investigation is conducted to determine the frequency at which 
instantaneous velocity surpasses the 95% confidence interval among the groups 
segregated into upper and lower halves based on their completion times. When 
comparing the two groups, significant variation was observed in the occurrence of 
outliers. The top half of the groups had an average of 13.57 and 11.21 outliers for their 
left and right hands respectively on the Peg Transfer task. In contrast, the bottom half 
of the groups had an average of 29.33 and 28.13 outliers for their left and right hands 
respectively. In a similar vein, it was observed that the top half of the participants’ 
hands produced average outliers of 12.47 and 13.27, while the bottom half had 25.07 
and 26.34 on the String Pass test. The frequency of outlier occurrences is illustrated in 
Figure 14. The groups exhibited a high level of statistical significance in relation to 
their outlier numbers, as shown by a p-value of less than 0.001. 
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Figure 20: Results of outlier detection for two sample users from each group on the Peg Transfer task. 

 

Figure 21: Boxplot visualization of the outlier occurrences during the Peg Transfer and String Pass tasks 
of each hand. 

Distinctive motion features have been examined and identified in both expert and 
novice participants who utilize simulators. The first characteristic, known as the 
economy of movement, is quantified by measuring the length of the path required to 
successfully accomplish a certain task. The motion analysis conducted in our study 
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reveals significant differences in the lengths of the total pathways observed among 
each group. Another measure of the proficiency level, as noted in the OSATS, is the 
examination of the smoothness of movement, which is assessed by the analysis of jerk 
in our study. The overall distributions of mean jerk and mean path length for each 
group are shown in Figure 22. The mean path lengths, calculated with the total length 
of the path of one hand of a user during the task is found to be different between the 
better and worse performing halves of the users with p value less than 0.001. 
Nonetheless, mean jerk values did not significantly differ.  

 

Figure 22: Boxplot visualization of the mean path length and mean jerk values corresponding to the top 
and bottom half of users for the Peg Transfer and String Pass tasks. 

There are other related parameters to hand movement, such as velocity and 
acceleration all derived from the change of position of hands during the task. Similar 
to jerk, none is found to be differential in assessing the skill level of the participants. 

5.4 ECG Analysis 

ECG recordings are saved for each individual user in the form of CSV files. Each user 
has two CSV files: one containing voltage data and the other indicating the resting 
phase end and task start markings. Sample results of the ECG cleaning with the 
NeuroKit2 Python package, including the raw and cleaned signal, detected BPM and 
all detected heartbeats on top of each other can be seen in a sample user in resting state 
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is visualized in Figure 23. In certain instances, it has been noted that certain users’ 
ECG recordings exhibit background noise or aberrant voltage values in the default 
channel utilized for analysis, among the three available channels (see Figure 24). In 
these instances, ECG features have been extracted from alternative channels. As 
shown in Figure 25, the quality of the ECG data can be improved by using an 
alternative channel instead noisy channel shown in Figure 24 for this instance. 

 

Figure 23: Visualization of ECG recording of a sample user during the initial 12 seconds of resting 
state. 
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Figure 24: Visualization of ECG recording from channel 5 that has background noise of a sample user 
during the initial 12 seconds of the Peg Transfer task. 

 

 

Figure 25: Visualization of ECG recording from channel 1 of a sample user during the initial 12 
seconds of the Peg Transfer task. 
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The evaluation focuses on assessing the participant’s heart rate to gain insights into 
their physiological response when engaging in the procedure within a VR environment. 
Based on the results of the one-sided t-test, it can be concluded that there exists a 
statistically significant reduction in the average heart rates of the participants while at 
rest as compared to when engaged in the task. Nevertheless, there was no statistically 
significant disparity found between the successful and unsuccessful groups in relation 
to heart rate during the performance of both tasks. Furthermore, it is important to 
highlight that the average distance between R-R peaks demonstrates a decrease when 
comparing the resting and playing conditions, as depicted in Table 4. In the 
examination of the frequency domain characteristics of HRV during periods of rest 
and during the task, it was observed that there was no statistically significant 
distinction in the low-frequency or high-frequency components of the HRV feature. 

Table 4: Descriptive statistics of mean HR and mean distance between normal RR peaks (MeanNN) of 
the participants for each task between resting and playing states. 

  Mean STD t p df 

Heart Rate (bpm) 

Peg Transfer 
Resting 84.78 10.4 

-3.87 < 0.001 13 
Playing 89.11 9.94 

String Pass 
Resting 86.88 11.55 

-2.18 0.025 13 
Playing 89.22 10.70 

MeanNN (ms) 

Peg Transfer 
Resting 717.64 84.42 

4.50 < 0.001 13 
Playing 681.58 79.71 

String Pass 
Resting 702.08 91.88 

2.44 0.030 13 
Playing 682.61 87.91 

 



44 
 

  



45 
 

 
 
 

 

CHAPTER 6 

 

DISCUSSION 

In our comprehensive investigation, we sought to uncover insights that could provide 
guidance on the potential applications of VR training in the field of laparoscopy 
training, that could apply to a broader field of psychomotor training. The design 
decisions made during the initial and subsequent iterations were based on the data 
gathered from a total of 59 participants who completed our questionnaires in both 
phases, as well as input from three expert surgeons specializing in the field of 
laparoscopy. The objective of enhancing tooling efficiency through improved 
hardware accessibility necessitates the identification of key points that distinguish it 
from the current methodology. From this perspective, the examination of motion and 
the analysis of physiological responses, along with the administration of user 
experience surveys, provide a deeper understanding of how to develop a system that 
can be used in training novice surgeons instead of physical box trainers or expensive 
and inaccessible computer-assisted simulations.  

The questionnaires and the think-aloud sessions uncovered the need for: 

• More guidance to users, in terms of explaining the required motion patterns 
and how to achieve the task completion. 

• Better feedback from the controllers mimics the feeling of the physical 
graspers and their interaction. 

• Improvements in camera angle and depth perception. 

• A better mechanic for holding the objects with the graspers. 

The identified issues also highlight the importance of accorporating novice users as 
they are closer to the target audience for usability study and subject matter experts. 
Because the camera angle issue was only voiced by the expert surgeons as they had 
experience with similar trainers and real operations. Moreover, collecting data from 
29 participants ensured we could compare the first iteration with the second one after 
it was developed. Without the subject matter expert opinion, it would be hard to base 
the hardship of holding the objects, as it would be debatable if the group of 
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inexperienced participants was biased because of their lack of psychomotor skills or 
not. 

These issues that were identified are addressed in the second iteration. The first 
improvement was on the angle, the angle is corrected by tilting the camera upwards to 
provide a more parallel angle between the graspers and the camera with the feedback 
from the surgeons S1 and S3: 

S1: The screen angle is tilted forward. It needs to be straight. 

S1: The angles do not coincide; the angle I hold the tool and the angle I move inside 
are not parallel to each other. 

S2: The angle of the grasper is wrong. 

The lack of feedback was also mentioned by the surgeons and the participants. The 
haptic feedback on collision with the sides of the box and the objects are added. The 
positive effect of haptic feedback is also shown in literature as an enhancing effect on 
skill acquisition [83]. Furthermore, the mechanism for picking up objects has been 
modified in order to lessen the difficulty. The size of the collision boxes between the 
tip of the graspers and the objects is reduced and the ray length for collision detection 
is increased, enabling users to hold objects without completely putting the object 
between the opening at the ends of the grasper. The guidance issue was only mentioned 
by the participants as expected. The surgeons demonstrated a proficient 
comprehension of the task’s objectives and execution, even with limited initial 
guidance regarding the operational mechanisms of the controller. In order to facilitate 
the completion of the work, two tutorial portions were incorporated prior to each 
subtask. With the goal of helping to facilitate the completion of the work, two tutorial 
sections were incorporated prior to each subtask. These tutorials were designed to 
provide a step-by-step instructional approach, guiding individuals through the 
necessary motions required for the successful completion of the task. Specifically, the 
subtasks involved moving a single peg and passing a short string-like object through a 
disk. 

An analysis was conducted to compare the two groups’ experience on the initial 
version of the job in order to see whether they exhibited similar approaches. This 
comparison was made despite the fact that the second group answered the questions 
during the first version after having experienced both versions of the simulation. The 
results suggest that there was no statistical significance between almost all topics of 
GAMEFULQUEST but one and SUS scores. Although the mean SUS score of the 
second group was higher both were in the range of < 70, which is considered 
acceptable but not good according to Bangor et al. [70]. Nevertheless, the 
enhancements made in the second iteration resulted in a notable increase in the average 
SUS score, surpassing the threshold of 70 and entering the realm of satisfactory 
usability. Despite the potential for heightened optimism towards the second iteration 
when both versions are observed, the validity of the results and the observed 
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improvements in usability, as indicated by the SUS questionnaire are backed by a 
sample size of 30 and a high level of statistical significance with a p-value of less than 
0.001. In terms of ease of use and perceived usefulness, the first and second groups 
rated the initial version similarly, but the tendency of greater acceptance was apparent 
for the second version. The mean score of 5.61 for ease of use compared to 6.33 on 
perceived usefulness can be explained by the challenging nature of the tasks. Despite 
the participants’ lack of experience in surgical training, their inclination to provide 
high scores to the utility questions in the simulation indicates their confidence in its 
potential to enhance motor abilities. The challenge users have faced is also shown in 
their responses to the question “Do you have any suggestions?”. Two users made 
comments about the potential benefits of incorporating sound stimuli into the program, 
which is not currently a feature in the surgical simulation. Also, two other users 
indicated they want to further use the application with realistic operation settings. 
Where the 5 of them said they had no suggestions. The question regarding the 
participants’ overall assessment of the application in the second version further 
illustrates their internal comparison of the two versions and the subsequent inferences 
they made, which align with our results aimed at enhancing the initial version. The 
most used words regarding the question can be seen in Figure 26. 

 

Figure 26: Word cloud representation of free text responses of overall opinion on the second version. 

We investigated our application of the VR version of surgical training from multiple 
perspectives. The positive results of the questionnaires show potential; however, the 
application should also show promise in terms of motion characteristics of other 
simulators that have been studied in terms of their effectiveness of motor skill 
acquisition. The utilization of motion analysis and physiological response holds 
significant value in enhancing the efficacy of training. The preceding research 
demonstrates how the kinematic attributes of the hands can serve as indicators of an 
individual’s level of skill. It was demonstrated that the skill level of users can be 
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differentiated based on the analysis of motion data. In the study, the participants were 
categorized into two groups based on their average completion time for each activity, 
as none of the individuals had prior laparoscopic expertise. In a manner similar to the 
simulations employed in laparoscopic training, it has been seen that there exists a 
significant difference in path length to complete the task between the two groups. 
Specifically, it has been determined that the upper half of users tend to exhibit a greater 
degree of efficiency in their execution of tasks, as evidenced by their comparatively 
shorter path lengths. However, it has been determined that there is no substantial 
difference in velocity or jerk between the groups. One may argue that the dissimilarity 
in movement patterns between simulations employing actual graspers and our VR 
implementation utilizing generic hand trackers is attributable to various factors. 
Nevertheless, the unconstrained nature of our implementation in terms of hand 
movement presents novel possibilities for the utilization of alternative methods of 
motion analysis in the evaluation of skill proficiency. It is contended that the time 
series nature of the motion data can be examined through the application of time series 
analysis methodologies. Our investigation demonstrated the presence of outliers in the 
dataset can be utilized to assess the skill level of the user, which aligns with the 
findings of Uemura et al [58]. The application of motion data allows the evaluation of 
the trainee’s skills in a more comprehensive and automated fashion within the 
simulations. The incorporation of an autonomous training capability, which enables 
the user to get guidance without the need for human intervention, could potentially 
prove to be a valuable attribute. 

In the conducted study, a total of 15 participants were involved in playing the second 
version of the game while their ECG recordings were obtained. The results of the study 
did not reveal any comparable instances where the upper and lower halves of the 
participant groups exhibited notable disparities in terms of heart rate (HR) or heart rate 
variability (HRV) features, including mean time or standard deviation between RR 
peaks. Nevertheless, throughout the transition from a state of rest to a state of training, 
there were notable increases in heart rate (HR) and corresponding decreases in heart 
rate variability (HRV). The observed elevation in heart rate can be understood from 
two perspectives: as a physiological response to stress or as a result of increased 
physical activity. The observed decline in heart rate variability (HRV) aligns with 
existing previous literature that has examined the association between mental 
workload and reductions in HRV [64], [84]. 
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CHAPTER 7 

 

CONCLUSIONS AND FUTURE WORK 

Virtual reality-based psychomotor training exhibits significant promise across various 
domains, notably within the realm of surgical education and training. Proficiency in 
the use of surgical tools and observing through a two-dimensional camera, is essential 
for performing laparoscopic procedures, in addition to the requisite expertise and 
precision required for all surgical interventions. Among the myriad challenges 
inherent in performing surgical procedures on living beings, the commendable 
dedication exhibited by surgeons in investing countless hours in training to enhance 
the quality of patient care is truly formidable. 

This study introduces a novel approach to enhance the initial phases of laparoscopy 
training, focusing on the acquisition of psychomotor abilities, particularly dexterity, 
and precision with a VR adaptation of an existing method of training. The method 
addresses the challenges associated with operating through a two-dimensional screen 
and utilizing delicate instruments, while also aiming to achieve proficiency without 
relying on costly tools and software. In order to provide a thorough understanding, our 
study examined the process of adapting the proven technique of box trainers in 
laparoscopy to an immersive virtual world with multiple perspectives. This adaptation 
was achieved by utilizing common VR equipment without the need for any particular 
physical gadgets. 

In order to address the obstacles and potential drawbacks encountered during the 
development phase, we executed two iterations and integrated quantitative data with 
commonly utilized questionnaires within the HCI and VR assessment, as well as 
feedback from subject matter experts. Following the identification of issues in the 
initial version, a second iteration was undertaken, wherein the same questionnaires 
were utilized to assess usability, acceptance, and overall experience. Instead of 
proposing a novel approach to surgical training, our study centered on the integration 
of additional benefits and positive aspects of VR training methods. Specifically, we 
demonstrated two key findings: (1) The successful implementation of motion capture 
in a VR training application and its utilization for analysis, and (2) the extent to which 
physiological responses exhibit similarities to established patterns in mental load. 
Furthermore, it was demonstrated that the application produced by our team achieved 
a favorable rating in terms of usability, performed at an above-average level in terms 
of acceptability, and delivered a satisfactory user experience based on self-assessed 
evaluations. 
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As elucidated in the preceding literature on psychomotor training, the enhancement of 
motor abilities necessitates engagement in deliberate and consistent practice. Further 
investigation should be conducted to assess the efficacy of our application on the 
acquisition of motor skills through the execution of controlled trials. Furthermore, it 
is imperative to conduct a thorough examination of the motion analysis techniques 
employed, namely by conducting experiments with cohorts of skilled surgeons and 
novices in order to validate the outcomes reported in prior research [34], [36], [38]. 
Moreover, the integration of motion analysis and physiological signals into VR for 
laparoscopic surgical training has the potential for further utilization through the 
implementation of individualized feedback based on the trainee’s skill level and 
physiological state.  
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APPENDICES 

APPENDIX A 

A.1 ETHICAL APPROVAL OF THE FIRST VERSION 

Ethical Approval for the first version which does not include the physiological data 
collection.  
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A.2 ETHICAL APPROVAL OF THE SECOND VERSION 

Ethical Approval of the second version with the permit to collect physiological data 
from the participants. 
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APPENDIX B 

 

B.1 IN-GAME SCREEN SAMPLES FROM PEG TRANSFER TUTORIAL 

 
Figure 27: Skip the tutorial button located on the left of the box. 

 

Figure 28: Timer and remaining tasks text components located between the box and the screen. 
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Figure 29: First step of the Peg Transfer tutorial explained with the on-screen text located on the right 
side of the screen. 

 

Figure 30: The second step of the Peg Transfer tutorial explained with the on-screen text located on the 
right side of the screen. 

 

Figure 31: The third step of the Peg Transfer tutorial explained with the on-screen text located on the 
right side of the screen. 
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Figure 32: The last step of the tutorial is explained with the on-screen text located on the right side of 
the screen. 

 

Figure 33: Finished tutorial screen for Peg Transfer tutorial with finish time and the button to continue. 
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B.2 IN-GAME SCREEN SAMPLES FROM THE STRING PASS TUTORIAL 

 

Figure 34: First step of the String Pass tutorial explained with the on-screen text located on the right 
side of the screen. 

 

Figure 35: Second step of the String Pass tutorial explained with the on-screen text located on the right 
side of the screen. 
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Figure 36: Finished tutorial screen for String Pass tutorial with finish time and the button to continue. 

 


