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TERMINOLOGY AND NOTATION 

The following terminology and notation are frequently used throughout this thesis (Table 0.1). 

 

Table 0.1: Terminology and notation. 

5-PLR 5-Parallelogram Lightweight Robot 

CCT Surgical Cricothyrotomy – An emergency airway procedure to gain 

access to a patient’s airway 

ETI Endotracheal intubation – A routine airway procedure to maintain an 

open airway or administer drugs 

DOF Degrees of freedom – The number of independent ways a point or 

rigidbody can move without violating constraints. 

d Cohen’s d – A measurement for the effect size. This is a quantitative 

measure of the magnitude difference between two means. 

Hypoxemia An abnormally low concentration of oxygen in the blood 

ICC Intraclass Correlation – A descriptive statistic that represents how 

strongly features in two groups resemble eachother 

M Mean 

SE Standard Error – The standard deviation of a statistic’s sampling 

distribution 

CI Confidence Interval – Confidence level that a value is within the 

proposed range 

F/T Force and torque 

OR Operating room 

PLS Partial Least Squares – A statistical method for determining the 

weighting coefficients for a regression. 
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ABSTRACT 

Endotracheal Intubation (ETI) is a dexterous medical airway procedure that can grow 

increasingly difficult based on patient characteristics and unanticipated difficulties. Failing to 

establish an airway and provide oxygenation to a patient may lead to life-threatening complications 

or even death. It is most commonly learned on static mannequins or in the clinical setting with live 

patients. There are many patient factors, such as weight, height, and anatomy, that are not 

adequately simulated using these existing means.  

High-fidelity haptic simulators have played a crucial role in medicine, from understanding 

procedures, medical examinations and intervention, to training and evaluating skills. High-fidelity 

training has been shown to help retain complex procedural skills and correlate psychomotor 

performance in virtual reality (VR) with technical skills in the operating room (OR). 

We propose a user-centric approach to developing high-fidelity haptic environments and 

demonstrate this process with training endotracheal intubation (ETI). We began by understanding 

the medical procedure and simulator requirements. This was accomplished by in-depth literature 

review, meeting with experts, direct observation, and biomechanics measurements. Our first 

outcome was a technical assessment tool for grading the performance of the ETI procedure. The 

significance of this research was that it provided us a quantitative way to measure the learning of 

trainees as they used the developed simulator. We then identified the simulator requirements to 

provide the highest impacting modalities that will influence training. Based on the user 

requirements and biomechanics of the ETI procedure, we developed a haptic mechanism – a 5-

Parallelogram Lightweight Robot (5-PLR). The 5-PLR was tested to ensure that it would be able 

to provide the forces required by the ETI procedure. The 5-PLR was used in conjunction with 

another haptic device, an instrumented mannequin, to develop a virtual reality simulator for ETI. 
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User studies indicate the ability of the simulator to distinguish between novices and experts. 

Randomized controlled studies have been performed to demonstrate the effectiveness of the 

simulator as a haptic training tool, enabling retention of the learned skills and the ability to perform 

ETI procedures on human patients.  

In summary, we present a paradigm of developing user-centric haptic interfaces based on 

field testing and rigorous clinical validation with an application to endotracheal intubation.  



 

1 

 

1. INTRODUCTION AND SIGNIFICANCE 

1.1 Airway Management 

Airway management (AM) refers to a class of clinical procedures performed to maintain 

and restore the flow of air to and from the lungs of a patient. Routine AM is one of the most 

commonly performed procedures in operating rooms (OR), emergency departments (ED) and 

intensive care units (ICU). There are various techniques used for AM, depending on factors such 

as patient anatomy, patient injuries, and procedure being performed. Bag and mask ventilation 

(BMV) is often the first step in AM (Fig. 1.1, left), as it is a quick way to provide oxygenation to 

a patient, with the understanding that there is an implicit risk of aspiration of foreign matter into 

the lungs [1]. Difficult BMV can often occur in patients with morbid obesity, beards, sleep apnea 

and craniofacial deformities [2]. BMV is viewed as an essential skill for all hospital personnel and 

rescue services, as it can be applied prehospital to provide patients with improved oxygenation and 

increases time to hypoxemia [3]. A more advanced form of AM are the supraglottic airway (SGA) 

techniques that use devices designed to have their distal tip resting above the level of the glottis 
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when in its final seated position (Fig. 1.1, right). In recent decades, the development of supraglottic 

devices have permitted airway rescue when adequate BMV is unattainable. The most common 

supraglottic technique is performed with a laryngeal mask airway (LMA). Compared with BMV, 

LMA is more invasive but has benefits such as allowing hands-free operation once the device is 

placed, easily maintaining an airway, and protection against airway secretions [1], [4]. The next 

form of AM and the most commonly used to deliver general anesthetic is endotracheal intubation 

(ETI). ETI is not a risk-free procedure and being more invasive than BMV and LMA ventilation, 

it is advised to only be performed by experienced professionals. Endotracheal intubation involves 

using a laryngoscope to obtain a view of the patient’s vocal cords and then placing an endotracheal 

tube in the patient’s trachea (Fig. 1.2, left). This is explained in-depth in the next section. 

Compared to the previous methods, ETI has a reduced risk of gastrointestinal aspiration, allows 

for higher positive-pressure ventilation and is a more secure airway. Mask ventilation or 

ventilation with an LMA is usually satisfactory for short minor procedures while intubation is 

Figure 1.1: (Left) One-handed bag mask ventilation. (Right) Laryngeal mask being inserted right about the 

level of the glottis. Reprinted by permission from McGraw-Hill, Morgan & Mikhail’s Clinical Anesthesiology, 

[1], Copyright 2020. 
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indicated in patients undergoing surgical procedures involving body cavities, the head, and neck, 

or in procedures where the airway will be less accessible. In the worst situation, when it is deemed 

that a patient cannot be intubated or oxygenated (referred to as “can’t intubate, can’t oxygenate”, 

CICO) then invasive airways may be performed to secure an airway. The options for invasive 

airways include surgical cricothyrotomy (CCT), catheter or needle cricothyrotomy, transtracheal 

catheter with jet ventilation, and retrograde intubation. CCT is an infrequent, high-risk procedure 

that involves surgical incision of the cricothyroid membrane and placing a breathing tube[5]–[8] 

(Fig. 1.2, right). This procedure permanently damages the cricothyroid membrane and is used as a 

last resort in airway management. Each of the techniques for AM discussed have varying levels of 

invasiveness (Fig. 1.3). Their use is conventionally based on the guidelines set by the American 

Society of Anesthesiologist in the Difficult Airway Algorithm [9] and the Management of 

unanticipated difficult tracheal intubation in adults by the Difficult Airway Society [10]. American 

Society of Anesthesiology defines a difficult airway as the ‘clinical situation in which a 

Figure 1.2: (Left) Endotracheal intubation being performed where a laryngoscope is used to obtain a view of 

the vocal cords and an endotracheal tube is placed in the trachea. Reprinted by permission from McGraw-Hill, 

Morgan & Mikhail’s Clinical Anesthesiology, [1], Copyright 2020. (Right) Surgical incision of the cricothyroid 

membrane prior to placing a breathing tube. Reprinted by permission from Elsevier, Operative Techniques in 

Otolaryngology, “Emergency cricothyrotomy,” M. G. Katos and D. Goldberg [8], Copyright 2020. 
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conventionally trained anesthesiologist experiences difficulty with facemask ventilation of the 

upper airway, difficulty with tracheal intubation, or both [9]. 

To anticipate the occurrence of a difficult airway and reduce procedure-related injury and 

mortality, airway assessment is mandatory before anesthetic procedures. Multiple anatomical 

assessments exist that estimate the difficulty of an airway procedure. One of the most notable is 

the Mallampati classification [11], which examines the visibility of the faucial pillars, soft palate 

and uvula of a patient (Fig. 1.4). In the most straightforward case (Mallampati Class 1), the entire 

palatal arch, including the bilateral faucial pillars and uvula, are all visible. In Mallampati Class 2, 

the upper part of the faucial pillars and part of the uvula are visible. In Mallampati Class 3, only 

the soft and hard palates are visible. Finally, what would be considered most difficult (Mallampati 

Class 4), only has the hard palate visible. The classification can be subjective to the observer and 

can vary for a single patient depending on their posture and whether they are phonating [12]. 

Figure 1.3: Level of airway instrumentation in relation to their symbolised anatomic position and invasiveness.  

Reprinted by permission from John Wiley and Sons, Anaesthesia, “Supraglottic airways in difficult airway 

management: successes, failures, use and misuse,” A. Timmermann [4], Copyright 2020. 
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Another observation-based method includes the patient’s thyromental distance, which is the 

distance between the mentum (chin) and the superior thyroid notch. The accuracy of this test has 

also been subjected to scrutiny, and both tests have been shown to have high false-positive rates 

[13], [14]. The incidence of an unexpected difficult airway can as high as 30% [15], and therefore 

anesthetists should be prepared to manage any patient as a potentially difficult airway case [16].  

There are multiple patient features that contribute to a high-probability of a difficult airway 

case[17]. A study by Langeron et al. showed five independent factors all contributing to increased 

difficulty in BMV, allowing the mnemonic OBESE [Obese, Beardedm Elderly (>55 yr), Snorer, 

and Edentulous] to be used[2]. Airway management has been shown to be more difficult in 

morbidly obese patients and body mass indices greater than 30 kg/m2. These patients often have 

redundant pharyngeal tissue and increased neck circumference[18]. The difficulty in BMV 

increases 3-fold [2], and the incidence of difficult ETI increases 10-fold [19], [20] in obese 

patients. Pathologies such as epiglottis, lingual tonsil hyperplasia, and Ludwig’s angina are well 

recognized in AM as contributing to difficult or impossible endotracheal intubation [17]. These 

patient factors influence the potential difficulties that may occur during airway management and 

Figure 1.4: Mallampati classification of oral openings. Reprinted by permission from McGraw-Hill, Morgan & 

Mikhail’s Clinical Anesthesiology, [1], Copyright 2020. 
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must be recognized to ensure a favorable patient outcome. Endotracheal intubation is central to the 

difficult airway algorithms, as it the most used form of routine airway management and can result 

in morbidity if not performed properly. 

1.2 Endotracheal Intubation 

Endotracheal intubation (ETI) is a critical procedural skill in many areas of medicine where a 

trained individual is placing an endotracheal tube (ETT) in a patient’s trachea to facilitate 

Figure 1.5: Laryngoscope. Reprinted by permission from McGraw-Hill, Morgan & Mikhail’s Clinical 

Anesthesiology, [1], Copyright 2020. 

Figure 1.6: Endotracheal tube (ETT). Reprinted by permission from McGraw-Hill, Morgan & Mikhail’s 

Clinical Anesthesiology, [1], Copyright 2020. 
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ventilation of the lungs or administer drugs. Failing to establish an airway and provide oxygenation 

to a patient may lead to life-threatening complications or even death[21].  

ETI is primarily performed using two tools, a laryngoscope (Fig. 1.5) and an endotracheal tube 

(Fig. 1.6). The laryngoscope is used to examine the larynx, obtain a view of the vocal cords and 

facilitate intubation. The laryngoscope has a light under the blade to illuminate the airway when 

trying to intubate. There are a variety of blades, such as the Macintosh, Miller, and Wisconsin 

styles that come in different lengths and may be selected based on personal preference, operator 

experience or patient characteristics [22]–[24]. Modern advancements to the laryngoscope blade 

include video laryngoscopes that allow laryngoscopy to be performed indirectly by viewing a 

video from the view of the blade. Video laryngoscopes use identical blades to direct laryngoscopy, 

allowing the operator to perform direct laryngoscopy using a video laryngoscope if desired. Video 

laryngoscopy generally improves visualization of laryngeal structures in difficult airways and may 

result in less displacement of the cervical spine; however, visualization does not always lead to 

successful intubation[25]. While video laryngoscopy has been growing in popularity, direct 

laryngoscopy (ETI) is still the standard, as video laryngoscopes are expensive and not always 

available. Endotracheal tubes (ETT) are most commonly made from polyvinyl chloride. Their 

shape and rigidity are modified by inserting a stylet, a malleable metal wired. The ETT is passed 

into the patient, tip first. Once an ETT is placed, the valve is used to administer drugs and the 

connector is used to connect to an oxygen source. The ETT resistance to airflow depends on tube 

diameter and  and tube length and curvature. The choice of tube diameter is a trade off between 

maximizing air flow with a larger size and minimizing airway trauma with a smaller size [1]. ETI 

is primarily performed by anesthesiologists or registered nurses in a hospital setting. However, it 

may be performed in acute care settings, including the emergency department and out-of-hospital 
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environments. In the hospital setting, the patient is first sedated, and then the anesthesiologist 

usesboth their hands to position the patient’s head (Fig. 1.7, A). Once the patient’s head is in 

D 

A B 

C 

E F 

Figure 1.7: Video screenshots showing the steps of ETI. (A) Positioning the patient head. (B) Scissoring the 

mouth. (C) Inserting the laryngoscope blade. (D) Lifting the laryngoscope to obtain a view of the vocal cords. 

(E) Inserting the ETT. (F) Withdrawing the blade. 



 

9 

 

position [26], the medical practitioner will open the patient’s mouth with their right hand using a 

“scissoring” motion with their thumb and index finger (Fig. 1.7, B). While the mouth is being held 

open, the practitioner grabs a laryngoscope with their left hand, inserting the blade on the right 

side of the mouth and sweeping the tongue to the left while lifting forward at a 45° angle (Fig. 1.7, 

C). Maintaining the blade in the midline of the patient and force on the laryngoscope to obtain a 

view of the vocal cords (Fig. 1.7, D), the practitioner grabs an ETT and feeds it passed the vocal 

cords (Fig. 1.7, E). Once the ETT is pass the vocal cords, the blade is withdrawn from the patient 

and the tube is connected to the oxygen source (Fig. 1.7, F).  

ETI is a dexterous task, and that can grow increasingly difficult based on patient characteristics 

and unanticipated difficulties [9], [27], [28]. In addition to the OBESE characteristics discussed 

earlier, observational studies have reported difficult intubation in patients with mediastinal masses 

[29][30]. In 1985, Azizkhan et al. observed that when ETI was administered on a group of children 

(n = 8) with mediastinal masses, 5 of them developed total airway obstruction and ventilation had 

to be reestablished through a variety of other maneuvers. Case reports observed difficult 

laryngoscopy or intubation amongst a variety of acquired or congenital disease states such as 

ankylosis [31], degenerative osteoarthritis, subglottic stenosis, cervical spondylosis [32], lingual 

thyroid [33] Treacher-Collins [34], or tonsillar hypertrophy or Down syndroms [35]. 

Outside of the OR, complications are greatly increased, and the experience of the operator is 

not as seasoned. A meta-analysis by Hubble et al. approximated the success rate outside of the 

hospital of first-attempt, pre-hospital ETI among ground paramedics in the United States at 69.8% 

[CI: 50.9%-83.8%] [36].  
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 The difficult airway algorithm prevents an operator from performing more than 3 

intubation attempts due to an increased risk to the patient [9]. An observational study by emergency 

department patients undergoing ETI showed that patients undergoing multiple intubation attempts 

exhibited higher adverse event rates (35% versus 9%) [37]. Complications from this study included 

cardiac arrest, dysrhythmia, hypotension, hypoxemia, regurgitation, airway trauma, and dental or 

lip trauma. Military use of endotracheal intubation often requires training in battlefield scenarios 

and austere environments, such as the back of helicopters [38] (Fig. 1.8). 

Figure 1.8: Pararescueman performing direct laryngoscopy while crammed between the patient and the door, 

unable to visualize the airway. Reprinted by permission from Oxford University Press, Military Medicine, 

“Evolution of Pararescue Medicine During Operation Enduring Freedom,” S. Rush et al. [38], Copyright 2020. 
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1.3 Airway Mannequin Simulation 

ETI is mostly learned on static mannequins or in the clinical setting with live patients. Training 

for endotracheal intubation begins with static mannequins, often in a simulator lab or classroom. 

Most basic airway mannequins (Airway Management Trainer Fig. 1.9 left, ©Laerdal) are equipped 

with airway anatomy, teeth that can “break” (the teeth click if the force on them is too high), lungs 

that can inflate and a head and neck that can be manipulated. Trainees begin learning the ETI 

procedure and maneuvers through mannequin training. Following the basic training on the 

mannequin, the apprenticeship model is utilized in the OR. The trainee (apprentice) will observe 

multiple intubations performed by attending anesthesiologists (master) in the operating room. 

Once enough intubations are observed, the trainee will perform intubations, under close watch by 

the attending, on simple patients with a low probability of complication. 

Manikins serve an important purpose in preparing operators, such as the ability for repeated 

practice, no direct risk to patients, and producing conditions not easily recreated with human 

patients [39]–[41]. In a study by Brinker et al., BMV was evaluated in a simulated toxic 

environment on mannequins, where human patients would be at high risk [41]. A study by Hall et 

al. randomized a sample of paramedic students with no ETI experience (n=36) into two groups; 

Figure 1.9: (Left) Laerdal Airway Management Trainer. Image provided by ©Laerdal Medical, all rights 

reserved. (Right) CAE HPS (Human Patient Simulator) for anesthesia. Reprinted by permission from ©CAE 

Healthcare. 
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one group received simulator training on a human patient simulator (HPS), and the second group 

received training in the operating room. The simulator group received 10 hours of training while 

the OR group performed 15 intubation attempts for their training period. At the end of the training 

period, both groups were evaluated on 15 intubations, and the intubation success rate in the OR 

for the simulator group was 87.8% and 84.8% in the OR group (p=0.42) . This study showed 

mannequin training to be effective in easy (72.6% of cases) and moderate (21.1%) but there 

weren’t enough difficult airway cases (6.3%) to predict their preparedness for a difficult airway. 

There is also a category of mannequin training that is referred to as high-fidelity patient simulators 

(HFPS). HFPS contain more features than standard mannequins allowing more lifelike responses, 

like vitals and breathing, to be simulated (HPS Human Patient Simulator, Fig. 1.9 right, ©CAE 

Healthcare). HFPS may also react to a user’s actions and the simulated environment. HFPS have 

been linked with increasing technical skills and patient outcomes as well as self-confidence and 

behavior performance[42]–[44]. HFPS have shown to facilitate learning and be effective at 

providing feedback, allowing repetitive practice and being integrated into standard medical school 

or postgraduate educational curriculum[45]. A study by Ellis and Hughes showed an improvement 

in the cognitive skills for rapid sequence intubation (RSI) and recognizing physiological responses 

to drugs and illness.  The benefit of high-fidelity training has been shown to help retain the ability 

to perform cricothyrotomy. Boet et al. trained surgical cricothyrotomy on SimMan and showed 

that when tested a year later they retained their ability to perform cricothyrotomy [46].  

Despite the benefits of mannequins and HFPS, they do have limitations when replicating what 

is to be expected on real patients. Existing manikins and human patient simulators (e.g., Laerdal 

SimMan, METI HPS) have not been shown to be effective for difficult airway training [47], [48]. 

An editorial in Anesthesia by Rai & Popat [48] brought up concerns about researchers validating 
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new airway devices by extrapolating results on mannequins to humans. A study by Hesselfeldt et 

al. evaluated the SimMan™ full-scale patient simulator as a simulator of normal and pathological 

airways [49]. Results from this study showed that the simulator’s airway is “generally acceptably 

realistic but it significantly differs from the human airway in important aspects”. The ability to 

mask seal (during BMV) SimMan™ was more difficult than on human patients. The SimMan™ 

has a feature to ‘reduce the neck movement’ to increase the difficulty of intubating, however, 

intubations were only slightly more difficult than the ‘normal’ mode. Comparing clinical practice 

to a Laerdal Manikin for laryngeal tube (LT) insertion, Misiak et al. found that there were 

significant differences in obese patients and high difficulty level of tube insertion[47]. Testing a 

variety of mannequins (Airway Management Trainer™, Airway Trainer, Airsim and Bill 1), 

Jordan et al. saw a significant difference between mannequins in a semi-objective assessment 

when simulating procedures described by the Difficult Airway Society guidelines [27]. The Ambu 

mannequin and Bill 1 were most criticized for the low fidelity laryngeal anatomy and rigidity of 

the ‘tissues’. The mannequins were negative comments about poor BMV and concerns over the 

robustness of the simulated tissue[50]. Low-fidelity models in airway training have been a limiting 

factor[49], [50] in the development and assessment of skills, such as cricoid pressure training [51], 

and are often limited by manufacturing capabilities for these physical models of human anatomy. 

1.4 High-Fidelity Virtual Simulators 

Virtual simulators allow for advanced human-computer interaction that can provide various 

levels of immersion. At the minimum, virtual simulators focus on cognitive training, providing 

visualization on an LCD monitor and controlled using desktop peripherals (e.g., mouse and 

keyboard). Immersion can be increased by providing simulation through a virtual reality (VR) 
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headset with 6-DOF controllers (e.g. Occulus Rift™, HTC Vive™). Advances in graphics and 

computation have led to the capability of creating high-fidelity anatomical models [52] and real-

time simulation of soft-body and fluid dynamics [53]–[55]. Virtual simulators are often paired 

with haptic feedback to give users sensory feedback and to provide psychomotor training (Haptics 

is discussed more in the next section). High-fidelity (HF) virtual simulators provide a safe, 

repeatable, and practical method for medical training and skill acquisition.  

HF virtual simulators in medicine have been mostly focused on minimally invasive surgical 

training [56]–[60]. In 2002, Seymour et al. demonstrated that a group of surgical residents (PGY 

1-4) that were trained on the Minimally Invasive Surgical Trainer-Virtual Reality (MIST VR) 

system (Mentice AB, Gothenburg, Sweden) were significantly more likely to transiently make 

progress (p < 0.007, Mann-Whitney test) and significantly less likely to injure the gallbladder or 

burn nontarget tissue (chi-square = 4.27, p<.04) in laparoscopic cholecystectomy [57]. In 2008, 

Kundhal et al. [60] showed that surgical residents who were trained on the VR laparoscopic trainer 

LapSim demonstrated significant correlations between operative performance in the OR and 

psychomotor performance in the VR environment when assessed by a computer simulator. 

Specifically, there were correlations observed between the economy of motion score from the 

operative procedure and the LapSim’s economy parameters. (path length and angular path in six 

of the 7 tasks measured. 
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For training in ETI, the research and availability of HF virtual simulators in severely lacking. 

There have been other attempts to create a virtual training environment for ETI, but they cannot 

produce the complexities inherent with the procedure. In 2003, Mayrose et al.[61], [62] was 

probably the earliest attempt of a multimodal ETI trainer, but due to the state of technology for its 

time, it was not able to provide a realistic virtual experience or adequate forces using a Phantom 

Haptic feedback device (Sensable Technologies, Inc.) (Fig. 1.10). While they did report forces 

measured during ETI of other studies, they did not report the specifications of their haptic feedback 

device or validation that it was capable to provide similar forces and torques (At the time of this 

thesis The Phantom Premium 1.5 (3D Systems, Inc.) is only capable of providing translation forces 

up to 8.5 N and torques up to 515 mNm). Additionally, the research used a single Phantom to 

control the laryngoscope and ETT. This required users to obtain the view desired controlling the 

laryngoscope, saving its position and then controlling the ETT, which is not representative of the 

Figure 1.10: Haptic interface and intubation simulator developed by Mayrose et al. Reprinted by permission 

from Elsevier, Resuscitation, “Utilization of virtual reality for endotracheal intubation training,” J. Mayrose et 

al. [61], Copyright 2020. 
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actual intubation procedure. In 2007, a review  by Cumin and Merry found no screen-based or VR 

simulators that taught airway management, restricting the simulators to physical mannequins [63]. 

The only VR based simulators related to anesthesia were for one for ultrasound and one for 

cannulation. In 2013, Lee et al. [64] proposed another ETI virtual trainer that was less than what 

Mayrose accomplished 10 years earlier. The simulator proposed by Lee only allowed haptic 

manipulation of the ETT, yet they claimed that it was as effective as mannequin training. In 2018, 

Rajeswaran et al. proposed AirwayVR [65], a cognitive trainer for ETI. This simulator instructed 

and tested individuals on the cognitive aspects of ETI, but there was no evidence that it was 

effective. Interacting with the simulator involved using 6-DOF position controllers and there was 

no haptic feedback. The simulator was not physics based, therefore performing a procedure on the 

patient only required the user to bring the tool near the goal and there were only pre-scripted 

animations (Fig. 1.11). 

While these works have recognized the need for a HF virtual training environment for ETI, 

they present several limitations. These limitations are outlined below: 

Figure 1.11: Screenshot from a video demonstration of AirwayVR. The monitor on the left should be showing 

the trachea and vocal cords but there is clearly clipping taking place due to no collision detection or response.  

[65] Copyright 2018 IEEE. 
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• The use of a single haptic device for a bilateral procedure [61], [62], [64] or no haptic 

device [65] 

• Insufficient forces and torques provided by the haptic devices [61], [62], [64] 

• Insufficient workspace provided by the haptic device [61], [62], [64] 

• No validation or testing the effectiveness to perform ETI [61], [62], [66] 

For HF virtual simulators to be effective in training cognitive and psychomotor tasks, they 

must include accurate, high-fidelity haptic feedback. 

1.5 Haptic Feedback 

The sense of touch (haptics) plays a critical role in psychomotor development in virtual 

systems for procedural simulators [67]. In such simulators, both kinesthetic and tactile feedback 

may be provided. Tactile feedback excites the subcutaneous mechano-receptors and is responsible 

for detecting spatio-temporal mechanical stimulation. Kinesthetic feedback refers to the large-

scale forces and torques that are provided to the sensory receptors in muscles, tendons, and joints 

[68]. This thesis focuses on kinesthetic force feedback since the haptics during ETI is based on a 

rigid tool that is controlled with the operator’s left hand using a power-grasp[69]. This is further 

discussed in the user requirements. Kinesthetic force feedback operates in what is referred to as 

the active interaction region, which is between 0.1 Hz and 12 Hz. The maximum bandwidth with 

which the human finger can apply force and motion commands naturally is between 5 and 10 Hz 

[70]. Haptic systems can be classified based on their mechanical inputs and outputs, often falling 

into two structures: impedance or admittance systems. This thesis focuses on impedance-

controlled systems as they are typical for many kinesthetic devices and are based on the transfer 

characteristics of mechanical impedance, �̅� =
𝐹

�̅�
. Impedance systems generate a force, �̅�, as output 
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and measure a position, �̅�, as input. Impedance devices operate by measuring the position of the 

end-effector that a user is holding, often through encoders, then transmitting the position to a 

controller or simulator that calculates the force to provide. Once an output force is calculated, the 

respective currents are applied to actuate the mechanism, providing the force at the interface 

between the device and the user. This control scheme allows for haptic feedback of real 

environments to be simulated, interacted with and then rendered to the user. It can provide a safe 

and repeatable way for motor-skill training to take place with situations that are rarely encountered 

in the real world or are dangerous to replicate. 

Research-based and commercially available, general-purpose haptic devices exist that lack 

specific requirements that would be needed for an ETI force feedback mechanism. Arata et al. 

compared different types of popular haptic research and devices [71]. The main issue with general-

purpose haptic devices was that they focuse on a much lower force range and workspace. A 

common method for creating mechanisms capable of higher forces with a large workspace was the 

use of parallel links. Arata et al. developed Delta-4, a desktop-based haptic mechanism that only 

Figure 1.12: 3-DOF force feedback mechanism developed by French et al. Reprinted by permission from ISA, 

ISA Transactions, “High performance force feedback mechanism for virtual reality 

training of endotracheal intubation,” J.D. French et al. [67], Copyright 2020. 
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lacked the reachable workspace needed [72]. Lee et al. developed VirtuaPower, which is capable 

of providing the force and workspace required but is not a desktop-based device [73].  

In 2004, French et al.[66] developed a 3-DOF planar haptic device using a pantograph (Fig 

1.12). French’s mechanism was capable of providing continuous forces along the axis of the 

laryngoscope handle up to 80N. This research did not refer to any existing studies or measurements 

performed for justifying the workspace or mechanism specifications. Since their mechanism was 

planar, it neglected the right-to-left motion required to sweep the patient’s tongue, a necessary step 

when performing intubations. Follow up research incorporating French’s device in a simulator has 

not been published. While this work has recognized the need for an HF haptic feedback for ETI, 

it presents several limitations. These limitations are outlined below: 

• Insufficient workspace provided by the haptic device 

• No validation or testing the effectiveness to perform ETI 

None of these general-purpose haptic device or the specialized haptic device would be suitable 

for an ETI trainer, and therefore we developed a new, user-centered haptic mechanism that can be 

utilized. 
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1.6 User-Centered Design 

 

The user-centered design process (UCD) is a framework for a product’s development life cycle 

that focuses on the end-user to a great extent (Fig 1.13). The UCD process is often composed of 

several methods and tasks, depending on what is being developed, the requirements, and the 

environment in which the product is being developed. The international standard ISO 9241 -

210:2019, Ergonomics of human-system interaction – Part 210: Human-centered design for 

interactive systems, is the basis for many UCD processes. The UCD process begins with 

identifying a need or problem and then specifying the context for use. This involves identifying 

the users of the product, its end-use, and conditions under which it will be used. Following that, 

the requirements that must be met for the product to be successful are identified. Then, design 

Figure 1.13: User-centered design diagram. 
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solutions are produced, often in multiple stages or iterations, forming from early prototypes to a 

finished design. The prototype or final designs are then evaluated, ideally with end-users, through 

usability testing to get integral feedback on the experiences expected in implementation. Based on 

the results of the evaluation, the system either satisfies and solves the need identified, or the process 

is iterated upon, looping back to any of the methods that need revisiting. This thesis is broken up 

into the different methods explained above and follows the UCD process to design, develop and 

evaluate a haptic training tool for endotracheal intubation. 

 

Figure 1.14: Adoption of the V-model for the design of haptic systems. Reprinted by permission from Springer, 

Engineering Haptic Devices 2nd edition, [69], Copyright 2020. 
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In task-specific haptic systems a commonly used model is the V-Model, which has been 

adapted for the development of mechatronic systems (Fig. 1.14) [68]. In this thesis, we combine 

the V-model with the cyclic-model used in UCD to emphasize both the haptic mechanism 

optimization and iterations as well as the user-centered requirements and evaluations (Fig. 1.15). 

This model is referred to as a User-Centered Model for System Development (UCMSD). The 

model retains the cyclic nature of standard UCD models while including an additional iteration for 

the system design & development that maintains user feedback during the engineering stages. This 

model accurately defines the user’s context and requirements before moving onto the system 

requirements to satisfy the user’s needs. The system is then designed and developed, with the user 

involved in each iteration cycle. Once the system verification satisfies system requirements, the 

Figure 1.15: User-Centered Model for System Development (UCMSD). 
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system is then validated against the user-centered requirements. If the user-centered validation is 

satisfied, then a solution is produced; otherwise, the context of use and user requirements that are 

lacking are reiterated upon.  

1.7 Specific Aims 

Based on a review of existing research above, user-centric design is selected as the 

methodology to develop a high-fidelity haptic mechanism for training endotracheal intubation. 

However, the existing literature and state-of-the-art in this field have the following significant 

gaps: 

• Lack of approaches to assess the technical performance that differentiate skill levels in 

endotracheal intubation 

• Lack of design specifications and user requirements for motor skill training in 

endotracheal intubation 

• Lack of a high-fidelity haptic trainer for improving motors skills in endotracheal 

intubation 

These gaps form the basis of the following specific aims of this research: 

Specific Aim 1 (SA1) is to develop a user-centric approach to assessing the technical 

performance of ETI procedures. The milestone for SA1 is when an approach to evaluating the 

technical performance of ETI can be agreed upon and differentiate proficiency in practitioners. 

Specific Aim 2 is to determine the user-centric design specifications of a haptic interface 

for high-fidelity simulation of ETI procedures. The milestone for SA2 is when the haptic 

interface specifications based on user requirements are established. 
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Specific Aim 3 is to design and develop a haptic mechanism for virtual training of ETI 

procedures and establish its clinical validity and usefulness. The first milestone (MS1) for SA3 

is the successful development of a haptic mechanism that meets the technical requirements for 

haptic feedback. The second milestone (MS2) for SA3 is the clinically validated haptic mechanism 

for endotracheal intubation. 

1.8 Research Plan and Thesis Organization 

In this work, we present a methodology for creating high-fidelity, haptic environments and 

demonstrate this process with training endotracheal intubation (ETI), a technical, medical 

procedure. To accomplish SA 1 and SA 2, we begin by understanding the medical procedure and 

the simulator requirements. This is accomplished by in-depth literature review, meeting with 

experts, direct observation in the clinic, and biomechanical measurements. Our milestone for SA 

1 is a technical assessment tool for grading the performance of an ETI procedure. The milestone 

for SA 2 is a table of haptic specifications based on user requirements. 

For SA 3, we develop a user-centric, high-fidelity haptic mechanism based on the requirements 

and mechanism specifications obtained in SA 2. Our first milestone for SA 3 is the mechanism 

validation for the technical requirements. Following the first milestone, the haptic mechanism is 

then implemented into a virtual simulator for ETI. The multi-input, high-fidelity haptic 

environment is then clinically validated as a training tool for ETI. 

The remainder of this thesis is organized as follows. Chapter 2 discusses the research that we 

conducted with respect to learning about the user-centric ETI simulator requirements. It focuses 

on video analysis and metric development (SA 1) followed by a kinematic workspace analysis and 

force characterization. Chapter 3 presents the user-centric design specifications (SA 2), design, 
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and engineering of a 4-DOF haptic mechanism. It concludes with testing and validating the 

mechanism’s capabilities (SA 3, MS1) for the ETI procedure. Chapter 4 presents clinical studies 

conducted to validate the metrics used in the simulator and to test whether practicing on the 

simulator leads to learning, transfer, and retention of skills (SA 3, MS2).  Chapter 5 summarizes 

the major conclusions of the work and proposed future work. 
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2. TECHNICAL ASSESSMENT OF ENDOTRACHEAL 

INTUBATION 

2.1 Introduction 

We began the process of developing a high-fidelity simulator by characterizing the medical 

procedure and the user requirements. We accomplished this by in-depth literature review, meeting 

with experts, direct observation in the clinic, and biomechanical measurements. Our primary 

outcome in this chapter is a technical assessment tool for grading the performance of an ETI 

procedure (SA 1). It is hypothesized that assessment items within the metric can be agreed (ICC > 

0.6, at least of “good” quality [74]) upon when viewed by different experts and will strongly 

correlate with the reference standards of rating and rank-ordering performance. The significance 

of this research is that it provides a quantitative way to measure the learning of trainees as they use 

the simulator. 

 

Hypothesis 1 

Assessment items within a technical metric for ETI can be agreed 

upon when viewed by different experts (ICC > 0.6). 

Hypothesis 2 

Assessment items will correlate with reference standards of rating and 

rank-ordering performance (Pearson’s correlation |r| > 0.8). 
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2.2 Video Analysis and Metric Development 

 

  Existing tools to assess ETI performance predominantly consist of binary item checklists 

intended for summative, rather than individualized and formative, assessment of competency [9], 

[75]–[77]. For example, RESCAPE (Resuscitation and Emergency Simulation Checklist for As-

sessment in Pediatrics)[75] contains 16 binary items in its oral ETI checklist. Silverman et al. 

described a nonsurgical airway management curriculum for surgical trainees [76]. Performance 

was evaluated based on the procedure followed on an airway mannequin, irrespective of how well 

individual tasks were performed or the relative importance of a given task. Kuszajewski et al. used 

a modification of the National Registry Emergency Medical Technicians Advanced Level 

Psychomotor Examination for Ventilatory Management-Adult, a 21-point checklist, as both a 

training and testing tool [77]. Practice was guided by the checklist, with a member of the training 

team giving feedback. Subsequent training phases used a low fidelity mannequin and high-fidelity 

simulator. The final assessment took place while intubating a patient in the operating room.  

We began by deriving a metric that used a combination of existing literature and expert opinion 

from five subject matter experts (clinically active anesthesiologists). Subject matter experts were 

asked to supply the main objectives for a typical oral intubation with direct laryngoscopy, each 

with associated items.  The five main objectives were: positioning of the patient, insertion of direct 

laryngoscopy blade, achieving the optimal laryngeal view, inserting the endotracheal tube, and 

avoiding injury to the patient. All items had corresponding feedback to the trainee on how they 

can improve that specific objective. There were 22 items in our final metric (Appendix A). The 

aim of this metric is to allow an informed observer to provide reliable and valid data regarding the 

quality of ETI performance with minimum subjectivity and give useful feedback during training. 
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Of the 22 metric items, 5 of the items are based on positioning and orienting the laryngoscope. 

The kinematic based metric items involve the location of the blade while inserting into the mouth 

(Z-axis position and x-axis rotation), blade insertion into or under the vallecula (X-axis position), 

the depth of the blade into the vallecula (Y-axis position), the blade position with respect to the 

midline of the patient’s oropharynx (Z-axis position) and the angle of the blade when lifting (Z-

axis rotation). The combination of these metric items requires five DOF position tracking in order 

to properly track the laryngoscope during use. 

For the metric items that deal with force, there is one item that measures the lift angle (XY-

plane force, Z-axis torque), two items that measure the force when contacting tissue and soft-body 

anatomy and one that measures the force when contacting teeth (X,Y,Z-axis forces). The 

directional F/T that are required to provide haptic feedback are each of the three world-frame axes 

and torque about the Z-axis. 

Following developing the metric, we observed, and video recorded 30 endotracheal intubations 

in the operating room. The study protocol was approved by the Beth Israel Deaconess Medical 

Center Institutional Review Board (IRB). Written informed consent of the patients was waived by 

the IRB. Prior to recording the videos, verbal approval was obtained from the patients and all 

operating room personnel. Adult patients (≥ 18 years old) undergoing elective procedures where 

general endotracheal anesthesia was planned were eligible for inclusion.  The identity of the 

clinician performing the ETI was hidden from view, but voices were audible. 

Each video contains audio and three video views, one from a camera mounted on the head of 

the clinician (GoPro HERO™ 3, GoPro, Inc. San Mateo, California, U.S. Fig. 2.1a), the C-MAC 

screen view (Fig. 2.1b & 2.1c) and a lateral view captured with a digital camcorder. The C-MAC 
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screen was not visible to the clinician during the intubation; it was available to the reviewers to 

assess performance. 

 

Figure 2.1a: Screenshot of the view from the clinician. 2.1b: Laryngoscope view showing the clinician properly 

inserting the endotracheal tube. 2.1c: Laryngoscope view showing the clinician incorrectly inserting the 

endotracheal tube. 

For evidence of the metric’s reliability and validity, we performed two between-subject 

studies: one to assess the measurement characteristics of the metric (Metric Study), and the other 

to assess the validity of the metric against a reference standard global assessment (Reference 

Study). These studies were conducted using the collection of videos. Experts in the Metric Group 

and the Reference Group were recruited by emailing all attending physician and CRNA members 

of the Department of Anesthesia, Critical Care and Pain Medicine at Beth Israel Deaconess 

Medical Center and by emailing the Society for Education in Anesthesia (SEA) committee 

members and chairs. 
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The goal of the Metric study was to assess the measurement characteristics by calculating 

the percentage of raters that agreed on the outcome of an item for each video. The percentages of 

each item were then averaged across all the videos (Table 2.1). The goal of the Reference standard 

groups was to provide a score on a 100-point scale of operator performance for each of the videos 

and a rank-ordering of the videos based on operator performance. Agreement across those ranking 

and rating videos was assessed with an intraclass correlation coefficient (ICC) using an absolute 

agreement model for ranks and a consistency model for ratings. The average rating and ranking of 

each video can be seen in Fig. 2.2. The videos were split into two groups to be analyzed, and it can 

be seen for both video samples that the correlation between rating and ranking was high (r = -0.95 

and r = -0.96). 

Table 2.1: Rater agreement for each item in the metric. 

Item 1 2 3 4 5 6 7 8 9 10 11 

Agreement 0.75 0.80 0.90 0.74 0.71 0.89 0.78 0.83 0.94 0.67 0.77 

Item 12 13 14 15 16 17 18 19 20 21 22 

Agreement 0.83 0.79 0.65 0.77 0.83 0.84 0.86 0.79 0.81 0.79 0.79 

 



 

31 

 

 

Figure 2.2: Plot of the average global score versus average global ranking for the two sample groups. 

Using the results from the Metric study and the Reference study, we sought to determine 

the weighting of individual items in a regression analysis with the global scores using partial least 

squares (PLS). To develop the model, we averaged each metric item for an ETI participant across 

all raters from the Metric Study and regressed it to the average global scores found in the Reference 

Study. Our algorithm optimized the combination of metric items based on the lowest attainable 

error of the predicted score while achieving a power greater than 0.8 (p<.05) for our given size of 

observations (N=27, 3 videos were removed). To evaluate the regression-based models we used 

an independent cross-validation model approach, where a model was created by leaving out the 

scores from one video and then used to predict the global score. Error was then calculated by taking 

the difference from the average from the Reference Study. This was done for all videos and the 

error for the set of items was calculated by averaging the difference over all videos. The weighting 

for each item can be seen in Fig. 2.3. 
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Figure 2.3: Bar plot of the normalized weights for the 22-item partial-least squares model when predicting 

global score. 

Using the weights obtained in the PLS regression, we determined 

1. Items that would be of higher importance to include in the simulator and  

2. A preliminary scoring method for the simulator. 

2.3 Workspace Analysis 

For this research, we are concerned primarily with the workspace of the laryngoscope, as it 

will be the main haptic tool in our environment. While there have been multiple studies looking at 

the body motion during ETI [78]–[81] there is no existing data on the kinematic workspace of the 

laryngoscope. 
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Figure 2.4: Histogram of frequented positions and orientations by the laryngoscope during the workspace pilot 

test. (X,Y,Z) = [0,0,0] is located at the mouth opening. Pitch represents the angle of the blade about the local Z-

axis. 

We conducted a pilot study to generate the desired workspace for the haptic mechanism with 

N=20 anesthesiologists at Beth Israel Deaconess Medical Center. We instrumented a laryngoscope 

with a 6 DOF position sensor (TrakStar, Ascension Technology Corporation, Shelburne, VT). 

Each participant was tasked to intubate a mannequin using the instrumented laryngoscope. A 

histogram showing the positions and orientations frequented can be seen in Fig. 2.4. 

We analyzed the position data by calculating the workspace volume, primary location of 

activity and position limits. After visually inspecting the trials and discussing with 

anesthesiologists, we focused on the workspace from entering the mannequin’s mouth to the time 
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when the blade is withdrawn. Calculating the volume of each participant by rounding each point 

to the nearest cubic centimeter, the average volume in the focused workspace was 51.2 cm3 with 

a range of 42 cm3 to 60 cm3. Placing a bounding box that would encompass the individual volumes 

of the focused workspace for all the trials, it had dimensions of 10 cm (up and down) by 8 cm (left 

to right) by 9 cm (front to back). We wanted to allow the users of the haptic environment to be 

able to start with the laryngoscope to the side of the patient, so we added 10 cm to the vertical 

workspace and 8 cm to the left/right workspace. Looking at the rotation of the laryngoscope there 

was an angle range about the Z-axis (Pitch) of -20° to 70°, rotation about the X-axis (Yaw) of 50° 

to 90° and rotation about the Y-axis (Roll) of -10° to 10°. 

Discussing these results with anesthesiologists, it was determined that the rotation about 

the y-axis was most import and that the rotation of the z-axis does not take place in the procedure 

and it would not be essential to include in the simulator. While rotation about the x-axis is 

important for moving the tongue, there isn’t a torque experienced and therefore can be unactuated. 

Except for the exclusion of the left/right workspace and rotation about the x-axis in the research 

by French et al., our results resemble their mechanism workspace. 

2.4 Force Characterization 

We based the upper bounds for our haptic robot off existing research that measured the forces 

and torques (F/T) during ETI. Bishop et al. compared the max and mean force between mannequins 

(58.3 ± 4.7 N and 26.6 ± 2.5 N respectively) and actual patients (43.2 ± 4.7 N and 22.3 ± 2.9N) 

showing a significant difference (𝑝 < .05) between the max forces experienced [82].  The same 

research also showed that there was a correlation between the mean force experienced and the 

patient weight, r=0.5, p=0.02. An analysis of force between Mallampati class showed that a 38% 
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greater force was required in patients of Mallampati class 2 compared with Mallampati class 1 

( 𝑝 < .05 ). Hastings et al. conducted two studies, one compared the force applied between 

Mallampati class and laryngeal view [83] and another between a MAC 3 and Miller 2 blade [22]. 

In the study comparing Mallampati class and laryngeal view, the observed forces for class 1 (35 ± 

3 N), class 2 (42 ± 4 N) and class 3 (35 ± 5 N) were not significantly different, while forces for 

laryngeal view 1 (35 ± 2 N), view 2 (43 ± 5 N) and view 3 (57 ± 12 N) were significantly different 

among patients (𝑝 < .05). An explanation for the lack of significance could be because there were 

only N=3 participants with a Mallampati class of 3, while there were N=25 and N=20 for Class 1 

and Class 2 Mallampati scores, respectively. Bucx et al. compared the forces experienced between 

adult intubations (35 ± 13 N) and children intubations (21 ± 4 N) and further supported the linear 

trend between patient weight and force required [84]–[86]. In one of the studies by Hastings et al., 

forces experienced while performing on a mannequin were noticeably higher for both groups 

(CA1s and CA3/Attendings), 53.3 ± 3.4 N and 67.1 ± 2.9 N respectively than the measured forces 

of the actual patient studies. Recent studies have looked at the relationship of force, motion and 

cervical spine motion in patients and cadavers [87], [88]. Hindman et al.’s studies were the first to 

show the asserted force at different stages of an ETI procedure instead of just measuring the mean 

& maximum force. Although Hindman et al. concluded that the force exerted did not 

proportionally lead to a prescribed spine extension, this research supports the need for 

biomechanically realistic haptic mechanisms to reproduce the non-linearities in spine 

biomechanics. 

In most of the studies above, torque measurements were also taken. In Hastings et al., the 

torque was measured to average 4.3 ± 0.2 Nm and a range of 1.8 Nm to 8.0 Nm [83]. In Hastings 
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et al.’s second study, average torque values were 4.2 ± 0.4Nm and 4.7 ± 0.4 Nm for Miller and 

Macintosh laryngoscopes, respectively [22].  

All the biomechanics studies above used a modified laryngoscope, equipped either with two 

orthogonal force sensors or with a single 6-DOF sensor. Only one of the studies by Hastings 

measured kinematics along with F/T but this was conducted on mannequins and not real patients. 

A gap in the knowledgebase exists with the kinematic & F/T relationship for ETI, as no known 

studies have been conducted on real patients. The existing research also fails to show multivariable 

relationships, such as patient weight vs. Mallampati grade vs. F/T. These potential research topics 

would be pertinent to the goal of this thesis, developing a haptic mechanism that would be able to 

reproduce the F/T and workspace of actual ETI procedures. We have developed a prototype data 

collection system that includes a laryngoscope equipped with a 6-DOF F/T sensor and a 6-DOF 

position tracker. Testing has been conducted on a mannequin and we look to obtain IRB approval 

for using our system in the operating room. This is discussed further in the Conclusion section. 

2.5 Virtual Airway Skills Trainer (VAST) – ETI 

The Virtual Airway Skill Trainer for Endotracheal Intubation (VAST-ETI) was developed by 

a team of researchers at the Center for Modeling, Simulation and Imaging in Medicine (CeMSIM) 

based on the research above. The VAST-ETI  focuses on developing the ETI skills trainer which 

is part of a larger VAST project [89]. After speaking with experts in the anesthesiology field, the 

important subsystems for the VAST-ETI environment were determined to be: 

• Virtual simulation 

• 4 DOF haptic laryngoscope mechanism 
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• 3 DOF haptic ETT mechanism (Phantom Omni) 

• Instrumented mannequin 

The procedure in the simulated environment is conducted by a single person using both hands 

to position the mannequin head, then their right hand is used to open the mannequin’s mouth and 

their left-hand grabs the haptic laryngoscope mechanism and inserts it into the patient’s mouth and 

lifts forward while sweeping toward the midline. Once a view of the vocal cords in the virtual 

simulator is obtained by the operator, their right-hand grabs the haptic ETT mechanism and inserts 

it into the patient’s mouth and past the vocal cords. The prototype haptic environment can be seen 

in Fig. 2.5. 

Scoring within VAST-ETI was calculated by implementing a subset of items from the 

technical metric for endotracheal intubation (Appendix A). The technical metric provides a 

quantitative way to measure the performance of simulated endotracheal intubation. Table 2.2  

Figure 2.5: VAST-ETI haptic environment. 
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Table 2.2: Metric items built into the VAST-ETI used to grade intubation performance. 

Metric Item Measurement Points 

Positioning of Patient Head – 

The angle of the mannequin head 

Positioned the head such that the angle of neck 

flexion is at 35°±10° & face extension is at 15°±5° 

+1 

Any other angle 0 

Location of the blade while 

inserting into mouth – The 

position along the y-axis when 

inserting the blade 

Right side of mouth 1 

Middle of mouth -1 

Left side of mouth -3 

Blade insertion with respect to 

the vallecula – The position of 

the blade tip with respect to the 

vallecula prior to lifting 

Blade into the vallecula 0 

Blade under the vallecula -1 

Force used while interacting 

with the vallecula – The force 

calculated when the haptic 

laryngoscope is interacting with 

the vallecula to obtain a view of 

the vocal cords 

Force used was appropriate (<=25 N) +1 

Force used was excessive (>25 N) -3 

Contact with teeth while lifting 

the blade – The number of 

collisions between the blade and 

the patient teeth 

No collisions +1 

1-2 Collisions -2 

3+ Collisions -4 

Final blade position in the 

vallecula when lifting for 

optimal view – The position of 

the blade with respect to the 

vallecula when the tube is placed 

Blade is in the correct position in the vallecula +1 

Blade is too shallow in the vallecula 0 

Blade is too deep in the vallecula -2 

Blade position with respect to 

the Oropharynx – The y-axis 

position of the blade with respect 

to the midline of the patient’s 

oropharynx when the tube is 

placed 

blade is in the midline +2 

blade is not in the midline -2 

Angle of blade – The angle of 

the haptic laryngoscope when a 

view of the vocal cord is obtained 

laryngoscope was angled appropriately between 

35° and 55° 

+4 

laryngoscope was angled too shallow <35° 0 

laryngoscope had a backward angle onto the teeth -2 

Multiple blade insertion 

attempts to achieve proper 

view – The number of times the 

blade was withdrawn from the 

virtual patient and started over 

First Attempt +2 

Blade was withdrawn and reentered 2-3 times 0 

Blade was reentered 4+ times -3 
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shows the items selected for grading which were based on the haptic device and simulator 

capabilities for rendering and measuring. 

2.6 Summary 

In conclusion, for this chapter, we developed a technical assessment tool for grading the 

performance of an ETI procedure (SA 1). This assessment tool had metric items with a high 

average rater agreement (average ICC = 0.8). It was observed when using different weighting 

models to grade performance that the scores correlated highly with the currently accepted standard 

of rating and ranking. 

Then, we performed a review of existing literature about biomechanics during ETI and 

performed a workspace analysis to determine the user-centric and mechanism requirements for the 

haptic mechanism developed in the next chapter. 

Finally, we introduced the VAST-ETI and the integration of the technical assessment tool 

(SA1) into the virtual training environment.  
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3. DEVELOPING A HAPTIC INTERFACE FOR ETI 

3.1 Introduction 

Following the technical assessment of ETI, we were able to develop a user-centric haptic 

interface for high-fidelity simulation of ETI. This chapter begins with the user-centric design 

specifications of the ETI procedure (SA 2) based on the findings of chapter 2. Next, we designed 

and developed the 5-Parallelogram Lightweight Robot, a 4-DOF kinesthetic feedback mechanism. 

The mechanism is prototyped, and this chapter is concluded by validating the mechanism’s ability 

to satisfy the user requirements and design specifications (SA 3, MS 1). 

3.2 User-Centered Design Specifications 

There are a handful of design constraints for our haptic workspace that require us to develop a 

new mechanism to accomplish this task. Based on the workspace and force analysis and user 

requirements, we defined the requirements for the laryngoscope haptic mechanism (Table 3.1).  

Table 3.1: Table of haptic mechanism requirements. 

Requirement Range 

Large translational and rotational workspace Translational: X-axis [10-20 cm],  

Y-axis [10-20 cm],  

Z-axis [>10 cm]  

Rotational: Z-axis [>75°] 

X-axis [-30°: 30°] 

High directional forces Force: XY-plane [20N – 80N], Z-axis [2-5N] 

Torque: Z-axis [4-9 Nm] 

End effector Hand power-grasp 

Low footprint and desktop-based 100 cm2 – 625 cm2 
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One of the unique mechanism requirements is that it must be operated such that a mannequin 

can fit under the end effector. It must also operate such that it does not collide with the ETT haptic 

mechanism or the mannequin. This is a difficult constraint, as the laryngoscope, ETT and patient 

all interact in the actual ETI procedure and must do so in our simulator without having the 

hardware that provides feedback from colliding with each other. 

3.3 Theory 

For the design of the mechanism, we use parallelogram linkages or Π joints due to their 

structural rigidity[90] and the ability to produce decoupled motions. Parallelograms allow for two 

opposite facing links to be controlled while maintaining the orientation of the other pair of links. 

By using this feature, the mechanism can be assembled such that when one DOF is manipulated, 

Figure 3.1: View of the 5-PLR in the XY Plane. Actuators q1 and q2 control Parallelogram P1 which define the 

position of W.  Actuator 3 controls P2, P3 and P4 which define the orientation of W. 
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the other DOFs are unaffected. It can be shown that by using parallelograms as function generators, 

the entire mechanism can be controlled from the base, reducing its inertia without the use of wire 

tendons.  

 The developed mechanism builds upon the original parallelogram mechanism used to 

produce 2 translational DOF, also known as a pantograph. The pantograph has one joint fixed such 

that two DOF can be actuated from the base. Wu, Guo and Bai[90] developed a 3-parallelogram 

lightweight arm that added a 3rd degree of freedom by rotating the base and provided a fixed 

orientation, independent of the robot configuration. A drawback with the previous device is that 

when the base is rotated, the end effector orientation is prescribed based on the rotation of the base.  

The initial parallelogram is denoted as 𝑃1 in Fig. 3.1 with the end effector at the square. The 

combined motion of two generalized coordinates will produce a motion in the X & Y axes as a 

Figure 3.2: Actuator q4 controls P5 and defines the position of W along the Z axis. 
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function of the two DOF. Adding a series of parallelograms (𝑃2, 𝑃3, & 𝑃4) to the structure, a 

function generator provides a rotational DOF that is unhinged from the position and unaffected by 

the configuration of the original pantograph as seen in Fig 3.1. We then proceed to unlock a second 

degree of freedom in the joints that belong to 𝑃1 and 𝑃3, allowing those parallelograms to move in 

an auxiliary frame, out of the XY-plane, while translating 𝑃4  in the Z axis. While link 𝐿1  is 

actuated based on 𝑞1, it only acts about the Z-axis, and must be controlled in the second DOF. We 

introduce 𝑃5  which provides rotational motion to the second DOF of 𝐿1 , as seen in Fig. 3.2, 

allowing it to move out of the plane and to constrain the motion of P4 to only translational such 

that its orientation remains in the XZ plane. The parallelogram 𝑃5 is controlled by an actuator (+X) 

that is rotated about the Z-axis 
3𝜋

4
 radians. Connected to the actuator is a 2 DOF joint that allows 

𝑃1 rotation out of the plane as described by: 

 𝜑 = −𝑞4 ∗ 𝑐𝑜𝑠 (𝑞1 +
𝜋

4
) +

𝜋

2
  (1) 

The unique combination of  Π joints allows the end effector to be controlled in 4 degrees of 

freedom (3 translational, one decoupled rotational) while maintaining an unaffected end effector 

orientation based on position. 

3.4 Kinematics 

3.4.1 Direct Kinematics 

Let the end effector, 𝑃, be represented in the reference frame XYZ as 𝑃 = [𝑃𝑥 𝑃𝑦 𝑃𝑧]𝑇. 

The forward kinematics of the end effector can be calculated based on rigid body rotations, 𝜃1−4, 

and represented in terms of joint angles, 𝑞1−4. The lengths of the mechanism links are given as 𝐿1 

and 𝐿2. 
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 𝑇𝑃 = 𝑅𝑜𝑡(𝑍, 𝜃1)𝑅𝑜𝑡(𝑋1, −𝜃2)𝑇𝑟𝑎𝑛𝑠(𝑍2, 𝐿1)𝑅𝑜𝑡(𝑋2, 𝜃2) 

 𝑅𝑜𝑡(𝑍3, 𝜃3)𝑇𝑟𝑎𝑛𝑠(𝑋3, 𝐿2)𝑅𝑜𝑡(𝑍3, 𝜃4) (2) 

 𝑇𝑃 = [

𝐶4 𝑆4 0 𝐿1𝑆1𝑆2 + 𝐿2𝐶3

−𝑆4 𝐶4 0 𝐿1𝐶1𝑆2 − 𝐿2𝑆3

0 0 1 𝐿1𝐶2

0 0 0 1

]  (3) 

where 

𝜃1 = 𝑞1, 𝜃2 = 𝜑, 𝜃3 = 𝑞3 − 𝑞1,  𝜃4 = 𝜑4 − 𝑞3,   𝑖 = 1,2,3,4  

𝐶𝑖 = 𝑐𝑜𝑠(𝑞𝑖),  𝑆𝑖 = 𝑠𝑖𝑛(𝑞𝑖)   

The orientation of the end effector is the sub-matrix 𝑇𝑝[1:3,1:3] and the position of the end effector 

is the vector 𝑇𝑝[1:3,4], both are with respect to the Newtonian reference frame. The angle 𝜑4 is 

given through a function generator based on the angles 𝛿1 & 𝛿2.  

 𝜑4 = 𝑞4 −  𝛿1 −  𝛿2 (4) 

The actuation of 𝑞1 and 𝑞3 are directly applied at the joint while 𝑞2 and 𝑞4 are not directly applied 

and their actuation is covered in the mechanism implementation section. 

3.5 Dynamics and Controls 

3.5.1 Dynamic Modeling 

To derive the equations of motion for the mechanism, Kane’s Method was used through 

the software package MotionGenesis™ Kane. Unlike the frequently used formulae, namely 

Lagrange and Newton-Euler equations, Kane’s method has an efficient formulation of the 

dynamical equations governing complex structures involving closed kinematic loops [91], [92].  

The 5-PLR consists of 15 bodies, designated {A, B, …, Q} which make up 5 closed kinematical 

loops. The mechanism consists purely of parallelograms, although three of them move in their own 
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auxiliary frames. We use properties of parallelograms to make some key assumptions when 

formulating the equations of motion, particularly: two pairs of opposite sides are parallel (opposite 

facing links have equal angles). We introduce coordinates {q1, …, q4} to represent the planar 

angle of individual bodies with respect to the Newtonian frame. 

3.5.2 Friction Modeling and Compensation 

Transparency and linearity are two metrics for evaluating friction compensation, which is 

necessary from a haptic interface users’ perspective. A highly transparent interface is one where 

the forces produced by the actuator are properly transmitted to the user and a linear interface is 

removed of all nonlinear friction terms.  

We looked to model the mechanism using a dynamic friction model to properly compensate 

for phenomena varying-break away force, pre-sliding behavior and frictional lag. We model the 

friction of 5-PLR using the generalized Maxwell-slip (GMS) friction model [93] which has been 

shown to perform well compared to other friction compensation models for haptic mechanisms 

[94]. The GMS model is based on three friction properties: 1) Stribeck curve for constant 

velocities, 2) hysteresis function with non-local memory in the pre-sliding regime and 3) frictional 

memory in the sliding regime. The Stribeck function for constant velocities is modeled based on 

the follow function 

 𝐹𝑓(�̇�) = 𝐹𝑐 + (𝐹𝑠 − 𝐹𝑐)𝑒
(−|

�̇�

𝑥�̇�
|
𝑑𝑠

)
 (5) 

Where 

𝐹𝑐: 𝐶𝑜𝑙𝑜𝑚𝑏 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 

𝐹𝑠: 𝑆𝑡𝑎𝑡𝑖𝑐 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 

�̇�𝑠: 𝑆𝑡𝑟𝑖𝑏𝑒𝑐𝑘 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 
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𝑑𝑠: 𝑆𝑡𝑟𝑖𝑏𝑒𝑐𝑘 𝑠ℎ𝑎𝑝𝑒 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 

 

To compensate for the friction in the mechanism each actuator is compensated using a 

force feedback model, which is suitable for low-velocity, low-frequency motion. 

3.5.3 Controls 

The 5-PLR is a kinesthetic haptic mechanism that is controlled through an open-loop 

impedance controller. The first part of this section discusses the control loop between the virtual 

environment and the 5-PLR and then we go into detail of the torque controller for the mechanism. 

Our system can be treated as a two-port model for a tele-manipulator, where a user is interacting 

with the robot end effector and its position is being transmitted to the virtual environment where a 

virtual tool is being manipulated (Fig. 3.3). The two-port model is used to distinguish two 

frequency ranges when working with haptic systems. The lower frequency range, ≤30 Hz includes 

bidirectional information flow, whereas the high-frequency range only transmits information 

unidirectionally from the technical system to the user. From the perspective of bandwidth, the user 

influence on the system occurs only at lower frequencies and is therefore not relevant for the 

transmission when analyzing the system [68]. 

 

Figure 3.3: Two-port model for a simulated environment. 
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Any interactions between the virtual environment and the virtual tool will create a virtual 

force and torque that are transmitted back to the mechanism. The user’s motions and perception of 

force take place at a frequency between 5 and 15 Hz [68]. Even though the user’s movement 

information may be sampled at a lower rate, the force output must happen between 1-10 kHz [68]. 

Due to this reason, the virtual environment must have the end effector position for every simulation 

step. Consequently, the haptic output and the measurement of user reaction must happen at the 

higher frequency. The position and velocity of the end effector are read using optical encoders (see 

details in Implementation: Hardware and Software). The inner control loop of the haptic controller 

is updated at a frequency of 10 kHz while the position and velocity are transmitted to the virtual 

environment at a frequency of 1 kHz. Any force response that is calculated by the virtual 

environment is then transmitted back to the 5-PLR controller at a frequency of 1 kHz. The 

kinematics and force response communication between the 5-PLR controller and the simulation 

environment take place in parallel. The interface between the 5-PLR and the virtual environment 

takes place within the haptic controller block. The haptic controller is where the end-effector 

position and response torques are calculated. 

The control diagram for the 5-PLR can be seen in Fig. 3.4. All references to joint position 

and its derivatives refer to the [4 × 1]  vectors that include all the mechanism’s DOF. All 

references to Cartesian position and its first derivative refer to the [4 × 1] vectors that includes 

𝑥, 𝑦, 𝑧 and rotation about the 𝑧-axis. The joint position and velocity (𝑞 and �̇�, respectively), are 

read from the encoders and passed through the forward kinematics function (𝐹𝐾, equation 3) and 

then the Cartesian position and velocity (𝑥  and �̇� , respectively) are transmitted to the virtual 

environment. 
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Figure 3.4: Haptic control diagram for the 5-PLR. 

The joint position is passed to the gravity compensation function ( 𝐺(𝑞) ) and a 

compensation torque for gravity is calculated. The joint velocity is passed to the friction 

compensation function (𝐹𝑓(�̇�), equation 5) and a compensation torque for friction is calculated. 

The joint position, velocity and acceleration are all passed to the dynamic compensation function 

(𝐵(𝑞, �̇�, �̈�)) and a compensation torque for the inertia of the robot is calculated. If the virtual 

environment transmits a force to the controller, the force and joint position are passed to the inverse 

force function (𝐹−1(𝑞) ) to calculate the required actuator torque. The torque passed to the 

MAXPOS (See details in Implementation: Hardware and Software) is calculated based on the 

equation: 

 𝜏 =  𝐹−1(𝑞, 𝐹𝑣) + 𝐺(𝑞) + 𝐹𝑓(�̇�) + 𝐵(𝑞, �̇�, �̈�) (6) 

where 𝜏 is a [4 × 1] vector of all the joint torques. The torque controller for the mechanism is then 

responsible for actuating the links and transmitting force to the user. 
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3.6 Implementation 

3.6.1 Hardware and Software 

Fig. 3.5 shows the implemented prototype of the 5-PLR. The joints and actuator housings 

were manufactured out of aluminum and the links connecting them are hollow, carbon fiber tubes 

(0.832” OD, 0.75” ID, 0.041” wall thickness, flexural strength 89,000 – 174,000 psi). All the 

bearings, except two that were expected to undergo large moments, were ¼” ID / 0.625” OD, 

ABEC-7 stainless steel flanged bearings with dynamic and static radial load capacities of 150 lbs. 

and 70 lbs. respectively. Joints where high bending moments were expected, such as 𝑞1 and the 

connection between Parallelogram 1 and 5,  were either reinforced with two bearings or had face-

mount crossed-roller bearings (10 mm ID, 52 mm OD, 8 mm width, 650 lbs. dynamic loading, 540 

lbs. static loading). The 5-PLR was fastened to a Thorlabs ½” solid aluminum breadboard 

(Thorlabs©, Newton, NJ). The link parameters 𝐿1, 𝐿2, 𝐿3, 𝐿4 and 𝐿5 are 241.5 mm, 230 mm, 171  

Figure 3.5: 5-PLR prototype manufactured out of aluminum and carbon fiber. 
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mm, 95 mm and 50 mm respectively. 

To actuate joints 𝑞1  and 𝑞2  (Parallelogram 1), two opposite-facing, collinear actuators 

were mounted to the base. In order to actuate 𝑞3 (Parallelogram 3) a third actuator in the same 

direction as 𝑞1  was offset in the negative-X direction and then connected to Parallelogram 3 

through a pin-in-slot joint that produced the following angle: 

 𝑞3 = 𝜃3 + asin (
𝐿5∗𝑠𝑖𝑛(𝜃3)

𝐿4
)  (7) 

where 𝜃3 is the position of actuator 3,  𝐿4 and 𝐿5 are the lengths of link 4 and 5, respectively. 

To actuate the 5-PLR, we used 4 Maxon motor configurations. The actuators and gearboxes 

used are shown in Table 3.2. Control of the motors was through 4 MAXPOS (Maxon Motor©, 

Sachseln, Switzerland) controllers connected serially by ethernet. Controller communication was 

through EtherCAT, an ethernet-based fieldbus system. A real-time control system was created on 

a dedicated core of a desktop computer Intel Core i7-6850, 3.6 GHz CPU. Our control loop was 

coded using TwinCAT 3 C++, which allowed us to upload any algorithms to the dedicated core 

and run at an update frequency of 10k Hz. Communication between the 5-PLR and our simulation 

was over the Automation Device Specification (ADS) interface (Beckhoff Automation GmbH, 

Verl, Westphalia, Germany), communicating at a rate of 1k Hz. The MAXPOS controller is set to 

cyclic synchronous torque (CST) mode, where the target torque is provided to each drive in a 

cyclic synchronous manner. 

3.6.2 Parameter Identification 

Due to the selected geared-actuator configuration, most of the friction in the 5-PLR resides 

in the actuators, and therefore, we looked to compensate the friction in each actuator. Several  
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Table 3.2: Specification of the 5-PLR prototype motors. * - DCX32L motor, GPX37 gearbox, ENX16 sensor 

(Maxon Motor©, Sachseln, Switzerland). ** - DCX32L motor, GPX32 gearbox, ENX16 sensor (Maxon 

Motor©, Sachseln, Switzerland). *** - DCX26 motor, ENX16 sensor (Maxon Motor©, Sachseln, Switzerland), 

CSF-8-50-2XH-F-SP5136 gearbox (Harmonic Drive LLC, Peabody, MA). 

 

studies were conducted to determine the parameters of the friction model for each degree of 

freedom. 

A constant velocity study was conducted for each DOF in both directions (8 experiments) 

to understand the friction that exists when moving at constant velocities. These experiments were 

conducted by generating a friction-velocity map, where the friction torque is given as a function 

of the angular velocity. To conduct each experiment, we set the current (torque is a function of 

current) and measured the angular velocity multiple times and then calculated the average angular 

velocity for a given current. We then did this for the range of velocities that the mechanism would 

be operated in.  

The second set of experiments that we conducted were the break-away experiments to 

identify the stiction in both direction for each actuator in the system. Stiction is the static friction 

that must be overcome to move a stationary object [95]. These experiments were conducted by  

Joint A1* A2* A3** A4*** 

Rated Power [W] 115 115 115 50 

Nominal Torque 

[mNm] 

123 123 123 50.3 

Nominal Current [A] 2.17 2.17 2.17 0.599 

Nominal Speed [rpm] 7260 7260 7260 4570 

Gear ratio 62:1 62:1 35:1 50:1 

Resolution 

(counts/turn) 

500 500 500 500 
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Table 3.3: Friction parameters obtained from the Stribeck curve. 

Coef. 𝑸𝟏+ 𝑸𝟏− 𝑸𝟐+ 𝑸𝟐− 𝑸𝟑+ 𝑸𝟑− 𝑸𝟒+ 𝑸𝟒− 

𝑭𝒄 0.1332 -0.1181 0.1198 -0.07037 0.07957 -0.08091 0.4401 -0.4401 

𝑭𝒔 0.15 -0.15 0.1333 -0.08083 0.08889 -0.08914 0.698 -0.698 

�̇�𝒔 0.02389 0.01213 0.009455 0.01146 0.1162 -0.1291 .3451 -.3451 

𝒅𝒔 2.991 0.7821 0.7733 0.8311 1.125 1.427 .9201 .9201 

𝑭𝒗 0.02329 0.02345 0.02604 0.03257 0.01438 .01454 0.023 0.023 

𝑹𝟐 0.9852 0.9896 0.9344 0.9289 0.9679 0.9289 0.8921 .8812 

 

 

measuring the force in an open-loop experiment where torque is ramped up over time until 

significant movement takes place. The torque when motion takes place is considered the break-

away torque. 

We then used MATLAB’s Curve Fitting toolbox to fit the Stribeck curve (equation 5) to 

the data points of the constant velocity and break-away experiments to obtain the parameters used 

by the GMS compensator. Fig. 3.6 shows averaged velocities for the prescribed torques, the break-

away torque and the Stribeck curve fit for actuator 3. Table 3.3  shows the parameters obtained 

Figure 3.6: Friction-velocity map with Stribeck curve fit for actuator 3. 
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from the Stribeck curve. It was observed that the results differed for each direction of a given 

actuator and even for two actuators with the same characteristics (A1 & A2), the results differed. 

3.7 Performance 

To measure the performance of the prototype 5-PLR, we conducted multiple haptic studies, as 

seen in other research [72], [96], to test the transparency, stiffness and force display of the robot. 

In these experiments, unless otherwise stated, the robot was controlled by Twincat 3 at a control 

frequency of 10kHz. End effector position was measured using a 6-DOF position sensor (TrakStar, 

Ascension Technology Corporation, Shelburne, VT) and a 6-axis load cell as the force and torque 

sensor (Nano 25, ATI Industrial Automation, Apex, NC).  

3.7.1 Resistance Force Test in Freehand Motion 

The resistance force of the 5-PLR is important when analyzing the operability of the 

mechanism, as the fidelity of the simulator will be reduced if users are experiencing resistance 

forces when they shouldn’t be. This test also provides us with the minimum force that we can 

expect users to notice if transmitted through the mechanism.  

1) Experiment Setup: The Nano 25 force sensor was attached to the end effector of the 5-PLR. 

The friction, gravity, and dynamic compensation for the device were turned on. We 

performed four freehand motions that would be common using this device: motion along 

the X, Y, and Z axes and rotation about the Z-axis. In each of these tests, we moved the 

end effector 10 cm (about 3 passes were made in 12 seconds). 

2) Experimental Results: The force over time for each axis can be seen in Fig. 3.7. Based on 

the results, we can see that the peak forces experienced along each axis was 𝐹𝑋 = 2.78 𝑁 
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and −2.93 𝑁 , 𝐹𝑌 = 1.29 and −1.89 𝑁 , 𝐹𝑍 = 2.33  and −3.74 𝑁 . The resistance torque 

experience about the Z-axis was 𝑇𝑍 = 0.28 𝑁 ∗ 𝑚 and −0.26 𝑁 ∗ 𝑚. Given that the forces 

experienced during the ETI procedure should average between 20N and 45N, this amount 

of friction should not hinder the experience. 

 

3.7.2 System Static Response Tests 

The structural rigidity is also an important feature when dealing with producing high forces. While 

most of the haptic rendering in an ETI procedure is soft-body and doesn’t require a high strength 

coefficient, the laryngoscope may collide with teeth, requiring a stiff response. We also want to 

Figure 3.7: Force measured when compensating for friction while moving the end effector in free motion. 
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ensure that any deflection taking place is at a minimum and comparable to other similar haptic 

mechanisms.  

1) Experiment Setup: We attached the Nano 25 F/T sensor and Trakstar position sensor to the 

end effector. We placed the end effector in a location where it would experience a high 

amount of activity and using the position controller in the MAXPOS controller interface, 

we locked all the active joints. We applied force in the X, Y and Z directions and torque 

about the Z axis. We also placed the end effector handle at a -45° angle about the Z-axis 

and applied force along the body-fixed y-axis as this is configuration of highest expected 

force. Measurements were taken of the F/T and position of the end effector as an increasing 

Figure 3.8: Displacement of the end effector when oriented at 45° about the Z axis and where the mouth 

would be while undergoing force. 
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amount of force and torque were applied in each direction. Each force was held for 

approximately 5 seconds and the displacement values were averaged over multiple trials 

to ensure repeatability. 

2) Experimental Results: The experimental results for the end effector at -45° are shown in a 

force versus displacement plot in Fig. 3.8. The experimental results revealed that the 

stiffness of the prototype in the X-, Y-, and Z-directions are 6.4, 6.57, and 5.5 N/mm. For 

reference of other haptic devices, PHANTOM Premium 3.0, Omega and DELTA-R have 

average translational stiffnesses of 1.0, 14.5 and 6.6 N/mm, respectively for much lower 

tested forces.  

3.7.3 Force Display Test 

It is necessary to measure an impedance device’s ability to output the desired force due to the 

fact it will not have a force sensor when in regular use. We conducted an experiment to ensure that 

there was a low error between the target and experienced force for the operating range. 

1) Experiment Setup: We attached the Nano 25 F/T sensor to the end effector and fixed the 

base of the sensor in a position where the haptic device would experience most of its uses. 

We then ramped the force from 0 to 30 and -30 N in 5 N increments along the X-, Y- and 

Z- axis and the torque about the Z-axis from 0 to 4 and -4 Nm in 1 Nm increments.  
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2) Experimental Results: The experimental results are shown in a desired force versus output 

force plot in Fig. 3.10. Output force is able to match the target force within the 30N range. 

The output force begins to deviate further for the Z axis as the force increases. This is 

expected and should not be a problem because a lower-power actuator was selected due to 

the requirements of the force in the Z-axis. 

Figure 3.9: Target force versus output force plot for the X(red), Y(blue) and Z(green) directions. 

3.8 Summary 

In conclusion, for this chapter, we first presented the user-centric design specifications for the ETI 

procedure (SA 2). Next, we designed and prototyped the 5-PLR, a 4-DOF kinesthetic feedback 

mechanism. The 5-PLR was tested to ensure it will provide the forces, up to 80 N, required by the 

ETI procedure. Key features of the 5-PLR are its low footprint, high-force output and unique 

workspace. Our desktop-based mechanism was able to maintain a stiffness coefficient of 9.2 N/mm 

up to 20 N and 6.3 N/mm up to 100 N (SA 3, MS 1). 
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4. CLINICAL VALIDATION STUDIES 

4.1 Introduction 

Upon successful integration of the 5-PLR mechanism into the VAST-ETI, we demonstrated 

the construct, convergent, and predictive validation of the VAST-ETI as an effective task 

assessment and training simulator for endotracheal intubation. 

To achieve construct validation, we demonstrate VAST-ETI’s technical metric scoring 

system’s ability to distinguish an expert performance from a novice performance. We hypothesize 

that experts in ETI will be scored significantly higher than novices with minimal experience in 

ETI.  

To achieve convergent validation, we determine if there are significant improvements in 

intubation performance between trained VAST-ETI participants and control participants with no 

additional simulator training. Furthermore, we aim to determine if the acquired motor skill for 

trained VAST-ETI participants transfer to intubations performed on actual patients in the operating 

room to establish predictive validation. We hypothesize that VAST-ETI trained participants will 

not only outperform control participants in the VAST-ETI simulation environment but also in the 

operating room. Ultimately, we present evidence that we have validated the VAST-ETI as a task 

assessment and training module and show that it can be used as an effective endotracheal 

intubation skills trainer. 

Hence, in this chapter, we have the following hypotheses: 

Hypothesis 3  

Construct validation: Experts will score significantly higher (p < 0.05) 

than novices when performing on trials on the VAST-ETI. 
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Hypothesis 4 

Convergent validation: Participants trained on VAST-ETI will learn 

over a training period and their performance will improve significantly 

(p < 0.05). 

Hypothesis 5 

Predictive validation: The skills acquired by the participants trained 

on VAST-ETI will transfer to a procedure performed on real patients. 

 

4.2 Study Design 

The validation studies were performed at Beth Israel Deaconess Medical Center in Boston, MA, 

with an approved Institutional Review Board (IRB). We obtained signed waivers from all 

participants of the study. All statistics were calculated using IBM® SPSS, and sample sizes were 

approximated using G*Power[97]. The protocols for the different studies are presented below. 

4.2.1 Construct Validation 

We conducted construct validation of the simulator using a group of experts (N=15, 

clinically active, attending physicians) and a group of novices (N=15 anesthesia & internal 

medicine interns). Participants for the construct validation study were recruited by emailing all 

attending physicians and interns of the Department of Anesthesia, Critical Care and Pain Medicine 

at Beth Israel Deaconess Medical Center. Each participant performed five trials using the 

simulator; the first two trials were to get comfortable with the simulator and the 3rd, 4th and 5th 

trials were used to score them. The scoring of the participants took place within the simulator and 

both the total score and each of the item scores were analyzed for construct validity. The sample 

size for this study was calculated a priori based on the performance of a pilot test with two experts 
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(attending physicians involved with education and teaching) and two novices each doing three 

trials. A t-test was used to calculate the sample size required of equal-sized groups and a power of 

0. The sample size calculated was n=7 for each group. 

4.2.2 Convergent and Predictive Validation 

We conducted convergent and predictive validation of the simulator by recruiting 17 PGY-

1 residents during the second week of their residency program and randomly split them between 

two groups: control and simulator (Fig. 4.1). All participants received an introduction to the 

simulator by watching a video of it being used and then participated in the pre-test. For the pre-

test, each participant performed five trials using the simulator; the first two trials were to get 

comfortable with the simulator, and the 3rd, 4th, and 5th trials were used to score them. Following 

the pre-test, a training period of two weeks followed. For the training period, the control group 

received their training by performing intubations in the operating room as part of the residency 

program while the simulator group practiced on the simulator performing up to 5 trials or 15 

minutes, whichever occurred first, every day in addition to the intubations that they perform in the 

operating room. Following the training period, a post-test was conducted similarly to the pre-test. 

There was a two-week period following the post-test, during which all participants were recorded 

performing ETI on a patient in the operating room and graded by experts to measure the transfer 

of skills from the simulator. To grade the videos, experts (attending physicians from other 

institutions that are involved with anesthesia education) viewed and rated the videos using a 

technical metric and ranked similarly to the analysis performed in Ryason et al.[98]. The technical 

metric is rated on a 100-point scale and has 22-items that contribute to the final score. Three raters 

individually graded each performance, and their scores were averaged for each one. 
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Figure 4.1: Study design diagram for the learning curve and validation studies. The residents were randomly 

split into two groups, simulator, and control. There were pre, post, and retention tests on days 1, 16, and 31, 

respectively. For days 2 through 15, the simulator group received additional training on VAST-ETI while the 

control group did not. Between the post and retention tests, the performance of all participants was measured 

in the operating room. 

 

Figure 4.2: Boxplot of the simulator scores for novices and experts. 
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4.3 Results 

4.3.1 Construct Validation 

A Kolmogorov-Smirnov (K-S) test showed that the simulator scores for both the expert group, 

D(45)=0.101, p>0.2, and novice group, D(45)=0.109, p>0.2, did not deviate significantly from 

normal, allowing us to use a parametric t-test for comparing means. Homogeneity of variance was 

assumed due to Levene’s Test being not significant, p>.05. On average, the participants from the 

expert group scored higher (M=20.2, SE=.52), than the participants from the novice group 

(M=14.8, SE=.63). This difference, -5.4 points, was significant t(88)=-6.61, p<.0005 and 

represented a large effect size, Cohen’s d=1.39 (Fig. 4.2). This validates the VAST-ETI as a means 

for differentiating expert and novice performance for the basic case of endotracheal intubation. 

Given the difference in the mean score of 6 points, this would lead us to hypothesize that there 

were between 2 and 4 metric items that were major differentiators. Investigating the individual 

metric items, the most notable difference can be seen with the blade position when intubating. The 

expert group predominantly placed the blade correctly with respect to the vallecula and directly in 

the midline while the novice group placed the blade to the left of the midline and not deep enough 

within the vallecula (Fig. 4.3). 
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Figure 4.3: Blade position when intubating. The x and y-axis position each award points depending on the range 

that the tip of the blade lies within. 

4.3.2 Convergent Validation 

There was a significant main effect of training on the simulator group’ score over the 

learning period, F(11,220)=7.206 p<0.001, Power = 1 (𝛼 = 0.05) (Fig. 4.4). Contrasts revealed 

that the score on training day 3 was significantly higher than the scores of day 2, F(1,20)=4.55 

p<.05, and each of the preceding days. A learning curve was fit using an inverse regression 

function (𝑅2 = 0.225) showing that the group plateaued in performance on the third day of 

training. A Mauchly’s test was performed and indicated that the assumption of sphericity had not 

been violated for the main effect of the test, 𝑋2(65) = .017 𝑝 = .521, and therefore, no correcting 

term was required. 
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There was a significant main effect of the testing period on the simulator score, F(2,92)=31.14, 

p<0.001, however, there was not a significant effect of the interaction effect between the groups 

and testing period, F(2,92)=.297, p=.774 (Fig. 4.5). Contrasts revealed that the scores of the post-

test, F(1,46)=35.41, p<0.001, were significantly higher than those of the pre-test and that the scores 

of the retention test, F(1,46)=0.427 were not significantly different than the post-test. A Mauchly’s 

test was performed and indicated that the assumption of sphericity had not been violated for the 

main effect of the test, 𝑋2(2) = 1.81, 𝑝 = 4.05, and therefore, no correcting term was required. 

Figure 4.4: Box plots of the simulator group score over the training period. An inverse regression is fit (red) to 

the points to approximate the learning curve with the function: Score = 21.6 – 7.1/(day+1). 
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Figure 4.5: Performance of the control and simulator groups during the pre, post, and retention tests.  Error 

bars represent a 95% confidence interval. 

 

4.3.3 Predictive Validation 

On average, participants within the simulator group were rated higher by experts using a 

technical metric (M = 83.5, SE=6.28), than those in the control group (M=66.1, SE=4.42) (Fig. 

4.6). This difference, -17.4, 95% CI [-33.97 -.73], was significant t(12.85)=-2.258, p=.042. This 

difference represented a large-sized effect, r=0.53. Analyzing the individual metric items within 

the grading metric, we did not see the significance in most the individual items. However, we did 

notice small to medium effect sizes in certain items with one item showing significance on its own. 

Item 11 (Blade position with respect to the oropharynx) showed a significant difference with large 

effect, p=0.03, r=0.6, between the two groups. 
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Figure 4.6: Box and whisker plot of the mean performance score between the two groups. Error bars represent 

a 95% confidence interval. 

 

4.4 Summary 

In conclusion, for this chapter, we demonstrated the construct, convergent and predictive 

validation of the VAST-ETI as an effective task assessment and training simulator for endotracheal 

intubation. We validated the simulator’s ability to differentiate between novice (n = 15) 

performance and expert (n = 15)  performance (p < 0.05, parametric t-test). When training a group 

of residents on VAST-ETI there was learning observed for the first three days on the simulator. 

Comparing the residents trained on the simulator (n = 7) to a control group (n = 9), the simulator 

group did achieve a higher average score, although there wasn’t a significant difference. This is 

discussed in detail in chapter 5. When performing ETI on actual patients and graded by a group of 

experts (blinded to the grouping of each participant), the simulator group scored significantly 

higher than the control group (p < 0.05, parametric t-test).  
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5. CONCLUSIONS AND FUTURE WORK 

In this thesis, we presented a novel haptic mechanism based on the user-centric design for ETI 

and validated its effectiveness as a high-fidelity force feedback device for training. We proposed 

a User-Centered Model for System Design (Fig. 1.15) and then developed a haptic mechanism 

following this framework (Fig 5.1). 

 

Figure 5.1: User-centered design diagram as it was applied to ETI training. 

This research started with understanding the ETI procedure, determining requirements for 

haptic rendering of ETI and developing a technical metric to determine the most important aspects 

of the procedure. We developed and analyzed a 22-item observational metric for use in assessing 

the quality of ETI performance with enough detail to provide formative feedback. High observer 
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agreement (lowest individual ICC = 0.65, Average ICC = 0.8) and high correlations (r=0.95) 

between metric and rating data support the validity of using these items to assess ETI quality.  

Hypothesis 1 

Validated 

Assessment items within a technical metric for ETI were agreed upon 

when viewed by a group of experts (lowest individual ICC = 0.65, 

Average ICC = 0.8. 

Hypothesis 2 

Validated 

Assessment items correlated with reference standards of rating and 

rank-ordering performance (Pearson’s correlation |r| = 0.95). 

Analysis of two weighting models, a binary model of a single point awarded for each correct 

action and weighting based on expert opinion, yielded calculated scores that correlated strongly 

with the ratings and ranks from global assessment (Reference study). We showed that calculated 

weights from the PLS model were able to better predict a score compared to the binary and expert 

weighted model (𝑅2 = 0.742, 𝑟 = 0.93) and further improved when using a subset of the metric 

items (𝑅2 = 0.8218, 𝑟 = 0.91). It was also seen that the reduced set model correlated more 

strongly with rating and ranking from the Reference study than the full set model. The intention 

was to use actual OR performance to evaluate our metric for use with actual training. With 

clinicians at various levels of training and expertise, we obtained a considerable range of ETI 

performance quality that allowed us to find high correlations with different scoring approaches. 

Other samples of actual performance are needed to confirm the applicability of our metric. The 

groups of expert observers were enough for observer agreement[99] and while another group of 

experts may yield different results, we hypothesize that selecting another sample of seasoned 

anesthesiologists would produce the same result. A formal standard-setting process will need to 

be undertaken to determine the score that separates competent from not competent performance. 

The set of metric items only references ETI quality based on what can be observed and does not 



 

69 

 

include sensors such as force or position tracking. A limitation that we experienced with the 

generation of the regression-based model was that as the number of metric items increased, the 

weighting of each item would decrease. A low regression weighting for a given item would require 

a very high number of observations to achieve a power greater than 0.8[100]. For instance, a 

weighting coefficient of β=0.1 would require at least 599 observations for a power of 0.8. Due to 

the low weighting coefficients of the 22-item PLS model, the power is well below the threshold of 

0.8 for a significance level of .05 and sample size n=27. While this weighting was not the primary 

goal of the research, more observations can be collected to see if the error and number of metric 

items plateau at a certain sample size. 

 We then designed and manufactured the 5-PLR, a 4-DOF haptic mechanism specifically 

for the ETI procedure. The 5-PLR provided the translational and rotational workspace based on 

kinematic data collected from the ETIs performed on mannequins. Experimental results of the 5-

PLR revealed stiffnesses plateauing at 6.4 N/mm along the XY-plane for forces up to 100 N. For 

reference of other haptic devices, PHANTOM Premium 3.0, Omega and DELTA-R have average 

translational stiffnesses of 1.0, 14.5 and 6.6 N/mm, respectively for much lower tested forces [72]. 

The 5-PLR was able to provide forces up to 100 N along the XY plane and torque up to 8 Nm 

about the Z-axis. For the face validation study, most of the users stated that the haptic mechanism 

was an improvement over the mannequin once they learned how to place the blade in the simulator. 

At initial interaction, users were confused because the laryngoscope handle was attached to a 

haptic robot instead of a blade. Some users commented that they sometimes had to apply forces 

and torques at their wrist that they would not normally have to do. Most users thought the force 

was realistic and liked that the haptic device was able to produce small forces (<10N) as well as 

high lifting forces (>50N). 
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The results from the construct, convergent and predictive validation are promising for the 

future of virtual simulation as a method for training technical procedures. We showed construct 

validity for the VAST-ETI as an automated testing and learning tool. It was seen that the VAST-

ETI could distinguish the performance between experts and novices (𝑝 < 0.001) with a large 

effect size (𝑑 = 1.39), while also showing the improvement of learners over a two-week period. 

However, the hypothesis that the simulator group would score significantly differently in the post-

test than the control group was not validated (p=0.774). During the predictive validation, it was 

observed that the intervention group scored higher than the control group when graded by a group 

of experts using the technical metric (Appendix A). Comparing the results of the construct and 

convergent validation, the residents (control and simulator groups, Fig. 4.5) reached a similar level 

of proficiency on the simulator in the post and retention tests, as did the attendings (expert group, 

Fig. 4.2). A reasonable explanation for this is that the skill-cap of the scenario in the simulator is 

high enough to distinguish novices with little to no experience (<10 intubations) from those with 

some intubation experience (>20 intubations), however, it is not high-enough enough to 

distinguish a difference in the latter to those with significant intubation experience (>200 

intubations). This is supported by the plateau in score observed between the post-test and retention 

test where the skill level measured did not change over the retention period, during this time the 

participants in the control and intervention groups conducted ten intubations in the operating room, 

on average. 

Hypothesis 3 

Validated 

Construct validation: Experts scored significantly higher (p < 0.05, 

parametric t-test) than novices when performing on trials on VAST-ETI. 
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Hypothesis 4 

Not Validated 

Convergent validation: Participants trained on VAST-ETI  did show 

significant learning over training, but they did not score significantly 

higher (p > 0.05, rANOVA) than the control group 

Hypothesis 5 

Validated 

Predictive Validation: Participants trained on VAST-ETI showed 

transfer of skills acquired from the simulator to procedure performed on 

a real patient (p = 0.042, parametric t-test). The simulator group was 

scored significantly higher when tested by a group of experts and being 

in the simulator group had a significant effect on the positioning the 

blade within the oropharynx (Metric Item 11) with a large effect size 

(r=0.6)  

 

One limitation of the convergent validation study was the population selected. Due to time 

constraints and regulations on other populations, such as interns and medical students, residents 

were selected as they had minimal intubation experience, were able to participate in a 4-week 

study, and could be tested with actual patients in the operating room. A possible solution would 

be to conduct the study with interns on a rolling-basis such that each intern participates in the study 

during their anesthesia rotation. This would minimize the exposure they have to actual intubations 

throughout the learning and retention periods while potentially showing a larger difference 

between the two groups for the post- and retention tests. 

 

In this work, we present a methodology for creating high-fidelity, haptic environments and 

demonstrate this process with training endotracheal intubation (ETI), a technical, medical 

procedure. We began by understanding the medical procedure and the simulator requirements. 
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This was accomplished by in-depth literature review, meeting with experts, direct observation in 

the clinic and biomechanical measurements. Our first outcome was a technical assessment tool for 

grading the performance of an ETI procedure. The significance of this research was that it provided 

us a quantitative way to measure the learning of trainees as they used the developed simulator. 

Based on expert feedback and biomechanics research, it was determined that we would need a 

unique, haptic mechanism to provide the workspace and forces experienced during endotracheal 

intubation. We then develop a haptic mechanism based on the user requirements and biomechanics 

of the ETI procedure. The haptic mechanism is then integrated into a virtual training simulator, 

and the entire system is validated for its effectiveness as a training tool. 

Specific contributions of this work include: 

• A user-centric approach to assessing the technical performance of ETI procedures (SA 1). 

• User-centric design specifications of a haptic interface for high-fidelity simulation of ETI 

procedures (SA 2). 

• A novel haptic mechanism for virtual training of ETI procedures with established clinical 

validity and usefulness (SA 3). 

5.1 Future Work 

Future work following this thesis involves expanding upon the three major components: the 

technical ETI metric, the 5-PLR haptic device, and the VAST-ETI as an educational tool. 

Specifically, for the technical metric, the feedback effectiveness can be validated in the OR as a 

learning tool. This would involve training a group of novices over a learning period on ETI using 

the technical metric as feedback after they perform OR procedures. The hypothesis for this 

validation would be that the group receiving feedback using the technical metrics would learn at a 
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significantly faster rate than a group being trained using the standard apprenticeship model. 

Additionally, the technical metric currently relies strictly on video; future work would pursue 

biomechanical means of measuring progress, such as kinematic and F/T measurements, and then 

giving feedback specifically related to the measurements.  

Future work with the 5-PLR involves making improvements to the design based on user 

feedback and data collected. Future iterations of this device will include increasing the power of 

the actuators, which are only restricted by their base housing, optimizing the link lengths, 

increasing the range of the passive joints, and increasing the stiffness along the Z-axis. Additional 

research will also be conducted on the F/T relationship with the kinematics of the laryngoscope to 

optimize the workspace of the 5-PLR and the force rendering.  

Further improving the high-fidelity force feedback, we will look to develop a perception 

intelligent environment for difficult airway training. While a simulator for fixed airway anatomy 

has advantages of training outside the operating room, it fails to capture the complexities arising 

from the diversity of cases that a resident must encounter to develop their knowledge base. The 

complexity of endotracheal intubation arises from the so-called “difficult airway” situations which 

represent a complex interplay between patient anatomy (e.g., intraoral variability, jaw structure, 

presence of beard, lack of teeth, etc), patient conditions (e.g., excessive blood and saliva in the 

airway, impossible venous access, aspiration risk, uncooperative patient, snoring), patient 

medical history (e.g., heart or lung disease, obesity, apnea) and skills of the practitioner. 

Following this research, we will seek to develop force models by recording biomechanical 

variables (force, torque, and kinematics) for multiple ETI procedures for a range of patients. The 

simulation environment will then replicate the forces when and where they would occur in the 

actual procedure. This research may lead to “perception intelligent” haptic environments (Fig. 5.2) 
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since the haptic environment will be based on a model of what is being perceived in the procedure. 

This will allow simulator users to train with various patient characteristics using a high-fidelity 

model. The model will continue to evolve as more cases are recorded. Preliminary data has been 

collected for performing ETI on a mannequin as a baseline model and future work will be 

conducted to collect this data in the OR. 

 

Figure 5.2: Model of perception intelligent haptic environment. 

Future work with the VAST-ETI involves follow-up studies using head-mounted displays 

and hand tracking to allow participants to move in the virtual space and alleviate any complications 

with depth perception that exist with a monitor. The real-time tracking of motions, forces, and 

metric items allows the development of models that represent the performance of experts and 

novices. Using these models, we plan to provide guidance to trainees, utilizing methods seen 

recently in a virtual-reality operating room fire simulator that is equipped with artificially 

intelligent cognitive agents[101]. Another future development would be the adaptation of the 

virtual simulator for a mixed-reality environment. This would involve augmenting virtual 

simulators onto the real environment for trainees and using computer vision and other means of 

tracking for automatic grading of the technical metric. To reconduct the convergent validation test, 

since it was not validated in this thesis, we would conduct the study with interns to minimize the 
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exposure they have to actual intubations throughout the learning and retention periods while 

potentially showing a larger difference between the two groups for the post- and retention tests. 

Another possibility would be to test the same population (anesthesia residents) with more difficult 

scenarios to increase the skill cap of testing. 
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APPENDIX A: ETI PERFORMANCE METRIC 

Operator ID:                                                                          Date: 

Trial Number: 

Reviewer ID: 

Base Score 

66         + 

Metric 

Scores 

= 

Final 

Score 

          /100 

 

Positioning of the Patient 
 

1. Positioning of Patient Head Expert Based 

Points 

Score 

The operator properly tilted the head into the sniffing position 1  

The operator did not tilt the head into the sniffing position 

Feedback: The angle of neck flexion should be placed at approximately 

35 degrees1. 

0 

2. Elevation of Patient’s Head 

The operator properly elevated the patient’s head or did not need to 

elevate the patient’s head 

1  

The operator should have elevated the patient’s head but did not 

Feedback: The angle of face extension should be approximately 15 

degrees1. 

-3 

 

Insertion of Direct Laryngoscopy Blade 
 

 
1 Horton WA, Fahy L, Charters P. Defining a Standard Intubating Position Using “Angle Finder.” 

Br J Anaesth. 1989;62(1):6-12. 

3. Grip of Laryngoscope Expert Based 

Points 

Score 

The operator had a proper grip on the laryngoscope  2  

The operator had an improper grip on the laryngoscope 

Feedback: The laryngoscope needs to be in the left hand and high enough 

such that it’s not obstructing the entry of the blade in to the mouth 

0 

4. Method to Open Mouth 

The operator adequately opens the mouth by scissoring their finger and 

thumb 

2  

The operator adequately opens the mouth some other way (e.g. using the 

blade) 

2 

The operator does not adequately open the mouth -1 



 

89 

 

 

  

Feedback: Apply opposing pressure onto lower and upper teeth using 

thumb and middle finger, respectively. 

5. Location of the Blade While Inserting Into the Mouth 

Right side of the mouth and sweep the blade and tongue left until midline 

is reached 

1  

Middle of the mouth but still able to sweep tongue 

Feedback: Start at the right side of the mouth to sweep tongue to the left. 

-1 

Any other insertion location (please describe in comment) 

Feedback: Start at the right side of the mouth to sweep tongue to the left. 

-3 

6. Blade Insertion with Respect to the Vallecula Expert Based 

Points 
Score 

Insert blade into the vallecula 0  

Insert blade under the vallecula 

Feedback: Pull blade back into the vallecula 

-1 

7. Force Used while Interacting with Vallecula 

The force appeared excessive 

Feedback: Correct direction, use less force 

-3  

The force used appeared appropriate 1 

The force used appeared insufficient 

Feedback: Verify correct direction, use more force 

-1 

8. Contact with Teeth During Lifting the Blade 

The blade was lifted without contacting the teeth 1  

The blade was lifted while hitting teeth with no damage 

Feedback: Reduce leveraging the blade toward the operator. Blade 

should be lifted at a 45-degree angle away from the operator. 

-2 

The blade was lifted while hitting teeth with damage to the teeth 

Feedback: Reduce leveraging the blade toward the operator. Blade 

should be lifted at a 45-degree angle away from the operator. 

-4 

9. Order of Events for the Insertion of the Laryngoscope 

The order of events was correct 0  

The order of events was incorrect 

Feedback: 

1. Position and raise the head 

2. Properly grip the laryngoscope 

3. Scissor open the mouth 

4. Insert the blade on the right side of the mouth and sweep the 

tongue left 

5. Enter the vallecula 

-1 
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Achieving the Optimal Laryngeal View 
 

10. Final Blade Position in the Vallecula When Lifting for 

Optimal View 

Expert Based 

Points 

Score 

Blade is in the correct position in the vallecula 1  

Blade is too shallow in the vallecula 

Feedback: Place the blade deeper in the vallecula 

0 

Blade is too deep in the vallecula 

Feedback: Do not insert the blade as deep in the vallecula 

-2 

Blade is not in the vallecula 

Feedback: Reposition the blade to be in the vallecula 

-3 

11. Blade Position with Respect to the Oropharynx 

Blade is in the midline of the patient’s oropharynx 2  

Blade is not in the midline of the patient’s oropharynx, but the operator 

started again from the right (correct) side 

Feedback: Optimize attempts to position the blade in the midline of the 

oropharynx. 

-2 

Blade is not in the midline of the patient’s oropharynx and is not adjusted 

Feedback: The blade should be in the midline. 

-7 

12. Lift on Laryngoscope for Proper View 

The blade lifted up on tongue/vallecula enough for sufficient view 1  

The blade did not lift up on the tongue/vallecula enough for a sufficient 

view 

Feedback: Increase the lift at a 45-degree angle. 

-1 

13. Quality of the Vocal Cords View 

The vocal cords were in view before intubating 1  

The vocal cords were not in view before intubating 

Feedback: The vocal cords should be in view before endotracheal 

intubation. Check that the appropriate lift angle was used. 

-1 

14. Angle of Lift on First Attempt 

The laryngoscope had a backward angle onto the teeth 

Feedback: Reduce the angle of the blade by keeping the angle of the 

handle around 45 degrees 

-2  

The laryngoscope was angle appropriately (approx. 45°) 4 

The laryngoscope was angle too shallow (0-45°) 

Feedback: Increase the angle of the blade by keeping the angle of the 

handle around 45 degrees 

0 
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15. Multiple Blade Insertion Attempts to Achieve Proper View 

The proper view was achieved the first time the blade was inserted (no 

removal & reentry of blade) 

2  

The blade was removed from the patient and reentered 2-3 times before 

achieving proper view 

Feedback: Optimize early attempts and guarantee that previous steps are 

completed properly before continuing. 

0 

The blade was removed from the patient and reentered 4+ times before 

achieving proper view 

Feedback: Optimize early attempts and guarantee that previous steps are 

completed properly before continuing. 

-3 

A proper view was not obtained. 

Feedback: Improve other metric items based on their feedback. 

-5 

 

Inserting the Endotracheal Tube 
 

16. Number of Contacts of Tube During Insertion Expert Based 

Points 

Score 

The tube was inserted with no or negligible number of contacts to 

surrounding anatomy 

3  

The tube was inserted with an excessive number of contacts to 

surrounding anatomy 

Feedback: Avoid excessive contact with surrounding anatomy. Observe 

end of tube during insertion to avoid excessive contact with surrounding 

anatomy. 

-2 

The tube was not inserted. 

Feedback: Improve other metric items based on their feedback. 

-8 

17. Multiple Intubation Attempts 

The clinician successfully intubated the patient on the first attempt 3  

Had to perform one additional intubation attempt 

Feedback: Optimize early attempts and guarantee that there is a clear 

view of the vocal cords before intubating 

0 

Had to perform at least 2 additional intubation attempts 

Feedback: Optimize early attempts and guarantee that there is a clear 

view of the vocal cords before intubating 

-4 

The intubation was not successful 

Feedback: Improve other metric items based on their feedback. 

-7 
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Avoiding Injury to the Patient 
 

16. Was Excessive Force Used to Insert the Laryngoscope into 

the Oropharynx? 

Expert Based 

Points 

Score 

No, the force appeared appropriate 1  

Yes, at one of more times the force appeared excessive 

Feedback: Reduce the rate of approach and observe surrounding tissues 

during insertion. 

-2 

17. Was Excessive Force Used to Insert the ETT into the Oropharynx? 

No, the force appeared appropriate  4  

Yes, at one of more times the force appeared excessive 

Feedback: Reduce the rate of approach and observe surrounding tissues 

during insertion. Do not force the ETT into the oropharynx. 

1 

The tube was not inserted. 

Feedback: Improve other metric items based on their feedback. 

-2 

18. Was Excessive Force Used While Interacting with the Vocal Cords? 

No, the force appeared appropriate. 2  

Yes, at one or more times the force appeared excessive. 

Feedback: Reduce the force applied when interacting with the vocal 

cords. Do not force the ETT through the vocal cords, the ETT should 

pass smoothly through the vocal chords. If not, may need to alter angle of 

approach or consider using smaller ETT. 

-8 

19. Laryngoscope Manipulation Around Lip(s) 

There was no pinching of the lips 0  

There was pinching of the lips 

Feedback: Ensure to clear lips from around the laryngoscope blade 

-1 

20. Laryngoscope and ETT Contact with Tissue and Structures 

The contact with tissue and structures was appropriate 1  

The contact with tissues and structures was excessive 

Feedback: Minimize contact with surrounding tissue and structures. 

Observe laryngoscope and ETT during insertion to avoid excessive 

contact with surrounding anatomy. 

0 
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