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Visible Human Project [268] was used to construct the geometry of the ribcage. Since the 

internal intercostal muscle is observed to take the shape of adjacent ribs and the sternum, 

cloth modeling was used coupled with directional forces to bring the internal intercostal 

muscle model in contact with the ribcage. The model of the internal intercostal muscle has, 

correspondingly, deformed to take the shape of the ribcage allowing the ribs and sternum 

to be distinguishable in the thoracoscopic view. The pericardium was modeled based on 

an anatomical atlas. 

The mediastinum was modeled by, firstly, creating a volumetric capsule model. 

Boolean subtraction and intersection modeling was then used to omit a specific portion of 

the model subtracting the part intersecting with the pericardium in a way that both models 

fit without gaps. Generic models of the lungs and the diaphragm were acquired from a 

repository for 3D-models. 

The main tool used in the Nuss procedure (the introducer by Biomet Microfixation 

[41]) is shown in Fig. 21 (a). One of three sizes: S, L and XL which differ in curvature can 

be used, depending on the patient’s size. Models of the three sizes of the introducer were 

constructed based on orthogonal photographs (Fig. 21 (b)). 

 

  
(a) 

 

(b) 

 

Fig. 21. Surgical instrument: (a) introducer and (b) 3D model created for the introducer. 
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3.2.2 Modeling PE deformity 

To evaluate the ability of our generic model to conform to the patient’s size and 

deformation, we compared the patient-specific generated deformity with the actual shape 

of the patient’s chest (ground truth) in the form of a 3D mesh obtained using surface 

scanning (Fig. 29 (a)). The comparison of the two surfaces was carried out utilizing Delta™ 

Surface Comparison Utility from ARANZ Scanning Ltd (ASL) [271]. 

Fig. 29 (b) shows results of such a comparison for the cup type PE. In this case, the 

difference between the surface scan (Fig. 29 (a)) and simulated chest shape (Fig. 30) along 

the centerline is slightly above 0 and equal to approximately 4 mm. The slight difference 

in the lower rib region can be explained by error introduced by breathing or by differences 

in supine postures from one patient to another. However, the differences in the deformity 

region are close to 0. The differences recorded indicate satisfactory approximation with 

minor inaccuracies. The maximum difference is very localized and situated in the area 

below the xiphoid process inferior to the region of interest. 

 

     
(a) 

 

(b) 

 

Fig. 29. Pre-surgical (a) cup type PE surface scan and (b) comparison between simulated 

and actual chest shape. 
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Fig. 30. External view of the patient avatar model with simulated PE condition. 

 

3.2.3 Simulation of the mediastinal dissection 

A mediastinal tunnel can be created using the simulated surgical tool. Fig. 31 (a) 

illustrates the initial position of the introducer at the start of the simulation. At this point, 

the introducer is constrained by high stiffness forces in local x- and y-axes and friction 

force in the local z-axis preventing from any rapid movement. The forces reach 

approximately 6.2 N, which is the maximum nominal force of the haptic device. The force 

coefficients were estimated with collaboration of experienced Nuss procedure surgeons 

from CHKD. The produced behavior approximates the movement of the tool around the 

pivot and the forces involved. 

Once the tool is in contact with that part of the mediastinum, the mediastinum 

deforms revealing the webby tissue (Fig. 31 (b)). Upon further motion, the hole increases 

in diameter (Fig. 31 (c)). As the introducer advances to the other side of the mediastinum 

(Fig. 31 (d)), the tool pushes away the surrounding tissue and the friction force is increased 

as the introducer comes into contact with the mediastinum. This force was approximated 

to not exceed 0.5 N, depending on velocity of the tool’s motion. Reaching the other side of 

the thoracic cavity requires creating another hole in the mediastinum (Fig. 31 (e)). Once 
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Furthermore, the user can perform initial sternal elevation which is becoming a 

routine part of the procedure. The surgeon uses a bed-mounted crane, such as a Rultract® 

system [44], to perform lateral or subxiphoid elevation of the sternum before mediastinal 

dissection. This component of the surgery has proven to assist tremendously in decreasing 

the effort required to create the pathway through the mediastinum. 

Through this interface, the user is also able to utilize visual and tactile cues relevant 

for characterizing the deformity and making decisions regarding insertion and exit points. 

 

 

Fig. 32. Real surgical tools from the surgery can be used for training on the NP manikin. 

 

4.1.2 Thoracoscopy 

To display the internal view of the manikin, two approaches were implemented. 

The first prototypical approach uses an inexpensive endoscopic camera (webcam) mounted 

on a steel rod and inserted into the manikin and manipulated by the user. The camera 

connects to a computer and uses that connection to provide necessary lighting during usage.  

In a second, more advanced approach, an actual Stryker laparoscopic tower [272] 

was integrated with the manikin including the light and power sources as well as both a 5 
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millimeter- and a 10 millimeter-size autoclavable laparoscopes. The user is, thus, able to 

use the same scope used in the real surgery. 

 

4.1.3 Synthetic skin, external intercostal muscle, and organs 

Two iterations of a PE-deformed ribcage were developed. In the first iteration, a 

proof-of-concept design of the ribcage was constructed by modifying the skeletal model 

from the Visible Human Project [267, 268] to create a 3D model of a deformed ribcage 

(Fig. 33 (a)). Special pins were modeled for each rib to make it attachable to an 80/20 [273] 

stainless steel rail (Fig. 33 (b)). The ribs and corresponding pins were then 3D-printed and 

mounted on the apparatus. A hinge was inserted into the 3D-printed sternum to allow for 

anterior and posterior articulation. A second iteration of the ribcage was constructed by 

acquiring a generic thorax anatomy skeleton model (Fig. 33 (c)). 

For the external intercostal muscle and the skin, Smooth-On synthetic material 

[274] was utilized to prepare and shape a multi-layered and -colored skin as well as a strong 

yet elastic rubber mesh placed between the skin and the ribcage to resemble the external 

intercostal muscle (Fig. 34 (a, b)). Synthetic material was also used to form cast models of 

the pericardium, lungs, and diaphragm that each differ in elasticity and pliability (Fig. 34 

(c, d, e)). 
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(a) 

 

 
(b) 

 

(c) 

 

Fig. 33. Ribcage construction for the Nuss procedure manikin. First iteration using (a) a 

modified Visible Human Project ribcage model with a PE deformity and (b) the design of 

3D-printed ribs mounted on steel rail. Second iteration using (c) a generic anatomy model 

of the skeleton. 
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(a) 

 

(b) 

 

  
(c) 

 

(d) 

 

 
(e) 

 

Fig. 34. Components of the Nuss procedure manikin constructed from synthetic materials: 

(a) multi-layer skin, (b) ribcage covered with external intercostal muscle, (c) form casted 

pericardium, (d) diaphragm model, and (e) the appearance of all the components including 

the lungs. 
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4.1.4 Pectus excavatum deformity 

Pectus deformity was reproduced on both iteration of the ribcage. The 3D printed 

model was originally designed with an embedded PE deformity before printing (Fig. 33 

(a)). As for the iteration that utilized a ribcage obtained from a generic anatomical skeleton, 

high-temperature air was applied to the rubber material that resembles the costal cartilages 

and the sternum was pulled posteriorly to add the PE deformity. In both cases, springs were 

added to hold down the sternum while allowing the user to elevate it using appropriate 

techniques from the surgery (Fig. 35). 

 

 

Fig. 35. Springs holding down the sternum to simulate PE deformity. 

 

4.2 Results 

The physical NP simulator’s components described above provide a platform for 

training on the real tools from the surgery. Replaceable patches of the synthetic skin and 

muscle allow for repetitive training (Fig. 36). The manikin makes training on the skills 

described in the following sections possible. 
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4.2.1 Initial sternal elevation 

Using either a retracting device such as the Rultract® for lateral or subxiphoid 

sternal elevation (Fig. 36 (c)) or using the Vaccuum Bell system [40], the user is able to 

train on elevating the sternum to improve the thoracoscopic view of the mediastinum. This 

is a vital step that impacts greatly the mediastinal dissection process. The manikin is a 

suitable environment to observe the effect of this step and realize its significance (Fig. 36). 

 

 

 

(a) 

 

 
(b) 

 

(c) 

 

Fig. 36. The two iterations of the NP manikin components using a prototyped 3D-printed 

ribcage in one iteration (a) and a generic anatomy model of the ribcage in another (b) as 

well as using the Rultract® for sternal elevation (c). 
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4.2.2 Introducer maneuver, tissue dissection, and thoracoscopy 

Using the real introducer from the operating room (Fig. 37), the user is able to train 

on the motions associated with the mediastinal dissection process by pawing with the 

posterior part of the introducer on the pericardium model and making way to the other side 

of the chest. This is guided with simulated thoracoscopy as the user observes the internal 

view of the manikin on the computer and is able to operate the thoracoscope (Fig. 38). 

 

 

Fig. 37. Real introducer and thoracoscope used for training on the fully physical Nuss 

procedure simulator. 

 

 

Fig. 38. Thoracoscopic view of the interior of the Nuss procedure manikin. 
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4.3 Advantages and Limitations of a Fully Physical (Manikin) Simulator 

The physical setup clearly adds value to tasks that require the use of surgical 

instruments where fine movements are expected such as making an incision, creating a 

suture and securing the stabilizer. The reproduction of the mechanical behavior and 

pivoting motion of the surgical tools are flawless here as they, the tools, are inserted into 

the manikin just like they are in the actual surgery. Additionally, not only does the physical 

setup provide the user with visual cues regarding the external landmarks such as the 

intercostal spaces, deepest point of depression, and introducer's progress in the 

subcutaneous tunnel, but also the ability to determine their location in a tactile manner. 

In a physical setup, however, no real-time dynamics and interactions are present 

such as the beating heart, fluid emission, and the complication of puncturing the 

pericardium. Although these can be added with some difficulty and expense, the system is 

also unable to introduce procedural complications and pre-modeled scenarios to the 

simulation which makes the training scope and resolution somewhat limited. Furthermore, 

this setup is not an efficient platform for patient-specific planning as it requires an offline, 

and a rather long, changeover. Therefore, an average or standardized set of parameters that 

describe the patient and deformity populations are assumed to suffice. 
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CHAPTER IV 

A HYBRID SYSTEM 

This chapter introduces the ultimate proposition of this work, namely a training 

platform for the procedure that integrates the better elements of the two simulators 

developed and discussed in the preceding two chapters. The hybrid Nuss procedure 

surgical trainer (NPST) utilizes an optimal combination of the components of each 

implementation to produce a mixed-reality system that incorporates necessary physical 

constituents with a tailored virtual environment. The system described in this chapter will 

be referred to, throughout this work, by the hybrid Nuss procedure surgical trainer (NPST), 

the hybrid simulator, the hybrid model, the hybrid setup, or the hybrid version, 

interchangeably. 

The chapter discusses in its outset a thorough task breakdown and analysis of the 

Nuss procedure performed with consultation of experts who perform the surgery regularly. 

The purpose of this breakdown is to provide a systematic comparison reference that 

determines the extent to which a particular simulation modality accomplishes the most 

relevant characteristics of the surgery. This breakdown segments the surgery and identifies 

its discrete components for a successful NPST and, subsequently, classifies the procedure’s 

steps into tasks and subtasks as well as determines their significance for positive training. 

The two developed simulation modalities are then compared against relevant criteria 

derived from the nature of the surgery to highlight the potentials and emphasize the 

limitations of each setup and inspire a hybrid model that combines the best of both. An 

identification of various aspects in the previous systems that can be improved and/or 

supplemented with a better approach is detailed. 
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After delegating each aspect of the surgery to either a virtual or a physical 

simulation modality, the development of the hybrid surgical trainer is thoroughly 

discussed. The hybrid NPST’s architecture is described and details about its various 

components are elaborated. In addition to addressing and implementing several upgrades 

that improve the fidelity and performance of the trainer, a demonstration of how the system 

fulfills the discussed training requirements is provided. 

 

5.1 Evaluating Previous Systems Against the Procedure 

In collaboration with surgeons who frequently perform the Nuss procedure and 

have pioneered its training and advancement at the Nuss Center [275], a task breakdown 

of the surgery was performed to identify and classify the discrete steps involved in the 

procedure and highlight those that are considered most essential for a proposed training 

platform, i.e., unique to the Nuss procedure. This has, subsequently, identified the scope of 

the NPST to include the aspects of the procedure that experts consider a priority for training 

and excluded surgical steps that are trivial or mutual with other procedures. The resulting 

tasks are shown in Table 2 along with a brief description of how they are simulated on the 

purely virtual versus on the purely physical platform. To identify areas where each of the 

two implementations contributes more significantly, the efficient and more realistic 

implementation of the two is highlighted using bold text. 

Consequently, these surgical steps can be translated into a number of training 

requirements to be present in a successful trainer for the procedure. These requirements are 

listed in Table 3 as well as whether they are present in each of the two implementations. 
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As can be observed in Table 3 a virtual setup of the trainer plays a significant role 

in automated user assessment and patient-specificity aspects. The virtual nature of the 

simulation allows for tailoring the patient’s avatar and PE deformity to conform to 

parameters from patient CT data, introducing surgical scenarios and complications to the 

training scope, as well as enhancing the realism of the experience through dynamic 

visualizations such as breathing, bleeding, and heart beating. However, the nature of the 

haptic device hinders the use of various surgical tools and retractors and introduces a 

discrepancy in the tool’s pivot mechanics as addressed by Obeid et al. in [30]. 

The physical setup of the trainer, on the other hand, adds undisputable value in 

aspects such as realistic tool mechanics and behavior (bar flipper, Kelly clamp, suture 

needle, retractors, and umbilical tape), visual and tactile cues involving anatomical 

landmarks, as well as intuition and ease of use. As it relates to scenario versatility and 

training scope, however, the physical setup suffers from a cumbersome changeover 

between uses and a need to settle for an average standardized shape, morphology, 

parameters, and user experience. 
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Table 2. Implementation of the Nuss procedure trainer against relevant surgical tasks. The corresponding more efficient and realistic 

implementation is highlighted in bold. 

# Task Steps Purely Virtual Approach Purely Physical Approach 

1 Interface 

a. Surgeon uses thoracoscopy. a. Thoracoscopy is automated. a. Thoracoscopy is approximated. 

b. Surgeon uses scalpel, introducer, 

and retractor. 

b. User uses haptic device to control 

introducer only. 
b. Real surgical tools can be used. 

2 

Anatomical 

landmarks 

visualization and 

identification 

a. PE deformity observed. 

a. PE deformity is reproduced by 

affecting sternum, associated costal 

cartilage and external skin of patient's 

avatar with a deformation model with a 

fall off 

a. PE deformity created with a physical 

spring attached to xiphoid process. 

b. Patient-specific morphology 
b. Simulated deformity is governed by 

parameters collected from CT data. 

b. Generic PE deformity is reproduced 

and is not patient-specific. 

c. Organs and anatomical landmarks 

observed. 

c. 3D models of organs present 

including lungs, diaphragm, and 

beating heart textured via surgical 

photos obtained from operating 

room. 

c. Synthetic material is used to cast lung, 

diaphragm, and pericardium models. 

Primitive colors used, and heart is not 

beating. 

d. Deepest part of sternum. 
Deepest point visualized. However, tactile 

determination of landmarks is absent and 

intercostal spaces not visible externally. 

AAL/MAL approximated. 

Exterior landmarks can be located by 

visualizing and feeling through synthetic 

skin on 3D-printed ribcage. AAL and 

MAL can be located. 

e. Intercostal spaces. 

f. Anterior axillary line (AAL) and 

mid axillary line (MAL). 

3 Thoracoscopy 

a. Incision made for thoracoscope. 
a. Incision for thoracoscope is assumed to 

already exist. 

a. Incision can be made on replaceable 

synthetic skin. 

b. Inspect PE deformation internally. 

b. Virtual camera is available to 

visualize interior of virtual chest and 

internal intercostal muscle. 

b. Web-cam is mounted on a long steel 

rod and can be inserted into chest. 

c. Surgeon's assistant guides 

thoracoscope, focusing on tip of 

introducer. 

c. Virtual camera follows introducer's tip 

at all times according to haptic device's 

motion. A 30 angle is incorporated. 

c. Assistant can maneuver web-cam. A 

30 angle is absent. 
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4 Sternal elevation 

a. Make incision lateral to xiphoid 

process to make entry point of 

Rultract retractor rake. 

a. Cutting and incision not implemented. 
a. Surgical scalpel can be used to 

perform step 

b. Using Rultract, crank up and elevate 

sternum gradually. 

b. Haptic interface limits implementing 

retractor. 

b. Actual surgical retractor can be used 

to perform step. 

c. Noticeable substantial relief of 

Pectus deformation is observed in 

thoracoscope. 

c. Sternal elevation is not implemented. 
c. Thoracoscopic view shows sternal 

lift. 

5 
Mediastinal 

tunneling 

a. Determine correct tunneling plane 

by applying small force brushing 

downwards on undersurface of 

sternum. Separation of tissue 

indicates safe spot. 

a. Pericardial sac can be seen beating in 

view, a thin layer can be identified 

between pericardial sac and sternum. 

a. Tunneling plane can be determined 

between synthetic pericardial sac and 

sternum. Tissue separation is observed. 

b. With aid of thoracoscope, guide 

introducer under sternum. 

b. Virtual camera follows tip of 

introducer. Targeted areas are viewed 

by aiming introducer towards them. 

b. Maneuver camera to visualize targeted 

area. Synthetic organs in sight 

c. Gently dissect mediastinum tissue 

with consideration of beating heart. 

c. User can pry along defined plane to 

dissect tissue and make pathway while 

heart is beating. 

c. Brushing motion may be performed 

similar to surgery. Heart is not beating. 

d. When tunneling is achieved, 

puncture through exit site, 

examining externally. 

d. Exit point is marked on interior of 

simulated left thorax, touching it will 

terminate simulation. 

d. Puncturing can be performed 

through other side of synthetic 

muscle. 

e. Pull tip of introducer out through 

established left incision site. 

e. Simulation ends when left side was 

reached. 

e. Introducer tip can be pulled from 

left incision. 
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Table 3. Required training aspects for a NPST and their current availability on a purely 

virtual (V) or a purely physical (P) setup. 

Trainer Aspect  Requirement V/P? 

1. Visual / tactile cues 

a. Observe external skin and feel intercostal spaces.  P 

b. Observe deformity externally and internally. V 

c. PE deformity is interactive with user. P 

d. Realistic and adjustable deformation of organs. V 

e. Real-time dynamics: beating heart, blood emission. V 

2. Surgical tool mechanics 

a. Realistic feeling of holding tool. P 

b. Realistic pivot mechanics. P 

c. Versatility of surgical tools. P 

3. Procedural tasks 

a. Make markings on chest. P 

b. Elevating sternum using surgical retractor. P 

c. Mediastinal tunneling through substernal tissue. P 

4. User performance 

assessment 

a. Track simulation lapse time. V 

b. Track surgical tool economy of motion. V 

c. Track type and number of errors made. V 

d. Automated performance evaluation and calculation. V 

5. Patient-specificity 

a. Models can be adjusted patient-specifically. V 

a. PE is adjustable and can involve variability. V 

b. Other complications can be integrated. V 

6. Usability / repeatability 
a. Interface is intuitive and clear. P 

b. Changeover between training sessions is minimum. V 

 

 

A hybrid simulator/trainer will, therefore, combine the components of the two 

previous modalities according to the allocation described in Table 3 and following the road 

map described by Obeid et al. in [26]. Some components were, however, implemented sub 

optimally in the previous two versions and other components have inherent flaws that 

should be addressed. The following is a summary of aspects from the previous two setups 

that require improvements when implemented in the hybrid setup: 
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▪ Issues and challenges: the following pre-existing issues should be addressed 

when implemented in the new hybrid system: 

 Pivot mechanics: approximation of pivot behavior using the haptic device 

in the fully virtual simulator introduces an inherent discrepancy between the 

physical and the simulated pivot point because the haptic device’s stylus 

doesn’t support insertion. Since it will utilize the haptic interface, the hybrid 

setup must compensate for this discrepancy. 

 Computationally expensive organ structures: the models of the organs in the 

virtual setup are composed of a single high-polygon mesh used for collision 

detection registered for rendering, deformation, and haptic interaction. This 

design is very expensive to process. A better structure must be incorporated. 

 Slow soft-body deformation: implementation of soft-body deformation in 

the virtual setup uses a collision model generated from the original mesh of 

each organ and doesn’t leverage the computer’s Graphical Processing Unit 

(GPU), causing a dramatic loss in frames and hinders the performance. A 

more adequate high-performance design for deformations must be 

developed. 

 PE deformity: in the virtual setup, the PE deformity affects the chest wall 

only. Tissues such as the mediastinum, pericardium, and diaphragm should 

also be affected by the deformity. 

 Haptics: haptic forces are triggered using collision detection governed by 

the original high-polygon mesh rendered. Additionally, organ collision 

forces are based on a universal force type/property only. The hybrid setup 
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must optimize the haptic interface’s collision detection and introduce organ-

specific fore characteristics. 

 Unity engine: the virtual setup doesn’t utilize the most recent version of the 

engine as it runs on version 4.6. The hybrid setup must utilize the potentials 

of the more recent releases of the engine. 

 

▪ Additional requirements: after improving existing components from the 

previous two setups, several features that correspond to essential aspects of the 

surgery should be added to the hybrid NPST to ensure it provides the training 

skills required. These additions include: 

 The hybrid trainer must incorporate a platform to perform and train on 

lateral or subxiphoid sternal elevation, which is an essential step in the 

procedure. 

 The virtual setup doesn’t include a facility to record and evaluate the user’s 

performance. Such a component is needed. 

 No complication scenarios are implemented where the user penetrates the 

pericardium and causes bleeding. Adding such a scenario expands the 

training scope. 

 

 

5.2 Methods 

The previous section demonstrated how each simulator scheme has merits that the 

other cannot provide. A best-of-both approach is undertaken in this section to describe a 

design of a hybrid virtual/physical construction for the simulator. In a generic sense, the 
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hybrid Nuss Procedure Surgical Trainer (NPST) integrates a physical semi-manikin of the 

thorax with a haptic-incorporated virtual environment. 

 

5.2.1 Physical thorax 

Seeing that the physical setup showed strong potential for implementing aspects 

that are relevant to the external visual and tactile cues of the simulator, a similar 3D-printed 

ribcage with synthetic skin and muscle will be adopted in the new approach. Since the 

physical constituent is employed to complement the virtual environment, only ribs of the 

right side of the chest (facing the user) as well as the sternum were 3D-printed and added 

to the thorax. The ribs and sternum were obtained from the modified Visible Human Project 

model [267, 268]. The ribs were mounted on an 80/20 [273] steel rail by complementing 

each rib with a modeled pin that fits the rail’s openings (Fig. 39 (a)). The sternum 

articulates via an embedded metal hinge and is pulled down posteriorly via springs, along 

with the associated portion of the synthetic skin, to recreate a PE deformity (Fig. 39 (b)). 

This training thorax (Fig. 39 (c)) allows for marking the body, obtaining tactile cues from 

the skin, tool insertion, as well as the ability to use some of the original surgical tools and 

to perform trivial tasks such as marking relevant external landmarks, making incisions, and 

using the umbilical tape. Required surgical tools (scalpel, marker, Kelly clamp, etc.) were 

made available. 
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(a) 

 

(b) 

 

 
(c) 

 

Fig. 39. Structure of the training thorax including (a) the modeled and 3D-printed ribs of 

the right of the ribcage and custom pins, (b) the 3D-printed sternum that articulates via an 

embedded hinge, as well as (c) the synthetic skin and muscle. 

 

5.2.2 Thoracoscopy 

The thoracoscopic view of the patient will convey from the virtual setup. To control 

the virtual thoracoscope, the user can choose between two modes: (1) the “auto-follow” 

mode where the camera constantly follows the tip of the introducer; and (2) the 

“controlled” mode where the user controls the thoracoscopic camera in real-time using a 

Wiimote. Since the hybrid setup utilizes a physical manikin, the Wiimote can be attached 
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to a steel rod inserted in any intercostal space the surgeon decides. The Wiimote’s pitch, 

roll and yaw motions control and update the rotation of the virtual thoracoscopic camera. 

The simulated virtual camera is equipped with a 30 angle as in the real surgery. 

 

5.2.3 Patient specificity and PE deformity 

Patient-specific modeling of the patient's PE deformity is reproduced as explained 

in Chapter 3. Parameters to describe the morphology can be obtained from CT data and 

converted into a single parameter (depression) that is inputted in to the simulation [260]. 

The system of morphed deformations with a parameterized falloff described in 

Chapter 3 is incorporated into the associated entities of the hybrid trainer’s virtual 

environment. The envelopes of influence were, however, updated and supplemented using 

a system of blend shape deformers designed in Autodesk Maya [276] and incorporated as 

attributes for the torso, ribcage, internal intercostal muscle, diaphragm, pericardium, and 

mediastinum. Each organ affected by the PE deformity received a customized blend shape 

system that describes the gradient path of vertices’ deflection upon some degree of 

deformation (Fig. 40). All affected organs are linked to a single global value of deformation 

in the simulation equal to the established depression parameter. 

In the fully virtual simulator, the PE deformity was assigned at the start of the 

simulation and cannot be changed. In the hybrid NPST, however, the value of depression 

index was made a global variable and can change from 0 to 100; where 0 applies no degree 

of PE and 100 is the maximum depression. A module was incorporated to link the degree 

of PE deformity to the physical orientation of the sternum in the training thorax via Arduino 

communication. This module will be described in section 5.2.4.  
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Fig. 40. Envelop of influence for deformation constructed to apply a cup-shaped 

morphology to the simulated ribcage. 

 

5.2.4 Virtual/physical sternal elevation 

A sensor was mounted on the undersurface of the 3D-printed sternum and 

connected to an Arduino platform to monitor its articulation and orientation at all times 

(Fig. 41). The sensor used is a 6-axis motion processing component that provides 

information in six degrees of freedom (3-axis gyroscope and, 3-axis accelerometer). For 

the purposes of the PE deformity, only the 3-axis accelerometer was utilized.  

 

 

Fig. 41. Accelerometer installed on undersurface of sternum to monitor its articulation. 
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To incorporate the hybrid NPST with a facility to perform sternal elevation as 

deemed necessary by many experts, a cranking retractor mechanism was constructed and 

mounted on the apparatus above the training thorax. The device features a blunt tip 

Rultract® rake (Fig. 42 (a)) that can be inserted into the training thorax late and a cranking 

mechanism (Fig. 42 (b)) is used to elevate the sternum and hold it in place, using lateral or 

subxiphoid sternal elevation. 

 

 

 
(a) 

 

(b) 

 

Fig. 42. Cranking mechanism to train on sternal elevation. 

 

5.2.5 Pivot Mechanics 

As described before, the nature of generic (3-DOF) haptic device’s end effector 

hinders an insertion behavior because the device’s natural pivot, i.e., the stylus joint, 

physically travels with the user’s motion; whereas, in reality, the tool’s pivot is stationary 

at the insertion point. This discrepancy is, therefore, compensated for by augmenting the 


