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Abstract

Over the past two decades, high-speed communication technologies have revo-
lutionized applications of Tactile Internet (TI) by allowing low-latency data transfer.
This has led to the emergence of haptic-based medical simulations that have numer-
ous technical and ethical advantages in medical training. Since dental training is a
highly haptic task, tactile internet has the potential to improve the current dental
training techniques by allowing communication of motor skills as haptic media. This
project designs and implements a detailed, virtual-reality based simulation of a peri-
odontal procedure using haptic technology and a realistic 3D model of the oral cavity.
A communication system that allows low-latency transmission of haptic and audio-
visual data over a network was developed. The local-hosted communication network
performed with minimal overhead; an average delay of 0.62 ms and jitter of 0.53 ms for
haptic data, and round trip time of less than 30 ms for audio-visual data. This system
enables effective supervised training over a physical distance and is more interactive
than commonly used non-haptic computer simulations.

1 Project Management

Management methods such as Work Breakdown Structure (WBS), Design Structure
Matrix (DSM), Critical Path Method (CPM), and Gantt Chart were used to plan and
schedule the design and implementation process of this project. Each method is discussed
in the sections below.

1.1 Work Breakdown Structure (WBS)
A work breakdown structure assists project planning by dividing projects into a series

of tasks and sub-tasks [27]. See Table 1 below for the WBS of this project.

1



Table 1: Project Work Breakdown Structure

Haptic-Audio-Visual Tele-Dental Training Project Duration Planned Dates
Primary tasks Sub-tasks (days) start End

0.1 Begin Project 1 9/1/19 9/1/19
1.0 Determine dental needs 1.1 Weekly meetings with dentists 220 11/1/19 5/10/20

1.2 Review regulatory requirements 20 10/2/19 10/22/19
1.3 Research alternative solutions 20 10/2/19 10/22/19
1.4 Create a hierarchical list of dental needs 40 11/1/19 12/8/19
1.5 Revise problem statement 40 11/1/19 12/8/19

2.0 Generate Concepts 2.1 Functionally decompose the project 21 9/14/19 10/2/19
2.2 Research for code 49 9/1/19 10/14/19
2.3 Generate concepts 28 10/14/19 11/8/19
2.4 Select promising concept(s) 28 11/1/19 11/29/19

3.0 Begin Detailed Design 3.1 Perform detailed analysis of concepts 28 10/13/19 11/7/19
3.2 Perform simulations 28 11/7/19 12/8/19
3.3 Material selection/availability 7 12/1/19 12/8/19
3.4 Component selection/availability 7 12/1/19 12/8/19
3.5 3D Tongue Modelling 17 1/3/20 1/28/20

4.0 Build Prototype 4.1 Purchase materials 42 12/8/19 1/28/20
4.2 Machine/manufacture components 21 1/28/20 2/21/20
4.3 Assemble prototype 35 2/14/20 3/14/20

5.0 Test Prototype 5.1 Develop testing protocol 35 3/14/20 4/14/20
5.2 Perform tests 21 4/14/04 5/1/20

6.0 Documentation&Report 6.1 Fall mid-term report 14 9/28/19 10/13/19
6.2 Fall proposal and presentation 14 11/23/19 12/8/19
6.3 Spring mid-report/ppt 14 3/2/20 3/15/20
6.4 Final presentation and report 14 4/28/20 5/10/20

7.0 End Project 7.0 End Project 1 5/10/20 5/10/20

1.2 Design Structure Matrix (DSM)
A design structure matrix helps organize the task order for finishing a project. It

identifies inputs required for each task. For example, the weekly meetings with dentists feed
into literature review, product research, and listing of dental needs priorities [27]. See Table
2 below for the DSM of this project.
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Table 2: Project Design Structure Matrix

0.1 1.1 1.2 1.3 1.4 1.5 2.1 2.2 2.3 2.4 3.1 3.2 3.3 3.4 3.5 4.1 4.2 4.3 5.1 5.2 6.1 6.2 6.3 6.4 7
0.1 Begin Project 0.1
1.1 Dentists meetings x 1.1 x x
1.2 Literature review x x 1.2 x
1.3 Research products x x x 1.3
1.4 Prioritize dental needs x x x x 1.4
1.5 Problem statement x x x x x 1.5
2.1 Decompose project x 2.1
2.2 Research alternatives x x 2.2
2.3 Generate concepts x x 2.3
2.4 Select concepts x 2.4
3.1 Concepts analysis x 3.1 x x x
3.2 Perform simulations x 3.2 x x
3.3 Material selection x x 3.3 x
3.4 Component selection x x x 3.4
3.5 3D tongue modelling x x x x x x 3.5
4.1 Purchase materials x x 4.1
4.2 Assemble devices x x 4.2
4.3 Assemble prototype x 4.3
5.1 Develop test protocol x 5.1
5.2 Perform tests x x 5.2
6.1 Mid report 1 x 6.1
6.2 Proposal/presentation x x 6.2
6.3 Mid-report 2 x x 6.3
6.4 Report/presentation x 6.4
7.0 End project x 7

1.3 Simplified Critical Path Method (CPM)
Critical path method aids in identifying bottlenecks in a project schedule. In particu-

lar, it can identify the extent to which each task can be delayed without delaying the project.
It also identifies high risk tasks that cannot be delayed without extending the project com-
pletion date [27]. A simple/abstracted critical path of this project, which was constructed
based on the primary tasks from the WBS in Table 1, is shown in Figure 1. See Figure 25
in the Appendix (Section 12) for a detailed CPM, which was constructed based on the DSM
in Table 2.
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Figure 1: Simplified Project Critical Path

1.4 Gantt Chart
A Gantt Chart is effective for project monitoring. It can correlate tasks with duration

time, integrate sub-tasks having separate scheduling charts, and visually represent high level
assessment of project progress [27]. See Figure 2 below for the Gantt Chart that was used
in this project.

Figure 2: Project Gantt Chart
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1.5 Changes made to Project Management
As discussed in Section 9, due to local lock down policies enacted in response to

COVID-19, access to the hardware for dental simulation application was restricted. This
limited the development of the project application and impacted meetings with dentists.

2 Problem Definition

2.1 Problem Analysis
1) Who has the problem?

Dental professionals and students face this problem when they try to convey and un-
derstand the proper way of probing teeth.

2) What does the problem seem to be?
With recent improvements in network communication technologies, tele-operation sys-
tems can now host medical simulations under sufficient stability and reliability. How-
ever, medical operations, specifically dental probing, are highly dependent on tactile
feedback which is generally not available while tele-operating.

3) What are the available resources?
The resources are haptic devices such as Novint Falcon and Geomagic Touch, libraries
for virtual haptic experiences such as CHAI3D and Oculus VR, and networking soft-
ware such as WebRTC and NS3.

4) When does the problem occur? Under what circumstances?
This problem occurs when a there is a physical distance between a dental instructor
and student.

5) Where does the problem occur?
This problem occurs in dental facilities and medical schools.

6) Why does the problem occur?
This problem occurs because most medical tele-operation systems, specifically dental
tele-operation systems, do not have a touch feedback.

7) How does the problem occur?
This problem occurs when a dental professional wants to instruct a dental student over
a distance. A dental professional is able to only convey audio-visual data with currently
available technology. However, dental probing is a highly tactile task in which touch
feedback is crucial for a proper diagnosis.

5



2.2 Problem Clarification: Black-Box Modeling
The black-box model in Figure 3 was constructed based on the problem analysis.

Figure 3: Simple Black Box Model of the Tele-Operated Dental Simulation

Figure 4: Detailed Open Box Model of the Tele-Operated Dental Simulation

As can be seen from Figure 3, the input and output of the system is haptic-audio-
visual (HAV) data stream. The main goal of the system is to communicate HAV data
through a network according to the specifications required by the Quality of Experience.
This is further illustrated in Figure 4. The dental professional first probes and interacts
with the simulated dental model in which their hand movement and fine motor skills are
recorded in three modes; namely audio, video and haptic. This data is then transmitted
through a network to the dental student’s setup. The haptic devices in the student’s setup
serve as actuators where the teacher’s fine motor skills are replayed. The student is also be
able to receive audio-visual feedback. This is all be done in real-time (see section 2.4.1 for
specifications of what constitutes real-time in each modality) so that the system gives the
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same experience as a dental teacher physically interacting and guiding the movements of
their student.

2.3 Problem Statement
Recent advancements in technology have enabled us to communicate through audi-

tory and visual modalities with minimum delays. However, most communication systems
lack one of the most important modalities for human communication– touch.

Touch plays an important role in forming the perception of physical environments.
Particularly in medical settings, surgeons use their sense of touch to differentiate between
different tissues, perceive pressure, and recognize blood vessels. In the dental field, touch
and pressure feedback is used to recognize unhealthy gums and teeth.

Traditionally, the training to become a medical professional, such as a dentist, is given
in person. The teacher (dental professional) has to physically show their students how to
hold the dental probe, how much pressure to apply on the gums, and how much pressure
a healthy tooth can withstand. These tasks require fine motor skills and high sensitivity
to touch. Thus, it is clear that dental training over long distance requires touch to mimic
real learning environments. Hence, a capstone project that enables real-time, long-distance,
networked HAV dental training was proposed.

In proposing this design project, it was recognized that a networked system intro-
duces additional constraints. In a tele-operated system, end users should feel and perform
as if there was no distance between them. This is ensured by making the end-to-end delay
introduced by the network well below the delay that is perceived by humans. Hence, a max-
imum delay of 70 ms for haptic data, 200 ms for visual data, and 400 ms for auditory data
must be ensured. Additionally, the jitter (packet delay variation) introduced by the network
must be less than 20 ms for haptic data to make sure it is not perceived by human end users.

The proposed design project is also constrained by the available resources. In this
project, the use of haptic devices that provide a single point of interaction for haptic feedback
was proposed despite the fact that a touch sensation is produced by multi point interaction.
See section 2.4.1 for more details on the technical constraints.

2.4 Design Constraints
2.4.1 Technical Constraints

1) Human Perception of Communication Delay [18]

a) Maximum delay of 70 ms for haptic data.
b) Maximum delay of 200 ms for visual data.
c) Maximum delay of 400 ms for auditory data.
d) Maximum jitter (packet delay variation) of 20 ms for haptic data.
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2) Dexterity of Interaction provided by Haptic Hardware

a) No Torque Feedback provided
b) 6 Degrees of Freedom
c) Single Point of Interaction for haptic feedback

2.4.2 Non-Technical Constraints

1) Cost: Maximum cost - $ 3000 (estimated from the price of two Geomagic Touch devices
$1200x2, one Novint Falcon $200, one Oculus Rift $400, one Leap Motion Controller
$150:- a total of $3150 exactly)[7][11].

2) Safety: The haptic devices must never be unstable as an unstable force feedback is a
safety hazard.

3) Portability: The entire system setup must be mobile so that it can be easily integrated
in multiple dental institutions.

4) Maintenance: The haptic devices require a specific expertise to maintain and debug
them in-case of a malfunction.

3 Conceptualization

3.1 Background Research
Medical simulation has become an essential component of medical training as it offers

solutions to various ethical and accessibility challenges [17]. Medical training on human sub-
jects presents an ethical dilemma since it can put the subjects in danger [23]. Additionally,
training on human subjects increases the cost, as well as the duration, of many medical
procedures [32]. As the concern about the safety of human subjects grows, there is a increas-
ing need for accurate, life-like medical simulation systems that offer medical students the
necessary experience before they perform on human subjects. The first accurate mannequin
simulation model, Harvey Mannequin, replicated the human anatomy and its functions [32].
It recreated many of the physical aspects of cardiology examinations, including palpitation,
auscultation and electrocardiography [32].

This project focuses on dental operations, specifically the periodontal procedure. The
periodontal procedure is used to diagnose periodontal diseases that are caused by calcified
plaque and bacteria [36]. These diseases lead to inflammation of the space between the
tooth and the surrounding tissues [36]. The areas with affected tissues are called periodontal
pockets. A periodontal probe is used to find the depth of the space between the tooth and
the gingival sulcus to detect any signs of periodontal pockets. The depth of these pockets is
measured by the markings at the end of the periodontal probe. Dental students are trained
to recognize the depth of a pocket by sensing the interaction between the markings on the
probe and the tissues/gums surrounding the pocket.
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A dental simulation lab has now become an essential component of dental education
and training centers. These labs include physical 3D models (i.e. typodonts [30]) as well as
advanced 3D modeling softwares and systems for dental training. Low-cost typodonts have
limited physical properties (i.e. texture, stiffness, etc.) that make them less realistic [35].
However, lifelike typodonts are costly [35]. Due to these limitations, there is an increased
interest in interactive software-based 3D models and virtual reality [35]. One of the earliest
designs of Virtual Reality Dental Training (VRDT) was built during the late nineties and it
provided training on cavity preparation [31].

The advancement of haptic technology has made it possible for developers to inte-
grate haptic feedback to VRDT. The term haptic refers to two types of perception; tactile
and kinesthetic perception [17]. The word tactile is defined as "human perception of touch"
[17]. This means that haptic refers to the feeling of touch as well as the perception of torque,
force, velocity, etc. [17]. Haptic technology has numerous applications in medical simula-
tion, telesurgery, remote disaster management, etc. Haptic feedback has been integrated to
several commercial dental simulators. Figure 5 lists the specifications of these simulators as
recorded by a survey published in the European Journal of Dental Education in 2015 [35].
This figure highlights the increasing interest in the integration of haptic-audio-visual sensory
channels within dental simulators.

Figure 5: List of Commercial Dental Simulators and their Specifications. Adapted from [35]

Similar to the commercial simulators listed in Figure 5, this design project aims to
develop a dental simulator that performs an interactive periodontal procedure training. The
main difference between the design proposed in this project and those identified in Figure 5
is that this design allows dental simulation over the Internet, specifically the Tactile Inter-
net(TI). Tactile Internet(TI) can be understood as the ability to communicate human per-
ception of touch via the Internet. This technology heavily relies on ultra-reliable low-latency
communication (URLLC) networks [34]. The emergence of innovative internet technologies
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such as 5G Internet has enabled the TI, revolutionizing the versatility of applications that
focus on communicating touch. As such, this project proposes haptic-audio-visual simulation
of the periodontal procedure communicated over the Tactile Internet.

3.2 Concept Generation: Morphological Chart
After a thorough literary research, the project was broken down into sub-problems.

A morphological chart, which is a visualization tool for listing implementation methods and
techniques for a set of proposed tasks/problems, was then generated (see Figure 6). The
functions are categorized into those for the dental simulation application, and those for the
HAV network, both of which are further described in the following sections.

Figure 6: Morphological Chart

3.2.1 Network

• HAV Communication Platform: In order to communicate HAV data from the
trainer to the trainee, a communication platform is needed. Three options listed below
are considered for this problem.

1) WebRTC - Native C++ and JavaScript: Web Real Time Communication
(WebRTC), which was standardized through World Wide Web Consortium (W3C)
and Internet Engineering Task Force (IETF) [26], is an open-source, web-based,
real-time communication API (Application Programming Interface). WebRTC is
designed to enable cross-platform, cross-browser, real-time multimedia communi-
cation between two nodes/peers. WebRTC is also designed for peer to peer (P2P)
communication of multi-modal data, as opposed to the conventional server-client
architecture, which minimizes network congestion. While the WebRTC API is
mainly available in JavaScript, it can be also be developed using C++ for a native
platform. WebRTC allows communication via User Datagram Protocol (UDP) as
well as Transmission Control Protocol (TCP). UDP allows faster but unreliable
communication whereas TCP is used for more reliable but slower communication.

10



In cases of real-time communication which require minimal delay, UDP is usually
chosen over TCP.

2) UDP: A real-time communication platform can be developed from scratch using
UDP. UDP is generally used by APIs like WebRTC at a lower level to achieve a
low delay communication.

• Network Simulation platforms can be used in order to evaluate performance under
different network conditions. Such simulations allow the evaluation of the dental sim-
ulation’s performance while varying the delay and jitter during communication. The
considered simulation platforms are listed below.

1) Network Simulator 3 (NS-3) is an open-source Linux-based platform that can
be used to simulate different types of network connections (i.e. ethernet, Wi-Fi,
etc.) to test the performance of a chosen communication platform [24].

2) Riverbed [12] is a professional tool that is used to measure the performance of
a communication system. This system can also test the performance of a system
over 5G internet connection.

3) OMNET++ is one of the oldest open-source platforms that does not only work
as a network simulator but it can also be used for "modeling of multiprocessors
and and performance evaluation of complex software systems" [24].

• Signaling: Although WebRTC communicates multi-modal data between two peers
without using a server, it needs a signaling server to coordinate communication between
the peers. Before data communication starts, the peers coordinate by sending control
metadata via the signaling server. The WebRTC API does not implement signaling
platforms. Hence, the considered signaling servers are listed below.

1) Node.js Server (Localhost): [19] Node.js is an open-source JavaScript run-
time environment. A Node.js locally hosted server can be established using the
Socket.IO Node.js module.

2) UDP [1] is a protocol that can be used for signaling. UDP compromises on
reliability in order to achieve low latency. Due to its low-level implementation, it
can become very difficult to integrate a UDP signaling system to a communication
platform.

3) Firebase [2] is a web application development platform developed by Google.
Firebase can be used to establish a signaling server but is no longer open-source.

3.2.2 Application

• Haptic Interface is used to record and actuate haptic data in the form of position,
velocity and/or force data. In this project, the interaction of the dental tools (the probe
and the mirror) with the 3D model of teeth, gums, tongue and cheeks is recorded and
then actuated. Amongst the different haptic devices available in the market, three of
them were considered: Geomagic Touch [11], Novint Falcon [7], and Phantom Premium
[8]. All three devices can interact with 3D objects in a virtual graphical environment.
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1) A Geomagic Touch consists of a stylus that has six degrees of freedom and its
range of motion includes hand pivoting at wrist [11].

2) A Novint Falcon consists of a removable spherical grip that has three degrees
of freedom [6]. Its work-space is smaller than that of the Geomagic Touch.

3) A Phantom Premium also consists of a stylus and has 6 degrees of freedom
like the Geomagic Touch. In addition, a Phantom Premium also provides torque
feedback.

• Visual Display is used for the display of 3D models and the setup can be achieved
in three different ways.

1) 2D visual display, where the trainer and trainee see the set-up on a 2D screen,
is commonly used in simulations.

2) Virtual Reality (VR) environment allows the user to feel as if they are physi-
cally present in front of the set up. This makes the experience more immersive.

3) Augmented Reality (AR) overlays or projects images and/or other digital
features onto the real world environment and allows user interaction.

• 3D Models of Oral Cavity can be made from scratch or retrieved from existing 3D
model databases.

1) Turbosquid [3] is a website that has high definition 3D models. Although the
more realistic models are expensive, the website offers a variety of models with a
variety of prices. The models are available in a variety of formats.

2) MakeHuman [28] is an open source software that enables users to build 3D
models of different human body parts from base meshes. It has high flexibility
for making 3D models of the human anatomy specifically. These models can be
exported in a variety of formats.

3) Free3D [9] is a website that has a range of 3D models with different levels of
complexities. This makes some of the models cost-effective. The models are
available in a variety of formats.

• Simulation Framework and Library: Another important feature of this project
is to enable the playback of HAV data once the simulation ends. Certain libraries
have functions that can be used to achieve this feature. Some of the common libraries
available are: CHAI-3D, Open Haptics and H3D.

1) CHAI3D [4] is an open-source software that serves as a framework for computer
haptics, visualization and interactive real-time simulation. It supports multiple
haptic devices with different degrees of freedom. It can work with several libraries
that can create interactive real-time VR simulations.

2) Open Haptics [15] is a software that allows haptic interaction with 3D design
applications. It can work alongside graphic libraries like OpenGL which creates
high quality objects that can interact with haptic devices. Open Haptics only
supports 3D System PHANTOM devices.
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3) H3D [29] is an open-source, real-time development platform that uses platforms
like OpenGL and X3D to create simulations with graphical and haptics integra-
tion. It also allows integration of multiple haptic devices.

• Hand Tracking records the position of the instructor’s hand in the physical environ-
ment and maps it to the haptic interface device that serves as the finger support. This
mechanism makes the simulation ergonomic and realistic by imitating how a dentist
rests their ring finger on a patient’s front teeth. Three different ways were considered
to achieve this tracking.

1) Color Markers can be tracked real-time through computer vision [25]. An RGB
color model, which takes in video data from two webcams placed perpendicularly,
can be used to deduce the position of a specific color in the field of view.

2) Neural Network can be trained using images of hands in different orientation.
This model can then be used to recognize hands and specific fingers in the physical
environment.

3) Leap Motion is a sensor that can track the position of hands and fingers. It
uses infrared cameras and algorithms that enable it to accurately track hands in
real-time and predict their position if they are occluded [5].

3.3 Concept Selection: Pugh Charts
Once the morphological chart was completed, Pugh charts were generated to select

the best solution based on an evaluation criteria. For each problem in the morphological
chart, each proposed solution was set as base (one at a time) while the remaining solutions
were compared to the base. The following scoring system was used for comparison:

• -1 means inferior to the base

• 0 means similar to the base

• 1 means superior to the base

The sum of these scores was taken for all the Pugh Charts to select the best solution.
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3.3.1 Network

• HAV Communication Platform
Table 3 shows the Pugh Chart of HAV Communication Platform. The total score
supported the selection of either WebRTC, Native C++ or JavaScript. The choice
between C++ based WebRTC and the JavaScript based WebRTC depended on the
trade between latency and the complexity of the program. Since, JavaScript based
WebRTC seemed to comply with the minimal allowable latency for the communication
of haptic-audio-visual data, it was chosen over C++ based WebRTC. This assessment
was based on the following:

1) Complexity: Is the platform least complicated to use?
2) Latency: Is the delay of the communication minimum?
3) Real-time: Is the communication real-time?
4) Reliability: Is the communication reliable (with fewer packets loss?)

Table 3: Pugh Charts of HAV Communication Platform

Concept Evaluation Criteria
HAV Communication Platform Complexity Latency Real-time Reliability Sum

WebRTC Native C++ base
WebRTC JavaScript +1 -1 0 0 0
UDP -1 +1 0 -1 -1

WebRTC Native C++ -1 +1 0 0 0
WebRTC JavaScript base
UDP -1 +1 0 -1 -1

WebRTC Native C++ +1 -1 0 +1 1
WebRTC JavaScript +1 -1 0 +1 1
UDP base
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• Network Simulation
Table 4 shows the Pugh Chart of Network Simulation. The total score supported the
selection of NS-3 or OMNET++. However, NS-3 was chosen over OMNET++ since it
has more networking features and its simulation is faster. This assessment was based
on the following:

1) Cost: Is the technique most cost-effective?
2) Complexity: Is the platform less complicated to use?
3) Networking Features: Does the technique have the most features for network

simulations (i.e. 4G and 5G simulation)?
4) Time: Is the simulation fast enough?

Table 4: Pugh Charts of Network Simulation

Concept Evaluation Criteria
Network Simulation Cost Complexity Networking Features Time Sum

NS-3 base
Riverbed -1 +1 +1 -1 0
OMNET++ 0 +1 -1 -1 -1

NS-3 +1 -1 -1 +1 0
Riverbed base
OMNET++ +1 +1 -1 +1 2

NS-3 0 -1 +1 +1 1
Riverbed -1 -1 +1 -1 -2
OMNET++ base
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• Signaling
Table 5 shows the Pugh Chart of Signaling. The total score supported the selection of
Node.js or UDP. Node.js was chosen over UDP because the reliability was prioritized.
This assessment was based on the following:

1) Cost: Is the tool cost-effective?
2) Latency: Does the signaling allow end-to-end communication with minimum de-

lay?
3) Reliability: Is the tool reliable enough (i.e. has minimum packet loss)?
4) Compatibility: Is the tool compatible with both C++ and JavaScript WebRTC

implementations?

Table 5: Pugh Charts of Signaling

Concept Evaluation Criteria
Signaling Cost Latency Reliability Compatibility Sum

Node.js base
UDP 0 +1 -1 0 0
Firebase -1 0 0 -1 -2

Node.js 0 -1 +1 0 0
UDP base
Firebase -1 -1 +1 -1 -2

Node.js +1 0 0 +1 2
UDP +1 +1 -1 +1 2
Firebase base
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3.3.2 Application

• Haptic Interface
Table 6 shows the Pugh Chart for Haptic Interface. The total score supported the
selection of the Phantom Premium. However, a Geomagic Touch was chosen because
the low cost was an advantage. The realism and data quality of a Geomagic Touch,
although lower than that of a Phantom Premium, were good enough for the setup.
This assessment was based on the following:

1) Cost: The product with the minimum cost.
2) Realism: The product that allows closest to real experience.
3) Ease of use: The product that is more compatible with the Haptodont setup is

preferred.
4) Data Quality: The product with maximum data quality is preferred.

Table 6: Pugh Charts of Haptic Interface

Concept Evaluation Criteria
Haptic Interfaces Cost Realism Ease of Use Data Quality Sum

Geomagic Touch base
Novint Falcon +1 -1 -1 -1 -2
Phantom Premium -1 +1 0 +1 1

Geomagic Touch -1 +1 +1 +1 2
Novint Falcon base
Phantom Premium -1 +1 +1 +1 2

Geomagic Touch +1 -1 0 -1 -1
Novint Falcon +1 -1 -1 -1 -2
Phantom Premium base
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• Visual Display
Table 7 shows the Pugh Chart for the Visual Display. The total score supported the
selection of virtual reality. This assessment was based on the following:

1) Cost: Is the method cost-effective?
2) Realism: Does the method give a close to real experience for a dental procedure?
3) Immersion: Is the method more immersive and less distractive?
4) Flexibility: Is it flexible enough to give the user a complete control over the setup?

Table 7: Pugh Charts of Visual Display

Concept Evaluation Criteria
Visual Display Cost Realism Immersion Flexibility Sum

2D Screen base
VR -1 +1 +1 +1 2
AR -1 +1 +1 +1 2

2D Screen +1 -1 -1 -1 -2
VR base
AR +1 -1 -1 -1 -2

2D Screen +1 -1 -1 -1 -2
VR -1 +1 +1 +1 2
AR base
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• 3D Models of Oral Cavity
Table 8 shows the Pugh Chart for the sources available to obtain 3D models of tongue,
cheeks, head, and teeth, etc. The total score supported the selection of Free3D. This
assessment was based on the following:

1) Cost: Is the model cost-effective?
2) Realism: Does the technique give a close to real experience for a dental procedure?
3) Complexity: Do the models have the appropriate complexity (i.e. have a suitable

number of polygons) to fit the design?
4) Flexibility: Is the format of the models flexible enough to be used with 3DS MAX?

Table 8: Pugh Charts of 3D Models of Oral Cavity

Concept Evaluation Criteria
3D Modeling of Oral Cavity Cost Realism Complexity Flexibility Sum

MakeHuman base
TurboSquid -1 +1 -1 -1 -2
Free3D 0 -1 +1 +1 1

MakeHuman +1 -1 +1 +1 2
TurboSquid base
Free3D +1 -1 +1 +1 2

MakeHuman 0 +1 -1 -1 -1
TurboSquid -1 +1 -1 -1 -2
Free3D base
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• Simulation Framework and Libraries
Table 9 shows the Pugh chart for framework and library used to make the dental
simulation application. The total score supported the selection of CHAI3D or H3D.
Chai3D was chosen over H3D because of its compatibility with multiple 3D and 2D
object filetypes for the development of the VR simulation. This assessment was based
on the following:

1) Accessibility: Is the platform open-source?
2) Multimedia Support: Is the software compatible with multiple 3D and 2D object

filetypes?
3) Supporting Haptic Devices: Is the platform easily compatible with multiple haptic

devices?
4) Availability: Is there an existence of a community that supports the platform? Is

the API actively updated and developed?

Table 9: Pugh Charts of Simulation Framework and Library

Concept Evaluation Criteria
Simulation Framework & Library Accessibility Multimedia Support Supporting Haptic Devices Availability Sum

CHAI3D base
Open Haptics -1 -1 -1 0 -3
H3D 0 -1 +1 0 0

CHAI3D +1 +1 +1 0 3
Open Haptics base
H3D +1 +1 +1 0 3

CHAI3D 0 +1 -1 0 0
Open Haptics -1 -1 -1 0 -3
H3D base
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• Hand Tracking
Table 10 shows the Pugh Chart for the hand tracking. The total score supported the
selection of either color based tracking algorithm or Leap Motion. Though they had
the same score, Leap Motion was chosen over the color based tracking algorithm since
high accuracy and low complexity were prioritized. This assessment was based on the
following:

1) Cost: Is the technique most cost-effective?
2) Complexity: Is the platform least complicated to use?
3) Latency: Does the technique introduce the shortest delay time?
4) Accuracy: Is the tracking done accurately?

Table 10: Pugh Charts of Hand Tracking

Concept Evaluation Criteria
Hand Tracking Cost Complexity Latency Accuracy Sum

Color Markers base
Neural Networks 0 -1 -1 +1 -1
Leap Motion -1 +1 -1 +1 0

Color Markers 0 +1 +1 -1 1
Neural Networks base
Leap Motion -1 +1 +1 0 1

Color Markers +1 -1 +1 -1 0
Neural Networks +1 -1 -1 0 -1
Leap Motion base
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4 Simulation and Experimentation

4.1 Network
One of the key features of this design is its real-time implementation. Thus, it is

important to make sure that the end to end delay is well below what is perceptible and
within the set technical constraints. In particular, the constraint is the maximum allowable
delay after which the latency becomes perceptible by the user (see Section 2.4.1 for further
detail). WebRTC and NS-3 were used to evaluate and simulate end-to-end communication
delay of the dental simulation, as described below.

4.1.1 Evaluation through WebRTC Browser

WebRTC’s getStats() function is an easy method used to get the reading of network
performance (i.e. delay, jitter, packet-loss, packets sent per second, bits sent per second).
Figure 7 below shows the results obtained from the getStats() function while an example
WebRTC application is running. Since this method allows to monitor parameters like delay,
jitter and packet loss while the communication system is running, it gives real time feedback
on which network conditions affect the parameters the most.

Figure 7: Real-time Plots generated from WebRTC getStats()

4.1.2 Simulation through NS-3

The HAV communication network performance can be simulated using NS-3; a net-
work simulator that can introduce selected values of delay, jitter, and packet loss to test
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the performance of a network in different conditions. NS-3 allows users to simulate different
types of connections such as Ethernet, 4G, 5G, etc. Thus, the designed HAV communication
system can be tested under different network conditions to analyze its behavior in internet
environments an end user might encounter. Although preliminary work simulating place
holder dummy networks was done on NS-3, the designed HAV communication network was
not simulated using NS-3 due to limited lab access introduced by COVID-19 restrictions (see
Section 9 for further detail).

4.2 Application
4.2.1 Hand tracking

The goal here was to accurately track the hands in order to provide precise finger
support. The parameters under test were:

• Position of the joints and knuckles

• Palm position

• Ring Finger position without the use of tools (No tool Occlusion)

• Ring Finger position while using tools (Possible tool Occlusion)

The native frame object obtained from Leap Motion (see Figure 8) was used to acquire
the test data of the parameters listed above. Using this data, an iterative procedure was
followed to find the optimal leap motion placement and orientation that ensures minimum
occlusion and maximum data credibility. This means several experiments were run while
changing the Leap Motion’s position in order to get the optimum position that provides an
accurate representation of the palm and ring finger in the environment.

Figure 8: Hand tracking using leap motion
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4.2.2 Feedback from Dental Community

The dental training simulation, particularly the oral cavity model and the finger
support, must be as realistic as possible. This was ensured by receiving periodic feedback
from dental professors; primarily professors from NYU College of Dentistry (dental.nyu.edu).

In order to assess if the designed simulation accurately teaches the necessary skills,
probing procedures were recorded as dental professors performed them on the oral cavity
model. These recordings can then be used as a baseline to evaluate a dental student’s
performance. A survey can also be used to provide data regarding the ease of usage and
learning experience of the students as they interact with the simulation. Though a dental
probing procedure was recorded, the simulation was not tested with dental students and
remains as a future plan.

5 Final Design

The complete design of this project is composed of two constituents; the HAV com-
munication network, and the dental simulation end application.

5.1 Initial Network Design
Using the selected concepts from Section 3.3.1, the HAV communication network

was designed using WebRTC and a locally hosted Node.js signaling server. Because both
WebRTC and Node.js only include audio-visual communication for developmental flexibility,
a haptic communication feature was added to create a haptic handshake protocol discussed
in Section 5.1.1. Node.js signaling described in Section 5.1.2 is required to extend HAV
communication from a localhost to multiple computer-based setup.

5.1.1 Haptic Handshake Protocol and Operation Design

HAV communication is initiated by a haptic handshake protocol shown in Figure
9. The protocol comprises of metadata communication and data communication, termed
respectively as "Haptic Control State" and "Operation State".
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Figure 9: Schematic of the designed haptic handshake. ’Haptic Control State’ involves a
simple 3-way handshake consisting of request, response, and acknowledgement

In haptic control state, haptic devices exchange their metadata such as degree of
freedom, and points of interaction. This is done by the local node ’A’ sending a "request
to connect" to remote node ’B’. The remote node then sends a response detailing its own
specifications. Finally, the local node sends another message acknowledging the response and
confirms the agreed upon specifications. This is followed by the operation state, commenc-
ing the bidirectional HAV data communication between the devices. In addition to data
communication, the network keeps a control channel open in-case additional metadata need
to be communicated during the operation. This enables the haptic devices to be switched
to different models without the need to restart the communication.

The WebRTC-based implementation of the haptic handshake protocol is described in
Section 7.1.4.

5.1.2 Signaling Server

As mentioned before, WebRTC requires a signaling server to establish communication
between two peers. Hence, a server-client architecture was designed using the Socket.IO
Node.js module. In this design, a Node.js application establishes a locally hosted server.
Following this, the browser clients connect to the server and exchange their SDP (Session
Description Protocol, a media description format for session announcement and invitation)
in order to start the communication session. From here on, the communication is peer to
peer (browser-to-browser) as shown in Figure 9.
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5.2 Initial Application Design
The dental simulation was designed using a CHAI3D based oral cavity model and Leap

Motion hand tracking for finger support. The experimental setup for the dental simulation,
hereon referred to as Haptodont, is shown in Figure 10.

Figure 10: Haptodont Front View: Two Geomagic Touch haptic devices on top with Oculus
Rift Camera, and Novint Falcon Finger Support on the Base.

5.2.1 3D Oral Cavity Model

A CHAI3D library-compatible oral cavity model was designed by integrating the
ready-made models shown in Figure 11. The GEL library module in CHAI3D was used to
introduce gel-like deformation of the cheeks in the oral cavity model. Hence, when a dental
instructor or student interacts with the cheeks using the dental probe or mirror, they are able
to see and feel the cheek stretch. This design makes the virtual simulation more realistic.
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Figure 11: 3D Oral Cavity Model

5.2.2 Haptodont Application

The complete Haptodont application is composed of the 3D oral cavity model, dental
probe and mirror model, and 3D buttons to change the orientation of the oral cavity model.
The probe and mirror models (see Figure 12) are controlled by the styli of the Geomagic
Touch devices. These models replicate the dental probe and mirror tools that are used by
dentists. The mirror tool was modeled using a front camera to mimic a real mirror. The
probe model has markings at its tip that indicate the depth of pockets in the gums. The oral
cavity rests on a base that can be rotated using the interactive buttons in the simulation.
This freedom of movement makes the Haptodont simulation ergonomic and natural.

Figure 12: 3D model of mirror (left) and probe (right) used in the Haptodont simulation

5.2.3 Hand Tracking

A finger support was designed for a more realistic user-experience. This support
simulates the dentists’ technique of resting their ring finger on the chin or lower teeth of
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the patient. In order to determine the position of the ring finger within the Haptodont
simulation, the user’s hand was tracked using the Leap Motion device. Once this position
was located, a Novint Falcon device was used to simulate finger support by providing haptic
feedback at the last joint of the ring finger. The Leap Motion can track either hand of the
user which means finger support can be provided whether the user is right or left handed.

5.2.4 Playback Integration

Haptic Playback is similar to video and audio playback whereby the student is able
to replay the instructor’s haptic interactions with the model. This gives the student the
opportunity to learn the instructor’s fine motor skills without the need for a one-to-one
instruction session. Haptic Playback was implemented by recording the haptic packets in a
file instead of sending them through the HAV communication network. This file can then be
replayed as needed to observe the instructor’s interaction with the Haptodont simulation.

5.3 Future Plan: Native WebRTC C++ integration
According to the Pugh Charts in Table 3, the choice made between the JavaScript

(JS) based WebRTC platform and the Native C++ WebRTC platform comes down to the
compromise between the complexity of using the API and the latency introduced by the
API. One of the main issues with the current design of the JS based WebRTC network
is the overhead caused by sending the haptic packets from a C++ environment to a JS
environment. As further detailed in the implementation section 7.1, Websockets were used
to transmit haptic data from C++ to JS environment. This introduced additional delays
which could have been avoided with the use of the Native C++ WebRTC platform. However,
the C++ platform was significantly more complex than the JS platform and hence it was
decided to implement it in the future.

5.4 Design Review
With the integration of all the design elements mentioned above, the final design:

• provides a life-like virtual patient developed in immersive virtual reality.

• allows dental students to have realistic training experience on the Haptodont simula-
tion.

• has a robust, low latency, and high reliability communication network that sends HAV
data packets between two nodes.

• is easy-to-use and cost-effective (when compared to other simulators in the market).

6 Budget

The price of each device is listed below for reference. Note that the prices listed above
were based on market price as of December 8, 2019. The Applied Interactive Media Lab had
purchased these devices before the start of this capstone project.
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• Two Geomagic Touch devices - $1200x2 = $2400 [10][11].

• One Novint Falcon device - $200 [7].

• One Oculus Rift - $400 [13]

• Two Leap Motion Controllers - $150 [14] [22].

7 Implementation

7.1 Network: On Localhost
The implemented network includes several components: the haptic handshake, com-

munication of data between haptic device and the C++ platform, the transfer of data be-
tween the C++ platform and JavaScript based communication platform, and the transmis-
sion of data within the JavaScript platform. The localhost implementation of the simulated
HAV network is shown together in Figure 13. The sections below detail the current imple-
mentation of the HAV communication network.

Figure 13: HAV Handshake Simulation Diagram

Ideally, the HAV network would be implemented in one program. However, the net-
work was implemented using the JavaScript WebRTC API, while a C++ based CHAI3D
application was used to access the haptic devices. Because of this, the implementation had
to be divided into three programs: C++ HapticSlave, HTML/CSS/JavaScript HAVnetSim-
ulation, and C++HapticMaster.

The HTML/CSS/JavaScript browser communicates haptic data between simulated
slave and master. The haptic data is provided by the C++ programs that are interfaced to
Novint Falcon haptic devices. The characteristics of haptic data, combined with AV data, is
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determined by AV metadata and TIM (Tactile Internet Metadata) which was communicated
during the HAV handshaking phase. The attributes of the HAV data can also be renegoti-
ated during operation phase by using the control data channel.

Several existing projects and libraries were merged to create a set of three programs.
The browser consists of WebRTC and C++WebSocket Server Demo’s client project. The
client project consists of jQuery and simple-websocket. jQuery simplifies traditionally ver-
bose JavaScript expressions while simple-websocket was used to receive websocket data.
Both of the C++ programs (Master and Slave) consist of C++ WebSocket Server Demo’s
server project, Chai 3D, and Haptic Codec provided by Prof. Xiao Xu from TUM (shared
only within AIM Lab). The server projects consists of WebSocket++, Asio, and Jsoncpp.
WebSocket++ allows data to be sent on WebSocket via C++, Asio aids the networking pro-
cess through Asynchronous Input/Outputs, and Jsoncpp allows creation and management
of JSON objects in C++. Chai 3D was used to sense and actuate the Novint Falcon devices.
Simplified version of HapticCodec was used to form haptic data packets that were then con-
verted into stringified JSON via Jsoncpp and WebSocket++. The stringified JSON haptic
data packets were then sent form the C++ Master/Slave environment to the JavaScript
browser in real time using simple websockets. More implementation details and specific code
snippets can be seen in the appendix ( Section 12).

Once the haptic packets were sent from the C++ Master/Slave environment to the
JS WebRTC environment, they were then communicated browser to browser using RTCDat-
aChannel. First, a one-directional communication, where master haptic device sends posi-
tion/velocity data and slave haptic device actuates, was implemented. The communication
was then made bidirectional by sending force data from the slave device to the master device.

7.1.1 A WebRTC-based HAV Communication Model

Section 5.1.1 introduced a haptic handshake protocol subsuming WebRTC’s exist-
ing AV communication. Figure 14 illustrates how this was implemented. Because of the
WebRTC architecture, our implementation first sets up the AV side of handshake and com-
munication, as denoted by the demarcated dashed lines. The haptic handshake and com-
munication described in Section 5.1.1, shown in the lower right box, runs alongside with AV
operation state. More implementation details and specific code snippets can be seen in the
appendix ( Section 12).

7.1.2 Haptic Handshake Protocol: Haptic Control State

The haptic control state model in Section 5.1.1 was implemented as shown in Figure
15.
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Figure 14: WebRTC-based HAV Communication Model

Figure 15: Haptic Handshake Request/Response/ACK Model.

The createRequest() function creates a request object that contains local device-
specific metadata such as maximum allowable latency, jitter, and degrees of freedom. The
sendRequest() function sends the object to the remote device through RTCDataChannel.
The remote device, based on its own metadata, modifies and sends the object back as a
response object. Upon receival, the local device replies with an acknowledgement (or Ack)
object, opening RTCDataChannel for HAV data communication.
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7.1.3 Haptic Handshake Protocol: Request/Response/ACK Messages

The request/response/Ack objects, shown in Figure 16, are based on IETF’s text-
based SDP for media session negotiation [20][33]. This allows easy and fast processing of the
metadata.

{ type : " r eque s t " or " response " or "ACK"
s e s s i o nDe s c r i p t i o n :
"v=0
o=� <timestamp> <sess ionVers ionCounter> IN IP4 <IPAddress>
s=Haptic SDP
i=SDP f o r Haptic Handshake
t= 0 0
a=<add a t t r i b u t e at the s e s s i o n l e v e l >"

mediaDescr ipt ion :
"m=hapt i c : <DeviceName> <portNumber> SCTP/DTLS HRTP 1
i=Novint Falcon Haptic System
a=QoS_hapLatency : <IntegerValue>
a=QoS_hapJitter : <IntegerValue>
a=QoS_hapRel iabi l i ty : <IntegerValue>
a=UE_immersion : <Boolean 0 or1>
a=UE_col labortat ion : <Boolean 0 or 1>
a=UE_sat i s fact ion : <Boolean 0 or 1>
a=UE_presence : <Boolean 0 or 1>
a=Hap_Deadband : <Boolean 0 or 1>
a=Hap_kinSampleRate : <IntegerValue>
a=Hap_tacFequency : <IntegerValue>
a=HapI_dof : <NaturalNumberValue>
a=HapI_ws_x_y_z : <IntegerValueo fx> <IntegerValueo fy> <IntegerVa lueo f z>
a=HapI_fr_x_y_z : <IntegerValueo fx> <IntegerValueo fy> <IntegerVa lueo f z>
a=HapI_tr_x_y_z : <IntegerValueo fx> <IntegerValueo fy> <IntegerVa lueo f z>
a=UA_0001 ( add custom a t t r i b u t e s here . . . ) "

CodecParams :
" RecordSigna l s =0; // 0 : Recording o f f , 1 : Recording on
ForceDeadbandParameter =0.0 ; // f o r f o r c e data reduct i on
VelocityDeadbandParameter =0.0 ; // f o r v e l o c i t y data reduct i on
PositionDeadbandParameter =0.0 ; // f o r p o s i t i o n data reduct i on
ForceDelay=0; // Constant f o r c e network de lay
CommandDelay=0; // Command channel constant de lay
ControlMode=1; // 0 : po s i t i on , 1 : v e l o c i t y
FlagVeloc i tyKalmanFi l ter =0; // 0 : d i sab led , 1 : enabled
LocalIP =127 . 0 . 0 . 1 ; // l o c a l node
RemoteIP =127 . 0 . 0 . 2 ; " // remote node}

Figure 16: Template of Request/Response/ACK object inspired by the textual format of
SDP.
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7.1.4 Haptic Handshake Protocol: Browser Interface

The haptic handshake protocol is managed through a WebRTC-based browser menu,
as shown in Figure 17. The functions described in Section 7.1.1 are controlled by correspond-
ing buttons on the screen, and the request/response objects are shown below. The "Start"
and "Hang Up" buttons initiates and terminates the HAV communication respectively.

Figure 17: GUI for Controlling HAV Handshake and Communication.

7.2 Issues faced during implementation
7.2.1 Application: Hand Tracking and Finger Support

Hand tracking was initially proposed to track the fingers and knuckles of the trainer’s
hand in order to obtain the position of the fingers in the environment. This position data
would then be used by the finger support Novint Falcon device to simulate teeth supporting
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the fingers during a probing session. As mentioned in previous sections, a leap motion device
was chosen as the hand tracking method.

The main issue faced during implementation of this procedure is occlusion. Accurate
position of the joints and knuckles is needed for a successful performance of the finger sup-
port. However, tool occlusions (occlusions caused by the probing device) and self occlusions
(occlusions caused by the hand itself, such as the palms and fingers) prevent the leap motion
device from gaining accurate position information. To overcome this challenge, two leap
motion devices were used in orthogonal fields of view to gain a better representation of the
hand in the physical environment. Although this improved the performance of the hand
tracking, it still didn’t solve the problem of occlusions since no clear view of the target distal
phalanges (bones at the tips of the fingers) was obtained. This uncertainty in the position
of the target distal phalanges then caused instability of the finger support.

Tracking the fingers more accurately could be done using machine learning algorithms
that make use of optimal camera/leap motion placement. However, implementing this was
out of the scope of this design project. Hence, hand tracking was not implemented in this
design project.

7.2.2 Application: Deformable Oral Cavity Model

The Chai 3D GEL library was explored to give the cheeks and tongues in the oral
cavity model the attributes of gel-based materials. Although the library and its demo ap-
plication were successfully integrated into the Haptodont application, further development
seemed to have diminishing returns. This was due to the GEL library being computationally
demanding and too complex to develop realistic deformation. Hence, this functionality was
disabled in this implementation but can be turned on when needed.

7.3 Changes made during implementation
7.3.1 Network: Signaling Server-Client Communication Architecture

As discussed in section 5.1.2, the signaling server aids with session establishment by
communicating SDP between the connected browsers. The architecture followed to imple-
ment this is shown in Figure 18. However, this architecture requires the use of an external
server. Since the main goal of this project was to design a network while introducing mini-
mal delays, the architecture seen in Figure 18 was unravelled and implemented on local host.
This unravelled implementation can be seen in Figure 19. Here, three locally hosted servers
are open simultaneously. The "Master Server" application interfaces with the haptic device,
packetizes the haptic data (velocity and/or position), and sends the haptic packet to the
"Master Client Browser" via a web-socket port (Port A). The "Slave Server" application is
identical to the "Master Server" application, except that it sends force haptic packets and
actuates velocity/position packets. When the packets reach the client browsers, they are
recorded onto a file. This file is then read by the browsers ("Browser 1/2") on each node
and the haptic packets are communicated peer-to-peer bidirectionally via RTCDataChannel.
More implementation details and specific code snippets can be seen in the appendix ( Section
12).
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Ideally, "Browser 1" and "Browser 2" would be replaced by the Master and Slave
client browsers. This would enable direct communication between the master and slave
haptic devices without the need for record/play. However, this was not implemented as it
required the use of an external signaling server that can establish a session between the
"Master Client Browser" and the "Slave Client Browser".

Figure 18: Signaling Network Architecture

Figure 19: Unravelled Signaling Network Architecture

35



7.3.2 Application: Finger-Support

Since hand tracking for finger support was no longer being implemented, the means of
obtaining finger position data changed. Instead of obtaining the position data from the Leap
Motion tracking, the position of the fingers was deduced from the Geomagic Touch device
that is used as a probing tool in the simulation. Although this method did not provide
accurate position data, it still gave the orientation and relative position of the hand holding
the probing device.

The finger support was then set to be 15 mm away from the tooth that is being
probed in the physical space. A buffer of 5 mm was used to trigger the support; "move"
command was dispatched only when the probe moves more than 5mm from its relative
position or orientation. This implementation needs to be more realistic and dynamic in
future iterations. For example, the fixed 15 mm distance in the physical environment does
not allow flexibility when it comes to differing hand sizes.

7.4 Initial Results
Based on simple networking statistics, the mean latency introduced by the TIM hand-

shake implementation was measured to be 47.25 ms, with 23.38 ms standard deviation. This
is well below the threshold required by the technical constraints.

7.5 Video Demonstration of Completed Design
The following link demonstrates the Haptodont simulation with CHAI3D oral cavity

model, Oculus Rift, and haptic devices in one setup : https://youtu.be/jstlJ6TwCEA

8 Contribution to IEEE 1918.1.1 Working Group (WG)

The IEEE 1918.1 working group (WG) aims to envision and standardize various
modules crucial for the realization of the Tactile Internet (TI). Our capstone have been
contributing to this effort as part of their TIM handshake and HAV data communication
standardization effort. The haptic handshake protocol was presented to WG on Summer
2019, and then presented to the 2019 IEEE International Symposium on Haptic, Audio and
Visual Environments and Games (HAVE) in October 2019 [21]. Figure 13 was presented to
WG early March to update on the progress of HAV network implementation. This was the
second time to progress was presented, the first one being on August 2019. WG members
expressed high satisfaction in the progress, and are currently hoping to obtain a completed
implementation by the end of May for validation. Documentation for the HAV network
implementation is attached in the Appendix (Section 12).
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9 Impact of COVID-19 on the Capstone Design Project

9.1 Network
9.1.1 Network Simulation

NS-3 is a Linux based Network Simulator. Due to limited access to the lab, a Linux
machine with NS-3 installed was not acquired (in a timely manner). Hence, network simu-
lation of the delay and jitter introduced by the internet was not conducted.

9.2 Application
9.2.1 Integration of Haptodont End-Application and Communication Network

Although the Haptodont end-application and the communication network for HAV
data was completed, these two pieces were not integrated to each other due to limited access
to the lab. The Haptodont setup is located in the lab and our work on that setup was
completed before COVID-19 restrictions. Our work on the communication Network was
completed after COVID-19 restrictions, but this implementation could not be integrated
with the Haptodont due to limited access to the lab.

9.2.2 Application Testing

An important criteria for the design evaluation of the Haptodont application was to
introduce the setup to the dental community and to collect feedback from the instructors,
students and dental experts. The probing performance and task completion time of the
Haptodont setup needed to be determined by comparing it to the student’s performance on
a real setup. However, due to COVID-19 restrictions and physical distancing, testing with
the dental community could not be carried out.

10 Ethics

The following ethical considerations were taken into account while developing the
proposed HAV Tele-Dental Training Simulation.

• Network Security - The system is highly reliant on the internet, which makes it prone
to hacking attacks that could endanger end users. These can be alleviated by imple-
menting end to end encryption. Some examples of security threats are:

1) Sending unstable force feedback with the intent to harm end users.
2) Hacking the system and tempering with the grading system.
3) Illegally distributing an expert’s recorded motor skills.

• Device Safety - Stability of the haptic devices must be ensured at all times as unstable
force feedback could injure the end users. Stability was ensured by implementing a
threshold for the maximum allowable force feedback.
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• Privacy (Confidentiality) - Users must give an informed consent to have their audio,
video and haptic interactions recorded. This can be implemented by asking the users
to read and sign a release form if they agree to having their data recorded.

11 Design Evaluation

11.1 Criteria for Design Evaluation
1) Communication Network Performance [18]

The network should not exhibit delays that are noticeable by the human end users.
These delays are listed in section 2.4.1. Additionally, the maximum delay allowed by
the network should be lower than the maximum delay perceived by humans so that
some time is used as a buffer in-case of packet loss. The network used to test for these
criteria should be 4G or higher generations.

a) Total end to end delay of less than 50 ms for haptic data.
b) Total end to end delay of less than 200 ms for visual data.
c) Total end to end delay of less than 300 ms for auditory data.
d) Jitter of haptic media (Packet Delay Variation) of less than 15 ms.

2) Expert Feedback

a) Realism: A rating of more than 85% from dental professionals and field experts
on how closely this system emulates real setups.

b) Immersion: A rating of more than 85% from field experts.

3) Probing Accuracy

a) Probing Performance: There should be no significant difference (p < 0.05) between
the performance of students trained on this system versus those trained on a real
setup.

4) Task Completion Time.

a) There should be no significant difference (p < 0.05) between the time taken by stu-
dents trained on this system versus those trained on a real setup while preforming
identical procedures.

11.2 Results and Test Data
11.2.1 Network

WebRTC-internals was used to collect statistics about ongoing WebRTC sessions
[16]. The round trip time (RTT) of the audio-visual data over a localhost was obtained from
WebRTC-internals. In order to measure the delay and jitter in the communication of haptic
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data, timestamps were added just before the hapitc data was sent from the local node and
when it was received at the remote node. The mean delay was measured to be 0.62 ms and
the jitter was found to be 0.53 ms.
Figure 20 shows the delay in the communication of a haptic packet via RTCDataChannel.

Figure 20: Delay in the communication of haptic packets over time

Figures 21 and 22 show the round trip time of the communication of audio-visual
data using WebRTC.

Figure 21: Round trip time of audio data communication

Figure 22: Round trip time of visual data communication
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Figures 23 and 24 show packets and bytes (sent and received), jitter and packet
loss for audio-visual data streamed using WebRTC. These statistics were collected from
WebRTC-internals.

Figure 23: Packets and bytes sent and received (per second), jitter, and packet loss for audio
data

Figure 24: Packets and bytes sent and received (per second), jitter, and packet loss for video
data)

In order to obtain the expert feedback, probing accuracy, and task completion time,
the setup was to be introduced to the dental community. However, COVID-19 restrictions
made it impossible to interact with and receive feedback from the dental community (i.e.
students, professors, and experts). Refer to Section 9 for further details.
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11.3 Discussion of Test Data
11.3.1 Network

• The measured average haptic delay was significantly smaller than the allowable haptic
delay. The standard deviation of the delay accounted for haptic jitter that was much
smaller than allowable jitter.

• Unlike audio-visual data, WebRTC-internals does not provide any statistics for the
delay in communicating data using the RTCDataChannels. Thus, timestamps were
used to find the delay and jitter in haptic data.

• The round trip time (RTT) is the time taken to send audio-visual data (from one end)
and to receive an acknowledgement of this data when it is received on the other end.
It can be deduced that end-to-end delay (time taken for the audio-visual data to be
received on the other end) is half the round-trip-time.

• Figure 21 and 22 show that the delay of the data- when communicated over the
localhost- was significantly smaller than the allowable end to end delay mentioned
above.

• Figures 23 and 24 show that there was no packet loss and minimal jitter as the audio-
visual data was communicated over a localhost.

• The received measurements ensured that this system can be plugged into real networks
without introducing considerable overhead in delay.
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