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Executive Summary 

Omikron Robotics was assigned to design a modular robot able to conduct inspection and repairs 

in a vessel. The robot must be able to travel on horizontal and vertical surfaces, traverse a 7.6 cm 

(3 in) high rib, support a 120 kg manipulator with 5 degrees of freedom and a payload of 20 kg, fit 

within a 45 cm diameter vessel entry, and remain rigid while conducting inspections and repairs. 

The solution proposed by Omikron Robotics is the OmiBot. The OmiBot utilizes a Yaskawa 

SIA20F manipulator and a passive rocking wheel suspension base derived from the rocker-bogie 

suspension. The Omibot utilizes a total of eight neodymium magnetic wheels to traverse vertical 

walls, overcome vessel ribs, and provides sufficient magnetic adhesion force to remain rigid during 

inspections and repairs. Two linearly actuated permanent magnets are implemented in addition to 

the eight magnetic wheels, to provide additional adhesion for rigidity during inspections and 

repairs. The OmiBot consists of four modular subsystems that fit through a 45 cm diameter 

entryway and can be assembled with bolted connections inside a vessel. These consist of the drive 

system, modular chassis, manipulator, and linear actuators. The OmiBot satisfies all client 

specifications, however, it does not comply with all codes and standards set by CSA Z434 or the 

internal design specification of being waterproof and dustproof. This non-compliance has been 

acknowledged and accepted by the client as this design is for research and development purposes. 

From Phase I, II, and III, a total of 983.5 hours distributed among 6 Junior Engineers and 1 Senior 

Engineering Advisor have accumulated, resulting in a total cost of $88,515. Due to unforeseen 

complications and iterations of the drive system design and feasibility analysis in Phases II and 

III, this final cost is above the original estimate of 640 hours and cost of $57,636. The OmiBot is 

estimated to have a total production cost of $150,000, which is within the client specified budget 

of $100,000 - $1,000,000. 

Future work is required to develop a commercially viable product. This includes the optimization 

of the drive system, reduction in size and weight of the robot, the design of controls systems and 

instrumentation, and compliance to codes and standards set by CSA Z434. These considerations 

were not a priority as the main objective of the design project was to determine the technical 

feasibility for a vessel inspection and repair robot with a 20 kg tool capacity. 
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1 Background and Design Problem 

Conducting vessel inspections and repairs poses a safety risk for workers entering confined spaces. 

Remote robotic systems are being considered by the industry to reduce the need for human 

presence in these dangerous work environments (Figure 1). 

Elementiam Materials and Manufacturing Inc. enlisted the help of Omikron Robotics in designing 

a modular robotic system capable of performing vessel inspections and repairs. The robot must 

have a manipulator arm with a 20 kg payload capacity and have at least 5 degrees of freedom 

(DOF). The robot will utilize magnetic wheels to travel horizontally, vertically, and traverse 

obstacles modeled as 7.6 cm (3 in) vessel ribs. The robot must remain rigid when using the 

manipulator during inspections and repairs. Additionally, the entryway of the vessel is limited to 

45 cm in diameter; therefore, the robot must consist of modular components that fit within the 

entryway and can easily be assembled inside the vessel. 

 
Figure 1 – Magnetic Crawler Conducting Inspections [1] 

2 Design Solution 

2.1 Concept Refinement  

The selected design was revised at the end of Phase II to make the project feasible within the 

timeline of the project. The following design changes were made: 

1. The actuated pivot system from the drive system was removed (Figure 2). The chassis body 

is no longer able to lower itself onto the vessel surface to provide rigidity during repairs, 

however sufficient rigidity is achieved from the 8 magnetic wheels and the deployment of 

permanent magnets using linear actuators. 



Omikron Robotics 

Phase III Detailed Design 

8 

 

 
 

a) b) 
Figure 2 – Concept Refinement Suspension System a) Concept 2 Pivot Rocking System, b) OmiBot Passive Rocking System 

2. Hoist rings were added to the platform to ensure the active winch can be connected and 

engaged in any orientation. The active winch will be utilized as a safety tether and actively 

bear a portion of the robot weight during operation.  

2.2 Overview  

 
Figure 3 – Omikron Robotics OmiBot Magnetic Crawler for Vessel Inspection and Repairs. 
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The design solution referred to as the OmiBot, and its overall dimensions are presented in Figure 

3. This robot provides a solution to each of the client’s specifications. The robot supports 7 DOF 

manipulator with a payload capacity of 20 kg. Magnetic wheels allow the robot to adhere to the 

ferromagnetic vessel wall when travelling vertically without sliding or tipping. Hoist rings allow 

for the attachment of an active winch. Linear actuators with permanent magnets are utilized for 

additional rigidity. The OmiBot modular components are shown in the exploded view presented 

in Figure 4. The engineering drawing package developed for the OmiBot is provided in Appendix 

I.  

 
Figure 4 – Omikron Robotics OmiBot Magnetic Crawler Modular Subsystem View   

Figure 5 demonstrates the ability of each subassembly to fit into the 45 cm circular vessel opening, 

represented by a blue circle. 

 
Figure 5 – OmiBot Subassembly View (parts and circles shown to scale, blue circle represents 45 cm vessel opening)  
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2.3 Manipulator  

The chosen manipulator for the OmiBot is the Yaskawa Motoman SIA20F which features 7 DOF 

alongside a 20 kg payload capacity to meet the design specifications. The manipulator has a mass 

of 120 kg and is presented in Figure 6 along with its associated dimensions and reach. The 

manipulator was chosen due to its high payload-to-mass ratio when compared with competitors on 

the market; this is presented in Appendix B1 with additional details.  

 
Figure 6 – Yaskawa Motoman SIA20F Manipulator (dimensions are in mm)   

2.4  Chassis and Platform 

The manipulator platform (top plate) and chassis both consist of two modular halves. The halves 

of the top plate are joined together with six bolted connections and two modular connection plates. 

The remaining bolt holes (Figure 7) connect the platform to the chassis and the manipulator to the 

platform. An operational analysis of how the chassis and platform are connected is provided in 

Appendix F. 
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Figure 7 –OmiBot Robot Chassis and Platform    

The top plate is designed to withstand the weight of the manipulator and payload, without 

transferring any loading to the chassis. This is achieved by connecting the fixed shafts from the 

drive system directly to the top plate. Therefore, the chassis is not in the load path and does not 

experience significant loading from the manipulator and drive system.  

2.5 Drive System  

The drive system can be separated into two sub-systems: 

1. Pivoting suspension system 

2. Power transmission  

An overview of the drive system is shown in Figure 8. 
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Figure 8 –OmiBot Robot Drive System    

2.5.1 Pivoting Mechanism 

The magnetic wheels are connected in pairs to the V-support forming a rocker mechanism, 

enabling each wheel pair to pivot independently. This allows the robot to maintain a minimum of 

6 effective points of magnetic contact with the surface, ensuring the robot can maintain traction 

and avoid tipping when overcoming obstacles. 

 
Figure 9 – Drive System Pivot Mechanism     

The rocking system, shown in Figure 9, contains a slot and bolt. The bolt serves as a stopper that 

limits the rotation of the V-support. Additionally, springs are mounted to the V-support providing 

a restoring force, ensuring that the wheels return to their proper orientation and contact the surface. 

This is important when traversing an obstacle on a wall since gravity may hamper instead of aiding 

in restoring the position of the wheel pair. 
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2.5.2 Power Transmission  

The drive system transmission consists of a right-angle planetary gear system (DuraTrue-115-100) 

and a servo motor (AKM2G-41D). The DuraTRUE gearhead was selected due to its low backlash 

(8 arc-min) and torque output (185 Nm) with a gear ratio of 100:1, exceeding the required torque 

of 115 Nm per wheel. The right-angle gear head is selected to minimize the length of the motor 

and gearhead combination on the exterior of the wheels. The gearhead includes a Redi-mount 

custom manufactured mount to mount any motor. 

The gearhead output shaft is connected to a hollow shaft (drive shaft) and is bolted to the gearhead 

housing to prevent the motor and gearhead from rotating. The drive shaft transmits power to the 

neodymium magnetic wheels through a rounded steel key and resists axial motion with the support 

of a double shaft collar. Each magnetic wheel provides 1800 N of magnetic adhesion, enabling the 

OmiBot to adhere to vessel surfaces. To increase the friction between a neodymium wheel and a 

steel surface, a 0.05 mm layer of polyurethane coating will be applied to the wheel by the supplier. 

It is noted that a 0.05 mm polyurethane layer has a negligible affect on the magnetic force due to 

the thin layer. Additional information on the magnetic wheels can be found in Appendix B6. 

 
Figure 10 – Power Transmission System   

The AKM2G-41D is a servo motor with a continuous output torque of 2.85 Nm with a maximum 

operating speed of 3000 RPM. The power curve is provided in Appendix B3. This meets the torque 

and operating speed requirements of the OmiBot; however, a control system will need to be 

implemented to reduce the total torque output of the motor and satisfy the continuous torque of the 

gearhead. 
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2.6 Linear Actuator  

The OmiBot accommodates two linear actuators, each connected to a permanent magnet. These 

actuators are used to deploy the magnets to the vessel surface to provide an additional 1470 N of 

magnetic axial adhesion for added rigidity. The system can also be used as an emergency 

precaution as the permanent magnets do not require electrical power to adhere to the vessel walls. 

 
Figure 11 – Linear Actuator with Permanent Magnet for Adhesion Force    

3 Engineering Analysis  

Technical analysis of OmiBot can be categorized into the following categories: 

1.  Overall System Analysis 

2.  Component Analysis 

The Overall System Analysis consists of the performance of the assembly while Component 

Analysis is concerned with the analysis of individual components in the system.  

Calculations were performed for the entire assembly to determine if the OmiBot can remain stable 

and maintain sufficient magnetic adhesion with the vessel surface under a variety of conditions. 

The main objective of the stability calculations was to ensure tipping, sliding, and involuntary 

rolling of the wheels does not occur. Figure 12 outlines the key calculations considered for the 

analysis of the overall assembly. 

 



Omikron Robotics 

Phase III Detailed Design 

15 

 

 
Figure 12 – Overall Analysis Flowchart 

The horizontal and vertical motion of the assembly can be visualized from the simplified 

schematics in Figure 13. 

 

 

 

 

 
 

 

 

 
 

 
(a)  (b)  (c)  

 

Figure 13 – Critical Motion Orientations of OmiBot for Consideration in Stability Analysis a) Travel on horizontal 

surfaces, b) Vertical travel on wall, c) Horizontal travel on wall 

Static loading refers to when the entire assembly (including the arm) is stationary, whereas 

dynamic loading is when the robot body is stationary while the manipulator arm moves to facilitate 

inspections and repairs. These two loading conditions are considered when the OmiBot is oriented 

as shown in Figure 13.  
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The quasistatic condition refers to the entire assembly moving as one rigid body, with no 

movement from the arm; this condition is used to assess the ability of the OmiBot to maintain 

stability and traction when overcoming obstacles which were determined to be negligible. The 

positions outlined in Figure 13 were chosen for analysis as they are the most challenging scenarios 

for maintaining traction with the vessel surface when the wheels are on the edge of a vessel rib. 

Skid steering was also analyzed, and the resulting turning rate and curvature charts are available 

in Appendix D. 

3.1 Component Analysis 

The primary objective of the component analysis was to determine the maximum induced stress 

on critical components of the assembly that are subjected to significant loading from the 

manipulator and payload. A process flow chart of the technical analysis in this section is presented 

in Figure 14. 

 
Figure 14 – Component Analysis Flowchart   

Finite element analysis (FEA) was performed for complicated geometry, identified in Figure 14 as 

the top plate, fixed shaft, gearhead housing, and V-support. To achieve the most accurate results, 

the simulations were run with h-adaptive mesh convergence (Appendix E). Conservative analytic 

calculations assuming simplified geometry were performed for simulations where the mesh did 

not converge. These aided in confirming the simulation results are acceptable. 

Analytic calculations were performed for the driveshaft, V-support, and winch connection. The 

shaft calculations determined the stress concentration and minimum diameter size at the bearing, 

gear shaft, and wheel position. Additionally, buckling and impact calculations were performed for 

the V-support to account for stresses induced when overcoming obstacles, as a supplement to static 

FEA. The winch connection is a vendor-supplied component, and therefore a purely analytical 

analysis was performed to verify its tensile and shear stress is not exceeded at various connection 

angles to the OmiBot. Conservative calculations were conducted to ensure the bolted connections 

would not fail. Calculations can be found in Appendix D.  
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3.2 Technical Analysis Summary 

A summary of the engineering analysis results to determine the physical feasibility of the OmiBot 

is provided in Table 1. The total power consumption is also included, which is the maximum 

required for operation of the manipulator, motors, and linear actuators. This was calculated using 

data provided by the vendors. 

Table 1 - Summary of Engineering Analysis Results 

Stability of 

Overall 

System 

Driving 

Vertically on 

a Wall - 

Tipping 

Driving 

Horizontally 

on a Wall - 

Tipping 

Driving Vertically 

Over an Obstacle 

on Wall - Slipping 

Driving Horizontally 

Over an Obstacle on 

Wall - Slipping 

Min. Reaction 

Force at 

Wheels (N) 

612 1116 N/A N/A 

Max. Static 

Friction (N) 
N/A N/A 5597 5400 

Traction 

Safety Factor 
N/A N/A 1.14 1.10 

Magnetic 

Force Provided 

by Wheels 

Normal to 

Surface (N) 

1800 1800 N/A N/A 

Comments No Tipping No Tipping No Sliding No Sliding 

 

Strength 

Analysis of 

Critical 

Components 

Drive 

Shaft 

Fixed 

Shaft 
V-Support 

Top 

Plate 

Gearhead 

housing 

Winch 

Connection 

Modular 

Connection 

Maximum 

Stress (MPa) 
125 80.1 98.8 6.89 270 N/A 13.9 

Min. Safety 

Factor 
3.6 5.7 4.9 67 1.7 2 33 

 

Torque 

Analysis 
Driving Braking 

Torque 

Required per 

Wheel (Nm) 

115 96.3 

 

Power 

Consumption 

(KW) 

6.66 
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4 Cost Analysis 

The total cost of the OmiBot is $150K, with the costs associated with each subsystem shown in 

Figure 15. The total cost consisting of vendor and component manufacturing processes are detailed 

in Appendix C. The vendor costs are retrieved from vendor quotes provided in Appendix C, 

excluding the motor cost which is an analogous estimate based on similar motors in the market. 

The component manufacturing costs were determined from a Xometry quote (Appendix C9), 

assuming all machined components are CNC machined from 4130 steel. The client specified 

budget for the OmiBot is between $100K and $1M, and the design team-specific budget was 

$150,000. Therefore, the OmiBot is compliant with both the external and internal budget. 

 
Figure 15 – OmiBot Subsystem and Total Costing 

5 Additional Design Considerations 

5.1 Sustainability 

All machined components are made from AISI steel. The American steel industry is known to be 

the cleanest and most energy-efficient producer of steel in the world [2]. In contrast to China, steel 

produced from the U.S uses 50% less energy and is 2.5 times lower in CO2 emissions per ton of 

steel produced [2]. Steel is 100% recyclable and can continue to be reused without deterioration 

in product quality. This is evident from the emission intensity chart presented in Figure 16. The 

modularity of the robot also enables machined components to be easily disassembled for 

maintenance and reuse, forgoing the need to machine a new part. Commercially sourced parts such 

as the manipulator and wheels can also be disassembled and used in other applications both for 

industrial and research purposes. 
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Figure 16 – Steel Production Emissions by Countries [2] 

5.2 Legality 

The robot is designed for research and development purposes according to the client design 

specifications. Technical attributes such as limiting the linear velocity to 250 
𝑚𝑚

𝑠
, and coverage of 

any moving parts in the drive system, are met for CSA Z434. Adherence to additional codes and 

standards outlined in CSA and ISO regulatory bodies must be considered in future upgrades to the 

design. 

5.3 Manufacturing  

Designed components will be manufactured with CNC machining with exception to the shafts, 

where round portions will need to be lathed and non-circular cross-sections machined. 

Additionally, the chassis will be comprised of sheet metal which can be folded and welded. 

To ensure components fit properly, additional machining will be required after components are 

delivered. This is because the robot is designed in modular halves, and thus the halves must be 

connected and machined to reduce variability. Furthermore, the support rods welded to the chassis 

will require post-machining as they may not perfectly align with their respective holes after 

welding. 

Additional considerations are to trim the bottom edges of the top plate to create a landing for the 

chassis, and to either create contact pads or shim the interface between the fixed shaft and the top 

plate to ensure wheel pairs settle at the same height. 
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6 Design Compliance Matrix  

Omikron Robotics designed OmiBot to the design specification matrix presented in Phase I and 

Phase II reports. Several changes to the design specifications were made in consultations with the 

client and are outlined in Table 2. 

Table 2 - Summary of Design Specification Changes 

Specification Description Changes 

B5 Reduced Vibrations Removed after consultation with the client 

C2 
Payload Connection 

Method 
Removed after consultation with the client 

E1,3,4 

Safety Code, Intrinsic 

Safety, and Emergency 

Stop 

Weighting was lowered from a 5 (must) to 3 

(should) due to conversations with the client; the 

robot is intended for R&D purposes to determine 

the feasibility of a magnetic crawler with a 20 kg 

tool payload 

Overall, the OmiBot is compliant with the specifications laid out in the design compliance matrix, 

except for safety codes, intrinsic safety, emergency stop, and IP rating (waterproof and dustproof 

rating) of the robot. The specifications of safety codes, intrinsic safety, and emergency stop are 

outlined by CSA Z434 and are governed by codes and standards. The client has acknowledged the 

non-compliant specifications and continues to support and endorse the design. 

The Design Compliance Matrix is presented on the following page and the client-approved matrix 

is presented in Appendix A. 
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Table 3 - Design Compliance Matrix 

Requirement 

Number 

Design Function 

Consideration 
Design Specification/Requirement 

Design 

Authority 

Weighting (5 

for Must, 1 for 

Low-Priority 

Preference)  

Phase 3 

Rating  

(Compliant, 

Non-

Compliant) 

Design Solution   

A Overall Design and Dimensions  

A1 Robot Weight  
Point load stress must not exceed the yield stress of the 

steel vessel walls (300 MPA) 
Client 4 C 

Compliant: The mass of the robot is 500 kg. The robot weight is equally distributed among 8 

wheels; however, each wheel is assumed to support 120 kg as a conservative approach. Assuming a 

conservative point load of 1mm, this corresponds to a point stress of 11.8 MPa, which is less than 

the yield strength of steel (300 MPa) 

A2 Module Size 

 

Module size must be less than 45 cm in diameter to fit in 

the vessel entrance. The design should be small enough to 

be transported in a F150 truck. 

Client 5 C 

Compliant: The total dimension of the robot is LxWxH: 110.4 x 82.5 x 42.1 cm³. This is smaller 

than a bed of a F-150 truck, L x W: 170.4 x 128.5 cm² (67.1 x 50.6 in²). The robot contains total 11 

modular components which are less than 45 cm in diameter. The modular subsystems are the 

following: 

1. Two modular chassis halves 

2. Two linear actuators  

3. Four pivoting drive system 

4. Manipulator 

5. Two modular connection plates 

B Functionality  

B1 
Payload 

Specifications 

Robotic platform must be able to carry a payload of 20 kg. 

This payload can be approximated as a 30 x 30 x 30 cm³ 

cube. 

Client 5 C 
Compliant: The platform is designed to support the manipulator dynamics with a 20kg payload 

attached. The most conservative loading condition was used. 

B2 
Manipulator Degrees 

of Freedom 

The manipulator must should have at least 5 DOF 

(including producing an incident angle of 15-30 degrees) 

and be able to work on a surface of 10 cm by 10 cm. 

Client 5 C 
Compliant: The manipulator selected is the Yaskawa SIA20F, which has 7 degrees of freedom and 

can provide the required incident angle from the end effector. 

B3 
Platform Degrees of 

Freedom 

The platform must have 3 DOF (vertical, horizontal, and 

rotational). 
Client 5 C 

Compliant: The drive system includes 8 motors for 8 wheels. Vertical and horizontal travel is 

achieved with the magnetic wheels adhering to the vessel surface. The rotational degree of freedom 

is achieved with skid steering. 

B4 Overcome Obstacles Platform must be able to overcome a 3" x 3" cube obstacle. Client 5 C 

Compliant: The robotic system utilizes a pivoting rocking system. This provides a physical 

suspension that will ensure the wheels are always in contact with the surface when traversing 

obstacles.  

B5 Reduced Vibrations  
Vibrations must be damped when the robot is moving 

such that it will not interfere with modular sensors.  
Client 4 NC Specification was revised and removed. 

B6 Tool Dynamics  
The robot must have a system to counteract tool 

manipulator dynamics. 
Client 5 C 

Compliant: The robot has a low center of mass and a wide chassis frame, with sufficient magnetic 

adhesion, preventing tipping of the robot with a varying COM caused by manipulator dynamics.  

B7 

Flat horizontal and 

vertical surface 

travelling 

The platform must be able to travel on vertical and 

horizontal surfaces. 
Client 5 C 

Compliant: The robot is designed to the most conservative case of vertical travel. The magnetic 

adhesion force and friction coefficient is sufficient to ensure the robot does not slip or tip on a 90-

degree surface.  

B8 
Adhesion during tool 

operation 

The robotic platform must become stable when performing 

inspections and repairs and have vibrations damped.  
Client 4 C 

Compliant: The 8-wheel configuration provides enough magnetic adhesion to allow the robot to 

remain rigid. The addition of the linear actuated permanent magnets provides additional adhesion 

forces to provide additional safety factor.  

B9 Platform Velocity 

Platform velocity must be less than 250 mm/s. 

The client specified the platform velocity should travel at 

25.4 mm/s. 

Code/Client 5 C 
Compliant: The motor and gear ratio selected can provide a maximum linear velocity of 250 mm/s. 

Additional control system will be required to regulate the motor output which (out of scope). 

B10 Manipulator Velocity The manipulator must operate at 12.7 – 55.0 mm/s. Client 4 C 
Compliant: The Yaskawa SIA20F includes control systems to operate the manipulator within the 

specified range.  

B11 Terrain 
The robot will be designed to the assumption that the 

vessel curvature is small, and walls can be considered flat.  
Client 4 C 

Compliant: The robot is designed assuming all 8 wheels are on a flat surface.  

C Assembly  
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C1 Attachments Modules 

Robot parts and attachments may be modular (if greater 

than 45 cm). The robot may need to be assembled and 

disassembled inside the vessel. 

Client 4 C 
Compliant: The modular subsystems utilize bolted connections to allow assembly and disassembly 

inside and outside the vessel.  

C2 
Payload Connection 

Method 

Reusable quick connect device to install different 

sensors or tools 
Client 3 NC Specification was revised and removed. 

D Operations  

D1 
Wireless/Wired Power 

source 
Wired tether voltage source Client 1 C Design constraint  

D2 
Environment 

Conditions  

Vessel will be drained and cleaned before inspection. 

Atmospheric conditions will be present. 
Client 5 C Design constraint  

D3 Operating Condition 
Working temperature of the robot will be -40 ⁰C 0 ⁰C to 

+40 ⁰C. 
Client 4 C Compliant: all components are rated to a working temperature of 0 ⁰C to 40 ⁰C. 

D4 Remote Operation 
The robot may be remote operated with either a joystick 

control or computer system. 
Client 3 C Design constraint 

D5 
Waterproof and Dust 

Resistance  

The robot should be design to an IP65 rating to resist low 

pressure water jet and resistance to dust and particles.  
Omikron 3 NC 

Non-Compliant: Vendor supplied items (motor, gear housing, linear actuator, and 

manipulator) are rated to at least IP65. The chassis design with bolted connections is not 

rated to IP65 and will required additional design to achieve compliance)  

This was a self-imposed design team specification: 
D6 Life Cycle Expected life cycle is one year with minimal maintenance. Client 3 C Compliant: Components are designed for a life cycle of 1 year. 

E Safety 

E1 Safety Code Must comply with Canadian or Provincial safety code. 

Governing 

Safety 

Institution 
5 3  NC 

Non-Compliant: The robotic system is designed for R&D purposes; therefore, the system 

was designed to meet the client specifications. Codes and standards such as limited linear 

velocity and exposed moving components are met, however, additional codes and 

standards are not met. 

E2 Winch Control 

The platform must be designed such that a passive an 

active winch will secure the entire platform to prevent it 

from falling and must support the platform weight 

Client 3 3 C 
Compliant: The winch connection is designed to support 500 kg. The platform includes 8 winch 

connections. This allows the winch to have multiple configurations.  

E3 Intrinsic Safety 

Materials must be selected such that it does not retain an 

electrostatic charge for certain applications where 

electrostatic charges are a hazard 

CSA Z434 / 

ISO 12100 

6.2.11.5 
5 3  NC 

Non-Compliant: The robotic system is designed for R&D purposes; therefore, the system 

was designed to meet the client specifications. Even though there are no components that 

retain electrostatic charge, further analysis would be required on such a standard. 

E4 Emergency Stop 
Emergency stop is required when humans are working 

around the robot and is independent of the power supply. 
CSA Z434 5 3  NC 

Non-Compliant: The robotic system is designed for R&D purposes; therefore, the priority 

was given to meeting the client specifications to prove the feasibility of robot of this size, 

and mass. Note that even though there is not an emergency braking system, controls can 

be designed to actuate the linear actuators upon power loss to prevent the rolling of the 

vehicle. Linear actuators have a permanent magnet, and thus, does not need power supply. 

The magnetic wheels are made from Neodymium permanent magnets, which makes the 

stability of the robot independent of the power supply.  

F Manufacturing 

F1 Ease of Manufacture 
The materials of the robot may be easily sourced to either 

produce only one unit or batch produce twelve. 
Client 3 C 

Compliant: The load bearing components (shafts, platform and support) uses 4130 normalized steel, 

the chassis body is not load bearing and is manufactured with sheet metal.  

F2 Production Volume  Maximum production volume of 12 units. Client 1 C Compliant: Omikron sourced the cost for a production of 1 unit. 

G Project Management 

G1 Schedule 

Schedule of the project will follow the milestones: 

Phase 1: February 3rd, 2021 

Phase 2: March 4h, 2021 

Phase 3: April 15th, 2021 

Mec E 460 5 C Compliant  

G2 Budget 

The client specified a project budget between $100k - 

$1M. The design team will design a robotic system to meet 

the market cost of $150,000 for one unit.  

Client 3 C 
Compliant: The cost of one unit is 150k, this is within the client specified budget of $100k - $1M 

and is compliant with the design teams stated budget of $150k. 
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7 Future Work  

Future work is required to develop a commercially viable product. This includes optimizing the 

drive system such that fewer motors/gear pairs are used and introducing a control system to 

regulate the motor output. The system’s geometry and mass can also be optimized, and electrical 

and instrumentation design will be required for the remote operation of OmiBot. Prototyping must 

be conducted to ensure the system can operate safely. 

8 Project Management  

In Phase III, a total of 508 hours were spent, resulting in 216 hours more than the original baseline, 

and 146 hours more than the revised estimate from Phase II (Table 4). The total project cost is 

$88,515, which is approximately $31,000 more than the original baseline and is larger than the 

10% originally added. This is largely due to the unforeseen complications in the iterative design 

of the robot and suspension system in Phases II and III and have been approved by the client. 

Omikron Robotics acknowledges going over budget; however, due to the research nature of the 

design project, it is taken as a learning opportunity for better future estimations.  

A comparison between the baseline, revisited and actual hours, and cost are shown in Figure 17 

and Figure 18, respectively. Appendix I contains the individual timesheets, Phase III hours 

distribution. and the Gantt chart. 

Table 4 - Summary of Actual and Baseline Junior Time and Cost for Phase I, II, and III 

 Junior time (hr.) Junior Cost ($) 

 Baseline Actual Baseline Actual 

Phase 1 138.0 135 $12,420.00 $12,150.00 

Phase 2 211 341 $18,990.00 $30,690.00 

Phase 3 291.4 507.5 $26,226.00 $45,675.00 

Total 640.4 983.5 $57,636.00 $88,515.00 
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Figure 17 – Omikron Robotics Actual, Baseline and Revised Junior Cost      

 

 
Figure 18 – Omikron Robotics Phase III Actual, Baseline and Revised Junior Time Allocation        
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9 Conclusion  

Omikron Robotics provided an overview of the technical feasibility of a magnetic 

vessel/inspecting robot, which was the primary goal of the client. The OmiBot can maneuver 

horizontal and vertical surfaces with 3 DOF, traverse a 7.6 cm (3 in) rib, support a commercial 

manipulator with a 20 kg payload and at least 5 DOF, incorporate a modular design to fit within a 

45 cm diameter opening and for easy assembly within the vessel, and become rigid during 

inspections and repairs. To produce a commercially viable product, future work must be completed 

to optimize the drive system, geometry of the chassis, and compliance with the codes and standards 

of CSA Z434. Non-compliant specifications have been approved by the client. The Junior Engineer 

time spent on this project was 983.5 hours, resulting in a cost of $88,515.00. 
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Appendix A: Design Compliance Matrix  

The design specifications were updated as more information was provided. Major revision to the 

specifications from Phase II is the removal of a damping vibrations during motion, reduction of 

the 25 kg manipulator payload to 20 kg, and the use of an active winch instead of a passive winch. 

Phase III revisions revised the weighting from a must (5) to a should (3) of the adherence to codes 

and standards as the main scope of the robot is to the feasibility of a magnetic crawler. The signed 

Design Compliant Matrix is presented on the following pages.  

 

 



Requirement 
Number

Design Function 
Consideration

Design Specification/Requirement Design Authority
Weighting (5 for 
Must, 1 for Low-

Priority Preference) 

Phase 3 Rating 
(Compliant, Non-

Compliant)
Design Solution  

A

A1 Robot Weight 
Point load stress must not exceed the yield stress of the steel vessel walls 

(300 MPA)
Client 4 C

Compliant: The weight of the robot is 500 kg. The robot weight is equally distributed 
among 8 wheels, however each wheel is assumed to support 120 kg as a conservative 
approach. Assuming a conservative point load of 1mm, this corresponds to a point stress 
of 11.8 MPa, which is less than the yield strength of steel (300 MPa)

A2 Module Size
Module size must be less than 45 cm in diameter to fit in the vessel 

entrance. The design should be small enough to be transported in a F150 
truck.

Client 5 C

Compliant: The total dimension of the robot is LxWxH: 110.4 x 82.5 x 42.1 cm³. This is 
smaller than a bed of a F-150 truck , L x W: 170.4 x 128.5 cm² (67.1 x 50.6 in²). The 
robot contains total 11 modular components which are less than 45 cm in diameter. The 
modular subsystems are the following:
1. Two modular chassis halves
2. Two linear actuator 
3. Four pivoting drive system
4. Manipulator
5. Two modular connection plates

B

B1 Payload Specifications
Robotic platform must be able to carry a payload of 20 kg. This payload 

can be approximated as a 30 x 30 x 30 cm³ cube.
Client 5 C

Compliant: The platform is designed to support the manipulator dynamics with a 20kg 
payload attached. The most conservative loading condition was used.

B2 Manipulator Degrees of Freedom
The manipulator must should have at least 5 DOF (including producing an 
incident angle of 15-30 degrees) and be able to work on a surface of 10 cm 

by 10 cm.
Client 5 C

Compliant: The manipulator selected is the Yaskawa SIA20F, which has 7 degrees of 
freedom and can provide the required incident angle from the end effector.

B3 Platform Degrees of Freedom The platform must have 3 DOF (vertical, horizontal, and rotational). Client 5 C
Compliant: The drive system includes 8 motors for 8 wheels. The rotational degree of 
freedom is achieved with skid steering.

B4 Overcome Obstacles Platform must be able to overcome a 3" x 3" cube obstacle. Client 5 C
Compliant: The robotic system utilizes a pivoting rocking system. This provides a 
physical suspension that will ensure the wheels are always in contact with the surface 
when traversing obstacles. 

B5 Reduced Vibrations 
Vibrations must be damped when the robot is moving such that it 

will not interfere with modular sensors. 
Client 4 NC

 SpecificaƟon was revised and removed. 

B6 Tool Dynamics The robot must have a system to counteract tool manipulator dynamics. Client 5 C
Compliant: The robot has a low center of mass and a wide chassis frame, with sufficient 
magnetic adhesion, preventing tipping of the robot with a varying COM caused by 
manipulator dynamics. 

B7
Flat horizontal and vertical surface 

travelling
The platform must be able to travel on vertical and horizontal surfaces. Client 5 C

Compliant: The robot is designed to the most conservative case of vertical travel. The 
magnetic adhesion force and friction coefficient is sufficient to ensure the robot does not 
slip or tip on a 90-degree surface. 

B8 Adhesion during tool operation
The robotic platform must become stable when performing inspections and 

repairs and have vibrations damped. 
Client 4 C

Compliant: The 8 wheel configuration provides enough magnetic adhesion to allow the 
robot to remain rigid. The addition of the linear actuated permanent magnets provide 
additional adhesion forces to provide additional safety factor. 

B9 Platform Velocity
Platform velocity must be less than 250 mm/s.

The client specified the platform velocity should travel at 25.4 mm/s.
Code/Client 5 C

Compliant: The motor and gear ratio selected can provide a maximum linear velocity of 
250 mm/s. Additional control system will be required to regulate the motor output which 
(out of scope).

B10 Manipulator Velocity The manipulator must operate at 12.7 – 55.0 mm/s. Client 4 C
Compliant: The Yaskawa SIA20F includes control systems to operate the manipulator 
within the specified range. 

B11 Terrain
The robot will be designed to the assumption that the vessel curvature is 

small, and walls can be considered flat. 
Client 4 C

Compliant: The robot is designed assuming all 8 wheels are on a flat surface. 

C

C1 Attachments Modules
Robot parts and attachments may be modular (if greater than 45 cm). The 

robot may need to be assembled and disassembled inside the vessel.
Client 4 C

Compliant: The modular subsystems utilizes bolted connections to allow assembly and 
disassembly inside and outside the vessel. 

C2 Payload Connection Method Reusable quick connect device to install different sensors or tools Client 3 NC
Specification was revised and removed. 

D
D1 Wireless/Wired Power source Wired tether voltage source Client 1 C Design constraint 

D2 Environment Conditions 
Vessel will be drained and cleaned before inspection. Atmospheric 

conditions will be present.
Client 5 C Design constraint 

Overall Design and Dimensions 

Functionality 

Assembly 

Operations 



D3 Operating Condition Working temperature of the robot will be -40 ⁰C 0 ⁰C to +40 ⁰C. Client 4 C
Compliant: all components are rated to a working temperature of 0 ⁰C to 40 ⁰C.

D4 Remote Operation
The robot may be remote operated with either a joystick control or 

computer system.
Client 3 C Design constraint

D5 Waterproof and Dust Resistance 
The robot should be design to an IP65 rating to resist low pressure water 

jet and resistance to dust and particles. 
Omikron 3 NC

Non-Compliant: Vendor supplied items (motor, gear housing, linear actuator 
and manipulator) are rated to at least IP65. The chassis design with bolted 
connections is not rated to IP65 and will required additional design to achieve 
compliance) 
This was a self-imposed design team specification:

D6 Life Cycle Expected life cycle is one year with minimal maintenance. Client 3 C Compliant: Components are designed for a life cycle of 1 year.

E

E1 Safety Code Must comply with Canadian or Provincial safety code.
Governing Safety 

Institution
5 3 NC

Non-Compliant: The robotic system is designed for R&D purposes, therefore the 
system was designed to meet the client specifications. Codes and standards 
such as limited linear velocity and exposed moving components are met, 
however, additional codes and standards are not met.

E2 Winch Control
The platform must be designed such that a passive an active winch will 
secure the entire platform to prevent it from falling and must support the 

platform weight
Client 3 3 C

Compliant: The winch connection is designed to support 500 kg. The platform includes 8 
winch connections. This allows the winch to have multiple configurations. 

E3 Intrinsic Safety
Materials must be selected such that it does not retain an electrostatic 

charge for certain applications where electrostatic charges are a hazard
CSA Z434 / ISO 
12100 6.2.11.5

5 3 NC

Non-Compliant: The robotic system is designed for R&D purposes, therefore the 
system was designed to meet the client specifications. Even though there are no 
components that retain electrostatic charge, further analysis would be required 
on such a standard.

E4 Emergency Stop
Emergency stop is required when humans are working around the robot 

and is independent of the power supply.
CSA Z434 5 3 NC

Non-Compliant: The robotic system is designed for R&D purposes, therefore the 
priority was given to meeting the client specifications to prove the feasibility of 
robot of this size, and mass. Note that even though there isn't an emergency 
breaking system, controls can be designed to actuated the linear actuators upon 
power loss to prevent the rolling of the vehicle. Linear actuators have a 
permanent magnet, and thus, does not need power supply. The magnetic 
wheels are made from Neodymium permanent magnets, which makes the 
stability of the robot independent of the power supply. 

F

F1 Ease of Manufacture
The materials of the robot may be easily sourced to either produce only 

one unit or batch produce twelve.
Client 3 C

Compliant: The load bearing components (shafts, platform and support) uses 4130 
normalized steel, The chassis body is not load bearing and is manufactured with sheet 
metal. 

F2 Production Volume Maximum production volume of 12 units. Client 1 C Compliant: Omikron sourced the cost for a production of 1 unit.

G

G1 Schedule

Schedule of the project will follow the milestones:
Phase 1: February 3rd, 2021

Phase 2: March 4h, 2021
Phase 3: April 15th, 2021

Mec E 460 5 C Compliant 

G2 Budget
The client specified a project budget between $100k - $1M. The design 

team will design a robotic system to meet the market cost of $150,000 for 
one unit. 

Client 3 C
Compliant: The cost of one unit is 150k, this is within the client specified budget of $100k 
- $1MM and is compliant with the design teams stated budget of $150k.

Overall Client Approval:

Client Signature

Date

Safety

Manufacturing

Project Management

YES NO

April 13, 2021
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Appendix B: Vendor Parts 

This appendix contains manufacturer specifications for the commercial off-the-shelf components 

selected for this project. 

Appendix B1: Yaskawa Motoman SIA20F 

The datasheet for the Yaskawa Motorman SIA20F series manipulator is presented in this section. 

The datasheet outlines the dimensions, reach and operations of the manipulator.  
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Appendix B1.1: Manipulator Payload-to-Mass Ratio Plot 

This plot shows the payload-to-mass ratio of commercial manipulators with a payload of 20 kg. 

The manipulator of the OmiBot should minimize the mass while maximizing the payload, and the 

Yaskawa Motoman SIA20F (marked in red) accomplishes this, therefore it was chosen. 

 
Figure 19 - Manipulator Payload-to-Mass Ratio 
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Appendix B2: DuraTrue Size 115-100 Gearhead 

The datasheet for the DuraTRUE gear head is presented in this section. The selected gear head is 

the DTR115-100, which provides a total gear ratio of 100:1. The maximal radial and axial load is 

also shown in this section. This provides the maximal load that can be exerted onto the gear head 

shaft.  
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Appendix B3: AKM2G-41D Servo Motor 

The motor selected is the AKM2G-41D 240 Vdc by Kollmorgen. The power output chart is 

presented in this section.   

 
Figure 20 - AKM2G-41D Servo Motor Power Curve 
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Appendix B4: Linear Actuator Data Sheet 
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Appendix B5: Permanent Magnet Data Sheet 
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Appendix B6: Neodymium Magnetic Wheel Data Sheet 
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Appendix C: Cost Analysis 

This appendix includes details related to the costing of the commercial off-the-shelf components 

selected for this project. 

Appendix C1: Yaskawa Motoman SIA20F (Manipulator) Quote 

 

Appendix C2: Linear Actuator Quote 
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Appendix C3: Linear Actuator Magnets Quote 

 

Appendix C4: Motor Quote (Analogous Estimate) 
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Appendix C5: Bearing Quote 

 

Appendix C6: Gearhead Quote 
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Appendix C7: Magnetic Wheels Quote 

 
  



Omikron Robotics 

Phase III Detailed Design 

44 

 

Appendix C8: OmiBot Xometry Quote 
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Appendix C9: OmiBot Component Cost 

Table 5 - OmiBot Vendor Component Cost 

Item Quantity 
Cost per 

Unit (USD) 
Cost per 

Unit (CAD) 
Packs Of Total Cost 

McMaster 

Item # 
Manipulator 1 $48,000.00 $60,232.80 - $60,232.80 - 

Linear Actuator 2 - $187.49 - $374.98 - 
Linear Actuator 

Magnets 
2 $692.37 $868.82 - $1,737.64 - 

Motor 8 - $1,319.00 - $10,552.00 - 
Bearing 12 9.50 $11.93 - $143.16 - 

Gearhead 8 $5,228.50 $6,560.98 - $52,487.87 - 
Magnetic Wheels 8 $290.00 $363.91 12 $4,366.88 - 

Winch Hoist Rings 8 $71.52 $89.75 1 $717.97 2994T91 
Linear Springs 4 $6.40 $8.03 1 $32.12 9663K69 

Gear Housing bolt 32 $10.04 $12.60 50 $12.60 91280A086 
Gear Housing Nut 32 $7.77 $9.75 100 $9.75 95462A030 
Gear Housing to 

Pivot Bolt 
8 $8.80 $11.04 50 $11.04 91290A432 

Gear Housing to 

Pivot Nut 
8 $7.77 $9.75 100 $9.75 95462A030 

Motor Mount Screw 

Bottom 
32 $14.34 $17.99 50 $17.99 90044A123 

Motor Mount Screw 32 $14.34 $17.99 50 $17.99 90044A123 
Modular Plate Bolt 6 24.73 $31.03 1 $186.19 91253A867 
Modular Plate Nut 6 $14.09 $17.68 20 $17.68 94895A426 
Manipulator Screw 4 $12.00 $15.06 10 $15.06 96144A302 

Manipulator Washer 4 $8.07 $10.13 5 $10.13 93413A180 
Keys 8 $5.19 $6.51 1 $52.10 96717A631 

Shaft Collars 8 $98.72 $123.88 1 $991.03 3329K18 
Fixed Shaft 8 12.59 $15.80 1 $126.39 90044A193 

Linear Actuator Bolt 8 $10.04 $12.60 50 $12.60 91280A086 
Linear Actuator Nut 8 $7.77 $9.75 100 $9.75 95462A030 

Linear Actuator 

Mount Bolt 
6 $13.25 $16.66 50 $16.66 91251A442 

Fixed Shaft Bolt 8 $3.21 $4.04 1 $32.32 91251A031 

Fixed Shaft Nut 8 $17.42 $21.90 100 $21.90 95462A525 

Total $132,216.36  
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Table 6 - OmiBot Manufactured Component Cost 

Item Quantity Material Process 
Cost per 

Unit (USD) 
Cost per 

Unit (CAD) 
Total Cost 

Bottom Connector 

Plate 
1 Steel 4130 

CNC 

Machining 
$133.60 $167.65 $167.65 

Threaded Support Rod 4 Steel 4130 
CNC 

Machining 
$66.02 $82.85 $331.38 

Drive Housing 4 Steel 4130 
CNC 

Machining 
$799.26 $1,002.95 $4,011.81 

Compression Spring 

Mount 
4 Steel 4130 

CNC 

Machining 
$62.74 $78.73 $314.92 

Driveshaft 8 Steel 4130 
CNC 

Machining 
$183.02 $229.66 $1,837.30 

Fixed Shaft Threaded 

Support 
8 Steel 4130 

CNC 

Machining 
$36.54 $45.85 $366.82 

Fixed Shaft 4 Steel 4130 
CNC 

Machining 
$234.02 $293.66 $1,174.64 

Pivot Shaft Housing 4 Steel 4130 
CNC 

Machining 
$62.75 $78.74 $314.97 

Manipulator Platform 2 Steel 4130 
CNC 

Machining 
$703.38 $882.64 $1,765.27 

Modular Chassis Half 2 Steel 4130 
CNC 

Machining 
$2,090.49 $2,623.25 $5,246.50 

Threaded Manipulator 

Support Rod 
4 Steel 4130 

CNC 

Machining 
$56.49 $70.89 $283.55 

Top Connector Plate 1 Steel 4130 
CNC 

Machining 
$226.85 $284.66 $284.66 

V Bracket 4 Steel 4130 
CNC 

Machining 
$304.81 $382.49 $1,529.96 

Linear Actuator 

Mounting Bracket 
2 Steel A36 

CNC 

Machining 
$256.51 $321.88 $643.76 

Total $18,273.19 
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Appendix D: Analytic Solutions  

The analytic solutions (hand calculations) are presented in this section. 

Appendix D1: Derivation of Dynamic Loads 
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Appendix D2: Dynamic Model Appendix C3: Static Model and Braking Torque 

This section of the appendix highlights the calculations used to determine the stability of the 

overall assembly when the robot is completely stationary. Three cases are considered: horizontal 

driving on wall, vertical driving on wall, and driving on a flat surface. 

General 

 
Shared Known Parameters 

Some parameters are common across all cases of analysis which are the mass of the system, 

magnetic force of each wheel, and the number of wheels. 

 
Horizontal Driving on Wall 

Dimensions 

 
The relevant dimensions are: 
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Calculations 

 
Tipping 

Consider the equations of motion: 

Taking the moment at A in the x-direction we find: 

 
Consider the sum of forces in the z-direction: 

 
Rearranging and solving the two equations: 

 
The positive normal forces indicate there is no tipping. 

 

Quasi-Static Analysis for Traversing Obstacle - Slipping 

As a conservative estimate of traversing the obstacle, we assumed the loss of the front 2 wheels. 

The total traction of the robot is then estimated using maximum static friction of each remaining 

wheel. The static friction between polyurethane and steel is 𝜇 = 0.5. There are 3 pairs of wheels. 

The traction was computed: 

 
The total traction is greater than the weight of the robot (4903 N) thus no sliding occurs. 
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Vertical Driving on Wall 

The calculations for this case are similar to the previous one except the system is statically 

indeterminate considering the friction. So as an approximation, we have solved for the average 

normal force for each wheel pair. Then we assumed that the true normal forces must average to 

the average normal force. Thus, we were able to approximate the true normal forces by considering 

the moment about passive pivot. 

 

Note that the calculations are involved and cannot be simplified like in the previous section. Instead 

the SMATH code is pasted in the following pages for further reading. 

 

Summary of Tipping and Sliding 

The summary results were: 

 
The positive normal forces indicate there is no tipping. 

 

 
The total traction is greater than the weight of the robot (4903 N) thus no sliding occurs. 

 

Braking Torque 

The braking torque was determined by considering the wheel with the highest static friction. Thus, 

the calculated braking torque is a conservative estimate. 

 

 
The braking torque was determined to be 96.3 𝑁 ⋅ 𝑚. The driving torque is computed as the sum 

of braking torque and rolling resistance. 
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Driving on Flat Surface 

Dimensions 

 
Relevant dimensions: 
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Calculations 

 
This case is similar to the first case, driving horizontally on a wall. The only difference is that the 

arm is extended to side of the robot. Sliding is not a concern while on flat ground, so calculations 

focused only on tipping. 

 
The positive normal forces indicate there is no tipping. 
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Appendix D3: Dynamic Model   

The forces derived from the dynamic loads in Appendix D1 were used as forces in the static model 

to account for the inertial forces applied by the manipulator. The calculations were the same as in 

Append D2, but with the additional forces and moments imposed by the manipulator. As the 

calculations are the same, the explanation will not be repeated. Instead the results will be 

summarized and the full SMATH code will be available for reading on the following pages. 

 

Also note that the robot should never be driving while the manipulator is moving, so quasistatic 

analysis was not performed for the dynamic cases. 

 

Horizontal Driving on Wall 

 

 
The positive normal forces indicate there is no tipping. 

 Vertical Driving on Wall 

 
The positive normal forces indicate there is no tipping. 

 Driving on Flat Surface 

 
The positive normal forces indicate there is no tipping. 
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 SMATH Code 
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Appendix D4: Testing for Sliding at Any Angle   

Author: George Felobes 
Date: February 25, 2021 
Revised: April 1, 2021 
 

Objective: 

 

The aim of this analysis is to determine if OmiBot would experience sliding due to the large weight 

of the robot. The study was done at an arbitrary angle that range from a horizontal to a vertical 

surface. The results at all angles are studied.   

 

Solution Method: 

 

The static equilibrium was determined for the model to calculate the frictional forces at each point. 

This was then compared to the maximum frictional values. MATLAB was used to calculate the 

sliding conditions at all angles B, where B range from 0 degrees (horizontal surface) to 90 degrees 

(vertical surface).  

The variables, and methodology are described in the MATLAB code comments. The code can be 

found at the end of this analysis after the conclusion section.  

 

Methodology summary: 

• The forces along the x-direction were used to determine the frictional forces required to 

prevent sliding.  

• The sum of the forces along the y-directions allows us to determine the reaction forces on 

each wheel. It was initially assumed that the weight would be equally distributed along 

each wheel, leading to equal reaction forces. This assumption would be analyzed further 

in the analysis. 

• By considering the most conservative design with the lowest number of wheels, and thus, 

the lowest number of contact points, and therefore, frictional forces. If the case of 6 

wheels is sufficient, then the cases of 8 wheels (concept design 3) is sufficient.  

• For static analysis, the inertial forces, inertial moments, accelerations, and driving torques 

are set to zero.   

Assumptions:  

1. System is a rigid body. With no deformation or relative motion between the parts. 

2. Wheels have negligible deformation with the wall. Point of contact rather than an area. 

3. Position of the platform is perfectly changing with angle, with no deformation. Centre of 

mass relative to a platform coordinate does not change location.  

4. Material for the platform is 4130 steel 

5. The magnetic force provided by each of the wheel is constant and equal between all the 

wheels. 

6. The system platform is assumed to be symmetric along the axis shown. This allows the 

assumption that the normal forces are equivalent on each side of the axis. 

7. The gravitational acceleration is constant. 

8. Dimensions are based off the drawings  
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Sketch: 

The purpose of this sketch is to show the force locations for a robot climbing a surface at an angle 

B from the horizontal. The main parameter in the analysis is the number of wheels to determine 

the average frictional force per wheel. The sketch shown below is sufficient for this purpose.  

 
 

Analysis:  

 

The code was run, and the following plot was produced. The plot shows how the reaction forces 

required change with angle. As expected, the reaction forces are the highest in the horizontal 

position (B=0) since it would oppose both the weight and the magnetic adhesive forces. In the 

vertical position (B=90), the normal force is equal to the magnetic adhesive force. Note that the 

forces shown are per wheel. Moreover, the frictional forces required at all angles studied and 

compared to the maximum frictional force available at that point. Since the required frictional 

force is always less than the maximum frictional force. Sliding does not occur.  
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Conclusion: 

 

As the frictional force required per wheel is always less than the maximum frictional force per 

wheel. The robot will not slip for the case of 6 wheels, and thus, will not slip for the 8 wheel 

design.  

 

Code: 

 
%Calculate stability (static and dynamic) with respect to angle  

%% Input Variables  

  

n=6; % # of wheels 

  

mu_s = 0.5;           % static friction factor (unitless) 

mu_d = 0.2;           % dynamic friction coefficient (unitless) 

  

T = 0;                % Torque per wheel in N.m. Ignored for static 

analysis 

r = 0.08;             % radius of the wheel in m 

a_x = 0;              % required acceleration along the wall. Zero for 

static analysis 

e = 1;                % accelerate components like motors and gears 

(unitless) 

  

F_m_defined = 1800;           % Magnetic adhesion force per wheel in N 

  

g = 9.81;             % gravitational acceleration in m/s^2 

%Total weight of the system: 

W = 500*g; %in kg 
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Blow=0;               %Define angle B lower limit in degree 

Bhigh=90;             %Define angle B upper limit in degree 

  

%% This section for sliding stability 

%We can also get relationship of reaction force with angle  

%We can determine acceleration achieved with a certain torque  

%Modify code to obtain torque required 

  

  

%Determine external force on the wheel 

F_ext = T/r;  

  

%Discretize angle B to calculate forces 

B =  (Blow*pi/180):0.01:(Bhigh*pi/180); 

  

  

for i=1:length(B) 

    %Sum of the forces in y leads to equation for reaction force "N" 

    %define magnetic force  

    F_m(i)= F_m_defined; %in N 

     

    %Calculate reaction force for every angle "B"  

    N(i) = (W*cos(B(i)) + n*F_m(i))/n; %Equation for reaction force "N" 

    F_f_max(i) = mu_s*N(i); %Calculate the maximum friction for rolling 

(no sliding) 

     

    %Sum of the forces in x 

    F_f(i) = ((W/g)*a_x + W*sin(B(i)) - F_ext)/n; %used friction force  

     

    %Check if maximum friction occurs  

    if F_f(i)>= F_f_max(i) 

    fprintf('The robot will slide, max friction is %f, at an angle %f 

degrees from the horizontal \n', F_f(i), (180*B(i))/pi) 

    end 

end 

  

  

%Clear Plot 

clf 

%Plotting overall  

hold on 

title('Sliding Stability') 

plot((180*B)/pi,N(1:length(B)),'r') 

plot((180*B)/pi,F_m(1:length(B)),'k') 

plot((180*B)/pi,F_f(1:length(B)),'g') 

plot((180*B)/pi,F_f_max(1:length(B)),'b') 

%Adjust plot parameters 

xlim([Blow,Bhigh]) 

legend('Normal force per wheel (N)','Magnetic force per 

wheel(N)','Frictional force per wheel (N)','Max friction force per wheel 

(N)') 
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xlabel('Angle from horizontal (deg)') 

ylabel('Force') 

hold off 

  

%Plotting frictional force 

title('Friction') 

hold on 

plot((180*B)/pi,F_f(1:length(B)),'r') 

plot((180*B)/pi,F_f_max(1:length(B)),'b') 

xlim([Blow,Bhigh]) 

xlabel('Angle from horizontal (deg)') 

ylabel('Force per wheel (N)') 

legend('Friction force per wheel (N)','Max friction force per wheel(N)') 

hold off 
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Appendix D5: Skid Steering Vertical Turn Radius and Vehicle Angular Velocity  

Author: George Felobes 
Date: March 12, 2021 
Revised: April 12, 2021 

 

Objective:  

The objective of this analysis is to determine the required relative velocity between the inner and 

outer wheels to achieve a certain turning radius and turning rate. This will aid in the development 

of the control system to allow skid steering.  

Solution Method:  

The kinematic analysis of skid steering allows a preliminary determination of wheel velocities 

given the vehicle dimensions, the desired radius, and the desired turn rate. The kinematic model 

can provide accurate results if an accurate slippage model is used. Wheel velocities and turn radius 

can only be assumed to be estimates in the absence of a longitudinal slip model [1].  

When a driving torque is applied to a wheel, the wheel travels less distance than a wheel moving 

in an unloaded and free rolling condition. This is referred to as longitudinal slip. Slippage is 

accounted for by calculating a longitudinal slip percentage using the relationship:  

 
Where V is the linear velocity of the wheel center. r is the rolling radius, 𝜔 is the angular velocity 

of the wheel.  

The skid steering model can be described by the following figure [1]:  

 
The turning radius is calculated using similar triangles as shown below [1]:  

 
When accounting for slippage, the turning radius becomes:  

 
The turn rate (yaw velocity) is calculated using:  
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By quantifying the amount of steering in a path, relative to path and vehicle dimensions, 

understanding can be gained of the optimal driving mode to be used to traverse a given path. 

  

Analysis:  

 

To simplify the plots, the inner velocity was fixed to a linear velocity of 0.1 m/s. A MATLAB 

code was developed to try various combinations of the outer velocity compared to a constant inner 

velocity. The results are described in the following figures. As observed, the turning radius is 

infinite when the outer and inner velocities are equal (in this case they are both 0.1 m/s). This is 

indicated by the asymptotic behavior at 0.1m/s outer velocity. This is the case for both cases, with 

and without slip. The turning rate sign is different depending on the magnitude of the outer velocity 

compared to the inner velocity. Which is expected, when the outer velocity is less than the inner 

velocity, the turning radius is positive, and negative when its is greater than the inner velocity.   

The turning rate is linear without slip, and non-linear when slip is considered. The turning rate 

decreases as the outer velocity increases. As expected, the turning rate is zero when the outer 

velocity is equal to the inner velocity. As the difference between the outer and inner velocities 

increases, the magnitude of the turning rate increases, which is intuitively expected.  

  
 

Conclusion:  

 

To conclude, the turning radius, and turning rate can be determined based on the linear velocities 

of the inner and outer wheels. Given that the linear velocities can be determined directly from the 

rotational speed of the wheel (based on the motor output), control systems can be developed to 

adjust the motor output to achieve a certain turning radius and rate to allow the rotation of Omibot 

on the surface.  

 

References:  

 

[1] Shamah, Benjamin. (2011). Experimental Comparison of Skid Steering vs. Explicit Steering 

for Wheeled Mobile Robot,” M.Sc. 
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Code:  
 

%Note the slippage model provide results that can only be treated as an 

%estimate, since it is only a longitudinal slip model 

% source: 

% 

https://www.ri.cmu.edu/pub_files/pub1/shamah_benjamin_1999_1/shamah_benjamin_

1999_1.pdf  

  

%Assumed parameters based on the problem studied 

B = (110.4)/1000; %vehicle width (m) based from the drawings  

r = (160/2)/1000; %wheel radius (m) 

w = 3.1415; %rotational speed of the wheel (rad/s) 

  

%maximum linear velocity, due to the codes and standards  

v_max = 0.25; % m/s 

  

  

%Define an array of value for the outer and inner linear velocities 

  

vo_data = 0:0.01:v_max; %outside wheel velocity (m/s) 

vi_data = 0:0.01:v_max; %inside wheel velocity (m/s) 

L = length(vo_data); 

  

vo = zeros(2, L); 

vo(1,:)= 0.1; 

vo(2,:)= vo_data; 

  

vi = zeros(2, L); 

vi(1,:)= vi_data; 

vi(2,:)= 0.1; 

  

%Loop to find the slippage factor, radius, and yaw rate at various outer 

%and inner wheel linear velocities  

  

for j = 1:2 

    for i = 1:L  

        %Slippage factors 

        i_o(j,i) = 1-(vo(j,i)/(r*w)); %slippage on the outer wheel (unitless)  

        i_i(j,i) = 1-(vi(j,i)/(r*w)); %slippage on the inner wheel (unitless) 

  

  

        %Radius of turn assuming zero slippage  

        R(j,i) = (B/2)*((vo(j,i)+vi(j,i))/(vo(j,i)-vi(j,i))); %vehicle turn 

radius (m) 

        %Radius of turn accounting for slippage  

        R_prime(j,i) = (B/2)*((vo(j,i)*(1-i_o(j,i))+vi(j,i)*(1-

i_i(j,i)))/(vo(j,i)*(1-i_o(j,i))-vi(j,i)*(1-i_i(j,i)))); % vehicle turn radius 

accounting for slippage (m) 

  

        %rate of turning assuming zero slippage  

        yaw(j,i)  = (vo(j,i)+vi(j,i))/(2*R(j,i)); %vehicle angular velocity 

(rad/s) 

        %rate of turning accounting for slippage  
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        yaw_prime(j,i) = (vo(j,i)*(1-i_o(j,i))+vi(j,i)*(1-

i_i(j,i)))/(2*R_prime(j,i)); %vehicle angular velocity accounting for slippage 

(rad/s) 

  

    end  

  

end 

  

%Plotting  

f1 = figure; 

hold on  

%Adjust plot parameters 

xlim([0,v_max]) 

xlabel('Outer Linear Velocity (m/s)') 

ylabel('Turning Radius (m)') 

str = sprintf('Turning radius as a function of outer velocity'); 

title(str) 

  

plot(vo(2,:), R(1,:),'r') 

plot(vo(2,:), R_prime(1,:),'k') 

legend('Without slipping','With slipping') 

hold off 

  

%Plotting  

f2 = figure; 

hold on  

%Adjust plot parameters 

xlim([0,v_max]) 

xlabel('Outer Linear Velocity (m/s)') 

ylabel('Turning Rate (rad/s)') 

str = sprintf('Turning rate as a function of outer velocity'); 

title(str) 

  

plot(vo(2,:), yaw(1,:),'r') 

plot(vo(2,:), yaw_prime(1,:),'k') 

legend('Without slipping','With slipping') 

hold off 
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Appendix D6: Drive Shaft 
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Appendix D7: Fixed Shaft 
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Appendix D8: V Support Buckling 
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Appendix D9 : V Support Impact 
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Appendix D10 : Bolt Analysis 
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Appendix D11 : Winch Analysis 

Winch Connection Calculations 
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Appendix E: Finite Element Analysis (FEA)  

This appendix details the process and results of the FEA analysis carried out on the critical 

components of this design.   

   

The worst-case loading scenarios for each of the critical components were determined analytically 

as per the calculations in Appendix D. From these forces, FEA simulations were carried out to 

determine the maximum stress experienced by each component. The minimum factors of safety in 

each part were determined to ensure they were greater than 1 and would not fail under their worst-

case loading conditions.  

Appendix E1: Mesh Convergence  

The models in the following FEA studies utilized an h-adaptive mesh to achieve optimal mesh 

convergence while prioritizing computational power and time. The h-adaptive meshing procedure 

involves running multiple iterations of a simulation and varying the refinement level or density of 

the mesh between each iteration. This is done automatically by SolidWorks in areas where stress 

is the highest or lowest without the need for user input. In areas of high stress, the mesh will be 

refined to achieve a high level of accuracy and achieve convergence, while in areas of low stress 

the mesh is loosened/coarsened to reduce the computational power and time required. An example 

of an h-adaptive mesh after 5 iterations versus a standard mesh for a preliminary model of the drive 

shaft is shown below:  

   

  
  

a) b) 

Figure 21 - Standard Solidworks Mesh (a) vs. h-adaptive Mesh (b)  
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Figure 22 - Mesh Refinement in Area of Stress Concentration After 5 Iterations of h-adaptive Meshing 

   

To continue, mesh convergence can be achieved via the mesh refinement and coarsening of the h-

adaptive meshing technique. Convergence of the maximum Von-Mises stress calculated within 

this example of the driveshaft using the h-adaptive model is shown below:  

   

 

Figure 23 - Maximum Von-Mises Stress for Each h-adaptive Loop 
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This example demonstrates how the h-adaptive method was proven to be capable of achieving 

mesh convergence in the driveshaft, which is the individual component with the most complex 

geometry. Therefore, the h-adaptive meshing technique was used in all the following FEA studies 

to achieve the most accurate possible meshing possible given the available time and computational 

power. For any simulations which were still unable to converge due to limitations in computational 

power, conservative analytical calculations assuming simplified geometry were carried out to 

confirm the simulation results as acceptable.  
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Appendix E2: Gearhead Housing   

Author: George Felobes  

Date: April 6th, 2021  

  

Objective:  

To make sure the gearhead housing does not fail under the most conservative loading conditions. 

The gearhead housing should be able to resist the torque provided by the gearhead, and also resist 

the axial load due to the weight of the motor and gearhead.   

  

Assumptions and model set-up:   

Some of the assumptions made in analysis include the following:  

 

1. Material: AISI 4130 Steel, normalized at 870C  

2. Model type: Linear Elastic Isotropic  

3. Yield strength:  
4.  4.6e+08 N/m^2  

5. Tensile strength: 7.31e+08 N/m^2  

6. Elastic modulus: 2.05e+11 N/m^2  

7. Poisson's ratio: 0.285    

8. Mass density: 7,850 kg/m^3  

9. Shear modulus: 8e+10 N/m^2  

10. The weight of the drive system is equally distributed on the gearhead housing when in a 

horizontal position on a wall.   

11. The worst-case loading scenario on the gearhead housing occurs when the robot is 

travelling horizontally on a wall, and the entire weight of the drive system is acting on the 

gearhead housing. This will be represented as a distributed load equivalent to the weight 

of the drive system which was conservatively used to be 150 N.   

12. The gear head housing is connected to the v-support, which will be represented as a fixed 

support  

13. The torque provided by the gearhead has been simulated to be distributed uniformly on 

the inner edge of the gearhead housing. The torque value is conservatively used to be 180 

Nm. The torque acts along a virtual axis set in the centre of where the gearhead is 

located.   

  

Figure 24 shows the loading and boundary conditions of the gearhead housing. Figure 25 shows 

the meshing used before solving the model using the Static model in SolidWorks.   
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Figure 24 – Loading Conditions of the Gearhead Housing   

 

  
Figure 25 - Meshing used for the Gearhead Housing Model.  

 

Results:  

The maximum von misses stress is 270 MPA, which is located at the fixed support, where the v-

support would be connected. This will be used as a failure criterion and compared to the yield 

stress which is 460 MPa. The factor of safety (FOS) of the design is 1.7. This is an acceptable FOS 

for the conservative loading used on this part. The results are shown in Figure 26 and Figure 27. 
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Figure 26 - Stress Concentration Along the Gearhead Housing  

  
Figure 27 - Closeup of Stress Concentration Around the Gearhead Housing Connection to the V-Support at the Fixture Location 

Analytical Validation:  

Due to the complex nature of this loading scenario, no analytical validation via hand calculations 

was carried out for this component. Instead, the loading conditions used in the FEA model were 

based on the most conservative loading scenarios.   

  

Conclusion:  

The study suggest that the gearhead housing will not fail under conservative loading conditions 

and would satisfy its role in holding the drive system axially and prevent the gearhead from 

spinning around its axis.   
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Appendix E3: Top Plate  

Author: Areej Khaddaj  

  

Date: April 2, 2021  

  

Objective:  

  

To determine the highest stress induced in the top plate due to the loading of the manipulator and 

payload.  Four simulations were run under the following conditions:  

  

1. Static loading in the horizontal   
2. Static loading in the vertical  

3. Dynamic loading in the horizontal  

4. Dynamic loading in the vertical  

  

It was found that the highest stress occurs when the plate is subjected to dynamic loading 

conditions while it is oriented in the vertical position (when the robot is traversing a vertical wall). 

For brevity, only the simulation resulting in highest stress is presented.  

  

Assumptions:   

  

9. The material used is 4130 steel, normalized at 870 C  
10. Linear elastic isotropic properties.  

11. Yield strength:  
12.  4.6e+08 N/m^2  
12. Tensile strength: 7.31e+08 N/m^2  
13. Elastic modulus: 2.05e+11 N/m^2  
14. Poisson's ratio: 0.285    
15. Mass density: 7,850 kg/m^3  
16. Shear modulus: 8e+10 N/m^2  
17. Contact area with the body does not change with time.  

18. Stresses induced by torque preloads from bolts in the plate are negligible.  

19. Loads from the manipulator are distributed equally between the two halves of the plate.  

20. The modular halves of the plate are modelled together as one body.  

21. The plate is supported by the fixed shafts of the drive system, with no loading transferred 

to the chassis.   

  

Simulation Set-up Conditions & Procedure:  

  

  

Figure 28 below shows the fixtures on the plate where the fixed shafts are connected. These are 

modelled as areas of fixed geometry on the plate, identified by the green clusters of arrows. 

Dynamic loads resulting from the motion of the manipulator are applied to the plate as remote 

forces and moments, acting a distance in the x-coordinate equal to the height of the manipulator 

base from the plate. They are symmetrically positioned in the middle of the plate. In SolidWorks, 

these remote loads are rigidly connected to the plate, shown by the lines connecting the loads to 
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the plate. The loads used are the same ones previously calculated in the derivation of dynamic 

loads in a vertical orientation:  

  

Fx = 54 N  

Fy = 1515 N  

Mz = 39 Nm  

  

In Figure 29, the blue areas on the plate are the contact faces for the loads. These are the areas 

where the bottom of the manipulator base is in contact with the plate.   

  

 
Figure 28 - Fixtures on the Plate, Bottom View 
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Figure 29 - Dynamic Loads Applied to the Plate from a Remote Distance.   

   

Results:  

  

The simulation was run and the deformed state with the maximum and minimum induced stress is 

shown in Figure #. Clearly, the yield stress of 460 MPa is not exceeded. The maximum stress is 

6.89 MPa resulting in a minimum safety factor of 67.   
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 Figure 30 – Top Plate Max Stress Result Plot    
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Analytical Validation:  

  

Due to limitations in computing processing memory, convergence using h-adaptive meshing could 

not be achieved. Therefore, a conservative analytical calculation will be used to ensure the plate 

does not fail under the load of the manipulator and payload.   

  

Assumptions:  

  

• As a highly conservative model, the plate will be modelled as a square shaft with the 
thickness and length of the top plate.  

• The shaft will have a thickness of 3.3 cm and length of 60 cm.   
• The material is 4130 steel with linear isotropic properties.   
• The shaft is simply supported at the ends, and a concentrated load acting in the 

middle  
  
Model dimensions:  
  

      

  

   
  

  

FBD:  

  

  

F = 140 kg x 9.81 m//s^2 = 1373 N  

  

R1 = R2 = 0.5 x 1373 = 687 N  

  

For this simple loading condition, the shear and bending moment diagrams are given by:  
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Where V1=R1 and V2=R2  

  

The maximum shear stress occurs at the neutral axis of the cross-sectional area, is calculated as:  

  

  

The maximum bending moment is given by:  

  

  

  

The maximum bending stress that occurs:  

  

  

  

The yield strength of 4130 is 860 MPa, therefore the minimum safety factor achieved in this 

conservative calculation is 25.   

  

  

Reference for formulas used: https://mechanicalc.com/reference/beam-analysis  

  

Conclusion:  

 

The FEA results can be used to verify that under a dynamic loading condition in the vertical 

orientation, the top plate will not fail, with a safety factor of 67. Analytical calculations of a 

simplified highly conservative model of the top plate also results in a high safety factor of 25.  

  

The high safety factor can be attributed to the distributed loading condition on the top plate – the 

manipulator with the payload does not contact the plate in a small, concentrated area. Additionally, 

although the plate thickness of 33 mm can be reduced, it was not optimized for this study. For 

mounting purposes specified by the manipulator manufacturer, the plate on which the manipulator 

sits must be at least 33 mm for the bolted connections.   

https://mechanicalc.com/reference/beam-analysis
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Appendix E4: Drive Shaft  

Author: Calvin Chen   

Date: 4/1/2021  

  

Objective:  

Validate analytic drive shaft calculation and determine FEA FOS and maximum stress.  

  

Assumptions:   

• The material of the shaft is isotropic and linear elastic  

• The material is 4130 Normalized Steel   

• The most conservative loading condition will be used to determine it will fail.   

  

Simulation Set-up Conditions & Procedure:  

 Figure 31 demonstrates the loading conditions applied to the model in the most conservative 

loading condition, which is axially loaded travelling on a vertical wall. The boundary conditions 

were determined from the V-Support Calculation and are presented in the Figure. A combined 

loading of the forces in the X, Y, and Z plane are loaded onto the shaft via remote loading 

conditions. The wheel shaft keyway is set as the fixture, where the wheel will be torqued. Prior to 

running the simulation, the H-adaptive method was utilized for a mesh convergence test. The H-

adaptive resulted in a 95% accuracy rating, thus the simulation can be conducted.   

 

The following remote loads was used: 
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Figure 31 – Simulation Set-Up Conditions for the Fixed Shaft 

Results:  

From the results of the simulations shown in Figure 32,Figure 33, and Figure 34. It is clear, under 

the most conservative loading condition, the shaft does not fail, where the maximum stress is 1.26 

MPa, located on the gear head keyway, and the lowest safety factor is 3.66.   

 

Figure 32 – Drive Shaft FEA Max Stress Result Plot Isometric View  
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Figure 33 – Drive Shaft FEA Max Stress Result Plot Keyway View 

  

 
Figure 34 – Drive Shaft FEA FOS Result Plot 
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 Analytical Validation:  

The hand calculations conducted in Appendix C: Drive shaft calculated a factor of safety of 6.6. 

This is over 2x greater than the analytic result. This may be due to the empirical tables utilized for 

stress concentration values in the hand calculations. As the simulation simulated the face forces 

acting on the shaft as in the hand calculations, the FEA results will be utilized to be the more 

conservative choice.   

 Conclusion:  

The FEA results provide to be 2x less than the analytic result when the same forces were utilized 

in both cases. Since the FEA resulted in a much lower FOS, the FEA results will be utilized. In 

both cases, the shaft does not fail. 
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Appendix E5: Fixed Shaft  

Author: Calvin Chen   

Date: 4/1/2021  

  

Objective:  

Validate analytic fixed shaft calculation and determine FEA FOS and maximum stress. H-adaptive 

mesh is utilized to determine the proper mesh 

  

Assumptions:   

• The material of the shaft is isotropic and linear elastic  

• The material is 4130 Normalized Steel   

• The most conservative loading condition will be used to determine it will fail. The 

most conservative loading condition is on a horizontal surface.   

  

Simulation Set-up Conditions & Procedure:  

  

Figure 35demonstrates the loading conditions applied to the model. The loading condition on the 

bearing was determined from the stability calculations, the shaft is bearing the entire weight of the 

robot. The remote loads are applied to the round, bearing shaft and a fixture is applied to the top 

square portion. This is due to the shaft being bolted to the top plate. The most conservative case 

seen was the horizontal configuration. Like the drive shaft FEA, H-adaptive mesh convergence 

was used, and the accuracy proved to be the same at 95%.   

 

The following remotes loads was used. 
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Figure 35 – Simulation Set-Up for Fixed Shaft 

Results:  

 The stress and FOS results of the simulation are presented in Figure 36 and Figure 37. The 

maximum stress determined is 0.801 MPa and is located on the step shaft of the bearing portion. 

This corresponds to the lowest factor of safety rating, which is 5.74.   

 

Figure 36 – Fixed Shaft FEA Max Stress Result Plot  
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Figure 37 – Fixed Shaft FEA FOS Plot 

  

Analytical Validation:  

The analytic calculation for the fixed shaft only calculated the rounded bearing shaft. Due to the 

geometry of the square shaft, this calculator was left to FEA to determine. Of the round portion, 

the FOS determined is 2.4, compared to the FEA result, the FOS is 5.74. This difference is due to 

the analytic solution only calculating the FOS based on a rounded shaft. The square portion utilized 

in the FEA will add greater strength to the shaft. Therefore, the FEA results will be considered.  

  

Conclusion:  

This study shows the FEA factor of safety and maximum stress of the fixed shaft. Both the analytic 

calculator and the FEA simulation proved the shaft does not fail. Due to the geometry of the shaft, 

analytic calculation only determined the FOS for the bearing portion, disregarding the square 

portion entirely.  
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Appendix E6: V Support  

Author: Liam Wolf  

Date: April 5, 2021  

  

Objective:  

To determine the highest stress induced on the V Support due to the loading of the drive 

shaft.  Three simulations were run under the following conditions:  

  

- Horizontal on Wall   

- Vertical on Wall  

- Totally Horizontal  

  

It was found that the highest stress occurs when the V Support is vertical on the wall. To avoid 

redundancy, only this simulation set-up will be presented.  

  

Assumptions:   

The following assumptions were made for the purposes of this simulation:  

• The loads applied to the V Support are the forces and moments from the drive 

shaft.  

• The worst-case loading scenario on the V Support occurs when the robot is vertical 

on the wall.  

• Assume 4130 steel.  

• The V support is supported by the fixed shafts of the drive system, with no loading 

transferred to the V support.   

  

Simulation Set-up Conditions & Procedure:  

Figure 23 demonstrates the loading conditions applied to the model, with the analysis to calculate 

the loads presented in Appendix D. The following remote loads were used:  
Fx1=495 NFx1=495 N 

  

Fx2=1232 NFx2=1232 N 

  
Fz1=−338 NFz1=−338 N 

  

Fz2=1831 NFz2=1831 N 

  
Mx1=20 NmMx1=20 Nm 

  

Mx2=−109 NmMx2=−109 Nm 

  
My1=−39 NmMy1=−39 Nm 

  

My2=−98 NmMy2=−98 Nm 

  
Mz1=29 NmMz1=29 Nm 

  

Mz2=73 NmMz2=73 Nm 

  

The inner surfaces of the holes connecting to the fixed shaft were considered fixed due to them 

being the axis of rotation for the V support as seen in Figure 39.  
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Figure 38 – V Support Loading Conditions  

  

Figure 39 – Simulation set-up conditions for the V Support  

Results:  

From the results of the simulation shown in Figure 40, the maximum stress occurs around the slot 

of the V support. This is expected due to the high stress concentration in this area caused by the 

slot and the hole for the screws to hold the spring box. The minimum factor of safety was 

determined to be 4.8 which greatly exceeds the factor of safety of 1.2 assumed as standard for this 

project.   
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Figure 40 – Maximum Von Mises Stress of the V Support  
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Figure 41 – Minimum Factor of Safety of the V Support  

  

Analytical Validation:  

Due to the complex nature of this loading scenario, no analytical validation via hand calculations 

was carried out for this component.  

  

Conclusion:  

This study suggests that due to the strength of the selected material, the V support is strong 

enough to support the load of the drive shafts.  

  

  



Omikron Robotics 

Phase III Detailed Design 

194 

 

Appendix E7: Modular Connector Plate  

Author: Kenny Okeke  

Date: April 13, 2021  

  

Objective:  

To determine the highest stress induced on the modular connector plate due to the conservative 

estimate of the weight of the robot.  Two simulations were run under the following conditions:  

  

- Horizontal on Wall   

- Vertical on Wall  

  

It was found that the highest stress occurs when the modular plate is vertical on the wall. To avoid 

redundancy, only this simulation set-up will be presented.  

  

Assumptions:   

The following assumptions were made for the purposes of this simulation:  

• The load applied to the modular plate is the weight of the entire robot.  

• The worst-case loading scenario on the modular plate occurs when the robot 

is vertical on the wall.  

• Assume 4130 steel.  

• The robot has a mass of 500 kg.  

  

Simulation Set-up Conditions & Procedure:  

Figure 42 demonstrates the loading conditions applied to the model, with the weight of the robot 

equating 4905 N. The top side surface of the modular plate was considered fixed for the purposes 

of the conservative estimate. 

  



Omikron Robotics 

Phase III Detailed Design 

195 

 

  

  

Figure 42 – Simulation set-up conditions for the Modular Plate   

Results:  

From the results of the simulation shown in Figure 43, the maximum stress occurs around the bolt 

holes of the modular plate. This is expected due to the high stress concentration in this area caused 

by the hole for the bolt and nut to connect the modular plate. The minimum factor of safety was 

determined to be 33 which greatly exceeds the factor of safety of 1.2 assumed as standard for this 

project as seen in Figure 44. 
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Figure 43 – Maximum Von Mises Stress of the Modular Plate  

  

  

  

Figure 44 – Minimum Factor of Safety of the Modular Plate  

 Analytical Validation:  

Due to the complex nature of this loading scenario, no analytical validation via hand calculations 

was carried out for this component.  

  

Conclusion:  

This study suggests that due to the strength of the selected material, the modular connector plate 

is strong enough to support the load of the robot. This was a conservative estimate, the actual load 

applied to the modular plate will be greatly reduced, and thus the component will not fail.  
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Appendix F: Operational Analysis: Set-up Procedure and Time 

Estimation 

This appendix details the estimation of the assembly and set-up procedure for the OmiBot once 

inserted into the vessel opening. 

 

Author: Areej Khaddaj 

Date: April 12, 2021 

  

Objective  

  

Approximate the time required to set up the modular robotic system, from a disassembled 

to an assembled state.  
Establish set-up procedure of the modular subsystems. 

  

Assumptions 

  

1. Assumed one minute required to torque a bolt, based on video reference. 
2. Transition time between bolted connections is 30 seconds. 
3. Additional time of 15 minutes is estimated to include time required to raise the 

manipulator onto the platform. 
4. Set up of electronics, controls, and the winch connections is not included for the 

time estimation. 
   

Analysis 

  

The modular robotic system is assembled in the following order: 

 

a. Platform modules are connected together with top modular plate. 
b. Drive systems are connected to the top plate by bolting the fixed shaft to the plate. 
c. Manipulator is loaded onto the top plate and connected. 
d. Halves of the chassis are connected together using the bottom modular plate. 
e. Linear actuators are mounted onto the front and back end of the chassis. 
f. Chassis connected to the top plate with bolted threads. 
g. Winch is connected to the hoist rings to provide support while the robot travels 

vertically. 
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Set-up time estimation: 
 Table 7 - OmiBot Estimated Assembly Time 

Task 
Number of bolt 

connections 
Time estimate (s) 

(a) Assemble 

modular halves of 

top plate 
6  510 

(b) Connect drive 

systems to top plate 
8 690 

(c) Connect 

manipulator to top 

plate 
4 330 + 15(60s) 

(d) Connect halves 

of chassis with 

bottom modular 

plate 

6 510 

(e) Mount linear 

actuators to chassis 
8 690 

(f) Connect top plate 

and chassis 
8 690 

Total 44 4320 

  

Conclusion: 

  

Assembly of the OmiBot modules from a disassembled to and assembled state takes approximately 

72 minutes to complete. 
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Appendix G: Project Management  

This appendix contains details relating to the project management of this project. 

Appendix G1: Project Schedule Management: Gantt Chart  

The Gantt chart is presented in Figure 45 and Figure 46 shows Phase I in red, Phase II in grey, Phase III in yellow and the poster/presentation section in dark blue. The diamond shapes indicate a milestone, such as Phase I, 

Phase II, Phase III submission, the poster, and presentation submission. The black lines between the bars indicate the dependencies between the tasks. The shaded bars show the critical path where potential bottlenecks would 

occur in the project. The critical path is based on the dependencies between the tasks. The tasks, along with the start and finish dates are shown in a tabular form within the Gantt chart. The vertical blue lines indicate the start 

and end of the project, while the vertical red line indicates the current position in time, when this report is submitted. Note that certain tasks in phase III have been revisited, and further refined. 

 

 

 
Figure 45 - Omikron Robotics Gantt Chart (1) 
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Figure 46 - Omikron Robotics Gantt Chart (2) 
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Appendix G2: Omikron Robotics Time Sheets  

The timesheets used to track individual hours for Phase III. The poster and presentation effort is 

shown in Table 8. 
Table 8 - Omikron Robotics Phase III Time Sheet 

Phase 3 

Start 
date 

End 
date Responsibility Task 

Baseline 
total 

hours  

Actual 
total 

hours  
Liam 
Wolf 

Calvin 
Chen 

George 
Felobes 

Eric 
Wong 

Areej 
Khaddaj 

Kenny 
Okeke 

5-
Mar-
2021 

12-
Mar-
2021 All 

Additional 
Research 24 35 3 3 10 6 9 4 

7-
Mar-
2021 

15-
Mar-
2021 GF 

Design 
Compliance 

Matrix 20 18 1 10 3 1 1 2 

9-
Mar-
2021 

9-
Mar-
2021 All 

Client 
Meeting - #7 6 6 1 1 1 1 1 1 

15-
Mar-
2021 

25-
Mar-
2021 EW 

CAD 
Modelling 

(transmission) 10 16 8 8 0 0 0 0 

15-
Mar-
2021 

18-
Mar-
2021 LW 

CAD 
Modelling 
(actuation) 8 9 0 0 5 4 0 0 

15-
Mar-
2021 

18-
Mar-
2021 CC 

CAD 
Modelling 

(connections) 4 10 4 2 0 0 0 4 

15-
Mar-
2021 

25-
Mar-
2021 CC 

CAD 
Modelling 
(chassis) 8 4.5 3 1 0.5 0 0 0 

15-
Mar-
2021 

20-
Mar-
2021 LW 

Simulations 
(optimization) 12 14 5 0 2 0 5 2 

20-
Mar-
2021 

28-
Mar-
2021 EW 

Simulations 
(FEA) 8 39.5 25 0.5 4 0 8 2 

20-
Mar-
2021 

25-
Mar-
2021 EW, LW, CC 

Simulations 
(motion 
analysis) 10 10 0 10 0 0 0 0 

9-
Mar-
2021 

9-
Mar-
2021 All 

Faculty 
Advisor 

Meeting -#7 6 6 1 1 1 1 1 1 

8-
Mar-
2021 

20-
Mar-
2021 

GF 

Detailed 
Design 

Calculations 
(static and 20 69 2 10 8 25 12 12 
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dynamic 
analysis) 

10-
Mar-
2021 

15-
Mar-
2021 

GF, AK 

Detailed 
Design 

Calculations 
(stability with 

obstacle) 10 11 0 0 6 5 0 0 

10-
Mar-
2021 

15-
Mar-
2021 

GF, AK 

Detailed 
Design 

Calculations 
(Stability at all 

angles) 10 9 0 0 9 0 0 0 

8-
Mar-
2021 

14-
Mar-
2021 

CC 

Detailed 
Design 

Calculations 
(motor specs) 10 3 0 3 0 0 0 0 

16-
Mar-
2021 

24-
Mar-
2021 KO 

Costing 
Analysis 25 14 1 1 0 0 0 12 

16-
Mar-
2021 

16-
Mar-
2021 All 

Client 
Meeting - #8 6 6 1 1 1 1 1 1 

16-
Mar-
2021 

16-
Mar-
2021 All 

Faculty 
Advisor 

Meeting - #8 6 6 1 1 1 1 1 1 

23-
Mar-
2021 

23-
Mar-
2021 All 

Client 
Meeting - #9 6 6 1 1 1 1 1 1 

24-
Mar-
2021 

28-
Mar-
2021 EW 

Compile 
Drawing 
Package 10 3 0 0 3 0 0 0 

1-
Apr-
2021 

8-
Apr-
2021 All 

Phase 3 
Report 

Planning 15 22 3 3 6 3 4 3 

8-
Apr-
2021 

12-
Apr-
2021 All 

Phase 3 
Report 
drafting 36 68 8 8 8 4 20 20 

23-
Mar-
2021 

23-
Mar-
2021 All 

Faculty 
Advisor 

Meeting - #9 6 6 1 1 1 1 1 1 

12-
Apr-
2021 

14-
Apr-
2021 All 

Phase 3 
Report 
Review 6 19 5 5 4 1 3 1 

10-
Apr-
2021 

15-
Apr-
2021 CC 

Compile & 
Submit Phase 

3 Report 2 9 4 4 1 0 0 0 

Totals 284 419 78 74.5 75.5 55 68 68 
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Design Poster/ Presentation 

Start 
date 

End 
date Responsibility Task 

Baseline 
total 

hours  

Actual 
total 

hours  
Liam 
Wolf 

Calvin 
Chen 

George 
Felobes 

Eric 
Wong 

Areej 
Khaddaj 

Kenny 
Okeke 

26-
Mar-
2021 

30-
Mar-
2021 All 

Initial Poster 
Draft 18 35 10 1 4 2 8 10 

25-
Mar-
2021 

7-
Apr-
2021 All 

Oral Design 
Presentation 
Preparation 12 24 4 4 2 2 8 4 

30-
Mar-
2021 

30-
Mar-
2021 All 

Faculty 
Advisor 

Meeting - #10 6 6 1 1 1 1 1 1 
30-

Mar-
2021 

30-
Mar-
2021 All 

Client 
Meeting - #10 6 6 1 1 1 1 1 1 

2-
Apr-
2021 

2-
Apr-
2021 GF 

Design Poster 
Submission 1 0.5 0 0 0.5 0 0 0 

8-
Apr-
2021 

8-
Apr-
2021 All 

Final Poster 
Presentation 30 13 2 2 4 2 1 2 

Total 73 84.5 18 9 12.5 8 19 18 
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Appendix G3: Project Hours distribution  

Omikron Robotics hour distribution between the team members is shown in Figure 47. This is for 

the actual hours spend on the project. Note: Phase III also includes the hours spend on designing 

and drafting both the poster and presentation.  

 

Figure 47 - Omikron Robotics Hour Distribution Per Team Member 
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Appendix H: Team Charter  
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Mec E 460 – Senior Capstone Design Project 

Group Charter 

Our Group – Contact Information 
Team Name: Omikron Robotics  

Name: George Felobes (team lead) 
E-mail: Felobes@ualberta.ca  

Name: Liam Wolf 
E-mail: lwolf@ualberta.ca  

Name: Calvin Chen 
E-mail: calvin1@ualberta.ca  

Name: Eric Wong 
E-mail: ewwong@ualberta.ca  

Name: Areej Khaddaj 
E-mail: areej@ualberta.ca  

Name: Kenny Okeke 
E-mail: kenechuk@ualberta.ca  

About Our Relationship 

Group Norms 
We consider the following attitudes and behaviors to be important to our group and will strive to uphold 

these in our work as a group: 

• We treat each other with respect. 

• We discuss issues and agree by consensus. 

• We are honest with each other.  

• We admit when we aren’t sure about something.   

• We get our work done on time.  

Rules and responsibilities:  

 All group members will actively contribute to the completion of all assignments; all contributing 

team members will have their names included on the assignment. An uncooperative or non-

performing team member may have his/her name(s) excluded from the submitted assignment. 

 After each assignment, the team will meet to discuss why marks were lost and how the submission 

could have been improved. The performance of each group member will be assessed according to 

assigned task(s).  

 Meeting schedule will be determined by team. Members are expected to attend and e-mail/text if 

unable. Show up on time.  

 Team members are expected to complete individual preparation for team meetings.  

 Team members, when given a task, should report back to the group in a timely manner as per 

deadlines discussed in team meetings.  

 Team members will support each other in accomplishing individual tasks offering encouragement, 

resources, and assistance when necessary. Team members will encourage participation of each 

other during meetings.  

 Team members will respect all members’ opinions and offer constructive criticism when 

necessary, remembering to criticize the idea NOT the person.  

 In an effort to respect each other’s time commitments, the team will make every effort possible to 

adhere to the meeting agenda. The team lead will chair meetings.  

 No member will be able to intimidate another member, e.g., shouting or other aggressive behaviors 

will NOT be tolerated by the group.  
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 Active participation at meetings by all members is required. At times, members may be called upon 

to verbalize (or make explicit) opinions, support, acceptance, rejection, understanding, elaboration, 

justification, etc.  

 Every effort will be made to retain each group member. Underperforming members, for example, 

will be encouraged or given tasks at which they can better succeed.  

 For legitimate absences from group meetings, the team will make sure that the absent member gets 

caught up on missed material or information.  

 Conflicts will be resolved via consensus-based philosophy, i.e., every team member’s 

contribution/opinion is valued and will be used in the resolution.  

 If conflicts cannot be resolved within the group, then the MEC E 460 conflict resolution procedure 

will be followed. 

 Regularly and equally post to the eclass discussion forum. 

 Each person gets to chair and take meeting minutes on the faculty advisor meetings at least ones.  

Guidelines for Communication 
Best way to communicate: Messenger for chats. Weekly meetings (Google Meets) as a regular 

communication. Eclass for final formal communication 

Messaging: Slack  

Meetings: 

1. Team meetings: Thursday 1 PM + On demand - Google Meets 

2. Faculty advisor: Weekly, Tuesdays at 1 PM - Google Meets 

3. Client: Weekly, Tuesdays at 4:30 PM (On demand) - Google Meets 

Our Task-related Goals 
We have identified the following tasks (e.g., related to preliminary & further research; selecting the 

technology; selecting implementation strategy, key concepts to focus on; conducting analysis; report 

writing & editing; and work coordination). By signing our initials below, we accept responsibility for 

completing these tasks by dates indicated. 

Name Title Role 

George 

Felobes 
Project Manager  Ensure all deliverables are met. Stay on schedule. Update 

schedule as needed. Point of contact. 

Calvin Chen Deliverable's 

manager 
Compiling reports and ensure all components are coherent. 

Areej 

Khaddaj  
Technical Analysis Technical Calculations 

Eric Wong  CAD Modelling SolidWorks 

Liam Wolf Numerical 

simulation 
FEA, dynamics, trajectory 

Kenny 

Okeke 
Feasibility/Cost 

Analysis 
Pricing, bill of materials, stay within budget. 
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Signatures 
Our signatures below indicate that we have seen and agreed to the terms of this Charter. Note: it is a good 

idea for each student to initial each page of the Charter. 

Name of Group Member Signature (Jan 21, 2021) New Signature (Jan 30, 2021) 

George Felobes 

 

 

Calvin Chen  
  

Liam Wolf  

 

 

 

Areej Khaddaj 

  

Kenny Okeke 

  

Eric Wong 
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Appendix I: Engineering Drawings 

The engineering drawing package for the OmiBot is presented in the following pages of this 

appendix.  
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NOTES:
FASTENERS NOT INDICATED IN THIS BOM ARE INCLUDED1.
IN THE BOM OF THEIR RESPECTIVE SUBASSEMBLY. 

ITEM 
NO. DESCRIPTION VENDOR VENDOR PART NUMBER QTY.

1 Manipulator Arm Subassembly Yaskawa SIA20D ROBOT 1
2 Modular Chassis Subassembly - - 2
3 Modular Drive Subassembly - - 4

4
Fine-Thread Alloy Steel Socket 

Head Screw, M12 x 1.5 mm 
Thread, 50 mm Long

McMaster-Carr 96144A302 4

5
Black Ultra-Corrosion-Resistant 
Coated Steel Washer for M12 
Screw Size, 13 mm ID, 24 mm 

OD
McMaster-Carr 93413A180 4

6
Black-Oxide Alloy Steel Socket 

Head Screw, 1/2"-20 Thread 
Size, 5" Long

McMaster-Carr 91251A031 8

7 Modular Linear Actuator 
Subassembly - - 2

8
Black-Oxide Alloy Steel Socket 

Head Screw, M8 x 1.25 mm 
Thread, 35 mm Long

McMaster-Carr 91290A438 8
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ITEM NO. DESCRIPTION VENDOR VENDOR PART NUMBER QTY.
1 Modular Chassis Half - - 2
2 Bottom Modular Connector Plate - - 1
3 Manipulator Platform - - 2
4 Top Modular Connector Plate - - 1

5 Threaded Support Rod for 
Manipulator Platform - - 4

6 Pivot Shaft Housing - - 4

7 Threaded Support Rod for 
Manipulator - - 4

8
Black-Oxide Alloy Steel Hex Drive 
Flat Head Screw, 3/4"-10 Thread 

Size, 8" Long
McMaster-Carr 91253A867 6

9
High-Strength Steel Hex Nut, Grade 
8, Black-Oxide, 3/4"-10 Thread Size McMaster-Carr 94895A426 6

10
Forged Steel Hoist Ring for Lifting, 
1/2"-13 Thread Size, 6-1/8" Overall 

Height
McMaster-Carr 2994T91 8

11
Black-Oxide Alloy Steel Socket Head 

Screw
10-24 Thread Size, 6-1/2" Long

McMaster-Carr 91251A904 4
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ITEM NO. DESCRIPTION VENDOR VENDOR PART NUMBER QTY.
1 V-Pivot - - 1

2 160 mm Magnetic 
Wheel

Magnetsysteme 
Brugger HRZ160 2

3 Driveshaft - - 2
4 Fixed Shaft - - 1

5 Deep Groove Ball 
Bearing Schaeffler s6009-2rsr-fd 3

6 Gearhead and Redi-
Mount Motor Mount Kollmorgen DTR115_120_0_RM115_40 2

7 Servo Motor Kollmorgen AKM2G_41X_ACCNR_00 2
8 Gearhead Housing - - 1
9 Linear Spring Box - - 1

10
Rounded Machine Key, 
1018-1045 Carbon Steel, 
9 mm x 14 mm, 80 mm 

Long
McMaster-Carr 96717A631 2

11
Clamping Two-Piece 

Shaft Collar with 
Keyway, for 2" Diameter, 

303 Stainless Steel
McMaster-Carr 3329K18 2

12
Black-Oxide Alloy Steel 

Socket Head Screw
1/4"-20 Thread Size, 1-

1/8" Long
McMaster-Carr 91251A560 8

13
Black-Oxide Alloy Steel 

Socket Head Screw
M8 x 1.25 mm Thread, 35 

mm Long
McMaster-Carr 91290A438 8

14
Steel Hex Nut

Medium-Strength, Class 
8, M8 x 1.25 mm Thread

McMaster-Carr 90592A022 8

15
Black-Oxide Alloy Steel 

Socket Head Screw
M8 x 1.25 mm Thread, 25 

mm Long
McMaster-Carr 91290A432 2

16
Black-Oxide Alloy Steel 
Socket Head Screw, M4 
x 0.7 mm Thread, 22 mm 

Long
McMaster-Carr 91290A170 2
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ITEM 
NO. DESCRIPTION VENDOR VENDOR PART NUMBER QTY.

1 Shaft Mounting Bracket for PA-09 Progressive Automations BRK-10 1
2 Mini Industrial Actuator Progressive Automations PA-09 1
3 Linear Actuator Connection - - 1
4 Kanetec Electro Magnetic Holder Kanetec KEP-C9 - Magnet 1

5
Super-Corrosion-Resistant 316 

Stainless Steel Socket Head Screw, 
Low-Profile, M10 x 1.5 mm Thread, 20 

mm Long
McMaster-Carr 90666A144 1

6
Super-Corrosion-Resistant 316 

Stainless Steel Socket Head Screw, 
Low-Profile, M6 x 1 mm Thread, 10 

mm Long
McMaster-Carr 90666A130 1

7 Linear Actuator Pin Connector - - 1

8 Black-Oxide Alloy Steel Socket Head 
Screw, 1/4"-28 Thread Size, 1" Long McMaster-Carr 91251A442 3
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