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ABSTRACT 

 

Laparoscopic surgery performed by expert surgeons enables patients to reduce recovery time 

and pain. However, this surgical procedure is challenging due to restricted vision and depth 

perception issues. Various simulators have been developed for simulation-based laparoscopic 

surgery skills training. Technical realization methods of existing simulators are summarized to 

develop the next generation training systems by conducting systematic review. In this 

dissertation, a novel computer-assisted surgical trainer (CAST) is presented to provide the better 

training experience. CAST guides a trainee actively by providing visual, force, and audio 

guidance. An augmented reality overlay system was implemented first using a single web 

camera. Also, an instrument tracking system was designed to support the guidance based on 

kinematic equations with particle swarm optimization (PSO). For the force guidance system, 

self-adjusting fuzzy sliding mode controllers are proposed with virtual fixtures. To generate a 

training task, modeling specifications and a text-based task description method are presented as 

well. While performing a training task, CAST collects movement data, then objective assessment 

results are provided to a trainee using a fuzzy scoring system with achievable goal-based 

evaluation metrics. The initial test data indicate the feasibility and effectiveness of the proposed 

computer-guided training system.        
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CHAPTER 1. 

INTRODUCTION 

1.1. Simulation training in medicine 

Simulation that imitates real world systems based on physical or abstracted models is widely 

used for various purposes. Nowadays, simulation-based training is very common in aviation, 

military, industry, and medicine. For instance, flight simulators have been used for pilots to learn 

mandatory skills since the 1930s [1]. In medical education, “see one, do one, teach one” learning 

procedure was the traditional training method as an apprenticeship model. However, this 

traditional training method may cause patient safety issues or ethical issues. Therefore, 

simulation-based training has been used to alleviate all the potential risks and issues.  

To support the simulation training in medicine, various devices such as cost-effective models 

to study anatomical structures and manikins to mimic a human patient have been proposed. As 

technology advances, high-fidelity devices and environments could be provided for medical 

education [2]. The benefits of simulation in medicine were presented in [3], [4] and the key 

benefits are as follows: 

 It enables to improve patient safety by learning medical skills before facing patients. 

 It eliminates ethical issues. 

 It enables a trainee to learn how to use new medical technologies by offering proper 

simulated training setups. 

 It provides the better educational experience (i.e., learner-centered education). 

 Sometimes, it is cost effective. 

 Performance assessment is available. 
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Even though there are several drawbacks (e.g., absence of “one-on-one patient factor” [3]), the 

simulation-based training in medicine is much more demanding than the traditional ways.  

  

1.2. Simulation training in minimally invasive surgery 

Patient safety should be the primary priority in healthcare domain. However, medical errors 

which threaten patient safety were the third crucial cause of death in the US in 2016 [5]. To 

improve the patient safety by minimizing the medical errors, various activities such as safety 

training and additional checks while performing a medical procedure have been introduced [6]. 

Unlike other medical procedures, errors by surgeon in the operating room may cause serious 

situation. Surgical residency training can be one of the effective activities to eliminate medical 

errors in the operating room. The well-structured training system was introduced by Halsted and 

has been widely used to train young surgeons [7]. 

Laparoscopy was firstly introduced to examine stomach and esophagus in 1901 [8]. The 

modern laparoscopic surgery system equipped with an endoscopic camera and a monitor was 

used in 1986 [8]. Compared to traditional open surgery, surgeons generally use long and thin 

surgical instruments to perform and a monitor screen to observe the surgical scene captured by 

the endoscopic camera. There are several benefits such as less pain, less blood loss, and short 

recovery time for patients, so this advanced surgical procedure has been widely used since the 

late 1980s. However, surgeons have several challenges to perform, such as restricted vision, 

indirect vision, indirect manipulation, lack of depth perception, and lack of tactile haptic 

feedback. Therefore, the more training is required based on structured training procedures. 
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The well-defined training program, Fundamentals of Laparoscopic Surgery (FLS), was 

designed by Society of American Gastrointestinal and Endoscopic Surgeons (SAGES) in the late 

1990s [9]. The program consists of web-based study modules to provide didactic information and 

hand-on exams to learn basic manual skills. The goal of FLS is as follows: 

“The knowledge and skills gained by those who master the FLS curriculum will improve the 

quality and safety of surgical care delivered to their patients.” (FLS Program Description, 

Retrieved from https://www.flsprogram.org/index/fls-program-description/) 

Especially for the hands-on exam, various simulation-based training devices have been proposed 

from industries and academic institutes. The devices range from cost-effective but simple 

solutions to sophisticated but expensive solutions. In [10], the effectiveness of simulation-based 

training for minimally invasive surgery was discussed by conducting systematic review. The key 

finding is as follows: 

“Simulation-based laparoscopic surgery training has large benefits when compared with no 

intervention and is moderately more effective than non-simulation instruction.” [10, p. 586] 

It also indicates that laparoscopic surgery simulators can enhance the training quality.  

 

1.3. Goal and objectives 

In this dissertation, the novel surgical trainer, Computer-Assisted Surgical Trainer (CAST), 

for laparoscopic surgical skills training is presented. The primary aim of the CAST system is to 

provide the better training environments for a trainee. To design and implement the CAST 

system, existing simulation-based training systems are analyzed based on a systematic review. 

The design objectives of the CAST system are as follows: O1) provide various training 
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scenarios, O2) guide a trainee effectively by considering human factors, O3) evaluate trainee’s 

performance objectively, and O4) provide proficiency-based learning based on assessments. 

Novel contributions of this work are as follows: augmented reality (AR) rendering was 

implemented to realize O1 and O2.  A task description method based on abstracted models was 

proposed to support O1 and O2 as well. Visual, audio, and force guidance systems were 

implemented to meet O2 and to provide intuitive guidance. To design the force guidance system, 

adaptive controllers were used to consider both human factors and proficiency. This force 

guidance enables to provide instant coaching during a training session. Instead of merely 

displaying assessment results, achievable goals were suggested to enhance the training. The 

proposed hierarchical fuzzy scoring system enables not only to evaluate the performance 

objectively but also to add new evaluation metrics easily. The initial test data will show that 

these technical realization methods meet the design objectives.  

As a simulated, non-patient-based training system, CAST assists a trainee to learn manual 

skills while performing surgical training tasks. Eventually, the technologies can be transferred 

into operating rooms to enable computer-guided surgical assistance.  

 

 

  



 

 

16 

CHAPTER 2. 

SYSTEMATIC REVIEW 

2.1. Methods 

   The literature review was conducted using PubMed and Google Scholar to investigate existing 

simulation-based training platforms. The review consists of two steps: surveying review paper to 

extract additional search terms and investigating training platforms. For the first step, the 

following search terms were used. 

 laparoscopic surgery or minimally invasive surgery 

 surgical training, training device simulator, or simulation 

 survey or review 

For the second step, the following additional search terms which were extracted by the first-

round survey are used associated with laparoscopic surgery, minimally invasive surgery, and 

surgical training. 

 Physical reality, virtual reality, or augmented reality 

 Haptic feedback, force feedback, tactile feedback, or tactile sensation 

 Performance assessment, evaluation, metrics, or proficiency 

 Guidance or haptic guidance 

 Instrument tracking 

 Portable, take-home, or at-home 

After the second-round survey with screening, 43 training systems were found and analyzed in 

terms of engineering aspects.  
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2.2. Common model of simulation-based laparoscopic surgery skills training system 

Simulation-based training in laparoscopic surgery mostly consists of three components – 

training tasks, a visualization interface, and an instrument interface. This common model is 

illustrated in Figure 1. Given a specific training task, a trainee uses real surgical instruments or 

similar equipment to perform the task. The visualization interface provides the visual feedback 

(e.g., displaying training scenes) while performing. Most of existing simulation-based training 

systems have these three basic components. To provide the better training experience, additional 

components can be added. Various technical realization methods for each component are 

presented in the following sections. Also, addition components are discussed as well. 

 

 

2.3. Training tasks 

Various tasks have been proposed for simulation-based training to enhance a trainee’s 

surgical skill. The classified fundamental surgical training tasks were discussed in [11]. The 

simplest task is only using surgical instruments or an endoscope. This task called “navigation 

task”. Unlike the open surgery, surgeons only can see limited area displayed on a 2D screen, and 

the view of the anatomy is different than the open surgery’s one. Also, the movement of the 

surgical tools is non-intuitive (i.e., fulcrum effect). Moreover, surgeons may face with depth 

 
Figure 1: Common model of simulation training in laparoscopy surgery 
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perception and tactile perception issues. To adapt the new surgical scene, this task enables a 

trainee to learn how to navigate surgical tools properly. Camera navigation tasks and instrument 

navigation tasks (e.g., touch a specific point using a surgical instrument) are examples of the 

navigation tasks. 

Object-related tasks were also proposed to overcome hand-eye coordination issues and to 

practice bi-manual manipulation. Picking a rubber ring up and stretching an elastic band mimic 

real surgical actions such as grasping and pulling tissues. Also, peg transfer tasks and needle 

passing tasks were designed to practice transferring an object from one instrument to another. 

Cutting and suturing-related tasks were finally proposed to practice fundamental surgical 

skills. For instance, pattern cutting was designed for a trainee to use laparoscopic scissors with 

simulated setups such as gauze. Suturing in laparoscopic surgery is challenging due to restricted 

vision, depth perception and limited degree of freedom of the instrument movement. So, several 

suture-related tasks (e.g., extracorporeal knot tying) were designed to provide efficient training 

setups.     

Most simulation-based training systems provide at least one of the presented fundamental 

tasks. By combining several tasks, comprehensive tasks can be designed to prepare standard 

training tasks such as Fundamentals of Laparoscopic Surgery (FLS). Also, simulation surgical 

scenarios such as cholecystectomy can be provided with a proper visual feedback method. In the 

following section, the visual feedback methods are presented. 
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2.4. Visualization interface 

To display training tasks, three different visualization methods – physical reality, virtual 

reality, and augmented reality – can be considered.  

2.4.1. Physical Reality (PR)  

Using real materials such as plastic, metal, wood, and fabric, the simulated training tasks are 

designed. Actual surgical tools also can be used while performing tasks. Simple box trainers 

have been widely used to mimic the circumstance of the human abdomen. The advantages and 

disadvantages of the box trainers are as follows: 

Advantages Disadvantages 

 

 Provide realistic tactile feedback 

 Can use real surgical instruments and an 

endoscope camera 

 Available cost-effective solutions 

 

 Does not provide objective assessment 

 Require maintenance cost to purchase 

consumable materials (e.g., fabric gauze) 

 Need an instructor to guide a trainee 

 

Several computer-enhanced systems (e.g., CELTS [12], EndoVis [13], Blue Dragon [14], and 

Chmarra et.al [15]) were proposed to provide both the better training experience using PR 

environment and the objective assessment. However, a human instructor is still needed to teach a 

trainee. 

2.4.2. Virtual Reality (VR)  

Virtual reality simulators (VRSs) use computer graphics technologies to provide training tasks 

instead of using real materials. The advantages of VRSs are as follows: 

 Provide simulated surgical scenarios using accurate 3D anatomical models [16]–[18], 
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 Provide various objective assessment results, 

 Provide user graphics user interface. 

However, VRSs cannot provide realistic tactile feedback. Also, most VRSs are expensive 

compared to physical reality simulators (PRSs). The key VRSs are listed as follows: 

 

Commercial devices Non-commercial devices 

 

LapMentor [19]–[21], LapSim [22], [23], 

LapVR  [24],  Lap-X [25], MIST-VR [26], 

[27], SIMENDO [28], VSOne [18], and Xitact 

LS500 [29] 

 

GeRTiss [17], LapSkills [30], SmartSIM [31], 

VBLaST [32], and VESTA [33] 

 

2.4.3. Augmented Reality (AR)  

Using head mount displays (HMDs) or 2D monitors, AR technology can be implemented to 

overlay computer generated virtual scenes on a live camera image [34]. Several augmented 

reality simulators (ARSs) were presented under 2D monitor setups for laparoscopic surgical 

training. The advantages of ARSs are a) using real materials with virtual rendering and b) 

providing realistic haptic feedback. ProMIS [35]–[37] supports not only pure PR environments 

but also AR environments. The simulator uses real materials with virtual rendering to visualize 

splendid surgical scenes.  In [38][39], authors proposed an ARS to provide virtual environments 

under a box trainer setup. 
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2.5. Instrument interface 

A trainee can get haptic feedback via instrument interface while performing a task. In [40], 

simplified models were introduced to describe haptic feedback for several surgery types. In 

laparoscopic surgery training, some simulators can provide natural or artificial haptic feedback. 

PRSs provide natural haptic feedback without any efforts due to using real environments. 

Unlike PRSs, VRSs cannot provide natural haptic feedback. VRSs needs proper interface for 

artificial haptic feedback, and only few devices provide this feedback (e.g., LapMentor [19], 

LapSim [22][23], LapVR [24],  VSOne [18], and Xitact LS500 [29]). Also, haptic rendering [41] 

to model reaction force is required to implement artificial haptic feedback. For instance, a knot-

tying model [42], catheter and blood vessel models [43], and tool-tissue interaction models [44], 

[45] were presented to support artificial haptic feedback. ARSs can provide both natural and 

artificial haptic feedback due to its characteristics. However, there are no reported ARSs to 

support artificial haptic feedback yet.  

 

2.6. Performance evaluation 

Computer-based simulators can provide objective assessments to evaluate a trainee’s training 

performance. For the assessment, various evaluation metrics were proposed in [11], [13], [46], 

[47]. Most frequently used metrics are completion time, idle time, path length, average velocity, 

maximum velocity, average acceleration, motion smoothness, energy of volume, economy of 

area, energy of area, maximum force, average torque, maximum torque, and the number of 

collisions. 
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Given evaluation metrics, the system can provide a score or a proficiency level. For instance, 

the pass/fail grade or numerical numbers can be displayed to a trainee after finishing a practice 

session. For this scoring, various assessment criteria were proposed for human experts to assign a 

score by observing the training session or recorded videos [19], [36], [48]–[50]. This human-

involved scoring was mainly designed to evaluate general laparoscopic skills [48]–[52] or 

suturing skills [36]. Unlike human-involved scoring, computerized scoring methods [12], [47], 

[52] can provide much more objective assessment results by using various evaluation metrics.  

 

2.7. Guidance 

Several simulators can assist a trainee by providing instant feedback while performing a task. 

The simple but intuitive method is audio guidance by playing audio cues. Also, a simulator 

changes sound effects for a trainee to recognize an incorrect movement so that the system 

teaches surgical skills [53].  

Another method is to provide visual guidance by augmenting guidance information on a live 

camera image. For instance, Lap-X and ProMIS simulators provide text instructions while 

practicing. In [53], guidance trajectories were overlaid to assist navigating surgical tools.  Also, 

visual cues such as arrows to indicate force direction can be overlaid to provide guidance 

information [54]. Moreover, extra display interface can be used to visualize force-based guidance 

information [50]. 

Finally, force guidance systems were proposed to regulate instrument motion [55], [56] or to 

minimize a deviation from a desired trajectory [53], [57] for training in robotic laparoscopic 

surgery. In [58], a vibration system was proposed to assist a trainee by providing a warning when 
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a surgical tool deviates from a desired trajectory. To mimic “hand-over-hand” guidance (e.g., an 

expert surgeon teaches a novice trainee by holding the trainee’s hand), instrument movements of 

the experts were recorded, and the recorded data were used to design force guidance system [59], 

[60]. Unlike audio and video guidance, the force guidance is intuitive and active guidance. 

 

2.8. Instrument tracking 

VRSs and ARSs should have an instrument tracking interface. Also, the instrument tracking is 

required to support objective assessments or guidance. Two types of tracking interfaces – vision-

based and sensor-based – have been widely used. 

  Vision-based instrument tracking generally uses at least one camera with color marker(s). 

Several PRSs and ARSs used this method because it does not require any severe hardware 

modifications (e.g., attach thin and light markers) while using real surgical instruments. In [39], a 

standard endoscopic camera with a color marker was used. Similarly, multiple cameras were 

used to implement vision-based tracking systems [13], [35], [61]. 

   Unlike vision-based tracking, sensor-based methods require a proper hardware component 

to install sensors so that the hardware should not hinder instrument movement. Several PRSs 

[11], [14], [25], [26], [62] used electromagnetic sensors with mechanical equipment (e.g., 

TrEndo [11]) to track instruments. Commercial haptic devices also used in [17], [32], [33]. 

Additional sensors (e.g., IR or flex sensors) can be attached to detect open/close of the grasper 

[39], [61].  
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2.9. Portable devices 

As a standing device, most computer-enhanced simulators generally provide objective 

assessments and guidance features, but it is challenging to move the simulators to other 

locations. Compared with these standing devices, portable simulators which are cost-effective 

and light-weight devices were proposed for a trainee to practice at home. Several portable 

systems are listed as follows: 

 Computer-based portable box trainers [62]–[68] 

 Camera-less box trainers [69], [70] 

 Tablet PC-based box trainers [71]–[74] 

 Homemade box trainers [75], [76] 

 Portable VRSs [77], [78] 

 

2.10. Summary 

In this chapter, existing simulators are analyzed in terms of technical realization point of 

view. Forty-three training systems are selected to present various training task representation, 

performance evaluation, guidance, and instrument tracking methods as shown in Table 1. Most 

commercial simulators are VRSs and these VRSs support much more comprehensive training 

tasks. Also, most VRSs and computer-enhanced PRSs provide performance evaluations. The 

performance evaluation metrics are summarized in Table 2. According to the survey, only few 

systems provide guidance features and AR environments. Therefore, intelligent guidance 

systems or novel AR systems may be required to develop the next generation simulators. The 

intelligent guidance will provide the better training experience.  
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Table 1. Summary of surgical trainers from the key literature 
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ProMIS [35]–[37]  ● ● ●  
PR 

AR 
NF ● ●  ● VT  

CELTS [12]  ● ● ●  PR NF    ● ST  

LTS3e [52] 

 

 ● ● ●  PR NF    ●   

EndoVis [13]  ● ● ●  PR NF    ● VT  

Blue Dragon [14]  ● ● ●  PR NF    ● ST  

Chmarra (2010) [15]  ● ● ●  PR NF    ● ST  

MISTELS [49]  ● ● ●  PR NF    ●   

ForceSense [50]  ● ● ●  PR NF ●   ● ST  

iTrainers [71]  ● ● ●  PR NF      ● 

Pyxus [63]  ● ● ●  PR NF      ● 

De Loose (2017) [72]  ●    PR NF      ● 

D-box [62][64]  ● ●   PR NF      ● 

Chandrasekera (2006) [69]  ● ●   PR NF      ● 

iTrainer [73]  ●    PR NF      ● 

Joystick Simscope [67]  ● ● ●  PR NF      ● 

Adrales (2003) [65]  ● ● ●  PR NF      ● 

Beatty (2005) [75]  ● ● ●  PR NF      ● 

Sharpe (2005) [70]  ●    PR NF      ● 

EZ trainer [68]      PR NF      ● 

TABLT [74]  ● ●   PR NF      ● 

Jaber (2010) [76]      PR NF      ● 

White box [66]      PR NF      ● 

Horeman (2012) [54]    ●  AR NF ●   ●   

Loukas (2013); Lahanas (2015) [38][39]  ● ●   AR     ● VT  

PortCAS [77]  ●    VR       ● 

Bokhari (2010) [78]      VR       ● 

VESTA [33] ● ● ●  ● VR AF     ST  

SIMENDO [28] ● ● ● ● ● VR     ● ST  

LapSim [22], [23] ● ● ● ● ● VR AF    ● ST  

LapVR [24] ● ● ● ● ● VR AF    ● ST  

VBLaST [32]  ● ● ●  VR AF     ST  

Xitact LS500 [29]  ● ● ● ● VR AF    ● ST  

Chen (2013) [61]  ●    VR     ● VT  

GeRTiss [17]     ● VR AF     ST  

LapSkills [30] ● ● ● ● ● VR AF    ● ST  

LapMentor [19]–[21] ● ● ● ● ● VR AF    ● ST  

Tagawa (2013) [59]     ● VR  ●  ● ● ST  

MIST-VR [26][27]  ● ● ● ● VR     ● ST  

Moreno (2012) [16] ● ●   ● VR      ST  

SmartSIM [31] ● ● ●  ● VR     ● ST  

Lap-X [25] ● ● ● ● ● VR  ●   ● ST  

VSOne [18] ● ● ● ● ● VR AF    ● ST  

Hernansanz (2012) [53]      VR  ● ● ● ● ST  

 – explicitly presented;   – possible; PR – physical reality; VR – virtual reality; AR – augmented reality; NF – natural haptic feedback; AF – artificial haptic 

feedback; ST – sensor-based tracking; VT – vision-based tracking 
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Table 2. Summary of performance evaluation metrics from surgical trainers 
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ProMIS [35]–[37] ● ●   ●       H  

CELTS [12] ● ● ●  ●       C  

LTS3e [52] 

 

●   ●      ●  H  

EndoVis [13] ● ● ● ● ● ● ●       

Blue Dragon [14] ● ●      ●      

Chmarra (2010) [15] ● ● ● ● ● ● ●      ● 

MISTELS [49] ●   ●      ●  H  

ForceSense [50] ● ●      ●  ●  H  

iTrainers [71]              

Pyxus [63]              

De Loose (2017) [72]              

D-box [62][64]              

Chandrasekera (2006) [69]              

iTrainer [73]              

Joystick Simscope [67]              

Adrales (2003) [65]              

Beatty (2005) [75]              

Sharpe (2005) [70]              

EZ trainer [68]              

TABLT [74]              

Jaber (2010) [76]              

White box [66]              

Horeman (2012) [54] ●       ●      

Loukas (2013); Lahanas (2015) [38][39] ● ●        ●    

PortCAS [77]           ●   

Bokhari (2010) [78]              

VESTA [33]              

SIMENDO [28] ● ●       ●     

LapSim [22], [23] ● ● ●       ● ● C  

LapVR [24] ● ●        ●  C  

VBLaST [32]              

Xitact LS500 [29] ● ●        ●    

Chen (2013) [61] ●             

GeRTiss [17]              

LapSkills [30] ● ● ●  ●   ● ● ● ●   

LapMentor [19]–[21] ● ●        ●    

Tagawa (2013) [59] ● ●            

MIST-VR [26][27] ● ●  ●      ●    

Moreno (2012) [16]              

SmartSIM [31] ● ● ●      ●     

Lap-X [25] ● ●            

VSOne [18] ● ●            

Hernansanz (2012) [53] ● ●            

            – explicitly presented; H – human-involved scoring; C – computerized scoring; 
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CHAPTER 3. 

SYSTEM REQUIREMENTS 

Various computer-enhanced simulators for laparoscopic surgery skills training have been 

proposed during the past two decades. The minimum components of the surgical simulators are 

visualization interface and instrument interface. To design the next generation trainers, additional 

components can be added to assist a trainee effectively by providing guidance information. In 

this chapter, design requirements which were derived based on the systematic review are 

presented. 

 

3.1. Guide a trainee like a human instructor 

Consider an example of human instructors’ teaching for a specific task in real life. An 

instructor can provide demonstration session first before a trainee practices a task. While 

performing the actual practice, the trainer can provide instant instructions to correct mistakes. 

Then, the instructor provides feedback after the practice based on the instructor’s evaluation.  

This example depicts a mentor-apprenticeship model which has three steps, pre-instruction, 

practice with instant coaching, and post-feedback. 

Most computer-enhanced PRSs and VRSs mainly focus on the post-feedback procedure by 

providing objective assessments. Several VRSs also provide video demonstrations as a pre-

instruction procedure. However, only few simulators provide instant coaching features while 

performing a practice.  Therefore, instant instructions or guidance are strongly recommended to 

enhance training experience. To implement this active coaching, visual (e.g., overlaying 
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guidance information), audio (e.g., warning sounds or verbal instructions), or force guidance 

(e.g., generating resistance force or vibrations) systems can be used.  

3.2. Proficiency-based learning 

Consider the mentor-apprenticeship model in real life. When a human instructor teaches a 

specific skill, he or she generally assign simple and reasonable practice tasks for a novice trainee. 

Then, the instructor gradually provides much more complicated and challenging tasks based on 

the trainee’s progress. This is an example of the proficiency-based learning.  

For laparoscopic skills training, brief idea of the proficiency-based learning was discussed in 

[79], [80]. First, proficiency is defined and validated based on assessment results. Then, a 

suitable task is suggested to a trainee according to the defined proficiency. For instance, 

allowable errors and recommended completion time for the FLS tasks were proposed to design a 

proficiency-based curriculum by analyzing expert surgeons’ performing [81]. As another 

application, a surgical simulator requests a novice trainee to complete a partial task instead of 

assigning the entire task. The surgical simulator can provide achievable goals to a trainee before 

performing a task and then the trainee’s practice results are compared to evaluate the trainee’s 

progress.  

The proficiency can also be used to adjust guidance level. If a trainee is novice, then the 

surgical simulator will keep providing guidance information while performing a task. Unlike this 

novice trainee, if a trainee is recognized as an expert, the simulator will minimize guidance 

information to provide much more control authority to a trainee. Also, the simulator can adjust 

guidance level during the practice sessions. To implement this feature, live performance 

evaluation methods are required. 
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3.3. Design requirements of the next generation surgical trainer  

The next generation surgical training simulator may need the following features. 

 The simulator should provide various training tasks. 

 Appropriate visualization interface should be used for task representation. 

 Haptic feedback should be supported. 

 A performance assessment interface is required. 

 A guidance interface is required.  

 Instrument tracking should be required to support assessments and guidance. 

The desired model of the proposed system is illustrated in Figure 2. Based on these 

requirements, an intelligent guidance system was designed and implemented. The technical 

realization methods will be presented in the following chapters. 

  

 
Figure 2: A desired system model of the next generation surgical trainer 
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CHAPTER 4.  

SYSTEM OVERVIEW 

As a simulation-based surgical trainer, CAST can be not only a physical trainer but also an 

augmented reality trainer. Also, CAST is a computer-enhanced training simulator, which consists 

of hardware and software modules. In this chapter, the overall system of CAST is explained.  

 

4.1 Hardware 

CAST hardware consists of a scene box, a web camera, two mechanical fixtures, an 

electronics box, and a personal computer with a 2D monitor screen. Figure 3 illustrates the 

overall hardware setup. The scene box imitates abdomen of the human body and it enables to 

 
Figure 3: Computer Assisted Surgical Trainer (CAST) 
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install several training setups. Using physical training setups such as a heart model for an 

instrument navigation task and a peg board for an object transfer task, the system provides 

natural haptic feedback. The web camera mimics an endoscopic camera and it enables to build a 

cost effective system configuration. Presently, Logitech C920 HD Pro or Microsoft LifeCam 

studio could be mounted on a custom-made stand. 

The two mechanical fixtures (whose prototype was produced by Manufacturing Systems 

Solutions, LLC) – one for the left hand and another for the right hand – are symmetrically 

identical and are designed to install various standard surgical instruments. Each fixture has a 

gimbal to mimic the functionality of trocar and to allow four degrees of freedom movements 

(i.e., yaw, insertion, pitch, and roll). Also, this fixture has three DC motors (for yaw, insertion, 

and pitch) to provide force guidance and four encoders to track an instrument tip and to support 

the corresponding motor control. Each gimbal joint and the corresponding motor with the 

encoder are connected by a stainless wire. This cable driven system provides high flexibility 

power transmission with smooth motion. Figure 4 depits the mechanical fixture for the right 

 
Figure 4: Mechanical fixture for the right hand 
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hand. The specification of motors and encoders are as follows: 

 Maxon RE35 27359 motors for yaw and insertion 

o Maximum continuous torque: 112 mNm 

o Nominal current: 0.944 A 

o Nominal voltage: 48 V 

 Maxon DCX35 motor with GPX42 planetary gearhead for pitch 

o Gear ratio: 4.3:1 

o Maximum continuous torque: 534.06 mNm 

o Nominal current: 2.08 A  

o Nominal voltage: 48 V 

 US Digital E3 encoders for yaw, insertion, pitch, and roll 

o Optical encoder 

o 8192 counts per revolution (2048 cycles per revolution with 4x quadrature 

mode) 

To control motors, ADS 50/5 servoamplifier for yaw axis and ESCON servo controllers for 

pitch and insertion axes are used. Also, the encoder data acquisition USB device, USB4 

(www.usdigital.com), is used to communicate between the PC and electronics (i.e., ADS 50/5, 

ESCON, and encoders). Finally, a simple amplifier board was designed to connect between 

motor controllers and USB4 devices. The overall electronics setup is illustrated in Figure 5. 

http://www.usdigital.com/
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4.2. Software 

CAST software mainly consists of five components – optMIS, optGuide, optViz, 

optAssessment, and task manager. The optMIS is an online path planner to generate collision 

free and shortest trajectories for laparoscopic instruments in a rigid training environment. 

Previously, offline path planner was designed and implemented for simple instrument navigation 

tasks [82]. This offline planner was written in MATLAB so that it was easy to implement by 

using built-in toolboxes. However, it took over 500 seconds to get a single path even though 

optimization procedures were applied to reduce computation time [83]. Also, this planner was 

designed for static object configurations. To reduce computation time and to consider more 

dynamic environments, the Open Motion Planning Library (OMPL) [84] is used now. As an 

open source C++ library, OMPL supports various sampling-based algorithms with state validity 

 
Figure 5: Electronics setup: (A) 48V-12.5A power supply, (B) USB4, (C) ADS 50/5, (D) 

ESCON, and (E) custom amplifier boards. 
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checkers (i.e., collision checkers). By using OMPL with software optimization, a single path 

could be generated within 1 second. The optMIS is out of scope of this dissertation so the details 

will not be presented. 

CAST provides visual and force guidance to assist a trainee while performing a certain 

training task. The optGuide is responsible for the force guidance. Previously, fuzzy logic 

controllers (FLCs) were implemented to support this force guidance [85]. However, the simple 

FLCs were not enough to consider human factors. To improve the optGuide, self-adjusting fuzzy 

sliding mode controllers are proposed in Chapter 8. The optViz is responsible for the visual 

guidance by overlaying visual cues to aid a trainee. Initially, simple 2D visual cues (e.g., circles) 

were used to represent a recommended path [86]. The latest implementation methods are 

presented in Chapter 9. 

The optAssessment is a performance evaluator to quantify competency objectively [87]. Five 

metrics – movement of economy, movement direction profile, peak speed width, continuity of 

movement, and completion time – were used to implement the initial optAssessment. The 

enhanced performance evaluation method is proposed in Chapter 10. 

The task manager takes charge of providing various training scenarios according to a trainee’s 

proficiency. The task manager consists of two parts – task description and task generation. A 

task description method for the peg transfer task was initially proposed using eXtensible Markup 

Language (XML) in [88]. In Chapter 7, the latest task description method is presented. 
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As a computer-enhanced simulator, CAST needs intuitive graphics user interface (GUI). To 

provide this intuitive interface, web-based GUI was designed. To support the GUI, local server 

was implemented using an open source JavaScript run-time environment (i.e., Node.js). The 

local server also has a database implemented by SQLite (www.sqlite.org) to manage user 

accounts with training data. The overall software structure is illustrated in Figure 6. The optMIS 

is an independent application, so a communication interface is needed to exchange data between 

optMIS and core components. For this communication interface, WebSocket protocol was used.   

 

 

 

 
Figure 6. CAST software structure 

 

http://www.sqlite.org/
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4.3. System block diagram 

In this chapter, CAST system was briefly introduced in terms of hardware and software. 

Figure 7 depicts the system block diagram. Using a scene box with realistic training setups, 

surgical training task environments are provided. Given a specific environment, the task 

generator provides a randomized task to a trainee. While performing a task, the system keeps 

observing a trainee’s performance and provides proper guidance. To support visual, audio, and 

force guidance, an instrument tracking method was designed and implemented, which is 

presented in Chapter 6. Also, the performance evaluator analyzes a trainee’s training data and 

results are reported to a trainee.  The evaluation results will be used to generate a next task. 

 

  

 
Figure 7. System block diagram of CAST 
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CHAPTER 5. 

AR RENDERING 

CAST is not only a physical reality simulator but also an augmented reality simulator. To 

implement augmented reality features (e.g., overlaying visual guidance cues), a camera 

calibration procedure is mandatory. In this chapter, a calibration process is presented to find 

camera parameters. The calibration results also can be used for a fixture calibration procedure.  

 

5.1. Intrinsic and extrinsic parameters  

Consider the scene box with a web camera. First, a fixed world coordinate is defined as 

shown in Figure 8. This world coordinate uses for the reference coordinate to represent all the 

locations of objects. As a local coordinate, a camera coordinate is also defined. The origin of this 

coordinate system is the center of the camera. Both the world and the camera coordinates are 3D 

 
Figure 8. World coordinate system 
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coordinate systems. Using a web camera, a 2D image can be captured and this 2D image has an 

image coordinate which is a 2D coordinate system. The camera calibration procedure finds 

intrinsic parameters to represent a mapping relationship between the 3D camera coordinate and 

the 2D image coordinate and extrinsic parameters to represent the location and orientation of the 

camera in the world coordinate.  

To find the intrinsic parameters, the Open Source Computer Vision (OpenCV; 

https://opencv.org) library [89] was used with a checkerboard. A flat checkerboard was designed 

for iPad air 2 (designed by Apple Inc.). The resolution of the 9.7 inches display is 2048 × 1536 

pixels with 4:3 aspect ratio (i.e., 264 pixels per inch). Each checker square size is an inch (i.e., 

the single square size is 264 × 264), so there are 35 squares on the checkerboard as shown in 

Figure 9.  Several images (e.g., 60 images) were captured, which has different poses, and the 

resolution of each image was 1280 × 720. Using OpenCV, the checkerboard pattern was detected 

 
Figure 9. Customized flat checkerboard using iPad air 2 

 

https://opencv.org/
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as shown in Figure 10 and then intrinsic parameters, the camera matrix and the distortion 

coefficients, were found. For the actual application, only the camera matrix is used due to the 

following assumption that the lens distortions can be ignored. The camera matrix is as follows: 

𝐶𝑎𝑚𝑒𝑟𝑎 𝑚𝑎𝑡𝑟𝑖𝑥 = [
𝑓𝑥 0 𝑐𝑥

0 𝑓𝑦 𝑐𝑦

0 0 1

], 

where 𝑓𝑥 and 𝑓𝑦 represents camera focal lengths. 𝑐𝑥 and 𝑐𝑦 are the optical centers in the image 

coordinate system. For instance, the estimated parameters for Microsoft Life cam are as follows: 

𝐶𝑎𝑚𝑒𝑟𝑎 𝑚𝑎𝑡𝑟𝑖𝑥 ≈ [
977.05 0 643.90

0 977.69 343.20
0 0 1

] 

The intrinsic parameters are independent of the pose of the camera. However, a captured 

image is highly related to this pose. For the camera pose information, extrinsic parameters can be 

used. The extrinsic parameters consist of the rotation matrix and the translation vector. To find 

 
Figure 10. Examples of checkerboard pattern recognition 
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these parameters, an ArUco marker with ArUco library [90] was used. The ArUco library 

provides functions to estimate the camera pose with respect to the center of the marker (i.e., a 

new coordinate system is introduced as a local coordinate for the AR marker and its origin is the 

center of the marker). Figure 11 illustrates the ArUco marker with 10mm unit grids (e.g., The 

marker size is 60mm × 60mm). The origin (𝑜𝐴𝑅) of the AR marker is not the origin (𝑜𝑊) of the 

world coordinate. The offset vector 𝒕𝐴𝑅 = 𝑜𝑊 − 𝑜𝐴𝑅  (where 𝑜𝑊  and 𝑜𝐴𝑅  are locations in the 

world coordinate; 𝒕𝐴𝑅  is a 3×1 vector) is used to represent the relationship. The extrinsic 

parameters, the rotation matrix and the translation vector, are estimated to represent the 

orientation and location of the camera with respect to the AR marker coordinate. If the pose of 

 
Figure 11. ArUco marker with 10mm unit grids (The green dot represents the origin of the 

world coordinate) 
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the camera is changed, the extrinsic parameters should be updated. The ArUco library provides 

functions to estimate the rotation vector (𝒓, 3×1 vector) and the translation vector (𝒕, 3×1 vector).  

Using Rodrigues’ rotation formula, the rotation matrix (𝑹, 3×3 matrix) is calculated from the 

rotation vector.   

Given a 3D point ( 𝑝 = (𝑥, 𝑦, 𝑧) ) in the world coordinate with the offset vector and 

parameters, the corresponding 2D pixel position (𝑢, 𝑣) is estimated using the following equation. 

[
𝑢
𝑣
1

] = [
𝑓𝑥 0 𝑐𝑥

0 𝑓𝑦 𝑐𝑦

0 0 1

] [𝑹 𝒕] [
𝐼 𝒕𝐴𝑅

0 1
] [

𝑥
𝑦
𝑧
1

]                                         (5.1) 

 

5.2. Projection and view matrixes for 3D rendering   

To overlay 3D objects on a live camera image, Open Graphics Library (OpenGL, 

www.opengl.org) is used with camera calibration parameters. First, the projection matrix 

(𝑴𝑝𝑟𝑜𝑗) is defined to project 3D objects onto a 2D monitor screen. To get 𝑴𝑝𝑟𝑜𝑗, the ArUco 

library was also used with intrinsic parameters. Second, the view matrix (𝑴𝑣𝑖𝑒𝑤) is defined by 

using extrinsic parameters to express the camera pose with respect to the AR marker coordinate. 

To represent the pose of a 3D object, the corresponding model matrix (𝑴𝑚𝑜𝑑𝑒𝑙) is defined. For 

coordinate matching between the AR marker coordinate and the world coordinate, an offset 

matrix (𝑴𝑜𝑓𝑓𝑠𝑒𝑡) is used. Given a vertex (𝒗) of the 3D object in the world coordinate, the 

corresponding location ( 𝒗′ ) in the OpenGL rendering coordinate is calculated using the 

following equation. 

𝒗′ = 𝑴𝑝𝑟𝑜𝑗 ∙ 𝑴𝑣𝑖𝑒𝑤 ∙ 𝑴𝑜𝑓𝑓𝑠𝑒𝑡 ∙ 𝑴𝑚𝑜𝑑𝑒𝑙 ∙  𝒗                                        (5.2) 

 

http://www.opengl.org/
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5.3. AR rendering results   

Given intrinsic parameters, the camera extrinsic parameters can be estimated using ArUco 

maker detection procedure. Whenever, the camera posture is changed, the extrinsic parameters 

should be updated. Figure 12 shows an example of the marker detection. Using (5.1) with the 

estimated parameters, the yellow grid lines are overlaid to verify the estimated extrinsic 

parameters. Similarly, the 3D projection performance is illustrated in Figure 13. Given known 

3D points (e.g., vertices of white blocks) in the world coordinate, the projected 2D points (red 

dots) are rendered. This 3D projection method will be used for the fixture calibration. In Figure 

14, an example of 3D rendering based on (5.2) with the OpenGL library is presented. The 3D 

CAD model of the white blocks is overlaid on the live camera image. This 3D rendering method 

will be used to render visual guidance information.  

 
Figure 12. Example of detecting the ArUco marker with grid overlaying using (5.1) 
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Figure 13. Example of the 3D projection using (5.1) 

 

 
Figure 14. Example of 3D rendering using (5.2) 
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CHAPTER 6. 

INSTRUMENT TRACKING 

To support guidance and performance evaluation systems, an instrument tracking method 

should be implemented. In this chapter, a mathematical model and a parameter optimization 

method are presented to enhance instrument tracking performance.  

 

6.1. Forward kinematics    

A standard laparoscopic instrument can be mounted on an aluminum fixture. To mimic a 

trocar which is used for the actual surgical procedure, a gimbal is used. Due to using this gimbal, 

only four degrees of freedom movements are allowed when a trainee maneuvers an instrument. 

The movements can be expressed using yaw (𝜃), pitch (𝜙), and roll (𝜓) angles with an insertion 

length (𝐿) which is a distance from the gimbal center to the instrument tip. Initially, the roll angle 

was ignored due to the assumption that the instrument is on the roll axis [91]. The instrument tip 

position was estimated using the simplified equation. 

�̂�𝑡𝑖𝑝 = 𝑅𝑥(𝜙)𝑅𝑧(𝜃)[𝐿 0 0]𝑇 + 𝑝𝐺                                     (6.1) 

where �̂�𝑡𝑖𝑝 is the estimated tip position, 𝑅𝑥(𝜙) is a rotation matrix that rotates a vector by  𝜙 

around the x-axis, 𝑅𝑧(𝜃) is a rotation matrix that rotates a vector by 𝜃 around the z-axis, and 𝑝𝐺 

is a gimbal center position. Also, the instrument is initially placed on the x-axis as shown in 

Figure 15-(a). 

However, the actual instrument is not placed on the roll axis due to manufacturing errors as 

depicted in Figure 15-(b), so the roll angle affects the position estimation performance. Figure 16 

illustrates the estimation errors when (6.1) was used. To model actual instrument movements, 
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two extra angles, 𝛼 and 𝛽, are introduced to consider tilting effects. The angle 𝛼 represents that 

the instrument is rotated around the z-axis. Similarly, 𝛽 represents that the instrument is rotated 

around the y-axis. The modified equation is as follows: 

 �̂�𝑡𝑖𝑝 = 𝑅𝑥(𝜙)𝑅𝑧(𝜃)𝑅𝑥(𝜓)𝑅𝑦(𝛽)𝑅𝑧(𝛼)[𝐿 0 0]𝑇 + 𝑝𝐺                            (6.2) 

where 𝛼 and 𝛽 are constant variables. Three Euler angles (𝜃, 𝜙, and 𝜓) and the insertion length 

(𝐿) can be updated using the following equation. 

Ω = ∆Ω ∆휀⁄ ∙ 휀 + Ω𝑚𝑖𝑛 

where Ω ∈ {𝜃, 𝜙, 𝜓, 𝐿} , Ω  is restricted to [Ω𝑚𝑖𝑛, Ω𝑚𝑎𝑥] , ∆Ω = Ω𝑚𝑎𝑥 − Ω𝑚𝑖𝑛 , 

휀 ∈ {휀𝑦𝑎𝑤, 휀𝑖𝑛𝑠, 휀𝑝𝑖𝑡, 휀𝑟𝑜𝑙}  where 휀𝑚𝑖𝑛 ≤ 휀 ≤ 휀𝑚𝑎𝑥  is a present encoder counter value, and 

∆휀 = 휀𝑚𝑎𝑥 − 휀𝑚𝑖𝑛. For example, the insertion length (𝐿) can be expressed as follows: 

 
Figure 15. (a) the simplified model and (b) the actual model due to manufacturing errors 

 

 
Figure 16. Estimated instrument tip positions (yellow dots) using (6.1) 
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𝐿 = ∆𝐿 ∆휀𝑖𝑛𝑠⁄ ∙ 휀𝑖𝑛𝑠 + 𝐿𝑚𝑖𝑛 

where ∆𝐿 = 𝐿𝑚𝑎𝑥 − 𝐿𝑚𝑖𝑛, 휀𝑖𝑛𝑠 is the present encoder counter value for the insertion motion, and 

∆휀𝑖𝑛𝑠 = 휀𝑖𝑛𝑠,𝑚𝑎𝑥 − 휀𝑖𝑛𝑠,𝑚𝑖𝑛. 

For each Ω, four parameters (i.e., Ω𝑚𝑖𝑛 , Ω𝑚𝑎𝑥 , 휀𝑚𝑖𝑛 , and 휀𝑚𝑎𝑥 ) are used to estimate the 

instrument tip position. Also, five parameters (i.e., 𝑝𝐺 = [𝑥𝐺 𝑦𝐺 𝑧𝐺]𝑇, 𝛼, and 𝛽) should be 

used. Given four encoder counter values, (6.2) is redefined as follows: 

 �̂�𝑡𝑖𝑝 = 𝑔(휀𝑦𝑎𝑤, 휀𝑖𝑛𝑠, 휀𝑝𝑖𝑡, 휀𝑟𝑜𝑙|𝚯)                                            (6.3) 

where 𝚯  is a set that contains 21 parameters and 𝑔  is a nonlinear function. If a perfect 

measurement tool is used to find the best parameters, the accurate tip position can be calculated 

without errors. However, it is challenging to use a perfect tool, so a parameter optimization 

method is proposed to minimize the estimation error. 

 

6.2. Parameter optimization    

Particle Swarm Optimization (PSO) is used to enhance the instrument tracking performance. 

PSO is a bio-inspired optimization method and has the following advantages [92]. 

 Easy to use 

 Less tuning parameters 

 Good to use in high dimensional space problems 

To find the best parameters, a fitness function is defined as follows: 

𝑓 =
1

𝑚
∑‖𝑔(휀𝑦𝑎𝑤

𝑖 , 휀𝑖𝑛𝑠
𝑖 , 휀𝑝𝑖𝑡

𝑖 , 휀𝑟𝑜𝑙
𝑖 |𝚯) − 𝑝𝑡𝑖𝑝

𝑖 ‖

𝑚

𝑖=1
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where 𝑖 is the index to indicate the 𝑖𝑡ℎ sample, 𝑚 is the number of samples, and 𝑝𝑡𝑖𝑝
𝑖  is the 𝑖𝑡ℎ 

measurement tip position given 휀𝑦𝑎𝑤
𝑖 , , 휀𝑖𝑛𝑠

𝑖 , 휀𝑝𝑖𝑡
𝑖 , and 휀𝑟𝑜𝑙

𝑖 . The optimization objective is to find 

𝚯 by minimizing 𝑓.   

Initially, a human operator was asked to touch pre-defined targets using an instrument tip to 

collect data pairs (i.e., a single pair: 𝑝𝑡𝑖𝑝
𝑖  – (휀𝑦𝑎𝑤

𝑖 , 휀𝑖𝑛𝑠
𝑖 , 휀𝑝𝑖𝑡

𝑖 , 휀𝑟𝑜𝑙
𝑖 )). However, it was challenging 

not only to touch accurately but also to consider rotation effects. Therefore, a hybrid method for 

the data collection is designed to enhance the accuracy.  

First, a needle tip is attached as shown in Figure 17. By introducing this needle tip, the roll 

motion can be easily captured (see Figure 17). Second, a human operator is asked to pause an 

 
Figure 17. Attach a needle tip to find the best parameters 
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instrument frequently to collect data pairs (i.e., a single pair: a 2D position – encoder counter 

values) while the operator moves an instrument freely. A color marker (e.g., red marker) is 

attached to detect the “pause” condition. To extract the needle tip position (e.g., an orange dot in 

Figure 17), graphics user interface is provided.  Using (5.1), a 3D position in the real world can 

be projected on the image plane. (5.1) is redefined as follows: 

𝑞 = ℎ(𝑝|𝚪)                                                            (6.4) 

where 𝑞  is a 2D position in the image, 𝑝  is a 3D position in the real world, 𝚪  is camera 

parameters, and ℎ is a nonlinear function. Given encoder counter values with (6.3) and (6.4), the 

estimated 2D position, �̂�𝑡𝑖𝑝,  is calculated using the following equation. 

�̂�𝑡𝑖𝑝 =  ℎ(�̂�𝑡𝑖𝑝|Γ) = ℎ(𝑔(휀𝑦𝑎𝑤, 휀𝑖𝑛𝑠, 휀𝑝𝑖𝑡, 휀𝑟𝑜𝑙|𝚯)|𝚪)                         (6.5) 

The fitness function for the optimization process is redefined as follows: 

𝑓 =
1

𝑚
∑‖ℎ(𝑔(휀𝑦𝑎𝑤

𝑖 , 휀𝑖𝑛𝑠
𝑖 , 휀𝑝𝑖𝑡

𝑖 , 휀𝑟𝑜𝑙
𝑖 |𝚯)|𝚪) − 𝑞𝑡𝑖𝑝

𝑖 ‖

𝑚

𝑖=1

 

where 𝑞𝑡𝑖𝑝
𝑖  is the 𝑖𝑡ℎ  measurement 2D tip position, which is manually marked by a human 

operator. In (6.5), a dimensionality reduction is occurred (i.e., from 4D to 2D) and it causes 

unexpected estimation errors (e.g., depth estimation errors). To alleviate this, few 3D data pairs 

are used with 2D data pairs instead of only using the entire 2D data pairs. Also, a known 

landmark as shown in Figure 18 is used to collect more 2D data pairs. The below fitness function 

is used for the optimization process. 

 𝑓 =
1

𝑚3𝐷
∑‖�̂�𝑡𝑖𝑝

𝑖3𝐷 − 𝑝𝑡𝑖𝑝
𝑖3𝐷‖ +

1

𝑚2𝐷,𝑡𝑖𝑝
∑ ‖�̂�

𝑡𝑖𝑝

𝑖2𝐷,𝑡𝑖𝑝 − 𝑞
𝑡𝑖𝑝

𝑖2𝐷,𝑡𝑖𝑝‖ +
1

𝑚2𝐷,𝑙𝑚
∑ ‖�̂�𝑙𝑚

𝑖2𝐷,𝑙𝑚 − 𝑞𝑙𝑚

𝑖2𝐷,𝑙𝑚‖   (6.6) 
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where 𝑙𝑚 represents a known landmark, 𝑚3𝐷 is the number of 3D data pairs, 𝑚2𝐷,𝑡𝑖𝑝 and  𝑚2𝐷,𝑙𝑚 are 

the number of 2D data pairs for the tip and the landmark, respectively.  

 The PSO algorithm updates particles to maximize or minimize a fitness function given n-

dimensional search space. Instead of exploring the entire search space, a bound handling method 

(e.g., random mode [93]) is used to limit the search space. Brief measurement data are also used 

to define boundaries. For instance, the range of 𝐿𝑚𝑎𝑥 could be determined based on a human 

operator’s measurement. 

The velocity and the position of each particle are updated using the following equations [92]. 

𝑉𝑎𝑗(𝑡 + 1) = 𝑤𝑉𝑎𝑗(𝑡) + 𝑐1𝑟1𝑗 ∙ (𝑌𝑎𝑗(𝑡) − 𝑋𝑎𝑗(𝑡)) + 𝑐2𝑟2𝑗 ∙ (𝑌𝑔𝑗(𝑡) − 𝑋𝑎𝑗(𝑡)) , 

𝑋𝑎𝑗(𝑡 + 1) = 𝑋𝑎𝑗(𝑡) + 𝑉𝑎𝑗(𝑡 + 1) 

where 𝑎 is an index to represent the 𝑎𝑡ℎ particle and 𝑗 is an index to represent 𝑗𝑡ℎ dimensional 

element in the 𝑎𝑡ℎ particle. 𝑤 is an inertia weight, 𝑐1 and 𝑐2 are acceleration constants, 𝑟1𝑗 and 

𝑟2𝑗 are random numbers in [0, 1]. 𝑉𝑎𝑗, 𝑋𝑎𝑗, and 𝑌𝑎𝑗 are velocity, position, and the personal best 

of the 𝑗𝑡ℎ dimensional element of the 𝑎𝑡ℎ particle, respectively. Similarly, 𝑌𝑔𝑗 is the global best 

 
Figure 18. A known landmark for the right instrument 
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of the  𝑗𝑡ℎ dimensional element. To find the best parameters for the instrument tracking, this 

updated procedure is applied iteratively to minimize the fitness value of (6.6). 

 

6.3. Inverse kinematics    

After finding the best parameters, the estimated position can be calculated using (6.3). To 

control motors, inverse kinematics solutions are required. The inverse kinematics problem is 

defined as follows: given a 3D position vector, find the corresponding encoder values. To find all 

possible solutions, an iterative method with geometric and analytical analysis is proposed. 

(6.2) is rewritten to solve this problem. 

[∆𝑥 ∆𝑦 ∆𝑧]𝑇 = 𝑅𝑥(𝜙)𝑅𝑧(𝜃)[𝐿𝑥 𝐿𝑦 𝐿𝑧]𝑇                              (6.7) 

where [∆𝑥 ∆𝑦 ∆𝑧]𝑇 = �̂�𝑡𝑖𝑝 − 𝑝𝐺  and [𝐿𝑥 𝐿𝑦 𝐿𝑧]𝑇 = 𝑅𝑥(𝜓)𝑅𝑦(𝛽)𝑅𝑧(𝛼)[𝐿 0 0]𝑇 . ∆𝑥 , 

∆𝑦, and ∆𝑧 are as follows: 

∆𝑥 = 𝑐(𝜃)𝐿𝑥 − 𝑠(𝜃)𝐿𝑦                                                (6.8) 

∆𝑦 = 𝑐(𝜙)𝑠(𝜃)𝐿𝑥 + 𝑐(𝜙)𝑐(𝜃)𝐿𝑦 −  𝑠(𝜙)𝐿𝑧                               (6.9) 

∆𝑧 = 𝑠(𝜙)𝑠(𝜃)𝐿𝑥 + 𝑠(𝜙)𝑐(𝜃)𝐿𝑦 +  𝑐(𝜙)𝐿𝑧                               (6.10) 

where 𝑐(∙) and 𝑠(∙) represent cosine and sine functions, respectively. The insertion length (𝐿) 

and the corresponding 휀𝑖𝑛𝑠 are calculated using the following equations. 

𝐿 = √(∆𝑥)2 + (∆𝑦)2 + (∆𝑧)2 

휀𝑖𝑛𝑠 =
휀𝑖𝑛𝑠,𝑚𝑎𝑥 − 휀𝑖𝑛𝑠,𝑚𝑖𝑛

𝐿𝑚𝑎𝑥 − 𝐿𝑚𝑖𝑛
∙ (𝐿 − 𝐿𝑚𝑖𝑛) + 휀𝑖𝑛𝑠,𝑚𝑖𝑛 

Given a specific posture (i.e.,  휀𝑟𝑜𝑙 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 ; 𝜓 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 ), 휀𝑦𝑎𝑤  and 휀𝑝𝑖𝑡  can be 

calculated. To find 휀𝑦𝑎𝑤, a quadratic equation is derived using (6.8) and 𝑐2(𝜃) + 𝑠2(𝜃) = 1. 



 

 

51 

𝑎𝜃𝑠2(𝜃) + 𝑏𝜃𝑠(𝜃) + 𝑐𝜃 = 0                                             (6.11) 

where 𝑎𝜃 = (𝐿𝑥)2 + (𝐿𝑦)
2

, 𝑏𝜃 = 2𝐿𝑦∆𝑥 , and 𝑐𝜃 = (∆𝑥)2 − (𝐿𝑥)2 . From (6.11), there are at 

most two roots for 𝑠(𝜃). Also, each root can map to multiple values because the sine is a 

periodic function. Due to the actual constraint (|𝜃𝑚𝑎𝑥 − 𝜃𝑚𝑖𝑛| < 𝜋), each root has at most two 

angles. Therefore, at most 4 possible solutions exist. All possible yaw encoder counter values are 

calculated as follows: 

휀𝑦𝑎𝑤
𝑘 =

𝜀𝑦𝑎𝑤,𝑚𝑎𝑥−𝜀𝑦𝑎𝑤,𝑚𝑖𝑛

𝜃𝑚𝑎𝑥−𝜃𝑚𝑖𝑛
∙ (𝜃𝑘 − 𝜃𝑚𝑖𝑛) + 휀𝑦𝑎𝑤,𝑚𝑖𝑛  

where 1 ≤ 𝑘 ≤ 4. 

For 휀𝑝𝑖𝑡, (6.9) and (6.10) with 𝑐2(𝜙) + 𝑠2(𝜙) = 1 are used to derive a quadratic equation. 

𝑎𝜙𝑠2(𝜙) + 𝑏𝜙𝑠(𝜙) + 𝑐𝜙 = 0 

where 𝑎𝜙 = (∆𝑦)2 + (∆𝑧)2, 𝑏𝜙 = 2𝐿𝑧∆𝑥, and 𝑐𝜙 = (𝐿𝑧)2 − (∆𝑧)2. Like 휀𝑦𝑎𝑤, there are at most 

8 possible solutions due to |𝜙𝑚𝑎𝑥 − 𝜙𝑚𝑖𝑛| < 2𝜋. All possible pitch encoder counter values are 

as follows: 

휀𝑝𝑖𝑡
𝑙 =

휀𝑝𝑖𝑡,𝑚𝑎𝑥 − 휀𝑝𝑖𝑡,𝑚𝑖𝑛

𝜙𝑚𝑎𝑥 − 𝜙𝑚𝑖𝑛
∙ (𝜙𝑙 − 𝜙𝑚𝑖𝑛) + 휀𝑝𝑖𝑡,𝑚𝑖𝑛 

where 1 ≤ 𝑙 ≤ 8. All possible combinations are verified using (6.7) with (휀𝑦𝑎𝑤
𝑘 , 휀𝑖𝑛𝑠, 휀𝑝𝑖𝑡

𝑙 , 휀𝑟𝑜𝑙) to 

select a unique vector (휀𝑦𝑎𝑤, 휀𝑖𝑛𝑠, 휀𝑝𝑖𝑡, 휀𝑟𝑜𝑙). 

 

6.4. Parameter optimization results    

To collect all the data set, web-based GUI was implemented as shown in Figure 19 which also 

presents overall optimization steps. First, measurement procedures are required to determine 

search boundaries (Figure 20-(a)). Then, 3D data (i.e., 3D positions with the corresponding 
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encoder counter values) are collected by touching pre-defined targets (Figure 20-(b)). 2D data 

(i.e., 2D positions with the corresponding encoder counter values) are also collected, and the data 

points should be adjusted by a human operator to mark 2D locations of both a needle tip and a 

known landmark (Figure 20-(c)). For instance, 5 data pairs for 3D and 80 data pairs for 2D (49 

for a needle tip and 31 for a known landmark) were used to find the best parameters of the right 

instrument. When all the data are ready, the PSO algorithm is executed. 1000 particles are 

populated, and each particle has 21 elements. Reasonable measurement error bounds (e.g., 10° 

for angles, 10mm for a length and position, and 50 for encoder counter values) are selected with 

𝑤 = 0.4, 𝑐1 = 2, and 𝑐2 = 2. The number of iterations is 200. The PSO algorithm run 50 times 

to verify the performance (i.e., each trial has 200 iterations). Figure 21 illustrates PSO results. 

The average minimum fitness value is 5.1242 (i.e., average 3D error: 0.5728mm, average 2D 

 
Figure 19. Web-based GUI for parameter optimization 
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error: 4.5515 pixels) after 200 iterations. The proposed method optimizes the parameters rapidly 

for the first 50 iterations. For the last 150 iterations, the algorithm performs fine tuning so that 

the best candidates are suggested. Due to using random particle generation, there are several 

outliers exist. An output file is created for the instrument tracking as shown in the below. 

 

    

"right": { 
    "Pg": [ 83.57980891280634, -77.66009193456942, 134.7334638154858 ], 
    "alpha": 0.2183359102967147, 
    "beta": -0.8394508691828174, 
    "insEnc": [ -46, 11610 ], 
    "insLength": [ 145.24448454546825, 250.02040072303507 ], 
    "pitAngle": [ -0.8679498156323184, -179.3340537093972 ], 
    "pitEnc": [ -33, 6611 ], 
    "rolAngle": [ 0.8012737283863959, -200.42378945341898 ], 
    "rolEnc": [ -31, 7414 ], 
    "yawAngle": [ 133.30684939324877, 50.61672129256526 ], 
    "yawEnc": [ -4, 7047 ] 
  } 

 
Figure 20. Example of (a) measurement steps, (b) 3D data collection, and (c) 2D data 

adjustment 
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6.5. Tracking performance    

Given encoder counter values, the instrument tip can be estimated using (6.2) with optimized 

parameters. To verify the performance, the 3D CAD model of the instrument is overlaid, where 

the origin of the 3D model is on the tip. From (6.2), a model matrix is expressed as follows: 

𝑴𝑚𝑜𝑑𝑒𝑙 = [
𝑅𝑥(𝜙)𝑅𝑧(𝜃)𝑅𝑥(𝜓)𝑅𝑦(𝛽)𝑅𝑧(𝛼) �̂�𝑡𝑖𝑝

0 1
] 

where 𝑴𝑚𝑜𝑑𝑒𝑙 is 4×4 matrix. The 3D model is rendered on the live camera image using (5.2). 

Figure 22 illustrates the overlaying performance. Unlike using (6.1) as shown in Figure 16, 

the modified model tracks the entire instrument effectively. Also, the result is reasonable to 

implement AR applications which are presented in Chapter 9. 

 

 

 
Figure 21. PSO algorithm results: Average fitness values after 50 trials. Each trial has 200 

iterations. 
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6.6. Open/close detection    

Surgical graspers have a handle to open or close the grasper. To detect the state of the grasper, 

a sensor (e.g., IR sensor [38] or bend sensor [61]) is required. For CAST, the Bend sensor
®
 

potentiometer (Flexpoint Sensor Systems, Inc. www.flexpoint.com) is attached on the handle as 

shown in Figure 23. The resistance increases as the sensor bends. When the grasper is closing, 

the resistance is increased. Using a simple voltage divider circuit (𝑉 = 𝑅 (𝑅 + 𝑅𝑏𝑒𝑛𝑑) ∙ 𝑉𝑟𝑒𝑓⁄ , 

where 𝑅 is a constant resistance, 𝑅𝑏𝑒𝑛𝑑 is the resistance of the bend sensor, 𝑉𝑟𝑒𝑓 is the reference 

voltage, and 𝑉 is the voltage divider output) with an analog to digital converter, the open/close 

state can be recognized. There are three states as follows: 

𝐺𝑟𝑎𝑠𝑝𝑒𝑟 𝑠𝑡𝑎𝑡𝑒 = {

𝐶𝑙𝑜𝑠𝑒,                                                                       𝑉 < 𝑉𝑐𝑙𝑜𝑠𝑒

𝑂𝑝𝑒𝑛,                                     𝑉𝑐𝑙𝑜𝑠𝑒 ≤ 𝑉 ≤ 𝑉𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒𝑙𝑦 𝑜𝑝𝑒𝑛

𝐶𝑜𝑚𝑝𝑙𝑒𝑡𝑒𝑙𝑦 𝑜𝑝𝑒𝑛,                              𝑉 > 𝑉𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒𝑙𝑦 𝑜𝑝𝑒𝑛

 

 
Figure 22. Example of 3D overlaying using (6.2) with optimization results 

 

http://www.flexpoint.com/
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where 𝑉𝑐𝑙𝑜𝑠𝑒 and 𝑉𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒𝑙𝑦 𝑜𝑝𝑒𝑛 are threshold voltages for the close state and the completely 

open state, respectively. The thresholds are determined based on experimental data. The 

open/close state recognition will be used to implement object-oriented tasks such as a wire 

transfer task and a peg transfer task. 

 

 

 

 

 

 

    

  

   

 
Figure 23. Instrument with the bend sensor 
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CHAPTER 7. 

TASK GENERATION 

A modeling method for instrument navigation and object transfer is proposed to provide a 

realistic training scenario. A domain-specific language is proposed for task description.   

 

7.1. Specifications for training setups 

There are several training tasks such as instrument navigation, object transfer, cutting, and 

suturing. Among these tasks, CAST can provide instrument navigation tasks and object transfer 

tasks. To support a specific task, a proper physical or virtual environment should be designed 

(e.g., a 3D heart model can be used for instrument navigation). Also, various instruments can be 

used for specific tasks. For instance, a trainee uses needle drivers for a needle passing task or 

graspers for the standard peg transfer task. To describe a task, the following abstract-models with 

key attributes are used. 

 Environment: specify 3D models to represent a training scene 

o type: physical or virtual 

o location: 3D position   

 Instruments: specify which instruments are used 

o type: needle driver, grasper, scissor, etc.   

 Objects: specify which objects are used for an object transfer task 

o type: physical or virtual 

o properties: color, shape, etc. 

 Targets: define designated locations 
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o type: physical or virtual 

o location: 3D position 

Consider an instrument navigation task as an example. Given a 3D environment (e.g., heart 

model), a trainee is asked to touch several targets using an instrument (e.g., needle driver). 

Similarly, a peg transfer task is defined that triangle shape objects are transferred from initial 

targets to goal targets using two grasper type instruments, where targets are pegs on a peg board.  

 

7.2. Specifications for surgical actions 

During a surgical procedure, surgeons generally use various instruments such as scissors, 

graspers, and needle drivers and perform surgical actions. Given grasper-type instruments, basic 

actions are defined as follows: 

 Move an instrument without hitting any objects or environments 

 Grasp an object 

 Carry an object from an initial position to a goal position 

 Transfer/Receive an object from one instrument to another instrument 

 Place an object on a target position    

Example 7.1: a wire transfer task is expressed using four basic actions with a 3D printed 

model and two targets (T1 and T2) as shown in Figure 24. First, move the grasper-type 

instrument to T1. Then, grasp a ring and carry the ring from T1 to T2. Finally, place the ring on 

T2.  
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Based on specifications of basic actions with training setups, various training tasks can be 

designed for instrument navigation and object transfer. To support cutting and suturing, 

additional actions may be required.   

 

7.3. Specifications for task generation 

Two grasper-type instruments are installed for the CAST system. Also, there are four training 

environments – a block world model, a heart model, a peg board, and a wire transfer model. 

While performing a task, a trainee can use one or two instruments to complete surgical actions. 

To model a task, five operations are defined as follows: 

 LL: using the left hand, perform instrument navigation or object transfer 

 RR: using the right hand, perform instrument navigation or object transfer 

 BO: using both hands, perform instrument navigation or object transfer 

 
Figure 24. Actions for a wire transfer task 
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 LR: using both hands, transfer an object from a target for the left hand to a target for 

the right hand 

 RL: using both hands, transfer an object from a target for the right hand to a target for 

the left hand 

where the BO operation does not allow the transfer action (i.e., two instruments are manipulated 

independently). Unlike the BO operation, LR and RL operations model a sequential behavior. For 

instance, consider a peg transfer task. The LR operation represents the following task.  

Example 7.2: A trainee moves the left instrument to grasp a triangle object. After grasping the 

triangle, the trainee carries it to somewhere in mid-air and transfers it from the left instrument to 

the right instrument. Finally, the triangle is carried to a goal position using the right instrument 

and is placed on the goal peg. 

The operations are expressed using the following forms: 

 form 1: (𝑜𝑝, 𝑖𝑛𝑠𝑡, 𝑡𝑜) where 𝑜𝑝 ∈ {𝐿𝐿, 𝑅𝑅} and 𝑖𝑛𝑠𝑡 ∈ {𝑙𝑒𝑓𝑡, 𝑟𝑖𝑔ℎ𝑡} 

 form 2: (𝐵𝑂, 𝑖𝑛𝑠𝑡1, 𝑡𝑜1, 𝑖𝑛𝑠𝑡2, 𝑡𝑜2) 

 form 3: (𝑜𝑝, 𝑜𝑏𝑗, 𝑓𝑟𝑜𝑚, 𝑡𝑜) where 𝑜𝑝 ∈ {𝐿𝐿, 𝑅𝑅, 𝐿𝑅, 𝑅𝐿} 

 form 4: (𝐵𝑂, 𝑜𝑏𝑗1, 𝑓𝑟𝑜𝑚1, 𝑡𝑜1, 𝑜𝑏𝑗2, 𝑓𝑟𝑜𝑚2, 𝑡𝑜2) 

where 𝑖𝑛𝑠𝑡 and 𝑜𝑏𝑗 represent an instrument and an object, respectively. 𝑓𝑟𝑜𝑚 and 𝑡𝑜 indicate 

target locations. Both form 1 and form 2 are used for instrument navigation tasks. The remaining 

two forms are for object transfer tasks. A task can be expressed using a set of operations. The 

below examples present how to state a task using operations. 

Example 7.3: Using the form 3, the wire transfer task as shown in Figure 24 is expressed as 

follows:  
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(𝑅𝑅, 𝑟𝑖𝑛𝑔, 𝑇1, 𝑇2) 

where a ring initially located on 𝑇1 location. After applying the operation RR, the ring will be 

placed on 𝑇2 location. 

Example 7.4: There are 12 targets and 6 triangles for the peg transfer task. In order to describe 

a task as shown in Figure 25, 6 operations are used as follows: 

 (𝐿𝑅, 𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒, 𝑇1, 𝑇11) → (𝐿𝑅, 𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒, 𝑇2, 𝑇8) → (𝐿𝑅, 𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒, 𝑇3, 𝑇7) → 

(𝐿𝑅, 𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒, 𝑇4, 𝑇12) → (𝐿𝑅, 𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒, 𝑇5, 𝑇10) → (𝐿𝑅, 𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒, 𝑇6, 𝑇9) 

where all 6 triangles (𝑂1, 𝑂2, 𝑂3, 𝑂4, 𝑂5, and 𝑂6) are transferred from the left side to the right 

side using two grasper-type instruments. 

The unit operation consists of set of actions. Actions are expressed using the following form. 

𝐴𝑐𝑡𝑖𝑜𝑛 = (𝑎𝑐𝑡, 𝑖𝑡𝑒𝑚, 𝑙𝑜𝑐) 

where 𝑎𝑐𝑡 ∈ {𝑀𝑜𝑣𝑒, 𝐺𝑟𝑎𝑠𝑝, 𝐶𝑎𝑟𝑟𝑦, 𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟, 𝑅𝑒𝑐𝑒𝑖𝑣𝑒, 𝑃𝑙𝑎𝑐𝑒} , 𝑖𝑡𝑒𝑚 ∈ {𝑜𝑏𝑗, 𝑖𝑛𝑠𝑡} , and 𝑙𝑜𝑐 

represents location information. Also, 𝑛𝑢𝑙𝑙 is used to indicate no action. 

Example 7.5: To describe the wire transfer task, the operation 𝑅𝑅 was used in Example 7.3. 

𝑅𝑅 is expressed using several actions as follows: 

 
Figure 25.  The peg transfer task. The triangles are transferred from the left side to the right 

side.  
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Left instrument Right instrument 

(𝒏𝒖𝒍𝒍, 𝒏𝒖𝒍𝒍, 𝒏𝒖𝒍𝒍) 

(𝒏𝒖𝒍𝒍, 𝒏𝒖𝒍𝒍, 𝒏𝒖𝒍𝒍) 

(𝒏𝒖𝒍𝒍, 𝒏𝒖𝒍𝒍, 𝒏𝒖𝒍𝒍) 

(𝒏𝒖𝒍𝒍, 𝒏𝒖𝒍𝒍, 𝒏𝒖𝒍𝒍) 

(𝑀𝑜𝑣𝑒, 𝑖𝑛𝑠𝑡, 𝑓𝑟𝑜𝑚) 

(𝐺𝑟𝑎𝑠𝑝, 𝑜𝑏𝑗, 𝑓𝑟𝑜𝑚) 

(𝐶𝑎𝑟𝑟𝑦, 𝑜𝑏𝑗, 𝑡𝑜) 

(𝑃𝑙𝑎𝑐𝑒, 𝑜𝑏𝑗, 𝑡𝑜) 

where the left instrument is not used for the 𝑅𝑅 operation. The verbal description in Example 7.1 

can be stated using (𝑅𝑅, 𝑟𝑖𝑛𝑔, 𝑇1, 𝑇2) with the defined set of actions. 

 

7.4. Task description format 

Various text-based or graphical methods were briefly discussed for robot programming in 

[94]. A task description format using eXtensible Markup Language (XML) was initially 

proposed for the CAST system [88]. The XML-based task description format has several benefits 

such as simplicity, interoperability, extensible, human readability, and easy to use [95]. However, 

the XML syntax is redundant and verbose, which is inefficient for data-interchange. To improve 

the XML-based method, JavaScript Object Notation (JSON) [95] is used for the task description. 

JSON enables to describe data structures and to share data effectively. Also, JSON is not only 

simple and extensible but also human readable and easy to use. In Chapter 4, core software 

modules (implemented by C++) with the Web-based GUI were presented. The JSON-based task 

description is suitable for both C++ and web programming languages.  

Based on the JSON format, a specific training task can be described. First, training setups are 

declared as shown in the following example. 

Example 7.6: An environment, instruments, targets, and objects are described using attributes 

for the wire transfer task as presented in Table 3. Attributes for the environment and instruments 
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are related with rendering. Attributes for targets and objects are used to generate a task. By 

changing attributes, a human designer easily configures training setups. Also, if additional 

attributes are needed, the designer adds the new attributes easily as well. To support the 

additional attributes, the corresponding software should be updated.   

Second, available operations are declared to describe a task (i.e., set of operations). 

Example 7.7: For the wire transfer task, only the 𝑅𝑅 operation is required. Therefore, 𝑅𝑅 is 

declared as follows using set of actions. 

   

Table 3. JSON format of the training setups for the wire transfer task 
   
  "environment": { 
    "name": "WireTransfer", 
    "type": "real", 
    "physics": "bcs", 
    "offset": [ 0, 0, 0 ] 
  } 

   
  "instruments": { 
    "left": { 
      "name": "leftInstrument", 
      "type": "real", 
      "physics": "bcs" 
    }, 
    "right": { 
      "name": "rightInstrument", 
      "type": "real", 
      "physics": "bcs" 
    } 

} 
 

   
  "targets": { 
    "list": [ "real" ], 
    "real": { 
      "left": "r_left_targets.txt", 
      "right": "r_right_targets.txt" 
    }, 
    "options": { 
      "special_type": "sphere", 
      "sphere": { 
        "r": 10.0, 
        "dir": { 
          "type": "axis", 
          "vec": [ 0, -1, 0 ] 
        }, 
        "list": [ "RR0", "RR1"] 
      } 
    } 

} 
 

   
  "objects": { 
    "list": [ "ring", "wire" ], 
    "ring": { 
      "type": "physical", 
      "target": { 
        "list": [ "real" ], 
        "real": true 
      }, 
      "color": "red" 
    }, 
    "wire": { 
      "type": "phyConst", 
      "color": "green", 
      "model": { 
        "stl": "actualWire.stl", 
        "offset": [ 14.5, 105, 41 ] 
      } 
    } 

} 
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Third, available all possible tasks are declared using operations. 

Example 7.8: Given the wire transfer task setup as shown in Figure 24, two available tasks 

can be defined as follows: 

 

where the keyword “staticTasks” represents that a task has fixed operation sequences (i.e., 

targets are specified). For a dynamic task given a specific training setup, another description 

method is used. 

 Example 7.9: Given a 3D heart model with targets, dynamic tasks for instrument navigation 

can be described using the keyword “modules” with the corresponding attributes. Consider M3 

case as an example. Two operations can be used for the dynamic task. Using the option attribute, 

    "staticTasks": { 
      "list": [ "S1", "S2" ], 
      "S1": [ 
        [ "RR", "ring", "RR0", "RR1" ] 
      ], 
      "S2": [ 
        [ "RR", "ring", "RR1", "RR0" ] 
      ] 
    } 
 
 

 

  
  "operations": { 
    "list": [ "RR" ], 
    "RR": { 
      "left": [ 
        [ "null", "null", "null" ], 
        [ "null", "null", "null" ], 
        [ "null", "null", "null" ], 
        [ "null", "null", "null" ] 
      ], 
      "right": [ 
        [ "move", "inst", "from" ], 
        [ "grasp", "obj", "from" ], 
        [ "carry", "obj", "to" ], 
        [ "place", "obj", "to" ] 
      ] 
    } 

} 
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the task generator creates a random operation sequence like [["RR", "inst", "RR0"], ["LL", 

"inst", "RL5"], ["LL", "inst", "RL2"], ["RR", "inst", "RR1"], ["RR", "inst", "RR4"]].  

Using this task description method, CAST can provide various training tasks given a training 

setup. If a performance evaluator provides a proficiency level of a trainee to the task generator, 

the generator can make a proper training task based on the proficiency. For instance, given a peg 

transfer task setup, the task generator will provide a partial task to a novice trainee instead of 

providing the entire peg transfer operation sequence. This proficiency-based task generation is 

still under developing. A task description JSON file also contains additional information to 

support guidance and performance evaluation modules.   

  "modules": { 
    "list": [ "M1", "M2", "M3" ], 
    "M1": { 
      "op": [ [ "RR", "inst", "real" ] ], 
      "option": { 
        "rpt": 4 
      } 
    }, 
    "M2": { 
      "op": [ [ "LL", "inst", "real" ] ], 
      "option": { 
        "rpt": 4 
      } 
    }, 
    "M3": { 
      "op": [ 
        [ "RR", "inst", "real" ], 
        [ "LL", "inst", "real" ] 
      ], 
      "option": { 
        "rpt": 5, 
        "atleat": [ 2, 2 ] 
      } 
    } 
  } 
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CHAPTER 8. 

FORCE GUIDANCE 

Force guidance systems have been proposed for driver support systems [96]–[98], 

handwriting assistance systems [99]–[101], tele-operation [102]–[104], and rehabilitation 

[105][106] . To implement force guidance, virtual fixtures [107] to design constraint geometries, 

shared control [97] to adjust control authority, and a virtual teacher [108] concept to provide 

real-time feedback were used. In medical field, force guidance systems were introduced for 

robot-assisted surgery or tele-operation [109]–[112]. Also, few training systems were proposed 

for laparoscopic surgery or robotic surgery training [53], [59], [60], which were already 

presented in Chapter 2.  

To implement force guidance systems, two types – tele-operated and hand-on – of human-

machine interfaces can be considered [107]. In CAST, the hand-on interface is used, where the 

control system and a human trainee share the surgical instruments. In this chapter, self-adjusting 

fuzzy sliding mode controllers are proposed for force guidance.   

 

8.1. Problem statements  

Given a training setup, a trainee should perform several surgical actions to complete a training 

task. While performing, a force guidance system assists a trainee to teach how to maneuver 

surgical instruments. For instance, attractive force can be provided to minimize a deviation from 

a recommended trajectory.   

To design the force guidance system, the following assumptions are considered. 

 Human is in the control loop 
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 Human trainee can be a dominant controller (i.e., human’s control output > a 

machine’s control output) 

 Each trainee has different force sensitivity 

 A trainee does not release an instrument while performing 

Given these assumptions, the objective of the guidance system is as follows: 

The system should adjust force to provide much more control authority to a trainee if the 

trainee performs well. Otherwise, the system guides a trainee by generating proper force. 

 

8.2. Force guidance system design  

The concept of virtual fixtures is used to design the force guidance system. Constraint 

geometries are first defined and then controllers are designed based on a generalized design 

framework presented in [107]. 

8.2.1. Constraint geometries  

To minimize a deviation from a reference point or path, forbidden region virtual fixtures 

(FRVFs) are used. Guidance virtual fixtures (GVFs) are also used to generate assistance force for 

a trainee to traverse a desired path.  

A sphere and a virtual tube are used for FRVFs. The sphere is defined using a center point and 

a radius. An instrument can move freely inside of the sphere. If the instrument enters a forbidden 

region (i.e., outside of the sphere), attractive force will be applied to minimize a deviation from 

the center of the sphere. Figure 26-(a) depicts this sphere type geometry. Given a desired path 

which consists of 3D points, a virtual tube can be defined by an axis and a radius as shown in 
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Figure 26-(b). Like the sphere, an instrument can move freely inside of the tube. Attractive force 

is generated when the instrument is outside of the tube. 

 The virtual tube is also used for a GVF as shown in Figure 26-(c). Assistance force is 

generated inside of the tube to traverse a desired path. If an instrument is outside of the tube, the 

assistance force should be adjusted (e.g., nullify assistance force). 

8.2.2. PD-like Sd-FSMC  

To design controllers, the tracking error (𝑒) and the change of error (∆𝑒) are defined as 

follows: 

𝑒(𝑘) = 𝑥𝑑(𝑘) − 𝑥(𝑘), 

∆𝑒(𝑘) = 𝑒(𝑘) − 𝑒(𝑘 − 1), 

where 𝑘 represents a discrete time domain, 𝑥𝑑 is a reference, and 𝑥 is a system output. A fuzzy 

sliding mode controller is designed using a signed distance [113]. The signed distance (𝑑𝑠) is 

defined as follows: 

𝑑𝑠(𝑘) =
𝑠(𝑘)

√1 + 𝜆2
 

 
Figure 26. (a) A sphere and (b) a virtual tube for FRVFs, and (c) a virtual tube for a GVF 
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where 𝑠(𝑘)= 𝜆𝑒(𝑘) + ∆𝑒(𝑘) is a switching line and 𝜆 is a slope. The control output of the signed 

distance fuzzy sliding mode controller (Sd-FSMC) and 𝑑𝑠 have the following relationship: 

𝑌(𝑘) ∝ 𝑑𝑠(𝑘), 

where 𝑌 is the control output.  

Simple proportional controllers or proportional and derivative (PD) controllers can be used to 

implement force guidance systems. However, these controllers could not consider different force 

sensitivity of each individual trainee without adaptive features. Several self-tuning schemes were 

presented for fuzzy controllers in [114]–[117]. Based on the existing self-tuning schemes, a PD-

like fuzzy sliding mode controller with a self-tuning method is proposed.  Figure 27 depicts the 

block diagram of the proposed controller. The controller consists of an Sd-FSMC and a scaling 

factor modifier. 

The output (𝑢) of the PD-like controller can be expressed using the following equation. 

 
Figure 27. Block diagram of the PD-like Sd-FSMC 
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𝑢(𝑘) = 𝐺𝑢(𝑘) ∙ 𝑈(𝑘), 

where 𝐺𝑢 is the output scaling factor updated by the scaling factor modifier and 𝑈 is the output 

of the Sd-FSMC. To calculate 𝑈, fuzzy IF-THEN rules are defined using the following form. 

𝑅𝑃𝐷
𝑙 : 𝐼𝑓 𝑑𝑠 𝑖𝑠 𝐷𝑃𝐷

𝑙 , 𝑡ℎ𝑒𝑛 𝑈 𝑖𝑠 �̅�𝑙, 

where 𝑙 is an index to represent the 𝑙𝑡ℎ rule,  𝐷𝑃𝐷
𝑙  is a linguistic value of a signed distance, and 

�̅�𝑙 is a singleton output where −1 ≤ �̅�𝑙 ≤ 1. Using a singleton fuzzifier, a product inference 

engine, and a center average defuzzifier, 𝑈 is obtained as follows: 

𝑈 =
∑ 𝜇𝑃𝐷

𝑙 (𝑑𝑠) ∙ �̅�𝑙𝑛
𝑙=1

∑ 𝜇𝑃𝐷
𝑙𝑛

𝑙=1 (𝑑𝑠)
 , 

where 𝑛 is the number of rules and 𝜇𝑃𝐷
𝑙 (𝑑𝑠) is the degree of a fuzzy membership function. 

The output scaling modifier is designed by introducing a switching line (𝑠𝐺) based on the 

average output (𝑢𝑎𝑣𝑔) and ∆𝑑𝑠. 

𝑠𝐺(𝑘) = ∆𝑑𝑠(𝑘) + 𝜆𝐺 ∙ 𝑢𝑎𝑣𝑔(𝑘), 

where  𝜆𝐺 is a slope of 𝑠𝐺 , ∆𝑑𝑠(𝑘) = 𝑑𝑠(𝑘) − 𝑑𝑠(𝑘 − 1), and 𝑢𝑎𝑣𝑔(𝑘) = (𝑢(𝑘) + 𝑢(𝑘 − 1))/2. 

The switching line describes the desired relationship between ∆𝑑𝑠 and  𝑢𝑎𝑣𝑔. Five heuristic rules 

are defined to adjust 𝐺𝑢 as follows: 

(1) 𝐼𝑓 𝑢𝑎𝑣𝑔 > 0 𝑎𝑛𝑑 𝑑𝑠
𝐺 > 0, 𝑡ℎ𝑒𝑛 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝐺𝑢 

(2) 𝐼𝑓 𝑢𝑎𝑣𝑔 < 0 𝑎𝑛𝑑 𝑑𝑠
𝐺 > 0, 𝑡ℎ𝑒𝑛 𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑒 𝐺𝑢 

(3) 𝐼𝑓 𝑢𝑎𝑣𝑔 < 0 𝑎𝑛𝑑 𝑑𝑠
𝐺 < 0, 𝑡ℎ𝑒𝑛 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝐺𝑢 

(4) 𝐼𝑓 𝑢𝑎𝑣𝑔 > 0 𝑎𝑛𝑑 𝑑𝑠
𝐺 < 0, 𝑡ℎ𝑒𝑛 𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑒 𝐺𝑢 

(5) 𝐼𝑓 𝑑𝑠
𝐺 = 0 𝑜𝑟 𝑢𝑎𝑣𝑔 = 0, 𝑡ℎ𝑒𝑛 𝑘𝑒𝑒𝑝 𝐺𝑢 
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where 𝑑𝑠
𝐺 = 𝑠𝐺 √1 + (𝜆𝐺)2⁄ . Figure 28 illustrates the heuristic rules. Consider the first rule as an 

example. If 𝑢𝑎𝑣𝑔(𝑘) > 0 and ∆𝑑𝑠(𝑘) > 0 as shown in Figure 28-①, the expected behavior is 

that 𝑑𝑠
𝐺(𝑘 + 1) → 0  by applying a positive control output value. Unlike the expectation, if 

𝑑𝑠
𝐺(𝑘 + 1) does not decrease,  𝑢𝑎𝑣𝑔(𝑘 + 1) should be increased (e.g., While performing a task, a 

human trainee overwhelms the controller which generates weak force, so an instrument tip 

deviates from a desired path. By increasing the output gain, the controller can provide strong 

force feedback and then the trainee maneuver the instrument properly.). If the system output is 

regulated properly but  𝑑𝑠
𝐺 ≠ 0, then the scaling factor 𝐺𝑢 should be decreased to make system 

stable (Figure 28-② and ⑤). 

The scaling factor 𝐺𝑢 is updated using the following equation: 

 
Figure 28. Heuristic rules for the scaling factor modifier 
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𝐺𝑢(𝑘) = {
𝐺𝑢(𝑘 − 1) + 𝛼𝐺ℎ𝐺(𝑘),             if  ℎ𝐺(𝑘)≥0 

𝑒𝑥𝑝(𝛽𝐺ℎ𝐺(𝑘)) ∙ 𝐺𝑢(𝑘 − 1),   otherwise  
, 

where 𝛼𝐺  is an additive increase gain (𝛼𝐺 > 0) and 𝛽𝐺  is a multiplicative decrease gain (0 <

𝛽𝐺 < 1). The increasing or decreasing factor ℎ𝐺  is defined as follows: 

ℎ𝐺(𝑘) = {

𝑑𝑠
𝐺(𝑘) 𝜔⁄ ,                𝑢𝑎𝑣𝑔 > 0

0,                                𝑢𝑎𝑣𝑔 = 0

−𝑑𝑠
𝐺(𝑘) 𝜔⁄ ,             𝑢𝑎𝑣𝑔 < 0

 , 

where 𝜔 is a constant weight (𝜔 > 0). The additive increase and multiplicative decrease (AIMD) 

scheme was proposed for the network congestion control [118]. To adjust 𝐺𝑢 effectively, the 

AIMD concept is adopted. For instance, consider that a trainee maneuvers an instrument under 

the force guidance. If an instrument keeps deviating from a desired path, the controller should 

generate strong force to minimize a deviation by gradually increasing the output scaling factor. 

When the instrument moves toward the desired path, the controller will decrease the output 

scaling factor rapidly to provide more control authority to a trainee.  

8.2.3. PI-like Sd-FSMC  

The output of proportional and integral (PI) type controllers is generally defined as follows: 

𝑢(𝑘) = 𝑢(𝑘 − 1) + ∆𝑢(𝑘), 

where ∆𝑢 is an incremental change of the control output. Using this controller, different force 

sensitivity can be considered due to ∆𝑢. For instance, when a trainee performs an instrument 

navigation task given a recommended path, guidance force can be provided to teach the proper 

moving direction. In this case, the PI-type controller will adjust the control output gradually. 

However, this controller may provide resistance force under a certain condition. Consider the 

instrument navigation task again. If a trainee keeps traversing the recommended path with a 
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reasonable speed but this speed is faster than a desired speed, this PI-type controller will keeps 

decreasing the control output. While decreasing the output, the controller can generate resistance 

force (i.e., the force direction is changed.). Sometimes, this resistance may hinder a human 

trainee. To assist a trainee effectively, a modified PI-like controller is proposed as shown in 

Figure 29. Instead of generating resistance force, the proposed controller just reduces the 

absolute value of the control output to provide more control authority to a trainee.  

The output of the PI-like Sd-FSMC is expressed as follow: 

𝑢(𝑘) = {
𝑢(𝑘 − 1) + 𝜅 ∙ 𝑠𝑔𝑛(∆𝑥𝑑(𝑘)) ∙ 𝜂(𝑘), 𝜂(𝑘) ≥ 0

𝑒𝑥𝑝(𝛾𝜂(𝑘)) ∙ 𝑢(𝑘 − 1), 𝜂(𝑘) < 0
 , 

where 𝜅 is an additive increase gain (𝜅 > 0), 𝛾 is a multiplicative decrease gain (0 < 𝛾 < 1). 𝜂 is 

defined as follows: 

𝜂(𝑘) = ∆𝑈(𝑘) ∙ 𝑠𝑔𝑛(∆𝑥𝑑(𝑘)), 

where ∆𝑈 is an output of the Sd-FSMC and its range is −1 ≤ ∆𝑈 ≤ 1, and ∆𝑥𝑑(𝑘) = 𝑥𝑑(𝑘) −

 
Figure 29. Block diagram of the PI-like Sd-FSMC 
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𝑥𝑑(𝑘 − 1). The sign function 𝑠𝑔𝑛 is defined as follows: 

𝑠𝑔𝑛(∆𝑥𝑑(𝑘)) = {
−1, ∆𝑥𝑑(𝑘) < 0

     1,  ∆𝑥𝑑(𝑘) ≥ 0
 . 

The multiplicative decrease and the sign function are used to get rid of the resistance force. 

Fuzzy IF-THEN rules for the Sd-FSMC are represented using the following form.  

𝑅𝑃𝐼
𝑙 : 𝐼𝑓 𝑑𝑠 𝑖𝑠 𝐷𝑃𝐼

𝑙 , 𝑡ℎ𝑒𝑛 ∆𝑈 𝑖𝑠 ∆�̅�𝑙, 

where 𝑙 is an index to represent the 𝑙𝑡ℎ rule,  𝐷𝑃𝐼
𝑙  is a linguistic value of a signed distance, and 

∆�̅�𝑙  is a singleton output where −1 ≤ ∆�̅�𝑙 ≤ 1. Like the PD-like Sd-FSMC, ∆𝑈 is obtained 

using the below equation. 

∆𝑈 =
∑ 𝜇𝑃𝐼

𝑙 (𝑑𝑠) ∙ ∆�̅�𝑙𝑛
𝑙=1

∑ 𝜇𝑃𝐼
𝑙𝑛

𝑙=1 (𝑑𝑠)
 , 

where 𝑛 is the number of rules and 𝜇𝑃𝐼
𝑙 (𝑑𝑠) is the degree of a fuzzy membership function. 

8.2.4. MD-type controller 

A simple controller is also used to decrease the absolute value of the control output rapidly. 

The controller is defined as follows: 

𝑢(𝑘) = 𝛽𝑀𝐷𝑢(𝑘 − 1), 

where 𝛽𝑀𝐷  is a multiplicative decrease gain (0 < 𝛽𝑀𝐷 < 1). This controller will be used to 

design a switching controller. 

 

8.3. Force guidance system implementation  

The following notations are used to present the force guidance system. 

 Instrument tip position: 𝒑𝑡𝑖𝑝 ∈ ℝ3 
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 Nearest point on a path from 𝒑𝑡𝑖𝑝: 𝒑𝑛𝑒𝑎𝑟 ∈ ℝ3 

 Direction vector at 𝒑𝑛𝑒𝑎𝑟: 𝐯𝑟𝑒𝑓 

 Deviation from the path: 𝑑𝑑𝑒𝑣 = ‖𝐯𝑑𝑒𝑣‖ where 𝐯𝑑𝑒𝑣 = 𝒑𝑡𝑖𝑝 − 𝒑𝑛𝑒𝑎𝑟 

Also, given a 3D position 𝒑 ∈ ℝ3, the corresponding encoder counter values 𝜺 are calculated to 

control motors using the following equation: 

𝜺 = 𝑔−1(𝒑|𝚯)                                                             (8.1) 

where 𝜺 = (휀𝑦𝑎𝑤, 휀𝑖𝑛𝑠, 휀𝑝𝑖𝑡, 휀𝑟𝑜𝑙), 𝚯 is a set of parameters, and 𝑔−1  is the inverse function of 

(6.3). 

8.3.1. Attractive force generation  

Given a FRVF geometry, a reference position 𝒑𝑎𝑡𝑡𝑟 is first determined and then the reference 

control input 𝜺𝑎𝑡𝑡𝑟 is obtained using (8.1). Sphere and virtual tube geometries can be used to 

construct FRVFs for attractive force.   

Geometry 1: The sphere type FRVF is defined using a target point (𝒑𝑡𝑔𝑡) which represents 

the center of the sphere and a radius 𝑟. The reference point  𝒑𝑎𝑡𝑡𝑟 is calculated as follows: 

𝒑𝑎𝑡𝑡𝑟(𝑘) = {
𝒑𝑛𝑒𝑎𝑟(𝑘) + 𝑟 ∙ v𝑑𝑒𝑣(𝑘) 𝑑𝑑𝑒𝑣(𝑘)⁄ ,             𝑑𝑑𝑒𝑣 ≥ 𝑟

                                               𝒑𝑡𝑖𝑝(𝑘),     𝑑𝑑𝑒𝑣 < 𝑟
 , 

where 𝒑𝑛𝑒𝑎𝑟 = 𝒑𝑡𝑔𝑡. Given the reference point, the expected control actions are as follows: 

𝑐𝑡𝑟𝑙𝑎𝑐𝑡𝑖𝑜𝑛 = {
𝐹𝑟𝑒𝑒,    𝑑𝑑𝑒𝑣 < 𝑟
𝐺𝑢𝑖𝑑𝑒, 𝑑𝑑𝑒𝑣 ≥ 𝑟

  , 

where the 𝐹𝑟𝑒𝑒 action represents that a trainee has full control authority inside of the sphere. 

Whereas, the 𝐺𝑢𝑖𝑑𝑒 action indicates that attractive force is generated by the controller to restrict 

a motion.  



 

 

76 

Geometry 2: The virtual tube type FRVF is defined given a path with a tube radius. The 

following additional terms are used to update a reference point. 

 Directional path: 𝑷 = {𝒑1, ⋯ , 𝒑𝑚} where 𝒑𝑖 ∈ ℝ3, 𝑖 = 1, ⋯ , 𝑚; 𝒑1 is the initial point 

and 𝒑𝑚 is the goal point 

 Modified nearest point: �̃�𝑛𝑒𝑎𝑟 ∈ ℝ3 

 Distance 𝑤 between �̃�𝑛𝑒𝑎𝑟 and 𝒑𝑛𝑒𝑎𝑟: 𝑤(𝑘) = ‖v𝑛𝑒𝑎𝑟(𝑘)‖ = ‖𝒑𝑛𝑒𝑎𝑟(𝑘) − �̃�𝑛𝑒𝑎𝑟(𝑘)‖ 

where �̃�𝑛𝑒𝑎𝑟(𝑘 + 1) is calculated using 𝒑𝑡𝑖𝑝(𝑘), 𝒑𝑛𝑒𝑎𝑟(𝑘), and �̃�𝑛𝑒𝑎𝑟(𝑘). At 𝑘 = 0, �̃�𝑛𝑒𝑎𝑟(0) =

𝒑𝑛𝑒𝑎𝑟(0) = 𝒑1. Given 𝑷 with a tube radius 𝑟 and a width 𝑊, a virtual rectangle is defined as 

shown in Figure 30. The center of the virtual rectangle is  �̃�𝑛𝑒𝑎𝑟(𝑘). There are 8 partitioned areas 

to represent inside and outside of the rectangle. The area index (𝑎𝑟𝑒𝑎 = {0,1, ⋯ ,7}) is updated 

using the following steps:  

Step 1. 𝑎𝑟𝑒𝑎(𝑘) = 0    // initialize 

Step 2. if 𝑑𝑑𝑒𝑣(𝑘) ≥ 𝑟, then 𝑎𝑟𝑒𝑎(𝑘)+= 4 

 
Figure 30. Bounding box to update the modified nearest point 
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Step 3. if 〈v𝑛𝑒𝑎𝑟(𝑘), v𝑟𝑒𝑓(𝑘)〉 ≤ 0, then 𝑎𝑟𝑒𝑎(𝑘)+= 2 

Step 4. if 𝑤(𝑘) ≥ 𝑊, then 𝑎𝑟𝑒𝑎(𝑘)+= 1 

where 〈∙,∙〉 is an inner product operator. Two types of allowable motions can be considered to 

assist a trainee effectively. 

Unidirectional: Given 𝑷 , only forward directional movement is allowed while a trainee 

performs a task (i.e., an instrument moves toward a goal position). To generate the corresponding 

guidance force, �̃�𝑛𝑒𝑎𝑟 is updated using the area information. 

�̃�𝑛𝑒𝑎𝑟(𝑘 + 1) = {
𝒑𝑛𝑒𝑎𝑟(𝑘), 𝑖𝑓 𝑎𝑟𝑒𝑎(𝑘) ∈ {0,1,4}

�̃�𝑛𝑒𝑎𝑟(𝑘),                           𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

Consider the instrument tip is in area 4 (i.e., 𝑤 < 𝑊, 𝑑𝑑𝑒𝑣(𝑘) ≥ 𝑟, and 〈v𝑛𝑒𝑎𝑟(𝑘), v𝑟𝑒𝑓(𝑘)〉 >

0). In this case, the �̃�𝑛𝑒𝑎𝑟 will be updated to minimize the deviation. If an instrument tip is in 

area 2 (i.e.,  𝑤 < 𝑊 , 𝑑𝑑𝑒𝑣(𝑘) < 𝑟 , and 〈v𝑛𝑒𝑎𝑟(𝑘), v𝑟𝑒𝑓(𝑘)〉 ≤ 0 ), then �̃�𝑛𝑒𝑎𝑟  will keep the 

previous value to teach the proper direction. Similarly, if a tool tip is in area 5 (i.e., 𝑤 ≥ 𝑊, 

𝑑𝑑𝑒𝑣(𝑘) ≥ 𝑟, and 〈v𝑛𝑒𝑎𝑟(𝑘), v𝑟𝑒𝑓(𝑘)〉 > 0), then �̃�𝑛𝑒𝑎𝑟  will keep the previous value to inform 

that a trainee’s movement is wrong due to the huge deviation. The expected control actions are 

as follow: 

𝑐𝑡𝑟𝑙𝑎𝑐𝑡𝑖𝑜𝑛 = {
𝐹𝑟𝑒𝑒,           𝑖𝑓 𝑎𝑟𝑒𝑎(𝑘) ∈ {0,1}

𝐺𝑢𝑖𝑑𝑒,                         𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 . 

Bidirectional: Given 𝑷, a trainee maneuvers an instrument freely if the instrument tip is inside 

of the virtual tube. To generate the corresponding attractive force, �̃�𝑛𝑒𝑎𝑟 is updated as follows: 

�̃�𝑛𝑒𝑎𝑟(𝑘 + 1) = {
�̃�𝑛𝑒𝑎𝑟(𝑘),         𝑖𝑓 𝑎𝑟𝑒𝑎(𝑘) ∈ {5,7}

𝒑𝑛𝑒𝑎𝑟(𝑘),                               𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 , 
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where �̃�𝑛𝑒𝑎𝑟  keeps the previous value if the instrument tip is outside of the virtual tube and 

𝑤 ≥ 𝑊. The expected control actions are as follows: 

𝑐𝑡𝑟𝑙𝑎𝑐𝑡𝑖𝑜𝑛 = {
𝐹𝑟𝑒𝑒,          𝑖𝑓 𝑎𝑟𝑒𝑎(𝑘) ∈ {0,1,2,3}

𝐺𝑢𝑖𝑑𝑒,                              𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 . 

Given a virtual tube geometry with a directional constraint, the reference position 𝒑𝑎𝑡𝑡𝑟  to 

generate attractive force is calculated using the following form. 

𝒑𝑎𝑡𝑡𝑟(𝑘) = {
�̃�𝑛𝑒𝑎𝑟(𝑘) + 𝑟 ∙ v𝑑𝑒𝑣(𝑘) 𝑑𝑑𝑒𝑣⁄ (𝑘), 𝑓𝑜𝑟 𝐺𝑢𝑖𝑑𝑒

                                               𝒑𝑡𝑖𝑝(𝑘),    𝑓𝑜𝑟 𝐹𝑟𝑒𝑒
 

To generate proper force based on a control action, a switching controller is implemented as 

shown in Figure 31. The switching controller consists of a PD-like Sd-FSMC and a MD-type 

controller. There are three states and a control action (i.e., Free or Guide) makes a state transition. 

Also, two additional actions (i.e., Enable and Disable) are used to take into account external 

control signals. If an instrument tip is in area 4 at 𝑘 and the tip was in area 0 at 𝑘-1 (i.e., deviates 

from a path), the state transition will be occurred from 𝑆0 to 𝑆1 by Guide action. As a result, the 

PD-like Sd-FSMC will be activated so that proper force will be generated. 

 
Figure 31. A switching controller to generate attractive force 
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Three switching controllers are implemented to control each axis (i.e., yaw, insertion, or 

pitch). Each switching controller has same structure, but the control parameters are different. The 

reference inputs 𝜺𝑎𝑡𝑡𝑟 are obtained from   𝒑𝑎𝑡𝑡𝑟 using (8.1) for the PD-like Sd-FSMCs. The error 

𝒆 is calculated as follows: 

𝒆(𝑘) = 𝜺𝑎𝑡𝑡𝑟(𝑘) −  𝜺𝑡𝑖𝑝(𝑘), 

where 𝒆 = (𝑒𝑦𝑎𝑤, 𝑒𝑖𝑛𝑠, 𝑒𝑝𝑖𝑡, 𝑒𝑟𝑜𝑙) and 𝜺𝑡𝑖𝑝 is a vector obtained from 𝒑𝑡𝑖𝑝 using (8.1). 𝑒𝑟𝑜𝑙 is not 

used for motor control. Nine fuzzy IF-THEN rules are used as shown in Table 4. Input and 

output fuzzy membership functions are depicted in Figure 32. To characterize membership 

functions, nine linguistic terms (i.e., very negative big (VNB), negative big (NB), negative 

medium (NM), negative small (NB), zero (ZE), positive small (PS), positive medium (PM), 

positive big (PB), and very positive big (VPB)) are used. Shapes of membership functions (e.g. 

center of the triangular membership function) are determined by experimental results.  

 
Figure 32. (a) Input fuzzy membership functions and (b) output fuzzy membership functions 

 

Table 4. Fuzzy rule table for PD-like Sd-FSMCs 

𝑑𝑠 VNB NB NM NS ZE PS PM PB VPM 

𝑈 VNB NB NM NS ZE PS PM PB VPM 
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8.3.2. Assistance force generation  

To provide guidance force for a trainee to follow a desired path, position controllers are 

implemented using a switching controller as shown in Figure 33.  A PI-like Sd-FSMC and a MD-

type controller are used to construct the switching controller. For state transitions, the following 

control actions are defined. 

𝑐𝑡𝑟𝑙𝑎𝑐𝑡𝑖𝑜𝑛 = {

𝐶𝑙𝑜𝑠𝑒,                                ‖𝒑𝑡𝑖𝑝 −  𝒑𝑚‖ < 𝛿

𝐹𝑟𝑒𝑒,         𝑑𝑑𝑒𝑣 ≥ 𝑟 ∧   ‖𝒑𝑡𝑖𝑝 −  𝒑𝑚‖ ≥ 𝛿

𝐺𝑢𝑖𝑑𝑒,       𝑑𝑑𝑒𝑣 < 𝑟 ∧   ‖𝒑𝑡𝑖𝑝 −  𝒑𝑚‖ ≥ 𝛿

 , 

where the 𝐶𝑙𝑜𝑠𝑒 action activates the MD-type controller to provide more control authority to a 

trainee if the remaining distance from an instrument tip to a goal point 𝒑𝑚  is less than the 

threshold 𝛿. If a trainee maneuvers the instrument inside of a virtual tube, the PI-like Sd-FSMC 

triggered by Guide action will be active to assist the trainee. If the tip is outside of the virtual 

tube, the Free action will be generated, and MD-type controller will reduce the guidance force to 

protect wrong operations.  

The control reference 𝜺𝑎𝑠𝑠 for PI-like Sd-FSMCs is obtained from the reference position 𝒑𝑎𝑠𝑠. 

The reference position 𝒑𝑎𝑠𝑠 is calculated as follows: 

 
Figure 33. A switching controller to generate assistance force 
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𝒑𝑎𝑠𝑠(𝑘 + 1) = 𝒑𝑛𝑒𝑎𝑟(𝑘) + 𝑣 ∙ v𝑟𝑒𝑓(𝑘) ‖v𝑟𝑒𝑓(𝑘)‖⁄  , 

where 𝑣 is a desired reference speed and 𝒑𝑎𝑠𝑠(0) = 𝒑1. The error 𝒆 is calculated as follows: 

𝒆(𝑘) = 𝜺𝑎𝑠𝑠(𝑘) − 𝜺𝑛𝑒𝑎𝑟(𝑘). 

Like the attractive force generation, three switching controllers are implemented. The fuzzy IF-

THEN rules for the PI-like Sd-FSMCs are almost same with PD-like Sd-FSMCs as shown in 

Table 4 (i.e., just change 𝑈  to ∆𝑈 ). Similarly, triangular fuzzy membership functions and 

singleton fuzzy membership functions are used to characterize 𝑑𝑠 and ∆𝑈, respectively. 

Using the wire transfer task setup, the proposed controllers were verified. The details are 

presented in Chapter 11.   
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CHAPTER 9. 

VISUAL AND AUDIO GUIDANCE 

Augmented Reality (AR) rendering enables to overlay guidance information. Also, an object 

state estimation method can be implemented using AR rendering with a simple image processing 

technique to support object transfer. In this chapter, AR-based guidance methods are presented 

as well as the basic idea of audio guidance. 

 

9.1. AR overlay for instrument navigation tasks 

Visual guidance for CAST was initially proposed in [86], where 2D guidance cues (i.e., 

changing a radius of a circle to represent 3D depth information) were used to display a 

recommended path. In [119], several visual cues (e.g., 2D circle, 2D square, 3D square, cube, 

and post) were designed to evaluate their effectiveness. The evaluation results indicated that 

providing depth information enables to improve user’s training performance. Among the various 

visual cues, the post and the cube were the most helpful visual cues for an instrument navigation 

task. Figure 34 illustrates an example of 3D overlays.  Given a recommended path (e.g., white 

line with green dots), a reference point (e.g., yellow cube with a post) and an instrument tip (e.g., 

 
Figure 34. Example of visual guidance using posts and cubes 
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red cube with a post) are rendered on a live camera image to provide depth information. 

However, the initial implementation sometimes rendered visual cues improperly because the real 

environment was ignored while rendering as shown in the right side of Figure 34 (i.e., occlusion 

interaction between physical objects and virtual objects did not considered.). To provide the 

better visual guidance by considering the occlusion interation, a depth map is created. A real 

environment model and instrument models are registered to manage the depth map. Whenever an 

instrument moves, the depth map is updated so that the AR rendering system can support the 

occlusion interaction. For instance, a virtual object (e.g., a 3D line) is discarded if the depth 

value of the virtual object is greater than the value of the physical object as shown in Figure 35-

(a). Otherwise, all the virtual objects are rendered to provide guidance information. Presently, 

simple arrows are displayed to indicate a moving direction with spheres and posts as depicted in 

Figure 35-(b). 2D texts are also used to provide proper instructions. Based on the initial 

implementation, the better visual guidance cues will be designed (e.g., the arrow sometimes 

makes a trainee confused due to camera viewpoint. To overcome this, more intuitive rendering 

methods will be applied.).    

 
Figure 35. (a) discard rendering a recommended path and (b) display a recommended path 
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9.2. AR-based guidance for object transfer tasks 

To support the wire transfer task described in Chapter 7, an object state should be estimated. 

Two objects, a ring and a wire, are used for the wire transfer task. While the wire is a static 

object, the ring is moved from one place to another. There are two targets to represent an initial 

or a goal position of the ring.  

Before generating a task, an initial condition of the objects should be checked. For example, 

to perform the operation, (𝑅𝑅, 𝑟𝑖𝑛𝑔, 𝑇1, 𝑇2), the ring should be initially on 𝑇1. The operation 

𝑅𝑅 consists of four actions (i.e., Move, Grasp, Carry, and Place). To determine completion of 

actions, the location of the ring should be estimated as well. Also, fail conditions such as “ring 

drop” and “wire drop” should be recognized to stop providing guidance information.    

9.2.1. Image masks generation  

Given a 3D environment model, locations of the targets and the wire are fixed. To represent 

the locations, cylinder and tube geometries are used for targets and the wire, respectively. Using 

(5.2), the 3D geometries can be rendered as shown in Figure 36.  If the ring is inside of one of 

the cylinders, then the ring occupies a specific target as shown in Figure 36–(a). Similarly, if the 

 
Figure 36. 3D geometries to represent locations of targets and the wire; (a) cylinder for T1, 

(b) cylinder for T2, and (c) tube for the wire. 
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wire is inside of the tube, the wire is placed on the proper location as shown in Figure 36–(c). To 

recognize whether an object occupies a 3D geometry, a web camera is used as a sensor with 2D 

image masks.  Given a live camera image, a 3D geometry is rendered on a blank image where 

the resolution is same with the input image as depicted in Figure 37–(a).  Then, the rendered 

RGB image is converted to the gray image to generate the binary mask by applying a threshold 

function as shown in Figure 37–(b). To enhance the computation time, the image is resized (e.g., 

from 1280× 720 to 512×288). All three masks for the wire transfer task are illustrated in Figure 

37–(c). These masks can be used for checking not only initial condition but also completion of 

actions.  Due to using the fixed camera configuration (i.e., the camera posture does not change 

while performing the wire transfer task.), these masks only created once before performing.  

9.2.2. Color object detection  

To observe states of the objects, a color object detection method is used. The ring and the wire 

have a unique color (e.g., red for the ring and green for the wire). Using HSV (hue, saturation, 

and lightness) color space with color range information, two objects can be detected. The color 

range is determined by experimental results. For instance, two color ranges were used to detect 

 
Figure 37. Image mask creation: (a) draw a 3D tube, (b) a binary mask image, and (c) 

contours for all three masks 
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the ring (Range1: 0 ≤ 𝐻 ≤ 6 ,  113 ≤ 𝑆 ≤ 255 , and 109 ≤ 𝑉 ≤ 255 ; Range2: 152 ≤ 𝐻 ≤

255 ,  130 ≤ 𝑆 ≤ 255 , and 130 ≤ 𝑉 ≤ 255 ). Using the ranges with a threshold function, a 

filtered binary image was generated as shown in Figure 38. A bounding box to cover the detected 

object was also calculated for reasoning process. 

9.2.3. Objects state reasoning  

Based on the image masks with detected color objects, the locations of the objects can be 

estimated. To describe the locations, the following terms are used. 

 Targets: 𝐓 = {𝑇1, 𝑇2} 

 Image masks: 𝚳 = {Μ𝑇1, Μ𝑇2, Μ𝑤𝑖𝑟𝑒} 

 Detected objects: 𝚶 = {Ο𝑟𝑖𝑛𝑔, Ο𝑤𝑖𝑟𝑒} 

 Rectangle to cover an object Ο : 𝑅𝑒𝑐𝑡Ο where  Ο ∈ 𝚶 

 Pixels to consist of masks or objects: 𝑃𝑖𝑥𝑒𝑙𝑠(Ι) where Ι ∈ 𝚶 or Ι ∈ 𝚳 

 Operators: 

o 𝑃𝑖𝑥𝑒𝑙𝑠(Ι𝑖) ∩ 𝑃𝑖𝑥𝑒𝑙𝑠(Ι𝑗): Return the number of overlapped pixels between Ι𝑖 

and Ι𝑗  

 
Figure 38.  (a) Red color object detection and (b) green color object detection 
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o 𝐼𝑛𝑅𝑒𝑐𝑡 (O𝑖 , 𝑅𝑒𝑐𝑡Ο𝑗
): return the number of pixels of O𝑖 if any pixels of O𝑖 are 

inside of  𝑅𝑒𝑐𝑡Ο𝑗
 

o 𝑆𝑡𝑎𝑡𝑒(Ο): return the state of the object Ο 

For the ring, two states are defined as follows: 

 𝑜𝑛𝑇𝑥: the ring is placed on a target location 𝑇𝑥 where 𝑥 ∈ {1,2}  

o 𝑃𝑖𝑥𝑒𝑙𝑠(Ο𝑟𝑖𝑛𝑔) ∩ 𝑃𝑖𝑥𝑒𝑙𝑠(Μ𝑇𝑥) > 𝜌𝑇 

 𝑜𝑛𝑊𝑖𝑟𝑒: the ring is placed on the wire 

o 𝐼𝑛𝑅𝑒𝑐𝑡 (O𝑤𝑖𝑟𝑒 , 𝑅𝑒𝑐𝑡Ο𝑟𝑖𝑛𝑔
) > 𝜌𝑅 

where 𝜌𝑇 and 𝜌𝑅 are threshold values determined by experimental results. For the wire, a state is 

defined as follows: 

 inWire: the wire is placed in the pre-defined area 

o 𝑃𝑖𝑥𝑒𝑙𝑠(Ο𝑤𝑖𝑟𝑒) ∩ 𝑃𝑖𝑥𝑒𝑙𝑠(Μ𝑤𝑖𝑟𝑒) > 𝜌𝑊 

where 𝜌𝑊 is a threshold value.  

Example 9.1: the initial condition of the operation, (𝑅𝑅, 𝑟𝑖𝑛𝑔, 𝑇1, 𝑇2), is as follows: 

𝑜𝑛𝑇1 ∧ ¬𝑜𝑛𝑊𝑖𝑟𝑒 ∧ 𝑖𝑛𝑊𝑖𝑟𝑒 . 

To recognize the completion of actions, the following additional terms are used.   

 3D locations: 𝑝𝑡𝑖𝑝 and 𝑝𝑡𝑔𝑡 for an instrument tip and a target, respectively 

 2D pixel location: 𝑞𝑡𝑖𝑝 for an instrument tip 

 Grasper state: 𝑆𝑡𝑎𝑡𝑒(𝐺) ∈ {𝑐𝑙𝑜𝑠𝑒, 𝑜𝑝𝑒𝑛, 𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒𝑙𝑦𝑂𝑝𝑒𝑛} 

 𝑅𝑒𝑙𝑎𝑡𝑖𝑜𝑛: a relationship between the ring and the instrument 
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o 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑: the ring and the instrument tip are close enough in the 2D image 

space if 𝐼𝑛𝑅𝑒𝑐𝑡 (𝑞𝑡𝑖𝑝, 𝑅𝑒𝑐𝑡Ο𝑟𝑖𝑛𝑔
) ≠ 0 

Given an action, (𝑎𝑐𝑡, 𝑟𝑖𝑛𝑔, 𝑇𝑥) , where 𝑎𝑐𝑡 ∈ {𝑀𝑜𝑣𝑒, 𝐺𝑟𝑎𝑠𝑝, 𝐶𝑎𝑟𝑟𝑦, 𝑃𝑙𝑎𝑐𝑒} , the following 

reasoning state can be considered to support the wire transfer task. Each state is determined by 

using 𝑆𝑡𝑎𝑡𝑒(Ο𝑟𝑖𝑛𝑔),  𝑅𝑒𝑙𝑎𝑡𝑖𝑜𝑛, and  𝑆𝑡𝑎𝑡𝑒(𝐺) as presented in Table 5.   

 𝑜𝑓𝑓𝑇𝑎𝑟𝑔𝑒𝑡: the ring is not on the target 𝑇𝑥 

 𝑜𝑛𝑇𝑎𝑟𝑔𝑒𝑡: the ring is on the target 𝑇𝑥 

 carryRing: the ring is carried by an instrument 

 carryRingOnWire: the ring is carried by an instrument on the wire 

 dropRing: the ring is dropped 

Completion conditions of actions are defined as follows: 

 𝑀𝑜𝑣𝑒: ‖𝑝𝑡𝑖𝑝 − 𝑝𝑡𝑔𝑡‖ < 𝛿 where 𝛿 is a distance threshold 

 𝐺𝑟𝑎𝑠𝑝: Reasoning state is carryRing or carryRingOnWire 

Table 5. Reasoning table for the wire transfer task 

𝑺𝒕𝒂𝒕𝒆(𝚶𝒓𝒊𝒏𝒈) 𝑹𝒆𝒍𝒂𝒕𝒊𝒐𝒏 𝑺𝒕𝒂𝒕𝒆(𝑮) Reasoning 

¬𝒐𝒏𝑻𝒙 ¬𝑜𝑛𝑊𝑖𝑟𝑒 ¬𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 ¬𝑐𝑙𝑜𝑠𝑒 𝑜𝑓𝑓𝑇𝑎𝑟𝑔𝑒𝑡 

¬𝒐𝒏𝑻𝒙 ¬𝑜𝑛𝑊𝑖𝑟𝑒 ¬𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 𝑐𝑙𝑜𝑠𝑒 𝑜𝑓𝑓𝑇𝑎𝑟𝑔𝑒𝑡 

¬𝒐𝒏𝑻𝒙 ¬𝑜𝑛𝑊𝑖𝑟𝑒 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 ¬𝑐𝑙𝑜𝑠𝑒 𝑜𝑓𝑓𝑇𝑎𝑟𝑔𝑒𝑡 

¬𝒐𝒏𝑻𝒙 ¬𝑜𝑛𝑊𝑖𝑟𝑒 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 𝑐𝑙𝑜𝑠𝑒 carryRing 

¬𝒐𝒏𝑻𝒙 𝑜𝑛𝑊𝑖𝑟𝑒 ¬𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 ¬𝑐𝑙𝑜𝑠𝑒 dropRing 

¬𝒐𝒏𝑻𝒙 𝑜𝑛𝑊𝑖𝑟𝑒 ¬𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 𝑐𝑙𝑜𝑠𝑒 dropRing 

¬𝒐𝒏𝑻𝒙 𝑜𝑛𝑊𝑖𝑟𝑒 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 ¬𝑐𝑙𝑜𝑠𝑒 dropRing 

¬𝒐𝒏𝑻𝒙 𝑜𝑛𝑊𝑖𝑟𝑒 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 𝑐𝑙𝑜𝑠𝑒 carryRingOnWire 

𝒐𝒏𝑻𝒙 𝑑𝑜𝑛′𝑡 𝑐𝑎𝑟𝑒 𝑑𝑜𝑛′𝑡 𝑐𝑎𝑟𝑒 𝑑𝑜𝑛′𝑡 𝑐𝑎𝑟𝑒 𝑜𝑛𝑇𝑎𝑟𝑔𝑒𝑡 
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 𝐶𝑎𝑟𝑟𝑦: ‖𝑝𝑡𝑖𝑝 − 𝑝𝑡𝑔𝑡‖ < 𝛿 where 𝛿 is a distance threshold 

 𝑃𝑙𝑎𝑐𝑒: Reasoning state is 𝑜𝑛𝑇𝑎𝑟𝑔𝑒𝑡 and ¬𝑐𝑙𝑜𝑠𝑒 

Example 9.2: The completion condition of the action, (𝐶𝑎𝑟𝑟𝑦, 𝑟𝑖𝑛𝑔, 𝑇2), is ‖𝑝𝑡𝑖𝑝 − 𝑝𝑇2‖ <

5𝑚𝑚. For the action, (𝑃𝑙𝑎𝑐𝑒, 𝑟𝑖𝑛𝑔, 𝑇2), the following condition is required to complete the 

Place action. 

𝑜𝑛𝑇2 ∧ ¬𝑜𝑛𝑊𝑖𝑟𝑒 ∧ ¬𝑐𝑙𝑜𝑠𝑒 

Example 9.3: The fail conditions are as follows: 

𝑑𝑟𝑜𝑝𝑅𝑖𝑛𝑔 ∨  ¬𝑖𝑛𝑊𝑖𝑟𝑒. 

Figure 39 illustrates an example of dropRing. 1) The ring is not on a target location, 2) the ring is 

on the wire, 3) the ring and the instrument are not connected, and 4) the grasper is open.  

To support various object-transfer tasks (e.g., peg transfer task), the more sophisticated 

reasoning process is required. For this, using a machine learning scheme may be the better 

approach. Presently, the machine learning scheme is under developing to support the peg transfer 

task. The initial implementation was presented in [120]. 

 

 
Figure 39. Example of dropRing: ¬𝑜𝑛𝑇𝑥 ∧ 𝑜𝑛𝑊𝑖𝑟𝑒 ∧ ¬𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 ∧ ¬𝑐𝑙𝑜𝑠𝑒 
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9.3. Audio guidance prototype 

Alerting systems have been widely used to avoid hazardous situations in real world. For 

example, auto vehicles display warning signs with sounds to inform potential risks like low 

pressure and low fuel. Sometimes, playing sounds is much more effective than visualizing 

warning signs. Also, using multiple methods may be much more helpful.  For instance, providing 

both auditory and visual feedback enables to enhance performance for a needle placement task 

[121]. 

To provide the better training environment, an audio guidance system is developing. Given a 

training setup, a training task is defined using set of actions. To inform that a task is started or 

that a task is finished, CAST plays the corresponding sound. Also, a completion sound is played 

when an action is completed. To provide force or visual guidance, a deviation is calculated every 

sampling period given a recommended path. If the deviation is huge, a warning sound will be 

played to assist a trainee. 

Presently, various sound effects are being investigated to provide intuitive guidance 

information. For instance, the volume or frequency will be varied based on the value of the 

deviation. Also, speech auditory alerts or speech instruction can be used with proper visual 

information. The most important consideration is how to provide clear guidance information by 

playing sounds (i.e., providing too much information may make a trainee confused.). To 

implement this, human factors will be considered. 
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CHAPTER 10. 

PERFORMANCE EVALUATION 

An assessment method is required to quantify a trainee’s competency objectively. For the 

CAST system, optAssessment was implemented based on fuzzy logic with human knowledges in 

[87]. In this chapter, a hierarchical fuzzy inference system (HFIS) is proposed to evaluate 

trainees’ performance effectively. 

 

10.1. Objective assessment metrics  

Completion time and path length are common evaluation metrics for laparoscopic surgical 

skills training. Various metrics such as average speed, idle time, average acceleration, and 

motion smoothness can be also used for the performance evaluation. 

Consider a video game first. Most video games provide achievable goals to a player. The 

player’s mission is to meet the goals by playing the game based on game rules. Like video games, 

CAST can provide achievable goals and then evaluates a trainee’s performance based on the 

goals. For instance, a trainee is asked to move an instrument to a target position by maintaining a 

recommended speed. By comparing the actual movement speed with the recommended speed, a 

trainee’s performance can be estimated. To consider achievable goals effectively given a training 

task, the following metrics are used. 

Path length ratio: To move an instrument from one place to another place, a recommended 

path can be provided to assist a trainee. The actual path which represents an instrument tip 

trajectory is compared with the recommended path using the following equation. 
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𝑃𝑎𝑡ℎ 𝐿𝑒𝑛𝑔𝑡ℎ 𝑅𝑎𝑡𝑖𝑜 (𝑃𝐿𝑅) =
𝐴𝑐𝑡𝑢𝑎𝑙 𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ − 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ

𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ
 

If 𝑃𝐿𝑅 → 0, then the ratio indicates that a trainee’s performance is good. However, |𝑃𝐿𝑅| → 𝐿 

where 𝐿 is a constant value, then the performance is less strong. 

Average speed ratio: While performing surgery, surgeons should move an instrument with a 

reasonable speed. If the average speed of the movement is too slow, it may take more time to 

complete the surgery. In contrast, if the average speed is too fast, it may cause critical situations 

such as hitting organs even though it takes less time. CAST can provide a recommended 

movement speed while performing a task. The evaluation metric is as follows:   

𝑆𝑝𝑒𝑒𝑑 𝑅𝑎𝑡𝑖𝑜 (𝑆𝑅) =
𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑝𝑒𝑒𝑑 − 𝐴𝑐𝑡𝑢𝑎𝑙 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑠𝑝𝑒𝑒𝑑

𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑠𝑝𝑒𝑒𝑑
 , 

where the range of 𝑆𝑅 is [−𝑆, 𝑆] and 𝑆 is a constant value. 

Completion time ratio: A completion time can be suggested to a trainee given a training task. 

For instance, a trainee should finish the peg transfer task within 300 seconds while taking the 

FLS hands-on exam. A trainee’s completion time is evaluated using the following formula:   

𝐶𝑜𝑚𝑝𝑙𝑒𝑡𝑖𝑜𝑛 𝑇𝑖𝑚𝑒 𝑅𝑎𝑡𝑖𝑜 (𝐶𝑇𝑅) =
𝐴𝑐𝑡𝑢𝑎𝑙 𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 − 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒

𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒
 , 

where −𝑇 ≤ 𝐶𝑇𝑅 ≤ 𝑇 and 𝑇 is a constant value. 

Idle time ratio: Idle time measures amount of time that an instrument moves very slowly or 

the instrument stops (e.g., 𝑠𝑝𝑒𝑒𝑑 < 3𝑚𝑚/𝑠). While performing a task, a trainee is asked to 

move an instrument continuously. The comparison formula is as follows: 

𝐼𝑑𝑙𝑒 𝑇𝑖𝑚𝑒 𝑅𝑎𝑡𝑖𝑜 (𝐼𝑇𝑅) =
𝐼𝑑𝑙𝑒 𝑡𝑖𝑚𝑒

𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒
 

where 𝐼𝑇𝑅 ≥ 0. If 𝐼𝑇𝑅 → 0, then a trainee’s performance is good. 
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Deviation ratio: Consider an instrument navigation task. To move an instrument to a target 

position, traversing a recommended path may be an ideal movement. A novice trainee may make 

large deviations from the recommended path. In contrast, an expert surgeon may minimize the 

deviations. In the operating room, huge deviation may cause life critical situation. To evaluate 

this, the following formula is used. 

𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑖𝑜 (𝐷𝑅) =
∑ 𝑏𝑎𝑑 𝑚𝑜𝑣𝑒𝑚𝑒𝑛𝑡𝑠

∑ 𝑔𝑜𝑜𝑑 𝑚𝑜𝑣𝑒𝑚𝑒𝑛𝑡𝑠 + ∑ 𝑏𝑎𝑑 𝑚𝑜𝑣𝑒𝑚𝑒𝑛𝑡𝑠
 

where 𝐷𝑅 ≥ 0. The good movement and the bad movement are defined as follows: 

{
𝐺𝑜𝑜𝑑 𝑚𝑜𝑣𝑒𝑚𝑒𝑛𝑡, 𝑖𝑓 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 < 𝑑𝑡ℎ

𝐵𝑎𝑑 𝑚𝑜𝑣𝑒𝑚𝑒𝑛𝑡, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

where 𝑑𝑡ℎ is a threshold distance. The movement is evaluated every sampling period. 

Direction profile ratio: Given a recommended path, movement direction vectors can be 

evaluated. The direction profile is defined as follows: 

𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑓𝑖𝑙𝑒 = 𝑐𝑜𝑠(𝜃) =
𝑟 ∙ �⃗�

‖𝑟‖‖�⃗�‖
 , 

where 𝑟  is a reference direction vector, �⃗�  is an actual direction vector, and 𝑟 ∙ �⃗�  is an inner 

product value. If an instrument tip traverses the recommended path, 𝑐𝑜𝑠(𝜃) is close to 1 (i.e., 

𝜃 → 0). However, if the instrument tip deviates from the recommended path, 𝑐𝑜𝑠(𝜃) will be 

close to 0 (i.e., 𝜃 → 90°). By providing a reference angle 𝜃𝑟𝑒𝑓 , the direction profile ratio is 

calculated as follows: 

𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑃𝑟𝑜𝑓𝑖𝑙𝑒 𝑅𝑎𝑡𝑖𝑜 (𝐷𝑃𝑅) =
∑ (𝑐𝑜𝑠(𝜃𝑟𝑒𝑓) − 𝑐𝑜𝑠(𝜃))

∑ 𝑐𝑜𝑠(𝜃𝑟𝑒𝑓)
 

where 𝑐𝑜𝑠(𝜃𝑟𝑒𝑓) is close to 1 (i.e., the goal is to traverse a reference path). 
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10.2. Hierarchical fuzzy assessment system  

The initial optAssessment system [87] was designed based on single-input and single-output 

fuzzy rules with five metrics – movement of economy, movement direction profile, peak speed 

width, continuity of movement, and completion time – to provide a score. These rules could not 

consider interrelationships among metrics. To consider the interrelationships, multi-input and 

single-output fuzzy rules can be used. However, it may increase the number of rules dramatically.  

To overcome these drawbacks, a hierarchical fuzzy inference system (HFIS) [122] is designed 

with various evaluation metrics. The HFIS enables to reduce the number of rules effectively 

without severe performance degradation. Consider a standard fuzzy system, which has four input 

variables characterized by five membership functions and a single-output. The total number of 

rules is 625 (52) as shown in Figure 40–(a).  Unlike this fuzzy system, the HFIS requires only 75 

(3 × 52) rules for the same input variables as shown in Figure 40–(b).  

The HFIS consists of fuzzy logic units (FLUs) with a layered structure. The FLU has two 

 
Figure 40. (a) standard fuzzy system and (b) hierarchical fuzzy inference system 
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input variables and a single output. Given 𝑛 input variables, ⌈𝑙𝑜𝑔2(𝑛 + 1)⌉ layers with 𝑛 − 1 

FLUs are required. If each input variable characterized by 𝑚 membership functions, (𝑛 − 1) ×

𝑚2 rules are needed. To design the enhanced optAssessment system, the following terms are 

defined for the basic FLU. 

 𝐹𝐿𝑈𝑘: 𝑘𝑡ℎ FLU 

 𝑥𝑘
1 and 𝑥𝑘

2: two input variables of 𝐹𝐿𝑈𝑘  

 𝑚𝑘
1  and 𝑚𝑘

2: the number of membership functions for 𝑥𝑘
1 and 𝑥𝑘

2, respectively 

 𝐿: the number of rules (𝐿 = 𝑚𝑘
1 × 𝑚𝑘

2) 

 𝑦𝑘: output of 𝐹𝐿𝑈𝑘 

 𝑅𝑙,𝑘: the 𝑙𝑡ℎ fuzzy IF-THEN rule of 𝑘𝑡ℎ FLU  

The fuzzy IF-THEN rules for 𝐹𝐿𝑈𝑘 are expressed using the following form: 

𝑅𝑙,𝑘: 𝑖𝑓 𝑥𝑘
1 is 𝐹𝑘,𝑙

1  and 𝑥𝑘
2 is 𝐹𝑘,𝑙

2 , then 𝑦𝑘 is 𝑌𝑘,𝑙, 

where 𝐹𝑘,𝑙
1  and 𝐹𝑘,𝑙

2  are linguistic terms, 𝑌𝑘,𝑙  is a constant output value. A singleton fuzzifier, 

product inference engine, and center average defuzzifier are applied to calculate 𝑦𝑘. 

𝑦𝑘 =
∑ 𝑌𝑘,𝑙 ∙ 𝜇𝑘,𝑙(𝑥𝑘

1) ∙ 𝜇𝑘,𝑙(𝑥𝑘
2)𝐿

𝑖=1

∑ 𝜇𝑘,𝑙(𝑥𝑘
1) ∙ 𝜇𝑘,𝑙(𝑥𝑘

2)𝐿
𝑖=1

 , 

where 𝜇𝑘,𝑙(∙) is the degree of the fuzzy membership function. 

Example 10.1: Given three metrics (e.g., path length, completion time, and average deviation), 

a fuzzy scoring system can be designed using the HFIS. 

 Three input variables: PLR, CTR, and DR 

 Membership functions type: Gaussian 

 The number of input fuzzy membership functions: 4 for PLR, 4 for CTR, and 3 for DR 
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Using Gaussian membership functions, three input variables are characterized as shown in 

Figure 41. Two FLUs with two layers are used as presented in Figure 42–(a).  The output of 

𝐹𝐿𝑈1 is used as the input of  𝐹𝐿𝑈2. To characterize this output 𝑦1, three gaussian membership 

function are defined as shown in Figure 42–(b). The rule tables for 𝐹𝐿𝑈1 and 𝐹𝐿𝑈2 are presented 

in Table 6 and Table 7, respectively. Using the output of 𝐹𝐿𝑈2 with a scaling factor, the final 

evaluation score is calculated. In this example, 25 rules are used to construct the scoring system. 

By adjusting parameters of Gaussian functions (i.e., varying means and standard deviations), the 

final score can be changed.  

Example 10.2: Given six metrics, a fuzzy scoring system can be designed using five FLUs 

 
Figure 41. Gaussian membership functions for (a) PLR, (b) CTR, and (c) DR 

 

 
Figure 42. (a) The hierarchical fuzzy scoring system using three input variables and (b) 

Gaussian membership functions for y1 
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with three layers as shown in Figure 43. To provide a reasonable score, input variables should be 

characterized properly. Also, the corresponding rules should be defined. Instead of using a 

constant value for 𝑌𝑘,𝑙, The TSK model [123] can be used (i.e., 𝑌𝑘,𝑙 = 𝑐𝑘,𝑙
0 + 𝑐𝑘,𝑙

1 𝑥𝑘
1 + 𝑐𝑘,𝑙

2 𝑥𝑘
2). The 

constant value of 𝑌𝑘,𝑙 is a special case of the TSK model (i.e., 𝑌𝑘,𝑙 = 𝑐𝑘,𝑙
0 ). 

The proposed hierarchical fuzzy scoring system has the following advantages: 

 Easily add more evaluation metrics 

 Use human experts’ knowledge to characterize input variables and to design rule 

tables  

 Given enough data, the scoring system can be trained to provide accurate evaluation 

results. For this adaptive feature, it is recommended to use TSK model with Gaussian 

Table 6. Rule table for FLU1 

 

Table 7. Rule table for FLU2 

 

 

 
Figure 43. Hierarchical structure for six evaluation metrics 
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membership functions. 

 

10.3. Experimental results  

There are four actions (Move, Grasp, Carry, and Place) for the wire transfer task. Instrument 

navigation tasks only requires Move action. To evaluate each individual action, different metrics 

are used. Presently, Move and Carry actions are assessed using all six metrics. For Grasp and 

Place, three metrics are used as shown in Example 10.1.  

Given a training setup with the corresponding task description information, a task is generated 

by the task generator. The task description also has assessment information (i.e., achievable 

goals). While performing a task by a trainee, the performance evaluator captures movement data 

every sampling period (e.g., every 50 milliseconds).  After finishing a task, the evaluation results 

are displayed as shown in Figure 44. The instrument trajectory is displayed with recommended 

 
Figure 44. Example of evaluation results 
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paths. Also, achievable goals and the actual movement data are listed with a score. 

Consider the Move action as an example. CAST suggests the following achievable goals. 

 Path length: 119.00 mm 

 Completion time: 11.9 seconds 

 Idle time: 0 seconds 

 Average speed: 10 mm/s 

 Average deviation: 5 mm 

 𝜃𝑟𝑒𝑓 for direction profile: 0°  

If a trainee meets the goals, the score will be close to 100. Otherwise, a trainee will receive a low 

grade. Figure 45 illustrates two different cases – fair movement and bad movement. The 

corresponding evaluation metrics with scores are presented in Table 8 and Table 9. In case of the 

fair movement, the path length and the deviation indicate that the performance is good. However, 

the score is relatively low due to the average speed and the completion time (i.e., there are 

 
Figure 45. Trajectories for (a) good movement and (b) bad movement (where the red line 

represents the recommended path and the green line represents the actual tip trajectory) 
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penalties for fast movement). If the system uses more evaluation metrics such as collision 

information and motion smoothness, it will be helpful to provide more accurate score 

information. In case of the bad movement, even though the action finished within a desired time 

limit, there are huge deviations as well as long path length. It causes the poor score. 

 
 

 
  

Table 8. Evaluation result for the good movement 

 

Table 9. Evaluation result for the bad movement 
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CHAPTER 11. 

CAST STUDY USING AN OBJECT TRANSFER TASK 

To verify the effectiveness of the proposed guidance system, the wire transfer task was used. 

Eight testers, 7 males and 1 female, were asked to perform the wire transfer task four times with 

different aids. For each trial, the system generates a specific operation randomly to avoid muscle 

memory (i.e., randomly provide (𝑅𝑅, 𝑟𝑖𝑛𝑔, 𝑇1, 𝑇2) or (𝑅𝑅, 𝑟𝑖𝑛𝑔, 𝑇2, 𝑇1) to a tester). If the ring 

was dropped or the wire fell, the task would stop immediately. While performing a task, the 

guidance system provided visual guidance, force guidance, or nothing. The guidance methods 

are as follows: 

 No guidance 

 Visual guidance 

 Force guidance type 1 

 Force guidance type 2 

where the system provided one of the guidance methods for a single trial. 

A balanced Latin square method was used to determine the order of the guidance methods. 

The 8 testers were divided into 4 groups and each group has two testers. A tester in a same group 

performed four trials with four different guidance methods in a same order. Before performing, 

the system displayed two video instructions to explain about the wire transfer task and how to 

use CAST. Whenever a tester finishes a single trial, the system asked about the force guidance 

(i.e., While performing this session, did you feel any kind of force feedback/guidance?) to 

evaluate the guidance system subjectively.  
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11.1. Force guidance system details 

The wire transfer task consists of four actions. For each action, the following geometries and 

force generation methods were used. 

 Force guidance type 1: Attractive force + Assistance force 

o Move: Attractive + Assistance using a virtual tube geometry with unidirectional 

(where 𝑟 = 2𝑚𝑚 for attractive and 𝑟 = 5𝑚𝑚 for assistance) 

o Grasp: Attractive using a sphere geometry (where 𝑟 = 10𝑚𝑚) 

o Carry: Attractive using a virtual tube geometry with unidirectional (where 

𝑟 = 1𝑚𝑚) 

o Place: Attractive using a sphere geometry (where 𝑟 = 20𝑚𝑚) 

 Force guidance type 2: Attractive force only 

o Move: Attractive using a virtual tube geometry with unidirectional (where 

𝑟 = 2𝑚𝑚) 

o Grasp: Attractive using a sphere geometry (where 𝑟 = 10𝑚𝑚) 

o Carry: Attractive using a virtual tube geometry with bidirectional (where 𝑟 =

1𝑚𝑚) 

o Place: Attractive using a sphere geometry (where 𝑟 = 20𝑚𝑚)  

While performing the Move action, the guidance system is enabled to teach how to maneuver an 

instrument by applying assistance force with attractive force (guidance type 1) or to minimize a 

deviation from a recommended path by only applying attractive force (guidance type 2). To 

guide a human operator during the Carry action, the guidance system allows only forward 

direction (guidance type 1) or both forward and backward direction (guidance type 2) while an 
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instrument tip is inside of the virtual tube. For grasp and place actions, this guidance system 

provides the entire control authority to a human operator if the instrument tip is inside of the 

defined sphere. 

For PD-like Sd-FSMCs to generate attractive force, the following parameters are used. 

 Maximum |𝑢(𝑘)|: [2000, 3000, 3500] for yaw, insertion, and pitch 

 Minimum output scaling factors: [100, 100, 100]  

 Maximum output scaling factors: [5000, 8000, 8000] 

 𝜆 and 𝜆𝐺: [0.5, 0.5, 0.5] and [1.0, 1.0, 1.0], respectively 

 𝛼𝐺  and 𝛽𝐺: [200, 250, 200] and [0.2, 0.1, 0.05], respectively 

where all parameters are determined by experimental results. 

Similarly, parameters for PI-like Sd-FSMCs to generate assistance force are as follows: 

 Maximum |𝑢(𝑘)|: [1500, 3000, 3000] for yaw, insertion, and pitch 

 𝜆: [1.0, 1.0, 1.0] 

 𝜅 and 𝛾: [75, 100, 225] and [0.8, 0.85, 0.8], respectively 

 Braking distance 𝛿: 7mm 

By implementing the switching controllers as presented in Chapter 8, the force guidance system 

provides proper force feedback. 

 

11.2. Effectiveness of guidance methods  

Among eight testers, only three testers completed the entire four trials without dropping the 

wire or the ring. While performing grasp or place actions, several testers dropped the ring. Also, 
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two testers dropped the ring while performing the carry action. These incomplete cases are 

presented as follows under a specific guidance method. 

 

In case of the ring drop, the testers had a difficulty while they used a grasper. Due to the 

improper usage of the grasper, they dropped the ring. The proposed guidance system did not 

provide any guidance information for manipulating grasper. As a result, majority of incomplete 

condition was the ring drop (25%). Without the force guidance, there were four wire drops due to 

the depth perception issue. Even though a tester did not complete this task due to drops, all 

participants finished the move action.   

Path length, completion time, average deviation, and maximum deviation were used to 

evaluate the effectiveness of guidance methods for move and carry actions. When a tester 

performs the move action, the path length changes every time due to starting from a different 

location. To compare the performance of the move action, the path length ratio (PLR) and the 

completion time ratio (CTR) were used, which were presented in Chapter 10. For the completion 

time ratio, a desired speed (e.g., 10mm/s) was defined. Both PLR and CTR indicate that the 

overall performance is good if the value of the ratio is close to zero.  Figure 46 shows box plots 

to represent the effectiveness of guidance schemes. When the guidance system provided 

 
Ring drop Wire drop 

Grasp Carry Place Carry 

No guidance 1   2 

Visual guidance 1 1  2 

Force guidance (type 1) 2 1   

Force guidance (type 2) 1 1   

 



 

 

105 

guidance force, testers could reduce not only the amount of instrument motion (i.e., 𝑃𝐿𝑅 → 0) 

but also deviations. When the attractive force and the assistance force were applied, the testers 

performed well (i.e., 𝑃𝐿𝑅 → 0, 𝐶𝑇𝑅 → 0, and 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 → 0). Compared to the force guidance 

type 1, the testers took more time with longer path length under the force guidance type 2. 

However, deviations maintained well because the system restricted the deviation by applying 

attractive force. When the system provided visual guidance, testers could manage the deviation 

little bit. However, the path length and the completion time could not manage well because the 

testers still could move an instrument without any restrictions like “no guidance” condition. Also, 

 
Figure 46. Performance evaluation for the move action. From top left to bottom right: (a) path 

length ratio, (b) completion time ratio, (c) average deviation, and (d) maximum deviation. 
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when the system provided the visual guidance or the force guidance type 2, the testers spent 

more time with longer path length.  

While performing the carry action, testers were asked to move the ring from one place to 

another without touching the wire. The desired path length was about 98mm. When a tester picks 

the ring up, the guidance system calculates a recommended path which assists to minimize 

touching the wire by maintaining a distance between the wire and the instrument. If the deviation 

is huge, a tester may hit the wire, or the ring may be deviated from the wire. The effectiveness of 

guidance schemes for the carry action is presented in Figure 47. When the guidance system 

 
Figure 47. Performance evaluation for the carry action. From top left to bottom right: (a) path 

length, (b) completion time, (c) average deviation, and (d) maximum deviation. 
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provided guidance force, testers maintained the deviation well. Therefore, they could transfer the 

ring. Also, this guidance system enabled testers to reduce the amount of instrument movement 

(i.e., the path length is close to 98mm). Compared to unidirectional attractive force, the 

bidirectional force allowed testers to move freely inside of the virtual tube. As a result, testers 

spent more time with longer path length. In case of the completion time, there was no significant 

difference among four guidance schemes in terms of median values. However, the unidirectional 

force guidance enabled testers to complete this action quickly. Unlike the move action, the visual 

guidance did not enhance the performance of the carry action. There were several reasons for 

this result. First, the testers might focus on watching the ring and the wire instead of observing 

visual cues. Second, the visual cues were not intuitive to maintain the distance. Third, the testers 

could still move the instrument freely under the visual guidance. To provide the better visual 

guidance, it is required to improve the visualization method. 

While performing the grasp and place actions, the force guidance system did not generate 

force most of time because the instrument tip was inside of the defined sphere, so the testers had 

full control authority to pick/place the ring. Due to this reason, several testers had a difficulty to 

complete the grasp or place action. To teach a specific grasping motion (e.g., grasp objects such 

as needles and threads), addition guidance schemes will be needed by combining multiple 

guidance methods. 

After finishing four trials, CAST asked overall impression about the guidance schemes. The 

results are summarized in Table 10. Most testers reported that the force guidance system was 

useful. Only one tester reported that the force guidance system was not helpful. This “not helpful” 

case will be discussed in the following section. For the visual guidance, some participants felt 
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that it made them confusing or moderate. The objective evaluation results also indicate this 

survey result. Based on this initial case study, the visual guidance system will be improved. 

 

11.3. Verification of the force guidance system  

The objectives of the proposed force guidance system are as follows: 

 Provide attractive force to minimize a deviation from a reference when the attractive 

force is enabled 

 Provide assistance force for a trainee to traverse a recommended path in 3D space 

when the assistance force is enabled 

 Provide much more control authority when a trainee performs well 

 Adjust amount of force to consider different force sensitivity 

where the human trainee should hold an instrument while performing a task.  Several examples 

are presented to verify whether this force guidance system meets the objectives. Most data came 

from 8 testers. However, collected data from pre-designed scenarios also are used to present the 

attractive force generation process effectively. 

Example 11.1: Given a sphere geometry (𝑟 = 10𝑚𝑚 and 𝑐𝑒𝑛𝑡𝑒𝑟 = [78,95,74]), attractive 

force is generated using PD-like Sd-FSMCs whenever an instrument tip enters outside of the 

 

Table 10. Subjective evaluation of guidance schemes 

 
Not 

helpful 
Confusing Moderate Helpful 

Very 

helpful 

Force guidance 1  1 4 2 

Visual guidance  3 3  2 
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sphere. A human operator intentionally tried to deviate from a sphere until the operator felt the 

force feedback. Figure 48 shows the overall behavior of the controllers. Whenever the instrument 

tip deviated from the reference, the controllers applied attractive force to guide the human 

operator. The insertion motion was the major movement in this example. Therefore, the output 

( 𝑢𝑎𝑡𝑡𝑟
𝑖𝑛𝑠 ) for the insertion axis was generated by adjusting the corresponding output scaling factor 

( 𝐺𝑎𝑡𝑡𝑟
𝑖𝑛𝑠 ). Even though the radius was 10mm, the human operator could deviate more because the 

sphere surface represents the transition surface of the switching controllers. 

 
Figure 48. Attractive force generation using sphere geometry. From left top to right bottom: 

(a) instrument tip trajectory, (b) deviation from the center of the sphere, (c) outputs of the 

controllers, and (d) output scaling factors for PD-like FSMC. 
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Example 11.2: Given a virtual tube (where a recommended path is a tube axis and 𝑟 = 2𝑚𝑚), 

attractive force is generated to aid a trainee to minimize a deviation from a desired path while 

moving from one place to another. Figure 49 depicts the controllers’ operation while a tester 

performs the move action. For the first 3 seconds, this tester just held an instrument, so the 

controllers did not generate force. However, after 5 seconds, this tester had some difficulties, so 

the controller was activated to provide force feedback. As shown in Figure 49-(a), this tester 

 
Figure 49. Attractive force generation using a virtual tube. From left top to right bottom: (a) 

instrument tip trajectory (where red: reference; blue: actual), (b) deviation from the axis of the 

tube, (c) outputs of the controllers, and (d) output scaling factors for PD-like FSMC. 
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struggled to maneuver the instrument for y and z directional motions. These two directions are 

highly related to insertion and pitch axes.  Therefore, 𝐺𝑎𝑡𝑡𝑟
𝑖𝑛𝑠  and 𝐺𝑎𝑡𝑡𝑟

𝑝𝑖𝑡
 were adjusted to generate 

proper force. Also, this tester might need strong force to sense proper force feedback, so the 

output scaling factors were being increased.  

 

Example 11.3: While performing the move action, assistance force was applied with attractive 

force as shown in Figure 50. The desired completion time was about 8.2 seconds when the 

desired average speed is about 10mm/s. For the first 2 seconds, the assistance force was 

generated for a tester to move the instrument properly (Figure 50-(d)). After 2 seconds, the 

controllers decreased the control outputs to provide much more control authorities to the tester 

(i.e., the instrument traversed the desire trajectory with relatively fast speed). When the 

instrument tip was close to the target location (at 5.85 seconds), the MD type controllers was 

activated by the ‘Close’ control action. Because this tester maintained the deviation well, the 

controllers for the attractive force were not active most of time (Figure 50-(e)). The force 

guidance system enabled to complete the move action quickly (< 7 seconds) without severe 

deviations. 
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Figure 50. Assistance force generation with attractive force. From left top to right bottom: (a) 

instrument tip trajectory (where red: reference; blue: actual), (b) deviation, (c) instrument tip 

speed, (d) control outputs for assistance force, (e) control outputs for attractive force, and (f) 

output scaling factors for attractive force. 
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Example 11.4: Like the Example 11.3, the force guidance system used both attractive and 

assistance force for the move action. A tester was asked to move an instrument to the target 

location. The desired completion time was 10.5 seconds. This tester took about 35 seconds to 

complete this move action. Unlike the previous example, the controllers for the attractive force 

increased the output scaling factors for the first 13 seconds to generate strong force to minimize 

the deviation. Even though the controllers provided strong force feedback, this tester kept 

deviating from the desired path as shown in Figure 51-(a). The main reason was that all the 

output scaling factors reached the maximum values after 13 seconds (Figure 51-(f)). Therefore, 

the absolute values of control outputs met the maximum values several times (Figure 51-(e)). 

This tester might need much more strong force.  

The controllers could minimize the deviation even though this tester reported that the force 

guidance system was not helpful as shown in Table 10 due to the limited range of output scaling 

factors. When this tester performed the same move action without the force guidance, the 

average deviation was 37mm (where the maximum deviation was 67.04) and the path length was 

213.25 mm (where the desired path length was 102 mm) as shown in Figure 52.  Under the force 

guidance, the average deviation was 8.66 mm (where the maximum deviation was 16.19mm) and 

the path length was 199.05mm (where a desired path length was 105mm). As shown in Figure 

51-(d), the controllers for the assistance force were mostly inactive due to the huge deviation. It 

caused the long path length. 
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Figure 51. Examples of lack of force situation. From left top to right bottom: (a) instrument 

tip trajectory (where red: reference; blue: actual), (b) deviation, (c) instrument tip speed, (d) 

control outputs for assistance force, (e) control outputs for attractive force, and (f) output 

scaling factors for attractive force. 
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Example 11.5: To guide a trainee for the carry action, attractive force was generated if needed. 

Given a virtual tube, the guidance system can allow one of directional motions – unidirectional 

or bidirectional. The ring was carried from T2 to T1 (i.e., from the right side to the left side) 

under different guidance configurations.  Figure 53 depicts the case when the guidance system 

only allows the unidirectional movement.  Between 20 and 25 seconds, there were backward 

 
Figure 52. Without providing any guidance, (a) instrument tip trajectory (where red: 

reference; blue: actual) and (b) deviation. 

 

 
Figure 53. The guidance system only allows the unidirectional movement. From left to right: 

(a) instrument tip trajectory (where red: reference; blue: actual) and (b) control outputs for 

attractive force. 
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movements (i.e., moved toward T2), so the guidance system generated force to protect this 

backward motion as shown in Figure 53-(b). Otherwise, the guidance system applied attractive 

force to minimize the deviation from the reference path (i.e., the controller for the insertion axis 

was mainly active). 

A trainee could make free motion inside of the virtual tube as shown in Figure 54-(a) when 

the guidance system allows bidirectional movement. The controller for the yaw axis managed the 

forward and the backward motion in this example.  Unlike the unidirectional case, 𝑢𝑎𝑡𝑡𝑟
𝑦𝑎𝑤

 did not 

change too much because of allowing the backward motion. However, the guidance system still 

managed the deviation to protect hitting the wire as shown in Figure 54-(b).   

 

Example 11.6: Figure 55 shows one of training trials when the guidance system provided both 

attractive and assistance force (i.e., force guidance type 1). This tester followed force guidance 

while performing. During the carry action, the output scaling factors were adjusted to provide 

the proper force guidance. 

 
Figure 54. The guidance system allows bidirectional motion. (a) instrument tip trajectory 

(where red: reference; blue: actual) and (b) control outputs 
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Figure 55. Overall performance with attractive and assistance force. From top left to bottom 

right: (a) instrument trajectory (where red: reference; blue: actual), (b) deviation, (c) control 

outputs for attractive force, (d) output scaling factors for attractive force, (e) estimated 

instrument tip speed, and (f) control outputs for assistance force (where red-move, green-

grasp, blue-carry, and magenta-place for (b)-(f)). 
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Example 11.7: Figure 56 shows one of training trials when the guidance system provided only 

attractive force (i.e., force guidance type 2). Whenever a tester deviated from a desired trajectory, 

the controllers adjusted the output scaling factors and provide force feedback. Because of using 

limited ranges of the scaling factors, this trainee could make relatively huge deviation. However, 

this tester could complete the entire task by avoiding the wire drop.  

 

 
Figure 56. Overall performance with attractive force. From top left to bottom right: (a) 

instrument trajectory (where red: reference; blue: actual), (b) deviation, (c) control outputs for 

attractive force, (d) output scaling factors for attractive force, (where red-move, green-grasp, 

blue-carry, and magenta-place for (b)-(d)). 
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While performing the wire transfer, the guidance system could generate force to assist a tester 

when a force guidance method was assigned. The subjective evaluation results indicate that the 

amount of force was good enough to help trainees most of cases. Table 11 summarizes the 

subjective evaluation.  

The initial test results are convincing that the proposed controllers meet the design objectives. 

Due to sharing the interface between human and machine, it is challenging to implement hard 

virtual fixturing [110] which does not allow non-preferred motion completely (i.e., the system 

prohibits entering the forbidden region).  A stable and fast response control algorithm will be 

continuously investigated to improve the force guidance system. Also, the proposed controllers 

will be modified to provide artificial tactile feedback when virtual environments are rendered.      

 

 

 

 

 

  

Table 11. Subjective evaluation about amount of force 

 Not at all 
Very 

weak 
Weak Moderate Strong 

Very 

strong 

Type 1 1   7   

Type 2 1   4 3  
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CHAPTER 12. 

CONCLUSION AND FUTURE WORK 

This dissertation presented design and implementation of Computer-Assisted Surgical Trainer 

(CAST) for minimally invasive surgery training. System requirements were discussed based on 

systematic reviews of existing computer-enhanced trainers. The key contributions of this 

dissertation are as follows: 

 The AR rendering system with instrument tracking enables to provide visual guidance as 

well as to provide various training scenarios.  

 Self-adjusting controllers enables to provide intuitive and efficient force guidance by 

considering human factors while performing a task. 

 A domain specific task description method enables to support guidance system and 

proficiency-based learning. 

 Hierarchical fuzzy scoring system with achievable goals enables to evaluate a trainee’s 

performance objectively. 

As an augmented reality training simulator, the AR rendering system was implemented to 

support both instrument tracking and visual guidance. This AR rendering has a potential to 

provide plentiful training scenarios by displaying virtual objects on a live camera image. For 

instance, given a physical training setup, a virtual object such as a needle or gauze can be 

rendered to provide a needle passing task or a pattern cutting task.  Also, unexpected event 

scenarios can be provided by displaying visual effects to simulate medical situations like 

unexpected blood loss and tissue damage.  
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To support various training tasks, the task description method was proposed. Given a training 

setup, a task is defined by using available operations, where an operation is a set of actions. To 

consider more complicated surgical scenarios like suturing and cutting, this task description will 

be refined. 

The initial test data of the force guidance system presented that the force-based guidance is 

valuable while a trainee performs a task. The force guidance system has adaptive features to 

consider different force sensitivity of trainees.  During a training session, the force guidance 

system keeps observing a trainee’s performance and provides instant feedback whenever a 

trainee has some difficulties (e.g., huge deviation and collisions). The proposed force guidance 

system will be improved to consider a trainee’s progress. For instance, the system will initially 

provide full control authorities to an expert level trainee, where this level is defined by 

optAssessment. While this trainee performs a task, a decision-making process will judge the live 

performance to adjust control authority.  

Combining all the guidance methods may be helpful to enhance training experiences. 

However, providing too much information at a single time may cause negative effects (i.e., 

information overload). Instead of providing all the information together, it is important to adjust 

amount of guidance information by considering human factors and proficiency levels. To support 

more intuitive guidance, a switching logic will be designed based on collected data. 

Object recognition methods are mandatory to support object-related tasks such as peg transfer, 

wire transfer, and suturing. For the wire transfer task, a simple color object recognition method 

was proposed. However, the proposed method may not suitable for complicated tasks. Therefore, 

a novel object recognition method is required to support various training. One possible solution 
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is using machine learning technologies. Also, various reasoning algorithms with sensor fusion 

schemes can be considered to implement a reasoning process. 

Finally, the objective assessment is one of the fundamental features for computer-enhanced 

surgical trainer. The hierarchical fuzzy scoring system was proposed with six evaluation metrics 

to quantify a trainee’s performance. This fuzzy system enables to mimic human’s decision 

process. The evaluation system will be improved using collected data with knowledge of human 

experts (i.e., medical surgeons). The evaluation score also will be used to generate a user specific 

task given a training environment. 

The surgical training is important to guarantee patient safety. To enhance a training procedure 

without involving human experts, an intelligent guidance system is required. The initial testing 

data indicated that the proposed system is beneficial to novice trainees. The proposed force 

guidance system has a potential to use for human-machine collaboration systems. The intelligent 

guidance system will be improved based on both human-subjects study and human experts’ 

advice.  
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