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1. INTRODUCTION

Research under this contract began as scheduled on QOctober 1, 1481.
NDuring the first twén;y-f0ur months, no significant deviations occurred from
the plan contained in ouf proposal dated May 13, 1981. Current project mile-
stones are summarized in a list dated October 28, 1983, and avtached to our
Quarterly R & D Status Report for the period October 1, 1983 through December
31,.1983. A1l milestones on this list pertaining to the period covered by the
present report have been met on schedule. The following pages present some
details concerning work relating to each of these milestones. Further infor-
mation is provided iﬁ the attached appendices and in theses, dissertations,
published papers, and videotapes previously furnished to DARPA. A list ot
these items is presented in Appendix 1. HNumerical retferences in the following

text refer to this list.

2. MECHANTCAL SYSTEM RESEARCH

2.1 Hydraulic System Design for Precision Footing

During this period, a completely new hydraulic actuation system using a
hydrostatic principle was designed and major components were selected. In
support of this effort, the breadboard leg actuation system was reconfigured
as a hydrostatic system and tested for dynamic response and other performance
characteristics. A major motivation for this effort was the unsuitability of
the earlier tested valved configuration for operation in a precision footiny
mode, Additfonal motivation was provided by the high projected energy con-
sumption in the drive and 1ift actuator circuits resulting from large varia-
tions in load and velocity conditions seen by those actuators duriny each ley.
cycle.

Testing of the breadboard leg with the reconfigdred power transmission

and actuation system indicated that satisfactory dynamic performance should be
1
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achieved by a pfOperly optimized hydrostatic actuation systam. These tests
were terminated after determination of the dynamic response characteristics of
the pump controllers and the leg actuation systems to make way for installa-
tion of a prototype of an optimized system as described below.

The configuration of the optimized hydrostatic actuation system is pre-
sented in Appendix 2. Major design decisions taken during this.pefiod
included selection of the pumps to be used, and of the rotary actuators which
control the pump displacements. Several competing conr:rol valve types will be
tested on the prototype leg to determine which is most suitable, Specially
configured actuators were designed in detail during this period and were maﬁu-
factured by a local supplier, The design includes many novel features: a
light-wéight aluminum barrel Qith hard face& anodizing, oil feed throuyh the
rods, including feed of both ends of the drive actuators from one end of the
rod, etc. A schamatic of one of the drive actuators is included in Appendix
2. A complex design task which was also completed in this period was that of
a drive train to power pumps mougted both on the leg and on the body of the

vehicle, Appendix 3 includes a schematic drawing of this system.

2.2 Preliminary Foot Design

It has become apparent, during consideration of foot action, that it is
highly desirable to have.the foot parallel to tTe ground immediatély before
and during touchdown, and to maintain the foot flat on the ground during the
complete contact period in most locomoticn situations. Therefore, a system
was designed to maintain the sole of the foot approximately parallel to the
body at all times. A schematic drawing of this system is included 1ﬁ Appendix
3. It is a passive hydraulic system in which a master cylinder acts between

the drive-actuator roller assembly and the intemmediate link of the leg
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pantogfaph. The master cylinder is connected via a closed hydraulic system to
a slave cylinder which acts between the leg shank and the foot. Accumulators
are included in the circuit to allow rotation with controlled compliance about
the ankle joint., There will also be stops to prevent excessive ankle rota-
tion, This system maintains the foot parallel to the vehicle body to within
3° throughout the working volume of the leg.

The foot was designed as a support for a sole unit which may include a
three axis force sensor. Actuator pressure sensing may be used as an alter-
nate means of inferring foot forces. Experience with the breadboard leg and
the requirements of the foot attitude mainténance system led to the adoption
of a single axis hinge at the ankle in place of the spherical joint and spring

combination used in the earlier foot design.

2.3 Prototype Leg
A prototype vehicle leg was designed and censtructed by the end of this

period. Some structural components from the breadboard leg were incorporated
into this unit while others were completely redesigned. A major part of the
system is the new hydrostatic drive train, power transmission, and actuation
systam described in Section 2.1. Llikewise, the new foot design and foot atti-
tude maintenance system described in Section 2.2 is incorporated. A come
pletely new shank has been buiit. This includes a cranked lower segment which
simulation studiés have shown to be necessary when crossing large obstacles.
It is also decigned to accommodate the new foot design ani the passive foot
attitude control system, The upper leg box has been substantially modified by
the addition of moﬁnting brackets for the new actuators and for the drive and
11ft pumps of the hydrostatic system. In fact, of the major structural com-

ponents, only the two thigh links have been retained in their original form.




The prototype 1ég, shown in Fig. 1, is highly modular in comparison to
the earlier leg design described in our previous Semi-Annual Report. The
entire actuation system is mounted either to the leg structure itself, or to
immediately adjacent portions of the test stand. This modularity will

greatly simplify construction and maintenance of the vehicle,

2.4 Procedures for Maintaining Stability Under Normal and Emeryency

Conditions w o
_ S
Work under this heading included two major efforts. One of these was a !
theorecical and simulation study of maintenance of static stability by a six- Cﬁ :
legged venicle when crossing obstacles and operating on slopes. The major . .
results of this study are included in Appendix 3 and in the M.S. thesis of H '
Shih-t.ianc Wang [20]. This work has strongly contributed to the understanding ~ .
of these situations necessary for the design of vehicle coordinatfon software ] ?
and for the selection of operator strategies in difficult conditions. ?% i
R
The <econd effort is the design of hardware to pemit the vehicle to :
respond rapidly to emergency situations. As a result of a joint OSuU/Battelle :% 2
study of the hardware requirements for this purpose, Battelle is working on a - i
design for an explosively actuatbd valve system which will pemit either - § ‘
locking or bypass of appropriate actuators in emergency situations, ;& j
2.5 Design of a Modular Cockpit Structure - !
It became apparent, early in this reporting period, that it would be o
difficult to accommodate all system hardware within the confines of the o
d
vehicle frame., At the same time, the division of responsibility for the cock- !
pit structure (0SU) and for controls and instrumentation (U. Wisconsin) i: ﬁ
created coordination problems. Further, there was concern that the operator's .. ﬁ
"
vicsior of the feet and of the terrain on which they were to be placed was ol !
4 R
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insufficient. It was, therefore, decided to abandon the concept of accommoda-
ting the cockpit within the main vehicle frame and instead to design a cockpit
module which would te bolted to the front end of the frame. A design for the
structure of such a module was completed during the réporting period., It will
be manufactured early in the next reporting period. It was not possible to
fully accommodate the specifications of the Unfversity cf wisﬁonsin with
regard to cockpit space because of‘the substantial weight penalty incurred by
enlarging the cockpit frame. After extensive discussion, a compromise was
reached on the dimensions of the cockpit module., Consideration will be given
to retro-fitting a larger cockpit if the dimensions of this design prove to be
1nadequate during vehicie testing. Figure 2 is a photograph of thé 1/10 scale
ASV-84 mechanical configuration model showing the modular cockpit mounted to

the main vehicle frame,
3. ELECTRICAL SYSTEM RESEARCH

3.1 Vehicle Operating Software

In our Semi-Annual Repoft dated February, 19€3, preliminary definitions

for a total of six ASV-84 operational modes were provided. Since that time,

these modes have been further developed and related to the partitioning of the

vehicle control software so as to permit efficient implementation on a multi-

processor control computer, Details of this work are provided in Appendix 4.
However, generally speaking, it can be said that the definitions of the six
operational modes have not been changed in any significant way. Rather, the
major accomplishment of the past six months has been the actual realizaticn of
fbur of the six modes on either the PDP-11/70 computer or the breadboard ASV-

84 computer. These experiments are described briefly in the following para-

graphs,
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The Utilivy mode ﬁas heen simulatad using the ‘Intel Series [li Micro-
processor Development System (MDS). A VT-100 terminal has been intertaced to
this system and used as an cperator's console. A smaller CRT system suitable
fér mounting iq the vehicle has been identified along with the necessary 7
incerface cards. With this arrangenent, the Coordination Cecmputer cescribed
in Appendix 4 can be used analcogously to an MDS system for zontrol and field
programming of the vehicle on-board computer.

A Precision Footing control mode has been realized on tne POP-11/73 coin-
puter, Physical testing with the 0SU Hexapod has demonstrated its effective-
ness. Details are provided in the fgllowing Section 3.2,

Omnidirectional control in the Close Maneuveriny mode has been
demanstrated on the FOP-11/70 using a kinematic model of the ASV-84 displayed
on a vector nfapnics terminal, This simulation sthdy includes the feature of

automatic regulation of body pitch-and roll c¢ttitude to accommodate terrain

slopes in such a way as to maximize vehicle stability and maneuverability. A~

videotape showing real-time operation of this system has been provided to
DARPA. |

The Battelle and 0SU portions of the software for the Terrain Followiny
mode of control have been successfully integrated and tested on the breadboard
ASV-84 computer.b In this test, the PDP-11/70 computer was used to shnuléte'
the terrain, tn2 ERIM scanner, and the vehi;le. The resulting motion of the
vehicle relative to the terrain was presented in real time on a vector
graphics temminal, A shaded color graphics representation of this mction will
be prepared using single-frame motion picture photograpny during the next six

months of research,

..
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At present, we do not plan to develop cruise and dash mode software
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under this contract, since both of these modes involve high speed motion which

can only be undertaken after thorough field testing of the above four low

hY
0

speed modes. Instead, we intend to develop a plan for further vehicle testing

Y
’

and programming in the form of a proposal to DARPA for a continuation of the
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research of the current contract, This proposal will be completed and sub-
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:5::' mitted for evaluation within the next six months of this program.
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I 7. 3.2 Demonstration of Precision Footing Control
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It is recognized that, in circumstances involving very large geometrical

'
-te
o o
Y

obstacles or extremely rough terrain, fully automatic modes of body and ley

e

3 Es coordinatior for the ASV-84 may prove to be inadequate. To deal with such

:§: E sitvations, per the discussion in the preceding section of this report, a )
Eés h; semi-automatic precision fooling mode of control will bevprovided. In this

& i} mode, the operator will be able to take direct control of the body or of any

ESQ o of the six legs of the vehicle in Cartesian coordinates. A specific form of

EE? ;5 this control mode has been developed and evaluated using the OSU Hexapod as a

o ‘; test bed, igure 3 shows one such test in progress.

ggg = The general characteristics.of the currently operational precision

?&ﬁ ié footing control mode are as follows:

1. All control is accomplished with a single three-axis joystick.

R
.J 4

N0 2. The operator uses a keyboard to dynamically assign the Jjoystick to one

Wy

Cf} = of eight functions: control of any one of the six vehicle leys, body
0

attitude controi, or body position control.

I

L~ 4 - )

Qgg o4 3. All joystick deflections are interpreted as rate commands. Specifically
;\-l - ;;

E,; for any leg, fore-aft deflection controls fore-aft foot velocity, lateral

"—.

deflection controls lateral foot velocity, and twist controls vertical
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foot velocity. These velncities are all interpreted in the body cocrci-
nate system, . Body position control functions 1denticq1|y. "For body atti-
" tude control, fore-aft deflection controls pitch rate, lateral deflection
controls roll rate,‘and twist controls yaw rate.b
4. When any one of the eight Joystick assignments is invoked, the control
computer'coordinates Joint motions so that the dgsifed rates are achieved
and all other rates are zero relative to Earth coordjnates.' Thus, during
body motion, the feet of supporting leas as well as those of legs in the
air remain stationary with respect to the terrain. This characteristic of
precision footing control allows the 0perator to concentrate his attentioh
on movement nf th~ body with respect to the terrain, without concern for
potential collisions of legs with obstacles,
As reported in [5], we have previously developed and tested safety soft-
ware to preveht both body instability and collisions between adjarent limbs in

any control mode., For the ASV-84, use of this safety software in conjunction

~ with precision footing cohtrol will result in the vehicle refusing to execute

maneuvers which could be harmful to it. In addition to this feathre, a dis-
play of stability margin and of feet which can be safely lifted will assist
the operator in avoiding the generation of unacceptable commands. The

development of such displays will be undertaken during the next six month

perfod of this project.

Laboratory evaluation of the above described precision footing control
mode has shown that it is effective and relatively easy to learn. As was pre-
viously discovered in our studies of insect locomotion [33], “in phase™ wave
gaits seem to provide the best stepping patterns for overcoming large obsta-
cles Such gaits utilize support by at least five legs at all times. The

cycle of 1imb motions involves first placing the front feet, then the middle

11
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feet, and finally the back feet. A videotape showing this gait and documen-
ting the experiment illustrated by Fig. 3 has been furnished to DARPA previous

to this report,

N
§§ With more advanced hand controllers, it may be possible and desirable
) for an operator to control more than three vehicle degrees of freedom at amy
jﬁd given time. This issue will be studied after suitahle hand controllers have

2 been delivered to us by the University of Wisconsin. It is anticipated that

‘at least one such controller will be provided during the next six-month period

of this research,

¥

b ‘

;s 3.3 Control of Foot Clearance by Proximity Sensors

g; The 0SU Hexapod ngicle has been fitted with an ultrasonic proximity

sé sensor on each of its six legs. Using these sensqrs, the vehicle has walked

;2 over laboratory terrain with automatic control of foot clearance using prexi-

II mity data. Full details of this experiment are provided in the attached

:é Appendix 5., The following paragraphs present the principal results of this

;: study. |

ii The first f1nd1n§ wis that, as expected, léboratory terrain'produces

SE more or less specular reflgctibn of ultrasound pulses; that is, since the wave

%S length of the sources used (40 kHz) is long compared to irregularities in the
tile floor of the laboratory or in the wooden obstacles shown in Fig. 3,

>
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insufficient energy is reflected back to the receiver unle#s the incidence
angle of the transmitted sound is close to vertical. Practically, with care-
ful receiver design, 1£ was found that angles up to about * 20 degrees from
vertical can be tolerated,

The second finding was that leg trajectories can be tailored so as to

maintain the angular orientation of the lower limb segments of the OSU Hexapod
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g  well within the *+ 20 degree cone of tolerance of the ultrasonic sensors during
E} locomotion over laboratory tecrrain, Under these conditions, foot clearance is
.- regulated very accurately without prior knowledge of terrain elevation.
K
:Z: Example trajectories from such tests are presented in the attached Appehdix b,
gq A videotape including a demonstration of foot altitude control by proximity
- sensing has been previously furnished to DARPA.
;S The third major result of these experiments is tﬁat single frequency
._ transducers do not function reliably on natural terrain when the average size
3; of soil bartic]es or rocks is comnarable to or greater than the waveléngtn of
v the ultrasound illumination. This result was obtained from soil bin tests and
e3 can aiso be anticipated qualitatively, since such terrain presents the possi-
:; bility of destructive interference of reflected energy at the receiver, The
o experiménts detailed in Appendix 5 demonstrate that this is such a serious
g} problem that single frequency ultrasound proximity sensing is impractical for
. natural terrzin. It now appears that a multi-frequency or “"chirp" source is
2: required. In addition, an array of such sensors may be needed on each leg to
A assure adequate ground coverage, since each sensor has a rather narrow beam-
*} width. Five Polaroid ranging systems have been purchased to permit experi-
E: mental evaluation of such a multi-frequency array on the pfototype ASV-84 leg.
;: Initial testing of this system is planned for the nest six month period of
Ei this research,
N
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RESEARCH PUBLICATIONS SUPPORTED BY CONTRACT MDA903-82-K-U058

College of Engineering
The Ohio State University
Columbus, Chio 43210

The following theses, dissertations, and papers have been produce™ with
the support of DARPA Contract MDA9(C3-82-K~-0058 since its inception on October
1, 1981, Copies of most of these documents are available upon request.

1. Waldron, K.J., Song, S.M., Vohnout, V.J. and Kinzel, G.L., "Computer-
Aided lLiesign of a Leg for an Energy-Efficient Walking Machine,” Pro-
ceedincs of the 7th Axplied Mechanisms Conference, Kansas City, December
7-9, 1981, pp. VIII-1 to VIII-8. '

2. Vohnout, V.J., Mechanical Design of an Energy Efficient Robotic Leg for
Use on a Multi-Legged Walking Vehicle, M.S. thesis, 1he Ohio State
University, June, 1982,

3. Waldron, K.J., Frank, A.A., and Srinivasan, K., “The Use of Mechanical
Energy Storage in an Unconventional, Rough-Terrain Vehicle,” 17th
Intersociety Energy Conversion Engineering Conference, Los Angeles,

California, August 8-13, 1982,

4, Broﬁn, F.T., Dynamic Study gjng Four-Bar Linkage Walking Machine Leg,
M.S. thesis, The Ohio State University, August, 1982,
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Abstract

The selection of vehicle and leg configuration and of power transmission
and actuation system configuration for the Adaptive Suspension Vehicle
(ASV) are discussed. The Adaptive Suspension Vehicle will be a proof of
concept prototype of a proposed clas§ of transﬁortation vehicles for use
in terrain which is not passable tb conventional vehicles. It uses a
legged locomotion principle., The mazhine will not be an autonomous "robot"

in the sense that it will carry an operator. It will, however, have a

very high level of machine intelligeiicc ird of environmental sensing

capability. Much of the technoiogy involved is unique and has potential
for application to future robot systems. In this paper major aspects of
the vehicle and leg geometry, the on-hcard processing configuration, and

the hydrostatic power transmission system, are discussed.
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1. Introduction

The Adabtive Suspension Vehicle (ASV), which is presently under construction,
is a vehicle int2nded to provide mobility over very rough terrains: It.uses
a statically stable legged locomotion principle rather than a wheeled or
trocked principle. Figure 1 shows a 1/10th scale model of the machine on a
terrain board. The motivation for building such a machine is that about half
the Earth's surface is inaccessible using wheeled or tracked vehicles [1].
As compared to legged locomotion, wheeled locomotion is onlyvattractive on
prepared or naturally hard and even surfaces. In principle, legged locomotion
should be mechanically superior over a‘considerable range of soil coaditions [2]
and is certainly superior when crossing obstacles. This isAwell illustrated
by the fact that the majority of the terrain cited as inaccessible to wheeled
and tracked vehicles irn reference [1]'presents.litt1e difficulty to animais

using legged locomotion.

In view of the above, it is natural to ask wvhy the legged locomotion

principle has almost never been used in man-made vehicles. There are two

reasons:

— - Firstly, in order to take full advantage of the legged locomotion principle
over uneven ground it is necessary that the machine have sufficient independentily
controllable degrees of freedom in each leg to allow the body motion to be
completely decoupled from irregularities met in the terrain over which it
travels. We call such a machine "fully terrain adaptive.” This requires a
minimum of three degrees of freedom in cach leg and, hence, twelve independently
controllable degrees of freedom in a four-legged machine and eighteen in a
six-legged machine. Foui legs is the minimum number necessary for static

stability. Prior to the very recent'advent of compact, powerful microcomputers

L




automatic coordination of the motions of such a largé number of degrees of
freedom by means of an on-bcard controller wés_impossible. Manual coordinaticn
was attémp£ed using sophisticated teleoperator ﬁechnology in the GE Quadruped
project [3]. The conclusions to be drawn from that attempt was that this
appro#ch is of marginal efficacy. It was possible to control the nachine
effectiveiy to perform sophisticated movements, On‘;he other hand, the
coordination task placed great demands on the operator. A long period of
training was necessary and operators became fatigued after a relatively short
working period.

Secondly, efficient and well controlled delivery of power to an oscillatory
motion system such as a leg is very much more difficult than driving a
continuously rotating wheel. This Situatioﬁ is exacerbated by the large number
of degrees of freedom to be independently powered, i1 contrast to the single

degree of freedom powered in most wheeled vehicles or the two powered degrees

of freedom in most tracked vehicles. In the past, quite a number of experimental

legged vehicles hﬁve been built. Most of these are discussed, or at least
referenced, in reference [4] and will, therefore, not be discussed here.. A
few will.be mentioned at appropriate points in this article. However, almost
without exception, fully terrzin-adap.ive walking vehicles have had very péor
mechanical efficiency. Thus, the promise of superior mechanical perfoimance
on unprepared surfaces has certainly not been realized in these machines. The
reasons for this, and the measures being taken to overcome them in the desija
of the ASV, form a substantial portion of the present article.

The ASV will be 5 m Jong, will stand about 3.3 m high af normal wrlking‘
height and will have a track of 1.6 m. It will weigh about 2600 kg. Cruise
speed is to be 2.25 m/s with sprint capability to 3.6 m/s. The machine will be

uqmpletely self-contained. It will carry an operator and a 225 kg payload.
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Power will be supplied by a 900 cc. motorcycle engine driving an energy

" storage flywheel of capacity C.25 kw hr. Line-shafts driven from the flywheel

shaft will run down both sides of the vehicle. The leg degrees of freedom

will be actuated by a fully hydrostatic power transmission system. The

actuators are hydraulic cylinders. Each actuator is coupled to a variable

displacement pump powered from the line-shaft by means of a tobthed belt.

This system will also be deécribed in greater detail later in the article.
Althoﬁgh the machine will not operate autonomously, it will

carry very advanced sensing, computer processing and coordination systems.

In most operating conditions the operator's role.is strategic. That is, the

‘opérator commands direction and velocity but does not directly control foot

placement or body attitude. The comphtational system will consist of thirteen
Intel 86/30 single-board computers. Six of these will be leg contrdllers; four
will process information from the terrain scanner and generate choicés for féot
placement. One will control the cockpit displavs and transmit data from the
controller to the coordination computer,.one will be the cooidination computer
and one will be a backup compute~ - itoring system operation and otherwise
assisting the coordination computef. Each of the 86/30 boards carries an 8086
microprocessor, an 8087 floating point and trigonometric co-processor and a -
varying quantity of RAM. Nine of the 8086 microprocessors will be coupled via
2 multibus. However, only one will control the multibus communications. Further
details of tﬂis system.will be reported in future publications.

The machine will also have sophisticated sensory systems.‘ A.vertical
gyroscope will provide a vertical reference and rate gyroscopes and accelerometers
will provide information on body movements. All six legs will be fitted with

three-axis force sensors to determine the three force components at the "ankle."
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Proximity sensors will also be fitted to the feeﬁ. ‘However, the most
sophisticated sensing system will be the terrain scanner. This operates on

a very different principie frpm conventional robot vision systems. It is, in
fact, an optical raaar operating in a CW mode with sinusoidal amplitude
modulation. A beam of infrared ;ight generated by a gallium arsenide laser is
swept across the terrain in a raster pattern. Phase comparison of the modulation
envelope of the reflected and projected beams yields a direct range méasuremeq;
to the point on the ground struck by the beam. The effective range is determined
by the ambigdity interval and is 10 m. Resolution at maximum'rangg is about

40 mm. Qt a speed of 2 m/s each point will be viewed approximately five times
bafore pé;sing under the vehicle. The terrain scanner has been built by

ERIM [S].g Battelle Coluﬁbus Laboratories are responsible for the co.puter and

software for processing the terrain scannef information and feeding ‘oothold
selection%information to the coordination computer.

A ha%d controller with at least three continuously controlled degrees
of freedoé will be used by the operator to command direction and Speed of
motion. éorﬁérd rate, lateral rate and yaw rate will be confinuously
controlle&.' Control of walking height and body pitch and roll will be via
settable position controls. A CRT display will be used to allow the operator
to access data on a variety of systems in a variety of operational modes.

The University of Wisconsin is responsible for design of the controls and

cockpit displays.
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2. Performance Evaluation

Locomotion systems are subject to large variations in opéra;ing conditions.
When moving on level ground, a locomotion system is very lightly loaded, at
least at low speed. In contrast, when moving up a gradieht the system méy
have to produce a large power. Mechanical efficiency, the usual measure of
powet.train performance, is not useful when discussing vehicles. When méving
at constant speed on a level road a vehicle is producing no oﬁtput work so it
has zero efficiency.

A much more useful parameter when discﬁssing yehicle performance is thg

specific resistance, €, defined as:

4

€ =

Wv

where P is the mechanical power inpuz to the vehicle; that is, the output
power of the prime mover, W is vehicle weight and V is vehicle velocity.

Specific resistance can also be thought of as the inverse of lift-to-drag
ratio where "drag" is ;nbeffective drag including all energy dissipation |

mechanisms.

Figure 2 is adapted from Gabrielli and Von Karman [6]. It isaplotof -

specific resistance versus speed for a variety of vehicles on a log-log

scale. It may be seen that biological legged locomotion compares well with
wheeled systems on prepared surfaces. It may also be seen that artificial
legged systems such as the GE Quadruped [3] and OSU Hexapod [7] do very poorly.
The reasons for this and the means used to overcome them will be discussed in
Section 3. The ASV leg has a specific resistance of 0.08 in laboratory tests.

The overall vehicle specific resistance will be considerably higher because
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of losses higher in the power train and because of overhead power needed to
operate the computer etc. After careful analysis of these lecsses and power
requirements it is projected that.the ASV will have a specific resistance of
about 0.3 as indicated on the diagram. It may be seen that this is competitive
with tracked vehicles. ' 1

'In order to characterize cbstacle crossin; performance it has been decided
to make use of a small set of standardized obstacle geometries; Obstacle
crossing is primarily a proklem Af veidicle geometry but involves considerations
of traction force and power also. - Extensive simulation studies have been
performed to optimizg vehicle geometry and determine the maximal obstacles
hich it can cross [8]. The machine will be geometrically capable of operating
on a 60% grade, crossing a 1.8 m vertical sided ditch, crossing a 1.7 m vertical
up or down step and crossing a 1.4 m vertical isolated wall. It will be capable

of squatting on belly skids for parking and as.an emergency maneuver.
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3. Leg Géeometry

The choice of six legs is a compromis¢ between stability, fa.>red by
larger numbefs of legs, and simplicity. The ASV is designed to operate in a
statically stable'mode or, more accurately, in a quasi-statically stable mode
in which the stabilitylcriterion is modified to include the effects of dynamic
load transfer. The implicatiéns of static stability are discussed in some
detail in refereneé [4]. If the duty factor is defined as the fraction of the
cycle ;ime esch foot is on the ground (assumed to be the same for all feet)
stability increases with iﬁcreasing duty factor. At a given duty factor
stability increases witﬁ increasing number of legs. However, the incremental
gains diminish with increasing leg number. Thus the gain in stability in
going from six'legs to eight is much smaller than that in going from four legs
to six [4]. '

The major limit on speed in most legged locomotion systems, including
biological cnes, is the time required to return the leg through the air to its
startiﬁg position. There is é minimum time for this ''transfer phése" in any
legged locomotion system. The minimum'duty factor for a four legged statically
stable system is 0.75 [4]. For a six legged system it is 0.5. It is 0.375 |
for an eight legged system. If the same ieg characteristics are assumed; that
is, if the same return time, 1T, and leg stroke, S, are assumed, the dhfy
factor, B, affects tne velocity, V, as follows:

Ve é%

where T is the cycle time: the time for'one.complete motion cycle of all legs.

The time available for leg return is evidently:

T= (1-8)T
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Hence if v is fixed, T is related to B by

and
- S (A8
v T.(B) .
Thus, for a four legged system:

s
V03332,

for a six legged system:
S
V'?
for an eight legged system:

. S
v-1067? .

Thu;, for a statically stable System, there are substantial speed and stability

advantages in increasing the number of legs. This must be weighed against the

increasing mechanical and computational complexity which is also_éntailed by
increasing the number of legs. Moreover the assumption of coﬁstant leg stroke S

implies a linear increase in body length with increasing numbers of legs.

As was nofed in Section 1, a mﬁfimum of three degrees of freedom are required
in each leg. The objective of leg design is to provide the maximum working
volume for the foot with minimum leg!structure. Thus the leg is similar in its
kinematic role to the regional structure of a manipulator. The leg can be viewed
as a manipulator minus the wrist degrees of freedom. Since the regional structure
of a manipulator is optimized by having the two most inboard joint axes intersect
at right angles, the third joint axis parallel to the second and the second and .
third members of equal length [9], it fﬁllows that this arrangement is al..

optimum for a leg.
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Given the abové basic leg geometry, there are two advantageous ways of‘
mounting the leg to the body. The first axis may be mounted vertically or it
may be mounted horizontally parallel to the longitudinal axis of the body.

The first is the configuration used in the OSU Hexapod [7], the Sutherland and
Sproull hexapod [10], the Tokyo Institute of Technology quadruped [11], the
Mo#cow.State University hexaﬁod [12] and, in modified form, in the Odetics
hexapod [13]. It is the horizontal firsf axis configuration, however, which has
been chosen for the Adaptive Suspengion Vehicle and the GE Quadruped [3]. The
first configuration is broadly similar to typical insect or reptilian legs. The
latter is closer to a mammalian leg plan. Tlre reasons for favoring these
configurations are primarily based on efficient use of energy. Avoidance of
energy wastage iﬁ_vital in a self-contained vehicle thch must carry its own
energy supply;

The advantage, and it is an important one, of having a vertical azimuth
axis for the first joint is that, during a walking stroke, the large.displacement
is borne by that vertical joint. Thé other joints have relatively small
displacements. The'significancé of this is that little work is done against
gravity. The large displacement takes place about an axis parallel to the
weight force and hence, when walking on the level, involves no gravitational
work. The motions about the other two joints do require positive or negative
work done against gravity but, since the displacements are small, these
components are also small.

The primary disadavantage of a vertical first aﬁis is that, when performing
an oscillatéry motion, the kinetic energy of the leg must be absorbed at the
end of each forward or backward stroke. In a vertical swinging leg, the leg

can operate as a pendulum converting kinetic energy to gravitational potential
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energy at the end of each stroke and then converting i: back after changing
direction. This is not possible in a leg with & - rtical first axis. Thus,
the kinetic energy is usually wasted by conversion to heat in‘systems-with
legs of the first kind. This can be a serious problem in electrica;ly
actuated systems such as‘the 0SU Hexapod [7] because of the relatively large
kinetic energies stored in rapidly rotating motor armatures. Use of springs
to store the énergy as strain energy is, bf course, feasible. However, storage
of energy as strain energy becomes less attractive as tﬁe size of the machine
increases since kinetic and gravitational potential energy scale as the fourth
power of lineal dimension while strain energy scales as only the third power.

The vertical swinging leg given by a horizontal first joint also has
significantly lower bending moﬁents in the upper leg structure. It allows
a narrower track, and hence frontal area;which is an advantage when pushing
through vegetation.

The second type of leg has, however, a major disadvantage. This can be
understood with the help of Figure 3 which shows two positions of the leg
relativ; to the machine when the machine is walking straight and level. Only

the second and third joints are shown since the first joint is not active for

- “this motion. When the leg is in the forward position the directions of rotation

about both joint axes are clockwise. The moment of the foot reaction is
clockwise about the "knee' but counter-cloékwise about the "hip."” Thus, the
actuator of the hip joint is doing positive work against the load but the
actuator of.thg knee joint is absorbing work done on the joint by the load.
That is, it is acting as a brake.

In the second pgsition shown in Figure 3, the rotation about the hip

joint is still clockwise, but that about the knee joint has reversed and is now
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counter-clockwise. The moment of the foot reaction is clockwise about both D

™ joints. Thus, the knee joint actuator is now doing work}againsf the load !
si while the hip actuator is acting as a brake. ff‘
- The ihportant thing to realize is that, when moving on a level surface a

;; locomotion system is doing no work provided frictional resistarice is neglected.

i Thus, in both of the situations above, one actuator is doing work and the other

N is absorbing the same work! If the work absorbed is'éohverted into heat, as

ii in most conventional actuation technologies, this represents a problem.

2 It was noted that biological systems with this leg geométry do not suffer J
gi : from this problem. However, their actuation geometry is much more sophisticated '

involving actuators which operate across two or more joints in addition to
those which operate across only one [14].  This suggested use of different
actuation arrangements and led‘to several linkage leg designs. - These have been
thoroughl} discussed in references [15] and [3]. However, they proved to be
difficult to realize in mechanical hardware. An alternative mechanism which
achieves the necessary objectiye of de-coupling vertical and horizontal
displacements is shown schematically in Figure 4. It is a planar, tw6 degree
of freedom pantograph hinged about a horizontal joint parallel to the '
longitudinal axis of the body. It's action is very similaf’to that of the

second leg typé déscribed above. It is-not the first use of a pantograph in a

walkiné machine leg but ‘differs from that of Hirose [11] in being a hinged planar
pantograph.rather than a spatial pantograph, and from that of Kessis [16] in /
being a right pantograph, rather than a skew pantograph. The geometric ’ /
optimization of the panﬁograph leg mechanism with respect to workspace size /

and shape is described in reference [8]. Structural design of this leg

mechanism is discussed in reference [17].

... . . - e . . ) o N < P
" Lo e e T . . -
P N R S N g . . .
N . e " - . - ! « 7 . ) I
R e B




t B

12

4. Power Transmission and Actuation

The Adaptive Suspénsion Vehicle will weight 2600 kg. When in the tripod -

gait [4] which will be used for cruise, each leg carries half the vehicle weight g!
at some stage in the gait cycle. Of course, the load may be somewhat greater -
in some conditions. The legs are being designed for a normal working load of ~
1400 kg. At the same time, it is éssential to minimize the weight of the power 3;
transmission and actuation system. This leads to a demand for a very high .
ratio of actuator force to actuator weight. Using current technology, this EE
demand can only be met by a hydraulic actuation system.

There are two basic- types of hydraulic power transmissfon and actuation o
system which might be used. The first is the familiar valve-controlled system s
yith regulated supply. The second is‘the hydrostatic system type in which each ;
actuator is directly coupled to a v;riable displacement pump. The hydrostatic Eéi
type of system is attractive because the control of the actuator is accomplished ,q%
by non-dissipative means. Also, hydrostatic systems are capable of regenerative !!
operation allowing power to be stored during braking. Nevert&fless, it was felt gﬂ
that the val?e controlled system type would bg superior in dynamic response and :
lighter in weighf. Therefore studies were initiated to develop suitable valve- 35
controlled hydraulic circuit configurations.for the actuators [13].. It was early -
decided to group similar actuators on all six legs into the same circuits. _Thegﬂ«_,gﬁi

reason for this is that the supply pressure requirements of similarly placed

)

actuators are similar and losses are reduced if the supply pressure is held to a

XS

minimal margin over the highest needed actuator pressure drop. An interesting system >

which uses some similar principles, and some different, to attack the problems -
discussed below is described in Reference [19] and used on the six-legged walking n
machine described in Reference [10]. -
It soon became apparent that the design of the actuator cjrcuits would -
present substantial difficulties. In ordér to understand this problem it is :ﬁ
appropriate to examine the leg-lift and drive actuator operating conditions. -
‘ . . . gg
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The leg lifting and lowering actuators are subject to two very different
‘operating corditions during each cycle. When the foot is on the ground, the
actuator is under high load but is displacing at a low rate; ideal conditions
fér a pressure regulated valve-controlled system. 'However, when the leg is
being returned, the leg 1ift actuator is lightly léaded and is subject to large
displacement rates. Since a high supply pressure must be maintained to service
actuators which are uﬁder contact locads, the light loading, and hence actuator
pressure, of fhe actuator in a returning leg requires a large préssurg drop
écross the secvo valve controlling it. Multiplied by the large flow through the
valve required by the large displacement rate, this pressure drop produces a
very largé rate of conversion of hydraulic system energy %o heat. In féct, our
estimates indicated that, even fof mild terrain roughness, 15 to 20 kw would be
used by the leg lift circuit. Since, in straight line motion, regardless of
gradient, therlegﬂlift actuators do no net work against gravity, virtually all
of this energy would be converted to heat. This would, in turn, create severe
oil cooling problems. Many different strategies were evaluatgd for overcoming
this problem. The only ones which appeared to be in any way viablevwere the
use of a second circuit to supply the actuators at appropriate pressure during
the returq phase, or the use of a two-ratio mechanical change transmission
between th% actuator and the joint. Neither is attractive. The second circuit
would requlre an additional pump, a second set of supply lines, a set of
switching valves #nd, very likely, a second set of control lines. The switching
operation wquld introduce transients and control problems. Development of a
suitable dual ratio mechanical transmission was judged to be Very difficult withih

the time restrictions of the project schedule.
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The difficulties in design of the drive circuit were also a product of
the varied operating conditions seen by the actuators at diffefent times in
the motion cycle and in different modes of operation. It is anticipated that
the drive actuators will mostly be comparatively lightly loaded during |
operation. When walking on the level, the dfive actuators work against only
frictional loads. Nevertheless,provision must be made for large loads when
walking up steep gradients and for braking when walking downhill. A conventional

system with fixed supply pressure would be very inefficient because the supply
pressure would have to be set to accommodate maximum load, leading to>large
valve pressure drops when operating on the level or on moderate grades. A
simple strategy to overcome this would be to put the supply pressure under
computer contrcl so that it could be held to the pressure needed by the heaviest
loaded actuator plus a margin for valving. Unfortunately, the valving margin
must be substantial to give good centrol resolution. A second alternative is
to regulate flow rather than pressure. This is attractive in a high rate
system which is lightly loaded at most times. It requires that the actuators
be connscted in scries rather than in parallel and that they be equal area
actu#tofs (double-ended piston rods). It also requires taat the actuators be
controlled by bypassing a controlled amount of flow around them. A system of
this type offers natural load sharing among the legs in addition to good
efficiency. 1t was, therefore, extensively studied. It was decided to split
the drive actuator circuit into two separate circuits, one for each side of
the machine. This had the advantages of allowing the flow rates for the two

sides to be different when turning and of halving the number of actuators

connected in series.

-
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A significant problém in this arrangement is that of returning the legs.
The flow to the actuator can be easily reversed byfé control valve. The problenm
is that the legs must always be returned at a rate fastef than that used
during the contact phase. Since maximﬁm'leg speed is governed by the supply
flow rate, it is necessary to have the pump output exceed that needed to
produce the desired leg return velocity. 'This is not a'major problem when
cruising in a tripod gait since the leg return speed for that gait is only
slightly greater than the contact phase speed. However, when using high duty
factor gaits, leg return speeds may be more than five times contact phase speed.
This implies huge flows through the bypass valves of the contact phase legs
and consequent large energy losses, particularly since high duty factor gaits
are most likely to be used on steep grades where the actuators are heavil}
loaded. |

An additional problem with the series-bypass type of circuit is that it
does not lend itself well to positién control. In difficult conditions it is
expected that a precision footing mode will be used in which the operator
will control foot position'directly. The bypass valve configuration alone
wili not zero velocity under no load. It is necessary to use a control valve
in series with the actuator and bypass to provide a capability for reversing
flow and zeroing velocity. This arrangement introduces nonlinearities into
the position control loop and requires that only one leg be moved at a time.

As can be seen, there were very substantial problems in the‘design of a
valve-controlled actuation system. For this reésoh a careful re-evaluation of
the hydrostatic system alternative was initiated. A suitable set of components
for such a system was identified, and weight, performance and cost comparisons

were carried out. The system studied is actually a two stage-system
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with a valve-controlled pilot stage. The circuit is shown schematically in
Figure 5. A sﬁall rotary actuator controlled by a serve-valve is used to
control pump swash-plate anglé. Surprisir,ly, the hydcostatic system turned
out to be lighter in weight, competitive in performance and lower in cost.
The weight ¢f the Qalve-controlled system is driven up by the need for large
reServoirs and oil coolers. The heat generated by operation at unfavorable
actuator conﬁitionS must be removed from the oil. The @éight of the extensive
lines and manifolding required is also significant. The cost of the valved
system is driven up by the multiple control valves needed to accommodate
different operating conditions. A servo valve frequen;ly costs considerably
more than é variable displacement pump! .

Simulation studies of the hydrostatic system configuration using the CSMP
simulation language indicated that small Signal response bandwidths of about
20 Hz could be expected for both the drive and leg lift actuators. About 8 Hz
was predicted for the abduction-adduction actuator. The inertia seen by this
actuator is much higher than that seen by the other actuators. These figures
have since been confirmed by fests of the system. Tested bandwidth to the 3dB
point is 20 Hz for the leg lift actuator, 17 Hz for the drive actuator and 7 Hz
for the asbduction-adduction actuator. This dynamic response should be adequate
for system operation. It is actualiy superior to tested valve-controlled
system response (18],although the hydrostatic test system was optimized to a
higher degree then the valved system.

Figure 6 shows the upper leg with the hydrostatic actuation system. A

drive shaft runs down each side of the machine through the cénters of the

abduction-adduction bearings. Two pumps for the leg lift and drive actuators are

mountad in the slider box which is the member to which the abduction-adduction

bearing is mounted. They are driven from the drive shaft by means of gear
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belts. The third pump, for the abduction-adduction actuator;, is mounted in
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the body and driven by' another gear belt.
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The rods of the actuators for the leg lift and drive are mounted to the

slide box and the barrels are coupled via trunnions to the slider assemblies.

- ‘-.l-'
P 1]

- : This reduces the length needed for the actuator and slider assembly. The

.o

-,
5 a?
% e

leg 1ift and drive motions are both actuated by pairs of cylinders mounted on

opposite sides of the slider box. This is hecessary to avoid placing yaw

K3

-.: 2 axis moments on the slider assemblies. All actuators are equal area cylinders.

:‘: e This is essential in a hydrostatic system. The cylinders are fed through bores

.. L in t".» piston rods (Figure 7). This avoids the use of flexible hoses. It

Ej 5 also allows the active volume of hydraulic fluid to be minimized which assists

EJ :Jg dynvax‘nic response. The cylinder barrels, pump casing: etc. are aluminum to

' 'a reduce weight. Figure 8§ shows a laboratory prototype leg fitted with thg

:. e hydrosta.tic actuation system. |

':.; ’:j The adaptive Suspension Vehicle will be powered by a 900 cc motorcycle

! E: - engine rated at 70 Kw peak power. This unit weighs 90 Kg. The engine is

E:‘. ~ coupled via a clutch to a 0.25 Kw hour storage flywheel. This unit perfoﬁs

g :":._: o several :'.mpbrtant functions. Firstly it provides a very large input imped;mce

g - ~__to the ,ac_t,u'ation system. This is important ,sincefthevpumps will place strongly

| 5 ‘ ‘fluctuating load torques on the drive shafts. The flywheel also permits

E 3 regenerative braking to be used with the pumps acting as motprs driven by the
e

actnators. It also allows the motor to operate at near optimum conditions.
::: It will permit a controlled shutdown in the event of a loss of motor powér.
The flywheel package is beiﬁg designed and assembled by the University of
(x} Wisconsin. It features several unique design features, Overspeed protection

is provided by shrinking the rim onto a spoked hub. The interference fit is
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designed so that it will be lost at a 20% overspeed causing the rim to disengage
from the hub. ébntainment is provided by the outer portion of the rim itself
which is a circumferentially wound glass fiber-epoxy composite. This provides
failure containment.for the inner metal parts. Relatively little containment
is needed against failure of the composite rim since it fails in a progressive

and controllable manner by matrix disintegration. Thus, the flywhéel enclosure

is relatively light. A low vacuum is maintained within the flywheel enclosure.
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Concluding Remarks .

;w In this article we have attempted to present the reasoning behind the 1;5
choices of leg and vehicle geometry and power train configuration of the ASV.

> By the time the article appears, the ASV will be assembled and undergoing )

initial testing. Outdoor tests are scheduled for the second half of 1984.

, The project involves development of new technology in many different

- areas. Much of this new technology may eventually find its way into more

i
conventional robotic applications. v : .
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Figure 2:

Figure 3:

Figure 4:
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Figure 6:
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Figure Cagtions

Concept model of the Adaptive Suspension Vehicle (1/10 scale).

- The box on top of the cab represents the optical terrain scanner.

Specific resistance as a function of speed. Adapted from :
Reference [6] with additional data from References [2] and [3].
The area for tracked vehicles is enlarged because of sensitivity
of specific resistance to terrain conditions. The automobile

data is for prepared surfaces. The dotted curve is the projected

ASV performance on the basis of laboratory tests of a prototype
leg.

Two positions relative to body of a leg with horizontal first
axis (not shown). In each case work done at one joint is absorbed
at the other joint,

Schematic drawing of pantograpﬂ leg mechanism.
|

Schematic drawing of hydrostatic actuation system.
|
Upper leg assembly with hydrostatic actuation system circuit.

1
Drive actuator showing feed thrbugh rod bore.

|

Prototype leg.
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Mechanical and Geometric Design of the Adaptive Suspension Vehicle
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MECHANICAL AND GEMMETRIC DESIGN OF THZ ACAPTIVE SUSPENSION VEMICLE

Kenneth J. Waldron, Shin Min Song,
Skih Liang Wang and Vincent J. Vohnout

Department of Mechanical Lnpineering
The Ohiu State University

Sorie aspects cf the rechanical anc ceoretric desinqn of the Acdantive
Suspension Vehicle are nresented. In particular, there 4s an emphasis on
asvects of the Lee desirn and vehicle geometrw which affect the ability
04§ the vehicle to operate on steep grades o to cross obstacles. 4
rechanisn which raintains the attitude of the foot approximately parallel
%o the body 4s descnibed. Geometric aspects of raintaining static
stability on steep craces are discussed. Geonetric and calt secuence
aspects of crossding severe oostacles are also alscussecd.

1. Introduction-

The Adaptive Suspenﬁion Vehicle (ASV) will be a mobility system for use in

very rough terrain. It uses a legged locomotion principle rather than wheels

or tracks. The motivation for using a legged system is that about half of the
earth"s land surface is inaccessible to wheeled or tracked vehicles [1] but
presents little problem to animals using legged locomotion. An artist's con-
ception of the ASV is shown in Figure 1. It's principal characteristics and
design goals are summarized in Table 1. The machine will not be a robot since
it will carry an operator. However, the operator's role is purely strategic,
as in a conventional vehicle.

The ASV will have considerable on-board data processing power and sophis-
ticated environﬁental sensing capability. This is needed to relieve the opera-
tor of the burden of coordinating the eighteen actuated degrees of freedom in

the system. In most operating conditions control of leg motion is fully automa-

‘tic. This type of operation was not feasible prior to the advent of powerful

CO T S T IR . T e T e et et LT aT Lt T e e e Te Lt

L\_‘-'f'..'F'.\!'.*‘.\'.\\‘-t\\.\"\'-;.'».'.‘\:\\.a.f:\’--n."v'\."\."- L N AR

A Tl




]
|

microcomputefs within the last few years. The ASV will be the second, computer
coordinated fully self contained walking vehicle when it enters testing in
summer 1984. A smaller machine which differs in using a finite state coordina-
‘tion system and which is limited by its mechanical configuration to relatively
even terrain, has recently been tested [2]. Further details of the electronic

and computational features of the system may be found in the companion paper [3].

The configuration of the sensing system, which is of great importance to opera-
tion of the machine, is described in reference [4]. '

2. Configuration

As can be seen from Figure 1, the vehicle will have six legs arranged in a
bilaterally symmetric pattern. The choice of six legs is a compromise between
stability and complexity [4,5]. The leg geometry is shown schematically in

Figure 2. It is a planar pantograph hinged to the body of the machine about an

axis parallel to the longitudinal axis of the body. The reasons for choosing
this configuration have been extensively discusséd'elsewhere [4,6,7]. Its
proportions and the dimensions of its working volume are shown in Figure 3. The
working volume dimensions are basically fixed by the limits of motion of the
actuating slides. These produce a rectangular generating curve. The rectangle
is modified by a mechanical limit on knee joint motion, which clips off a top
corner, and by geometric limits of the mechanism which clip the bottom corners.

As is shown in Figure 1, the shank of the leg will be cranked. This is
necessary to avoid contact of the shank with the ground during some obstacle
crossing maneuvers. The leé will also be fitted with a passive hydraulic system
which will maintain the sole of the foot approximately p#rallel to the body at
all times. This system is shown schematically in Figure 4. The master cylin-
der is actuated by rotation of the upper leg members relative to the horizontal
slide. The master and slave cylinders have the same diameter so the sum of
their displacements is constant. The foot alignment is only approximate but
varies by less than 3° over the working volume. An exact system is, of course,
possible but entails a more complicated mechanical configuration. A controlled
compliance is built into the system allowing some angulation of the foot under
load. Excessive angulation\will be prevented by mechanical stops. The compli-
ance is provided by accumulators and may be adjusted by altering the pressure
maintained in the system wheh unloaded.

3. Gradability

A major influence on the geometric configuration of the vehicle is the re-
quirement for crossing large obstacles and for operation on stee; gradients.
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Operation on :xtreme gradients is potentially limited by three factors. The
first of these is vehicle geometry. The second is capability of maintaining
adequate traction. The third is the availability of sufficient driving power
from the power train. _

" Vehicle geometry limits the gradient on which the vehicle can operate be-
cause of the necessity of maintaining static stability. As is shown in Figure
Sa and b, the effect of climbing directly up a slbpe with the body attitude

parallel to the slope is to move the center of mass backward with respect to the

support polygon. There are two basic strategies available to counteract this

. effect. The first of these is to lower the vehicle walking height while main-

taining the same body attitude. This reduces the distance from the center of
mass to the ground and hence reduces the displacement of the center of mass
(Figure Sc). Since the legs are capable of executing a full stroke even when

raised to near the top of their working envelopes, this is an effective strategy.

The second strategy is to reduce the inclination of the body by extending
the rear legs more than the front. This means that the legs must stroke along
an inclined line relative to the body (Figure 5d). For the high ratio of
vehicle length to vertical leg 1lift adopted for the ASV, this is not a very

effective strategy. The maximum gradient, which can be handled without reducing

the strokes of the front and rear legs can be found from Figure 5d to be:

Ga-z-p—l:i-

where H is the maximunileg 1ift height, p is the pitch of the legs and L the
maximum leg stroke. The gradient G is related to the slope angle, a, shown in
Figure S5a by the relationship G = tan a. For the ASV this works out to 25%.
This strategy is not really compatible with the strategy of lowering walking
height since réducing vehicle body height reduces the available portion of the
leg working envelope in the vertical direction. One result of using this

strategy is that the foot attitude maintenance mechanism would cause the machine
to try to stand on its toes. This might carry a traction advantage in some soil

conditions. Otherwise, this strategy is less attractive than the first.

The stability margin can be increased for the lower duty cycle wave gaits
[S] by reducing the leg stroke. This is most easily seen for a tripod gait
(Figure 6). Considering, for the moment, level walling and referring to
Figure 6b, the static stability margin, S, may be expressed as:

S = %— (p-2)

where p is leg pitch, as before, and % is leg stroke. Further, when the leg
stroke is shorter than its maximum (L), the center of the stroke can be moyed
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backwards rv.lative to the vehicle body a distance

d =3 (1-2) :
This has ine effect of moving che entire suﬁport polygon backward a distance d .
relative to the cent:r of mass. Therefore, referring again to Figure Sa.énd E
assuming that loss of static stability by tipping backward is the critical )
condition, the longitndinal static stability margin becomes: f
S=% () + 5 (L-) = V6
, or ?
5 .
: S = -;- (L+p) - & - VG : _ o 89 :
v The limiting slope is obtained by letting S and £ approach 0 and reducing v to
! its minimum value V, p
. L4
E _ Gmax" Lé; , ’
:, For the ASV, this works out to 240%. Even if one takes £ = L/2 as a working 2
minimun stroke the gradient at which stability is lost is )
: | 6= :
which is 110% for the ASV.
| As has been noted many times [S], the stability margins of wave gaits é
increase with increasing duty factor. Considering only the simultaneous cases,
the equation corresponding to equation 1 is .
s =3 W) - F - v @
for a parallelogram gait and ?
S=3 Wp) - & -G - 3 .\.
for a pentapod gait. Note that the extreme slopes given by these expressions t
are the same as that given by equation 1. If one takes £ = L/2 as the working “
minimum stroke one gets 160% and 190% respectively for ASV dimensions. >
Turning now to cross-slope locomotion one must consider both the lateral
and longitudinal stability margin. Here it is assumed that the vehicle will .
move in the longitudinal rather than the lateral direction, although sidestepping !
might be a useful maneuver on a steep slope. o
In these conditions, as shown in Figure 7, reduction of body inclination by .
extending the down-slope legs is the most effective strategy. The maximum _
gradient which can be handled with the legs vertical and the tody horizontal is :

where W is track width. This is 73% for the ASV. Steeper slopes may be handled
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which descends vertically, and which gains in traction with deformation of the
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without loss of longitudinal stability margin by adducting the legs as shown in

This, of course, entails a loss of lateral stability margin. Alter-

Figure 7b.
This increases

natively, the body may be allowed to tilt as shown in Figure 7c.
the lateral stability margin on the down-slope side but reduces that on the up-
slope side. It also reduces the longitudinal stability margin. This effect is o

illustrated for a tripod gait in Figure 7d. : ' ' 7

The matter of traction is much less clear-cut and depends strongly on the

nature of the soil over which the vehicle is moving. In principle, a foot - .~

soil should enjoy an advantage over a wheel, which loses traction with soil
deformation, over a considerable range of soil conditions [8]. Obviously, use
of differently designed soles for different soils offers considerable advantages.
Biologicz. legged systems can maintain traction on loose soil slopes quite close
to the natural angle of repose which, of course, represents the upper limit for

any traction system. It remains to be seen how much cross-slope traction will

be affected by the lack of ankle accommodation to side slopes. It is probable
that traction limitations will be the true determinant of‘maneuverability on

extreme slopes. )
As far as the availability of power is concerned, if a gross weight of 2650

kg is assumed, at the designed cruise speed of 2.25 m/s and the specified
gradient of 60%, a power of 30 kW is required to overcome gravity. Since it is
projected that 18 kW will be needed to drive the vehicle on level ground at this

speed, the total power needed to climb this grade is 48 kW. This is less than
In fact it will be possible : \\

-

i
{

o S

i

-

the rated peak power of the engine which is 67 kW.
to draw even higher power for a limited period of time because of the use of an )
energy storage flywheel. Thus, grade climbing ability should not be limited by _ 13

available power. !
. 1

4, Obstacle Crossing . . ' ' /\ -
A\

The vehicle geometry is also strongly affected by the requirements of ' P
Figure 8 shows the critical positions for: (a) ditch :

obstacle crossing.
crossing, and (b) step climbing. The vehicle will be able to cross a 2.15 m

ditch or a 1.65 m vertical step.
The sequencing of leg movements for crossing obstacles has been extensively

investigated both by means of computer simulation, using an Evans and Sutherland
PS 300 display system, and by means of high speed photographs of insects

crossing obstacles of similar geometry [9]. The appropriate sequence of move-
ments turns out to be remarkably similar regardless of the nature of the obstacle.

It is illustrated in Figure 9 for ditch crossing. Starting with all legs in
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their mid-position and with the front feet at the edge of the obstacle, the
rear legs are first brought as far forward as possible with the center of mass ol
of the body moving forwafd,to a position between the middle and front legs. At

the same time the center of mass is brought forward. The middle legs are then b
brought forward in a paired movement and the feet are placed alongside the front
feet. The front legs are then lifted and extended across the obstacle and
placed on the far side while the center of mass moves to a position just -
behind the middle feet. The center of mass is moved forward of the

middle feet and the rear 1egs are lifted and brought forward to place the rear ;3
feet alongside the middle feet. The middle legs are then lifted and the feet .
are placed across the obstacle. The front feet are then moved forwatd with the ﬁ;
center of mass again moving to a position just behind the middle feet. The -
center of mass is moved forward of the middle feét and the rear legs are lifted ::

hY

and moved across the obstacle. The middle and front legs are then moved forward

)

to resume stance with the legs centered.

44

Notice that all leg movements are paired with the two legs on opposite
sides of the machine moving together. Notice also that the movements can be

et
Ceal e
PR i

characterized as three cycles of four similar movements: (i) movement of the
body to bring the center of mass forward of the middle feet, (ii) movement of

the rear legs accompanied by further body movement, (iii) movement of the middle Ea
legs, (iv) movement of the front legs again with accompanying body movement. =
The paired movemerts allow the center of mass to be placed as close as possible %:
to the obstacle without losing stability. The rear to front cycle is similar to A
the rear to front c¢ycles found in optimally stable wave gaits for walking on -
even terrain. Movements in the vertical direction and about the pitch axis 5
are superimposed on those above for crossing obstacles such as vertical steps B
and walls. In fact, a slightly wider ditch can be crossed by adding pitch i
movements. The basic motion sequehce remains the same in all cases. )
5. Summary R

The Adaptive Suspension Vehicle is now under construction. A full scale i
leg prototype has been tested in *he laboratory and has demonstrated the 25

effectiveness of the hydrostatic drive concept [4]. The vehicle is scheduled -
for testing in summer 1984, Apart from the aspects of the design discussed here, >
details of structural design may be found in Reference [10].
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TABLE 1
ASV CHARACTERISTICS

Dimensions: 5.0 m Long, 2.1 m Wide, 3.3 m High

. (average), 1.6 m Track
Weight: 260 g
Payload: 225 kg
Endurange: ‘ 10 hrs.
Speed: 2.25 n/s Cruise, 3.6 ﬁ/s Dash -
Grade Climbing Ability: >60%, 70% Cross-slope
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Figure 9: Movement cycles in crossing maximal width ditch
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Appendix 4

i

A Hierarchically-Structured System for Computer Control

of a Hexapod Walking Machine
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A HIERARCHICALLY~STRUCTURED SYSTEM FOR

COMPUTER CONTROL OF A HEXAPOD WALKINC MACHINE

" ReB. McGhee, D.E. Orin, D.R. Pugh and M.K. Patterson

The Ohio State University
Department of Electrical Engineering
Columbus, Ohio 43210, U.S.A.

{
SUMMARY §
N |
Control of walking machines involves a hierarchy of computational tasks
which is naturally suited to a multi~computer implementation. T&is p#per
describes the hardware and software for one such system presentl; under
h constructipn. Particular attent;én is paid to problems of man-mLchiqe and

intercomputer communication during vehicle operation and to integration of
i

artificial sensory information into higher levels of control.

i
3
|
|
|
i
i

This research was supported by the Defense Advanced Research Projects Agency

under Contract MDA903-82-K--0058.

IR R R N IR R A R I R I T

1. - \ . B i .
’ . T AN N ) S S
: Ce 4 A o ‘ ’ '." , ’/’

/




0t |
Py
.
.. \
—— '/
INTRODUCTION , Lx
Designers of off-road vehicles have long been aware that the perfor— " :/{
U
mance of such machines is inlerilor to that of cursorial animals in rough- v
terrain locomotion. The advantages of natural systems arise from intrinsic —‘
characteristics of legged locomotion that include greater mobility, higher - \
speed, and reduced energy requirements in comparison to .convent:ional wheeled :;:.: P
R
or tracked automotive vehicles [l]. Research efforts over the past two -
decades have shown that it is possible to obtain aﬁimal-like behavior in :;.::
machines, provided that the relationship of thé supporting_élements of the | KN
machine to the terrain is actively adjustable to permit effective accommoda- :
tion of terrain irregularities. Such machines are called “adaptive- :E .
suspension vehicles"” or, sometimes, simply “walking machines” [1,2]. ’;

Early experiments with adaptive-suspension vehicles required direct ﬁ =
coordination of individual joint motions by a human operator [2,3]. Alt;hough -3 ~\
this technique was successful to the ext:\ent: that excellent off-road mobility ‘ "
was demonstrated by a quadrupeci walking machine, both in dense obstacle fields E .'
and over very soft soil, it was found to be impractical due to the high = ‘/\
demands placed on the operator's mot:ion} coérdination skills, resulting in 5:; / )
rapid fatigue and mai'ginél stability. As a result, beginning in about 1970, . _/ |
research was initiated on the possibility of assigning low=-level coordination :,::; 5\:&;
tasks to a‘c.omputer while requiring the operator to deal with only the more o)
complex vehicle control problems such as route selection and control of speed _ ::'
and heading. These researéh-efforts resulted in successful demonstration of .(' .‘.>/';,i,‘~,

RN
such’ "supervisory” control in 1977 by two laboratory-scale hexapod walking . " \i’
machines. One of these machines, the OSU Hexapod [4,5], was controlled by_ ﬁ -
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a uniprocessor digital
controlled by a hybrid
and each was connected

With the advent

computer, while the other, the MGU Hexapoed {6], was
analog-digital computer. Both were externally powered,
to its computer by a trailing umbilical cord.

of modern 16-bit microcomputers, it has become feasible

to construct self-contained walking machines with supervisory control realized
by an on-board computer. The first such machine walked in late 1982 at
Carnegie-Mellon University [7], and was contrblled by a uniprocessor computer,
the Motorola 68000. Preliminary experimenﬁs indicate, however, tha; refined

coordination of motion for rough~terrain locomotion is difficult for a

computer of this size. Rather, at the present time, a hierarchical decomposi-

tion of the control task for multiprocessor implementation seems to be more

appropriate [8,9]. Such an implementation has the further advantage that

3

= higher levels of sensing and control, such as the use of computer vision in
i! motion planning aﬁd foothold selectioﬁ, can be added in a modular fashion
- without significantly altering previous layers of control computer hardware
gf and software [10]. An experimenf of this sort is now under way at Ohio State

University with respect to a large hydraulically powered hexapod walking

machine called the "ASV-84." The mechanical design of this machine is

Q} described elsewhere in these proceedings [l11]. The purpose of the present

) paper is to explain the organization of the hardware and software employed in
-
:: the on~-board multiprocessor computer used for control of this vehicle. In
‘.’

. what follows, particular attention is paid to problems of man-machine and
P
5; intercomputer communication, as well as to integration of artificial sensory
v information into higher levels of control.
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OPERATIONAL MODES

The ASV-84 is being developed as a tect—bed vehiclé for the stﬁdy of
sensors, for the evaluation of alternative prime movers and eﬁergy distribu-
tionvsystems, and for tﬁe further development of control techniqhes for
semi-autonomous or fully autonomoué operation. Because the current state of
control and sensing téchnolcgy does not permit fully autonoméus operation of
walking machines under all terrain conditions, this vehicle is provided with a
cab for a human operator who participates in vehicle control at variéﬁs levels
depending upon task and terrain complexity [l12]. The operatér's cab contains
aircraft-style controls and displays, including -a three-axis joyétick for
vehicle steering and speed control. An optical radar mounted on top of tﬂe
cab provides a dense range map of the terrain immediately ahead of the vzhicle
which 1s used in some control modes fﬁr foothold selection and bédy
orientation. The following paragraphs provide a brief description of each

major control mode envisaged for this vehicle.

Utilitv

This modevis intended to pérform a "pre-flight” cﬁeckout to verify
correct functioning of all major vehicle subsystems. Both visual obsérvations
and redundant transducer'signals can be used for this purpose. Self-test
sof tware includes some capability to 1solate.fau1ty electronic or mechanical
modules to facilitate field or shop repair. This mode is also used for

reprogramming the control computer.
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Precision Footing

In this mode, the operator is able to control individual legs by means
of joystick, keyboard, or other commands. Control of foot positions is in .
body-fixed Cartesian coordinates. A CRT display of vehicle stability margin
derived from a vertical gyroscope and foot force and position transducers is
provided to assist the operator. Feedback’qf swing-phase foot position
relative to terrain is primarily through operator vision, although this
function can be assisted by the use of proximity sensors mounted on the
vehicle legs. Body motion control can be either automatic [10] or manual in
this mode. In the manual mod2, the operator can assign his joystick axes
either to translational or rotational body velocity control.

Close Maneuvering

This is a three—axis control mode in which the turning center for body
rotation can be placed anywhere along the vehicle longitudinal axis. Once
this has been done, arbitrary combinations of yaw rotational rate, forward
velocity, and lateral velocity can be commanded by a thfee—axis Joystick.
Stepping is regulated automatically with swing-phase foot elevation controlled
primarily by proximity sensors in order to achieve an operator-specified
ground clearance [13]. Body roll and pitch can be regulated either to a fixed
sgt-point or adjusted automatically to conform to the terrain slope [14].
Force feedbackiié used.to control foot loading and to prevent the dévelopment
of unwanted antagonistic forces between supporting legs [S]. The optical
radar is not used in this mode since its field of view is limited to % 40

degrees in azimuth from the vehicle centerline.
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Cruise
) ) |

" Terrain-Following

All vehicle sensors are used in this mode. The optical radar provides
terrain preview data for use by the on—board computer in the selection of
foothold locations énd the deCerﬁination of average terrain slope and
elevation for body attitude and altitude regulation [15]. During the swing
pﬁase of limb motion, proxim;ty sensors'on each leg are used in conjunction
with optical radar data for local control of foot elévation and for collision

avoidance. During support phase, force feedback is used to achieve active

" compliance to smooth body motion and control leg loading [5,16]. Body turn

rate, forward velocity, and lateral velocity are determined by operator inputs

|

[4]. This mode makes use of algorithms for free (non-periodic) gaits in order

to improve rough terrain mobility at modevate speeds [12,15,17]. Both the

‘maximum body crab angle [4] and the minimum turning radius are limited to

| .
|

values which ensure that all footholds used by the vehicle lie on terrain
]

which has been mapped by the forward-looking optical radar.

I

This is the most effic%ent mode of operation with respect to fuel

economy. It is suitable for ?ocomotion over reasonably smooth terrain. The

design goal for vehicle speediiﬁ this mode is 8 km/hr. Body crab angle is

1imi ted ;o a relatively small value and oi nimum turning radius is of the order
of several body lengths. The on-board computer uses optical radar data to
determine a desired foot-1lift height during the swing phase of leg motion.

The proximity sensors assist in control of foot veloéity at ground impact. It
is expected that cruise mode will utilize an "equiphase” tripod gait in which

the footfalls of supporting legs are evenly spaced in time in order to
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- minimize shock and vibration transmitted to the vehicle body by the cyclic
n -action of the legs [18].
£
Dash
i@ This is a projected mode in which all aspects of vehicle performance
will be sacrificed for speed. Specificdlly, maneuverabiiity will be limited,
Ky . ride characteristics are expected to be rough, and fuel economy is likely to
a& N be poor. An alternating tripod gait [2] will probably be used for this
o
purpose. The control computer will command body attitude and s7ing~-phase
o> . )
e foot-1ift height. Top speed should be of the order of 12 km/hr
'y
: in this mode.
-
]
COMPUTER ARCHITECTURE
3% Experience to date with the OSU Hexapod indicates that a network of
e
- microcomputers probably provides the most effective configuraticn for the
lj ASV-84 on~board computer [8]. The following paragraphs describe one
RE nartitioning of computational tasks among such computers which is consistent
-(: .

with the above defined control modes and which tends to minimize intercomputer

data communication rates. Figure lis a graphical representation of the

N %

computer architecture implied by this partitioning. All computers in this

- .
.4 .
;3 diagram are physically realized in terms of Intel iSBC 86/30 single-board
"t;h“' - computers. These computers make use of the 8086 microprocessor with an
O optional incorporation of the 8087 floating=-point coprocessor as well as 16
o channels of analog input and 8 channels of analog output lines. A description
i~ .
of the function of each computer in this system follows:
R .
8]
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Guidance Computer

This computer receives range data from the optical radar and produces a
stabilized terrain map in earth-fixed Cartesian coordinates at a 2 Hz frame
rate. As shown in Figure 1, it also receives information from a coordination
computer. This information consists of.body attitude, Sody'altitude,.all six
body velocity components relative to the supporting terrain, foot support
states, individual foot poSitibns expressed in body coordinates, and operator
velocity and steering requests. The output of this computer consists of
timing and trajectory commands for swing-phase legs aﬁd of commanded body
positions and velo~ities. Eventually, the guidance computer should also
control the scanning angles of the optical radar, although this is not
contemplated for the initial phases of ASQ—BA testing. The guidance computer
contains four 1SBC 86/30 boards [15].

Coordination Computer v

This computer is the master computer in the sense that all intercom-
puter communications must pass throﬁgﬁ it. Specifically, the coordination
computer receives designated footholds, éwing—phase foot trajectories, and
commanded wody positions and velocities from the guidance computer. It also
receives operator commands from a cockpit computer as well as body attitude
information from an inertifal measurement unit. It then communicates with leg
control computers in order to provide appropriate foot motion commands. These
commands must be derived as a compromise between operator inputs and
constraints imposed by the dynamic and kinematic limitations of individual
legs. As complicated as this process sounds, it is well understood with
respect to cbntrol of the OSU Hexapod Vehicle {4,5,8,10]. For legs in support

phase, commands from the coordination computer consist of desired foot
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velocities and forces in body-fixed Cartesian coordinates. For swing=-phase.

. i
[] legs, either point-to-point control or continuous velocity control is used, i
depending upon the particular operational mode. The coordination computer is

L composed of two 1SBC 86/30 boards functioning in a partial duplex mode in

which each computer monitors the other's function. Both of these computers '“ i

;Tn
£
[ 'S

are connected directly to primary system sensors and either can automaticaliy

l‘l‘ - T

[

initiate emergency shut-down procedures in case of failure of a major vehicle

vy
a,

subsystem.

*

. Cockpit Computer '

This computer reads levers, dials, and push buttons manipulated by the

human operator. It also operates all cockpit instrumentation, including at

Ke

least one CRT display. This display 1is used dufing normal operation as well

v )

>

as for system checkout and diagnostics. ' ' ', st

Leg Control Computers s

i

The actuator control valves for each leg are operated by a control

fa X

computer associated with that leg. Each such computer receives comminds from

the coordination computer in body-fixed coordinates. It then translates these

' l. ‘.i

to joint coérdinates and implements the resulting motions through closed-~loop
- velocity control of each joint. Jacobian control, as used in the OSU Hexapod,‘
permits this to be done without explicitly solving fpr desired leg joint S .,1;gvﬂiw,ﬂ_
angles [16]. 1In certain operational modes, leg computers use proximity sensorb ' \
information to maintain foot clearance above the terrain durir; ﬁhe swing

2 phase of leg motion and also use this information to achieve a soft landing at

the end of swing phase.
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COMPUTER COMMUNICATIONS

Two different approaches to intercomputer communications are used in
the ASV-84 computing system. For the guidance computer, data rates are low
enough to permit communication with the coordinacioﬁ computer by means of
parallel data ports. Leg control computers involve higher data rates, and
will therefore be connected with the coordination computer through a high-
speed data bus (Intel Multibusj, ugsing a shared memory "mailbox” type of
communication. The same communication technique is used for ﬁhe cockpit
~computer. Transmission of partial data blocks between asynchronous processes
18 prevented in all cases by a buffering scheme based on dynamic reassignment

of input and output buffers for each communication channel.

SUMMARY AND CONCLUSIONS

As of the time of this writing, a breadboard version of the ASV-84
computer has been completed. The optical radar system has been delivered and
laboratory testing with the guidance computer is under way.f'Softﬁare for the
precision footing mode of control has been completed and validated using the
OSU Hexapod as a physical test-bed. Terrain~following software hés been
installed on the breadboard computer and is being evaluated using a PDP-11/70
computer to simul#te the optical radar, terfain, and vehic%e mechanical
system. Outdoor testing of the completed ASV-84 vehicle is scheduled for late
1984, The authors hope that this testing will establish a new level of
performance for walking machines and will facilitate the de' lopment of

specialized adaptive-suspension vehicles designed for specific applications.
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Appendix 5

Development of a Proximity Sensdr System for

Foot Altitude Control of a Terrain-Adaptive Hexapod Robot
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Chapter 1

INTRODUCTION

1.1 Background

A deaf, dumb, and Dlind man without the sense of touch or smell is
~ incapable of interacting with hfs environment. When his local situation
is not Xnown a priori, the possession of a single sense, tha* of sight,
can greatly increase his level of environmental interaction. In the
same way, a robot without any external sensors can effectively operate
only within a completely determinate environment. Thus, the local
'adaptability of both the man and tae robot can be improved by providing
them with proximity sensors.: Such sensors are used to roughly simulate
the sense of sight. ' '

As might be expected, the development of proximity sensing aidsl
for the blind has preceeded the development of sensors for use in
robotics applications [1,2,3]. Whatever its origin, the objective of
any proximity sensor is the sa.e: to mwimic the sense of sight by
determining the distance of objects from the sensor being monitored.
This distance or range information can then be used in some type of

real-time feedback control scheme. One example of feedback, or

closed-loop, control would be that of a robot placed alungside an




assembly line in which the robot is prcgrammed to pick up moving cbjects
and then placé them into a hopper. A proximity sensor would be used tu
locate the object's position prior to its removal by the robot.

In this work avproximity sensor system has been developed for usé

on the 0SU Hexapod Robot. The Hexapcd, constructed by researchers at

The Ohio State University, was developed to study the problems

associated with the computer control of multi-jointed vehicles. It
possesses six legs with three independently-powered joints per leg, for

a total of eighteen degrees of freedom. See Figure 1.1. The Hexapod is

_presently controlled by an off-board DEC POP 11/70 minicomputer through

a digital data link umbi1fca1 cord. Prior to this work the Hexapod
satisfactorily demonstrated several modes of locohotion [4], and the
addition of a vertical gyro and vector force sensors [5] enableu the
vehicle to traverse irregular terrain while maintaining a level body
orientation. A review of the existing electrical and mechanical
structure of the OSU Hexapod can be found in Pugh [6], Briggs [7], and
Buckett [8]. |

The objective of this thesis is to develop a proximity sensor system
to gage Hexapod foot altitudes and to appropriately control the position
and velocity of each leg while in its transfer phase of motion,
especially during foot descent.

Prior to this work, the only method of estimating Hexapod foot
altitudes was to convert known joint positions into foot altitudes using

a direct kinematics approach, given the vehicle's body height. ATthough

“the calculation of foot altitude based upon these parameters is

straightforward, the modification of leg velocity during foot descent
requires a priori knowledge of the terrain being traversed.
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0f course, terrain information is not required if foot-altitude
- sensors are available for each leg. |
Due to a low level of research priority'and lack of a readily |
| ‘ayaiIable foot-altitude sensing device, leg velocity modification based
upon foot altitude was not previousiy implemented on the OSU Hexapod.
This resulted in a “stomping" effect while walking, even while on level
'terrain. Due to the high ve1ocity of each leg at ground 1mpact, both
the drivé.motors and the vehicle frame were subjected to undue amounts
of physical stress. |

The use of proximity sensors in this thesis should thus give the
Hexapod a much smoother stride and an ability to sense terrain

depressions or obstacles located in the vicinity of each foot.

1.2 Organization

Chapte} 2 provides a survey of proximity sensing techniques that
are applicable to the field of robotics. The development of a 40 kHz
ultrasonic rangefinding system is discussed in Chapter 3. Experimental
results of the system are given in Chapter 4. Application of the sensor
system to the OSU Hexapod is described in Chapter 5. In Chapter 6,
experimental results of the integrated sensor system are given. Chapter
7 summarizes the results obtained from this research and suggests areas

~where further work is needed. -~ -
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" Chapter 2

A SURVEY OF PROXIMITY SENSING TECHNIQUES

In this chap;er_a brief survey of proximity sensing techniques
that can be applied to the field of robotics is given. The term
"proximity sensing’ as'dsed in this work will generally refer to
non-contact object detection, and where possible, sensor-to-object
distance measurement. .Several sensing techniques presented below
provide only an indication of an object's presence or absence. This
binary "“go/no-go" sensing can be implemented in several ways: with
tactile sensing, capacitive or inductive sensing, pneumatic sensing, or
optical sensing. Actual sensor-to-object distance measurement is also
¢1scussed and can be 1mp1ehented with either high-frequency sound or

electromagnetic radiation.

2.1 Tactile Sensing

Tactile sensing requires direct physical contact with an object in

order to detect its presence. Hence, tactile sensing is not, strictly
speaking, a proximity sensing technigque. However, it is mentioned
frequently in the literature and so will be included here for the sake

of completeness.

v




Tactile, or touch, sensing is used quite often a4 ascembly
line-oriented processes and is usually implemented with simple contact
or limit switches. Such switches, for example, are used in material
handling operations to indicate the position and/or orientation of
transported workpieces. An interesting use of contact switches as
applied to robotics can be found in Umetani [9]. 1In this example a
multi-linked active-cord mechanism is equipped with an array of forty
such switches to detect the presence of guidé walls.

Tactile sensing by definition requires direct physical contact with
the object and hence the sensing device is subject to mechanical wear.
This problem may be resolved by using non-contacting sensing techniques
which include the inductive, capacitive, pneumatic, and optical sensing

methodé.

2.2 Inductive Seasing

Inductive sensing requires the use of a magnetic field to determine
the presence of an object or target. This presence is typically
indicated by an increase in field coil inductance as the target 1s
placed in or near the field. Two major disadvantages of this method are
that the target material must be metallic and that the maximum Sensing
range is approximately one half that of the sensor diametef. A metal
detector is a common.application of the inductive sensing technique

[10].

2.3 Capacitive Sensing

Capacitive sensing is similar to inductive sensing in that the

maximum range is also dependent upcn the sensor diameter. An exposed
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'capacitor is typically used as a positive feedback element in an

amplifier that is biased at the edge of oscillation. As an object
approaches the capacitor, the amplifier is forced into oscillation, due
to the increase in sensor capacitance. It is this oscillation which
provides the'presence/absence signal. In principle, the capacitive
sensor will réépond to all target materials, but in practice this
system is difficult tc use [10].

Capacitive touch-plate switches are a common abo‘ication of the

capacitivg sensing technique. >Such switches operate on finger contact

and are found in elevators and other high-use areas where their inherent
reliability (no moving parts) and long life are major considerations in

their selection.

2.4 Pneumatic Sensing

Pneumatic sensing requires the use of pressurized air to make the

- binary judgement of an object's presence or absence. Pneumatic sensors

are generally very rugged and usually have no moving parts. They
typically operate with a sensor-to-target separation distance that is cn
the order of hi]limeters. These sensors are usually implemented in one
of three ways: as a back-pressure sensor, as an interruptable-jet
sensor, or as a cone-jet sansor.

In a back-pressure sensor system the foreign object inhibits the
flow of pressurized air from a venting nozzle, which causes the pressure
in the venting chamber to rise. This increase in chamber pressure thus
signals the presence of an object. _

With an interruptable-jet sensor system a supply nozzle and

receiver are axially aligned but separated by a gap [11]. When a




foreign object enters this gap the air stream is deflected and the
receiver pressure is reduced, thus signaling a target.‘ In this
arrangement it is not unusual for the air gap to be several centimeters
in length. |

A third method'of preumatic sensing uses cone jet sensors to
determine the presence of a target. With these sensors an output
sensing nozzle records a reduction in pressure when the emitted conical
air jet is deflected by the foreign object. Such sensors are used to
position a robot manipulator hand over circular targets [12]. In this

implementation the nozzle-to-target separation distance was fixed at 2

2.5 Opti¢a1 Sensing

Optical sensing at millimeter distances generally employ a
photoemitter-detector pair configured in one of fwb ways, as in
pneumatic sensing: sn axially mounted light source and receiver that
requires the presence of an object to break the beam of light, or a
side-py-side emitter-detector mounfing that uses thelobject as a
reflector. In either case the light sodrce is usqa11y aﬁ infrared
lignt-emitting diode (L.E.D.), while the receiver is typically a
photatransistor or photodiode. These devices are usually supplied with
visible-light filters which reduce the saturation effect that ambient
light has upon the receiver. Light-source modulation can also be used
to reduce the problems associated with ambient light and noisy
envir . ments.

A common example of optical sensing is that of a computer




punch-card reader. Arrays of sensors, configured axially as described

above, are used to determine the presence or absence of punched holes

in the computer cards. In this way data can be quickly scanned and

then'stored in computer memory. A computer paper-tape reader operates

in exactly the same manner.

A novel optical technique which can sense a target's linear

displacement employs a collimated light source and a compound lens made

from a spnerical lens placed in contact with a cylindrical lens.

technique is described below.

This -

A cylindrical lens differs from a spherical lens in that it has a
fixed focal length in only its sagittal plane. See Figure 2.1. Thus,

when the lens is illuminated by a collimated light source, and a plane

surface is placed perpendicular to the lens' optical axis, a thin strip

of light will be observed when the target lies at x = Fgy1g. In this

notation Fcyyg s the focal length of the cylindrical lens in the

sagittal plane. The resulting strip of light is due to the fact that

the lens has an infinite focal 1zngth in the tangential plane; hénce,‘in
this plane it has no converging power.
has a finite focal length x = Fgpp that is the same in both the sagittal

and tangential |‘'anes.

A spherical lens, in contrast,

The combination of the spherical and cylindrical lenses thus

produces a compound lens whose effective focal length in the sagittal

plane, eff FL s, is smaller than the effective focal length in the

tangential plane, eff FiL t.
lengths permits us to judge

This difference in effective focal

a target's linear position if the target

is constrained to lie along the compound lens' optical axis from x =

eff FL s to x = eff FL t.

See Figure 2.2.

The method of detection
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is as follows: when the target is located at
x = x(max) = eff FL t, (2.1)

the lignt source and lens combination illuminates the target with an
elliptical pattern whose major axis lies in the sagittal plane.
Moving the target toward the compound lens graduaily shortens this
ellipse'untiI the major and minor axes become equal in length. This

“switch point" is a function of the effective focal lengths and is

given by
: 2 Pleff FL)
x switchpoint x(sw) S(eff FL) ’(2.2)

where P(eff FL) and S(eff FL) repreéent the product and sum of the
effective focal lengths, respectively. As the target range is decreased
below this switchpoint the major and minor axes of the illuminated

pattern switch, so ;hat at
x = x{min) = eff FL s, : (2.3)

the ellipse's major axis then lies in the tangential plane. _
Target position is derived from the ratio of the ellipse's major
and minor axes, whose lengths can be sensed with a digital array camera
or by an array of discrete photodetectors. -
This optical illumination technique may be used for measuring

large (greater than one foot) linear target dispiacements provided

12




that the lenses used have correspondingly large focal lengths. However,
due to practical considerations, large focal lengths dictate physically
large lenses which may not be available or which may be too large for a
practical implementation. At the other extreme, a version of this
sensing method is currently used in laser videodisk technology to
control the vertical position of an optical pickup head [13]. In this
exampie the tvpical vertical variation (e.g., due to a warped

videodisk) is approximately + 0.5 m.

Among the sensing techniques presented heretofore, only the optical
illumination scheme of section 2.5 provided a continuous (non-binary)
indication of target range. Several other techniqu. ; exist that can
provide values of separation distance over a prescribed operating range.
These techniques utilize either high-frequency sound waves (ultrasound)
or a form of electromagnetic radiation (either infrared or microwave) in

determining a value of taraet range.

2.6 Ultrasonic Ranging

Ultrasound can be used in several ways tc determine a target's
linear pdsition. Thiee widely used methods are described below:
pu]se-eého measurement, phase-delay measurement, and frequency-deviation
measurement. In each case an ultrasonic transmitter and receiver

assembly is required for target detaction.

2.6.1 Pulse-Echo Measurement

In the pulse-echo technique a fixed number of cycles of
constant-frequency ultrasound is beamed at a target. Typical ultrasonic

frequencies used include 40 kHz and 200 kHz [14]. The transmitted

13




sound waves are then reflected from the target back to the receiver,
which waits for the first returning “"echo", i.e., the fifst returning
ultrasonic energy having the same fraquency as that transmitted.

To calculate target range a timer is used to determine the elapsed
time from the transmitted burst to the first received echo. This

elaps~d, or round-trip, time is then used to calculate target range as

fol.cs:

target range = V,i, (round-t;fp time ) (2.4)

where Va4 is the velocity of propagation of sound in air and is given

by

Vair = 1087.14 1 + 7T (°C)/273  ft/sec. (2.5)

Note that the velocity is temperature dependent.
With this pulse-echo technique, a single ultrasonic transducer.

(usually piezo-electric) can be used in both the transmit and receive

modes. Characteristically, these transducers exhibit mechanical
ringing after they have been electrically turned off, as the
transducer faces are not heavily damped. Depending on the amount of
damping, typical ring times may last from 10 to 1000 cycles in length
[1a]. ’
Although using only one transducer reduces a design's parts count,
a disadvantage of the system is that one-transducer operation, \

combined with transducer ringing effects, limits the minfnum

14
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detectable target range. Since the receiver must be disabled during
transmission and for a fixed amount of time immediately after

transmission, the minimum range is given by

. .
minimum range (one transducer) = Vairfltrﬁﬂ5~7g——lrln9-), (2.6)

where Vair is as before, Ttprans 1S the time duration of the
transmitted pulse, and Tpipg is the duration of the transducer ring.
The Polaroid Ultrasonic Rangefinder [15] is .a good example of the
one-tran;ducer ultrasonic pulse-echo mode nf operation. However, in-
this implementation the operating frequéncy.is not fixed, but is a
“"chirp" of frequencies that include f = 49.7, 53, 57, and 60 kHz.
This selection of frequencies was chusen so that a loss in the
reception of any one frequancy, due to the acoustic properties of the
reflecting surfaée, would not impair the ovefa]l ranging ability of

the device.
The minimum rahge difficulty of one-transducer operation can be

overcome by using separate transducers for the transmitter and

receivar, Howéver, the receiving transducer must now be acoustically
shielded from the transmitting transducer or the receiver must be
disabled during transmission. This prevents the transmitted
ultrasound trom directly coupling into the receiver and causing a
false detection.

An example of the two-transducer pulse-echo mode of dperation can
be found in [16]. In this example an array of ultrasonic sensors are

used to guide a wheeled robot along a winding hallway.

15
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2.6.2 Phase-Delay Measurement

The phase-de]ay.measurement technique measures target range with
ultrasound by transmitting a continuous fixed-frequency wave and then
measuring the resulting phase shift.of the received reflected wave.
Thus, separate transmitting and receiving transducers are requirad.
The phase shift may be measured with a zero-crossing detector and a
timer. The timer is reset when the transmitted (or reference) wave
passes through a zero reference point as determined by phe detector.
The timer is then stopped when the received wave passes through the

same zero reference point. The resulting elapsed time between the two

zero crossings thus determines the target range exactly as in the

pu]se-echo technique described above.

A major dis:dvantage of the phase-delay measurement technique is
that an ambiguity exists when the elapsed time becomes larger thah the
period of the transmitted frequency. This ambiguity thus limits the

maximum range of this technique to

maximum range = Vaip 6151%;-) ' (2.7)

where Fo is- the operating frequency of the transmitter.

2.6.3 Frequen: -Shift Measurement

A third ultrasonic technique that has been used in blind guidance
aids [3] is implemented as a continuous-wave frequency-modulated
system. In this system the transmitted wave has an instantaneous

frequency which depends only upon a sweep generator whose output is a

16
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1inear function of time. Target range 1s calculated by determining
the frequency difference of the received wave and the wave currently
being transmitted. This difference is easily generated using a
multiplier and low-pass filter.

Since the frequency'sweep is linear in time, the frequency
difference indicates a time difference which represents the round-trip

time of the transmitted-reflected signal. The rcund-trip time is

round-trip time = DeT ' (2.8)
Fu‘Fl .
where Df is the frequency difference, T is the period of the frequency
sweep,{and Fu and Fg are the upper and lower frequency limits of the

trcnsmftter, respectively. The range is then given by

3range n Vaqp (round-tgip time ) . (2.9)
‘ .
|
This system has a maximum r.nge given by
|
i ) T
maximum range = Vair (3) ’ {2.10)

« v
since a range ambiguity will exist if the elapsed time exceeds the

sweep ﬁeriod.

[
{
|

Instead of using pressure waves (ultrasound) to measure target
range, alternate methods of measurement utilize electromagnetic
radiation. Two portions of the electromagnetic spectrum are of

interest; namely, infrared radiation and microwave radiation. As in

17
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section 2.5, there a2 several optical implementations available that
use infrared light; these are discussed in section 2.7. In section |
2.8 the application of microwave radiation to terget ranging will be

discussed.

2.7 Optical Ranging

As with optical sensing methods that use a binary mode of

. detection, optical ranging methods for larger target ranges, i.e.,

greater than one centimeter, usually employ infrared light sources and
detectors. Optical ranging can be implemented with several techniques,
including triangulation, reflectance measurement, and phase-delay

measurement. -

2.7.1 Triangulation

Triangulation is a technique in which a light source/receiver
assembly is mounted in such a way as to illuminate the taiget in
question. Usually the receiver is a multiple array of phototransistors
configured so that sensitive volumes are generated whicﬁ lie at the
intersection of the source and receiver‘s optical axes. See Figure 2.3
for a typical source/receiver arrangement. When a plane target surface

lies normal to the source's optical axis and within a sensitive volume,

the light is reflected uniformly from the surface in a Se@ﬁi§Ph9ﬁi¢?lwwm,",;“;

pattern. Since each receiver has fts own focusing lens, only a portion
of this reflected 1ight will be detected by a receiving element [17].
Note that in Figure 2.3 a different element in the receiver is

activated depending upon the target position. Since the geometry of

18
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the situation i; known {d, s, a, and B), the X position of the
sensitive volumes Vy, Va2, ... , Vy are also known. Thus, a linear
target displacement in the X direction can be determined using the
array ouﬁpqt to index a look-up table or its equivalent, such as a
hardwired deceder.

The linear resolution of the sensor can be increased by increasing
the number of light-sensing elements per unit area. A digital

chafge-injection device (C.I.D.) camera is a good examp1e'of a high

resolution (244 x 248 pixels) two-dimensional optical receiver array.
Using triangulation techniques, such cameras are used in [18] to

locate the three-dimensional location of a projected laser spot.

2.7.2 Reflectance Measurement

Reflectance measurement is an analog ranging method which senses
target range by measuring the output voltage of a receiving
photodetector. For a given target reflectance and orientation, the
received lighf flux is a function of distadce [19]. A typical voltage
response curve is shown in Figure 2.4. Note that target surface
properties (such as reflectance) determine which curve is generated.

If the nature of the target surface is known a priori, the curves
shown in ?igure 2.4 may be used to generate a reference table.

Measured receiver voltages then index the table to determine a
corresponding target distance. To e]imfnate ambiguities, only one-half
of the bell-shaped curve is used.

The reflectance-measurement technique has a severe disadvantage in
that the amplitude of the eutput signal is solely used to determine

the target distance or range. This is in contrast to the triangulation-
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scheme in which a receiving element was either "on" or "off" and the
resulting binary pattern of several outputs determined the range.
However, this difficulty has been reduced in [19] with digital signal
proceSsing'techniques in which a weighted iterative filter is used to

generate usable values of target range.

2.7.3 Phase-Delay Measurement

‘The optical phase-delay technique~of target'range measurement is
identical in theory to the ultrasonic phase?delay measurement
technique in that the phase shift of the reflected signal is measured
and compared with the transmitted (reference) signal. However, a
measurement problem exists in that the frequency of infrared light is
approximately 100 THz (100 x 1012 Hz). At this frequency it is
extremely difficult to determine a phase shift whiie at the same time
providing an acceptable value of range resolution. This difficulty
can be resolved by amplitude-modulating the light beam with a much
Tower frequency [20]. Once the high-frequency carrier is stripped

away, phase detection on the remaining envelope may be performed.

2.8 Microwave Ranging

Microwave ranging, commonly known as radar (RAdio'Detectfng And
Ranging), can be implemented in several forms as was ultrasonic
ranging in section 2.6. When target distances are large, e.g., miles,
thebpulse-echo technique can be used since the delay time for such
distances is measurable. For smaller distances an amplitude-modulated
continuous-wave (AM-CW) system may be used, as in section 2.7.3 (phase

detection). A variation of this method is the so-called
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"two-frequency” radar in which three frequencies are used to measure

target rénge:

F1 = Fe - 2f, : (2.11)
Fa = Fe , and (2.12)

In this notation F; and Af represent the carrier and difference
frequencieé, respectively. This ranging method has been used to
determine the lateral position of an automatically ;ontro1led automobile
[21]. In this example F¢ and )¢ were chosen to be 10.5 GHz and 300

MHz, respectively. The transmitted signal consists of fhe two
frequencies F» and F3. By a clever modulation scheme in which both the
transmitted and received signals are modulated by Fi and F2, after
filtering, a pair of signals are generated whose phase difference is a
function of target range only. In thi§ exanple the values of Fe and Af

limit this range to approximately 50 cm.
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Chapter 3

DEVELOPMENT OF A 40 KHZ ULTRASONIC RANGEFINDING SYSTEM

3.1 Selecting a Sensor System

The selection of any sensor system is based upon -several

determining factors:

1) method of sensing (e.g., pneumatic, inductive, etc.)

2)
3)
4)
5)
6)
7)

effective sensinj range _
sensor size and required mounting configuration
support equipment required

sensor reliability and durability

systém noise immunity

system cost, etc.

The selection of a system based upon one or more of the above criteria

will usually limit the choices available in the evaluation of the

remaining criteria; e.g., if a pneumatic sensing system is chosen then
the effective sensing range will be limited to a few céntimeters.

- In the application discussed in this thesis, the modification of

Hexapod foot trejectories based upon terrain information requires

anticipation of ground contact.

system is clearly called for.

Hence, a non-contacting sensor

Since a leg may travel a maximum

the
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vertical distance of approximately two feet, the sensor system chosen
must be able to gage foot altitudes over this range. As the space
available on the Hexapod is qufte limited, the sensor system must also
be physically small and éonfigurab1e in such a way that the sensors do
not restrict the Hexapod's movement. The Hexapod carries its own
regulated voltage supplies (+ 15 volts and +5 volts); ideally the sensor
system selected should .be ab]e to work from these levels without the
necessfty of other supplies. The system should also be rugged and be
able to withstand a reasonable amount of punishment without serious
performance degradation. Furthermore, the sensing technique chosen
should ideally be insensitive to external terrain conditions, and
finally, the system should be as inexpensive as possible without
sacrificing system perfornance.

The Hexapod's large effective sensing range requirement thus
eliminates the pneumatié, capaciti?e, and inductive sensing techniques
discussed in Chapter 2, which have maximum sensing ranges in the
centimeter range. Microwave radar, alsd discussed in Chapter_z,
exhibits problems both with excessively Iafge‘minimum range and with the
physical size of the sensor system itself, which in the case of Bishel
[21] was quite large. There are two remaining methods from Chapter 2

that can meet the first three requirementsblisted above. These are the

ultrasonic and the optical ranging methods.” Due to the simplicity of

‘the ultrasonic pulse-echo technique, several sensor system designs using

this tecanique were investigated, two of which make use of the National
Semiconductor LM1812 Ultrasonic Transceiver. The third design is a
custom design built with operational amplifiers and discrete components.

It is this design which has been implemented on the 0SU Hexapod.
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3.2 The National Semiconductor LM1812 Uitrasonic Transceiver

The LM1812 Ultrasonic Transceiver is & linear integrated circuit

v developed by the National Semiconductor Corporation in the mid 1970's
[22]. Primarily intended for high frequency (200 kHz) use in
fish-finding applications, it may also be used in air at the same or a
lower frequency, such as 40 kHz. (In air, é-Tower frequency minimizes
the»effects of high frequency attenuation.) Features of this circuit
include sing]e-transducér operation, high power output (12 watts
maximum), and internal noise.rejection.‘ A block diagram of fhe
transceiver is shown in Figure 3.1. National Semiconductor-suggested
circuits for the 200 kHz (water) and 40 kHz {air) implementations are
shown in Figures 3.2 and 3.3, respectively [23]. Note that in both
cases the transmitted frequency is a function of only one tuned cifcuit,
L1 and C1. A modification of the 200 kHz circuit of Figure 3.2 for use
in air is sﬁown in Figure 3.4 [14].

As mentioned in section 2.6.1, target range is calculated with the
Apulse-echo technique by determining the elapsed time from the beginning
of transmission to the first received echo. This elapsed time is easily
determined with an external counter which is‘reset upon fransmission and
then disabled upon the first reception of an echo. Pin 14 of the LM1812
transceiver is proVided for just such a purpose: upon transmission pin
14 goes low and stays low until an echo is received, at which time pin
14 rises. Thus, with appropriate gating, the rising and falling edge.

of pik 14 may be used to drive the clear and enable lines of a counter.

3.2.1) LM1812 40 kHz Operation

A modification of the 200 kHz circuit of Figure 3.2 for use in air
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Figure 3.2

LM1812 200 kHz Underwater Application.
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LM1812 200 kHz Operation in Air.
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at 40 kHz is shown in Figure 3.3. The ultrasonic transducer used in
this circuit is a piezo-electric transducer having a resonant
frequency of 40 kHz. Available from Massa Products Corporation, its
complete specifications are listed in Figure A.1.

The circuit of Figure 3.3 was breadboarded. During testing, it was
noted that follcwing transmission, the transducer exhibited a mechanical
ringing whose envg]ope closely approximated a deCﬁyihg exponential.

This ringing was found to falsely trigger the receiver circuitry. Since
the receiver in-the LM1812 circuit is internally enabled as soon as the
transmiﬁter is disabled, the small aﬁount_of transducer ring is
e]ectrical!y'coupled to the receiver input. This electrically-coupled
mechanical ringinglconsistently generated a false detection sfgnal at
the transceiver output, pin 14. An attempt to reduce the duration_pf
this transducer ringing met with only limited success, the basic idéa
being to briefly connect an electronic damping ¢ircu:t across the
transducer immediately following transmission. An alternative to ;
electronic damping 1s to increase the internal mechanical damping o% the
transducer, i.e., use a different transducer. However, other 40 kH}
transducers were difficult to locate; hgnce, this circuit was aband@ned'
with hopes that operation at 200 kHz would give better results. %

1

3.2.2 LM1812 207 kHz Operation

Although tﬁe LM1812 transceiver was designed to operate at a
frequency of 200 kHz in water, it may be operated at this frequency in
air (see Figure 3.4) provided that the reduction in maximum range is
acceptable. This reduction i; due to the attenuation in air of the 200

kHz pressure waves. Operation at this frequency requires a transducer

31

cemsetacece s 4 ® m = a-w =




e m

having a 20C kHz resonant frequency. This transducer is also available
from Massa Products Corporation; its complete specifications are given
in Figure A.2.

The breadbcarded circuit of Figure 3.4 gave good results; the
duration of transducer ring was short erough that the false detection
plaguing the 30 kHz circuit did not occur. With component values shown
this circuit is capable of detecting objects up to approximately ten
feet away, broviding the reflecting surface is flat and is positioned
parallel to the transducer face. ‘

Due to the very narrow beamwidth of the 200 kHz transducer, slight
(+ 5°) angular deviations from the beam axis resulted in‘a total loss of
reflected signal. Similar results were obtained by Canali and De Cicco
[24] in a temperature-compensated 250 kHz version of this same circuit.
Since any leg-mounted sensor on the 0SU Hexapod will be subjected to

angular displacements in the range of + 20°, the 200 kHz system as

discussed above was deemed unusable in this application. Inspection of

the radiation pattern of Figure A.l provides a clue as to a possible

solution to this problem. At 40 kHz the transducer beamwidth is

relatively wide (~ + 10° at the -3 dB8 points), hence, the wider

transducer beamwidth should permit a larger angular deviation from the

beam axis without a total loss of reflected signé1. A discussion of the

received signal strength as a function of beamwidth, angular sensor o
displacement, etc. is given in section 4.2. To test this theory a 40

kHz ultrasonic transmitter/receiver circuit was constructed with

operational amplifiers and disérete components. This circuit is

described in detail in the following section.
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3.3 A 40 kHz Ultrasonic Transmitter/Receiver Design

The transducer ringing problem experienced with the 40 kHz LM1812
circuit (section 3.2.1) can be circumvented usin§ separate transmit and
receive transducers and custom electronics; Recall the problem with the
single transducer circuit: following transmission, the mechanical ring
was eiectrical]y coupled into the receiver. ‘In this design, since
separate transducers are used, the electrical coupling between the
transmitting transducer and the receiver input is eliminated. ThUs,.
provided that the transducers are acoustically isolated, the receiving
transducer may be enabled while the transmitting transducer is still
ringing. Acoustic isolation is required so that the transmitter ring
will not be acoustically coupled into the receiving transducer. If this
were to occur then the receiving transducer would tfeat the coupled |
pressure waves as ordinary echos, hence, a false detection signal would
be generated. '

The block diagrams of the transmitter and receiver circuits are
given in Figures 3.5 and 3.6, respectively. In the transmitter a
free-running 40 kHz oscillator is gated through an analog switch. The
control (or gating) signal is the output of a pulse width generator
(monostable multivibrator) which is, in turn, gnabled by the START
signal from the digital circuitry. The resulting output of the analog
switch is a one millisecond "burst" of 40 kHz ultrasound (40 cycles of
40 kHz). After power boosting, this burst is sent to the tranSmitting
transducer via shielded cable.

The receiver is similarly simple; the output of the receiving

transducer is preamplified and then bandpass filtered. The bandpassed
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signal is then incoherently demodu’:ted and the resu]tin§ envelope is
threshold detected to form a STOP signal. After detection, this STOP
signal is converted to TTL- (transistof—transistor-logic) compatible
voltage levels and is then used to disable the counter in the digital
circuit. This is exactly the same procedure followed in the LM1812 |
transceiver circuit discussed previously. For clarity, the interaction
between the analog ahd digital circuitry is shown in Figyre 3.7.

Although this figure shows only one transmitter/receiver pair, hereafter
referred to as a "sensor", it is to be noted that in this application

the Hexapod is equipped with six such sensors, one per leg.

3.3.1 Transmitter Circuitry

A detailed schematic of the tra%smitter circuit used in the
realization of Figure 3.5 is shown in Figure 3.8. Given the
gain-bandwidth -requirements of the ?transmitter anbdvrecei ver (Figure 3.9)
"~ subcircuits, National Semiconductoﬁ LF351 operational amplifiers were
|

chosen. i

Two such amplifiers are used 1@ the oscillator circuit. Oscillator

, . i
‘ compongnt values were chosen so as[to achieve a nominal operating

L
frequency of 40 kHz, which may be ﬁine-tuned with potentiometer P1. The
amplitude of the ascillator outputfhay be adjusted with potentiometer
pP2. | ,

The gating of the oscillator is controlled by a monostabie
multivibrator (1/2 74LS123). Upon reception of a negative-going START
edge at pins 3 and 4 from the digital circuit, a pulse is generated
whose t..e duration is nominally fixed at one millisecond. This width

may be adjusted with potentiometer P3. The outputs of the monostable
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multivibrator drive TTL open-collector inverters (1/3 7406) which in
turn drive the control lines (pins 1 and 7) of the analog switch. The
analog switch (National Semiconductor AH5010) is internally configured
as a four-input, one-output multiplexer; however, in this circuit only
two inputs are used. Thus, its output (pin 11) will consist of either
the oscillator input (pin 2) or a ground input (pin 6). The two switch
control lines are active low, and as wired in this circuit are
complementary. In thfs way when the oscillator is disconnected the
power booster input will be effectively grounded. Open-collector logic
is used to provide a large vaide of turn-off voltage required by the
switch control inputs.

The output of the analog switch drives a power booster circuit
consisting of an LF351 op-amp cascaded with a Motorola MC1438R current
amplifier. A 15 kg feedback fesistor is connected from the booster |
output to pin 4 of the analog switch. Thebintérnal FET transistor
between switch pins 4 and 11 compensates for the temperature sensitivity
and "ON" resistance of the FET switches. Since :witch input pin 2 is
connected to the oscillator circuit through a 15 ko resistor, the
overall voltage gain of the power booster circuit (from pot wiper to
booster output) is unfty. In the event of a short circuit at the
booster output, two 10 ohm, 2 watt resistors (connected across pins 2
and 7 and the output, respectively) 1imit this short-circuit current to
approximately 300 mA. . \

3.3.2 Receiver Circuitry \
The realization of the receiver block diagram (Figure 3 6) is
shown in Figure 3.9. The 40 kHz echo is first preamplified with an
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inverting amplifier whose gain may be adjusted with potentiometer P4.
The component values chosen fix the maxfmum and minimum values of-
preamp gain to approximately 21 and 7, .respectively.

The output of the preamp drives the active bandpass filter. Its
schematic and voltage transfer chafaéteristics are given in Figure A.3.
Component values were chosen for a center frequency, Fg, of 40 kHz and a
midband voltage gain, Hy, of 20. The bandwidth, BW, was chosen to be
approximately 5 kHz, giving the filter a Q value of eight. (For this
filter configuration the upper limit on Q is approxjmate1y ten.) Thus,

from Figure A.3,

Ry = 1.59 ko, (3.1)
Rp = 29 ¢, and ' (3.2)
R3 = 63.66 kg , o (3.3)

§fCy = Cp = 0.001 [F. Note that if the bandwidth is fixed then
resistor Ry alone determines the filter's center frequency. Hence, in
Figure 3.9, the 470 ohm shunt across the series combination of
potentiometer P5 and the 100 ohm resistor permits the filter's center
frequehcy to be fine-tuned, avoiding the necessity éf close-tolerance
filter components. '

The output of the filter is a relatively large amplitude burst of 40
kHz ultrasound whfch swings symmetrically about ground. The leading
euge of this burst denotes the first reception of the received echo; it
is this edge which must be detected and converted into a &igitél STCP
pulse for use by the digital circuitry. A simple incoherent

demodulator/threshold circuit 1s used to perform this conversion. After
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demodulation, only the env~'ope of the positive portion of the

burst rehafns, which is then passed through a threshold detector. The

detector discriminates between valid returned echos and spurious noise
which may be present at the demodulator output.

A simple diode demodulator consists of a diode followed by a
low-pass filter, A conventional sflicon diode must be forward biased by
at least its cut-in voltage (approiimately 0.6 volts) before conduction
can occur; honce, for the demodulator output to track a rising input
waveform the demodulator input must be larger than the demodulator
output by at least the diode cut-ifn voltage. In any ultrasonic ranging
system the received signal strength detreases greatly with increased
target range, and ma} easily drop to a value below that of the diode
cut-in voltage. This occurrence severely limfts the system's maximum
sensing range. |

A simple solution to the above difficulty is to usé an active diode.

~ ldeally, the demodulator input then need only be greatér than fts output
for signal rectification to occur. The active diode configuration thus
permits rectificatfon even with very small (millivolt) comparator
voitage differences.

’ The }equired time constant of the demodulator's low-pass filter is
‘determined by tii2 operating frequency of the transmitter. This time
constant 1s chosen so that the filter can follow the low-frequency
envalope of the received echo while rejecting the high-frequency (40

_kHz) carrier. A time constant of 320 pS was experimentally found to

optimally satisfy both requirements.
{ , The output of the demodulator circuit is compared to a DC voltage

value i1 the threshold circuit. With component values shown the
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reference level may be varied with P6 from approximately 0.17 to 0.65
volts, a range found expe}imentally to be adequate. The output of the.
threshold circuit is a pulse swinging from -12 to +12 volts as the
demodulator output rises above the DC threshold value. This pulse is
then converted to TTL-compatible voltage levels using a simple
transistor inverter with its collector pulled up to +5 volts. A diode
clamp across the transistor'# base-emitter junction prevents reverse '
breakdown during large hegative swings in the output of the threshold

circuit.

3.4 Digital Electronics Design of the 40 kHz Ultrasonic Rangefinder

The digital electronics of the ultrasonic rangefinder is comprised

of three basic subsystems:

1) System timing and transmitter control
2) Range counter and counter control

3) POP 11/70 computer interface logic.

1 3.4.1 System Timing and Transmitter Control

" The system timing and transmitter control subsystem specifics which
ultrasonic sensor is to be enabled and when this enabling is to take
place. A sequencing scheme is followed in which only one
transmitter/receiver pair is active at any given time. This sequencing
{s used to minimize any aéoustic interaction between sensors, and is
implemented with a “"window generator" circuit. A low frequency clock
signal derived from the range counter clock signal (see section 3.4.2)

drives the window generator such that its outputs GO-G7 (see Figures

43




3.10 and 3.11) sequentially enable one of eight possible transmitters
approximately 11.4 times per second each. Again, in this application,
only six sensors are, in fact, being uséd. Note from Figure 3.11 that

a falling edge on'window generator output line‘Gnlis required to trigger
the START, input of ultrasonic transmitter T,. Range data is computed
each time a sensor is enabled. Since the Hexapod's maximum speed is
approximately five inches per second, the 11.4 Hz range updéte rate was
deemed satisfactory; larger Hexapod velocities would require faster

scanning speeds.

3.4.2 Range Counter'and Counter Control

Since the sensors are scanned sequéntially, the elapsed-time
counter, hereafter referred to as the range counter, may be shared by
all sensors. Thus, as shown in Figure 3.7, the counter begins to count
as eachbtransmitter is enabled. A STOP, pulse ffom correspdnding
receiver R, (see Figure 3.11) disables the counter and loads data
register DRn with the counter value. If a STOP pulse is not recéived
from the corresponding receiver within a time'corresponding to a maximum
target range of approximately 37 inches, then the counter is .
automafically disabled. This maximum range value is a function of the
window generator clock frequency, and ¥s derived in the following ‘
paragraphs. ’ »

The range counter controller of Figure 3.11H6;;“£;;M};b5;;:ﬂﬁw
transmit, TR, and receive, RC. TR is generated at a fixed rate of
91.1 Hz from the logically OR'ed outputs of the window generator
circuit. RC is the output of an eight-input multiplexer which routes

the STOP signals from the receiver circuits. The selection of the
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proper receiver output is determined by window generator outpqts GO
thru G7.  The counter controller has three outputs, CLR, EN, and LOAD.
When CLR is asserted the counfer is synchronously c]eared; when EN is
asserted the countef is enabled and begins to count; The LOAD output
synchronously loads one of eight data registers with the range counter
vélue provided that the computer is hot simultaneously trying to read
that particular register. (Register loading is discussed fully in
section 3.4.3.) | g

The state diagram of the range counter controller is shownAin Figure
3.12. State A is the counter reset state; while in this state the
counter is continually cleared. Controller input TR becomes ~.-ically
true at the time that any window generator output falls, i.e., at the
time that one of the transmitters is enabled. At this time the counter
controller synchronously switches from state A to state B. While in
state B, the count state, the counter controller asserts its FN output
and the previously cleared range counter begins to'count. This count
function is disabled if the counter controller's RC input is asserted (a
STOP signal has been received) or if the TR input is unasserted (target
is out of range). From Figures 3.10 and 3.11, TR is unasserted after
a period of 5.49 milliseconds. This time, established by the window
generator circuit and its 91.1 Hz clock, determines the maximum sensing

range of the system:

Maximum Range Maximum Delay Time x Vaip/2 (3.4)
5.49 mS x 1130.1 ft/sec /2

= 3.1t = 37.2 inches. (T =22 °C.)

AN

This 37.2 inch maximum rangJe is .ore than sufficient for the 0SU
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‘ Figure 3,12
State Diagram of Range Counter Controller,
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Hexapod application. Continuing with the state diagram of Figure 3.12,
if either of the two branch conditions discussed above exist during
state B, the counter controller synchronously switches to state C, the
load state. During the clock cycle that the counter controller is in
this state, the controller's LOAD output is asserted and the range
counter data is loaded into one of eight data registers, as discussed in
section 3.4.3. Following state C, the controller automatically enters
state D, the wait state. The controller remains in this state until the

TR input is unasserted, at which time the controller begins an entirely

‘new cycle by transferring back to state A. If the out-of-range

condition forces the transfer to state C, theh the controller will
remain in state D for only one clock cycle befbre transferring back to
state A. '

The range counter and counter controller clock rate was chosen so
as to provide a “reasonable" amount of range resolution, which for the

Hexapod was chosen to be 0.1 inches. Since the resolution is given by

ion = Yair
Resolution 7 % clock irequency (3.5)

this resolution corresponds to a clock frequency of 67.8 kHz. (T = 22°
C.) For simplicity, a zlock frequency of 70 kHz was chosen. This clock
signal is derived from the high frequency clock used in the computer

interface circuitry of section 3.4.3. Since from Figure 3.10 the

N maximum delay time during which the counter is enabled is 5.49

Re milliseconds, a frequency of 70 kHz will produce a maximum counter value
2 of 384. Hence, a 9-bit binary counter is required. |
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3.4.3 POP 11/70 Computer Interface Logic

The computer interface logic is responsible for communication
between the digital circuit and the POP 11/70 minicomputer. Several
communication schemes to rgtrieve the updated:range information are
possible, including device polling and interrupt-driven techniques. A
third, much faster method which has no computer-interfa;e handshaking
relies‘upon the digital circuit tc be ready for computer read and write
operaﬁions at any given time. Since the cycle ffme through the existing
Hexapod control loop is already quite long, it was desired that the 1/0
interaction time between the 11/70 and the digital circuit be minimized{
Hence, the third communication technique, ‘described below, was chosen.

Communication with the digital circuit is ihpIemented with a 16-bit
parallel data link which interfaces with the 11/70 through a DEC DR11-C
parallel interface board. The DR11-C interface board handles all
computer-requested input/output (I/0) with two signal lines labeled NEW
DATA READY, NDR, and DATA TRANSMITTED, OT [25]. During an 11/70 write
operation, 16-bit data is wrfiten to the DR11-C output port as the NDR _ j

\

line is strobed. The falling edge of NDR indicates that the data is
stable. During an 11/70 read operation the 11/70 reads the 16-bit
DR11-C input port and simultaneously strobes the DT line. The fallihg
edge of DT indicates the time at which the data is latched. The
asynchronous nature of this 1/0 operation fs indicated in Figure 3.13.

Since the digital circuit has eight data'registers, each nine bits
wide; for a total of 72 data bits, a multiplexed 1/0 scheme is used.
In this scheme the 11/70 first transmits a 3-bit register address

AT LG R X T 8 B e N e R L Rt H s A S e I R e T e O T N e R L N N R Y R R N e L Y
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which selects the desired data register, and then strobes NDR. . The
11/70 then reads the selected 9-bit data and strobes DT. Note that
“since no handshaking is used a problem can éxist when the computer
attempts to read the contents of a data register which is in the process
of being loaded. Since the data register flip-flops may still be
chénging state, the read operation could return unreliable data. A
simple solution to this problem is té inhibit the register-loading
6peration-during the time between the negative edges of the NOR and DT
signals of Figure 3.13. The capability to perform and detect such a
load-iﬁhibit operation has begn implemented in the digital circuit and
is shown in block diagram form in Figure 3.14.

The bhasic premise 6f the register-loading scheme of Figure 3.14 is

that data register DRn may only be loaded if three conditionskexist:

1) the sequencing logic determines that'registér DRn
is to be lpaded;
2) the counter controller's LOAD output is asserted, and
3) the 11/70 {s NOT trying to read register DRn at the
time that (1) and (2) are occurring.

If all three conditions aire satisfied then the LOAD DRn output (see
Figure 3.14) is asserted. This output directly enables tne loading of
register DRn. |

Condition (1) is satisfied by‘the "window expander" circuit shown
in Figure 3.14. This circuit is driven by the window generator
circuit; its input and output timing waveforms (GO-G7 and EO-E7,
respectively) are shown in Figure 3.15. Thus, only one of the eight
registers may be loaded at any given time. The outputs from this
circuit are logically AND'ed with condition (2) (LOAD) and then with
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Window Expander Input ard Output Timing Waveforms.
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the outputs of a one-of-eight decoder which is enabled by the LOAD
INHIBIT output of the toad Monitor. Note that the decoder outputs are
high when the decoder is disabled, i,e.; when the computer is not
performing a read or write operation. When the decoder is enabled and
register DRn is selected (by the computer), decoder output n falls,
dicabling the LOAD DRn line.

The Load Monitor shown in Figure 3.14 is a simple controller which
mcnitors the NDR and DT lines for their respective negative edges
discussed above. Its state diagram is Shown in Figure 3.16ﬂ Its output
is assertéd between the times that the NDR and DT lines go negative.
Since .the auration of the NDR and DT pulses of Figure 3.13 is very
short (typically 400 nS), the controller must respond very quick]y in
order to avoid mfssing one or both pulses. This capability is provided
using a relatively high frequency Load Monitor clock. A conveniently
available 10.08 MHz hybrid integrated circuit clock chip provides this
frequency. ‘

The detection of the load-inhibit operation is performed by the

eight-to-one muitiplexer shown in Figure 3.14. When the multiplexer is

~enabled each input line mcnitors the logical AND of conditions (1) and

(2). From above, if the computer selects register DRn, then multiplexer
input Tine n is routed to the output which will set the “"read error"
flip-flop if input line n is a logical "1". Note that this flip-flop is
reset upon every rising edge of NDR, i.e., during a new read éyc1e.
The remainder of the interface logic consists only of data

registers DRO-DR7, multiplexers MO-M8, and the isolatics circuitry
which buffers all 1/0 lines to and from the DRil-C interface board.
Multiplexers M0-M8 channel the nine bits of computer-selected data to
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Load Monitor State Diagram.
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the input port of the OR11-C. This logic is shown in Figure 3.17.

The buffer circuitry consists of Motorola MC1488 line drivers and

Hewlett-Packard HP2630 opto-isolators. This circuitry is shown in
Figure 3.18. |

e
PR

A detailed schematic of the digital circuit as discussed above may

NS 1}

be found in Appendix C.
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Chapter 4

EXPERIMENTAL RESULTS OF THE 40 KHZ ULTRASONIC RANGEFINDER

In this chapter, eXperimental ohservations of the 40 kHz ultrasonic
rangefinding system developed in Chapter 3 are discussed. These
observations can bé separated into three groups, one dealing with the
rangefinder's ability to measure target distance, another which

discusses the rangefinder's environmental sensitivity, and the third
which discusses the operation of the rangefinder's analog circuitry.

A photograph of the breadbqarded rangefinding system is shown in
Figure 4.1; note that six transmitters and receivers have been
constructed. To reduce the amount of transmitter circuitry, a single
40 kHz oscillator is shared by each of the six transmitters. A
prototype ultrasonic sensor unit, containing the transmit and receive
transducers, is shown in Figure 4.2. The sensor's "nose" piece, which
separates the transmit and receive transducers, is used td eliminate

transducer sidelobe interference which would otherwise falsely trigger

the receiver circuitry.

4.1 Rangefinder Measurement of Target Distance

The ability to gage target distance with the rangefinder developed

60
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Analog and Digital Circuitry of the 40 kHz Ultrasonic Rangefinder,
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2

= in Chapter 3 was experimentally determined using the digital circuit's
ll ' Arangé counter. In this experiment, thz 9-bit range count2r output was
t . monitored as the sensor was moved vertically above a flat metal plate.
i§ Figure 4.3 shows the experimental plot 6f the counter output as a

. function of vertical sensor height. Note the exireme linearity of the
N plotted points; a linear regression analysis of this data yields a

o corre}ation coefficient of greater than 0.99. (A straight line has a
¢ correlation coefficient of unity.) Also note from ?igure 4.3 that the
82 data does not pass'through the origin, but exhibits an offset. This
w offset, corresponding to a measured delay of approximately 120 .S, is
N due to the fixed response time of the receiver circuitry. Finally, note .
w from Figure 4.3 that the x-axis variable, sensor height, is plotted to
Ef only 35 inches. At greater heights the received echos are too weak to

trigger the receiver circuitry. This is due to the fixed settings of

=Y.

the receiver's gain and threshold potentiometers, which may be adjusted

for a larger maximum range if desired. However, the present maximum

X

range of approximately 35 inches is more than sufficient for the 0SU
Hexapod; and in any case is practically limited to 37.2 inches by the

E% digital circuit's timing restrictions (see section 3.4.2). Furthermore,
:ﬁ increasing tﬁe gain to permit larger values of target range may present
*y a problem when small target ranges are encountered, due to the large

o amplification of residual noise present at the output of the demodulator

v
RN

‘circuit. This amplified noise, when larger in magnitude than the DC
threshold level, will generate errcneous STOP signals at the receiver

output. With current géih and threshold settings this phenomenon is

oo |

observable when a flat metal target is positioned approximately four

inches from the sensor. On the OSU Hexapod, this difficulty is avoided

:;j
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by mounting each sensor more than four inches from the foot tip of each

leg, as will be discussed in section 5.1.

P
-

e

4.2 Environmental Sensitivity of the 40 kHz Ultrasonic Rangefinder

L
]

LR

As mentioned briefly in section 3.2.2, the rangefinder is sensitive

F% to sensor/target orientation angle, sensor height above a target, and
. the scattering properties of the targat itself. In each case, the fet
§§ result is a reduction in the strength of the received signal, which is
- discussed in the following sections. Rangefinder sensitivity to the
'3 above parameters will be demonstrated by recording the peak amplitude of
o the envelope of the received sinusoidal echos; this envelope is
# available at the receiver's demodulator output. This is a convenient
- point at which to observe trends in the strength of the received signal,
2 for at this point, the signal has already been amplified and had its
id carrier signal remcved. ,
For convenience, in the following experiments an X-Y plotter was
z% used to obtain a permanent record of the peak-amplitude data as a
:. function of horizontal sensor position. The dependent variable was
g chosen so that the sensor could laterally scan the target surface at a
N constant height. This configuration thus permits a measurement of
f received signal strength as a function of target scattering properties.
- The plotter's x-axis input is controlled by a potentiometer which
R records the ultrasonic sensor's horizontal position over a target. The
‘9 generation of the plotter's y-axis input signal is described below.
< Due to the plotter's very low bandwidth, the receiver's
£€ demodulator output cannot directly be used to drive the plotter's
) y-axis input. This is due to the plotter's inability to accurately
N 65
~ :
5
D Dy T T T T T T e P I R




respond to the relatively fast demodulated signal, the time duration of
which is typically only one to two milliseconds. To overcome this
bandwidth mismatch, a peak-detect/nold circuit is used to interface the
demodulator output to the plotter's y-axis input. The peak detector
tracks and retains the maximum value of the demodu]ated signal. To
detect time-varying changes in the peak envélope amplitude, aﬁd hence,
in the peak strength of the received signal, the peak detector is
synchronously reset py the digital circuit at its range-dpdéte rate of
11.4 Hz. A sample-and-hold circuit samples the peak detector output;
its purpose is to mask the “"glitches" present in the detector outpht due
to the 11.4 Hz reset operation. The output of the hold circuit is a
slowly varying DC voltage representing the peak value of the received
signal; it is this signal which directly drives the y-axis input of the
X-Y plotter. |

4.2.1 Sensor/Target Orientation Angle Sensitivity

In this work, sensor/target orientation angle, hereafter referred to
as sensor angle, is défined as the angle between a line drawn normal to
the sensors' transducer faces and a line drawn normal t6 the'target
surface. See Figure 4.4. For simplicity, in the following experiments
the sensor is limited to one degree of angular freedom. This sensor
angle, from Figure 4.4, is generated by a rotation about point A.

- Figure 4.5 illustrates the effect that sensor angle has upon the
strength of the received signal. In this experiment, the target was a
_ flat metal plate separated from the sensor by a distanIe of eight
- ' inches. To obtain an average indication of this peak signal strength,

the sensor was swept horizontally at a slow rate above the metal plate.
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Note from Figure 4.5 the resulting decrease in peak signal strength as
the sensor angle is increased. At an angle of ten degrees the received
signal strength is approximately 60% of its value when the sensor angle
is zero. At fifteen degrees the signa1 strerqth has been reduced to
approximately 25% of its zero-angle value; at angles exceeding
approximately twenty degrees, the signal is lost in the noise of the
demodulator output.

 The decrease in received signal strength as a re§u1t of increased
sensor angle fs not unexpected if the concepts of shecular and diffuse
reflection are considered. Specular reflection results when a wave,
e.g., a sound wave, is incident upon a smooth surface. "Smooth" in
this sense is defined by a surface whose irregularities are much smaller
than the wavelength of the incident wave. On the other hand, diffuse

| reflection will occur if the dimensions of the surface irregularities

5 approach or exceed the wavelength of the incident wave. As the .
wavelength of 40 kHz ultrasound is 0.34 inches, specular reflectior is
clearly occurring in the above experiment. However, this type of '
reflection is undesirable in a ranging system that will be subjected to
large values of angular sensor displacement, a fact eésily seen from
Figure 4.6. Note that the receiver can only detect an echo if the

reflected sound impinges upon the receiving transducer. Advancing this

concept, if the transmit and receive transducers have narrow beamwidths,
then only slight sensor angles can be tolerated. Conversely, wide
transducer beamwidths will permit larger angular deviations before the
echo is undetectable., This concept was instrumental in the selection of
the wider-beamwidth 40 kHz transducers over the narrow-beamwidth 200 kHz -

units of section 3.2.2.
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4.2.2 Sensor Height Sensitivity

In addition to being angle sensitive, the sensor is also height
sensitive. Figure 4.7 illustrates this height sensitivity; as in
Figure 4.5, the peak voltage value of the receiver's demodulator output
is plotted as a function of horizontal sensor position. Note that the
peak signal strength is a nonlinear function of sensor height and that
even at relatively large heights this peak value i; well above the
demodulator noise level. A discussion of this nonlinearity is given
below. _ |

Givenva small, fixed-area target, theoretical considerations dictate
that the power of the received signal varies inversely with the fourth

power of target separation distance, d [15]:

e‘zad

received power = Kj ["EI"‘} X transmitted power , (4.1)

where a is the attenuation constant of 40 kHz ultrasound in air and k)
is a constant of proportionality. However, in the above experiment the
area of the metal plate target was much greater than that of the
tfansmitted beam, and hence for these purposes may be treated as
infinite. In that case, theory predicts that the received signal power

varies inversely as only the square of target separation distance:

-2ad ' :
received power = ki [EL?FT_-J X transmitted power . (4.2)
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At small target separation distances, the attenuation may be

l} neglected:

o) received power _ Kk '
2 ~ transmitted power E% : (4.3)
= For a piezoelectric transducer, the voltage generated by incident

acoustic power, P, is

v generated voltage = ‘szr-'. . (4.4)

Eb Taking the square root of both sides of equation 4.3 and substituting

N into equation 4.4 yields an inverse relation between the generated

& transducer voltage as a function of sensor height:

=

o generated voltage = E& . (4.5)

!3 Equation 4.5 was verified by plotting average values of the

. experimental peak voltage data of Figure 4.7 as a function of (1/d),
«§§ the recipfocal of sensor height. This plot is shown in Figure 4.8.

0y Returiiing to the comparison of sensor height and angle sensitivity

e as discussed at the beginning of this section, further comparisons of

R Figures 4.5 and 4.7 indicate that the sensor is much less sensitive to

~ linear displacements than to angular displacements. This is a useful

EE ' observation, fpr it indicates that the sensor may be used with

- confidence at *e1at1ve1y large target ranges provided that the sensor

§§ angle is small, i.e., less than approximateiy five dggrees.

;3 4.2.3 Environmental Sensitivity of the Ultrasonic Rangefinder

The sensor's| angle sensitivity to smooth surfaces, as noted in
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section 4.2.1, is due to the specular mode of reflection which is
occurring at the target. As the target surface roughheSs is increased,
the incident ultrasound will be scattered and only a portion of-thfs
energy will be detected by the receiver. To demonstrate this
phenomenon, peak signal strength was plotted for five different
surfaces: dirt (a), sand (b), small gravel (c), large gravel (d), and
large stones (e). See Figure 4.9 for an illustration of these
surfaces. In this experiment, the sensor's height above surfaces
(a)-(e) was fixed at eight inches while the sensor angle was fixed at
zero degrees. As before, the sensor was horizontally swept over the

target surfaces. Note from Figures 4.10-4.14 that the peak signal
| strength varies greatly as the sensor is horizontally moved. These
variations, much larger than those encountered with the metal plate
target of Figure 4.7, are to be expected, due to the gross
inhomogenefty ahd roughness of the target surfaces. This data suggests -
that the system's ability to gage target range over rough surfaces may
be marginal at best, due to the frequent dropouts in received signal. A
possible solution to this dropout problem may be to greatly increase the
transmitted power level. Thus, when diffuse reflection occurs, the
relatively small percentage of received signal will still be sufficient
to accurately trigger the receivef circuitry. Another possibility would
be to vary the frequency of the transmitted ultrasound, as in the
Polaroid Ultrasoni¢c Rangefinder. This technqu;,‘és‘afgédsseddin
section 2.6.1, reportedly avoids dropouts associated with any single
frequency.

Again, with diffuse reflection, incident ultrasound is scattered

after striking a relatively rough target surface. Hence, at relatively
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Figure 4.9
Target Surtaces Used to Test the Rangefinder's Environmental Sensitivity,
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Figure 4.10

Peak Signal Strength of Demodulator Qutput as a Function of
Horizontal Sensor Position, for Target (a), Oirt .
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Figure 4.11
Peak Signal Strength, Target (b), Sand.
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Peak Signal Strength, Target (d), Large Gravel,
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Figure 4.14

Peak Signal Strength, Target (e), Large Stones.
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large sensor angles, the percentage of received signal is substantially
greater than that encountered when the surface is smooth and specular
reflectionvoccurs. Figures.4.15-4.18 demdnstrate this fact using a
target surface of small gravel, surface (c). Note that the average
signal strength is reduced as the sensor angle is increased, but at a
much slower rate than that encountered in Figure 4.5 where the target
surface was smooth. From Figures 4,15 and 4.18, a sensor angle of
fifteen degrees yielés an average value of signal strength that is
nearly 65% of its zero-angle value. This relative increase in the
percentage of received signal, as cdmpared to the specular reflection
data, is important, for. it indicates that larger sensor angles are

tolerable when diffuse reflection occurs.

4.3 Transmitter/Receiver Electronics

In this section the operation of the analog circuitry is discussed.

To provide a fuller understanding of its operation, photogréphs of
-typical oscilloscope waveforms at various points in the transmitter and
receiver circuits are shown. In the transmitter circuit, Figure 4.19
. shows the relationship between the digital START signal and the
monostable multivibrator output; Figure 4.20 shows the outputs of the
oscillator and power booster circuits. A magnified view of the ringing
present at the transmitting transducer is shown in Figure 4.21. The
falling edge of the top trace of Figure 4.21 indicates the time at
which the transducer is turned off. Typical receiver waveforms are
shown in Figures 4.22 and 4.23 when a smooth metal plate is positioned
parallel to and five inches in front of the sensor face. Figure 4.22

shows the outputs of the preamplifier and active bandpass filter.
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Peak Signal Strength with Small Gravel, Sensor Angle = 0°.
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Figure 4.16
Peak Signal Strength with Small Gravel, Sensor Angle s 5°,
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Figure 4,17 ;

Peak Signal Strength with Small Gravel, Sensar Angle = 10°,
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Peak Signal Strength with Small Gravel, Senscr Angle = 159,
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Figure 4.19
START and Monostable Multivibrator Qutput Timing.
T T |
Oscillator 10 v/div
Qutput
0.5 mS/div
Power Booster 10 v/div
Qutput

Figure 4,20 .

Oscillator and Power Booster Cutputs.
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Digital STOP Output Timing as a Function of Demodulator Output Voltage.
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L4
N Figure 4.23 shows the outputs of the demodulator and thé corresponding
!; . timing of the TTL-level digital STOP signal. _ | '
“ As breadboarded, the analog electronics exhibit two adverse |
o characteristics which do not impair the overall performance of the
o sensor system, but which are discussed here to aid in the possible
53 redesign of future sensor systems. The first is a consequence of fhe
o close proximity of and the lack of isolation between the receiver
| circuits on the analog circuit board. It was experimentally found that
g: o strong signals presént in one receiver could induce similar signals into
= adjacent receivers, thus falsely triggering their STOP outputs. As
i; v mentioned above, this coupling does not affect the performance of the
' overall system, due to the time-multiplexing of the STOP signals in the
ég digital circuit (see Figure 3.11).- Nevertheless, this coupling may be
» eliminated by physically separating or shielding each receiver.
t] A second undesirable aspect of the analog circuitry is a coupling
ry phenomenon that exists between the transmitters and receivers. This
E: ' coupling, found to be both electrical and acoustical in nature, is
n responsible for generating positive and negative reinforcement points
2 (nodes and antinodes) at the demodulator outputs as their respective
Q: sensor heights are varied. These nodes were found to exist at every
= half-wavelength increment in sensor height. The electrical coupling is
,ﬁ? : _ generated by a leakage from the transmitters' 40 kHz'oscillator output
v into the receiver circuits, and may be eliminated by isolating the \
és transmitter circuit=v from the receiver circuitry. A second, much \
\
.. weaker, coupling was found to exist when a transmitter and receiver were
:5 totally isolated on separate breadboards and powered with separate
b
b 87
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power supplies. This coupling, experimentally verified to be acoustical
in nature, was found to generate nodes and antinodes as before, at every
half-wavelength change in vertical sensor height. This acoustical
coupling exists between the transmit and réceive transducers, and is
easily reduced by surrounding the back of each transducer with

sound-absorbing material.
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- , Chapter 5

o

= » APPLICATIOM OF THE 40 KHZ SENSOR SYSTEM TO

> THE OSU HEXAPOD ‘

kY

4

X | |

- The application of the 40 kHz sensor system to the OSU Hexapod is

33 discussed in this chapter. This application includes both the sensor
hardware mounting and the developmeﬁt of algorithms used in the

?? cuntrol of Hexapod foot altitudes. For clarity, an overview of the

existing Hexapod control scheme is also discussed.

5.1 Sensor Hardware Mounting Configuration

Eg The analbg and digital electronics have been housed in a metal
enclosure and mounted to the'Hexapod frame; see Figure 5.1. Data link

§§ and power supply connections are visible at the rear of the enclosure;

“ twélve BNC connectors, two per sensor, are visible on che underside of

%ﬁ ' the enclosure and are shown in Figure 5.2. Small diaméter coaxial

) cable, used to minimize electrical interference from external sources,

B connects each transduce. with its corresponding analog circuitry.

t} The sensors are mounted twelve inches from the tip of each foot

& and are forward looking. The selection of the sensor mounting height

jﬁ ‘ was chosen to satisfy the rangefinder's minimum range of approximately

- four inches and to prevent a mounting difficulty with the force

X
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Figure 5.1

40 kHz Sensor Electronics Mourting on the OSU Hexapod.

Figure 5.2

Underside View of Sensor Electronics Enclosure Showing
Ultrasonic Sensor Cable Connections.
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[y

tiransducer electronics which are housed inside the Hexapod's lower leg

g3

segmants. The forward-looking sensor mounting configuration, as shown

in Figure 5.3, was chosen so that the sensor could anticipate

Eé obstacles before the leg actua11y contacts or moves over them. Of

- couirse, this configuration severely limits the system's sensing

3: effectiveness when the Hexapod maneuvers fn the reverse direction.

Z-

b 5.2 Overview of Existing Hexapod Control Software

- To aid in the understanding of the software developed for the

v -control of Hexapod foot altitudes, a brief overview of the existing

i ‘ Hexapod control scheme is first presented. In this thesis, all work
= has been done using Hexapod Control Software Version'4.0 [271.

Ii- Currently under development, this restructured control scheme has been
L- upgraded from Version 3.5 [6] to pérmit six-degree-of-freedom body

Ej control. Changes notwithstanding, the overall Hexapod control.

.. philosophy remains intact, and is discussed below for cCiarity.

;; Hexapod control software is currently partitioned into a set of

ry well-defined functional blocks, or subtasks [6]. This control task

o partitioning is shown in Figure 5.4; the directfonal flow of

3 information between sﬁbtasks is indicated by the arrows. Although it
< is beyond the scope of this work to justify and analyse each subtask,
:: a briefrdescription of each functional block is c]ear]y 'n order.
- The executive software provides the interface with the human

;§ operator, who specifies via a CRT terminal desired vehicle parameters
j such as velocity, direction, and operating mode. The body motion

;f planuing routine preconditions these operator inputs for use by the

- lower-level subtasks. The primary function of the leg coordination

=
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software is to insure that the Hexapod is always supported by a stable
set of three or more legs, and that during locomotion, the legs do not
collide with one another or with the vehicle body. The foot
trajectory'planning subtask specifies how the legs are to be moved
during Hexapod locomotion in order to realize the operator commands
obtained via the executive software. Current Hexapod foot trajectory
software allows for several modes of locomotion, including a cruise
mode, a side-step mode, and a turn-in-place mode [4]. Finally, the
Jacobian servo control subiask is responsible for ctherting commanded
foot trajectories fnto actual Hexapod joint positions and rates.l A
detailed description of the latter subtask is given in the follcwing

section.

5.2.1 Review of Hexapod Jacobi;n Servo Control

A block diagram of the Jacobian control structure for one leg of
the 0SU Hexapod is shown in Figure 5.5 [6]; a description of each
servo parameter may be found in Tatle 5.1. In this error-driven
servo, a velocity loop closed in angu]ar’joint coordinates controls
the angular velocity of a given joint actuator, while a position loop
closed in rectangular body coordinates controls the position and
velocity of a particular foot tip. Each leg servo has two inpﬁts: a

desired position, X4, and 2 desired rate, Xd' Commanded foot rates,

EC,A;fe generated by errors in eithér foot position or velocity. The
fnverse Jacobian matrix [26] converts these rectilinear rate commands
into angular joint rate commands, ;k- If differences exist in the
actual and commanded joint rates; an error voltaye, V, is generated

which tends to force these difrerences to zero.
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Table SJ

JACOBIAN CONTROL PARAMETER DEFINITIONS

D
'YA = (X4 Y, zA]T
ib = [iD ?D 2D]T
o= 0k 1, 2,0
% = Ok 7o 207
B, = i 610 6,1
5 = [, e eaZJT
LAER U Vo1
=My ele
§ =098 8,0
kx 0
K5 0 Ky
o 0

(desired foot position expressed

in body coordinates)

factual foot position expressed

in body coordinates)

(desired foct veiocity expressed

in body courdinates)

(actual foot velocity expressed

in body coordinates)

(commanded foot velocity ex-
pressed in body coordinates)

(vector or joint rate commands)
(vector of joint rate errors)

(vector of joint actuator input

voltages)

(vector of actual joint angles)

(vector of actual joint rates)

(position gain matrix)

J(8) = Jacobian matrix which converts from joint rates
to rectilinear foot velocity

Kinematics = equations which convert joint angles to
rectilinear foot coordinates

96

et i - -

-rse

.
- 8

1E




5.2.2 Review of Hexapod Leg Motion During Locomotion

During Hexapod locomotion, each leg cycies through two distinct

phases: a foot-support phase and a foot-transfer phase. The
foot-support phase refers to the time at which a leg is in contact
with the ground and actively supporting weight, as determined by
foot-contact force sensors [6]. The foot-trznsfer phase denotes the
time at which a leg is off of the grocund and movinglto a new'po;ition,
in preparation for its next support phase. ' o

In Hexapod Control Software Version 4;0, the foot-transfer phase
ifs divided into threa separate motions, or subphases: footvliftoff,
foot return, and foot placedown. In tne foot-liftoff subﬁhase_the
foot is vertically lifted a constant height above the ground, at which
time the return subphase begins. During this period the foot altitude
is fixed as the leg is moved toward its next support-phase location;
at this point the f ot is then vertically lowered during the
foot-p1a¢edown subphase. It is Qufing the two latter subphases of
foot transfer chat Hexapod foot altitudes will be modified under the
control of proximity sensor data. For simplicity, in all exberiments
a tripod gait is used in which a stable tripod of three 1e§s is in

contact with the ground at any'given time.

5.3 Proximity Data Aéquisition and Ccnversion Software ]

The proximity data acquisition and conversion software is the link )
which connects the sensor hardware of Chapter 3 with the foot altitude
control software discussed below. This‘software is responsible for

gathering the rance counter output data from the digital circuit and
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v converting it to usable values of Hexapod foot altitudes.

The six channels of range counter output data obtained from the

o - |

six corresponding data registers in the digital circuit represent the
raw, unprocessed Hexapod foot altitude data. This data is collected
by the PDP 11/70 via a simple software loop which sequentiaily selects
and then reads each data register.. A constant range offset is

subtracted from this raw data to compensate for the twelve inch sensor

g - g
RAGHAY SO ~ Yol

mounting height above each Hexapod foot tip. The value of offset

required for each leg is simply thé corresponding range counter output

Ay

Ly

ﬁj when the Hexapod's lower leg segments are perpendicular to and in
3Q contact with their respective support surfaces. The results of the

subtraction are multiplied by a proportionality factor which accounts

G 2

2
A

for the speed of sound in air and the frequency of the digital

PALACH,

circuit's range counter clock. From equation 2.4,

i _ O%

[y
[N

foot altitude = Vaqp(T) (ﬂ‘-‘ﬂd—'—;ﬂp—ﬁﬂe—) . (5.1)

-.' _".“

5
)

The round-trip time is derived from the counter output as follows:

range counter output - offset (5.2)

ARAA ¢ R

round-trip time =

range counter clock frequency I

AA

PARTS

(3
> s

Since the speed of sound in air, at temperature T (°C) is

.
(4

-"J"J

12 1A

VairlT) = 12 x 1087.14 J 1 + T(°C)/273  (inches/sec),

E BN B )
e

(5.3)

.
L
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at a room temperature of 22 °C and a range counter clock frequency

IR

6f 70 kHz, equation 5.1 may be written as

f? foot altitude = 0.097 x (range counter output - offset).
(inches) (5.4)
}{s An alternative, experimental method of determining'the censtant of
X proportionality is to merely calculate the reciprocal of the slope of
:: fhe range counter data presented in Figure 4.3. From an analysis of
i this data, the slope of the line was found to be approximately 10.68
= counts/inch; its reciprocal yields a proportionality constant of 0.094
o inches/count, in excellent agreement with the value derived above.
_

5.4 Foot Altitude Control Utilizing Proximity Data

k.

In this thesis, foot altitude control has been implemented during

the latter two portions of the foot-transfer phase: the foot-return

53 subphase and the foot-placedown subphase. The latter, more important
!! subphase, is discussed first.

" 5.4.1 Foot Altitude Control During the Foot-Placedown Subphase

B Prior to this work, in all previous Hexapod control software

S& versions, the Hexapod exhibited a "stomping" effect while walking, due
- to the high velocity of each leg upon ground impact. This phenomenon
Eg will be prgsented in the experiménta1 résults of Chapter 6. In

. Hexapod Control Software Version 4.0, the foot-placedown subphase of
Ef; the walking algorithm has been programmed to generate constant

v downward foot velocities, relying upon the foot-contact force sensors
o
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N to determine when a given leg has actually landed.

! In this work, foot-impact forces are reduced by generating foot :'

~acceleration profiles such tnat any given foot moves at a maximum
velocity at a point approximéte1y halfway through its total estimated
downward displacement, and more importantly, at a much 510wer rate .
when approaching its suppokt éurface. This modified leg motion is :
implemented with a very simple acceleration profile as shown in Figure
5.6 and consists of two symmetrical constant acceleration segments,
cne positive and one negative. In Figure 5.6, t] denotes the time at T
which the acceleration is discontinuous. Tha resulting velocity )
profile and position trajectory of each foot, also shown in Figure | b

5.6, is simply the integral of the accelekation and velocity profiles,

r 4

respectively. For simplicity, in Figures 5.6 and 5.7, positive

L

acceleration, velocity, and position displacement is deffned so as to

et B

move a given Hexapod foot toward the ground. Also for simplicity, in

this thesis, the foot setdown time, (T¢ - Tg), was chosen as constant. .

- - .
.

.

AN D T W N BIIRE St STL 2 S %" s . %%

The trajectory discussed above is unrealizable when the maximum

desired foot velocity, Vg, is greater than the maximum attainable 2

- A

i Henapod foot velocity, Vpax. When this condition exists, the -

; “acceleration profile of Figure 5.6 must be modified so that the ) r:

i desired peak foot velocity will be clipped at Vg = Vmax._,Ye1ocity *

3 clipping 1s accomplished by the insertion of a zero-acceleration 3

: segment into the above acceleration profile, as shown in Figure 5.7. .

The resulting velocity profile and position trajectory is also shown. -

‘ Note that now there are two times at which the acceleration is )
: discontinuoué, t; and t3.

Figure 5.8 illustrates the trajectory-planning routine in terms of ’

X
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Modification of the Trajectory of Figure 5,6 to Include
a Maximum Constant Velocity Period.
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o Input/Qutput Variables of the Trajectory-Planning Routine

Used in the Control of Hexapod Foot Altitudes During the
Foot-Placedown Subphase.
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its input and cutput variables. The rcutine will generate desired
values of vertical foot acceleration necessary to realize one of the P

-aforementioned trajectories, given input values of

“Pg : the initial vertical position of the foot,

IR LS AA RN R L00e o 71 7Y DR

>Pf : the desired final vertical pbsition of the foot, :
§ To : the 1n1t1§1 time at which the foot begins the touchdown
i‘ subphase,
i T¢ ¢ the desired foot-touchdown time,
; Vg : the initial vertical foot velocity,
i and Vg : the desired ¥i.al vertical foot velocity at ground impact.' .
1 | :
§ The trajectory-planning routine also has two constant inputs, Vpax and .
3 Amaxs Which are defined as the absolute maximuﬁ values of realizable -
i velocity and acceleration, respectively, of a given Hexapod foot tip. .
2 A complete derivation of the trajectory planning equations, i.e., ,
% ~the calculations of acceleration and the reduired accelerational .
: switchpoint times, t] and ty, may be found in Appendix B. .
- The computed value of acceleration over time is limited to a set
g of constant, sjmmeirica] values; hence, a simple numerical integration
i (Euler Integration) is sufficient to generate analytically correct,
? “{.e., with no approximation errors, values of commanded foot. velocity. .
%i Likewise, since foot velocity over time is piecewise-linear, a second N
S nuherica1 integration (Trapezoidal Integration) may be performed over
g velocity to generate analytically correct values or commanded foot .

.
o

position.
A block diagram of the foot altitude control scheme utilizing foot
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altitude data during the foot-placedown subphase is shown in Figure

5.9 for one lcg of the OSU Hexapod. All quantities shown in this

figure, with the exception of foot height as measured by the proximity
sensor, FHPS, are measured with respect to the Hexapod's body-fixed
coordinate system. At the beginning of the foot-placedown subphase,
the inteorators shown are initialized with current values of Hexapod
foot velocity and poéition, respectively. The outputs of these
integrators form the updated Vg and Pg inputs, respectively, of the
trajectory-planning routine. Desired values of foot velncity and
position, as oppused to their actual values, were chosen to prevent an
additional servo loop from being closed around these variables. Hence,
the dynamics of the original Jacobian servo routine are preserved.

The final pbsition input of the trajectory-pianning routine,‘Pf, is
the filtered sum of the foot height as measured by a given proximity
sensor, FHPS, and the foot height as calculated using direct
kinematics with actual joint potentiometer data, FHDK. Again, this
latter quantity is measured with respect to the Hexapod's body-fixed .
coordinate system as shown in Figure 5.10. The low-pass filter of |

Figure 5.9 is used to eliminate spurious noise present in either

- proximity sensor or joint potentiometer data. As such, Pf may be

thought of as a filtered "ground position", whose value during foot

placedown ideally remains constant.

Assuming an ideal servo response, the present desired value of
foot position, Pg, will equal the actual foot position as measured
with direct kinematics, FHDK. The validity of this assumption is
presented in Chapter 6. Since from Figure 5.10 the final value of

foot position is given by
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g FHPS: Foot Height as measured by Proximity Sensor
M FHDK: Foot Height as measured by Direct Kinematics

e ‘ Figure 5.10

Caiculation of a Leg's Final Vertical Placedown Position, Pf.
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Pf = FHDK + FHPS , (5.5)

if FHDK = Pg (ideal servo response), then
Pf = P + FHPS . | (5.6)

Thus, it is easily seen that the value of vertical foot displacement
required to reach the support surface, (Pf - Po),'is determined
"so0lely by the foot height as measured by ﬁhe proximity sensor.

A foot-height measurement problem can exist during the foot-
placedowﬁ subphase due to the fact that the proximity sensors are not
mounted directly usderneath the Hexapod feet. As shown in Figure 5.3,
the sensors actually detect Hexapod foot height over a point
approximately two inches in front of and one inch to the side of any
‘given foot. This configuration presents a difficulty, for example,
when the foot is lowered over a stépped surface in which the measured
foot height differs from the true foot height. This hazard is
fllustrated in Figure 5.11; since the proximity data alone ideally
determines the reduired amount of foot displaéement, the net result is
that the leg is commanded to stop before the foot actually reaches its
true support surface. Since the foot-contact force sensor indicates
that the leg has not yet reached its support location, i.e., transfer
phase rot completed, while the trajectory-planning routine is at this
time generating zero values of desired foot acceleration, i.e.,
transfer phase completed, the foot altitude control program
effectively "hangs up”". To overcome this difficu]ty,'the trajectories

as previously discussed are modified to include a constant downward
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Figure 5.11

Terrain-Generated Hazard Curing the Foot-Pla

NN

Location

cedown Subphase,

Due to Ultrasonic Sensor Mounting Configuration.
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velocity “search phase" in-which foot-contact force sensor data, as
opposed to proximity sensor data, is used to terminate the
foot-placedown subphase. The search phase is initiated when the
proximity sensor data indicates that the leg is within four inches of
its touchdown point and when the present commanded foot velocity, VO’
is equal to the desired foot-touchdown velocity. The latter consfraint

insures that foot velccity remains continuous during the transition to

the constant velocity search phase.

5.4.2 Foot Altitude Control During the Foot-Return Subphase

The primary motivation for the coﬁtrol of Hexapdd foot altitudes
during the foot-return subphase is to prevent the Hexapod from
stumbling 6ver obstacles as the feet are moved horizonta11y toward
their new_foot-placedown positions. For example, Figure 5.12 depicts
2 leg laterally approaching a stepped surface‘whose height is larger
than *tne current vehicle foot height. The Iég will‘pollide with the
step unless some form of anticipatory proximity sensing is used to
raise the foot above the top of the step. As mentioned preVious]y,
this anticipatory capability is provided by a forward-looking sensor
mounting configuration which permits the sensor unit to detect the
step before any contact is made. \

It was originally intended in this work that fqot altitudes were
to be controlled during the entire foot-return subphase. This would
include the capability of the foot to track the terrain at a constant
altitude, as shown in Figure 5.13. However, during |the foot-return
subphase, the Hexapod's lower leg segment angle, and| hence, sensor

angle with respect to the ground, typically varies from approximately
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zero to twenty degrees. On level terrain, this leg angle occurs at an

average foot height of eight inches. As discussed in Chaptér 4,

L]
.

excessive sensor angle at this height is responsible for a degradation

:E: in or tdta] loss of the received sensor signal. Typically, this loss
- of signal generates erratic foot altitude‘data which can potentially
Eﬂ ' command the leg to move outside of its kinematic 1imits. Thus, after
;S | experimentation, foot altitude control during bortions of the
= foot-return subphase was deemed impractical, due to the aforemehtioned
;3 : shortcomings of the proximity sensor system. A partial so1ufion to
« this problem, as implemented in this thesis, is described below.
;ﬁ ! As shown in Figure 5.12, when controlling foot altitudes during

o the foot-return subphase, the worst possible hazard occurs when the
g% | current foot height is less than the obstacle height. Howevér, it is
. : precisely at this time that the sensor is able to accurately determine
!l é foot height, in spite of a possibly large sensor angle, due to the
- } very small value of sensor-to-obstacie distance involved. Hence, in
3 g | this work = Afrectional control scheme is used during the foot-return
|€ E | subphase in which the foot altitude is- increased in the event of an
"~ § : encounter with an obstacle, as shcwn in Figure 5.12, but not decreased
gg | when the foot reaches a dropoff. This mode of operation has been
= selected to prevent erratic vertical leg motion during the foot-return
;3 subphase as abresult of a loss of sensor signal. The directional
- control is implemented in software using threshnold logic in which the
gg foot is raised only when the sensor indicates that the measured foot
- height is below a given height threshold. O0On level terrain during the
E: foot-return subphaée, foot altitude is typically eight inches. Hence,
N the required value of height threshold must be less than this value if
e
. ' 113
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proper operation is to occur. When the proximity sensor indicates
that the.threshold has been crossed, a cbnstant upward veloéity is
applied to the foot until the sensor indicates that the foot has
regained an acceptable amount of c¢learance, i.e.; the threshold value.
At this point the commanded upward foot velocity fs reduced to zero

and the leg continues on in its lateral motion.
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Chapter 6

EXPERIMENTAL RESULTS OF THE FOOT ALTITUDE CONTROL SYSTEM>

Experimental results of the foot altitude control system as
presented in Chapter 5 will be discussed in this chapter, and will
primarily focus upon the reduction of foot-impact forces during
Hexapod locomotion. For purposes of comparison, vertical leg-force
data will be presented for three separate cases: (1), %orce data as a
result of using constant downward foot velocities, (2), force data as
a result of implementing.parabolic foot trajectories with the .
assumption of level terrain and no proxjmity sensing capabiIitigs, and
(3), force data as a result of implementing paraboiic foot
trajectories with the proximity sensing capabilities developed in the
previohs chapters. . |

Due to the present state of incompletion of Hexapod Control. .'
Software Versioh 4.0, in the following experiments active compliance
[6] has not been utilized. Also, all data presented i{n this chapter
has been obtained in real time during Hexapod locuaotion by writing
desired vehicle parameters, e.g., leg forces, to magnetic disk. Data
is then rétrieved from disk off-line and‘p1otted as desired. Typical
values of the quantity under measurement, as opposed to the use of

best- or worst-case values, are presented to give a realistic
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indication of the vehicle's behavior in the experiments described

below.

6.1 Vertical Leg-Impect Force Due to Constant Downward Foot Velocities

In order to establisn a baseline performance reference, verti:al
leg-force data has been recorded during Hexapod locomotion while under

the control of existing Héxapod Control Software Version 4.0. As

-mentioned previously, this program generates relativaly large

(3-5 inches/second) constant downward foot velocities when in the
foot-placedown subphase, and hence, produces a “"stomping" effect while
walking. To provide a fair comparison between the resulting vertical
leg force generated during foot impact as compared to that generated
as a result of using piecewise-linear velocity ségments as discussed
in Chapter 5, the average foot velocities of each method were

equated. In each case, this velocity is given by

average foot velocity = & total vertical foot displacement
J YR At total foot-placedown time
(6.1)

When the Hexapod Stands on level terrain and in a normalized stance,
j.e., all joint angfes zeroed, the total vertical foot displacement
during foot placedown is nominally eight inches. For this
displacement, a foot-trajectory placedown time (T¢ - Tg) of 2.5
seconds was chosen so that foot velocity during the foot-placedown
subphase would be c1ipﬁed at its maximum permissible value of Vs =
Vmax = 5.0 inches/second. This value, along with a maximum valua of

acceleration, Apax, of 10.0 inches/secondz, has generally been
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- “accepted as the réasonable performance limit of the 03U Hexapod. The

!g 2.5 second placedown time thus determines the va1ue‘of constant foot

;\ velocity necessary in the first case: | '

:: required constant leg velocitx = | f% g?%niggihds . 32 52%%%3

(6.2)

E§ Vertical leg-force data has been recorded for»ﬁhe Hexapod while

o~ traversing level terrain using constant downward foot velocities of

X 3.2 inches/second. Figure 6.1 shows the resulting vertical, sr Z,

2 force generated by one leg as it strikes the ground and then enters

o support phase. Note that in this and following diagrams, two compTete

= | “steps" are shown for a single Hexapod leg. fhe first arrow in the

N figure points to the time at which the foot first contacts the ground,

_Eﬁ tc. The second arrow points to the time at which the leg enters its
support phase, i.e., becomes one of the three legs in the support

ﬁ; tripod. This time is denoted as tg. If at time t. the leg had landed
softly, no leg force would have been generated, since all Hexanod

§§ weight was at that time supported by the alternate tripod of legs.

~ However, note that the actual contacting force in Figure 6.1 at time

2; te s not zero,\but is in fact almost that of its steady-state support

e value. This is due to the fact that in the algorithms of Version 4.0,

25 the foot-contact! force sensors are used to terminate Hexapod leg

'Q motions. Thus, with the foot-impact rates used in this experiment,

&= servo response is|such that leg motion ceases only after a time in

) which a substantial vertical foot force has been developed. Clearly,

even with moderate foot-placedown rates of 3.2 inches/second,
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foot “stomping" is taking place.

6.2 Vertical Leg-Impact Force as a Result of Implementing Parabolic
Foot Trajectories, Assuming Level Terrain and No Proximity

" Sensing Capabilities

As discussed in Chapter 1, foot altitude Eontrol during che
foot-placedown subphase could have been implemented on the existing
Hexapod if the assumption of level terrain and known body height were
made. This possibility is described below. To aid in the discussion,
the present body-fixed coordinate system of the O0SU Hexapod is shown
in Figure 6.2. In this normalized position, the origin resides at a Z
height of 18 inches above the ground.

Foot position is controlled with the trajectcry-planning routine
of Chapter 5 by assigning trajectory input variables such that the
desired foot displacemest is realized. With a normalized stance on

.evel terrain, these conditions are

Pg = -10.0 inches,

P = -18.0 inches,
Vo = 0.0 inches/second,
V¢ = 0.0 inches/second,

and (T¢ - To) 2.5 seconds. (6.3)

Recall from the previous section that the total leg displacement is

nominally eight inches, which was calculated from

| P¢ - P | = | -18.0 + 10.0 | = 8 inches. (6.4)
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Since the foot begins and ends with zero velocity, ignoring for the

. B

present time the constant-velocity search phase, Vg and Vg are zero.

As discussed in the prevfoUs section, the foot-placedown time has been

-

chosen as 2.5 seconds. As a result, these input parameters generate

desired values of foot position und velocity as shown'in Figure 6.3.

Note from the figure that velocity clipping occurs midway through the
trajectory, and that a constant-velocity search phase of -2.0
inches/second is entered duriné the latter portion of the

foot-placedown routine.

TS, ¥ ate A&  a
L AEH ik, 3N

The resulting vertical leg for.e gererated using the above

3 parameters on level terrain is shown in F:gure 6.4. Again, the arrows
. labeled t. and tg denote the foot contact and support times of the

3 Hexapod leg, réspectively. Note from the figure that the relative

’ magnitude and duration of the initial foot-contact force has been

E dramatically reduced. Thj§ is due to the use of the piecewise-linear

. | velocity profile, which allows us to implement smaller foot rates

E immediately prior to foot impact, at the expense of greater velocities
y midway thrcugh the trajectory.

6.3 Vertica1ﬁLeg-Impaét Force as a Result of Implementing - .

R

Parabolic Foot Trajectories With Proximity Sensor Data

Tne previous method of assuming the vertical location of a foot

- - -y

support surface works well only when the vehicle is on level terrain.
i Indeed, if an obstacle is present then the foot will typically impact

this surface with a higher velocity than that encountered when using

constant negative foot velocities of 3.2 ‘inches/second as in section

6.1. This case is shown in Figure 6.5 for the Hexapod traversing an
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irregular terrain consisting of a set of 4" x 6" wooden beams, as
!; ' | shown in Figure 6.6. The first step in Figure 6.5 pertains to foot
. placedown on a surface representing level terrain, i.e., the leg's
25 final vertical foot posftion is equal to tﬁat of the other Hexapod
= legs. The second step pertains to the foot stepping on the
3 aforementioned obstacle. Note that the Eesulting foot-impact force
?g ‘ during the second step is greater than its steady-state value, and
- much greater than that encountered during level terrain locomotion.
;: ' This data indicates that this control scheme can easily degrade the
7 performance of Hexapod locomotion over irregular terrain, and ‘
i§4 _ dramatically‘demonstrates the need for a proximity-sensor-based s stem
) of foot altitude control during the foot-placedown subphase.
E; ' Figure 6.7 shows the resulting leg force for the Hexapod
maneuvering over level terrain under the control of proximity se'sor
!3 data. As expected, the resulting force is very similar in form to
= that of Figure 6.4 where the vertical position of the level terrain
§: was assumed. The true test of the sensor system is revealed in the
n second step of Figure 6.8 where the Hexapod has traversed the
i’ irregular terrain described above. Note that the resulting leg force
’f while stepping on this obstacle is of the same form as that obtaineq
while traversing level terrain. Hence, foot altitude control during
;i the foot-placedown subphasé has been successful in reducing the
- "stomping" effect present in Hexapod locomotion, even over irregular
gg terrain. '
;ér 6.4 Servo Response During the Foot-Placedown Subphase
e In order té provide an indication of the servo routine's ability
’!! .
« 125
«

\
-




i / L
S _ ,._- I - ,. : voes ez .f..JJ .-.....M-
v u rolﬂ“ i ......_ _ﬂm“nw _—....th.u n..-.. R A : z
e, [ N Nt h e
W2 .
‘upedaal aenbaady buypsaanea) podexal nso w;h
9°9 a4nb}y |

: R..I $9200 10 aiinie,
. ,.f..v‘
Y

Ba=g

126




| - "ULRULDY .[9AD] VD “BIBY LOSUBS AT LWEXO44 |
;o Yitm Ax03-afea) dpjoqeaed e bugsy jo 1insay e se ejeg aduo4-baq LEIEREY
H _ £°9 a4nbi4

: . . (spuooes) 3IN | S A

1«30 §+30°2

v v L] L} L L L ~ 1 L3 . A Al i | L] * v

SR I B |- T v -

LN
~N
=
@ 4
-~
@
(

;

J

|

]

{

b

AN LR I I R S

1

~ 1+30°8

— 2+30°%

I IS N N OO IO Y

L

1

- C*+38°}

: | , o ) (spunod) 3IJU04-Z

127

AN
b e

T




) e . v e s e L ,... - N X oL \ L ’ S ./m/ ./
; . . Rk I T ST L T % A O I T b P o T | B S ol
B .
: RN
R - ‘utedusy deqnbasa] ug ‘eieg 40SUaS AJ1WEX0Ad YIim o
w | : v A40333(eas dpioqedeq e Bujsp 40 3ynsay e se el8Q ougoummwa {eaguaap : o
y v . : s
‘ *qg aanb . T
: (spuooms) 3upy 77 HTH e
1}“ t
oy 1«30 T30 1+30°2 1+320°1
J H u i L

— 1 i | T
-+ttt

2 da3s : t da3s

¥ T .4 L3

I

T N

- $+30°2

TN O TG O I {

]

- 1+30°y

—>
[ |
128

I |

LS Sl N TP R R N S I S S e

[$)

1+30 9 _ \

- 14208

G S R T I |

3 | )
: ¢5s13333¢b(~ il

[ |

2eT3%

1.

N —p
[ |
{

(cpunody a3u04-7 =N

L, T T vy v vy LR SR
v el g PSP vt S HENE A SRS v AR T e R b on LI UL .. . N NPT G,

Tk S eem—




C’ 4

" o S Vs

LY |V V' X

id.

to track the desired position and rate commands as generated by the
trajectory-planning routine, actual versus desired foot position is
piotted as a function of time during the foot-placedbwn subphase. As
shown in Figure 6.9, the actual position during mid-trajéctory |
typically lags its desirad value py approximately 0.10 seconds when a
trajectory time of 2.5'seconds is used. As such, the amount of lag is
small enough that for practical purposes the servo response may be
treated as ideal. Of interest in Figure 6.9 are the crossovers in
actual and desired foot position. These crossovers are 3 result of

th

(&

Simplified Inverse Plant control [28] which has been utilized in
the serv) routine sections of Hexapod Control Software Version 4.0,
and are generated by an overestimation in the velocity required to

realize the desired trajecuory.

6.5 Results of the Foot Altitude Control System During the
Foot-Return Subphase

To demonstrate the sensor system's ability to modifv foot altitudes
during the foot-return subphase, foot height as measured using direct
kinematics, FHDK. has been recorded during this time for Hexapod |
locomotion over the irregular terrain described above. Recall that FHDK
is measured with respect to the body-fixed cuordinate system of Figure
6.2. In this experiment, the Hexapod has been pre-positioned on the
terrain so that an abrupt four inch step is encountered by one leg
during its foot-return subphase. The resulting foot altitude data is
shown in Figure 6.10. Foot lift-off and return times are denoted as tg,
and t,., respectively. Note that during the foot-return subphase (t, < t

< tpd), the detection of the step generates a positive constant velocity
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command of 3.0 inches/second which raises the foot so that a collision
is avoided. In this experiment, the value of height threshold needed to
trigger the upward velocity command is two inches. Hence, this command

is withdrawn after the sensor indicates that the new foot height above

the surface, i.e., the step, is two 'nches. For clarity, this procedure.

is illustrated in Figure 6.11. In Figure 6.10, the time at which the
foot enters its placedown subphase is denoted as tpd- ‘Note that the
final resting pbsition of the foot is approximately four inches above
its original position, corresponding to the four inch thickness of the
wodden beam obstaq]e.

|

|

i
i
1
l
|
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Chapter 7

SUMMARY AND CONCLUSIONS

Foot altitude control for the OSU Hexapod during locomotion over
irregular terrain has been implemented in this thesis. Proximity
sensor hardware and foot altitude control software has been developed
which gives the Hexapod an ability to sense and avoid obstacles and to

‘walk with a much smoother stride. Foot aftitude control is applied to

each leg during its transfer phase of motion, using proximity sensor

data to determine the final support’location of each leg. As a result,

foot-impact forces have been dramatically reduced both on level and

frregular terrain during Hexapod locomotion.

7.1 Research Contributions

The development of a proximity sensor system for the 0SU Hexapod
vehicle first required an investigation of possible techniques usable
in the determination of foot altitudes. Of these techniques, the
ultrasonic pulse-echo method of distance measurement was selected,
owing to its inherent simplicity and ease of implementation. Several
ultrasonic rangefinder designs using this inode of operation were
tested and discarded, due to either undesirable operating

characteristics or severely limited sensing capabilities.
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A custom-designed ultrasonic transmitter and receiver operating at
a frequency of 40 kHz was then developed which avoided severaf of the
probiems encountered in the previous implementations. Sensor
performance has been‘documented for various values of sensor height
and angle above a target, and for five different types of terrafn. For
re1atfve1y smooth target surfaces at reasonable sensor angles and
heights, sensor performance has been found to be completely
Satisfactory. In nine months of opératibn, the sensor system has also
proven to be extremely reliable, with zero failures in either
transducers or eleqtronics.

A proximity sensor has been mounted to each Hexapod leg tb monitor
and control foot altitudes during the foot-return and foot-placedown
subphases of each leg's transfer phase. A simple height-threshold
control schene has been implemented during the foot-return subphasa in
order to avoid obstacles, while a foot trajectory-p1ann1ng routine is
used to specify foot positions and velocities durihg'the
foot-placedown subphasa, in order to reduce foot-impact‘fdrces. It
has been demongtrated that this system works equaily well while
traversing either level or irregular terrain. To the author's
knowledge, this capability has never before been demonstrated on a

computer-controlled walking machine of any sort,

7.2 Research txtensions

As a result of this work, several modifications and improvements
to the existing sensor system are seen to be necessary in order to
permit proximity sensor control under most real-world terrain

conditions. In terms of hardware, a redesign of the ultrasonic
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transnitter and receiver circuitry would iﬁclude the use of multiple
transmit frequencies, which should greatly reduce rangefinder
sensitivity to terrain characteristics. Also, the inclusioﬁ of a
variable gain-control circuit in the receivef, in which the gain is
increased as the time delay of the received echo ié increased, WGuld
greatly reduce the sensor system's limitations due to excessive leg
angle or height.

The current mounting configuration of one sensor unit on each
Hexapod leg 1s responsible for creating a sensed volume which is
biased in the forward direction of Hexapod locomotion. This bias
could be.reduced or eliminated with an array of sensors positioned on
each leg which would collectively gage foot altitudes in each
direction of the foot. For example, if moving forward, a k
forward-looking sensor could be used to anticipate obstacles, while if
moving sideways; a side-looking sensor could be used.

An improved rangefinder, able to withstand large vélues of leg
angle and height, would permit an expansion of the foot altitude
control scheme presently utilized during the foot-return portioq of
a leg's transfer phase. For example, full terrain-following
capabilites could be 1mp1ementediso that foot al?itude remains

!
constgnt while maneuvering over irregular terraiw.

The foot altitude control software could also be expanded to
include a calculation of the minimum time necessary to parabolically
lower a foot to the ground. Such calculations, based upon initial and
final foot positions and velocities, would permit faster Hexapod

locomotion.
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The Modst TR-898/Type 40 is a rugged electroacoustic
transducer designed tor the efficient generation of uitrssonic
energy in air for a wide variety of applications. The one piece
housing with integral diaphragm provides a moisture-proof

unit, suitable for both indoor and outdoor use when mounted,
ie are pi d from exp o

30 that the rear
the outdoor atmosphere,

S I hundred th d TR-508 ducers are pres.
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Performance Characteristics
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Figure A.l

40 kHz Transducer Specifications.,
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QOutline Dimensions
: SOLOER TERMINALS

jo—1 A —of

Specifications

FREQUENCY AT MAXIMUM IMPEDANCE ... oo o+ s ot o e o 40 kMx = 2kHz
{with no load)

BANDWIOTH .. o .. . S 7 1"
(matched load)

TRANSMITTING SENSITIVITY . — . 7

(10 mW available power) (dB vs | mirr, wﬂ ‘ R.)

RECEIVING SFNSITIVITY .
{untuned with 2M(} load) (dB vs | valt ser microbar)

CAPACITANCE AT 1 kMz (nominal) ... 2900 pF
RECOMMENDED POWER RATING 200 mW
TEMPERATURE COEFFICIENT OF RESONANT ﬁEQUENCY [ETSUTENIORIRUIIE- B | o4 4
TUNING INDUCTANCE i) SR 95 mH
WEIGHT ..ot reitnees omremiies 11 grams
STANDARD FINISH ... black

Applications

INTRUSION ALARMS, REMOTE CONTROLS, PROXIMITY DETECTION, ECHO RANGING, SOUD
OR UIQUID LEVEL MEASUREMENT

Options

1. CLOSER FREQUENCY TOLERANCES

2. OIFTERENT OPZRATING FREQUENCIES

3. PHONO CONNECTOR

4. WATER-TIGHT UNIT WITH INTEGRAL CABLE

{AT EXTRA COST SUBJECT TO MINIMUM ORDER REQUIREMENTS)

Patent Notice

MASSA Ulrasonic Transd: d by the foll g U.S. Patents: zm 957; 3,128,532; 3.510,008;
3.578.905; 3.638,052; 2,707,131 &7!‘.”! 2,752.941: 3.736.632; 3.777,192, and other Patents Pending.

- B 280 LINCOLN STREET. HINGHAM, MASSACHUSETTS 02043 I TEL: &17/749-.4800

Figure A.1

40 kHz Transducer Specifications, cont'd.
139

[} &
D

' .

o
0

N
e

o

L {308

-

.
LY
.
o

Ig_l l"

713

i

..
)

A

L

»
B
+te

U

v N




.yr
s
%

'I .. .f

s

[l

PR
'.‘ o

o
.

AR

Massa Products Corporation
HHO Lircolr Straet. Mg e, Mass 02043

R.283%
Dats Sheet

SPECIFICATIONS
Mousing Material " ABS Plasue
Sensitivity
Receiving (48 ve 1%//mi h 768 -
T iting (98 ve | microlar/yd/watt)  $1.8

Total Beam Width (comeal)

at - 3dB8 poims 13%

at  6d8 poims 18"

s 10 d8 poims -
Resonant Frequency (.nom) 200 Mz

Resistance & lnunﬁet .
(tuned with 0.8 mh choke) 2000 chme

Pewer Handling Cuni'v.
(Manimum pesk watts) 199
Dimensions e
3" lang
Waeight . 7o
Cable Coas. 10 A,

Over a Ger.eranon of Outstanding Leadersmp n Eleciroacoustics

Figure A.2

200 kHz Transducer Specifications.
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Egzs> _ - G . Hoews
ils) - $¢ + aps * up
SZ+(.c_l.l_c_2.)s+( Rl *R2 ) »
R3 C1 C2 R1 R2 R3 C1 C2
where

Ho = ‘Midband voltage gain,
a = ]/Q:
Q = FO/BN:

00 = 21{00
Solving for R}, R2, and R3 in terms of C;, C2, Fg, Q, and Hy gives

. O
Ry = L
2 % QCp +C2nFg - (I/R]) °
and . q 11
R3 = 22k G e

Figure A.3

Active Bandpass Filter Component Selection.

141

-t s .

~BL.

.43



APPENDIX B

DERIVATION OF THE TRAJECTORY-PLANNING EQUATIONS

A simble trajecfory having symmetrical nonzero acceleration segments
is shown in Figure 5.6 and consists of two fitted parabolic segments
that are continuous in velocity but not in acceleration. The velocity
and acceleration profiles for this trajectory are also indicated in ’
Figure 5.6; note that accelerztions A} and Ap during times (tg < t < t1)

and (t; < t < tf), respectively, are given by

Ve - V
= 25~
Al — - (B.1)
and
Ve - V
- Ay = s If . : .z
2 — | {B.2)

The trajectory accelerations Aj and Az are minimized when their
magni tudes are equal; équatiﬁg magnitudas and solving for the

trajectory breakpoint time, tj, gives

t ={(vS - Volty + (Vg - Vf)tﬂ} (3.3)

ZVS - (Vf + VO)
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The total change in position is given by the area under the velocity

curve of Figure 5.6 and may be written as

Yoty - to) + Vg(te - tg) + Ve(te - t1)

® = (Ps - Pg) 5

(B.4)

Substituting the value of t; from cquation B.3 into equation B.4

generates a quadratic equation in terms of Vg:

2 4 ye2
2. o|PE-Po (Pr - PO)(Vg + Vo) Yo + Vg2 | _

(B.5)

Equation B.3 may also be substituted into equation B.l to compute the
requirad value of acceleration, A:

Vg - Vg - Vg
(tf - tg) ) (8.6)

A

The trajectory breakpoint time, tj, from Equations B.1 and B.6 is thus

V¢ - Vg '
t1 ’{ AT to} . (8.7)

In or?er to solve for A, and hence tj, each root of equation B.5 must

be te%ted in equations B.6 and B.7. The root which satisfies
|

t1> to (8.8)

is the proper value. If this root dictates a peak value of velocity,

Vg, which exceeds the Hexapod's hardware velocity limit, Vpax, then this

trajectory is not realizable with the given input data. Likewise, the
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trajectory is not realizable if the root dictates a value of required
acceleration which is greatér than Apax, the Hexapod's hardware
acceleration limit. A

If the peak velocity exceeds the Hexapod's hardwafe velocity limit
while satisfying A < Apay, @ second trajectory having both zero and
nonzero. acceleration segments may be realized. This trajectory is
shown invFiguke 5.7 along with its velocity and acceleration profiles.
From Figure 5.7, the accelerations Ay and Ap, during times (tg < t <

t1) and (tz < t < tg), respectively, are

A = V¢ - Vg .
f1- % L (ea2)

and

" Vs - V¢

Rk vy . (8.13)

Note that there are two unknown trajectory breakpoint times, t; and

t2. Equating the magnitudes of accelerations from equations B.12 and

. (Ve - Ve)(tg - tg)
t2 { (Vg - Vs) ¥ tf} . (B.14)

Note that in this trajectory Vg equals Vpax-

B.13 gives

The total change in position is again given by the area under the
velocity profile and is '

2

Volty - tg) + Velte + t) - t1 - tg) + Velte - t
AP*(Pf-PO)’{ 1 - to) + Vst + tp - t1 - tg) + Velte - to)

(B.15)
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Substituting Equation B.14 into equation B.15 and solving for t; gives

ty = 2(Pg - Pg){Vg = V) + to(Vg2 -2VcVe + Ve2) + te(2V<2 - 2VeVp)
1 (Vg - V5)Z + (Vg - V§)?

(B.16)
The required acceleration is given by substituting this time into
Equation B.12:
A =4l -V)Z + (Vg - Vp)2
2 [vg(ts - tg) - P + Pgl . (B.17)

If A is greater than Apax then this trajectory is not realizable with
the given input data.
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DIGITAL CIRCUIT BOARD SCHEMATICS

Note: In the foliowing schematics, IC packages are labled "X/N"
according to the convention that "X" and "N" denote the
column and row position, respectively, of the first pin of
a given package on the digital circuit's wire-wrap breadboard.

IC Locations:

Board Address

A/2

A/12
A/22
A/32

c/2 ..
c/12
c/22
€/32

E/2

E/22
E/34
E/43
G/3

G/13 . .

G/24
G/33
G/44
J/2
J/12
J/24
J/35
J/44
81/2

81/11 . . .

E/12 . .

APPENDIX C
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. + » 74LS161

a{l

Integrated Circuit

74L5161 }
74L5161

7415169
7415138

>~ 74LS00
74L5169
74LS151
7415161
. . 74LS5138
74LS169
74537
74LS109
74LS161
. 74LS161
10.08 MHz Clock Chip
74L530
741530
74510
« o 74LS109
74L.508
74LS32
74LS832
74L532
« o 74LS04




7415279

81/20

- B1/30 74L5279
B1/44 74LS00
D1/2 74LS08
pD1/11 . . . . . . . . . . 74508
D1/20 74L.500
D1/29 74L500
D1/47 'HP2630
Gl/2 . 74L8378
Gl/12 . v v ¢ v 0 v o e « o o 74L5378
Gl/22 74.5378
G1/32 ~ 74LS151
G1/47 HP2630
J1/2 7415378 -
JI/12 ¢ v ot e e e e e e e e 74LS378
J1/22 74L5378

- J1/32 74L5151
J1/47 HP2630
B2/2 7415378
B2/12 v v v v ¢ v e e e e e 745378
B2/22 745378
B2/32 74LS151
B2/44 MC1488
D2/2 74L5378
D2/12 ¢ v ¢ ¢ 4 4 v e e e e e 7415378
D2/22 7415378
D2/32 74LS5151
D2/44 MC1488
F2/2 74L.5378
Fe/l2 . « « « .. e v s e e e 741.5378
F2/22 74LS151
"F2/32 7415151
F2/44 MC1488
H2/2 74L5378
H2/12 « v v « ¢ « o« « o « « o« » 74LS378
H2/22 7415151
H2/32 7415151

T TH2/43 74L8151
Interface Circuitry Located at PDP 11/70:

IF/1 HP2630
IF/2 HP2630
IF/3 HP2620
IF/4 HP2630
IF/5 HP2630
IF/6 MC1483
IF/7 MC1488
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IC Descriptions :

74LS00 Quad 2-Input NAND Gate

74LS04 Hex Inverter

74L.508 Quad 2-Input AND Gate

74LS10 Triple 3-Input NAND Gate

74LS30 8-Input NAND Gate

74L532 Quad 2-Input OR Gate

74537 Quad 2-Input NAND Buffer

74LS109 Dual JK Positive Edge-Triggered Flip-Flop
74L5138  1-0f-8 Decoder/Demultiplexer

74LS151  8-Input Multiplexer

74LS161  Synchronous Presettable Binary Counter
74LS169  Synchronous Bi-Directicnal Modulo-16 Binary Counter
74LS279 Quad Set-Reset Latch

74LS378 Parallel D Register with Enable

HP2630 Hewiett-Packard Dual Opto-Isolator
MC1488 Motorola Quad Line Driver

Connectors:

Cc1-C3 25-pin "D" connector
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APPENDIX D
ANALOG CIRCUIT BOARD LAYOUT

Power Supply Circuitry:

PS C1
PS C2
PS C3

+12 V power supply electrolytic capacitor
+ 5 V power supply electrolytic capacitor
-12 V power supply electrolytic capacitor

Transmitter Circuitry:

40 kHz oscillator circuit, LF351 op-amp
oscillator frequency adjust potentiometer
transmit gain potentiometer

0.001 f oscillator capacitor

' 7415123 dual monostable multivibrator
pulse width adjust potentiometer for M (0-5) -

monostable multivibrator timing capacitor
7406 open-collector inverters
4.7 k@ pull-up resistor array

AH5010 analog switch

LF351 power booster pre-amp'
MC1438R current amplifier

Receiver Circuitry

G (0-5)

RT (0-5)
RF (0-5)

(MRS EC RO RS NS NS RS,
e i e s Y e e

N<XE—-{MOw

G G, P P iy, g, g— —
OO0.00000

receiver gain potentiometer
receiver threshold potentiometer
receiver bandpass filter frequency adjust
potentiometer

0.032 :F demodulator capacitor
bandpass filter capacitor

bandpass filter capacitor

NPN level-shifting transistor
preamplifier: LF351 op-amp
bandpass filter: LF351 op-amp
ideal diode: LF351 op-amp
threshold comparator: LF351 op-amp
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APPENDIX E

FOOT ALTITUDE CONTROL SOFTWARE
Note: In addition to tripod-gait locomotion under full foot altitude
bontrol ( command "S" ), the main program “SenTest" permits the

Hexapod to be normalized ( command “"N" ), or pre-positioned under

Jjoystick control via commands "L", "A", or "F".
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CREEXEXRXXREEXRXERKEEEEEXRAAEREREXRARERXKXREALXRXEREXKEXRXEXXKRXXKR XK KRR )

{xxx2x FILE: TYPE40.PAS : PASCAL-2 TYPE DECLARATION FILE XXX%)
(XXX XXEK)Y
{x2x32 PROGRAMNER: DENNIS R. PUGH XXX}

CXBBEXEEREAR XX REREERKERK KK ERR KRR R KRR LR AR REXX KRR AKX RRRRRERXRXXR R XD
TYPE Vector = RECORD
X2YsZ ¢ Real}
END)

Matrix = Arrawl 1..3 1 of Vectors

Homogenesous
= RECORD
Rotation ¢ Matrixid
Translation ! Vector)
END#

SixVectars = Arraul 1..4 1 of Vectori
SixMatrices = Arraul 1..6 1 of Matrix)

Arrauwl = Arraw (0,.2] of Resls
Arravéd = Arraw [1,.46] of Real)

SixBooleans = Arrawl 1.,.6 ] of Baolean’
LesSet = SET OF 1,.4)

NormalizeMode = ( Readus Srections NMovelr Move2s Elevation )#
SoftSterMode *= ( ReadwToGor Sterilr Mcv eisty Stanr» Mavelnd,
Ster3r» Movelrdr Tterd | -

FootState = ( Susme. L» Tra .sfer )i
SixStates » Arrawl 1.:6 1 2P FootSiatel

FootSubstate = ( Grounds L’ ?PL3fP» Returnsy Place«Downy Error )J
SixSubstates = Arrawl 1..6 1 of FootSubstates

RateTure = ( Absolutes Relative )}
SixRateTwres = Arravwl 1..6 1 OF RateTyre}

Comamletion = ( NotDones, Done )}
SixComrletions = Arrawl 1..6 ] of Comrletion’

Coordinate = ¢ X» Y» Z )}
CoordinateSet = SET of Coordinate)
SixCoordSets = Arrawl 1..4 ] of CoordinateSet)

AxisControlTure = ( PositionControls, ForceControls BodwControl )i
ControlTure = RECORD

Xr Y» Z ¢ AxisControlTure’

END}
SixControlTures = Arrawl 1.,.4 1 OF ControlTure’
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T

String = Packed Arrawl 1,.10 1 of Chari

TriSetTuyre = RECORD

Footl t Inteser)

Foot2 ! Inteders

Footd ! Inteder)
. END}

TriSetArraw = Arrawl 1,420 ] OF TriSetTupe}
YawPairTure = RECCRD

PinnedFoot ! Inteders
YawFoot ¢ Intesders
END}

YawPairArray = Arrawl 1..15 1 OF YawPairTumres

CEXXEEXEXXREA KR EXEX AR KR IR AR KRR RN EEX AR ERKRR K RX KRB KL LR X LXK X XRK D)

{xx%x2 FILE! CONST40.PAS ! CONSTANT DECLARATIOWN FILE XXk}
{xx%xx XXX}
{arxxx PROGRAMMER: DENNIS R. PUGH b3 2294

LAEXXEREREREEEXRBREXRXKRXXEXE XX XERERXERRARXRXX XX XL XL R R AR AR RAX XN ARSI RRXK)

CONST Zero = Vector( 0.0+ 0.0» 0.0 )}
Identity = Matrix( ( 1,05 0.0 0.0 )y
[4 °o°' 100' O.o )' .
( °t°' 000! 100 ) )}
Pi = 3,14139)
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CEXREEERREE KRR KRR E AR IR LRI ER IR KKK KRR KRR KD

{Xexx
ORREX
{xx%%
{xxxx
{kxxx

CLRxxx

FILE! CXTERN40O.FAS ¢

PROGRAMMER! DENNIS R.
MODIFIED BY KEITH R.

PROCEDURE Initialize(

VAR
VAR
VAR
VAR
VAR
VAR
VAR
VAR
VAR

ActuslPRodsTransform
DesiredBoduTransform
ActualFootFasition
PlannedfFootPosition
ActualForce
DesiredForce
Tactilian
ForceSet
FootContact

bR ]

EXTERNALS

PROCEDURE FetchCommand(

VAR
VAR
VAR
VAR

CommandedVehicleMode
LegNumber
JowSticrDeflection
dritefFlas

)3

EXTERNALS

PROCEDURE LinearMotiont

VAR
VAR
VAR
VAR
VAR

JowStickDeflection
dt

PlannedfFootRate
FootRateTure

DesirrdRoduylinearRates
DesiredBodyAnsularRates

DesiredBoduTransform
)3

EXTERNAL 3}

EXTERNAL DECLLARATION FILE FOR
PROCEDURES USEDR DURING HEXAFOD

LOCOKAQTION.

FUGH»
RROERMAN» JUNE 1.
CEXRKXREEERE KRR KKKRRRKEE KX KRR KRR LXK RERKKKA KKK RRKRKD

0 ve o oo oo ve oo

e eo 90 o0 o0 40 *+ ve oo

0 oo ** oo

Homodeneous$
Homoseneous:
SixVectorsi
SixVectorsi
‘SixVectorsi
SixVectorss
SixMatricess
SinCoord3etss
SixBooleans

Char?
Inteder;
Arraud)
Boolaan

Arravli

Real}
SixVectorsi
SixRateTumres)
Vectort
Vectars

Homa rneous
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FROCEDURE AndularMotion
JouStickDeflection
dt
VAR PlannedFootRate
VAR FootRateTure
VAR DesiredRod4lirmesrRates
VAR DesiredBodsAndul srRates
VAR [DesiredBodsTransform

]
EXTERNAL
PROCEDURE LedMotion(
LedNumoer
JoySticklleflection
gt

VAR PlannedfoocRate
VAR FootRateTume
VAR NesiredBcdulinearRates
VAR DesiredBodwAndularRates
VAR DesiredBoguTransforn
)4
EXTERNAL}

PROCEDURE HaltVehiclel(
dt

VAR PlannedFootRate

VAR FootRateTure

VAR DesiredfiodwtinearRates

VAR DesiredBoduyAndularRates

VAR DesiredBRodsTransforas

)i

EXTERNAL}

PROCEDURE NormInitializes
EXTERNAL}

PROCEDURE NormalizeRodu(

VAR MormalizeBodyflad
FootContact
lesiredFootFosition
dt ’

VAR Zerofarce

VAR PlannedFootRate

VAR FootRateTyme

VAR DesiredBuoudwiinearRates

VAR DesiredBodyandularRates

VAR DesiredBodwTransform

)3
EXTERNALS

ve 20 ve Go o0 o5 4o oo e 2% ve v sa oe oo

ve 4o oo oo vo oo

% 0o ¢8 oo 0o pe % se ve o

Arrzyls

Fanli
Si1uVectorsi
SiuRateTxresi
Yectars
Vectars
Homogenrous

ITrnteders
Arrasd;

Realj
SixVectorss
SixRateTsres)
Vectori
Vactors
Homogerenus

Real’
SixVectorss
SinRateTuresi
Vectori
Vectori
Homodgeneous

Completion;
SisBonleanst
Sis:Vectorss
Reals
SixVectorss

SinRateTures)
Yanetors
Vectari
Haomodeneous
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PROCEDURE Softlnitialize’:
EXTERNAL )

PROCEDURE ComruteSensorOffsets(

VAR QOffsets ¢ Afravéd
. | X
EXTERNAL}
PROCEDURE DetearmineFootHeisht(
foot . ! Integer)
Offsets ¢ Arrauéi
VAR Foo*Heisant ! Real
)3
EXTERNALS

PROCEDURE SoftSterm(

FootContact SixBooleans’
DesiredFootlPasition SixVectors;
gt Reals
DelT Real)

VAR SoftStesrfFlas Completions

SixComrletionsi
Homodeneous}
SinVectorss
SixVectorsi
SixVectors;
SinRateTumess

VAR Relnitializeflasg

VAR ActualBoduTransfarna
VAR ActualFootPositionBody
VAR Zeroforce

VAR PlannedFootRate

VAR FootRateTure

S0 50 00 ST 08 0 96 TP 4o 24 40 PO 40 55 40 o0 ve SO g¢ ve se o

VAR DesiredBodulinearRates Vectnr)
>~ VAR DesiredRodyAndularRates Vector;
VAR DesiredBoduTransfora Homcderneouysi .
VAR Qffsets Arraséds
VAR LPFOutrut Arrawédi
VAR POutsut Arravédi
VAR VOutrut Arrawédi
VAR RealTime Reals
VAR TraJectorwFlag SixCommrletionss
N VAR FinalTime Arraxéds S -
VAR InitialTime Arravé

)
EXTERNAL S

PROCEDURE GetOrientation(

Psi ! Resls < Yaw andle >

Deltal : Real) € Piteh simrbal angle >

Delta2 ! Reals { Roll simbal an4le >
*

VAR Orientation Matrixx { BRody orientation matri: 3>
)3

EXTERNAL S
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PROCEDURE BodsServol ) ) .
DesiredRotationmatrix t Matrixi { Desired body orientation > "
ActualRotationMatrix ! M3trixi { Actual hody nrientation 'ﬁ
DesiredBoduwAngulsrRates ¢ Vectors { Nesired andular ratas > T
ActuslBoduAnsgularRates ¢ Vector) { Actual angular rates )
VAR BodyServoAngularRates ! Vector { Servo commanded ans., rates 3 o
: )i )
EXTERNAL S . e
FROCEDURE MixFootRates( ' ) e
PlannecdFootRite : SixVectarss .\:
BodyServeCootRate ¢ SixVectaors? ' &
FootRateTure ¢t SixRateTumes; .
dt ! Keal; n
VAR DeuiredFootRate { SiuVectors) Fa,
VAR DesiredFootFosition $ SixVectors iﬂ
’ )3
EXTERNAL S
PROCEDURE LesInitialized X
ActualForce ! SixVectors
)3
EXTERNAL}

o

PROCEDURE LesServol(

DesiredPosition SixVectorss

L]
DesiredForce ¢ SixVectors; q:
DesiredRate { SixVevtorsi t!
ActualPosition : SixVectors; ‘
ActualForce ! SixVectorsi
Tactilian ! SixMatricess e
ForceSet ¢ SixCoordSets? ~y
dt ! Reals &;
VAR CommandRate ¢ SixVectors
)3
EXTERNAL} Lig]
&
S
R
PRGCEDURE JointServol(
CommandRate ! SixVectors) -
ActualRate t SixVectorss Wt
VAR OutVoltase ! SixVectors Ry
) -
EXTERNAL}
-,
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PROCEDURE Cartesiant
JointAndles ! SixVectors; -
FootFnvce ! SixVectors;
VAR ActualPosition ! SixVectorss
VAR ActualForce ! SixVectorss X P
VAR Inverselacobian ! SixMatrices e
i s
EXTERNAL ,
PROCEDURE JutsutValt( Voltage ! SixVectars )3
EXTERNAL S
PROCEDURE GuroFeedBack!( b
VAR Pitch ! Reals { Pitch simbal angle > : i
VAR Roll $ Real <{ Roll simoal ansle > .
1R ] .
EXTERNAL "
PROCEDURE ForcefeedBack( ) WL
VAR FootForce ! SixVectors -
)3
EXTERNAL}
PROCEBURE PositionFeedBack( e
VAR JointAnsle : SixVectars e
)
EXTERNAL }
PROCEDURE RateFeedBack( ' =
VAR JointRate ! SixVectors RN
)3 . ' ¥
EXTERNAL $ i
/
PROCEDURE Wait( . /
“ VAR NumberWsitUmits -~~~ & Intedepp T m o L1
VAR UWaitUnitTuse ! Inteders )
VAR WaitStatus ! Inteser e
IR
NONPASCAL) f
PROCEDURE OffElectranics} N
EXTERNAL; o
\ v
PROCEDURE OnMotors$ N
EXTERNAL Ve
I
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PROCEDURE OffMotors) -
EXTERNALS B
PROCEDURE WriteMatrix( OQutsutMatrix ¢ Matrixs
MatrixlLabel ! String )3 Y
EXTERNAL} . e
o
(8222331203233 002 338237233 323332 3 0]
{xxx LIBRARY ROUTINE SECTION x%x}
RS 2233322330003 023 378333 3] :ﬁ
h., oL
= :
FUNCTION Magnitude( A! Vactor ) ¢ Reals —
EXTERNAL - - g
.r!
. : ]
FUNCTION XYMasnitude( A! Vector ) ! Reals
EXTERNAL ,
PROCEDURE CrossProduct!{ VAR A! Vectors By ([ Vector )} "3
EXTERNAL} P
{At=BxC? . A
- 7
;! !
PROCEDURE VectSub( VAR A! Vector} B» C! Vector )i -
EXTERNAL 3 o
€Ai=B-C) -
PROCEDURE VectMult( VAR A! Vectori ci Reals B: Vector 13 -
EXTERNAL}
{A=cx%xB?>
o ik}
PROCEDURE VectDiv( VAR A! Vector) B! Yector; o! Real )3
EXTERNAL 3 -
. {A:i=B/c?> =
PROCEDURE Transerose( AR At: HMatriui A ¢ Hatriﬁ )3 .
EXTERNAL $ . -
{ At != TRANSPOSE( A ) » x;
. e .
PROCEDURE MatrixMult( VAR A! Vectori H!: Matrixs B! Vector )3} )
EXTERNAL} o -
{A!sHXB) W
.:F‘ _ . 7
- 7
\’.
d |
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PROCEDURE Transform( Vzr A! Vector; T! Homodeneousi B! Vector )i
EXTERNAL’ .
{Ai=TxE? .
PROCEDURE Translntedrstel VAR H ! Homodgereaus;
LinesrRate $ Vectari € wrt. H ) '
AndularRate ¢ Vectari { wrt. H 2}
34 * Real )i
EXTERNAL
. { H := INTEGRAL( LinearRates Angularfate, dt
{$own)
LHEREERERKEE KRR KK KKK KKK KR KKK KKK KRR KRR KM AR KRR D) f
{xxxx FILE? SENTEST.FAS ! MAIN FPROGRAM FOR THE DE {ONSTRATION OF  xxxx) 7
{rxxx FOOT ALTITULE CONTRQOL USTMG FROSIMIT'C  kExx> . /
{REXK SENSOR DIATA. KXXXY :
CXXEX AXKXD ;
Crxxx FOR FOOT ALTITULF CONTROL,» ENTER ‘S’.  2XXX)> L
LXXX% . . RXXXY -
CCRxXxx PROGRAMMER ! DENNIS R. PUGH, XXXXDY -f
{XKkXx MODIFIED BY KEITH R. BROERMAN» JUNE 1, 1983 1233 9]

(G223 2222322ttt s it e i s s 222002300222 223 303220023840 0]

ZINCLUDE TYFEA40; { Tyre declarations >

ZINCLUDE CONSTV403} { Constant declaration )
ZIHNCLUDE EXTERMN40; {. External procedure declarstions ¥

VAR ActualHoduyAngularRates ¢ Vectar;

DesiredBoduylinearRates ! Vectors

besiredRodyAnsularikates : Vactori

RodyServoAndularRates t Vectari

! Vector;

RoduyServoAngularRatesEarth
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ActualFootPasition
DesiredFootFosition
ZerofForce
ActualfootForce
ActualJointAndles
ActualJointRates
CoamandJointRate
OutVoltage
PlannedFootRate
BodwServoFootRate
DesiredFootRate
LesServaFootRate
ActualForce
DesiredFarce

DesiredBoduTransforn
ActualBodsTransform

FootRateTure
WriteFlas
FootContact

InverseJscobian
Tactilian

ForceSet
JowStickDeflection

InitialTime
FinolTime
Offsets
LPFOutrut
POutaut
Voutrut

Pitch

Roll

Yau
CurrentTime
RealTinme
LastTine

dt

DelT

T

foot

LegNumber
WaitUnitTure
NuaberWaitUnits
WaitStatus
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SixVectors)
SiuVectors;
SiuVectorsi
SiuVectors;
Sixvectarss
SixVectorss
SixVectors:
SixVectorss
SiuVectorss
SixVectors;
SixVectorsi -
SiuVectorss
SixVectorai
SinVectorss

Homodeneaus
Homodeneousi

SixRateTuress

Booleani
SixBooleans}

SixMatrices)
SixMatricess

SixCoordSets)

Arraw3}

Arravéds
Arrawédi
Arravéi
Arravédi
Arravéd)
Arraséi

Real:
Real}
Real;
Reals
Real)
Real)
Reals
Realj
Reali

Integers
Integer)
Intesar;
Inteder;
Intedert
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Chars ' /
Chars . /

CurrentVehicleMode
CommandedVehicleMode

Coneletion; o
Completioni : ;

SoftStesFlad
NormalizeBoduFlas

v oo

SixComeletions:
SixComrletionss

ReInitializeFlas
TrajectoruFlas

e oo

BEGIN ¢ SensorTest } , : .

Initialize( ActualBodwTransfarmy
DesiredBoduTransformsy
ActualFootPositions
DesiredFootPositiony ) , .
ActuslForce, :
DesiredForce,
Tactilianey
FarceSet,
FootContact )}

NormInitializes -

Softinitializes

Leslnitialize( ActualForce )}
CompruteSensorOffsets( Offsets )}

WaitnitTure Iz O} { Select clock ticks for wait units ¥
NusbderWaitUnits = 23} { MWait for two clock ticks >

OnMotors} : o B

LastTione ‘= Tine}
CurrentVehicleMode (= ‘H’;
CommandedVehicleMode (s ‘H’}

WriteFlas (= FALSE)

BodyServoAnsularRates (= Zero}
Yau = 0,014

NormalizeBoduFlas (= NotDone} ! f///

SoftStesFlas := NotDones : - ’

FOR foot (= 1 to 4 DO
RelnitializeFlasl foot ) i= lone’

Hriteln(‘Pleacse Enter DelT')$

Readlin(DelT)}
RealTime = 0.0}
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REPEAT { UNTIL CommandedVehicleMode = ‘X’)

CurrentTime =2 Times

dt = ( CurrentTime - LastTime ) ¥ 3400,0; < seconds }
LastTine != CurrentTime}

ReslTime != RealTime + ot}

FetchCoamand( CommandedVa2hicleModer
LesNumber
JoystickDeflection,
Writeflag )i

CEEREXXREEEKEK KRR KRR KRR R KKK KKK R RERE KRR ERAKENKK D)
x OPERATIONAL MODE SEQUENMCER SECTION XX
CRRXXAXEREAKELEKRRK KK KL RERREKK KKK KR KA KKK KEKRREER KRR RRRRKK KD

CASE CurrentVehicleMode OF
‘L’t CurrentVehicleMode (= CommandedVehicleModes
‘A’ CurrentVehicleMode {= Commardedlenicsletodes’
‘F*: CurrentVehicleMode != CommzndedUehicleModed

‘S’: IF SoftSterFlas = NotDone

THEN
CurrentVehicleMode = ‘S’

ELSE
BEGIN
CurrentVehicleMode iz ‘H’}
CommandedVehiclaMode = ‘H’}
END}

‘N’ IF NormalizeBoduFlas = Done
THEN
BEGIN
CurrentVehicleMode $= 'H'3
CommandedVehicleMode 2= ‘H’;
END3

'H’: CurrentVehicletode = CommandedVshicleMorde;

END3 € CASE CurrentVehicleMode )
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{x REFERENCE GENERATION SECTION

CASE CurrentVshicleMode OF

‘L’% LinearMotion(

‘A’ AnsularMetion(

‘F’! LeaMotion(

’S’% SofiSters(

JowStickDeflection,

dt, )

PlannedFootRater
FootRateTure:
DesiredBodulinearRates
DesiredBoduAndularRates.
DesiredBodyTransfors )

JouStickDeflecting,

dt,

PlannedFootRater
FootRateTure:
DesiredBodylinearRates:
DesiredBodyAngularRatas,
DesiredBodwyTransform )}

LesNuaber:
JouStickDeflection

dt,

PlannedFootRate,
FootRateTure,
DesiredBodylLinearRates
DesiredloduAndularRates,
DesiredBndyTransforn )i

FootContact,
DesiredFootPasitions
dty ’

DelTy

SofttSterFlag,
RelnitializeFlag,
ActualBoduTransformey
ActualFoctPositions
ZeroForces .
PlannedFoaotRates
FootRateTure, )
DesiredBodulinearRates:
DesiredBodyAnsularfates
DesiredRodwTransform,
Offsets,

LPFOutrut,

POutruty

VOutsut, .
RealTimes

TraJectoryFlass

FinalTine,

"InitialTime )3

X}
CREXRERERKKR KKK KRR KRR KRR AR KK KR RKAXKRKKKRKKA KK KKRK)
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‘N’: NormalizeBody( NormaliceRoduFlss,
: FootContact,

DesiredFoctPositinn.
dty
ZaroForcer
PlannedFootRater
FootRateTume:
DesiredBRodwlinearRates:,
DesiredBodsAngnlarRates,
DesiredBadsTransform )i

‘H’? HaltVehicle( dt»

PlannedFootRater
FootRateTyumre)
DesiredBodul.inearRates
DesiredRoduAndularRatesy
DesiredBodyTransform )3}

I SR

END} € CASE CurrentVehicleMode )

OrthoNorm( DesiredBoduTransform.Rotations
DesiredBodwTransform.Rotation )§

CREERR R LA R E KL KKAERENRX LKA RN KRR EIARK)
{x SERVO ROUTINE SECTION X}
CERERXEXEXE XL AKX RREERKR KA RA KRR LR KKK R LXK KRR RRKKS

GuwroFeedBack( Pitchy
Roll )i

{ Intesrate coamanded waw rate to simulate waw zyro feedback >
MatrixMult( BoduServoAnsularRatesEarth,
ActualBoduTransform.Rotationy
BodwServoAnsularkates )5 -
Yaw = Yauw + BoduServoAndularRatesEartih.Z ¥ dii

GetOrientation( Yaws -~ - - - ——— . e

Picchsy
Roll,
ActuslBodyTransform.Rotation )i

IF WriteFlas THEN -
BEGIN
Writeln( ‘Yaw = ‘y Yaullnia )i
Writeln( ‘Pitch = )y Fitchiloi4 d3
Writeln( ‘Roll = ’, Rollil10:4 )i

WriteMatrix( ActualRodyTransform.Rotation»’ActRetat ‘)3
WritelLns
END}
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BoduServo( DesiredBoduTransform.Rotationm,
DesiredBoduTransforam.Ratations{far ActualTransform)
DesiredBodwAngularRates:
DesiredRoduwAnsularRatesy»{for ActualBodyAndularRates?
BodyServoAngularRates )i

FOR foot (= 1} fO 6 DO { Convert body rates to foot rates )}
’ BEGIN
CrassProduct( BodyServoFootRatel foat 1»
DesiredFoctPasitionl foot 1»
BodwyServoAnsularRates )i

VectSub( BodyServoFaootRatel fuot 1,
BodwyServoFootRatel foot 1»
DesiredBodylinearRates )

END}
MixFootRates( PlannedFootRater
BodwyServoFootRates
FootRateTyures
dts

DesiredFootRate:
DesiredFootPosition )}

PositionFeedback( ActuallointAndles )i
Forcefeedback( ActuslFootForce )i

FOR foot = {1 TO & DO {subtracy force offsets from actual forcel)
VectSub( ActualFootForcef foot 1,
ActualfFootForcel foot 1,
ZeroForcel foot 1 )i

Cartesiand( ActualJdointAngles,
ActuaslFcotfForce,
ActuslFootPosition,
ActualForce,
InverseJacobian )}

IF WriteFlas THEN Write( ‘Actual Forces ! ‘' )i
FOR foot := { TO é DO

BEGIN
IF ~ActualForcel foot 1.Z »= 20,0 { mounds )
THEN )
FootCaontactl foot 1 != TRUE
ELSE

FootContactl foot ] != FALSES

IF WriteFlas THEN Urite( -ActualForcel foot 1.2:10:2 )}
END3 .

IF WriteFlas THEN UWritelLni
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udl
B—
3.
LedServol DesiredFootiPosition. . )
llesiredForces ]
"DesiradFootRates . -
ActualFootFositior : -"
ActualFarce.
Tactilian:» R
ForceSet, KA
dts ) A
tegServoFoatRate )i
FOR foot = 1 to & DO { convert foot rates to Joint trates >
MatrisxMult( CommardJorntRatal foot I C%
’ Inverse Jacanianl foat 1, ) Ry
LedServoFoctRatel foat 1 3
RateFeedback( ActualdointRates )3 ::
JointSaervo( " CommandJointRater =
ActualJointRatesy
OutVaoltade )3 : .
OutrutVolt( QutVoltage )i f:

CHRTKEXKKRK KKK K KKK KKK KKK KK KKK KKK KK KRR AR KKK END
{x END OF SERVO ROUTINES x>
LEEERKERKKERKRKKKHEKKEKKKKRKK AKX KKK KKK R KRR KRR KKK KKK REREKD

-

WriteFlad = FALSE}

“t
a_t

Wait{ NumberWaitUnitsy

WaitUnitTures ;

WaitStatus )i e

IF WaitStatus <> 1 THEN Writeln( ‘WaitStatus = ‘', WaitStatus )} n

UNTIL CommandedVehicleMode = 'X’; ' : o
FOR foot := 1 ta &6 DO .

OQutVoltagel foaot 1 i= Zerai S
Qutrputvalt( OutVoltase )i .-
OffMotorsi
OffElectronicss -
END, { SenTest » e

.
=
S
w R
-
g
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{$nomain}
{$own2

CERRAEXEEREREREKE R R KKK KR KKK KKK EXRKRKK KRR KRR KRR KKK KK
{xxxx FILE! SENSOR40.PAS ! THIS FILE CONTAINS AlLL SUBROUTINES XXX}

(8223323330232 22233823 es 02ttt ssi st ot ifsi st esss

{Xxxx USED IN THE CONTROL OF HEXAPGD FOOT XN
{xxx% ALTITUDES. CRRXXY ',
{xxxx XXX}
{xxxx PROGRAMMER. KXEITH R. BROERMAN xKEX)

N

YINCLUDE TYPEA40; { Tume declarations 2>
ZINCLUDE CONST403 { Constant declaration 2> K "
ZINCLUDE EXTERN4O} { External rrocedure declarations 2> 3 g/
i
{xxx STATIC VARIAKRLE DECLARATION %xx} ? ;\
. .

VAR SoftStemsState ! SoftStesMode; 5 t

Steriflas : Commlationt g

Sterlflas ! Commletioni

Ster3Flas : Commrletions

Ster4Flas ! Commpletions

MoveBoduFlas ! Arravl 1..3 1 OF Comrlaetion’

MoveFogotState ! SixSubStatesi

MoveFootFlas ! Arrawl 1..4 1 OF Comrletion}

CEEXXXAXEREERRRRE R XKL RE AR R R XK TR KKK RARIRIX KRR RRRR KD
PROCEDURE SoftlInitialize; '

VAR foot . ! Inteser’

BEGIN

SoftSterState (= ReadwToGos

FOR toot = 1 to § DO
MoveFootStatel foot 1 != Ground}

ENDI  C SoftInitialize >
CEEEXEREEER R KRR KKK KRR KRR AR KRR AR KRR R R R RN RRRKD
PROCEDURE CoaruteSensardffsets;

CONST Mask = 000777B}

VAR foot ! Inteders
loaorcount ! Inteders
foctainusone : Intesers
Select ORIGIN 147742B ! Inteters
Data ORIGIN 1477448 : Integer;
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TensrOffset ! Arrasés
Sum t Arravé;
PROCEDURE Waits
VAR Newtine : Reali
BEGIN

Neuwtine = Time; . .
RHILE (Time - Newtime) X 34600.0 < 0.088 < secands }» D0 <{ nothing i

END}
BEGIN { Deterrine Senrar Offsets >

FOR foot i= § to 6 DO SumC foot 1 (a2 0}
FOR loomrcount i= 1 TO SO DO { Determine Averase Values
BREGIN
FOR foot (= 1 to 6 DO
BEGIN
footminusone = foot - 13}
Select = footainusone’
TempOffrsetl foot 1 != Data AND Mask;
Sual faootl (= Suml foot 1 + TemmrOffsetl foot 1}
END})
Waits <€ wsi’ B8 milliseconds ¥
END}

FOR foot i= 1 to & DO OffsetsC foot 1 i= Suml foat 3 ) 50.0%
END} ConputosénsorOffsats >
{l!ttt!!!t**tttXl!***!xttt*t*ﬂttt!#**t**!l*#****t*****l**!!!****#Xt}*x**)
PROCEDURE DeterminefcotHeisht}
CONST Mask = 000777Bi ’

Sisn = 100000B;

SonversiaonConstant = 0.094;

VAR " footatnusone
Errorbit

Inteder;
Intedert

oo on

Select ORIGIN 147742R ! Intesers

Data ORIGIN 147744B Intedger;
GfossSensorOut»ut ¢ Real}
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BECIN { Determine Fcot Altitudes »
footainuscne != foot -~ 13}
Select (= footminusone’
Errorbit = Data AND Sisnj
GrossSansorQuteut != Data AND Masks
FootHeight (= ( Gross3ensorOutrut - Offsetsl foot 3 )
x ConversionConstants .

IF ABS( FootHaigiht ) < 0.1 <{ inches >
THEN FootHeight = 0,03

IF GrossSensorOutsut >= 384.0
THEN FootHeight = 50,0} <{ lass-of-signal flas }

END} < DetermineFcotHeizht >
(822222 22ttt es st e st s ts s bt ii s ssssi s e bbb isissssiitd)

PROCEDURE InitSensorVariables(

foot ! Inteder;
Offsats s Arraudi

VAR LPFOutsut ! Arrauédi

VAR POutsut ! Arrauédi}

VAR VOutrut { Arrauéid

VAR TraJectoryfFlas ¢ SixCommsletions;
ActuslldoduTransform ! Homoseneous$
ActualFootPositinnBodwy : SixVectors

)3
CONST FinalPasitionlfQutOfRange = ~-18,04

LR ActualFootPositionEarth ! Vector)
FootHeight ! Resls

BEGIN

DetermineFootHeight( foots OPfsetsy FootHeisht )}

VOutsutl faot 1 t= 0.0}

Transfora( ActualFootPositiorEarth,
ActualBoduTransfarm,
ActualFootPositionBoduyl foot 1 )}

POutsutl foot ) = ActualfootPositionEarih,.Zs
LPFOutrutl foot 1 ¢= ActuaslFootFositianEarth.Z - FootHeisht}

IF FootHcisht 2 50,0 { out-onf-rande flas >
THEN LPFQutrutl foot ] = FinalPositionlfOutOfRande;

TradectorwFlasl foot ] := NotConei

END} € InitSensorVariables >
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BEGIN - o

"IF FootHeight = 50,0 < out-of—rakso flas >

T - —
! \ -7 v /i

(ti!!!l!*tt*!t*tti**t**#**t*t#!!tll*t!x**x**l**txi**tt*x*t#*t!lt!*ltt##!}

PROCEDURE RelnitSensorVariablas(

foot Inteder’
Qffsets Arravsi
VAR LPFQutsut Arravél
VAR POQutsut Arravébds

SixCommletionss
Homodeneous
gixVectcers

VAR TradectoryFlag
i ActualBoduTransfornm
ActualFootPositionBody
IR

0 oo o4 g0 oo oo oo

CONST FinalPositionlfOutOfRange = -18,0}

VAR ActualFootPositionEarth ! VYector)
FootHeight # Reals

i
'

DetermineFocotHeight( footr» Offsets, FootMeisht )i

Transfora( ActualFootPositionEarthy
ActualBodwTransforer |
ActualfootPositionBoduyl foot 3 )i

’ |
POutsutl foot 1 := ActualFootPasitionEarth.Zs
LPFOutrutl foot 1 := ActualFoathsitionEarth.Z - FootHeisnht}
THEN LPFOutsull foot 1 != Finla)PositionIf0utOfRarse;
TradectoryFlasl foot 1 != Notnono%
END? { RelnitSensorVariables ﬂ

(SRR L2222 RSPt s Pt e s b b b s b s b a s s s b b s b b bbb b b 00000 2 00 R 220 0

P
T

PROCEDURE MoveBous(

BoduTranslation . :‘vectors
DesiredBodsPosition ! Reali
VAR DesiredBodwlLinearRates ! Vectari} o
VAR MoveFlas ! Cemmsletion
)
CONST MaxPositionError = 0.,253{ inches >
ForuardRate = 3.5) { inches prer se~sond }
VAR AversdePosition t nealt
BodwFositionError ¢ Reals
faot ! Inteder;

BEGIN

BodwFositionError s DesiredBodwPosition - BoduTranslation.X}
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{xxx EVALUATE BOUNDARY VALUE CONDITION Xx%x)

IF ABS( BoduwFositicnError ) <= MauFositionErraor
THEN
MoveFlas = Uone

ELSE
EEGIN
MoveFlag != NotDones

{kxx CALCULATE DESIRED LINEAR BODY RATES x¥x}
IF BodsPositionError - 0.9
THEN
DesiradBodul.inesrRates.X = ForuardRate
ELSE
lesiredbBodylLinearRates. X (= -ForwardRate}

DesiredBodulinearRates.Y = 0.0%
DesiredBodylLinearRates.Z = 0.0}

ENDi { Else »
ENDJ { MoveBody »
(4333t 3PPt s ettt ieteesietssitssssetststssssstieesissiisy)

PROCEDURE MaintainFootElevation(

foot ! Inteser?
Offsets t Arrayéid
VAR PlannedFootRate ! Vector

)i
CONST Threshold = 2,03 { inches }
VAR FootElevation " ! Rerld
BESIN
DetermineFootHeight( focot, Offsetsr» FoatElevation )#
IF FoatElev;tion < Threshold

THEN
PlannedFootRate.Z !> 3.0 <{ inches/second }

ELSE
PlannedFootRate.Z (= 9,0}
END} { MaintainFootElevation >

CEEXXEEERKEEAE KRR L KRR AKX R EX RN IR KR KRR R IRRRXAIXRKRR)
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PROCEDURE FinalPositiorCaleoulate( - \
dt : ! Reals . .
fool. : Integari RO |
ActuslBoduTransform - ! Homodeneous} " .
ActualfootPositionBody ! SixVectors?
Offsets ¢ Arrauéi "
VAR LPFOutrut ! Arrawéi ok
VAR POutsut P Arraséi e
VAR VOutsut P Arr3uébi
VAR RelnitializeFlas ¢ SixCompletionsi
VAR TraJjectoruflag ! SixComeletions "
)i . N
CONST Tay = 0.5 € lou-rass filter time constant ¥
FinalPositionIfOutOfRarge = -18.05 <{ inches ) .-
VAR ActualFootPositionEarth ! Vectors ﬁi
LPFInrut ! Reals
DLFPFOuteyt + Realj
FootHeisnht ! Reals <.
BEGIN < calculate the filtered value of firnal 2arth rosition } b
DetermineFootHeight( foot"O'fsetsu FootHeisht )3} -
IF FootHeisht = $0.9 ~3
THEN { vehicle assumed to be on level sround }
BEGIN :
LPFQutrutl foot 1 = FinalPositionIfOutOfRanges -
RelnitializeFlasl foot 1 = NotDone’ o
END .
ELSE IF ( FootHeisght > %0.0 )
AND ( RelnitislizeFlasaf foov ] = NotDone !
' THEN »
BEGIN o o
RelnitSensorVariables( foat,
Offsets, )
LFFOutrut,
POutaut, )

TradectoryFlad:s

ActualBoduTransforms

ActualFootPositionBody )}
ReInitializeFladgl foot 1 != Donei

END
ELSE
BEGIN )
Transform( ActualFootPositionEarths
AztualBoduTransform,
ActualFootPositionBodyl foot 1 )}
LPFInmrut !> ActualFootPositionEarth.Z - FootHeight; Lot
DLPFOutrut = (LFFInsut = LFFOutsutl foot 1) / Tauj .
it
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LPFOutrutl foot 1 = DLFFOutrut X 4t F LFFOutzutl foot 3;
END;} . { Euler Integration >

END3 { FinalPositionCalculate >
TR KRR ENKKK KK RRRKKK KK KRR KKK KRR KKK KRN KKK KKK R KR KKK RKKKK KDY
PROCEDURE Tradectoru( FO, F?s VO, Vf, TO0, Tf: Real’

VUmaxs Amax! Reali

VAR Acceleration» T1, T2! Real’
VAR Possible! Boolean )i

{ A procedure which comerutes accelerations 3nd timing for 3 trajectory 3
{ belween two roints diven the rositions velacitw anrd time of each b
{ r»oint. Velocity and acceleration limits are ohserverd in the >
{ trajectory generation. >
< : >
< Programmer ! Dennis R, Fudgh >
< >
VAR GoodSolution ! Booleani { Consistant Solutior Fledg 2>

By C : Reals ‘{ Quadratic Eauation Coeffs. >

Root { Reals € SQRT ( Discriminant ) }

Discriminant ! Reals { QUABR. EQ. Discriminant ¥

Vs ! Reali { Velocity at Acceleration Chandes )

Denomainator ¢! Reali € Intermediate Term 2

{(x1%x xx XX KX kX kX% XX xxx XXz XX XX XX 2

PROCEDURE TimeCheck( Vs, Acceleration! Reali VAR Ti, T2! Reals
: VAR GoodSolution! Boalean )i

{ A mrocedure uhich determines if a trajectory can be completed with a 1}
{ siven acceleration and saturation velocitwi 1t also comrutes the >
{ times a3t which the acceleration state is shangded. >
BEGIN € TimeCheck >
IF ABS( Acceleration ) < 0.001
THEN
BEGIN
IF ( ABS{ PP-FPO - VOX(TP-TO) ) < 0.01 ) € Inches )
AND ( ARS( Vf - V0 ) < 0.1 )
THEN
BEGIN
GoodSolution = True}
T1 := T0;
T2 = T3
END
ELSE )
GoodSolution (= Falses’
{ END IF >
END { THEN )
182
.‘1- - o ; B \\\ 4
l/)r\‘ ) - o o . . T




END;

{kXX

BEGIN

ELSE
BEGIN

T = ( Vs

T2 = TP
IF .
AND
AND
THEN
ELSE’
ENDi

{ END IF Acceleration )

{ TimeCheck

XX kX

{ Tradjectory >

KX

= V0 ) / Acceleration + TOS}

= ( Vs =~ VUf ) / Acceleratiorn;
( T »>= T0 -

¢ T2

>s Tl -

(Tt >= T2 -
GoodSolution
GoodSolution

>

®0x

B = -2,0 x ( PP - PO ) / (

Cis (PP -PO ) X (VUF +V0) / ( Tf‘—‘TO ) = C VPRVP 4+ VOXV0 ) / 2,08

Discriminant = BXB - 4.,0%C}

IF Discriminant = 0.6

THEN Root (= 0.0
ELSE Koot
Vs = {( =B ¢+ Root ) /
Acceleration

2,04

%X

0.01 )
0.01 )
0.01 )

tx True

!= False

X%

T - TO 1§

!» SART( Discriminant )3}

kXX

KX

= ( 2.0 £ Vs = VUf =« VYO ) / ( TP - TO0 )}

TimeCheck( Vs, Accelerations Tl» T2, GnodSolution )i

IF Goodsblution = False
THEN

BEGIN

Vs = (
Acceleration
TimeCheck( Vs
END# € THEN >

ta

» Acceleration

{ END IF GoodSolution

IF ( ABS( Acceleration ) < Amax ) AND ( ABS( Vs )

-B - Root ) /7 2
2,0 X Vs = Y = Yo > /7 ( TP - TO )3
GoodSolution )}

THEN ¢ Try Tradectorw Tupe

BEGIN

IF Vs > 0.0
THEN Vs
ELSE Vs

s Vsax
= ~Umaxi

60,

2

T1»
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-t -

Denominator (= ( Tf - TO ) X Vs = F?f + PO} <{ Inches >
IF ABS( Denoainator ) <= 7,01
THEN . :
Acceleration (= 0.0
ELSE
Acceleration i= (SQR(Vs-V0)+SAR(Vs~-VUf))/Nenominator/2,0;}

TimeCheck( Vs, Accelerations Ti» T2y, GBoodSolution )i

END# { THEN »

< END IF »
IF ( GoodSolution = True ) AND ( ABS( Accezleration ) “= Amax + 9.1 )
THEN
Possible (= True
ELSE
BEGIN

END}

CXEEERRREEREEARE XA AR EAE KRR KX LXK RN LR AR AT L XXX XX T AL XXX ENRNKD)

Possible (= False}
IF Acceleration > 0.0
THEN
Accelerstion != Amax
ELSE
Acceleration (= -Amax}
END}

{ Trajectory >

PROCEDURE FindPlaceDounRate(

VAR
VAR
VAR
VAR
VAR
VAR
VAR

CONST

dt ! Reals
foot ! Inteser’
ActualBoduTransfors { Homodeneousi
FootContact ? Boolean:
Dounrste ! Reals
LPFOutrut P Arrawéi
POutrut ! Arravéi
VOutrut ! Arraué’
TraJectoruFlas ¢ SixComelationss
FinalTime ! Arravéi
RealTinme ! Real

IR}
VYmax » 35,04 { inches per second )
Amax « 10,03 { inches ser second ser second >
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VAR Deltar ! Reals
Tain ! Reals
TC ! Reals
T ! Reals
PO ! Reals
P? ! feals
Vs i Reals
Vo ! Reals
24 ! Reals
T1 :! Real;
T2 { Reali
Acc ! Reali
Poss ¢ Booleani
DesiredFootRateEarth ! SinVectors;
DesiredFootRateBody ! SixVectorss
InverseBodyRotation t Matrixi
BEGIN
PO (= POutsutl foot 1j

PP $=

Vo =
Ve =

T0 &=
Te i=

Deltar

LPFOutmsutl foot 1

VOuterutl foot 1}
0.0 { inch/second > { desired final velocitu of all less )}

RealTimed .
FinalTimeL foot 33

ta PP - PO}

IF ( TradectoryFlasl foot 1 = Done )
OR (( ABS( Deltars ) < 4,0 ) AND ( ABS( YOutmrutl foot 3 ) < 2.0% )

THEN { besin constant velocity search rhase >
BEGIN
TrajectorwyFlasl foot 1 = Dones
DownRate = -2.03 { inches/second %}
VOutrutl foot 1 != DownRate;
IF FootContact = True THEN VOutsutl foot 1 := 0.0}
T POutrutl foot 1 = POutsutl foot 1 + VOutrutl foot 1% dts
END

ELSE
BEGIN { GENERATE POSITION AND VYELOCITY TRAJECTORIES >

Trajectory(POsPP VO VP TO»TroUmaxrARasACeIT1vT2yPoss) 3

IF TO >= T2
THEN Ace != -Acc
ELSE IF TO »>= T}
THEN Acc (= 0.03

{ decelerate >
{ move 2 maximum velocity

"IF FootContact = True THEN Ace (= 0.0;
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VOuteutl foot 1 (= YO ¢+ dt X Aces { Euler intesgration)

POutputl faot 3 i= PO + dt/2.0 % (VO ¢+ VOntputl foot 1)}
' { trareczoidsl intedration >

DesiredFontRateEarthf foot J.X (= 0.0}
| . DesiredFootRateEarchl foot 1.Y = 0.0}
DosiredFoptRateEartht foot 1.2 (= VNutsutl foot 13

J
.

{ Convert lesired Foot Velocitw to Body Caordinates )

Transpose( InverseRodsRotation,
ActuslBoduyTransform.Rotation);

HatrixMult( DesiredFootRatePodwl foot 1,
InverseBoduwRatations
DesiredFootRateEarthl foot 1)
DouwnRate := DesiredFootRateBodul fout 1.2i
ENDS € IF () AND ¢ ) >
END3 { FindPlaceDownRate >
CEEREEEEA RN RX KL AR XKD

PROCEDURE MoveFootForKeith( L
Arrauéi

Offsets

foot Inteder)
FootContact Booleani
DesiredfFootPosition Vector}
dt Resls
DelT Reals

Homadeneousi
SixVertorsi

VAR ActualBoduyTransfora
VAR ActuslFootPositionBody

VAR ZeroForce. Vectori

VAR PlannedFootRate vectori

VAR FootRateTure RateTuprel
VAR MovefootFlas Commletions
VAR LPFQuteut Arrauébds

VAR POutmrut Arrawéi

VAR VOQuteut Arrawédi

VAR RealTime Real!?

SixCommpletions’
3ixCompletions’
Arraubdi

Arraué

VAR RelInitializeFlasa
VAR TraJdectoruflag
VAR FinalTime
VAR InitialTine

) é

€ TS 00 20 40 T0 4y 9% 00 P ve TS 0o PO 44 0 4o ®% oo we

inches ser secand )
inches ser second )
inches >

CONST LiftRate = 3.5}
ReturnRate = 3.53
MaxError = 0,14

Lol Wl
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PlacePoint = SiuVectars(( 28.75, 24,00, <10.00 )»

¢ 28.75» =24,00» ~10.00 )»
¢ $+005 24,000 ~10.00 )
( 44009 =24.00y -10.00 D>
( =14.75, 24.00, =-10.00 ),
( =16.75y =24,00+ -10.00 )}

VAR’ DeltaPosition ¢ Vector) { Intermediate 20sition vector >
Distance : Reals { Distance to Placefoint ?}
MotionDirection ! Vectors € Unit vector toward PlacePaint 2>
TemporaryForce | SixVectorss .

DownRate ! Reals
FootElevation ¢! Reali
FootHeizht ! Reals

BEGIN { MoveFootForKeith 2>

{xxx EVALUATE BOUNDARY VALUE CONDITIONS x¥x}

CASE MoveFootStatel foot ] OF

Ground?

LiftOree

Return:

BEGIN

MoveFootStatel foot 1 != LiftOrfi
MoveFootflas !{= Nothonel

END}

BEGIN
IF DesiredFootPosition.Z »= PlacePointl foot 3.2
THEN < feoot is 3t tos of trajectory >
REGIN
MoveFootStatel foot 1 !s Returni

ForceFeedback( TemmorarwFarce )i
ZercoForce = TemmorarwForcel foot 14

VectSub( DeltaPosition: )
PlacePointffaotl, DesiredFootPosition )}

Bistance != Masnitude( DaltaPasition )}
END3 € if desired foot sosition 2>
END}

BEGIN
VectSub( DeltaPositiony
FlacePoint{footly DesiredFootFasition )i

Distance != XYNadnitude( De . taPosition )}
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IF Distance <{= HaxError )
THEN <{ foot ready for slacing >
BEGIN
MovefootStatel foot 1 (= Placelown;
InitSensorVariables( foot:,
: Offsets:
LPFQutauty
PCutauyty
VOutruts
TradectoruFlas,
ActualRoduTramsform,
ActualFootPositionBady )}

InitialTimel foot 1 = RealTima}
FinalTime( foat ] := KealTime + DelT:
- END}

END}

PlaceDoun: IF FootContact
THEN
BEGIN
MoveFootStatel foot 1 != Groundi
MovefootFlas = Done’ ’
END}$

END} { CASE MoveFootState >
<{*¥2% COMPUTE FOOT VELOCITY COMMAND kxx)

CASE NovefootStatel foot ] OF

Ground: BEGIN
PlannedFootRate = 2ero}
FootRateTyre = Relatives
ENDS

Lirtoer: BEGIN .
PlannedFootRate.X = 0.03
PlannedfFootRate.Y (= 0.0}
PlannodFootR\to.z t= LiftRate}

FootRateTyre |!= Ralative}
ENDI < Lifrtory >

Return? BEGIN
Vectliv( MotiqnDirection,
Del.aFositions Distance )}

VectMult( PlanhedFootRate,
ReturnRater MotionDirection )$
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MaintainFootElevation( foot:
Offsets-
. FlannedF ~otRate )i

FootRateTwvee = Absolute;
END3 { Return >
PlaceDown: EEGIN

FinalPositionCalculate( dt»
faont)
ActualBoduTransform:y
ActualFootFositionBody,
Offsets:
LFFOutauts
FOutritty
V0utrut,
RelnitializeFlag,
TraJectorsFlag )

FindPlaceDounRate( dt,
foot,
ActualBRodwTransformy
FoutContacts
fownrater
LPFOutruty
POutrut:y
VCuteput,
TradectoraFlaa,
FinalTime,
RealTime )}

PlannedFpootRate.X (= 0,07
FPlannedFootRate.Y = 0.0}
FPlarnedFootRate.Z != DownRate:

FootRateTure !z Relativei
END} { FPlaceDown »

END$ { CASE MoveFootState >
END} { MoveFootFarKeith }
LXK KK LKA KKK KKK LKL RRRKAKKKKKKR KKK R KKK TR AR D
PROCEDURE SoftStems

VAR foot ! Integers
move ! Inteders

BEGIN <{ Use Sensor Data During He:xarod Locomotinn »
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Cx%xx CALL THE APPROFPRIATE MOTTON SUBROUTINE xxx)
CASE SoftStesState QF
ReadsToBo!

BEGIN
DesiredBodwlinearRates (= Zeros
DesiredBodvwAngularRates (= Zeroi

FOR foot 2 1 to 6 DO

' BEGIN
PlannedFootRatel foot 1 !z Zerol
FootRateTuymrel foot 1 = Relativei
-END#

END}
Sterl?

BEGIN
DesiredBodylinearRatas = Zero}
DesiredBoduyAnsularRates :+ Zero;

FOR foot = 1 to & DG
IF ( foot INC 1, 4y 5 1)
AND ( MoveFaatFlasl foot 1 = NaotDone )
THEN

HoveFootForKeith( Offsets,
footy
FootContactl foot 1»
DesiredFootPositionC foot 1,
gty
DelT»
ActuyalBodwTransform,
ActualFootfositionRodus
Zerarorcel fonot J»
PlannedfFcootRatel fnat J»
FoatRateTurel fnot 1
MoveFootFlasl foot 1,
LPFOutrut,
POQutrut,
VOutruty
RealTime.
RelnitializeFlas
TrajectoryFlag,
FinalTimes
InitialTine )

ELSE
BEGIN
PlannedFootkatel foot ] = Zeros
FootRateTurel foot ] (= Relatives
END3
END}
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Movelst:

BEGIN -~

MoveBodu( : DesiredBodyTransfora.Transla ion,
8.0
DesiredBodylinearRates:,
MoveBoduFlasel1] )

DesiredBodyAnsularRates (= Zerol

FOR foot (a2 1 to & DO
BEGIN
PlannedFootRatel foot ] != Zerois
FoctRateTumrel foot ] = Relatives
END#

END}
Ster2:

BEGIR :
DesiredBodylinearRates = Zerol
DesiredBodwAnsularRates = Zeros

FOR foot (= 1 TO & DO
IF ( foot INC 2, 3» 6 1)
AND ( MoveFoatFiadl foot 1 = NotDore )
THEN

MoveFootForXKeith( Offsaets,
foot.,
Footfontactl foot 1,
DesirmdFootFositionl foat 1,
dt»
DeiT»
ActualBodeTransformy
ActualfootPositionBody,
ZeroForcel foot 19
PlarnedFoatRatzL foot J»
FootRataTurel foot 3.
MoveFootFladal foot 1.
LPFOuteut,
POutmut
VOutruty
RealTime,
ReInitializeFlag,
TraJectoryfFlag,
FinalTime,
InitialTime )

ELSE
BEGIN .
PlannedFootRatel foot 1 (= Zeros
FootRateTumsel foot ] != Relative;
END3
END}
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Novelnd!

REGIN
MoveBadyw( lesiredBoduTransform.Translations

14.0»
DesiredBodulinearRatas,
MeveBoduFlasl2] )

DesiredBodyAngylarRates = Zerof

FOR foot = 1 tc 6 DO
BREGIN .
PlannedfFaotRatel foot ) = Zeros
FootRateTymel foot 1 := Felative:
ENU3

END3
Ster3!

BEGIN :
DesiredBodulinearRates !z Zerol
DesiredBodyAnsularRates != Zeroj

FOR foot (= 1 to 6 DO
IF ( foot INC 1, 4, S5 1) :
AND ¢ MoveFootFlasl faoot 1 = NotDanae )
THEN .
MoveFactForKeith( Qffsets,
foot,
FoolContactl foot 1y
DesiredFootPositionl foot 1»
)
DelT,
ActiialBadyTransformy
ActualFootFasitinnBodyy
ZoroForcel foot 1y
PlannedFootRatel foot I

__FootRateTymral foot J»

T e MoveFootfladl foot I,

LPFOut»ut,

POutsut,

VOutaut

RealTimes

RelnitializefFlas,

TradjectoryFladg,

FinalTime,

InitialTine )

ELSE
BEGIN
PlannedFootRatel foot 1 := Zero$
FoctRatelwrel foot i= Relative;
END} :
END} )
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Movelrd:

BEGIN )

MoveBodu( DesiredBaduTransfora.Translatian,
24.0,
DesiradRodylinearRates,
MoveBodwFlaal3) )i

DesiredBodiAndularRkates '= Zeroj

FOR foot (= 1 to 6 DO
BEG:o
PlannedFcotRstel foot 1 != Zeroi
FootRateTusel fnot 1 ! Relstive’
END; ;

ENDS

Stems

BEGIN
DesiredBodylLinearRates (= Zeroj
DesiredBodwAnsularRates = Zerot

FOR foot = 1 to 6 DO
IF ¢ foot INL 2y 3r 6 1)
AND ( MoveFootFlasl fact 1 = NotDone )
THEN ’
HoveFootForKeitr! Offsets,

foot,
FootContactl foot 1,
[lesiredFootPositionl faot J»
dt,
NelT,
ActualBodvTransforms
ActualfFootPositionBaoduy
Zeroforcel foot I
PlannedFootRatel faot I
FootRateTurel foot 1y
MoveFootFladl foot 1,
LPFOutrut
POutsaut,
VOutrut,
Re2lTime,
RelnitializeFlagy
TradectorsFlag,
"FinalTime:»
InitiaslTime )

BEGIN

PlannedFootkatec foot 1 (= Zerol
FuootRateTumel foot ] = Relative;
END}
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END# { CASE SoftSterState )
{sxx COMPUTE NEW BODY TRANSFORM xxX}

TransIntesra‘e( DesiredBoduyTransforas
DesiredBodylLinearRates,
DesiredBodvAnsularRates
dt )i

{xxx DETERMINE NEW STATE BASED ON (i0OTION BOUNDARY VALUES &x%)>
CASE SoftSterState OF

ReaduTaGo!
BEGIN )
SoftSterState = Staril}
SaftSterFlan (= NotDoned
FOR foot (= {1 to 6 DO
MoveFootFlasl foot 1 := NotDones
FOR move (= 1 to 3 DO
MoveBoduFlasl move 1 iw» NotDonet
END)

Stept!

BEGIN
Steriflas != Donel
FOR foot i= 1 to & DO
IF ( foot INC 1, 4 S 1
AND ¢ MoveFootFlasl foot 1 a Notlone )
THEN
SterifFlad = Notlone)

IF SteriFlas = Done

THEN .
SoftSterState = Novelst?

END) ¢ Stert >
Movelst!

BEGIN ‘
IF MoveBodvFlasalll = Done
THEN
) BEGIN
SoftStarState i= Stes2)
For foot (= | 20 4 DO
MoveFootFlasal foot 1 t= NotDhone)d
END}

END} € Movelst }
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»
Stemr2?
BEGIN

Ster2Flag != Donel .
FOR foot i= | to 4 DO
IF ( o0t INTC 2» 3» 6 1)
AND ( MoveFootFlasl foot 1 = NotDone )
THEN .
Ster2fFlag = NotDonel

IF Ster2Flas = Done
THEN
SoftSterState = Movelnd}

END) ( Ster2 >

WS D ERER. % V% s s u SGERE LT .%.".%.

Movelnd!

3 BEGIN
! IF MoveBodwFlasg(2) = Done
N THEN
A BREGIN
Y SortSterState i= Sterl)
“ For foot (= 1 to 4 DO
. MoveFaotFlasl foot ] != NotDonet
N END)
\}

END} { Movelnd ?>
- Sterd:
1 BEGIN
0. Ster3Flas != Donel
S FOR foot (= 1 to 6 DO
¢ IF ¢ foot IN L 1y 4¢ 5.1 )
. AND ( MoveFootFlasl foot 1 = NotDone )

THEN

oy Ster3Flas !e NotDone}
o IF Stes3Flas = Done
>, THEN
b SoftStesState := Move3rd)

END} { Ster3 )

Movelrd:
BEGIN
IF MovebodvwFlanl3] = Done
THEN

BEGIN :
SoftSterState s Sterd!
For foot (= t to 4 DO

MoveFootFlasl foot ] !e NotDonel
END) .

MR J o, JARELSRES. 1
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END$ < Movelrd »

Sterd;

BEGIN
SterdFlan {» Doned .
FOR foot (= 1 to 6 DO
IF ( foot INL 2y 3» &6 2
AND ( MoveFuotFlas( foot ) = NotDone )
THEN
SterdFlan = NotDones

IF SterdfFlas = Done
THEN

BEGIN
SoftSterState !2 ReadwToGol
SoftSterFlas := Done)d
ENDS

END} ( Sters >

END} { Case SoftStesState >
END} { SaftSter }
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