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WALL FOLLOWING ROBOT

TECHNICAL FIELD
This disclosure relates generally to controlling movement of a robot to

track an obstacle, such as a wall, during movement.

BACKGROUND
Mobile robots may be used to traverse surfaces to perform various
operations, such as cleaning, vacuuming, or the like. Obstacles, such as walls,
fixtures, or the like, may make it difficult for some mobile robots to reach some
areas. For example, a surface adjacent to the intersection between a wall and a

floor may be difficult for a robot to traverse.

SUMMARY

An example robot can maintain contact with a wall surface as the robot
executes a wall following behavior. A sensor associated with a bumper of the
robot enables continuous contact between the robot’s cleaning pad and the wall
surface while the robot tracks the wall surface. The sensor can also detect when
the bumper has lost contact with the wall surface so that the robot can adjust its
own orientation to continue following the wall surface.

An example robot includes a body that is movable relative to a surface, a
bumper mounted on the body to enable movement of the bumper relative to the

body, a sensor to produce a signal in response to the movement of the bumper
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relative to the body caused by contact between the bumper and the surface, and
a controller to control movement of the body to cause the body to track the
surface based on a value. The bumper is movable between an uncompressed
position relative to the body and a compressed position relative to the body. The
signal varies linearly with the movement of the bumper relative to the body. The
value is based on the signal and indicates that the bumper in a partially
compressed position has a compression range between the uncompressed
position and the compressed position. The example robot may include one or
more of the following features, either alone or in combination.

The surface can include a wall surface. Configurations of the controller to
control movement of the body can include configurations to cause the robot to
maintain contact with the wall surface at an angle of between about 3 degrees
and about 20 degrees. The robot can include a cleaning pad attached to a
bottom of the body and a fluid applicator configured to dispense fluid from the
robot. The cleaning pad can extend beyond the bumper.

Configurations of the controller to control movement of the body to cause
the body to track the surface can include configurations to cause the robot to
execute a wall following behavior in which the controller controls movement of
the body to cause the body to contact the wall surface at an angle such that the
bumper is in the partially compressed position, and in which the controller adjusts
rotational and translational speeds of the robot to maintain compression of the
bumper in the partially compressed position. Configurations of the controller to

control movement of the body to cause the body to track the surface can include
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configurations to cause the robot to maintain contact between the cleaning pad
and the wall surface in a wall following behavior.

The sensor may be a first sensor and the signal may be a first signal. The
robot may include a second sensor to produce a second signal in response to
movement of the bumper. The second signal can vary linearly with the
movement of the bumper. The controller can be programmed to calculate the
value based on a first value that is based on the first signal and a second value
that is based on the second signal.

The body can have a left side, a right side, a front, and a back. The first
sensor can be adjacent to the right side and the second sensor can be adjacent
to the left side. The bumper can be located along the front of the robot and can
extend partially along the left side and the right side. The robot can include a
third sensor to produce a third signal in response to movement of the bumper.
The third signal can vary linearly with the movement of the bumper. The third
sensor can be between the left side and the right side, and the third sensor can
be adjacent to the front.

The sensor can be or include a post mounted to the bumper, a magnet
mounted to the post, and a Hall Effect sensor mounted in the body above the
magnet. The sensor can be or include a capacitive sensor. The capacitive
sensor can include a pair of capacitive plates. At least one of the capacitive
plates can be moveable relative to another of the capacitive plates based on
movement of the bumper. The controller can be programmed to determine a

time constant from signals produced in response to movement of the at least one
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capacitive plate. The sensor can be or include an inductive sensor. The
inductive sensor can include a core material that is movable within windings
based on movement of the bumper. The controller can be programmed to
determine a time constant from signals in response to movement of the core
material.

The surface can include a wall of a room, and the controller can be
programmed to control movement of the body to track the wall surface to
maintain contact with the wall by maintaining the value within the compression
range. The controller can be programmed to dynamically calibrate a position of
the bumper relative to the body in response to the bumper being within a
predefined range of the uncompressed position. The controller can be
programmed to control movement of the body to cause the body to retreat from
the surface in response to the value being outside the compression range and
indicative of the bumper being compressed further than an amount of
compression associated with the compression range. The controller can be
programmed to control movement of the body to cause the body to turn toward
the surface in response to the value being outside the compression range and
indicative of the bumper being compressed less than an amount of compression
associated with the compression range.

The body can include wheels, and the robot can include detectors
associated with the wheels. The detectors can be for detecting speed of the
wheels. The controller can be programmed to control movement of the body to

cause the body to retreat from the surface, to turn-away from the surface, and
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then to re-engage the surface based, at least in part, on the speed of the wheels
being less than a predetermined speed and the value being outside the
compression range. The controller can be programmed to cause the body to
track the surface at an angle. The controller may be programmed to adjust the
angle based on the value.

Another example robot can include a body that is movable relative to a
surface, a bumper mounted on the body to enable movement of the bumper
relative to the body, linear sensors to produce signals in response to movement
of the bumper relative to the body caused by contact between the bumper and
the surface over a period of time, and a controller to generate one or more
control signals based on the signals produced by the linear sensors. The signals
vary linearly with movement of the bumper. The one or more control signals can
be for controlling movement of the body to track the surface at least during the
period of time. The example robot may include one or more of the following
features, either alone or in combination.

The surface can include a wall surface. Configurations of the controller to
control movement of the body can include configurations to cause the robot to
maintain contact with the wall surface at an angle of between about 3 degrees
and about 20 degrees. The robot can include a cleaning pad attached to a
bottom of the body and a fluid applicator configured to dispense fluid from the
robot. The cleaning pad can extend beyond the bumper.

Configurations of the controller to control movement of the body to cause

the body to track the surface can include configurations to cause the robot to
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execute a wall following behavior in which the controller controls movement of
the body to cause the body to contact the wall surface at an angle such that the
bumper is in the partially compressed position, and in which the controller adjusts
rotational and translational speeds of the robot to maintain compression of the
bumper in the partially compressed position. Configurations of the controller to
control movement of the body to cause the body to track the surface can include
configurations to cause the robot to maintain contact between the cleaning pad
and the wall surface in a wall following behavior.

The linear sensors can include a first linear sensor and a second linear
sensor. The first linear sensor can be disposed adjacent to a first side of the
body, and the second linear sensor can be disposed adjacent to second side of
the body. The linear sensors can include a third linear sensor disposed between
the first linear sensor and the second linear sensor.

Each linear sensor can include a post mounted to the bumper, a magnet
mounted to the post, and a Hall Effect sensor mounted in the body above the
magnet. Each linear sensor can be or include a capacitive sensor. The
capacitive sensor can include a pair of capacitive plates. At least one of the
capacitive plates can be moveable relative to another of the capacitive plates
based on movement of the bumper. The controller can be programmed to
determine a time constant from signals produced in response to movement of the
at least one capacitive plate. Each linear sensor can be or include an inductive
sensor. The inductive sensor can include a core material that is movable within

windings based on movement of the bumper. The controller can be programmed



10

15

20

WO 2016/164072 PCT/US2015/061286

to determine a time constant from signals in response to movement of the core
material.

An example method of controlling a robot includes determining, based on
at least one signal that varies linearly with an amount of force between the robot
and a surface, that there is a level of contact between the robot and the surface
that exceeds a threshold, and controlling the robot to track the surface to
maintain at least the level of contact between the robot and the surface that
exceeds the threshold. The example method may include one or more of the
following features, either alone or in combination.

The threshold can be a lower threshold. The method can include
determining, based on the at least one signal, that the amount of force between
the robot and the surface exceeds an upper threshold, with the upper threshold
being greater than the lower threshold, and in response to determining that the
amount of force between the robot and the surface exceeds the upper threshold,
controlling the robot to retreat from the surface.

The robot can include wheels. The method can include detecting a speed
of the wheels, and based at least in part on the speed of the wheels, controlling
the robot to retreat from the surface, to turn-away from the surface, and then to
re-engage the surface.

The determining can be based on two or more signals that vary linearly
with an amount of force between the robot and the surface. The method can
include controlling an angle at which the robot engages the surface based at

least in part on the two or more signals.
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Advantages of the example robots and methods described herein may
include, but are not limited to, the following. In an example, a robot can clean
crevices, corners, and other regions that may be difficult to reach and may
accumulate debris. In an example, a robot can clean rooms having geometries
formed by walls and obstacles of the room. In an example, a robot has a
geometry that can cause the robot to miss cleaning regions of the room. In such
an example, the robot can implement wall following in order to access regions
that other movement and cleaning patterns may miss during the cleaning
operation.

Any two or more of the features described in this specification, including in
this summary section, can be combined to form implementations not specifically
described herein.

The robots and techniques described herein, or portions thereof, can be
controlled by a computer program product that includes instructions that are
stored on one or more non-transitory machine-readable storage media, and that
are executable on one or more processing devices to control (e.g., to coordinate)
the operations described herein. The robots described herein, or portions
thereof, can be implemented as all or part of an apparatus or electronic system
that can include one or more processing devices and memory to store
executable instructions to implement various operations.

The details of one or more implementations are set forth in the
accompanying drawings and the description herein. Other features and

advantages will be apparent from the description and drawings, and from the
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claims.

DESCRIPTION OF DRAWINGS

Fig. 1A is a perspective view of a mobile robot.

Fig. 1B is a side view of the mobile robot of Fig. 1A.

Fig. 1C is a top view of the mobile robot of Fig. 1A.

Fig. 1D is a top view of a cleaning pad for use with the mobile robot of Fig.
1A.

Fig. 1E is a top view of a cleaning pad attachment mechanism.

Fig. 1F is an exploded perspective view of the mobile robot of Fig. 1A.

Fig. 1G is a perspective view of a top portion removed from the mobile
robot of Fig. 1A

Fig. 1H is a perspective view of a top portion removed from the mobile
robot of Fig. 1A

Fig. 2A to 2C are top schematic views of a bumper of a mobile robot
contacting a wall surface.

Fig. 3A is a top view of a mobile robot showing the mobile robot scrubbing
a floor surface.

Fig. 3B is a top view of a mobile robot executing a cornrow pattern to
clean a room.

Fig. 3C is a top view of a mobile cleaning a perimeter of the room of Fig.
3B.

Figs. 3D and 3H are top views of an example mobile robot cleaning a
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room with an obstacle.

Fig. 4 is a schematic view of the architecture of a controller of the example
mobile robot of Fig. 1A.

Figs. 5A to 5F illustrates a mobile robot cleaning an inside corner.

Figs. 6A to 6E illustrates a mobile robot cleaning an outside corner of a
perimeter.

Fig. 7A to 7D depict an example of a mobile robot cleaning a wall surface.

Fig. 8 is a flow chart showing a process implemented by a mobile robot to
follow a wall surface.

Like reference numerals in different figures indicate like elements.

DETAILED DESCRIPTION

Described herein are example robots configured to traverse surfaces,
such as floors, carpets, turf, or other materials. The example robots may be
configured to perform various operations vis-a-vis the surfaces including, but not
limited to, vacuuming, wet or dry cleaning, damp cleaning, polishing, and the like.

Open areas of the surfaces may be traversed in a pattern or randomly.
Walls or other obstacles (e.g., having vertical surfaces) may affect how the robot
traverses the surface. For example, surfaces adjacent to walls can be difficult to
reach using patterned or random traversal. Accordingly, the example robots
described herein employ wall following (also referred to as tracking) techniques
that may enable the robots to traverse surfaces adjacent to walls or other

obstacles. One example tracking technique described herein includes using a
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linear sensor to sense force between the robot and a wall and, in response to the
sensed force, controlling movement of the robot to follow the wall. In some
implementations, the movement of the robot is controlled based on measuring
the amount of force between the robot and the wall such that the measured
forced remains within a target range. For example, the robot can contact the wall
at an angle (e.g., between 5 and 10 degrees) such that the bumper is partially
compressed due to friction between the wall and the bumper. Other
implementations are also described.

The example tracking techniques described herein may be used with any
appropriate type of robot or other apparatus that encounters walls or other
obstacles in its travels. An example of a robot that employs such tracking
techniques is a mobile robot that can clean a floor surface of a room by
navigating about the room. Referring to Fig. 1A, in some implementations, a
mobile robot 100 navigates and cleans a floor surface 10 of a room having a
lateral wall surface 20. In some implementations, the robot weighs less than 5lbs
(e.g., less than 2.26 kg) and has a center of gravity CG. In some
implementations, the mobile robot may be autonomous. The robot 100 includes
a body 102 supported by wheels (not visible in Fig. 1A) that can maneuver the
robot 100 across the floor surface 10 based on, for example, a drive command
having x, y, and 6 components. As shown, the robot body 102 has a square
shape and defines an X-axis and a Y-axis. The X-axis defines a rightward
direction R of the robot 100 and a leftward direction L of the robot 100. The Y-

axis defines a rearward direction A (aftward) of the robot 100 and a forward
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direction F of the robot 100. In other implementations, the body 102 can have
other shapes, such as a circular shape, an oval shape, a tear drop shape, a
rectangular shape, a combination of a square or rectangular front and a circular
back, or a longitudinally asymmetrical combination of any of these shapes. The
body 102 includes a bottom portion (not shown) and a top portion 108.

Along the bottom portion of the robot body 102, one or more rear cliff
sensors (not shown) located in one or both of the two rear corners of the robot
100 and one or more forward cliff sensors (not shown) located in one or both of
the front corners of the mobile robot 100 detect ledges or other steep elevation
changes of the floor surface 10 and prevent the robot 100 from falling over such
floor edges. The cliff sensors may be mechanical drop sensors or light-based
proximity sensors, such as an IR (infrared) pair, a dual emitter, single receiver or
dual receiver, single emitter IR light based proximity sensor aimed downward at a
floor surface 10.

The body 102 carries a movable bumper 110 for detecting collisions in
longitudinal (A, F) or lateral (L, R) directions. The bumper 110 is mounted to a
front side 102F of the robot body 102 and wraps around to the right side 102R
and a left side 102L of the robot body 102. The bumper 110 has a shape
complementing the robot body 102 and extends forward of the robot body 102.
The bumper 110 includes a lower portion 111 extending such that the overall
dimension of the front side 102F is wider than a back side 102A of the robot body
102. The robot body 102 supports the bumper 110 such that the bumper 110

can translate and rotate relative to the robot body 102. As a result, a right portion
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110R and a left portion 110L of the bumper 110 can move in different directions.
As will be described in more detail herein, a left bumper sensor assembly 112L
and a right bumper sensor assembly 112R are positioned within the robot 100
such that the left bumper sensor assembly 112L can detect movement of the left
portion 110L of the bumper 110 and the right bumper sensor assembly 112R can
detect movement of the right portion 110R of the bumper 110. The right bumper
sensor assembly 112R is located adjacent to the right side 102R of the robot
body 102. The left bumper sensor assembly 112L is located adjacent to the left
side 102L of the robot body 102. In general, the bumper sensor assemblies
112L, 112R can be linear sensor assemblies that provide an analog signal that is
linear with respect to a force on the bumper 110. In some implementations, as
described herein, additional sensor assemblies may be included in the robot,
e.g., between the left and right sensor assemblies.

In some examples, using a linear sensor that provides an analog sensor
can provide various advantages. For example, the linear sensor provides a
signal that varies with the extent of the bumper compression. If the bumper is
compressed half-way between an uncompressed position and a fully
compressed position, the value of the voltage or current from the sensor will be
half of the value when the bumper is fully compressed.

Referring to Fig. 1B, the bottom portion of the robot body 102 includes an
attached cleaning pad 120. The bottom portion of the robot body 102 includes
wheels 121 that rotatably support a rearward portion 106 of the robot body 102

as the robot 100 navigates about the floor surface 10. Each of the wheels 121
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may be operable with a current sensor 123 that determines the current delivered
to each of the wheels 121. Each of the wheels 121 may also be associated with,
and operable with, an encoder that determines a position of each of the wheels
121. The encoder can be an optical encoder that detects the rotational position
of the wheel 121. Based on the rotational position, a controller of the robot 100
can determine accelerations and/or speeds of the wheels 121. The cleaning pad
120 supports a forward portion 104 of the robot body 102 as the robot 100
navigates about the floor surface 10. The current sensor 123 and the encoder
together can sense when the wheels 121 of the robot 100 are being driven
without movement of the robot in the forward drive direction F.

A reservoir 122 within the robot body 102 holds a cleaning fluid 124 (e.g.,
cleaning solution, water, and/or detergent). In some examples, the reservoir 122
has a capacity of 170 to 230 mL or about 200mL. The robot 100 includes a fluid
applicator 126 connected to the reservoir 122 by a tube within the robot body
102. In some examples, the fluid applicator 126 can be a sprayer or spraying
mechanism.

The top portion 108 of the robot 100 may include a handle 135 for a user
to carry the robot 100. When folded, the handle 135 nests in a recess in the top
portion 108 of the robot 100. The top portion 108 may also include a toggle
button 136 disposed beneath the handle 135 that activates a pad release
mechanism. The user can also press a clean button 140 to turn on the robot 100
and to instruct the robot 100 to begin a cleaning operation. The clean button 140

can be used for other robot operations as well, such as turning off the robot 100
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and/or establishing a virtual barrier location.

Referring to Fig. 1C, in some cases, the cleaning pad 120 can extend
beyond the width of the bumper 110 such that the robot 100 can position an
outer edge of the pad 120 up to and along tough-to-reach surfaces or into
crevices, such as at a wall-floor interface 30. In some examples, the cleaning
pad 120 extends beyond the body 102 of the robot 100 by approximately 0.1 to
10 mm (e.g., 0.5 mmto2mm, 1 mmto 3 mm, 1 mmto5mm, 2 mmto 5 mm, 3
mm to 6 mm, 5 mm to 10 mm, about 1Tmm, about 5 mm, about 10 mm). In such
implementations, the ends of the cleaning pad 120 contact the wall surface 20
and, as described herein, can cause the bumper 110 to move due to friction
forces on the cleaning pad 120. In an implementation, the cleaning pad 120
extends up to the edges and does not extend significantly beyond a pad holder
(not shown) of the robot. The bumper 110, in this case, contacts the wall surface
20 and moves due to friction between the bumper and the wall surface 20.

The robot 100 can push the edge of the pad 120 against wall surfaces or
other vertically extending surfaces. The position of the cleaning pad 120 further
allows the cleaning pad 120 to clean the surfaces or crevices of a wall or other
vertically extending surface by the extended edge of the cleaning pad 120 while
the robot 100 moves in a wall following motion for a period of time. The
extension of the cleaning pad 120 can thus enable the robot 100 to clean in
cracks and crevices beyond the reach of the robot body 102. As described
herein, as the robot 100 initiates a wall following pattern or behavior along a

lateral surface of the room (e.g., the wall surface 20), the cleaning pad 120 can

15



10

15

20

WO 2016/164072 PCT/US2015/061286

be pressed against the wall surface 20 so that debris located along the wall-floor
interface 30 can be picked up by the cleaning pad 120.

Referring to Fig. 1D, in an example, the cleaning pad 120 includes
absorptive layers 152, an outer wrap layer 154, and a card backing 156. The
pad 120 has bluntly cut ends 158 such that the absorptive layers 152 are
exposed at both ends of the pad 120 and the full length of the pad 120 is
available for fluid absorption and cleaning. The absorbed cleaning fluid may be
securely held by the absorptive layers 152 so that the cleaning fluid does not drip
from the cleaning pad 120. In some cases, the cleaning pad 120 is disposable.
In other cases, the cleaning pad 120 is a reusable (e.g., machine washable)
microfiber cloth pad with a durable plastic backing.

Also referring to Fig. 1E, the cleaning pad 120 may be secured to the
bottom portion of the robot 100 by a pad holder 160. The pad holder 160 may
hold the cleaning pad 120 securely in place by grasping the card backing 156.
The cleaning pad 120 can be installed into the pad holder 160 from either of two
identical directions (180 degrees opposite to one another). The pad holder 160
can release the cleaning pad 120 when a pad release mechanism 162 is
triggered using a toggle button 136 (shown in FIG. 1A).

Referring to Figs. 1F to 1H, posts 164 traverse the robot body 102 to
attach a bumper chassis 171 of the bumper 110 to the robot body 102. The
bumper chassis 171 is fixed to the bumper 110 (e.g., using fasteners). Referring
to Fig. 1G, the posts 164 insert into apertures 166 defined by the robot body 102.

The posts 164 may have a cross sectional diameter varying in size along their

16
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length and is further sized to fit in the apertures 166 defined by the robot body
102. The posts 164 can be made of a flexible material (e.g., an elastomer or
other resilient material). The material of the posts 164 allows the bumper 110,
and hence the bumper chassis 171, to move relative to the robot body 102 upon
contact between the bumper 110 and an obstacle or vertically oriented or
extending surface in the environment.

Referring to Fig. 1H, the robot 100 includes the left sensor assembly 112L
and the right sensor assembly 112R to detect motion of the bumper 110 relative
to the robot body 102. In some implementations, additional sensor assembly(ies)
may be included, such as a center sensor assembly (described herein). In some
implementations, the left and right sensor assemblies 112L, 112R include linear
sensors. In some implementations, a linear sensor has a response to an applied
force that is linear over at least a limited range. In some implementations, the
response may be linear over an entire range of the applied force, whereas in
other implementations, the response may be linear over only a limited range of
applied force. In other implementations, a non-linear sensor may be used and
the signals from the non-linear sensor can be remapped by, for example, a
controller of the robot to compute an estimate of the applied force with respect to
the magnitude of the signal. Example linear sensors include Hall Effect sensors,
capacitive sensors, or inductive sensors. Any appropriate type of linear sensor
may be used. The following example addresses use of a Hall Effect sensor,
which can be a transducer that varies its output voltage in response to a

magnetic field. The Hall Effect sensor can operate as an analog transducer,
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directly returning an analog voltage signal in response to the magnetic field. With
a known magnetic field, its distance from the Hall plate can be determined and
the relative position of the magnet can be deduced based on the measured
voltage.

Referring to Fig. 1F, the bumper chassis 171 includes a left pedestal or
post 168L which a left magnet 170L is mounted and housed. The left magnet
170L forms part of the left bumper sensor assembly 112L described above. The
bumper chassis 171 also includes a right post 168R and a right magnet 170R for
the right bumper sensor assembly 112R. The magnet 170L may be coupled to
the post 168L of the bumper chassis 171, which allows the magnet 170L to move
relative to the robot body 102 of the robot 100.

Referring back to Fig. 1H, in this example, a platform 172 is fixed to the
robot body 102. When the bumper 110 moves relative to the robot body 102, the
bumper chassis 171, which is fixed to the bumper 110, also moves relative to the
platform 172. The bumper chassis 171 can also be attached to the resilient
posts 164 to dampen the dynamic response of the bumper 110 (e.g., in response
to a force from contact with obstacles in the environment), dissipate kinetic
energy of the bumper, and absorb mechanical shock.

In some implementations, the platform 172 includes a circuit board 174
that includes a left Hall Effect sensor 176L and a right Hall Effect sensor 176R.

In some implementations, the bumper sensor assemblies 112L and 112R include
a first component attached to the robot body 102 (e.g., sensors 176L, 176R) and

a second component attached to the bumper 110 via the bumper chassis 171
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(e.g., magnets 170L, 170R). Referring back to Fig. 1C, the left bumper sensor
assembly 112L includes the left sensor 176L coupled to the robot body 102 and
the left magnet 170L coupled to the left portion 110L of the bumper 110 via the
bumper chassis 171. The right bumper sensor assembly 112R includes the right
sensor 176R coupled to the robot body 102 and the right magnet 170R coupled
to the right portion 110R of the bumper 110 via the bumper chassis 171. The left
sensor 176L is positioned on or near the left side 102L of the robot body 102
(shown in Fig. 1A) and above the left magnet 170L. The right sensor 176R is
positioned on or near the right side 102R of the robot body 102 and above the
right magnet 170R. The Hall Effect sensors 176L and 176R generate a voltage
in response to nearby magnetic fields, such as, for example, the magnetic fields
generated by the magnets 170L and 170R.

The configuration of the left and right bumper sensor assemblies 112L and
112R allow the left and right sensors 176L and 176R to detect movement of the
magnets 170L and 170R relative to the sensors 176L and 176R. The magnets
170R, 170L generate magnetic fields that vary in strength at the location of the
sensors 176R, 176L as the magnets 170R, 170L move farther from or closer to
the sensors 176R, 176L. The left and right sensors 176L and 176R, in turn,
generate voltages in response to movements of the left and right magnet 170L
and 170R, respectively, relative to the left and right sensors 176L and 176R,
respectively. The voltages vary linearly with changes in the magnetic field.
Thus, the sensors 176L and 176R provide an analog response signal that varies

based on the extent to which the bumper 110 is depressed. As the magnets
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170L and 170R move farther from their respective sensors 176L and 176R, the
strengths of the magnetic fields at the locations of the sensors 176L and 176R
weaken, and thus the sensors 176L and 176R generate a smaller voltage. In
contrast, as the magnets 170L and 170R move closer to their respective sensors
176L and 176R, the strengths of the magnetic fields at the locations of the
sensors 176L and 176R increase, and thus the sensors 176L and 176R generate
a larger voltage. Since the sensors 176L and 176R are coupled to the robot
body 102 and the magnets 170L and 170R are coupled to the bumper 110, the
analog voltages generated by the sensors 176L and 176R correspond to
movement of the bumper 110 relative to the robot body 102 due to, for instance,
contact of the bumper 110 with obstacles in the room, such as a wall. For
example, friction force between the wall and the bumper 110 cause the bumper
110 to move between uncompressed and partially compressed positions,
causing the Hall Effect sensors to register voltages that vary linearly with the
amount of compression experienced by the bumper due to friction between the
wall and the bumper. More specifically, signals from the sensors 176L, 176R
(e.g., the voltages of the sensors 176L, 176R) vary linearly with the movement of
the bumper 110 relative to the robot body 102.

While the sensors 176L and 176R have been described as Hall Effect
sensors, in some implementations, the sensors can be capacitive sensors such
that the bumper sensor assemblies operate based on a change in sensed
capacitance by the capacitance sensors. For example, capacitive plates can

replace the magnets 170L and 170R, and a corresponding pair of capacitive
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plates can replace the Hall Effect sensors 176L, 176R. The capacitance of the
left and right plate pairs can be measured independently using a variety of
techniques that, for example, dynamically measure the electric coupling by
measuring an RC (resistive-capacitive) time constant. The capacitance of left
and right pairs can vary linearly depending on the distance of the capacitive
sensors from the capacitive plates. In other implementations, the sensors 176L,
176R can be inductive sensors. In this case, the capacitive plates on the circuit
board are replaced with spiral PCB (printed circuit board) traces that serve as
inductors. The bumper chassis 171 can include core material (instead of the
magnets 170L and 170R) that passes through the spiral traces. As the bumper
110 compresses, an amount of the core material that traverses the spiral traces
can vary, thus causing a change in inductance. The inductance of those traces
can be measured by measuring the inductive coupling by, for example,
dynamically measuring the LR (inductive-resistive) or LRC (inductive-resistive-
capacitive) time constant with an oscillator circuit.

While the left and right sensor assemblies 112L and 112R have been
described above, in some implementations, the robot may additionally and/or
alternatively include a front sensor assembly located between the left side of the
robot and the right side of the robot. The front sensor assembly can be located
adjacent to the front side of the robot and can produce a signal in response to
movement of the bumper in, for example, the right direction R and the left
direction L. The front sensor assembly would thus be able to detect forces on

the bumper in the lateral direction.
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While the magnets 170R, 170L have been described to be fixed to the
bumper 110 and the sensors 176R, 176L have been described to be fixed to the
robot body 102, in some implementations, the sensors may be fixed to the
bumper and the magnets may be fixed to the robot body. In such
implementations, the sensors and magnets can move relative to one another to
cause the magnetic field at the sensors to vary.

As shown in Figs. 2A, 2B, and 2C, a neutral position 110N of the bumper
110 is shown in dashed lines. The neutral position 110N corresponds to the
position of the bumper 110 before forces are exerted on the bumper 110 to
cause the bumper 110 to move (e.g., be depressed) relative to the robot body
102. As described in more detail herein, the neutral position 110N may vary from
one cleaning operation to another cleaning operation. During a cleaning
operation, the robot 100 can calibrate the neutral position 110N such that the
neutral position 110N is interpreted as an uncompressed state of the bumper
110. The compression of the bumper 110 is herein also interchangeably referred
to as rearward translation of the bumper 110. The solid lines in Figs. 2A, 2B, and
2C depicting the bumper 110 correspond to the position of the bumper 110 after
a force causes the bumper 110 to move relative to the robot body 102.

The bumper 110 can move depending on a direction and position of forces
on the bumper 110 (e.g., a relative direction and a relative position of an obstacle
in contact with the bumper 110). Referring to Fig. 2A, when the right portion
110R and the left portion 110L move in the rearward direction A, the bumper 110

is translating in the rearward direction A relative to the robot body 102. Contact
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between a front portion 110F of the bumper 110 with an obstacle such as the
wall surface 20 as the robot 100 moves in the forward direction F can cause the
translation of the bumper 110 in the rearward direction A. Referring to Fig. 2B,
when the robot 100 encounters an obstacle on the left side of the robot body 102,
the bumper 110 is depressed to a greater extent on the left portion 110L than the
right portion 110R. The left portion 110L moves in the rearward direction A while
the right portion 110R moves in the forward direction F or in the rearward
direction A such that the right portion 110R is depressed less than the left portion
110L. The bumper 110 translates in the rearward direction A and rotates
counterclockwise relative to the robot body 102 such that, for example, the front
of the cleaning pad is angled with respect to the robot body 102. Contact
between the left portion 110L of the bumper 110 with the wall surface 20 as the
robot 100 moves in the forward direction F can cause the clockwise rotation and
rearward translation of the bumper 110 due to, for example, friction between the
left portion 110L and the wall surface 20. Referring to Fig. 2C, when the robot
100 encounters an obstacle on the right side of the robot body 102, the bumper
110 is depressed to a greater extent on the right portion 110R than the left
portion 110L. The right portion 110R moves in the rearward direction A while the
left portion 110L moves in the forward direction F or the rearward direction A
such that the left portion 110L is depressed less than the right portion 110R. The
bumper 110 translates rearward and rotates clockwise relative to the robot body
102 such that, for example, the front of the cleaning pad is angled with respect to

the robot body 102. Contact between the right portion 110R of the bumper 110
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with the wall surface 20 as the robot 100 moves in the forward direction F can
cause the clockwise rotation and rearward translation of the bumper 110 due to,
for example, friction between the right portion 110R and the wall surface 20.
Referring to Fig. 1H, the left and right bumper sensor assemblies 112L and 112R
can detect the movements of the left portion 110L and the right portion 110R
described above with respect to Figs. 1A to 1C. In other words, the left and right
bumper sensor assemblies 112L and 112R may be configured to detect the
compression of the left and right portions 110L and 110R of the bumper 110.

Although the bumper 110 has been described to contact obstacles, such
as vertical surfaces (e.g., walls), in the environment in order to move, in some
implementations, the bumper 110 can also move due to contact of the cleaning
pad with surfaces in the environment.

The example robots described herein can traverse a surface by following
a pattern, or by traversing it randomly. Example navigational behaviors of a
robot can include a wall following pattern and an area coverage pattern. For
example, the wall following pattern can be straight motion pattern, and the area
coverage pattern can be a vine pattern, a cornrow pattern, or any combinations
of these patterns. Other patterns are also possible.

In the straight motion pattern, the robot 100 generally moves in a straight
path to follow an obstacle defined by vertical edges, such as a wall. The straight
motion pattern generally corresponds to wall following behavior. The continuous
and repeated use of the birdfoot pattern is referred to as the vine pattern or the

vining pattern. In the vine pattern, the robot 100 executes repetitions of a
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birdfoot pattern in which the robot 100 moves back and forth while advancing
incrementally along a generally forward trajectory. Each repetition of the birdfoot
pattern advances the robot 100 along a generally forward trajectory, and
repeated execution of the birdfoot pattern can allow the robot 100 to traverse
across the floor surface in the generally forward trajectory. In the cornrow
pattern, the robot 100 moves back and forth across a room so that the robot 100
moves perpendicular to the longitudinal movement of the pattern slightly between
each traversal of the room to form a series of generally parallel rows that traverse
the floor surface. The robot 100 can execute navigational behaviors that uses
vine and cornrow patterns as the robot 100 traverses the room, and a straight
motion pattern as the robot 100 moves about a perimeter of the room or edges of
objects within the room.

Referring to Fig. 3A, in one example, the robot 100 moves in the birdfoot
pattern mentioned above through a footprint area AF on the floor surface 10 on
which the cleaning fluid 124 has been applied. The birdfoot pattern depicted
involves moving the robot 100 (i) in a forward direction F and a backward or
reverse direction A along a center trajectory 300, (ii) in a forward direction F and
a reverse direction A along a left trajectory 310, and (iii) in a forward direction F
and a reverse direction A along a right trajectory 305. The left trajectory 310 and
the right trajectory 305 are arcuate, extending outward in an arc from a starting
point along the center trajectory 300. While the right and left trajectories 305,
310 have been described and shown as arcuate, in other implementations, the

left trajectory and the right trajectory can be straight line trajectories that extend
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outward in a straight line from the center trajectory.

In the example of Fig. 3A, the robot 100 moves in a forward direction F
from Position A along the center trajectory 300. The robot 100 then moves in a
backward direction A along the center trajectory to a distance equal to or greater
than the distance to be covered by fluid application. For example, the robot 100
moves backward along the center trajectory 300 by at least one robot length Lr
to Position G, which may be the same position as Position A. The robot 100
applies the cleaning fluid 124 to an area substantially equal to or less than the
footprint area AF of the robot 100. As the robot returns to the wall 20, the
cleaning pad 120 passes through the cleaning fluid 124 and cleans the floor
surface 10. From Position B, the robot 100 retracts either along a left trajectory
310 or a right trajectory 305 to Position F or Position D, respectively, before
going to Position E or Position C, respectively. In some cases, Positions C, E
may correspond to Position B. The robot 100 can then continue to complete its
remaining trajectories. Each time the robot 100 moves forward and backward
along the center trajectory 300, left trajectory 310 and right trajectory 305, the
cleaning pad 120 passes through the applied fluid 124, scrubs dirt, debris and
other particulate matter from the floor surface 10, and absorbs the dirty fluid
away from the floor surface 10. The scrubbing motion of the cleaning pad 120
combined with the solvent characteristics of the cleaning fluid 124 breaks down
and loosens dried stains and dirt. The cleaning fluid 124 applied by the robot
100 suspends loosened debris such that the cleaning pad 120 absorbs the

suspended debris and wicks it away from the floor surface 10.
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Referring to Fig. 3B, the robot 100 can navigate about a room 320
following a path 325 executing a combination of the vine pattern and cornrow
pattern described above to cover the floor surface 10 of the room. Each row of
the cornrow pattern is spaced apart from adjacent rows by a distance D. In this
example, the robot 100 is operating in a cleaning mode requiring use of the
cleaning fluid 124, so the robot 100 is applying the cleaning fluid 124 in bursts
ahead of the robot 100 along the path 325. The robot 100 advances along the
path 325 by performing the vine pattern, which includes repetitions of the birdfoot
pattern along each length of the cornrow pattern. With each birdfoot pattern, as
described herein, the robot 100 ends up at a location that is generally in a
forward direction relative to its initial location.

The path 325 allows the robot 100 to clean a region 326 of the room, but
the vine and cornrow pattern of the path 325 can cause the robot 100 to miss
cleaning a region 327 of the room. The region 327, which can be, for example, a
narrow hallway, has a width W. In some cases, the width W of the region 327 is
less than twice a distance D between rows of the cornrow pattern. As a result,
when the robot 100 executes the cornrow pattern, the robot 100 may contact the
wall 20 without entering the region 327 and thus may be unable to clean the
region 327 simply using the cornrow pattern. As described herein, the robot 100,
in some implementations, can detect a doorway 328 or other narrow region
having a width less than about 2 robot widths that separates the region 327 from
the rest of the room 320 based on a wall following routine.

Wall following behavior allows the robot 100 to clean along a wall/floor
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interface (e.g., the wall-floor interface 30 of Fig. 1), clean corners of the room,
and find and clean uncleaned regions adjacent to the wall surface 20, such as
region 327. Referring to Fig. 3C, subsequent to the area cleaning performed
using the cornrow and vine pattern, the robot 100 can perform wall following to
clean the perimeter of the room. The robot 100 follows a path 350 as it
implements the straight motion pattern by continuously engaging with the wall
surface 20 at a slight angle and at a relatively constant force applied to the robot
100. Since the robot 100 is operating in a cleaning mode that uses the cleaning
fluid 124, the robot applies the cleaning fluid 124 ahead of the robot 100 along
the path 350. In some examples, contacting the wall surface at a slight angle
(e.g., the edge of the robot and the wall are not parallel to one another) can
provide the advantage of pressing a portion of the cleaning pad against the wall
surface such that the entire floor up to the wall is cleaned by the cleaning pad. In
some examples, contacting the wall surface at a slight angle can provide the
advantage of enabling the robot to determine that it is positioned against the wall
(e.g., with the pad extending to the wall) without causing the contact and friction
between the robot and the wall surface to impede movement of the robot in the
forward direction.

As described herein, the wall following techniques can allow the robot 100
to clean areas that may have been missed during the cornrowing and vining
behavior along the path 325 of Fig. 3B. In some cases, simply executing
cornrowing and vining behavior can cause the robot 100 to neglect cleaning

certain regions of the room due to, for example, obstacles, geometric features of
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the room, and geometric features of the robot 100. As the robot 100 follows the
wall surface 20, the robot 100 can enter the region 327 of the room 320, and a
controller of the robot 100 can determine that the robot 100 did not clean the
region 327 during the cornrow and vine pattern executed earlier. In some cases,
upon finding the region 327, the robot 100 may execute a subsequent cornrow
and vine pattern within the region 327. In other cases, the robot 100 may
execute wall following, and the controller can determine that the wall following
about the wall 20 of the region 327 is sufficient to clean the floor surface of the
region 327.

Referring to Fig. 3D, in another example, the robot 100 navigates around
a room 372 with an obstacle 375. The robot 100 executes an area cleaning
pattern such as the cornrow pattern through the room 372 by following a path
380 to clean a region 382 of the room 372. However, due to contact with the
obstacle 375 (e.g., a toilet), the rows 380a, 380b of the path 380 are shorter than
the other rows, and the robot 100 thus does not clean a region 384. Thus, a
region (e.g., the region 384) behind or obscured by an obstacle (e.g., the
obstacle 375) that is accessible by the robot may remain untraversed during an
area cleaning behavior.

After the robot 100 completes the cornrowing and vining path 380,
referring to Fig. 3E, the robot 100 executes wall following along the perimeter of
the region 384 by, for example, approaching the wall 20 of the room 372 and
following a path 390. The robot 100 maintains contact with the wall 20 by

maintaining an average bumper extent within a specified range as it engages the
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wall 20 to clean along the wall 20 of the room 372. The path 390 allows the robot
100 to clean behind the obstacle 375, which the robot 100 previously was unable
to reach in the cornrow and vine pattern.

In some cases, the region 384 may be sufficiently large to warrant
execution of a subsequent cornrow and vine pattern in the region 384. As the
robot 100 cleans along the wall 20, the robot 100 can recognize that the
boundary defined by the wall 20 may not match a boundary determined by the
controller when the robot 100 executes the cornrow pattern. The robot 100 then
may proceed to find the obstacle 375 and clean around the obstacle 375 by
following an obstacle path 391. The robot 100 implements wall following
behavior along the lateral surfaces defined by the obstacle 375 such that the
robot can clean the interface between the obstacle 375 and the floor surface 10.

Using the cornrow and vining pattern, the robot 100 can fail to enter
passageways that are only slightly larger than the width of the robot (e.g., 1 to
1.2 times larger, 1.2 to 1.4 times larger, 1.4 to 1.6 times larger, 1.6 to 1.8 times
larger, 1.8 to 2 times larger). In another example, now referring to Figs. 3F to
3H, the robot 100 cleans an environment 392 having a first room 393 and a
second room 394 separated by a doorway 395. The second room 394 is
sufficiently large to warrant the robot 100 to execute a cornrow and vining
pattern. As shown in Fig. 3F, the robot 100 executes an area coverage pattern
396, e.g., a cornrow and vine pattern, to clean the first room 393. Using the area
coverage pattern 396, the robot 100 fails to clean the doorway 395 and the

second room 394 because, as the robot 100 executes row 396a of the area
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coverage pattern, the robot 100 contacts the wall surface 20 of the environment
392 and cannot gain entry into the second room 394 through the doorway 395.
Each row of the cornrow pattern is spaced apart from adjacent rows by a
distance Dr, which is approximately the width of the robot 100. The doorway 395
has a width Wb. In some cases, the width Wb is less than twice the distance Dr.
As shown in Fig. 3G, the robot 100, upon completing the area coverage pattern
396 in the first room 393, executes a wall follow pattern 397. The robot 100,
following the wall follow pattern 397, is able to travel through the doorway 395
and gain access to the second room 394. Now referring to Fig. 3H, the second
room 394 is sufficiently large that the robot 100 can execute an area coverage
pattern 398 to clean the second room 394. The robot 100, upon gaining access
to the second room 394 using the wall follow pattern 397 shown in Fig. 3G,
executes the area coverage pattern 398 to clean the second room 394.

Referring to Fig. 4, an example of a control system 400 of the robot 100
includes a controller circuit 405 (herein also referred to as a controller) that
operates a drive 410, a cleaning system 420, a sensor system 430 having a
bumper sensor system 435, a behavior system 440, a navigation system 450,
and a memory 460.

The drive 410 can include wheels (e.g., the wheels 121 shown in Fig. 1B)
to maneuver the robot 100 across the floor surface based on a drive command
having x, y, and 6 components. The wheels of the drive 410 support the robot
body above the floor surface. The controller 405 can further operate a navigation

system 450 configured to maneuver the robot 100 about the floor surface. The
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navigation system 450 bases its navigational commands on the behavior system
440, which can select a navigational pattern or behavior stored in the memory
460. The navigation system 450 also communicates with the sensor system 430,
using the bump sensor, accelerometers, and other sensors of the robot, to
determine and issue drive commands to the drive 410.

The sensor system 430 can additionally include a 3-axis accelerometer, a
3-axis gyroscope, and rotary encoders for the wheels (e.g., the wheels 121
shown in Fig. 1B). The controller 405 can utilize sensed linear acceleration from
the 3-axis accelerometer to estimate the drift in the x and y directions as well and
can utilize the 3-axis gyroscope to estimate the drift in the heading or orientation
6 of the robot 100. The controller 405 can therefore combine data collected by
the rotary encoders, the accelerometer, and the gyroscope to produce estimates
of the general pose (e.g., location and orientation) of the robot 100. In some
implementations, the robot 100 can use the encoders, accelerometer, and the
gyroscope so that the robot 100 remains on generally parallel rows as the robot
100 implements a cornrow pattern. The gyroscope and rotary encoders together
can additionally be used by the controller 405 to perform dead reckoning
algorithms to determine the location of the robot 100 within its environment. The
sensor system 430 also includes the current sensors 123 for the wheels 121
(shown in Fig. 1B). The controller 405 can use the current detected from the
current sensor 123 to determine the amount of current being deliver to each
wheel 121 and then estimate a speed of the wheel 121.

The controller 405 operates the cleaning system 420 to initiate, for
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example, spray commands for a certain duration at a certain frequency. The
spray commands can be issued according to the spray schedules stored on the
memory 460. The controller 405 can also operate the cleaning system 420 to
vibrate the cleaning pad 120 to scrub the floor surface 10.

The bumper sensor system 435 of the sensor system 430 includes the
bumper sensor assemblies 112L and 112R that detect contact of the bumper 110
with objects in the environment. The controller 405 can implement the bumper
sensor system 435 by interpreting the voltages produced by the bumper sensor
assemblies 112L and 112R.

Referring back to Figs. 2A to 2C, using signals from the bumper sensor
system 435, the controller 405 can determine an extent to which the left portion
110L of the bumper 110 is compressed (herein also referred to as a left bumper
extent), and an extent to the right portion 110R of the bumper 110 is compressed
(herein also referred to as a right bumper extent). In other cases, the bumper
sensor system 435 can sense that both the left portion 110L and the right portion
110R are in a state a compression, which can indicate contact with an obstacle in
the forward direction F of the robot 100, as shown in Fig. 2A. The left bumper
extent and the right bumper extent may each be an amount of compression
between the compressed state of the bumper 110 and the uncompressed state
of the bumper 110.

Referring back to Fig. 1H, the position of the magnets 170L and 170R
relative to the sensors 176L and 176R can be set such that the magnets 170L

and 170R move relative to the sensors 176L and 176R when the bumper 110 is
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compressed. As a result, the voltage generated by the sensors 176L and 176R
changes as the bumper 110 is compressed. In particular, the voltage generated
by the sensor 176L, 176R increases as the magnet 170L, 170R moves closer to
the sensor 176L, 176R due to compression of the bumper 110, which includes
the bumper chassis 171 that houses the sensor 176L, 176R. The left and right
bumper extents are thus linearly proportional to the generated voltages. The
controller 405 of the robot 100 can normalize the left bumper extent and the right
bumper extent as a percentage, and can determine an average bumper extent of
the left bumper extent and the right bumper extent. For each cleaning operation,
the controller 405 can also dynamically calibrate the left bumper extent and right
bumper extent such that 0% corresponds to the bumper 110 in the
uncompressed state and 100% corresponds to the bumper 110 in the
compressed state. A negative percent may indicate an extension of the bumper
110. As described herein, the control system 400 can utilize the bumper sensor
system 435 and the detected left and right bumper extents to implement wall
following behaviors that allow the robot 100 to track the surface of a wall or other
obstacle (such as a bathroom fixture) and thereby clean hard-to-access corners
and crevices defined by intersections of floor surfaces and wall surfaces. For
example, when following a wall, the bumper 110 of the robot 100 will be partially
compressed due to the friction between the bumper 110 and the wall. The robot
100 can maintain contact with the wall by maintaining the extent of bumper
compression and the difference between the left and the right bumper

compression by continuously adjusting the rotational and translational speeds of
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the robot 100 to maintain nearly constant compression.

In other cases, the robot 100 can compute a difference between the left
bumper extent and the right bumper extent. A positive difference indicates that
the left bumper extent is greater than the right bumper extent, and a negative
difference indicates the right bumper extent is greater than the left bumper
extent. When the robot 100 is performing wall following such that the left portion
110L of the bumper 110 is adjacent the wall surface 20a, the robot 100 can
maintain the difference to be within a range of, for example, 0% to 10%, 5% to
15%, 4% to 20%. When the robot 100 is wall following such that the right portion
110R of the bumper 110 is adjacent the wall surface 20a, the controller 405 of
the robot 100 can maintain the difference to be within a range of, for example, -
5% to -15%, -10% to 0%, -20% to -4%, by issuing drive commands to the drive
410. The controller 405 can alternatively determine an average of the left
bumper extent and the right bumper extent.

The memory 460 can be loaded with thresholds and limits related to the
normalized average bumper extents, as described herein. The memory 460 can
also be loaded with a static calibration result performed during manufacturing of
the robot 100. The static calibration can define a range within which the robot
considers dynamic calibration described to be valid. In some examples, as the
robot is used repeatedly, the positions of the posts holding the bumper will
change by a small amount. In order to account for such changes, a calibration
process can be used to determine whether the non-compressed position of the

bumper and associated sensor reading have changed. This calibration can be
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performed upon starting up the robot before each cleaning mission and/or can be
performed dynamically every 5-10 seconds during cleaning.

Referring back to Figs. 1A, 3C, and 4, as the robot 100 follows the wall 20
of the room 320, the robot 100 can implement specific processes that allow the
robot 100 to clean the floor surface 10 that closely abuts the wall surface 20.

The controller 405 can control movement of the robot body 102 to cause the
body 102 to track the wall surface 20 based on a value of the average bumper
extent. The value is based on the signal or signals generated by the bumper
sensor system 435 (e.g., the bumper sensor assemblies 112L and 112R) and
can indicate that the bumper 110 is partially compressed such that the values are
within a compression range or interval between the uncompressed state and the
compressed state. The controller 405 can then determine whether the bumper
110 is within the compression range or interval (e.g., based on the normalized
bumper extent). For example, the controller 405 may determine that the bumper
has reached a threshold compression level for wall following, e.g., 2% to 2.5%,
2.5% to 3%, 3% to 3.5%, 3.5% to 4%, 4% to 4.5%, 4.5% to 5%, 5% to 5.5%,
5.5% to 6%, 6% t0 6.5%, 6.5% to 7%, 7% to 7.5%. Wall following processes
may then be executed and continue unabated so long as the bumper remains
compressed within a predefined range between the compressed and
uncompressed state (e.g., 2% to 5%, 2.5% to 7.5%, 5% to 10%, 5% to 15%,
7.5% to 12.5%, 10% to 15%, 5% to 20%, 10% to 20%). That is, the wall-
following processes continue so long as the amount of force between the bumper

and the robot remains within a specified range. The robot 100 can maintain the
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amount of force within the specified range by continuously adjusting the
rotational and translational speeds of the robot 100 to maintain nearly constant
compression of the bumper. If the amount of compression exceeds the upper
threshold (e.g., 20%), then the wall following processes may cease, and other
processes may take over control of the robot to either reestablish pattern
traversal or to reengage a wall or other obstacle to continue wall following, as
described herein.

Within the predefined range or interval, the controller 405 of the robot 100
can also maintain the average bumper extent and, in some cases, a difference
between the left and right bumper extents by continuously adjusting its rotational
and translational speeds to maintain nearly constant compression. While wall
following, the robot 100 can travel at a nominal translational speed (e.g., 50
mm/s to 150 mm/s, 150 mm/s to 250 mm/s, 250 mm/s to 350 mm/s) while not
rotating. When the average bumper extent deviates from a target average
bumper extent stored on the memory 460, the controller 405 can deliver a drive
command to the drive 410 to reduce the speed of the robot 100 an amount
proportional to the deviation. When the bumper extent difference deviates from a
target difference stored on the memory 460, the controller 405 can deliver a drive
command to the drive 410 to increase the rotational velocity of the robot 100 an
amount proportional to the deviation. In some implementations, the rotational
and translational speeds can be adjusted an amount proportional to the rate of
change of the average bump extent and the bump extent difference, respectively.

In some cases the uncompressed position may vary from one cleaning
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operation to another cleaning operation due to positional variations in the resilient
posts 164 (shown in Fig. 1F) that mount the bumper 110 to the robot body 102.
During a cleaning operation, the controller 405 can dynamically calibrate the
uncompressed position to account for the variations in a position of the bumper
110 relative to the robot body 102. The controller 405 can calibrate an initial
position of the bumper (when the bumper is not contacting a wall surface) relative
to the resilient posts 164 at the start of the cleaning operation. For example, the
voltage signals of the bumper sensor assemblies 112L and 112R while the
bumper is in the neutral position can be set to correspond to the uncompressed
position. In other words, those voltage signals can indicate a normalized
average bumper extent of 0%. As described above, the memory 460 may
include a range of valid voltages (and thus a range of valid calibrations) that can
generally indicate a normalized average bumper extent of 0%

Figs. 5A to 5F show an example of behavior that the robot 100 can
implement to clean along the wall 20 of a room. In this example, the wall surface
20 includes an inside corner 500, which is defined by the intersection of a wall
surface 20a and a wall surface 20b.

Referring to Fig. 5A, the robot 100 approaches the inside corner 500
executing a wall following behavior. During the wall following behavior, the robot
100 places the cleaning pad against the wall surface 20a so that the cleaning
pad can clean the interface between the wall 20 and the floor surface 10 (e.g.,
the wall-floor interface 30 of Fig. 1). The robot 100 can achieve such proximity

with the wall surface 20 by contacting the wall surface 20a with the bumper 110
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of the robot 100. Contact is at a slight angle (e.g., between about 1 degree and
about 10 degrees, between about 3 degrees and about 15 degrees, between
about 3 degrees and about 20 degrees, between about 5 degrees and about 20
degrees, between about 3 degrees and about 10 degrees, between about 10
degrees and about 20 degrees) so as to maintain sufficient contact force
between the wall 20 and the bumper 110 and to continue wall following for at
least as long as the force is maintained. In this example, the robot 100 contacts
the wall surface 20a with the right portion 110R of the bumper 110 so that the
cleaning pad can follow the wall-floor interface (e.g., the wall-floor interface 30 of
Fig. 1). Contact sufficient for wall following is detected when the amount of force
between the bumper and the wall is within a desired range of compression with
the bumper 110 partially compressed.

During wall following, the robot 100 can position itself against the wall so
as to maintain the bumper 110 in a partially compressed state such that the
average bumper extent is within a predetermined interval (e.g., the compression
range or interval), which can be, for example, 0% to 5%, 2.5% to 7.5%, 5% to
10%, 5% to 15%, 5% to 20%, 7.5% to 10%, 7.5% to 12.5%, 10% to 15%, 10% to
20%. In some examples, above this interval, the robot 100 may press the
bumper 110 against the wall surface 20a with too much force, which can impede
the forward movement of the robot 100 and/or indicative of an obstacle. Below
this interval, the robot 100 may not press the bumper 110 sufficiently hard
against the wall surface 20b to allow the cleaning pad 120 to reach the crevices

and corners defined by the floor surface 10 and the wall surface 20a. If the
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controller 405 detects force above the foregoing interval, the controller 405 may
initiate operations to move the robot away from the wall, and either reengage
with the wall (for further wall following) or disengage with the wall. If the
controller 405 detects force below the foregoing interval, the controller may
initiate operations to move the robot in further contact with the wall or commence
a coverage pattern, such as the cornrow and vine pattern.

Referring to Fig. 5B, in this example, the robot 100 follows the wall surface
20a until it contacts the wall surface 20b with the front portion 110F of the
bumper 110. Upon contacting the wall surface 20b with the front portion 110F,
the average bumper extent increases beyond an upper threshold bumper extent
for wall following, indicating that the robot 100 is pushing against a surface (e.g.,
the wall surface 20b) with the front portion 110F of the bumper 110. The upper
threshold of the normalized average bumper extent can be, for example, 7% to
8%, 7.5% to 8%, 8% to 9%, 9% to 10%, 10% to 11%, 11% to 12%, 12 to 13%,
13% to 14%, 14% to 15%, 15% to 16%, 16% to 17%, 17% to 18%, 18% to 19%,
19% to 20%. In some cases, based on signals from the current sensors 123
and/or the encoders, the controller 405 can determine that the wheels of the
robot 100 are moving slower than a predetermined speed, thus indicating the
robot 100 is no longer advancing along the wall surface 20a. A force on the
bumper 110 of the robot 100 can be estimated based on the speed of the wheels
as compared to the current delivered to the wheels. The speed of a wheel
divided by the current delivered to the wheel is proportional to the force on the

wheel, so the controller 405 can compute a force on each wheel. The controller
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405 can determine the speed of the wheels based on signals from encoders
operable with the wheels and the current of the wheels based on signals from the
current sensors 123 of the wheels. The controller 405 can then estimate the
force on each wheel, compute the difference between the estimated forces, and
compute the torque about a center of mass of the robot based on the difference.
The controller 405 can compute a force on the bumper 110 based on the torque.
In some implementations, the memory 460 can include a target force range (e.g.,
01Nto0.2N,0.1Nto0.3N,0.1 Nto 0.5 N, 0.5 N to 1 N) that the controller 405
can maintain while the bumper 110 contacts vertically oriented surfaces.

In Figs. 5C, 5D, and 5E, the robot 100 seeks to re-engage wall following
behavior along the wall surface 20b (e.g., on the other wall of the corner).
Referring to Fig. 5C, when the average bumper extent exceeds the threshold
bumper extent, the robot 100 can respond by stopping forward movement and
reverse driving the robot 100 such that the robot 100 backs away from the wall
surface 20b so that the bumper 110 no longer is in a compressed state. The
robot 100 can continue backing up until the average bumper extent decreases
below a lower threshold of the bumper extent, which can be, for example, 7.5%
to 7%, 7% to 6%, 6% to 5%, 5% to 4%, 4% to 3%, 3% to 2%, 2% to 1%, 1% to
0%, less than 0%. Once the average bumper extent decreases below the lower
threshold, the robot 100 can continue backing up so that the bumper 110 is a
predetermined backing up distance BD from the wall surface 20b. The distance
BD can be selected such that the robot 100 has sufficient space to turn around

and begin wall following along the wall surface 20b. In some cases, the distance
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BD can be, for example, 5 mm to 10 mm, 10 mm to 15 mm, 15 mm to 20 mm, 20
mm to 25 mm, 25 mm to 30 mm, 30 mm to 35 mm, about 10 mm, about 20mm,
about 30mm. The controller 405 can estimate the distance of the bumper 110
from the wall surface 20b by using signals outputted by the accelerometer and/or
wheel encoders of the sensor system 430 and can compare the estimated
distance to the distance BD.

Referring to Fig. 5D, in this example, the robot 100 turns away from the
wall surface 20a so that the robot 100 can orient its forward drive direction F in a
direction substantially parallel with the wall surface 20b (e.g., perpendicular to the
prior direction of travel in cases of a 90-degree corner. Referring to Fig. 5E, the
robot 100 then re-engages wall following behavior with the wall surface 20b. At
this point, the robot 100 can continue to engage the right portion 110R of the
bumper 110 with the wall surface 20b until the average bumper extent is within
the predetermined interval described herein. After the robot 100 has re-engaged
the wall following behavior, now referring to Fig. S5F, the robot 100 continues to
execute wall following behavior along the wall surface 20b by maintaining force
against the wall so that the average bumper extent remains within the
predetermined interval. The robot 100 can cause the bumper extent to increase
by maintaining contact of the right portion 110R of the bumper 110 with the wall
surface 20b.

Figs. 6A to 6E illustrate an example of behavior that the robot 100 can
implement to clean the wall 20 including an outside corner 600, which is defined

by the intersection of a wall surface 20c and a wall surface 20d.
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Referring to Fig. 6A, the robot 100 approaches the outside corner 600
executing a wall following behavior. During the wall following behavior, the robot
100 places the cleaning pad closely against the wall surface 20c¢ so that the
cleaning pad can clean the interface between the floor surface 10 and the wall 20
(e.g., the wall-floor interface 30 of Fig. 1). The robot 100 can achieve such
proximity with the wall surface 20 by contacting the wall surface 20c with the
bumper 110 of the robot 100, either tangentially or at a slight angle (e.g.,
between about 1 degree and about 10 degrees, between about 3 degrees and
about 15 degrees, between about 3 degrees and about 20 degrees, between
about 5 degrees and about 20 degrees, between about 3 degrees and about 10
degrees, between about 10 degrees and about 20 degrees) between the wall
surface 20 and the bumper 110. For example, the robot 100 contacts the wall
surface 20c with the right portion 110R of the bumper 110 so that the cleaning
pad can follow the wall-floor interface. During wall following, the robot 100 can
maintain the bumper 110 compression such that the average bumper extent is
within the predetermined interval described herein. Above this interval, the robot
100 may be pressing the bumper 110 against the wall surface 20c¢ with too much
force, which can impede the forward movement of the robot 100. Below this
interval, the robot 100 may not be pressing the bumper 110 sufficiently hard
against the wall surface 20d to allow the cleaning pad 120 to reach the crevices
and corners defined by the floor surface 10 and the wall surface 20c. In some
implementations, smaller force thresholds can increase the relative effect of

noise, making it more likely that the robot 100 fails to closely follow corners.
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Referring to Fig. 6B, in an example implementation, the robot 100 follows
the wall surface 20c until it detects that the average bumper extent is no longer
within the predetermined interval. In particular, the robot 100 can detect that the
bumper 110 has lost contact with the wall surface 20c and that the average
bumper extent is below a lower threshold bumper extent (e.g., the bumper 110 is
no longer partially depressed). When the right portion 110R of the bumper 110
loses contact with the wall surface 20c, in this example, the average bumper
extent decreases below the lower threshold bumper extent because the friction
force between the wall surface 20c and the right portion 110R no longer
compresses the bumper 110. The decrease in the average bumper extent
indicates that the robot 100 is no longer wall following. The lower threshold of
the bumper extent can be, for example, 7.5% to 7%, 7% to 6%, 6% to 5%, 5% to
4%, 4% to 3%, 34% to 2%, 2% to 1%, 1% to 0%, less than 0%. Upon detection
that the bumper 110 has lost contact, the robot 100 can cease forward
movement.

In Figs. 6C and 6D, the robot 100 seeks to re-engage wall following
behavior along the wall surface 20d. Referring to Figs. 6C and 6D, when the
average bumper extent is below the lower threshold bumper extent, the robot
100 can respond by turning toward the direction of the originally followed wall 20c
and slowly advancing the robot 100 until the right portion 110R of the bumper
110 engages with the wall surface 20d. In some implementations, upon
determining that the average bumper is below the lower threshold bumper extent,

the controller 405 of the robot 100 can issue a drive command to the drive 410 to
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cause the wheels of the robot 100 to reverse direction so as to move the robot
100 in the rearward direction A. After the controller 405 determines that the robot
100 has moved the predetermined distance in the rearward direction A based on,
for example, signals from encoders of the wheels, the controller issues a drive
command to the drive 410 that causes the wheels of the robot 100 to turn the
robot 100 so that the forward drive direction F is substantially parallel to the wall
surface 20d. In some cases, the drive command causes the wheels to turn the
robot 100 so that the forward drive direction F forms the slight angle (e.g.,
between about 1 degree and about 10 degrees, between about 3 degrees and
about 15 degrees, between about 3 degrees and about 20 degrees, between
about 5 degrees and about 20 degrees, between about 3 degrees and about 10
degrees, between about 10 degrees and about 20 degrees) with the wall surface
20d.

After the robot 100 has re-engaged the wall following behavior with the
wall surface 20d, now referring to Fig. 6E, the robot 100 continues to execute
wall following behavior along the wall surface 20b by maintaining the average
bumper extent within the predetermined interval.

Referring back to FIG. 3B, in some implementations, the robot can detect
a doorway 328 by engaging with the wall surface 20 at points 325a and 325b that
flank the doorway 328. At the points 325a and 325D, the robot 100 contacts the
wall surface 20 such that about only half of the front of the bumper is in contact
with the wall surface 20. In some cases, about 25% to 75%, 40% to 60%, 45%

to 55% of the front of the bumper is in contact with the wall surface 20. At the
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point 325a, the controller 405 of the robot 100 can, based on the bumper extent
detected by the left bumper sensor assembly 112L and the bumper extent
detected by the right bumper sensor assembly 112R, determine that the right
portion 110R of the bumper 110 has engaged with the wall surface 20 and the
left portion 110L of the bumper 110 has not engaged with the wall surface 20.
The controller 405 can thus determine that the wall surface 20 may not continue
from where the right portion 110R contacts the wall surface 20 to where the left
portion 110L is positioned. At the point 325b, the controller 405 can determine
that the left portion 110L of the bumper 110 has engaged with the wall surface 20
and the right portion 110R of the bumper 110 has not engaged with the wall
surface 20. The controller 405 can thus determine that the wall surface 20 may
not continue from where the left portion 110L contacts the wall surface 20 to
where the right portion 110R is positioned. Based on the contact with the
bumper 110 at points 325a, 325b, the controller 405 can determine that an
opening—such as the doorway 328—exists between the points 325a, 325b. The
controller 405 can compute a distance between the point 325a, 325b—which is
approximately 2D—and determine that the 328 has a width W less than 2D.

As shown in Figs. 5A, 5F, 6A, and 6E, the robot 100 follows wall surfaces
20a and 20b by maintaining contact between the right portion 110R of the
bumper 110 with the wall surfaces 20a and 20b. In some implementations, the
robot 100 can additionally and/or alternatively follow wall surfaces or vertically
oriented surface by maintaining contact between the left portion 110L of the

bumper 110 with the wall surfaces. The contact generates a friction that causes
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compression of the bumper 110, which the robot seeks to maintain within the
predetermined interval in some implementations. In some implementations, the
cleaning pad 120 may extend beyond the bumper 110, and the cleaning pad 120
and the bumper 110 can be configured such that forces exerted on the cleaning
pad 120 transfer to the bumper 110. For example, referring to Fig. 1G, the
resilient posts 164 can mechanically connect the cleaning pad 120 with the
bumper 110. As a result, friction forces on the cleaning pad 120 can compress
the bumper and thus increase the average bumper extent.

Referring to Figs. 7A to 7D, the robot 100 can maintain contact between
the cleaning pad 120 and the wall surfaces 20a and 20b while maintaining
contact between the bumper 110 and the wall surfaces 20a, 20b, 20c, and 20d
by following the wall surfaces such that the forward drive direction F and the wall
surfaces 20a, 20b, 20c, and 20d form a slight angle 6 (e.g., between about 1
degree and about 10 degrees, between about 3 degrees and about 15 degrees,
between about 3 degrees and about 20 degrees, between about 5 degrees and
about 20 degrees, between about 3 degrees and about 10 degrees, between
about 10 degrees and about 20 degrees). The predetermined interval can be
within a similar interval as the interval described with respect to Figs. 5A, 5F, 6A,
and 6E (e.g., 0% to 5%, 2.5% to 7.5%, 5% to 10%, 5% to 15%, 5% to 20%, 7.5%
to 10%, 7.5% to 12.5%, 10% to 15%, 10% to 20%). In some cases, the
predetermined interval may be greater than the predetermined interval used in
the cases described with respect to Figs. 5A, 5F, 6A, and 6E so that the amount

of friction is sufficient between the cleaning pad 120 and the wall surface. For
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example, the interval can be greater by, for example, 0% to 1%, 1% to 2%, 2% to
3%, 3% to 4%, 4% to 5%, about 1%, about 2%, about 3%. To sufficiently
compress the cleaning pad 120, the robot 100 can orient itself so that the forward
drive direction F of the robot 100 forms the slight angle 6 with the wall surfaces
20a, 20b, 20c, and 20d. The angle 6 allows a part of the forward drive direction F
to push the cleaning pad 120 into the wall surfaces 20a, 20b, 20c, and 20d, thus
generating greater compressive forces on the cleaning pad 120 and greater
frictional forces on the bumper 110.

Referring to FIG. 8, a flow chart 800 illustrates an example method of
implementing a wall following behavior.

At operation 805, a controller of a robot outputs a control signal to the
robot to follow a wall surface. The controller may output the control signal after
detecting that the robot has completed cornrow and vine behavior. The robot
may be following a wall surface having a first surface portion and a second
surface portion. The first and second surface portions may define a corner, as is
described with respect to FIGS. 5A to 5F and 6A to 6E. In some
implementations, the controller is programmed to dynamically calibrate a position
of the bumper relative to the robot body. The calibration occurs prior to wall
following when the robot is not expected to be in contact with a vertically oriented
surface or obstacle that causes the bumper of the robot to be compressed. If the
measured position is not within a predefined range, the controller of the robot can
issue a drive command that causes the robot to move to an open area to ensure
that the bumper of the robot is not contacting an obstacle. The controller can
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also issue a drive command to stop movement of the robot to avoid inadvertent
forces on the bumper. The predefined range can be a static calibration
performed during manufacturing, as described above. The dynamic calibration
can occur before the controller outputs a control signal to follow the wall surface.

At operation 810, the controller receives a signal from a linear sensor on
the robot. The robot can be implementing wall following such that a bumper of
the robot is contacting a first wall surface. The sensor can be, for example, the
bumper sensor assembly 112R, 112L as described herein. The signal can be
voltage, current, frequency, or other electrical signal. The sensor produces a
variable signal in response to movement of a bumper relative to a body of the
robot. The signal changes in response to contact between the bumper and the
wall surface, and the signal can vary linearly with the movement of the bumper
relative to the body. The controller can receive two or more signals from two or
more sensors on the robot. A first sensor can produce a first signal in response
to movement of the bumper, and a second sensor can produce a second signal
in response to movement of the bumper. The first and second signals can vary
linearly with the movement of the bumper. In some examples, the bumper
position is determined based on an average of the two linear sensor values.

At operation 815, the controller determines a value X indicative of
compression of a bumper on the robot. The value X can be, for example, a
bumper extent. The controller can control the movement of the body of the robot
based on the determine value X. The controller can cause the body to track or

follow the wall surface based on the value X. In cases where the robot has more
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than one sensor to detect movement of the bumper, the controller can calculate
the value X based on separate values from each of the sensors. The value X
can be based on the signal from the linear sensor, and the controller can
determine whether the bumper is within a compression range between an
uncompressed position and a partially compressed position based on the value
X. When the controller determines the value X based on two or more signals that
vary linearly with an amount of force between the robot and the wall surface, the
value X is additionally or alternatively indicative of an angle at which the robot
engages the surface. The angle can be based on two or more sensor signals
that are indicative of the value X. The controller can control the angle at which
the robot engages the wall surface based on the value X. In some
implementations, the controller can control an amount of force with which the
robot engages the wall surface.

If the value X is above a lower limit LL and below an upper limit UL of a
compression range, at operation 820, the controller outputs a control signal to
follow the wall surface by issuing a drive signal to cause the robot to continue in
the forward drive direction. The control signal may be the same as the control
signal outputted at operation 805. In some cases, the control signal may adjust a
drive of the robot in order to maintain the value X within an optimal value. In
some cases, the value X can be based on the signal from the sensor and can
indicate that the bumper is within the compression range between the
uncompressed position and the compressed position. If the value X is the

average normalized bumper extent, the lower limit LL of the compression range
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may be, for example, 7.5% to 7%, 7% to 6%, 6% to 5%, 5% to 4%, 4% to 3%,
34% to 2%, 2% to 1%, 1% to 0%, less than 0%. The upper limit of the
compression range may be, for example, 7% to 8%, 7.5% to 8%, 8% to 9%, 9%
to 10%, 10% to 11%, 11% to 12%, 12 to 13%, 13% to 14%, 14% to 15%, 15% to
16%, 16% to 17%, 17% to 18%, 18% to 19%, 19% to 20%. The optimal value
may be the average of the lower limit LL and the upper limit UL. In some
implementations, the lower limit LL can be between approximately 0% and 7.5%
or less, and the upper limit can be between approximately 7.5% and 15% or
more. Keeping the average bumper extent within this predetermined interval or
compression range can be beneficial in maintaining the mobility of the robot while
facilitating cleaning of corners and crevices defined by the first wall surface. The
control signal can cause the robot to follow the wall surface that the robot
followed at operation 805 by maintaining the value X within the predetermined
interval or compression range. The controller can be programmed to control
movement of the robot body to track the wall surface to maintain the value X
within the compression range.

If the value X is below the lower limit LL or above the upper limit UL of the
compression range, at operation 825, the controller outputs a control signal to re-
engage the wall surface. The controller can be programmed to control
movement of the robot body to cause the robot body to retreat from the wall
surface in response to the value being outside the compression range. In some
implementations, the controller can receive a signal from a sensor that detects a

speed of the wheels. The sensor can be, for example, encoders or current

51



10

15

20

WO 2016/164072 PCT/US2015/061286

sensors operable with wheel. Based on, for example, the speed of the wheels
and the bumper sensors, the controller can control the robot to retreat from the
wall surface, to turn-away from the wall surface, and then to re-engage the wall
surface. In cases when the value X is above the upper limit UL, the controller
can implement the re-engagement behavior as described with respect to Figs. 5B
to 5E above. For example, the controller can deliver a control signal to cause the
robot to stop forward movement momentarily and then retreat away from the wall
surface. The control signal can also cause the robot to turn-away from the wall
surface, and then re-engage with the wall surface. In cases when the value X is
below the lower limit LL, which can indicate a loss of contact between the
bumper and the wall surface, the controller can implement the re-engagement
behavior as described with respect to Fig. 6B to 6D above. The controller can
deliver a control signal to cause the robot to stop forward movement momentarily
and, in some implementations, cause the robot to retreat toward the wall surface.
The control signal can then cause the robot to turn toward the wall surface and
then re-engage with the wall surface.

While the magnets 170L and 170R and the sensors 176L and 176R have
been described to be positioned such that compression of the bumper 110
results in an increase in the voltage generated by the sensors 176L and 176R, in
other implementations, the magnets and the sensors can be positioned such that
the magnets are farther from the sensors as the bumper is compressed. In such
implementations, the sensors generate a smaller voltage upon compression of

the bumper.
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While the navigational behaviors described above have been explained
with respect to the robot 100 executing wet cleaning, in some cases, the robot
100 may execute dry cleaning and may not incorporate all of the above
described navigational behaviors—or may incorporate additional behaviors—in a
cleaning operation. For example, the robot 100 may execute the cornrow pattern
without the vine pattern.

In some examples, the robot knows the location of a surface that is has
previously traversed by storing those locations on a map stored on the non-
transitory-memory 460 of the robot or on an external storage medium accessible
by the robot through wired or wireless media during a cleaning run. In some
implementations, the robot includes an upward-facing camera and/or one or
more ranging lasers for building such a map of a space. In some examples, the
controller 405 uses a map of walls, furniture, flooring changes and other
obstacles to position and pose the robot at locations far enough away from
obstacles and/or flooring changes prior to the application of cleaning fluid.

While a bumper has been described to detect the amount of force on the
robot, in some implementations, a force sensor, a pressure sensor, or some
other sensor disposed on the robot can be used to sense the force. The
example wall following techniques described herein can be controlled or
implemented, at least in part, using one or more computer program products,
e.g., one or more computer programs tangibly embodied in one or more
information carriers, such as one or more non-transitory machine-readable

storage media, for execution by, or to control the operation of, one or more data
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processing apparatus, e.g., a programmable processor, a computer, multiple
computers, and/or programmable logic components.

While in some examples described above, the wall following behavior is
used to clean a perimeter of a room or other space subsequent to completion of
an area cleaning behavior, in other examples, the wall following behavior can be
used to allow the robot to escape from a cluttered environment or a bounded
area. For example, if the robot enters a space with a narrow opening for
entry/exit, the robot may become stuck within the space and normal coverage
patterns may not align with the entry/exit to allow the robot to escape. In such
situations, the robot can determine that it is in a cluttered environment and
execute a wall following behavior to escape from the area. Following the wall
allows the robot to identify a narrow exit that the robot might otherwise have
difficulty locating. In one particular example, a robot can execute a random
traversal cleaning pattern and upon identifying that the robot has repeatedly
traversed the same area (e.g., is trapped in a small space or cluttered area) the
robot can execute a wall following behavior to exit or escape the area.

A computer program can be written in any form of programming language,
including compiled or interpreted languages, and it can be deployed in any form,
including as a stand-alone program or as a module, component, subroutine, or
other unit suitable for use in a computing environment.

Operations associated with implementing all or part of the wall following
techniques described herein can be performed by one or more programmable

processors executing one or more computer programs to perform the functions
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described herein. Control over all or part of the wall following techniques
described herein can be implemented using special purpose logic circuitry, e.g.,
an FPGA (field programmable gate array) and/or an ASIC (application-specific
integrated circuit).

Processors suitable for the execution of a computer program include, by
way of example, both general and special purpose microprocessors, and any one
or more processors of any kind of digital computer. Generally, a processor will
receive instructions and data from a read-only storage area or a random access
storage area or both. Elements of a computer include one or more processors
for executing instructions and one or more storage area devices for storing
instructions and data. Generally, a computer will also include, or be operatively
coupled to receive data from, or transfer data to, or both, one or more machine-
readable storage media, such as mass PCBs for storing data, e.g., magnetic,
magneto-optical disks, or optical disks. Machine-readable storage media
suitable for embodying computer program instructions and data include all forms
of non-volatile storage area, including by way of example, semiconductor storage
area devices, e.g., EPROM, EEPROM, and flash storage area devices; magnetic
disks, e.g., internal hard disks or removable disks; magneto-optical disks; and
CD-ROM and DVD-ROM disks.

Elements of different implementations described herein may be combined
to form other embodiments not specifically set forth above. Elements may be left
out of the structures described herein without adversely affecting their operation.

Furthermore, various separate elements may be combined into one or more
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individual elements to perform the functions described herein.

What is claimed is:
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1. A robot comprising:

a body that is movable relative to a surface;

a bumper mounted on the body to enable movement of the bumper
relative to the body, the bumper being movable between an uncompressed
position relative to the body and a compressed position relative to the body;

a sensor to produce a signal in response to the movement of the bumper
relative to the body caused by contact between the bumper and the surface, the
signal varying linearly with the movement of the bumper relative to the body; and

a controller to control movement of the body to cause the body to track the
surface based on a value, the value being based on the signal and indicating that
the bumper in a partially compressed position has a compression range between

the uncompressed position and the compressed position.

2. The robot of claim 1, wherein the robot further comprises:

a cleaning pad attached to a bottom of the body; and

a fluid applicator configured to dispense fluid from the robot;

wherein the surface comprises a wall surface and configurations of the
controller to control movement of the body to cause the body to track the surface
comprise configurations to cause the robot to execute a wall following behavior in
which the controller performs operations comprising:

controlling movement of the body to cause the body to contact the

wall surface at an angle such that the bumper is in the partially
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compressed position; and
adjusting rotational and translational speeds of the robot to

maintain compression of the bumper in the partially compressed position.

3. The robot of claim 1, wherein:

the surface comprises a wall surface; and

configurations of the controller to control movement of the body comprise
configurations to cause the robot to maintain contact with the wall surface at an

angle of between about 3 degrees and about 20 degrees.

4. The robot of claim 1, wherein the robot further includes:

a cleaning pad attached to a bottom of the body and extending beyond the
bumper; and

a fluid applicator configured to dispense fluid from the robot;

wherein the surface comprises a wall surface and configurations of the
controller to control movement of the body cause the body to track the surface
comprise configurations to cause the robot to maintain contact between the

cleaning pad and the wall surface in a wall following behavior.

5. The robot of claim 1, wherein the sensor is a first sensor and the signal
is a first signal, and wherein the robot further comprises:
a second sensor to produce a second signal in response to movement of

the bumper, the second signal varying linearly with the movement of the bumper;
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wherein the controller is programmed to calculate the value based on a
first value that is based on the first signal and a second value that is based on

the second signal.

6. The robot of claim 5, wherein the body has a left side, a right side, a
front, and a back;

wherein the first sensor is adjacent to the right side and the second sensor
is adjacent to the left side; and

wherein the bumper is located along the front of the robot and extends

partially along the left side and the right side.

7. The robot of claim 6, further comprising:

a third sensor to produce a third signal in response to movement of the
bumper, the third signal varying linearly with the movement of the bumper;

wherein the third sensor is between the left side and the right side, and

wherein the third sensor is adjacent to the front.

8. The robot of claim 1, wherein the sensor comprises:
a post mounted to the bumper;
a magnet mounted to the post; and

a Hall Effect sensor mounted in the body above the magnet.

9. The robot of claim 1, wherein the sensor comprises a capacitive
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sensor, the capacitive sensor comprising a pair of capacitive plates, at least one
of the capacitive plates being moveable relative to another of the capacitive
plates based on movement of the bumper; and

wherein the controller is programmed to determine a time constant from

signals produced in response to movement of the at least one capacitive plate.

10. The robot of claim 1, wherein the sensor comprises an inductive
sensor, the inductive sensor comprising a core material that is movable within
windings based on movement of the bumper; and

wherein the controller is programmed to determine a time constant from

signals in response to movement of the core material..

11. The robot of claim 1, wherein the surface comprises a wall of a room
and controller is programmed to control movement of the body to track the wall
surface to maintain contact with the wall by maintaining the value within the

compression range.

12. The robot of claim 1,
wherein the controller is programmed to dynamically calibrate a position of
the bumper relative to the body in response to the bumper being within a

predefined range of the uncompressed position.

13. The robot of claim 1, wherein the controller is further programmed to
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control movement of the body to cause the body to retreat from the surface in
response to the value being outside the compression range and indicative of the
bumper being compressed further than an amount of compression associated

with the compression range.

14. The robot of claim 1, wherein the controller is further programmed to
control movement of the body to cause the body to turn toward the surface in
response to the value being outside the compression range and indicative of the
bumper being compressed less than an amount of compression associated with

the compression range.

15. The robot of claim 1, wherein the body comprises wheels; and

wherein the robot further comprises detectors associated with the wheels,
the detectors for detecting speed of the wheels;

wherein the controller is programmed to control movement of the body to
cause the body to retreat from the surface, to turn-away from the surface, and
then to re-engage the surface based, at least in part, on the speed of the wheels
being less than a predetermined speed and the value being outside the

compression range.

16. The robot of claim 1, further comprising:
a cleaning pad attached to a bottom of the body, the cleaning pad

extending beyond the bumper.
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17. The robot of claim 1, wherein the controller is programmed to cause
the body to track the surface at an angle, and wherein the controller is

programmed to adjust the angle based on the value.

18. A robot comprising:

a body that is movable relative to a surface;

a bumper mounted on the body to enable movement of the bumper
relative to the body;

linear sensors to produce signals in response to movement of the bumper
relative to the body caused by contact between the bumper and the surface over
a period of time, the signals varying linearly with movement of the bumper; and

a controller to generate one or more control signals based on the signals
produced by the linear sensors, the one or more control signals for controlling

movement of the body to track the surface at least during the period of time.

19. The robot of claim 18, wherein the robot further comprises:

a cleaning pad attached to a bottom of the body; and

a fluid applicator configured to dispense fluid from the robot;

wherein the surface comprises a wall surface and configurations of the
controller to control movement of the body to cause the body to track the surface
comprise configurations to cause the robot to execute a wall following behavior in

which the controller performs operations comprising:
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controlling movement of the body to cause the body to contact the
wall surface at an angle such that the bumper is in a partially compressed
position; and

adjusting rotational and translational speeds of the robot to

maintain compression of the bumper in the partially compressed position.

20. The robot of claim 18, wherein:

the surface comprises a wall surface; and

configurations of the controller to control movement of the body comprise
configurations to cause the robot to maintain contact with the wall surface at an

angle of between about 3 degrees and about 20 degrees.

21. The robot of claim 18, wherein the robot further includes:

a cleaning pad attached to a bottom of the body and extending beyond the
bumper; and

a fluid applicator configured to dispense fluid from the robot;

wherein the surface comprises a wall surface and configurations of the
controller to control movement of the body to cause the body to track the surface
comprise configurations to cause the robot to maintain contact between the

cleaning pad and the wall surface in the wall following behavior.

22. The robot of claim 18, wherein the linear sensors comprise a first

linear sensor and a second linear sensor, the first linear sensor being disposed
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adjacent to a first side of the body and the second linear sensor being disposed

adjacent to second side of the body.

23. The robot of claim 19, wherein the linear sensors comprise a third
linear sensor disposed between the first linear sensor and the second linear

sensor.

24. The robot of claim 18, wherein each linear sensor comprises:
a post mounted to the bumper;
a magnet mounted to the post; and

a Hall Effect sensor mounted in the body above the magnet.

25. The robot of claim 18, wherein each linear sensor comprises a
capacitive sensor, each capacitive sensor comprising a pair of capacitive plates,
at least one of the capacitive plates being moveable relative to another of the
capacitive plates based on movement of the bumper; and

wherein the controller is programmed to determine a time constant from

signals produced in response to movement of the at least one capacitive plate .

26. The robot of claim 18, wherein each linear sensor comprises an
inductive sensor, the inductive sensor comprising a core material that is movable
within windings based on movement of the bumper; and

wherein the controller is programmed to determine a time constant from
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signals in response to movement of the core material.

27. A method of controlling a robot, comprising:

determining, based on at least one signal that varies linearly with an
amount of force between the robot and a surface, that there is a level of contact
between the robot and the surface that exceeds a threshold; and

controlling the robot to track the surface to maintain at least the level of

contact between the robot and the surface that exceeds the threshold.

28. The method of claim 27, wherein the threshold is a lower threshold,
and wherein the method further comprises:

determining, based on the at least one signal, that the amount of force
between the robot and the surface exceeds an upper threshold, the upper
threshold being greater than the lower threshold; and

in response to determining that the amount of force between the robot and
the surface exceeds the upper threshold, controlling the robot to retreat from the

surface.

29. The method of claim 27, wherein the robot comprises wheels, and
wherein the method further comprises:

detecting a speed of the wheels; and

based at least in part on the speed of the wheels, controlling the robot to

retreat from the surface, to turn-away from the surface, and then to re-engage
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the surface.

30. The method of claim 27, wherein the determining is based on two or
more signals that vary linearly with an amount of force between the robot and the
surface, and wherein the method further comprises:

controlling an angle at which the robot engages the surface based at least

in part on the two or more signals.

66



WO 2016/164072

PCT/US2015/061286
1/17

102

FIG. 1A



WO 2016/164072 PCT/US2015/061286
2/17
100
P ———me
‘ 06
04 123
‘ i I /
- H 102
120
] \%21
10
[ < _
112R __| @ | L1120
110 LA
120 K J




WO 2016/164072 PCT/US2015/061286
3/17

3M7

120

126

158

158

152

—
evcencoreorver i

s

H
! X
¥ o
N 3
13 3
i 3

b

b

b

b

{

i N AR

b e

P FoTeTvvT aag ana

H b

H b

H b

H b

H b

i Wi

£ \ 53 I} 3 Snnnana

3 Saand Tnasnaasaanad famanannsat A ¥
o §

- g

i 3
oy
oy
oy
oy
oy
oy
oy
oy
o3
$ois
P
X
B
W §

by

- VUVPUUUUIUIVIVVVVIVIVIUIUVVUIIIS 2 Raverepop 11
R R s Y
X




WO 2016/164072 PCT/US2015/061286
4/17

I
Rt
R AR o
N

R

S

1647~ o
1 64 \a\ N N\;\\%&:‘M

g
3
3

e {\/‘ §
102 RS

s

s st

i



PCT/US2015/061286

WO 2016/164072

5/17

RSPyt e ]
I \.
/ /
/
s,
3 2
e,

FIG. 1G



WO 2016/164072 PCT/US2015/061286
6/17

6of 17

%3‘1‘?%‘1

e P 5 “_,\A a:.g\

ey
iy Y \.

N W

=4 N v“‘“‘\

\occ\\.\;:\\ M*“‘

102



PCT/US2015/061286

WO 2016/164072
717

20
AA ’\ /R 20 AA
s ~ - ~
—— p—
110R %
| ~ - |
e i :lq \Tf T Y
i \ \ / § !
1 10R\E N g V‘!\“OL z ‘».\\\ """""""""""""""""""""" ?
| - o — e Nik — | oL



WO 2016/164072 PCT/US2015/061286
8/17

Position B -

Position F
31

120

i
!
!
!
i
!
N

Position A, C, E, G 10

FIG. 3A




WO 2016/164072 PCT/US2015/061286
9/17




WO 2016/164072

10/17

-

320
S

10

FIG. 3C

PCT/US2015/061286



WO 2016/164072

PCT/US2015/061286

11/17

384

1375

380

A

\ 4
v

FIG. 3E



WO 2016/164072 PCT/US2015/061286
12/17




WO 2016/164072

13/17

PCT/US2015/061286

Controller Circuit

~_405

400

Cleaning System

~ 420

Behavior System

~ 440

410 — Drive System
430 Sensor System
r——-=-=-=- =
435 Bumper Sensor |
) L _ System__ _|
460 Memory

Navigation System

~ 450

FIG. 4



PCT/US2015/061286

WO 2016/164072

14/17

\

—_—— e — e ——— — — ——

A

\

N

Q
N



PCT/US2015/061286

WO 2016/164072

15/17




PCT/US2015/061286

WO 2016/164072

16/17

|
I )
| -
TN T
_ //W\l \\ T T T
_ D
QT A Tl
_ ) e O \ ;
N Q Pl T
I -~ o P / 2 T&
| TN _:\ < i
/\ \ ) \, ! _,
_ Yl
{ ==/ )N
[ N Iy
! I
/ n.
| @
© L0 '
_ (] [ew ]
_ 2 U
N /
“ / N
|
L e e e e e =
|
|
_ 0
| m -
\
_
_ . o \
o
_ ~ // H ///
_ [wn) . /./
o P e .
I AR / B :.M»MHZ
N e y
[ \ (et TN |
| N
i ) S
_ e
_ o Hol
S W il
_ NN ]
| A S
_ = w 2l
_ ®

FIG. 7B

FIG. 7A

||||||||| ||-||||||||J
[
e I
(T m— o

M f T \\ I~ o |
e S |

N &
Y 1y y
P \ O R \ \_f i/ \w _
| Ol T
A /MUH/r \\g t\ _»,,/ ! |
hx/‘:! L It :\ ._ -~ A\ |
\ T J/ &. ! "
m j |/ I
- \ 4{.0 _

/ -
\ h _
S [
) [
ot

[
[
[

FIG. 7D

FIG. 7C



WO 2016/164072 PCT/US2015/061286

17/17

Output control signal ///8 00

805 ~~__{ to robot to follow wall e
surface.
v 31 0
/////
™| Receive signal from [«
sensor of robot.

31 5

X > UL

e .

-~

" Determine a value X _ X<LL
<_  indicative of compression >
"~ of bumperonrobot. -~

~

~.
N o

g

Output control signal
{o re-engage wall
surface.

Output control signal
to follow wall surface

FIG. 8



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2015/061286

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - A47L 11/00 (2015.01)
CPC - A47L 11/00 (2015.12)

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

1PC(8) - A47L 11/00, 11/40, A47L 13/00 (2015.01)
CPC - A47L 11/00, 11/40; A47L 13/00 (2015.12)

Minimum documentation searched (classification system followed by classification symbols)

US: 700/113, 245, 258 (keyword delimited)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of
Orbit, Google Patents, Google Scholar, Google

data base and, where practicable, search terms used)

Search terms used: bumper, mounted, body, robot, sensor, signal, controller, control, movement

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y US 20140129028 A1 (IROBOT CORPORATION) 08 May 2014 (08.05.2014) entire document 1-17

Y Ishida et al. Collision-Detecting Device for Omnidirectional Electric Wheelchair. Hindawi 1-17
Publishing Corporation, 2013 [retrieved on 2016-02-10). Retrieved from the Internet:<URL:
http://www.hindawi.com/journals/isrn/2013/672826/ >. entire document.

Y US 20140289392 A1 (IROBOT 9992) 02 October 2014 (02.10.2014) entire document 2-4,11-17

Y US 4,897,914 A (LOUBIER) 06 February 1990 (06.02.1990) entire document 8

Y US 4,292,659 A (LAO) 29 September 1981 (29.09.1981) entire document 9

Y US 20120326824 A1 (HARRIS IAN) 27 December 2012 (27.12.2012) entire document 10

A US 20130211583 A1 (LANDRY et al) 15 August 2013 (15.08.2013) entire document 1-17

D Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
1o be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L”  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“O” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the apﬁllqanon but cited to understand
the principle or theory underlying the inyention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be

considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

23 February 2016

Date of mailing of the international search report

11 MAR 2016

Name and mailing address of the ISA/

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.0. Box 1450, Alexandria, VA 22313-1450

Facsimile No. 571-273-8300

Authorized officer
Blaine R. Copenheaver

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT International application No.

PCT/US2015/061286

Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2, D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D ClaimsNos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. II1  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this internationat application, as follows:
See supplemental page

1. [:l As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. K{ No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-17

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)



INTERNATIONAL SEARCH REPORT International application No.

PCT/US2015/061286

Continued from Box No. lIl Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |, claims 1-17, drawn to a robot.
Group Hl, claims 18-26, drawn to a robot comprising linear sensors.
Group lll, claims 27-30, drawn to a method of controlling a robot.

The inventions listed as Groups |, Il and 1l do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT
Rule 13.2, they lack the same or corresponding special technical features for the following reasons: the special technical feature of the
Group | invention: the bumper being movable between an uncompressed position relative to the body and a compressed position
relative to the body; bumper in a partially compressed position has a compression range between the uncompressed position and the
compressed position as claimed therein is not present in the invention of Groups Hl and lIl. The special technical feature of the Group Il
invention: linear sensors to produce signals; linear sensors to produce signals as claimed therein is not present in the invention of
Groups | or lll. The special technical feature of the Group il invention: at least one signal that varies linearly with an amount of force
between the robot and a surface, that there is a level of contact between the robot and the surface that exceeds a threshold as claimed
therein is not present in the invention of Groups i or il

Groups |, Il and [Il lack unity of invention because even though the inventions of these groups require the technical feature of a robot
comprising: a body that is movable relative to a surface; a bumper mounted on the body to enable movement of the bumper relative to
the body; control movement of the body to cause the body to track the surface, this technical feature is not a special technical feature as
it does not make a contribution over the prior art. ’

Specifically, US 2013/0211589 A1 (LANDRY et al) 15 August 2013 (15.08.2013) teaches a robot (Para. 54) comprising: a body that is
movable relative to a surface (Para. 105); a bumper mounted on the body to enable movement of the bumper relative to the body (the
robotic device 100 further includes a forward bumper 106 having a generally arcuate configuration and a nose-wheel assembly 108,
Para. 58); control movement of the body to cause the body to track the surface (Paras. 118 and 122).

Since none of the special technical features of the Group |, Il or Il inventions are found in more than one of the inventions, unity of
invention is lacking.

Form PCT/ISA/210 (extra sheet) (January 2015)



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - claims
	Page 59 - claims
	Page 60 - claims
	Page 61 - claims
	Page 62 - claims
	Page 63 - claims
	Page 64 - claims
	Page 65 - claims
	Page 66 - claims
	Page 67 - claims
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - drawings
	Page 74 - drawings
	Page 75 - drawings
	Page 76 - drawings
	Page 77 - drawings
	Page 78 - drawings
	Page 79 - drawings
	Page 80 - drawings
	Page 81 - drawings
	Page 82 - drawings
	Page 83 - drawings
	Page 84 - drawings
	Page 85 - wo-search-report
	Page 86 - wo-search-report
	Page 87 - wo-search-report

