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(57) Abstract: Example systems and methods for self-righting a robotic device are provided. An example method may include de-
termining an orientation of a bottom surface of a legged robotic device with respect to a ground surface. The method may also in-
clude determining that the robotic device is m an unstable position, based on the determined orientation. The method may also in -
clude performing a first action configured to return the robotic device to a stable position. The method may also include performing
a first action configured to return the legged robotic device to the stable position. The method may also include performing a second
action configured to return the legged robotic device to the stable position, if the legged robotic de v ice is in the unstable position
after the first action.
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SYSTEMS AND METHODS FOR ROBOTIC SELF-RIGHT

GOVERNMENT RIGHTS
[8061] This nvention was made with U.5. Government support under Contract No.
HRO0011-10-C-0025 awarded by DARPA. The Government may have certain rights with
regard to the invention.
BACKGROUND

(66082} Unless otherwise indicated herein, the materials descnibed n this section are
not prior art to the claims in this application and are not admitted to be prior art by inclusion
in this section.

{6663} Rebotic devices may be used for many applications, and may operate in a
varicty of environments. Unfortunately, during operation, a robotic device may fall or tip
over, preventing the robotic device from moving normally. Controlling the robotic device to
successtully right itself can be a difficult and time-consuming task for operators. For
mstance, those controlling the robotic device generally need to determine how to re-orient the

robotic device to a desired position, if 1t is even possible.
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SUMMARY
16664} The present application discloses embodiments that relate to selftright
procedures for legged rebotic devices. In one example, the present application describes a

method operabie by a compuating device. The method may include determining an orientation

device. The method may also include determining that the legged robotic device is in

an unstable position based on the determined orientation, wherein the legged robotic device is
unable to maidain a stance in the unstable position.  The mothod may alse include
performing a first action configured to return the legged robotic device to a stable position
such that the legged robotic device is able to maintain a stance in the stable position, wherein
the first action includes moving a first leg of the legged robotic device from a first position to
a socond position, such that a distal end of the first leg is further away from the ground
surface in the second position than in the first position. A proximal end of the first log may
be coupled to a first side of the legged robotic device.  The methed may alko nchude

extending at least two of the two or more legs of the legged robotic device, if the first action

causes the legged robotic device to return o the stable position. The method vy also
welade performing a second action configured to return the legged robotic device to the

stable position, if the legged robotic device is in the unstable position afier the fivst action.
The second may include extending the distal end of the first leg of the legged robotic device

away from the body of the

LIRS, In another aspect, the present application discloses a vobotic device, The
robotic device may include a body, two or more legs extending form the body, at least one

processor, and data storage comprising program logic executable by the at least one processor

8]
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to cause the robotic device to perform functions. The functions may include determining an
orientation of a bottom surface of a robotic device with respect 1o a ground surface. The
functions may also include determining that the robotic device is in an unstable position,
based on the determined orientation, wherein the robotic device is ynable to maintain a stance
m the unstable position. The functions may also include performing a first action configured
to return the robotic device to 2 stable position such that the robotic device s able to maintain
a stance in the stable position, wherein the first action includes moving a first leg of the
robotic device from a first position to a sccond position, such that a distal end of the first leg

18 further away from the ground surface in the second position than in the first position. A

)
)
o

L&)

proximal end of the first leg may be coupled to a first side of the robotic device,
unctions may also inchude extending at least two of the two or more legs of the robotic
device, if the first action causes the robotic device to return to the stable position. The
ons may also include performing a second action configured to retum the robotic device
to the stable position, if the robotic device is in the unstable position after the first action.

The second may include extending the distal end of the first leg of the robotic device away

from the body of the robotic device such that a ; robotic
device
8086} In yet another aspect, the present application discloses a non-transitory

computer-readable stovage mediom having stored thereon instructions, that when executed by
a computing device, cause the compuiing device to carry out functions. The functions may
inchude determining an orientation of a bottom surface of a legged robotic device with respect

to a ground surface. The e

The functions may also include

determining that the legged robotic device is in an unstable position based on the determined

orientation, wherein the legged robotic device is unable to maintain a stance in the unstable

3
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position.  The fumctions may also mchide performing a first action configured to return the
fegged robotic device to a stable position such that the legged robotic device is able to
maintain a stance in the stable position, wherein the first action includes moving a first feg of
the legged robotic device from a first position to a second position, such that a distal end of
the first leg 1s further away from the ground surface in the second position than in the first
position. A proximal end of the first leg may be coupled to a first side of the legged robotic
device. The fonctions may also nclude extending at least two of the two or more legs of the
legged robotic device, if the first action caunses the legged robotic device to return to the
stable position.  The functions vy also melade performing a second action configured to
return the legged robotic device 1o the stable position, if the legged robotic device is in the
unstable position after the fivst action. The second may mchude extending the distal end of

the first leg of the leg

such that a gravitationa! potential en
(8067} These as well as other aspects, advantages, and alternatives, will become
apparent to those of ordinary skill in the art by reading the following detatled description,

with reference where appropriate to the accompanying figures.
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BRIEF DESCRIPTION OF THE FIGURES
[8068] Figure 1 is a functional block diagram illustrating a robotic device, according

to an example embodiment.

#0089 Figure 2 is a flowchart ilhustrating an example method.
£ 2 P
6816} Figures 3A-3C illustrate an cxample robotic device configured to perform

functions of the cxample method, fn accordance with at least some embodiments described
herein.
166113 Figure 4 illustrate another example robotic device configured to perform
functions of the example method, in accordance with at least some cmbodiments described
herein.
8012} Figure 5 depicts a computer-readable mediim configured according to an

example embodiment.
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DETAILED DESCRIPTION
16613} Example methods and systems are described herein. It should be vmderstood

1% 66

that the words "example,” “exemplary,” and “ilustrative” arc used hercin to mean "serving as
an example, instance, or llostration.”™ Any embodiment or foature described herein as being
an "example,” being “exemplary,” or being “Ulustrative” is not necessarily to be construed as
preferred or advantageous over other embodiments or features. The example enmbodiments
described herein are not meant to be limiting. It will be readily understood that the aspects of
the present disclosure, as generally described herein, and illustrated in the figures, can be
arranged, substifuted, combined, separated, and designed in a wide varicty of different
configurations, all of which are expliciily contemplated hercin.

6814} In some example operations, a legged robotic device may need to be capable
of autonomously picking itself up from a wide variety of starting positions. For example, a
robotic device may cncounter an obstacle, trip, and subsequently fall to its side. The robotic
device may be configured with a self-right procedure designed to place the robotic dovice in
an upright, stable position prior to standing. The seif-right procedure may imitially invelve

determining that the robot is in an unstable position, such as on its side for example. Tn one

16015} If the robotic device determines that it is in an unstable position, the robotic

device may then initiste one or more actions designed to return the robotic device 1o a stable

6
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position.  After each action, the robotic device may make a determination whether or not the
robotic device is still in an unstable position.  If the robotic device determines that it is no
fonger in an unstable position, the robotic device may extend its legs to stand up and return {o
a folly functional mode of operation.  If the robotic device determines that it is still n an
unstable position, the robotic deviee may move on o a new action designed to return the
robotic device to a stable position. The robotic device may continue to perform sclf-right
actions untif a determination is made that it is no longer in an unstable position.

6616} It should be understood that the above examples are provided for llustrative
purposes, and should not be construed as liniting.  As such, the method may additionally or
alternatively includes other features or includes fower features, without departing from the
scope of the invention.

[0017] Referring now to the figures, Figure 1 illustrates a fumctional block diagram
illustrating a robotic device 100, according to an cxample embodiment. The robotic device
100 may include various subsystems such as a mechanical system 120, a sensing system 130,
a control system 140, as well as a power supply 150. The robotic device 100 may include
more or fewer subsystoms and cach subsystern could jnclude multiple clements.  Further,
cach of the subsystems and clements of robotic device 100 could be interconnected. Thus,
one or more of the described functions of the robotic device 100 may be divided up into
additional functional or physical components, or combined into fewer functional or physical
components. In some further examples, additional functions! and/or physical components
may be added to the examples illustrated by Figure 1.

[8018] The mechanical system 120 may include several components, inchiding a
body 102, one or more robotic legs 104, and ove or more rebotic foet 106 coupled to the one
or more robotic legs 104, The mechanical system 120 may additionally include a motor 108,

which may be an electric motor powered by electrical power, or may be powered by a

-
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number of different energy sources, such as a gas-based fuel or solar power. Additionally,
motor 108 may be configured to receive power from power supply 150, The power supply
150 may provide power to varicus components of robotic device 100 and could represent, for
example, a rechargeable hthiom-ion or lead-acid battery. In an example embodiment, one or
more banks of such batteries could be configured to provide electrical power.  Other power
supply materials and types are also possible.

18619} The sensing system: 130 may detormine information about the enviroument
that can be used by control system 140 {e.g., a computing device running motion planning
sottware) to determine whether the robotic device 100 is in an upright and stable position or
in an unstable position. The control system 140 could be located on the robotic device 100 or
could be in remote communication with the robotic device 100. In one particular example,
the sensing system 130 may use one or more body-mounted sensors 110 attached to the body
102 of the robotic device 100, which may be 2D sensors and/or 3D depth sensors that sense
information about the environment as the robotic device 100 moves. For example, the body-
mounted sensors 110 may determine a distance between the body 102 of the robotic device
100 and the ground surface on which the robotic device 160 operates.  In further examples,
one or more robotic leg sensors 112 may be located on the robotic legs 104 of the robotic
device 100. The robotic leg sensors 112 may be contact sensors configured to alert the
robotic device when the robotic legs 104 are in contact with the ground surface. In another
example, the robotic legs 104 may be coupled to robotic feet 106 that coniact the ground
surface. In such a case, the robotic device 100 may include one or more robotic feet sensors
114 positioned on the robotic feet 106 of the robotic device 100. The robotic feet sensors 114
may be contact sensors configured to alert the robotic device 100 when the robotic fect 106

are in contact with the ground surface. The information from the robotic legs sensors 112
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and/or the robotic feet sensors 114 may be used to determine whether the robotic device 100
is in a stable position or an unstable position, as discussed i more detail below.,

13028} The sensing system: 130 may further include an inertial measurement umnit
(IML} 116, In an illustrative embodiment, IMU 116 may include both an accelerometer and
a gyroscope, which may be used together to determiine the orientation, position, and/or
velocity of the robotic device 100,  In particular, the accclerometer can measwre the
origntation of the robetic device 100 with respect to gravity, while the gyroscope measurcs
the rate of rotation around an axis. IMUs are commercially available in fow-cost, low-power
packages.  For instance, an MU 116 may take the form of or include a nuniaturized
MicroElectroMechanical System (MEMS) or a NanoElectroMechanical Sysiem {(NEMS).
Cther types of IMUs may also be utilized. The IMU 116 may mchude other sensors, in
addition to accelerometers and gyroscopes, which may help to better determine position
and/or help fo ncrease amtonomy of the robotic device 100, Two examples of such sensors
are magnetometers and pressure sensors. Other exanples are also possible.

862143 Many or all of the fimctions of the robotic device 100 could be controlled by
control system 140. Contrel system 140 may include at Jeast one processor 118 (which could
include at least onc microprocessor) that exccutes instructions 122 stored in a non-transitory
computer readable mediom, soch as the memory 124, The control system 140 may also
represent a plurality of computing devices that may serve to control mdividaal components or
subsystems of the robetic device 100 in a distributed fashion.

16622} In some cmbodiments, memory 124 may contain instructions 122 (e.g.,
program logic) executable by the processor 118 to execute various fumctions of robotic device
100, mcluding those described below in relation to Figure 2. Memory 124 may contain

additional instructions as well, inchuding instructions to transmit data o, receive data from,
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mteract with, and/or control one or more of the mechanical system 120, the sensor system
130, and/or the control system 140,

18623} Figwre 2 is a flow chart of an cxample method for self-righting a robotic
device, m accordance with at least some embodiments described herein. Method 200 shown
m Figure 2 presents an embodiment of a method that, for example, could be used with the
systems shown in Figure 1, for example, or may be performed by a combination of any
components of in Figure 1. Method 200 may inclode one or more operations, functions, or
actions as llostrated by one or more of blocks 202-212. Although the blocks are illustrated
in a sequential order, these blocks may in some instances be performed in parallel, and/orin a
different order than those described herein.  Also, the various blocks may be combined into
fewer blocks, divided into additional blocks, and/or removed based upon the desired
mplementation.

[8024] In addition, for the method 200 and other processes and methods disclosed
herein, the flowchart shows functionality and operation of one possible implementation of
present embodiments.  In this regard, each block may represent a module, a segment, or a
portion of program code, which fnucludes one or more fustructions executable by a processor
for implementing specific logical functions or steps in the process. The program code may be
stored on any type of computer readable mediom, for example, such as a storage device
melading a disk or hard drive. The computer readable medium may mnclude a non-transitory
computer readable medium, for example, such as computer-readable media that stores data
for short periods of time like register memory, processor cache and Random Access Memory
{(RAM). The computer readable medium may also include non-transitory media, such as
secondary or persistent long torm storage, like read only memory (ROM), optical or magnetic
disks, compact-disc read only memory {CD-ROM), for example. The computer readable

media may also be any other volatile or non-volatile storage systems. The computer readable
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mediym may be considered a computer readable storage mediom, a tangible storage device,
or other article of manufacture, for example.

16025} In addition, for the method 200 and other processes and methods disclosed
herein, cach block n Figure 2 may represent circuitry that is wired to perform the specific
logical functions in the process.

[6026] Functions of the method 200 may be fully performed by a computing device,
or may be distributed across muftiple computing devices and/or 3 server. The computing
device may be mcorporated into a8 robotic device, or the computing device may be an
independent component i wircless communication with the robotic device.  In some
exarmples, the computing device may receive mformation from sensors or other components
coupled to the computing device, or where the computing device is a server the information
can be received from another device that collects the information. The computing device
could further commuricate with a server to determine information that may facilitate the
performance of the method 200.

18627} Referring again to Figure 2, at block 202, the method 200 inclhudes
detormining an orientation of a bottom surface of a robotic device with respect to a ground
surface. The robotic device may include two or more legs extending from its body, which
may be used to maneuver the robotic device. As discussed above in relation to Figure 1, the
robotic device may include a sensing system including an IMU. The IMU may include an
accelerometer and a gyroscope, as examples. The IMU may be configured to output data for
determining the orientation of the robotic device. Omne or more processors of the robotic
device may receive the data from the IMU, and make a determination of the current
orientation of the robotic device. The IMU may detect the current rate of acceleration using
one or more accelerometers, and may further detect changes in rotational attributes like pitch,

roll, and yaw using one or more gyroscopes.

i
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(6028} In another example, the robotic device may include one or more body-
mounted sensors attached to the body of the robotic device. Such body-mounted sensors may
be 2D sensors and/or 3D depth sensors that scnse the ground surface and determine an
orientation of the bottom surface of the robotic device. In yet another example, the bottom
surface of the robotic device may include one or more contact sensors, such that when the
robotic device is in the unstable position, there is not contact between the grovnd surtace and
the contact sensors on the bottom surface of the robotic device.

186251 The bottom surface of the robotic device may be shaped such that the
gravitational potential energy of the robetic device is reduced based oun the robotic device
being in a stable position with respect to the ground surface. For example, the boitom surface
may be shaped in a semi-circular fashion, such as an egg or domed tortoise shell. Further, the
robotic device may have a low center of mass positioned near the bottom surface. The
robotic device may accomplish this by positioning its hardware compounents near i#s bottom
surface. In such a configuration, when the robotic device is on s side the robotic device
naturally tends to roll to a stable position. Other arrangements are possible as well.

[8038] At block 204, the method 200 mncludes determining that the vobotic device is
in an unstable position. Such a determination may be made by one or more processors of the
robotic device, using the determined orientation of the bottom surface as an tuput. The
unstable position may mclade the robotic device positioned on its side in 8 lying position
such that the robotic device is unable to maintain 8 stance in the unsiable position. In the
vustable position, the robotic device is unable to maintain a stance, meaning the robotic
device is unable to extend its legs to cause the robotic device to stand. In one example, the
robotic device may determine that it is in an unstable position by determining a position of its
center of mass, and subsequently determining s position of the feet of the robotic device. The

robotic device may project the position of the center of mass vertically onto the ground
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surface. As discussed above, the robotic device may include sensors positioned on the feet to
determine a given position of each of the feet. The roboetic device may then compare the
determined position of the foet with the determined position of the center of mass. 1f the
center of mass 18 cutside of 2 polygon defined by the position of the fest, the rohotic device
may determine that it is in an unstable position and cannot stand up. 1f the center of mass is
within the polygon defined by the position of the feet, the robotic device is i an upright and
stable position and may proceed (o stand up.

18631} In yet another example, as discussed above, the bottom surface of the robotic
device may include one or more contact sensors. In such an embodiment, when the robotic
device is in the unstable position, there is not contact between the ground surface and the
contact sensors on the bottom surface of the robotic device. Therefore, the robotic device
may determine that the robotic device is n an unstable position if there is no contact between
the ground surface and the contact sensors on the bottom surface of the robotic device. Other
examples are possibie as well.

16632} At block 206, the method 200 includes performing a first action configured to
return the robotic device to a stable position. As discussed above, the robotic device may be
in an unstabic position lying on a first side of the robotic device. In such a case, the first
action may include moving a first leg of the robotic device from a first position to a second
position. The first leg may inchide a distal end that is positioned vnear the ground surface, and
a proximal end that is couple to the first side of the robotic device. In one example, the distal
end of the first leg may be coupled to a foot. The distal end of the first leg is further away
from the ground surface in the second position than the first position.  As such, the fivst leg
may be cleared out of the way such that the gravitational potential encrgy and shape of the
robotic device may return the robot to a stable postiion, In some cxamples, the robotic device

may include four or more legs. In such an example, the fist action may include moving each
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of the legs positioned on the first side of the rohotic device from the first position to the
second position.

16033] At block 208, the method 200 includes de

e robotic device

1s able to maintain a stance, meaning the robotic device is able to extend s legs to cause the

robotic device to stand.

(6834} If 3t is determined that the first action returned the robotic device {0 a stable

position, method 200 continaes at block 210 with extending at least two legs of the robotic
device. When the robotic device returns 1o a stable position, it may proceed to any number of
postures, inciuding but not limited to siiting, standing, or crawling. For example, in a bipedal
robotic device, the robotic device may extend both of its legs 1o cause the robotic device to
stand. In 2 quadruped robotic device, the robotic device may extend all four of its legs to
cause the robotic device to stand. o another example, the quadruped robotic device may
only extend two of its four legs. In such an example, the robotic device may extend one leg
on a first side of the robotic device and another leg on a second side of the robotic device.
Other examples are possible as well. Once the robotic device stands up, it may proceed in 2
fully functional mode.

(6635} If 1t 15 determined that the first action did not return the robotic device t0 a
stable position, method 200 conmtinues at block 212 with performing a second action
configured to retwrn the robotic device to a stable position. The second action may include

extending the distal end of the first leg away from the body of the robotic device. The distal
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end of the first log may contact the ground surface and push the robotic device further away
from the stable position, thereby increasmg the gravitational potential energy of the robotic
device. The increased gravitational potential cnergy and shape of the robotic device may
return the robot to a stable position.  As discussed above, in some examples the robotic
device may include four or more legs. In such an example, the second action may nclade
extending each of the legs positioned on the first side of the robotic device away from the
body of the robetic device to increase the gravitational potential energy of the robotic device.
Additional actions configured to return the robotic device to a stable position are possible as
well, as discussed in more detail below.

188361 According to various cmbodiments, a self-right system for a legged robotic
device 1s described. For instance, a robotic device may wtilize a combination of self-right
actions to cause the robotic device to move from an unstable position to a stable position.
Figires 3A-3G illustrate the robotic device performing various self-right functions, according
to an example embodiments.

16637} Figure 3A illustrates an example embodiment when the robotic device 300 s
in a standing position in & fully functional mode. The robotic device 300 is shown as a
guadruped, afthough other configurations are possible as well. As shown in Figure 3A, the
robotic device 300 may include a body 302, and four legs 304A-3040 extending from the
body 302. The legs 304A-304D are shown contacting a ground surface 306. The center of
mass is shown near the bottom surface of the robotic device 300. The bottom surface of the
robotic device is U-shaped, such that when the robetic device 300 is on its side the body 302
naturally tends to roll to a stable position.

16638] Figure 3B illustrates an example emsboediment when the robotic device 300 s

in an unstable position. As discussed above, the robotic device 360 may use one or more
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ition. As shown in Figure 3B, the rebotic device 300 is on its left side,

with legs 304C and 304D on the ground side, and legs 304 A and 3048 on the sky side. The
robotic device 300 is unable to maintain a stance in the unstable position shown in Figure 38.
6839} Figure 3C llustrates an example action configured to retarn the robotic device
300 to a stable position. As discussed above in relation to the first action, the robotic device
300 may move its ground side legs 304C, 3040 from a first position {e.g.., the position
shown n Figure 3B} to a second position {¢.g., the position shown in Figure 3C). The distal
ends of the ground side legs 304C, 304D are further away from the ground surface n the
second position thag in the first position. By moving the ground side legs 304C, 304D out of
the way, the gravitational potential energy and shape of the robotic device 300 may return the
robot t¢ a stable position,

[8046] Figure 3D illastrates an example embodiment when the robotic deviee 300 s
in a stable position. In the stable position, the robotic device 300 is stable and can extend us
legs 304A-3040 to stand and return to a fully functional mode of operation. The robotic
device 300 may proceed to any number of postures from the stable position, including but not
fimited to sitting, standing, or crawling. As discussed above, the bottom surface of the
robotic device 300 may include one or more contact senscrs. In such an embodiment, when
the robotic device is in the stable position, there is contact between the ground surface 306
and the contact sensors on the bottom surface of the robotic device 300. Therefore, the
robotic device 300 may determine that the robotic device 300 is in a stable position if there is
contact between the ground surface 306 and the contact sensors on the bottom surface of the
robotic device 300.

18641} Figure 3E illustrates another example action configured to return the robotic
device 300 to a stable position. As discussed above in relation to the second action, the

robotic device 300 may move its ground side legs 304C, 304D away from the body 302 of the

1
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robotic device 300. The distal ends of the ground side legs 304C, 304D may contact the
ground surface 306 and push the robotic device 300 fimther away from the stable position,
thereby increasing the gravitational potential encrgy of the robotic device 300. The increased
gravitational potential energy and shape of the bottom surface of the robotic device 300 may
return the robotic device 300 to a stable position. In one example, the robotic device 300
may extend its ground side legs 304C, 304D to push the robotic device further away from the
stable position, and then subsequently move s ground side legs 304C, 304D to the position
shown in Figure 3C. Other examples are possible as well.

16042} In one cmbodiment, if the robotic device 300 is still in an unstable position
after the sccond action, the robotic device 300 may perform a third action configured to
return the robotic device 300 to a stable position. Figure 3F illustrates yet another example
action configured to retumn the robotic device 300 to a stable position. The robotic device
300 may extend is sky side legs 304A, 3048 to lower the center of mass of the robotic
device 300. Further, the robotic device 300 may move its sky side legs 304A, 304B away
from the ground surface 306 and/ov towards the ground surface 306 so as to provide an
angular momentum to the robotic device 300, The robotic device 300 may alternate between
moving its sky side legs 304A, 3048 away from the ground surface 306, and towards the
groond surface 306 to rock the robotic device 360 in an attempt to return the robotic device
300 to the stable position.

[8043] Figure 3G illustrates yet another cxample action configured to retwrn the
robotic device 300 to a stable position, The robotic device 300 may extend #s ground side
fegs 304C, 304D away from the body 302 to push off of a potential obstruction (e.g., avock, a
wall, etc.) that may be preventing the robotic device 300 from returning to the stable position.
in addition, the robetic device 300 may extend its sky side logs 304A, 304B to achieve the

same goal.
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{6044} The robotic device may perform one or more of the actions described above in
relation to Figures 3A-3G to attempt to return the robotic device 300 to a stable position.
After cach action, the robotic device 300 may make a determination whether or not the
performed action returned the robotic device 300 to the stable position. If the robotic device
300 determines it is in the stable position, the robotic device 300 may stand and continue to
operate in a fully functional mode. If the robotic device 300 deternines i is still in an
unstable position, it may continue to perform the described actions uniil the robotic device
300 determines it 1s no longer in an unstable position.

Y dend
i

16645) Figure 4 iHustrates another exanmple rebotic device 400 configured to perform

functions of the example method, in accordance with at lcast some cmbodiments described
herein. In particudar, Figure 4 illustrates an example robotic device 400 having a body 402,
and four legs 404A-404D extending from the body 402, The body 402 1s shown with a low
center of mass, and a bottom surface with a profile 406 such that the gravitational potential
energy of the robotic device 400 is reduced based on the robotic device 400 being in 3 stable
position. The robotic device 400 may be configured to perform the various self-right actions
described above in relation to Figures 3A-3G.

188461 Figwre S illustrates a computer-readable medium configured according to an
example embodiment. In example embodiments, the example system can include one or
more processors, one or more forms of memory, one or more nput devices/mterfaces, one or
more output devices/interfaces, and machine-readable instractions that when exccuted by the
one or more processors cause the system to carry out the various functions, tasks, capabilitics,
gte., described above.

8047} As noted above, in some embodiments, the disclosed methods can be
implemented by computer program instructions encoded on a3 non-transitory computer-

readable storage media in 8 machine-readable format, or on other non-transitory media or
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articles of manufactore. Figure § is a schematic illustrating 8 conceptual partial view of an
example computer program product that includes a computer program for executing a
computer process on a computing device, arranged according to at least some embodiments
presented herein.

8048} fn one embodiment, the example computer program product S00 is provided
using a signal bearing medium 502, The signal bearing mediom 502 may include one oy
more programming instroctions 504 that, when executed by onc or more processors may
provide functionality or portions of the functionality described above with respect 1o Figures
1-4. In some cxamples, the signal bearing medium 502 can be a computer-readable medium
506, such as, but not limited to, a hard digk drive, a Compact Dhisc (CD), a Digital Video Disk
(DVDy), a digital tape, memory, ete.  In some bmplementations, the signal bearing mediom
502 can be a computer recovdable mediom 508, such as, but not hnuted to, memory,
read/write (R/W) CDs, R/W DVDs, ete.  In some implementations, the signal bearing
medium 502 can be a communications medium 510, such as, but not himited to, a digital
and/or an apalog communication medium (e.g., a fiber optic cable, a waveguide, a wired
comvounications link, a wircless communication link, cte.). Thus, for example, the signal
bearing medinm S02 can be conveyed by a wircless form of the commnications medinm
510.

[8049] The one or more programming instructions 504 can be, for example, computer
executable and/or logic implemented instructions. In some examples, a computing device
such as the processor 118 of Figure 1 i3 configured to provide various operations, functions,
or actions in response o the programming instructions 504 conveyed to the processor 118 by
one or more of the computer-readable medium 506, the computer recordable medium 508,

and/or the communications medium 510,
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{6658} The unon-transitory computer-readable mediom could also be distributed
among multiple data storage elements, which could be remotely located from each other. The
device that executes some or all of the stored instructions could be a client-side computing
device. Alternatively, the device that executes some or all of the stored instructions could be
a server-side computing device.

(8051} It should be understood that arangements described herein are for purposes of
example only. As such, those skilled in the art will appreciate that other arrangements and
other elements {e.g. machines, interfaces, functions, orders, and groupings of fumetions, ete.)
can be used instead, and some elerents may be omitted altogether according to the desired
results. Further, many of the clements that are described are functional entities that may be
implemented as discrete or distributed components or in conjunction with other components,
m any suitable combination and location, or other structural clements described as
independent structures may be combined.

(8052 While various aspects and cmbodiments have been disclosed herein, other
aspects and embodiments will be apparent to those skilled in the art. The various aspects and
cmbodiments disclosed herein are for purposes of illustration and are wot intended to be
fimiting, with the irue scope being indicated by the following claims, along with the fell scope
of equivalents to which such claims are entitled. 1t is also to be umderstood that the
terminology used herein is for the purpose of deseribing particular embodiments only, and is

not intended to be Hmiting,
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CLAIMS

What is claimed 1

I. A method operable by a computing device, the method comprising:
determining an orientation of 8 bottom surface of a legged robotic device with respect

to a ground surface,

based on the determined orientation, determining that the legged robotic device s n

e legged robotic device is unable to mamntain 2 stance io the
unstable position;

providing, by the computing device, instructions to perform a first action configured
to return the legged robotic device to a stable position such that the legged robotic device is
able to maintain a stance in the stable posifion, whercin the first action inclades moving 2
first leg of the legged robotic device from a first position to a second position, such that a
distal end of the first leg is further away from the ground surface in the second position than
in the first position, and whercin 2 proximal end of the first leg is coupled to a first side of the
legged robotic device;

if the first action causes the legged robotic device to returm to the stable position,
providing instroctions to extend at least two of the two or more legs of the legged robotic
device; and

if the legged robotic device is in the unstable position after the first action, providing,
by the computing device, instructions to perform a second action configured to return the
fegged robotic device 1o the stable position, wherein the second action includes extending the

distal end of the first leg of the legged robotic device away from the body of the legged
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The method of claim 1, wherein the legged robotic device includes an nertial
measurement unit (IMU) nclading an accelerometer and a gyroscope, and wherein the
tegged robotic device further includes a processor configured to determine the orientation of
the botiom surface of the legged robotic device with respect to the ground surface based on

measurements from the IMU.

(43

The method of claim 1, further comprising:

if the second action causes the legged robotic device to return to the stable position,
providing instroctions to extend at least two of the two or more legs of the legged robotic
device; and

if the legged robotic device is i the unstable position afier the second action,
performing a third action configured to return the legged robotic device to the stable position.

4. The method of claim 3, whercin the third action comprises extending a distal
end of a second leg of the legged robotic device away from the body of the legged robotic
device, and wherein a proximal end of the sccond leg is coupled to a second side of the

legged robotic device.

3. The method of claim 4, wherein the third action firther comprises extending
the distal end of the first leg of the legged robotic away from the body of the fegged robotic

device at substantially the same time as cxtending the distal end of the second leg.
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6. The method of claim 3, wherein the third action comprises moving the second
leg away from the groumnd surface, so as to provide an angular momentum to the legged

robotic device.

7. The method of claim 3, further comprising:

it the third action causes the legged robotic device to return to the stable position,
providing instructions o exiend at fcast two of the two or more legs of the legged robotic
device; and

if the legged robotic device 18 i the unstable pesition after the thivd action,
performing the first action configured to return the legged robotic device to the stable

position.

The method of claim 1, wherein determining the legged robotic device is inan
unstable position comprises:

determining a position of a center of mass of the legged robotic device;

determining a position of two or more feot of the legged robotic device, wherein the
two or more feet are coupled to the two or more legs of the legged robotic device; and

determining that the position of the center of mass of the legged robotic device is
outside of a polygon defined by the determined position of the two or more feet of the legged

robotic device.

The method of claim 1, wherein determining the legged robotic device is in
the stable postiion comprises:

determining a position of a center of mass of the legged robotic device;

o
i
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determining a position of two or more feet of the legged robotic device, wherein the

two or more fect are coupled to the two or more legs of the legged robotic device; and

determining that the position of the center of mass of the fegged robotic device s

within a polygon defined by the determined position of the two or more feet of the logged

robotic device.

10.  The method of claim I, whercin the bottom surface of the legged robotic

12, A robotic device including:
a body;
two or more legs extending {rom the body;
al least one processoy; and
data storage comprising program logic executable by the at least one processor o
cause the robotic device to perform fimetions comprising:
determining an orientation of a bottom surface of a robotic device with respect
io a grovnd surface;
based on the determined orientation, determining that the robotic device 18 In
an unstable position, whercin the robotic device is unable to maintain a stance io the

unstabie position;
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performing a first action configured to return the robotic device to a stable
position such that the robotic device is able to maintain a stance in the stable position,
wherein the first action includes moving a first leg of the robotic device from a first
position to a second position, such that a distal end of the first leg is further away
from the ground surface in the second position than in the first position, and wherein a
proximal end of the first log is coupled to a first side of the robotic device;

if the first action causecs the robotic device to return to the stable position,
extending at least two of the two or more legs of the robotic device; and

if the robeotic device is in the unstable position afior the first action, performing
a sccond action configured to return the robotic device to the stable position, wherein
the second action mehudes extending the distal end of the first leg of the robotic

device away from the body of the robotic device such that a gravi

13. The rebotic device of claim 12, wherein the robotic device inchudes an inertial
measurement unit (IMU) meluding an accelerometer and a gyroscope, and wherein the IMU
cuiputs data for determining the orientation of the robotic device with respect to the ground

surface.

14, The robotic device of claim 12, wherein the fumctions further comprise:

if the second action causes the robotic device to return to the stable position,
extending at least two of the two or more legs of the robotic device; and

if the robotic device 15 in the unstable position afier the second action, performing a

third action configured to return the robotic device to the stable position.

-]
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15. The robotic device of claim 14, wherein the third action comprises extending a
distal end of a second leg of the robotic device away from the body of the robotic device, and

wherein a proximal end of the second leg is coupled to a second side of the robotic device.

16.  The robotic device of claim 14, wherein the third action comprises moving the
sccond leg away from the ground surface, so as to provide an angular momentng o the

&

legged robotic device.

17. The robotic device of claim 14, wherein the functions further comprise:

if the third action causes the robotic device to return to the stabie position, extending
at icast two of the two or more legs of the robotic device; and

if the robotic device is in the unstable position afier the third action, performing the

first action configured to return the robotic device to the stable posttion.

I8, A non-transitory computer-readable storage medinim having stored thereon
instructions, that when exccuted by a coraputing device, cause the computing device to carry
oyt functions comprising:

determining an orientation of 8 bottom surface of a legged robotic device with respect

to a ground surface, wherein the

based on the determined orientation, determining that the legged robotic device s in
an unstable position, wheretn the legged robotic device is unable to mantain a stance in the
unstable position;

providing, by the computing device, instructions to perform a first action configured

to return the leczed robotic device to a stable posttion such that the leeeed robotic device is
58 55

26
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able to maintain a stance in the stable position, wherein the first action inclades moving a
first log of the legged robotic device from a first position to a second position, such that a
distal end of the first log is further away from the ground surface in the second position than
i the first position, and wherein a proximal end of the first leg is coupled to a first side of the
legged robotic device;

it the first action causes the legged robotic device to return to the stable position,
providing instructions to exiend at fcast two of the two or more legs of the legged robotic
device; and

if the legged robotic device i in the unstable position after the first action, providing,
by the computing device, instructions to perform a second action configured to return the
fegged robotic device to the stable position, wherein the second action imcludes extending the

distal end of the first leg of the legged robotic device away from the body of the legged

robotic device such that a gravitationa

if the second action causes the legged robotic device to return to the stable position,

providing instroctions to extend at least two of the two or more legs of the legged robotic
device; and
if the legged robotic device is in the unstable position after the second action,

ged robotic device 1o the stable position,

&

performing a third action configured to retum the leg

24 The non-transitory computer-readable storage moediom of claim 18, wherein

the third action comprises extending a distal end of a second leg of the legged robotic device

2

~1
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away from the body of the legged robotic device, and wherein a proximal end of the second

leg 1s coupled to a second side of the legged robotic device.

21 The non-transitory computer-readable storage mediom of claim 18, wherein
determining the legged robotic device s in an unstable position comprises:

determining a position of a center of mass of the legged robotic device;

determining a position of two or more fect of the legged robotic device, wherein the
two or more feet are coupled to the two or more legs of the legged robotic device; and

determining that the position of the center of mass of the legged robotic dovice 8
cuiside of a polygon defined by the determined position of the two or more feet of the legged

robotic device.,
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