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(57) ABSTRACT

A robot lawnmower includes a body and a drive system
carried by the body and configured to maneuver the robot
across a lawn. The robot also includes a grass cutter and a
swath edge detector, both carried by the body. The swath edge
detector is configured to detect a swath edge between cut and
uncut grass while the drive system maneuvers the robot
across the lawn while following a detected swath edge. The
swath edge detector includes a calibrator that monitors uncut
grass for calibration of the swath edge detector. In some
examples, the calibrator comprises a second swath edge
detector.
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LAWN CARE ROBOT

[0001] This U.S. patent application claims priority under
35 U.S.C. 119(e) from U.S. provisional patent application
60/783,268, filed Mar. 17, 2006, and entitled “LAWN CARE
ROBOT,” from U.S. provisional patent application 60/803,
030, filed May 23, 2006, and entitled “LAWNMOWER HAV-
ING RECIPROCATING SHEARS,” and from U.S. provi-
sional patent, application 60/865,069, filed Nov. 9, 2006, and
entitled “HIGHLY MANEUVERABLE AUTONOMOUS
PLATFORM.” The entire contents of all three priority provi-
sional applications are hereby incorporated by reference.

TECHNICAL FIELD

[0002] The disclosure relates to an autonomous robot that
can perform lawn care tasks.

BACKGROUND

[0003] Autonomous robots that perform household func-
tions such as floot cleaning and lawn cutting are now readily
available consumer products. Commercially successful
robots are not unnecessarily complex, and generally operate
randomly within a confined area. In the ease of floor cleaning,
such robots are generally confined within (i) touched walls
and other obstacles within the rooms of a dwelling, (ii) IR-
detected staircases (cliffs) down; and/or (iii) user placed
detectable barriers such as directed IR beams, physical bar-
riers or magnetic tape. Walls provide most of the confinement
perimeter. Other, much less ubiquitous robots may try to
localize or to map the dwelling using a complex system of
sensors and/or active or passive beacons (e.g., sonar, RFID or
bar code detection, or various kinds of machine vision).

[0004] There are examples of consumer robotic lawn mow-
ers that use a similar “invisible” barrier—a continuous guide
conductor boundary proposed for confining random motion
robotic mowers by the early 1960’s (See, e.g., U.S. Pat. Nos.
3,128,840, 3,550,714). Examples include commercial prod-
ucts by Electrolux, Husqvarna, Zucchetti S. A., Belrobotics,
and Friendly Robotics. The guide conductor is intended to
confine the robot within the lawn or other appropriate area, so
as to avoid damaging non-grassy areas of the yard or intrud-
ing onto a neighboring property. The conductor is one con-
tinuous loop around the property to be mowed. Although the
guide conductor can be drawn into the property in peninsulas
to surround gardens or other off-limits areas, it remains a
continuous loop, and is energized with an AC current detect-
able as a magnetic field at a few feet. The guide conductor
must be supplied with power, usually from a wall socket.
Within the bounded area, the known robots may “bounce”
randomly as the robot nears the guide conductor, or may
follow along the guide conductor. Some of the mowers also
touch and bounce from physical barriers. More complex com-
mercial mowers may try to localise or to map the mowing
area, again using a complex system of sensors and/or active or
passive beacons (e.g., sonar, encoded optical retro-reflector
detection, machine vision).

SUMMARY

[0005] In one aspect, a robot lawnmower includes a body
and a drive system earned by the body and configured to
maneuver the robot across a lawn. The robot also includes a
grass cutter and a swath edge detector, both carried by the
body. The swath edge detector is configured to detect a swath

May 8, 2008

edge between cut and uncut grass while the drive system
maneuvers the robot across the lawn while following a
detected swath edge. The swath edge detector includes a
calibrator that monitors uncut grass for calibration of the
swath edge detector. In same examples, the calibrator com-
prises a second swath edge detector.

[0006] Implementations of this aspect of the disclosure
may include one or more of the following features. In some
implementations, the swath edge detector includes an array of
grass length sensors spanning a distance comprising at least a
steering error distance and a grass length sensor width. In one
example, the swath edge detector has a width of between
about 4 and about 10 inches. A first portion of the array is
arranged to detect the swath edge and a second portion of the
array is arranged to monitor uncut grass.

[0007] In some implementations, the swath edge detector
includes a plurality of sensor components. Each sensor com-
ponent includes a sensor housing defining a cavity and a
cavity opening configured to allow grass entry while inhibit-
ing direct sunlight into the cavity. Each sensor component
also includes an emitter carried by the housing in die cavity
and configured to emit an emission across the cavity opening.
A receiver, carried by the housing, is configured to receive a
grass-reflected emission and is positioned in the cavity to
avoid exposure to direct sunlight. The emission may be infra-
red light, in some examples, the calibrator includes at least
one of the sensor components.

[0008] In another implementation, the swath edge detector
includes multiple projections extending downwardly from
the body and an emissive sensor mounted to each projection.
The emissive sensor has an emitter and a receiver. The emitter
is configured to emit an emission and the receiver is config-
ured to detect the emission as reflected, in some examples, the
calibrator includes at least one of the projections.

[0009] In yet another implementation, the swath edge
detector includes first and second electrically conductive pro-
jections extending downwardly from the body. The second
projection is longer than the first projection. The first and
second projections are configured to form an electric circuit
with moist grass contacting the first and second projections.

[0010] In some implementations, the swath edge detector
includes first and second projections extending downwardly
from the body. The first projection is longer than the second
projection and a vibration sensor is secured to each projection
and is responsive to vibrations therein. The projections may
be crenulated flaps.

[0011] The robot lawnmower includes a grass orientor, in
some examples, carried by the body forward of the swath
edge detector and configured to orient grass. The grass ori-
entor may be a flattening wheel.

[0012] Insome instances, the robot lawnmower includes a
not-lawn detector carried by the body and responsive to non-
grass surfaces, wherein the drive system, is configured to
redirect the robot in response to the detector detecting a
non-grass surface. The not-lawn detector includes a sensor
housing defining emitter and receiver receptacles. An audio
transmitter is carried in the emitter receptacle and transmits
an audio emission. A receiver is carried in the receiver recep-
tacle and is configured to receive an audio emission reflected
off a ground surface. A controller of the robot compares a
received reflected audio emission with a threshold energy to
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detect a non-grass surface. The audio transmitter transmits
multiple audio emissions starting at a fundamental frequency
and successively increasing the wavelength of each emission
by half the fundamental frequency. For example, the audio
transmitter transmits a first audio emission at about 6.5 kHz
and a second audio emission at about 8.67 kHz. The controller
receives the reflected audio emission from the receiver though
a narrow band-pass amplifier. An anti-vibration mounting
system secures the receiver in the receiver receptacle. The
anti-vibration mounting system includes a first elastic support
holding the receiver in a tube below a sound absorber. The
tube is secured in die receiver receptacle with a second elastic
support having a lower durometer than the first elastic sup-
port.

[0013] In some examples, the not-lawn detector includes
four different colored narrow-spectrum light emitters and an
optical receiver that receives reflected light from the emitters.
The optical receiver is configured to detect grass by evaluat-
ing the received light in other examples, the net-lawn detector
is responsive to a pH of the lawn.

[0014] The robot lawnmower may include a side trimmer
carried on a periphery of the body and configured to cut lawn
adjacent the body. The body may define a substantially cir-
cular profile in a horizontal plane or a substantially pentago-
nal profile in a horizontal plane.

[0015] Therobotlawnmower may include at least one grass
erector carried by the body and configured to erect grass. The
grass erector includes a driven wheel having an axis of rota-
tion parallel to the lawn and a plurality of flexible grass
agitators extending radially outward from the wheel. The
robot lawnmower may also include a stasis detector carried
by the body.

[0016] In another aspect, a robot lawnmower swath edge
detector system includes a controller carried by a body of a
robot and a plurality of grass length sensors carried by the
body and in communication with the controller. Each grass
length sensors includes a sensor housing defining a cavity and
a cavity opening configured to allow grass entry while inhib-
iting direct sunlight into the cavity. An emitter is carried by
the housing in the cavity and is configured to emit an emission
across the cavity opening. A receiver is carried by the hous-
ing, and is configured to receive a grass-reflected emission.
The receiver is positioned in the cavity to avoid exposure to
direct sunlight. The controller compares outputs from mul-
tiple ones of the grass length sensors to determine, a swath
edge location. In some implementations, the plurality of grass
length sensors spans a distance comprising at least a steering
error distance and a grass length sensor width. In one
example, the plurality of grass length sensors spans a distance
of between about 4 and about 10 inches.

[0017] Inyetanother aspect, arobot lawnmower includes a
first body portion defining a payload area and carrying a drive
system having at least one driven wheel. The driven wheel has
a diameter sized to circumscribe the payload area. A control-
ler is figured to control the drive system to maneuver the
lawnmower to traverse a lawn while cutting grass. A second
body portion is joined to the first body portion by an articu-
lated joint and carries at least one free wheel. An actuator is
actuable to rotate the first body portion relative to the second
body portion at the articulated joint in response to a signal
received from the controller. A grass cutter is carried by at
least one of the first and second body portions.
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[0018] Implementations of this aspect of the disclosure
may include one or more of the following features. In some
implementations, the driven wheel is supported by multiple
rollers carried by the first body portion and driven by a pinion
coupled to a motor carried by the first body portion. The free
wheel pivots along an axis perpendicular to an axis of rota-
tion.

[0019] Insome examples, the robot lawnmower includes a
swath edge detector carried by the first body portion and
configured, to defect a swath edge between cut and uncut
grass. The drive system is configured to maneuver the robot
across the lawn while following a detected swath edge. The
swath edge detector includes a calibrator carried by the body
and configured to monitor uncut grass. The controller is in
communication with the calibrator and is configured to peri-
odically compare the detected swath edge with monitored
uncut grass.

[0020] In another aspect, a method of lawn cutting with a
robot includes detecting a swath edge with a swath edge
detector carried by the robot as the robot, maneuvers itself
across a lawn and automatically comparing a detected swath
edge with uncut grass monitored by a calibrator carried by the
robot. The method includes following the detected swath
edge and erecting blades of grass of the lawn with a grass
erector of the robot. The method includes cutting the lawn
with a cutter of the robot and arranging blades of grass of the
lawn with a grass arranger carried by the robot.

[0021] Implementations of this aspect of the disclosure
may include one or more of the following features. In some
implementations, the method includes orienting blades of
grass of the lawn with a grass orientor carried by the robot.
The method may also include continuously scanning for an
absence of lawn with a not-lawn detector carried by the robot,
and automatically redirecting the robot in response to detect-
ing an absence of lawn. Another method step may include
scanning for a body of liquid proximate the robot with a liquid
detector carried by the robot, and automatically redirecting
the robot in response to detecting a body of liquid. In some
implementations, the method includes scanning for a poten-
tial obstacle proximate the robot with a proximity sensor
carried by the robot, and automatically redirecting the robot
in response to detecting a potential obstacle. The method may
also include scanning for a boundary responder with a bound-
ary detector carried by the robot, and automatically redirect-
ing the robot in response to detecting a boundary responder.

[0022] The details of one or more implementations of the
disclosure are set fourth, in the accompanying drawings and
the description below. Other features, objects, and advantages
will be apparent from the description and drawings, and from
the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] FIG. 1A is a schematic view of lawn care robots.

[0024] FIG. 1B is a schematic view of a method of lawn
cutting with a robotic lawnmower.

[0025] FIGS. 2A-2C are schematic views of lawn care
robots.

[0026] FIGS. 3A-3K are schematic and block diagram
views of lawn care robots.

[0027] FIG. 4A is a side view of a lawn care robot.
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[0028] FIG. 4B is a rear view of a lawn care robot.

[0029] FIG. 4C-D are top views of a lawn care robot.
[0030] FIG. 4E is a side view of a lawn care robot.

[0031] FIG. 4F is a rear view of a lawn care robot.

[0032] FIG. 4G is a top view of a lawn care robot.

[0033] FIG. 4H is a side view of a lawn care robot.

[0034] FIG. 41 is a top view of a lawn care robot.

[0035] FIG.4Jis aside view ofa drive wheel ofa lawn care
robot.

[0036] FIG.dK-N are front views of a drive wheel of a laws
care robot.

[0037] FIG. 5A is a schematic view of a rotary cutter.
[0038] FIG. 5B is an exploded view of a rotary cutter.

[0039] FIGS. 5C-D are schematic views of a reciprocating
cutter.

[0040] FIG. 5E is a schematic view of a comb of a recipro-
cating cutter.

[0041] FIGS. 5F-G are schematic views of a reciprocating
cutter.

[0042] FIGS. 5H-I are schematic views of cutters.

[0043] FIG. 6A is a schematic view ofa hybrid mechanical-
electric robotic mower system.

[0044] FIG. 6B is a schematic view of an all electric robotic
mower system.

[0045] FIG. 6C is a schematic view of a robotic mower
system.

[0046] FIG. 6D is a table of components for a robotic
mower system.

[0047] FIG. 6E is a schematic view of grass-cutting
obstacles, boundaries, and cuttable areas in a neighborhood.

[0048] FIGS. 7A-B are schematic views of methods of
navigating a mower.

[0049] FIG.7C s a schematic view of a robotic mower and
a handle.

[0050] FIG.7D isa schematic view of a robotic mower with
a handle.

[0051] FIG.7E is a schematic view of a robotic mower with
a stowed handle.

[0052] FIG.7F is a schematic view of a robotic mower with
a handle.

[0053] FIG. 8A is a schematic view of an optical not-grass
detector.

[0054] FIG. 8B is a diagram illustrating an example
response of an optical not-grass detector over time.

[0055] FIGS. 8C-D are schematic views of acoustic not-
grass detectors.

[0056] FIG. 8E is a schematic view of an acoustic hard
surface detector.

[0057] FIG. 5F is a diagram of a process of classifying a
target surface with an acoustic hard surface detector.
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[0058] FIG. 8G is a schematic view of a mounting system
for an emitter or receiver of an acoustic hard surface detector.

[0059] FIG. 9 is a schematic view of a liquid detector.
[0060] FIG. 10 is a schematic view of a cut edge detector.

[0061] FIGS.11A-B are schematic views of cut edge detec-
tors.

[0062] FIG.12isarear schematic view of alawn care robot
having a cut edge detector and a calibrator.

[0063] FIG. 13 is a schematic view of a cut edge detector.
[0064] FIG. 14 is a schematic view of an optical sensor.
[0065] FIG. 15A is a schematic view of a cut edge detector.
[0066] FIG. 15B is a top schematic view of a lawn, care
robot.

[0067]
tors.

FIG. 16 A-B are schematic views of cut edge detec-

[0068] FIG. 16C is a schematic view of a grass height row
vector.

[0069] FIG. 16D is a schematic view of a two-dimensional
grass height row vector array.

[0070] FIG. 16E is a schematic view ofa grass height image
from a cut edge defector.

[0071] FIGS. 17-19 are schematic views of cut edge detec-
tors.

[0072] FIG.20is arear schematic view of a lawn care robot
having a cut edge detector and a calibrator.

[0073] FIGS. 21-22 are schematic views of cut edge detec-
tors.

[0074] FIG. 23A is a schematic view of a lawn care robot
system and mowing robot encountering a boundary
responder.

[0075] FIG.23Bisaschematic view of boundary responder
detector for a lawn care robot system.

[0076] FIGS. 24-29 are schematic views of boundary
responders.

[0077] FIG. 30 is a schematic view of a property having
boundaries, obstacles, cuttable areas, and non-cuttable areas.

[0078] FIG. 31 is a schematic view of a property having
boundary responders.

[0079] FIG. 32 is a schematic view of a property having
follow and enter responders.

[0080] FIG. 33 is a schematic view of a lawn care robot.

[0081] FIG. 34 is a schematic view of an example cutting
pattern mowed by a lawn care robot.

[0082] FIG. 35A is a schematic view of a property with a
perimeter boundary having splice connectors, power stations,
and an anchor.

[0083] FIG. 35B is a schematic view of a splice connector.

[0084] FIG. 35C is a schematic view of a robot-activated
power station.

[0085] FIG. 35D is a schematic view of a perimeter bound-
ary having splice connectors and power stations.
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[0086] FIG. 36 is a schematic view of a property with a
perimeter boundary having splice connectors, power stations,
and boundary responders.

[0087] FIG.37is aschematic view of a spike type boundary
responder.

[0088] FIG.38is aschematic view of a spike type boundary
responder installation tool.

[0089] Like reference symbols in the various drawings
indicate like elements.

DETAILED DESCRIPTION

[0090] An autonomous, robot may be designed to clean
flooring. For example, the autonomous robot may vacuum
carpeted or hard-surfaces and wash floors via liquid-assisted
washing and/or wiping and/or or electrostatic wiping of tile,
vinyl or other such surfaces. U.S. Pat. No. 6,883,201 by Jones
et al. entitled AUTONOMOUS FLOOR CLEANING
ROBOT, the disclosure of which is herein incorporated by
reference it its entirety, discloses an autonomous cleaning
robot. Notwithstanding the use of the term mowing robot
herein, these concepts may also apply to a cleaning or other
coverage robot.

[0091] Referring to FIGS. 1-3, an autonomous coverage
robot 10 includes a body 100, a surface treater 200 secured to
the body 100, and at least one surface sensor 310, 320, 330
carried by the body 100 and responsive to at least one surface
characteristic. A drive system 400 is carried by the body 100
and configured to maneuver the robot 10 across a surface 20
while following at least one surface characteristic. Examples
of'the surface treater 200 include a reciprocating symmetrical
cutter floating on a following wheel 210, a rotary cutter, a
spreader, and a gatherer. The body 100, as shown in FIG. 1A,
has a substantially circular perimeter; however, other shapes
are suitable as well, such as a substantially pentagonal, tomb-
stone, or rectangular shape, as shown in FIGS. 2A-3. In some
implementations, the robot 10 comprises a frame-and-body
structure or a substantially monocoque structure. In some
implementations, the body 100 includes a two part articulated
body, which will be described later in detail.

[0092] Insome examples, one or more edge following sen-
sors 310 (also referred to as cat edge detectors) and edge
calibrators 320 (e.g. a grass character sensor) are mounted on
the body 100. FIG. 1A depicts an exemplary placement of
boundary sensors 340, a bumper 110 (which may be coupled
to two or more displacement sensors to provide impact direc-
tionality) and at least one grass sensor 330 (e.g. determines a
presence of grass) on the body 100. An active or passive fore
grass comber 510 precedes the surface treater 200 and an aft
grass comber 520 follows each wheel 410, 420, 430.

[0093] Referring to FIG. 1B, a method of lawn cutting with
a robotic lawnmower 10 having a drive system 400 and a
cutter 200 carried by a body 100 includes step S10 of activat-
ing the drive system 400 to maneuver the robotic lawnmower
10 across a lawn 20, step S30 of detecting a swath edge 26
with the swath edge detector 310, and step S40 of following a
detected swath edge. The method may include step S20 of
orienting blades of grass of the lawn 20 with a grass arranger
440 carried by the body 100 forward of a swath edge detector
310 carried by the body 100. The method includes step S50 of
erecting blades of grass of the lawn 20 with a fore grass
comber 510 carried by the body forward 100 of the cutter 200,
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step S60 of cutting the lawn 20 with the cutter 200, and step
S70 of arranging blades of grass of the lawn 20 with an aft
grass comber 520 earned by the body 100 rearward of the
cutter 200 and/or the drive system 400. In some examples, the
method includes one or more of the following steps: step S80
of continuously scanning for an absence of lawn 20 with a
lawn detector 330 carried by the body 10, where the drive
system 400 redirects the robot 10 in response to detecting an
absence of lawn 20; step S90 of continuously scanning for a
body of liquid 1004C proximate the robot 10 with a liquid
detector 350 carried by the body 100, where the drive system
400 redirects the robot 10 in response to detecting a body of
liquid 1004C; step S100 of continuously scanning for a
potential obstacle proximate the robot 10 with a proximity
sensor (e.g. infrared sensor) carried by the body 100, where
the drive system 400 redirects the robot 10 in response to
detecting a potential obstacle; and step S110 of continuously
scanning for a boundary responder 600 with a boundary
detector 1500 carried by the body 100, where the drive system
400 redirects the robot 10 in response to detecting a boundary
responder 600.

[0094] A configuration and height of the bumper 110, in
some instances, are arranged according to a ground clearance
or a cut height of the cutter 200. The bumper height may be
lower than the cut height of the cutter 200. Also, the bumper
110 may rise and lower with the cutter 200.

[0095] In one example, the drive system 400 includes left
and right driven wheels, 410 and 420 respectively, and a
trailing wheel 430 (e.g. a caster). In one implementation, the
drive system 400 includes at least one drive wheel 410, 420
rotated by a motor or other drive mechanism (e.g., an electric
motor supplied power from a consumer-level battery, fuel
cell, large capacitors, microwave receiver, an internal/exter-
nal combustion engine powered by an onboard fuel source,
hydraulic/pneumatic motor powered by an above aforemen-
tioned power source, large potential energy sources such as
wound or compressed springs such as in hydraulic or pneu-
matic, vacuum accumulators, flywheels, or compressed air).
In some instances, the drive system 400 includes a differential
drive on a center axis 105 with two independently driven
wheels 410, 420. One or more of the wheels 410, 420, 430
may swivel, to aid navigation or adjustment of yaw of the
robot 10. In other implementations, the drive system 400
includes a holonomic drive, particularly in combination with
a body 100 having a shape of constant width. The robot 10
may rotate about more than one point within an area defined,
by an outline of the body 100, thereby escaping from, travers-
ing, or otherwise avoiding entrapment in spaces approaching
a width of the robot 10.

[0096] Typically, the robot 10 is used on a yard or lawn 20.
Referring again to the example of FIG. 1A, as the robot 10
mows the lawn 20, an uncut, area 22 is generally longer than
acutarea 24. After mowing an initial swath 23, which may be
linear, circular, or some other geometry, the robot 10 follows
aswath edge 26 (i.e. the boundary edge between the uncut and
cut areas, 22 and 24 respectively) for each successive swath
23. If the initial swath 23 is circular or arced, the robot edge
following will result in an emergent spiraling path. If the
initial swath 23 is linear, upon reaching the end of a swath 23,
the robot 100 rotates approximately 180 degrees, aligns itself
with the swath edge 26 using the cut edge detector 310, and
proceeds to mow another swath 23. The robot 10 successively
repeats this process until it determines that it has completed
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mowing the yard 20, for example, or until if reaches some
other state which ends a mowing cycle. By aligning itself to
the immediately preceding mowed swath 23, the robot 10
may ensure that it mows the lawn 20 in a generally uniform
pattern of adjacently cut swaths 23, achieving a mowed
appearance similar to a lawn 20 mowed by conventional
devices. By relying on the cut edge detector 310 to continu-
ously realign the robot’s heading based as it mows each,
successive adjacent swath 23, the robot 10 may forgo using
other more complex equipment for alignment, such as GPS,
triangulation, inertial, and odometric reckoning, requiring
additional sensors and/or processing power.

[0097] Each of the examples shown in FIGS. 1-4 share
relatively large diameter differential drive wheels 410, 420
(e.g., 8 inches or greater), casters 430, 440 of a lesser diam-
eter, and optional fore and aft grass combers/lifters, 510 and
520 respectively.

[0098] FIGS. 2A-C depict alternative implementations of
the lawn care robot 10 having a substantially pentagonal
shape of constant width in which the widest portion trails the
center axis 105. Eachrobot 11, 12 includes a differential drive
off, near to, or on the center axis 105 and an asymmetrical
reciprocal cutter 200A. Separate edge following sensors 310
and grass character sensors 320 are provided in pairs
(although only one of each, is optional). FIGS. 2A and 2B
also illustrate alternative locations of the tore and after grass
combs, 510 and 520 respectively, and the calibration sensors
320. A caster 430 or fixed bearing auxiliary wheel 440 may
depress the grass. Example locations of the grass depressing
wheel 430, 440 include forward or rearward of one cut edge
detector 310, forward of a first eat edge detector 310 and
rearward of a second cut edge detector 310 (shown between in
FIG. 2A), forward ofthe cutter 200 (shown ahead in FIG. 2B),
and rearward of the cutter 200.

[0099] Referring to FIG. 2A, a robot 11 (which is config-
ured as the robot in FIG. 33) includes one trailing caster 430
and a cutter 200A carried by the body 100. The cutter 200A
has a blade extending to an uncut side 101 edge of the robot
11. A fore grass comber 510 carried by the body 100 is shown
with, a relatively larger front to back size to accommodate a
rotating bar bearing strings, filaments, chains, tires, bristles,
flexible flaps, or a combination of these. The fore grass
comber 510 is shown optionally laterally adjacent a grass
depressing wheel 440 carried by the body 100. One edge
following sensor 310 and grass character sensor 320 pair is
carried by the body 100 and located forward of the fore grass
comber 510, aligned parallel to a center axis 105, and laterally
in-line with each other. A second edge following sensor 310 is
carried by the body 100 and located rearward of the fore grass
comber 510, but forward of the cutter 200A.

[0100] Referring to FIG. 2B, arobot 12 includes a body 100
carrying two leading flattener wheels 440 located forward of
an edge following sensor 310 and a cutter 200A that extends
to a cut-side 102 edge of the robot 12. The edge following
sensor 310 is located rearward of a fore grass comber 510
carried by the body 100, but forward of the cutter 200A. A
grass character sensor 320 is carried by the body 100 and
located forward ofthe fore grass comber 510. In this example,
the edge following sensor 310 is not laterally in-line with the
grass character sensors 320. A trimmer 220 is carried by the
body 100 on a different side from, the edge sensor 310 and/or
cutter 200A. One of the leading flattener wheels 440 (e.g.
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casters) may depress the grass ahead of a cut-portion span 312
of the edge sensor 310, or immediately ahead of it (e.g.,
separated in the moving direction by less than a cut grass
height or about two inches).

[0101] Referring to FIG.2C, arobot13 includes a body 100
having a substantially pentagonal shape of constant width in
which the widest portion leads a center line 105, with a drive
differential substantially on the center axis 105 connecting
left and right drive wheels 410 and 420 respectively. A leading
caster 440 and a trailing caster 430 are each carried by the
body 100. Three reciprocal cutters 200B are disposed on the
body 100 at different front-to-back locations that overlap
serially in cut width. An extended one-piece grass sensor
array 315 is located forward of a fore grass comber 510 and
includes edge following sensors 310 and grass character sen-
sors 320. A trimmer 220 may be coupled to the body 100
either of the uncut or cut sides, 101 and 102 respectively. A
drive wheel 420 may depress the grass in a narrow portion,
following the cut-portion span 312 of the cut edge sensor 310
(i.e., no grass comber follows at least this wheel).

[0102] FIG. 3A is a schematic diagram illustrating another
exemplary lawn care robot 14 having a substantially circular
shape. The body 100 carries differential drive wheels, 410 and
420 respectively, substantially on the center axis 105, one
leading caster 430, and three different rotating multi-“exacto”
Bellinger blade cutters 200B (as used in U.S. Pat. No. 3,550,
714, although with a guard to cover the blades when the cutter
200B is not rotating, and optionally powered by separate
motors). The three rotary cutters 200B are placed at different
front-to-hack locations with overlapping cut widths. The
arrangement of the cutters 200B shown (i.e., diagonally) is
amenable for either reciprocal cutters 200 A or rotating cutters
200B, or counter rotational shear. An edge following sensor
310 disposed on the body 100 includes a fore edge sensor
bank 3102 preceding an aft edge sensor bank 3104 in the
direction of cutting to provide auxiliary positional input for
determining whether the robot 14 is proceeding linearly. For
example, if the fore cut edge sensor 3102 and the trailing edge
sensor 3104 are aligned along a single line parallel to the
forward direction of travel of the robot 14 and both indicate
the presence of the cut edge 26, the robot 14 may determine
that it is traveling substantially linearly. However, if only one
of the cut edge sensors 3102, 3104 indicates the presence of
the cut edge 26, the robot 14 may have deviated from a
straight line path. More complex interpretation and error-
detection is also possible. The leading sensor 3102 may be
wider or narrower than the trailing sensor 3104 and is option-
ally placed on an extending or extended arm 3106 as shown.
A trimmer 220 may be coupled to the body 100 either of the
uncut or cut sides, 101 and 102 respectively. The fore grass
combers 510 may be replaced with fan blades for drawing up
the grass with air flow concentric with the rotating cutters
200B.

[0103] FIG. 3B is a schematic diagram illustrating a layout
of another exemplary lawn care robot 15 having a rectangular
shape. The robot 15 includes a body 100 carrying differen-
tially steered drive wheels 410 and 420, respectively, located
near rear corners of the body 100, and two leading casters
430, located near forward corners of the body 100. Differen-
tial steering allows fast yaw rates. Wheels 410,420,430
located at the corners of the rectangular body 100 allows for
good approach/departure angles and stability. The robot 15
also includes a cutter 200, a battery 160, edge detectors 310,
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calibrators 320, and boundary detectors 1500, all carried by
the body 100. Front and rear bumpers 110A and HOB, respec-
tively, are secured to the body 100 and may be configured to
detect contact. Tight spacing between, the wheels 410,420,
430 and the cutter 200 allow for reasonable anti scalping. The
turning center 150 is located between the drive wheels 410
and 420, respectively. The component layout and body con-
figuration allow the robot 15 to cut up to boundaries and walls
and is likely more efficient than a skid steer configuration
(shown in FIG. 3D), but may have difficulty cutting to a 90
degree edge. The robot 15 is less likely to damage turf 20
while turning. Drawbacks to the component layout and body
configuration of the robot 15, as shown, include not being
able to turn in place, requiring bumper protection for all areas
for and aft of the drive wheels 410 and 420, respectively, and
needing slightly less than 2 times its length to turn 360
degrees (48"-60"). The robot 15 is stable, but transfers about
20% of its weight fore and aft as well as left and right at about
30 degree slopes, which causes difficulty or inability to navi-
gate 30 degree slopes in reverse due to traction loss and drift.
A forward center of gravity creates enough inertia to generate
wheel slip in wet grass on flat terrain during edge following.
The traction loss results in a change in robot heading or drill,
which may affect edge following even on flat terrain.

[0104] FIG.3C is a schematic diagram illustrating a layout
of another exemplary lawn care robot 10 having a shape of
substantially constant width. The robot 10 includes a body
100 carrying differentially steered drive wheels 410 and 420,
respectively, located near rear corners of the body 100, and a
leading caster 430, located on a forward portion of the body
100. The robot 16 also includes a cutter 200, a battery 160,
edge detectors 310, calibrators 320, and boundary detectors
1500, all carried by the body 100. Front and rear bumpers
110A and 110B, respectively, are secured to the body 100 and
may be configured to detect contact. Tight spacing between
the wheels 410,420,430 and the cutter 200 allow for reason-
able anti scalping. The turning center 150 is located between
the drive wheels 410 and 420, respectively. The component
layout and body configuration allow the robot 15 to cut up to
boundaries and walls as well as cut to a 90 degree edge. The
robot 15 is not likely to damage turf 20 while turning. The
robot 15 is stable, but transfers about 20% of its weight fore
and aft as well as left and right at about 30 degree slopes,
which causes difficulty or inability to navigate 30 degree
slopes in reverse due to traction loss and drift. A forward
center of gravity creates enough inertia to generate wheel slip
in wet grass on flat terrain during edge following. The traction
loss results in a change in robot heading or drill, which may
affect edge following even on flat terrain.

[0105] FIG.3D is a schematic diagram illustrating a layout
of another exemplary lawn care robot 17 with skid steering.
The robot 17 includes a body 100 carrying differentially
steered left and right drive wheels 410 and 420, respectively,
located near front and rear corners of the body 100. To turn,
the robot 17 may lock one or more wheels 410,420 while
driving the others. The robot 17 also includes a cutter 200, a
battery 160, edge detectors 310, calibrators 320, and bound-
ary detectors 1500, all carried by the body 100. Front and rear
bumpers 110A and 110B, respectively, are secured to the
body 100 and may be configured to detect contact. Tight
spacing between the wheels 410,420,430 and the cutter 200
allow for reasonable anti scalping. The turning center 150 is
located substantially near the center of the robot 17. The
component layout and body configuration allow the robot 17
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to cut up to boundaries and walls, but may have difficulty
cutting to a 90 degree edge. The robot 17 can turn on its center.
Four wheel drive reduces the need for a low center of gravity
and offers excellent step and hill climbing ability. A 50-50
weight distribution limits the occurrence of drift on slopes.

[0106] FIGS. 3E-H are block diagrams depicting typical
control electronics and instrumentation which may apply to
any appropriately similar robot described herein. FIGS. 3E
and 3F are block diagrams suitable for a robot 10 with difter-
ential steering and an oblong “tombstone” form. Essentially
the same components may be used in any of the differentially
steered robots disclosed herein. As shown in FIGS. 3E and 3P,
a bumper 110 is connected to left and right bump sensors
110L and 110R, respectively, at each of front and rear ends.
These permit the robot 10 to detect the direction of a bump
using the timing of actuation (e.g., if the left front is actuated
before the right, an obstacle is forward and to the left). The
controller 450 in main electronics 5400 can use this direction
to hack and turn the robot 10 away and angled away from the
side of detection. Hard surface detectors 330E as discussed
herein (one method of determining a lack of grass) are placed
at all tour corners of the robot 10 and monitored by the
controller 450. Artificial boundary (VP—Virtual Fence)
detectors 529 as disclosed herein are also placed at all four
corners of the robot, monitored by the controller 450. Wheel
drop sensors 430A are part of the wheel assemblies of caster
430 and left and right drive wheels 410 and 420, respectively,
monitored by the controller 450. Detections on hump, wheel
drop 462A, hard surface 330, and VF boundary 529 sensors
are activating conditions for obstacle avoidance behaviors
and/or obstacle following behaviors (“behaviors” In the con-
text of behavior based robotics) as disclosed in U.S. Pat. No.
6,809,490, as well as those behaviors disclosed in U.S. Patent
Application No. 20070016328 for “Autonomous surface
cleaning robot for wet and dry cleaning” to Ziegler et al,
herein incorporated by reference in its entirety.

[0107] FIGS. 3E and 3F further show encoders 430B pro-
vided to each wheel assembly 410, 420, 430, which are moni-
tored together with bumps and motor currents by the control-
ler 450 to register a stuck condition (stasis), an activating
condition for escape behaviors as disclosed in U.S. Pat. No.
6,809,490. Similarly, a cutter motor assembly 202 is provided
with an encoder for detecting jams and speed. Right and left
cut edge sensors 310 as described herein in various forms
(310A, 310B . . ., 310X) are provided and employed by the
controller 450 as described herein. A wireless transceiver 55
communicates with the controller 450 (interchangeably con-
troller 5400) to permit the wireless remote to send and/or
receive signals. A user interface 5410 (e.g., display panel
and/or buttons) controlled from the controller 450 permits
status signals and instructions. A manual mode interface 5411
is as described herein with reference to mounting, dismount-
ing, and folding handles (e.g., permitting dead man and other
signals to be switched, and handle status detected), for
manual and autonomous modes.

[0108] FIGS. 3E and 3F differ primarily in that FIG. 3E is
primarily powered by an internal combustion engine 5451
(which may directly drive some components via clutches
and/or transmissions, and may also drive an alternator or
generator for powering devices or charging a battery 5454 to
do the same). FIG. 3F is primarily powered by a battery 5501
(which powers, e.g. brushless or other DC motors via motor
control, circuits and motor amplifiers). An internal combus-
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tion engine is primarily selected for energy density and rapid
cycle times (e.g., replacing fuel is faster than recharging a
battery), and need not be used to directly drive a cutter 200.

[0109] Tt should be noted that a feature of the both internal
combustion and battery powered arrangements is that when
the robot 10 is placed in manual mode, clutches on the driven
wheels (in some instances not shown, but all driven wheels
disclosed herein may be clutched for this purpose) disengage-
wheels that are driven in autonomous modes, providing more
power for manual mode. In each case, the controller 450 may,
in response to the detection of manual mode (optionally in
association with the handle being attached or unfolded), acti-
vate a high power mode for the cutter 200 (the cutter motor,
gearbox, clutch, and cutting element strength being selected
to accommodate this greater stress mode). This is appropriate
for instances in which the user believes or perceives the robot
10 may be overmatched by lawn growth. An additional fea-
ture is that the wireless transceiver 55 may be used to activate
a “normally off” switch connected to the ignition of an IC
motor or motor current loop on an electric motor. When the
robot 10 is out of range or unable to receive wireless signals
from, of a wireless remote that broadcasts a (continuous or
interval of seconds to minutes) dead man signal, the robot 10
will be deactivated—and may be remotely deactivated by
stopping the dead man signal.

[0110] The battery powered robot 10 of FIG. 3F is con-
trolled as discussed, herein with respect to the included sche-
matics and control diagrams. The internal combustion motor
robot 10 of FIG. 3E includes engine monitoring and control
(ECU) 5402 for monitoring the state of the motor 5451.
Various sensors, including voltage and current states as well
as conventional sensor configurations, may be connected to
the ECU 5402, including some or all of intake air pressure and
temperature, barometric air pressure, coolant temperature,
throttle position, crank position, cam position, fuel injection
start angle and pulse width, and spark advance. Fuel level,
ignition status, kill switch status, and dead-man switch status
may be monitored by the ECU 5402 or main controller 450 or
5400. The motor 5451 powers a generator 5452, via a con-
ventional gearbox or other transmission. If the gearbox is
fully backdriveable or with appropriate gear ratios, the gen-
erator or alternator 5452 may be configured to act as a starter
motor (with appropriate circuitry). Power conditioning 5404
turns the output of the generator 5452 into smoothed, less
noisy, and optionally DC current for charging batteries and
driving electric motors. The battery 5454 may be connected
for electric start of the IC motor 5451 for powering electric
motors in left wheel assembly 410, right wheel assembly 420
(if these are not directly driven), and for powering main
electronics 5400 and wireless transceiver 55. Dead man sig-
nals or switches (normally oil), or kill switches (normally on)
as described herein are connected to leave the main electron-
ics 5400 and wireless transceiver 55 powered even when the
robot 10 is immobilized or unable to cut by disabling ignition,
fuel supply, air supply, normally disengaged or normally
engaged clutches, or motor current loops. The internal com-
bustion motor robot 10 of FIG. 3E includes a clutch 5453 and
corresponding actuator (e.g., solenoid, motor, or EM) inter-
mediate the IC motor and the cutter 200 itself. The clutch
5453 disengages the IC motor from a mechanically powered
(via a transmission such as a belt, shaft, chain, or gearbox)
cutter 200, or disengages an electric motor (not shown) from
an electrically powered (via the generator 5452) cutter 200.
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[0111] FIGS. 3G and 311 are block diagrams depicting
typical control electronics and instrumentation which may
apply to any appropriately similar robot described herein, but
are particularly suited for an articulating “skidder” configu-
ration. Those elements that have like numbers as elements in
FIGS. 3E and 3F have substantially the same structure and
function.

[0112] Contrasting FIG. 3F to FIG. 3H, the skidder or piv-
oting configuration (rather than having a single forward
caster) includes left and right passive wheel assemblies 5210.
Each of these includes a drop sensor 430A and encoder 430B
monitored by the controller 430 or main electronics 5400. An
articulating pivot 5305 as described, herein separates the
body 18 into two parts. The pivot 5305 includes a slip ring or
flexible wire harness for passing wiring from the first portion
5100 to the second portion 5200 of the body 5000. A (pret-
erably electric motor) pivot actuator 5310 is controlled by
main electronics 5400, and the pivot 5310 position is moni-
tored by an absolute encoder (i.e., one which returns an abso-
lute position rather than relative position). A main drive wheel
5110 is powered by a motor assembly 5455.

[0113] Many of these same differences are found in con-
trasting the IC configuration of FIG. 3E to the IC skidder
configuration of FIG. 3G. The IC skidder configuration as
shown includes two clutch configurations. A drive clutch
actuator and clutch 5452 disengages the IC motor 5451 from
a mechanically powered (via a transmission such as a belt,
shaft, chain, or gearbox) main drive wheel 5110 or disen-
gages, an electric motor (not shown) from an electrically
powered (via the generator 5452) main drive wheel 5110. A
cutter clutch actuator and clutch 201 disengages the IC motor
5451 from a mechanically powered (via a transmission, such
as a belt, shaft, chain, or gearbox) cutter 200, or disengages an
electric motor (not shown) from an electrically powered (via
the generator 5452) cutter 200. These and other clutches
disclosed herein may be engaged or disengaged for manual
mode in stability situations (e.g., using a tilt sensor the con-
troller determines that the robot should be immobilized and
engages clutches appropriately) or when an E-stop, dead-man
switch or signal, orkill switch or signal is used. The controller
450 may also engage and disengage clutches during escape
behaviors.

[0114] FIG. 31 depicts connections between electronic
components and is one way of connecting components as set
forth in FIG. 3G and herein below. FIG. 31 is different from
FIG. 3G at least in that all of the motors for drive, pivot, and
cutting are electric; and that the two front wheels are each
driven. Steering motors 5456 on left and right forward sides
are connected (including motor control and amplification) to
the control board 5400. An articulation (pivot) motor 5310, a
main, drive motor 5455, and a payload or cutter motor 202 are
similarly connected (including motor control and amplifica-
tion). Power conditioning 5404 includes a charging or
recharging circuit for the battery (one or two circuits may
convert IC motor/alternator AC and/or household AC to
charge the battery), conditioning for the IC motor/alternator
AC current to smooth and remove noise using inductors or the
like, and a starting circuit for providing starting current (in
appropriate AC or DC form voltage, and current) to the starter
and/or alternator. The starter and alternator may be the same
or different devices. Both a kill switch K and a dead man
switch D intervene between the ignition and the IC motor
5451 (e.g., in a manner to damp or short ignition functions).
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Each can be activated by the control board 5400 and robot
behaviors and also directly by manual switches, relays, or the
like provided on the robot body or attachable/foldable handle.

[0115] FIGS. 3] and 3K show block, component layouts of
some of the components discussed with reference to FIGS.
3G and 4A-N below. Payload and payload motor 202 are
usually near the ground (in order to carry out lawn care),
shown in the middle of the robot. Steering and articulation
motors (electrical) 5456 and 5310 are placed essentially adja-
cent the wheels or pivot to be controlled. However, as shown
in FIGS. 3] and 3K, at least half (three components of, in this
case, six components) of the heaviest components that may be
placed in different locations—an IC engine 5451, alternator/
generator 5452, drive motor 5455, battery 5454, control elec-
tronics board 5400 (if more than one board, the heaviest ones
of these), and fuel tank 5458—are positioned at least in part
below the center axis of the highest diameter driven wheel
(here main drive wheel 5110) in order to lower the center of
gravity, it is not necessary for these components to be placed
within the volume of the highest diameter driven wheel 5110
in order to be below the center axis of it. However, as shown
in FIGS. 3] and 3K, it is preferable to place at least half of
these six components within the volume of the highest diam-
eter driven wheel, in FIG. 33, the IC engine 5451, alternator
5452, drive motor 5455, battery 5454, and fuel 5458 are
within the volume of the highest diameter driven wheel and
the control electronics board 5400 is placed within the main
body but outside the volume of the highest diameter driven,
wheel. In FIG. 3K, the control electronics board 5400, drive
motor 5455, and battery 5454 are within the volume, of the
highest diameter driven wheel/but the IC engine 5451, alter-
nator 5452, and feel 5458 tank are placed within the main
body but outside the volume of the highest diameter driven
wheel. Heavy components (often the engine, motors/genera-
tors, batteries, fuel, control electronics including motor
amplifiers) are used to lower the center of gravity.

[0116] Referring to FIGS.4A-N, arobot 18 includes a body
5000 having first and second portions 5100 and 5200, respec-
tively, joined at an articulated joint 5300. The first body
portion 5100 defines a payload area 5102 that carries a con-
troller 5400, a drive motor 5450, and a power source 5500, for
example. At least one drive wheel 5110 rotates about an axis
5105 defined by the first body portion 5100. The outer diam-
eter of the drive wheel 5110 is sized to be greater than a length
and height of the payload area 5102. In some examples, the
outer diameter of the drive wheel 5110 is about 16 inches, in
one example, as shown in FIGS. 4A-4D, one drive wheel
5110 defines an inner cavity housing the payload area 5102.
The first body portion 5100 includes left and right arms 5120
and 5130, respectively, extending from the payload area 5102
around the at least one drive wheel 5110 to the articulated
joint 5300. The second body portion 5200 defines an axis
5205 and carries at least one free wheel 5210 that rotates
about rear axis 5205. In some examples, the outer diameter of
the tree wheel 5210 is about 9 inches and the robot 19 has a
center of gravity CG a height H from a ground surface of
about 3 inches. The at least one free wheel 5210 may pivot
about an axis perpendicular to the rear axis 5205. For
example, the at least one free wheel 5210 may pivot laterally
with the pivot axis parallel to a direction of travel, allowing
the second body portion 5200 to lean into turns.

[0117] Thearticulated joint 5300 includes an actuator 5310
(e.g. a motor and gearbox) controlled by the controller 5400
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and configured to rotate the first and second body portions
5100 and 5200, respectively, in relation to each other about at
least one pivot 5305 of the articulated, joint 5300. In some
examples, as shown in FIG. 48, the articulated joint 5300
allows the second body portion 5200 to twist relative to the
first body portion 5100 about a drive direction. In some
examples, as shown in FIG. 4D, the articulated joint 5300
rotates a drive direction of the first body portion 5100 an angle
A of between about +90° and about —-90° with respect to a
drive direction of the second body portion 5200. This allows
the robot 18 to pivot 360° about a free wheel 5210.

[0118] FIGS. 4E-G illustrate an example of robot 18 with
two drive wheels 5110 carried by the first body portion 5100.
The configuration shown partially exposes the payload area
5102 between the two drive, wheels 5110. The two drive
wheels 5110 may be driven independently from each other.

[0119] Referring to FIGS. 4H-1, the robot 18 may be driven
with the first body portion 5100 leading the second body
portion 5200 and vice-versa. The robot 18 includes at least
one lawn care unit 5600 carried by the first and second body
portions 5100 and 5200, respectively. In the example shown,
the robot 18 includes lawn care units 5600A and 5600B
carried by the first body portion 5100 and lawn care unit
5600C carried by the second body portion 5200. When the
robot 18 is configured to have the first body portion 5100
leading the second body portion 5200, lawn care unit 5600A
may be configured as a cutter 200, lawn care unit 56008 may
be configured as a grass comber 510, 520 and/or a cut edge
detector 310, and lawn care unit 5600B may be configured as
a cutter 200. When the robot 18 is configured to have the
second body portion 5200 leading the first body portion 5100,
lawn care unit 5600A may be configured as a cutter 200, lawn
careunit 5600B may be configured as a cut edge detector 310,
and lawn care unit 5600B may be configured as a grass
comber 510, 520 and/or a cut edge detector 310.

[0120] Referring to FIGS. 4J-N, in some examples, the
drive wheel 5110 is supported by the first body portion 5100
on three roller supports 5112, each positioned about
120°from the other. A drive pinion 5114 coupled to a motor
5450 by a transmission 5455 drives the drive wheel 5110. The
drive wheel 5110 has a relatively low center of gravity CG-W.
In some instances, the drive wheel 5110 defines a stepped
profile, as shown in FIG. 4K. In other instances, the drive
wheel 5110 defines a truncated profile with a sharp peak, as
shown in FIG. 4L. In other instances, the drive wheel 5110
defines a knobbed profile, as shown in FIG. 4M. In other
instances, the drive wheel 5110 defines a treaded and/or
curved profile, as shown in FIG. 4N.

[0121] Referring to FIGS. 5A-B, a rotary cutter 2000
includes upper and lower disk guards 2010 and 2012, respec-
tively, and first and second cutter blades 2013 and 2014,
respectively, disposed between the upper and lower disk
guards 2010 and 2012, respectively. The rotary cutter 2000, in
some examples. Includes first and second blade tip guard
combs 2015 and 2016, respectively, disposed on correspond-
ing the first and second cutter blades 2013 and 2014, respec-
tively. The blade tip guard combs 2015, 2016 reduce blade
injuries and comb the grass 20. An optional blade lock 201
holds the first and second cutter blades 2013 and 2014,
respectively, together to farm, one rotating cutter.

[0122] In some implementations, the robot 10 includes an
aerator or erector which lifts cut grass 24, thereby adding
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perceived volume to the mowed lawn 24 and enhancing an
aesthetic appearance of the lawn 20. The aerator/erector may
include an active brush or comb for brushing the grass
upward, for example. The robot 10 may include an aeration
and/or lift system as disclosed in U.S. Pat. No. 6,611,738; US
Patent Application Publication 2004/0187457; and/or U.S.
Pat. No. 3,385,041, all incorporated herein by reference in
their entireties.

[0123] In some instances, the surface treater 200 includes
sheep shear-style of hedge-trimmer-style cutters 200A,
which confine their cutting action to a particular radius and
prevent objects greater than that radius from being acciden-
tally cut. For example, the size of the cutting radius may be
selected to be smaller than a child’s fingers or toes, so as to
prevent accidental injury. Moreover, the cutter 200 cuts with
asubstantially low energy rate of approximately 70 watts over
a 0.5 meter cutting length. The rate of energy expenditure is
low enough, that the robot 10 can run for a sufficient period of
time to cut a yard, of typical size.

[0124] FIG. 5C is a schematic view of a simplified recip-
rocating cutter 2050 as an example of a reciprocating cutter
200A. The sickle-bar cutter 2050 includes first and second
blades, 2051 and 2052 respectively, positioned parallel to
each other and moved hi opposite reciprocating motions by an
actuator 2060.

[0125] Referring to FIGS. 5D-E, a reciprocating cutter
2050 includes a housing 2055 carrying an arm 2070 posi-
tioned to rotate horizontally (e.g. from right to left and back)
with regard to the lawn about a pivot bearing 2072. A cutting
blade 2080 is mounted to an external end of the arm 2070 and
abuts a comb 2084 connected to the housing 2055. The spin-
ning motion of a driven shaft 2076 is translated into recipro-
cating side-to-side motion for the arm 2070 via the eccentric
bearing 2074. As the arm 2070 moves horizontally from side
to side, the teeth 2082 of the cutting blade 2080 shearingly
slide horizontally while in contact with the tines 2086 of the
comb 2084, cutting any blades of grass caught in grooves
2085 formed between the adjacent cutting blade 2080 and
comb 2084. In one example, the distance of reciprocation is
five centimeters or less (i.e., of the blade 2080 with respect to
the comb 2084).

[0126] Referring to FIG. 5F, the reciprocating cutter 2050
includes a blade tensioner 2090 providing evenly-spaced
downward tension on the cutting blade 2080. The teeth 2082
of the cutting blade 2080 are even urged against the comb
2084, enhancing the shearing action. The blade tensioner
2090 may include one or more arched extensions extending
from the arm 2070. Alternatively, the blade tensioner 2090
may include a separate unit connected to the body 100, such
as a heavy horizontally-aligned bar that provides a downward
pressure against the cutting blade 2080.

[0127] Referring to FIG. 5G, the reciprocating cutter 2050
includes two cutting blades 2080A and 2080B, each actuated
by separate arms 2070A and 2070B, respectively, reducing
the number of teeth 284A, 284B on each cutting blade 2080 A
and 2080B, respectively.

[0128] The cutting blade 2080 may include four teeth 2082
per every five comb tines 2086. Alternatively, the cutting
blade 2080 may include nine teeth 2084 per every ten tines
2086. The cutting blade 2080 and comb 2084 may function
such that only one (or alternatively, two) teeth 2082 are cut-
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ting at a time during operation of the cutter 2050. The teeth
2082 of the cutting blade 2080 and the tines 2086 of the comb
2084 may have mutually different pitches and may be cham-
fered. The number of teeth 2082 or tines 2086 may be a
multiple of the number of teeth present in a typical sheep-
shearer; for example, three times the factor of widening of the
comb 2084 with respect to the sheep-shearer. The clamping
force provided to the blade 2080 against the comb 2084 may
be uniform, or may vary across the horizontal area of the
blade 2080, within a range of acceptable clamping force. The
material of the cutting blade 2080 and/or comb 2084 may
include hardened metal (such as steel) which is stamped,
molded, then machined, forged, and machined again.

[0129] The comb 2080 and/or cutting blade 2084 may
include mounting holes for mounting the cutting blade 2080
or comb 2084 to a yoke. The teeth 2082 or tines 2086 may
have rounded tips to guide blades of grass into the grooves
2085. The spacing of the teeth 2082 or tines 2086 may be
established, to optimize the opening gap 2085.

[0130] The curves of the blade 2080 and comb 2084 may
have outlines similar to those of a sheep-shearing device
when the radius is nine inches or less; when the radius of
curvature thereof is greater than nine inches, the curves of the
blade 2080 and comb 2084 may be altered in accordance with
the driving radius and cutter radius.

[0131] Referring to FIG. 5H, a cutter 2100 includes a first
blade 2110 mounted to and rotatably driven by a motor 2140.
A second blade 2110 is mounted to and rotatably driven by a
planetary gearbox 2130 driven by the motor 2140. The first
and second blades 2110 and 2120, respectively, rotate in
opposite directions to shear grass. The cutter 2100 has the lift
capabilities of a conventional rotary cutter, but requires less
power to operate and generally provides a cleaner cut. In
some examples, the second blade 2110 is either fixed or free
floating, rather than driven by a planetary gearbox 2130. In
the fixed second blade configuration, only the first blade 2110
rotates thereby shearing grass with a scissor type action.

[0132] Referring to FIG. 51, a cutter 2200 includes a cutter
frame 2210 defining a longitudinal axis 2215. The cutter
frame 2210 is mounted to the body with, the longitudinal axis
2215 substantially parallel to a ground surface. A driven wire
holder 2220 is rotatably mounted to the cutter frame 2210 to
rotate about the longitudinal axis 2215. The wire holder 2220
includes a plurality of spaced disks 2222 and at least one wire
2224 secured near a peripheral edge of the disks 2222 and
arranged substantially parallel to the longitudinal axis 2215.
The rotating wire holder 2220 and associated wire(s) 2224
cuts grass with relatively less power than a conventional
rotary cutter.

[0133] Insome examples, the surface treater 200 includes a
fertilizer or pesticide dispenser for distributing fertilizer or
pesticide over the yard 20, either in lieu of or in addition to
other lawn care tasks such as mowing.

[0134] Referring to FIGS. 6A-B, the robot 10 generates
electrical power which may be stored. One implementation
utilizes a generator 1702, such as a dc motor that spins to
generate DC current. Control often involves a voltage regu-
lator 1704 to prevent high and low voltages in the system.
Another implementation includes an alternator. An alternator
is a three phase generator that is run through a set of diodes to
rectify the AC current to DC. With the use of an additional



US 2008/0109126 Al

voltage regulator it is possible to get stable, nearly ripple-free
DC current from the alternator.

[0135] FIG. 6A illustrates a hybrid mechanical-electric
system 1700A including a fuel source 1702 delivery fuel to an
engine 1704 that drives a cutter 1706 and a generator 1708.
The generator 1708 is connected to a voltage regulator 1710.
The voltage regulator 1710 is connected to an energy storage
unit 1712 (e.g. a battery), a drive motor 1714 and electronics
1716.

[0136] FIG. 6B illustrates an all electric system 1700B
including a fuel source 1702 delivery fuel to an engine 1704
that drives a generator 1708. The generator 1708 is connected
to a voltage regulator 1710. The voltage regulator 1710 is
connected to an energy storage unit 1712 (e.g. a battery), a
drive motor 1714, a cutter 1706, and electronics 1716.

[0137] Referring to FIGS. 6C-D, the robot 10 includes six
different categories of components; each of which performs a
narrow function of total system operation. The six categories
include: C1) Fuel—Storage and delivery of fuel to the engine;
C2) Intake—Passage of air into the engine; C3) Engine—
Combustion of fuel to create mechanical work from stored
energy; C4) Electrical Output—Components to create usable
electrical power from shaft work; C5) Starting—Components
to start the engine; and C6) Mechanical Output—Compo-
nents designed to channel shaft work to appropriate locations.
For each of the six categories, there are three separate types of
components; required (minimum complexity (cost) path to
operation), optional (these components will add additional
features or functionality to the product at additional cost, and
expected.

[0138] FIG. 6E provides a schematic view a neighborhood
1000 including houses 1002, grass-cutting obstacles 1004
(e.g. trees 1004 A, bushes 1004B, and water 1004C), bound-
aries 1006 (e.g. fences 1006A and property lines 1008B),
non-cuttable areas 1008 (e.g. driveways 1008A, sidewalks
1008B, and roads 1008C), and cuttable areas 1020. Although
a fairly simple neighborhood 1000 is shown, the depiction is
sufficient for substantially topologically equivalent, less lin-
early oriented lawns, or lawns with islands, multi-section
lawns, and or other discontinuities.

[0139] The delineation between areas intended to be tra-
versed by the robot 10 and areas not intended to be traversed
by the robot 10 may be divided into different types of bound-
aries, including visible boundaries and invisible boundaries,
natural, boundaries, artificial boundaries, arbitrary, political
boundaries, navigable and blocking boundaries. Lawn edges
are a type of arbitrary boundary that abut many kinds of
non-grass or non-mowable areas (e.g., fences, flowerbeds,
gardens, mulch, sidewalks, walls, steps). Arbitrary bound-
aries also include boundaries established for property or other
reasons within a physically mowable continuous grass area.
Examples of arbitrary boundaries include a boundary
between a bed of azaleas (bedded, in free-bark mulch) and a
grassy lawn and a boundary between a grassy lawn and a
concrete driveway. The transition between the grass and non-
grass area, or the non-grass area itself is discernable by virtue
of differing physical properties. In many cases, the difference
is visually discernable. However, the robot 10 uses a limited
set of less complex physical characteristics, such as average
reflected wavelengths of light (i.e., color) or mowing resis-
tance (correlating to grass presence).

[0140] The arbitrary boundaries which are not readily
ascertainable by differences in physical characteristics
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include property lines 1006B between adjacent lots in a
neighborhood 1000 and a border between a first yard region
1020 which should be mowed, and a second yard region 1020
which should not be mowed due to seeding, damage, or the
like. To recognize the arbitrary boundaries, the robot 10 uses
boundary responders 600, such as lengths of identifiable cord

“cord” also meaning wire, tape, chain, or cord of discrete
elements in a bounded line).

[0141] FIGS. 7A-7E depict structures relevant to switching
between autonomous and manual operation of the robot 10.
FIGS. 7A, 7C-7F depict structures suitable as an analog, of a
conventional push mower handle.

[0142] FIGS.7A and 7B are schematic views of methods of
navigating a lawn care robot 10. Referring to FIG. 7A, one
method, of manually leading the robot 10 includes using an
IR or wireless remote 50 that sends a signal to a receiver 55 on
the robot 10. The drive system 400 is configured to follow the
signal received from the remote 50

[0143] Another method includes guiding the robot 10 with
a push bar 116 attached to the body 100. The push bar 116
may be detachable from or stowable on the body or housing
100. For example, if the robot 10 is programmed to avoid
thick vegetation so as not to become mired or entangled, an
operator may nonetheless override the behavior by guiding
the robot 10 with the push bar 116. In some cases, the push bar
116 includes a switch, speed setting, or joystick to advance
and steer the robot 10. In one instance, the push bat 116
includes one or more pressure or strain sensors, monitored by
the robot 10 to move or steer in a direction of pressure (e.g.,
two sensors monitoring left-right pressure or bar displace-
ment to turn the robot 10). In another instance, the push bar
116 includes a dead man or kill switch 117A in communica-
tion with the drive system 400 to turn off the robot 10. The
switch 117 A may be configured as a dead man switch to turn
oil the robot 10 when a user of the push bar 116 ceases use or
no longer maintains contact with the push bar 116. The switch
117 A may be configured act as a kill switch when the push bar
116 is stowed, allowing a user to turn off the robot 10. The
dead man orkill switch 117 A may include a capacitive sensor
or a lever bar. In another instance, the push bar 116 includes
a clutch 117B to engage/disengage the drive system 400. The
robotic mower 10 may be capable of operating at a faster
speed while manually operated by the push bar 116. For
example, the robotic mower 10 may operate at an autonomous
speed of about 0.5 m/see and a manual speed greeter than 0.5
m/see (including a “turbo” speed actuatable to 1.20-150% of
normal speed).

[0144] Referring to FIG. 7B, in yet another method of navi-
gating the robot 10, the robot 10 includes a pull leash or
retractable lead wire 118 fed through a guide 120 from a spool
122. In this example, the drive system 400 includes a control-
ler 450 carried by the body 100 and controlling the release and
retraction of the spool 122. The pull wire extends for 6-10
Feet, for example, and the robot 10 monitors the amount of
extension directly or indirectly (encoder, etc.), as well as the
direction in which the wire is pulled (monitoring a position of
the wire guide 120). The robot 10 follows the direction of the
pull and controls speed to maintain a wire length. FIG. 78 also
shows a grass erector 510 carried by the body 100 forward of
the cutter 200. The grass erector 510,520 includes a driven
wheel 510A having an axis of rotation parallel to the lawn
20,1020 and a plurality of flexible grass agitators 510B
extending radially outward from the wheel 510A.
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[0145] Referring to FIGS. 7C and 7D, robot 19 is config-
ured for autonomous and manual (push) modes. As shown in
FIG. 70, the handle 116 is configured substantially in the form
of a conventional push mower handle. The handle 116
includes, at an upper end, a dead man switch 117A manually
operable by the hand of an operator. The dead man switch
117A is connected to a spring loaded actuator 117D and is
thereafter connected to the robot 19 using a connection line
117E (which may be a movable mechanical actuator cable or
an electrical line). At a lower end of the handle 115, the
connection line 117E is passed through a connector 116C to
the robot 19. The handle 116 is connectable to the robot 19 via
the connector 116C, as well as via a brace 116B. The lower
end of the handle 116 is connected substantially in the neigh-
borhood of the axis of the wheels 410,420 at the rear of the
robot 19, while the brace 116B and lower connection together
permit the robot 19 to be tipped via the handle 116 as the
handle is lowered by a user. In this manner, the robot 19, used
in manual mode, may be tipped and turned in place in the
manner of an ordinary push mower.

[0146] The dead man switch 117a is provided with a
mechanical bias or spring that biases the switch 117a to an
“oft” position. In this case, “off” means a mechanical or
electrical state in which an internal combustion or electrical,
cutter drive cannot function. For an internal combustion cut-
ter drive, examples of “off” include an open circuit from an
ignition or a short between a spark terminal and an engine
block or other known device for disabling the IC engine. For
an electrical cutter drive, examples of “off” include an open
circuit, normally off relay, or other known device for dis-
abling an electrical motor. In either ease, a brake and/or clutch
may be connected to the dead man switch 117a and actuated
at the same time as, or instead of, disabling the motor. In an
“on” position, the switch 117a is held against the bias of the
spring by the operator. The switch 117a may not be locked or
fixed in the “on” position.

[0147] The robot 19 depicted in FIGS. 7C and 7D, capable
of receiving the detachable push/pull handle 116, has an
internal combustion engine (or equivalent fuel-based or com-
bustion system providing high energy density such as fuel
cells) for direct drive of a cutter, charging batteries or pres-
surizing fluids. The robot 19 also includes a number of elec-
trical or hydraulic motors, including one or two drive motors
460 (driven to move the robot forward) and/or one or two
steering motors 470 (driven at differential rates or together to
turn the robot 10). Each motor 460,470 that connects to a
driven wheel, is provided with an electromagnetic clutch or
other electrically actuated clutch to disengage the respective
motor in manual modes. One clutch may disengage more than
one motor. The electromagnetic clutches may be controlled
from the controller 450, or more directly via the connector
116C as discussed herein.

[0148] As shown in FIGS. 7C and 7D, the handle 116 is
detachable via the connector 116C provided to the robot and
a corresponding connector 100A provided on the robot body
100. The connectors 116 A or 100A may each be mechanical
(i.e., if passing an actuating cable or transmitting its motion),
or may be electrical (multi-pin connectors).

[0149] The connectors 116A and 100A may have addi-
tional functions. When the handle 116 is attached, the dead
man switch 117A is a normally off switch that transmits the
“oft” condition (disengaging or killing the cutter drive) to the
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mower via the connectors 116A, and can be actuated manu-
ally to change to an “on” condition. However, upon removal
of the handle 116 from the robot 19, the normally “off”
default condition is reversed in order to permit the robot 19 to
operate autonomously (and restored whenever the handle 116
is attached). Either or both of the connectors 116 A, 100 A may
be provided with a reversal switch that is actuated when the
handle is removed, the reversal switch providing the same
status as if the handle 116 were attached and the dead man
switch 117A held by an operator. While it is possible to carry
out reversal switching in software, it is preferable that a dead
man switch 117A rely on robust mechanical connections or
open/closed current loops to engage and disengage the switch
117A. The reversal switch associated with connectors 116 A
or 100A also preferably employs a mechanical switch or
open/closed current loop to provide the “switch on” condi-
tion. Alternatively, the reversal switch may be provided
within the robot body 100 rather than directly at connectors
100A, 116A.

[0150] In some implementations, the connectors 116A or
100A, or the dead man switch 117A, are monitored by a
handle sensor that detects a presence or absence of the handle
116. The handle sensor is connected to a controller 450,
which initiates or deactivates manual mode, (e.g., activating
the clutches to disengage the drive and steering motors from
the wheels) in response to a detected presence or absence of
the handle 116. Based on this detection, the controller 450
may prevent the robot 10 from entering any autonomous
mode while the handle 116 is attached (with the exception of
a set-up or testing mode in which, the robot is pushed within
detection range of active or passive barriers or responders.)

[0151] AsshowninFIG. 7C, as the robot 19 is used in fully
autonomous modes, the handle 116 is left hanging or other-
wise conveniently stored in a user’s garage or other sheltered
property. The robot 19 completes the bulk of the yard mow-
ing, or all of the mowing in segmented areas. Depending on
the yard configuration, uncut areas may be bounded by
obstacles, otherwise unreachable, or outside a boundary set
by the user. The user may choose to complete, finish, or touch
up remaining areas. Preferably, the robot’s dock, home base,
or finishing location is in the vicinity of the handle storage
location. In any case, the user mounts the handle 116 on the
robot 19. As the connectors 116C and 100A engage mechani-
cally, the aforementioned reversal switch is deactivated,
bringing the dead man switch 117 A into operation (and, as it
is normally off, preventing cutting operations). The controller
450 of die robot 19 may detect the presence of the handle
116 A and enter a manual mode inresponse. Either implemen-
tation may be used by the controller 450 to power and disen-
gage the clutches of the drive and/or steering motors, 460 and
470 respectively, so that the robot 19 may be freely pushed. In
one example, the clutches are normally engaged so that a
robot having a dead battery or other power failure will not
readily roll down a hill as the normally engaged clutches
connect the non-backdriveable or backdriveable with resis-
tance motors to the wheels 410,420. The user may then freely
push the mower, pressing the dead man switch 117A to start
the motor and/or cutters 200. The robot 19 may be self-
propelled in manual mode, faster than autonomous mode, and
may be controlled using the dead man switch 117A or other
manual control.

[0152] FIGS. 7E and 7F depict robot 19 with a different,
foldable handle structure and body structure, but in general
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similar to the detachable handle structure of FIG. 7F. As
shown in FIG. 7F, the handle 116, while in use, remains
configured substantially in the form of a conventional push,
mower handle. The handle 116 includes a dead man switch
117A with a spring loaded actuator 117D and connects to the
robot 19 via a connection line 117E (not shown). The con-
nection line 117E is passed through a lower end of the handle
116 to the robot 19. The handle 116 is connectable to the robot
19 via a pivot connector 100A on the robot 19, as well as via
a sliding brace 116B. The lower end or the handle 116 is
connected substantially in the neighborhood of the axis of the
wheels 410,420 at the rear of the robot 19. The sliding brace
111B and lower connection 100A together permit the robot
19 to be tipped via the handle 116 as the handle 116 is lowered
by a user. In this manner, the robot 19, used in manual mode,
may be tipped and turned in place in the manner of an ordi-
nary push mower.

[0153] A folding joint 117F or switches within the pivot
connector 100A or sliding brace 116B may have the same
functionality as the connectors 116A and 100A, previously
described. When the handle 116 is unfolded the dead man
switch 117A is a normally off switch that transmits the “off”
condition (disengaging or killing the cutter drive) to the
mower via the pivot connector 100A, and can be actuated
manually to change to an “on” condition. However, upon
folding of the handle 116 flush to the robot 19, generally
conforming to the body 100 of the robot 19, the normally
“oft” default condition is reversed to permit the robot 19 to
operate autonomously (and restored whenever the handle 116
is attached). The folding joint 117F, the pivot connector
100A, or sliding brace 116B may be provided with a reversal
switch that is actuated when the handle is folded down. The
reversal switch provides the same status as if the handle 116
was unfolded and the dead man switch 117A held by an
operator. As shown in FIG. 7B, the dead man switch 117A
may be folded down to a position in which it is facing up and
substantially in the same position as a useful, kill switch
117C. In this position, and with the reversal switch activated,
the dead man switch 117A may become normally “on”, actu-
atable to an “off” condition, and thereby also become a kill
switch 117C.

[0154] The mower in manual mode, with the handle
attached and dead-man either on or off, may be used in a
check setup mode by the user. This check setup mode would
require the user to circumnavigate and approach all bound-
aries, obstacles, and marked guarded areas to be avoided by
the robot. The robot, via the user interface, notifies the user
upon the recognition or activation of each boundary, obstacle,
or responder. The user would be instructed to diligently try
and “fool” the robot (i.e., manually push the robot to test,
avoid, and or approach, areas not clearly bound by a boundary
or responder) or escape boundary confinement without detec-
tion, and if successtul would know to place additional bound-
ary segments or responders, in eluding redundant boundary
segments or responders as necessary. The robot may also be
configured to permit autonomous mowing only after suffi-
cient setup checking (e.g., certain distance odometered in
check setup mode).

[0155] In some examples, the autonomous robot 10
includes a non-grass detector 330 to aid mowing grassy areas
20, rather than areas which should not be mowed or traversed,
such as concrete, mulched or gravel-covered surfaces. The
not-grass detector 330. In various examples, includes a
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mechanical, electrical, piezoelectric, acoustic, optical or
other suitable sensor capable of detecting a presence of grass.
Certain of the sensors discussed above with regard to the eat
edge sensor 310 may function as the not-grass detector 330 if
arranged in a position or extending to a position other than the
location of the cut edge sensor. The not-grass detector 330 and
cut edge sensor 310 may be integrated or combined as a single
unit.

[0156] Referring to FIG. 8A, in some implementations, a
not-grass detector 330A includes a chlorophyll detector hav-
ing one or more light emitters 332 and an optical sensor 334.
The wavelengths emitted by die light emitters 332 are
selected based on an absorption spectrum of chlorophyll. In
one example, the not-grass detector 330A includes four dif-
ferent colored narrow-spectrum light emitting diodes (LEDs)
332A-D. LED 332A emits a blue wavelength. LED 332B
emits a green wavelength. LED 332C emits a yellow wave-
length. LED 332D emits a red wavelength.

[0157] The optical sensor 334 receives and analyzes light
reflected from an area illuminated 20A by the light emitters
332 to determine a presence of chlorophyll, in some
examples, the optical, sensor 334 includes a gray-scale or
black and white (1 bit) detector. When an image provided by
the optical sensor 334 is primarily dark or black (or weak
signal) in response to blue and red light emitted by light
emitters 332A and 332D, respectively, but is primarily light or
white (or strong signal) in response to green and yellow light
emitted by light emitters 332B and 332C, respectively, the
robot 10 determines that the illuminated area 20A likely
includes grass aid traverses and/of mows the illuminated area
20A.

[0158] FIG. 5B provides an example of signals from the
optical sensor 334 (i.e., (literal averaged over the area 20A) in
response to four wavelength emissions, showing compara-
tively lower responses in the blue and red wavelengths, while
comparatively higher responses in the green and yellow
wavelengths. As depicted, the robot 10 encounters a non-
green area while moving forward and then immediately backs
up. As shown, the robot 10 may have encountered something
red, but the signal of interest is the non-grass signal.

[0159] In additional implementations, a not-grass detector
330B includes a plurality of light emitters 332 having differ-
ent green wavelengths which are used for secondary color
response tests, providing a lawn color range for further reso-
Iution. For example, the not-grass detector 330B identifies
green but not the same green, as cuttable lawn areas 20, 1020.
A lawn color may be characterized over time as the mower
robot 10 covers the cuttable lawn area 20, 1020. Near IR, or
UV black light LED’s may also be used for the light emitters
332 in a similar manner. Polarization of the light emitted by
the light emitters 332 (e.g. linear or circular) provides addi-
tional information.

[0160] In one example, gaff-like tape bearing unobtrusive
detectable particulate or stranded media (e.g. iron filings,
retro reflectors, or the like) is stuck onto a hard surface 1008,
such as a driveway 1008A or sidewalk 1008B, and removed,
leaving the detectable media adhered to the surface 1008. The
not-grass detector 330 detects the detectable media (e.g. light
reflected off the detectable media).

[0161] In some implementations, the not-grass detector
330 also acts as a cliff detector, since it points down and is
angled to focus on an area of interest. The absence of any
signal is detection of a cliff.
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[0162] Referring to FIG. 8C, in some implementations, a
not-grass detector 330C includes an ultrasound or acoustic
emitter 333 and a microphone or ultrasonic transducer 335 to
record and measure acoustic reflections, e.g., echo attenua-
tion, frequency shift or characteristics, to determine a grass
presence grass. Hard, surfaces 1008 (e.g. driveways 1008A,
sidewalks 1008B, and roads 1008C) reflect sound better than
grass 20, 1020.

[0163] Referringto FIG. 8C, a grass sensor 3300 includes a
rolling idler wheel 336 (e.g. driven wheel) acoustically moni-
tored by a microphone or piezoelectric pickup 335 for one or
more characteristic frequencies, peaks, RMS amplitudes, and
damping representative of non-cuttable areas 1008 (e.g.
driveways 1008A, sidewalks 1008B, roads 1008C, and flow-
ers/garden 1008D). In one example, the wheel 336 is turned in
place to generate a rotational resistance characteristic of non-
cuttable areas 1008. In another example, the wheel 336
defines grooves 337 (e.g., longitudinally, laterally, diago-
nally, or sequentially some of each) that enhance acoustic and
rolling resistance information. In another example, the robot
10 includes a pH or chemical sensor bare areas of dirt or pine
needles.

[0164] Referring to FIG. 8E, the grass sensor 330, in some
examples, includes an acoustic surface sensor 330E having a
sensor housing 3310 defining emitter and receiver receptacles
3313 and 3314, respectively. An audio transmitter 3311 (e.g.
a piezo-electric element, or moving coil and magnet assem-
bly) is carried in the emitter receptacle 3313 and transmits an
audio emission 3315 downwardly. A receiver 3312 (e.g. a
piezo-electric element, or moving coil and magnet assembly)
is carried in the receiver receptacle 3134 and is configured to
receive a reflected audio emission 3316 off a ground surface
3340. A controller 3350 monitors a received reflected audio
emission 3316 and compares a maximum receive energy with
a threshold energy to classify the surface as hard or soil. The
audio transmitter 3311 transmits multiple audio emissions
3315, each having successively larger wavelengths increased
by half a fundamental frequency. In one example, the audio
transmitter 3311 transmits a first audio emission 3315 at
about 6.5 Mix (wavelength of about 52 mm) and a second
audio emission 3315 at about 8.6 kHz. The step in transmis-
sion frequency between the first and second audio emissions
3315 changes the acoustic energy by a half of a wavelength of
a fundamental frequency (e.g. by 26 mm). Small variations in
a distance between the acoustic surface sensor 330F and a
target surface 3340 may cause large variations in receive
energy due primarily to constructive and destructive interfer-
ence.

[0165] In some examples, a relatively narrow band-pass
amplifier 3362 limits external acoustic interference for
reflected audio signals 3316 received by the receiver 3312. A
receive envelope detector 3364 receives a conditioned signal
from the band-pass amplifier 3362. The receive envelope
detector 3364 is in communication with an A/D converter
3366, which is in communication with the controller 3350.

[0166] Using an audio transmitter 3311 and receiver 3312
separate from each other shortens a minimum sensing dis-
tance relative to a single unit transmitter-receiver. A single
unit transmitter-receiver (e.g. in pulse-echo mode) generally
has a wait period after a transmission for ringing to attenuate
before the unit 330E can listen for a reflected transmission
3316.
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[0167] Referring to FIG. 8F, operation of the acoustic sur-
face sensor 330E commences by step S100 of initializing a
transmission frequency, step S102 of initializing a frequency
counter, and step S104 of zeroing variables for a maximum
peak signal received and maximum energy received. In step
S106, a sound propagation timer is zeroed. In step S108, the
controller 3350 communicates with a transmit driver 3330,
which communicates with the audio transmitter 3311 to gen-
erate audio emissions 3315. For each frequency step, the
controller 3350, in step S110, samples an amplitude of the
receive envelope detector 3364 and determines a maximum
reflected energy off the target surface 3340. In step S112, if a
peak amplitude of the receive envelope detector 3364 is not
greater than a maximum peak signal, the acoustic surface
sensor 330E proceeds to step S120, of decrementing, the
frequency counter. Otherwise, in step S114, the peak ampli-
tude is stored as the peak amplitude of the current wavelength;
in step S116, a maximum energy received is stored as the
maximum energy received for the current wavelength; and in
step S118, a determined target distance is stored. In step S122,
if the frequency counter is zero, the acoustic surface sensor
330E increments the frequency in step S124 and loops back to
step S106. If the frequency counter is not zero, the controller
3350, in step S126, compares a maximum receive energy with
a threshold energy to classify the surface as hard or soil.

[0168] Referring to FIG. 8G, in some implementations, the
receiver 3312 and optionally the transmitter 3311 are
mounted with an anti-vibration mounting system 3370 in a
manner that minimizes vibration transference from the hous-
ing 3310. In the example shown, the receiver 3312 is secured
with a high durometer rubber 3372 (e.g. Shore value of 70A
by the ASTM D2240-00 testing standard) in a tube 3374. The
rube 3374 is secured in the receiver receptacle 3314 with a
low-durometer rubber 3376 (e.g. Shore value of 20A by the
ASTM D2240-00 testing standard). Sound absorbing foam
3378 is placed above the receiver 3312 in the tube 3374. An
adhesive 3779 (e.g. epoxy) may be used to secure leads 3380
from the receiver 3312 in the receiver receptacle 3314.

[0169] Referring to FIGS. 1 and 9, in some examples, the
robot 10 includes a liquid detector 350 for detecting a liquid
presence in its path. In one example, as shown in FIG. 1, the
liquid detector 350 is positioned toward the front of the body
100 to provide detection of a liquid quagmire before the drive
system 400 contacts the potential obstacle. The liquid detec-
tor 350 aids the robot 10 in avoiding inadvertently falling into
abody of water 1004C (or losing traction therein). The liquid
detector 350, in some instances, includes two polarized light
emitters 352A and 352B, respectively, and a polarized light
detector 354. The polarized light emitters 352A and 352B,
respectively, emit mutually cross-polarized beams of light
angled downward. The polarized light detector 354 is polar-
ized with regard to one of the two light emitters 352A, 352B
and positioned to detect whether a specular reflection has
been removed from a generally quiescent surface of a liquid
body 1004C (e.g. water).

[0170] Insomeexamples, the liquid detector 350 includes a
sonic sensor, like the grass sensor 330 shown in FI1G. 8C, that
emits a sonic signal and detects its echo. The liquid detector
350 discerns an echo characteristic of water 1004C from an
echo characteristic of grass 1020 or an otherwise non-water
surface. Microwave or radar echoes may be used to discern
the same characteristics. In other examples, the liquid detec-
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tor 350 includes a capacitive or magnetic sensor which
detects a shift in capacitance or magnetic field when proximal
to water 1004C.

[0171] Upondetectinga pond or other body of water 1004C
with the liquid detector 350, the robot 10 performs a behavior
consistent with obstacle or cliff avoidance. For example, the
robot 10 alters its heading away from the detected body of
water 1004C, backs up, or issues an alarm.

[0172] Referring to FIGS. 10-22, the robot 10 includes a cut
edge detector 310 to determine an edge between uncut and cut
grass, 22 and 24 respectively. In some implementations, cut
edge sensing entails using a span of sensors 312 to recognize
different grass types, growth rates, and other lawn properties.
The cut edge detector 310 generally includes a span, of sen-
sors 312 extending into the uncut grass 22 to provide self-
calibration or normalisation for another span of sensors 312
intended to detect the edge between uncut and cut grass, 22
and 24 respectively. The cut edge sensing techniques
employed inrobot 10 may include combinations of rolling the
cut grass 24 in front of the edge detector 310, erecting the
uncut grass 22 in front of the edge detector 310, erecting the
cut grass 22 behind the wheels 410, 420, 430, 440, behavior-
ally interpreting the cut edge 26 to robustly and smoothly
follow the cut edge 26, and disposing more than one cut edge
detector 310 along the traveling length of the robotic mower
10.

[0173] Referring to FIG. 10. In some examples, the robot
10 includes an analog cut edge sensor 310A to detect the
mowed regions 24 and un-mowed regions 22 of a lawn 20 to
ascertain the edge 26 defined therebetween. One example an
analog cut edge sensor 310A is provided in U.S. Pat. No.
4,887,415, the entire contents of which are incorporated by
reference herein. The analog cut edge sensor 310A includes
metallic strips 69, 70 and 71 aligned laterally, orthogonal to a
forward direction oftravel of the robot 10, in which two of the
metallic strips 69 and 70 project downward farther than the
third metallic strip 71. As the robot 10 proceeds forward while
properly aligned to the cut edge 26, the two larger metallic
strips 69 and 70 contact the shorter grass of the previously
mowed swath 23 in the cut area 22 while the shorter metallic
strip 71 contacts the taller grass of the uncut area 22. An
electrical current passes from the shorter metallic strip 71 to
the larger metallic strip 69 through moistened grass of the
lawn 20. Generally, recently cut grass of the mowed swath 23
will release moisture sufficient to permit electrical conduc-
tion. When no current, passage from metallic strip 71 to
metallic strip 69 is detected, the robot 10 determines that it
has strayed from alignment with the cut edge 26 and may alter
its heading until the current is once again detected, for
example.

[0174] Referring to FIGS. 11A-B, an alternative cut edge
detector 310B is exemplified in U.S. Pat. No. 5,528,888
which is incorporated by reference herein in its entirety. The
cut edge detector 310B may include a series of swing arms 80
that break electrical contact with a node 81 when the cut edge
detector 310B is in contact with sufficiently tail grass of the
uncut, area 22. By positioning several swing arms 80 in a row
in a comb-like fashion along a direction orthogonal to a
forward direction of travel of the robot 10, the cut edge
detector 310B can determine that the cut edge 26 lies between
first and second adjacent swing arms 80. The first swing arm
80 hits the tall uncut grass 22 and breaks contact with the node
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81, while the second swing arm 80 positioned over the shorter
grass of the mowed swath 23 maintains contact with the node
81. As otherwise discussed herein, this configuration may
also use a calibration portion or sensor 320 separate from the
cut edge detector 310B.

[0175] Yet another example of a cut edge defector 310
includes a polarized light emitter, reflector, and detector sys-
tem, as illustrated and disclosed in FIGS. 24-26 of U.S. Pat.
No. 4,133,404, which is incorporated by reference herein in
its entirety.

[0176] Other example cut edge detectors 310 for detecting
the difference between the cut swath 23 and the uncut region
22 so as to determine the edge 26 therebetween include, but
not limited to, an acoustic or piezoelectric sensor, an optical
sensor, and a mechanical or electrical sensor system.

[0177] When an analog cut edge sensor 310 is employed, a
calibrator 320 may also be included to provide a reference for
calibration and comparison of the analog signal produced by
the analog cut edge sensor 310. In general, the calibration
sensor 320 provides a reference signal against which the
grass-trailing portion of the edge sensor 310 may be normal-
ized or otherwise calibrated. In some examples, the calibra-
tion sensor 320 will trail in lawns 20 having essentially the
same breed, health, height, moisture content or dryness, weed
or clover content, debris/mulch content and character, stiff-
ness, cut history, sparseness, and dumpiness (and other vari-
ability) as the lawn 20 being followed for edge sensing. The
calibrator 320 may include a sensor element identical or
similar to the cut edge sensor 310.

[0178] Thecalibrator 320 may be positioned underneath, in
front of or behind the body 100, so long as the position of the
calibrator 320 relative to the body 100 is over the uncut grass
area 22. The calibrator 320 (as well as the analog cut edge
sensor 310, for example) may be mounted so as to minimize
the chance of a damaging collision with rocks, debris, or other
obstacles. In some examples, the calibrator 320 includes a
rigid rock shield or hood mounted in front of the calibrator
320 to shield against collisions with debris larger than a
clearance between the bottom of the rock shield and the
ground 20. Preferably, the cut edge detector 310 and the
calibrator 320 are flexibly or pivotally mounted and/or float-
ing at a certain height with respect to the ground 20 (e.g. by
using a coupled wheel or skid to follow the ground 20 and/or
moving together with a floating cutter 200 which may also
employ a wheel or skid).

[0179] In many instances, the calibration sensor 320 is the
same height as the cut edge detector 310. In some examples,
as shown in FIGS. 1-3, the calibrator 320 is positioned on the
body 100 in a location exposed to the tall grass of the uncut
area 22. Accordingly, when the calibrator 320 contacts the
uncut area 22, it provides a reference signal characteristic of
uncut grass 22. The robot 10 compares the signal provided
from the cut edge detector 310 to the signal from the calibra-
tor 320. In some instances, the cut edge detector 310 includes
an array of sensors 312 and generates multiple signals or one
signal with multiple portions corresponding to each sensor
312 or different regions of the cut edge detector 310. A signal
or portion of the signal corresponding to a region of the cut
edge detector 310 in contact with the uncut area 22 may
substantially resemble a signal from the calibrator 320. Con-
versely, a signal or portion of the signal corresponding to a
region of the cut edge detector 310 exposed to a previously
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mowed swath 23 will substantially differ from a signal from
the calibrator 320. The heading of the robot 10 as it mows
along the cut edge 26 is enhanced by continuously calibrating
the cut edge detector 310 with the calibrator 320.

[0180] One example calibrator 320 includes one or more
optical sensors. The optical calibrator 320A is a “break-
beam” type sensor where a beam of infrared, visible, or other
frequency of light emitted laterally toward a detector is inter-
rupted with the presence of grass. Another example includes
a capacitive or static sensor as tire calibrator 320. In one
instance, an electrical capacitance arising between an electri-
cally charged conductor connected to the robot 10 and the
grass of the uncut area 22 is detected. In another instance,
static electricity generated by friction between the robot 10
and the tall grass of the uncut area 22 is detected. Other
examples of calibrators 320 include sonar (which may be
similar to the optical break-beam detector, substituting sound
waves for light), acoustic (detecting noise indicative of tall
grass as the robot 10 passes over it), displacement-to-mag-
netic, or any other sensor capable of indicating the difference
between taller uncut grass 22 and shorter mowed grass 24.

[0181] Insomeimplementations, where the optical calibra-
tor 320A includes multiple optical sensors, the emitters and
receivers of the optical sensors may include fiber optics, light
pipes, multi-way reflectors and the like, hi one example, a
plurality of optical emitters may be replaced with a single
emitter and an optical element that directs the emission in
more than one direction, in another example, a plurality of
optical detectors may be replaced with a single detector and
an optical element that collects the emission from more than
one direction. Conductive, capacitive, or electromagnetically
resonant sensors may be combined, averaged, or weighted by
connecting them to a conductive element or antenna. These
sensors may use one sensor to collect signals from more than
one location or direction. Multiple contact sensors responsive
to vibration, such as microphones and piezoelectric elements,
may be replaced by one or more members that conduct vibra-
tion to the sensor, and these also may use only one sensor to
collect signals from more than one location or direction.

[0182] Insomeexamples, high ordistinctive frequencies of
signals provided from the cut edge detector 310 and the
calibrator 320 (e.g. optical, camera, vibration, acoustic, or
other signal discussed herein) are processed or subject to
transforms suitable for frequency domain analysis to charac-
terize meaningful frequencies and to remove meaningless
frequencies. For example, acoustic signals may be processed
to remove or ignore both cyclic components and low fre-
quency noise from motors, wheels, bearings, and/or cutters
and identify “white noise” in the frequency range expected
for blades of grass striking the detectors during forward
movement of the robot 10. Low-pixel camera, optical, and
other signals may be processed similarly.

[0183] In some implementations, the type of sensor
employed in the cut edge detector 310 and calibrator 330 are
the same, in order to simplify the comparison of the calibra-
tion signal to the cut edge detector signal. However, these
sensors 310, 320 may be different and signal comparison is
facilitated by normalization or conditioning of one or both of
the signals.

[0184] Following an edge smoothly is somewhat analogous
to following a wall smoothly. Once an appropriately condi-
tioned signal is obtained, the robot 10 may perform signal
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interpretation and analysis and obstacle following algo-
rithms, as disclosed in U.S. patent application Ser. Nos.
11/166,986, by Casey et ah, filed Jun. 24, 2005 and titled
OBSTACLE FOLLOWING SENSOR SCHEME FOR A
MOBILE ROBOT, as well as U.S. Pat. No. 6,304,844; U.S.
patent application Ser. Nos. 10/453,202; 09/768,773; and
U.S. Provisional Application Nos. 60/582,992 and 60/177,
703, all of which are incorporated by reference herein, in their
entireties. In this case, the “obstacle” or wall is the cut edge
26. In addition to the edge following algorithm, in some
examples, the robot 10 includes algorithms for determining or
estimating the end of a row/swath 23 and turning to establish
a new row while depending on the cut edge 26.

[0185] FIG. 12 shows a rear schematic view of an example
of a robot 10 including wheels 410, 420, a body 103, a cut
edge detector 310, and a calibrator sensor array 320. The cut
edge detector 310 and the calibrator sensor array 320 each
include a plurality or span of sensors, 312 and 322 respec-
tively, projecting into the lawn 20. The sensors 312 of the cut
edge detector 310 project into the cut edge path 26. In several
instances, some of the sensors 312, 322 may detect grass and
some or all are positioned with respect to a cutting height (e.g.
height of the cutter 200 and cutting blades) so that they do not
detect cut grass 24. The signals from multiple sensors 312 and
322 may be combined, averaged, filtered, to provide one or
more simple grass no grass signals in digital form, or encoded
(n bits of left-to-right grass/no-grass distribution).

[0186] Example arrangements of the plurality or span of
sensors, 312, 322 include lateral spans, front-to-back sets,
and diagonal spans. Different arrangements provide different
advantages in detecting grass and collecting averaged or
cumulative data.

[0187] Referring to FIG. 13, in some implementations, the
robot 10 includes a cut edge detector 310C having light sen-
sors 380 mounted on struts 313 extending from a sensor
mount 311. The light sensor 380 includes an IR or visible light
emitter 382 coupled with a receiver 384. In some example, the
emitter 382 and receiver 384 are angled toward an area of
interest/distance of interest. The emitter 382 may be stepped
up in power until reflected illumination is detected by the
receiver 384. Time of flight and/or phase measurements may
be used to detect grass 20 in the area of interest. An active
acoustic emitter and receiver may be used in a similar way, in
addition detection echoes or the attenuation of echoes over
time.

[0188] FIG. 14 shows an infrared (IR) sensor 390 including
a light emitting diode (LED) 392 and phototransistor 394
pointed at and mounted opposite each other. Each is shielded
from stray light by short black tubes 396 (e.g. heat-shrink
tubing of about %4" i.d.). Light reaching the phototransistor
394 from the LED 392 is measured by synchronous detection,
using cliff-sensor technology as discussed herein. This sys-
tem can detect single or multiple grass blades with a vertical
resolution of about %4 inches. LED power levels, distance
between IR emitter 392 and detector 394, and diameter and
length of the optical tubes 396 are all parameters that can be
varied.

[0189] Referring to FIG. 15A, in some implementations,
the robot 10 includes a cut edge detector 310D having emis-
sive sensors 390 mounted on struts 313 extending from a
sensor mount 311. The emissive sensors 390 include an IR or
visible light emitter 392 and receiver 394 positioned and
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aligned with each other such that an emission passes through
an area or distance of interest. The receiver 394 may be
configured to detect a partial or lull obstruction. Time of flight
or phase measurements may be used to detect, grass inan area
of interest. An active acoustic emitter and receiver may be
used in a similar way.

[0190] Referring to FIG. 15B, in some implementations,
the robot 10 includes a cut edge detector 310D having one or
more front-to-back emitter-receiver sensor pairs 390. Insome
instances, several emitter-receiver sensor pairs 390 arranged
with a detection axis in a forward direction detect more grass
than if arranged transverse to the forward direction. Each
emitter-receiver sensor pair 390 may provide one bit or sev-
eral bits. Multiple front-to-back sensor pairs 390 form a lat-
eral array spanning the cut edge 26 to provide a signal for
following the cut edge 26.

[0191] In some implementations, each sensor 312, 322 or
sensor array 310, 320 is arranged to rotate back or fold up and
return when the mower robot 10 encounters obstructions or
obstacles at the height of the cutter 200 or above. In some
instances, the mower robot 10 stops the cutter 200 from
cutting when an obstruction has caused the sensor array 310,
320 to flip or rotate upward.

[0192] Referring to FIG. 16A, in some implementations,
the robot 10 includes a cut edge detector 310D having a
sensor housing 3910 defining a cavity 3930 and a cavity
opening 3932 configured to allow grass 22 entry while inhib-
iting direct sunlight 3990 into the cavity 3930. The cavity
3930 may be colored a light absorbing color (e.g. black) or
made of a light absorbing material. Grass 20 is inherently
springy and may pop-up alter deflection. The sensor housing
3910 is mounted to deflect uncut, grass 22, while passing over
uncut grass 24, as the robot 10 maneuvers across the lawn 20.
The sensor housing 3910 allows the deflected uncut grass 22
to self-straighten upward through the cavity opening 3932
and into the cavity 3930. In some examples, the sensor hous-
ing 3910 is mounted to the body 100 at height relative to a
ground surface that, minimizes entrance of cut grass 24 the
cavity 3930. An emitter-receiver sensor pair 3900, in com-
munication with the controller 3350, is carried by the housing
3910 and includes an ill or visible light emitter 3920 and
receiver 3940 (e.g. photon detector). The emitter 3920 is
positioned inside the cavity 3930 and configured to emit an
emission 3922A across the cavity opening 3932. The receiver
3940 is positioned below the emitter 3920 and configured to
receive a grass reflected emission 3922B, while not receiving
any direct sunlight 3990. The receiver 3940 has a defined field
of view that intersects a field of emission across the cavity
opening 3932. In preferred examples, the emitter-receiver
sensor pair 3900 is arranged so that grass 20 below a certain
height substantially does not reflect emissions 3922 back to
the receiver 3940.

[0193] Referring to FIGS. 16B-C, in some implementa-
tions, the sensor housing 3910 is configured, to carry an array
of emitter-receiver sensor pairs 3900 (also referred to as grass
height sensors) equally spaced apart and in communication
with the controller 3350. The sensor housing 3910 may be
linear along a longitudinal axis 3911 defined by the horsing
3910 or curved and located on a forward, portion of the body
100. In some examples, dividers 3914 separate each emitter-
receiver sensor pair 3900. The array of grass height sensors
3900 may span the entire width or only a portion of the width
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of'the body 100. In some examples, a portion of the array of
grass height sensors 3900 is used for the calibrator 320. For
example, one half of the array of grass height sensors 3900
provides edge detection, while the other half provides cali-
bration. As the robot 10 travels forward, grass height esti-
mates are acquired by the grass height sensors 3900 based on
signal strength of the receiver 3940 from reflected emissions
3922B. One example of measuring signal strength is turning
the emitter 3920 off, measuring a first signal strength of the
receiver 3940, turning emitter 3920 on, measuring a second
signal strength of the receiver 3940, and obtaining a differ-
ence between the first and second, signal strengths. The
resulting difference in signal strengths is used for the sensor
measurement (grass height signal) and generally has lower
signal-to-noise ratios. A grass height signal obtained by each
grass height sensor 3900 is compared by the controller 3350
to a threshold value, above which grass is considered uncut
and below which grass is considered cut, and stored as binary
decisions in a grass height row vector 3905, as shown, in FIG.
16C. Periodically, the controller 3350 compares the grass
height row vector 3905 to previously stored exemplar row
vectors 39058 representative of ideal grass edge measure-
ments at each sensor pair array position 3906 to determine a
location of the cut edge 26 along the sensor array. With N
number of grass height sensors 3900 in the array, there are
(N-1) possible edge positions each having a stored exemplar
row vector 3905B plus “no grass” and “all grass™ stored
exemplar row vectors 3905B. The controller 3350 selects the
exemplar row vector 3905B (and corresponding grass edge
array position) having the minimum number of differences
(element by element) with the compared grass height row
vector 3905 to determine the location of the cut edge 26 along
the sensor array 310D and therefore a cut edge position 26
under the body 100. The number of differences with the
selected exemplar row vector 39058 is called the “grass edge
clarity”. The cut edge position and grass edge clarity may be
used to influence the drive system 400 to create a grass edge
following behavior.

[0194] The following example grass height vector Vx was
acquired from an array of eight sensors 3900. Vx=[01001 1
10]

[0195] Table 1 below provides exemplar grass height vec-
tors 39058 and respective edge positions for an eight sensor
array.

TABLE 1
Exemplar Grass Height Vectors Edge position
[00000000] 0 - no grass
[00000001] 1
[00000011] 2
[00000111] 3
[00001111] 4
[00011111] 5
[00111111] 6
[01111111] 7
[11111111] 8 - all grass

[0196] Table 2 below provides the number of differences
between the example grass height vector Vx and each exem-
plar grass height vector 3905B.
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TABLE 2

Exemplar Grass Height Vectors Difference with V,, (Edge Clarity)

[00000000]
[00000001]
[00000011]
[00000111]
[00001111]
[00011111]
[00111111]
[01111111]
[11111111]

AW R WD WA WLEA

[0197] Intheexample above, the controller 3350 selects the
exemplar row vector [0 0 00 1 1 1 1 ] (and corresponding
grass edge array position of 4) as having the minimum num-
ber of differences (element by element) with the compared
grass height row vector Vx. The fourth grass edge array
position from a total of eight sensors 3390 is approximately
the center of the detector 310D.

[0198] Referring to FIG. 16D, in some implementations,
the use of a one dimensional vector 3905 for estimating, a cut
edge position and grass edge clarity is extended to a two
dimensional model 3907 (e.g. a two-dimensional array) hav-
ing a sliding window of M row vectors 3905 representing
successive binary readings ofthe N grass height sensors 3900.
The number of row vectors 3905, M, included in the two
dimensional array 3907 depends on the frequency of mea-
surements made over a distance, X, traveled by the robot 10 in
aperiod of time, T. In one example, the sensors 3900 measure
grass height at a frequency of 512 Hz. A summation of dif-
ferences between exemplar row vectors 3905B and measured
grass height row vectors 3905 is performed in the same man-
ner described above, except on arow by row basis. The results
of the compared rows may be averaged. In some examples,
column data is summarized into a single summary row vector,
where a row element 3906 is designated as “uncut” (e.g. by a
corresponding O or 1) if any of the elements in that column
contained an “uncut” designation.

[0199] Referring to FIG. 16E, in some implementations, a
peak grass height signal 3962 is determined for each sensor
3900 or a combination of sensors 3900 by combining grass
height results from adjacent sensors 3900 (e.g. of 1-2 adjacent
sensors 3900 on one or both sides of the sensor 3900). The
controller 3350 compares the peak, grass height signals 3962
against stored threshold values, as described earlier, to deter-
mine if the grass is cut or uncut, in one example, the array of
grass height sensors 3900 is divided into pairs of adjacent
sensors 3900 and a peak grass height signal 3962 is deter-
mined for each pair of adjacent sensors 3900. A grass height
image 3960, as shown in FIG. 16E, is created depicting the
peak grass height signals of the grass height sensors 3900 or
combinations of sensors 3900. The horizontal axis of the
image represents the array of N grass height sensors 3900 and
the vertical axis represents the number of measurements
made within window of travel, X, by the robot within a period
of time, T. Depending on the method of obtaining the peak
grass height signals 3962, each pixel 3964 may represent a
peak (or avenge) value for a combination of sensors 3900 or
only one sensor 3900 over a period of time. The pixel 3964
may have a color and/or intensity proportional to grass height
signal strength. The controller 3350 compares an array of
pixels (e.g. 4 pixels wide by 1 pixel high or 16 pixels wide by
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16 pixels high) with one or more stored reference patterns (of
the same array size) of different possible edge configurations.
Different criteria may be employed in matching reference
patterns with sample arrays to determine the location of the
cut edge 26. With pattern matching, the controller 3350 can
determine the orientation of the cut edge 26 with, respect to
the robot 10. For example, while searching for a cut edge 26
to follow, the robot 10 can determine an approach angle when
encountering a cut edge 26 based on the orientation, of the
orientation, of the cut edge 26 with respect to the robot 10, in
the example shown in FIG. 16E, the darker pixels 3964A
represent weaker the peak, grass height signals 3962 charac-
teristic of cut grass 24 and the lighter pixels 3964B represent
stronger the peak grass height signals 3962 characteristic of
uncut grass 22. The boundary between the lighter and darker
pixels 3962 provides the estimated location of the cut edge 26.
In this particular example, the robot 10, while executing an
edge following behavior, mannered left and right to follow the
cut edge 26, hence the vertical zig-zag appearance. As an
energy saving technique, the robot 10 may turn oft the cutters
200 to save power while detecting all cut grass 24 and then
turn the cutters 200 on again once uncut grass 22 is detected.

[0200] The drive system 400 maneuvers the robot 10 while
keeping the grass edge 26 centered in the array of grass height
sensors 3900 of the cut edge detector 310D. In one imple-
mentation, the drive system 400, configured as a differential
drive and at least one passive front caster, in one example,
uses the determined grass edge 26 to steer the robot 10 by
selecting a turn radius. The further left the determined grass
edge 26 is of the center of the array of grass height sensors
3900, the shorter left turning radius selected by the drive
system 400. The further right the determined grass edge 26 is
of the center of the array of grass height sensors 3900, the
shorter the right turning radius selected by the drive system
400. The turn radius is proportional to an error in edge place-
ment (i.e. location of the cut edge 26 with respect to the center
of'the robot 10.) In another, implementation, when the deter-
mined grass edge 26 is left or tight of the center of the array of
grass height sensors 3900, the drive system 400 turns the
robot 10 left or right, respectively, as sharply as possible while
keeping both left and right drive wheels 410 and 420, respec-
tively, moving forward. The drive system 400 drives the robot
10 straight, when the determined grass edge 26 is centered on
the array of grass height sensors 3900.

[0201] Several robotic behaviors are employed, to achieve
mowing coverage of the lawn 20. In some implementations,
the behaviors are executed serially (versus concurrently). The
highest priority behavior is a perimeter following behavior.
While creating the perimeter following behavior, the robot 10
follows a perimeter through bump sensing or the use of con-
finement devices (e.g. boundary responders 600). This tends
to create cut-grass edges 26 around obstacles and property
perimeters that can later be followed using a cut edge follow-
ing behavior. The next highest priority behavior is cut edge
following. The cut edge following behavior uses the grass
edge position as estimated by the grass edge sensor array
310D to control the heading of the robot 10. The grass edge
following behavior creates a new cut edge 26 behind the robot
10 that closely matches the contour of the edge 26 it was
following. The next highest priority behavior is a tall grass
turn behavior, which is executed after the robot 10 detects all
uncut grass as estimated by the grass sensor array 310D for a
predetermined amount of time, such as five seconds. Using
only dead reckoning, the robot 10 performs a tight turn, to
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bring the grass edge sensor array 310D back into the grass
edge 26 just cut by the robot mower 10. The robot 10 may
maintain a history of the cut edge sensing to allow approxi-
mations of the location of the last detected at edge 26. The
robot 10 may also drive in a random direction or pattern (e.g.
spiral) to find a cut edge 26. The tall grass turn behavior is
designed to avoid fragmentation of the lawn 20 into many
islands of uncut grass 22 that need to be found through ran-
dom traverses rather than through methodical cutting by fol-
lowing a grass edge 26.

[0202] Referring to FIG. 17, in some implementations, the
robot 10 includes a cut edge detector 310F having a flap 302
of sufficiently flexible material to which the sensors 312, 322
are secured. The sensors 312, 322 move together with the flap
302 when an obstruction is encountered. The sensors 312,322
are arranged to precede the cutting head 200 in a direction of
mower robot 10 at a height at or near the cutting height. In
some examples, the sensors 312, 322 include microphones
(alone or attached to strips of material), piezoelectric trans-
ducers, conductors, capacitors, or excited transducers with
damped or interfered wavelengths. Each detector or trans-
ducer 312, 322 is arranged such that a disturbance by contact
with a blade or clump of grass is detectable (by movement,
vibration, bending, conductivity, capacitance). The detectors
312, 322 may be isolated from the supporting continuous flap
302 or able to detect disturbances of the flap 302 (which may
provide an averaged signal). In some cases, only a protruding
tip of the detector 312, 322 may be sensitive (e.g., for piezo-
electric material excited by bending).

[0203] Referring to FIG. 18, in some implementations, the
robot 10 includes a cut edge detector 310F having multiple
sensors 312 extending downward from a sensor mount 311
and including a vibration (or signal) sensor 315 mounted to a
sensor probe 313 (i.e. signal or vibration conductors). The
sensors 312 are arranged such that a disturbance by contact
with a blade or clump of grass is detectable (by movement,
vibration, bending, conductivity, capacitance). The flexibility
and/or drape of the probes 313 may be similar to string, chain,
bristles, or stiff pins, and may be selected to dampen, attenu-
ate or filter vibrations detrimental to the detection of uncut
grass 22. The length of the probe 313 serves to transmit the
vibration or signal to the signal sensor 315, and in some eases,
to attenuate, damp, or filter the signal or vibration. In one
example, a piezoelectric strip sensor 312A includes a strip of
thin piezo film 315A deposited on a Mylar substrate 313 A (or
individual strips mounted to individual struts 313). The sen-
sor 312 A is mounted to allow deflection by blades of grass, or
deflection by a moving finger in contact with the blades of
grass. The sensor 312A produces a voltage output when
mechanically deflected that is proportional to the amount and
rate-of-change of deflection. The sensor output may be sub-
ject to signal filtering and amplification.

[0204] Alternatively, a lightweight detector member may
be rotatably mounted to a potentiometer, bail sensor,
mechanical switch, or optical encoder (reflective or transmis-
sive photo-interrupter) that measures detector member rota-
tion from encountered grass in an amount proportional to
grass density, height, thickness, etc.

[0205] Referring to FIG. 19, in some implementations, the
robot 10 includes a cut edge detector 310G having a vibration
(or signal) sensor 315 mounted on a continuous contact flap
303. The flexibility of the flap 303 may be similar to a thin
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plastic sheet, metal foil, or sheet metal, and may be selected to
dampen, attenuate or filter vibrations detrimental to the detec-
tion of uncut grass 22 as well as to average multiple signals
conducted by the flap 303. Examples of the vibration (or
signal) sensor 315 include a microphone, a piezoelectric
transducer, a conductive sensor, a capacitive sensor, and an
exciting transducer. Resonating or standing waves geminated
by the flap 303 may be dampened or subject to interference
with the exciting transducer separate from a detection trans-
ducer. The vibration (or signal) sensor 315 is configured to
detect flap disturbances by movement, vibration, bending,
conductivity, capacitance, etc. (e.g. from contact with a series
of'blades or clumps of grass). The edge sensor configuration
shown in FIG. 18 captures contacts across the width of the
flap 303.

[0206] Referring to FIG. 20, in some implementations, the
robot 10 includes a cut edge defector 310H and calibrator
320B carried by the body 103. The cut edge detector 310H is
a crenellated flap 303 A with separate flap portions 304 pro-
viding either separation or flexibility to isolate, dampen,
attenuate or filter vibrations or other conducted signals detri-
mental to the detection of uncut grass 22. The separate cali-
bration array 320B trailing in the uncut grass 22 provides a
signal for normalizing or continuously calibrating a grass
detection signal provided by the cut edge detector 310H in the
example illustrated, the calibrator 320B includes a first
crenellated flap 303 A and a second relatively longer crenel-
lated flap 303B. The second relatively longer crenellated flap
303B detects a complete lack of grass (e.g., as a secondary or
complementary grass sensor 330).

[0207] Multiple sensors 312, 322 may be placed into the
grass 20 (e.g. with probes 313 or flaps 303) at different
heights, e.g., in crenellated, staircase, or other stepped fash-
ion, to provide additional information and resolution. In some
instances, the sensors 312, 322 are actuated upward and
downward by a motor or linkage to measure obstruction,
reflection, or conducted signal (including sound) at different
heights, in some additional instances, the sensors 312, 322
(and all of or a subset of the associated struts, probes, sensors,
or flaps) are actuated upward and downward by a motor or
linkage to follow a grass height as detected or as predicted.

[0208] Referring to FIGS. 21-22 in some implementations,
a rotating cut edge detector 3101, rotating in a horizontal or
vertical plane, replaces multiple sensors 312, 322 and
increases a signal frequency. For conductive sensors, a rotat-
ing cut edge detector 3101, rotating in a horizontal plane, may
be used. The rotating cut edge detector 3101 includes a rotat-
ing disk 316 configured with protrusions/spokes 317 or slots/
depressions 318 which rotate with the disk 316 to increase the
frequency and intensity of contacts with, the grass 20. The
size of the rotating, disk 316 determines the averaged area for
a signal, and different disk sizes may be used in different
locations on the robot 10. Alternatively, the same disk size
may be used in situations in which the disk size controls the
resonant frequency, capacitance, or other size-dependant
property. In some examples, a disk height is adjustable (e.g.
via a motor or links) according to grass height, or increased/
decreased periodically. The signal provided is characteristic
of grass rubbing against, contacting, or striking the disk 316.
For example, the signal may be characteristic of acoustics,
vibrations, or mechanical resistance (to rotation) from the
grass 20. The rotating cut edge detector 3101 provides signal
readings while the robot 10 is stationary as well.
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[0209] The cut edge detector 310, in some implementa-
tions, resolves the cut edge 26 down to about plus or minus an
inch horizontally, 1% inch preferably, and resolves the cut
edge 26 down to about plus or minus 4" height, 14" prefer-
ably. In some examples, the cut edge detector 310 detects an
edge 26 when approaching from a first direction between
about 30-90 degrees to a second direction normal to the cut
edge 26. In other examples, fee cut edge detector 310 detects
the edge 26 when approaching from between about 0-30
degrees from a direction normal to the cut edge 26.

[0210] In some implementations, the robot 10 includes a
substantially horizontally oriented forward sensing boundary
sensor 340. In some instances, a reflection type sensor as
shown and described herein with reference to FIG. 13 is used.
In other instances, the boundary sensor 340 is a camera or
passive reception sensor. In many cases, the clift detection
sensor would be of analogous type. The boundary sensor 340
defects, for example, flowers, bushes, and fragile flexible
structures not detectable by a depressible bumper soon
enough to prevent damage. In some instances, the boundary
sensor 340 is configured similarly to the multi-frequency
color-based grass sensor 330 described earlier. The boundary
sensor 340 may be filtered, shuttered, partially covered, or the
signal therefrom conditioned, to emphasize vertical and
diagonal lines typical of plant stalks and trunks.

[0211] FIG. 23A is a schematic view of a lawn care robot
system 5 including a robot 10 and boundary responders 600.
Boundary responders 600 placed on or in the ground 20
constrain or influence a behavior of the robot 10. In some
implementations, the autonomous robot 10 includes a bound-
ary responder emitter-receiver unit 1500 including a signal
emitter 1510 which, continuously or periodically emits a
signal (e.g. a radio-frequency, electro-magnetic wave, or an
acoustic signal) and a signal receiver 1520. In other imple-
mentations, the emitter 1510 is not necessary with certain
kinds of active or semi-active boundary responder 600.
Examples of boundary responders 600 include passive reso-
nant boundary responders and powered active radio-fre-
quency identification (RFID) boundary responders. Passive
boundary responders echo or generate a responsive signal to
a signal emitted from the robot 10 that is detected by the
signal receiver 1520. Passive resonant boundary responders
are detected by measuring the energy transferred, from the
emitter 1510 operating at a resonant frequency. Each of the
boundary responders 600 discussed may be structured to
drape well, in the manner of loose chain with a small bend
radius (e.g., less than 2 inches, preferably less than 1 inch). In
some examples, active boundary responders 600 are only
powered when the robot 10 is within a certain range.

[0212] When the robot 10 approaches and detects a bound-
ary responder 600, the robot 10 initiates a responsive behavior
such as altering its heading (e.g. bouncing back away from the
boundary responder 600) or following along the boundary
responder 600. The boundary responder 600, in some
examples, passively responds to a signal emitted by the signal
emitter 1310 of the robot 10 and does not require a connection
to a central power source such as an AC power outlet or origin
dock. In other examples, the boundary responder 600 is a
powered perimeter wire 6012 that responds to a signal emit-
ted by the signal emitter 1510 of the robot 10. The powered
perimeter wire 600 may be connected to a central power
source such as an AC power outlet or origin dock. The pow-
ered perimeter wire 6012 may also be provided on a spool and
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cut to length for application. The powered perimeter wire 600
may also be provided in pre-cut length for application having
connectors at each end of the pre-cut wire. In some imple-
mentations, passive and active boundary responders 600 are
both detected by the same robot antenna 1520.

[0213] Referring to FIG. 23B, in some implementations,
the signal emitter 1510 is a circuit 1514 including an antennae
loop 1512 configured as a figure eight, which creates a null in
the antennae loop 1512 to prevent ringing and minimizes
transmitted signal coupling into the receiver antennae 1522
thereby allowing earlier detection of a received pulse in the
time domain. The signal receiver 1520 is a circuit, 1524
including an antennae loop 1522 surrounding and coplanar
with the antennae figure eight loop 1512 of the signal emitter
1510. The figure-eight antennae loop 1512 coplanar with the
receiver antennae loop 1522 provide increased detection
range for the same amount of transmitting power over con-
ventional coplanar antennae loops. An emitter-receiver con-
trol unit 1515 controls the signal emitter 1510 and receiver
1520 and communicates with the drive system 400. The emit-
ter-receiver control circuit 1515 activates the signal emitter
1510 for a period of time. The signal emitter 1510 emits a
radio frequency (RF) signal (e.g. at 13.56 MHz) to passive
boundary responders 600 tuned to the transmittal frequency.
Inductive and/or capacitive circuits 620 in the passive bound-
ary responders 600 absorb the RF energy and re-radiate the
energy back to the signal receiver 1520 (e.g. at a frequency
other than 13.56 MHz). The re-radiate signal will persist for a
period of time after the signal emitter 1510 has ceased emis-
sions. The detected signal is processed by the emitter-receiver
control unit 1515 and communicates a boundary responder
presence to the drive system 400. Depending on the type of
boundary responder 600, the drive system 400 may direct the
robot 10 away, over, or to follow the boundary responder 600.

[0214] Referring to FIG. 24, a boundary responder 600
includes a boundary responder body 610 having one or more
inductive and/or capacitive circuits 620 (herein termed “tank
circuits”). The tank circuits 620 may be formed, deposited, or
printed on the boundary responder body 610. For example,
the tank circuits 620 may be formed on the boundary
responder body 610 by photolithography, in a manner similar
to silicon integrated circuit manufacturing; printed onto the
boundary responder body 610 using ink jet or other deposi-
tional techniques; or manufactured individually and affixed to
the boundary responder body 610. The tank circuits 620 may
include localized compact, folded/concentric loops, or loops
extending along the length of the cord or tape body 610A.
Although the boundary responder 600 is shown as a flat tape
with printed circuits, the circuits 620 may include longer
concentric, spiraled or other antenna-like elements, and may
be constructed in a tape-like form wound or rolled into a
cord-like or wire-like form.

[0215] Insome examples, the boundary responder 600 has
a predictable resonance frequency by having the boundary
responder body 610 formed as a continuous cord or web with
discrete inductive/tank circuit elements 620 of a known
responsive frequency.

[0216] In general, tank circuits 620 are known and used in
different arts. For example, low frequency versions are placed
to facilitate the detection of buried cables (e.g., 3M Electronic
Segment System, U.S. Pat. Nos. 4,767,237; 5,017,415),
trapped miners (U.S. Pat. No. 4,163,977), or swallowed radi-
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oendosondes (e.g., the Heidelberg capsule), such as U.S. Pat.
Nos. 6,300,737, 6,465,982, 6,586,908; 6,885,912; 6,850,024,
6,615,108, WO 2003/065140, all of which are expressly
incorporated herein by reference in their entireties. When
tank circuits 620 are exposed to a magnetic, pulse or electro-
magnetic energy at a particular frequency they will ring for a
time at a frequency determined by the capacitor and inductor.
Each tank circuits 620 may be tuned to the same frequency, in
some examples, and for better discrimination timed to two or
more different frequencies, in other examples. In some imple-
mentations, the robot 10 pulses a transmitter 1510 and looks
for a response from the tank circuits 620 of the boundary
responders 600. In other implementations, the robot 10
sweeps a transmitting frequency and looks for a response at
each particular frequency. Certain types of receiving coils for
the signal receiver 1520 (a figure-8 coil, for example) can
detect a phase shift as an external tank circuit 620 passes a
centerline of the coil, allowing the robot 10 to detect when it
crosses the boundary responder 600. In some examples, a
receiving coil or antenna of the signal receiver 1520 and the
tank circuits 620 ofthe boundary responders 600 are disposed
in parallel planes.

[0217] In some implementations, the boundary responder
600 includes amorphous metal, which may remain passive
but emit a responsive signal when it receives an electromag-
netic signal. When the boundary responder 600 composed of
amorphous metal (either entirely or partially) receives an
electromagnetic signal, for example, the amorphous metal
becomes saturated and emits a spectrum of electromagnetic
signals, including harmonic frequencies of the received
incoming electromagnetic signal. Amorphous metal requires
very little magnetic field to become saturated. When an amor-
phous metal is exposed to even weak RF energy the metal
goes info and out of magnetic saturation during each cycle.
This provides a non-linearity in the metal’s response to the
radiation and results in the production of harmonies to a
fundamental frequency. This property is quite rare in normal
environments. In some implementations, to detect a boundary
responder 600, the robot 10 generates a signal (e.g. modulated
frequency) to excite any nearby amorphous metal which will
radiate harmonics of the transmitted frequency. The robot 10
detects the harmonics of the radiated frequency (using syn-
chronous detection, for example) to determine a locality with
respect to the boundary responder 600.

[0218] Insome examples, the emitter 1510 of the robot 10
emits an electromagnetic signal as it traverses a yard 20. Upon
approaching a boundary responder 600, the boundary
responder 600 receives the electromagnetic signal from the
robot 10 and emits a responsive signal including harmonies of
the received electromagnetic signal. The signal receiver 1520
of'the robot 10 receives and analyzes the responsive electro-
magnetic signal using a circuit or algorithm. The robot 10
then performs a predetermined behavior (such as turning
away from or following the boundary responder 600, as
appropriate).

[0219] A wire-like or tape-like boundary responder 600
including at least one portion composed of amorphous metal
does not need a tank circuit 620, thereby reducing manufac-
turing costs. When the boundary responders 600 includes
tank circuits 620 or is composed of amorphous metal (or
both), the boundary responders 600 may be cut to length (at
fixed or variable intervals), curved, bent, or otherwise
manipulated for placement on or beneath the yard 20. The
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boundary responders 600 may be supplied on a spool or reel,
for example, and cut with scissors or garden shears into seg-
ments of a particular length. The boundary responder 600 is
affixed to the yard 20 by a number of methods, including, for
example, placing it beneath thick grass; adhering it to the
ground 20 using lime, concrete, epoxy, resin, or other adhe-
sive (e.g., when traversing pavement such as a driveway or
sidewalk), tacking it down with lawn nails or stakes, or bury-
ing it up to an effective depth of soil such that the boundary
responder 600 can still detect and respond to incoming sig-
nals.

[0220] The boundary responder 600 is severable or sepa-
rable at and between the circuits 620. Cutting boundary
responders 600 made of amorphous metal or having many
tank, circuits 620 about its entire length does not destroy the
ability of the boundary responder 600 to detect and respond to
incoming signals. If one tank circuit is 620 is damaged during
cutting, other tank circuits 620 located elsewhere along the
boundary responder body 610 will still, function properly.
When amorphous metal is cut, its electromagnetic properties
remain generally unchanged.

[0221] Referring to FIG. 25, aboundary responder 600 A, in
some examples, includes a circuit 620A having has one or
more pairs of conductors (e.g. parallel wires) shorted together
to form an inductor loop 622. Load circuits 624 may set a
resonant frequency. In some implementations, the narrow
(e.g. 3") wire loop 622 is constructed of parallel wires (e.g.
300-ohm twin lead) with the ends shorted to create a loop
inductor capable of resonating at an appropriate wavelength
(e.g., 100 MHz). Twin-lead, is available in many forms,
including antenna tape and invisible twin lead (thin wires
bonded to sticky tape). Although FIG. 24 shows spaces
between the circuits 620A (which may be marked with “cut
here” indicia of any kind), the boundary responder 600A, in
some examples, includes a boundary responder body 610
having continuous twin leads 622. Shorting shunts placed
along the responder body 610 at fixed intervals (e.g. 1 to 6
feet) creates repeating circuits 620A. The boundary
responder 600A is severable or separable at the shunts
between circuits 620A. The shunts may include loading
inductors or capacitors to make resonance less dependent on
length.

[0222] Orientation of the detection antenna 1520 on the
robot 10 may be appropriate to detect the circuits 620. The
defection antenna 1520 may be provided in a rotating loop or
as three orthogonally arranged impedance balanced antennae
components, which detects energy absorption by the resonant
circuit 620 at a known frequency. The configuration depicted
in FIG. 24 can power active RFID-type components.

[0223] Referringto FIG. 26, a boundary responder 600B, in
some examples, includes spiral or multi-loop conductors 622
with optionally attached loading elements (capacitor, induc-
tor) 624. In cases where longer circuit loops 620 are used, e.g.
1-6 foot long inductive loops, the boundary responders 600
may be severed at marked places 626 (e.g. perforations)
between adjacent circuit loops 620. In each case, the loading
elements 624 are optional.

[0224] FIG. 27 shows a boundary responder 600C includ-
ing a boundary responder body 610 formed of multiple lami-
nae 630. Each lamina 630 includes printed, deposited, or
etched loading elements 624 (capacitor. Inductor) and/or loop
inductors 622, or parts thereof. Some of the structures 622,
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624 may be completed by lamination of the entire responder
body 610 (e.g. parts of the loading elements and/or loops
being distributed among different laminae). The lamina 630
may be single sheets of Mylar with a deposited shaped layer
or metal foil etched to a desired shape.

[0225] FIGS. 28 and 37 depict a boundary responder 600D
including a circuit 620D arranged within a responder body
610D formed, as a spike or tack. In some examples, the
responder body spike 610D includes a responder top 612
visible above the ground 20. In some examples, the responder
fop 612 is passively excitable, e.g., fluorescing and detectable
by the not-grass detector 330. The responder top 612 is a flag
in some examples with loading elements 624 placed in a
flagpole. In some examples, the boundary responder 600B is
connected to an extended loop inductor 622 or extended
antenna, with or without loading elements 624 in the
responder body spike 610D or flagpoles. The boundary
responder 600D may be connected to one another to form a
stand if loading elements 24 are in the responder body spikes
610D, the resonance may be dominated by the loading ele-
ments 24, but an extending antenna 622 can distribute the
length of the circuit responsive to resonance between periodi-
cally placed boundary responders 600D, in some examples,
the tank circuit 620 of the boundary responders 600 are dis-
posed in a head portion of the responder body 610D (e.g. to
position the tank circuit 620 in a plane parallel to the signal
receiver 1520 of the robot 10).

[0226] Referring to FIG. 29, in non-passive examples, a
boundary responder 600E includes RFID emitters 625 in
place of loading elements 624 and emitting a signal detect-
able by the signal receiver 1520 of the robot 10 and a loop
622F. The RFID tag 525 receives a signal transmitted by the
signal emitter 1510 off be robot 10 and replies by broadcast-
ing stored information. In some examples, the boundary
responder 600E includes a power source (e.g. battery) to
extend a range of the boundary responder 600E (e.g. the robot
10 could detect the boundary 600F at a greater distance).

[0227] In some implementations, the boundary responder
600 includes one or more acoustic devices which chirp when
remotely excited to establish a boundary, in other implemen-
tations, the boundary responder 600 emits and/or receives
visible-spectrum signals (color codes or other encoded mes-
sage passing, for example) via retro-reflectors or optical tar-
gets. Optical targets are distinguishable from other objects in
a visual field of the robot 10. The optical targets may be
printed with a “self-similar” retro-reflective pattern illumin-
able with modulated illumination. The optical targets may
identify endpoints of the boundary responder 600.

[0228] In one example, a boundary responder 600F
includes a magnetically chargeable loop 622F. A moving (e.g.
rotating) magnet carried by the robot 10 transfers energy. For
example, a magnet is placed on a moving part of the cutter 200
(e.g. a spinning blade, or oscillating shears). The boundary
responder 600F is installed in or on the ground 20 with the
loop 622 orientated to derive sufficient flux through the loop
622. The material of the rotating or reciprocating support for
the magnet or magnets should not short out the lines of flux
(e.g., plastic or non-conductors), in some examples, the mag-
netically chargeable loop 622P is used to wakeup a battery
powered continuous loop 622D.

[0229] In another variation, a boundary responder 600G
includes a plastic cable body 610G with fluorescence embed-
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ded therein or painted thereon, activatable with a UV radiat-
ing source (e.g. LED) on the robot 10 and severable to any
length. The fluorescence boundary responder 600G, in some
examples, is masked or embedded to encode (e.g. long, short,
long) a responder kind. In still another variation, a boundary
responder 600H includes a quarter or half-wave antenna or
inductor-loaded antenna, detectable by resonance, re-radia-
tion, or energy absorption in a similar fashion to the tank
circuits 620 previously discussed herein. Again, different fre-
quencies may be defected. If the boundary responder 600H is
cut to length, a first pass by the robot 10 establishes a fre-
quency to be expected on that particular lawn 20. In still
another variation, a boundary responder 6001 includes a flat
responder body 6101 defining rumble strips vibrationally or
acoustically detected and preferably arranged with distinctive
periodicity to generate distinct frequencies for detection.

[0230] FIG. 30 provides a schematic view of a property
1001 with a property interior 100A having a house 1002
surrounded by cuttable areas 1020 (e.g. a grassy lawn 20),
grass-cutting obstacles 1004 (e.g. trees 1004A, bushes
1004B, and water 1004C, and immovable objects 1004D)
boundaries 1006 (e.g. fences 1006A and property lines
1006B), and non-cuttable areas 1008 (e.g. driveways 1008 A,
sidewalks 1008B, and roads 1008C, and flowers/garden
1008D).

[0231] Referring to FIG. 31, an example mower system
installation for a property 1001 includes arranging boundary
responders 600 along the length of a neighboring property
line 1006B. There is no particular need to arrange, segments
along the sidewalks 1008B or street 100BC, as these will be
detected, as described herein. The flower bed 1008D, which is
both fragile and difficult to detect, is also protected with a
boundary responder 600. The remainder of the obstacles
1004, 1006 in the property 1001 are detected by a sensor suite
of the robot 10 as described herein. In this ease, most of the
lawn 1020 is contiguous with a few areas bounded by pave-
ment 1008B. The mower robot 10 can be lead to the bounded
areas or provided with a behavior that follows boundary
responders 600 to the bounded areas. For example, a behavior
may direct the robot 10 to follow the boundary responders
600 across pavement or mulch 1008 with the cutter 200
turned off, but not across a drop or cliff. A cliff sensor suitable
for detecting such cliffs or drops is disclosed in U.S. Pat. No.
6,594,844 and incorporated by reference herein in its entirety.

[0232] Referring to FIG. 32. In some examples, multiple
types of boundary responders 600 exist. Boundary responders
600 including resonant circuits 620 (whether using lumped or
distributed inductance and capacitance) may have different
resonant frequencies to convey boundary type information. In
one example, a passive boundary responder 6010 signals the
robot 10 to maneuver over it and whether mowing should
start, continue, or halt. The passive boundary responder 6010
may also trigger the robot 10 to perform other actions upon
detection. For example, a follow type boundary responder
6010A signals the robot 10 to follow the responder 6010A for
its entire length (e.g. to cross a driveway or navigate a long
dirt or pavement path between zones). In another example, an
enter type boundary responder 6010B signals the robot 10 to
enter an area normally off-limits (e.g., to navigate along a
sidewalk to get from front to rear yards or to continue cutting
across apath of separated flagstones). In yet another example,
upon detecting a do not enter type boundary responder
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6010C, the robot 10 initiates a behavior to alter its heading to
bounce back away from the boundary responder 6010C.

[0233] In some implementations, the powered perimeter
wire 6012 and the passive boundary responders 6010A-C
both operate at the same frequency (e.g. at 13.56 MHz). The
powered perimeter wire 6012 has a duty cycle, alternating
between powered and un-powered, to not overshadow signals
from passive boundary responders 6010A-C located on a
property 1001 circumscribed by the powered perimeter wire
6012. When the powered perimeter wire 6012 is quiet, the
signal receiver 1520 can detect passive boundary responders
6010A-C. The duty cycle is set to allow the robot 10 to
quickly alternate monitoring of active responder 6012 and
passive responder 6010A-C confinement while maneuvering
across the lawn 1020.

[0234] After installation of the boundary responders 600,
the robot 10 may traverse the property 1001 without any
cutters 200 activated to check, the placement of boundary
responders 600. In some instances, the robot 10 is configured
to operate only when within a certain range of the boundary
responders 600 or when the boundary responders 600 are
active (e.g. for safety purposes). For example, the robot 10 is
configured to detect a current direction in boundary respond-
ers 600 powered with alternating current to determine
whether it is inside or outside of a boundary perimeter. Other
techniques of preventing robot escapes include using GPS to
determine a robot location, determining a distance from, a
beacon, and using virtual walls including beacons that emit an
emission (e.g. infrared light or radio frequency) detectable by
the robot 10. In some examples, the robot 10 employs prox-
imity detection to protect against moving into people or pets.
A radio frequency identification tag (RFID) recognizable by
the robot 10 may be placed on people or pets to prevent their
collision with the robot 10.

[0235] Robot navigation components may be divided into
five sub-categories: follow cut grass edge (i.e. find the bound-
ary between the cut and uncut grass); stay on the grass (i.e.
passive grass/not-grass detection); stay within the arbitrary
boundaries (i.e. don’t cut the neighbor’s lawn); don’t stray too
far (e.g. backup/secondary system); and end near a specified
location. The backup system, for example, may be a radio-
based detector restricting the robot 10 from traveling too far
from a home base (which would be optionally integrated with
a battery charging device). Some implementations include
using a GPS circuit, determining a signal strength of the
responder 600, or resolving a time of flight from a local
encoded beacon. As a security and/or safety measure, the
robot 10, in some examples, may not operate other than
within a restricted coordinate set, or absent an appropriate
signal. To minimize error and signal loss from weather,
canopy or obstacles, the robot 10 may be trained with the
signal characteristics of the property 1001 (e.g. the first full
cycle of mowing the lawn would collect baseline signal data
for determining minimum and maximum thresholds of the
property 1001). This provision may also be overridden by the
user with appropriate authorization. A beacon, or GPS signal
may aid the robot 10 in returning to an end location specified
by the user, or an additional short or mid-range radio or
visible beacon provided for homing purposes.

[0236] U.S. Pat. No. 6,690,134 by Jones et al., entitled
Method and System for Robot Localization and Confine-
ment, the entire disclosure of which is herein incorporated by
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reference it its entirety, discloses methods for confining and
localizing an indoor robot using directed IR beams and multi-
directional sensors; and U.S. Provisional Patent Application
No. 60/741,442,“Robot Networking, Theming, and Commu-
nication System,” filed Dec. 2, 2005, which is herein incor-
porated by reference in its entirety, discloses additional meth-
ods for chamber-to-chamber localization, confinement, and
navigation using different frequencies and ranges of IR
beams and multi-directional sensors. These can be used as, in
combination with, or instead of, the boundary responders 600
discussed herein. Although, the use of IR beams and detectors
is less effective outdoors, various implementations may use
higher wavelengths of IR emission and detection (e.g., 900
nm+). The IR emission and detection may be baffled, chan-
neled, and filtered to remove sunlight and/or sunlight spectral
components. The IR emission and detection may also be
modulated to permit AC coupling on receivers to reject day-
light and other steady light sources. Narrow beam (5 degrees
or less) microwave (e.g., in conventional radar gun/detector
frequencies) emitters and detectors can be used instead of or
in addition to, directed IR beams (complementary false posi-
tive rejection) with the same interpreting software and behav-
iors.

[0237] Referring to FIG. 33, in some examples, the mower
robot 10 includes one or more tilt sensors 710 (e.g. acceler-
ometers) monitoring a robot tilt to avoid mowing or maneu-
vering above a maximum robot tilt angle. The tilt sensor 710
may also provide terrain data that aids robot maneuvering and
behaviors. For example, when the tilt sensor defects a robot
tilt, the robot 10 compares a measured, robot inclination with
known values to determine whether it is maneuvering over a
threshold, tree roots, humps, hillocks, small Iulls, or other
surface phenomena that may be treated as obstacles, but not
easily detectable by bumpers or proximity sensors.

[0238] In some examples, the mower robot 10 includes a
rain sensor, such that it returns to a home base when rain is
detected.

[0239] The robot 10 includes at least one stasis detector
442, in some examples, such as an idle wheel sensor (e.g.,
optical, magnetic, limit switch encoder on non-driven
wheels) or a drive wheel torque/current sensor for detecting a
stuck condition. The cut edge sensor 310 or edge calibration
sensor 320 is used as a stasis sensor in some cases, or as a
backup sensor for a wheel torque/current sensor type stasis
sensor. Any camera, including optical mouse-type or other
low-pixel cameras, even when used for other purposes (e.g.,
grass/no grass), can be used as a stasis sensor when no move-
ment is detected. In some eases, a motor load of the cutter 200
is monitored for a stasis or stock condition. Any combination
of these can be interpreted as a stuck condition when the
circumstances giving rise to that response are appropriate
(e.g., no grass detected no cutting load=stuck, unless front
wheel is rotating and motor load is normal).

[0240] In some implementations, the robot 10 includes
additional obstacle detectors such as bump, infrared, optical,
sonic, and horizontal-scanning sensors for detecting collision
hazards (i.e. chain-link fences) within a path of the robot 10.
In one example, a horizontally oriented sonic sensor is
capable of detecting a flower pot or tree trunk prior to a
collision, enabling the robot 10 to alter its heading to avoid the
obstacle.

[0241] In some examples, the robot 10 includes a clipping
collector 720, such as a sack or barrel for collecting grass
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clippings or yard debris. The clipping collector 720 includes
a capacity sensor 722, in one implementation. Examples of
the capacity sensor 722 include an acoustic sensor that ana-
lyzes an acoustic spectral response of a substantially rigid
clipping barrel and a break-beam optical sensor. The break-
beam optical sensor has an emitter projecting a beam of light
across the clipping collector to a receiver. When the beam of
light is not detected by the receiver, the robot 10 determines
that the clipping collector 720 is toll and performs an appro-
priate behavior such as ceasing mowing, or dumping the
contents of the clipping collector 720 at a designated location,
for example.

[0242] Insomeexamples, the robot 10 communicates wire-
lessly with a remote monitor, also discussed interchangeably
herein as a wireless remote able to communicate with trans-
ceiver 55 on the robot. The remote monitor is a small console
or indicator, in some instances, not significantly larger than 3
cubic inches. The remote monitor may be affixed to a refrig-
erator door or other metal object using a magnet. The remote
monitor signals to an operator that the robot 10 needs assis-
tance when the robot 10 becomes stuck, damaged, unsafe for
operation, or unable to empty the clipping collector, for
example. The remote monitor may include a kill switch to
terminate operation of the robot 10; and/or may transmit a
dead-man signal without which the robot 10 will not operate.
In one example, the robot 10 sends a radio-frequency signal,
via an unlicensed frequency (e.g. 000 MHz or 2.4 GHz) to the
remote monitor. The wireless signal may encode information
via frequency or amplitude modulation, for example, and/or
via any appropriate communications standard such as Blue-
tooth, ZigBee, WiFi, IEEE 802.11a, b, g, n, wireless USB
(UWB), or a proprietary protocol such as discussed in U.S.
Provisional Patent Application. No. 60/741,442, “Robot Net-
working, Theming, and Communication System.”

[0243] A base station acts as a relay or intermediary, in
some instances, between the robot 10 and the remote monitor,
in some examples, the base station includes a charging system
and communicates with a wired or wireless home network.
The remote monitor sounds an audible alarm (particularly if
the signal issued by the robot indicated that a dangerous
condition or accident had occurred) and/or flashing light or
other signal, for example, to bring a robot distress condition to
the attention of an operator. The remote monitor may com-
municate data transmitted by the robot 10 on a display (e.g.
LCD) orvia avoice synthesizer. Examples of transmitted data
include area of lawn mowed, remaining power level, and
warning alarms.

[0244] A base station and an autonomous robot configured
for autonomously docking and recharging is specifically
described in U.S. patent application Ser. No. 10/762,219, by
Cohen, et al., filed on Jan. 21, 2004, entitled Autonomous
Robot Auto-Docking and Energy Management Systems and
Methods, the entire disclosure of which is herein incorporated
by reference it its entirety. User input commands, functions,
and components used for scheduling a mowing cycle directly
on the robot 10 or via the base station and/or any boundary
responders 600 are specifically described in U.S. patent appli-
cation. Ser. No. 11/166,891, by Dubrovsky et ah, filed on Jun.
24,2005, entitled Remote Control Scheduler and Method for
Autonomous Robotic Device, the entire disclosure of which
is herein incorporated by reference it its entirety.

[0245] In some implementations, the robot 10 mows a
swath 23 having a generally spiral path, combined with
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boundary following, edge following, and random movement.
Spiral spot cleaning essentially equivalent to spiral mowing
as well as wall following essentially equivalent to obstacle
and/or boundary responder following are specifically
described in U.S. Pat. No. 6,809,490, by Jones et al. entitled.
Method and System for Multi-Mode Coverage for an Autono-
mous Robot, the entire disclosure of which is herein incorpo-
rated by reference it its-entirety.

[0246] Therobot TO may have asingle dominant following
side 101,102, or let one side 101, 102 dominate depending on
whether a boundary 600, 1004, 1006, 1008 or cut edge 26 is
to be followed. Boundary responders 600 may be followed
differently from physical boundaries, e.g., on the robot edge,
the cut edge, or the robot center. When the cutting head 200
extends fully across one side 101, 102 of the robot body 100
but not the other, either side 101, 102 of the robot 10 may still
be a dominant and/or boundary following side. The robot 10
follows obstacles 1004, 1006, 1008 on the side 101, 102
having greatest cutter extension to cut as close to an edge as
possible, yet may still follow cut edges 26 on the other side
101, 102.

[0247] Alternatively, the robot 10 may follow both cut
edges 26 and boundaries 600, 1004, 1006, 1008 on the same
side 101, 102 with an asymmetrical blade arrangement 200.
An asymmetrical cutter 200 leaves an uncut spot, e.g., where
the cutting head 200 is offset to the right and the robot 10
spirals to the left, the bottom portion of the robot 10 with no
cutting head coverage creates a small uncut circle in the
center of the spiral. This can be addressed by adding to the
spiral a center pass based on dead reckoning, or by following
the spiral with one or two center pass figure-eights based on
dead reckoning, or by reversing the direction of the spiral.

[0248] FIG. 34 provides a schematic view of an alternative
non-random coverage pattern 3000 by the robot 10. The pat-
tern 3000 is suitable for robots 10 having offset and non-offset
cutting heads 200. To make the pattern 3000, the robot 10
follows a succession of offset overlapping loops 3005, such as
those traversed by Zamboni® foe resurfacing machines. A
general wheel path 3010 is shown in dotted lines and a general
coverage path 3020 is shown in solid lines. The overlap is
sufficient to cover any uncut spots caused by the offset cutting
head 200 or offset differential drive system 400. The pattern
3000, in one example, includes as a series of overlapping
rounded-corned rectangles achieved by right-angle differen-
tially steered turns. In other examples, the pattern 3000
includes smooth ovals. A distance across each loop 3005 of
the pattern 3000 can be any size. Larger loops 3005 incorpo-
rating many substantially straight lines provide greater cut-
ting efficiency than smaller loops 3005. However, drill error
may accumulate with large loops 3005, disrupting the pattern
3000. If the loops 3005 are too small, too much time is spent
turning. A cutting quality during turning may not be as satis-
factory as while cruising straight. A balance of cutting per-
formance, speed, and loop size may be established for each
yard 20. In one example, the loop 3005 is sized to completely
cover a center of the loop 3005 on a third to sixth parallel pass
(parallel whether the loop 3005 is irregular, circular, oval,
square, or rectangular) and overlaps by no more than halfofa
cutting width on each pass. Example patterns 3000 include
loops 3005 overlapping by about 120%200% of a distance
107 from a wheel center to an edge of the cutting head 200,
loops 3005 offset by a cutting width 108 minus about 120%-
200% of distance 107, loops 3005 overlapping by about '5-%3



US 2008/0109126 Al

of'the cutting head width 108, and loops 3005 offset by about
45-% of the cutting head width 108, having loops 3005 less
than three to tour times as wide as the yard 20. In many
instances, the loops 3005 are substantially symmetrical. The
pattern 3000 is adjusted to leave no gaps in the cut area 22 for
a robot 10 cutting to a following or dominant side edge 101,
102, or having a cutter 200 that does not extend to the edge on
either side 101, 102.

[0249] With any cutting path, it is not critical that the rows
are straight, but more important that the robot follows its
previous pass/swath 23. The reference swath 23 may be par-
allel to a curved or stepped obstacle. Following previous
swaths 23 improves efficiency, as compared to random
bouncing (reducing time on the working surface from 5x
deterministic to 1.5-3 times deterministic), and improves a
user’s perception of the robot’s effectiveness and aesthetics
of the lawn 20.

[0250] A method of mowing a yard includes placing an
autonomous mower robot 10 in a yard 20 and allowing the
robot 10 to mow a reference row/swath 23 of arbitrary or
boundary-constrained length. The robot 10 proceeds to fol-
low a cut edge 26 of the reference row/swath 23. At the end of
the reference row 23, the robot 10 turns and row follows for
each successive row 23, mowing a pattern 3000 as described
above. The pattern 3000 has successive offset overlapping
loops 3005 that spiral and increase in size with each iterative
loop 3005. The robot 10 continues mowing by following the
cut edge 26 of a preceding row 23 until an arbitrary area has
been cut or the pattern 3000 is interrupted by an obstacle 1004
or boundary 1006. The robot 10 then moves to a new uncut
area 24 of lawn 20 (randomly or using collected, boundary
history), mows a new reference row 23, and repeats the mow-
ing process until the lawn 20 is estimated to be complete. The
robot 10 uses a reference heading from a navigational system
to establish each reference row 23, the edge of which is
followed to mow substantially parallel rows.

[0251] Inadditionto orinlieu ofthe cut edge sensor 310, in
some example, the robot 10 includes one or more auxiliary
navigational systems to enhance alignment and navigation, of
the robot 10. For example, the robot 10 may include a global
positioning satellite (GPS) receiver, a radio signal time-of-
flight sensor, an inertial guidance system including one or
more accelerometers or gyroscopes, or an optical landmark
sensor. Any single positional system may suffer drift or con-
tinuously decreasing precision, during operation. Multiple
positional systems enhance navigational precision.

[0252] 1Inone example, the robot 10 includes an electronic
compass that returns a heading accurate to about +/-6
degrees, to another example, the robot 10 includes an odom-
eter. In yet another example, the robot 10 includes a global
positioning satellite (GPS) receiver, which provides a head-
ing within a few degrees accuracy after traveling tens of
meters in a straight line. By integrating the input from two or
more heading systems the heading precision can be improved
(for example, in accordance with any of the techniques set
forth in U.S. patent application “Mobile Robot Autonomous
Navigational and Obstacle-Avoidance System,” Attorney
Docket P10001US, filed Dec. 30, 2005, inventor Brian
YAMAUCH]I, the contents of which are incorporated herein
by reference in their entirety). For instance, after mowing a
100 meter swath 23, the robot 10 turns approximately 180
degrees to start, a new swath 23 and obtains a first heading
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vector from the GPS receiver. The GPS may render a degree
of'error of about plus or minus 6 degrees. The robot 10 obtains
a second heading vector from an electronic compass and
compares the two heading vectors to determine an averaged
heading to follow.

[0253] 1If, for example, it is desired to approximate rows/
swaths 23, the robot 10 may obtain, assistance from the head-
ing. Rows/swaths 23 may be made parallel by edge following
or without edge following by a heading vector. Alternatively,
the rows/swaths 23 may be slightly open and zig-zagged, e.g.,
opening by a degree amount larger than the heading error
every turn. The rows/swaths 23 may alternate parallel rows
with closed-angle rows, e.g., crossing hack to redo a likely cot
area 22 by either more than the heading error or less than the
row width every tarn. Each row/swath 23 is arranged to suc-
cessively advance the mowed area 22.

[0254] 1In one example, a hybrid compass/odometry local-
ization technique is used to determine a robot position. The
compass is used to determine a robot orientation and odom-
etry is used to determine a distance translated between
updates. The robot position is determined using the following
equations:

A= \/(xr —xrfl)z +( = yH)z
X, = A; cost,

v, = A, sinb,

[0255] where (xt, yt) is the odometry position at time t, Ot is
the compass heading at time t, At is the distance traversed
between time t-1 and time t, and (x't, y't) is the hybrid com-
pass/odometry position estimate for time t.

[0256] Odometry tends to accumulate error. Over a single
traverse of the lawn 20, odometry may accumulate over 90
degrees of orientation error, for example. In contrast, a com-
pass in conjunction with odometry enables the robot 10 to
determine the robot position within a few degrees. The hybrid
compass/odometry localization method may determine a
robot position accurately to within a few meters after a circuit
of the lawn 20. The inclusion of one to three axes of acceler-
ometer data increases accuracy as well. Any combination of
odometry, compass, GPS or inertial guidance may be pro-
cessed by a Kalman filter if sufficient computation capacity is
available.

[0257] In examples using GPS inertial or odometric guid-
ance, landmark recognition and/or other dead reckoning or
navigational sensors, the robot 10 can determine whether it
has crossed a boundary 1006, 1008 into a road, or onto a
neighbor’s property, for example, and take appropriate cor-
rective action (such as shutting down or navigating back to a
home point or recognized landmark).

[0258] The robot 10 may align its initial row or each set of
rows using a preferred heading. From row 23 to row 23, the
robot 10 may use corrected heading data to avoid drift and
maintain an appearance of successive rows. The robot 10 may
use the corrected heading data to locate new areas to mow as
well.

[0259] Referring to FIGS. 35A-D, as discussed above, the
robot system 5 may use a combination of active boundary
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wire 6012 and passive guard barriers 6010. The robot system
may be provided with splice and/or terminator connectors
5910 for moving, rerouting, or repairing the active boundary
6012. A typical rearrangement is shown in FIG. 35A, where a
user has elected not to mow a driveway 1008 A but instead
reroutes the active boundary 6012 using two splice connec-
tors 5910. The splice connectors 5910 may butt-splice or
side-by-side splice a single or dual conductor, and are pref-
erably tool-less snap-closed connectors that include a blade
that penetrates insulation and connects the wires 6012. The
splice connectors 5910 may also be terminators, e.g., termi-
nating a dual-conductor length to become a loop. The splice
connectors 5910 may be used to connect wire 6012 provided
as discrete lengths. An example splice connectors 5910 is
shown in FIG. 358. As shown in FIG. 35A, the entire active
perimeter 6012 may be a combination of wire lengths and
splice connectors 5910 (not excluding other devices which
may be placed along the perimeter). In some eases, the splice
connectors 5910 may be provided with test circuits useful for
checking the position of a break in the boundary (e.g., if each
splice connector includes a socket, conductor loops can be
tested by connecting adjacent splice connectors using a test
line with a detector (e.g., lamp), or by plugging in a test lamp
at subsequent splice connectors).

[0260] FIGS. 35A and 35G, depicts robot-activated power
stations 5912 placed along the active perimeter 6012. The
robot-activated power stations 5912 may be battery and/or
solar powered, which may in some cases permit isolated
lengths to be used or a main extension 5920 from household
AC to the powered perimeter boundary 6012 to be avoided.
Some power stations 5912 may include an emitter, receiver,
or antenna, as well as control. The robot 10, in this ease, is
provided with an emitter 1510 that “excites” nearby power
stations 5912. For example, the robot 10 may be provided
with an RF or IR emitter 1510 of limited range that only
activates (“wakes up”) a power station 5912 when the robot
10 is in a certain range. The excitation range may be longer
than the distance between any two to four power stations
5912. After a power station 5912 is activated, it may hand-
shake with the robot 10 over the receiver channel using its
own emitter or over another channel for communication (e.g.,
line-of-sight such as collimated or omnidirectional visible
light or IR) to ensure that a neighbor’s power stations, for
example, are not activated, implementations that activate a
limited portion anywhere along an entire perimeter 6012
(e.g., a sector or sub-portion of the entire boundary including
two to four power stations) only when the robot 10
approaches the perimeter 6012, allow the boundary 6012 to
be battery powered and/or use smaller batteries. The power
stations 5912 may be placed along, and bridge, single con-
ductor or dual conductor perimeters 6012. In the ease of dual
conductors, any two power stations 5912 or power station
5912 and terminator may close a circuit formed by the dual
conductors.

[0261] FIG. 35 shows an anchor 5930. An anchor 5930 may
be a beacon including a primary non-line of sight emitter of
limited signal strength and may include a secondary line of
sight or directional emitter as well. When the robot 10 travels,
outside the signal strength limit of the anchor 5930, it may
deactivate or may seek the anchor using the secondary emit-
ter. A virtual anchor may be provided using terrestrial navi-
gation signals, e.g., GPS. A robot 10 provided with a global
positioning (GPS) receiver may be locked to a position
approximately within the center of the yard to be eared for or
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mowed. Although commercial GPS typically has insufficient
resolution to provide a useful location within most yards and
is not reliable under canopy or other natural, barriers. GPS
can provide sufficient resolution to determine that the robot
10 is no longer close to an anchor point 5930. A controller 452
on the robot 10 may deactivate the robot 10 when it is suffi-
ciently far (e.g., 100 feet) from its anchor point 5930; and may
also activate an anti-theft claxon, radio beacon, lockout, or
other countermeasure when the robot 10 is very tar (e.g.,
greater than 200 yards) from its anchor point 5930.

[0262] FIGS. 36-38 depicts a typical use of passive “spike”
type guard, burners 600D. As shown in FIG. 36, the no-go
boundary type passive spikes 6010C may be arranged to
surround an area that would not be detected by hard surface,
boundary, bump, or other detections. The spikes 600D are
placed at from one half'to two robot working widths from one
another, depending on the antenna 1520 and emitter 1510
configuration of the robot 10. The spikes 600D may be used in
conjunction with the splice connector 5910—type boundary
or power station 5912 type boundary of FIG. 35. As shown in
FIG. 37, each spike 600D may include an RFID or tank circuit
disposed on a horizontal thumbtack-type head. The head 612
prevents the spike GOOD from being pushed too far (more
than 3-5 inches for a spike of corresponding length) into the
ground and burying the circuit 620 to be detected. The per-
pendicular orientation of the spike-head circuit 620 permits
arranging the antenna or circuit 620 in the best orientation
(e.g., parallel) to be excited and/or detected by an antenna
1510 on the robot 10. The head 612 may be provided with
hooks or holes 612 A formed therein for using a line to check
the distance between spikes. Optionally, each spike or some
spikes may be provided with a flag 612B (e.g., “corner”
spikes with a different resonant frequency or encoding, and
used in corners, may be the only ones provided with small
flags).

[0263] Spikes 600D may be easier to install if they are
provided with an installation tool 5950. The tool 5950 may be
a “spiking tool” approximately 36 to 48 inches in height (i.e.,
the approximate height or lower of a typical user’s hip) and
may be provided with a handle 5952 at the top and a stirrup
5954 at the bottom. In use, a spike 600D may be placed in the
tool 5950 (either manually in a slot or loaded from the top of
the tool 5950 to fall into a receiving mechanism at the bot-
tom). Then the tool 5950 is arranged to insert the spike 600D
in the earth. The stirrup 5954 permits the user to use his or her
weight to force the spike 600D into the ground. A measuring
line 5956 may hang from the tool 5950, and the measuring
line 5956 may be hooked or fixed to a last-placed adjacent
spike 5950 to set a distance from spike to spike. The tool 5950
may also be provided with a clamp or levering mechanism to
more easily close the splice connectors previously men-
tioned. The shall extending from the handle 5952 to the stir-
rup 5954 may include a telescoping, folding, or other com-
pacting mechanism to permit the tool 5950 to stow in a
smaller size. In this case, the clamp or levering mechanism
may be arranged for use with the too1 5950 in the smaller size.

[0264] A number of implementations have been described.
Nevertheless, it will be understood that various modifications
may be made without departing from the spirit and scone of
the disclosure. For example, the robot may be used without a
network. The network may be used without a robot. A differ-
ent mobility platform may be provided for the robot. No one
(or more) element or feature described is implicitly, explic-
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itly, or inherently critical or necessary to the operation of the
robot or lawn care system, except as explicitly described
herein. Although several sensor arrangements have been
described as detecting grass along a lateral line substantially
perpendicular to the direction of forward movement, the sen-
sor orientation itself may be front to backer diagonal.
Although reference has been made to lawn-mowing and/or
shrub-trimming robots, it is nonetheless understood that any
of the features set forth also apply to any lawn care autono-
mous robot. Accordingly, other implementations are within
the scope of the following claims.

1. A robot lawnmower comprising:
abody;

a drive system carrier by the body and configured to
maneuver the robot across a lawn;

a grass cutter carried by the body; and

aswath edge detector carried by the body and configured to
detect a swath edge between cut and uncut grass while
the drive system maneuvers the robot across the lawn
while following a detected swath edge, the swath edge
detector including a calibrator that monitors uncut grass
adjacent the swath edge for calibration of the swath edge
detector.

2. The robot lawnmower of claim 1 wherein the calibrator
comprises a second swath edge detector.

3. The robot lawnmower of claim 1 wherein the swath edge
detector comprises an array of grass length sensors spanning
a distance comprising at least a steering error distance and a
grass length sensor width, a first portion of the array arranged
to detect the swath edge and a second portion of the array
arranged to monitor uncut grass.

4. The robot lawnmower of claim 3 wherein the array of
grass length sensors spans a distance of between about 4 and
10 inches.

5. The robot lawnmower of claim 1 wherein the swath edge
detector comprises a plurality of sensor components, each
sensor component comprising:

a sensor housing defining a cavity and a cavity opening
configured to allow grass entry while inhibiting direct
sunlight into the cavity;

an emitter carried by the housing in the cavity and config-
ured to emit an emission across the cavity opening; and

a receiver carried by the housing and configured to receive
a grass-reflected emission, the receiver positioned in the
cavity to avoid exposure to direct sunlight.

6. The robot lawnmower of claim 1 wherein comprising a
not-lawn detector carried by the body and responsive to non-
grass surfaces, wherein the drive system is configured to
redirect the robot in response to the detector detecting a
non-grass surface.

7. The robot lawnmower of claim 1 wherein the not-lawn
detector comprises:

a sensor housing defining emitter and receiver receptacles;

an audio transmitter carried in the emitter receptacle and
transmitting an audio emission;

areceiver carried in the receiver receptacle an configured to
receive an audio emission reflected off a ground surface;
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wherein a controller of the robot compares a received
reflected audio emission with a threshold energy to
detect a non-grass surface.

8. The robot lawnmower of claim 7 wherein the audio
transmitter transmits multiple audio emissions starting at a
fundamental frequency and successively increasing the
wavelength of each emission by half the fundamental fre-
quency.

9. (canceled)

10. The robot lawnmower of claim 7 wherein the controller
receives the reflected audio emission from the receiver
through a narrow band-pass amplifier.

11. The robot lawnmower of claim 7 further comprising an
anti-vibration mounting system securing the receiver in the
receiver receptacle, the anti-vibration mounting system com-
prising a first elastic support holding the receiver in a tube
below a sound absorber, the tube secured in the receiver
receptacle with a second elastic support having a lower
durometer than the first elastic support.

12. The robot lawnmower of claim 1 further comprising a
side trimmer carried on a periphery of the body and config-
ured to cut lawn adjacent the body.

13. The robot lawnmower of claim 1 further comprising at
least one grass erector carried by the body and configured to
erect grass.

14. The robot lawnmower of claim 13 wherein the grass
erector comprises a driven wheel having an axis of rotation
parallel to the lawn and a plurality of flexible grass agitators
extending radially outward from the wheel.

15. (canceled)

16. A robot lawnmower swath edge detector system com-
prising:

a controller carried by a body of a robot; and

aplurality of grass length sensors carried by the body of the
robot and in communication with the controller, each
grass length sensors comprising:

a sensor housing defining a cavity and a cavity opening
configured to allow grass entry while inhibiting direct
sunlight into the cavity;

an emitter carried by the housing in the cavity and con-
figured to emit an emission across the cavity; and

a receiver carried by the housing and configured to
receive a grass-reflected emission, the receiver posi-
tioned in the cavity to avoid exposure to direct sun-
light;

wherein the controller compares outputs from multiple
ones of the grass length sensors to determine a swath
edge location.

17. A robot lawnmower swath edge detector system of
claim 16 wherein the plurality of grass length sensor spans a
distance comprising at least a steering error distance and a
grass length sensor width.

18. A robot lawnmower swath edge detector system of
claim 16 wherein the plurality of grass length sensor spans a
distance of between 4 and 10 inches.

19. A robot lawnmower comprising:

a first body portion defining a payload area and carrying a
drive system having at least one driven wheel, the driven
wheel having a diameter sized to circumscribe the pay-
load area;
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a controller configured to control the drive system to
maneuver the lawnmower to traverse a lawn while cut-
ting grass;

a second body portion joined to the first body portion by an
articulated joint and carrying at least one free wheel;

an actuator actuable to rotate the first body portion relative
to the second body portion at the articulated joint in
response to a signal received from the controller; and

a grass cutter carried by at least one of the first and second

body portions.

20. A robot lawnmower of claim 16 wherein the driven
wheel is supported by multiple rollers carried by the first body
portion and driven by a pinion coupled to a motor carried by
the first body portion.

21. The robot lawnmower of claim 19 wherein the free
wheel pivots along an axis perpendicular to an axis of rota-
tion.

22. The robot lawnmower of claim 19 further comprising a
swath edge detector carried by the first portion and configured
to detect a swath edge between cut and uncut grass, wherein
the drive system is configured to maneuver the robot across
the lawn while following a detected swath edge.

23. The robot lawnmower of claim 22 wherein the swath
edge detector includes a calibrator carried by the body and
configured to monitor uncut grass, the controller in commu-
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nication with the calibrator and configured to periodically
compare the detected swath edge with monitored uncut grass.

24. A method of lawn cutting with a robot, the method
comprising:

detecting a swath edge with a swath edge detector carried
by the robot as the robot maneuvers itself across a lawn;

automatically comparing a detected swath edge with uncut
grass monitored by a calibrator carried by the robot;

following the detected swath edge;

erecting blades of grass of the lawn with a grass erector of
the robot; and

cutting the lawn with a cutter of the robot.

25. The method of claim 24 further comprising orienting
blades of grass of the lawn with a grass orientor carried by the
robot.

26. The method of claim 24 further comprising continu-
ously scanning for an absence of lawn with a not-lawn detec-
tor carried by the robot, and automatically redirecting the
robot in response to detecting an absence of lawn.

27. The method of claim 24 further comprising scanning
for a boundary responder with a boundary detector system
carried by the robot, and automatically redirecting the robot
in response to detecting a boundary responder.
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