1Design of a Small Pneumatic Walking RobotbyMichael B. BinnardSubmitted to the Department of Mechanical Engineeringin partial fulfillment of the requirements for theDegree ofMaster of Scienceat theMassachusetts Institute of TechnologyJanuary, 1995Copyright Massachusetts Institute of Technology, 1995. All rights reservedSignature of Author _______________________________________________________Department of Mechanical EngineeringJanuary, 1995Certified by _____________________________________________________________Rodney BrooksProfessor of Computer Science and EngineeringThesis SupervisorCertified by _____________________________________________________________Gill PrattAssistant Professor of ElectricalEngineering and Computer ScienceThesis AdvisorCertified by _____________________________________________________________J. Kenneth SalisburyPrincipal Research ScientistDepartment of Mechanical Engineering ReaderAccepted by _____________________________________________________________Ain SoninProfessor of Mechanical Engineering

2Design of a Small Pneumatic Walking RobotbyMichael B. BinnardSubmitted to the Department ofMechanical Engineering on January 20, 1995in partial fulfillment of the requirements for theDegree of Master of ScienceABSTRACTMany researchers have built walking robots because they promise bettermobility than wheeled or tracked vehicles. The speed and payload capacityof these robots, however, has been insufficient to offer a viable alternativeto traditional vehicles. The major factors that contribute to these problemsare actuator force density, power to weight ratio, and limited leg workspace.Many of these problems are exacerbated for small robots. This paperpresents the design of a 10 lb, six-legged, pneumatically powered walkingrobot named Boadicea. Boadicea walks faster, and can carry more payload,than previous small walkers. Apneumatic actuation system using solenoidvalves and custom lightweight actuators produces high force and powerdensities. Most structural parts on Boadicea are injection molded, fiber-reinforced plastic. The legs of the robot are modeled after a cockroach,Blaberus Discoidalis: front, middle, and rear legs are all different, and thelegs have large, overlapping workspaces. Each leg uses a pantographmechanism to produce Cartesian foot motions. Preliminary results indicatethat the mechanical capabilities of Boadicea are an improvement overprevious legged robots.Thesis Supervisor: Professor Rodney BrooksTitle: Professor of Computer Science and Engineering

3"Ben, I want to say one word to you.Just one word. Are you listening? Plastics.There’s a great future in plastics"- Mr. McGuire, in The GraduateACKNOWLEDGMENTSI would like to thank all the people who helped make thisproject possible: Rod Brooks, Gill Pratt, Ken Salisbury,Cynthia Ferrell, Matt Williamson, and Gina Middaugh.I would also like to thank the American CompositeTechnology Company for donating the carbon fiber tubing Iused on Boadicea.WHO WAS BOADICEA?All of the legged robots built at the Mobile Robotics Laboratory havebeen named after marauding conquerors: Genghis, Attila, and Hannibal. Inkeeping with tradition, the robot I built for this thesis is named Boadicea,after a Celtic warrior-queen who led her tribe against invading Romans.

4TABLE OF CONTENTS

1.INTRODUCTION.........................................................................................91.1.LEGGED ROBOT BACKGROUND.................................................................91.2.PROJECT GOALS....................................................................................121.3.BOADICEA............................................................................................142.FLUID POWER............................................................................................182.1.ADVANTAGES OVER ELECTRIC MOTORS....................................................18Transmission ratio............................................................................18Power density..................................................................................20Energy storage.................................................................................20Easy force control.............................................................................212.2.HYDRAULICS VS. PNEUMATICS................................................................21Compressibility...............................................................................21Weight...........................................................................................21Implications for control system...........................................................22Leaks.............................................................................................22SCUBA alternative...........................................................................22Conclusion: pneumatics.....................................................................252.3.VALVE SPECIFICATIONS..........................................................................25Weight...........................................................................................28Flow and pressure capabilities.............................................................28Response time.................................................................................292.4.CUSTOM PNEUMATIC ACTUATORS............................................................30Comparison with commercial actuators.................................................30Seals..............................................................................................32Design details..................................................................................353.MATERIALS AND CONSTRUCTION TECHNIQUES..............................373.1.INJECTION MOLDING..............................................................................37Complex part geometry.....................................................................37Material properties............................................................................38Rapid prototyping.............................................................................39Insert molding..................................................................................40Economics......................................................................................403.2.COMPOSITE TUBING...............................................................................41Stiffness to weight ratio.....................................................................41Internal wiring.................................................................................41Disadvantages of pultrusion................................................................41Fastening........................................................................................424.BIOLOGICAL INSPIRATIONS...................................................................434.1.HOW MUCH TO COPY BIOLOGY?...............................................................43Evolutionary optimization..................................................................44Different capabilities.........................................................................444.2.COCKROACH STUDIES............................................................................45Leg kinematics.................................................................................45Force measurements..........................................................................47Stability.........................................................................................495.LEG DESIGN...............................................................................................50

55.1.IDEAS FROM COCKROACH STUDIES...........................................................50Workspaces.....................................................................................50Leg Optimizations............................................................................525.2.PANTOGRAPH MECHANISM.....................................................................54Other robots with pantograph legs.......................................................55Boadicea’s mechanism........................................................................555.3.FEET....................................................................................................575.4.DESIGN REVISIONS.................................................................................575.5.CONSTRUCTION DETAILS........................................................................58Sliding parts....................................................................................58Leg links........................................................................................59Bronze bushings...............................................................................62Good and bad points..........................................................................626.ELECTRONICS AND SENSORS................................................................636.1.68332...................................................................................................63Capabilities and architecture................................................................63Boadicea’s motherboard......................................................................64L programming language...................................................................656.2.SENSORS..............................................................................................66Trade-offs of many sensors.................................................................66Pressure sensors...............................................................................67Position sensors...............................................................................677.CONTROL SYSTEM DESIGN....................................................................707.1.DIFFERENT OPTIONS...............................................................................70Position control...............................................................................70Force control...................................................................................71Impedance control.............................................................................717.2.OTHER PNEUMATIC CONTROL SYSTEMS....................................................727.3.NONLINEAR DYNAMIC MODEL.................................................................73Configuration of Boadicea’s pneumatic system.......................................73Actuator dynamics............................................................................75Closed loop dynamics........................................................................797.4.BOADICEA’S PRESSURE CONTROLLER........................................................807.5.BOADICEA’S POSITION CONTROLLER.........................................................81Proportional control..........................................................................81Proportional - integral control law.......................................................82Feed forward control law....................................................................848.RESULTS.....................................................................................................878.1.FORCE AND SPEED CAPABILITIES.............................................................87Actuator performance.........................................................................88Comparison with other robots.............................................................898.2.WALKING.............................................................................................91Disabled legs...................................................................................918.3.UNEVEN TERRAIN..................................................................................92Moderate terrain................................................................................92Climbing........................................................................................938.4.PAYLOAD CAPACITY..............................................................................979.CONCLUSIONS...........................................................................................989.1.BOADICEA’S ACCOMPLISHMENTS.............................................................98Pneumatic actuators..........................................................................98

6Lightweight materials........................................................................99Insect-like design..............................................................................1009.2.DID BOADICEA MEET ITS GOALS?..............................................................100Speed.............................................................................................101Force..............................................................................................101Performance targets...........................................................................102Servo system...................................................................................102Reliability.......................................................................................1039.3.FUTURE WORK......................................................................................103Improving Boadicea...........................................................................103Future legged robots..........................................................................109REFERENCES....................................................................................................111

7LIST OF ILLUSTRATIONSFigure 1.1: Photograph of Boadicea...............................................................................14Figure 1.2: Periplaneta Americana and Balberus Discoidalis...........................................15Figure 1.3: Photograph of Boadicea’s pantograph mechanism........................................16Figure 1.4: Workspace of Boadicea’s pantographs..........................................................17Figure 2.1: Gearbox torque comparison.........................................................................19Figure 2.2: Valve configuration on Boadicea.................................................................27Figure 2.3: Flow rate vs. PWM duty cycle.......................................................................28Figure 2.4: Valve current vs. time...................................................................................29Figure 2.5: Actuator size comparison.............................................................................32Figure 2.6: Ring-type seal cross sections........................................................................33Figure 2.7: A rolling diaphragm equipped actuator........................................................34Figure 2.8:Hydrostatic forces on O-ring and U-cup piston seals....................................35Figure 2.9:Actuator cross section..................................................................................36Figure 3.1: An injection molded part from Boadicea......................................................38Figure 4.1: The cockroach Blaberus Discoidalis [Kram, et al 94]...................................46Figure 4.2:How insects minimize joint torques..............................................................47Figure 5.1: Workspace of Boadicea’s legs.......................................................................51Figure 5.2:Workspace of Blaberus Discoidalis and Boadicea.........................................52Figure 5.3: Shape of rear and middle leg workspace......................................................56Figure 5.4: The problem with compliant ankles..............................................................57Figure 5.5: The prismatic joint in Boadicea’s pantograph...............................................58Figure 5.6:Boadicea’s leg links......................................................................................59Figure 5.7:Construction of ASV pantographs................................................................60Figure 5.8:Arc swept by Boadicea’s leg links.................................................................61Figure 5.9:Boadicea’s pantograph construction.............................................................61Figure 6.1:Block Diagram of Boadicea’s electronics......................................................64Figure 6.2:Location of Boadicea’s sensors.....................................................................66Figure 6.3:Kinematics of Boadicea’s pantographs..........................................................68Figure 7.1: Boadicea’s pneumatic system (1 actuator only).............................................74Figure 7.2: Hydrostatic forces on the piston in a differential jack...................................74Figure 7.3:Actuator capacitance model.........................................................................76Figure 7.4: Transformer and effort sink model for piston..............................................78Figure 7.5:Complete bond graph for actuator dynamics................................................79Figure 7.6:Pressure controller performance...................................................................80Figure 7.7:Controller performance - Proportional only.................................................82

8Figure 7.8:Controller performance - P-I with digital filter.............................................83Figure 7.9:Root Locus plot for P-I controller................................................................84Figure 7.10:Controller performance - P-I with feed forward............................................85Figure 7.11:Effect of turning off the feed forward controller..........................................86Figure 8.1:Apparatus for measuring actuator performance............................................88Figure 8.2:Payload and speed capabilities of legged robots...........................................90Figure 8.3: Effect of disabling a leg on foot position.....................................................92Figure 8.4:Photograph of Boadicea climbing onto a rock.............................................94Figure 8.5:Boadicea lifting its front legs to climb a step................................................95Figure 8.6:Boadicea’s step climbing capability..............................................................95Figure 8.7:Boadicea rolling onto its back......................................................................96Figure 9.1:Side view of Boadicea..................................................................................105Figure 9.2:Moving the leg lift actuators.........................................................................106Figure 9.3:Lowering Boadicea’s center of gravity..........................................................107Figure 9.4:A more sophisticated controller for Boadicea...............................................108

TABLESTable 1.1:Performance of legged robots with electric actuators....................................10Table 1.2:Performance of fluid powered robots...........................................................11Table 1.3: Performance of dynamic robots...................................................................11Table 1.4: Design targets for Boadicea..........................................................................12Table 2.1:Comparison of Energy Density....................................................................20Table 2.2:Specifications for Solenoid Valves...............................................................26Table 2.3: Weight of actuator components....................................................................31Table 3.1:Properties of Engineering Polymers.............................................................39Table 4.1: Range of motion for Blaberus Discoidalis....................................................45Table 4.2: Leg segment lengths in Blaberus Discoidalis................................................46Table 8.1: Normalized work capability of legged robots...............................................89Table 9.1:Comparison of pneumatic and electric actuators...........................................99Table 9.2:Design targets and actual performance.........................................................102

91.IntroductionMany researchers have built walking robots because they offer the promise of bettermobility than wheeled or tracked vehicles. The speed and payload capacity of these robots,however, has been insufficient to offer a viable alternative to traditional vehicles. Themajor factors that contribute to these problems are actuator force density, power to weightratio, and limited leg workspace. Many of these problems are especially acute for smallrobots.This paper presents the design of a 10 lb, six-legged pneumatically poweredwalking robot named Boadicea. Boadicea was built to address these shortcomings.Boadicea walks faster, and can carry more payload, than previous small walkers. Apneumatic actuation system and lightweight design produce high force and power densities.The legs of the robot are modeled after a cockroach, Blaberus Discoidalis: front, middle,and rear legs are all different, and the legs have large, overlapping workspaces. Each leguses a pantograph mechanism to produce Cartesian foot motions. Preliminary resultsindicate that the mechanical capabilities of Boadicea are an improvement over previouslegged robots.

1.1.LegedrobotbackgroundThere are many reasons to build a legged robot. The most obvious is that leggedmachines can navigate over more rugged terrain than wheeled or tracked vehicles[Waldron, et al 84] [McGhee and Iswandhi 79] [Hirose 84]. If robots are tooperate in unstructured environments, either outdoors or exploring other planets, they mustbe able to traverse difficult terrain. Another advantage of legs is that they can be moreeffective as probes for sensing the environment [Angle 91].Most legged robots that have been built, however, lack the mechanical capabilitiesto fulfill these aspirations. They are orders of magnitude slower than wheeled vehicles,and have limited or zero payload capacity. Actuator torque and leg workspace limitationshave restricted the type of terrain they can navigate. Wheeled and tracked robots withcreative suspension systems, like the Russian Marskohod and the Rocky robots from theJet Propulsion Laboratory, can traverse difficult terrain at least as well as current leggedmachines. One reason for the mechanical shortcomings of legged robots is that many leggedlocomotion experiments have focused on control and software issues. These studies

10consider different methods of software control, gait generation, and stability [Kajita, etal 92] [Zhang and Song 91] [Dwivedi and Mahlingam 91a] [Dwivedi andMahlingam 91b] [McGhee and Iswandhi 79] [Chiel, et al 92] [Miller 94].Although some of these experiments are performed in simulation, most involve theconstruction of simple legged machines. However, improved mechanics are not the goalsof these experiments. As a result, their mechanical design is usually simplified as much aspossible. The sensors and actuators on these robots are normally optical encoders and DCgearmotors because they are easy to use, not because they offer superior performance.These robots are not built to push the mechanical performance envelope on legged vehiclecapabilities.The legged machines with the most impressive performance, however, are theresult of more thorough mechanical design, notably the Ohio State Adaptive SuspensionVehicle (ASV) and the GE Quadruped [Vohnout, et al 83] [Song, et al 81] [Song,et al 83] [Waldron, et al 84] [Song and Waldron 89]. Both of these machineshave remarkable capabilities; their speed and payload capabilities are sufficient to offer afeasible alternative to wheeled vehicles. To achieve this level of performance, bothmachines use hydraulic actuation systems.RobotLength(m)Mass(kg)Speed(m/s)Payload(kg)Speed/LengthPayload/MassCase Western a.51 .083unspecified.16---Miller’s biped b1 m tall9.5.025unspecified.025---Chinese biped c1.1 m tall70.05unspecified.045---Ambler d32700.0058480.001917 %Dante 2 e3770.017unspecified.006---PV-II f.8710.022.02320 %Attila g.362.5.03unspecified.083---Genghis h.391.8.038.8.09744 %References: a [Chiel, et al 92], b [Miller 94], c [Jinglun and Li shiqing 90], d[Simmons 92], e [Nygren and Fong 94], f [Hirose 84], g [Angle 89], h [Angle 91]Table 1.1:Performance of legged robots with electric actuatorsThese robots use electric actuators and maintain static stabilityduring locomotion. The normalized speed column showsthey arequite slow; except for the Case Western robot, all take over 10 sec.to move one body length. Normalized speed (speed/length) andpayload capacity (payload/weight) are useful for comparisons arebecause the robots are built on a wide range of scales.

11The robots listed in Table 1.1 are electrically powered and maintain static stabilityduring locomotion. They are all slow moving, and most have a limited payload capacity.The two machines that stand out as over achievers, Genghis and the Case Westernhexapod, are the simplest of the group. These two robots have two degrees of freedom perleg; all the other robots in Tables 1.1-1.3 have more complex leg designs.RobotLength(m)Mass(kg)Speed(m/s)Payload(kg)Speed/LengthPayload/MassASV a532003.6225.727 %GE Quadruped b41300.9220.2317 %Boadicea.54.9.112.3.2246 %References: a [Waldron, et al 84], b [McGhee, 76]Table 1.2:Performance of fluid powered robotsThese robots use fluid power; the ASV and GE Quadruped arehydraulic, and Boadicea is my pneumatic robot. Like the robots inTable 1.1, these machines also maintain static stability duringlocomotion. The normalized speed and payload capacity for theserobots is superior to their electric counterparts.Table 1.2 shows the performance of fluid powered, statically stable robots. Thisgroup is much faster than their electric counterparts, and has better payload capacity.Boadicea is the pneumatic robot I built for this thesis.RobotLength(m)Mass(kg)Speed(m/s)Payload(kg)Speed/LengthPayload/MassKajita’s biped a.4 m tall2.7.3unspecified.75---Collie-2 b.357.5.15unspecified.43---Raibert’s 2D biped c.7511.55.9unspecified7.87---References: a [Kajita, et al 92], b [Kimura, et al 90], c [Hodgins, et al 86]Table 1.3: Performance of dynamic robotsThese robots use dynamic gaits for locomotion. Kajita’s biped andKimura’s Collie-2 are electrically powered. Raibert’s biped uses apneumatic air-spring for propulsion and hydraulic actuators for legpositioning. His robots are the only ones I know that combine bothfluid power and dynamic stability. Although Kajita’s biped fallsafter five steps, these robots indicate the speed advantages ofdynamic locomotion.

12Legged robots that locomote dynamically are listed in Table 1.3. Speed is themain advantage of dynamic stability. Kajita’s biped and Collie-2 are electrically powered.It should be noted, however, that Kajita’s biped falls down after five steps. Raibert’sbiped, like his other robots, combines both fluid power and dynamic balance. Its speedcapability is dramatically superior to the other robots.

1.2.ProjectgoalsThe data in Tables 1.1-1.3 show the impetus for the Boadicea project. If leggedrobots are to fulfill their promise of providing more capable locomotion than wheeledmachines, their mechanical performance must be improved; statically stable, electricwalking machines are too slow and weak. The most serious limits on robot performance isthe torque density of the actuators [Angle 89] [Angle 91] [Binnard 92] and thepower density of the robot. Many robots have also suffered from reliability problems, andlimited leg workspace [Ferrell 93].Robot weight10 lbsMaximum payload4 lbsNormal walking speed6 in/secWave gait speed3.6 in/secMaximum joint torque42 in-lbMaximum actuator power6 W per actuatorclimb a 45� slope with the tripod gaitclimb a 45� slope with the wave gaitTable 1.4: Design targets for BoadiceaBoadicea achieves higher power and force densities with pneumatic actuators andlightweight materials. By making frequent prototypes and design revisions, I improved thereliability of the robot. Boadicea’s legs, which are modeled after the legs of a cockroach,have large workspaces, simple kinematics, and different designs for the front, middle, and

13back legs. Furthermore, the leg mechanism produces decoupled, linear motions to reducecomputational demands.Table 1.4 lists the performance targets which guided Boadicea’s design. All ofthese capabilities represent substantial improvements over previous small robots. Boadiceawas designed to have ten actuators moving simultaneously during walking, which meansthe power source supplies a maximum of 60 Watts. For comparison, our laboratory’sprevious walking robot, Attila, draws 15 W of electrical power for its motors. Assuming80% efficiency, Attila’s motors will produce 12 W of mechanical power. Therefore,Boadicea has up to five times the mechanical power available for locomotion.

141.3.Boadicea

15 15"5.6"Workspace

Slider Mechanism

FootFigure 1.4: Workspace of Boadicea’s pantographsThis figure shows the size and shape of the workspace forBoadicea’s rear legs. Front and middle leg workspaces are slightlysmaller, but are the same shape. The pantograph linkage provides a1:10 transmission ratio; the foot moves 10 times as much as theactuator piston.Boadicea’s sixteen actuators are pneumatic cylinders. Because commerciallyavailable pneumatic actuators are unacceptably large and heavy for a robot this size, Idesigned and built actuators that are much lighter and smaller than off-the-shelf cylinders.The actuators weigh less than 2 oz and can produce up to 100 lb of force.Boadicea is controlled by an on-board 68332 microprocessor. The processor isincorporated in an off-the-shelf single board computer that provides memory andcommunication ports. I designed and built a motherboard for the processor that containsanalog to digital (A/D) converters for monitoring sensor values and H-Bridge drivers forcontrolling the valves.

182.Fluid PowerBoadicea, the robot I built, achieves its greatest improvement in mechanicalperformance by using pneumatic actuators instead of electric motors. Fluid power hasseveral advantages over electric motors in a robotic application [Nair, et al 83]. Afterdeciding to use fluid power, the designer must choose between a hydraulic or a pneumaticsystem. Larger walking robots have generally been hydraulically powered [Waldron, etal 84], [Liston and Mosher 68]. For a small robot, however, I believe pneumaticsare the proper choice.

2.1.AdvantagesoverelectricmotorsFluid actuators, either hydraulic or pneumatic, are well suited to walking robotsbecause they are high force, low speed actuators. Second, a pump or compressor can bepowered by a denser energy source than batteries (see Table 2.1). Fluid systems alsoweigh less than their electric counterparts; are more flexible than electric systems; and havehigh torque to inertia ratios, easy power dissipation, and simple overload protection.Transmission ratioElectric motors are inherently high-speed, low-torque actuators. Roboticapplications, however, involve relatively low-speed, high torque motions. This problem isexacerbated on small robots because smaller motors run faster than larger motors. Onesolution to this problem is to use high torque (often brushless) motors. These motors areexpensive, heavy, and require large electrical currents. A more common and practicalsolution is to use DC gearmotors, which make force control difficult because of gearboxfriction, backlash, and the amplification of motor inertia.The critical factor in selecting an actuator for a walking robot, or a manipulator, isthe torque (or force) density [Angle 91]. The actuator weight determines the overallrobot weight, which establishes the torque requirements. With small DC gearmotors, it isdifficult to find a motor-gearbox combination with acceptable performance because of thehigh gear ratio required and the limited strength of the gear teeth.How does size affect these liabilities? Because of different scaling properties, thelimitations of large machines often do not apply to smaller versions. The graph in Figure2.1 shows a linear relationship between output torque and gearbox weight for a wide size

19range [MicroMo 93] [Maxon 94]. This linear relationship indicates that the torquedensity is constant for a wide variety of gearbox sizes. Assuming robot weight andgearbox weight scale together, there is no advantage gained by changing the robot size.There is another factor which does penalize smaller robots, however. All of thegearboxes plotted in Figure 2.1 have a gear ratio approximately 200:1. Because smallDC motors run faster than larger motors, they require a higher gear ratio. Increasing thegear ratio adds to gearbox weight without increasing the torque capability; higher ratiogearboxes have a lower torque density. Experience with the six legged robot, Attila,indicates that the torque to weight ratio of commercial gearboxes is insufficient for a highperformance legged robot [Angle 91] [Binnard 92].Fluid power systems have low speed, high force actuators; the intrinsictransmission ratio is appropriate for robotics applications. Furthermore, the transmissionratio can be altered by changing the area of the actuator pistons, which does not affectactuator weight significantly.

110100100010100.1

Output Torque (oz-in)1101001000

Maxon

MicroMoSlope=1.009Gearbox Weight (oz)45Best fit line

Figure 2.1: Gearbox torque comparisonThis graph indicates that there is a linear relationship between outputtorque and gearbox weight; the torque density is constant fordifferent gearbox sizes. All of the gearboxes shown have a gearratio approximately 200:1.

20Power densityFluid power systems have a much higher power to weight ratio than electricsystems. Typical hydraulic systems weigh 0.5 to 1 lb/HP while electric systems weigh 5to 10 lb/HP. These figures include the weight of the prime mover, stored energy,actuators, and valves or electronics.Energy storage Table 2.1 lists the energy density of different storage methods. Compressed airhas approximately the same density as the batteries that are normally used in electricsystems. The battery technologies with the highest energy density, like Lithium, are notrechargeable.For compressed air storage, the weight of pressure vessels depends on severalfactors, and can vary over orders of magnitude. Tank size, maximum pressure, shape, andmaterials will all affect the available energy density. Safety is another primary factor whichdetermines tank weight; the amount of over-pressure a tank is designed for determines thestrength required. Energy density is also affected by the amount of energy stored in thetank, which varies with the rate of consumption and ambient temperature. (See Section2.2: The SCUBA Alternative)Storage MediumEnergy Density (KJ/lb)NiCd Batteries40Lithium Batteries490Air at 9000 psi (with tank)65-200Gasoline25,000U235 Fission36,000,000Table 2.1:Comparison of Energy Density[Jones and Flynn 93] The energy density of compressed air iscomparable to current battery technology. A fluid power system canalso make use of chemical energy storage because an internalcombustion engine can turn a pump directly.Fluid power allows easy use of the better energy storage media. Compressed aircan power a pneumatic system directly, and can supply hydraulic power through anaccumulator. A fluid power system can also make use of chemical energy storage becausean internal combustion engine can turn a pump directly.

21Easy force controlPressure sensors for fluid power systems are easily available and simple to install.They allow straightforward, high performance force control. Controlling force withelectric motors is more complex; either gearbox effects makes torque control difficult, orlarge, high torque motors are required [Pratt and Williamson 95].

2.2.Hydraulicsvs.pneumaticsHydraulic and pneumatic systems have been compared many times. For a smallwalking robot, most of the trade-offs favor pneumatics.CompressibilityThe most significant difference between hydraulic and pneumatic systems iscompressibility, which is usually deemed a disadvantage. For a robot, however,compressibility is not necessarily a liability. Several researchers have looked at theadvantages of incorporating springs in legged robots [Full, et al 89] [Cavagna, et al77] [Alexander 90]. A pneumatic actuation system provides these springs �for free.�Furthermore, the stiffness, or impedance, of the pneumatic springs can be controlled moreeasily than with mechanical springs.This controllability can be seen from the ideal gas law:

PV = mR^{air}T

If the mass of air in the actuator, m, is constant, the pressure, P, and volume, V, will beinversely related. This relationship is what causes the actuator’s springiness. Changing mwill adjust the apparent stiffness.WeightWhen selecting a power system for a mobile robot, weight is a primary concern.The lower viscosity of gaseous media allows comparable flow rates with smaller valves,fittings, and hoses. Another significant difference is the weight of the working fluid itself.Air weighs practically nothing, while the weight of oil or water in a hydraulic system canbe substantial. In order to obtain a superior power to weight ratio, hydraulic systems mustoperate at a much higher pressure. For a Boadicea sized robot, the acceptable off-the-shelf

22components have a maximum pressure of 100 psi, which is insufficient to make a hydraulicsystem attractive.Implications for control systemThe high compressibility of pneumatic systems is generally eschewed because itcomplicates position control. However, it is not clear that position control is the best modefor robots. Unless the robot is performing brain surgery or precision assembly, highaccuracy position control is not ideal. The interesting tasks that robots perform are theirinteractions with objects in the environment. Proper behavior for these interactions iseasier to achieve with force or impedance (stiffness) control [Pratt and Williamson 95]Fluid power systems make force control straightforward to implement.Additionally, the compressibility of pneumatic systems makes impedance control possible,which could be a useful capability. For example, a robot design could exploit actuatorcompliance to improve walking efficiency. Different gaits and environments would requiredifferent actuator stiffness. The servo system could adjust the pressure in the actuators toachieve correct passive behavior.LeaksLeaks are a major concern in fluid power systems, especially a prototype systemlike Boadicea. Virtually all fluid systems will have some leakage, particularly on a smallmobile robot, where the amount of sealing hardware is limited. A major advantage ofpneumatic systems for this application is that air leaks are relatively benign; they will notmake a mess or short out electronics.SCUBA alternativeAnother advantage of a pneumatic system is that the mechanical energy for the robotcan be stored as compressed air at a high pressure. A regulator can expand the stored air tothe proper working pressure. SCUBA gear uses the same principle. This arrangement isimpractical for a hydraulic system because the working fluid does not recirculate throughthe system; the fluid in the tank is only used once. A lifetime supply of hydraulic fluidwould be difficult to carry because it is incompressible; compressibility allows a small tankto carry a large quantity of air.The amount of useful energy stored in a compressed air tank depends on the rate atwhich the tank is emptied. If the air supply is exhausted quickly, the gas will expandadiabatically; the air delivered to the cylinders will be cold. If the air is consumed slowly

23enough, the gas leaving the regulator will warm to the ambient temperature, providingisothermal behavior. Since the isothermal case is absorbing heat energy from theenvironment, the air supply will last longer.Structural Composites, Inc., located in Pomona, CA, manufactured a high pressurecomposite pressure vessel for the Lawrence Livermore National Laboratory [Whitehead95]. This vessel weighed 1.4 lb, had a rated pressure of 9000 psi, and had a volume of45

in3

. Using a thermodynamic analysis, we can calculate the amount of energy stored inthis tank.The initial conditions are:

P1 = 62⋅106 Nm2

V =.0007 m3

T = 300 K

Rair = 287 JKg⋅K

Here P1 istheinitialpressure(9000psi),Visthetankvolume,Tistheambienttemperature, and Rair is the gas constant for air.From the ideal gas law, we can find the mass of air, m, in the tank:

m =.50 kg

For an isothermal expansion, the amount of mechanical work output, W, is given by

W = mRairT⋅ln P1P2

where P2 is the final pressure, 100 psig. Solving this equation:

W = 280,000 J

Boadicea is designed to produce up to 60 W of mechanical power. Assuming 60%efficiency, the air supply must provide 100 W to the actuators. With that rate ofconsumption, the air supply will last approximately forty-five minutes. A reversible,isothermal expansion represents the best case scenario; this calculation predicts the largest

24amount of available energy. The trade-off you must make to get the extra energy is toconsume it slowly enough for the temperature to equilibrate.The worst case scenario is an adiabatic expansion, which assumes the gas expandsso quickly that no heat energy is absorbed from the environment. In a reversible adiabaticprocess,

T2T1 = P2P1 γ− 1γ

where

γ = CV + RairCV

and the subscripts 1 and 2 indicate initial and final conditions, respectively, and

CV

is thespecific heat of air (at constant volume).For air,

CV = 720 JKg⋅K γ =1.4

so in our case,

T2 = 50 K

Although in actual operation, the air delivered to the cylinders would not be this cold, thiscalculation does determine a lower limit of the energy available from the pressure vessel.The equation for work delivered from an adiabatic expansion is

W = mCvΔT

yielding

W = 90,000 J

which would provide 15 minutes of power at 100 W.In actual operation, the amount of energy provided by the air tank will be betweenthe adiabatic and isothermal predictions. Fortunately, there is some helpful positive

25feedback in this effect; using the air slowly allows it to absorb more heat from theenvironment, which extends the air supply. Boadicea will probably operate close to theisothermal case; a tank lifetime of 30 minutes is a reasonable expectation.Of course, these calculations assume that the robot is operating full bore,consuming 100 W. Unless the robot is sprinting with a full payload, it will drawsignificantly less power, further extending the life of the tank. For example, if the robotwas drawing 25 W, which is a realistic amount for unencumbered locomotion over levelterrain, the tank should last well over one hour.The air tank on a pneumatic robot could be recharged by an external compressor.Or, in a remote environment the robot could carry a small compressor to recharge the tankslowly. In either case, the advantage realized is that there is no prime mover or pumpwhich must supply the 100 W required by the robot.Conclusion: pneumaticsI decided to use a pneumatic actuation system for Boadicea. The primary concernsthat motivated this decision were weight and size constraints and the effects of leakage. Apneumatic system is also less expensive and easier to work with. The possibilities forinteresting dynamic properties offered by air�s compressibility is another potentialadvantage for pneumatics.

2.3.ValvespecificationsBoadicea uses solenoid poppet valves to control air flow to the actuators. Thesevalves limit the performance of the robot in several ways: they are relatively heavy and haveflow and response time limitations. However, they are the best commercial alternative, andbuilding custom valves is beyond the scope of this project. Table 2.2 lists thespecifications for a representative sample of commercially available solenoid valves. ThePower listed is the electrical power required to energize the solenoid. Cv is the FlowCoefficient which is used to compare flow rates through the valves; a large Cv valve willallow more flow for a given pressure drop across the valve.

26ManufacturerPart NumberWeight(oz)Power(W)Max. Press(psi)CvResponse Time(msec)Skinner7121KBN1NF00 aNotspecified10125.31Not specifiedGranzowD3162CB20 bNotspecified14150.15Not specifiedASCO8380 cNotspecified7110.09Not specifiedPeter Paul153JJ2DGM d4.510.5100.075Not specifiedANGAR ScientificAL3312 e1.52.0100.0410ANGAR Scientific407M3.04012100N e.72.5100.0254LeeLHDA1205025H f.071.550.012Redwood MicrosystemsFluistor g.007.5200.00051000IC SensorsMicrovalve 4425 h.011.525.0002100References: a [ S k i n n e r 9 2 ] , b [ G r a n z o w 9 2 ] , c [ A S C O 9 2 ] , d [ P e t e r P a u l 8 9 ] , e[Angar 89], f [ L e e 9 1 ] , g [ R e d w o o d 9 3 ] , h [ I C S e n s o r s 9 2 ] Table 2.2:Specifications for Solenoid ValvesThe Power listed is the electrical power required to energize thesolenoid. Cv is the Flow Coefficient which is used to compare flowrates through the valves; a large Cv valve will allow more flow. TheANGAR AL3312 valve is the most appropriate for a Boadicea-sizedrobot.The Skinner, Granzow, ASCO, and Peter Paul valves are typical solenoid valvesfor factory equipment. This size valve is the most commonly available. Because they arenot normally used in mobile servo systems, catalogs normally do not specify weight andresponse time. The ANGAR and Lee valves are "miniature solenoid valves" in the industryvernacular. They are the most suitable for a small mobile robot because they are relativelysmall and lightweight, but still have adequate flow capabilities. The Redwood and ICSensors valves are silicon micromachined valves. Although they are extremely small, the

27flow rates are not nearly adequate for a Boadicea-sized robot. Also, their response time israther poor.For Boadicea, the two ANGAR valves are the only appropriate choices. I selectedthe AL3312 valve because it has a higher Cv and draws less electrical power. Anotherdisadvantage of the 407 valve is that it requires manifold mounting, which wouldcomplicate the robot’s body and negate some of the weight savings.

Solenoid valvesExhaustHigh Pressure SupplyFigure 2.2: Valve configuration on BoadiceaThe actuator is used in a differential jack configuration. The frontend of the cylinder is maintained at system pressure while thepressure in the back end is controlled. When both valves are de-energized, the back end is sealed, and the actuator acts passively as astiff spring.The valves on Boadicea are connected as 2-way valves, as shown in Figure 2.2.Two valves are required for each DOF. The advantage of this configuration is that itprovides an (electrical) energy-free stance. Only one 3-way valve would be required foreach DOF if the energy-free stance were sacrificed. A possible compromise could be to usedifferent valve configurations for different degrees of freedom.The valves are driven by a 12 volt pulse width modulated (PWM) waveform at 70Hz. The fluid resistance of the valve has a linear relationship to PWM duty cycle, althoughit has substantial dead-band and saturation effects. (See Figure 2.3) This relationshipprovides good closed-loop behavior. Another advantage of PWM is that it helps preventdebris from clogging the valve [Lewis and Stern 62].

28 -10-50510

Position velocity (in/sec)PWM Duty Cycle (%)07010203040

506080

15 29actuator speed. Valves with larger internal passages could deliver more fluid power to theactuators, improving the robot�s performance. The cost, however, would be biggersolenoids, or greater electrical energy requirements.Response timeThe response time of the valve solenoid is another primary constraint on controlsystem performance. Figure 2.4 is a graph of the solenoid current as the valve opens andcloses. It shows that using a 12 volt supply, the solenoid takes approximately 5 msec toenergize and 7 msec to close because of its large inductance. This performance limits thePWM frequency to about 80 Hz. Valve Current

0.02.04.06.08.10.12.14.16

Current (A)Time (msec)0142468

101216

Valve opensValve closes

Figure 2.4: Valve current vs. time.The input is a 12 volt square wave. The valve acts as an L-R circuit,charging and discharging exponentially. The irregularities on thegraph are when the solenoid moves, opening and closing the valve.The switching time varies slightly with pressure and flow, but istypically between 5 and 7 msec.It is not difficult to improve the valve response time. Driving the solenoid with alarger voltage will energize the coil faster. The only constraint that must be observed isthermal: a sustained higher voltage will melt the coil. The solution is to use a circuit thatdelivers an initial high voltage spike, then quickly drops off to a 12 volt steady state. Thistype of waveform will energize the solenoid quickly, without burning it out.

30The drawbacks of this solution are that it requires a high voltage power supply(approximately 100 volts) and more electronics. Since one aim of this project was to keepthe electrical system simple, Boadicea does not include this idea.

2.4.CustompneumaticactuatorsA small robot like Boadicea needs lightweight actuators. While there are manycommercially available pneumatic actuators, they are all too heavy for this application.They are usually made from brass or stainless steel, and are much bulkier and heavier thannecessary. In their typical application, factory equipment, size and weight are not criticalconstraints.I designed and built my own actuators for Boadicea, using plastic to save weight.The biggest obstacle in producing an acceptable actuator was finding a low friction seal.Comparison with commercial actuatorsThe actuators I designed have several advantages for robotics applications. Mostimportantly, they weigh less than commercial actuators, and have a much lower overalllength to stroke ratio. Both of these differences make them well suited to mobileapplications where size and weight constraints are paramount. Using diaphragm sealskeeps stiction forces low, which makes servo control easier.My actuators use lightweight materials, have small ports, and minimal endcaps toreduce their weight. Table 2.3 shows the weight breakdown for my actuators. The twoactuators listed are the longest and shortest stroke lengths on Boadicea. For comparison, acommercial actuator with the same stroke and bore as my 2 oz actuator weighsapproximately 13 oz. It would not be feasible to build a robot like Boadicea with off-the-shelf actuators.

31PartWeight (oz)

1.56 stroke.438 stroke

Housing top.36.30

Housing bottom.46.39

Top liner (Al).130

Bottom liner (Al).26.14

Piston rod (brass).24.16

Rod seal.018.018

Piston cap.061.061

Piston.19.086

Diaphragm seal.086.082

Screws.164.164

Total1.971.40

Table 2.3: Weight of actuator componentsThe table shows the weight breakdown for the longest and shorteststroke actuators I built. A commercial actuator with the same strokeand bore as my larger actuator weighs 13 oz. It would not befeasible to build a robot like Boadicea with off-the-shelf actuators.In addition to their low weight, my actuators are also much smaller than off-the-shelf cylinders. Figure 2.5 shows the relative size of my actuator and the commercialalternatives. All the cylinders have similar housing and piston rod diameters. My actuator,however, has less hardware in the endcaps and a more compact design, providing a muchhigher stroke to length ratio. The commercial actuators also have large diameter portswhich require bulkier and heavier fittings.

32My actuatorClippard MinimaticSRR-20Bimba DW171.5-2NFPA MF-1

American CylinderModel RNS

8.486.879.473.56References: [American Cylinder 90], [ B i m b a 9 2 ] , [ C l i p p a r d 9 2 ] Figure 2.5: Actuator size comparison.My actuator design is shown on the right. On the left are threecommercially available actuators. All of the actuators shown have a1.25" bore and 1.5" stroke. The commercial actuators are not onlybigger and heavier than my design, but they also have larger ports,which require larger and heavier fittings.SealsOne of the major difficulties in designing a pneumatic actuator is finding anacceptable reciprocating seal. Static friction and leakage make controlling the actuatordifficult. To avoid these problems, I experimented with rolling diaphragm seals thateliminate sliding contact in the actuator. I also tested more traditional piston seals: O-rings,U-cups, and other ring-type designs. Because these seals work by compressing a plasticor elastomer ring between the piston and the cylinder wall, however, they tend to have highfriction. Figure 2.6 shows the cross sections of the ring-type seals I tested.

O-ringU-cupBackup ring

Figure 2.6: Ring-type seal cross sectionsI built prototype actuators with all of these seal types. U-cups hadthe best performance, but in all cases either stiction or leakage wereprohibitive.Rolling diaphragmsAn attractive seal technology is the rolling diaphragm seal, invented by Bellofram,Inc. (See Figure 2.7) A rolling diaphragm seal forms a leakage free seal between the twoends of the cylinder. The piston diameter is smaller than the cylinder bore, and thediaphragm rolls up on itself in the resulting gap. The main advantage of this design is thatit eliminates sliding friction. However, there is some rolling resistance in the diaphragm,which can be considerable for small diameter seals. The diaphragm seal also relaxes therequirements for close tolerances and smooth surface finish on the cylinder parts.I built a prototype Boadicea-sized actuator (1.25" bore, 1.4" stroke) using aBellofram seal. The apparent friction caused by the diaphragm’s rolling resistance wascomparable to the sliding friction in pistons with U-cup seals, the type used in commercialactuators (see Figure 2.8). However, there was very little static friction, which is whatlimits controllability.One limit imposed by the diaphragm seals is that pressure can only be applied toone side of the seal (the top side in Figure 2.7). Reversing pressure, or back driving theactuator, can kink or wrinkle the diaphragm, which jams the piston. Usually, the only wayto un-kink the diaphragm is to disassemble the actuator.

34Rolling DiaphragmPiston retractedPiston centeredPiston extended

Figure 2.7: A rolling diaphragm equipped actuatorThe diaphragm rolls back and forth between the cylinder bore andthe piston. This type of seal reduces static friction and relaxesmanufacturing surface finish and tolerance constraints.O-ringsO-rings are a relatively poor choice for reciprocating seals. Because the pressure ofthe working fluid compresses the O-ring radially, there must be a large amount of pre-compression in the seal to prevent leakage. I tested O-rings of several materials: Buna-N,silicone, Teflon, and Teflon coated silicone. In every case, either friction or leakage wasprohibitive.U-cupsU-cups have the advantage that fluid pressure presses the seal against the cylinderbore (see Figure 2.8). Sealing force increases as pressure increases, which is preciselywhat you want. This feature allows the actuator to be constructed with less pre-compression in the seal, resulting in less friction than for O-rings. There is still areasonably large amount of stiction, however, which is a controllability problem. U-cupsare the most common sealing technology used on small commercial actuators.

35Cylinder HousingPistonHigh PressureForce vectorsCylinder HousingPistonHigh Pressure

Figure 2.8:Hydrostatic forces on O-ring and U-cup piston sealsThe high pressure compresses the O-ring (left), creating a leak alongthe inside of the cylinder housing. As pressure increases, the leakworsens. A U-cup seal (right) has the opposite behavior. Becausehydrostatic forces press the seal against the housing, sealing isimproved as pressure increases.Backup ringsBackup rings are intended to provide axial support for O-ring seals, and normallyare not used as seals themselves. I experimented with Teflon backup rings for piston seals.These actuators had significant leakage, but surprisingly little stiction. Like the Belloframactuators, the resistance was very viscous.Conclusion: diaphragm sealsInitial experiments indicated that the rolling diaphragm and U-cup seals were thebest options. After many experiments comparing these two seals, I decided to use thediaphragms. The biggest consideration in this decision was stiction. The U-cup actuatorswere unable to produce smooth, low velocity movements. The only major problem withthe rolling diaphragms is the possibility of wrinkling. Careful assembly, to maintainconcentricity, and not back driving the actuator minimize this problem.Design detailsThe actuator housing (see Figure 2.9) consists of a plastic shell with an aluminumliner on the cylinder bore. The metal liner provides strength to withstand hydrostaticpressure in the cylinder. The piston rod is a brass rod, hollowed out to save weight. Brass

36provides low friction and a smooth surface finish for the rod seal. The piston itself ismolded plastic. Finally, a U-cup seals against the piston rod. Aluminum Liner

U-cup

Brass piston rod

Figure 2.9:Actuator cross sectionThe actuator consists of a plastic housing, a molded piston, a brasspiston rod, and an aluminum liner. The metal liner provides thestrength to withstand the hydrostatic pressure in the actuator.The aluminum liner must be thick enough to withstand the pressure in the cylinder.The hoop stress in the liner is:s=Prt

(1)where P is the pressure, r is the cylinder radius, and t is the thickness of the aluminumliner. For Boadicea, the maximum working pressure is 100 psig and the radius is 5/8".Using 30,000 psi for the yield strength of aluminum and a factor of 10 for safety, equation(1) becomes30kpsi10

=(100psi)(.625")tsolving for t, t=.021"

373.Materials and ConstructionTechniquesChapter 2 presented the advantages of Boadicea’s pneumatic actuation system. Thesecond way I improved Boadicea’s strength to weight ratio is by building the robot withlightweight materials. Previous Mobot Lab robots, including Attila and Genghis were builtfrom aluminum. Boadicea, however, uses mostly plastic and composite materials.For leg links and structural body parts, the critical material property is the stiffnessto weight ratio which is higher for advanced composites than metals. My initial plan was touse carbon fiber tubing for the structural elements. The tubing I used, 1/4" carbon fiberarrow shaft, does not have sufficient torsional stiffness for the leg links, however.Boadicea has some carbon fiber tubes, and some aluminum tubes.I used injection molded plastic for the robot’s joints and moving parts. Moldingallows more complex part geometry, rapid prototyping, and a wide selection of materialproperties. The part illustrated in Figure 3.1 is an example of molding capabilities.

3.1.InjectionmoldingInjection molding is normally used in high volume projects because of its economicadvantages. However, there are several reasons why it is appropriate for producing smallrobot parts, even in limited quantities. Machining small plastic parts is difficult becausefixturing forces cause deformation, which limits accuracy. Also, machining fiberreinforced plastics poses serious health problems.Complex part geometryA primary advantage of injection molding is that it allows more complex partgeometry. For example, thin walled parts are much easier to make with a molding processbecause the part does not need to be clamped in a vise. Figure 3.1 shows orthographicviews of a part from Boadicea’s legs. This part is molded in one operation, with no postmachining. Additionally, a bronze busing is insert molded in hole B, and an aluminumtube is molded in hole A.

ABFigure 3.1: An injection molded part from BoadiceaThis part is molded in one operation, with no post machining.Additionally, a bronze busing is insert molded in hole B, and analuminum tube is molded in hole A.Material propertiesAnother advantage of using plastic parts is the wide variety of plastic materialswhich are available. The number of polymers, fillers, and reinforcing options available isdizzying; plastic materials offer a far greater range of properties than metals [Dexter 79].Polymers can be selected for appropriate characteristics like wear resistance, dimensionalstability, stiffness, strength, and toughness. Furthermore, fillers can be added to lubricateor reinforce the material.Table 3.1 lists properties for some common engineering thermoplastics. Nylon isa good general purpose material, and reinforced resins have excellent stiffness to weightratios. Its volume swells up to 10% when exposed to moisture, however [Dexter 79].Delrin (Du Pont’s Acetal resin) is slightly stiffer than nylon, and has much betterdimensional stability. Teflon has extremely low coefficients of friction, but is very soft.Polyphenylene Sulfide offers superior stiffness, but its low impact resistance makes it apoor choice for mobile robots.Boadicea has parts made from several different plastic compounds. The structuralparts are made from glass and carbon fiber reinforced Delrin and Nylon. The sliding partsin the pantograph mechanism are Teflon-filled Delrin (Delrin AF); the Teflon additivereduces the coefficient of friction.

39MaterialYoung’smodulusYieldStrengthSpecificGravityStaticFrictionDynamicFriction

Nylon 6/6 b410121.14.1.15-.40

Nylon 30% glass fiber b1500251.4Not listedNot listed

Delrin 500 a450141.4.2.35

Delrin AF (Teflon filled) a420101.54.08.14

Delrin 577 (glass filled) a900121.56Not listed.35

Teflon (PTFE) b, c502-6.52.2.04.04

PPS b600201.34Not listedNot listed

PPS 40% glass b2200371.37Not listedNot listed

References: a [ D e l r i n 9 2 ] , b [ D e x t e r 7 9 ] , c [ B a u m e i s t e r 6 7 ] Table 3.1:Properties of Engineering PolymersBoadicea uses several of these materials: structural parts are moldedfrom glass and carbon fiber reinforced Nylon, and sliding parts inthe pantograph mechanism are Delrin 500AF. PolyphenyleneSulfide (PPS) is much stiffer than the other plastics, but is moredifficult to mold, and is too brittle for this application.Rapid prototypingThe composite and plastic construction of Boadicea allows rapid prototyping andtesting of new designs. Once a set of molds for basic parts exists, leg and bodycomponents can be manufactured quickly. Even when new molds are required,manufacturing time is short; a typical mold for Boadicea requires only an hour or two ofmachining time.The ability to quickly build and test design ideas is invaluable for this type ofproject. A prototype reveals the strengths and weaknesses of each design revision. Inorder to reach a robust design, the design-prototype-revision cycle must be completedmany times. Injection molding shortens the time required for each iteration, especiallybecause a multi-legged robot like Boadicea requires many copies of individual parts; it isnot uncommon to need twenty-four or thirty-six pieces of a certain part.

40Insert moldingI could not have built Boadicea without insert molding. This technique involvesplacing bushings, shafts, and structural elements in the molds, and then casting plasticaround the inserts. Insert molding eliminates most post-machining operations andsimplifies assembly.A more significant benefit, however, is that this process guarantees properalignment and positioning of critical features. Most of the parts on Boadicea, and otherelectromechanical machines, have relatively few critical dimensions. For example, theexternal dimensions of most parts have loose tolerances, but the alignment and location ofbearing holes must be accurate. Once the molds have been made correctly, insert moldingassures that the parts will be accurate and repeatable.EconomicsIn commercial applications, the economic benefits of injection molding are typicallyrealized at high volume (hundreds of thousands) because of high tooling costs. ForBoadicea, I machined my own molds out of aluminum. Using aluminum instead of toolsteel for the molds simplifies fabrication immensely. Also, since graduate student time isnormally considered free, my tooling costs were minimal. Material costs were also low;plastic pellets cost a few dollars per pound. Even better, because I required smallquantities, I was usually able to get free samples.For most parts, building the mold takes approximately the same amount of time asmachining one part: between one and six hours. Depending on the part size and moldcomplexity, molding takes between 1 and 5 minutes per part.

413.2.CompositetubingSome of the structural members on Boadicea are pultruded carbon-fiber tubes. Thistubing is commonly available off-the-shelf as arrow shafts for archery enthusiasts.Although this material is a bit unpleasant to work with, it has some superb structuralproperties that make it a good choice for robot construction. Unfortunately, there are alsosome serious drawbacks, especially low torsional strength.Stiffness to weight ratioOn a walking robot, the primary metric for selecting structural elements is thestiffness to weight ratio, which is extraordinarily high for carbon fiber composites. Theuniaxial tubing on Boadicea has nearly four times the stiffness to weight ratio of an equalsize aluminum tube. High modulus graphite composites can have a specific stiffness nearlyseven times that of aluminum, and about five times the tensile strength [Kalpakjian 92].Internal wiringOne attractive feature of the composite tubing is that it provides a convenient way toroute wires. The wires on Genghis and Attila run along the outside of the structural parts.Besides looking messier, the exposed wires are more likely to be damaged. Broken wireshave been the leading hardware failure on Attila [Ferrell 93]. Obviously, non-compositetubes would have this advantage as well.Boadicea has internal wiring on each leg, which allows a clean and slender leg withdistal (far from the body) sensors. Wires on the body do not run through tubes, however,because the additional connector complexities were beyond the scope of this project. In thefuture, when more time is available for cabling design, internal wiring could be used moreeffectively on the body.Disadvantages of pultrusionThe biggest disadvantage of pultruded tubing is that all fibers are axially oriented.The tube’s stiffness and strength under torsional and radial loading is determined solely bythe matrix material; the fibers do not help at all. Since the epoxy resin is relatively weak,compressive and torsional loads cause the tubes to split. This weakness can be especiallyaggravating when the tubes are being insert molded in plastic parts; the injection pressurecan be sufficient to crack the tubes. Boadicea’s legs are subjected to large torsional loads,which makes the carbon fiber tubing a poor choice for leg links.

42Working with carbon fiber composites also poses serious health risks. The dustproduced by cutting or sanding is highly toxic. Inhaling small pieces of the fibers cancause lung damage similar to asbestosis. Glass reinforced composites also cause the sametype of lung disease. A less serious health hazard is carbon fiber splinters. Because thefibers are very slender and stiff, they can easily pierce the skin. Because the fibers are verybrittle, they nearly always break off just below the surface, making splinter removaldifficult.FasteningAnother difficult problem with carbon fiber tubing is that it is difficult to fastenparts to the tubes. Graphite-epoxy composites are brittle, especially with uniaxial fibers.Drilling holes in the tube for screws will usually cause it to split. The tubing also does notglue well, although careful surface preparation and proper glue selection would improveadhesive performance.The most successful way to fasten parts to the tubing I have found is with insertmolding. Placing the tubes in the molds eliminates the need for any post-machining orassembly. Cutting small notches in the tubing with a belt sander provides some mechanicalinterference that prevents the tube from pulling out or rotating. Although these notches cutthe fibers, and weaken the tubing, the joints are still able to withstand loads Boadicea willexperience.The molds can be fixtured in the correct position and orientation, ensuring that themolded end parts will be properly aligned. With a traditional assembly process, it wouldbe more difficult to get the correct alignment.

434.Biological InspirationsOne emphasis of this project was to look at insect locomotion for ideas about howto build walking robots. Bob Full, Rodger Kram, and their colleagues at the University ofCalifornia, Berkeley, have been a wellspring of useful information [Full 94] [Kram 94][Full, et al 89] [Kram, et al 94]. We have discussed different aspects of robotdesign and insect locomotion throughout the course of this research.

4.1.Howmuchtocopybiology?A big question facing robot designers is how much to copy from real animals. Therange of possibilities extends from no biological considerations to machines with dynamicbehavior exactly mimicking real biology. Most of the biological inspirations for leggedrobots have dealt with gait generation and other software functions [Chiel, et al 92][Ferrell 93].The mechanical design of legged machines can also be biologically inspired.[Weidemann, et al 93] describes development of a leg with kinematics similar to awalking stick insect, Carausius Morosus. Like other studies, this leg design uses DCgearmotors, and the emphasis of the experiment was on developing a controller for gaitgeneration. In this study, an accurate kinematic reproduction of the insect was moreimportant than improving mechanical performance. As a result, the leg they built is insect-like, but it can only support twice its own weight. This torque density is insufficient for acomplete robot.Boadicea also employs many biological ideas in its mechanical design. Because myhighest priority was maximizing mechanical performance, Boadicea’s legs are not as true totheir biological prototype as Weidemann’s. They do have superior force and speedcapabilities, however. My approach has been to determine what is the best way to exploitour technological capabilities, and then look at how well that can match what insects do.For example, I decided that a linear foot trajectory was a desirable feature, and thata planar pantograph was the best way to achieve it. That leaves the question of how toorient the leg. Blaberus Discoidalis, a cockroach that Full and his colleagues study, havemiddle and rear legs that operate primarily in a horizontal plane, and front legs that operatein a saggital plane. Those are the orientations I chose for Boadicea’s legs. I also designedthe range of motion for the pantograph to produce leg motions similar to the insect.

44Another example is the number of DOFs in Boadicea’s legs. The 68332microprocessor has sixteen timer outputs, each of which controls one degree of freedom.My original plan was to build a robot with six 3-DOF legs, which would require eighteenoutputs. Therefore, I needed to eliminate two degrees of freedom. The best candidates forelimination were the lateral DOF of the front legs. Because cockroaches locomoteeffectively with minimal lateral force on their front legs [Kram, et al 94] [Kram 94], Iconcluded that these degrees of freedom were not essential.Evolutionary optimizationThe attractive thing about copying biology is that evolution has been testing andoptimizing locomotion designs for millions of years. To date, we have not been able tobuild robots that match the capabilities of insects, let alone mammals or humans. If biologyhas such a performance advantage over robotics technology, maybe we can learn fromstudying it.Different capabilitiesThe biggest argument against copying biology is that the tools and materialsavailable for machines are fundamentally different from what is used in biological systems.The technological state of the art cannot match biology�s energy density, number ofactuators, sensor density, or controller complexity.For example, biological muscles are linear actuators, but with mechanical systems,rotary motion is much easier to achieve. This difference is one reason why boats usepropellers and fish do not. Seals are another factor that contribute to this difference; apropeller-driven craft needs a rotary seal around the drive shaft. Evolution has not inventedthe variety of sealing methods technology has; animals do not have O-Rings.Mechanical capabilitiesThe differences between biology and technology that have the greatest impact onlegged robots are actuation and control system complexity, favorable actuator dynamics,and energy storage density. Compared to the number of muscles in insects, walking robotshardly have any actuators at all. For example, on each leg, a cockroach has twenty-sevenmuscles [Full 94], while robots have two or three.The dynamic properties of muscles have evolved to meet the requirements of leggedanimals: there are no gearboxes. For artificial systems, especially with electrical actuators,there is a relatively poor impedance match between the external loading and the actuator.

45That is why most electrical machines require some form of gear reduction, either with agearbox, cable drive, or an other transmission.Finally, the energy density of animals is much higher than for machines, both interms of energy storage and actuator power. The current state of the art in mobile robots isnowhere near the capabilities of animals.

4.2.CockroachstudiesThere are many recent investigations of insect locomotion that could provide helpfulsuggestions to robot designers. Boadicea incorporates some of these ideas: its legkinematics, workspace, and climbing strategies are modeled after cockroaches. Many ofthe more dramatic discoveries, however, were too complex for this project. These findingsreveal that multi-legged insects move far more dynamically than robot designers hadassumed.Leg kinematicsCockroaches have legs with four segments, like most other insects. (see Figure4.1) Tables 4.1 and 4.2 show the range of motion and link lengths for the legs of arunning Blaberus Discoidalis. This data indicate that the rear and middle legs move in asimilar manner. The coxa does not move much in these legs. The front legs, however, aremarkedly different: the coxa-body joint does flex substantially, but the coxa-femur jointdoes not. This motion results in the coxa/femur combination acting as a longer "upper leg"segment.The tarsus of each leg consists of several small segments with passive, springyjoints. These joints are remarkably flexible; the tip of the tarsus is nearly able to touch theankle joint.JointRear legMiddle legFront leg

Body-Coxa8.1� – 2.1�13.2� – 1.9�33.9� – 3.8�

Coxa-Femur70.2� – 2.4�43.0� – 4.7�8.6� – 5.5�

Femur-Tibia68.0� – 3.0�26.2� – 6.8�23.8� – 7.9�

Table 4.1: RangeofmotionforBlaberus DiscoidalisAngles shown are the range of motion used during locomotion, notthe maximum range [Kram, et al 94].

Bottom view:Side view:

47mmTarsusTibiaFemurCoxa

Figure 4.1: The cockroach Blaberus Discoidalis [Kram, et al94]Leg segmentRear legMiddle legFront leg

Coxa6.08 – .215.77 – .117.2 – .17

Femur10.6 – 0.29.86 – .257.65 – .14

Tibia12.8 – 0.37.70 – .334.18 – .16

Tarsus8.02 – .276.58 – .195.39 – .10

Table 4.2: Leg segment lengths in Blaberus DiscoidalisLengths in mm, averaged for 5 insects [Kram, et al 94].

47Force measurementsRobot designers have traditionally assumed that a legged machine should producevertical reaction forces at each foot (See Figure 4.2, left) because this minimizes theamount of force which must be generated. Full has found, however, that insects oftenproduce opposing horizontal forces with their legs [Full 90], as shown in the right ofFigure 4.2. While this may seem inefficient, it actually reduces metabolic cost.The amount of force leg muscles must generate is determined by the reaction torqueabout the leg’s joints. With vertical foot forces, this torque is large because insects have awide stance. When the forces are oriented as in the right of Figure 4.2, the resulting jointtorque is lower because the moment arm is much shorter. Lower joint torques require lessmuscle force, which reduces metabolic cost for the insect. The trade-off that must be madeto achieve this savings is that the knee muscles must be stronger; they have to provide thehorizontal component.Legged robots should be able to apply the same principle. Frequently, actuatortorque is a design constraint for legged robots. Abandoning the assumption that foot forcesshould be vertical may ease the limitations imposed by these limits.

moment arm

momentarmbodybodyFigure 4.2:How insects minimize joint torques[Full 90] The illustration on the left shows the situation usuallyassumed by robot designers; each leg produces a vertical reactionforce to counteract gravity. Insects, however, produce opposinghorizontal forces with their legs. Although this increases the amountof force the insect creates, it reduces the corresponding joint torque,which lowers total muscular force requirements.

48Running[Full, et al 89], [Full and Tu 90] and [Full and Tu 91] describe thedynamics of running cockroaches. The salient points of their studies are:¥Cockroaches produce ground reaction force patterns similar to two, four,and eight legged runners.¥Insects run dynamically, and even bipedally at high speed.¥The center of mass bounces, contrary to the straight line, constant velocitymotion assumed by robot designers.¥Leg number and configuration do not seem to affect the energetic cost oflocomotion.Robot designers have often believed that quasi-static locomotion with no changes incenter of mass height or velocity produces the most energy efficient walking machines.Full and his colleagues have shown that these assumptions are not necessarily valid.Climbing[Yamauchi, et al 94] investigated cockroaches climbing a step. They found theinsects sometimes stop before climbing, and at other times ascend the step withoutstopping. Forces produced by the legs during both types of climbing exhibit thesequalities:¥The front legs produce little force during the maneuver.¥A middle leg produces a large vertical force (forward of the center of mass)to pitch the body up, until the front legs clear the obstacle.¥A middle leg and its opposing rear leg produce forces to vault the body upthe step.¥At times during climbing fewer than three legs were on the ground; theclimbing is not a quasi-static process.

49StabilityInsects are stable animals. Their wide stance and large number of legs providesstatic stability in most situations. Despite the assumptions made by robot designers,however, even insects depend on dynamic stability at moderate and high speeds.Sprawled stanceCockroaches, and many other insects, have a wide, low stance. This configurationmaintains static stability even at high speeds and on inclines. For the cockroach BlattaOrientalis, the polygon of support is large compared to the body size, even when legs areamputated [Hughes 57]. Boadicea has a similar wide stance, although my robot isproportionally much taller, and higher off the ground, than the insects.Dynamic runningFull and his colleagues’ results indicate that nearly all legged animals aredynamically stable. Robot designers, however, have traditionally assumed that six andeight legged animals maintain static stability. They have strived to build machines thatmove the body horizontally at constant velocity in order to minimize energy efficiency. Thedata from Full’s lab, however, indicate that this may not be the best approach. It is alsointeresting to see that the whole-body dynamics of animal locomotion are similar, even foranimals with radically different structure.Boadicea’s tripod gait definitely has substantial, although uncontrolled, dynamiccomponents. The actuators and mechanical system on Boadicea can produce dynamicmotions, but this would require a more sophisticated mode of operation to use thiscapability effectively. The data from Table 1.3 show the speed advantages of dynamiclocomotion; Boadicea demonstrates that a self-contained pneumatic system is a practicalway to achieve dynamic locomotion.

505.Leg DesignLeg design is critical for determining a robot’s mobility. Experience with Genghisand Attila has shown several shortcomings [Ferrell 93] [Binnard 92]. First, the legson these robots are relatively short. The feet move in circular arcs relative to the body,producing unwanted lateral forces. Third, the force capability of the actuators is limited.Boadicea’s legs were designed to address these problems. They are longercompared to total body length than the previous robots and have larger, overlappingworkspaces. The leg lengths and workspaces are modeled after a cockroach. Apantograph mechanism generates linear foot trajectories with one actuator. Finally,pneumatic actuators produce higher force and power densities than electric motors could.

5.1.IdeasfromcockroachstudiesThe design of Boadicea’s legs incorporates several ideas from studies of insectlocomotion. In addition to the pneumatic actuation system and lightweight construction,these ideas also improve Boadicea’s mobility.WorkspacesBoadicea has a larger leg workspace (see Figure 5.1) than most other walkingrobots. Attila’s legs, for example, have a maximum step length of 5", or 36% of the bodylength. Boadicea’s rear legs have a 14" workspace, which is 67% of the body length.This longer workspace allows Boadicea to walk faster; although the step frequency issimilar to Attila’s, the stride length is greater.

Rear leg workspaceFront legworkspaceMiddle legworkspaceMiddle legworkspace

Figure 5.1: Workspace of Boadicea’s legsThis picture shows the workspace of Boadicea’s legs. The frontlegs do not have a lateral DOF; the top view of their workspace is alongitudinal line. Boadicea’s leg workspace is much longercompared to total body length than most other robots. The largelongitudinal overlap provides greater stability when one leg isdamaged. The pneumatic actuators for the two pantograph DOFs oneach leg are also shown.The workspaces and leg lengths for Boadicea’s legs are modeled after thecockroach Blaberus Discoidalis. Figure 5.2 shows a comparison between theworkspaces of the cockroach and Boadicea. Because the workspaces overlap, the robotcan maintain a stable gait if one leg is damaged. For example, when a front leg isdamaged, the middle legs reach farther forward to support the front of the robot.Cockroaches alter their gaits in this way to maintain stability after leg amputation [Hughes57]. Because Attila and Genghis do not have overlapping leg workspaces, they havelimited stability when a leg is damaged.

Figure 5.2:Workspace of Blaberus Discoidalis and BoadiceaThe workspace of the cockroach legs is on the left; Boadicea’sworkspace is shown on the right. The rear legs of both walkershave the largest workspace, much of which overlaps the middle legworkspace. The front legs operate closer to the body, althoughBoadicea’s lack the lateral mobility of the cockroach legs. Theinsect does have a relatively narrow front workspace, however,indicating that lateral motion is less important for these legs.Leg OptimizationsPrevious walking robots have had all their legs identical. Making all legs the samesimplifies the design and manufacturing processes. Insects, however, have very differentfront, middle, and back legs. Each leg is optimized for the role it plays in locomotion. Forexample, most insects have powerful rear legs which provide most of the propulsion. Thefront legs have extra degrees of freedom to reach up or down on uneven terrain. Themiddle legs are frequently a compromise between the front and rear legs.

53Like an insect, Boadicea has different front, middle, and rear legs. By optimizingeach leg design for the role it plays in locomotion, we can achieve better walkingperformance.Rear and middle legsThe rear and middle legs on Boadicea each have two segments, a femur and tibia.The length of these links is proportional to the lengths of cockroach legs listed in Table4.2. I ignored the coxa segment because it does not move much in cockroaches, and apantograph mechanism requires two links. These legs provide propulsive forces forwalking and climbing. They are also responsible for supporting most of the robot’s weightbecause the center of gravity is slightly aft of the middle legs.Boadicea’s rear legs are much longer than the front and middle legs, giving themthe largest workspace. The actuators are configured so the legs are strong pushing down,back, and out. In the complementary directions, the legs cannot propel the robot.In Full’s cockroach studies, the rear legs produce the largest propulsive forces[Full, et al 91]; Kram estimates that the rear legs of Blaberus Discoidalis can produceforces five times larger than the middle legs. Manufacturing and budgetary constraintsprevented me from incorporating this idea in Boadicea; all of Boadicea’s actuators have thesame diameter, so the force capabilities of the legs are roughly equal.Boadicea’s middle legs are identical to the rear legs, except they have shorter links.This difference allows the middle legs to operate "inside" the rear legs where theworkspaces overlap, although some configurations where the middle and rear legs collidestill exist. Leg collisions are likely to make future software development interesting, buthave not been a problem so far.Front legsThe front legs of Blaberus Discoidalis operate in a saggital plane and are muchdifferent from the middle and rear legs, which operate primarily in a horizontal plane[Kram et al, 94]. During straight-line running, climbing, and turning, the front legs donot exert significant lateral forces [Kram 94].Boadicea incorporates these differences in its front legs; which operate in a saggitalplane, and do not have a lateral degree of freedom. Since the 68332 microprocessor onlyhas sixteen timer outputs, it was desirable to have two degrees of freedom on one set oflegs. Kram’s examination of cockroach legs showed that insects operate successfullywithout much lateral action in the front legs, making those degrees of freedom the mostreasonable to eliminate.

54Like the other legs, Boadicea’s front legs have two links, similar to the femur andtibia of the cockroaches. These links are proportionately longer on Boadicea, however, tocompensate for the lack of a coxa or tarsus. Initially, I built front legs with "correctly"proportioned femur and tibia links, but the subsequent workspace was inadequate.

5.2.Pantographmechanism Boadicea’s legs are a pantograph mechanism. Several walking robots incorporatethis mechanism because it produces linear foot motions [Waldron, et al 84] [Hirose84] [Binnard 92]. Having a mechanism that moves the feet in straight lines simplifiesthe walking control software.A second advantage of the pantograph is that it provides a large leg workspace witha relatively simple and compact mechanism. Boadicea’s legs have a greater range ofmotion than other walking robots. Attila, Genghis, the Adaptive Suspension Vehicle, theOSU Hexapod, and other robots have all had a maximum step length about one third of thetotal body length [Angle 89] [Angle 91] [Waldron, et al 84] [McGhee andIswandhi 79]. Boadicea’s rear legs have a maximum step length nearly 70% of the totalbody length.The geometrical and mathematical characteristics of the pantograph mechanism havebeen described in [Song and Waldron 89]. The pantograph is a good mechanism forrobot legs because it can produce decoupled, linear motion of the foot. Linear foottrajectories make walking control software easier [Binnard 92] [Ferrell 93] [Hirose84] [Waldron, et al 84].

55Other robots with pantograph legsMany previous walking robots use pantograph mechanisms in their legs. Here is aquick overview of their design choices:ASVThe Adaptive Suspension Vehicle at Ohio State University uses a two dimensionalpantograph to produce linear advance and lift degrees of freedom; the pantograph operatesin a saggital plane. The lateral DOF for each leg is a achieved by rotating the entiremechanism about a longitudinal axis [Waldron, et al 84]. This design is the mostsimilar to the pantograph on Boadicea’s legs; the main differences are that Boadicea’s rearand middle leg pantographs operate in a horizontal plane, and Boadicea’s legs have a largerworkspace.PV IIHirose, at the Tokyo Institute of Technology, has built quadruped robots, includingthe PV II, with three dimensional pantograph legs. These robots use electric motor drivenlead screws to produce Cartesian foot motions [Hirose 84]. They also have excellentenergy efficiency [Song and Waldron 89] and a large leg workspace.DanteThe Dante robots from Carnegie Mellon University use a two dimensionalpantograph which is also driven by lead screws. Dante’s legs, however, have only oneindependent degree of freedom [Nygren and Fong 94]. Dante 2 has two sets of fourlegs which can translate and rotate relative two each other. Each leg can move up anddown independently. The robot walks by lifting a set of legs, moving them forward as agroup, and then placing them on the ground.Boadicea’s mechanismThe mechanism I designed for Boadicea’s legs is much simpler than that used onother robots. Because Boadicea is a much smaller and lighter robot, minimizingmechanism size and complexity were severe constraints.Trade-off between 2 and 3 dimensional pantographsOne important issue in designing a pantograph mechanism for the legs is whether tobuild a two or three dimensional pantograph. The three dimensional version has the

56advantage that it produces pure Cartesian motion at the foot; all three degrees of freedomare decoupled and linear. However, such a design requires one pivot of the mechanism tohave a compound slider; it must have one joint that translates in two dimensions.Supporting loads with this type of mechanism is difficult.Boadicea’s legs are two dimensional pantographs (see Figure 1.3) that operate inthe primary plane for each leg: horizontal for the rear and middle legs, and saggital for thefront legs. The femur for the rear and middle legs lies within the horizontal plane of thepantograph. For the foot to touch the ground, the tibia is a curved tube oriented in asaggital plane. The four hind legs have a third degree of freedom that rotates the entirepantograph mechanism about a longitudinal axis. This revolute DOF and the two linearpantograph DOFs result in a cylindrical workspace for these legs. (See Figure 5.3)

ForwardsBodyFemurTibia

Figure 5.3: Shape of rear and middle leg workspaceThe femur lies in the horizontal plane of the pantograph mechanism,and the tibia bends to reach the ground. The leg and pantographmechanism rotate about a longitudinal axis to lift the foot off theground. Because this third DOF is rotational, the workspace iswedge shaped when viewed from behind.

575.3.FetBoadicea has no feet other than the unfinished ends of the tibia tubes. Attila andHannibal had relatively large feet mounted on spring-loaded, passive ankles [Angle 91].The reasoning behind this choice was that a large foot could ignore small holes, and theankle would allow the foot to conform to small terrain irregularities. The passive anklesproved to be a serious liability, however. If the robot stepped on a foothold that did notsupport the center of the foot, the foot was unable to support any weight (see Figure5.4). A rigid ankle is more likely to stay where it is placed.

Partial Foot ContactWhen weight is applied

Figure 5.4: The problem with compliant anklesIf the robot stepped on a foothold that did not support the center ofthe foot, the foot was unable to support any weight.

5.4.DesignrevisionsThe key to the success of Boadicea’s leg design is the large number of design andprototype revisions I completed. I developed and tested five major design revisions of thepantograph mechanism, and seven versions of the pneumatic actuators. With eachprototype cycle, I was able to simplify and improve the design. Building prototypes wasespecially helpful because I was using unfamiliar materials for the injection molded parts.

585.5.ConstructiondetailsDesigning a lightweight and sturdy mechanism for the pantograph was a difficultchallenge. Boadicea’s pantographs use low friction materials for the prismatic joints. A1:9 transmission ratio provides a large workspace with a compact mechanism. The thirdcritical design issue was supporting leg loads. Because Boadicea’s legs have a largeworkspace, supporting the mechanism was more difficult than on other pantograph robots.Sliding partsOne of the more difficult aspects of designing a pantograph mechanism is the linearbearing which must be provided for the input pivots. The Adaptive Suspension Vehicleuses a complex system of rolling bearings to produce a well supported, low-frictionprismatic joint [Vohnout, et al 83].

connection to leg pantographDelrin AF sliderActuator piston rodFigure 5.5: The prismatic joint in Boadicea’s pantographThe picture shows an exploded view of the sliders for bothpantograph DOFs. The sliders are molded from Delrin AF becauseof its low coefficient of friction. The T-shaped supports are carbonfiber reinforced nylon, which has an excellent stiffness to weightratio.

59Because Boadicea experiences much smaller loads, I was able to use a simplermechanism than the ASV. The prismatic joints I built consist of a plastic rectangular tubewhich acts as a guide for a close-fitting slider (See Figure 5.5). The slider is moldedfrom Delrin AF, which has a low coefficient of friction because of a Teflon filler. Thismaterial has slightly higher friction as Teflon, but it has much better mechanical properties(see Table 3.1). I used solid Teflon sliders in early prototypes, but they were not stiff orstrong enough.The guide for the slider is molded from carbon fiber reinforced nylon because of itshigh stiffness. Making this part stiff enough to support the robot’s weight was a primarydesign problem for the mechanism.Leg linksAnother difficulty in achieving a successful pantograph design was producing alarge workspace with a compact mechanism. To meet these requirements, a largeamplification ratio is needed. On Boadicea’s legs, the feet move 9 times as much as theactuators, providing a 14" workspace with a 1.5" actuator stroke for the rear legs.Increasing the transmission ratio reduces the distance between the leg links (distance A inFigure 5.6).

AFigure 5.6:Boadicea’s leg linksThe dashed lines in this picture show the position of the pantographlinks. To minimize the distance A, the actual leg members are C-shaped.The behavior of the pantograph is determined by the location of the pivot joints; theactual shape of the leg links is irrelevant. To accommodate a 9:1 transmission ratio and

60allow a large range of motion, Boadicea’s leg links are C-shaped (see Figure 5.6). Thisshape keeps the structural members from interfering at large or small knee angles. With astraight design, the two femur links would collide, limiting the workspace.Another pantograph design difficulty is providing a support structure that canwithstand leg loading. On the Adaptive Suspension Vehicle, this was accomplished bysandwiching the leg links between two support plates (see Figure 5.7) [Vohnout, et al83]. These plates support the prismatic joints of the mechanism on both sides. Thestructure is stiffened and held together by connections at the corners of the plates.

Support platesLeg links

Plate connections

Figure 5.7:Construction of ASV pantographsThe leg links are supported between two plates. Connections jointhe plates at the corners, providing a stiff structure.Boadicea’s pantographs also have two plates which support the prismatic joints (seeFigure 5.5). However, Boadicea’s legs have a much larger workspace than the ASV.Therefore the leg links sweep through a larger arc at the hip (See Figure 5.8). This rangeof motion prohibits placing the links between support plates like the ASV design becausethe plate connections would interfere with leg motion. As a result, Boadicea’s leg links areoutside the two plates. This arrangement is less desirable because the loads experienced bythe leg are overhung from the support structure. A small linkage on the opposite side of thesupport plates helps overcome this problem (see Figure 5.9). It keeps the shafts (seeFigure 5.5) which connect the sliders to the leg links straight.

Figure 5.8:Arc swept by Boadicea’s leg linksBecause Boadicea’s legs have a larger workspace, the links sweepthrough a larger arc. If the leg links were between the supportplates, it would be impossible to connect them without restricting legmotion. As a result, Boadicea’s leg links are outside the supportplates.

Leg linksSupport platesSlidersConnecting shaftsParallel linkage

Figure 5.9:Boadicea’s pantograph constructionThe leg links are outside the support plates, resulting in overhungloads on the connecting shafts. The parallel linkage on the oppositeside of the support plates keeps the shafts straight.

62Bronze bushingsThe rotary bearings on Boadicea are bronze bushings. Although they are not asnice as ball bearings, the bronze bushings are lower cost, smaller, and can be insert moldedinto plastic parts. Once again, this robot will not be performing microsurgery or buildingnuclear bombs, so the friction and play in the bushings is acceptable.Good and bad pointsThe advantages of Boadicea’s leg design are:¥a large workspace¥linear foot motions¥a relatively small and compact mechanism¥lightweight constructionThe biggest drawback of Boadicea’s legs is a relatively large amount of play in themechanism caused by the bushings and slider mechanism. Although closer tolerances willreduce this problem, the subsequent increase in friction is unacceptable. The positioningerror caused by this compliance does not hamper Boadicea’s mobility. It is a source oferror in the kinematic calculations, however, which does affect servo performance.Increasing the vertical workspace for Boadicea’s legs would improve the robot’smobility. This change would allow the robot to climb on more difficult terrain, and wouldallow it to walk over moderate-sized obstacles with less disruption to the regular gait. Forexample, feet would be able to step down into small holes, and supporting legs could liftthe body to allow a swinging leg to clear an obstacle.

636.Electronics and SensorsMy primary interest is the mechanics of the robot. Although the electronics andsensors are a vital part of any autonomous machine, I kept them as simple as possible.Other researchers have shown advantages of sensor-rich robots [Ferrell 93, Angle91]. However, there are complexity and reliability problems with having many sensors.For example, more sensors means more wires that can break.The historic philosophy of the MIT Mobile Robotics Laboratory is to explore thepossibilities of simple robots. To date, most robots we have built have beencomputationally simple and sensor-sparse. Recent work has begun to explore theadvantages of more complex hardware [Ferrell 93] [Ferrell, et al 95]. Boadicea,however, has the brains and sensors typical of a Mobot Lab "insect" robot: as little aspossible.

6.1.6832Boadicea’s microprocessor is a Motorola 68332. This processor combines thefunctionality of a 68020 with a specialized Timer Processing Unit (TPU) [Motorola 90].I used a single board computer from Vesta Technology, Inc. for Boadicea. This boardcombines a 68332 with communication ports and memory. The Vesta processor boardpiggy-backs on a motherboard I built. The motherboard provides interface and supportcircuits required for the valves and sensors.Capabilities and architectureThe primary advantage of the 68332 microprocessor is the TPU. Boadicea uses theTPU to produce the Pulse Width Modulation (PWM) wave forms that control the valves.The servo software calculates the proper duty cycle for each DOF and passes this value tothe TPU, which generates the proper waveform with no further software intervention.Previous Mobot Lab robots have used microprocessors where the PWM wave forms mustbe generated in software. This overhead significantly limits processor performance. Onthe lab’s newest project, Cog, we had to build custom PWM generating circuits [Ferrell,et al 95]. Sixteen included PWM channels make the 68332 an attractive choice formicrocontroller applications.

64Boadicea’s motherboardThe 68332 does not have any analog inputs or outputs, but it does provide twelveChip Select lines which can be used to control memory mapped support chips. I built amother board for Boadicea that contains the interface hardware I needed. The circuit boardI built has an eight channel Analog to Digital (A/D) converter for the sensors on each leg.Both the hardware and software interfaces to these external chips are straightforward. Mycircuit board also has H-bridge drivers which amplify the 68332 signals to the 12 voltsrequired by the solenoid valves.68332TPUPotentiometers(16)PressureSensors(16)8-channelA/D converter(6)H-Bridge(8)Valves(32)Macintosh

RS-232Data busTPUlines12 VPWMFigure 6.1:Block Diagram of Boadicea’s electronicsThe H-bridge drivers and A/D converters are on the motherboard Ibuilt. The Macintosh is used as a terminal; all of Boadicea’ssoftware runs on the 68332.

65L programming languageBoadicea is programmed in L, a multi-tasking version of Common Lisp written byRodney Brooks [Brooks 94]. This language has several features which make itappropriate for controlling Boadicea. First, it provides an interpreter which makesdebugging and testing code much easier than with traditional compiler or assemblersystems. The flexibility and debugging options provided by the interpreter wereinstrumental in allowing me to program Boadicea in the time available.Second, L is the current lab standard programming language in the Mobile RoboticsLaboratory. Using the same software tools as the rest of the group also makesdevelopment easier. It is easier to transfer innovations from one robot to another, and thereare more people developing support tools. For example, other researchers in the laboratoryhave developed a digital oscilloscope and other debugging tools for robots programmed inL.All of the software required to run Boadicea’s software, including the interpreter,reside in EPROM on the Vesta circuit board. The servo and higher level control softwareare downloaded into RAM on the Vesta Board when the robot is turned on. Once thistransfer is complete, Boadicea’s software system is self-contained; all of the code, data,and processing power is on-board.The 68332 communicates with a Macintosh computer over an RS-232 serial line.The Macintosh functions as a terminal and file server for L; programs and data files can betransmitted between the microprocessor and the Macintosh. Development tools, like thedigital oscilloscope, also run on the Macintosh; background processes running on the68332 send the required data to the Macintosh.

666.2.SensorsThe complexity of a robots behavior is determined in part by its sensors; it isdifficult to make good decisions if there is limited information available. Although insectshave several hundred mechanosensory signals from each leg [Delcomyn, et al 94],technological limitations prohibit this level of complexity on robots. Insects sense legposition, velocity, acceleration, loading, and contact with the environment [Delcomyn, etal 94]. Robots can measure these same quantities.Because the emphasis of this project was the robots mechanical systems, Boadiceahas relatively few sensors: two per DOF. Potentiometers measure leg position, andpressure sensors determine forces acting on the legs. Unfortunately, the pressure sensorshave been relatively unreliable, limiting their usefulness.Trade-offs of many sensorsEarlier research at the Mobot Lab has shown the potential advantages of robots withmany sensors [Ferrell 93]. The flip side of this equation, however, is that additionalcomplexity hinders reliability. I decided a good compromise for Boadicea is pressure andposition sensors which can determine the force and position of each actuator. Figure 6.2shows sensor location on each of Boadicea’s legs. (On the front legs, the lift sensors arenot present, because they only have two DOFs.)

Body frameLift potKnee potHip potAbduct pressuresensorLift pressuresensorExtend pressuresensorGears

Actuators

Figure 6.2:Location of Boadicea’s sensorsThe potentiometers (pots) measure leg position. Hip and kneepotentiometers use gears to keep the mechanism compact. The gearsat the knee also improve the sensor’s resolution. Pressure sensorsare mounted directly on the back end of each cylinder. Eachpressure sensor is on a small amplifier circuit board.

67Pressure sensorsBoadicea uses micromachined pressure sensors from IC Sensors. The sensors aremounted directly on the back ends of the actuators, eliminating inaccuracies caused by hoseand fitting pressure drops. The sensor contains a Whetstone bridge which outputs adifferential signal. A small amplifier circuit is installed on the same circuit board as thesensor.Unfortunately, the pressure sensors are not very robust. The solder joints on thesensor leads are easily broken, and the sensors are susceptible to contamination. Thesilicon chip and its connecting wires are totally exposed to the air, and whatevercontaminants are present, in the actuator. Rectifying these problems would improve therobot’s reliability tremendously.Currently, Boadicea cannot operate reliably in a force-servo mode because thesensors fail too often. Hopefully, future experiments with Boadicea will address thisshortcoming.Position sensorsThe position sensors on Boadicea are precision potentiometers manufactured bySpectrol. These potentiometers are the smallest available with a reasonable rotationallifetime.One potentiometer measures the angle of the lift degree of freedom for the middleand rear legs. This measurement is relatively straightforward because this DOF isrotational. For the other DOFs, two potentiometers measure the hip and knee joint angles.A simple kinematic calculation determines the actuators’ displacements. These twopotentiometers have one stage of gearing between the sensor and the angle being measured.The gears allow a compact joint design, which outweighs the problem of backlash. On theknee potentiometer, the gear ratio also improves resolution by 50%.Figure 6.3 shows the notation I used for analyzing the kinematics of Boadicea’spantographs. A kinematic analysis is needed to calculate the foot position from thepotentiometer values. The hip and knee potentiometers measure the angles a and b,respectively. Positions relative to the body are measured in the

î, ĵ

reference frame. The

â, b̂

and

û, v̂

reference frames are attached to the two leg links.

L1

and

L2

are the femurand tibia lengths.

68The position of the foot is

xy = L1â − L2û

abxy

L1

L2� i � j � a � b � u � v

Figure 6.3:Kinematics of Boadicea’s pantographsPotentiometers at the hip and knee joints measure the angles a andb, respectively. Part of Boadicea’s servo loop calculates the X, Yposition of the foot based on these measurements.To find the position in the

î, ĵ

frame, we need these two equations:

î̂j = cosα − sinα sinα cosα â̂b

and

â̂b = cosβ − sinβ sinβ cosβ û̂v

Combining the above equations gives a relationship between the

î, ĵ

and

û, v̂

frames:

î̂j = cos α +β( ) − sin α +β( ) sin α +β ( ) cos α +β( ) û̂v

69Using these results, we get this equation for the foot position in the

î, ĵ

frame:

xy = cosα − sinα sinα cosα L10 + cos α +β( ) − sin α +β( ) sin α +β ( ) cos α +β( ) − L20

which simplifies to:

xy = L1 cosα − L2 cos α +β( ) L1 sinα − L2 sin α +β( )

This is the equation Boadicea uses to determine the foot position for its legs.Linear position sensorsIdeally, Boadicea should have linear potentiometers or transducers in the prismaticjoints to measure actuator position directly. Linear sensors would make kinematiccalculations unnecessary, and would subsequently eliminate errors caused by inaccuraciesin the computation. Linear sensors which are commercially available, however, areunacceptably large. I investigated making my own linear potentiometers with off-the-shelfwipers and resistive elements. It was still a marginal fit, however, and the probability thatcontamination or a collision would damage the sensor was prohibitive.

707.Control System DesignPneumatic actuators are more difficult to control than electric motors because ofnonlinear effects like compressibility. Many researchers have examined adaptive andnonlinear techniques for producing accurate position control of pneumatic actuators. Theseexperiments use large components which are designed to minimize parasitic effects. Sizeand weight constraints prohibit using these components on Boadicea.Despite the apparent difficulty in controlling a nonlinear system with poorlybehaved components, Boadicea achieves reasonable force and position control withrelatively simple control laws. A proportional-only feedback law produces acceptable forcecontrol. Position control is more difficult, but a simple system was good enough todemonstrate Boadicea’s mechanical capabilities.

7.1.DiferentoptionsThere are several strategies that can be used for controlling robots. The mostcommon control strategy for robots is position control. Force and impedance are moreappropriate outputs for controlling robot dynamics, however. These variables are moredifficult to control with electric actuators. Although pneumatic systems complicate positioncontrol, they allow easier implementation of force and impedance control.Position controlPosition control is straightforward to implement in most systems because accurateposition sensors are well understood. Pneumatic actuators, however, are not as amenableto position control, because of their inherent nonlinearities. A primary reason whypneumatic power has not been used in many robot applications is the difficulty incontrolling position; robot designers assume that position control is the optimal mode ofoperation, and use that assumption as a reason to eliminate pneumatic actuation.With Boadicea’s control system, producing reasonably accurate position control hasbeen more difficult than controlling force, as I expected. Unfortunately, the pressuresensors on Boadicea’s actuators are relatively unreliable. As a result, Boadicea’s legsoperate under position controlled mode, even though this is not the optimal mode ofoperation.

71Force controlThe other common strategy for robotic controllers is force control [Whitney 87].Especially for legged robots, force control is a good idea because it provides a more directrelationship between the control system and the robot’s dynamics. Force control is moredifficult to achieve with electric actuators because the sensors are more complex.Furthermore, unpleasant nonlinear effects, primarily friction, limit force servo accuracy.Boadicea was designed to use force as the primary control variable. My idea was touse a force servo based on pressure sensors as an inner control loop. An outer control loopwould modulate the goal force depending on the leg position. Unfortunately, reliabilityproblems with Boadicea’s pressure sensors prohibited this approach. I did implement apressure control system, and verified its feasibility, but the locomotion experiments did notuse this capability.Impedance controlAnother possibility for robot servo systems is to use impedance control [Hogan83]. In this system, the servo system determines a goal impedance which produces adesired behavior. The system then appears to act as a passive system, but the stiffness andother characteristics can be changed. For example, in a walking robot, the legs could havecompliant actuators, allowing the body and leg to act as a mass-spring system. Withcontrol, the natural frequency of this passive system could be adjusted for different walkingvelocities.Pneumatic systems are well suited to impedance control because the air in theactuators acts like a spring. The stiffness of the spring can be changed by adjusting thepressure in the actuator. A pneumatic actuator with valves controlling flow to both sides ofthe piston has the same type of behavior as biological systems with opposing muscles. Theactuators (or muscles) act as two springs with controllable stiffness. Together, the pair actslike a single spring with adjustable stiffness and equilibrium position.I did not attempt impedance control with Boadicea because of its dynamic nature.The advantage of controlling leg stiffness is that the passive dynamics of the actuators canbe set to produce a desired dynamic motion. Boadicea’s sensors and software do not makethe measurements necessary for determining dynamic behavior. Furthermore, modelingthe whole-body dynamics of the complete robot is beyond the scope of this project. Complexity was another reason not to use impedance control. Even with thefriction, play, and nonlinearities of Boadicea’s legs and actuators, I was able to achieverough force and position control with relatively simple software. Controlling impedance

72would require modeling these parasitic effects and including them in the control law.Furthermore, to make impedance control worthwhile, the actuator’s passive dynamicsshould be matched to the dynamics of the robot’s locomotion. I did not undertake thecalculations and modeling required to achieve this matching when I designed Boadicea’sactuators.

7.2.OtherpneumaticontrolsystemsPneumatic actuators have nonlinear dynamics because the working fluid iscompressible, and effects like friction, valve deadband, and saturation are dominant. As aresult, pneumatic systems have traditionally been used with "bang-bang" control, where theactuator is always at one end of its travel or the other. This strategy avoids the need for anonlinear control system. Recently, however, progress has been made designing controlsystems that account for the nonlinear dynamics.These studies, however, have several limitations. First, they use expensivecomponents that minimize parasitic effects. Almost all of the researchers use highperformance servo valves and rodless cylinders [Pu, et al 91] [Kawashima, et al92] [Scavarda, et al 92] [Chen, et al 92] [Keller and Isermann 93]. Servovalves have built-in electronic feedback circuits that ensure the flow rate through the valveis proportional to the control signal. Rodless cylinders have a magnetic coupling (throughthe cylinder walls) between the piston and the load, eliminating leakage and friction causedby rod seals. Eliminating the piston rod also makes actuator response symmetric. Thesecomponents are too large, heavy, and expensive for a robot like Boadicea.Furthermore, the goal of these studies is to produce accurate position control.Walking robots do not require this level of position accuracy, and in many circumstances,force or impedance control may be more productive.A summary of some of these experiments:¥[Fok and Dransfield 91] use a Model Reference Adaptive Control(MRAC) strategy for velocity control. Their system uses a pneumatic motorto drive a lead screw. This choice simplifies actuator dynamics because themotor has constant volume.¥[Keller and Isermann 93] also use an MRAC controller. Their systemadapts for changes in the mass and friction properties of the load.¥[Pu, et al 91] use feed forward and acceleration feedback in their servosystem to eliminate transients like overshoot.

73¥[Chen, et al 92] use an adaptive fuzzy-logic controller to achieve accurateposition control of a pneumatic actuator.¥[Scavarda, et al 92] use a state-affine control strategy. This control lawhas position, velocity, and acceleration feedback. The controller gains are afunction of the actuator position, however. This strategy compensates forthe position dependence of the actuator stiffness.¥[Kawashima, et al 92] describes a pulse-population strategy for apositioning system with 1 micron accuracy. The sacrifice they make toachieve this accuracy is slow response time; the system takes severalseconds to move the last few microns. Many researchers have usedadaptive controllers for position and velocity control.For a robot like Boadicea, size and weight of the mechanical components is farmore important than the positioning accuracy of the system. The solenoid valves I used donot have linear flow characteristics, and my actuators have leakage and friction which affecttheir dynamics. The challenge in designing a controller for Boadicea is accommodatingthese parasitic effects, not producing accurate positioning.

7.3.NonlineardynamicmodelIn order to design an effective control system, it is necessary to analyze the open-and closed-loop dynamic properties of the actuator system. Boadicea’s actuators have twostate variables, pressure and position, with a nonlinear relationship. Depending on whetherposition or force is being controlled, one state is modeled as the output and the other as anunknown disturbance. Using this assumption, Boadicea’s actuators approximate a first-order, linear system. Therefore, proportional-based control laws should be able to producereasonable response.Configuration of Boadicea’s pneumatic systemFigure 7.1 illustrates the configuration of Boadicea’s pneumatic system. Theactuator is used in a "differential jack" configuration: the front end of the cylinder is alwayspressurized, and the back end pressure is controlled by valves. Obviously, if the back-endpressure is low, there will be a retracting force on the piston. If the pressures are equal,however, there is a net extending force because the two sides of the piston have differentareas. The difference is the area of the piston rod’s end, which is in atmospheric pressure.

74Since the hydrostatic force on the piston is pressure times piston area, an extension forcecan be created without having a higher pressure in the back end. (see Figure 7.2)

Gas storageFilterPressure RegulatorSolenoid valvesPneumatic ActuatorExhaustPPH

QFigure 7.1: Boadicea’s pneumatic system (1 actuator only)The actuators are used in a "differential jack" configuration: the frontend of the cylinder is always pressurized, and the pressure in theback end is controlled by valves.

Area=AArea=A1Area=A2

PHPHP0Back endFront endA=A1+A2Q

Figure 7.2: Hydrostatic forces on the piston in a differential jackWhen the back end pressure is low, the actuator retracts. When thetwo pressures are equal, it extends because the two sides of thepistons have different areas.

75The differential jack arrangement is similar to having a single-acting cylinder with aspring return. The differences are that here the restoring force is constant, the mechanicaldesign is simpler, and flow requirements from the high pressure source are reduced. Thethird advantage is the most important. When the actuator is extending, the air squeezed outof the front end goes back into the high pressure supply hose, through the valve, and intothe back end. Flow from the storage tank is required only to compensate for the differentvolumes of the two ends.Normally, differential jacks are designed with an area ratio of 2:1. This ratioprovides equal performance for extension and retraction. A walking robot, however,should not have symmetrical performance; in one direction, the actuator must propel themass of the robot, but in the other it only moves the leg. For Boadicea, I used actuatorswith an 11:10 area ratio. Therefore, the maximum retracting force is 10 times themaximum extension force. The leg mechanism is designed so the larger force operates inthe direction that must support the robot’s body.Actuator dynamicsIn Boadicea’s actuators both volume and pressure change, complicating thedynamic equations. To determine these equations, we start with the ideal gas law for theback-end of the cylinder:

PV = mRairT

where P, V, and m are the pressure, volume, and mass, respectively, of the air in the backend of the cylinder.

Rair

is the gas constant for air, and T is the temperature. Throughoutthis analysis, I assume that temperature is constant. Experimental results indicate that thisis a valid assumption.Taking the time derivative yields

ṖV + PV̇ = ṁRairT

The power flow into the cylinder is

P in = PQρ

Here, Q is the mass flow rate into the back end, and r is the density of that air.

76When we substitute this form of the ideal gas law:

Pρ = RairT

this equation becomes

PQρ = QRairT

and, since

ṁ = Q

, this leads to

PQρ = ṖV + PV̇

This is equivalent to conservation of energy, with

ṖV

representing the power beingstored in the cylinder and

PV̇

representing the power transmitted through the piston. Tomodel this part of the actuator on a bond graph requires a nonlinear, multi-port capacitiveelement (see Figure 7.3).Cylinder (back end) C

QPPVFigure 7.3:Actuator capacitance modelThe left bond represents fluid power delivered to the actuator. Someof this power is stored in the compressed air in the cylinder. Theremainder is transmitted through the piston as mechanical work.Note that here the two variables on the input bond do not truly represent power,because Q is a mass flow rate. The fluid power transmitted through this bond is reallyPQ/r. The output bond is pressure, P, times volume rate of change,

V̇

, which has unitsof power; this bond is the mechanical power transmitted through the piston.Solving for Q, we get

Q = ṖVρP + V̇ρ

77Substituting

ρ = mV

to eliminate r,

Q = ṁ = ṖmP + V̇mV

which leads to this interesting equation:

ṁ = Ṗ + V̇

(1)Equation (1) describes the distribution of energy in the actuator. Some energy isstored in the back end by compressing air, and the rest is transmitted through the piston asmechanical power.To complete the model, we must determine the power transmitted through thepiston. This is the actuator’s purpose, converting fluid power into mechanical power. Theretracting force on the piston is

Fr = PHA1 + P0A2

and the extension force is simply

Fe = PA

(2)leading to this expression for the net piston force:

F = PA − PHA1 − P0A2

In these equations,

PH

and

P0

are the system and atmospheric pressures, respectively.

A1

is the area of the front side of the piston,

A2

is the area of the piston rod, and A is the areaof the piston’s back side. So, we know that

A = A1 + A2

.The volume of the back end, V, is related to piston position, x, by

V = Ax + V0

where

V0

is the minimum volume. This equation leads to an intuitive relationship betweenpiston velocity,

ẋ

, and

V̇

:

V̇ = Aẋ

(3)

78Since the power transmitted to the piston is

PV̇

, and the power output of theactuator,

P out

, is given by

P out = Fẋ

,the piston can be modeled as a transformer and an effort sink, as shown in Figure 7.4.V

PTFAFex1FrxFSeEffort sinkFigure 7.4: Transformer and effort sink model for pistonThe effort sink represents the hydrostatic force on the piston fromthe front side of the piston. The power flowing through this bond isreturned to the high pressure supply.The power flow into the sink is really fluid power pushed back into the highpressure supply hose, which reduces the power required from the compressed air supply.Equations (2) and (3) characterize the transformer, converting P and

V̇

into Fe and

ẋ

. Theactual work out of the actuator is

Fẋ = Feẋ − Frẋ

The

Frẋ

term is the power flow into the effort sink.The bond graph elements in Figures 7.3 and 7.4 can be combined withtraditional bond graph models of the valve, fittings, and hose capacitance to produce acomplete bond graph for the valve-actuator system, as shown in Figure 7.5.

79TFACylinder (back end) C

QPPVValvesSE101Valve orificeRvHose CapacitanceCL

Q1QPLP1Q1Q1PLQPLFittingR

Fe1FrFSeEffort sink xFfFriction xLoadFigure 7.5:Complete bond graph for actuator dynamicsThe valve is modeled as a pressure source, fittings are resistances,and the hose is a normal capacitance.Closed loop dynamicsThe closed loop dynamics can be characterized with Equation (1). The mass flowrate,

ṁ

, is proportional to the PWM output from the control law. Depending on whichvariable is being controlled, force or position, the output of the closed loop system isdifficult to predict, and is best modeled as an unknown disturbance. Using theseassumptions, the closed loop dynamic equation has the form

ẏ = ku +d t( )

where y is the output, u is the PWM signal, and d(t) is the unmodeled disturbance. Theclosed loop gain, k, depends on m, V, P, and the valve properties. All of these effects arerelatively slow moving compared to the closed loop response time.

80This equation is first order, and has approximately linear behavior. As a result,linear control system techniques should be able to produce reasonable performance. Mycontroller designs, both for force and position, were therefore based on a proportionalfeedback law. For the pressure controller, a proportional term was sufficient without anyadditional compensation. The position controller, however, did require more terms in thecontrol law.

7.4.Boadicea’spresurecontrolerBoadicea was designed to operate primarily under force control. Pressure sensorsare mounted directly on the actuators, providing accurate measurements of leg loading. Incontrast, Boadicea’s position sensors measure joint angles, which must be converted toactuator position by a kinematic calculation. As a result, Boadicea measures position lessaccurately than force.

-1001020304050

Pressure (psig)Time (sec)01234

GoalPositionPressure Controlproportional gain only

Figure 7.6:Pressure controller performanceThis controller uses a simple proportional control law, but stillachieves good tracking performance. The lag on the downslopeoccurs when the actuator moves; the valve cannot supply enoughflow for perfect tracking.

81Figure 7.6 shows the tracking performance of Boadicea’s pressure controller.The control law for this experiment is simply proportional feedback. Because therelationship between valve flow rate and pressure is well behaved, even a simple controllaw performs well. The lag on the down slope is caused by the actuator’s motion. Whenthe piston is moving, the valve cannot provide enough flow to maintain the correctpressure.

7.5.Boadicea’sPositioncontrolerThe second mode for Boadicea’s controller is position based. This controllerdiffers from other pneumatic servo systems because the system components are not wellbehaved. Most researchers use linear servo valves and low friction actuators for theirexperiments. Boadicea’s dynamics, however, are dominated by effects like friction, valvelimitations, and sensor noise. All of these factors have poorly behaved nonlinear dynamicswhich degrade controller performance.Proportional controlFor the first version of the position control system, I used a simple, proportional-only control law. This system did not produce satisfactory performance, as shown inFigure 7.7. The sensor signals received by Boadicea’s microprocessor are relativelynoisy; I did not attempt to shield the sensor signals from electrical interference. Also, theleg dynamics have significant nonlinear and unmodeled effects: friction, backlash, bearingplay, diaphragm nonlinearities, and external loads. The results illustrated in Figure 7.7illustrate this difficulty; a small difference in control system input between the first andsecond periods creates radically different responses, either a large overshoot, or slowresponse.

Proportional gainOnly-60

-40-20020406080

PWM duty cycle (%)

Duty cycleTime (sec)

-2-10123456

Position (in)Time (sec)

GoalPosition

071234568071234

568Figure 7.7:Controller performance - Proportional onlyThis figure shows the performance of Boadicea’s position controllerusing a Proportional-only control law. Sensor noise andquantization errors cause a noisy control signal, which results inerratic motion. The system’s nonlinearities also cause unpredictableresponses: sometimes there is a large overshoot, and other times theresponse is too slow.Proportional - integral control lawIn order to mitigate some of these problems, I added a second order digital filter tothe sensor values. The subsequent reduction in signal noise improved systemperformance. Adding an integral term to the control law provided further dramaticimprovement (see Figure 7.8). The advantage of an integrator is that it provides highgain at low frequencies and attenuates higher frequency noise. The Proportional-Integral(P-I) control law produced smoother motions with greater repeatability and accuracy,although the system performance was still not ideal. A serious problem with the P-Icontrol law was that integral windup caused improper motions when leg loading changed.

83Proportional - Integralwith 2nd Order Filter0-6071234

-40-20020406080

PWM duty cycle (%)

Duty cycle568Time (sec)

-2-10123456

Position (in)Time (sec)

GoalPosition071234 568

Figure 7.8:Controller performance - P-I with digital filterThese graphs show the controller performance after an Integral termand a second order digital filter are added. The filter eliminates mostof the sensor noise and quantization effects. The integrator adds aterm to the control law with high gain at low frequencies, and zerogain at high frequencies, which further attenuates noise.The Root Locus plot for the closed loop P-I control system is shown in Figure7.9. The control law implements this equation:u=KPe+e�dt�tI

� Ł � � ł � In this equation, u is the PWM duty cycle,

Kp

is the proportional gain, e is thecurrent position error, and

τ I

is the integral time constant.Decreasing

moves the zero to the left on the root locus plot, causing two effects.First, the natural frequency of the closed loop system increases, resulting in a fasterresponse time. Decreasing

τ I

also enlarges the circle on which the closed loop poles move.As the system gets faster, the part of the circle near the origin becomes more vertical,decreasing the damping ratio. Increasing the closed loop gain,

KP

, moves the closed looppoles leftward on the circle, increasing both response time and damping. Once the polesreach the real axis, the system behavior begins to appear first order. Experiments have

84corroborated this theory; despite the unpleasant nonlinearities of the system, the closed loopsystem responds to step inputs as predicted.

ImagRealz

Figure 7.9:Root Locus plot for P-I controllerIncreasing the Proportional gain will move the poles to the left,increasing damping and response time. Decreasing the integratortime constant moves the zero left, which increases response time andlowers the damping ratio. Once the poles reach the Real Axis, thesystem behavior begins to appear first order.Feed forward control lawAlthough the Integral term and digital filter improved the servo controller’sperformance, there was still a large amount of overshoot in the response. This problem iscaused by integral wind-up during the motion. When the goal position makes a stepchange, the real system cannot possibly track it, even with an optimal controller. While theleg is moving, there will always be an error. This error is not caused by the loadingcondition on the leg, however, so it should not be included in the integral term.Also, the P-I control law will always respond slightly slower than necessary.Because the control law depends solely on the error (and its time history), the controllerwill not open the valve until after an error is established. To improve response time, thecontroller should open the valve when the goal position changes, not after a sufficiently

85large error has built up. This effect is significant on Boadicea because the integral termdominates the control law, and it is the slowest to respond.To solve these shortcomings, I added a feed forward term to the control law. Thisterm is designed to produce a step change in leg position without the feedback terms.When the goal position changes, the feed forward term generates the valve PWM signalinstead of the feedback controller. The feed forward controller opens the appropriate valvefull bore for a time proportional to the distance being moved. At the end of the motion, thevalve is closed and the opposing valve is energized to provide a deceleration period. Thenthe feed forward controller shuts off and allows the feedback controller to operatenormally.The step response of the feed forward system is shown in Figure 7.10. Thelarge spikes in PWM Duty cycle are produced by the feed forward controller. The lowerlevel control activity between motions is generated by the feedback controller.P-I with Filter and Feed Forward071234

PWM duty cycle (%)

Duty cycle568Time (sec)

-2-10123456

Position (in)Time (sec)

GoalPosition071234 568

-80-60-40-20020406080Figure 7.10:Controller performance - P-I with feed forwardThe large spikes in PWM Duty cycle are produced by the feedforward controller. The lower level control activity betweenmotions is produced by the feedback controller.The feed forward controller has several advantages. First, because the integrator isdisabled during the motion, it does not build up a large error. Second, the response time ofthe system is improved because the valve opens full bore without waiting for an error to

86accumulate. A third benefit is that the feedback controller only operates on smaller errors,so the proportional gain,

Kp

, can be increased without causing instability. Figure 7.11shows the step response of the controller with the same gains as Figure 7.10, butwithout the feed forward control law.After Removing Feed Forward

-2-10123456

Position (in)Time (sec)

GoalPosition071234 568

Figure 7.11:Effect of turning off the feed forward controllerThe feed forward controller allows higher proportional gain in thecontrol law. This graph shows the performance of the feedbackcontroller with the same gains as in Figure 7.9.The performance of Boadicea’s servo system is certainly not ideal. There are manysources of noise, inaccuracy, and nonlinearity in the system. Despite these difficulties,though, I was able to develop a controller without the computational complexity of anadaptive, fuzzy logic, or neural net controller. The legs do not always move exactly ascommanded, but the control system behaves well enough for the robot to demonstrate itscapabilities.

878.ResultsI have performed preliminary experiments for measuring Boadicea’s performance.The pneumatic actuators provide force and power densities far higher than what could beachieved with electric motors. Together with the pantograph leg mechanism, the actuationsystem is capable of supporting the robot and a substantial payload. The robot’s walkingspeed is limited by the performance of the position controller, however; Boadicea does notwalk as fast as the design targets.On rough terrain, Boadicea’s climbing abilities are an improvement over previoussmall walkers. The robot can climb over 4" steps, twice as high as Genghis and Attila[Ferrell 93]. Again, the robot’s versatility is hampered by the limitations of the controlsystem. A high center of gravity and limited ground clearance also constrain the robot’smobility.

8.1.ForceandspedcapabilitiesBoadicea’s actuators have adequate force and speed capabilities to meet the designtargets. The leg mechanism is capable of supporting the loads encountered duringlocomotion on level and slightly rugged terrain, with and without a payload. Each leg iscapable of producing more than 15 lb of vertical force, more than enough to support theentire robot and payload.On the propulsion stroke, the feet move at 35 in/sec, with no load. On therecovery stroke, the feet move approximately 14 in/sec. These speeds are more thanadequate for Boadicea to achieve the 6 in/sec design speed. The robot’s top speed of 4in/sec was determined by the stability of the servo system. To maintain proper behavior ofthe servo controller, delays are needed in the motion profile and the step length is limited.The robot’s mechanical system, however, is able to propel at faster speeds.The horizontal force capability of each leg should be sufficient to propel theunencumbered robot up a 45� slope with two legs. With a payload, more legs can be usedbecause the robot should walk with a slower gait. Boadicea’s legs produce a maximumforces of 4.5 lb when moving and 9 lb when stationary. This force is sufficient to propelthe robot up a 64� slope with a tripod gait and no load, or a wave gait and full payload.Using a tripod gait and carrying a payload, the legs could propel the robot up a 37� slope.There is an important caveat for these results, however. Because mounting the liftactuators on the robot’s underside was the only feasible alternative, Boadicea is much taller

88than I had originally envisioned. Its high center of mass makes climbing on steep slopesimpossible; the robot topples over backwards. This problem is a result of the process Iused to design the robot. I developed the leg mechanism first and revised its design manytimes. The robot’s body, however, was only built once; I did not have enough time to testand revise the body.Actuator performanceI used one of Boadicea’s actuators (1.25" bore, 1.5" stroke) to lift heavy objects.The apparatus for these experiments is shown in Figure 8.1. This test measured both thespeed and force capabilities of Boadicea’s actuation system. The maximum force isdetermined by the cylinder bore in the actuator, while the speed is determined by the flowcapacity of the solenoid valves. The actuator was able to lift 22 lb at 3 in/sec and 50 lb at 1in/sec. These numbers correspond to actuator power outputs of 7.5 W and 5.6 W,respectively.

High PressureSupply

LoadActuator

ValvesHoseViseFixed Table

Figure 8.1:Apparatus for measuring actuator performanceBecause the actuator produces large forces when it retracts, I had tohang loads from the piston while holding the actuator fixed in a vise.The actuator lifted 22 lb at a speed of 3 in/sec and 50 lb at 1 in/sec.These figures correspond to power outputs of 7.5 and 5.6 W. Theperformance measured is determined by the force capability of theactuator and the flow capability of the valves.

89The design goal for Boadicea’s actuation system was to produce a maximum of 6W per DOF, with a combined valve and actuator weight of 3.2 oz. Boadicea’s pneumaticsystem as built can produce more than the 6 W required, although it is somewhatoverweight. Each DOF has two valves that weigh 1.5 oz each. The actuators weighbetween 1.4 and 2.0 oz, so the total weight per DOF is 4.5 to 5 oz. This factor is thereason why Boadicea is slightly overweight even without an on-board power source.Comparison with other robotsOther robot studies have compared performance based on the energetic cost ofmotion, or specific resistance. A more practical measure of locomotion capability,however, is the mechanical work the robot is able to perform. Although it is exciting tobuild a machine that can navigate treacherous environments, the value of this exercise iscreated by a sensor package or other payload the robot takes with it. Payload capacity andtop speed are important factors for evaluating the utility of legged vehicles.RobotNormalizedwork capability

Ambler.0323

PV-II.46

GE Quadruped3.91

Genghis4.27

ASV5.04

Boadicea10.12

Table 8.1: Normalized work capability of legged robotsThe data in this table are the product of normalized speed(speed/length) and payload capacity (payload/mass) of the robots inTables 1.1 and 1.2. Boadicea and PV-II do not carry on-boardpower supplies.Chapter 1 lists the normalized speed (speed/length) and payload capacity(payload/weight) of previous walking robots. The product of these two numbers is ameasure of mechanical work the robot can perform adjusted for size differences.Unfortunately, most researchers do not report payload capacity because that is not a goal oftheir research. Table 8.1 lists the normalized work capabilities for the robots where thisinformation is available. One caveat on this comparison is that Boadicea and PV-II do not

90have on-board power supplies. Carrying batteries, and an air tank in Boadicea’s case,would lower their normalized payload capacity. Even with an on-board power source,though, Boadicea would still have a higher work capability than the other robots.The graphin Figure 8.2 shows the different speed and payload capacities of these robots. Thedashed lines are curves of constant work capability. Using this basis for comparison, arobot can trade payload capacity for speed and maintain the same level of performance.The optimum position on this curve for each machine depends on the specific task andenvironment. For example, a robot exploring Mars would benefit from increased payloadsize, while speed is less important. For terrestrial military operations, speed may be morecritical.

010203040500.700.10.20.30.40.50.60.8

Payload Capacity (%)Speed / Body Lengthwork=10BoadiceaGenghisAmblerPV IIGE QuadrupedASVwork=8work=6work=4work=2

Fluid powered robotsElectric robotsFigure 8.2:Payload and speed capabilities of legged robotsThis graph shows normalized payload and speed capabilities of therobots where data was available. The product of these two numbersis a measure of the work the robot can perform. The dashed linesare lines of constant work. Boadicea has double the work capacityof the ASV.

91These comparisons do not include the relative size of the robots. Although the ASVand Genghis have similar work capacities, Genghis’ maximum payload is only .3% theASV payload. The normalized work comparison indicates that a fleet of Genghis robotscan do the same work as one ASV, but unless the cargo can be broken into .8 Kg packagesthis is not a feasible solution. In many situations, small robots can perform as well aslarger ones [Angle 91], but only if the payload can be subdivided or reproduced for eachrobot.

8.2.WalkingBoadicea’s top speed is 4 in/sec, which is 67% of the design target. The limitationon the robot’s speed is the performance of the servo controller. Mechanically, the robot iscapable of higher speeds, but then the lack of leg coordination (caused by the servocontroller) hinders locomotion. With step lengths longer than 3" or stride frequencieshigher than .6 Hz, control instabilities destroy all semblance of coordination. Even withinthese values, Boadicea’s feet often overshoot their goal positions and exhibit other erratic,transient behaviors. The robot can still walk, however, as long as the legs pause longenough after each movement to reach steady state. This process normally takes between.25 and .5 seconds.Disabled legsInsects are able to locomote effectively after suffering limb amputation [Hughes57] [Kram 94]. Some cockroaches are even able to climb steps with shortened, oramputated, front legs [Kram 94]. I designed Boadicea with large, overlapping legworkspaces to provide similar capabilities. When one leg is damaged, an adjacent leg canreach far enough to take its place and support the body. This is the same strategy employedby insects [Hughes 57].I tested Boadicea walking with one and two front legs disabled. In both cases, therobot was able to maintain stability by altering the position of the middle legs. Figure8.3 illustrates this change. The robot used a wave gait for these experiments. Walkingspeed was unaffected by the limb loss; Boadicea maintained its normal wave gait speed of 2in/sec.

NormalpositionDisabled leg

Modified footpositionduring step

Normal footpositionduring stepFigure 8.3: Effect of disabling a leg on foot positionWhen the right front leg is disabled, the right middle leg moves tosupport the front of the robot. This is the same type of behaviorroaches use to maintain stability when legs are amputated [Hughes57]. Boadicea is better equipped for this compensation because itslegs have overlapping workspaces; most other legged robots do not.

8.3.UneventerainThe tests I have performed with Boadicea on uneven terrain demonstrate advantagesof its design. Boadicea uses the same climbing strategy demonstrated by cockroaches[Yamauchi 94]. Boadicea can walk on moderate terrain with approximately 6"undulations with occasional missteps. The robot can climb over 4" obstacles, and canreach its front legs onto an 8" step. The actuation system is capable of more difficultterrain, but the robot’s high center of gravity and limited vertical workspace restrict itsmobility.Moderate terrainI performed some experiments with Boadicea walking on slightly rugged terrain inthe Mobile Robotics Laboratory sandbox. The terrain for these tests consisted of loose

93gravel (approximately 1 in3rocksize)withapproximately6"undulations.Boadiceawasable to walk over this terrain somewhat successfully. The robot’s progress was hamperedbecauseoccasionallythefeetwouldnottouchthegroundorclearanobstaclebecausetherobotdidnotsensetheterrain,oralteringitsgaittonavigateovertheobstacles.Thesemissteps and blind scrambling were very similar to Genghis’ climbing behavior.Thesetestsrevealedausefulcapability.BecauseBoadicea’sfrontlegsaredesignedtoproducelargedeceleratingforces,theyoftenkickedmostofthegraveloutoftherobot’spathduringtherecoveryphase.Obviouslythisstrategyisnoteffectiveonlargeobstructions,butitdoesdemonstrateasupplementaryadvantagetoimprovingtherobot’sforceproductioncapabilities:anabilitytomodifytheenvironment.TwofactorslimitedBoadicea’smobilityinthisenvironment.First,becausetherobothaslowgroundclearance,andalimitedverticalworkspaceforthelegs,thefeetarenot able to step very far down into a depression or hole. Second, Boadicea’s small feet arenotwellsuitedtowalkinginloosegravel.Insteadofgettinggoodtraction,thefeettendtoslicethroughthegravel.Forwalkingonthistypeofsurface,largerfeetwouldbemoreappropriate.ClimbingBoadicea was designed with insect like legs to produce a robot with more practicalkinematics. The cockroaches that were the inspiration for Boadicea’s legs can climb overvirtually any surface. I predicted that a robot with similar legs would also have goodclimbing abilities. Because Boadicea’s high-level software is rather primitive, I performedclimbing tests under manual control. The robot was executing the position servo loop, butI supplied goal positions for the legs manually.

95Figure 8.5:Boadicea lifting its front legs to climb a stepBoadicea can lift its front end slightly using the rear and middle legsfor support (left). To climb large steps, the robot rests on the aftend of its belly, and uses the rear legs to produce the correct level ofpitch.Climbing test resultsBoadicea has successfully surmounted four inch steps, as shown in Figure 8.6.With an eight inch step, Boadicea can lift its front legs high enough, and propel the bodyforward enough to get them on the upper surface. When it reaches the orientation shown inthe right half of Figure 8.6, however, the robot is unable to proceed. In order to reachthis position, both rear legs are at their aft-most position, so they are unable to propel therobot further, and the middle legs cannot reach the ground. Both rear legs are required tomaintain static stability; the robot cannot lift either leg to take another step.

8"4"Figure 8.6:Boadicea’s step climbing capability.Boadicea can climb up a four inch step without much difficulty. Therobot can get the front legs up onto an eight inch step, but is unableto proceed further. In this situation, the middle legs cannot reach theground, and both rear legs are required to support the body.Figure 8.7 illustrates another limitation of this climbing approach. BecauseBoadicea’s center of gravity is high off the ground, at steep angles the rear feet are forward

96of the center of gravity. In this configuration, the robot is unable to propel itself forwardwithout increasing the pitch angle.With a strong push from the rear legs, Boadicea can roll onto its back, as shownon the right side of Figure 8.7. This ability is of dubious value, but it does demonstrate arange of motion and force capability much greater than other small walking robots.Genghis, Attila, and Hannibal do not have sufficient workspace or actuator torque for thistype of maneuver.

Center ofgravityForce producedby rear legs

Figure 8.7:Boadicea rolling onto its backFor steep angles of ascent, Boadicea’s rear legs will be forward ofthe center of gravity. In this configuration, the robot is unable topropel itself forward without increasing the angle of pitch. Boadiceacan continue to pitch its body up until it passes vertical and rollsonto its back. Although this ability is not a useful, it doesdemonstrate a range of motion and force capability much greaterthan other small walking robots.Boadicea can climb on slopes up to 20�. The biggest difficulty it has in thisendeavor is generating sufficient traction. Smooth surfaces, or loose gravel, do notprovide enough purchase to support the robot. On steeper slopes, the legs can provideenough force to propel the robot. Boadicea’s center of gravity is too high for climbing atthese angles, however. On steep slopes, the projection of the center of gravity will fallbehind the polygon of support, and the robot topples over backwards. This limitationcould be solved by using a fourth DOF on each leg like Attila [Angle 91] or by loweringthe center of mass.Boadicea’s rough terrain and climbing capabilities could be greatly improved if therobot’s body were not so tall (see Section 9.2). A lower center of gravity would allowwalking and climbing at steeper angles. Increasing the vertical workspace of the feet would

97permit locomotion over larger obstacles, and would allow the robot to perform moreelaborate contortions when climbing on rugged terrain.

8.4.PayloadcapacityOne of the primary goals of this project was to build a robot with substantialpayload capacity. With a 4 lb payload, Boadicea can still walk at 4 in/sec on level terrain.With a 5 lb payload, 25% greater than the design target, the robot can still walk, althoughits belly does touch the ground frequently. For both of these tests, Boadicea was using thetripod gait.

989.ConclusionsPrevious walking robots, especially small ones, have been limited by thecapabilities of their mechanical systems. For example, Hannibal was programmed with amyriad of rough terrain and fault tolerant behaviors [Ferrell 93]. The robot’s limitedkinematics and actuators prevented full utilization of this programming. The Boadiceaproject was an attempt to develop a capable mechanical system. My goal was to build arobot where the mechanics were capable of performing any task the programming required.Using this criterion, Boadicea was successful in most respects. The pneumaticactuation system and insect-like legs are capable of carrying more payload, walking faster,and traversing more rugged terrain than previous robots. Currently, the robot’s mobility islimited by servo performance, a high center of gravity, and insufficient vertical workspacefor the legs. With modifications to remedy these shortcomings, Boadicea’s capabilitiescould be more fully demonstrated.

9.1.Boadicea’sacomplishmentsThe premise for the Boadicea project was that existing legged robots, especiallysmall ones, lack the mechanical performance necessary to meet their goals. Most walkingrobots were much slower than their wheeled or tracked counterparts. They also had limitedpayload capacity. Finally, the workspace and force capabilities of their legs were generallyinadequate for traversing very rugged terrain.Boadicea was built to address these shortcomings. Its performance offersimprovements over the prior robots by combining pneumatic actuators, lightweightmaterials, and an insect-like design. These innovations provide higher force and powerdensity, which allows the robot to walk faster and carry larger payloads. Boadicea can alsoclimb on more difficult terrain than previous small walkers.Pneumatic actuatorsPneumatic actuators offer several advantages for mobile robots, most importantly ahigher force density. Actuator force, or torque, density determines a robot’s ability tosupport its weight. Electric motors cannot produce an acceptable torque density because ofgearbox limitations. Pneumatic actuators can weigh much less than gearmotors withcomparable power and speed specifications.

99Table 9.1 compares the performance and weight of Boadicea’s pneumaticactuators to a similarly sized DC gearmotor. The DC Gearmotor listed is a MicroMo 2842motor with a 34G gearbox (90:1 ratio) [MicroMo 93]. The weight of the pneumaticsystem includes the valves and actuator; the gearmotor weight includes both motor andgearbox. The performance numbers for Boadicea’s pneumatic actuators are measuredvalues; numbers for the DC motor are based on manufacturer specifications. For theelectric motor, foot force and speed calculations assume a 6" moment arm from the motorto the foot; this is the length of Boadicea’s legs. The performance of the pneumatic systemis clearly superior, especially the force density which is 20 times greater than for the motor.PneumaticDC gearmotor

weight (oz)515

Max. power output (W)7.64.2

Force at foot (lbf)152.2

Max. speed at foot (in/sec)3516

Table 9.1:Comparison of pneumatic and electric actuatorsThe weight of the pneumatic system includes the valves andactuator; the gearmotor includes the motor and gearbox. Foot forceand speed calculations assume a 6" moment arm from the actuator.The DC Gearmotor listed is a MicroMo 2842 motor with a 34Ggearbox (90:1 ratio). The performance of the pneumatic system isclearly superior, especially the force density.In addition to their excellent mechanical performance, pneumatic systems make iteasier to implement force and impedance based control. Advanced composite pressurevessels can store energy as compressed air with approximately the same energy density asbatteries. Therefore, self-contained pneumatic and electrically powered robots would havesimilar operating lifetimes. Finally, the compressibility of pneumatic actuators can be usedto store elastic energy to improve walking efficiency [Alexander 90].Lightweight materialsBesides pneumatic actuators, Boadicea’s power to weight ratio is improved bylightweight materials. Almost all structural parts on the robot are glass or carbon fiberreinforced composites. Boadicea’s body is a lightweight frame of carbon fiber andaluminum tubes joined by molded plastic parts. This structure provides a stiffness toweight ratio greater than metallic construction.

100Plastic components also allow easier mass production by injection molding. Thetime saved in manufacturing allows a robot designer to build more frequent prototypes.Also, once a basic set of parts and components has been developed, it is easy to buildmachines with new configurations. Boadicea’s body, for example, has only six differenttypes of parts and one tubing size. Manufacturing and assembly for the entire structuretook only a few days to complete.Insect-like designBoadicea has demonstrated several benefits to its insect-based design. First, thelarge, overlapping leg workspaces allow stable locomotion when one or more legs areinoperative. Boadicea can walk with one leg disabled without changing its wave gaitspeed.Boadicea’s climbing abilities are also enhanced by insect inspirations. The largeworkspace for the legs, and their orientation allow it to climb larger obstacles than previouswalking robots. Boadicea can climb up a 4" step without much difficulty, and can reachonto an 8" step with its front legs. For comparison, Genghis could climb 2" steps.Hannibal could also climb up a 2" step, and could reach up to a 5" step [Ferrell 93].

9.2.DidBoadiceametitsgoals?The primary goal of the Boadicea project was to build a legged robot that is fasterand can carry more payload than previous robots. The comparisons in Table 8.1 andFigure 8.2 show that this goal was achieved. Boadicea has the largest mass-specificpayload capacity of any of the robots, and it is also one of the fastest. The amount ofmechanical work the robot can perform is double that of its closest competitor, the ASV.The most serious limitations of Boadicea’s performance are the servo controller andthe low reliability of the pressure sensors. These area were not the emphasis of thisproject, however. Future work on legged robots will address these problems.

101SpeedWith no load, Boadicea’s feet move at maximum speeds of 35 in/sec and 14 in/secfor propulsion and recovery strokes, respectively. I designed Boadicea’s legs for a 6"nominal step length and a stride frequency of .5 Hz. With these parameters, the feet mustmove (relative to the body) at 6 in/sec on both the recovery and propulsion strokes.Boadicea’s mechanical system is clearly capable of meeting these requirements. The servoperformance, however, is not.Sensor and servo system limitations determined the maximum speed for Boadicea.Control instability limited step length and stride rate to less than their nominal values. As aresult, Boadicea’s top speed was 4 in/sec. Although less than the 6 in/sec design target,this speed is a marked improvement over other small walkers; Boadicea is 3 times fasterthan Genghis and nearly 4 times faster than Attila. Experiments with Boadicea demonstratethe performance advantages of pneumatic actuators for locomotion. Future robots willindubitably solve the problems I encountered and will walk faster.ForceBoadicea cannot climb slopes steeper than approximately 20� because the center ofgravity is too high; on steep slopes, the robot cannot maintain static stability. The actuationsystem and leg mechanism is capable of producing sufficient force for the climbing goals inTable 1.5. To meet these goals, the legs propelling the robot must produce 3.5 lb in thedirection of motion. Boadicea’s legs can propel the robot with 4.5 lb each, enough toclimb a 64� slope. Although the robot’s climbing abilities are limited, the actuation systemis not the culprit.

102Performance targetsDesign goalActual Result

Robot weight10 lbs10.5 lb

Maximum payload4 lbs5 lbs

Normal walking speed6 in/sec4 in/sec

Wave gait speed3.6 in/sec2 in/sec

Maximum joint torque42 in-lb90 in-lb

Maximum actuator power6 W7.5 W climb a 45� slope with the tripod gait*

climb a 45 �slopewithpayloadwiththewavegait*

Table 9.2:Design targets and actual performance* Boadicea’s actuators and leg mechanism can produce enoughforce for these goals. Because of the robot’s high center of gravity,however, it falls over backwards on slopes steeper than 20�.Table 9.2 summarizes the performance targets listed in Table 1.5 and the actualcapabilities I measured. In terms of these measurements, Boadicea is a successful robot.Although the robot is slightly overweight, the force and power capabilities of the actuatorsare sufficient to support the extra mass. The only area where Boadicea’s performance didnot meet design goals was walking speed. Although the actuation system is fast enough tomeet these criteria, the relatively poor performance of the servo system limited step lengthand stride frequency.Servo systemThe major limitation on Boadicea’s performance is the accuracy of the servosystem. The front legs especially make occasional missteps, hindering forward progress.With a more robust and well behaved control system, Boadicea would be able to take largerstrides, increasing locomotion speed. The finer details of the sensory, electronic, andservo system, however, are beyond the scope of this project. The servo performance,

103while less than ideal, was sufficient to demonstrate the capabilities of Boadicea’s pneumaticactuation system, lightweight construction, and insect-like design.ReliabilityAnother goal I had for Boadicea was to build a robot that was more reliable thanAttila and Hannibal, the previous walking robots our lab constructed. Although Boadiceadoes have some parts which are somewhat failure-prone, the robot did meet my reliabilitygoal; Attila and Hannibal had a sensor, motor, or other failure approximately once per week[Ferrell 93]. With the exception of the pressure sensors, Boadicea experiences acomponent failure approximately once per month. There have been only a handful offailure modes, however, so a small redesign effort could probably solve most of theproblems.

9.3.FutureworkThere is much work that can still be done with legged robots. This project hasdemonstrated the benefits of fluid power systems for smaller robots. Despite the apparentcomplexity and controllability problems with pneumatic actuators, the force and energydensities available make them a good choice for small mobile robots.Improving BoadiceaBoadicea is definitely a prototype robot. The experiments I performed with therobot have indicated several aspects of the design that can be improved.PerformanceBoadicea’s gait is dynamic, although the dynamics are unmodeled, unmeasured,and uncontrolled. With more elaborate sensors and better control software, the robot couldprobably be programmed to run dynamically, greatly increasing its top speed.Leg designBoadicea has different front, middle, and rear legs. I predicted that the robot’sperformance could be improved if each leg were optimized for different tasks. Althoughthe preliminary results of Boadicea’s locomotion experiments are encouraging, the robothas not demonstrated capabilities that can be directly attributed to specialized leg designs.Part of the reason for this lack of evidence may be that the legs are not specialized enough.

104The saggital orientation of the front legs does seem to be a good idea. Thisarrangement makes the front of the robot more compact, which could be useful forexploring narrow passages or caves. Having the front legs produce decelerating forcesallows the robot to kick small obstacles out of the way; this ability could also be useful inan outdoor environment.Boadicea’s middle and rear legs, however, are not specialized enough for the rolesthey play in climbing. The middle legs should be modified so they have a larger verticalworkspace. In particular, they need to reach lower down to touch the ground when therobot is climbing a step. The rear legs should be able to reach further aft, and also producemore force than they currently can to improve the robot’s step and slope climbing abilities.ReliabilityExtensive testing has revealed a few parts on Boadicea which are structurallyinadequate for the loads they experience. Some minor redesign to strengthen these partswould be the first way to improve the robot’s reliability. The one reliability problem thathas been especially frustrating is the pressure sensor failures. The fragility of these sensorsprohibits Boadicea from operating in a force-based control mode, although the robot is stillable to function. In all, Boadicea has demonstrated better reliability than the previouswalking robots at the Mobot Lab, Attila and Hannibal.On-board powerIf a robot like Boadicea is going to operate outside a laboratory environment, itsusefulness would be greatly enhanced by making the robot self-contained. Currently,Boadicea operates autonomously; all of the software required for locomotion runs on the68332 microprocessor. Umbilicals supply the robot with compressed air and electricalpower. These power sources could easily be placed on the robot, however.Because Boadicea requires electrical power only for electronics and the valves, thepower requirement is relatively small. A 9 oz rechargeable NiCd battery could power therobot for an hour or two. Mechanical power for locomotion is supplied as compressed airat 100 psi to the robot. A composite pressure vessel could store air at a much higherpressure and supply the 100 psi through a regulator. The calculations in Chapter 2 indicatethat a 1 or 2 lb tank could power the robot for up to one hour. Boadicea’s payload capacityis 5 lb. Even carrying its own power supplies, the robot would still be able to carry anadditional 2 or 3 lb payload.

105Ground clearanceFigure 9.1 shows a side-view of Boadicea. The robot is much taller than I hadoriginally envisioned, mostly because of the middle leg lift actuators and the verticalmounting of the circuit board. The circuit board is not a serious problem; because it islight, it does not raise the center of gravity much. When the robot rolls over, however, it ismore susceptible to damage.

Lift actuators

Skid plate

Forwards

Figure 9.1:Side view of BoadiceaThe robot is much taller than I had originally planned. The twomain culprits are the middle leg lift actuators and the verticalmounting of the circuit board. The lift actuators reduces the robot’sground clearance, which limits rough terrain mobility.The lift actuators are a more serious handicap. They reduce the robot’s groundclearance, which makes rough terrain locomotion more difficult. Not only will the robothave to climb over small obstacles, it is unable to lower itself to step off a ledge, or into ahole.Figure 9.2 shows how repositioning these actuators would improve groundclearance. This option was not feasible with the actuators I built for Boadicea, however.With the lift actuator mounted above the leg pantograph, the piston extends to support thebody. Because I used the rolling diaphragm seals and a differential jack arrangement, myactuators produce large forces only during retraction. To build a similar actuator with astrong extension movement would require modifying the actuator design to reverse thediaphragm and including a spring. I did not feel this was a practical challenge to undertake

106given the limited time available, and the late stage in the project when this problem becameapparent.

Increased ground clearanceMiddle leglift actuator

Figure 9.2:Moving the leg lift actuatorsIf these actuators could be mounted above the pantographmechanism, the robot would have much greater ground clearance.The actuators I used on Boadicea, however, are unsuitable for thismounting arrangement.Moving the lift actuators offers additional possibilities, primarily the option oflowering the robot’s center of gravity. This change would improve the robot’s roughterrain stability because it could maintain static stability on steeper slopes. Also, the circuitboard could be redesigned to fit in the interior of the body, instead of riding on top like itdoes now. Figure 9.3 shows one idea of how these modifications could be made toBoadicea.

107

Circuit board

Figure 9.3:Lowering Boadicea’s center of gravity.Moving the lift actuators and circuit board would provide a lowercenter of gravity, which would improve the robot’s slope climbingability.Sensors and softwareThere are many improvements that could be made to Boadicea’s sensor systemwhich would improve servo system performance. A more exacting design for theelectronics would reduce noise in the sensor signals. Using linear potentiometers couldalso provide more accurate position sensing, although there are size and reliability problemswith these sensors (see Section 6.3). Third, reliable pressure sensors would allow forcebased control, which was my original intent. All of these improvements would providemore accurate and reliable inputs to the servo controller.The servo system could also be improved with a more elaborate control law. Thefeed forward term I used was simple, and did not include the nonlinear dynamics of theactuators. Nonetheless, it did provide much better response. Including feed forward termswhich do account for system nonlinearities would likely have a similar beneficial effect.

108ValveHigher levelcontrolActuatorX.XPressureSensorP

d dt

+G3(s)G2(s)

Pot.PdPWMFlowG1(s)Figure 9.4:A more sophisticated controller for BoadiceaThis system uses pressure-based control as an inner control loop.The two feed forward terms, The two feed forward terms, G2(s)and G3(s), anticipate the flow required by changes in V and P,respectively. The higher level control provides a position-basedouter control loop.Figure 9.4 illustrates a controller design we considered, but were unable toimplement because of sensor limitations. This system provides force control based onpressure measurements and an outer, position based control loop. In addition to pressurefeedback, G1(s), a feed forward term, G2(s), compensates for the flow required byactuator motion. A second feed forward term, G3(s), adjusts the PWM signal for changesinthedesiredpressurewithoutwaitingforanerrortoaccrueandpropagatethroughthefeedbackcontroller.Thiscontrollerdesignagreeswellwiththeequationthatdescribesactuatordynamics:

ṁ = Ṗ + V̇

The two feed forward terms, G2(s) and G3(s), anticipate the flow required by

V̇

and

Ṗ

, respectively. The transfer functions for these terms would include theappropriate compensation for P, V, and m. The feedback control law, G1(s), compensatesfor errors in the feed forward model and external disturbances. Unfortunately, on

109Boadicea, the position measurements were too noisy to provide a meaningful velocitymeasurement and the pressure sensors were unreliable.Future legged robotsFor legged robots to provide better mobility than wheeled or tracked vehicles, moreemphasis must be placed on their mechanical design. Many legged robots have been builtwith simple mechanical systems to demonstrate software and control innovations. Theserobots tend to have limited mechanical capabilities. In the future, however, more capablemechanical designs will be created.Fluid powerBoadicea has indicated the performance advantages pneumatic actuators provide forsmall legged robots. The force, power, and energy density possible with fluid power areworth the added complexity and unfamiliarity. Furthermore, compressibility may not be asserious a liability as many robot designers have considered it. Future legged robots shoulduse fluid power actuators to improve their mobility.Future legged robots should also make use of force and impedance control modes.These control modes could simplify controlling body velocity and orientation; forcesexerted by the legs directly determine body motion. Practical dynamic locomotionstrategies will likely require force or impedance control. Although Boadicea was unable toexplore these possibilities, its pneumatic actuation system would make them easier toimplement compared to an electric system.New assumptionsInsects and other multi-legged animals do not operate under the assumptionsnormally made by robot designers. These assumptions include maintaining static stability,moving the body horizontally at constant velocity, and making each leg identical. Studiesof animal locomotion reveal advantages that can be achieved by dispensing with theseconstraints [Full, et al 89]. Boadicea demonstrates some of these improvements.The data listed in Table 1.3, and results from studies of insect locomotion [Fulland Tu 91] illustrate the speed advantages of dynamic locomotion. Energy efficiency canalso be improved with dynamic gaits; storing energy as gravitational or elastic potentialenergy allows it to be recovered on the next stride [Cavagna, et al 77].For these reasons, future robots should exploit dynamic stability as much aspossible. Generating dynamic motion in a small robot like Boadicea would require moredetailed modeling of leg, body, and actuator dynamics. Higher performance sensors

110would also be required. Results from dynamic robot experiments to date have beenencouraging. Future legged robots should continue in this direction.Like an insect, Boadicea does not have six identical legs. I attempted to incorporatesome of the optimizations found on insect legs to improve the robots capabilities.Boadicea’s leg designs offer some mobility advantages, although not as significantly as Iexpected. Climbing experiments with the robot indicate that the rear and middle legs arenot specialized enough. The middle legs need to lift the body more, and the rear legsshould provide more propulsion.

111ReferencesAlexander, R. McN.,

Three Uses for Springs in Legged Locomotion

, InternationalJournalof Robotics Research, v. 9 n. 2, 1990.Amalga Composites, Inc., Rough order of magnitude calculation of air tank weight, 1994.

American Cylinder Stainless Steel Series Pneumatic Cylinder Catalog

, American CylinderCo., Peotone, IL, 1990.

Angar Product Data Sheets , Angar Scientific Co., Cedar Knolls, NJ, 1989.Angle, C.,

Genghis: A Six-Legged Autonomous Walking Robot

, SB Thesis,Massachusetts Institute of Technology, Cambridge, MA, 1989.Angle, C.,

Design of an Artificial Creature

, SM Thesis, Massachusetts Institute ofTechnology, Cambridge, MA, 1991.

ASCO Catalog Number 32

, Automatic Switch Co., Florham Park, NJ, 1992.Baumeister,

Standard Handbook for Mechanical Engineers

, McGraw-Hill Book Company,New York, NY, 1967.

Bimba Double-Wall Air Cylinder Catalog

, Bimba Manufacturing Co., Monee, IL, 1992.Binnard, M.,

Leg Design for a Small Walking Robot

, SB Thesis, Massachusetts Instituteof Technology, Cambridge, MA, 1992.Brooks, R. A.,

L Manual , IS Robotics, Inc., internal document, 1994.Cavagna, G. A., Heglund, N. C., Taylor, C. R.,

Mechanical Work in Terrestrial

Locomotion: Two Basic Mechanisms for Minimizing Energy Expenditure

, AmericanJournal of Physiology, v. 233, 1977.Chen, C. L., Chen, P. C., Chen, C. K.,

A Pneumatic Model-Following Control System

Using a Fuzzy Adaptive Controller

, A u t o m a t i c a , v. 29, July, 1993.

112Chiel, H. J., Beer, R. D., Quinn, R. D., Espenschied, K. S.,

Robustness of a Distributed

Neural Network Controller for Locomotion in a Hexapod Robot

, IEEETransactionsonRobotics and Automation, June, 1992.Clippard Minimatic Cylinders Catalog 281

, Clippard Instrument Laboratory, Inc.,Cincinnati, OH, 1992.Delcomyn, F., Nelson, M., Cocatre-Zilgien, J.,

Sense Organs of Insect Legs and the

Selection of Sensors for Agile Walking Robots

, submitted to TheInternationalJournalofRobotics Research, 1994.

Delrin Product and Properties Guide

, Du Pont Polymers, Wilmington, DE, 1992.Dexter, S.

Handbook of Oceanographic Engineering Materials

, Wiley-IntersciencePublications, John Wiley and Sons, New York, NY, 1979.Dwivedi, S. N., and Mahalingam, S.,

Terrain Adaptive Gaits for the Ambler

, AdvancedR o b o t i c s , v. 5 n. 2, 1991.Dwivedi, S. N., and Mahalingam, S.,

Periodic Gaits for the CMU Ambler

, Journal ofR o b o t i c S y s t e m s , v. 9 n. 1., February, 1992.Ferrell, C.,

Robust Agent Control of an Autonomous Robot with Many Sensors and

Actuators

, SM Thesis, Massachusetts Institute of Technology, Cambridge, MA, 1993.Ferrell, C., Scassellati, B., Binnard, M.,

A Robot for Natural Human-Machine Interaction

,submitted to The International Joint Conference on Artificial Intelligence, Montreal,Canada, 1995.Fok, S. C., Dransfield, P.,

A Load Positioning Strategy for Air Powered Industrial

Servodrives Using a Velocity Model Reference Control Scheme

, presented at the ASMEWinter Annual Meeting, Atlanta, GA, 1991.

113Full, R. J.,

Integration of Individual Leg Dynamics with Whole Body Movement in

Arthropod Locomotion

, in InvertebrateBiomechanics,editors:Beer,Ritzmann,McKinna,OfficeofNavalResearch/AcademicPressBook,1990.Full, R. J, informal discussions, University of California, Berkeley, Department ofIntegrative Biology, 1994.Full, R. J., Blickhan, R., Ting, L. H.,

Leg Design in Hexapedal Runners

, Journal ofExperimental Biology, 1991.Full, R. J., Tu, M. S.,

Mechanics of Six-Legged Runners

, JournalofExperimentalB i o l o g y , v. 148, 1990.Full, R. J., Tu, M. S.,

Mechanics of a Rapid Running Insect: Two-, Four-, and Six-

Legged Locomotion

, Journal of Experimental Biology, v. 156, 1991.Full, R. J., Tu, M. S., Ting, L. H.,Dynamics of Insect Locomotion Compared to

Hexapod Walking Machines

, DSC - Volume 17, Issues in the Modeling and Control ofBiomechanical Systems, editors: Steon, Ashton-Miller, and Pandy, American Society ofMechanical Engineers, New York, NY, 1989.

Granzow Solenoid Valve Catalog

, Granzow, Inc., Charlotte, NC, 1992.Hirose, S.,

A Study of Design and Control of a Quadruped Walking Vehicle

, InternationalJournal of Robotics Research, Summer, 1984.Hodgins, J., Koechling, J., Raibert, M. H.,

Running experiments with a planar biped

,Third International Symposium on Robotics Research, G. Giralt, M. Ghallab (eds.), MITPress, Cambridge, MA, 1986.Hogan, N.,

Impedance Control: An Approach to Manipulation: Part I - Theory,

JournalofDynamic Systems, Measurement, and Control, 107, March, 1985.Hughes, G. M.,

The Co-ordination of Insect Movements. II: The Effect of Limb

Amputation and the Cutting of Commissures in the Cockroach (

Blatta Orientalis

) , Journalof Experimental Biology, 1957.

114IC Sensors Product Catalog

, IC Sensors, Inc., Milpitas, CA 1992.Jinglun, W. L. Z., Li shiqing, Z. P.,

Research State of the Art of Mobile Robots in China

,SPIE Mobile Robots V, 1990.Jones, J. and Flynn, A.,

Mobile Robots: Inspiration to Implementation

, A K Peters,Wellesley, MA, 1993.Kajita, S., Yamaura, T., Kobayashi, A.,

Dynamic Walking Control of a Biped Robot

Along a Potential Energy Conserving Orbit

, IEEETransactionsonRoboticsandAutomation, August, 1992.Kalpakjian, S.,

Manufacturing Engineering and Technology

, Addison-Wesley PublishingCo., Reading, MA, 1992.Kawashima, G., Yang, W. J., Takashima, N.,

Precise Control of Intra-Stroke Stopping in

Labyrinth-Type Pneumatic Cylinder

, presented at the ASME Winter Annual Meeting,Anaheim, CA, 1992.Keller, H., Isermann, R.,

Model-Based Nonlinear Adaptive Control of a Pneumatic

Actuator , Control Engineering Practice, v. 1, June, 1993.Kimura, H., Shimoyama, I., Miura, H.,Dynamics in the Dynamic Walk of a Quadruped

Robot , Advanced Robotics , v. 4 n. 3, 1990.Kram, R, informal discussions, University of California, Berkeley, Department of HumanBiodynamics, 1994.Kram, R, Wong, B, and Full, R,Three dimensional Kinematics and Internal Mechanical

Energies of Running Cockroaches

, Submitted to Journal of Experimental Biology, 1994.

Lee Co. HDI Product Data Sheet

, Lee Company, Westbrook, CT, 1991.Lewis, E., and Stern, H.,

Design of Hydraulic Control Systems

, McGraw-Hill Book Co.,New York, NY, 1962.

115Maxon Motor Catalog

, Interelectric AG, Sacheseln, Switzerland, 1994.McGhee, R. B.,

Robot Locomotion

, Neural Control of Locomotion, editors: Herman,Grillner, Stein, and Stuart, Plenum Press, New York, 1976.McGhee, R. B., Iswandhi, G. I.,Adaptive Locomotion of a Multilegged Robot over

Rough Terrain , IEEE Transactions on Systems, Man, and Cybernetics, April, 1979.MicroMo Catalog

, MicroMo Inc., St. Petersburg, Florida, 1993.Miller, W. T.,

Real-Time Neural Network Control of a Biped Walking Robot

, IEEEControl Systems Magazine, February, 1994.Motorola MC68332 User’s Manual

, Motorola, Inc., Phoenix, AZ, 1990.Nair, S. S., Singh, R., Waldron, K. J., Vohnout, V. J.,

Power System of a Multi-Legged

Walking Robot , Robotics and Autonomous Systems , v. 9 n. 3, 1992.Nygren, E., and Fong, T.,Dante 2 Specifications

, NCSA Mosaic WWW page, URL:http://maas-neotek.arc.nasa.gov/dante/dante.html, 1994.

Peter-Paul Short-Form Catalog

, Peter-Paul Electronics, Co., New Britain, CT, 1989.Pratt, G. A., and Williamson, M. M.,

Series Elastic Actuators

, submitted to InternationalConference on Intelligent Robots and Systems, 1995.Pu, J., Weston, R. H., Moore, P. R.,

Digital Motion Control and Profile Planning for

Pneumatic Servos , Journal of Dynamic Systems, Measurement, and Control, Transactionsof the ASME, v 114, December, 1992.

Redwood Microsystems Product Catalog

, Redwood Microsystems, Menlo Park, CA,1993.

116Scavarda, S., Thomasset, D., Richard, E., Bourdat, S.,

State-Affine Position Control of an Electropneumatic Cylinder

, presented at the ASME Winter Annual Meeting,Anaheim,CA, 1992.Simmons, R.,

Concurrent Planning and Execution for Autonomous Robots

, IEEEControlSystems Magazine, v. 1, February, 1992.

Skinner Valve 7000 Series Catalog

, Honeywell, Skinner Valve Co., New Britain, CT,1992.Song, S. M., Vohnout, V. J., Waldron, K. J., Kinzel, G. L.,

Computer-Aided Design of a Leg for an Energy Efficient Walking Machine

, 7th Applied Mechanisms Conference,Kansas City, Missouri, 1981.Song, S. M., Waldron, K. J., Kinzel, G. L.,Computer-Aided Geometric Design of Legs for a Walking Vehicle , 8th Applied Mechanisms Conference, St. Louis, Missouri, 1983.Song, S. M., Waldron, K. J.,Machines That Walk: The Adaptive Suspension Vehicle

,MIT Press, Cambridge, MA, 1989.Vohnout, V. J., Alexander, K. S., Kinzel, G. L.,

The Structural Design of the Legs for a

Walking Vehicle , 8th Applied Mechanisms Conference, St. Louis, Missouri, 1983.Waldron, K. J., Vohnout, V. J., Pery, A., McGhee, R. B.,Configuration Design of the

Adaptive Suspension Vehicle

, InternationalJournalofRoboticsResearch,Summer,1984.Weidemann, H. J., Pfeiffer, F., Eltze, J.,A Design Concept for Legged Robots Derived

from the Walking Stick Insect

, Proceedingsofthe1993IEEE/RSJInternationalConference on Intelligent Robots and Systems, Yokohama, Japan, July, 1993.Whitehead, J.,

Pressure Vessels: Office Memo

, Lawrence Livermore National Laboratory,1995.Whitney, D.,

Historical Perspective and State of the Art in Robot Force Control

, T h e International Journal of Robotics Research, 6: 1, Spring, 1987.

117Yamauchi, A., Wong, B., Kram, R., and Full, R.J.,

Strategy of Scaling Steps in Insects

,American Zoology 32: 29A, 1993.Zhang, C., and Song, S.,

Turning Gait of a Quadrupedal Walking Machine

, Proceedingsofthe1991IEEEInternationalConferenceonRoboticsandAutomation, Sacramento, CA,April, 1991.