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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, 11, and 111, 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 Il and
[11, 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 Il 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.
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Actuated

Pivot \D_

Passive Rocking

Passive Rocking
Pivot

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

Linear Actuated
Permanent Magnet

Manipulator

Drive System

42.1 cm

82.5cm 110.4 cm

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
l.

Yaskawa 20SIAF
Manipulator

Linear Actuated

Permanent Ma gnet\

Drive System

Modular Chassis

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.

@45 ¢cm

Wheel System Motor & Gearhead Modular Chassis Linear Actuator Manipulator

%) ) % %) %)

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

Omikron Robotics
Phase 111 Detailed Design

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.

Vertical

Py
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’Q o » -
. = ‘

Position
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|
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o
<
<
=
¥

1230
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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.

10
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Bolts for connection
of modular chassis

“"II 4 and top plate halves

Modular connector
W e ~_ plate used to connect
= modular sides

Top Plate
modular halve

Fixed shaft

Chassis modular < .
halve " _o¥

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.

11
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AKM2G-41D
Motor

Fixed

Gear Housing Mount / ghaft

DTR-115-100
Gearhead

S6009-2RSR-FD
Ball Bearing

Drive Shaft V-Support

160 mm Neodymium
Wheel
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.

V-support bearing

Linear spring to
provide a
restoring force

Bolt in a bean-shaped slot.
Limits rotation to 22°

Obstacle Magnetic Wheels

Wheel bearings

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.

12
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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.

AKM2G-41D
Motor

Gearhead
Housing

Redi-Moun
Motor Mount

=

DTR115-100

Drive Shaft
Neodymium Wheel

with Polyurethane
layer

Shaft Collar

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.

13
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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.

Linear
Actuator
PA-09-4-330)

Mounting Bracket

Actuator - Magnet

Connection Permanent Magnet with

Electromagnetic Release
(Kanatec KEP-9C)

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.

14
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Overall System
Analysis
| Stability ]
l A

Travel on Vertical travel Horizontal
horizontal on wall travel on wall
surface

.

Figure 12 — Overall Analysis Flowchart

Analysis for
prevention of
tipping,
sliding, and
rolling over
obstacles

‘Analysis fo
prevention
of tipping,

sliding, and

rolling

The horizontal and vertical motion of the assembly can be visualized from the simplified
schematics in Figure 13.

a b c
Figure 13 - Criti(ca)l Motion Orientations of OmiBot for ((Zo)nsideration in Stability Analysis a) Trgv)el on horizontal
surfaces, b) Vertical travel on wall, ¢) 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.

15
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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.

Component
Analysis

Determination
of maximum
induced stress

Modular L l W'l P
connector CTop plate) Guxed sha@ (GearheacD C/»Suppoo @rive shafD inct
plate housing connections

Y

_ ( Finite Element
Analysis Y

Analytical
Analysis

Y
Buckllng Detailed H0|st ring
and impact on drive shaft tensile and

V-Support calculations shear stress

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.

16
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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

Driving Driving
Vertically on | Horizontally
a Wall - on a Wall -

Tipping Tipping

Stability of
Overall

Driving Vertically  Driving Horizontally
Over an Obstacle ~ Over an Obstacle on

System on Wall - Slipping Wall - Slipping

Min. Reaction
Force at 612
Wheels (N)

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 1800 1800 N/A N/A

Normal to

Surface (N)
UL No Tipping

No Tipping No Sliding No Sliding

Strength
Analysisof  Drive Fixed V-Support Top Gearhead Winch Modular
Critical Shaft Shaft Plate housing  Connection Connection
Components
Maximum
Stress (MPa)
Min. Safety
Factor

98.8 N/A 13.9

6.89 270

125

80.1

3.6 5.7 4.9 67 1.7 2 33

Torque
Analysis
Torque
Required per 115 96.3
Wheel (Nm)

Driving Braking

Power
Consumption 6.66
G
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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.

$160,000.00
$140,000.00
$120,000.00
$100,000.00
2
+ $80,000.00
S
$60,000.00
$40,000.00
$20,000.00
s0.00 I -
Linear Actuator  Modular Manipulator  Drive System Total Cost
Chassis

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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Total CO, Emissions Intensity - Seven Largest
Steel Producing Countries (2016)

2500

20X

)0
1500
1000

500 I
0

United Germany Japan Russia South India China
States Korea

Total CO, Intensity (kg CO,/t)

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 % 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 | and
Phase Il 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 Removed after consultation with the client
Method
Weighting was lowered from a 5 (must) to 3
Safety Code, Intrinsic (should) due to conversations with the client; the
E134 Safety, and Emergency | robot is intended for R&D purposes to determine
Stop 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

o Phase 3
Weighting (5 X
i . . . Rating
Requirement  Design Function . A . Design | for Must, 1 for . . .
. : Design Specification/Requirement . L (Compliant, Design Solution
Number Consideration Authority | Low-Priority Non-
Preference .
) Compliant)
A Overall Design and Dimensions
Compliant: The mass of the robot is 500 kg. The robot weight is equally distributed among 8
Al Robot Weiaht Point load stress must not exceed the yield stress of the Client 4 wheels; however, each wheel is assumed to support 120 kg as a conservative approach. Assuming a
g steel vessel walls (300 MPA) 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)
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
. L - following:
A2 Module Size LA BP0 LS 50|65 th_an S5 et U el e g Client 5 1. Two modular chassis halves
the vessel entrance. The design should be small enough to -
: 2. Two linear actuators
be transported in a F150 truck. Lo .
3. Four pivoting drive system
4. Manipulator
5. Two modular connection plates
=] Functionality
Robotic platform must be able to carry a payload of 20 kg. — . . . . .
B1 Pe}yloaq This payload can be approximated as a 30 x 30 x 30 cm? Client 5 Compliant: The platform is dgmgned .to suppo_rt_ the manipulator dynamics with a 20kg payload
Specifications cube attached. The most conservative loading condition was used.
Manipulator Degrees . Thg manlpulatpr 'Es.t ShOUId have at least 5 DOF . Compliant: The manipulator selected is the Yaskawa SIA20F, which has 7 degrees of freedom and
B2 (including producing an incident angle of 15-30 degrees) Client 5 - N
of Freedom can provide the required incident angle from the end effector.
and be able to work on a surface of 10 cm by 10 cm.
Platform Degrees of The platform must have 3 DOF (vertical, horizontal, and _ Compllant:_The drive syst_em includes 8 n_10tors for 8 wheels. Vertical and h_orlzontal travel is
B3 g Client 5 achieved with the magnetic wheels adhering to the vessel surface. The rotational degree of freedom
Freedom rotational). - . . . X
is achieved with skid steering.
Compliant: The robotic system utilizes a pivoting rocking system. This provides a physical
B4 Overcome Obstacles | Platform must be able to overcome a 3" x 3" cube obstacle. Client 5 suspension that will ensure the wheels are always in contact with the surface when traversing
obstacles.
B5 Reduced-Vibrations h that itwill tort . Wl Client 4 Specification was revised and removed.
. The robot must have a system to counteract teo} . Compliant: The robot has a low center of mass and a wide chassis frame, with sufficient magnetic
B6 Tool Dynamics : . Client 5 . R : . . X
manipulator dynamics. adhesion, preventing tipping of the robot with a varying COM caused by manipulator dynamics.
Flat horizontal and . Compliant: The robot is designed to the most conservative case of vertical travel. The magnetic
. The platform must be able to travel on vertical and . . o L e . .
B7 vertical surface . Client 5 adhesion force and friction coefficient is sufficient to ensure the robot does not slip or tip on a 90-
- horizontal surfaces.
travelling degree surface.
Adhesion during tool | The robotic platform must become stable when performing . Compl'a_mf The 8'Wh?6:‘| conflgura}tlon provides enough magnetic adhesm_n U aHO.V\.’ the robot g
B8 - . . - o Client 4 remain rigid. The addition of the linear actuated permanent magnets provides additional adhesion
operation inspections and repairs and have vibrations damped. . -,
forces to provide additional safety factor.
Platform velocity must be less than 250 mm/s. — . . . . .
B9 Platform Velocity The client specified the platform velocity should travel at | Code/Client 5 C(()jr;_p_llantl. vl rnlotor Al gfel?rbratlo S(_ele(cjted can Iprow;ie a maximum Ilnﬁgrhvelocn)f/ o 2
25 4 mmys. 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 ;%rgigil;n:;r;rghee Yaskawa SIA20F includes control systems to operate the manipulator within the
. The robot will be designed to the assumption that the . Compliant: The robot is designed assuming all 8 wheels are on a flat surface.
B11 Terrain . . Client 4
vessel curvature is small, and walls can be considered flat.
C Assembly
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c1 Attachments Modules Rtﬁ:r?t‘l%agﬁ? n.?hitt%cﬁorﬁ:;; r::g/ dbt% ?gils!::n(tl)];egdrz?gr Client 4 C Compliant: The modular subsystems utilize bolted connections to allow assembly and disassembly
disassembled inside the vessel. T ele Emal G (e essel,
c2 Mat! o0l Cliept 3 NE Specification was revised and removed.

Wireless/Wired Power

Operations

F1

Ease of Manufacture

around the robot and is independent of the power supply.

The materials of the robot may be easily sourced to either
produce only one unit or batch produce twelve.

Client

3

D1 source Wired tether voltage source Client 1 C Design constraint
D2 Enwro_n_ment Vessel will be dra_lned an_d_cleane_d before inspection. Client 5 C Design constraint
Conditions Atmospheric conditions will be present.
1 1 4() 0(; 0
D3 Operating Condition eIy (ETpErEe of JIZ?) ﬁ%bm il o 0°Cto Client 4 C Compliant: all components are rated to a working temperature of 0 °C to 40 °C.
D4 Remote Operation The robot may be remote operated with either a joystick Client 3 C Design constraint
control or computer system.
Non-Compliant: Vendor supplied items (motor, gear housing, linear actuator, and
Waterproof and Dust | The robot should be design to an IP65 rating to resist low . manipulator) are rated to at least IP65. The chassis design with bolted connections is not
D5 . . . - Omikron 3 NC . . .. . : .
Resistance pressure water jet and resistance to dust and particles. 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.
= Safety
. Non-Compliant: The robotic system is designed for R&D purposes; therefore, the system
Governing , . e D .
. . - was designed to meet the client specifications. Codes and standards such as limited linear
El Safety Code Must comply with Canadian or Provincial safety code. Safety 53 NC . . g
Institution velocity and exposed moving components are met, however, additional codes and
standards are not met.
The platform must be designed such that apassive an I . _ . . .
E2 Winch Control active winch will secure the entire platform to prevent it Client 33 C Comphgnt. i _wmch connect!on £ ks elued to_support .500 kg. The platform includes 8 winch
. . connections. This allows the winch to have multiple configurations.
from falling and must support the platform weight
Materials must be selected such that it does not retainan | CSA Z434 / Non-Compliant: The robotic system is designed for R&D purposes; therefore, the system
E3 Intrinsic Safety electrostatic charge for certain applications where I1SO 12100 53 NC was designed to meet the client specifications. Even though there are no components that
electrostatic charges are a hazard 6.2.11.5 retain electrostatic charge, further analysis would be required on such a standard.
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,
Emergency stop is required when humans are workin and mass. Note that even though there is not an emergency braking system, controls can
E4 Emergency Stop gency stop 1S req g CSA Z434 53 NC be designed to actuate the linear actuators upon power loss to prevent the rolling of the

stability of the robot independent of the power supply.

C

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

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.

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

Client

1

C

Project Management

Compliant: Omikron sourced the cost for a production of 1 unit.

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

Gl Schedule Phase 2: March 4h, 2021 Mec E 460 5 C Compliant
Phase 3: April 15th, 2021
The client specified a project budget between $100k - — - L . - i
G2 Budget $1M. The design team will design a robotic system to meet 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 111, 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 Il (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 Il and Il 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 | contains the individual timesheets, Phase Ill hours
distribution. and the Gantt chart.

Table 4 - Summary of Actual and Baseline Junior Time and Cost for Phase I, 11, and I11

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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[ Baseline | Actual Revised

Phase1 é
Phase3
Total
25000 50000 75000

Engineering Cost ($)

Figure 17 — Omikron Robotics Actual, Baseline and Revised Junior Cost

B Baseline [ Actual Revised

Phase1
Phase2
Phase3

Total

1000

Junior Engineering Hours

Figure 18 — Omikron Robotics Phase I11 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 Il 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 111 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.
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Weighting (5 for
Design Authority Must, 1 for Low-
Priority Preference)

Phase 3 Rating
(Compliant, Non-
Compliant)

Requirement
Number

Design Function

Consideration Design Solution

Design Specification/Requirement

A Overall Design and Dimensions

Compliant: The weight of the robot is 500 kg. The robot weight is equally distributed
Al Pt Point load stress must not exceed the yield stress of the steel vessel walls Client 4 c among 8 wheels, however each Wheel is assumed to suppqrt 120 kg as a conser\{atwe
(300 MPA) approach. Assuming a conservative point load of Imm, this corresponds to a point stress
of 11.8 MPa, which is less than the yield strength of steel (300 MPa)
Compliant: The total dimension of the robot is LxWxH: 110.4 x 82.5 x 42.1 cm?®. This is
smaller than a bed of a F-150 truck , L x W: 170.4 x 128.5 cm? (67.1 x 50.6 in?). The
robot contains total 11 modular components which are less than 45 cm in diameter. The
Module size must be less than 45 cm in diameter to fit in the vessel modular subsystems are the following:
A2 Module Size entrance. The design should be small enough to be transported in a F150 Client 5 C 1. Two modular chassis halves
truck. 2. Two linear actuator
3. Four pivoting drive system
4. Manipulator
5. Two modular connection plates
B Functionality
B Tryioer] Ssesiion o Robotic platform must be.able to carry a payload of 20 kg. This payload Client 5 C Compliant: The platform is designed t.o support the ma'n'lpulator dynamics with a 20kg
can be approximated as a 30 x 30 x 30 cm? cube. payload attached. The most conservative loading condition was used.
i houl 1 i i i . . . .
. Th? manipulator-smust-should have at least 5 DOF (including producing an . Compliant: The manipulator selected is the Yaskawa SIA20F, which has 7 degrees of
B2 Manipulator Degrees of Freedom [incident angle of 15-30 degrees) and be able to work on a surface of 10 cm Client 5 C . .
by 10 cm 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 Compllal?t: Th? drive s'ysten'l 1nclu§es 8 motors for 8 wheels. The rotational degree of
freedom is achieved with skid steering.
Compliant: The robotic system utilizes a pivoting rocking system. This provides a
B4 Overcome Obstacles Platform must be able to overcome a 3" x 3" cube obstacle. Client 5 C physical suspension that will ensure the wheels are always in contact with the surface
when traversing obstacles.
BS Feduesd Mibestens Chent 4 NE
Specification was revised and removed.
Compliant: The robot has a low center of mass and a wide chassis frame, with sufficient
B6 Tool Dynamics The robot must have a system to counteract teel-manipulator dynamics. Client 5 C magnetic adhesion, preventing tipping of the robot with a varying COM caused by
manipulator dynamics.
Flat horizontal and vertical surface Compliant: The robot is designed to the most conservative case of vertical travel. The
B7 travellin The platform must be able to travel on vertical and horizontal surfaces. Client 5 C magnetic adhesion force and friction coefficient is sufficient to ensure the robot does not
£ slip or tip on a 90-degree surface.
. . . The robotic platform must become stable when performing inspections and . Compliant: The 8 Wheel conﬁgl'xratlon proYldes enough magnetic adhesion to aHO\.N the
B8 Adhesion during tool operation . . Client 4 C robot to remain rigid. The addition of the linear actuated permanent magnets provide
repairs and have vibrations damped. .\ . . .
additional adhesion forces to provide additional safety factor.
. Compliant: The motor and gear ratio selected can provide a maximum linear velocity of
. Platform velocity must be less than 250 mm/s. . .. . . .
B9 Platform Velocity ke silisit aueattidlie o niomm velaats dhuale el o 54 sl Code/Client 5 C 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 C(.)m.p fiant: Thef Yaskawa SIA20F includes control systems to operate the manipulator
within the specified range.
Bl1 Terrain The robot will be designed to the assumptlon.that the vessel curvature is Client 4 C Compliant: The robot is designed assuming all 8 wheels are on a flat surface.
small, and walls can be considered flat.
C Assembly
cl Attachments Modules Robot parts and attachments may be modﬁular aif great.er Fhan 45 cm). The Client 4 C Cpmphant: "ljhe.modular su‘t.)systems utilizes bolted connections to allow assembly and
robot may need to be assembled and disassembled inside the vessel. disassembly inside and outside the vessel.
Specification was revised and removed.
) Operations
Dl Wireless/Wired Power source Wired tether voltage source Client 1 C Design constraint
D2 Environment Conditions Vessel will be drained an.d.cleane.d before inspection. Atmospheric Client 5 C Yot s
conditions will be present.




1 . 1 0, 0,
D3 Operating Condition Working temperature of the robot will be -46-2€ 0 °C to +40 °C. Client 4 C Compliant: all components are rated to a working temperature of 0 °C to 40 °C.

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

D4 Remote Operation
computer system.

Client 3 C Design constraint

Non-Compliant: Vendor supplied items (motor, gear housing, linear actuator
and manipulator) are rated to at least IP65. The chassis design with bolted
Omikron 3 NC connections is not rated to IP65 and will required additional design to achieve
compliance)

This was a self-imposed design team specification:

D6 Life Cicle Exiected life cicle is one iear with minimal maintenance. Client 3 C Comiliant: Comionents are desiined for a life cicle of 1 iear.

Non-Compliant: The robotic system is designed for R&D purposes, therefore the
Govern%ng.Safety 53 NC system was designed to meet the client specifications. Codes and standards

Institution such as limited linear velocity and exposed moving components are met,
however, additional codes and standards are not met.

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

D5 Waterproof and Dust Resistance . . .
jet and resistance to dust and particles.

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

The platform must be designed such that a-passive an active winch will
E2 Winch Control secure the entire platform to prevent it from falling and must support the Client 33 C
platform weight

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

Non-Compliant: The robotic system is designed for R&D purposes, therefore the
B Intrinsic Safet Materials must be selected such that it does not retain an electrostatic CSA Z434 /1SO 53 NC system was designed to meet the client specifications. Even though there are no
y charge for certain applications where electrostatic charges are a hazard 12100 6.2.11.5 components that retain electrostatic charge, further analysis would be required

on such a standard.

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

Emergency stop is required when humans are working around the robot breaking system, controls can be designed to actuated the linear actuators upon

E4 Emergency Sto; . CSA 7434 53 NC
geney Stop and is independent of the power supply. 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

. . . Compliant: The load bearing components (shafts, platform and support) uses 4130
F1 Ease of Manufacture The materials of the robot' may be easily sourced to either produce only Client 3 C normalized steel, The chassis body is not load bearing and is manufactured with sheet
one unit or batch produce twelve. metal
F2 Production Volume Maximum production volume of 12 units. Client 1 C Compliant: Omikron sourced the cost for a production of 1 unit.

Project Management

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

Gl Schedule Phase 2: March 4h, 2021 Mec E 460 5 C Compliant
Phase 3: April 15th, 2021
G2 Budeet tThe cl}ltalné SPeCIﬁeds lt)r OJecttbudtget bettv:}(ien $1§01( ) $:N£.;;I;¢(a) ((i)(z)s(;g;l Client 3 C Compliant: The cost of one unit is 150k, this is within the client specified budget of $100k
ues FE A e en;nz Efi(: © market costo ’ or - $1MM and is compliant with the design teams stated budget of $150k.
NVes [INo

Overall Client Approval:

Client Signature %}%‘

Date 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.

YASKAWA

NMOTONMAN
SIA-series

Flexible Applications with the SIA-series

The SlA-series are small and agile 7-axis robots providing
~human-like* flexibility of movement and fast acceleration.
They distinguish themselves through slim and lightweight
design. They offer high payload and big working ranges.
These agile and versatile robots open up a wide range of
industrial applications: ideal for assembly, injection moulding,
inspection, machine tending and a host of other operations

This robots are driven by the compact MOTOMAN FS100
controller.

KEY BENEFITS

® 7 axes
* Flexible applications
e Compact design allows maximum performance

Controlled by
FS100

www.yaskawa.eu.com
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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.

Payload to Mass Ratio

0.20

NKR:20:R11810:2F
L

o
Motoman HP20D-A80

0.15 4
®
RS020N:Robot
®
i TX2-90 ... -

0.10 Kb M-20iA720Tis:F,

vivaliall o r\(:ODJ

)

e
Motoman GP20HL
0.05 - ® M-20iA/20TuToploadel
oe0e
0.00 ; f } }
200 300 400 500
Mass (kg)
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.

Micron TRUE Planetary® Gearheads

Omikron Robotics
Phase 111 Detailed Design

Right Angle Gearheads

Ratio® _‘l‘ Dimension 'L’ Backiash

mma]
G010 5000 1664 [BET] 226 [B.00

5110 501

mm |

166 [7.67]

fasz |

8 max
9 max

Performance Specifications
10000 Howr Life

DTA115-005
DTA115-006
DTR115-009
DTR115-010
DTR115-012
DTR115-015
DTR115-020
DTR115-025
DTR115-030
DTR115-040
DTR115-050
DTR115-060
DTR115-075
DTR115-090
LTR115-100
DTR115-120
DTR115-125
DTR115-150
DTR115-200
DTR115-250
DTR115-300
DTR115-400
LTR115-500

&1

B:1

R
10:1
121
151
01
1
301
LUiR
5011
601
kEA
a0
1001
1201
1251
15001
2001
5001
3001
400:1
50001

i

Tr

130 [1147] gs[e:asq
(93]

146 [1265]
143 [1262)
137 [1210]
161 [1425]
164 [1453]
167 [1474]
105 [930]
108 [967)
112 [205]
169 [1485)
184 [1715]
181 [1667}
1686 [1644
178 [1577}
200 [1774]
210 [1857]
214 [1803]
N7 [1821
137 [1212]
142 [1260]
148 [1206]

106

103 [208)
115 [1016)
116 [1025]

126 [1118)

135

1188]

80 [79)

]

a7
g
139
137
134
150
162
15
165
176
ny
122
126

]

(B8]
[1675)
233
[1214]

M e
12027 e

T Tpeak
(1000 rpm) (3000 rpm) (S000rpm)
Hm &

1231088 88 [781)

6 [E70)  2842511)
B0 [7o8] 284 [2511]
80 [Fog] 284 [2511)
B8 [F7E] 284 [2511)
98 [BT] 284 12511)
00 [Ben] 284 [2511]

104
120
18
15
128
130
130
41
151

106 [a5e]
M3 [1003) 284 (2511
N7 1037] 284 R2511

[o59) 284 [2511)
(o2 284 (2511
FaE 284 (2511
FTO] a4 2511
FoE| 284 2511
[ =84 (2511
(1058 284 [2511
[041] 284 2511
Es| 28 (2511
1135 284 [2511
1233 2842511
147 284 [2511
250 284 [2511
336 284 2511
284 [2511

&l ratices are available b ship im 24 bours through e Grarbesd Express Program.

! Ratins are et higher raiie and other cusiom oplions are s
avaiiatie. consult faciory.
T, = ARaied puipast torue 2 rated speed for spacific hours of e

ot = Aliwable momentany pesk borgue fior sm

DuraTRUE 90 Size 90
Metric

Al dmensions e mm (i)
AD™ = hdapler length

Adapier length will vary depending on motor. Efficiency is
calculated at 100% of the reted Tomue

ﬂﬂlﬁ' (3000 rpm) (5000 rpm)

IWIBEE]
105 f932]
1181052
16 [10e]
130 [1147]
131 [1158]
143 126
153 [1350]
a7 861
101 8o
104 jg21]
157N
138 12y
155 1371
151 [1336]
168 [1485]

F .4k
T2 [534]
T [670]
& [757]
&3 [738])
o3 [a25)
B4 [833]
103 [908]
1071]
&3 [737]
&7 764
o0 [Tod]
9 (873

113 [1002]
111 [o86)
109 [962)

121 [1075]

132 [1168]
123 [1085]
134 1183
143 [1265]
18
113 [1002]
117 [1035]

Tr

115 [1015]
123 [1085]
100 [547]
105 [228]
1063 [y

d
ko
fnbusec 0]
279 [24.7)
2,77 [245)
2,37 [21.00
2,75 [24.3]
2,19 [19.4]
214 189
2,18 [19.3]
2,14 [18.9)
2,34 [20.7]
2.7 [19.3)
2,15 [18.8)
277 [245)
2,35 [20.8)

2,03 [15.04

Torsional
Stifiness
Mmiae-min

-]

153135
12,5 [110]
126 [112]
13,1 [18]
12,7 [112)
127 12
13,2 [117]

132
115
115
15
132
131
125
130
126
132
131
132
132
15
15
115

¥ Siop or ey shock lnading

J = Nz moment of ineriia reflscied tn the input shaft incuding pinion assemish|.

[117]
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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.

-0.65

-0.55

-05

-0.45

-0.35

Torque (N-m)
Power (kW)

~0.3

-0.25

2 -02
-0.15

-0.1

0 1000 2000 3000
Speed (RPM)

B Tpkat100 C W Tpkat25C B Continucus B Power
Figure 20 - AKM2G-41D Servo Motor Power Curve
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Appendix B4: Linear Actuator Data Sheet

Dimensions @

#" (Dimensions in inches)

= o . e
amh | . ) |
5 @ | Q i ¥ | [ g { : Lot Zjé |
ot = e e o R [ e e e e DM — i = et = e e f ] e = fod o ot 2y
& et _.|*-m:6 :DH | : e _L@l 1
“ L ] T _: 1
Tl 5{ i |
2 b 4 i + -
. AL - st — Lo |
LA e ) i - i Y-
el t w4 (o N e

T

swroke| 1 | 2 [ 2 [ 4 [ & 8 | 9 | w | 12| ] | w|n]2]u]n
P.‘.-m A E.53 | &.53 7.5 BE} | #0.53 1253 1353 | 1453 1771 | 1871 | 29.T1 | BT | 25741 | ZT.T1 | 36D | 385D | 4T.AY
e T t + I " 3 4 | | |

B 6.5 | B3Y | 1050 | 125 W53 2083 X1E) | K 28T | XATT | XTI | 4T | 48TH | 4BTH | S50 | SE30

Faor Stroke L less than 12" For Stroke Le 24 to 307
A = Siroke Length + 4 537 A = Stroke Length + 6,507
B = Siroke Length x 2 + 4 537 B = Stroke Lenglh x 2 + 6.50"
For L h of 12° to than 24~ For Length r than 30"
A = Stroke Length + 5717 A = Stroke Length + 787"
B = Stroke Length x 2 + 5.71° B = Stroke Langth x 2 + 787"
For Pote nits -

A = Stroke Length + 5.50°
B = Stroke Length x 2 + 5.50°
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Speed vs Load C(

Speed vs. Load: PA-09 Linear Actuator
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Current vs. Load: PA-09 Linear Actuator
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Appendix B5: Permanent Magnet Data Sheet

KE-K / KE-V / KE-M / KEP / KE-H
PERMANENT ELECTROMAGNETIC HOLDER

b | Electromagnetic rel | Rectifier required additionally | . AMS. Gepih 8

ELECTROMAGNETIC |

ERMANENT ; :
FORMC | ELECTROMAGHETICCHLEAS | MAGNETIC CHUCKS | CONTROLLERS | CHUCKS

1 Power cord 0.3 m

(KEP-C) (KEP-KE)

| CHUCK

" KEP-3C KEP-5C KEP-7C KEP-K5

I\ Precautions for use
Rust and scratches on the attractive face affect the holding power adversely. Repair it periodically.

[Features] Change in holding power by Ghange in heiding pewer
. plate thickness by clearance

@No fear of accidents by fallen workpieces due to power failure and no heat generated by f;:;u KEP-3C 1":0'0

continueus power on. These features make these holders sitable for long-hour holding.

Workpieces are held by a permanent magnet, but its ON/OFF is controlled electrically. 1250 1250 e
@The electromagnetic release type that keeps the magnetic force off when power is g g =

being supplied. Normally, the magnetic foree is kept OMN. g 1ooo groon g
@An unintermuptible power supply is not required. g 750 g 750 &
@®The square type (KEP-K) is suitable for picking up small parts from comers of E 2

containers, etc. and picking up doughnut-shaped workpieces. 00 500 @

250 50 8

3
The: power source s 24 VOC. When using 4 holders of the same size ] 0 20 (o) 0 05 10 (m
and same type at the same time, connect their wires in series that Flate thickness ClBarance [om i)

@The powerful rare earth magne! offers high holding power n spite of its small Size.  #The max. holding pawer is based on a test pisce of $5400, fround surface held on the whole area. Therefore,

are used at a distribution of the voliage 96 VDG (96 V + 4 = 24 V). = - - =0
In this case, a voltage varizble rectifier (RH-M) enables adjustment  podel Holding | Voltage | Curent| "OWNE | Applicable |\ 5¥
of the demagnetizing voltage (power on amount at OFF) to #0 c Power Fate Rectifier 8 g
tacilitate operation. 30 1508 0.17ke/ <X
KEPGC | (‘g #4015 1eRgf) D458 7 =0
Released only at power on Denth 3
KEP-4C 0117 | 2504 0544 03tke!
The power-an time must be 5 seconds or less. The power-off time must 57 { 26kgf) 068 Ib ,q:
tir | CEICRE
be 10 times or longer. (30 seconds or less for KEP-K.) KE 50 Da$m; 340k 0.58A | 10% ED | FHM03A6/24 5 =
. " 38 15 | 35kl RHAIIAE4C1 ws
Residual holding power rrrn FHNMO0ME21-C2 | | =
. KEP7C | .- #6023 ( oome) 0.504 KA-TH01A-6/24 (s3]
As an inevitable nature of permanent etic holdess, 3% . 80 2_0_ 3_5 . Deoth 6 E a
to 4% of the holding pawer will remain as residual holding power |KEm so |'2360 08 (137 2 Dd | 1470M Dasa
after the workpiece has been released. If Ine weight of the lifled 354 {150k :
workpiece is smaller than this holding power, it may not be released. . MB(0.3 25008 0.75kg/ in
P ke 9% 5 — 0. ]
In such a case, the workpiece can be released easily by attaching a R 701" %! *50(1.96) %5001 Der?;l',n\‘s { 25kgf] 434 [S0% ED 1.65 b gx
thin nonmagnetic film on the attractive face. Note, however, 1at 1€ Tha max. holding power is based on a test piece of 5400, 20 mm thick, ground surface held on the whole area. w g
helding power will drap as the sauare of clsarance. Therefore, the liting capaciy is nommally a Bird of less of the meax. holding power. & Cord length 0.3 m ZT
wo
150, HYBRID HOLDER q,.
&
=5
Cu ntroller required additionally| Changa in hakding power by Charis n hicing perwer b 25
[y PiRtR tickness  Slesranca gz
2000 8=
Illtarll|lll sigp|  EEHA 10-5HA anclate ==
thicke rim and
. KE&HA to-8HA an piate
g 1500 thigkness of 16 mm.
i a
£ =
i 82
KE-2HA KE-3HA KE-4HA KE-5HA KE-6HA [=] 8
I
A Precautions for use .
Rust and scratches on the attractive face affect the holding power adversely. Repair it periodically. = = @
N Flaie thickness I} w
[Application] Immin] = g
Suitable for robot hands and such systems that require high-speed e, Ganter Tapped Hole Working | Applicable ST
" ) " Holding oitage | Current Mass @
operations such as repeated transfer in automated lines. Medel Bk Powar on Back i cl Rate | Rectifier = 8
[Features] e BON | M4.0.15) X0.7 0078 608/ ==
@Very little residual holding power allows workpieces to be released ( Sker) Deptn 60, ’ CETN |,
quickly. This enables high-speed operation; for example, light weight kg.ana ‘22000"‘ ) 0114 :‘C“G"' E %
workpieces can be attached/detached 5 to 6 times per second. “mnk:h Mﬁ;;;; ; :]gf] a3, (2;03; z w
@Because these holders are of permanent electromagnetic type, the holders  KE-4HA { a0kah) 24 | ©15 [ 9008% | momzosa 061 6 g g
consume little power and generate little heat, making these holders KE-sHa | #5016/ x| 700N VoG [, 4| ED |RH+E03a-c2| Bang =T
suitable for continuous, long-howr operation. 501(1.96] ( 7okaf) |Ms10.31) %1.25(0.04 ) 117
@1The holding power is switchable at two stages: High and Low by fuming ke gya (#5029 > 10000 Depth 10(0.29 0.22A -EL 9405 Q
on and off the power supply. The reverse supply of power releases - :’ {100k e e mtn
workpieces. This enables a wide variety of usage. (Whan at “Low." the KE-8HA “‘3‘; o dmwm Depth 12047 ) Dz8a (_Zg 2
holding power is about 1/3 of that at "High." ) ey Ty <0

- - the lifting capacity is notmally a third or less of the mex. holding power. :
| & type of cord on the tap face spec. (KE-HA-U) is also available. Test piece thickness: KE-2HA 10 4HA - 10 mm, KE-5HA 1o 8HA -~ 20 mm 76
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Appendix B6: Neodymium Magnetic Wheel Data Sheet

PRODUCT INFORMATION O BRUCCER

Magnetic wheels Neodymium-iron-boron (NdFeB)

Magnetic wheels with two-pole magnetization of NdFeB, bore with fitting tolerance H7 and groove

g0

Article number D mm d mm E mm b mm h mm Force* N Temperature °C
HRZ25 25 =ify, 8 16 *5f s 3 8.6 45 100
HRZ32 32 2ifa 10 18 s fa 4 111 65 100
HRZ40 40 =44, 12 20 *5fas 4 13.1 90 100
HRIS0 50 =44 16 25 5 fag 5 17.3 140 100
HRZ63 63 4 20 32 i 6 21.7 270 100
HRZ20 B0 414 25 §0 5 8 26.7 380 100
HRZ100 100 =fay EL] 50 5 fas 8 317 580 100
HRZ125 125 s, &0 62 *5fas 12 52.1 1000 100
HRZ160 160 % a0 50 80 5 fas 14 52.6 1a00 100

viv]®
REACH RoHS psistancs

39




©

OMIKRON Omikron Robotics
ROBOTICS Phase 111 Detailed Design

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

sasan alpha-ts.ca <sasan@alpha-ts.ca> Maon, Mar 1, 2021 at 5:00 PM

To: Calvin Chen <calvin1@ualberta.ca>

Hi Calvin,

We can do it for USD48K. If any point, pls let me know.

Appendix C2: Linear Actuator Quote

Mini Industrial Actuator

Instant Quote
$17812CAD $14999CAD
— ez
Select Stroke v Select Force 1
MAKE A SELECTION
Add to Compare
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Appendix C3: Linear Actuator Magnets Quote
Electromagnetic/Permanent Electromagnetic Hybrid Holder - KE Series (Kanatec) (KEP-9C)

Kanetec Vv

« Can be used continuously.
« For a wide range of applications, from handles for various types of automated equipment to those for industrial robots.
 Applicable with a wide range of applications, including material feeding for automatic presses, deflection prevention for
shearing material and applications ranging from handles for various types of automated equipment 1o those for industrial robots.
KEP: With no worry of heat generation or dropping incidents during power failure, it is suitable for long-time adhesion. An
electromagnetic release type in which the magnetic force is OFF only when energized. The magnetic force is on during ordinary
operation.
KE-HA: Can quickly release wark pieces as there is such little residual adhesion. Therefore. it can operate at high speeds.

S

Submit Configuration

Completed . doad CAD
@ 5o e

D D
Filters I Configured Specifications Price. $692.37
type
ke Magrt Permanent electromagnetic External %0 Total $692.37
Dimension w(mm)
Ship Date Sat. Apr 17,2021
Magnet External 60 Magnetic force OFF Valie il BPM. EST

[ Permanent electromagnetic Height{mm) e e

st e . - IEEEE

Clear L
0=t @ | pe | sipiee |
" " JAN code 4544554900080 Ordering Code 406-3457
External Dimension g(mm) 1 469237 Ape 17,2021
[EQl
2 $692.37 TBD
Clear

NOTE : Ship Dates above are subject 1o change
depending upon availability.

Appendix C4: Motor Quote (Analogous Estimate)

Welcome to Our Pop-Up Store!

IA iAUTOMAHON Limited Listings Available - List Prices Only

Click Here to Call for More Info

Home

Home » AKM2G Servo Motor Series - Kollmorgen

Banner Engineering

AKM2G Servo Motor Series -

= Kollmorgen
Kollmorgen $1 ,319.00
Festo

Mode!

Email Our Specialists AKM2G-42HANC2R00 ~

Call One of Our Specialists

fvoo

More payment options

ni-‘-ze W Tt @:
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Appendix C5: Bearing Quote

Hi Dear Calvin,

Good day! This is April,from AOBOTE BEARING CO.,LTD.
So glad to receive your inquiry for our bearings.

Regard to this item,please kindly check the following details:

Item: Original Fracen SKF S6009-2RSR-FD Deep Groove Ball Bearing, In Stock, Stainless Steel

Size(d*D*B) : 45*75*16mm

Weight: 0.251kg

EXW Wuxi Unit Price: USD9.5/pc

Appendix C6: Gearhead Quote

Omikron Robotics
Phase 111 Detailed Design

Part Number
DTR115-100-0-RM115-40

Fa

A4

Total Price List : $ 5228.5*

Micron Motioneering Product Details

Part Number Description

DuraTRUE Right Angle (DTR)

Gearhead Model Details

Peak Torque
Rated Torque
Inertia

Gearhead Express
Torsional Stiffness
RediMount ID
ADmax Distance

Bearing Type

283.7 Nm

962.0 Nm

2.746 kg cm2

No

12.993 Nm/arc-min
RM115-40

50.038 mm

Ball Bearing
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Appendix C7: Magnetic Wheels Quote

FANAIZGN\L THRXAE#SNAMZFARAF

NINGBO FAIZEAL MAGNETIC TECHNOLOGY CO.LTD

TiETILEEETE2885
No.288, TongNing Road, Jiangbei District, NingboChina.

To: Omikron Robotics Tel: 0574-87520996
Attn: Liam Fax: 0574-83091125
Tel: From: Ailsa

Fax: ) {fr H BIRFQ Date: 2021/2/10
Add: 3 fit H #Quotation Date: 2021/2/20

Ei5&7] 2
Quotation Sheet

NO.: SLQ03210220-3

Description No. Delivery cost Delivery cost
1 FZW?25 6PCS US$26.0 | 4 OKGS/$59 | 12PCS US$26.0 4 5kgs/$64
2 FZW32 6PCS US$28.0 4. 5kgs/$64 12PCS US$28.0 5.0kgs/$69
3 FZW40 6PCS Us$32.0 5.0kgs/$69 12PCS US$31.0 6.0kgs/$79
4 FZW50 6PCS US$40.0 5.5kgs/$75 12PCS US$39.0 8.0kgs/$102
5 FZWE3 ! 6PCS US$88.0 | 8.0kgs/$102 | 12PCS US$86.0 12kgs/$143 wc?lfing
6 FZW 80 6PCS US$92.0 |12.5kgs/$148| 12PCS US$90.0 25kgs/$255 dave
7 FZW100 BPCS US$145.0 | 24kgs/$246 | 12PCS | US$142.0 | 41kgs/$398
8 FZW125 BPCS US$210.0 | 43kgs/$418 | 12PCS | US$207.0 | 75kgs/$706
9 FZW160 6PCS US$295.0 (89 5kgs/$775| 12PCS Us$290.0 179kgs
ik 4% & (other terms):

1. & CLEMEEBWATR, Bz B
Validity: quotation is valid for 7 days

2, f@ A ®TICE00%
Payment terms: 100%T/T for sample order, for mass production, we accept 30% in advance, balance against to copy of B/L.
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Appendix C8: OmiBot Xometry Quote

Omikron Robotics
Phase 111 Detailed Design

Contact Info
Calvin Chen

Xometry

7951 Cessna Awenue | Gaithersburg, MD | 20879 | 240-252-1138

Estimeted ship date:

Fridey, May 07
(i you order by 11-55PM EDT Monday, &pril 5

Lead time: 20 business days

Quote |D:
301BE-15005

Requirements:

Date:

047042021 1:04 AM EDT

Part ID

Description

Unit Price

Extended Price

01FEFCA Made
im Chiina

Bottom Connector Plate, SLOFAT 1

Bounding Boo
254 Dmm x 101 Emm x 3_2mm
10.00in 3 4 00in x 0_12in
Processi
CHC Machining
Material
Steel 4130
Finishs
Standerd
Inspection
Standerd Inspection

£133.60

£122.50

~

O1FEFCS Made
i China

Threaded Support Rod SLOPRT 4

Bounding Baon
133.4mm x 31 Emm x 31.Bmm
5.25in x 1.25in x 1 25in
Processi
CMC Machining
Material
Seeel 4130
Finizhs
Standerd
Inspection:
Standerd Inspection

£EE.02

£264.08
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Item Part ID Description Unit Price Extended Price
3 drive housing SLDPRT $73326 $3,157.04
Bounding Ba
330 0mm x 180.0mm x 180.0mm
12.95in x §.20in x §.20in
OZOE3TE Made Processs
in China ENC Machining
Material
Steal 4130
Finizhs
Standard
Inspection:
Standard Inspection
4 compression spring mownt SLDPRT S62.74 £250.35
Bounding Ba
T3.0mm x 24 0mm x 17.0mm
3.1%in x 0.54in x D.ETin
O2Z0B3TA Made Processs
in China ENC Machining
Material
Steal 4130
Finizhs
Standard
Inspection:
Standard Inspection
5 [ Diriveshaft SLOFAT $£183.02 £732.04
Bounding Ba
143 .0mm x 5§0.0mm x §0.0mm
5.87in x 2.26in x 2_3Ein
0208370 Made Process:
in China CNC Machining
Material
Steal 4130
Finizhs
Standard
Inspection:

Standard Inspection
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Part ID

0Z0B3TE Made
in China

Description
Fiwed Shaft Threaded Support SLOPRT

Bounding Baow
53_2mm x 19.0mm x 19.0mm
2.0%in x 0.7%in x 0.75in
Proces=:
CMC Machining
Material
Sheel 4130
Finishs
Standard
Inspection:
Standard Inspection

Unit Price Extended Price

£36.54 146,15

0Z0B3TF Mede
in China

Fixed Shaft. SLOFRT

Bounding Baow
122 Omm x 100 0mm = 87_Tmm
4.80in x 3.34in x 3.45in
Process:
CMC Machining
Material
Sheel 4130
Finishs
Standard
Inspection:
Standard Inspection

$234.02 £536.08

020B324 Made
in China

Fivot Shaft Housing. SLDPRT

Bounding Baow
100.0mm x 38 Emm x 13.2mm
3.54in x 1.53in x 0.7&in
Process:
CMC Machining
Material
Sheel 4130
Finizhs
Standerd
Inspection:
Standard Inspection

£62.75 £251.00
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Part ID

0Z0B327 Made
in China

Description
Manipulstor Platform SLOFPRT

Bounding Booo
S00.0mm = 200 0mm = 33.0mm
23_62in x 7T BTin x 1_30in
Proces=:
CHC Machining
Materiali
Steel 4130
Finishs
Standard
Inspection:
Standard Inspection

Unit Price

$703.38

Extended Price

5140676

10

0Z0E328 Made
in China

Modular Chessis (Half) SLDPRT

Bounding Booo
S00.0mm x 200 0mm = 133.7mm
23_62in x 7_BTin x 5.50in
Process:
CNC Machining
Materiali
Seeel 4130
Finishs
Standard
Inspection:
Standard Inspection

£2,050.43

54.180.38

11

~§

0Z0B332 Made
in China

Threaded Manipulstor Support Rod SLDFAT

Bounding Baso
133 4mm x 26.Tmm x 26.Tmm
5.25in x 1.05in x 1.05n
Process:
CNC Machining
Materiali
Seeel 4130
Finishs
Standard
Inspection:
Standard Inspection

£36.43

§225.38
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Item

12

Part ID

0208335 Made
im China

Description
Top Connector Plate SLOPRT

Bounding Booo
254 Dmm x 101 _&mm x 16 5mm
10.00in x 4.00in x 0.E5in
Process:
CNC Machining
Materiali
Somel 4130
Finishs
Standard
Inspection:
Standard Inspection

Unit Price

$226 85

Extended Price

£226.85

13

(]
o

o
e

020R338 Made
im China

W Bracker SLOPRT

Bounding Booo
208 3mm x 203_3Imm x 20.0mm
12_07in x 8.00in x 0_7%in
Procesm:
CNE Machining
Materiali
Seeel 4130
Finishs
Standard
Inspection:
Standard Inspection

$304 B1

$1.215.24

13

0202370 Made
i China

Driveshaft. SLOPAT

Bounding Bow
143 0mm x 50.0mm x &0.0mm
5.B7in x 2.36in x 2.36in
Proces=:
CHEC Machining
Materiali
Steel 4130
Finizhs
Standard
Inspection:
Seandard Inspection

$183.02

£732.08
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Item

15

Part 1D

0Z0B3TE Made
im China

Description
Fiwed Shaft Threaded Support SLOPRT

Bounding Ba
53_2mm x 13.0mm = 19.0mm
2.05in x 0.75in x 0.75in
Proces=
CNC Machining
Material
Stmel| 4130
Finishs
Standard
Inspection:
Standard Inspection

Unit Price Extended Price

£36.54 514515

15

020E2RT Made
im China

BRE-10.5LDFAT

Bounding Bon
82 Smm x 65 _0mm x 53.Tmm
3.25in x 2.60in x 2.35in
Proces=:
CNC Machining
Material:
Stme| AZE
Finighs
Standard
Inspectionu
Standerd Inspection

$25551 §513.02

SUBTOTAL 314,552.05

TOTAL 314,552.05

Thiz Joote doar not include seies tex
o hipping. ¥ appiicsble. raiar cax mnd
shipping will ba sdded to powr order st

checkeut o upon irvoice.
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Appendix C9: OmiBot Component Cost
Table 5 - OmiBot Vendor Component Cost

. Cost per Cost per McMaster
Quantity Unit UpSD Unit CF:AD Packs Of Total Cost ltem #
[ Manipulator  [JR $48,000.00  $60,232.80 - $60,232.80 -
2 - $187.49 - $374.98 -
Linear Actuator
2 $692.37 $868.82 - $1,737.64 -
8 - $1,319.00 - $10,552.00 -
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 2994791
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
ot Bolf 8 $8.80 $11.04 50 $11.04  91290A432
Gear Housing to
Dot Nut@’ 8 $7.77 $9.75 100 $9.75 95462A030
Motor Mount Screw R $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
6 $14.09 $17.68 20 $17.68 94895A426
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
Yl 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

Cost per Cost per

Item Quantity Material Process Unit (USD)  Unit (CAD) Total Cost
sottom Bennector 1 Steel 4130 Ma%mging $13360  $167.65 $167.65
Threaded Support Rod [ Steel 4130 Ma%mging $66.02 $82.85 $331.38
Drive Housing 4 Steel 4130 Ma%mging $799.26  $1,00295  $4,011.81
CHARESTAm ST 4 Steel 4130 Ma%mging $62.74 $78.73 $314.92
Driveshaft 8 Steel 4130 Ma%mging $18302  $22066  $1,837.30
alcy Sshua;;:readed 8 Steel 4130 Ma%mging $36.54 $45.85 $366.82
Fixed Shaft 4 Steel 4130 Ma%mging $23402  $29366  $1,174.64
Pivot Shaft Housing 4 Steel 4130 Ma%mging $62.75 $78.74 $314.97
Manipulator Platform 2 Steel 4130 Ma%mging $70338  $88264  $1,765.27
Modular Chassis Half 2 Steel 4130 Ma%mﬁing $2,09049  $2,623.25  $5.246.50
Threg%%dp'g"rfggg'ator 4 Steel 4130 Ma%mging $56.49 $70.89 $283 55
Top Connector Plate 1 Steel 4130 Ma((::rl:liging $226.85 $284.66 $284.66
V/ Bracket 4 Steel 4130 Ma%mging $30481  $38249  $1,529.96
J;Eﬁ?{ngcé‘ﬁ:get 2 steelaze | CNC - sase51  $32188 $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

Dynamic Force Calculations: Determination of inertial forces from
rotating manipulator arm

Author : Areej Khaddaj Date : March 24, 2021

Objective

To determine the forces induced on the platform when the manipulator arm is undergoing maximum angular
acceleration while the chassis is stationary. The resulting dynamic forces will be used in a static FEA analysis
to ensure stresses and displacements on the chassis do not exceed a safety factor of XX, and for the stability
analysis for the dynamic case of the arm moving.

Assumptions

(1) The manipulator arm is modelled as a rod, rotating about the manipulator base identified by the orange circle in the
FBD/MAD. The robot without the arm is reffered to as the "robot body", and is treated as a separate rigid body from

the rotating rod.
(2) The center of mass for the rotating arm is at the center of the arm, which is half of its length.

(3) The acceleration of the arm is constant..
(4) The robot body and manipulator base are treated as a rigid body.

(5) The manipulator arm accelerates from rest.

(6) The rod begins at 8 = 0 rad, and reaches maximum angular velocity at 8=1 rad.
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Analysis
HORIZONATAL CASE:

Assembly free body diagram and mass acceleration
diagram, showing the arm beginning to move from rest:

FBD

w2

MAD

Arm rotates
as a rigid
body about
this point
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Define variables :

68:=n=3.1416

m,_ =120 kg

normal component acceleration of arm

tangential component acceleration of arm

angular acceleration of arm

initial angular velocity of arm

maximum allowable acceleration of arm, based on manufacturer specifications

final angular acceleration of arm

initial angular pesition of arm
final angular position of arm

mass of the rod, separate from the robot body

For reference, the maximum allowable angular velocity is retrieved from the
manufacturer specifications for rotational axes L:

S5

T Working 5
B - | | range 3
4 | PointP

For constant angular acceleration, the following relationships between 8, w, and a exist (retrieved from Engineering

Specifications SIA20F

Maximum Allowable Allowable
motion range moment moment of inertia
[Nm] [kg - m’]

Mechanies Dynamics, R.C Hibbeler):

Constant Angular Acceleration. If the angular acceleration of
the body is constant, a = er,, then Eqs. 16-1, 16-2, and 16-4, when

¢ body’s angular velacity.
cse equations are similar to Eqs. 12-410 12-6
ar motion. The results are

angular position, and tim
used for reetili

(CH @ = wy + el (16-5)
<H 0 =8+ wg +3as (16-6)
(€H w' = w + 2a8 — 6y (16-7)

Constant Angular Acceleration

Here 8, and wy are the initial values of the body’s angular position and
angular velocity, respectively.

Knowing initial and final angular velocity, and assuming rotation from 0 to 11 rad, the angular acceleration can be calculated

using equation (16-7):

Omikron Robotics
Phase 111 Detailed Design
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[WfZ* Wo 2] Lad
a::W=O.8201 s2

The orange pivot point acts as a common point between two rigid bodies: the arm and the robot body. A free body
diagram and mass acceleration diagram of the arm when it is at it's maximum angular velocity where 8 = 17 rad.

Manipulator arm FBDs:

Fy
/
FBD I\ j
| ) FV Mz
\L W
o [ Te [
ma_t
The length of the rod is retrieved from solidworks: 1,,4:=1.094 m

L=

&
ChEl 1094.21mm
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Mass moment of inertia, normal and tangential acceleration components:
2
T 5 lrod 2 _ 2 lrod i
& = Mpd 5 =11.9684 kg.nm A=Wy =2.8186 o2
lrod il
a, =a. =0.4486 _2
2 s

Equations of motion for general plane motion:

In some problems it may be convenient to sum moments about a point P
other than G in order to eliminate as many unknown forces as possible
from the moment summation. When used in this more general case, the
three equations of motion are

2F, = mlag),
IF, = mlag), (17-18)
XMP — .\'.:(.»‘l‘i.k)p

Here X(Myp represents the moment sum of I;ea and mag (or its
components) about P as determined by the data on the kinetic diagram.

—
ZF =m.Aa
X b4
Fx.horiz =m, 48, = 338.23¢N
—
ZE &=m.a
y 14

W:=120:9.81;=1177.2 N

-a, +W=1231.032 N

y.horiz = mrod

X — -
iM _rg.p m aG +IG a
lrod lrod
Mo —m e > +I,-a—-W =-604.6669 pnp
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Fy, Fx, and Mp are internal forces between the rod and the rest of the robot body. The forces exerted on the robot body

are therefore equal and opposite.

Y M_z.horizontal

T—D X F_x.horizontal

F_y.horizontal

N_right

The calculated dynamic forces are used to determine stability for tipping and slipping in the horizontal direction. They
are also used in a static FEA analysis to determine the effect of the motion of the arm on the stresses induced

throughout the chassis body

VERTICAL CASE

The approach used to determine the angular acceleration is the same as before. The rod begins at 6=0 and rotates to its
maximum angular velocity at 6= 1 rad, defined in the drawings above. Therefore, the resulting angular acceleration is the
same asthe horizontal case, resulting in the same tangential and normal acceleration components.

Manipulator arm FBD and MAD:

FBD
Fy

Mz | Xl}:x

Uy

Equations of motion:

]
=
1l
3
Wl

F

x.vertica

g=m_ .48, =53.832 N

g
o
Il
3

!

W:=120-9.81=1177.2 N

y.vertical =m__,-a +W=1515.4364 N

n
ma_t
| /
e
[y S

—TI.-o|=-39.2615 Nm
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Forces from rod are equal and opposite on robot body:

M_z.vertical

g o o, F_x.vertical

F_y.vertical

N_right- M_right

L.

Conclusion

The FBDs with known forces and moments when the assembly is undergoing maximum loading under dynamic movement
of the manipulator arm have been provided for the vertical and horizontal robot motion. These are used for both stability

and finite element analysis.
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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

Static Stability Calculations

Author: Eric Wong Date: April 12, 2021

Objective

To determine reaction forces on the assembly for different orientations. Cases considered:
1. Horizontal driving on wall

2. Vertical driving on wall

3. Driving on flat ground.

The reaction forces will tell us whether or not the robot tips or slides.
Some secondary calculations were done to determine loading on individual components but are not the focus of this code.

Assumptions

1. For driving cases 1 and 3, there is symmetry along the left and right half of robot.
2. Magnetic force of each wheel is treated as a concentrated force.
3. Reaction forces are concentrated loads.
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.
m :=500kg  g:=g, F, :=1800N-100% n

=8 W:=m_-g=4903.325N

m wheel ' t

Horizontal Driving on Wall
Dimensions

Yb’ A

Z(,'UM,A

The relevant dimensions are:
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Yy, =0.563m z__ :=0.275m

Calculations

Tipping

Consider the equations of motion:

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

0= YB.AT(Fmag - NB) ~ ZeomaW

Consider the sum of forces in the z-direction:

Nyheel
0= 2 (Nj+ Ng) — nwheelFmag
Rearranging and solving the two equations:
2 w. Zcom.a
N, :=F — . = .
5 mag T Y. 1201.237N
NA ::2-Fmag7NB =2398.763 N

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 u = 0.5. There are 3 pairs of wheels.
The traction was computed:

Ff_maxtotal = E

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

Ny

Ny

-3:0.5=5400N
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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:

Nay = Fpog = F) ahare ap =3536.2717 N
Ny = mag_inshaftiAI =1417.558 N
Nop = oo = Fy share pp =1603.4198 N
N = mag Fz_shaft_BI =042.7505 N

The positive normal forces indicate there is no tipping.

Ffimaxtotal ::[ E

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

Nyi Nas
N «2-0.5=5596.5802 N
g1 O

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.

My_ shaft Al

—max =96.3305 J

Tbrake =

v _shaft A2

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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E—vVertical on Wall

E—Normal Force

Normal forces are solved the same way as shown in stability calculations. The system is statically indeterminate. As an
approximation, each wheel pair will be treated as a singular point of contact. The results are the average normal force for each
wheel.

X, ,:=0.498m

X, ,:=103.5mm

:=0.26777Tm

z
com.a

Zeo ai= 130 mm

Z fs.A
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Calculations:
2 w. Zeom. a
NBiAVG = Fmag*nweﬁ : X, . =1140.8819N
Ny avg =2+ Fpuy —Ng 4y =2459.1181 N

[El—wheel Pin/Shaft Loading
Evidently, the loading conditions on A side are more critical than on B side. Loading analysis will focus on A side. Will still check
B side for stability. The loading conditions on the shaft directly connected to the wheel. Here we solve for averaged loading

Lsnase

Fyz shafe ar My shafe a Ruheel
4| Fx_snarea M shafea

My shae_a

Fnag

Ny

Calculations:
Total friction:

71’“’ ee
Fr totar = =5 (Fr.a + Fy p)

Since friction is proportional to normal force:

F, Frpg+ F N
JA_fA" I.B Fra = rst (Ff_a+ Fr_p)
Ny Ny + Np

Rearranging gives:

2 Ny
Nyheel Na1+Np

Fra = Ft totar

Ly - T ave F 837.3511 N
£ A ave '™ : *TF total = .
- Ayneel NAﬁAVG + NBiAVG —rore
= FfiAiAVG N
£5ave' = 5 Ny ays =388.4802 N
A _AVG

Averaged shaft loading conditions (moments ighored, calculated later with more accurate values):

Fy shart a ave = — £ 2 ayg =—837.3511N

= F —N

Fz_shaft_A_AVG = Fag = Na avg =—659.1181 N
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Fx_shaft_B_AVG =—F B ave = —388.4802 N

F, shart B ave = Fnag —Vp avg =659.1181 N

[El—V-Support Loading

This section solves for the loading conditions on the V-support.

Fx_sha[L_AZ' Mx_sha}‘t

The forces must sum to twice the average value in general:

Fy shaft a1+ Fx_shaft a2 = 2Fx_shaft_a ave

F; shaft a1tz shart a2 = 2F7_shaft_a ave

For static equilibrium, the sum of moments must be zero. In y-direction:
Zfs.A (Fx_shaft_Al + Fx_shaft_Az) = Xfs.A (Fz_shaft_Az = z_shaft_Al)

Combining the results:

Zfs.A
K, z_shaft_A2 — x; z (F. x_shaft_A_AVG) F 11 z_shaft_A_AVG
s.

F, z_shaft_A1— 2F z_shaft A_AVG — H z_shaft_A2

Zfs.A

Fz shaft A2 ‘= X : Fx shaft A ave + Fz shaft A AVG —
- - fs.A - - - -

—1710.8634 N

Fz_shaft_Al =2- Fz_shaft_A_AVG ik Fz_shaft_A2 =392.6272 N
F Zfs.A 7 P
z shaft B2 ‘= X, ,  Shaft B ave +F, shart B ave =171.172 N
S.

64




O

OMIKRON

ROBOTICS

inshaftiBl =2 inshaftiBiAVG -

F, chart s =1147.0643 N
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NAZ = Fmag - inshaftiA.? =3510.8634 N
NAI = Fmag — Fz_shaft_Al =1407.3728 N
NBE = Fmag - inshaftiBZ =1628.828 N
NBI = mag inshaftiBl =652.9357TN
i a1 “az
min >0=1
B1 B2

Friction is proportional to normal force:

Fr a1 _ Fraz _ Fr aave

Nai Na Na_ave
Fe azi= NNA2 “Fr 4 ayg =1195.4795 N

- A AVG -
Fe a1 = NNL “Fo o ave =479.2227 N

- A AVG - =
Shaft 2:
F, chatt azi=—Fg 2y =—1195.4795 N
F, shart 22 = Fpag —Np, =—1710.8634 N
Mx_shaft_AZ =Lopare '(NAZ = Fmag] =102.6518 J
M, ohare a2 = Runoor " Fr 2z = 95.6384 7
M, chare 22 == Lonare Fr ap=—71.7288 7
Shaft 1:
Fy ohare a1 =~ Fg ag =—479.2227N
Fy shart a1 = Tpag — Nag =392.6272 N
Mx_shaft_Al =Lopart '[Nm - Fmag] =-23.55764J
M, onare a1 = Runeer " Fr a7 =38.3378 3
M, ohare a1 = Lonare *Fr ag =—28.7534 7

V-Support Calculations:

Fy 5= Fy snart a1 T Fx share a2 = —1674.7021 N
infs = inshaftiAl + inshaftiAQ =-1318.2363 N
Mo =M pare a1 T chare az =79.0942 7
M, s =M, cpare a1 TM; spare az =—100.4821 7

Note that the signs for shaft loading are based off of the drawing of

the wheel rather than the V-support. For the V-support, use the
opposite sign.

Signs for V-support are based off the drawing of the VV-support.
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Myﬁshaftﬁ}ll
Tbrake :—max =95.6384 J
y_shaft A2

Sliding Calcs:

E A 2-0.5=7200N
ff total = .2.0.5=
- maxtota NBI NBZ

W=4903.325N

if W<F,

"No sliding"

maxtotal —
"No sliding"
else
"Sliding"

Conservative estimate of max friction force when going over obstacle. Assuming loss of front 2 wheels:

NAI NAZ
Fr maxtotal = E W -2.0.5=5571.172 N
B1 O

W=4903.325 N

Ff maxtotal
Otraction ‘= T =1.1362
if < Ff maxtotal — "No sliding"
"No sliding"
else
"S1iding”
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Driving on Flat Surface
Dimensions

HINsi=g 7Y

4
A
A

Relevant dimensions:
¥y ,:=0.563m Y

com.

,=0.344m :=(0.563-0.344)m=0.219m

yCOIH -a

67




O

OMIKRON Omikron Robotics
ROBOTICS Phase 111 Detailed Design
Calculations

N, Ng

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.

2 W.y

com.a

N :=F 4+ : =2276.8331 N

N (=2.F

: nag — N + = .W=2548.9981 N

wheel

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

NB = _ 2 ] Zoom.a” W 7Mp_inertial + Zp.A ' Fy_inertial 7Yp.A ’ Fz_inertial —1116.0171 N
mag p Vv
wheel b.a
N, := 2 F F N_ =
AT n [ z inertial +nwheel ’ mag]i B =2497.4409N

wheel

The positive normal forces indicate there is no tipping.
Vertical Driving on Wall

NAZ — Fmag — Fz_shaft_A2 =3688.1463 N
Nag = Froog = Fo chare a1 =1484.2097 N
Noy=Froo = F, anare 5y =1465.0031 N
Ng; = mag*Fz_shaft_Bz =589.5568 N

The positive normal forces indicate there is no tipping.
Driving on Flat Surface

2 W ycom.a JrMp inertial Zp.A ’ Fy inertial JFYp.A ’ JE‘_Iz inertial
No—F _+ . — — = =2461.3473 N
g n v
wheel b.a
N, := 2 W4+ F F N, =
A n [ + z inertial + Miheel mag] e 2377.9844 N

wheel

The positive normal forces indicate there is no tipping.
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SMATH Code
Dynamic Stability Calculations

Author: Eric Wong Date: April 12, 2021

Objective

To determine reaction forces on the assembly for different orientations. Cases considered:
1. Horizontal driving on wall

2. Vertical driving on wall

3. Driving on flat ground.

The reaction forces will tell us whether or not the robot tips or slides.
Some secondary calculations were done to determine loading on individual components but are not the focus of this code.

Assumptions

1. For driving cases 1 and 3, there is symmetry along the left and right half of robot.
2. Magnetic force of each wheel is treated as a concentrated force.
3. Reaction forces are concentrated loads.

70




O

OMIKRON Omikron Robotics
ROBOTICS Phase 111 Detailed Design
Notes:

1. Dots indicate relative coordinates. "B.A" mean B relative to A.
Common Parameters

m, :=500 kg g:=dq, Fmag := 1800 N noee; =8
Wi=m_.g=4903.325N Ffitotal =W

Common Dimensions:

D =160 mm Punee1
wheel " R =
wheel 2

Lshaft := 60 mm
Zpg 4= 130 mm

XfS.A::103'5 mm

These dimensions locate the manipulators first joint, where the inertial forces act.
XP-A := 300 mm

Y,

p'A::ZBO.lomm

Zp.A := 600 mm

E—Horizontal on Wall

Inertial Forces:

Fyﬁinertial :=1515.4364 N—120 kg g, =338.6384 N
ininertial :=53.832 N

—39.2615Nm

P inertial &

M_z.vertical

F_x.vertical

F_y.vertical

N_right: M_right

L.
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El—Normal Force

Section for solving normal forces.

, Dimensions:
X v, ,=0.563m
y Z_ . ,:=0.26777m
Calculations:
The summation of moments about A must be zero to avoid tipping:
0= yp o Wheel(p N W+ M F F
=XYBA 2 ( mag — B) — ZeomAW + My inertial — Zp.Af'y_inertial T Yp.Al'z_inertial
2
Ng = F;nag - (Zcom‘AW - Mp_inertial + Zp.AF y_inertial — Yp.AF z_inertial)

YB.ANwheel

2 Zeom.a " w 7Mp inertial T Zp.A . Fy inertial 7yp.A : Fz inertial
NB 1= Fmag7 . — — — =1116.0171N
nwheel yb,a
N, := 2 F F N
a = n [ z inertial +nwheel . mag]7 B=2497'4409 N
wheel -
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[El—Wheel Pin/Shaft Loading

Evidently, the loading conditions on A side are more critical than on B side. Analysis will focus on A side. The loading conditions
on the shaft directly connected to the wheel:

Fy shafe.a

N .
/ My shafe a
L >

F; snarea

Lsnaft

Fra

Ny Fnag

Rwneet

Calculations:
Total friction:
Ny

Fr totar = %(Ff_/l + Fr p)

Since friction is proportional to normal force:

F, Fe g+ F _ N
J.A - fA f_B Ff_A = —NA+ANB (Ff_A + Ff_B)
Ny Ny + Np

Rearranging gives:

2 Ny
F = F
f_A Nyheel NatNp f'tOtal
2 NA
Boae= 3 F£ totar =847.2331LN

nwheel NA ile NB

Shaft loading conditions:

17 —Ff7A=—847.2331N

y_shaft A =
inshaftiA i= Fmag —N, =—-697.4409 N
Mx_shaft_A = Lshaft i [NA = Fmag] = Rwheel : Ff_A =-25.9322J

[E]l—V-Support Loading

73




©

OMIKRON Omikron Robotics
ROBOTICS Phase 111 Detailed Design

Known:

Loading on V-support is equal and oppposite to loading on the wheel/'shaft.

FyﬁshaftﬁAl = FyﬁshaftﬁA Fyﬁshaftﬁﬂ = FyﬁshaftﬁA =847.2331 N
EéishaftiAl:::__E;ishaftiA E;ishafﬁiAZ:::_'Egishaftia =697.4409 N

My shart a1 = M share & Yx share az =~ My share a =25.9322J

Calculations:

e 7[Fyishaft7Al + P, shart az ] =-1694.4661 N
Fq}ﬁzz__[FqﬁhaﬂLAl+_E{ﬁhaﬂiﬂ2]=__1394'8818N

Mx_fs = [Mx_shaft_Al 14 . shaft A2 ] —Zfs.a” [ Fy_shaft_}ll + Fy_shaft_AQ ] =-272.145J

Sliding Calculations:

2.

W=4903.325N

NA
4-0.5=17226.916 N

£ maxtotal ‘= N
- B

if W< Ffimaxtotal ="No sliding"

"No sliding"
else
"S51liding"”

Conservative estimate of max friction force when going over obstacle. Assuming loss of front 2 wheels:

2.

N
A
-3-0.5=5420.187N W=4903.325N

f maxtotal N
- B
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if W<Ff_maxtotal ="No sliding"

"No sliding"™
else

"S1iding"

E—vertical on Wall

Inertial Forces:

Fyﬁinertial =1515.4364 N—120 kg g, =338.6384 N
ininertial :=53.832 N

Mpﬁinertial = —39.2610Nm

El—Normal Force

Normal forces are solved the same way as shown in stability calculations. The system is statically indeterminate. As an

approximation, each wheel pair will be treated as a singular point of contact. The results are the average normal force for each
wheel.

Dimensions:

x, ,:=0.498m
XfS.A::103'5 mm

= 0.26777m

Zcom a
Xp.a
Zeo 2= 130 mm

st./l 3

Z fs.A
le
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Calculations:
Zcom. WM inertial T p. B inertial ~ Xp. 'FZ inertia
NBiAVG::Fmagin: 1‘ = e pib — pel pA 2 H2 _1027.28 N
2
NAiAVG = ﬁ ) (ininertial + nwheel . Fmag] - NBiAVG =2586.178 N

[El—Wheel Pin/Shaft Loading

Evidently, the loading conditions on A side are more critical than on B side. Loading analysis will focus on A side. Will still check

B side for stability. The loading conditions on the shaft directly connected to the wheel. Here we solve for averaged loading
conditions.

le L\'me! N
.
Fz_s-ha;‘r_m M?_,\'lm,‘r_/l‘ F. Ruyheel
4 x_shaft_Ar M _shaft_a
My shaft_A
Finag
Fra "
A
Calculations:

Total friction:
n,
Fr totar = =5 (Fy_a + Ff p)

Since friction is proportional to normal force:

F

F

Fra_ Fra+Frs p., = N (g  4F )
= fA f.A f_B
N4+Np
Ny  Ny+Ng
Rearranging gives:
2 N
Fr g = A_F
rA Nyheel NatNp f_total
'7 2 NAﬁAVG - _
LAave Nyheel . Ny ave + Nz ave | ftotal ™ BT 3363 N
f A AVG
£ B AVG ‘= N, Ny s =348.495N

Averaged shaft loading conditions (moments ignored, calculated later with more accurate values):
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Fx_shaft_A_AVG == Ff_A_AVG =-877.3363 N
inshaftiAiAVG = g — NAiAVG =—-786.178 N
Fx_shaft_B_AVG = Ff_B_AVG =—348.495N
N =772.72 N

szshaftﬁBiAVG =g — B_AVG

[E—V-Support Loading
This section solves for the loading conditions on the V-support.

Fy share_azr My _shaft

The forces must sum to twice the average value in general:

Fy shaft a1+ Fx_shaft a2 = 2Fx_shaft A ave

F; shaft a1+ Fz shart a2 = 2F;_shafe a ave

For static equilibrium, the sum of moments must be zero. In y-direction:

Zrs A(Fx_shaft a1+ Fx_snafta2) = Xrs.4(Fy_shart_a2 — Fz_snaft_a1)

Combining the results:

Zfs.A
F; shaft a2 = _x}]: . (Fx_shaft_a.ave) + Fz_shart_a_ave
S.

F; shagt.a1= 2F; shaft a_ave — Fz_shagt_a2

Zfs.A

inshaftiAZ =X —1888.1463 N

By shart a ave t F2 share a ave =
fs.A - — = - =
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inshaftiAl =2 szshaftﬁAﬁAVG - inshaftiAZ =315.7903 N

z

fs.A
Fz_shaft_BZ = x, : Fx_shaft_B_AVG + Fz_shaft_B_AVG =334.9965 N
5.4
Fz_shaft_Bl =2-F . shaft B AVG Fz_shaft_BZ =1210.4432 N
NAZ = Fmag — inshaftiAZ =3688.1463 N
Nap = Fpog = F, apare a7 =1484.2097 N .
—=612.9156 N
NBZ = Fmag - FZfSh&ftﬁB.? =1465.0031N 8
NBI = Fmag — Fz_shaft_Bl =589.5568 N
) NAI NAZ 0 7
min >0=
Bl NBZ

Friction is proportional to normal force:

Frai _Fra _ Ffaave

Nai Na:z Na_ave
NAZ
Fpazi=g7— Fraapg=1251.1685N
A AVG
NAI
Fpap= 55— F¢ a avg =503.504 N
A AVG
Shaft 2:
Fy shart a2 =—Fr a2 =—1251.1685N Note that the signs for shaft loading are based off of the drawing of
F F N the wheel rather than the V-support. For the V-support, use the
z shaft A2 '~ “mag T A2 = 1888.1463 N opposite sign.
Mx_sbaft_A2 = Lsh.ﬁft : (NAZ - Fmag] =113.2888 J
M, onart a2 = Ryneer T a2 =100.0935 J
M, pare a2 =~ Lsnare e ap =—75.0701 7
Shaft 1:
Fx_shaft_Al == Ff_A_‘L =—-503.504 N
inshaftiAl = Fmﬁg - NAJ =315.7903 N
fosbaftﬁﬂl 8= Lsh.ﬁft - (NAI - Fmag) =—-18.9474 J

=

ly shart a1 = Runeer " Fr a7 =40.2803

==Ly - Fp g =—30.2102 3

=
I

z _shaft Al

V-Support Calculations:

infs = inshaftim -+ inshaftﬁz =-1754.6726 N Signs for V-support are based off the drawing of the V-support.

F, o= F, share a1 +Fs chare ap = —1572.356 N
Mx_fs = Mx_shaft_Al + Mx_shaft_AZ =94.3414 7
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Mzifs = MzishaftiAl + MzishaftiAZ =-105.2804 J

Myfshaftﬁ}ll
Tp pape = Max =100.0935J

y_shaft AZ

Sliding Calcs:

NAI NA2
Ffimaxtotal = E N, N, +2-0.5=7226.916 N
BI "B
W=4903.325N
if W<F¢ paxtotas = "No sliding"
"No sliding"
else
"Sliding"

Conservative estimate of max friction force when going over obstacle. Assuming loss of front 2 wheels:

NAI NAZ

Fr maxtotal = E N -2.0.5=5761.9129 N
B2 O

W=14903.325N

if W<F, o iora; = "No sliding"

"No sliding™
else

"Sliding"

El—Horizontal - Lateral Arm

Inertial Forces:

Fyﬁinertial =337N
F, inertia; '=1230.8 N—120 kg g_=54.002 N

,=602.6 Nm

p inertia

[E—Normal Force

Normal forces are solved the same way as shown in stability calculations. Assume the arm is rotating CW which is the worse
case scenario.
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Dimensions:
¥, ,:=0.563m
Yeom.p=0.344m
ycom.a ::yb.a _ycom.b =0.219m
Calculations:
The summation of moments about A must be zero to avoid tipping:
YB.A (NB - F;nag)nwheel
0= 5 — Yeom.aW — Mp + Zp.AFy - Yp.AP:z
2
Np = (}’com.AW + Mp - Zp.AFy + Yp.AFz) + Enag
NwheelYB.A
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W'-ycom a +M inertia -z A" F inertia +7Y, - Fz inertia
N, —F 1 —2 . 2 poinertial  peA  yinertial | TpeA A anertial o ap1 3473 N
B nag nwheel -yb.a
N, = 2 '[W+ininertial + Dnees  Frag |~ Np =2377.9844 N

wheel

[El—wheel Pin/shaft Loading

Evidently, the loading conditions on A side are more critical than on B side. Analysis will focus on A side. The loading conditions
on the shaft directly connected to the wheel:

Lsnare

Fy share.a o My anarea Runeet
F”Hﬂll
Ny
Calculations:
Shaft loading conditions:
szshaftﬁA = Fmag - NA =-577.9844 N
MxﬁsbaftﬁA = Lshaft '[NA - Fmag] =34.6791 J

E—Vv-Support Loading

Known:
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Loading on V-support is equal and oppposite to loading on the wheel/shaft.

Fz_shaft_Al = Fz_shaft_A Fz_shaft_AZ = Fz_shaft_A =577.9844 N
MxishaftiAl = MsthaftﬁA MxishaftiAZ = MxﬁshaftﬁA =-34.6791J
Calculations:

infs = 7[inshaftiﬂl + Fzﬁsh&ftiAZ ] =—-1155.9689 N

Mxifs = 7[Mxishaft7Al +M7shaft7A2 ] =69.3581J

Omikron Robotics
Phase 111 Detailed Design
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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:
e The forces along the x-direction were used to determine the frictional forces required to

prevent sliding.

e 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.

Angle B

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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Sliding Stability
Normal force per wheel (N)
Magnetic force per wheel(N)
e — Frictional force per wheel (N)
\&__\;\ Max friction force per wheel (N)
\\\

1500

Force

1000

500

Conclusion:

30 40 50 60
Angle from horizontal (deg)

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
Input Variables

o\

n=6; # of wheels

mu s =
mu_d

4

0.5
0.2

4

T = 0;

analysis

r = 0.08;

ax = 0;

static analysis
e = 1;
(unitless)

F m defined = 1800;
g = 9.81;

$Total weight of the
W = 500*g; %in kg

(static and dynamic) with respect to angle

% static friction factor (unitless)
% dynamic friction coefficient (unitless)

[o)

% Torque per wheel in N.m. Ignored for static

[o)

% radius of the wheel in m

o

% required acceleration along the wall. Zero for

o)

% accelerate components like motors and gears

o)

% Magnetic adhesion force per wheel in N

% gravitational acceleration in m/s”2
system:
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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=1l:1length (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(1i)) + 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 £(i) = ((W/g)*a x + W*sin(B(i)) - F _ext)/n; %used friction force

%Check if maximum friction occurs

if F £(i)>= F_f max (1)

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(l:1length(B)),'r")
plot ((180*B) /pi,F m(l:length(B)),"'
plot ((180*B) /pi,F f(l:length(B))
plot ((180*B) /pi,F f max(l:length (B
$Adjust plot parameters
x1lim([Blow,Bhigh])

legend ('Normal force per wheel (N) ', "Magnetic force per
wheel (N) ', 'Frictional force per wheel (N)', 'Max friction force per wheel

(N) ")

1
’

k")
,'g')
)),'b")
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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(l:length(B)),'r")
plot((180*B)/pi,F_f_max(l:length(B)),'b')

x1lim([Blow,Bhighl])

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:

. V
i = (} — ---) x 100
Fo
Where V is the linear velocity of the wheel center. r is the rolling radius, w is the angular velocity
of the wheel.
The skid steering model can be described by the following figure [1]:

Variables:

v,, = outside wheel velocity [m/s]
Vi
V = vehicle velocity [m/s]

Q, = vehicle angular velocity [rad/s]

= inside wheel velocity [m/s]

R = vehicle turn radius [m]
L = vehicle length [m]
B = vehicle width [m]

o

B(V,tV;
V, ; - 12'(»'0—1!})
(5-1)
When accounting for slippage, the turning radius becomes:
R = §(vou ~ig) + vi(l - s;-))
2\v,(I—i)—v.(I-1)

The turn rate (yaw velocity) is calculated using:
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v
vi(—” — ])
Vv, TV, V;

Q== =3

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.

_ Turning radius as a function of outer velocity 4 Turning rate as a function of outer velocity

Without slipping \\\ Without slipping

With slipping b With slipping

1 / 0.5
/

o
o

ot

-05 1

Turning Radius (m)
o

S
3]

Turning Rate (rad/s)

0 0.05 0.1 0.15 0.2 0.25 -2

Outer Linear Velocity (m/s) 0 0.05 0.1 0.15 0.2 0.25

Outer Linear Velocity (m/s)

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

Q

s sSource:

o\

https://www.ri.cmu.edu/pub files/publ/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; S%Swheel radius (m)

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

Smaximum 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(l,:)= 0.1;
vo(2,:)= vo_data;
vi = zeros (2, L):;
vi(l,:)= 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 3 = 1:2
for i = 1:L
%$Slippage factors
io(3,1) = 1-(vo(j,1)/(r*w)); %slippage on the outer wheel (unitless)
ii(3,1) = 1-(vi(3,1i)/(r*w)); %slippage on the inner wheel (unitless)

%Radius of turn assuming zero slippage

R(j,i) = (B/2)*((vo(],i)+vi(],1))/(vo(]j,1)-vi(j,1))); Svehicle turn
radius (m)

%Radius of turn accounting for slippage

R prime(j,1) = (B/2)* ((vo(J,1)*(1-1i_o(3,1))+vi(3,1)*(1-
ii(3,1)))/(vo(j,1)*(1-1i o(j,1))-vi(j,1)*(1-1i i(J,1)))); % vehicle turn radius

accounting for slippage (m)

%$rate of turning assuming zero slippage

yaw (j,1) = (vo(j,1)+vi(j,1))/(2*R(j,1)); Svehicle angular velocity
(rad/s)

%$rate of turning accounting for slippage
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yaw_prime (j, 1) = (vo(3,1)*(1-i_o(3,1))+vi(j,1)*(1-

i i(3,1)))/(2*R _prime(j,1i)); Svehicle angular velocity accounting for slippage
(rad/s)

end
end
$Plotting
f1 = figure;
hold on

$Adjust plot parameters

x1im ([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,:),'c")

plot(vo(2,:), R prime(l,:),'k")

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

$Plotting

f2 = figure;

hold on

$Adjust plot parameters

x1im ([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(l,:),'r")

plot(vo(2,:), yaw prime(l,:),'k")

legend ('Without slipping','With slipping')
hold off
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Appendix D6: Drive Shaft

Title - Bearing Calculation for Wheel Drive Shaft
Date - March 12, 2021
Author - Calvin Chen

Determine the minimum bearing size to withstand radial and axial loading on the wheel drive shaft
Parametric equation will be derived and bearing size will be iterated with step shaft iterative design

Xm : distance of the motor Fw - weight of the robot
Xw - distance of wheel

Xb1 - distance of bearing 1

Rw(x,y,z) : Force in the (x,y,z) direction of the wheel

Mw(x,y,z): Moment in the (x,y,z) direction of the wheel
Rb(x,y,z) : Force in the (x,y,z) direction of the bearing
Mb(x.,y,z): Moment in the (x,y,z) direction of the bearing
Fr : Radial force due to the gearhub and motor

d1 wheel shaft diameter
d2 step shaft diameter
d3 bearing shaft diameter

Additional varibles are defined as the calculation progresses

[Solution Method |

Shaft Deflection Calculation for Shaft with 1 gear shaft input, 1 wheel and 1 Ball Bearings
Note : Datum is on left end of beam established at x=0

Assume gravity forces are insignificant compared to applied loading.

Assume the material used is 4130 Normalize Steel Cold Drawn

m

(=g =9.8066 —
9= 2 Gravity
s

theda i— % —0.7854
O ror = 1750 rpm

T, :==1.85Nm

GR :=100

wmotor
D= R =17.5 rpm
T e =T,,-GR=185Nm

Add control system to regualte torque to the rated capacity of the gear head
T, .. =185Nm

ou

Assumption: robot will work 8 hours a day, 5 days a week for 1 year
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min hr day week
n —w -60 -8 -5 92 :
cyclel out hr day week yr

From Manufacture spec

Motor Weight

m
Fm :=2.9kg-9.81 —2:28.449N
S

Gearhead Weight

m
th =12 kg-9.81 —2=117.72 N
s

Radial Load
Fo=F +th =146.169 N

1yr=2.184.10

Omikron Robotics
Phase 111 Detailed Design

rev

Shaft Deflection Calculation for shaft with 1 motor shaft, 1 magnetic wheel and 1 ball bearings

NOTE : Datum is establies on left end of the beam (x=0)
Assume gravity forces are insignifacnt compared to applied loading.

Rbly Mbz
'Rwlz

Xb1

Define forces on the shaft

M . =500 kg Mass of the robot

robo

F o= =4903.325 N force of the robot due to gravity

w' robot ~ 9
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Horizontal Case

X-Y plane
Shaft contains Gear shaft, magnetic wheel, 1 ball bearing

Distance of motor:

F_:=1800N
X, :=45.01 mm mag

Distance of wheel: Distance of bearing 1:

X += 80 mm Xy 3= 130 mm

Force in y-direction of bearing:
RM}, i=577.984 N=577.984 N

Force in y-direction of wheel:
Ry ::[Fr +Ryzy + Fmeg]= 2524.153 N
Moment Balance

Moment About y

Mb_y =0 Nm
Mﬂy::[RblY.[xw—be]+ Fr.[xw—xm]+Mby]:—23.7847 J

Material Properties of Shaft

Length of shaft:
L:=160 mm

Define the singularity function:
5(x,a,n)=if [[(xfa]>0]f\[n20]]
(x-a)"
else
0

Shear and bending moment eqns:

qy[x)::[[bely].S[x, Yy 71]+[Rw1y].5[x, X, 71]7Fr<5[x, X, 71”

Vy[x]::[[[_Rbly].S[x, X0 O]+[Rw1y].5[x, X, 0]—Fr.5[x, X, o]_FMq.s[x, X, 0]]]

My[x)::[[bezy].S[x, Xy 1]7[Rwly].5[x, X, 1]7Fr.5[x, X, 1]+Mﬁy‘5[x, X, 0]7Fmﬂg.5[x, X, 1]+Mby.5[x, g 0]]
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Y
512
256
0 X
-256
-16 0 16 32 48 64 80 96 112 128 144
Vy (% mm)
Y
8
0 X
-8
-16
-24
M, (x o)

Moments at critical points in xy plane (total moment) :

szy‘:My[Xb1]=0Nm Mmly::My[xm]:ONm
Mwy ::My [Xw]=—5.1145Nm

Vbjy::Vy[be]=577.9e4N ijy::VY[xm]=0N
Vig = Vy (%) =~ 146.169 N
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y—-z plane (Note that radial forces act on this plane)
Shaft contains Gear shaft, magnetic wheel, 1 ball bearing

Rwily
Rbly Mbz

'Ruvlz 7

May Fr

—Fa

v

v

Distance of motor:
Xh:::45.011mﬂ

F := 1800 N

mag
Distance of wheel: Distance of bearing 1:

X, = 80 mm Xpq 1= 130 mm

Force in z-direction of bearing conservative assumption of Rbly=Rblz:

R, = Rbly =577.984 N

Force in z-direction of wheel:
Fi = [RMZ + Fr] =724.153 N

Moment Balance

M, _:=28.8992 Nm

M ::[R -[Xw—XbI]+Fr-[XW—Xm]+MbZ]=5.1145 J

az blz

Length of shaft:
L: =160 mm
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Define the singularity function:
S[x,a,n%:if[“Xfa)>0)A(n20n
(x—a)"
else
0

Shear and bending moment eqgns:

a, (x]::[[beIZ].S[X, X, 71]+[Rw12].5(x, x, 71]7Fr,5[x, x, ,1]]

v, (x]::[[belz].S[x, Xpq O]+[Rwlz].5[x, X, OJfFr.S(X, X, 0]]

Omikron Robotics

Phase 111 Detailed Design

%(ﬂ:“_%mysk,%y1%{%Mysk,a,Q_Q¥SR,%,”+%fSP,%,ﬂ_%ZSk %10”
Y
512
256
x
2563 16 0 16 32 43 €4 80 98 112 144
V, (x mm)
Yy
3z
24
16
8
“m-"““-mmeMNMJ -
i
M_ (x mm)

Moments at critical points in xy plane:

MMZ::MZ[Xbl]=28.8992NIn Mo *Mz[Xm]=0Nm
M =M [Xw]=75.1145Nm
VbiZ::Vz[Xbl]=577.984N Vmiz::Vz[XmJ=0N

Vi =V (%4)=—146.169 N

WZ z
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Total Alternating moments at critical locations on shaft 1:

Motor:

M::M2

m mlz

>
+Mmly =0Nm

Bearing:

-

2 2)
Mbiy +M,, =28.8992 Nm

Wheel:
2 2
M o= Mwy +M, . =7.2329Nm
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X-Y plane for axially loaded shaft (robot is on wvertical surface

Shaft contains gear shaft, magnetic wheel, 1 ball bearing,

Rxw1

Mxby

Rxw1z
y

Rxb1ly Mxbz

XD17

<—=Rxb1

Xw

Xb1

Distance of motor:
Xm:::45.01,mm

Distance of wheel:

X, =80 mm

Force in y-direction of bearing:

Ryp;, =1831.93 N

Force in y-direction of wheel:

—Fmag]:l78.099 N

R

xwly = [R

xbly + Fr

Forces in x-direction of Bearing

R, =1694.4661 N
R, =1694.4661N

Moment Balance

bey:: 61.6 Nm
any ::[Rxbly‘[xwixbl]+Fr '[Xwixm

F

m

g = 1800 N

Distance of bearing 1:

Xbl

- be )4

:=130 mm

]=7148.082 J

X
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Material Properties of Shaft
E :=29000 ksi

Length of shaft:
L :=160 mm

Define the singularity function:
S(x,a,n)=if (((x-a)>0)A(n>0))

n
(x-a)
else
0

Shear and bending moment eqgns:

qu[x]::[[foMy].S[x, Xpps 71]+[Rxw1y].5[x, X, 71]71-1_.5[)(, X, 71]]

ny [x]::[[foMy].S[x, Xp1s O]V Rxwly].S[x, Koy 0]71:‘1.5[)(, X O]vag.S[x, Xy 0]]

Mxy(x];:[[fomy].S[x, X0 1]+[Rxwiyl.5[x, X, 1]7Fr.5[x, X, l]JrMmyoS[x, X, O]JrFmagoS[x, X, 1]+bey.5[x, X114 O]]

v
| A N N X
Vi (% mm)
v
X
M, (% mm)
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Moments at critical points in xy plane:

MXMY::MXY[XM]=_61'6NI“ Mxmzy::Mxy[Xm]=ONm

My = Xy[xw]=—5.ll45Nm

belzy = ny[xb1]=1831.93N ijy — VXY[XM]=ON
wzy VXY[XW]=—146.169N

y-z plane for axially loaded shaft (robot is on vertical surface)

Shaft contains gear shaft, magnetic wheel, 1 ball bearing,
Assuming equal distribution at the COM
RCOM := 200 mm

Distance of motor:
F g °= 1800 N

x =45.01 mm n
Distance of wheel: Distance of bearing 1:
X, =80 mm Xy 7 =130 mm

Force in z-direction of bearing Conservative approach of y forces z forces:
B = RXMY =1831.93 N
R ,;,=1232.0979 N
Force in z-direction of wheel:
B o= [Rxblz + Fr]: 1378.2669 N

Moment Balance

M_, :=98.5678 Nm

M ::[Rxbiz .[xw_xb1]+Fr .[xw_xm]_szb]=—155.0582 J

Material Properties of Shaft
E:=29000 ksi

Length of shaft:
L:=160 mm

Define the singularity function:
5(x,a, n)=if [[[xfa)>0)/\(n20)]

n
(x—a)
else
0
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Shear and bending moment egns:

Dz (X)::[(inblz]'S(X’ Kp1 v 71]+[Rxwlz]'s[x' Xy r 71]7Fr'5[x’ X1 71]]
V. (x]::[{foblz).S[x, %, O]+[RXWJZ]-S(X, x_, O]fFr.S[X, X, 0]+sza.s[x, X, 71]+szb.s[x, Ko 71]]

M, (X)‘:[{*Rxbzz]‘s[xr Xp1 v 1]+[Rxwlz]'5[x' Xy 1]7FI‘S[X’ Xt l]JFsza‘S[X' Kar O]JFszb‘S[X' Xp1r 0]]

512

-512

V.. (x mn)

XZ

64

-192
-16 0 16 32 48 64 80 96 112 128 144

Xz

Moments at critical points in xy plane:

M =M _(x,,)=-—98.5678Nm

xblz XZ bl ] [ s = sz [Xm]= ONm
M =M Xw]=75.ll45Nm

Vepiz = Vaz [sz ] =1232.0979 N Vomiz = Yz [xm]= 0N
VXWZ::VXZ[XWJ:7146.169N
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Total Alternating moments at critical locations on shaft 1:

Motor: Wheel:
2 2 M M 2+M 2 7.2329 N
= = . m
Mxm = ’JMxmlz +Mxmly =0Nm v " i
Bearing:
2 2)
Moo= My, "+ M0, | =116.2333Nm
Endurance Strength (simple)
S, =560 MPa S, =460 MPa S'_ :=0.504.5  =282.24 MPa
1
Sut'::Sut-m:56O

Step 1 Motor and wheel (hollow shaft with step and keyway)

Assume cold drawn:
a:=4.51 b:=—-0.265

k =

a

b
a.s ., =0.8432

assume 2 < d = 10 in

—0.157
k11 [du]‘: 0.91-d;,
ké::]_ (bending dominates)
kd::l (assume room temp)
ke::0.897 (assume 90% reliability)
kf::], (no misc. effects)

Corrected Endurance Strength:

. N
k_ .k [dll]-kc-kd.ke.kf-S e::105.1044-——5

Se11 =K, Kp1g

mm
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Step 2 (no load - wheel support)

Assume cold drawn:
a:=4.51 b:=—-0.265

=0.8432

b
ka = a.Sut,
assume 2 < d £ 10 in

—0.157

kypio [d12]:::0'9]"d12

(bending dominates)

(assume room temp)

(assume 90% reliability)

(no misc. effects)

Corrected Endurance Strength:

N
k -k P%z]'kc'kd'ké'kf's'e:=1O2'1385'_—5

Se12 =K, - Kpio

mm

Step 3 (Bearing)

Assume cold drawn:

a:=4.51 b:=—-0.265
b
ka:: a.Sut, =0.8432
assume 0.11 <£d <2 in
—0.107

Kyrs (dg3)=0-879-d;;

k=1 (bending dominates)

kd::l (assume room temp)

k_:=0.897 (assume 90% reliability)
kf::l (no misc. effects)

Corrected Endurance Strength:

, N
k .k [dls]'kc'kd'ké'kf's e::130.4641-"--"-5

Se13 =K, Kpis

mm
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Initial Safety Factor Calculations:

no=1.1
n_:=1.3
n, =1.0
ng:=1.1
n :=1.2
Now=n .n

Material properties found in handbook or are manufacturer values
Average load known although some error of overload may be present
Manufacturing tolerances are tight to avoid vibrations

Failure analysis based on multiaxial loading

Assume a reliability of 90%

-n_.n..n_=1.8876

s g £

SCF Information:

Assumptions

d;; :=0.5 qu::O.S ql3::0.5 q14::0.5 q15::0.5

Assume keyways gear head and wheel

Stepped Shaft Assumption Key way Hollow Shaft Assumption
D/d=1.2
D/d=2.381 Kt=2.2 di /d=0.66
r/d=0.02
r/d=0.0635 Kts=3
Kt=2.6
Kt=2.1
Kts=1.55
Kts=1.75

step 1

9y, =0.5

Ktsll =3

Kes17 =991

.[K

Key Way SCF is governing

Motor SCF - Hollow shaft

q,,,=0.56

Ktll =2.6

ts17 — 1| +1=2.12 Kﬂzzqﬂ‘Pﬁu‘JJ+l=1£

step 2 Wheel step

q12:0.5

Kig1,:=1.75

Kea12 =124

q,,, = 0.56

Kiip0=2.1

.[Ktslz—l +1=1.616 K;j,:= qlz.[Kt12—1]+1=1.3
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step 3 Bearing 2 SCF

q13=0.5 q135:10.56

Kio73:=1.75 Ko,3=2.1
Keo;3=d;3s .[Ktslj —1)4+1=1.42 Kg;:=q;; .(Kﬂj _1]+1=1.55

Assuming no yield (This assumption is checked below)

Reomiz = Ees11 Fromiz = Kes1z Fromis = Kes1s Kramis = Kes13 Keomia = Kes14
Kinzr = Kepg Kemoo = Eepp Rimos = Hpps  Kepoz = Hpps Kenoa =Eroyg
Minimum Diameter at Gearhead and wheel on Shaft 1:
Tb::ONm
1
2 2'
16-N, 4-[Kfﬂ-[Mm+Mw]] 3.[Kfsm12.Tb]
dr_‘[l — . -+ =0.0134m
I 2 2
(Sea1) S)
d',, =13.3544mm
Assume cold drawn:
a:=4.51 b:=—-0.265
ka = a.Sut, =0.8432
assume 0.11 =d £2 in
—0.107
k,,,=0.879.d,,
k=1 (bending dominates)
ka::l (assume room temp)
k, :=0.897 (assume 90% reliability)
kfle (no misc. effects)
Corrected Endurance Strength:
initial guess: d;;+=d';; =13.3544 mm

8
5,1, ;:ka 'kbll .kc.kd.ke.kf.S'e=1.2346-10 Pa
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df;; +=12.6569

Assume cold drawn:
a:=4.51 b:=—0.265

k=

a

b
a-.-s, ., =0.8432

assume 0.11 <d <2 in

~0.107
Kppp (dg1)=0.879-dy

k =1

- (bending dominates)

k

4= 1 (assume room temp)

k_:=0.897 (assume 90% reliability)

k. =1

- effects)

(no misc.

Corrected Endurance Strength:

initial guess: R

. N
511 ::ka 'kbll -kc-kd.ke.kf-S e:]_23}.-45":'3—2
mm

2

2
4'[Kfl.'l'[I\dm_‘_l‘/jw]] +3'[Kfsm12'Tb]

I ’ 2

(5221) 5,)°

d',, =12.6569 mm
Convergence matrix

1 50 13.3544
2 13.3544 12.6569
3 12.6569 12.6569

Diameter converges at 12.6569 mm

1
3

Omikron Robotics
Phase 111 Detailed Design

=0.0127m

=0.0127m
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Minimum Diameter at wheel support on Shaft 1:

1
2 2 3
d'lz — 16 Nf 4'[Kf12'0] +3'[Kfsm12'Tb] —0
n 2 2
(5.x2) (5)
- there is no load at section 12
Minimum Djiameter at bearing on Shaft 1:
1
.3
4.(K .M 2 3.[K . T 2
dfyz= o RN + (fromz 7o) =0.0298 m
o 2 2
(°e15) (%)

Testing for convergence

1 45 30.2728
2 32.36890 29.8478
3 29.8328 29.83

the bearing diameter converges at 29.8328 mm

Bearing diameter is also dependent on bearing

R =1694.4661 N

Rbearingaxial = xbix

Twist Calculations for shaft 1, sections 1:

G:=78 GPa

Section 1:

4
m-d’y 9 4
JH = ——=2.5195.10 m
32
T.
_ in deg
611., G-Jll =0.5394 .

Both angles of twist are less than 3 deg/m, thus criteria is met!
Von Mises Stress Calculations:

shaft 1 section 1 :

J.

11 4
Ill 1= —— =1259.7273 mm
2
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d’y; d'y;
[M +M ] T .-
W m 2 N out 2 N
Coni1 ::I—=36.3358—2 Tonii ::J—:464.6884—2
11 mm 11 mm
— K - N —K — N
Ca11 "= Kez7 * Oqnz; = 65.4044 Y Tn11 = Kesgg * Tpnag = 985-1394 )
mm mm
Assuming fully reversed bending:
1
' L _ N R 1 2 N
o' ‘*Ga11—65'4044_2 o' ::F- 6-Tpo11 =1706.3116—2
mm mm
Calculated Safety Factor:
T )
L — > =0.2669
o' 11 N o' 11
Sell Sy
Shaft 1, will reiterate with a new shaft diameter
d'll = 50 mm
Section 1:
, 4
m-d’y; -7 4
Jy,i=——=—=6.1359.10 m
32
T.
B in _ deg
8., = G, =0.0022 —
Both angles of twist are less than 3 deg/m, thus criteria is met!
Von Mises Stress Calculations:
shaft 1 section 1
Ju 5 4
Ill = ——=3.,068-10 mm
2 M =0
m
d',, M =7.2329J da’,;
[M + M ] T
W m 2 N out 2 N
Coni1 ::I—=O.5894—2 g1 = % =7.5376 ——
11 — 11 i
— K — N — K — N
Oa11 "= Keg7+ Opnzp =1-0609 - Tn11 7= Kesgr * Tynag =19-9797 -
mm mm
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Assuming fully reversed bending:
1

g

N , 1 2 N
'all ::Oa11=1.0609—2 O'mllz:ﬁ-[fi-rmll ] =27.6776—2

mm mm

Calculated Safety Factor:

=16.453

Twist Calculations for shaft 1, sections 3:

G:=78 GPa

Section 3:

4
m-d’;; 4
J13 = —=77763.3311 mm
32

0. = Lo —0.0175 &9
R/ PR m

Von Mises Stress Calculations:

shaft 1 section 3

J.

13 4
IlS — —— =38881.6656 mm
2

d '13 d'13
%xB |’ :
1= —M 2 _ 44.5912 N :
Oanl_? T T - ° ) 1anl_? '7 J 2
mm

=K

N
f13'03n13:69'1164_2 Tz =K

m13 513 " ‘mn13 = >
mm mm

9,13

Assuming fully reversed bending:

N 1 2 N
0513:69.1164—2 o' ::—2-[6-Tm13 ] =0 —

mm mm

r —
o 213 &
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Calculated Safety Factor:

Ngygi= =1.8876
G'alj
5913

The calculated minimum diameter based on stress will fail, the bearing is dependent on bearing size,

Minimum bearing diameter:

Bearing 1:

—6 2 2
= ncyclel -10 ] 'm=1956.9286N

2 2
Fypi=q Ry, 4+ Ry, ~ =817.3928 N

Feff =XV Fbr + Y. Rbearingaxial

V : Rotation factor rotating shaft
X: Radial Factor V=1
Y: Thrust Factor

Using these dynamic load ratings and the provided bearing diameter chart the minimum
diameter and mximum fillet of the bearings are:

Use bearing PWTR30-2RS-RR-XL:

dy; =45 mm
dp;, =62 mm

dblw:::29 mm

C,:=35000 N
CO := 46000 N

Calculating the new safety factor based on new bearing diameter

d'; ;=45 mm

shaft 1 section 3 :

4
m-d’ g 5 4
JlE = —————— =4.,0258.10 mm
32
T,
o deg
913'_G.J _0.0034—m

13
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Both angles of twist are less than 3 deg/m, thus criteria is met!
|Von Mises Stress Calculations:

J13 5 4
113::—22.0129-10 mm
2

dr

M 13 . d'ys
'_[XB)' 2 _ N |
Oan1s’= 7. =12.9925 — Tan13 = 5. =073
13 mm 13 mm
N N
0,13 =HKe13 0,53 =20.1384 2 Tn13 =Ko Tonzz =0 3
mm mm
Assuming fully reversed bending:
1
N 1 2 2
N
r — — 12 — —_
aalj._6313_20.1384—2 Umlj'*ﬁ‘[s‘rmzj ] _0—2
mm mm

Calculated Safety Factor:

1
n = =6.4784
f13 , 2 , 2
9 a13 N 9 m13
Sel3 Sy

Slope and Deflection Equations:

Building off of the singularity equations for shear and bending moment,
the slope and deflection formulas are defined as follows:

d,:=d,; =45mm |Bearing diameter
n.d, 5 4
I:= =2.0129.10 mm
64
x-y plane
_ R F
oy g | s o ) B g B - B e
—R F
5y(x]7E%I 2"” 5 (%, %, 9) (Fuar) 5 (x, x 3],[65:) S (%, %0 3)- o S (%, %y s 3) |+ oy X+ Cpy
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3

7Rw1y.[xwfxw]3+Fr.[xwfxm] JFFmag'[Xw*Xw]
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3 3

:77.810-1076
6.E.I.[xwfxm]

-X, . =0.0006248 mm

3%
]
@
@
@
[
=]
W
3]
o)
w

J
o
=

|

[=]
3]

1.52587890625E-05

=1.02939323120E=-Ub

|
IS
~
@
@
[
o
&
G
i
v
w
9
g
s
o)
o
o

32 48 64 80

o
o
b
=
S
L
]
o

144 1

o
o

4.76837158203125E-07

-2.38418579101563E-07

-4.76837158203125E-07

-32 -16 0 1

o

32 48 64 80

=)
=)
t
[
[S]
b
]
o

144 160

o

5y(x mm )

Slopes at critical points in xy plane:

e

o —6
o1 = Oy [be]:1.5646.10 rad

-5
Qyw:: Qy [Xw]=—1.0033-10 rad

6, = Qy(xm]:f7.8095-1076rad
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Deflections at critical points in xy plane:

5Yb1 = 5y [Xbl]=—0.0004mm

5ywzzéy[xw}:—2.593-10_5mm

Omikron Robotics
Phase 111 Detailed Design

o

ym::éy[xm]=0.0003mm

y-z plane
—-R R I
8, ( ]:7ﬁ 2blz .S[X, X 2]+@.S[X, X, 2]7[ ;] S{X, X, 2] +Clyr
- R R F
52( ]:7ﬁ 6blz 'S[X' Xbl' 3]+@'S[X’ Xw’ 3]7%'3[}(’ XW’ 3] +CIYZ'X+C2YZ
3 3 3
-l e el
W m
C2YZ :7CIYZ-XM =—-0.001493 mm
Y
1.52587890625E-05
7.62939453125E-06
X
—/1. 029394033 1Z0K-Ub
~1.52587890625E-05
-48 -32 -16 1 32 48 64 80 96 112 128 144 1
0, ( mm)
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[€e)
3]
w
o))
iy

J625E-07

144 1
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32 48 64 80
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~
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=
]
a
g}
w
~
w
)
o
m
@
@
=
|

=
4
=
o
[

=

Slopes at critical points in yz plane:

Zm

6,,;:=6, [Xb1]=2-9432'10_5 rad 6, =0, (Xm]=1.1481‘ 10 " rad

-5
6, = QZ[Xw]=1.1481-1O rad

Deflections at critical points in yz plane:

m

62M::5Z[xbl]=o.oooam 5zm=:62(x ]=7O.001mm

6,, =9, (XW]=—O.OOOGmm

Total deflections at critical locations on shaft 1:

Bearing 1: Motor:

’ 2 2 2 2
Orpy = 5yb1 +90,,; =0.0005mm O 1= 6Ym +06,, =0.001mm

Wheel:

’ 2 2
O, = 6yw +0,., ]:0.000Gmm
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Total slopes at critical locations on shaft 1:

Bearing 1:

f 2 2 -5
O = bel +6,,; =2.9473-10 rad

Wheel:

[, 2 2 -5
O = O+ O ]:1.5247.10 rad

Shaft rounding to fit selected gears and bearings

dlr :=50 mmm
d?r :—= 55 mm
d3r := 45 mm

Check maximum stepped shaft dimensions

r12:=0.2.dlr =10 mm
Loy :=0.2.d2r =11 mm

therefor max diameter for d12 is
d :=dlr + r12 =60 mm

2max

The max diamerter for d3 is
d i=d2r 4 r,; =66 mm

3max

d ::d2r7r3:44mm

3min 2

Bearing size needs to be reiterted
using bearing S6009-2RSR-FD
C,+=17800 N

C,t=12100 N

Rbearingﬁxial

€

=0.14

Rbearingaxial

V.F, =11.5925

e:=0.42

Value is greater then e, therefore

Y:=1.04
X:=0

F

L fr=1762.2447 N

10
3

=28837.9219

Motor:

O =

0 2
ym

Omikron Robotics
Phase 111 Detailed Design

2 -5
+6,,  =1.3885.10  rad
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L
L,.:=——=|=0.0288
10
1
C=F,,, L 3 540.4069 N this is less than the basic load rating of the bearing, therefore this bearing will work

final Shaft diameters:

dlr = 50 mm
d2r := 55 mm
d3r =45 mm

Check assumptions

1. Check kb diameter

2in<d1r<10in
2in<d2r<10in

0.11 £d <2 1in

2. Check SCF
1. snapring

d2r —-1.1
dir =
k., =2.15
:=1.8

r, :=0.05.dlr =2.5mm

3. Check Step Size

d2r
dlr
r, :=0.2-dlr =10 mm

=1.1

i 0.2
dir = 7

kt :=1.35
K, _:=1.25

Kt< Ktkeyway=2.2

Kts =Kts Keyway = 3

2. shapring

d3r
d2r

k.,=2.15

=0.8182

kts :=1.8

r, :=0.05.d2r =2.75 mm

43T _ 5 8182
d2r = °

I3 = 0.2.d2r =11 mm

)
E:O.ISIS
k,:=1.35
K, =1.1
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Assumed Kfs=Kfsm

Kiory - Togy =4.9134 ksi s s Keer1 - Keomaz
%:33.3587 ksi s
K - T =0 ksi
fs13 13
° " Kfslj - Kfsmlj
Assumed Kfm=Kf
Kfu-|[o’an+a'mu]‘=7.5oz7 ¥psi _
. 5,=66.7174 ksi Thus Kepnr _ Koo
Kflj.i[o’alj+a'm13]‘=4.5273 kpsi s
Kfmlj _ Kle

Keyways and Keys dimensions

Using the diameters at each gear as well as the face widths:

dlr =50 mm

d3r =45 mm

The dimensions of the keyways and keys were provided by an online catalogue as:

WIZ = 2.5 mm
Note: W=Width, T=Depth, L=Length

TIZ = 2.5 mm
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Shaft Recalculations Using Actual Diameters

Endurance Strength (simple)

S, =560 MPa Sy::460 MPa S'_ :=0.504.5 , =282.24 MPa

Assume cold drawn:
a:=4.51 b:=—-0.265
k =

a

b
a-S,.. =0.8432

assume 2 < d < 10 in

—0.157
kpqq {du]’: 0.91.d;;
k. =1 (bending dominates)
kd =1 (assume room temp)
ke = 0.897 (assume 90% reliability)
kf =1 (no misc. effects)

Corrected Endurance Strength:

N
e ::ka 'kbll [dlz]'kc'kd'ke'kf's'e =105.1044 -
mm

dll := 50 mm

Step 2 (no load - wheel support)

Assume cold drawn:
a:=4.51 b:=_-0.265

ka:: a.s =0.8432

ut'’

assume 2 < d £ 10 in

—0.157

Kp12 (dzz J =0.91-d;,

(bending dominates)

(assume room temp)

(assume 90% reliability)

(no misc. effects)

Corrected Endurance Strength:

Actual Diameter: _
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S.10 ::ka 'kbzz [dM].kC .kd.ke .kf -S'E =103.5433 iz

mm

dIZ := 55 mm

Step 3 (Bearing)

Assume cold drawn:

a:=4.51 b:=_-0.265
k, =|a-S_, =0.8432
assume 0.11 <d <2 in
—0.107
Ky15 (dy5)=0.879-d;
kcle (bending dominates)
kdle (assume room temp)
k,:=0.897 (assume 90% reliability)
kf =1 (no misc. effects)

Corrected Endurance Strength:

Actual Diameter: _

N
S.137=k, 'kaH {dn]'kc'kd'ke-kf-s'e=124.857 —5
mm
d;;:=45mm=0.045m
SCF Information:
Assumptions
r:=0.05 q,,=0.68 q,,=0.68 q,,:=0.68
91151330'73 9,0 = 0.73 dq34 1= 0.73

Assume snapring at bearings and keyways at wheel

Snapring Assumption Stepped Shaft Assumption

dis d, d, g Kt=2.2
——=0.8182 ——=1.1 — —0.8182 Kts—3
12 11 12

£ —0.9091.+ £ _0.9001. 2 —1.1111. &

d;, m d;, md, m

Kt = 2.25 Kt = 2.45 Kt = 1.65 Kt =1.4 Kt = 1.7 Kt 1.75

Kts = 1.55 Kts = 1.6 Kts =1.45 Kts =1.2 Kts =1.5 Kts =1.55

Key Way SCF is governing
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Step 1 wheel

Kig11=3 K q1:=2.2

Keg11 =15 | Brszr —1|+1=2.46 Kepp = qzz‘[Kt11_1]+1:1'816
Step 2

K, ,,:=1.45 K,,,=1.65

Rig12 =125 [ Kps12 — 1| +1=1.3285 Kfrpt= qiz‘[Kﬂz*l]*l:l'ilOB

step 3 Bearing

Ktslj’ =1.2 Ktlj’ :=1.65
Keg13=g35 " [Hpg13 —1|+1=1.146 K. 5:= qIB'[KtI3_1]+1:1'442

d,,; =0.032m

Assuming no yield

Resmi1 = Hes11 Keni1 = Eeq
Kesmiz = Kes1z Kenaz = Kepz
Riomis = Hes1s Kiniz=Kgs

Twist Calculations for shaft 1, sections 1:

G: =78 GPa

Section 1: .
— Now accounting for hollow shaft (ID = 32 mm)

4 4
me|d;; —diggn, 5 4
Jl1 = =5.1065.-10 mm
32
T.
_ in _ deg
en., —G'Jll =0.0027 —

Both angles of twist are less than 3 deg/m, thus criteria is met!

Von Mises Stress Calculations:

shaft 1 section 1

J

11 5 4
IH i=—— =2.5532.10 mm
2
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drll d’ll
Mw+Mm . Tou .
GEHH::[ I] 2 =0.7082l2 Tonii ::%:9.0571i
11 mm 11 mm

N N
Oa11 7= K11+ Oapnay =1.2861 — w11 = Kesrn * Tanzn =22.2805 —
mm mm
Assuming fully reversed bending:
1
N 1 g
N
O 11 i= Oppy = 12861 — O 11 i= T -[6- T ] =38.5909 —
mm mm
Calculated Safety Factor:
n 8= 1 I—ll 7951
£11 = ’ 2 ’ 5 -
© all 4 © mil
ell Sy

Twist Calculations for shaft 1, sections 3:

G:=78 GPa

Section 3:

4
m-d; g 5 4
Jygi=—————=4.0258-10 mm
32
T,
_ in _ deg
613._ G'J13 =0.0034 _m

Both angles of twist are less than 3 deg/m, thus criteria is met!

Von Mises Stress Calculations:

shaft 1 section 3 :

Jisg 5 4
T,;:=——=2.0129-10" mm
2
[ ] dﬁ T d13
xB P) N o 2 il
Opn1z = —F—— =12.9925 — Tmn13 = 73 =0
13 o 13 mm
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N N
Ta15 = Ke13 - Ognys =18.7352 — Tw13 = Kegps - Tangs =0 —
mm mm
Assuming fully reversed bending:
1
N 1 2 z
r N
Oa135:0513:18'7352—2 g’mlj':_ [6'Im13 ] :O—2
2
mm mm

Calculated Safety Factor:

i )
n = =6.6643
f13 , 2 , 2
© a13 . 9 w13
Selj Sy

Slope and Deflection Equations:

Building off of the singularity equations for shear and bending moment,
the slope and deflection formulas are defined as follows:

4
n-dyg 5 4
IT:=—=2.0129.10 mm
64
x-y plane
_ R F
SY(XJ:E}I szly S[ ,XM,2]+ p;ly] S[X,xw,2]_[2r].S[X,Xm,2]_ m;g.S[x,Xw, 2} +Cruy
~R F
6Y(X]'7E%I‘ 2b1y S[ ’ Xbl’ 3] [ WIY] S[ r Xw’ 3]7 GI] S[X’ Xm’ 3] m;g S[X' XW’ 3) +Clxy. + 2xy
3 3 3 3
Ryto [ % —Xp1 | —Bugy [ X, — X +F o x —x +F __[xX —X _6
Cray 1= —— ™ | | g.E_wI].[prXET]W ) oo () =-7.810-10
CZXY::7C1XY.XW=O.0006248HHH
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[
(]
@

o
@
=
[==]
[
2]
o
w

1
o
=

I

=1
w

32

64

144

Deflection in x-y

plane:

4.76837158203125E-07

3!

)

57627868652344E-07

138418579101563E-07

1.19209289550781E-07

-4

.192092858550781E-07
.38418578101563E-07
.57627868652344E-07

.7683%%582?312

o

32

64

80

=)
o

144 160

o

2]
e

(x mm)

Slopes at critical points in xy plane:

-6
Oppy 1= Oy (¥p1 )= 1564610 " rad

-5
Gyw:: Qy(xw]=—1.0033-10 rad

Deflections at critical points in xy plane:

¢)

vb1 = 6}/‘

[Xbl]:70.0004mm

6Yw::5y(xw]=—2.593-10_5mm

o
ym

=0

¥

.8095-

(¥x)=0-0003m

10

rad
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y-z plane
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—R R F
1 blz [ WIZ] [ r]
e, ( ];:ﬁ > -S[X,Xb1,2]+ > -S[X,Xw,2]7 > .S[X,XW,2] +C
—R R F
1 blz [ WIZ] [ r]
5 ( ]:7E = T-S[X,Xb1,3]+ c -S[X,Xw,3]7 5 -S[X,XW,3] +Chp X+ Cypy
3 3
7Rblzl(xwixbl] +Rwlz'[xwixm] 7Fr'[xwixm] -5
Clyz — =1.148-10
6‘E‘I‘[xw7xm]
Cyy =~ Cpyp - Xpy = —0.001493 mm
Y
3.0517578125E-05
2.288818359375E-05
1.52587890625E-05
7.62939453125E-06
Q] x
=S7.0Z29353990531Z0E-U0
16 32 48 64 80 96 112 128 144 160
4.76837158203125E-07
2.38418579101563E-07
0 x
-2.38418579101563E-07
-32 -16 0 16 32 48 64 80 96 112 128 144 14|
5y (x mm)
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Slopes at critical points in yz plane:

o 6 [Xb1]=2.9432-10_5rad 6, =6 [Xm]:1.1481-10_5rad

zbl ‘= Yz zm z

6 =6 [Xw]:1.1481-10_5 rad

ZW z

Deflections at critical points in yz plane:

o 5Z[Xb1]=0.0003mm 5zm::5Z[Xm]=—O.OOlmm

zbl T

6zw = 52 (lesz.OOOGmm

Total deflections at critical locations on shaft 1:

Bearing 1: Motor:

’ 2 2 2 2
Bppp = 5Yb1 +5_,; =0.0005mm Oy 1= 5Ym +6,, =0.001mm
Wheel:

[ 2 2
8 = [6Yw +5,, ]=0.0006mm

Total slopes at critical locations on shaft 1:

Bearing 1: Motor:

[, 2 2 -5 2 2 -5
Oppg =9 Ops  + 6 =2.9473.10° " rad Oy =4 Oy + O,y =1.3885.10

Wheel:

’ 2 2 -5
6o, = [Qyw +6,_, ] =1.5247-10 rad

total deflection < 0.127 mm Deflection criteria met!

rad
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Assumption and Criterion Check:

Assumed Kfs=Kfsm

Kfs}l ‘ TMII =7.9495 ksi S Thus KfSIl — Kfsmll
ER ‘ Assumption is valid!

K 2T o, =0ksi

fs13 i3

: " Kfslj’ — Kfsm13

pssumed KEmeke Assumption is valid!

Kfu-I[G'a11+c'mu]‘=1o.5o3z kpsi hue « .

< 8,=66.7174 ksi fmll - f11
Kf13‘l[0'513+g'm13]‘=3.9184 kpsi &
Kfml3 _ Kf13

All twists must be less than 3 deg/m:

_ deg _ deg
0,,=0.0027 2 o, —0.0034 21 Criterion is met!

All deflections must be less than 0.127 mm: _

8y, =0.0005mm 6, =0.001 mm 8, =0.0006 mm

All assumptions/criterion is met, Drive Shaft Complete

Conclusion

The minimum shaft diameter was calculated for the loaded sections, (section d1 and section d3) and factor of safety was
determined at the rounded shaft diameters.

The minimum shaft diameter at section 1 is 12.6 mm and the minimum diameter at section 3 is 30mm

The rounder diameters are as follows:
Section 1: 50mm
Section 2: 55mm
Section 3: 45mm

at section 1 and 3 the factory of safety are as follows:
Section 1: 11.79
Section 2: 6.66

Therefore the shaft does not fail at the most conservative loading conditions
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Appendix D7: Fixed Shaft

Title - Bearing Calculation and Shaft sizing for fixed shaft
Date - March 12, 2021
Author - Calvin Chen

Determine the minimum bearing size to withstand radial and axial loading on the pivot fixed shaft
Parametric equation will be derived and bearing size will be iterated with step shaft iterative design

Xb - Distance of the bearing
Xwall - Distance of the shaft to the chassis
Xs - Distance to the fixed shaft connection point

Rb(x,y,z) - Bearing forces in the (x,y,z) plane
Rs(x,y,z) - Support forces in the (x,y,z) plane
Mb - bearing moment in the

Ms - Support Moment

All additional varibles will be defined along the calculation

[Solution Method |

Forces were obtained from the stability calculations for the V-Support
Shaft Deflection Calculation for Shaft with 1 bearing and 1 support fixture

Note : Datum is on left end of beam established at x=0
Assume gravity forces are insignificant compared to applied loading.
Shaft Deflection Calculation for shaft wiht bearing and a supporting connection, will assume transverse hole

NOTE : Datum is establies on left end of the beam (x=0)
Assume gravity forces are insignifacnt compared to applied loading.

Rb Rsy Rsz
b g/
Mb l / ) s
< Rbz
Rbx St RSX
Xb
——
xwall
X support

Square Section
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Define forces on the shaft

M_, . =500kg

ro.

F =M

174 robo

¢ 9.=4903.325N

X-Y plane (Note that radial forces act on this plane)

Omikron Robotics
Phase 111 Detailed Design

Shaft contains motor shaft, magnetic wheel, 1 ball bearing, 2 couplings

Distance of bearing:
X, = 8 mm
Distance of support:

XS::92mm X, = 43 mm

bearing forces:

Ry, =1497.9963 N  Force obtained from stability calculation

Force in y-direction of support:
RSy::[Rby]

Moment Balance
ﬁﬁw:::o m
M ::[Rby.[xs - b]_Mby]:l25.83l7 J
Material Properties of Shaft

Length of shaft:
L: =122 mm

Define the singularity function:
S5(x,a,n):=if “(X—&)>O)A(n20”

n
(x—a)
else
0

Shear and bending moment egns:

Ty ()= (= Fag ) (%0 20 1)+ (Bey )9 (20 %0 =)

G )= ([~ )5 % %0 0] (R )3 (%0 %, 0)

M (X]::[[bey].S{x, X, 1]+[Rsy].5[x, X_, 1]+MS.S[X, X,

Distance of wall suppot:

, 0)+M,, S [X, X, 0”
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Y
1024
0 X
~1024
~2048
-16 0 16 32 48 64 80 96 112
v (X mm]
Y
128
0 X
-64
-128
-16 0 16 32 48 64 80 96 112
MY (X mm]

Moments at critical points in xy plane:

MBy ::My(Xb]zon

M, =M, [xs]:—125.8317 N m
be ::VY [Xb]:ON
Voy 1= Vy [Xs]:71497.99631\]

y-z plane (Note that radial forces act on this plane)
Shaft contains motor shaft, magnetic wheel, 1 ball bearing, 2 couplings

Distance of bearing:

X, = 8 mm
Distance of support: Distance of wall suppot:
X, = 92 mm X, = 43 mm

bearing forces:

R, :=1497.9963 N
= Obtained from V-Support Stability Calculation

Force in z-direction of support:

sz bz

R ::[R ]:1497.9963 N
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Moment Balance
M, :=299.5993 Nm
M ::{R ,{XS 7xb]7MbZ]=7173.7676 J

bz
Material Properties of Shaft
Length of shaft:

L:=122 mm

Define the singularity function:
S(x,a,n):if[“X_a)>0wwn20”

n
(x—2)
else
0

Shear and bending moment egns:

q, (X)::((_sz).s[x, X, , —1]+[Rsy].5[x, x_, _1]]
v, (x)::((,abz).s[x, X, , 0]+[Rsy].s[x, x_, 0)]

M, (X)::((bez)-S[X, Xp 1]+[Rsy].3[x, X, 1)+MS.S[X, X_, O]+MbZ.S X, X, 0]]

Yy

-1536

1% (Xmm)

z
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Yy

640

612

384

128

0 X

128

256

-16 0 16 32 48 64 80 96 112 128

M, (% mn)

M__ =M [xs]=173.7676Nm

V,_ =V (Xb]=0N

5z z

V. =V (XS]=71497.9963N

Total Alternating moments at critical locations on shaft 1:

Motor:

M M 2 M 2

oo ¢ oz T, =214.5432Nm
Bearing:

2 2
MET::”V Mg, +Mp, |=0Nm

M. =M, =299.5993 J
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X-Y plane for axially locaded shaft (robot is on wvertical surface
Shaft contains motor shaft, magnetic wheel, 1 ball bearing, 2 couplings

Rby Rsy lez
AL"lﬂ
Mb /7) Ms

- Rbz
< A
Rbx Rox

Xb

——
xwall
X support .

Square Section

Distance of bearing:

X, = 8 mm
Distance of support: Distance of wall suppot:
X_ =92 mm X, =43 mm

bearing forces:
Rby :=1197.5261 N=1197.5261 N

R, :=1633.5993 N

Force in x-direction of support:

R_, ::[be]=1633.5993N

Moment Balance

bey =0 Nm
M= [be . [xs —x, ] *bey] =137.2223J

Material Properties of Shaft

Length of shaft:
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L:=122 mm

Define the singularity function:
S(x,a,n)=if (((x —a)>0)A(n>0))

n
(x—a)
else
0

Shear and bending moment egns:

Sy (0= )8 (2 50 1) (o) 5250 -1)
o D)= o) 502 0]+ )5 (5 59

Mxy(x]::[[beX].S[x, X, 1]+[Rsx].3[x, x_, 1]+MXSY.S X, X_, O]]

2l
W
)

n

5

04

-64

-128

-32 -16 0 16 32 48 64 80 96 112

MXY (X mm]

Moments at critical points in xy plane:

bey ::Mxy [Xb]=ONm
Mo =M [Xs]=—137.2223Nm
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V.

xbzy = ny [Xb]:O N
ny [Xs]=—1633.5993 N

v =
x5zZYy

y-z plane for axially loaded shaft (robot is on wvertical surface)

Shaft contains motor shaft, magnetic wheel, 1 ball bearing, 2 couplings

Assuming equal distribution at the COM

RCOM := 200 mm

Distance of bearing:

X, = 8 mm
Distance of support: Distance of wall suppot:
XS::92HLHI x, := 43 mm

Force in z-direction of bearing:

R, :=1633.5993 N

Force in z-direction of wheel:

X5Z

R = [Rbe]= 1633.5993 N

Forces in x-direction of wheel

R 7, =1633.5993 N=1633.5993 N

Moment Balance

M, :=103.5506 Nm

M ::[Rxbz.[xsfxb]fM ]:33.6717 J

XSZ xbz

Material Properties of Shaft
E:=29000 ksi

Length of shaft:
L:=122 mm

Define the singularity function:
S(x,a, n):=if [[[Xfa]>0)/\(n20))
n
(x—a)
else
0

Shear and bending moment egns:
9z (X)::[[_Rx}ﬂz]'s[x' Xp1r _1]+[Rxwlz]'5[x' Kt _1]_Fr'S[X' X _1]]
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v, (x);:[[,RbZ].s[x, X, , O]+[RSZ].S(X, x_, o]]

MXZ (X)::[[iRXbZ]‘S[X’ Xb' l]+[Rxsz]'S[X’ Xs’ 1]+bez-S[X, Xb’ 0 +MXSZ.S[X' XS' O]]

1024 Yy
512
0 X
-512
-1024
-1536
-2048 -32 -16 0 16 32 48 64 80 96 112 128
V. (% mm)
16 y
128
96
64
32
0 \' %
-32
g4 —48 -3z -16 0 16 32 48 64 80 96 112 178
M, (% mm)
Moments at critical points in xy plane:
M =M xb]=ONm
Mo =M xs]=—33.67l7Nm
Vegs = Vis xb]: 0N
Vo=V, [xS ] =—-1497.9963 N
Total Alternating moments at critical locations on shaft 1:
Bearing: Wheel:
2 2) M =M Zim % _141.2032um
Mg ::J[bey +My, ] =103.5506 N m s *sy xsz
g =M, =103.5506J
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Endurance Strength (simple)

4340 cold

S — S oy S' = . -S = -
L i 560 MPa =460 MPa e =0.504.5, =282.24 MPa drawn steel

1
ut’ ::Sut'm=560

Step 1 Bearing)

S

Assume cold drawn:
a:=4.51 b:=—-0.265

b
a-5,,. =0.8432

assume 0.11 =d =<2 in

—0.107
k’bu[dH]::O.879-dH
kc::], (bending dominates)
kd::l (assume room temp)
ke::0.897 (assume 90% reliability)
kfle (no misc. effects)

Corrected Endurance Strength:

r N
Se11 ‘:ka 'kbl_'l [du]'kc'kd-ke-kf-s . —=124.857 —
mm

Step 2 ( support)

Assume cold drawn:
a:=4.51 b:=—-0.265

ka = !

b
a.s ]:(L8432

assume 2 < d £ 10 in

kbzz[d12]::0'91‘d12__0.157

(bending dominates)

(assume room temp)

(assume 90% reliability)

(no misc. effects)

Corrected Endurance Strength:
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S 1=k K, [dIZ]'kc'kd'ke'kf'S'e2102'1385 lZ
mm
Initial Safety Factor Calculations:
no=1.1 Material properties found in handbook or are manufacturer values
n_:=1.3 Average load known although some error of overload may be present
ng;:l.O Manufacturing tolerances are tight to avoid wvibrations
ng:=1.1 Failure analysis based on multiaxial loading
n :=1.2 Assume a reliability of 90%

N_:=n .n_.n_.n .qrz]ﬂ8876

s g £

SCF Information:

Assumptions
r:—1
q;;,=0.5 g;,:=0.5 gd,5:=0.5 d,,:=0.5 q;5:=0.5

Assume snapring at bearings and keyways motor and wheel

Snapring Assumption Stepped Shaft Assumption

Tranverse Hole
D/d=1.1455 D/d=2.381

d/D = 0.1
r/d=0.07274 r/d=0.0635
Kt=2.1 Kt=2.1
Kts=1.65 Kts=1.75

Key Way SCF is governing

step 1 Snap Ring SCF is governin
2=k = Motor SCF - bearing P J g 9
q11=0.5 qlls::0'56

By =175 Ko =2:1

Keo17 =75 " [Kpszg — 1| +1=1.42 K. =40y, '[Ktll *1]+1=1'55

step 2 pin connection

q12=0.5 q125:20.56

Ktsl2::2.8 Kt12::2'2

Reo12=910s [ Koz — 1| +1=2.008 K= qu'[KtIZ *1]+l:l'6

Assuming no yield (This assumption is checked below)

K K

K K

fsm11 T Tfs11 fsm12 T Tfs12

Phase 111 Detailed Design
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Minimum Diameter at Bearing on Shaft 1:
Tb :=0Nm

Wl

=0.0415m

d',,; =41.5072 mm
Testing for convergence
1 45 41.5072

2 41.5072 41.3877
3 41.3835 41.3835

d',, ==41.3835 mm
Bearing diameter converges at 41.38 mm
d11 is dependent on bearing size

assume
d,; :==45 mm

d'll ::d_.u =0.045m

Minimum Diameter at support:

=0.0349m

Testing for convergence

1 60 34.913
2 34.913 32.358
3 32.358 32.2673
4 32.2673 32.2673

The diameter converges to 32.26 mm

d’,,:=32.2673 mm
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Twist Calculations for shaft 1,

Omikron Robotics
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sections 1:

G:=78 GPa

=0

T.
Section 1: in TOut =0
4
m-d'y, —-7 4
Jll = =4.0258.10 m
32
6 —_in _,deg
m

11::G.Jll

Both angles of twist are less
Von Mises Stress Calculations:

shaft 1 section 1

than 3 deg/m, thus criteria is met!

JH 5 4
IH i=— =2.0129-10 mm
d’y; d';;
= [MBT). 2 =33.4891 A = ot 2 =0 N
anll "™ T - * 2 rmnll = J - 2
11 . 11 m
N N
Oa17 = Kgy7 - Ogpgg =51.9081 > Tm11 = Keg17 * Tpngy =0 >
mm mm
Assuming fully reversed bending:
1
N 1 2 .
N
r -— — PR— f— —
o' ,,:=0,,,=>51.9081 > o'mll,ﬁ.[6 nil ] _0—2
mm mm
Calculated Safety Factor:
n 1 I—2 4053
11" , 2 , 2 -
S a1 . O mi1
ell Sy
Twist Calculations for shaft 1, sections 3:
G:=78 GPa
Section 3: A
4 J o 1.0643.10° mm "
r = =1. . mm
m-d’y, 12 32
le = 37
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o _ Tin -0 deg
12 G-Jd;, m

Von Mises Stress Calculations:

shaft 1 section 2

12 4
112 == —— =53213.3262 mm
2

M d’y, T '
__[ST]' 2 N A
Ooni2 ._—_65.047—2 Tonis = i =0 >
12 mm 12 m
ok B N x N
Oa12=Ke12 Oan1, =104.0751 2 Tmiz = Brs12* Tang2 =0 >
mm mm
Assuming fully reversed bending:
1
N 1 2 .
N
r —— —_ — J—
o' 4,:=0,,,=104.0751 — G'mlz'—_ﬁ'[6'rm12 ] =0 >
mm mm

Calculated Safety Factor:

- .
ng,,= . =0.9814
o' 12 N o'n12
Sel2 Sy

Ignore section 2 diameter as this is a square shaft that will be computed via FEA
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Minimum bearing diameter:

6

ncyclel =10

Bearing 1:

1
3

~6 2 2
c,, ::[ncyclez-lo ] ARy + Ry, =1917.8273N
2 2
Fy, =Ry, +R,  =1917.8273 N

Feff =XV Fbr + Y. Rbearingaxial

V : Rotation factor rotating shaft
X: Radial Factor Vi=1

Y: Thrust Factor

bearingaxial = sz

Using these dynamic load ratings and the provided bearing diameter chart the minimum
diameter and mximum fillet of the bearings are:

1
—6
Cri=F,, -|n,.;.;-10 =1917.8273 N
use bearingPWTR30
using bearing S6009-2RSR-FD
C_:=17800 N
C,:=12100 N
Rbearingaxial
— = 0.1238
0
Rbearingaxial
?=0.917 e::0_42
bx

Value is greater then e, therefore

Y:=1.04
X:=0
Feff:l557.9162N
10
3
Cr
Lc = — =1680.2284
br
L
c
LC, =—|=0.0017
10
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1

3
C::Feff'L =185.211N

this is lower than the basic load rating of the bearing, therefore this bearing will work

Calculating the new safety factor based on new bearing diameter

d’ll := 45 mm

m-d’y, 5 4
JH::—=4.0258-10 mm
32
o . _in_ _,deg
11 G.JH_ m

Both angles of twist are less than 3 deg/m, thus criteria is met!
Von Mises Stress Calculations:

Jll 5 4
Ill i=—— =2.0129-10 mm
2

I 11 T d'y
~*[ BT)- 2 =33.4891 2l = b2 =0 N
Yan11 = - 1.~ 2 Ton11 *= . ~ -7 3
11 — 11 mm
— K — N — K — N
Ca11 "= K11 Oapngz = 51.9081 2 Tn11 ™ Kes11 * Tanzg =0 2
mm mm
Assuming fully reversed bending:
1
N 1 2 2
N
G'a11:20a11=51.9081—2 a'mll::ﬁ'[6'rmll ] :0—2
mm mm

Calculated Safety Factor:

1
n = =2.4053
£11 , 2 , 2
G a11 N 9 mi11
ell Sy

Slope and Deflection Equations:

Building off of the singularity equations for shear and bending moment,
the slope and deflection formulas are defined as follows:

d,y:=d;; =45mm |[Bearing diameter

4
n-db

5 4
Ii=—=2.0129.10 mm
64
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x-y plane

% (x)= 55| = ”-S[x.xb,z)+[ ;y] S (%0 %er 2) |+ Cry
—-R R
8 () =g —5= 5 (0 %0 3+ ZY} S (%0 %50 3) |4 Cruy X+ Coy

3 3
Rby'(xsfxb] 7RSY'[X57XS] —3.499.10 °

Omikron Robotics
Phase 111 Detailed Design

ixy T 6‘E‘I‘[X57Xb]
Cpry = —Cppy - ¥, =—0.003219 mm
Y
0.046875
0.03125
0.015625
0 X
~01015625
~0.,03125
~0.046875
-96 —54 -32 0 32 64 96 128 16
6, (3 rm)
7.62539453125E-06 y
0 X
[ S
~7.62939453125E-06
~1.52587890625E-05
~2.288818359375E105
~3.0517578125E-05
~32 -16 0 16 32 1
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Slopes at critical points in xy plane:

-5
be ::Qy (Xb]=3.4991-10 rad

-5
QYS = Gy (XS]=76.9982-10 rad

Deflections at critical points in xy plane:

5yb ::5Y (Xb]=—0.0029mm

S e ::5Y[XS]=7O.0088m.m

Omikron Robotics

Phase 111 Detailed Design

y-z plane

-R R

1 bz [ sz}
ez(x)fﬁ > S[X,Xb,2)+ 5 s[x,xs,z] +Copz
-R R
1 bz [ sz}
5, ( )::ﬁ z ‘S[X,Xb,3)+ c S[x,xs,s] +Crpz X +Cyp,
3 3
,sz.(xsfxb] JrRSZ.(XSfXS] _s
Clyz: =—4.377.10
6'E'I'[xs_XbJ
C2yz = — Clyz - %, =0.0003502 mm
Y

0.00018310546875
0.0001220703125
6.103515625E-05
[l b4
—6.103515625E-05
-0.0001220703125
-0.00018310546875
~0.000244140625
-160 -128 -96 -64 -32 0 32 224
Gy (3 mm)
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[Xe)
1
<

-1552734375E-05

3%}
o
@

Slopes at critical points in yz plane:

6., ::ez(x ]:74.377-1075rad

e,.:=6, [XS]:—O.OOOZ rad

Deflections at critical points in yz plane:

b ‘:6z[Xb]=0mm

5, ::5Z[XS]=7O.OO74mm

Total deflections at critical locations on shaft 1:

Bearing 1:

[ 2 2
8y =4S, +6, =0.0029mm

Wheel:

2 2
8, +0,, ] =0.0115 mm

Total slopes at critical locations on shaft 1:

Bearing 1:

[ 2 2 -5
Opp =46, +6, =5.6038-10 ~ rad

Wheel:
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Brg = 9y52+9252] =0.0002 rad
dlr :=45 mm

d2r::d'12 =0.0323m

Check maximum stepped shaft dimensions

rl12:=0.2.dlr =9 mm
¥,s :=0.2.-d2r =6.4535 mm

therefor max diameter ford12 is

Zmax

The max diamerter for d3 is
dopny i= 027 + 1, =38.7208 mm

dg, ., =d2r —r, =25.8138 mm
Bearing size needs to be reiterted
using bearing S6009-2RSR-FD
C,:=17800 N

C,:=12100 N

Rbearingaxial
— =0.1238
0
bearingaxial 0.7811
VR, €:=0.42

Value is greater then e, therefore

:=1.04
X:=0

F , =1557.9162 N

e

10
3
Cr
L == =1680.2284
br
L
c
L. = =0.0017
10
1
3
Ci=F - L, =185.211N

this is lower than the basic load rating of the bearing, therefore this bearing will work

final Shaft 1 diameters:

dlr := 45 mm
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d2r := 50 mm

Check assumptions

1. Check kb diameter

2in<d1r<10in
2in<d2r<10in

0.11 <d £2 in

2. Check SCF

a2r _1.1111
dir — "

ktl :=2.15

kts :=1.8

r;+=0.05-dlr =2.25mm

3. Check Step Size

a2r 11111
dlr =

1‘2 :=0.2.-dlr =9 mm

—rz 0.2
dir = 7
k,=1.35
Kts =1.25

Assumed Kfs=Kfsm

Keg17 - Tpag =0 ksi
Keg12 " Tpp =0 ksi

Assumed Kfm=Kf

K., .|[o'au +o'mu]‘: 11.6694 kpsi

K

S Thus Kfsil — Kfsmll
£ =33.3587 ksi &
2

KfsiQ — Kfsle

Sy =66.7174 ksi

ﬂz.ug'dz +a'm12]‘:24.1517 kpsi

Omikron Robotics
Phase 111 Detailed Design
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Shaft Recalculations Using Actual Diameters

Endurance Strength (simple)

5, =560 MPa Sy::460 MPa S5',:=0.504-5 , =282.24 MPa

Assume cold drawn:
a:=4.51 b:=_—-0.265

k=

a

b
a-5 . =0.8432

assume 2 < d < 10 in

K1 {dll]::o_gl_dll —0.157

kc =1 (bending dominates)

kd::], (assume room temp)
ke :—=0.897 (assume 90% reliability)
kf::], (no misc. effects)

Corrected Endurance Strength:

N
o1l ::k'i ki [dlll.kc.kd.ke.kf.s'e:106.8574 —

mm

S

dll =45 mm

Step 2 (no load - wheel support)

Assume cold drawn:
a:=4.51 b:=—-0.265

k =
a

b
a-5 . =0.8432

assume 2 £ d < 10 in

—0.157
k., [d12]=:0.91-d12
(bending dominates)

(assume room temp)

(assume 90% reliability)

(no misc. effects)

Corrected Endurance Strength:

Actual Diameter: _

149




O

OMIKRON Omikron Robotics
ROBOTICS Phase 111 Detailed Design

N
Sezz ‘:ka 'kb12 [dzz]‘kc'kd'ke-kf-s'e =106.8574 —

mm
d,,:=55mm

SCF Information:

Assumptions

r:=0.05 944 :=0.68 q12::0.68 4o i=0.68
13— ="
=0.73

=0.73

qus qus

9,45, :=0.73

Stepped Shaft Assumption

dIZ
3, =1-2222 Key way

r 1
— =0.9091.— Kt=2.2
d;z m

Kts=3

Kt = 1.65 Kt =1.4
Kts =1.45 Kts =1.2

Step 1 Bearing

K, ., =1.45 K, =1.2
K

o117 11 | Kesrg — 1| +1=1.3285 Kpypye= qzz‘[Kt11*1]+l=l-l36

Step 2
K, ,=1.45 K,;,=1.65
Kec1o =155 [ Keg7o — 1| +1=1.3285 Kgp,= qlz.[KtU 71]+1:1_442

step 3

K. 3:=1.6 K, ,;:=2.45

Kio13= Qi35 [ Kpsys —1|+1=1.438 Kf13’:qis‘[Kt13_1]+l=1'986

Assuming no yield

Keem11 = Eeo11 Kemiz = Kerz
Keomio = EKrorz Kemiz = Kepz
Keom13 = Ers13 Epnis=Ees

Twist Calculations for shaft 1, sections 1:

G:=78 GPa
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Section 1: .
— Now accounting for hollow shaft (ID = 32 mm)

4
Jllzz—:4.0258-10 mm
32
9 _ Tin _Odeg
11 G-Jyy m

Both angles of twist are less than 3 deg/m, thus criteria is met!

Von Mises Stress Calculations:

shaft 1 section 1 :

J

11 5 4
I,,==——=2.012%-10 mm
2
d’y; d’;;
,7[MBT)' 2 N - fout " 5 N
Oon1z = _33.4891—2 Tpniz 2= 5 =0 >
11 _— 11 —
— K - N — K — N
Ta11*= K11 - Oangp =38.0436 — Tn11 = Keo1 " Tanzn =0 =
mm mm
Assuming fully reversed bending:
1
N 1 2 2
N
r — — — — —
o' ,;=0,,, =38.0436 7 o' 11 ._E.[G.rmll ] _0—2
mm mm
Calculated Safety Factor:
T )
Nepgt > =2.8088
o' 11 N O n11
ell Sy

Twist Calculations for shaft 1, sections 3:

G:=78 GPa

Section 2:

4
m-d;, 5 4
Jypt=———=28.9836-10 mm
32
o _in__deg
12'7G‘J12_ m
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Both angles of twist are less than 3 deg/m, thus criteria is met!
|Von Mises Stress Calculations:

shaft 1 section 2 :

p J 5 4
L, = —— =4.4918-10 mm
M dyz . dyz
,7[ sr) 3 N b2 N
Oangz = ——F—— =13.1349 — Taniz 5 =0 —
1z mm 1z mm
=K — N =K — N
Op12 = Kppp - Opngp =18.9405 Tz = Keo12  Tpnzz =0 5
mm mm
Assuming fully reversed bending:
1
N 2 2
f ‘7 _ . 1 N
O 12 Oagz =18.9405 — omlzz,—z.[@rmlz ] =0—
mm mm

Calculated Safety Factor:

= =5.6417
£12 2

Slope and Deflection Equations:

Building off of the singularity equations for shear and bending moment,
the slope and deflection formulas are defined as follows:

4
m-d; 5 4
— =2.0129.10 mm
64
X-y plane
—R
1 by SY]
O R M LA | R

*’Cﬁxy X 4 C

R R
6y(x)::ﬁ.[ Zby.s[x,xb,3]+[ Sy].S(x,Xs,S] 2xy
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Rby'(xsfxb]:%*Rsy'[Xsts]

1xy T 6.E.I.(Xs_ b]

Cpry == Cpyy - ¥, =—0.003219 mm

-5
=3.4%99-10

Omikron Robotics
Phase 111 Detailed Design

o

.00018310546875

o

.0001220703125

-0.0001220703125

-0.00018310546875

-0.000224140625
-32 -16 0 1

32 48 64

o

80

w0

=)

144 160 1

SY (x mm]

Deflection in x-y plane:

1.52587890625E-05

7.62939453125E-06

-7.62939453125E-06

o

-3.6%K75781248-05 |—32 -16 0 1 32

@
o

5y(x mm)

Slopes at critical points in xy plane:

0 6 [Xb]:3.4991-1075rad

yb1 = Ty

-5
st ::Qy(xs]=—6.9982-10 rad

Deflections at critical points in xy plane:

5yb1 = 5y [Xb]:—0.0029mm

5}/5 ::5y [Xs]zfo.OOBSm.m
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y-z plane

—R R
SZ(X)!:E—_lI- 2b2_5[x,xb,2]_5_@.3[)(,);5,2] +Cy
—R R
6Z(X)::E_.1I' GbZ,S[X,Xb,3]+[ ZZ].S[X,XS,3] +Chy X+ Cy,
3 3
Ciyz = et %) PR (%) ——4.377.10 °

6.E.I.[xsfxb]

, - X, =0.0003502 mm

Omikron Robotics
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-310517578125E-05

-61103515625E-05

-9.1552734375E-05

|
o

.0001220703125
-01000152587890625
-0.0001831

0546875

-01000213623046875
-48 -32 -16 0 1

o

32 48

9}’ (X m_m)

1.52587890625E-05

—-2.288818359375E-05

-3.0517578125E-05

32 -16 0 1

o

32 43 ©4 80

w0
o

5y(x mm)
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Slopes at critical points in yz plane:

6, =6, [Xb]:—4.377-1075rad

6,,:=6, (XS]=—O.OOOZ rad

Deflections at critical points in yz plane:

5zb ::62 [Xb]=0m

5,.,:=90, [Xs]:—0.0074mm

Total deflections at critical locations on shaft 1:

Bearing 1:

2 2
O ::—“ 5yb +0,, =0.0029mm

Support:

[ 2 2
e | L ]=0.0115mm

Total slopes at critical locations on shaft 1:

Bearing 1:

’ 2 2 -5
Oy = Syb +6, =5.6038-10 rad

Wheel:
’ 2 2
O, = st +6,, ] =0.0002 rad
total deflection < 0.127 mm Deflection criteria met!

Assumption and Criterion Check:

Assumed Kfs=Kfsm

Reorr - Tpp =0 ksl 5 Thus fs11 — Kesmiz
75’:33.3587 ksi .
K - T =0 ksi
£s12 " Tmiz
° " Kfle — Kfsm12

Assumed Kfm=Kf

K, .l(o'ﬁﬂ +O’mu]|=6.2682 kpsi
< 5,=66.7174 ksi
Kflz.!(c'alz +O’m12]|:3.9613 kpsi

Omikron Robotics
Phase 111 Detailed Design

Thus

Kfml 1

Kfm 13

_ Keia

_ Keio
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All twists must be less than 3 deg/m:
0, =0 2 0,,=0 29 Criterion is met!

All deflections must be less than 0.127 mm: _

_6 5. =0.0115 mm
Oy =2.9392.10 m s

All assumptions/criterion is met, Analytic Shaft Complete

FEA will validate the square shaft

The minimum shaft diameter was calculated for the loaded sections, (section d1 and section d3) and factor of safety was
determined at the rounded shaft diameters. However, section d3 will be a square shaft that will be determined with FEA. and the
analytics solution method shown in this calculation will be ignored.

The minimum shaft diameter at section 1 is 41.38 mm and the minimum diameter at section 2 is 32.27mm

The rounded diameters are as follows:
Section 1: 45 mm
Section 2: 55mm

at section 1 and 2 the factory of safety are as follows:
Section 1:2.8
Section 2: 5.64

Therefore the shaft does not fail at the most conservative loading conditions
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Appendix D8: V Support Buckling

Title: Buckling Calculations
Date: April 10, 2021
Author: Kenny Okeke

Objective:
To determine the maximum mass of the robot before it fails to buckling. Steel 4130 is the material choice.

Variables: P.cr - Critical Load [N]
E - Modulus of Elasticity [GPa]
| - Moment of Inertia of the Cross-Section [m”"4]
L - Length of the Column [m]
a - Length of Cross-Section [m]
b - Width of Cross-Section [m]
g - Acceleration due to Gravity [m/s"2]
m - Mass of Robot [kg]
W - Weight of Robot [N]
N - Number of V Brackets

Solution Method: Determine the Moment of Inertia
Determine the critical load
Determine the maximum mass

2
i ELT

Equation: Pcr.equaticn = P)
q : I

e

Assumptions: The moment of inertia of the cross section considers the smallest cross section of the column
The material considered is Steel 4130: E :[:n200 GPa
Acceleration is due to gravity: g:=9.81 )
S
Mass of the robot is assumed: m := 500 kg
The V-Support is asssumed to be made up of two identical rectangular sections.
Calculations:
Assumptions: This case considers that both ends of the column are pinned: Le=L
The cross section is assumed to be a rectangular section
Slot dimensions are ignored for the moment of inertia calculations
The robot is supported by 4 separate V brackets

Sketch:
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Analysis: 2; :=100 mm

a,:=70.40 mm
;=8 mm
a, =4 mm
b =20 mm
L:=246.05mm

L, :=L=246.05mm

N
m

cr.

=4
=500 kg
3 3
a;-b a,-b _g 4
= — =1.9733.10 m
12 12
3 3
b.a,; b.a, _6 4
= — =1.0851-10 m
12 12
2
2 I 'E'Il 6
= . =1.8198.10 N
. o 2
sin|45. ——
[ 180 €
2
2 o -E.I2 g
5= . > =1.0007-10 N
5in|45. —— L
180 €
=if Pcrl< cr.2
Pcr.l
else
Pcr.2

6
P _=1.8198.10 N

6
-N=7.2793.-10 N

Omikron Robotics
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Woasx = Fop Each of the 4 V brackets will be supporting the same load
W
max 5
m .= =7.4203.10 kg
m<m =1 Therefore the mass of the robot is less than the maximum mass
Conclusion:

These calculations determined the maximum mass of the robot is 7.4203E5 kg before buckling occurs. The actual mass of the
robot is 500 kg, so it will not fail to buckling. The smallest cross-section was considered, thus it can be assumed that all other
cross sections will also resist buckling.

References:

EngineerdFree. “Column buckling example problem #1: both ends pinned,” YouTube, 2 November 2017. [Video file]. Available:
https://'www.youtube com/watch?v=SIRY5ZZDEF0&t=452s&ab_channel=Engineer4Free. [Accessed: 1 March 2021]

AZoM, "AZO Materials," 12 November 2012. [Online]. Available: https://www_.azom.com/article.aspx?ArticlelD=6742. [Accessed 1

March 2021]
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Appendix D9 : V Support Impact

Impact Loading Calculations
Date: April 10, 2021
Author: Kenny Okeke

Obijective:

To determine if the robot material can resist failure due to impact loading. Steel 4130 is the material considered.

Variables: 6.max - Maximum Stress [MPa]
o.yield - Yield Stress [MPa]
P - Load [N]
A - Area [m"2]
E - Modulus of Elasticity [GPa]
h - Height [m]
L - Length [m]
g - Acceleration due to Gravity [m/s"2]
m - Mass of Robot [kg]
W - Weight of Robot [N]
N - Number of V brackets

Solution Method: Determine the load
Determine the area
Determine the stress induced by impact loading
Compare this stress with the yield strength of the material

2
P

Equation:
o

2.E.P.h

P
Umax.equation = Z +‘J A A.L

Assumptions:The load will be defined as the weight of the divided by the number of V brackets
The material considered is Steel 4130: £ := 200 GPa
Acceleration is due to gravity: gi—9.81 L

S

The height is considered to be the height of the obstacle: h:=3 in=0.0762 m
Mass of the robot is considered to be:m := 500 kg
The V-Support is assumed to be made up of two identical rectangular sections
The slot is not considered in the area calulcations

Concept 2:
Sketch:

[+]
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m =500 kg
W:=m.qg=4905 N

Analysis:

=z =

N:
P:

=1226.25N

45. 2 _|=433.5448 N

P .
= —.sin
2 180

cr

a, = 100 rm

a, :=70.40 mm

asg := 8 mm
a, =4 mm
b :=20 mm
L:=246.05 mm
2
2.52 ag
Al::[al.L]— o- 2 —|m- - |-
2
A2 =b.L =0,0049m
Calculations
P P 2.E.P__-h
RS | B S =7.7418.
= =17.
Al Al AJ'L
P P 2.E.P_.h
o, = — LAl 221 4  —1.0456.
= =1.
AZ AZ AZ'L
. 8
Oy =1f 0, >0, =1.0456-10 Pa
9
else
)
8
ineld::4.6-10 Pa

Omikron Robotics
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2
=0.009m

7
10 Pa

8
10 Pa

Therefore, the robot does not fail

max < Opield = to impact

Conclusions:

These calculations determined the maximum stress induced by impact loading is 1.0456E8 Pa. The yield stress of Steel 4130 is
4 6E8Pa, which is greater than the maximum stress, thus the robet does not fail to impact.

References:

Impact Academy Official. “Stress Due to Impact Load | Strain Energy | Strength of Materials |,” YouTube, 15 November 2018.
[Video file]. Available: https://www.youtube.com/watch?v=pS2-QAZ57_U&feature=emb_logo&ab_channel

=ImpactAcademyOfficial. [Accessed . 1 March 2021]

AZoM, "AZO Materials," 12 November 2012. [Online]. Available:
March 2021].

https://www.azom.comv/article.aspx?ArticlelD=6742. [Accessed 1
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Appendix D10 : Bolt Analysis

Title: Bolt Calculations
Date: April 20, 2021
Author: Kenny Okeke

Modular Plate Bolt Torque Calculations

Objective:
To determine the preload torque applied to the bolts to prevent joint separation of the modular plate.

Variables: T - Torque [N*m]
k - Torque Coefficient
d - Diameter of Bolt Shank [m]
Fi= Preload [N]
S.ty = Yield Strength [Pa]
A.t = Tensile Stress Area [m"2]

Solution Method: Determine the Preload
Determine the Torque

Equations: Fl._eq ’:0'64‘S:y AL

T :=k.d.F,
eq i

Assumptions: The torque coefficent is assumed tobe: k:=0.2
The preload used is for a nonpermanent joint (reused fastener)

8
The yield strength of bolt (from McMaster Carr): S, := 120000 psi=18.2737-10 " Pa
Sketch:

- 1438 - 0396 —=
7
Thread length may vary from
2"to 3" in length.
i
82° 0.75"

1

\

172 | 3/4°-10 Thread

Hex

mﬂ”ﬁk-‘lmﬂk wee 91253A867

s e mermaster o Aoy Eioa
2014 McMaster-Carr Su Cempan,
bbbt Y | Fiat-Head Socket Cap Sorew
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A. Diameters and Areas of Unified Screw Threads

LAREDE BUIUS=—U 1N rine serics UNF
Size Tensile- | Minor-
lesignation | di stress | diameter
arca area
| A, in? | Anin?
0 i 0.0600 | 80 0.00180 | 0.00151
1 0.0730 | [} 000263 | 0.00218 72 0.00278 | 0.00237
2 0.0860 | 56 0. 00370 1 0.00310 | Gl ©.00384 | 0.00339
3 ‘ 0.0090 48 000487 ‘ 0.00406 | 56 | 0.00523 | 0.00451
]
4 0.1120 {0 0.00604 | 0.00496 | 18 0.00681 | 0.00566
a | 0.1250 10 000796 | 0.00 | 1 0.00830 » 0.00716G
[ | 0. 1380 32 000909 | 0.00745 10 I 0 01015 | 0.00874
8 [ 01640 32 0.0140 0.01196 36 P 001474 ‘ 001285
| | |
10 | 24 0.0175 O.01450 | 32 0.0200 0.0175
2 | 24 0.0242 0.0206 | 28 L 00238 | 0.0226
51 | 20 0.031% 0.0269 P 0.0364 | 0.0326
e 18 0.0524 0.0454 24 10,0580 | 0.0524
3 | i6 0.0775 00678 24 00878 | 0.0809
e | 14 0. 1063 | 0.0933 20 0 18T | 0.1000
' ; | 13 0. 1419 | 0.1257 20 01590 | 0.1486
e 0.5625 12 | 0.182 1 0.162 18 | 0208 ’ 0,189
i
85 11 0226 0.262 18 0256 0.240
A | 10 0 334 0.302 16 0373 | 0.351
4 9 0 462 0419 IR} 05K 0.480
1 RV s i 0,606 I 0.551 12 0.663 0.625
|
145 12500 7 0959 0.8 | 2 1.073 1.024
114 1.5000 6| 1405 P24 | 12 1.315 1.260
Analysis:

The bolt properties are then determined based on the sketch:
e ::% in=19.05 mm

. 2 2
A, 4p=0.3341in =215.4834 mm

The preload can now be calculated:

F

5
 oyp=0.64.58 A, yp=1.141.10 N

ty.MP " t.

Finally, the torque preload is calculated:
TMP =K. dMP . FLMP =434.7295 N m
Conclusion:

Thus, a preload torque of 434.7295 N*m must be applied to each bolt in order to prevent joint separation of the modular plate.

References:

MechaniCalc. (2021, April 12). Bolted Joint Analysis. Retrieved from MechaniCalc: https://mechanicalc.com/reference/holted-
joint-analysis

McMaster-Carr. (2021, April 12). Black-Oxide Alloy Steel Hex Drive Flat Head Screw. Retrieved from McMaster-Carr: https://
www.mcmaster.com/91253A867/
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Fixed Shaft Bolt Torque Calculations

Obijective:
To determine the preload torque applied to the bolts to prevent joint separation of the fixed shaft.

Variables: T - Torque [N*m]
k - Torque Coefficient
d - Diameter of Bolt Shank [m]
Fi = Preload [N]
S.ty = Yield Strength [Pa]
A.t = Tensile Stress Area [m"2]

Solution Method: Determine the Preload
Determine the Torque

Equations: F,_eq ::0.64-Sty A,

T :=k.d.F,
eqg i
Assumptions: The torque coefficent is assumed to be: k:=0.2
The preload used is for a nonpermanent joint (reused fastener)

9
The yield strength of bolt (from McMaster Carr): 5, s :=170000 psi=1.1721-10" Pa
Sketch:

1 1/2" Min.

- -

Thread Lg.

O [ [ —_—"

1/2"-20 Thread

- Hex—

'McMASTER-CARR.#> |22 91251A031

Aloy Steel Socket Head
Cap Screw

mparTy
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A. Diameters and Areas of Unified Screw Threads

LA BUTHE— U INL rine series—UNEF
Noy | - -
Sizc m
lesignation | diny
| Arin?
O | 0.0600 80 0.00180 | 0.00151
1 0.0730 61 0.00263 | 000218 72 000278 | 000237
2 0.0860 | St 000370 | 0.00310 (] 0.00354 | 0.00330
3 00000 i 48 0 00487 | 0.00406 | 56 000523 | 000451
4 0.1120 | 10 000604 000496 48 0. 00661 0.00566
5 0.1250 | 10 0.00796 | 0.00672 14 0.00830 | 0.00716G
[ 0. 1350 ‘ a2 000909 | 0.00745 40 0.01015 | 0.00874
s 01630 | 32 0.0140 0.01196 36 P 0.01474 | 6.01285
10 0.1900 l 24 0.0175 0.01450 | 32 0.0175
12 0.2160 24 0.0242 | 00206 | 28 0.0226
[ 0.2500 20 |0.0315 | 0.0209 l a8 0.0326
Sle 0 5 = 0.0524 0.0451 24 0.0524
3 0.3750 i6 0.0775 00678 24 0.0878 0.0809
e | 0.4375 14 01063 | 0 0933 20 0 1ST |0 1000
[ 0.5000 13 0.1419 | 0.1257 20 0 1500 | 0.1486
e 0.5625 12 J0.82 0.162 18 10203 | 0.189
5 0.6250 1 0.226 0.262 I8 | 0.256 | 0.240
a4 0.7500 | 10 0 334 0.302 16 | [ 0.351
71 0.8750 9 | o.462 0.419 I} 0480
1 10000 | = 1 0606 0.551 0.625
| i { ‘
| 1
15 ‘ 1.2500 T 0890 1 1 | 1,029
114 1.5000 | t 1204 | 12 1.260
Analysis:

The bolt properties are then determined based on the sketch:

dFS ::% in=12.7 mm

.2 2
A, p=0.1599 in =103.1611 mm

The preload can now be calculated:

F, ,c=0.64.8 A, .o =77386.2452 N

ty.Fs "t

Finally, the torque preload is calculated:
Tpg =Kk -dpg - F; g =196.5611Nm

Conclusion:
Thus, a preload torque of 196.5611 N*m must be applied to each bolt in order to prevent joint separation of the fixed shaft.

References:

MechaniCalc. (2021, April 12). Bolted Joint Analysis. Retrieved from MechaniCalc: https://mechanicalc.com/reference/bolted-
joint-analysis

McMaster-Carr. (2021, April 12). Black-Oxide Alloy Steel Socket Head Screw. Retrieved from McMaster-Carr: https://www
.mcmaster.com/91251A031/
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Modular Plate Bolt Shear Stress Analysis
Objective:

To conduct a conservative study to determine if the modular plate bolt fails from shear.

Variables: d - Diameter of Bolt Shank [m]
A =Area[m"2]
S.ty = Yield Strength [Pa]
m = Mass of Robot [kg]
g = Gravity [m/s"2]
F = Force [N]
T = Shear Stress [MPa]
FS = Factor of Safety

Solution Method:
Determine the force
Determine the shear stress

Compare shear stress to yield strength of the bolt

Equations: a 2
eq = II- E
eq =m.qg

F
eq
T =
eq A
eq
S
ty.
FS = _req
eq Teq

Determine the Area of the Bolt Shank

Omikron Robotics
Phase 111 Detailed Design

Assumptions:  The worst case scenario experienced by the bolts is when the robot is travelling horizontal along the wall
The shear stress applied to the bolt is a conservative estimate, and therefore the force experienced by one bolt

is the weight of the whole robot.

8
The yield strength of bolt (from McMaster Carr): S, ., =8.2737-10 Pa

The mass of the robot is assumed to be: m :=500 kg

The acceleration due to gravity: g

Sketch:

=9.81 L
2
S

ik

l
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Analysis:

The area of the bolt shank can be calculated:

2
dMP

2

The force experienced by the bolt shank is then calculated:
F:=m.g =4905N
The shear stress experienced by the bolt shank is then calculated:

2
A:=m. =0.0003m

F 7
T::E=1.7209-10 Pa

8
Siy.up =8-2737-10  Pa
The shear stress experienced by the bolt is less than
< Sty.MP =1
Sty.M’P
FS, =———=48.0774
Conclusion:

This conservative estimate of the shear stress experienced by the modular plate bolts resulted in a factor of safety of 48. Due to
this high factor of safety value achieved, no more further analysis is required to determine if the bolts of the robot fail. In reality,
the shear stress experienced by the modular plate bolts will be much less than the conservative estimate used in this analysis.

References:

McMaster-Carr. (2021, April 12). Black-Oxide Alloy Steel Hex Drive Flat Head Screw. Retrieved from McMaster-Carr: https://
www.mcmaster.com/91253A867/
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Appendix D11 : Winch Analysis

Winch Connection Calculations

Title - Tensile & Shear Stress on the Winch Connection |
Date - March 15, 2021 |

Author - Liam Wolf & George Felobes |

Objective

Determine the average tensile, average shear and maximum shear stress in the winch connection to make sure it does not
fail under shear or tension. The pull strength of the threads used to connect the connection point to the robot will also be
analysed. This will confirm the selection of a hoist ring to connect the vehicle to the winch.

m_t = Total mass of the system 0_avg = Maximum shear stress calculated through load bearing
portion of hoist ring

D = Diameter of load bearing portion of hoist ring. Shown o_T_failure = Yield shear stress found from material properties

in diagram
b = effective width T_max = Maximum shear stress calculated through load bearing

S . portion of hoist ring
|_c= Moment of inertia around the centriod

g = Gravitational acceleration of earth, equal to 9.81 m/s"2 1_failure = Yield shear stress found from material properties

FOS = Factor of safety n_t = Number of threads per inch on winch connection

D_t = Major di ter of threaded winch ti
V_avg = Average shear force calculated - ajordiameter ot threaded winch connection

A = Area that the VV_avg acts upon on hoist ring A_t = Effective tensile strength area though threaded connection

o_avg_t = Maximum shear stress calculated through thread
Solution Method

Determine the estimated tension on the winch connection to be the extreme value when it is carrying the whole weight of the
robot.

Determine the effective area that the force is transmitted through

Calculate the maximum shear stress as the force divide by the effective area

The maximum shear stress is calculated using the relations shown in the analysis section
Employ a factor of safety to be used

This will guide the selection of a commercially available connection to avoid failure. If all materials cannot meet the failure
criteria requirements, the geometry would be medified to reduce the shear stresses.
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Winch connection dimensions based on preliminary selection of the smallest available hoist ring which
capable of supporting the robot mass of 500 kg. A hoist ring able to lift 1134 kg (2500 Ibs) vertically or
756 kg (1667 Ibs) at a lifting angle of 45 degrees (to account for potential swaying of the robot if
detached from vessel) was selected; a cross-sectional diameter and thread properties can be assumed
for this calculation as shown below.

Source for preliminary hoist ring selection: https://www.mcmaster.com/2994T91/

m t:=500kg g:=9.81 = Di=0.75 i FoSi=2 mitw=i3X3% ot 0,54

in
)

The system will be analyzed when the robot is placed on a vertical surface such that the weight vector is perpendicular to the
ground. The winch is assumed to carry the whole weight of the robot. This is an extreme cases to test the limits of a winch
connection

Assume a constant thickness perfectly circular hoist ring cross section
Assume tensile and shear force distribution is uniform along the effective area
Connection is symmetric, with symmetric force distribution

The winch connection is assumed to be made out of stainless steel
D
r:=—=0.0095m
2
Vivgi=m t.g=4905N Determine weight of the platform from the mass

2 2
A::[r ]-n=0.0003m

Tension of the winch is equal to the weight of the whole platform (assumed conservativly)

Tensile Stress Calculation

Diameter, D

Thus the maximum force used for the
tension calculation is half the weight of

i
l l the robot

T/2 T/2

avg

. FOS

Oavg = T =17.2091 MPa

Looking at tensile strength of Stainless Steel:

Source for tensile strength: https://www.thomasnet.com/articles/metals-metal-products/all-about-304-steel-properties-
strength-and-uses/

O’I‘_fai]ure =215 MPa
1 — 1 ~ ~ -3 "n
if Oaw<OT__fai1ure ="No failure under tension
"No failure under tension”
else
"Winch connection fails under tension”
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Shear Stress Calculation

Following the approach from the following source in order to determine the maximum shear force in a hollow shaft:

Diameter, D

/

/

Thus the maximum force used for the
shear calculation is half the weight of the
robot

172 /2

Shear Stresses in Circular Sections

A circular cross section is shown in the figure below:

The equations for shear stress in a beam were derived using the assumption that the shear stress along the width of the beam is constant. This assumption is valid at the centroid of a circular
cross section, although it is not valid anywhere else. Therefore, while the distribution of shear stress along the height of the cross section cannot be readily determined, the maximum shear
stress in the section (occuring at the centroid) can still be calculated. The maximum value of first moment, Q, occurring at the centroid, is given by:

2r3

Qma; o T

The maximum shear stress is then calculated by:
VQuaz _ 4V
Timez = =
- Ib 34

where b = 2r is the diameter (width) of the cross section, I, = nr*/4 is the centroidal moment of inertia, and A = mr? is the area of the cross section.

Source to determine the shear stress in a hollow shaft. https://mechanicalc.com/reference/beam-analysis
4 1 4 o)
;=)
e —3 =6.4647-10
b::(r)-2=0.019m

3
2.[1: ] -7
Q i=——==5.7611-10 m3

“max 3

2 ’Qmax
L i FOS =22.9455 MPa

c

Looking at shear strength of Stainless Steel:

Source for shear strength: http://www.matweb.com/search/datasheet_print.aspx?matguid
=71396e57{f5940b791ece120e4d563e0
:=74.5 MPa

Tfailure

2 - . - - "
1.E o T ="No failure under shear

"No failure under shear”
else
"Wheel axle fails under shear"
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Thread Strength Calculation

Thus the maximum force used for the
thread strength calculation is the entire
weight of the robot

Thread Diameter , D_t

=1 |

Based on the following source, the pull strength of the threaded connection between the hoist ring and the robot plate can be
calculated.

https://www.engineersedge.com/thread_stress_area_a.htm

The following are definitions for the elements:

A, = tensile strength area of screw thread.

D = Basic major diameter, example; .500 for a 1/2 - 13 UNC - 2B Thread Engineering Data Chart

SR 20

n = Number of threads per inch

500 -13UNC - 2a

Equation:

;
A, = 0.7854( p - 23743
\ ,’ J

This equation provides an approximate result by extrapolation on the thread stress area of a fastener. This
equation is adequate for design applications on engineering materials or less than 100 ksi ultimate strength.

7
! 5.8
A_t::o.7854.D_c_% =9.155.10 " m
. FOS
avg
aavg_t::T=107'1576Mpa

Looking at tensile strength of Stainless Steel:

Source for tensile strength: https://www.thomasnet.com/articles/metals-metal-products/all-about-304-steel-properties-
strength-and-uses/

o, += 215 MPa

T failure

1 oo 10 ~ 3 1 "
if Cavg t <Or failure ="No thread failure under tension

"No thread failure under tension”
else
"Thread fails under tension”
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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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Mesh refinement in area
of stress concentration

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:

3.00E+08

2.50E+08 [

2.00E+08 [

1.50E+08 [

1.00E408 [

Maximum Von-Mises Stress (N/m?)

5.00E+07 |

0.00E+00

0 1 2 3 4 5 6
h-Adaptive Loop

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 6™, 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:

Material: AIS1 4130 Steel, normalized at 870C

Model type: Linear Elastic Isotropic

Yield strength:

4.6e+08 N/m”"2

Tensile strength: 7.31e+08 N/m”2

Elastic modulus: 2.05e+11 N/m”2

Poisson's ratio: 0.285

Mass density: 7,850 kg/m”3

Shear modulus: 8e+10 N/m”2

0. 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.

BOoo~NoGa~WONE

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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Fixed support

Drive system

weight: F,
Fixed support

Gearhead torque

Figure 24 — Loading Conditions of the Gearhead Housing

Model name: drive housing
Study name: Static 1(-Default-)
Mesh type: Solid Mesh

A

SOLIDWORKS Educational Product. For Instructional Use Only.

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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Model name: drive housing
Study name: Static 1(-Default-)
Plot type: Static nodal stress Stress1 Min: 1.3576+04

wvon Mises (N/m*2)
2.733e+08
. 2460¢+08
. 2187e+08

- 1.913e+08

. 1.640e+08
I, 1.367e+08
~ 1.094e+08

. 8.208e+07

5477e+07
2.745e+07
1.357e+05

P Vield strength: 4.600e +08

SOLIDWORKS Educational Product. For Instructional Use Only.

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=1515N
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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Direction of
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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.

179




O

OMIKRON Omikron Robotics
ROBOTICS Phase 111 Detailed Design

o Min:| 3.676e +02

von Mises (N/m”2)

6.886e +06

l 6.197e +06

. 5.509 +06
. 4.820e+06
_ 4.132e+06

r}_ 3.443e +06
. 2.755e+06
_ 2.066e+06

1.377e+06

6.889% +05

Max:| 6.8

3.676e+02

— Yield strength: 4.600e +08

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:

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

e The shaft will have a thickness of 3.3 cm and length of 60 cm.

e The material is 4130 steel with linear isotropic properties.

e The shaft is simply supported at the ends, and a concentrated load acting in the
middle

Model dimensions:

60 cm

.]sjcm

+——

33cm

FBD:

R1 R2

F =140 kg x 9.81 m//s"2 = 1373 N
R1=R2=0.5x1373=687 N

For this simple loading condition, the shear and bending moment diagrams are given by:
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Mmax

MA

Where V1=R1 and V2=R2

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

3V 3*%1373 N

=—=—"——=1.89 MPa
fmax = 54 T 2% (0.033 m)2
The maximum bending moment is given by:
FL 1373 N +0.6m
Moo = = —— = 205.95 Nm

4 4
The maximum bending stress that occurs:

_ Mc 20595 Nm * 0.0165m — 34.4 MP
Imax =7 7= (0.033m)* = shaMra

12

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.
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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:
o The material of the shaft is isotropic and linear elastic
e The material is 4130 Normalized Steel
e 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:
Mxby

Rxb1ly Mxbz

Rxw1

FTin=180 Nm

Xb17
‘7) R Mxbz=98.5678 Nm
Mxby = 61.6 Nm

Mxay=148.082 Nm

Mxaz=185.0498 Nm
Rxwly=178.099 N

Rxwlz =1378 N
Rxbly = 1831.93 N
Rxblz = 1232.09N

Rxw1z
L

=

Xw

Distance of Gear: _

o 45.01 fmag::'lifﬂ(]N
= . nm

Xb1 m

L J

Distance of wheel: Distance of bearing 1:

X, =80 mm Xpp =130 mm
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Wheel Keyway
Fixture

Bearing Remote
Loading

Wheel Remote
Gear Remote  [oading

Loading

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.

' ) von Mises (N/m”™2)
1.257e+08

1.131e+08

- 1.006e +08
. 8.803e+07
_ 7.549:+07

6.2%4e+07

5.03% +07

1.257e+08
_L_ _ 3.785e+07

2.530e+07

1.276e +07

2.087e+05

— Yield strength: 4,600e +08

Concentrated
Stress at Keyway

Figure 32 — Drive Shaft FEA Max Stress Result Plot Isometric View
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von Mises (N/mA2)

1.257e+08

1.131e+08
. 1.006e +08
. 8.803e+07
7.549e +07

 6.2%4e+07

. 5.039e+07
3.785e+07
2.530e+07

1.276e+07

2.087e+05

—3 Yield strength: 4.600e +08

Max Stress M ] 57 |

Figure 33 — Drive Shaft FEA Max Stress Result Plot Keyway View

FOS

2.20de+03

1.984e +03

_ 1.764e+03
_ 1.544e+03

1.324e+03

1.104e +03

_ 8.83%+02
. 6.638e+02
_ 4.438e+02
2.237e+02

3.660e +00

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

Omikron Robotics
Phase 111 Detailed Design

Objective:
Validate analytic fixed shaft calculation and determine FEA FOS and maximum stress. H-adaptive
mesh is utilized to determine the proper mesh

Assumptions:
o The material of the shaft is isotropic and linear elastic
e The material is 4130 Normalized Steel
e 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.

Rby Rsy, Rsz

¢ Ms
Mb L/_

< Rbz
Rbx

b

.

xwall

X support

Xb=8 mm

- Rsy = 1497.9963 N
Rby=-1497.9963N  Rs v wwall = 43 mm

Rbz = - 1497.9963 N

Rbx=0N
Mb =-299.5993Nm

Mb = 173.7676 Nm

X support =92 mm

Square Section
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Fixture

Bearing Remote
Loading

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.

6.9%e 402 o won Mises (Mfma2)

8.013e +07

l 7.212e 407

. 6410e+07

_ 5.609+07

_ 4808 +07

A.007e +07

32056 +07

L 24Me+07

1,603 +07
8.014e +06
6,004 + (2

— Yield strength: 4.600e +08

&
Max: | 8.013e +07

Figure 36 — Fixed Shaft FEA Max Stress Result Plot
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FOS

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 VV 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:
e The loads applied to the V Support are the forces and moments from the drive
shaft.
e The worst-case loading scenario on the V Support occurs when the robot is vertical
on the wall.
e Assume 4130 steel.
e 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
F21=-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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X-Location (mm): 0

Y-Location (mm): 0

Z-Location (mmy: 0

Force - X-Direction (N): 495 X-Location (mm):
J| Force - Z-Direction (N): -338 Y-Location (mm):

/s
/| Moment - x-Directon (N-m):[20 ZLocation (mm):

Moment - Y-Direction (N-m):|-3% 5
J ) Force - X-Direction (N):

Moment - Z-Direction (N-m):|29

Force - Z-Direction (N):
Moment - X-Direction (N-m):|-

ate System1 Morment - Y-Direction (N-m):|-

Moment - Z-Direction (N-m):

Figure 38 — V Support Loading Conditions

Fixed Geometry:

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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von Mises (N/m#*2)
9.887e+07
8.898e+07
7.909e+07
6.921e+07
_ 5.932e+07

4.943e+07

3.955e+07

2.966e+07

1.977e+07

9.887e+06

6.701e+02

— Yield strength: 4.600e+08

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:

Omikron Robotics
Phase 111 Detailed Design

FOS

6.86e+05

6.18e+05

5.49e+05

4.8e+05

4.12e+05

3.43e+05

2.75e+05

2.06e+05

1.37e+05

5.86e+04

4.65

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.
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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:
e The load applied to the modular plate is the weight of the entire robot.
e The worst-case loading scenario on the modular plate occurs when the robot
is vertical on the wall.
e Assume 4130 steel.
e 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.
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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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von Mises (N/m~2)
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Figure 43 — Maximum Von Mises Stress of the Modular Plate

Maodel name: Top Connector Plate

FOS

Study name: Vertical on the Wall(-Default-)

Criterion : Automatic

Figure 44 — Minimum Factor of Safety of the Modular Plate

Analytical Validation:

Plot type: Factor of Safety Factor of Safety!
Factor of safety distribution: Min FOS = 33

_ 2502e+03

= 3.298e+01

3.120e+03

2.811e+03

_ 2.194e+03

_ 1.885e+03

1576e+03

_ 1.268e+03

_ 9.58%e+02

_ 5503e+02

3.416e+02

3.298e+01

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:

Platform modules are connected together with top modular plate.

Drive systems are connected to the top plate by bolting the fixed shaft to the plate.
Manipulator is loaded onto the top plate and connected.

Halves of the chassis are connected together using the bottom modular plate.
Linear actuators are mounted onto the front and back end of the chassis.

Chassis connected to the top plate with bolted threads.

Winch is connected to the hoist rings to provide support while the robot travels
vertically.

@™o a0 oW
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Set-up time estimation:

Table 7 - OmiBot Estimated Assembly Time

Omikron Robotics
Phase 111 Detailed Design

Task Number ({f bolt Time estimate (s)
connections
(a) Assemble
modular halves of 6 510
top plate
(b) Connect drive g 690
systems to top plate
(c) Connect
manipulator to top 4 330 + 15(60s)
plate
(d) Connect halves
of chassis with 6 510
bottom modular
plate
(e) Mount linear . g 690
actuators to chassis
() Connef:t top plate g 690
and chassis
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

Omikron Robotics
Phase 111 Detailed Design

The Gantt chart is presented in Figure 45 and Figure 46 shows Phase | in red, Phase 11 in grey, Phase 111 in yellow and the poster/presentation section in dark blue. The diamond shapes indicate a milestone, such as Phase I,
Phase 11, Phase I11 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 111 have been revisited, and further refined.
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2021-03-04
2021-03-05
2021-03-07
2021-03-15
2021-03-15
2021-03-15
2021-03-15
2021-03-15
2021-03-08
2021-03-08
2021-03-10
2021-03-10
2021-03-08
2021-03-15
2021-03-15
2021-03-15
2021-03-20
2021-03-26
2021-03-26
2021-03-30
2021-03-26
2021-04-05
2021-03-29
2021-04-15

Begin date

Omikron Robotics
Phase 111 Detailed Design

End date Resources
2021-02-20 Areej Khaddaj
2021-02-26 Calvin Chen
2021-02-28 George Felobes
2021-03-03 Omikron Team
2021-03-04 George Felobes
2021-03-12 Omikron Team
2021-03-15 George Felobes
2021-03-25 Eric Wong
2021-03-25 Eric Wong
2021-03-18 Liam Woalf
2021-03-18 Calvin Chen
2021-03-25 Calvin Chen
2021-03-20 Areej Khaddaj
2021-03-20 George Felobes
2021-03-15 George Felobes,Areej Khadd..
2021-03-15 George Felobes,Areej Khadd...
2021-03-14 Calvin Chen
2021-03-28 Liam Wolf
2021-03-20 Liam Wolf
2021-03-28 Eric Wong
2021-03-25 Eric Wong, Liam Wolf Calvin ...
2021-03-28 Calvin Chen
2021-03-29 Omikron Team
2021-03-30 Omikron Team
2021-04-04 Omikron Team
2021-04-05 Omikron Team
2021-04-10 Omikron Team
2021-04-15 George Felobes

2021
[Phase 2 Submission| |Phase 3 Submission|
| | | | | |
Wk 10 Wk 11 Week 12 Wesk 13 Wisak 14 Viesk 15 Week 16 Wk 17
2021-02.28 20210307 2 1-03-14 H021-03-2 1 2021.03.28 02 1-04-04 2029-03-1 4 02 1-04-18

e

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 I1l. The poster and presentation effort is
shown in Table 8.

Table 8 - Omikron Robotics Phase Ill Time Sheet

Phase 3
Baseline| Actual

Start End total total Liam Calvin George Eric Areej Kenny

date date Responsibility Task hours
5- | 12-

Mar-| Mar- Additional

2021 2021 All Research 24 35 3 3 10 6 9 4
7- | 15- Design

Mar-| Mar- Compliance

2021 2021 GF Matrix 20 18 1 10 3 1 1 2
9- O9-

Mar-| Mar- Client

2021 2021 All Meeting - #7 6 6 1 1 1 1 1 1
15- | 25- CAD

Mar-| Mar- Modelling

20212021 EW (transmission) 10 16 8 8 0 0 0 0
15- | 18- CAD

Mar-| Mar- Modelling

2021 2021 LW (actuation) 8 9 0 0 5 4 0 0
15- | 18- CAD

Mar-| Mar- Modelling

2021 2021 CcC (connections) 4 10 4 2 0 0 0 4
15- | 25- CAD

Mar-| Mar- Modelling

2021 2021 CcC (chassis) 8 4.5 3 1 0.5 0 0 0
15- | 20-

Mar- Mar- Simulations

2021 2021 LW (optimization) 12 14 5 0 2 0 5 2
20-  28-

Mar- Mar- Simulations

2021 2021 EW (FEA) 8 395 | 25 0.5 4 0 8 2
20-  25- Simulations

Mar- Mar- (motion

pIopXRPAOPAN E\N, LW, CC analysis) 10 10 0 10 0 0 0 0
9- 0O9- Faculty

Mar- Mar- Advisor

2021 2021 All Meeting -#7 6 6 1 1 1 1 1 1
& 20- beign

Mardivar Calculations

2021 2021 .

| GF (static and 20 69 2 10 8 25 12 12
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dynamic
analysis)
Detailed
10-  15- Design
Mar- Mar- Calculations
2021 2021 (stability with
GF, AK obstacle) 10 11 0 0 6 5 0 0
Detailed
10-  15- Design
Mar-| Mar- Calculations
2021 2021 (Stability at all
GF, AK angles) 10 9 0 0 9 0 0 0
s 14 beign
Mariviar Calculations
2021 2021
CcC (motor specs) 10 3 0 3 0 0 0 0
16- | 24-
Mar-| Mar- Costing
2021 2021 KO Analysis 25 14 1 1 0 0 0 12
16- | 16-
Mar-| Mar- Client
2021 2021 All Meeting - #8 6 6 1 1 1 1 1 1
16- 16- Faculty
Mar-| Mar- Advisor
2021 2021 All Meeting - #8 6 6 1 1 1 1 1 1
23- | 23-
Mar-| Mar- Client
2021 2021 All Meeting - #9 6 6 1 1 1 1 1 1
24- | 28- Compile
Mar-| Mar- Drawing
2021 2021 EW Package 10 3 0 0 3 0 0 0
1- | 8- Phase 3
Apr- | Apr- Report
2021 2021 All Planning 15 22 3 3 6 3 4 3
8- 12- Phase 3
Apr- | Apr- Report
2021 2021 All drafting 36 68 8 8 8 4 20 20
23-  23- Faculty
Mar- Mar- Advisor
2021 2021 All Meeting - #9 6 6 1 1 1 1 1 1
12-  14- Phase 3
Apr- | Apr- Report
2021 2021 All Review 6 19 5 5 4 1 3 1
10- | 15- Compile &
Apr- | Apr- Submit Phase
2021 2021 CcC 3 Report 2 9 4 4 1 0 0 0

Totals

284

419

78 745 755
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Design Poster/ Presentation
Baseline [Actual

Start End total total |Liam|Calvin| George| Eric | Areej [Kenny
EVCRIOEICH Responsibility Task hours | hours | Wolf | Chen |Felobes|Wong|Khaddaj|Okeke
26- | 30-

Mar- Mar- Initial Poster

2021 2021 All Draft 18 35 10 1 4 2 8 10
25-| 7- Oral Design

Mar- Apr- Presentation

20212021 All Preparation 12 24 4 4 2 2 8 4
30- | 30- Faculty

Mar- Mar- Advisor

2021 2021 All Meeting - #10 6 6 1 1 1 1 1 1
30- @ 30-

Mar-| Mar- Client

2021 2021 All Meeting - #10 6 6 1 1 1 1 1 1
2- 2-

Apr- Apr- Design Poster

2021 2021 GF Submission 1 0.5 0 0 0.5 0 0 0
8- | 8-

Apr- Apr- Final Poster

2021 2021 All Presentation 30 13 2 2 4 2 1 2

Total 73 845 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 111 also includes the hours spend on designing
and drafting both the poster and presentation.

MECE 460 Capstone Project Hours Distribution

@ Phase 1 (actual) [ Phase 2 (actual) Phase 3 (actual)
Liam Wolf —
Calvin Chen —
George Felobes —

Areej Khaddaj —]

Eric Wong —
Kenny Okeke —

0 50 100 150 200

Figure 47 - Omikron Robotics Hour Distribution Per Team Member
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Appendix H: Team Charter

O

OMIKRON

ROBOTICS

Mec E 460 — Senior Capstone Design Project
Group 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) | Name: Liam Wolf

E-mail: Felobes@ualberta.ca E-mail: Iwolf@ualberta.ca
Name: Calvin Chen Name: Eric Wong

E-mail: calvinl@ualberta.ca E-mail: ewwong@ualberta.ca
Name: Areej Khaddaj Name: Kenny Okeke

E-mail: areej@ualberta.ca 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 Project Manager Ensure all deliverables are met. Stay on schedule. Update

Felobes schedule as needed. Point of contact.

Calvin Chen | Deliverable's Compiling reports and ensure all components are coherent.
manager

Areegj Technical Analysis Technical Calculations

Khaddaj

Eric Wong | CAD Modelling SolidWorks

Liam Wolf | Numerical FEA, dynamics, trajectory
simulation

Kenny Feasibility/Cost Pricing, bill of materials, stay within budget.

Okeke Analysis
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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 4
e @,@

canchen | |

Liam Wolf

Areej Khaddaj dﬂ-&f/g/l aﬁ-&f,gJ

Kenny Okeke

Eric Wong EZ)UL wm&}/ EZ)UL ())o’nx,}/
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Appendix |: Engineering Drawings
The engineering drawing package for the OmiBot is presented in the following pages of this
appendix.
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] M lator Arm Sub ol Yask SIA20D ROBOT ]
IN THE BOM OF THEIR RESPECTIVE SUBASSEMBLY. AMIpLIRIOT AT STDESEITDY | TEREWE
2 Modular Chassis Subassembly - - 2
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Thread, 50 mm Long
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OD
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6 Head Screw, 1/2"-20 Thread | McMaster-Carr 921251A031 8
Size, 5" Long
7 Modular Linear Actuator i i 5
Subassembly
Black-Oxide Alloy Steel Socket
8 Head Screw, M8 x 1.25 mm McMaster-Carr 91290A438 8
Thread, 35 mm Long
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Bottom Modular Connector Plate

Manipulator Platform

Top Modular Connector Plate

— NN

Threaded Support Rod for
Manipulator Platform

Pivot Shaft Housing

N ([ O | A OWIN|—
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NN I N B N
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McMaster-Carr
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10-24 Thread Size, 6-1/2" Long

McMaster-Carr
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