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1.1 P08205 Senior Design Project Data Sheet
Project #

Project Name

Project Track

Project Family

PO8205

RP 1kg Motor Module

Vehicle Systems Tech.

Robotic Platform

Start Term

Team Guide

Project Sponsor

Doc. Revision

20072

Dr. W. Walter

Gleason Foundation

Rev.005

Project Description

Core Group Members:

Project Background:

• Reid Williamson
- Project Lead, DFMA, and Systems Engineer
• Artur Ponikiewski
- Platform & Steering Engineer
• Eric Rodems
- Platform & Yoke Engineer
• Jonathan Magalty
- Electronics & COTS MC Engineer
• Brendan Hayes
- Electronics Engineer
• Philip Edwards
- Controls Engineer

The end goal of the Robotic Platform Family of
projects is to provide a product line of off-the-shelf
motor modules and platforms for diverse applications.
The RP 1kg (RP1) motor module (MM) follows
previous designs of 100kg and 10kg models, and
collaborates with RP1 project P08208. This project
will develop a wireless controller, controls, and
develop a platform that protects electronics and has
quickly connects MM”s. The other RP1 project will
focus on the mechanical design of the drive system,
steering, and the yoke. Collaboratively, the teams will
develop a number of motor modules, utilizing
subsystem designs from each team.

Problem Statement:
This project aims to provide the community with an
open-source / open-architecture motor module
designed from off-the-shelf components and capable
of transporting a 1kg payload. The motor modules
shall be designed for multiple platform configurations,
and shall be able to receive individual drive and
steering commands.

Objectives/Scope:
1.
2.
3.
4.
5.
6.
7.
8.

Transport of a 1kg payload
Withstand abuse (robust)
Open-source / open-architecture design
Wireless control between a computer and motor
module
Compact and lightweight
Utilize existing RP design knowledge
Recognizable as RP Family Project
Limited fleet production goal

Deliverables:
•
•
•
•

Wireless control of a RP1 motor module
User interface for motor control of drive system
and steering with a PWM signal
Platform to test the functionality of (2) active
motor modules, (2) idle motor modules, and the
wireless controller
Detailed design documentation

Expected Project Benefits:
•
•

Easy-to-build motor modules, designed to
transport a 1kg payload, that can be placed in
multiple configurations on platform
Publish the latest development of the RIT Robotic
Platform Family of Projects, for any interested
party to utilize or research

Strategy & Approach

Assumptions & Constraints:
1.
2.
3.
4.
5.

Utilize COTS components
Motors will be controlled by a PWM signal
Utilize motor feedback for navigation
Provide infinite steering rotation
Utilize existing design knowledge, RP10 steering
motor for RP1 drive motor
6. Continue vertical configuration of motors
7. MM’s will be individually addressable
8. Common mounting system of MM’s
9. DC powered
10. Functionality to be tested on a flat and
unobstructed 8ft by 8ft-8in surface

Issues & Risks:
•
•
•
•
•
•
•
•
•
•

First ever RP1 project
Limit project scope to best meet needs
Challenge to miniaturize to 1kg scale
Programming required
Collaboration with P08208
Tabletop drop test
Limited robotics experience
Numerous electronic components
System integration
Heat generation & removal

1.2 P08208 Senior Design Project Data Sheet
Project #

Project Name

Project Track

Project Family

P08208

RP1 Motor Module

Vehicle Systems Tech

Robotic Platform

Start Term

Team Guide

Project Sponsor

Doc. Revision

2007-2

Wayne Walter

Edward Hensel

3
documentation of analysis, design, manufacturing,
fabrication, and testing will be provided so that a
subsequent team can build upon the work with no
more than 1 week of research.

Project Description

Project Background:
The ultimate goal of the development of the Robotic
Platform Family is to provide off-the-shelf selections
of mobile Robotic Platforms for future design projects,
faculty projects or student groups in need of a mobile
platform. The motor module would interface with a
platform to carry specific payloads. Previous projects
in the Robotic Platform family include the RP 100 and
RP 10 designs. This project will reference the motor
modules from these projects.

Core Team Members:
•
•
•
•
•

Wendy Fung
Bryan Jimenez
James Edick
Andrew Anderson
Matt Benedict

Problem Statement:

Strategy & Approach

A fully functional, open source, open architecture,
scalable motor module subsystem for use on the 1 kg
(RP1) robotic vehicular platform. Each motor module
will have the ability to drive, steer, communicate with
a controller, and work cooperatively with any number
of modules in a number of configurations to drive a
robotic vehicular platform capable of carrying a 1kg
payload.

Assumptions & Constraints:

Objectives/Scope:
9.

Use an open source, open architecture design
concept.
10. Create a motor module capable of driving a 1 kg
payload.
11. Design and build appropriately scaled drive,
steer, yoke, and motor control systems for the
motor module.
12. Design for mass-production and easy assembly

Deliverables:
•
•
•

A working prototype at the end of SD1.
Detailed documentation of all analysis, design,
manufacturing, and testing.
Final product completion at end of SD2: Two
driven and two idler motor modules completed at
the end of SD2

11. Design will use the drive motor from initial
baseline kit: Drive Motor (Shayang Ye Industrial,
IG320071-41F01).
12. Design will be powered by DC power source.
13. Design will be tested on 8’ x 8’ surface.
14. Design should have infinite steering angle around
a vertical axis.
15. Design will be open architecture and open source
16. Should be able to access any component on
module with no more than 3 minutes of
disassembly.
17. Design should be modular.
18. Motors will be driven with PWM signal.
19. Design will resemble past projects (RP 100 and
RP 10)
20. Design will be able to withstand fall from a table
top and maintain functionality.
21. Design must apply DFMA concepts.

Issues & Risks:
•
•
•
•

Expected Project Benefits:
•
At the end of SD1, the stakeholders will see a
prototype of the motor module built and running
which would give customers time to give feedback.
This will provide the most accurate data possible for
the final product at the end of SD2.
All

•

Parts must be ordered promptly to ensure
fabrication by desired deadlines.
Subsystem testing must start as soon as possible
to begin troubleshooting.
Fabrication and design must start as soon as
possible to begin subsystem testing.
Team collaboration must be frequent. (Example:
ME’s will need advice for electronics, while CE’s
need advice with manufacturing designs)
Initial learning curve

2.1 Organizational Chart

2.2 Subsystem Breakdown

-5-

2.3 Roles & Responsibilities
P08205 – Wireless PWM Motor Controller Focus Group
Name
Project Area of
Functional Area of
Responsibility
Responsibility
Reid Williamson
Lead Engineer,
Mechanical
DFMA, & Systems
Engineer
Artur Ponikiewski
Individual Contributor
Mechanical
Eric Rodems
Jonathan Maglaty

Individual Contributor
Individual Contributor

Mechanical
Electrical

Brendan Hayes
Philip Edwards

Individual Contributor
Individual Contributor

Computer
Computer

P08208 – Mechanical Design Focus Group
Name
Project Area of
Functional Area of
Responsibility
Responsibility
Wendy Fung
Lead Engineer,
Mechanical
DFMA, & Systems
Engineer
Andrew Anderson Individual Contributor
Mechanical
Matthew Benedict Individual Contributor
Mechanical
Bryan Jimenez
Individual Contributor
Mechanical
James Edick
Individual Contributor
Mechanical
RP1 Family Support
Name
Functional Area of
Responsibility
Dr. Wayne Walter Mechanical
Dr. Phillips
Electrical
Jason Kenyon
Mechanical
Jasen Lomnick
Mechanical

Role
Guide
Consultant
Grad TA
Grad TA
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Hardware Area of
Responsibility
System Integration

Role

Platform &
Steering
Platform & Yoke
Electronics &
Controls
Electronics
Controls

Support

Hardware Area of
Responsibility
System Integration

Role

Drive
Steering
Controls
Yoke

Support
Support
Support
Support

Lead

Support
Support
Support
Support

Lead

2.4 Customer Requirements
Customer Requirement

Yes/No

Collaboratively develop MM's with P08208 - team will jointly produce the
final products
Transport 1kg payload
Power motors with a PWM signal
Use encoder feedback from drive and steering motors for navigation
Infinite rotation perpendicular to surface
Wireless control from a computer
Open source & Open architecture - Well documented
Utilize readily available COTS components
Easily recognizable as member of RP Family
Reflect design knowledge of RP Family
Vertical configuration of drive and steering motors
Designed for safe operation
Professional look and feel
Expandable to operate with multiple MM's
Modular MM Mounting - MM's can be interchanged thanks to a common
physical mount and electronic connections
Modular design - opportunity for multiple uses
Utilization of portable power source
Withstand a drop from a tabletop (per test plan)
Meet existing regulatory and RP Family constraints
Backward compatibility command sets with prior RP projects
Designed with multiple battery options
Open design for fine tuning of gear ratio

Note: Testing will ensure that both customer requirements and technical
specs for engineering metrics are met
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2.5 Quality Functional Deployment
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2.6 MSD I Schedule
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2.7 Needs Assessment
Needs Assessment
***
***
**
**
*
*
*
***
**
**
**
*
*
*
*
***
***
***
**
**
***
**
**
*
*
***
*
***
***
***
**
*
*
*

1]
1.1]
1.2]
1.3]
1.4]
1.5]
1.6]
1.7]
2]
2.1]
2.2]
2.3]
2.4]
2.5]
2.6]
2.7]
2.8]
3]]
3.1]
3.2]
3.3]
3.4]
3.5]
4]
4.1]
4.2]
4.3]
4.4]
4.5]
5]
5.1]
5.2]
6]
6.1]
6.2]
6.3]
6.4]
6.5]
6.6]
6.7]

Physical
Transport 1kg payload
Robust design
Compact
Modular MM Mounting - MM's can be interchanged via a common physical mount sand
electronic connections
Infinite rotation perpendicular to surface
Lightweight
Vertical configuration of drive and steering motors
Functionality
Efficient utilization of portable power source
Accurate control of movement
MM's install easily to platform
Backward compatibility command sets with prior RP projects
Designed for safe operation
Smooth movement
Designed with multiple battery options
Open design for fine tuning of gear ratio
Communication
Power motors with a PWM signal
Controllable PWM signal to power motors
Wireless control from a computer
Use encoder feedback from drive and steering motors for navigation
Backward compatibility command sets with prior RP projects
Production
Utilize readily available COTS components
Consideration for DFMA, easy-to-access critical components
Cost effective
Professional look and feel
Easy to fix
Testing
Withstand a drop from a tabletop (per test plan)
Conduct testing on a 8' by 8'8" flat, unobstructed surface
Compatibility
Collaboratively develop MM's with P08208 - team will jointly produce the final products
Open source & Open architecture - Well documented
Expandable to operate with multiple MM's
Reflect design knowledge of RP Family
Easily recognizable as member of RP Family
Meet existing regulatory and RP Family constraints
Modular design - opportunity for multiple uses

* = Important
** = More Important
*** = Most Important

- 12 -

3.0 Mechanical Subsystems
The P08208 group is primarily responsible of the mechanical design of the motor modules.
Three of the four subsystems are organized under P08208: Drive, Steer, and Yoke. The Platform
subsystem is organized under the P08205 group, as design incorporates the placement of
electronic components. Collaboration is emphasized with cross-project membership of
subsystems.

3.1 Drive Design
A. Overview
Great insight was gained in the system design review pertaining to the underlying concepts of
the RP1 projects. The most stressed idea was engineering a dynamic system rather than
designing one specific system. Based on this idea, these points will be further discussed in
regards to drivetrain for the detailed design review.
• Motor operation focus
• RP1’s speed range capability
• RP1’s acceleration range capability
• Lower and upper yoke integration
Other points that will be talked about are:
• Bearing analysis/justification
• Axle size analysis/justification
• Belt analysis/justification

B. Design Refinement
With the ability to change gear ratios there was no longer a need to use bevel gears. In
their place will now be 1:1 miter gears. Without the bevel gears it was also decided that
the bracket from the previous design added unnecessary assembly complexity and was no
longer justified. The new design displayed here uses spacers in order to constrain the two
miter gears together. Behind the miter gear is currently a thrust bearing and a sleeve
bearing.
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Figure 3.1.1
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In addition to the miter gear spacers, this system view shows the new use of collars to mount the
two parallel axles to the yoke. This figure shows the entire drive system in its current
configuration:

IG-32 27:1 Gear
Reduction Motor

Aluminum Coupling
with Set Screws
¼” Diameter Stainless
Steel Axle (common
throughout)
Sleeve and Thrust
Bearings
Aluminum spacer
1.528” PD
Aluminum XL
Pulley

1:1 Miter gear (Steel)

.764” PD
Aluminum XL
Pulley

¼” Axle Collar
2” OD Wheel, 7/8”
Wide
Figure 3.1.2
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C. Risk Assessment & Mitigation
Motor Availability:
While selecting our motors we found a large number of gear ratios available for
our selected motor. We designed our RP1 to work with a wide range of gear ratios. When
the final drive motor for our RP1 was picked out it was realized that not all the gear ratios
are readily available. Potential users of RP1 need to be aware that different gear ratios are
not easily available and those certain gear ratios can potentially carry additional expense
and time to attain.
Miter Gear:
The currently selected miter gear from stock drive products is not currently
available. The lead times for the miter gears are 4-5 weeks as of 2/8/08. As a way of
mitigating this dilemma there are two possibilities. First a similar miter gear made from
brass can be purchased for the initial build and then replace later when the steel miter
gears are acquired. The second option is using the steel miter gears from the RP10 robotic
module temporarily until we obtain the miter gears for our RP1.
Drop Test:
One area of certain risk is in the inability to model accurate drop models. For
these reasons it is not fully certain that the axle will not yield or break. The analysis of
the axle demonstrates that it’s very strong for our uses, but still the possibility of it
bending cannot be fully alleviated until RP1 is actually drop tested. In order to mitigate
this risk as much as possible the yoke will be built to accept larger axles if necessary.
Since bending stress is a fourth degree function of the axle diameter, a larger axle will
dramatically improve performance in bending.
Belt Tension:
The need for a belt tensioner cannot be definitively resolved. It is common
practice to design all belt power transmission systems to have a belt tensioner. In V belts
this is paramount, but on synchronous belts it’s less important. Synchronous belts tend to
have a much lower tension requirement, for instance our drive motor has a 10 lb tension
requirement. We will watch this when we build our module and if it’s a problem we can
locate a belt tensioner on the yoke at that time.
Yoke Integration:
Both upper and lower yoke are intimately integrated with the drive system. For
lower yoke all the axles are mounted to the yoke with sleeve bearings. To have an
accurate drive belt alignment the axle needs to be built close to specifications. The
bearings in the yoke are not supported significantly and are a point of concern. The lower
yoke is also designed so that it can accommodate different belt pulley pitch diameters.
This is needed so that we can better match customer velocity or torque requirements with
an efficient motor operation. The upper yoke will be built so that it can house and protect
the other configurations of the drive motor. The higher gear ratios have longer gearboxes,
so the motors will protrude higher in the upper yoke.
Accurateness of Systems Modeling:
- 16 -

The robotic modules analytical simulation model needs to be verified by
experimental tests in order to ensure that the robotic module will meet our engineering
metrics. Points of concern about the precision of the analytical model are the accuracy of
the provided motor’s torque curve, the fact that friction in the bearings was not taken into
consideration in the simulation, and that the moment of inertia of smaller components
were ignored in the analytical simulation.

D. Knowledge & Understanding of Design
The design of RP1 needs to be very dynamic, so that it can operate for a very broad range of
applications. In regards to the drivetrain the aspects that should display flexibility are the
speed, acceleration, battery life, and maximum power.
Motor Operation Focus:
The drivetrain has been designed so that it can be operated under two different foci. It can be
operated at the highest motor efficiency, which will optimize the amount of battery life for
work done or if the application requires it, the motor can be run at its peak power, so it can
maximize the shaft work it does. The ability to change the motor’s operational performance
focus greatly increases the range of applications in which the RP1 can be used.
The green area shows
the efficient motor
operating range and the
orange area displays the
peak power range

Figure 3.1.3
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Design Space:
A large number of gear ratios have been used in order to create a design space of efficient
motor operation. A range of drive reduction ratios from 1:5 to 1:189 has been graphed for
efficient motor operation and max power operation. These efficiency and power relationships
are graphed as functions of both torque and velocity. Higher gearbox reduction ratios are
possible, but they generate torque values so high that the axles would need to be larger in
diameter to ensure that there was no yield. Another reason the higher reduction ratios are not
used is because the higher ratios have markedly lower mechanical efficiency than the lower
ratios. The higher gear ratios, namely 1:1, will deliver unacceptable acceleration performance
and will not be shown as an option. The idea behind these graphs is that if a potential
customer has either a torque or a velocity requirement for the RP1 they can simply consult
the graphs to make an optimized decision for the gear ratio selection. The efficiency and
power graphs are displayed here as functions of torque and speed along with explanations:
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Figure 3.1.4

Efficiency vs. Torque
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As shown in this graph a large spectrum of torque values can be attained while still maximizing efficiency values. In this case a torque
range of ≈0.15 lb*in to ≈11 lb*in can be achieved while maintaining motor efficiency values of over 55 percent. The peaks could be
further blended together if the wheel size was changed or the belt pulley’s pitch diameters were altered.
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Figure 3.1.5
Efficiency vs. Velocity
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This graph displays the efficiency values of the motor as a function of velocity. The efficiency-velocity relationship is not as uniform
as the torque graph. There is a large void at a velocity requirement of approximately 50 in/s where the motor would operate
inefficiently. The next graph demonstrates how this problem is overcome.
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Figure 3.1.6
Efficiency vs. Velocity
65

5:1
14:1
19:1
27:1
51:1

60

71:1
100:1
139:1
189:1

55
)
%
(
y
c
n
ie
c
if
f 50
E

5 to 1 REV

45

40
0

20

40

60
Velocity (in/s)

80

100

120

The 5 to 1 REV series is the 5 to 1 gear ratio with a further 1.75:1 gear ratio reduction. As shown in this graph, the efficiency void is
nicely filled with this new gear ratio. In utilizing this technique all major voids can be filled and the RP1 will be able to operate over a
wide range of speeds with very efficient motor operation.
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This next series of graphs will show the max power motor focus relationship for both torque and velocity.
Power vs. Torque

Figure 3.1.7
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This graph shows the loss of both power and torque at higher gearbox ratios. This is due to the lower gearbox efficiencies of the
higher gearbox ratios. This is represented by the curves being lower and shifted to the left.
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Power
v. Velocity
Power vs.
Torque

Figure 3.1.8
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Again with the power there is a void at approximately 40 in/s where the motor can not operate at peak power. The 5:1REV curve
shows the further 1.75 gear reduction which successfully fills the void in design space.
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Engineering Metrics:
Velocity Range Capabilities:
From the possible selections of gear ratios a large range of velocities can be achieved.
From the graphs it can be easily shown that speeds from around 2 in/s to 120 in/s can be
achieved while operating the motor efficiently or a peak power. We will be operating our RP1 at
approximately 38 in/s.
Acceleration Range Capabilities:
The acceleration range from the available gear boxes is very large. The higher geared
motors can easily exceed the maximum attainable acceleration for the current weight of our
robotic module. The gear ratio for which we will be using will operate at will have a maximum
average acceleration of 55in/s^2 to the maximum motor efficiency speed.
RP1 Setup:
While the RP1 has been design so that it will work for a wide array of applications, a
setup for the module we will be building needs to be defined. For our design we will be using a
middle of the road setup. We wanted to use a 14:1 gear reduction, but it is not readily available,
so we decided on a 21:1 gear reduction with a 1:2 gearing up in the pulley in order to attain a
13.5 overall gear reduction. This setup will offer a satisfactory operating speed and acceleration
and will work well for very general use.
System Response:
These next series of graphs show the new system response with the 27:1 gear reduction in the
gearbox and the 1:2 gearing up with the pulleys in the yoke. First here are the parameters used in
the calculation:
Specifications:
Wheel Radius (in)
Mass of module (lbs)
Mass of Platform (lbs)
Mass of Payload (lbs)
Mass of Idler (lbs)
Mass of Wheel (oz)
Mass of Wheel (lbs)
g(ft/s^2)
g(in/s^2)

Gear Ratio:
Wheel Radius (m)
Coefficient of Friction
(Rubber & Steel)
Mass of module (kg)
Mass of Platform (kg)
Mass of Payload (kg)
Mass of Idler (kg)
Mass of Wheel (kg)
g(m/s^2)
Efficiency
(≈Mechanical Efficiency)

1
5
4
2.2
3
1.2
0.075
32.2
386.4
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1:4
0.0254
0.7
2.27
1.81
1.00
1.36
0.034
9.81
0.80

These three following diagram are the system response graphs for acceleration, velocity, and
displacement:
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Figure 3.1.9

Velocity vs. Time
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Figure 3.1.10
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Figure 3.1.11
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E. Feasibility Analysis
Bearing Analysis:
Analysis of the selected nylon sleeve bearings shows that they will not be sufficient for
use in supporting the drive axle in all operating conditions, though for our RP1 setup they will
work fine. Below is the sleeve bearing specifications and analysis:

The temperature range is easily within the needs of our robot.
The motor speed operation range with a 5:1 gear ratio is approximately 1142 RPM.

Where:
D = Shaft Diameter (in)
N = angular velocity (RPM)
V = Velocity (ft/s)
From this a maximum velocity of ≈ 75 ft/min is found. This value is below the max velocity
specified for the bearing.
The Load or P Max is found from the weight of the robotic module, a quarter of the payload, and
a quarter of the platform. This is then divided by two for the two forks on the yoke.
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Where:
F = Load (lbs)
D = Shaft Diameter (in)
L = Bearing Length (in)
P Max comes out to be 41.92 psi which is well within the specs for P Max.
Next the dynamic load capability of the nylon sleeve bearing (PV) is calculated. This is simply P
Max multiplied by V
PV=3128
This is beyond the abilities of this bearing which has a max PV of 3000. A sleeve bearing that
would be satisfactory for the 5:1 gear ratio is displayed here:

Sleeve Bearings
This product matches all of your selections.
Part Number: 6627K103

$6.97 Each

Material
Plastic Type
Type
For Shaft Diameter
Shaft Diameter Tolerance
Outside Diameter
Outside Diameter Tolerance
Flange Outside Diameter
Flange Thickness
Length
Length Tolerance
Load (P Max)
Speed (V Max)
Load at Speed (PV Max)
Lowest Temperature Range
Highest Temperature Range
Temperature Range
Specifications Met

Plastic
PEEK
Flanged Sleeve Bearings
1/4"
±0.002"
3/8"
±0.002"
1/2"
1/16"
3/8"
±0.010"
8500
400
3500
-199° to -100° F
+401° to +500° F
-148° to +480° F
Not Rated

The expense of this bearing along with the fact that we won’t need such a robust bearing for our
RP1 setup means that we will be using the first bearing analyzed for our RP1 build.
Belt Selection:
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The following series of selections will validate that our RP1 will work with a XL ¼” belt.
Figure 3.1.12

The rated horsepower of our motor peaks at 5.81 Watts which is 0.00134HP, also our max
operating speed using s 5:1 gear ratio will be around 1140 RPM. From the selection chart above
it is shown that XL belts will completely cover the range that we intend to operate RP1 in.

Figure
3.1.13

This chart shows the required tension for our XL belt. Tension according this chart needs to be
41lbs/in, so our ¼” belts should in theory require 10.25 lbs tension.
All figures are from SDP/SI Tech Library.
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Axle Fatigue Failure Analysis:
In order to validate that the ¼” drive axle will continue to operate under cyclic loading a
fatigue failure theory is utilized. The analysis was done by saying the torque cycles from values
that go from maximum to zero with a 1:189 gear ratio, which is the worst case scenario. Both
distortion energy and maximum shear stress theories are used.

From Marks Standard Handbook for Mechanical Engineers (10th edition)
Where:
Ta = Torque Amplitude (max torque – min torque)
Tm = Torque Mean
Ma = Bending Moment Amplitude (max bending moment – min bending moment)
Mm = Bending Moment mean
Sse = Fully corrected endurance limit
Ssy = Yield strength
D = shaft diameter
ε = constant (32 for Maximum Material Stress and 48 for Distortion energy theory)
To calculate the endurance limit first the rotating beam specimen endurance limit is calculated.
The ultimate strength value is taken from www.matweb.com for 416 Stainless Steel, annealed
bar.
S. e = 0.504S ut

Where:
Sut = Ultimate Strength
The endurance limit is then found by using the surface, size, reliability, and temperature
correction factors
S e = k a k b k c k d S. e

Where:
Ka = Surface Factor
Kb = Size Factor
Kc = Reliability Factor
Kd = Temperature Factor
S’e = Rotating Beam Specimen

- 30 -

Once the endurance limit is found the original equation can be used to find the factor of safety of
our axles under the repeated torque condition. Using Distortion energy equation a factor or safety
of 3 is attained. Using the maximum shear stress criteria a factor of safety of 4.5 is found. These
values for factor of safety are deemed acceptable for our RP1.
Axle Drop Analysis:
As discussed previously there is not a well defined analytical method of determining
forces in a drop scenario. What will be shown in this analysis is the maximum stress capable in
the axle. First a regular bending analysis will be done with just the weight of the robotic module
itself.

Where:
σ = stress
M = Bending Moment
I = Second Moment of Inertia
C= neutral axis
The stress calculated for the axle comes out to 2852 psi which is well below the yield strength
specified of 39900 psi. This means that if the force generated by the fall pulses higher then
fourteen times the modules weight, it could feasible yield. To validate the findings of this initial
calculation a finite element model was created in Pro/Engineer
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Figure 3.1.14

Mechanica and ran in ANSYS. The model was run at the yield weight indicated in the initial
calculation which was approximately 75lbs. The results are shown below:
This plot shows the maximum von Misses stress to be 14885 psi. This is a fair amount below
what the analytical solution specified. This ANSYS model used a single force applied to the
center of the axle, but in truth the force would be distributed through the inside of the wheel over
a larger area. This means that, in actuality the stresses are most likely less than shown here.
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Figure 3.1.15

Deflections shown here are very minimal with a max deflection of 0.0024 in. The deformed
object is shown below:
Figure 3.1.16
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Mechanical Properties of 416 Stainless steel, annealed bar (Axle material)
Mechanical Properties
Hardness, Rockwell B
Tensile Strength, Ultimate
Tensile Strength, Yield
Elongation at Break
Modulus of Elasticity
Shear Modulus

Metric
82.0
515 MPa
275 MPa
30.0 %
200 GPa
83.0 GPa

English
82.0
74700 psi
39900 psi
30.0 %
29000 ksi
12000 ksi

Comments

at 0.2% offset
in 50 mm

* Specifications are from www.matweb.com
F. Test Plans
Velocity Test:
This test will be used to determine if we will meet our velocity metric
Pre-test Prep:
• Tape off a 10 foot stretch of clear ground with marks at the beginning and the end. Allow
for room so robot can get up to speed.
• Acquire a stopwatch
Test:
1. Run the robotic module up in speed until the ideal speed is reached. Do this in the runway
before the first line of tape
2. When the first line is crossed start the stopwatch and record the time until the second line
is crossed
After Test:
Calculate the velocity by using the kinematics equation:
See if results are within a reasonable difference with the analytical solution.
Acceleration Test:
This test will be used to determine if we will meet our acceleration calculations
Pre-test Prep:
• Tape off an 18 inch stretch of clear ground with marks at the beginning and the end.
• Acquire a stopwatch
Test:
o Start RP1 at the first line of tape
o Start accelerating the robot at full duty cycle and start the stop watch
o When the robot crosses the second line stop the stopwatch and record the value
After Test:
Calculate the average acceleration by using the kinematics equation:
See if results are within a reasonable difference with the analytical solution.
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G. Bill of Materials
This is per motor module, but there are a lot of parts in this list that would not need to be ordered for every motor module since the
minimum orders are high. Such items are the aluminum bar stock, plastic rod, machine screws, and set screws.

Quantity

Company

Item
Total
Cost

Item Description

Part Number

Carbon Steel Miter Gears
Stainless Steel 1/4" Axle, 36"
1.528 " PD Timing Pulley (0.8 Pitch XL)
Aluminum
0.764 " PD Timing Pulley (0.8 Pitch XL)
Aluminum
Neoprene XL timing belt (0.2" Pitch, 6.24" Pitch
Length)
1/4" Nylon Flanged Sleeve Bearing
1/4" Zinc Plated Steel Collar
IG32 24VDC 195 RPM Gear Motor
1/2" Aluminum Bar Stock (12")
1/2" Garolite Plastic Rod (12")
M3 Machine Screws (8mm)
Sleeve Thrust Bearing
8-32 Stainless Steel Set Screws

A 1C 4-Y20012
88955K252
A 6A 324DF02508
A 6A 312DF02508

2
1

Stock Drive Products
McMaster Carr

$17.04
$15.64

Comments
Not in Stock, 4-5
Weeks
Already Bought

1

Stock Drive Products

$12.02

In Stock

1

Stock Drive Products

$9.39

In Stock

A 6R 3-031025
6389K627
9961K13
TD-014-195
6750K161
8669K651
92000A118
2797T1
90251A187

1
2
4
1
1
1
1
2
1

Stock Drive Products
McMaster Carr
McMaster Carr
www.Superdriodrobots.com
McMaster Carr
McMaster Carr
McMaster Carr
McMaster Carr
McMaster Carr
Order Total Cost
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$4.14
$3.98
$11.04
$17.95
$5.30
$6.79
$3.45
$2.00
$9.26
$118.00

In Stock
Already Bought
In Stock
In Stock
In Stock
In Stock
In Stock, Qty is 100
In Stock
In Stock, Qty is 25

H. Conclusion
Due to the design intent of RP1 the development of the design space was
comprehensively discussed here. The importance of this idea should no be overlooked because it
will greatly aid future customers of RP1 in selecting an optimized system. Our setup for our RP1
was then defined and the system response was plotted to show that the engineering metrics can
be attained. Feasibility analysis was then completed to verify that the proposed drivetrain system
will work.
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3.2 Steer Design
A.

Overview

The steering subsystem members have decided to go forward with a synchronous belt and
pulley system for transmitting torque from the motor to the steer angle of the motor module. This
type of system is effectively capable of up to 98% efficiency. Fallout of this decision was the
need to include a device to regulate the tension of the belt pulley system. Space concerns in the
upper portion of the yoke were of great concern for all necessary steer components. All these
issues have been addressed as of this design review.
B.

Design Details

The critical component of the steering system is the motor/gearbox combination. As per
the system level design review, this design is focused around the IG32 DC carbon-brush motor.
Gearbox data was analyzed to find the most appropriate steering speed. The data for motor and
gearbox pairing can be seen in Table 3.2.1; the best fit for our speed range is the gearbox with a
ratio of 71 to 1. An advantage to using this particular gearbox is that we currently have eight of
them pre-purchased as per the Baseline Kit. In order to achieve an angular speed as specified,
further reduction was required on the system. This reduction was achieved through a 3 to 1 gear
ratio through the pulley system. Due to size, space, and weight constraints only one pulley
reduction was feasible.
η
0.6
Max efficiency
N
1:71
Gearbox Ratio
Tmotor/gearbox
9.238
N-m
RPMmotor/gearbox
68.66
RPM
N
1:3
Pulley Ratio
Tturntable
9.737
N-m
RPMturntable
22.67
RPM
Angular Speed
136.0
deg/sec
Table 3.2.1. Steering system performance at maximum efficiency.
In order for the pulley system to work properly the turning had to be done to the bottom
portion of the yoke. This required one of the pulleys to have a connection to only the bottom
portion of the yoke. This was done through the use of a machined-down 2” diameter aluminum
rod stock connecting the bottom yoke plate and the larger pulley (See Figure 3.2.2). The design
of this center post not only provided feasibility of the pulley steering system, but it also ensured
no issues with interfering with current drive or yoke design.
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Figure 3.2.2. Center post for connecting pulley to lower yoke.
The selection process for the pulleys included an analysis of the possible range of pulley
ratios to meet our ideal specification for angular speed as previously mentioned. Scan of the
McMaster.com inventory provided limited amounts of gear ratios that would fit our space
constraints. Essentially the smallest possible pulley was chosen to be attached to the drive motor
shaft (0.25” diameter) in order to induce the possibility of the highest gear ratio. The choice was
MXL aluminum timing belt pulley for 3/16" & 1/4" belt width, .509" pitch diameter, and 20
teeth. The other pulley was not limited by a shaft size constraint but was limited to an outside
diameter constraint. The driven pulley chosen was a MXL aluminum timing belt pulley for 3/16"
and 1/4" belt width, 1.528” pitch diameter, and 60 teeth. The combination of pulleys provided a
gear ratio of exactly 3:1. Both pulleys have two flanged edges meaning that are acceptable for
use in a two-pulley system. The belt chosen for this particular pulley combination and the space
constraint of the motor module was MXL Series Neoprene Rubber Timing Belt .08" Pitch, 1/4"
W, 72 trade size. This compared most favorably to the pitch length of 7.136” calculated using a
1.9” center to center distance and the applicable pitch diameters of the chosen pulleys (See
Equation 3.2.3).

Equation 3.2.3. Calculation of belt size for steer system.
Belt tensioning was a major issue of concern going into the last design review. The
current belt tensioning design provides belt tension along a slotted cutout in three plates. This
required the tightening of four screws to lock into place. A slot was cut out to allow for the
shaft/bearing to move within the base plate for the upper yoke. The overall travel the tensioning
system allows is 0.5” overall. This is more than sufficient for the belt choice made in our case of
tensioning being minimal as per our calculation for belt size. Another important use of the
tensioning system comes with the assembly of the upper yoke components. The ability to adjust
means no awkward pull fits of the belt or other components to maintain tension.
Component placement in the upper yoke was another key issue in designing the steering
system. The final system setup can be seen in Figure 3.2.4. The use of right angle aluminum is
required to hold up a layer of 1/8” plates that would support the motor modules. Since the shaft
coming out of the motor gearbox is 6mm in diameter a coupling is required. The coupling is a
custom-machined 0.5” diameter steel shaft with a bore of 6mm on one side and 0.25” on the
other. Two holes will be machined to allow for set screws to lock the two shafts to the coupling.
From there the shaft would run down to the plate to the support bearing. The pulleys, fixed with
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set screws, are then connected using the belt. The driven pulley is attached to the center post
which is attached to the lower yoke plate located on the ground side of the turntable. The
attachment must be made on the lower plate as the top portion of the turntable is stationary,
whereas it is the lower yoke that needs to be rotating.

Figure 3.2.4: Steering System Design

C.

Risk Assessment

The biggest risk within the steering system is the turntable. The potential for inaccuracy
in the turntable would hurt the overall effort of the electronics team in determining the direction
of the motor module. The turntable has no sort of maximum load or rated life values presenting a
skeptical view into the integrity of the turntable. Another potential issue comes from the drop test
and its effect on the turntable. There will potentially be a large amount of shear going into the
turntable and with the previously mentioned concerns failure at the turntable could become a
major issue. Unfortunately as documented previously, the next level in turntables comes at
starting range of about $800, well out of the scope of this project.
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3.3 Yoke Design
A. Overview
The Yoke Subsystem is the skeleton of the RP1 motor module, as it supports and protects the
rest of the subsystems. The primary concern of this subsystem is to ensure the robustness and
durability of the motor module. This is because of the customer requirement of the motor module
being able to withstand a fall from table top height and still keep all functionality.
Some important points were brought up about the yoke in the System Design Review.
• DFMA with screws and brackets
• Mounting of electronics/harnessing
• Upper/lower yoke interface

B. Concept Refinement
Upper Yoke:

Figure 3.3.1 Initial Upper Yoke Concept
The initial concept was is an extension of the design for the lower yoke subsystem
assembly. It was constructed out of 1” al tube stock and 1/8” al sheets. The major drawbacks
to this concept were DFMA and lack of professional appearance with the brackets and the
lack of subsystem integration with steering and electronics.
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Figure 3.3.2 Refined Upper Yoke Concept
The new design utilizes 1/2” square aluminum bars to make up the frame of the upper
yoke. The frame will be 5-1/2” square and 7” high. These bars are bolted directly to 1/8” thick
aluminum plates at the bottom and top. Therefore brackets are no longer necessary. Also with
screwing directly into the aluminum bars no bolts are left extruded keeping with a professional
appearance. Angle aluminum bars support 1/8” thick aluminum plates to mount the drive and
steering motors on. This allows for access to allow removal of the motors without completely
taking the motor module apart. This concept also allows for tensioning of the belt used for
steering.
Electronics Mounting:
The two H-bridges must be mounted so they are insulated from the aluminum frame as
they have unprotected leads protruding from the back of the circuit board, but at the same time
they must be protected from impact in a fall. This will be done by mounting the two H-bridges
on the underside of the top aluminum plate in the upper yoke with insulators between the Hbridges and the plate.
Lower Yoke:
The Lower yoke design was assessed using a Pugh concept review. From this Review an
open fork yoke design was chosen. From this two major open fork designs were developed, a
tube fork design and a single solid C-channel design.
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Figure 3.3.3 Concept A: C Channel

Figure 3.3.4 Concept B: Tube Forks

After comparing the two concepts the tube fork design was chosen mainly due to the ease
of access to the drive system, rigidity, and Cost. The original slide on mounting to the plate
was changed to brackets to simplify the design, and reduce fabrication work.

Figure 3.3.5 Previous Lower Yoke Design (with drive system shown)

This lower yoke design faced the same concerns of DFMA and lack of professional appearance
with the use of brackets as did the upper yoke concept. Therefore the lower yoke was altered to
use 80/20 aluminum quick frame tubing.

- 42 -

Figure 3.3.6 Refined Lower Yoke Concept
The 80/20 quick frame uses nylon connectors that are forced into place with a soft faced
mallet, thus eliminating the brackets of the previous design. The 80/20 quick frame profile is
shown below in figure 3.3.7. The figure shows the internal ribs used to securely hold the nylon
connectors in place, which are shown in figure 3.3.8.

Figure 3.3.7 80/20 Quick Frame

Figure 3.3.8 80/20 Nylon Connector
Interfacing of Lower and Upper Yoke:
The lower yoke will be attached to the upper yoke by four screws and therefore be easily
removed from the upper yoke. The use of 80/20 quick frame with its open tubing and nylon
connectors allows for later addition in a following project of a suspension.
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C. Risk Assessment
Drop Test:
A major concern is whether the design will withstand the drop test. Simulation without an
add-on program to ANSYS can only be done by estimating the force and time it will occur.
There are a lot of assumptions that have to be made to make this estimate. Therefore the only
real way to know if it will survive will be to prototype it and submit it to a drop test.
Screws Shearing:
Another concern focuses around the screws and whether they will withstand the forces
seen on impact from a drop. The max shear force has been calculated to be approximately 441.8
lb. Therefore it is unlikely the screws will shear but there is a possibility the threads may be
misshaped hampering disassembly.
Weight Requirement:
Balancing the customer requirements of being robust but yet lightweight are a challenge.
The yoke subsystem concept has an estimated total weight of approximately 2.2 pounds. When
the weight of the two motors, drive train, and miscellaneous parts are added the total weight will
be close to exceeding the desired weight of five pounds. The use of aluminum has kept the
concept lightweight while still allowing it to be robust.

D. Concept Analysis
Yoke Concept Weight Calculations:
Density of Aluminum = 0.098 lb/in3
80/20 Tube Stock – weight per inch:
Weight:

0.0215 lb per inch

Plates:
Volume:

5.5 in x 5.5 in = 30.25 in2
30.25 in2 x 1/8 in = 3.7813 in3

Weight:

3.7813 in3 x 0.098 lb/in3 = 0.3706 lb per plate

The two plates that sandwich the turntable will have holes cut to allow the drive shaft to pass
through, but for this calculation assuming solid plates.
Bars:
Volume:

0.5 in x 0.5 in = 0.25 in2
0.25 in2 x 1in = 0.25 in3
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Weight:

0.25 in3 x 0.098 lb/in3 = 0.0245 lb per inch

Motor Mounts:
Volume:

1.5 in x 4.5 in = 6.75 in2
6.75 in2 x 1/8 in = 0.8438 in3

Weight:

0.8438 in3 x 0.098 lb/in3 = 0.0827 lb per mount

Angle Bars:
Volume:

1 in x 1/8 in = 0.125 in2

Weight:

0.125 in3 x 0.098 lb/in3 = 0.0123 lb per inch

Lower Yoke:
80/20 Tube Stock:
Plates:

7 in x 0.0215 lb per inch = 0.1505 lb

1 plate x 0.3706 lb per plate = 0.3706 lb

90° Connectors:

2 x 0.03 lb = 0.06 lb

Total Weight:

0.1505 lb + 0.3706 lb + 0.06 lb = 0.5811 lb

Upper Yoke:
Bars:

28 in x 0.0245 lb per inch = 0.686 lb

Plates:

2 plates x 0.3063 lb per plate = 0.6126 lb

Motor Mounts:

2 mounts x 0.0827 lb per = 0.1654

Angle Bars:

11 in x .0123 lb per inch = 0.1353

Total Weight:

0.686 lb + 0.6126 lb + 0.1654 lb + 0.1353 lb = 1.5993 lb

Motor Module:
Total Weight:

0.5811 lb + 1.5993 lb = 2.1804 lb
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Moment on Turntable:
Moment = force x distance
Weight of steering motor: approximately 1 lb
Offset from center: approximately 2 inches
Moment caused by steering motor on turntable is approximately 2 lb-in.
With only a moment of 2 lb-in caused by offsetting the steering motor on the turntable it is
doubtful this will have an effect on the function of the turntable.
Fastening Method:
An important factor in machine design and structural design is the rigid fastening together of
different components. There are many methods of fastening items together including:
•
•
•
•
•
•

Bolting
Riveting
Pins
Keys
Welding/Soldering/Brazing
Velcro

The decision on what fasteners to use should include the following considerations.
•
•
•
•
•

Assembly
Accuracy of positioning
Ability to hold components rigidly together against all forces
Requirement to separate components
Retention of fastening over time

The prime reason for selecting bolts as opposed to welding or riveting for our concept is that the
connection can be easily released allowing disassembly, maintenance and/or inspection. Bolts
also demand the least amount of specialized tools, or skills, to use.
The amount of bolts or screws used though must be minimized to allow for ease of manufacture
and assembly. Minimizing the number of screws was done by eliminating the use of brackets and
bolting directly to the aluminum.
Strength of Bolts withstanding direct shear loading:
Note: The calculations below are based on the assumption that there are no friction forces
between the plates which are fastened by the bolts. The calculations are therefore conservative.
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Figure 3.3.9 Shearing of Bolts
Manufacturers are not required to print the ultimate shear stress for bolts, but the rule of thumb is
that it is equal to 60 % of the listed minimal tensile strength. The bolts we specified list a
minimal tensile strength of 60,000 psi.
Therefore; ultimate shear stress = .6 x 60,000 psi = 36,000 psi
The max force these bolts can handle before shearing equals the ultimate shear stress multiplied
by the shear area.
36,000 psi x (π x (1/16 in)2) = 441.8 lb
Structural Integrity:
To determine the structural integrity, an ansys model was created to determine the effect of a
impulse force on the yoke framing. Forces were applied to the top and bottom corners to
determine the total deflection and forces during impact.
In order to approximate the drop force a momentum balance was used:
MV=ft
Where :
m=mass
V=velocity at impact
F=force
T=impulse time
In order to estimate the impulse time it was assumed this time would be the time it would take
for the entire rp-1 to fall through the top impact surface if it was not stopped by the reaction
force.
V^2=2g*h
V=2(32.2ft/sec^2)*(3ft)
V=13.9 ft/sec
Mass= 5lbs/32.3 ft/s^2
Time= (rp-1 length )/(velocity) =(1ft/13.9ft/s)=.07sec
(or .03 sec for sideways fall)
Force= 30-65lbs
Using the high end of this force estimates, forces were applied to the upper and lower yoke
corners to determine the deflection effects. These effects were found to be minimal.
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Figure 3.3.10 Deflection in yoke due to upper corner force of 60 lbs (in inches)

Figure 3.3.11 Deflection in lower yoke due to a corner force of 60 lbs (in inches)
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E. Bill of Materials
Item Description
80/20 Al. Tube: 1"x1"x48"
90 deg. Connector
Aluminum Plate 24”x24”x1/8”
Aluminum Bar 1/2” square x 6’
Aluminum Angle 1/2” x 1/2” x 8’

Quantity
1
8
1
1
1

Cost Per
$6.25
$1.45
$44.08
$18.74
$8.91

Company
80/20 Inc.
80/20 Inc.
McMaster
McMaster
McMaster

Part #
9000
9140
88895K56
9008K23
88805K42

Total Cost:

Figure 3.3.12 Bill of Materials for Yoke Subsystem
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Total Cost
$6.25
$11.60
$44.08
$18.74
$8.91

$89.58

3.4 Platform, Mounting, & Test Fixture Design
A. Overview
The platform, mounting, and test fixture design subsystem has a new responsibility. This
task is the design and testing of the idler modules. According to a document in the RP10
webpage,1 the RP10 idler modules would not follow the path of the powered motor modules. The
RP10 suggested the design of caster wheels as future work. Subsequently, work was done
towards a caster wheel design leading into this design review. All other responsibilities remain
and will be improved from their status coming out of the System Level Design Review.
B. Design Details
The idler module is expected to be a gutted motor module. This seems completely
feasible using the design direction chosen by the platform subsystem members. In order to make
the idler module, the only parts required are as follow: upper yoke plate, turntable, lower yoke
plate, lower yoke forks, wheel shaft, wheel, and all appropriate fasteners and bearings. Figure
3.4.1 provides a model of what the idler module will potentially look like using current yoke
design materials. Figure 3.4.2 employs the use of a slot to change the caster offset of the wheel
allowing the idler module to follow the direction of the power modules as a standard caster
wheel does. The slot is a temporary feature that will be replaced with holes once the caster is
tested to be stable. This will correct an oversight experienced by the RP10 platform team.

Figure 3.4.1 Solid model of the idler module unadjusted.

1

https://edge.rit.edu/content/P07201/public/Future%20Work

- 50 -

Figure 3.4.2. Idler after caster offset put in.
The mounting has changed slightly from the previous review since the design of the
upper yoke is now complete. The current design for mounting will be very similar. This will be
accomplished through the use of flat brackets. These flat brackets will be machined out of 1/8”
aluminum sheet stock with holes for #8 screws common to parts found already on the motor
module. These flat brackets will be attached on top of the upper yoke plate and top of the
aluminum frame to be discussed later. An idea of the what the brackets look like can be found in
Figure 3.4.3.

Figure 3.4.3. Flat bracket to be used for mounting (1.25”x1/2”x1/8”).
The platform design has been completely revamped since the last design review.
Confusion on the differing viewpoints in the importance of the platform has produced much
wavering in terms of design. The final design presented will include an aluminum frame
constructed of 80/20 aluminum quick framing. Nylon connections will be used to link the piece
of framing. This frame will provide a solid anchor for motor module attachment as well as any
other electronic components that need to be attached. The frame design also allows for the
placement of a variety of different platforms to the frame. In our case we will place a 1/8” thick
sheet of lexan on top of the framing in order to have an area to place our 1kg payload. A
visualization of frame shape can be found in Figure 3.4.4. An example of the connection of the
motor module to the frame can be found in Figure 3.4.5.
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Figure 3.4.4. Frame layout using 80/20 quick frame (overall 2’x2’).

Figure 3.4.5. Motor module mounting onto frame (fasteners not included for clarity).
The test fixture design requires the use of easy to connect plugs for all the electrical wires
required by the electronics subsystem. The can be accomplished by using Molex-type
connectors. The electronics subsystem requires a connector that can hold up to twenty different
wires. The connector determined to fit this best involves the use of receptacles and plugs which
will be fitted with either male of female terminals. These terminals will be attached to the wires
leading from the motor module and from the electronic equipment. This will simplify the use of
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the test platform. As far the physical test platform is concerned, the same concept will be used as
presented in the previous design review with the exception that RP platform idler modules will
be used for the casters attached on the mobile stand. The stationary stand retains the same idea,
very similar to the RP10 test stand with the exception that that mobile test stand, when inverted
will have the ability to operate with the wheel and turntable spinning freely. This will be
accomplished by attaching wooden legs to the upper portion of the mobile test stand. Since the
mounting and electrical interface remains the same, this saves time and money for the text fixture
design.
C. Risk Assessment
The biggest risk associated to the platform subsystem is the ability of the idler module to
perform the duties of a caster wheel. This is something the former RP10 platform team had
issues with as their idler would not react as a caster. Using the current design, we can test under
what circumstances the idler module casters best with use of either the 3” or 4” turntables. An
initial instinct is that as long as the proper caster offset can be applied, either turntable should be
able to react effectively.
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4.0 Electrical Subsystems
Project P08205 is focused on wireless PWM communication, and responsible for the electrical
subsystems: Electronics and Controls. The Platform subsystem is also organized under the
P08205 group, as design incorporates the placement on electronic components. Collaboration is
emphasized with cross-project membership of subsystems.

4.1 Electronics

Overview
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Figure 4.1.1 Communication Overview

The wireless communication system is responsible for sending user commands to the
motor modules as well as receiving health signals from the motor modules. The connection
between the computer and the microprocessor is wireless. This is accomplished through the
wireless transceivers. All connections are wired except those between the wireless
transceivers and the connection between the user and the computer.
The microprocessor is located on the platform. Two motor modules are attached to the
front of the platform, and two idler wheels are attached to the rear. Each motor module
contains a steering motor with its encoder, a drive motor with its encoder, an H-bridge for
each motor, and the wheels and support structures. The wireless video camera connections
and boxes are dotted because they are not included in the current implementation, but could
be added in the future. Also in this implementation a base station will control only one
platform, though the data rate is designed for expandability as well.

Graphical User Interface
5

3

2

Wheel Angle
Θ

4
9
6

8

7

Battery Life Remaining

Left Motor Module Drive Motor: Good
Left Motor Module Steering Motor: Good

Right Motor Module Drive Motor: Inefficiency

1

Right Motor Module Steering Motor: Good

Fig. 4.1.2 - Screenshot of Proposed User Interface
The platform will be driven by the user through the use of the arrow keys. The w, a, s,
and d keys can also be used in the same manner as arrow keys.
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1
2

The bottom bar is where text messages can be sent to the user. The motor module status
boxes will show the status of each motor module: good, inefficiency, or broken.
The bar at the right of the screen is the speed bar. It displays the current speed to the
user. The top bar shows the speed when the platform is going forward and the bottom
bar shows the

3

The buttons to the left of the bar allow the user to select the maximum speed of the
platform. The maximum speed can also be selected by pressing the number keys (1-9).

4

The “run at most efficient” button allows the user to choose to run the engines at
maximum efficiency, rather than a specified speed.

The platform will be driven by the user through the use of the arrow keys. The w, a, s,
and d keys can also be used in the same manner as arrow keys.
When the forward key (or w) is pressed, the platform will accelerate until it reaches max
speed, and will stay at max speed as long as the forward key remains down. The back
key (or s) will cause the platform slow down as long as it is pressed, until the platform
comes to a stop.
5

6

To go backward, the user must select the R button above the speed bar or press the ‘r’
key. In reverse mode, the 1-9 buttons will appear by the lower half of the speed bar.
Pressing the back key will cause the platform to accelerate to max reverse speed, and
pressing the forward key will cause it to decelerate.
The turn angle wheel allows the user to select the angle at which the platform wheels
turn. The maximum turn degree is indicated by the arrow, and the user can drag the
arrow anywhere up to plus or minus 90˚. Pressing the left and right (or a and d) keys will
cause the wheels to turn until they reach the max turn degree. When the arrow keys are
released, the wheels will turn back to the forward orientation. As with a car, both wheels
will turn at the same angle.

7

Pressing the “stop” button will cause the platform to quickly come to a stop, when quick
braking is required.

8

The “turn off” button is a safety feature to allow the user to stop the platform and
remotely disable the power, in case of an emergency.

9

The power bar displays the amount of remaining battery life to the user.

Command Interface
There are two main processors in the RP1 system: the computer and the microcontroller.
The computer receives input from the user and processes it into commands for the user. These
commands are consistent with those specified in the P07302 Design Overview document.
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However, the commands were not specified down to the bit level, so this implementation may
not be compatible with other implementations. Specifically, the CMD_ID field below is not
specified.
The microcontroller is located on the platform and controls two motor modules, each
with a steering motor and a drive motor. The computer sends messages wirelessly to the
microcontroller using the wireless protocol. These messages are either two or four bytes in
length. The first byte is motor module ID, the second is the command code, and the third and
fourth, when necessary, are data bytes. The motor module ID is detailed in Figure 4.1.5 below.
Although only 3 motor module IDs are specified, more can be added to support additional motor
modules per platform.
Byte 0 Byte 1 Byte 2 Byte 3
MM_ID CMD_ID DAT_1 DAT_2
Figure 4.1.3 Command Format

Command

CMD_ID

KILL

FF

SET_ACCELERATION

E0

SET_DECELERATION

E1

RAMP_FWD

D0

RAMP_BCK

D1

GET_SPD

D2

CLR_DISP

C0

SET_DISP_TRIGGER

C1

GET_DISP

C2

SET_ANGLE

B0

GET_ANGLE

B1

SET_TMP_TRIGGER

A0

GET_TMP

A1

SET_PWR_TRIGGER

90

GET_PWR

91

GET_SYS_INFO

80

BRAKE
7C
Figure 4.1.4 Command Codes
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MM_ID Motor Module
00
All
01
Left
02
Right
Figure 4.1.5 Motor Module IDs
The microcontroller replies to the information requests (the “get” commands) with a fourbyte message of the same format as shown in table 1. The data bytes contain the requested
information. The responses use the same CMD_ID as the requests. It is clear whether it is a
request or a response based on the sender and receiver of the command. The microprocessor
also responds to the GET_SYS_INFO request with a 16-byte message. The format for this
command is given in Figure 4.1.6 below. This response is sent every 0.1 seconds to the
computer, without request, in order to periodically give health updates to the user while requiring
one less command to be sent (i.e., the computer doesn’t have to ask for the system info every 0.1
seconds).
Byte 1

Byte 2

MM_ID

CMD_ID

Bytes 3-4

DISP

Bytes 5-6

Bytes 7-8

Bytes 9-10 Bytes 11-12 Bytes 13-16

SPD
ANGL
TMP
Figure 4.1.6 SYS_INFO Packet

PWR

RESERVED

Wireless Protocol
The following components have been selected for implementing the wireless control for
the RP1: MICAz 2.4 GHz Module, and the MIB520 – USB Gateway. The MIB520 allows one of
the MICAz units to act as a base station for communicating with other MICAz units. These units
are produced by Crossbow Technology. The change of wireless implementation has stemmed
from comments received during the System Design Review. The original RS-232 wireless
solution was deemed insufficient for the scope of this project and it was recommended that a new
solution be researched. Upon further research a new RS-232 solution was found. A meeting was
also held with Dr. Yang of the CE Department to discuss a possible Crossbow solution. After
this meeting the Crossbow solution mentioned above was compared with the new RS-232
solution. The following criterion was looked at: cost, ease of implementation, data rate, range,
and scalability. This comparison led to the selection of the Crossbow units. The data sheets for
the MICAz unit can be found in Appendix D. A big factor in deciding on a wireless transceiver
was data rate. The data rate required for the wireless interface is based on the command set that it
supports. The system health packets must be sent regularly at a rate of 10 per second. The size
of the command is 16 bytes. Equations 1 and 2 show the associated calculations for data rate
required for this aspect of the wireless interface.
(10 packets / s )(16bytes) = 160bytes / s

(1)

(160bytes / s )(8bits / byte) = 1.28kbps

(2)

With the health being reported regularly in this way, the get commands are not likely to
be invoked. The remaining commands to be sent over the wireless interface are 4 bytes in
length. For a worst case, we take a keyboard with a minimum debounce time of 30 ms. We
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assume that the user can take full advantage of this, meaning 33 presses per second (though 15
presses per second is on the fast end of what a human can do). Each button press generates two
commands to be transmitted, one upon the press and one upon the release. Equations 3 and 4
show the calculations of the data rate required for this worst-case scenario.
(33 presses / s )( 2commands / press )( 4bytes / command ) = 264bytes / s

(3)

(264bytes / s )(8bits / byte) = 2.112kbps

(4)

These two aspects comprise the totality of the data to be sent over the wireless interface.
Equation 5 shows derivation of the resulting required data rate.
1.28kbps + 2.112kbps = 3.393kbps

(5)

The MICAz mote supports data rates up to 256 kbps, which is well over what the
wireless interface requires. It is possible that in the future, a computer AI will send generate
commands to be transmitted, rather than a human user. It is with this in mind that the maximum
supported rate of commands is calculated.
256kbps − 1.28kbps = 254.72kbps

(6)

The health packets are sent independently of any other commands, so they are subtracted
out of the total bandwidth available, leaving the bandwidth available.
(254.72kbps )(1byte / 8bits ) = 31.84kbytes / s

(7)

(31.84kbytes / s )(1command / 4bytes) = 7960commands / s

(8)

The above calculations show that maximum supported number of commands is 7960
commands per second. This is way more than sufficient to control the robotic platform.

Microprocessor
The microprocessor that will be used is the Freescale HC9S12DT256. The data sheet can
be found in Appendix E. This processor will be able to provide up to 8 PWM channels as well as
support all necessary I/O from the wireless transceiver and motor encoders. One of the features
of this processor is that it supports the following communication protocols: I2C, SPI, SCI and
CAN. This makes it a very modular processor and could allow for several different wireless
approaches to be taken since the communication between the microprocessor and transceiver can
be implemented in several different ways. Based on the choice of Crossbow MICAz wireless
motes, the I2C bus was decided on. Part of this decision stems from a conversation with Dr.
Yang who has a project where I2C was used to communicate between a processor and a MICA2
wireless transceiver.
The microprocessor clock speed is 4 MHz. The processor must be able to support the
processing of commands received through the I2C interface, as well as accurately sample the
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input from the encoders and sensors. The maximum required data rate for the wireless interface
is 3.393kbps. This should be roughly translated back into 66 commands to be processed per
second, and 10 health packets to be generated per second. The encoders are the major data input
source to the microprocessor, and each encoder cycle requires an interrupt to be thrown. The
maximum RPM of the steering motors is 30. The steering encoder has 200 cycles per revolution,
as befitting the ideal specified wheel angle accuracy. The following equation shows the
derivation of the maximum required number of interrupts per second for the steering encoder
inputs.
(200cycles / rev)(30rev / min)(1 min/ 60 s ) = 100cycles / s

(1)

Since one interrupt is required per cycle, 100 interrupts per second are required. There
are two steering encoders, and each encoder has two channels, meaning the microprocessor must
handle 400 interrupts per second related to the steering encoders.
The maximum RPM of the drive motors is 481. There was no requirement related to
overshoot or undershoot, as the platform is manually controlled, but the selected drive motor
encoder has 400 cycles per revolution. This will allow for extreme accuracy in the computation
of total displacement (+/-0.02 in.). Equation (2) shows the derivation of required number of
interrupts per second.
(400cycles / rev)(481rev / min)(1 min/ 60 s ) = 3207cycles / s

(2)

As with the steering encoders, there are four drive encoder channels, so the
microprocessor must handle 12,828 interrupts per second from the drive encoders. The
interrupts routines for each of the encoder channels will be roughly the same regardless of
encoder type, for a total of 13,228 interrupts handled by the microprocessor per second. Since
the code has not yet been written, it is unknown how many clock cycles will be required per
interrupt.
An estimate would be 10 instructions will be required per interrupt. An average of 5
clock cycles per instruction will yield 50 clock cycles per interrupt. Equation (3) shows the
resulting estimated number of clock cycles required for all encoder processing.
(50cycles / int errupt )(13228 int errupts / s ) = 661.4kHz

(3)

This estimated processing rate leaves 3.3386 MHz available for the processing of the
other sensor inputs, the processing of commands, and the generation of health packets. The other
sensors can simply be sampled 10 times per second in order to generate the health packet. At
most, 76 commands per second need to be processed.
3.3386 MHz (1s / 76commands ) = 43928cycles / command

(4)

Equation (4) shows that the estimated number of clock cycles per interrupt leaves 43928
clock cycles per command, which is quite sufficient. This analysis reveals that the number of
clock cycles per interrupt routine is of extreme importance, as a reduction of even 1 clock in the
interrupt routine will free up 13,228 clock cycles during worst-case operation.
One of the main functions of the code that is being run on the microprocessor is to
generate the PWM signals that run the motors. Figure 4.1.7 shows a screen shot captured from an
oscilloscope. The image shows 2 different PWM signals being generated simultaneously by the
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microcontroller. The frequency 20 kHz is used base on some elementary testing. The motors
were hooked up directly to a function generator which was then varied in frequency from 0 all
the way to 30 kHz. It was found that around 20 kHz the whining sound from the motor
disappears.

Figure 4.1.7
The microcontroller was then connected to 2 motors through the h-bridges. Encoder
feedback was captured from one of these motors and can be seen in Figure 4.1.8.
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Encoder Feedback
6

5

4

Voltage

3
Channel A Feedback
Channel B Feedback
2

1

0
0

0.02

0.04

0.06

0.08

0.1

0.12

-1
Sample Time (s)

Figure 4.1.8
This feedback has 2 channels which can be used to show the direction that the
motor shaft is rotating. The speed at which the shaft is rotating can also be determined
from this feedback based on the frequency of the signals. Figure 4.1.9 displays the pins
on the processor and gives a description of what they will be used for.
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Pin
1
3
9
11
25
26
27
28
29
30
31
32
33
35
37
39
41
43
45
47
49
51
53

Description
Vaux
GND
PWM0 - Controls left module Drive Motor
PWM1 - Controls left module Steer Motor
Brake Line
I2C - SCL0
Left module drive motor direction
I2C - SDA0
Left module steer motor direction
PWM2 - Controls right module Drive
Motor
Right module drive motor direction
PWM3 - Controls right module Steer
Motor
Right module steer motor direction
Left Module Drive Encoder Channel A
Left Module Drive Encoder Channel B
Left Module Steer Encoder Channel A
Left Module Steer Encoder Channel B
Left Module Steer Encoder Index
Right Module Drive Encoder Channel A
Right Module Drive Encoder Channel B
Right Module Steer Encoder Channel A
Right Module Steer Encoder Channel B
Right Module Steer Encoder Index

Figure 4.1.9

Software
The MICAz motes run an operating system called TinyOS which was designed for
wireless sensor networks. TinyOS can run nesC as well as Java programs. nesC is a variation of
C that was again designed for sensor networks. Java has been chosen for designing the GUI. Java
suits this project well based on the fact that it is easy to design and program GUI’s and it is a
language that RIT students are familiar with. nesC is used to program the processors on the
wireless transceivers. The nesC programs will handle the commands sent from the user interface
and then pass them onto the microprocessor via the I2C communication bus. The microprocessor
can run C, C++, and Assembly programs. For this project C was chosen since it is a lower level
language that allows for easier communication with the hardware. The C programs that are run
on the microprocessor will be responsible for generating PWM signals as well interpreting
encoder feedback. They will also be responsible for sending any data that needs to be transmitted
to the user back to the wireless transceiver via the I2C communication bus. The C programs can
be loaded onto the microprocessor via an RS-232 cable via CodeWarrior IDE which is a
software development package that is designed to be used with Freescale microprocessors. The
simplest way to get TinyOS up and running is to install it on a virtual machine. The following
link provides all the necessary instructions for getting TinyOS installed using a virtual machine:
http://klueska.doesntexist.com/installing_xubuntos_vm.html.
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Test Plan
For testing the wireless communication some basic bench top testing will be done. First a
simple test program will be used that will send a value from the computer to the wireless mote.
This value will then have some computation performed on it and a new value will be returned
back to the computer. This test will demonstrate basic connectivity. This program will then be
expanded to test the limits of the data rate. Values will be issued from the computer at a very
high rate and similar computations will be performed and sent back. The input sequence will be
saved and then compared with the output sequence. Any inconsistencies could indicate lost or
damaged packets. The next test will be to actually send user commands and simulate the
responses from the microprocessor. This test will show the feasibility of controlling the robot
wirelessly.
Testing the microcontroller can be done in several phases. The first phase was to get a
PWM signal generated. Moving on from there 2 PWM signals were generated and then attached
to the motors to show that the microprocessor could produce an output at a high enough
frequency to remove motor whine as well as control multiple motors. Once this has been
established the next phase is to have the PWM duty cycle be changed dynamically through a
simple user interface. This will simulate the final project where the duty cycles will be changing.
At this point encoder feedback will need to be addressed and a program will be designed where
the duty cycle will be adjusted based on encoder feedback. This will test how well the processor
responds to the interrupts that are caused by the encoder feedback. The next phase in testing will
be to integrate the user command list with the microprocessor. This will test the interpretation of
the commands and the response of the microprocessor. When this is ready a new test can be
performed which tests the wireless communication with the platform. Basic commands can be
issued and the responses from the encoders can be monitored.
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4.2 Controls
A. Overview
The controls subsystem focuses on the motors, their functional components and their control
interface. The micro controller selected is the MC9S12DT256 from Freescale and the h-bridge
chosen is the PWM Motor Controller 3A from SuperDroid Robots. The power supply schematic
has been created and will be powered by NiMH batteries. Encoders chosen for the drive and
steering motors are the E5S, EM1, and HUBDISK by US Digital.

B. Design Analysis
1. H-bridge
The risk assessment for the h-bridge has shown to be low. The one issue regarding
the h-bridge is the possibility of sending more amps through it than it can handle.
The h-bridge is rated for 3A continuously. The steering motor is rated to draw a
maximum of 4A, however, actual testing has demonstrated that this motor actually
draws 150 to 200 mA with no load applied. If by chance the motor draws 4A, the hbridge is rated for a 6A surge and has a fuse that can be replaced if damaged.
2. Power Supply
The following table shows the current draw and voltage for each electrical component in
the module and platform.

Per Platform: Current Draw Informed Estimates
Current Draw
Max
Max
Duty
Voltage #
Power
Efficiency
Drive Motor
0.25 A
0.55 A ~100%
24 V
2
Steering Motor
0.25 A
0.55 A ~10-25%
24 V
2
µProcessor
< 0.25 A
100%
7-18 V 1
Encoder
Typ: <~58 mA 88 mA
100%
5V
2
Optical Sensor
45 mA
100%
5V
2
Wireless 232
30-38 mA
48 mA
100%
8-25 V 1
H-Bridge/MC
13 mA
25 mA
100%
12-55 V 4

Total

0.5-1.1 A
50-255 mA
<0.25 A
116-176 mA
90 mA
30-48 mA
52-100 mA
1.088-2.019 A
Figure 4.2.1 – Per Platform: Current Draw Informed Estimates
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For our project, a total of 24V is required to run the motor module. The choice for power
will be NiMH batteries. Lead acid batteries are too heavy for our project and the figures
(figure 4.2.2 and 4.2.3) below compare the discharge rates of NiCads and NiMH
batteries.

Figure 4.2.2 –NiCad discharge

Figure 4.2.3 –: NiMH discharge
NiMH has a slightly longer battery life and shutdown immediately, where NiCad drag on
for a while before dying. Our project will need as much optimal battery life as possible
for most efficient use. There will be 20 battery cells placed in series with a rating of 4aH.
The estimated battery life while running the RP1 motor module and platform is
approximately two hours.
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The following schematics (Figures 4.2.4 and 4.2.6) are designed for our project’s
purposes and have been accompanied by P-Spice voltage simulations (Figures 4.2.5 and
4.2.7). The DC Buck 5V is necessary for the encoders, while the DC Buck 9V powers
the microprocessor.

Figure 4.2.4 –DC Buck 5v Schematic.

Figure 4.2.5 –DC Buck 5v Simulation. V(n002) is the output, V(n003) is the input, V(n007)
is the inductor input voltage, I(V1) is the current draw on the input, and I(L1) is the inductor
current.
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Figure 4.2.6 –DC Buck 9v Schematic.

Figure 4.2.7 –DC Buck 5v Simulation. V(n003) is the input, V(n002) is the output, I(L1) is
the inductor current, and I(V1) is the current draw on the input.
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3. Encoders
All encoders used are from US Digital and are quadrature,. For the drive motor, the E5S encoder
will be used. This is a quadrature encoder with through-hole shaft mounting and can detect 400
cycles per revolution. 400 CPR was chosen to accommodate the estimated speed of 481 RPM
max from the drive motor. For the steering motor, a combination of the HUBDISK and EM1
encoder has been selected. The HUBDISK will be placed around the shaft which turns the lower
part of the module while the EM1 reads it from the top platform. This combination utilizes an
index channel to track home position and can detect 200 cycles per revolution. 200 CPR was
chosen based on the 30RPM max speed from the steering motor. Output to the microprocessor
from all encoders is TTL squarewave. Refer to the appendix for general encoder information.

C. Bill of Materials
Item
12" PWM cable
36 inch PWM Signal Driver Cable
(signal booster for if not using and
IFI receiver)
10-12 gauge (yellow) #8 Ring
Terminals-pack of 25
12 gauge red/black wire pair (6ft)
E5S encoder
EM1 Optical Encoder Module
Hubdisk
5 Pin Finger latching connector
Power Supply
IC SW REG STEP-DOWN 3A 8SOIC
CAP CERM 2200PF 5% 25V NP0
0805
DIODE SCHOTTKY 40V 3A SMC
RES 10.0K OHM 1/10W 1% 0603
SMD
RES 32.4K OHM 1/8W 1% 0805
SMD
RES 64.9K OHM 1/8W 1% 0805
SMD
Capacitor, 100nF
Capacitor, 100µF, 8V
Capacitor, 100µF, 12V
Capacitor, 10µF, 25V
Inductor, 22µH, Irms > 2-3A,
Ipeak >8A
Diode
Resistor 15k

Source
The Robot
Marketplace

Item #

Each

Qty

RC-214FJ12H

$0.00

8

IFIW-SIG36

$0.00

1

Price
Baseline
Kit

The Robot
Marketplace
The Robot
Marketplace
The Robot
Marketplace
US Digital
US Digital
US Digital
US Digital

0C-RTY12G

$0.00

1

0C-12gZIP
E5S-400-250-H
HEDS-9140-C00
HUBDISK-200-750-2-I
CON-FC%-24

$0.00
$40.95
$29.40
$29.40
$3.15

4
4
4
4
8
Total

Baseline
Kit
Baseline
Kit
Baseline
Kit
$163.80
$117.60
$117.60
$25.20
$424.20

Digikey

LT1765ES8-ND

$9.58

4

$38.32

Digikey
Digikey

478-3753-1-ND
MBRS340FSCT-ND

$0.25
$0.52

4
4

$1.00
$2.08

Digikey

541-10.0KHCT-ND

$0.08

4

$0.32

Digikey

311-32.4KCRCT-ND

$0.08

2

$0.16

Digikey
Digikey
Digikey
Digikey
Digikey

P64.9KCCT-ND
399-4264-ND
P831-ND
P833-ND
P813-ND

$0.09
$0.16
$0.15
$0.15
$0.15

2
10
2
2
4

$0.18
$1.57
$0.30
$0.30
$0.60

Coilcraft
Digikey
Digikey

PCV-1-233-03L
MBRS130L

$0.52

4
4
4

$2.08
$0.00

Total

$46.91
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Appendix A: Motor/ Transmission Specifications
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Appendix B: General Encoder Information

CPR (N): The number of Cycles Per Revolution.
One Shaft Rotation: 360 mechanical degrees, N cycles.
One Electrical Degree (°e): 1/360th of one cycle.
One Cycle (C): 360 electrical degrees (°e). Each cycle can be deco ded into 1 or 4
codes, referred to as X1 or X4 resolution multiplication.
Symmetry: A measure of the relationship between (X) and (Y) in electrical degrees,
nominally 180°e.
Quadrature (Z): The phase lag or lead between channels A and B in electrical
degrees, nominally 90°e.
Index (CH I.): The index output goes high once per revolution, coincident with the low states
of channels A and B, nominally 1/4 of one cycle (90°e).
Position Error: The difference between the actual shaft position and the position
indicated by the encoder cycle count.
Cycle Error: An indication of cycle uniformity. The difference between an observed
shaft angle which gives rise to one electrical cycle, and the nominal angular
increment of 1/N of a revolution.
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Appendix C: Freescale Microcontroller
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Appendix E: MICAz Data Sheet
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Appendix E: Drop Test Plan
Purpose: The purpose of the drop test will be to satisfy the project goal of the Rp-1 to be able to
withstand a fall from a table with no significant damage
Testing: The Rp-1 will undergo seven drops from a height of 36” to a standard tile floor. The Rp1 will be dropped on its top, bottom, and each of its four sides to determine if it can meet the fall
test specifications. In addition it will be dropped on one side while the turntable is rotated to a 45
degree offset to make sure the turntable can withstand the shear force encountered by only one of
the turn table edges coming in contact with the impact surface.
Required Criteria: The Rp-1 after each fall will be visually inspected for any damages or loose
parts. The following criteria must be met to consider the fall test passed:
1) The Rp-1 must not suffer any damages in which the structural integrity is damaged.
The Rp-1 must not change in any major dimensions after the fall. (except small dents
that do not affect any other criteria)
2) The Rp-1 must retain full mechanical and electrical functionality after each test.
3) All axels and alignments of critical drive and steering must not be affected by the
drop test
4) Fasteners such as screws or bolts must not be permanently damaged such as bolt
bending, shearing, or damaged threading.
5) Any parts loosened during the drop must be able to be tightened or remounted within
a 10 min time frame. (Assuming they were not damaged in the fall.)
Passing Criteria: If all such criteria are met after all seven drops, the Rp-1 fall test requirement
will be considered satisfied
Upon failure: If the Rp-1 does not pass all of these criteria, the Rp-1 design will be reviewed to
determine if any modifications can be made to successfully pass the failed criteria. If so these
changes will be implemented and the Rp-1 will be retested
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