DESIGN OF A RECONNAISSANCE AND SURVEILLANCE ROBOT

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

ERMAN CAGAN OZDEMIR

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
MECHANICAL ENGINEERING

AUGUST 2013



Approval of the thesis:

DESIGN OF A RECONNAISSANCE AND SURVEILLANCE ROBOT

submitted by ERMAN CAGAN OZDEMIR in partial fulfillment of the requirements for
the degree of Master of Science in Mechanical Engineering Department, Middle East
Technical University by,

Prof. Dr. Canan Ozgen
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. Siiha Oral
Head of Department, Mechanical Engineering

Prof. Dr. Eres S6ylemez
Supervisor, Mechanical Engineering Dept., METU

Examining Committee Members:
Prof. Dr. Kemal Ider
Mechanical Engineering Dept., METU

Prof. Dr. Eres Soylemez
Mechanical Engineering Dept., METU

Prof. Dr. Kemal Ozgdren
Mechanical Engineering Dept., METU

Ass. Prof. Dr. Bugra Koku
Mechanical Engineering Dept., METU

Alper Erdener, M.Sc.
Project Manager, Unmanned Systems, ASELSAN

Date: 29/08/2013



I hereby declare that all information in this document has been obtained and

presented in accordance with academic rules and ethical conduct. I also declare
that, as required by these rules and conduct, I have fully cited and referenced

all material and results that are not original to this work.

Name, Last name: Erman Cagan OZDEMIR

Signature:



ABSTRACT

DESIGN OF A RECONNAISSANCE AND SURVEILLANCE ROBOT

Ozdemir, Erman Cagan

M.Sc., Department of Mechanical Engineering
Supervisor: Prof. Dr. Eres Séylemez

August 2013, 72 pages

Scope of this thesis is to design a man portable robot which is capable of carrying out
reconnaissance and surveillance missions. Due to design needs, the study is mainly focused
on throw impact damage mitigation and hopping potential with carbon dioxide gas. Also,
electromechanical design of the robot is carried out according to the design specifications.

Keywords: Robot, Reconnaissance, Surveillance, Hopping
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BiR KESIF VE GOZETLEME ROBOTUNUN TASARIMI

Ozdemir, Erman Cagan

Yiiksek Lisans, Makina Miihendisligi Bolimii
Tez Yoneticisi: Prof. Dr. Eres Soylemez

Agustos 2013, 72 sayfa

Bu tezin kapsami bir insanin tastyabilecegi boyutlarda bir kesif ve gdzetleme robotunun
tasarmudir. Tasarim gerekleri sebebi ile tezin odag o6zellikle atis sokundan gelecek hasari
en aza indirmek ve karbondioksit gazi ile ziplama potansiyelinin arastirlmasidir. Ayrica
robotun elektromekanik tasarimi da isterlere uygun olacak sekilde yapilmistir.

Anahtar Kelimeler: Robot, Kesif, Gozetleme, Ziplama



To My Parents

Vi



ACKNOWLEDGMENTS

The author wishes to express his deepest gratitude to his supervisor Prof. Dr. Eres S6ylemez
for his guidance, advice, criticism, encouragements and insight throughout the research.

The author is also grateful to ASELSAN Inc. for the all the support the company provided.

The author would like to thank Ezgi Berfin Unsal, without her support the author would not
be in this point now.

The author also offers special thanks to the his colleagues Deniz Mutlu, Ugur Dogan Giil
and Cigdem Cakic1 Ozkok for their help throughout the thesis.

Finally, the author thanks to Middle East Technical University for educating him.

Vii



TABLE OF CONTENTS

ABSTRARCT o WY
(0 /OSSR v
ACKNOWLEDGMENTS ....coiiiiiiiie e Vil
TABLE OF CONTENTS ..ooiiii e viii
LIST OF FIGURES .....ooiiiiee e Xi
LIST OF SYMBOLS AND ABBREVIATIONS..........ccooeiiiiieiiiien, Xiv
CHAPTERS
1. INTRODUCTION ...ttt 1
I V(0 1V 11 (o] o PR 1
1.2. Technology ASSESMENT......ccuviiiiiiie ittt 2
1.2.1. Commercial MIiCrobOtS.........cccoviiiiieeiiiiiiie e 3
1.2.1.1. iIRobot FirstLOOK 110 .......cccoiiiiiiiieeiiiiiiee e 3
1.2.1.2. Recon Robotics SCOUt XT ....ccvvvvieiiiiiiiee e 3
1.2.1.3. MacroUSA Armadillo ...........ccccvevveeeeiiieeecee e 4
1.2.1.4. Boston Dynamics Sand Flea.............cccceeeeviiiinieiiiiiieneen, 4
1.2.1.5. Comparison of the Commercialized Robots ..................... 6
1.2.2. Robots Which Are On Their Development Phases ................. 6
1.2.2.1. MINE-WHEGS et 6
1.2.2.2. JOHBOL ... 7
1.2.2.3. Shape Memory Alloy Based RobOtS............ccccvevviiiveennnnn. 8

viii



1.2.2.4, MSU JUMPET ..uviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeinirnsnrnnnnnneneeeneenennes 10

1.2.2.5. MOWGIH...c.ovviiiiiiiiiie et 11
1.2.2.6. GIO ... 12
1.2.2.7. MIT MICIrODOt ... 12
1.3. Design SpecifiCatioNnS.........c.vvvereeeeeeeiiiiiiiiiiiee e 13
1.4. Overview 0f the TheSIS........ccccveiiiiieiiiie e 13
2. LOCOMOTION SYSTEM ...oooviiiiiiiiiieeieeieeeeeeeeevvvvvvavvvevveeaeaaee 15
2.1, INTrOAUCTION ... 15
2.2. Cone Wheel Design CONCEPL.......uvvvveeiiiiiiieeiiiiiiiee e siieee e 17
2.3. Detailed Design of the Cone Wheel System ..........c.cccoevvvivernnnn 19
2.4. Parameter Selection for the Wheel ...........cccooeeviiiii, 21
2.5. Skid Steering And Timing Belt Transmission ...........cccccveeevinnnee. 22
2.6. Results of the Manufactured Locomotion System ...................... 22
3. HOPPING SYSTEM .....outiiiiiiiiiiiiiiiiiiiiiiiniiiiiiiiiinninnnnnnnnnnnnnnns 26
3.1 INErOAUCHION ...t 26
3.2. Preliminary Calculations for Jumping with a Piston Cylinder
ATTANGEMENT ...t e e e e e e e e 27
3.2.1. Using CO2 Gas for JUmping .......cccovvveeiiiiineeeiiiiiieee e 28
3.2.2. Preliminary Calculations with CO2 as source....................... 30
3.3. Detailed Model of the CO2 SYStEM........ccvvvveeiiiiiiiee e, 31
3.3.1. CO2 Cartridge ...cceeeivrieeee i e et 32
3.3.2. OFITICE .t 32
3,33 ACTUALOT . 34
3.4. Matlab Model of the System .........ccccevieeeeiiiiieee e, 38
3.5. Mechanism to Pierce the Cartridge.......cccccovvveeiiiieeiiiieeeniieeee, 44
3.5.1. Screw Part of Piercing Mechanism..........cccccccvvviiviieiiiinnnnn, 44
3.5.2. Slider Crank Part of Piercing Mechanism............c.c.ccceeenee. 46
3.5.3. Actual Piercing Mechanism ..........ccccccvvveniineeiiiiee e 47



3.6, THEMECHANISIN <. 49

3.6.1. Analysis of Tilting Mechanism .............ccccoeeeeiiiiinee e, 50
3.6.2. Actual Tilt MeChaniSmM ........uveeeeeeee e 51
3.7. Results of the Overall Hopping System ........ccccoovveiiiiieiiinneenne, 53
4. ELECTRONICS SYSTEM ..ooiiie e 55
0t I T 1 (0o [0 o2 ([0 ] o HU TR UTPTRRTTRI 55
4.2. Microcontroller And Wireless Communication Board................ 55
4.3, BatlerY ... v 57
N |V (o] (o] G B 1Y/ €T TP T U T TR 58
4.5, CoMPASS UNTt ...t 58
.6, SOTIWATIE ... ettt 59
4.6.1. Graphical User Interface for Test PUrPOSES .........cccvvveeernnnn. 59
A7 REMAIKS ..o et 60
5. CONCLUSION AND RECOMMANDATIONS ..., 61
5.1. Conclusions and Recommendations .........cceuueeeeeeeeeeeeieeeeeeeeeinnn 61
5.2. Future Work and RecommendationsS. ........ccevueveeereeeerieeeeeieeeennns 63
REFERENGCES ... oottt ettt e e e e e e eaens 64
APPENDIX: SELECTED PRODUCTS....ooo it 67

A.l. Linear Bearings of the Cone Wheel and Piercing Mechanism ... 67

A.2. Wave Spring of the Cone Wheel..............cooviiiiiii e, 68
A.3. Rabbit 5400w Microcontroller Board Datasheet..............c...e.... 69
AL LIPO BaterY ...ovvvieicccciee et 70
A.5. Motor Driver Datasheet ..........cccvevvviieiiiiii i 71
A.6. Ocean Server OS5000-S Compass Datasheet ............ccccveernnen, 72



LIST OF FIGURES

Figure 1-1: AMCB UGV 2011 Marine Requirements Capability Plan................ccccccoooe. 2
Figure 1-2: Conceptual Drawing of a Small Robot Sent Inside a Collapsed Building [5] ..... 2
Figure 1-3: iRobot FirstLook 110 performing a mission with IDAC accessory.................... 3
Figure 1-4: Recon Robotics Scout XT Throwable RODOt ... 4
Figure 1-5: MacroUSA's Armadillo shown with Additional Flipper and Track Options ....... 4
Figure 1-6: Image of Boston Dynamics Sand Flea ...........cccceeiiiiiiiiiiiiiiiiiiiiccceee e 5
Figure 1-7: Sand Flea Positioning Itself Before AJUMP ......ooovvvviviiiiiiiiieeeeee 5
Figure 1-8: Family of Mini-Whegs ......oooiiiiiiiie e 7
Figure 1-9: MiniWhegs Robot during itS JUMP .....ccoovvviiiiiiiiiieeeeeeeee e, 7

Figure 1-10: High speed camera images illustrating the jumping performance of Jollbot; (a)
Resting state of Jollbot (b) 1.44 s later, Jollbot is ready to jump (c) 0.24 s later, (d) 0.22 s
later Jollbot hits the ground and absorbs impact energy in the slight compressing of the

] 0] 115 TR 8
Figure 1-11:Flea Like Jumping Mechanism — a)Flexor muscle is contracted. b)Extensor is
pulled beyond Jointl and lower femur is stopped by stopper. ¢)Trigger muscle is pulled,
changing the torque direction of the extensor muscle d)All Energy is released and jumping

(0 Tol o1 T [ £ TR PP TR PR PPPPPPRRR 9
Figure 1-12: Flea-Like Robot Preparing FOr a JUMP..........coooeiiiiiiiiiiiiee e 9
Figure 1-13: SMA Hoop Structure for JUMpPING ......ccovvvviiiiiiiiiieeeeeeeeeee 10
Figure 1-14: MSU Jumper a) Prototype b)Solid Model ... 10
Figure 1-15: Bi-Articulated Jumping Mechanism of the Mowgli...........ccccvvvvvviiiiiinnnnnn, 11
Figure 1-16: Mowgli Performing a Jump on @ Chair ...........ccccooiiiiviiiiiieieniiiiiiiiceeeeeee 11
Figure 1-17: Schematic of the Jumping Mechanism of the Grillo .............ccccovvvvviiinnnnnnn, 12
Figure 1-18: MIT Microbot with Dielectric Polymer Performinga Jump........ccccvvvvvveenen. 12
Figure 1-19: Block Diagram of the RODOL...........ccccviiiiii, 14
Figure 2-1: Resilience in wheel is achieved through curved arches in this iRobot Negotiator

................................................................................................................................... 16
Figure 2-2: Resilient Wheel with Curved Arches as Springs and Dampers inside the Wheel

110 PP PPRPT R 16

Figure 2-3: Two Wheel configurations developed for Boston Dynamics Sand Flea Wheels.
On the left wheel is made out of soft foam and right shows the final wheel from
POIYUIEINANE. ...ttt e e e e 17
Figure 2-4: Cone Wheel Concept, left sides shows sketches and right shows the 3D model;
on top a) natural state of the wheel can be seen, whereas part b) depicts deflected state is on

T8 TGN Lo ——————— 18
Figure 2-5: Spline Shaft Alternative, which would outperform key and linear bushing
[Courtesy of Thomson LiN€ar].........coooooiiiiiiiii e, 19
Figure 2-6: Free Body Diagram of the Cone Wheel ............cccccoviviiiiiiiiiiiiiiiiiiieee, 19
Figure 2-7: Cone Design Angle vs. Required Spring Strength and Spring Compression
LNt o 21
Figure 2-8: Locomotion System of the Robot, Showing the wheels, bearings, belt and
pulleys. Wheel taken from the “dumbbell” is left wheel in the picture. ...........cccceeviinnnne. 22
Figure 2-9: Shock response of the 3m Drop-down test on robot ............ccccvvvvvvviviiiivinnnn, 24
Figure 2-10: Cone Wheel shown in natural state in top and deflected state on bottom........ 24
Figure 2-11: Marks of wear on the cone Wheel .............cccccciii 25
Figure 3-1: Boston Dynamics Sand Flea Hopping System Using Combustion .................. 26

xi



Figure 3-2: Sketches demonstrate the phases of hopping; a) At initial condition piston is at
the end of cylinder, b) Gas pressure is applied and piston accelerates, c) Piston collides with
ground and kinetic energy of piston passes to whole robot, d)Robot jumps with the Kkinetic

=] 1= 0 27
Figure 3-3: Typical CO2 cartridges found on the market, many seen with black foams on
them t0 aVOiId FrOSIDILE .......ooii i e 29
Figure 3-4: CO2 Triple Point Graph [B2].......oveiiiiiiiiiiiiiiiieee e 29
Figure 3-5: CO2 Vapor Pressure VErsus TeMPEIAtUIE .........ceeeeieeiiruririeeeeeeeeeiiiiiieeaeeaaenns 30
Figure 3-6: Theoretical Jumping Heights with CO2 with a Cylinder stroke of 50 cm3....... 30
Figure 3-7: Schematic States of the EIements ... 31
Figure 3-8: Matlab Model of the OrifiCe.........cvvvvviiiiiii e, 33
Figure 3-11: Ideal Gas Law Subsystem of the ACtUatOr ............cccceviiiiiieiiiiiiiieee 35
Figure 3-12: Rod Mechanics Subsystem of the Actuator ............ccccccvvvvvviiiiiiiiiiieeeee, 35
Figure 3-9: First Law of Thermodynamics Subsystem of the Actuator..............ccccvvvveeee. 36
Figure 3-10: Matlab Model of the ACTUALON ..........ooiiiiiiiiiiiei e 37
Figure 3-13: Overall Matlab Model of the System ........cccccccviiiiiiee 38
Figure 3-14: Measurement of the Maximum Possible Orifice Area of the 12g CO2 cartridge
................................................................................................................................... 38
Figure 3-15: Pressure in the cylinder vs. time graph for the base run .............ccccoeee 39
Figure 3-16 Temperature in the cylinder vs. time graph for the base run........................... 40
Figure 3-17: Acceleration, Speed and Position of the Piston vs. Time .........ccccccvvvvvvvvennnn, 40
Figure 3-18: Orifice Diameter vs. Robot Jump Height..........coooiiiiie e 41
Figure 3-19: Initial Cartridge Temperature versus Piston Exit Velocity and the Robot Jump
[ T o PP RPN 42
Figure 3-20: Piston Diameter versus Piston Exit Velocity at Various Stroke Lengths and
2.8MM OFifiCe DIAMELET ..ottt e e e eee s 43
Figure 3-21 Piston Diameter versus Piston Exit Velocity at Various Stroke Lengths and
2.8MM OFifiCe DIAMELET ...ttt e e e e eeeeeas 43
Figure 3-22: Overall CAD Drawing of the Piercing Mechanism ............cccccooviiiiiiiiennnnn. 44
Figure 3-23: Cut-Away Section of the Screw Part of the Piercing Mechanism .................. 45
Figure 3-24: Due to Shape of Hammer, Detent Ball Exerts a Force in the Desired Direction
................................................................................................................................... 45
Figure 3-25: Skeleton Diagram of the Slider Crank Mechanism.............ccccccccvvvvviiiinnnnn, 46
Figure 3-26: Free Body Diagrams of the Link 2 and LinK 3 ..., 47
Figure 3-27: Striker Stroke and Multiplication Factor vs. Crank Angle...........ccccvvvvvvennnn, 48
Figure 3-28: Components of the Manufactured Piercing Mechanism..............cccccceveeeis 48
Figure 3-29: Two Possible Design Concepts for Providing Thrust a) Rotating Piston with
Respect to Ground b) Rotating Robot with Respect to Ground.............ccccvvvvvvvvivvivevinennnn, 49
Figure 3-30: Skeleton Diagram of the Tilting Mechanism ............ccccooeiiiiiiiniiinee, 50
Figure 3-31: Free Body Diagrams of a) Leg and b) Robot Body ..........cccccevvvvvvvvvvvevnnnnnn, 50
Figure 3-32: CAD drawing of the Tilt Mechanism ...........cccccoiiiiiieee 52
Figure 3-33: Tilt Mechanism in Action during TestS ........cccvvvviiiiiiiiiiiiiiieeeeeeeeeeeeee e 52
Figure 3-34: Measurement of the Weight of the RODOt ... 53
Figure 3-35: Figure Showing the Actual Jump of the Robot at its Highest Point................ 54
Figure 3-36: Fractured Gears of the Left Tilt Motor’s GearboX ...........ccccevvviiiiiiiiiieneennnns 54
Figure 4-1: Rabbit RCM5400W B0ard ...........ccccevvviiiiiiiieeeeeeve 55
Figure 4-2: Cabling Work Done at the Back Side of the Prototyping Board ...................... 56
Figure 4-3: Mounting the PCB with the O-RiNgs [36] .......cccovvvviiiiiiiiiiiiiiiiieeeeeeeee, 56
Figure 4-4: Li-Po Battery used in the RODOt ...........ccoovvviiiiiii 57
Figure 4-5: Balanced Battery Charger ..........evveeeeiiiiiiiiiiiiee e e e e e e eee e 57
Figure 4-6: Schematic of the Motor Driver Breakout Board..............ccccccevviiiieiiiiinnecnnnne, 58
Figure 4-7: Ocean Server OS-5000S Compass UNit .........ccccccvvvviiiiiiiiiiiiiiiiiiiiieeeeveeae 59
Figure 4-8: Placement of the Compass Unit inside the RODOt.............cccccoiviiiiiiiiinnnnne 59
Figure 4-9: A Screenshot of the GUI Designed for Testing the Robot............cccccevvvvveee. 60

Xii



Figure 5-1: Main reason behind length L was the author's inability to develop his own linear

bearings and his inability to find suitable tires for a smaller wheel .............ccccovvvvvvennnnn 62
Figure 5-2: Main joints of the hopping system are supported with liquid seal.................... 62
Figure 5-3: Heaters could be used to reliably jump at cold temperatures.............cccccvve..... 63
Figure A-1.1: Selected Linear Bearing of the Wheel ..........cccooiiiiiie 67
Figure A-1.2: Selected Linear Bearing for the Hammer Mechanism.............cccccccvvvveee, 67
Figure A-2: Selected Wave Spring of the Cone Wheel [40] .........ccvvviiiiieiiiiiiieeee 68
Figure A-3: Datasheet of the Rabbit RCMS5400W ...........covviiiiiiiiiiiiiieeeee e 69
Figure A-4: Datasheet of the Lithium Polymer Battery from the THK Store ..................... 70
Figure A-5: Datasheet of Texas Instruments DRV8833 ...........ccoveviiiiiiiiiiiiiiie e 71
Figure A-6: Specifications of the OS5000-S...........ccccvviviiiiiiiiie e 72

Xiii



SYMBOLS

mpiston

Myobot

LIST OF SYMBOLS AND ABBREVIATIONS

Gravitational Acceleration
Related Link Length
Ambient Pressure
Ambient Temperature
Pressure in Cylinder
Mass of Piston

Mass of Robot

Supply Pressure of the Cartridge

Temperature of the gas exiting the orifice
Mass flow rate from the orifice to the cylinder
Volume of the pressurized side of the cylinder
Initial (dead) volume of the cylinder

Position of piston inside the cylinder

Dry friction between the cylinder and piston
Viscous friction coefficient between cylinder and piston
Heat transfer coefficient of the cylinder
Orifice Area (Pierced area of the cartridge)
Stroke Length of the Piston

ABBREVIATIONS

uGgv
UAV
AMCB
OCuU
FOV
IDAC
THK
CO,
DEA

Unmanned Ground Vehicle
Unmanned Aerial Vehicle

Army Marine Corps Board
Operator Controller Unit

Field of View

Integrated Deployment and Camera
Tiirk Hava Kurumu

Carbon Dioxide

Dielectric Elastomer Actuators

Xiv



CHAPTER 1

INTRODUCTION

1.1. Motivation

With the advance of the robotic technology, small scale robots started to find use for
reconnaissance and surveillance missions in two new fields; military operations and urban
search and rescue operations.

With the current technology, land based unmanned ground vehicles (UGV) are preferred for
these operations rather than their rivals unmanned aerial vehicles (UAV). UGV’s can
operate longer than UAV’s as they consume less energy, since UAV’s consume
considerable amount of energy even while hovering. Besides that, UGV’s are less silent and
harder to notice compared to UAV’s. Moreover, in an urban area, especially inside a
building, UGV’s are much easier to operate than UAV’s. For these reasons, scope of this
thesis is limited to land based mobile robots.

In military operations, the way to stop soldiers being ambushed or falling into traps during
battle is to help them look before they leap. When equipped with remote control robots
which can look around dangerous corners, explore dark tunnels or be first into caves, armed
forces will know the level of threat and make better decisions on the field. Also, with the
current state of art warfighters can share the visual feedback from the robot with the
command center, thus enable better tactical command and more integrated responses over
the missions.

For the last few years, armed forces around the world are quite interested in such robots.
Recon Robotics’ Scout XT, iRobot's 110 First Look, MacroUSA's Armadillo V2 Micro
Unmanned Ground Vehicle, and QinetiQ North America's Dragon Runner are all “field
tested” in Afghanistan [1]. Among the tested equipment’s 1100, quite a huge number for a
still a developing field, Scout XT was ordered by U.S. Army Rapid Equipping Force for
13.9 Million $ in 2012 [2]. Also, U.S. Army Marine Corps Board (AMCB) also announced
that microbots are in their current and future plans of unmanned ground vehicles [3] as
shown in Figure 1-1 which demonstrates that there will be a demand in similar robots over
the following decades.

In addition to these military reconnaissance missions, these robots are also becoming more
and more accepted in urban operations as well. Concept of sending a small robot in
collapsed buildings to search for humans under the debris is gaining popularity and related
schematic sketch is shown in Figure 1-2 . Removing the ruins takes huge amount of time
however small robots can be used to quickly scan the disaster site and inspect the traces so
that the rescue operations would be more targeted [4].
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Figure 1-1: AMCB UGV 2011 Marine Requirements Capability Plan

Figure 1-2: Conceptual Drawing of a Small Robot Sent Inside a Collapsed Building [5]

1.2. Technology Assesment

In this part, current state of art in man portable reconnaissance and surveillance robots is
investigated. When looking into these robots, jumping ability is not taken as a must in
currently available robots. There are also a few commercial robots available such as iSnoop
[6] or Toughnot [7] and which are not very popular and somewhat based upon the robots
presented here.



1.2.1. Commercial Microbots

This new emerging robotic market is currently controlled by the following robots. Summary
of their capabilities are given in 1.2.1.5. Some of the robots presented here, also have low-
cost models with less attributes, and they are not mentioned in this context.

1.2.1.1. iRobot FirstLook 110

Successful robotics firm iRobot was one of the pioneers of the throwable robot, with their
FirstLook 110 which can be seen in Figure 1-3. FirstLook 110 has become a commercial
success awarding iRobot 1.5M $ contract from the U.S. Army after the field tests in
Afghanistan. [8] The robot features 4 cameras including a Pan-Tilt-Zoom to perfectly fulfill
the expectations in surveillance missions. This articulated tracked robot has no jumping
facilities yet it has flippers to overcome obstacles up to 175 millimeters. Although the
product is quite new, the firm’s patent about the product has been there for the last 10 years,
and the patent explains the precautions for impact resistance, dirt and traction [9]. Main
disadvantages of this robot are its relatively higher cost and incapability of jumping. Also
robot has much lower survival rate at drop down tests than its competitors.

Figure 1-3: iRobot FirstLook 110 performing a mission with IDAC accessory

1.2.1.2. Recon Robotics Scout XT

Scout robot was developed as a result of DARPA funded research in University of
Minnesota, and the success of the research lead to the foundation of Recon Robotics
Company. Many types of the robot were developed during 2000s, including the ones which
can jump [10]; having spooked wheels or a hook [11].



Figure 1-4: Recon Robotics Scout XT Throwable Robot

1.2.1.3. MacroUSA Armadillo

Quite simple, yet effective Armadillo has incredible payload capacity (3kg) and creates
perfect situational awareness with its 360° camera coverage but this robot can’t jump or get
past any obstacle. Nevertheless, MacroUSA has completed over 5000 orders of Armadillo
over recent years. [12] Also, a new model “Beetle” which has almost same functionalities as
Armadillo but smaller in size is developed. In addition to these, company is also developing
a new model, “Stingray” to be used by navy for boarding operations in maritime
applications, which is merely a copy of Armadillo but suitable for sea and ocean

applications. [13]

Figure 1-5: MacroUSA's Armadillo shown with Additional Flipper and Track Options

1.2.1.4. Boston Dynamics Sand Flea

Famous robotics firm Boston Dynamics has released their new robot “Sand Flea” in March
2012 which shows remarkable capabilities for its size. This robot’s development goes far



beyond to the Sandia Laboratories when DARPA asked for a hopping robot in 1997; they
first developed a combustion powered dome shaped hopping robot [14]. Hopping system of
the robot is based on expansion of the combustion gases and additional details can be traced
in in US 6,247,546 [15]

Over the years the project passed down to Boston Dynamics and they turned the robot into a
4 wheeled jumper with launch legs [16]. Although robot is a bit larger than its competitors,
with its superb performance Sand Flea is the current state of art of the subject. Despite the
disclosed information demonstrating the abilities of the robot, the robot is not for sale yet. In
fact, there is not even any reported field trial of the robot.

Figure 1-6: Image of Boston Dynamics Sand Flea

Figure 1-7: Sand Flea Positioning Itself Before A Jump



1.2.1.5. Comparison of the Commercialized Robots

Enlisted features of the commercialized robots are given in Table 1-1.

Table 1-1: Small reconnaissance robots which are already commercialized

Feature FirstLook 110 Scout XT [18] Armadillo [19] Sand Flea
[17] [20]
Battery 6 hours 1 hour 1.5t0 2 hours 2 hours / 25
Life hops
Speed 3.4 mph 1.0 mph 3.11 mph 3.4 mph
(5.5 km/h) (1.65 km/h) (5 km/h) (5.5 km/h)
Sound N/A 22 dB @ 20m N/A N/A
Level
Range Up to 200m Up to 91m (LoS) | Up to 300m N/A
(LoS) (LoS)
Max Obst. | 7” (175 mm) ~50mm - Up to 8m
Height
Weight 5.4 1bs (2.4 kg) 1.2 1Ibs (0.54 kg) | 5.51bs (2.5 kg) 11 Ibs (5.0
kg)
Length 10” (250 mm) 8.2” (209 mm) 117 (280 mm) 13”7 (330
mm)
Width 9” (221 mm) 7.6” (193 mm) 10.4” (260 mm) 18 (457
mm)
Height 4” (100 mm) 4.5” (114 mm) 5.1”7 (130 mm) 6” (152
mm)
Cost 15000 $ 4500 to 13000 $ | 13000 $ N/A
(Approx.)
Drop 16 feet (4.88m) 30 feet (9m) 8.2 feet (2.5m) 26.2 feet
Survival (8m)
Extras 4 camera, one has | Microphone inc., | 5 camera, one has | Need to
Pan, Tilt, 8x only 60deg FoV, | 4x Zoom, can position itself
Zoom black & white carry 3kg before
camera payload, jumping
microphone inc.
Can climb stairs
with extra kit

1.2.2. Robots Which Are On Their Development Phases
1.2.2.1. Mini-Whegs

Mini-Whegs is actually a series of small robots developed by the Case Western Reserve
University over a few years and their evolution can be seen in Figure 1-8. It uses whegs for
locomotion which enables the robot overcome relatively small obstacles easily [21]. The
robots have around 200g mass and have 100mm length and 75mm width. It uses a four bar
mechanism and a spring to store energy and release it by the means of a slip gear (Figure
1-9). As a result, it can achieve quite well jumps relative its size, yet the jumps are
uncontrolled.



Mini-Whegs 5 (2002)

Mini-Whegs 7 (2003) Mini-Whegs 8 (2004)

Figure 1-8: Family of Mini-Whegs

Figure 1-9: Miniwhegs Robot during its Jump
1.2.2.2. Jollbot

Jollbot is a spherical shaped, steerable robot which uses rolling as its primary locomotion.
[22] Robot also has the capability to jump around %60 of its own height. Jumping idea



behind the Jollbot can be seen in Figure 1-10, a motor compresses the rods forming outer
sphere and the rods store potential energy which is later released. Its slow speed and
inability to carry any significant payload are main disadvantages of the robot.
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Figure 1-10: High speed camera images illustrating the jumping performance of Jollbot; (a)
Resting state of Jollbot (b) 1.44 s later, Jollbot is ready to jump (c) 0.24 s later, (d) 0.22 s
later Jollbot hits the ground and absorbs impact energy in the slight compressing of the
sphere.

1.2.2.3. Shape Memory Alloy Based Robots

Using shape memory alloys to store potential energy, two very different kinds of small
robots have been developed. One of them employs a catapult mechanism which is inspired
by the jumping mechanism of flea as it can be seen in Figure 1-11 and Figure 1-12 [23]. The



robot has reported incredible jump to weight ratio but it lacks self-righting, locomotion and
sensory devices.

Flexor-__ %A U.fe
'Av.v‘v‘v Av‘v £)
Joint1— & .
L.fe
Le Ti
\
Extensor Trigger
(a) (b)

(c)

Figure 1-11:Flea Like Jumping Mechanism — a)Flexor muscle is contracted. b)Extensor is
pulled beyond Jointl and lower femur is stopped by stopper. ¢)Trigger muscle is pulled,
changing the torque direction of the extensor muscle d)All Energy is released and jumping
occurred.

' —-5ms -4 ms -3 ms -2 ms -1 ms

Figure 1-12: Flea-Like Robot Preparing For a Jump

Another use of shape memory alloys is to form a hoop or sphere with them to take the
advantage of metastable structures. Using soft elastic shells with shape memory alloys, and



combining many of them to form a hoop or sphere robot; one can simply get a polymorphic
robot. Using this structure, bistable structures can be formed to store potential energy and a
small trigger will release all the energy.

Both of the SMA based robots suffer from slow thermal time constants of heating and
cooling the SMA’s. Also to be able to heat SMA’s in acceptable amount of time, relatively
high voltage levels are required. Of course, efficiency of the process is terrible as well, and
SMA based locomotion and jumping has a long way to be used in actual systems.

) O0s (bh) 1s

) 10s ) 30s ) 31s (h) 32s

Figure 1-13: SMA Hoop Structure for Jumping

1.2.2.4. MSU Jumper

Jumping robot developed in the Michigan State University uses only a single motor to jump,
self-right, travel and steer. Its interesting mechanical design includes a cleverly thought gear
train and a capstan to achieve all of its functions. [24] Robot has very low weight for its size
and using only a single motor makes its cost lower; yet it can’t adjust its jumping power.
The robot and its dimensions are not yet optimized; and its development is planned about
making the robot a mobile sensor node.

(a) (b)

Figure 1-14: MSU Jumper a) Prototype b)Solid Model
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1.2.2.5. Mowgli

Mowgli is a bio-inspired frog-like bipedal robot which can jump up to 40cm height. [25]
Robot is pneumatically driven using McKibben air muscles. As it can be seen in Figure
1-15, each leg consists of 3 joints and 3 artificial muscles and 3 springs to store energy.
Contracting and extending the air muscles using pneumatic valves, the robot can make rapid
movements, yet can achieve quite soft landings due to the compliance of the legs and
unactuated toe joint.

Bi-Articular  0.025m

> i

Mono-Articular

Figure 1-16: Mowgli Performing a Jump on a Chair
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1.2.2.6. Grillo

Grillo is a small 50mm robot which uses a cam and springs to store potential energy [26].
Using the cam provides an easy way for the escapement mechanism; it also blocks the
possibility of adjusting the jump itself.

Figure 1-17: Schematic of the Jumping Mechanism of the Grillo

1.2.2.7. MIT Microbot

MIT Microbot is actually a robot in development for extraterrestrial mission yet it can be
used for search and rescue operations as well [27]. This robot is not multimodal and its only
type of locomotion is hopping. Hopping is achieved by Dielectric Elastomer Actuators
(DEA), which convert electrical energy into strain energy. Unfortunately DEA’s operate
only at high voltage level, for the current Microbot they are pumped with 8.8kV; and this
requires quite large DC-DC converters since battery voltage levels are much smaller. (The
robots high voltage needs are currently fed with external cables.) The robot’s direction of
jump is determined by 4 small DEA’s and the main jumping power comes from ratchet
mechanism which is charged by DEA.

Cone DEA

; Ratcheting
Transmission

Figure 1-18: MIT Microbot with Dielectric Polymer Performing a Jump
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1.3. Design Specifications

Concept of operation of such a robot should be quite simple; the user sets-up the robot in a
base or vehicle, checking the batteries and any other sources of energy. Then, the user puts
the robot in a cargo pocket, goes to the mission, throws the robot into action, and guides it
using an operator controller unit (OCU).

Robot to be developed for this concept should be able to overcome obstacles both indoor
and outdoor. Obviously, the stairs, one of the most common obstacles of the robotic world,
comes to the mind. The stairs and other low profile obstacles in this scale of robots could be
dealt with flippers or other useful mechanisms, but a more useful robot would be able to
jump on a desk, or over a fence.

It never surprised anyone to see words “Throwing” and “Jumping” in the same sentence
with “Impact”, and to cope with the impact energies mechanics must be resilient. Being
rugged and being lightweight usually don’t mix together quite well, thus landing of the
robot should be as soft as possible. Also, the robot has to continue operation when it lands,
so either the robot must be operable in all possible landing configurations or some kind of
self-righting mechanism has to be included.

Battery / resource life of such a robot is an important parameter as well; since robot is
supposed to be featherweight, any unnecessary weight should be thrown out. Feedbacks
coming from the testers makes it clear that 2 hours is much more than sufficient mission
time for such a robot [28]. Also, they have figured out that 40 meters wireless
communication range (non Line of Sight) is adequate for most of the missions.

Another design requirement is the strong desire of the users to control the camera view.
Field reports demonstrate the fact that many users have desire to tilt the camera view for
better view of the situation and the surrounding.

To sum up, the robot designed should,

e Survive at least 3m fall

e Jump at least 15 cm

o Weigh less than 5kg

e Has battery life of at least 2 hour

e Can tilt the camera position to get better view when desired

1.4. Overview of the Thesis

Scope of this thesis can be summarized by;

. Chapter 1 introduces the reader to the context, summarizes the current state of art in
the field and provides main design requirements.
o Locomotion and suspension systems are highlighted in Chapter 2 as they are one of

the key of concepts of such a vehicle. Suspension is built inside the wheel which has a
similar operating principle of a cone clutch.

o Chapter 3 researches the possibility of hopping the robot through expanding carbon
dioxide gas in a cylinder. Carbon dioxide gas is supplied by a cartridge similar to the
paintball guns. Also, a striking mechanism is designed to be able pierce the cartridge to
release the gas. Moreover, a tilting mechanism is designed for rotating the robot body with
respect to ground to adjust the jumping ability and tilting the camera view.

o Electronic components and software of the robot are presented in Chapter 4.
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. Last but not least, conclusion, recommendations and lessons learned from the thesis
are summarized in Chapter 5. Also, future works are discussed as well.

Required components and the relationship between them are presented in Figure 1-19 which
is the block diagram of the system.
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Figure 1-19: Block Diagram of the Robot
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CHAPTER 2

LOCOMOTION SYSTEM

2.1. Introduction

In this chapter, the scope is to design an inexpensive and lightweight locomotion system for
the robot which includes suspension inside the wheel. Many of the state of art locomotion
system designs have been studied in the previous chapter and their design philosophy can be
grouped as follows;

o Use plastic wheels which are resilient up to some degree, but other than that do
nothing special, make the inner components as rugged as possible. (i.e. Scout XT,
Armadillo)

o Use curved arches inside the wheel to achieve lower stiffness suspension (mostly
used by iRobot such as Figure 2-1) or use the arches with hinges as shown in Figure 2-2.
Sometimes wheels are segmented into parts aswell, mainly as these curved arches are good
for compression, yet if the outer wheel is one piece, opposite side of the impact is loaded for
tension, and will be the limiting factor for the deflection.

o Use viscoelastic polymers on a hub to achieve impact mitigation. Used as foam or
molded into certain structrual shapes such as honeycomb (i.e. Boston Dynamics Sand Flea
Figure 2-3)

Among these design, the first option is obviously the simplest choice yet it fails to achieve
required resilience expected from the wheel. Second option would be very low cost and easy
to manufacture solution, unfortunately curved arches only allow for small deflections on the
order of a few milimeters. To mitigate the impact shock received by the inner components
the wheel should deflect a considerable amount, and with curved arches impact would be
still severe. In third option, using foam would mitigate the shocks quite effectively and the
wheels would be very low cost in mass production; and thats why foam is the favourite of
the packing industry. Yet for a robot they are rather unsuitable, as foam would make the
robot unable to move in wet or muddy terrain. Honeycomb type polyurethane or other
viscoelastic material is the current state of art and satisfying results were reported in studies
[29] ; yet they are extremely expensive and time consuming process to develop and
prototype wheels according to the needs.

A rather different in wheel suspension system were designed and named “Cone Wheel” and
it closely resembles cone clutch, and related work is presented in this chapter. At first,
design concept is explained, then detailed design calculations and parameters are given and
the chapter is concluded with the results of the actually manufactured wheels.
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Figure 2-1: Resilience in wheel is achieved through curved arches in this iRobot Negotiator

Figure 2-2: Resilient Wheel with Curved Arches as Springs and Dampers inside the Wheel
[30]
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Figure 2-3: Two Wheel configurations developed for Boston Dynamics Sand Flea Wheels.
On the left wheel is made out of soft foam and right shows the final wheel from
polyurethane.

2.2. Cone Wheel Design Concept

Resilience required for the wheel could be achieved by using a wheel design similar to cone
clutches.

The concept can be seen in Figure 2-4 the sketch on the left hand side helps to understand
the actual components on the right hand side. The rim (green) has 2 female cone surfaces.
Middle part of the rim is empty in an effort to reduce the weight. These cone surfaces mate
with the two identical clutch male cones (yellow) which are pretensioned by the means of
wave springs. Each male cone is fixed to a linear bushing (purple) and linear bushings are
free to move linearly on the wheel shaft (grey) yet they rotate with shaft as they are screwed
to the torque transmitter piece, any keyed to the shaft there through. Bottom of the key does
not touch the shaft, therefore does not create any friction since it is held in place securely
with screws. Instead of a key and linear bushings, a ball spline shaft and bushing could have
been used, which would both simplify design and improve performance; however due to
their high cost, spline shaft option was discarded.

Part (b) of the figure shows that when the wheel is impacted from the radial direction, inner
cone surfaces slide on the outer cone surfaces, and springs are compressed. Friction
associated with the sliding provides the friction to damp out the shock load. Initial tension,
which is adjusted by the position of the nut, lets the cone surfaces return to their initial
positions.

17
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Figure 2-4: Cone Wheel Concept, left sides shows sketches and right shows the 3D model,
on top a) natural state of the wheel can be seen, whereas part b) depicts deflected state is on
the right
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Figure 2-5: Spline Shaft Alternative, which would outperform key and linear bushing
[Courtesy of Thomson Linear]

2.3. Detailed Design of the Cone Wheel System

Assuming the inner cone and spring has no mass, static force equilibrium must exist
between the wedge surfaces. Free body diagrams of the wedge surfaces is as follows;

(a) Engaging (b) Disengaging
Inner Cone F.B.D. Inner Cone F.B.D.
Fr Fr
Fepr Fi Fopr
Fu Fe Fu
o o

Figure 2-6: Free Body Diagram of the Cone Wheel
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For disengaging the cones force equilibrium equations are,
zFX=0=FSpT—FN-sina+Ff-cosa (D)
ZFY=O=FN-cosa+Ff-sina—FR 2)

For engaging the cones force equilibrium equations are,
ZFX=0=F5pr—FN-sina—Ff-cosa 3)
sz=0=FN-cosa—Ff-sina—FR 4)

Spring force is known with respect to position of the inner cone can be found in Eq. (5)
where x is the initial spring deflection.
FSpr =k-(x+x) (5)

Friction force Fy is simply dependent on the normal force and friction coefficient as;

Fy = uEy (6)
Using (1), (2), (3), (4), (5), (6) the normal and radial force can be calculated as;
k-(x+
Fy = (x + x0) @)

 sina —p- sgn(x) - cosa
Fr = Fy(cosa + pu-sgn(x) - sina) (8)
Applying Newton’s second law for the vehicle and using (8) yields the following
differential equation where 7/, = tan(a);

(cosa + u-sgn(x)-sina)

m-y+4-2-k (x+x9)=0 9

(sina —u - sgn(x)-cosa)

The term x, has minor significance as it is quite small when compared to range of x.
Solution to the differential equation has the form of;

V
y(t) = y, cos(wyt) + W—Osin(wnt) (10)
n
And natural frequency of the system can be given as;

k cosa +u-sina
4 where keq =8 kgpy - ( s )(tan a) (11)

w, = |[—
n m (sina — - cos )
Taking the derivative of the differential equation and equating to zero to find the maximum

spring compression yields;

. yields T
y() =0=V,cos(w,t) —> t = (12)
2wy,
y(©) = o/, (13
Amount of the shock that will be reflected to the main chassis will be;
.. n
y (ﬁ) = Wl (14)

20



Damped energy is the integral of friction force over the displacement and can be given by;

k-u *Fox
Ep = | Fpds =— dx (15)
sina — p-cosaly, cosa

Another thing to consider is the fact that the outer cone must be able to re-center itself in the
rim. To achieve this initial spring force must be enough to lift the vehicle.

_m- g-tan(a)
Xo = 8 ko (16)

2.4. Parameter Selection for the Wheel

The system is designed to mitigate the shocks of falling from 3m heights. Due to design size
limitations maximum displacement in the radial direction can be 20mm. Then from (13) it
follows that natural frequency of the system should be around;

\[2 .9.81 (Sﬂz) - 3m ad

wy, = =383 —
20mm S

Also, using (14) maximum shock system will experience is expected to be;

jiMax = 300g

Since, natural frequency of the system is known, using (11) design chart for spring selection
is presented in Figure 2-7. Design point of cone angle is selected as 70°.

= Spring Stiffness k == Compression Length

450 30

o
o
o

w w
o Ul
o o
T
N
(6]

Required Spring Stiffness (kN/m)
S
)
G
Spring Compression Length (mm)

\ 20
250 :

0 : : x x : x 0
45 50 55 60 65 70 75 80

Cone Angle a. (degrees)

Figure 2-7: Cone Design Angle vs. Required Spring Strength and Spring Compression
Length
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2.5. Skid Steering And Timing Belt Transmission

To be able to make the robot take sharp, point turns; skid steering was selected as the
steering method. As the robot does not have tracks outside of the wheels, an inner belt-
pulley system was constructed. Also, wheel motors are not connected to wheel shafts to
avoid the shock these shafts will get after the impact with the ground. Timing belt
transmission also acts like a spring, protecting the fragile motor shaft and bearings from
severe shocks. As the work pieces were already quite small, miniature ball bearings are used
as idler pulleys. To get the motor a good angle of wrap, double sided belt had to be used.
The constructed system is best represented in Figure 2-8. For wheel bearings, readily made
bearing blocks were purchased and integrated into the system.

__/ motor

| These idlers guide the belt Belt tensionis adjusted B ‘__\&
above and below the tilt M with these slots.

Figure 2-8: Locomotion System of the Robot, Showing the wheels, bearings, belt and
pulleys. Wheel taken from the “dumbbell” is left wheel in the picture.

2.6. Results of the Manufactured Locomotion System

Material selection of the wheel was Aluminium 7075-T651, and mainly due to its superior
strength when compared to its density. Shaft and other small pieces were also made from the
same material.

Manufacturing the cone wheel was done incrementally. Firstly, the design was verified by
making a dumbbell shaped shaft design with cone wheels at its end. Cone angles of the
wheels were 70° and the dumbbell showed quite good results; when loaded, springs
deflected in the close vicinity of their expected deflection.

When manufacturing the actual wheels, additional drilling operations were added to reduce
weight, as one of the fallback of this design is its weight.

22



Figure 2-8 shows the left side of the robot’s locomotion system, with timing belt, pulleys,
motor and bearings. Left wheel in the figure is the first manufactured 70° cone, and right
wheel has a cone angle of 60° Belt is tensioned using the idlers pulleys, where idlers are
rather small bearings attached to the screw and hold in place with two counter nuts pressing
their inner part. Two other idlers were also used to guide the belt above and below the tilt
motor. Timing belt pulleys were attached to the wheel shafts using setscrews.

Robot was subject to 3m tests and shock levels were measured with an accelerometer. The
test results vary between 3509 — 850g for two reasons and a sample measurement is
presented in Figure 2-9. Firstly, number of wheels came to contact with ground has a huge
impact on the measurements, the more balanced the robot drops, the less shock the robot is
subjected. Also, the location of the sensor effected the measurements, higher shock levels
were measured toward the center. Almost in all cases shock duration was around 1ms.

Cone wheel is depicted in Figure 2-10 with its natural and deflected states. Also, wear due
to friction could be seen in the Figure 2-11. With appropriate coatings such as hardened
eloxal wear problem could be minimized. Also, since the shafts were not hardened or
coated; balls of the linear bushings caused wear problems on the shaft as well.

Table 2-1 reveals the weight of the each component in the wheel assembly. At first glance,
linear bearings get the attention with their high weight. They are off-the-shelf products, and
made of steel, thus contributing to the approximately %20 of the wheel weight. If custom
linear bearings were manufactured, weight due to linear bearings could easily be halved;
unfortunately the design and manufacture of a bearing is a cumbersome task which is
beyond the scope of this thesis. With appropriate bearing and shaft design, torque
transmitter piece would also be eliminated.

Table 2-1: Weight Contribution of the Cone Wheel

Unit Total Weight
Wheel Assembly Amount | Weight (g) (9
Wave Springs 2 12.30 24.6
Linear Bearings 2 40.00 80
Outer Cone 1 95.93 95.93
Inner Cone 2 24.47 48.94
Tire 1 80.00 80
Shaft 1 20.97 20.97
Spring Holder 2 12.24 24.48
Torque Transmitter 2 7.17 14.34
Wheel Total 389.26
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Figure 2-9: Shock response of the 3m Drop-down test on robot

Figure 2-10: Cone Wheel shown in natural state in top and deflected state on bottom
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Figure 2-11: Marks of wear on the cone wheel
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CHAPTER 3

HOPPING SYSTEM

3.1. Introduction

Aim of this chapter is to design an inexpensive hopping system for the robot. Hopping over
obstacles would give reconnaissance and surveillance robots much more versatility as
regular unmanned ground vehicles cannot overcome obstacles taller than their own height.

Many different actuated modes of jumping were studied which includes but not limited to
sudden release of springs, shape memory alloys, di-electric polymer actuators, pneumatic air
muscles, and utilization of combustion gases. Most of these technologies are still on their
baby steps and up to date no mesoscale robot with hopping ability has been commercially
sold.

Combustion of a hydrocarbon in a linear actuator and using the expansion of exhaust gases
to provide the necessary thrust for piston is the current state of art for mesoscale robotics,
and the system is still being developed by Boston Dynamics [31]. Concept of the
combustion powered hopping ability is demonstrated in Figure 3-1, downside of this system
is its high cost and complexity for a robot that is supposed to be inexpensive and expendable
by the nature of its use.

Cylinder Fuel Valve Check Valve

\ Valve Manifold
W
Oxidizer Valve

Piston

Oxidizer Tank

Pressure Transducer

Figure 3-1: Boston Dynamics Sand Flea Hopping System Using Combustion

Charging mechanical springs or other spring like materials and mechanisms are also utilized
in many different designs in the literature, and most of them are bio-inspired trigger
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mechanisms. Mechanical energy storage mechanism are utilized for robots less than one
kilogram as storing the energy by mechanical means increases the weight of robot, and it
becomes unfeasible with the current technology for a non-miniature robot.

In an effort to make an affordable hopping system for the robot, this chapter, first focuses on
jumping a robot with CO2 gas which is abundant, cheap and less complex than combustion
process. The chapter is continued with the design of a tilting mechanism to make the robot
jump at any desired angle.

3.2. Preliminary Calculations for Jumping with a Piston Cylinder
Arrangement

To start with, the robot considered throws a piston to ground and jumps with reaction from
the ground, with schematic sketched as Figure 3-2.

a) Initial Conidition b) Gas Expands

Moot

Mlyobot

e = omm E Em E E Em E E— E Ew Em E— E—

- m

c) Piston Hits Ground d) Robot Jumps

Moot

i

P=

= w m w
e s S e Y e

Myod

Figure 3-2: Sketches demonstrate the phases of hopping; a) At initial condition piston is at

the end of cylinder, b) Gas pressure is applied and piston accelerates, c) Piston collides with

ground and kinetic energy of piston passes to whole robot, d)Robot jumps with the kinetic
energy
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Ignoring compressibility effects, loss of pressure due to orifice, friction and assuming
pressure in the cylinder is constant at P, using Newton’s Second Law for the piston yields,

Mpiston- Apiston = A. (Ps - PO)
Exit velocity of the cylinder is given by where s is stroke length (assuming uniform
acceleration),

VPZL'ston,Max = 2.0pjston- S

Assuming the perfectly elastic collision with ground, momentum of the piston is equal to the
momentum of the robot and initial velocity of the robot can be found as;

Myopot- Yo = Vpiston,Max- Mpiston
m .
VO = 2. Qpiston- S-M
robot

Ignoring air drag and other frictional terms slowing the robot, all of the initial kinetic energy
is converted to potential energy at the highest point of jump, so jump height is calculated as
=2
Combining the jJump height equation with the piston exit velocity yields;

h

_ mPiston-A-(Ps - PO)-S
miobot'g

Using ideal gas law, consumption of the gas can be related with the same mechanical
parameters;

h

PV P.A.s

Mgas = E = RT
The preliminary equations demonstrate that during design process, piston area and stroke
length should be maximized and a high enough supply pressure must be obtained to achieve
jump.

3.2.1. Using CO2 Gas for Jumping

Compressed carbon dioxide is found to be the best alternative as a readily available
compressed gas source due to its abundance and very low cost. In the market many different
sizes of CO2 cartridges can be found starting from 8 gram cartridges to 88 gram large
cylinders as some of them can be seen on Figure 3-3. They are commonly used in airguns to
shoot pellets, cyclists use them as portable tire inflators, and aquarium hobbyists use it to
control the level of pH of water; thus they are readily mass manufactured. Cartridges with or
without threads at the neck part are available. At the top of neck a rather thinner cap has to
be pierced when the cartridge is being used. Cap also serves as a safety precaution, if the
cartridge is heated and the pressure inside increases, cap bursts around 150 bar.

12g cartridges are the most commonly utilized ones, and a single cartridge is priced around
60 cents. These cartridges are made out of recyclable steel, and have gross mass of 42g.
Dimensions of 12g cartridges 83mmx15mm and they have inner volume of the 15cm?®.

28



25 6R

Figure 3-3: Typical CO2 cartridges found on the market, many seen with black foams on
them to avoid frostbite

CO2 is colorless, odorless, non-toxic, non-flammable gas with almost no health hazards. Its
phase diagram is given in Figure 3-4, and it can be seen that at room temperature, it has
relatively high vapor pressure of around 60 bar, yet pressure drops rapidly at lower
temperature. The critical point of CO2 is 7.38 MPa at 31.1°C. Inside the cartridge, at room
temperature liquid and gas states coexist and pressure of the gas is actually the vapor
pressure of the CO2. As the critical point is very close to room temperature, latent heat of
evaporation is small. The vapor pressure can be approximated by the following equation and
its graph is Figure 3-5:

A =-2.403761 x 10!
B = —7.062404 x 103
C = 1.663861 x 10?
D = 3.368548 x 10~°

B
1n(PC02,Vap) = A.In(T) + T + C+ D.T? where

10000 i
50\.\6 + :
1000 = CO, solid :
| Super critical CO;
A !
_ 100f CO;, liquid :
_§ Sublimation paoint e
8 10F -78.5°Cat1atm \\
g e i Gritical point
9] | ;
1%}
o
0o Triple point
0.1p -56,6°C at 5,11 atm
0.01f= CO, gas
0.001 I 1 1 1 1 1 1 1
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Figure 3-4: CO2 Triple Point Graph [32]
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3.2.2. Preliminary Calculations with CO2 as source

Before optimizing the design parameters, let us first see if CO2 is suitable for this job. This
is achieved by guessing mechanical parameters considering the robot’s size. First
assumption to start with is taking ambient temperature as 20°C. Thus CO2 vapor pressure in
the tank becomes; P, = 5.73 MPa.

Let us assume a cylinder with 50cm? (i.e. diameter of 25mm and a stroke of 100mm gives a
tube of 49 cm®), and calculate the jumping height for various robot and rod mass parameters.
The output of the carried out calculations is demonstrated in Figure 3-6.
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Figure 3-6: Theoretical Jumping Heights with CO2 with a Cylinder stroke of 50 cm3
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It can be seen that as the weight increases jumping height decreases rapidly, yet a 3kg robot
can be hopped using CO2 cartridge as the power source. Note that with predicted volume,
CO2 consumption is also 5 grams, which can be considered as feasible. After these
preliminary calculations 12g CO2 cartridges are selected as the compressed gas source of
the robot.

3.3. Detailed Model of the CO2 system

After seeing the object is attainable, let us go into further detailed calculations and develop a
pneumatic model of the process to account for previously neglected factors. Major
approximations of the previous model were;

i. Constant pressure: Due to compressibility of the gas, actuator cannot exert full force
especially at the start zone. In addition, the orifice area of the cartridge will limit the gas
flow of CO2 and pressure in the cylinder will not be as high as the supply pressure. Thus
effect of orifice area will be investigated.

ii. Constant Temperature: Sudden expansion of the gas in the cylinder will lower its
temperature; thus making the process to consume more CO2 than previous calculations.
Also, heat transfer between the cylinder and the gas will be considered.

iii. Friction: Friction will exist between cylinder and piston which in return slow down
the piston’s exit velocity and reducing robot jump.

Modeling of the system is carried out such that each component of the system is modeled
independently and connected to other elements with causal relationships among them. Using
Matlab Simulink, the differential equations governing the motion of the piston are solved.
States of the elements of the system are shown in Figure 3-7, and the modeling process in
Simulink is implemented according to it.

P{]rT{]

PA!TA!VA X,X,X

Figure 3-7: Schematic States of the Elements
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3.3.1. CO2 Cartridge

Inside the cartridge, CO2 both liquid and gas states of the CO2 exits, and during the
operation liquid would evaporate. CO2 has critical point at 304.25K at 7376kPa which is
quite close to the working region we are assuming. Also, some of the gas to be consumed
will be readily available as gas already, inside the cylinder. Using ideal gas law, it can be
estimated that around 1.5g of CO2 is at gas state in room temperature

As the liquid phase start to evaporate, it would decrease its own temperature and thus vapor
pressure. Yet, the heat transfer from the metal tube would lower the cooling rate.
Thermodynamics of this process is rather complex and resides beyond the scope of this
thesis. So, the cartridge is approximated as a supply tank with constant pressure and
temperature.

3.3.2. Orifice

Orifice limits the gas flow rate from the cartridge to the actuator due to its passage area. For
this analysis, orifice is the hole in the cartridge. To calculate the gas flow rate through the
orifice, inputs are supply pressure, temperature of the cartridge, and backpressure on the
actuator side.

Flow through the orifice is approximated using 1SO standards [33] as;

293 1073 P
120.8.Ps |—/—.——, — < 0.5 (choked flow)
T, 60 P
Q=
240.5./P(Ps — P 293 1077 P>05 bsonic flow)
k .S. s ) T 60 P, .5 (subsonic flow

So the mass flow rate of CO2 gas from the orifice can be calculated as follows where p is
the density of the gas at the reference condition;

m=2Q.p

Also, due to pressure drop, gas goes through an expansion which can be approximated to be
adiabatic. Temperature of the gas exiting the orifice is given by;

k-1

P\ Kk
TOR =T.. <_>
S PS

Matlab model of the orifice is given in Figure 3-8 utilizing the equations given in this
section.
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Figure 3-8: Matlab Model of the Orifice
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3.3.3. Actuator

Actuator receives the gas from the orifice and the gas expands inside the cylinder, thus its
inputs are the mass flow from the orifice and its temperature. Its outputs are the pressure in
the chamber P,, and the position of the piston x.

Firstly, continuity equation for the CO2 mass in the cylinder is simply;

m = f m 17
At any instant volume of the active chamber A in actuator is given by;
Vp=Voat+x.A (18)

Where V; 4. is the dead volume of the actuator and the tubing between the orifice and the
actuator, x is the position of the piston and A is the area of the pressurized side of the piston.
Also, velocity and acceleration of the piston are x and X, respectively.

Applying Newton’s second law to the piston yields;

Also state equations for the velocity and position of the piston are simply;
X = f X (20)

x = f X (22)

In this equation, m is the input and volume increase rate, V,, can be found by;
V, =x.A (22)

Using first law of thermodynamics for the expansion of the gas in the cylinder;
dq = du + P,V, (23)

Energy flows into the actuator due to both mass flow rate from the orifice and the heat
transfer from the cylinder body;

Where internal energy of the gas is given by U = C,mT, and its derivative with respect to
time with the assumption of constant specific heat;

dU = CVTflTA + CVmTA (25)
Combining equations (23), (24) and (25) yields;
_ PaAyx + Cym(Ty — Tog) — a(Ty —Ty)

TA = (26)

Also, state equation for T, is simply;

n=fn 27

To find the pressure build-up, taking the first derivative of the Ideal gas law (P,V, =
m.R.T,) in the chamber vyields;
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_MR.T;+mR.Ty— PV,

4T v,

(28)
And the pressure state is simply;

&:fm (29)

Unknown parameters are 10 unknowns (x,x,%,V,,V,,m, Ty, T4, Py, P,) and there are 10
equations excluding (24) and (25).

Matlab model of the actuator is given in Figure 3-12, with its subsystem providing
differential equations are given in Figure 3-11, Figure 3-9 and Figure 3-10. Also, it can be
seen in Figure 3-11, variable specific heat approach is supported to make even more detailed
analysis. Also note that, piston is not sealed and there will be some leakage around the
piston, and it is not present in this model mainly due to the lack information about the
leakage coefficient. Sealing the piston would increase the friction much more than the
benefit it brings by eliminating the leakage.

m_Cyl

R M x
TA_Dot - P_A

m Dot

R P X

TA

Figure 3-9: Ideal Gas Law Subsystem of the Actuator
xDot
» 1

Figure 3-10: Rod Mechanics Subsystem of the Actuator
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3.4. Matlab Model of the System

Overall Matlab model of the system can be seen in Figure 3-13 as it is in accordance with
the proposed model hierarchy before.
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T8 —_
/_\ xDot
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—{F_A
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Cartridge
Crifice
T_A
-

Actustor

Figure 3-13: Overall Matlab Model of the System

Some constant parameters of the system are quite hard to estimate without prior
experimentation or work in the field. The parameters for the heat transfer coefficient [34]
and friction coefficients [35] in the actuator are taken from appropriate resources. It is also
important to note that both of these are dependent proportionally on cylinder radius.
Maximum orifice area is dependent on the CO2 cartridge exit and CO2 cartridge’s
pierceable part is measured as 3.65mm as shown in Figure 3-14. Yet due to wall thickness
of the piercer itself, some of the orifice area would be unusable and the orifice radius is
taken as 2.8mm in the analysis. Piston diameter and cylinder length are selected to be as
large as possible while cylinder could still be able to fit in the robot; since jump height will
increase with both of these parameters.

A base run with the parameters shown in Table 3-1 run and results of this run showing the
pressure and temperature in the cylinder and motion of the piston are presented Figure 3-15,
Figure 3-16 and Figure 3-17.

Mitutaoyo

Figure 3-14: Measurement of the Maximum Possible Orifice Area of the 12g CO2 cartridge
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Table 3-1: Parameters taken for the base run of the Matlab model

Parameter Name Symbol Value Unit
Ambient Temperature Ty 20 Celsius
Ambient Pressure Ty 100 kPa
Orifice Area Aoy 4.9 mm?
Stroke Length s 100 mm
Piston Diameter Dp;¢ 35 mm
Rod Mass Mypa 0.3 kg
Robot Mass Myopot 3 kg
Friction Coefficient f 150 - 2VAm N
Viscous Friction Coefficient c 50 - 2VAm Ns/m
Heat Transfer Coefficient a 50 - 2sVAm W/K
25
20 /
T
=
g 15
=
=
O
£
2 10
2 ~
[
o —
h\am\x‘—\ﬂ
5
0
0 1 2 4 5 6 7
time (msec)

Figure 3-15: Pressure in the cylinder vs. time graph for the base run
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Figure 3-16 Temperature in the cylinder vs. time graph for the base run
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Figure 3-17: Acceleration, Speed and Position of the Piston vs. Time
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Velocity of piston reached at the end of 100 mm stroke concludes that a jump of 197 mm
could be achieved for a robot with 3kg weight. If a 2kg robot could be constructed, it would
jump 442 mm. It should also be noted that both the pressure and the temperature graphics
are resulted as expected. Pressure rapidly increases in the cylinder at start, yet after some
point it starts reducing since the orifice area limits the gas flow whereas the piston velocity
monotonically increases. Temperature crashes down as low as 260K because of the sudden
expansion. During the faulty trials solid CO2 formations were observed by the author,
which supports the fact that gas undergoes a low temperature state as a result of the sudden
expansion. Also mass of the carbon dioxide consumed in the process is found to be around 6
grams, which is only the half of the tube so constant pressure assumption of the tube is
being supported more.

What-if scenarios and the effects of the following parameters are investigated
independently:

i) Orrifice Area,

Orifice area is the main factor affecting the flow, and it is the reason why the pressure in the
cylinder is rather low when compared to the supply pressure. For the robot currently
constructed, the orifice area is restricted due to the tube itself. Yet if larger tubes were
utilized such 88g, much more orifice area could have been achieved. With other parameters
kept constant, Figure 3-18 shows the huge impact of the orifice area on the performance of
the system.
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Figure 3-18: Orifice Diameter vs. Robot Jump Height
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i) Ambient Temperature,

It is quite obvious from the triple point diagram that the initial temperature of gas has a very
big influence on the vapor pressure. In fact, in cold temperatures jump height is halved as it
can be seen in Figure 3-19.

22 i 0.24
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Figure 3-19: Initial Cartridge Temperature versus Piston Exit Velocity and the Robot Jump
Height

iii) Piston Diameter and Stroke Length

In the preliminary analysis part, increasing the diameter of the actuator is shown to increase
the jump height directly; as net force on piston would increase. Yet, when compressibility
was taken into account; Eq. (28) shows that the piston area is also inversely proportional
with the pressure build up rate, so an optimum point must exist for this parameter. Same
principle also applies for the stroke length.

The model was simulated for different piston diameter and stroke lengths and Figure 3-20
was constructed. Of course, this is the case for 2.8mm given orifice area, since it must not
be forgotten that this phenomenon is the result of limited mass due to presence of an orifice.
An increase in the orifice area would bring the locus of the maxima of the graphs towards
higher piston diameters and this fact can be concluded by comparing Figure 3-20 and Figure
3-21.

With these results, it can be concluded that to get the best out of the stored gas; orifice area
and piston area must be designed as unit or they would degrade each other’s performance.
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3.5. Mechanism to Pierce the Cartridge

Now that the piston cylinder arrangement is designed and one single time use cartridge is
selected; the cartridge must be pierced to be used. To achieve this, a hammer mechanism is
to be constructed, where stored potential energy could be released at an instant to lance the
cartridge. Unfortunately, the space after the cartridge is mainly occupied with wheel motors
and the main board, the mechanism must be built under the cartridge. To convert the
rotational shaft motion to linear motion, a screw mechanism is utilized which charges the
main spring. When the required load condition is achieved, the hammer is released; driving
a slider crank mechanism which strikes the lance into the cartridge.

Figure 3-22: Overall CAD Drawing of the Piercing Mechanism

3.5.1. Screw Part of Piercing Mechanism

In this part the main aim is to charge a spring which will strike a hammer into the crank of
the next part. The motor turns the screw, and nut starts to load the spring since hammer,
which is shown with red color in Figure 3-23, cannot move without a certain amount of
force due to ball detents. Assuming friction between ball and hammer is zero, than the force
needed to release the hammer can be found by;

Frop = Fspr,b -tana

where Fg,,,. , is the force exerted by the spring in the detent, and it is adjustable by the means

of a setscrew which is underneath it. Angle a is simply the detent angle. Also as shown in
Figure 3-24 ball is still exerting force on the hammer, even after the detent; but this time in
the desired direction and it is given by;

Fges = Fspr,b ‘tan 8

Motion of the hammer itself is 6mm, and the total force the hammer can exert is the
summation of the main spring and detent spring forces.
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Figure 3-23: Cut-Away Section of the Screw Part of the Piercing Mechanism

Figure 3-24: Due to Shape of Hammer, Detent Ball Exerts a Force in the Desired Direction
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3.5.2. Slider Crank Part of Piercing Mechanism

When the hammer hits the crank of the slider mechanism, it moves the lance into the carbon
dioxide cartridge to pierce the cartridge. Kinematically speaking, mechanism can be seen in
Figure 3-25 and forces acting on the bodies are on Figure 3-26. Although mechanism acts
quickly, dynamic forces are neglected since they are expected to be very small compared to
the piercing force. Friction forces are also ignored for the same reason. With these
assumptions, notice that link 3 is a two force member so it only transmits forces along its
path.

Figure 3-25: Skeleton Diagram of the Slider Crank Mechanism

Angle of link 3 with respect to ground, a4, can be found by;

a, — a,sin(a
a; =1 — asin(%m (30)
3

Summation of the moments of must be zero for link 2 so;
FH 'b2 =F32'a2 'Siﬂ(dg _az) (31)
And using free body diagram for the slider piercing force F, can be calculated as;
E, = —F,3a3 cosas (32)

Using (31) and (31)(32) it can be calculated that the overall multiplication factor between
the force from hammer and lance is;
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as b, cos(as) (33)

ol
Fy

"~ aysin(az — ay)

Link 3

Figure 3-26: Free Body Diagrams of the Link 2 and Link 3

Equation (33) shows clearly that while a5 is kept close to , (a3 — a,) should be as small
as possible. Also, a5 heavily depends on a; — a,sin(a,) so link lengths should be selected
such that a; — a,sin(a,) is as small as possible. Results showing the best possible link
lengths without collision with environment are shown in Figure 3-27 where link lengths are
selected as;

a,=40mm a3=13mm aq;=15mm b, =11.5mm

3.5.3. Actual Piercing Mechanism

According to the determined link lengths, piercing mechanism was manufactured and most
of its components are demonstrated in Figure 3-28. Unfortunately constant problems at the
detent part of the mechanism were experienced. Balls which are supposed to release the
hammer when sufficient force was applied started to wedge between hammer and static
holder; due to marks and manufacturing errors in both pieces. Another problem of the
design was that the striker could not open the orifice as much as expected and in fact
maximum hole opened on the cartridge with this mechanism was measured to be 1mm.

Since the problems could not be solved, the author started using the mechanism not as a
piercer but as a valve with just a little change. A small conical piece with a hole in its center
was placed where the striker hits, and with this piece cartridges were pierced by tightening a
screw from back. Striker worked in opposite way; it plugged the hole of the new conical
piece; thus obstructing the flow of CO2. When the hopping action was required; striker were
pulled back to open the flow.
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Figure 3-28: Components of the Manufactured Piercing Mechanism
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3.6. Tilt Mechanism

Piston cylinder arrangement can provide the power to jump yet the piston must be brought
to an appropriate angle with the ground to give the necessary thrust. For this problem there
exists two types of general solution; either rotating the piston with respect to robot or
rotating the whole robot with respect to the ground and both of these are sketched in Figure

(4
| PAVMERN .

b)

A
o

Figure 3-29: Two Possible Design Concepts for Providing Thrust a) Rotating Piston with
Respect to Ground b) Rotating Robot with Respect to Ground

7.

Main advantage of just turning with piston cylinder arrangement is the obvious fact that the
just rotating the cylinder requires much less energy and power than rotating the whole robot.
Also if the center of mass of the robot is at the center of the pivot, jumping will be very well
balanced. Yet it has a huge disadvantage of eliminating lots of usable space, as the cylinder
sweeps through most of robot. In addition, the piston would be closer to the ground,
meaning lower stroke lengths, thus limiting the jump capability. On the other hand, rotating
the whole robot with two legs outside of the chassis is better if the robot is standing on the
terrain with roll angle other than zero. With these comparison in hand, rotating the whole
robot with two legs concept is selected.
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3.6.1. Analysis of Tilting Mechanism

Rotating the whole robot using a “leg mechanism” can be modeled using a prismatic and
revolute joint for the wheel as in the skeleton diagram shown in the Figure 3-30.

b,
. | N wme
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dq \T’ % @ ’
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Figure 3-30: Skeleton Diagram of the Tilting Mechanism

Drawing the free-body diagram of the system as shown in Figure 3-31 and friction force,
Fgr, is expected to be very low since rear wheels are free to rotate on the ground. Another
conclusion of the free body diagrams is the fact that if necessary rear wheels can be used to
provide more power for this mechanism since that providing power to wheel in the
clockwise direction, will create a force in the same direction of Fg., however this will make
the tilt control worse and complicate the algorithm. Omitting the F¢, static force equilibrium
conditions leads to equations (34) and (35)and robot body just becomes a lever.

Z M@ robot FB.p. = F32 @z cosa, —m-g - (a + by)cosa, =0 (34)

Z M@ rovot F.B.p. = F32° a3 *sina; =T =0 (35)

a) Leg FB.D. b) Robot Body F.B.D.

T FGnd

Figure 3-31: Free Body Diagrams of a) Leg and b) Robot Body

From simple geometry, the angle o; which is the angle between the tilt foot and the ground
can be found in (36). Also, for the robot to be able to tilt up to 90 degrees a; > a, + a;
condition must be satisfied.
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. apsina, +a4
a; = 180 — asin(—————) (36)

as
Using (35) and (36), torque required to drive the system is derived in (37). Parameter a, is
the wheel radius and it has been already determined in the previous section. Also, b, is the
distance of center of mass to bearing center, which is also pre-determined. Another fact that
is a, and a3 are not completely independent of each other, since total length of a, + a;
must be less than distance between front and rear wheels.

(a; + by) a, sina, + a,

T=m-g P as -sin(a—) (37)
2 3

3.6.2. Actual Tilt Mechanism

In the actual system, a symmetric tilt mechanism is constructed on both left and right sides
of the robot for two reasons: firstly, it was more costly and space consuming to drive the
both sides from the same motor and secondly the twin system allows tilting on a inclined
plane since both feet does not touch the ground at the same shaft location. CAD drawing of
the right side of robots tilt mechanism is shown in Figure 3-32,

Best parameters achieved for a, and a; are 30mm and 125mm respectively. Also, mass
center is tried be kept as close to tilt bearings as possible, and final result is that mass center
is around 40mm apart from the bearings. An appropriate motor is selected and installed to
the mechanism, thus concluding the design process. Manufactured mechanism can be seen
in Figure 3-33 during the conducted tests.

Another challenge of the design was to keep this mechanism as light as possible. Despite the
attempts, mechanism contributes 430g to the weight of the robot which is quite significant.
Weight list of the components can be examined in the following Table 3-2.

Table 3-2: Weight List of the Components in Tilt Mechanism

Tilting Subsystem Amount | Unit Weight (g) | Total Weight (g)
Tilt Motor 2 95.6 191.2
Motor Shaft Bushing 2 2.0 4.0
Bevel Gear 4 17.0 68.0
Motor Bracket 2 6.6 13.2
Tilt Shaft 2 9.6 19.2
Tilt Foot 2 11.7 23.4
Spacer 4 2.0 8.0
Flange Bearing 2 26.5 53.0
Block Bearing 2 25.0 50.0
Tilt Mechanism Total 430
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Figure 3-33: Tilt Mechanism in Action during Tests
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3.7. Results of the Overall Hopping System

Overall hopping system performed reasonably in terms of jump height yet other problems
occurred. Jump height was measured by utilizing a graph paper at a perpendicular surface
near the robot. To seal the robot as good as possible liquid seal were applied to the relevant
locations and connections. Piston does not have a O-ring or other means of sealing, since it
was experimentally found out that friction induced due to sealing is worse than leakage.
Cylinder was made from Aluminium 7075-T651 and piston was made from steel. Piston
was grinded to tolerances, yet cylinder was not honed or subject of any other super-finishing
operation.

Robot weight was also measured to be 3.5kg before the jump as shown in Figure 3-34. The
camera, compass module and upper plate of the robot were the only missing components,
and they all account for only around 120g.

Figure 3-35 demonstrates a jump which reached a height of 185mm.

Figure 3-34: Measurement of the Weight of the Robot
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Figure 3-35: Figure Showing the Actual Jump of the Robot at its Highest Point

Unfortunately, after a few jumps, low cost gearbox of the tilt mechanism broke down, and
when the problem was investigated, the gears in the gearbox were fractured. From this point
on tests had to be performed by manually tilting the robot.

Figure 3-36: Fractured Gears of the Left Tilt Motor’s Gearbox
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CHAPTER 4

ELECTRONICS SYSTEM

4.1. Introduction

The electronic system of this robot is another challenging task which needs to be carried out
to be able to run the robot. It is composed of many elements, where every single one of them
requires special attention to be able to run them. The author has limited amount of time,
money and energy thus components were selected only if they are affordable and rather easy
to run. As this design is just a prototype rather than a mass manufactured product, whole
electronics system is based on getting a prototyping board for the microcontroller and
connecting other devices on it by soldering or other means.

4.2. Microcontroller And Wireless Communication Board

Selecting an appropriate microcontroller board is the most important part of the electronics
of this robot. There are quite a few alternatives in the market with different price range and
abilities, yet the Digi Electronics Rabbit RCM5400w which is shown in Figure 4-1 and its
prototyping board seemed to be best option for the author.

Figure 4-1: Rabbit RCM5400w Board

The board can communicate with the standart 802.11g 2.4 GHz Wi-Fi networks so it can be
transfer the data from camera to PC very effectively. Also, it has its own RF circuitry,
antenna, and power supply for the antenna so its Wi-Fi channel is ready to use. Moreover,
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the board has 4 PWM outputs for driving the motors and incremental encoder and input
capture abilities for reading feedbacks. In addition to these, the prototyping board has
onboard voltage regulators on its own so that it can operate on different voltage levels
without the need of additional circuitry. Another requirement, RS-232 channel for
communicating with the compass module is also readily provided. Prototyping board has
enough space for motor drivers to be mounted and it also provides excess 5V for feeding the
compass module. Dimensions of the prototyping board (97x103 mm) are a bit larger than
the authors wishes yet making the chassis a few millimeters longer cannot be even
considered as a tradeoff when compared to designing and manufacturing a new printed
circuit board. As a result cabling was messy, as seen in Figure 4-2 yet it was only a few
hours of work for the author.

........
...............

<]

3

Figure 4-2: Cabling Work Done at the Back Side of the Prototyping Board

Although suspension system does most of the work to absorb the impact energy when the
robot hits ground; it is still better to be safe than sorry, and shock protection for the boards
should be supplied. Hard disk drive mounts and other low pass gel absorbers are searched,
yet the gel absorbers are extremely expensive (more than 10$ each, approximately 50% to
protect the PCB), especially when bought in small quantities. So, the boards are mounted
with O-Rings [36] to provide old fashioned and cheap anti shock protection.

Figure 4-3: Mounting the PCB with the O-Rings [36]
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4.3. Battery

Operating voltage of the robot is selected to be 7.4V has the advantages of

. 6V motors can be used and they are much cheaper and easier to find compared to
their 12V counterparts

. T1 DRV8833 integrated circuit can be used (see section 4.4)

o Rabbit 5400w prototype board has LM2575 integrated circuit connected to its

voltage input which can work with 7.4V

Actual battery is bought from “Tiirk Hava Kurumu” which is national aviation institute of
Turkey. Their batteries are heavily used in model airplanes and known to be quite well
qualified. The actual battery [37], shown in Figure 4-4, has the capacity of 3400mAh and its
size is 110x34x20 mm which well suits the robot of this size. Additional details about the
battery can be obtained in section A.4.

Also, since the Li-Po batteries cannot be charged by directly connecting to a power supply,
a balanced charger as shown in Figure 4-5 is necessary to charge them.

Figure 4-4: Li-Po Battery used in the Robot

Figure 4-5: Balanced Battery Charger
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4.4. Motor Drivers

To be able to control the DC motors, a driver circuitry is necessary. For this purpose, instead
of designing and manufacturing his own circuitry, the author decided to use IC motor
drivers’ breakout boards. Texas Instruments’ DRV8833 was selected after the search for an
appropriate driver which can work efficiently at the required battery levels. Schematic and
connections of the breakout board can be seen in Figure 4-6 and when the outputs are
paralleled, the driver can supply 3A continuous and 4A peak currents, which is appropriate
for the selected motors. Datasheet of the integrated circuit can be found in section A.4.

motor power
(2.7-10.8 V)
- +

3 GND GND [T GND-I DC motor
- VM CE VIN
0 GPIO s===> BIN1 LIS} BOUT1
3 GPIO|=—=—> BIN2 o IEL EOUT2
S GPIO == AIN2 LSS = | AOUT2
% GPIO =" AIN1 LB L4 AOUT1

DC motor

Figure 4-6: Schematic of the Motor Driver Breakout Board

Although 5 different motors are controlled and the microcontroller has only 4 PWM
modules, actually at any instant no more than 2 motors are operating. This is where the sleep
pin kicks into action; it has become the key to control the motors with same PWM outputs.
For instance, left wheel and left foot motors are connected to the same PWM output of the
Rabbit 5400w, but when the wheels are operating the sleep pin of the feet motor becomes
high, shutting the driver down. Same theory applies to the right side motors and the hammer
motor.

4.5. Compass Unit
Compass unit has two main duties;

o Provide heading readings to be able to make robot go straight
o Provide pitch reading for the tilting mechanism to work correctly

Both of these readings does not have to be in high resolution or high accuracy but the unit
must be able to withstand some shock. The author has selected Ocean Server OS 5000-S
compass unit which has a rugged design and can survive up to 10000g shocks. The unit is
shown Figure 4-7 and its place in the robot is in Figure 4-8. It is quite close to the wheel
motors but the sensor can be easily hard iron and soft iron calibrated using the software it
provides; which is one of the main reasons why it was selected. Full datasheet of the unit
can be found in section A.6.
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Figure 4-7: Ocean Server OS-5000S Compass Unit

Figure 4-8: Placement of the Compass Unit inside the Robot

4.6. Software

Rabbit 5400w is programmed with Dynamic C which is a design environment ‘“specially
designed for programming embedded systems, and features quick compile and interactive
debugging” [38]

Control algorithm used in the robot has no feedback information from any of the motors in
the system. The only feedback is the compass module and all of the control loops are closed
from the feedback of the compass.

4.6.1. Graphical User Interface for Test Purposes

To be able to run and test the robot using the Wi-Fi network, a graphical user interface is
prepared in C#. A screenshot from the GUI can be seen Figure 4-9 and it basically lets the
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author to control the robot from the joystick while observing the feedbacks. Real time
graphic is constructed using the interactive visualization tools taken from “Ds-Dynamic
Data Display” [39] code.

Connection Filter Heartbeat Messages Filter Command Messages
#of M e

of Osng || Disable Graph MsgTime MsgSource  MsgType MsgData

Motors | Vehicle | Joystick

Enable Multi-Motor Control
Enable Command While Not On The "GO I" Button

Motor % PWM of Motor CMD

Left Wheel '—Ui o
RightWheel ~— 1} 0
LeftFost ) 0
Right Foot *Ui 0
Valve ——— 0

<4 1

— Left WheelPWM FB
—— Left WheelPWM Req
—— Right WheelPWM FB
— Right WhesIPWM Req
— Left FootPWM FB
_— Left FootP\WM Reg
—— Right FootPWM FB

0.9+

0.8

07—
— Right FaotPWM Req
— ValvePWM FB

_— ValvePWM Regq
_— Vehicle_Roll

_— Vehicle_Pitch

— Vehicle_Yaw

06—

05—

ESIES(ESIENIENIENICS{CSIESIESESIEN]EN)

04=

0.3=

02—

0.1=

01 02 03 04 07 08 09

Show Last Seconds
Figure 4-9: A Screenshot of the GUI Designed for Testing the Robot

4.7. Remarks

The overall approach for the electronics design of the robot gave quite good fruits. Being
able to solder necessary circuits to the prototype has saved the author from the effort of
making new printed circuit boards. Compass module worked well enough for the simple
control of the wheels and tilting mechanism. Although a camera was obtained, it could not
be used inside the system due to time constraints.
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CHAPTER 5

CONCLUSION AND RECOMMANDATIONS

The aim of the work presented in this thesis was to produce a small robot which has the aim
of reconnaissance and surveillance. The robot was designed to have an inexpensive jumping
capability using CO2 gas to overcome obstacles and have in-wheel suspension to survive
falls and throwing impacts. The following sections sums up the work done and presents
ideas for how to make the robot better.

5.1. Conclusions and Recommendations

Main challenge of this thesis was trying to keep the robot lightweight yet sturdy while
keeping it within the budget. Unfortunately, when these three design paradigms contradict,
and they contradict all the time, the author’s decisions were based on keeping the costs
down.

When realizing the conical wheel idea, the problems faced were limited by the practical
reasons rather than the design itself. Width of the wheel could have been at least the half
size, yet length W which is shown in Figure 5-1, was due to using off the shelf products.
Designing a suitable bearing for the occasion would take too much time and cost too much
money, whereas using already available products in the market just costs a few dollar. So
for this first prototype; which is a proof of concept, standard linear bearings and RC car tires
were used.

Ideally, instead of using linear bearings and using shaft keyways and a key to transmit the
torque to the cone; a spline shaft and a bearing should have been used. Spline shaft option
was eliminated due to financial reasons since the suppliers demanded extraordinary figures
such as more 100€ for just a meter of spline shaft for low quantity orders. Same rule applies
for the rubber manufacturers as well; they tend to turn down the small quantity orders as it
does not worth the molding process

No coatings were used between the cones which led to the wear issues at the wheels, thus
affecting the performance and increasing the sliding friction. To overcome this problem,
another set of wheels with balls between the outer and the inner cones were designed yet did
not manufactured due to time and financial constraints.

Decision of the transmitting of the locomotion power using timing belts worked quite well
and despite the impacts the robot has taken, motor and its shaft has remained intact. Yet
there are doubts about this design, since if a PCB were used instead of the prototyping
board, thus emptying the space underneath the motors, this space would be dead zone and
an obstacle on the way to reducing the weight.
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Tires

Shaft
Keyways

Linear
Bearings

Figure 5-1: Main reason behind length L was the author's inability to develop his own linear
bearings and his inability to find suitable tires for a smaller wheel

The problems about the jumping mechanism arose due to author’s inexperience in the
pneumatic design field and the uncertainties about the CO2 cartridges. Most of the off the
shelf seals are not suitable for 60 bar gas pressure as the author terribly observed. During the
trials of the jumping mechanism, additional liquid seals had to be applied to the components
again and again every time they are disassembled. Although very useful, as shown in Figure
5-2 it is quite messy.

Also as another remark, component geometries of the system had to be as simple as possible
to lower the machining costs. As the system is a prototype, casting or manufacturing options
which produces complex geometries economically, were not viable options.

Figure 5-2: Main joints of the hopping system are supported with liquid seal
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5.2. Future Work and Recommendations

As this thesis focused on the low cost proof of concept of the robot, there is much room for
optimization for the weight, in wheel suspension and jumping performance of this robot.

Weight could be lowered by utilizing more advanced engineering materials such as carbon
fiber. Using higher voltages and selecting actuators with higher power density could also
contribute to the weight reduction efforts. Wheels could be driven directly by torque motors,
and to lower the weight two or three wheeled configuration may be more successful. The
designed tilt mechanism adds up a lot of weight to the robot as well; just rotating the
hopping actuator would require small motor and less components, thus reducing the weight.

Much of the concerns about the weight and the suspension are already delivered in the
previous sections, yet the actual improvement area lies in the jumping mechanism. Much
bigger cartridges can be used, for example 88g ones, and using better controlled valve
multiple jumps could be achieved, and the jumps could be much more controlled. Also,
instead of using carbon dioxide cartridges, dry ice (solid carbon dioxide) could be used,
which is also readily commercially available. In addition to these, vapor pressure loss at
cold temperatures could be compensated by wrapping heaters around the CO2 cartridges, in
an effort to increase the vapor pressure before jump.

/

Figure 5-3: Heaters could be used to reliably jump at cold temperatures

Another potential for search and rescue use of the robot is to make it connectable to a large
gas tank with a hose. If the robot is connected to a rather infinite supply, theoretically it can
perform as many jumps as the user wants, assuming that electrical system is also connected
with appropriate cabling. Much more efficient rescue operations could be performed in
debris; while rescuers trying to detect the victims are perfectly safe

Also, more useful payloads could be attached to the robot to make it more versatile. Depth
sensors or stereovision could be added for mapping the environment and identifying the
surrounding objects.
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APPENDIX

SELECTED PRODUCTS

A.1l. Linear Bearings of the Cone Wheel and Piercing Mechanism

Model LMF
4Dt
JHL
L
Selected bearing
Model LMF
Unit: mm
Model No. Main dimensions Flange Ecmf"y oadal | Basic load rating
I"ﬁgﬁg’m Outer diameter Length Flange diameter Meunting hole (Ee
Ball C G Mass
Standard type | rows Tolerance D Tolerance L Tolerance | D | Tolerance H | PCD diXd:X a i un N N g
LMF 6 19 28 20 34X65x33 ! 206 265 265
| o 3 24 VTS kY EV]
t LMF 8 24 32 24 34x65x33 . 265 402 40
1 —— p i — P MEEACE: =
LMF 12 4 12 N [T ] o [0 | -02 42 6 32 45xBx44 12 12 -5 412 598 76
[T i1 23] -eon [ ] 0 N PITEERY] = 50| 775 2]
MF 1 16 8 7 48 4.5%8x44 - 75 18 M
[CLMF PR 7 2 54 X92%54 = 863 31 0
MF 5 0 9 62 X92x54 . 980 [ 340
e R T e I [0 | 60 | 66x11X65 E 1570 | 275 0
MF 5 PR 2 [ I 82 67 | 66x11X65 13 1670 1 7%
MF. 001z | 60 | _0019 0 03 96 78 9X14X86 0 —13 2160 0. 1054
MF o 0 3 100 116 0 3 98 9x14%86 0 13 3620 9 2200
LMF 60 6 60 -:,ms 90 -:uz: 10 13 o 18 12 | 11x175%108 25 25 13 4710 10000 2960
Figure A-1.1: Selected Linear Bearing of the Wheel
LM6 Linear Bearing
Number of Ball Rows dr(mm) D(mm) B(mm)
£, Al 4 6 12 13.5

III - -
LTI o \ D1(mm) W(mm) Crikef) Cor(kgf)
‘ 115 1.1 21 27
| [ Weight(k
ghi(kg) Material: Chrome steel (AISI52100).

0.006

Figure A-1.2: Selected Linear Bearing for the Piercing Mechanism
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A.2. Wave Spring of the Cone Wheel

1) REDUX™ WAVE SPRINGS

® Stainless Steel 17-7 PH

LEE HOLE ROD NOMINAL LOAD | WORKING HEIGHT| ~ FREE HEIGHT WIRE THICKNESS X TURNS | WavES | SPRING RATE | PRICE |

STOCK DIAMETER DIAMETER RADIAL WALL PER GROUP

NUMBER TURN

MM N MM | IN N 1B [ mm | W MM IN MM IN No. No. | N/MM | LB/IN

LWM45 110 09915| 45.00 | 1.772 [ 3500 | 1378 11000 | 2473 | 338 | 0133 | 991 |03% | 046x363 |0.018x0143 | 3 35 16.85 | 96210| Y
LWM45 11013215 452 | 0178 | 1321 [0520 4 1266 | 72290 | 2
LWM45 110 16515 564 (0222 | 1651 |0650 5 1012 | 57.780| BB
LWM45 110 19815 676 | 0266 |1981 [0780 6 843 | 48130 BB
LWM45 110 23115 790 (0311 | 2311 |0910 7 723 | 41280 BC
LWM45 110 26425 902 |03 |2642 |1.040 8 632 | 36090 8D
LWM45 110 29725 1016 | 0400 [2972 [1170 9 562 | 3209 BE
LWM45 110 36325 1240 | 0488 |[3632 (1430 " 460 | 26270 B
LWM45 110 42035 1466 | 0577 |4293 [16%0 13 389 | 22210| BM
WMa5 22509915 45.00 | 1.772 [ 3500 | 1378 [22500 [ 5058 | 533 |o0210 | 991 [03% [ 046x363 |0.018x0143 | 3 45 | 4921 ]280980] Y
LWM45 225 13215 699 (0275 |1321 |0520 4 36.16 | 206470 | 2
LWMA5 225 16515 914 0360 | 1651 |0650 c 3055 |174.440 | BB
LWM45 225 19815 1080 | 0425 | 1981 [0780 H 2495 [ 142460 | 8B
LWMA5 225 23115 1270 | 0500 |2311 [0910 Selected spring 2161 (123390 | BC
LWMAS 225 26425 1448 | 0570 | 2642 [1.040 8 18.85 107.630 | BD
LWMA5 225 29725 1626 | 0640 |2972 [1170 9 1671 95410 BE
LWMA5 225 36325 1981 | 0780 |3632 (1430 " 1363 | 77830 BJ
LWMA5 225 42035 2337 | 0920 |4293 [1.690 13 11.50 | 65.660 | BM
Lwma5 400 09915 45.00 | 1.772 [ 3500 [ 1378 [400.00 [ 8992 | 643 |0253 | 991 [03% | 061x376 |0.024k0148 [ 3 45 | 11495 [656.350 | ¥
LWM45 400 13215 838 [0330 |1321 |0520 4 82.88 473240 | 1
LWM45 400 16515 120 | 0an | 1651|0650 \V 5 7535 |430240] eB
WC 17 Qo ﬂﬁm 1081 ﬂw £ 08 37 QQQEE
LWM45 400 23115 1537 | 0605 |2311 [0910 7 51.63 |294.800 | BC
LWM45 400 26425 1727 | 0680 |2642 [1040 8 4374 | 249750 | 8D
LWM45 400 29725 1968 [ 0775 [2972 [1470 9 3087 |227.650 | BE
LWM45 400 36325 2426 | 0955 |[3632 [1.430 1" 33.15 |189.280 | BJ
LWM45 400 42935 2845 | 1120 |4293 [1.690 13 2763 157760 | BM

Figure A-2: Selected Wave Spring of the Cone Wheel [40]
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A.3. Rabbit 5400w Microcontroller Board Datasheet

RCM5400W

Microprocessor Rabbit® 4000 at 59 MHz

Data SRAM 512K

Program Execution Fast SRAM 512K 1MB
Flash Memory 512K 1MB
Serfal Flash Memory 1MB 2 MB

Wi-Fi Compliance

802.11b/q standard, ISM 2.4 GHz

Backup Battery Connection

Supports RTC and data SRAM

General-Purpose I/0

Up to 29 parallel digital I/0 lines configurable with 4 layers of altemate functions

Additional Inputs

Startup mode (2), reset in

Additional Outputs

Status, reset out

External I/0 Bus Can be configured for & data lines and 6 address lines (shared with parallel I/0 lines), plus I/0 madfwrite
6 high-speed, CMOS-compatible ports:

Serfal Ports * Al 6 configurable as asynchronous {with IrDA), 4 as clocked serial (SPI), and 2 as SOLC/HDLC

* 1 agynchronous clocked sarial port shared with programming port

* 1 clocked serial port shared with serial flash
Serial Rate Maximum asynchronous baud rate = CLE/8
Slave Interface Use the RCM5400W as an intelligent peripheral device slaved to a master processor
Real Time Clock Yas
Timers Ten 8-bit timers (6 cascadable from the first), one 10-bit timer with 2 match registers, and one 16-bit timer with 4 outputs and & set/reset registers
Watchdog/Supervisor Yes
Pulse-Width Modulators 4 channels synchronized PWM with 10-bit counter 4 channels variable-phase or synchronizad PWM with 16-bit counter
Input Capture 2-channel input capture can be used to time input signals from various port pins
Quadrature Dacoder Incremental encoder modules

Power (pins unloaded)

3.3VDC £5%; 625 mA @ 3.3V while tnsmitting/receiving: 175 mA @ 3.3V while not tansmitting/receiving

Operating Temperature -30° Cto 4+75° C

Humidity 5% to 95%, non-condansing

Coennectors One RP-SMA antenna connactor; One 2 = 25, 1.27 mm pitch IDC signal header; One 2 = 5, 1.27 mm pitch I0C programming header
Board Size 1.84" = 2.85" = 0.55" (47 mm = 72 mm = 14 mm)

Region 802.11b 202.11g
Typical Average Antenna Americas, Japan 19 dBm
15 dBm
Output Power Other Regions 12 dBm
Compliance &02.11b/g, 2.4 GHz
Price (qty. 1); Part Number $119;20-101-1246 $134;20-101-1247
Development Kit; Part Number 4299; 1L.5. and International (non-Japan): 101-1262; Japan: 101-1263
Secure Rabbit Wi-Fi
RabbitWeb FatFile System Socket Layer Program Update Authentication
Easily creata web Popular, network- Industry standard web Allows for mmote Provides
interfaces to accessible file systam sacurity for embedded firmware updates from strongest Wi-Fi
monitor and control for flash memories applications anmywhere in the world security available via
embedded applications using an Intemet WPA-2 and 802.11i
connection

Visit www.digiembedded.com for part numbers.

-

Figure A-3: Datasheet of the Rabbit RCM5400w
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A.4. Lipo Battery

230323 7.4V 3400 25C | THE Model Ugak

Anasayfa  Haklaimizda  Satin Alma RehberifGizllik  Misteri Hizmetleri Madazalanimie Hakkinda 555 Tletisim

) 7.4V 3400 25C

Uyelik

° Oturum Ag ) Ozellikler
o Uye Ol 63,00 TL

@ Sifremi Unuttum

Stok Kodu : 15-01-0042

Stok Durumu : Aciklama

Adirlgrlasar
*0eiileri: 1105342 0mm

+ Maodel Ucaklar

+ Helikopterler

+ Raclyo Kumandalar Tavsiyeler

+ Motorlar ) A
*Bataryalan Mutlaka Uygun Sarj Aletleri ile Sarj

+ Yakitlar Ediniz.

*Kendi Glvenliginiz igin mutlaka Kullanim

kurallanna uyunuz.

Lipe Bataryalar Kullanilan elektralitic igeridn agsindan lityum-

polimer piller difier pillerdan (NCel, MMb} farkliliclar

gasterir, Bu gln pivasada bulunan pil hiicrelerinde

polidretan veya poliuretandan yapilan sungerimsi

avinclar kullandyor, Bu sungerimsi vapinin ic

polimer ile dolduruluyor ve polimer hilcrenin igine

elektroltik dolduruldugunda enu emerek jole

+ Batarvalar

Piced Mimb Bataryalar

Sarj Aletlen

+ G Hedwell Esyalar

+ Yapistinalar-kimyasallar haline geliyar.

[ Lityum esash pillerin {li-pa) raf dmrd kisadir,
Salllama dmriind uzatabimek ion , %40 daolu
olarak 15 derece cvanndaki sicaklikta

+ Yedek Parca Ve
Aksesuarlar

+ Statik Maketler saklanmalidirlar, Tleride kullamnm deyip Ityum
_ esash pil almamak gerekir, kullanilmasalar dahi, 2-3
+ Kitaplar Ve Dergiler vil iginde igleri biter, Pilleri daha uzun amurll

kullanmak icin balansh sarj aletleri ile sarj ediniz,
Lityum piller hicre basina 3,70 volt olarak imal
edilir, Lityum pillerin daha uzun yasayabilmesi icin
sar] esnasinda, hucre basing en fazla 4,20V
gegmemelidie, 2.75Vun altina da asla
diguriimemeli. Kapasitalerinin %30 iInden fazlasi
kullanimamal. 60 derece calisma sivin agimanmalt,
Eullanim sonras, her bir hiicrenin gerilimi 2,70V
vapilip 15 dereceden serin bir verde, rutubetten

= it koruyacak gekilde saklayimz.

+ Ugurtmalar

Samal magazamizdan alisversy
vapmak ve sigaris vermek
cok kolaydir, Oneelikle
magazamiza Uye olmamz
gerekir, Uyelik ficratsizdir,

lcerik

* 1 Adet 4mm banana soketh 3400 mAH 25C
7.4V lipo batarya,

Etiketler
lipo

Figure A-4:. Datasheet of the Lithium Polymer Battery from the THK Store
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A.5. Motor Driver Datasheet

FEATURES
+ Dual-H-Bridge Current-Control Motor Driver + Wide Power Supply Voltage Range:
— (Capable of Driving Two DC Motors or One 27v-108V
Stepper Motor + PWM Winding Current Regulation/Limiting
- Low MOSFET On-Resistance: + Thermally Enhanced Surface Mount Packages
HS + LS 360 mQ) (PWP and RTY)
*  Qutput Current (at Vy = 5V, 25°C)
— 1.5.A RMS, 2.A Peak per H_Bridge in PWP APPLICATIONS
and RTY Package Options + Battery-Powered Toys
— 500-mA RMS, 2-A Peak per H-Bridge in PW + POS Printers
Package Option + \Video Security Cameras
. OU[pUtS Can Be Paralleled for «  Office Automation Machines
— 3-A RMS, 4-A Peak (PWP and RTY) * Gaming Machines
- 1-A RMS, 4-A Peak (PW) + Robotics

ELECTRICAL CHARACTERISTICS

Ta = 25°C {unless otherwise noted)

PARAMETER | TEST CONDITIONS | MIM TYP MAX UNIT
POWER SUPPLY
bymt VM operating supply current V=5V, zIN1=0V xIN2=0V 17 3 mé
Iymiiz VM sleep mode supply current V=35V 16 25 uA
ViwvLo VM undervoltage lockout voltage | \Vy falling 26 W
. VM undervoltage lockout .
Viivs hysteresis % i
LOGIC-LEVEL INPUTS
nSLEEP 0.5
Vi Input low voltage = - W
All other pins o7
nSLEEP 25
W Input high voltage W
" put high woiag All other pins 2
Vs Input hysteresis 0.4 W
nSLEEP sS00
Rep Input pull-down resistance = [{e]
All except nSLEER 130
e Input low current VIN=0 1 uA
| Input high X VIN = 3.3V, nSLEEP 6.6 13 "
i nput mgh curren VIN =33 V. all except n5LEEP 165 | *
toes Input deglitch time: 450 ns
nFAULT OUTPUT (OPEN-DRAIN QUTPUT)
Voo Output low voltage lo=5mA 0.5 WV
low Cutput high leakage current Vo=33W 1 uA
H-BRIDGE FETS
V=5V, lg=500ma, T, =25°C 200
HS FET on resistance V=5V, lg=500mA, T,=85"C 325
V=27V, lg=500mA, Ty =25C 250
V=27V, lo=500mA, T, =85C 350
Rosony . 2 2 mil
e V=5V, lg=500maA, T, =25°C 160
LS FET on resistance V=5V, lg=500mA T,=85C 275
= V=27V, lg=500mA, T,=25C 200
V=27V, lg=500ma, T, =85C 300
lorr Off-state leakage cumrent V=5V, Ty=25"C Yqur=0V -1 1 uA
MOTOR DRIVER
Tewmi Current control PWM frequency | Internal PWM frequency 50 kHz
tr Rise time V=5, 16 0 to GND, 10% to 20% Vi 180 ns
= Fall time V=5, 16 O to GND, 10% to 0% V), 160 ns
temoe Propagation delay IMx to OUTx  [Vy =5V 1.1 us
thEAD Dead time (! Vu=5V 450 ns
PROTECTION CIRCUITS
locp Cwercurrent protection trip level 2 33 A
toes OCP Deglitch time 235 us
toce Cwvercurrent protection period 1.35 ms
trsn Thermal shutdown temperature Die temperature: 150 160 180 °C

Figure A-5: Datasheet of Texas Instruments DRV8833
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A.6. Ocean Server OS5000-S Compass Datasheet

Parameter

Value

Azimuth accuracy

<0.5 deg RMS, 0.1 deg resolution

Inclination (pitch and roll)
accuracy

< 1deg, 0.1 deg resolution

Inclination range

+/- B0 degrees, (output for full rotation at decreased accuracy
pitch +/- 90 degrees, roll +/- 180 degrees)

Temperature range -40C to +85C operating,
Humidity: 20-80% RH non-condensing
Shock (Operating) 3,000 G, 0.5ms, 10,000 G 0.1ms
Data Refresh Rate 0.01 Hz to 40Hz sentence output rate
Size 1"x1"x 0.3" module
Weight ~ 2 grams
Supply Voltage 3.3V — 5VDC (Will operate with up to 15VDC using 3x the

power)

Power consumption

30 ma @3.3V (-S varant)

35 ma @5V (-US variant, in USB mode)

Serial Data Interface

R5-232C levels, TTL and USB 2.0 based on Variant

4800 — 115000 baud, 8 bit, 1 sfop, no parity (19200 default)

Sentence Format

NMEAD183 Style, four sentence formats, supporting xor
parity (SHCHDT, $OHPR, $C, comma delimited.

Supports Acceleration & Magnetic sensor output in X)Y,Z

Magnetic Compensation
Routines

Hard Iron and Soft Iron calibrations supported, note: Soft iron
(V1.4 or later firmware)

Figure A-6: Specifications of the OS5000-S
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