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Figure 2A

(57) Abstract: Example systems and methods are disclosed
for determining tool offset data for a tool attached to a robot
at an attachment point. The method may include controlling
the robot to contact a reference object with the tool. The ref-
erence object may be a rigid object with a known location. A
force feedback sensor of the robot may indicate when the
tool has contacted the reference object. Once contact is
made, data indicating robot position during tool contact may
be received. Additionally, the robot may temporarily stop
movement of the tool to prevent damage to the tool or the
reference object. Next, tool offset data may be determined
based on the position of the reference object relative to the
robot and the received robot position data. The tool offset
data, may describe the distance between at least one point on
the tool and the attachment point.
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SYSTEM AND METHOD FOR DETERMINING TOOL OFFSETS

BACKGROUND
{3001] Robotic systems may be used for applications involving material handling,
welding, assembly, and dispensing, among others. Over time, the manner in which these
robotic systems operate is becoming more intelligent, more efficient, and more intuitive. As
robotic svsiems become increasingly prevalent in numerous aspects of modern fife, the need
for robotic systems that can operate alongside and interface with bumans becomes apparent.
Therefore, a demand for such robotic systems has helped open up a field of innovation in

actuators, sensing techniques, controllers, as well as component design and assembly,
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SUMMARY

{0002] Example systems and methods may provide for determining tool offset data
for a tool attached to a robot. The tool may be attached to the robot at an attachment point
with a known location. The robot may be controlled by a control system to cause the tool to
contact the reference object one or more times. The reference object may be a ngid object
with a known location. Further, the reference object may include one or more flat surfaces at
known locations and orientations for the tool to contact. For example, the refergnce object
may be a plank with one flat surface that 1s attached fo the robot at a known location with a
known orientation.

{0003] A force feedback sensor of the robot may indicate when the tool has contacted
the reference object. Once contact is made, the robot may temporanly stop movement of the
tool to prevent damage to the tool and/or the reference object. The control system may also
determine robot position data during tool contact based on cncoded joint angles of the robot.
Tool offset data may then be determined based on the robot position data and the position of
the reference object relative to the robot. The tool offset data may describe the distance
hetween one or more points on the tool and the attachment point. For example, the tool offset
data may describe a height of the tool.

[0004] In one example, a method is provided that inchudes determining a position of a
reference object relative {0 a robot. The method may also include controlling the robot such
that a too! connected 1o the robot at an attachment point contacts the reference object during a
first contact event. The method may additionally nclude receiving robot position data
indicative of a position of the robot when the tool confacts the reference object duning the
first contact event. The method may also include determining tool offset data for the tool
based on at least the position of the reference object relative to the robot and the robot

position data, wherein the tool offset data for the tool describes a distance between the

[N
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attachment point and at least one point on the took.

{0005] In an additional example, a non-transitory computer readable medium 1s
provided that stores instructions that are executable by ong or more computing devices.
When the mstructions are execuated, the instructions cause the one or more computing devices
to perform functions that include determuning a position of a reference object relative to a
robot. The functions may also inchude controliing the robot such that a tool connected to the
robot at an attachment point contacts the reference object during a first contact event. The
functions may also include receiving robot position data indicative of a position of the robot
when the tool contacts the reference object durning the first contact event. The functions may
also mchude determining tool offset data for the tool based on at least the position of the
reference object relative to the robot and the robot position data, wherein the fool offset data
for the tool describes a distance between the attachment point and at least one point on the
tool,

{0006} In another cxample, a system 1s disclosed that includes a processor and a
memory that stores instructions that are executed by the processor. When executed, the
mstructions cause the system to perform functions that include determining a position of a
reference object relative to a robot. The functions may also inchude controlling the robot such
that a tool connected to the robot at an attachment point contacts the reference object during a
first contact event. The functions may also include receiving robot position data mdicative of
a position of the robot when the tool contacts the reference object during the first countact
event. The functions may also inclede determining tool offset data for the tool based on at
least the position of the reference object relative to the robot and the robot position data,
wherein the tool offsct data for the tool deseribes a distance between the attachment point and
at least ong point on the tool.

{0007] In a further example, a system may mclade means for determining a position
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of a reference object relative to a robot. The system may also include means for controlling
the robot such that a tool connected to the robot at an attachment point contacts the reference
object during a first contact event. The systen may additionally tnclude means for receiving
robot position data mdicative of a position of the robot when the tool contacts the reference
object during the first contact event. The system may also include means for determining
tool offset data for the tool based on at least the position of the reference object relative to the
robot and the robot position data, wherein the tool offset data for the too! describes a distance
between the attachment point and at least one point on the tool.

{0008] The foregoing summary is illustrative only and is not intended to be in any
way limiting. In addition to the tlustrative aspects, embodiments, and features described
above, further aspects, embodiments, and features will become apparent by reference to the

figures and the foliowing detailed descrniption and the accompanying drawings.
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BRIEF DESCRIPTION OF THE BRAWINGS

{0009] Figure 1 dlustrates an example configuration of a robotic system, according to
an example embodiment.

[0010] Figure 2A illustrates an example robotic arm, according to an example
embodiment.

{0011] Figure 2B illustrates another example robotic arm, according to an example
embodiment.

{0012] Figure 3A is a top view of an example end effector and reference object,
according to an cxample cmbodiment.

{0013} Figure 3B i3 a side view of an example end effector and reference object,
according to an example embodiment.

{0014] Figures 4 1s a block diagram of an example method, according to an example

embodiment.
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BETAILED DESCRIPTION

{0015] Example methods and systems arc described herein. Any  example
embodiment or feature described herein is not necessarily to be construed as preferred or
advantageous over other embodiments or features. The example embodiments described
herein are not meant to be houting. It will be readily understood that certain aspects of the
disclosed systems and methods can be arranged and combined m a wide variety of different
configurations, all of which are contemplated herem.

{0016} Furthermore, the particular arrangements shown n the Figures should not be
viewed as limiting. ¥t should be understood that other embodiments might include more or
less of cach element shown in a given Figure. Further, some of the illustrated clements may
be combined or omitted. Yet further, an example embodiment may mclude elements that are
not tlustrated in the Figures.

{8017} A common problem for controlling robots to oxecute tasks ig the
determination of tool offsets. For example, a user may want to control a robot with an
attached tool or end effector to execute one or more tasks. The user may attach a certain type
of tool to the robot based on the task to be execuied. In this case, the user may know the
location of the attachment point where the selected tool 1s attached to the robot. Additionally,
the user may also know the type of tool that 13 attached to the robot.

{0018] However, the user may lack knowledge regarding the geometry of the attached
tool.  Altematively, the user may only approxamately know the location of the attachment
point. In either scenario, the user may want to determine the offset between a point on the
tool and the attachment poud to mprove control of the robot and the attached tool to execute
a task. The offset may be the distance between the point on the tool and the attachment pomnt.

In some cases, the offset may be the tool height. Alternatively, the offset may describe
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distances between the attachment point and other points on the tocl. The tool offset may be
described using various dimensions, including distances in the X direction, the Y direction,
and the Z direction, as well as an angular offset, such ag theta.

[0019] Tvpically, the tool offset 1s manually entered by the user into a robot control
system for precise and accurate control of the robot and the attached too! to execute the task.
However, one issue with manual entry of tool offset data is that it requires the user 1o
measure the offset correctly.  Auncther issue is that the user must know a method for
measuring the tool offset precisely and accurately. Yet another issue is that the offset of the
tool may change over time as the tool is used (c.g., tool bends, warps, or wears down over
time}. Thus, an automated process performed by the robot to determine tool offset data may
ehiminate problems associated with manual measurement and determination of tool offscts.

{0020] A robot may perform an automated process to determine tool offset data after
a tool has been attached to the robot. First, the robot may identify a rigid structure to serve as
a reference object. Next, the robot may make contact with the reference object with the
attached tool. The robot may collect robot position data based on the attached ool contacting
the refercnce object. Based on the robot position data, the robot may determine a portion of
tool offset data. The robot may then teratively continue to contact the rigid reference object
with the tool to acquire more robot position data. Based on the additional robot position data,
the robot may determine additional tool offsct data for a point on the tool. In some
embodiments, the robot may iteratively contact rigid object with the tool to determing tool
offset data for multiple points of interest on the tool. In one embodiment, the robot may
iteratively contact the nigid object with the tool to accumulate enough robot position data to
generate a 3-13 model of the attached tool.

{0021} The reference object may be a rigid structure that allows the robot to make

contact with the attached tool to accumulate robot position data to determine tool offset data.

~J
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The reference object may be attached to the robot at a known place. For example, the
reference object may be a plank located on the robot at a known location. The reference
object may be a plank with two surfaces, with the first reference object surface located at an
angle to the second reference object surface. For another example, the reference object may
be tooling balls located on the robot at a known location. The reference object may be placed
on the robot at a location such that the reference object does not interfere with the operations
of the robot. Alternatively, the reference object may be at a remote location (1.2, not on the
robot). The remote location of the reference object may be known by the robot. Other
reference objects and reference object locations are also possible. The relative location of the
reference obiect with respect to the robot may be used m combination with robot position
data to determine tool offset data.

{0022] When the robot makes contact with reference objects, the robot may collect
robot position data to determine tool offset data and voprove robot control.  The robot
position data may provide information about the position, location, and/or onentation of the
robot, the robot arm, the robot tool, the reference object, and/or other parts of the robot. For
cxample, the robot mav determine the attachment point position and angular orentation
during contact based on the robot’s encoded joint angles. In other embodiments, the robot
posttion data may include other information. The collected robot position data may be used
to determine a portion or all of the tool offset data. Sensors, such as an IMU, may be used to
acquire the robot position data. The sensors may be attached to the robot.

{00231 Force sensing data may be acquired by the robot from a force feedback sensor
located on the robot. For example, the force feedback sensor may provide force sensing data
indicating that the robot tool has made contact with the reference object. This indication may
prevent damage to the tool and/or the robot by negating excessive and/or unnecessary contact

between the robot and the reference object. The force feedback sensor may be located at the
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attachment pomnt. However, other locations for the force feedback sensor are also possible.
The sensor provides precise and accurate measurements imdicating when a force 1s exerted on
the robot at the attachment point, which indicates contact betweean the attached tool and the
reference objoct. Accurate and precise measurements from the foree sensor enable accarate
and precise detemmination of tool offset data.

{0024] The robot may allow various types of tools to be attached o the robot. In one
embodiment, the robot includes a syninge attached o a robot arm o execute tasks mvolving
delivering fluid stored within the syringe. A point of interest for the syringe tool may be the
tip of the needle of the syringe. This point may allow the robot to determine how to control
the robot arm and the attached syringe to execute the tasks mvolving delivering flhud stored
within the syringe.

{0025] Another tool that may be attached to the robot may be a 2-finger parallel
grpper. The gripper may execuie tasks mvolving picking up, holding, and setting down
objects. The fingers of the gripper may articulate towards each other and awav from each
other to grip and/or release objects. The gripper may have multiple pomts of interest to
determine various gripper dimensions for controlling the gripper. For example, the pouts of
interest for the gripper may include a point on an inner surface for cach finger, a point on an
outer surface for cach finger, a point on an mner surface of the gripper that connects the imer
surfaces of the fingers, and a pomnt on an end surface connecting the inner and outer surfaces
for cach finger.

{00261 The points on the inner surfaces for each finger may be used to determine an
mner width of the tingers of the gripper. The points on the outer surfaces for each finger may
be used to determine an outer width of the fingers of the gripper. The point on the mner
surface of the gripper that connects the mner surfaces of the fingers, and the point on the end

surfaces of the fingers of the gripper may be used to deternune a finger length of the gripper.
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The finger length and inner width of the gripper may be used to determine which objects can
be grabbed by the grnipper. The gripper may be actuated between a maximum inmer width and
a mimimum noer width to accumulate robot position data during these two states. The robot
position data may then be used to determine the maximum and mintmum inner widths., Other
points of mterest on the gripper may also be determined to calculate other dimensions of the
gripper.

18027} Referring now o the figures, Figure 1 shows an cxample configuration of a
robotic system 100, The robotic system 100 may be a robotic arm, a different type of robotic
manipulator, or it mav have a number of different forms. Additionally, the robotic svstem
100 may also be referred to as a robotic device, robotic mantpulator, or robot, among others.

{0028] The robotic system 100 15 shown to include processor(s} 102, data storage 104,
program instructions 106, controller 108, sensor(s) 110, power source(s) 112, actuator(s) 114,
and movable component(s) 116. Note that the robotic system 100 is shown for illustration
purposes only as robotic system 100 may include additional components and/or have one or
more components removed without departing from the scope of the mvention. Further, note
that the various components of robotic systern 100 may be connected in any manner.

{0029] Processor(s) 102 may be a general-purpose processor or a special purpose
processor {e.g., digital signal processors, application specific integrated circuits, etc.). The
processor{s) 102 can be configured to execute compuier-readable program instructions 106
that are stored in the data storage 104 and are executable to provide the functionality of the
robotic system 100 described herein.  For instance, the program instructions 106 may be
executable to provide functionality of countroller 108, where the controller 108 may be
configured to instruct an actuator 114 to cause movement of one or more movable
component(s) 116.

{0030] The data storage 104 may include or take the form of one or more computer-

10
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readable storage media that can be read or accessed by processor(sy 102, The one or more
computer-readable  storage media can include volatile and/or non-volatile  storage
components, such as optical, magnetic, organic or other memory or disc storage, which can
be integrated in whole or in part with processor{s) 102. In some cmbodiments, the data
storage 104 can be implemented vsing a single physical device (e.g., one optical, magnetic,
organic or other memory or disc storage unit), while in other embodiments, the data storage
104 can be implemented using two or more physical devices. Further, in addition to the
computer-readable program mstructions 106, the data storage 104 mayv mnclude additional
data such as diagnostic data, among other possibilities.

{0031] The robotic system 100 may include one or more sensor{s) 110 such as force
sensors, proximity sensors, motion sensors, load sensors, position sensors, touch sensors,
depth sensors, ultrasonic range sensors, and infrared sensors, among other possibilitics. The
sensor{(s) 110 may provide sensor data to the processor(s) 102 to allow for appropriate
interaction of the robotic system 100 with the environment. Additionally, the sensor data
may be used in evaluation of various factors for providing feedback as further discussed
below. Further, the robotic system 100 may also include one or more power source{s) 112
configured to supply power to various components of the robotic system 106, Any type of
power source may be used such as, for example, a gasoline engine or a battery.

{0032] The robotic systemn 100 may also mclude one or more actuator(s} 114, An
actuator is a mechanism that may be used to introduce mechanical motion. In particular, an
actuator may be configured to convert stored energy mto movement of one or more
components. Vartous mechanisms may be used to power an actuator. For mstance, actuators
may be powered by chemicals, compressed air, or electricity, among other possibilitics. In
some cases, an actuator may be a rotary actuator that may be used in systems involving

rotational forms of motion (2.g., a joint in the robotic sysiem 100). In other cases. an actuator

11
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may be a hincar actaator that may be used in systems involving straight ling motion.

{0033] In cither case, actuator(s} 114 may cause movement of various movable
component(s) 116 of the robotic system 100, The moveable component{s) 116 may include
appendages such as robotic arms, legs, and/or hands, among others. The moveable
component(s) 116 may also include a movable base, wheels, and/or end effectors, among
others.

{8034} In some implementations, a computing system {not shown} may be coupled to
the robotic system 100 and may be configured to receive mput from a user, such as via a
graphical user interface. This computing system may be incorporated within the robotic
system 100 or may be an external computing systerm that is capable of {wired or wirelgss)
commuication with the robotic system 100, As such, the robotic system 100 may receive
nformation and mstructions, such as based on user-input at the graphical user interface
and/or based on user-input received via press of buttons {or tactile input) on the robotic
system 100, among other possibilities.

{0035] A robotic system 100 may take on varous forms. To illusirate, Figures 2A
and 2B show an example robotic arm 200, As shown, the robotic arm 200 includes a base
202, which may be a stationary base or may be a movable base. In the case of a movable
base, the base 202 may be considered as one of the movable component(s} 116 and may
include wheels (not shown), powered by one or more of the actuator(s) 114, which allow for
mobility of the entire robotic arm 200,

{00361 Additionally, the robotic arm 200 includes joints 204A-204F each coupled to
ong or more of the actuator(s) 114. The actuators m joints 204 A-204F may operate to cause
movement of various movable component(s) 116 such as appendages 206A-206F and/or end
cffector 208, For example, the actuator in joint 204F may cause movement of appendage

206F and end effector 208 {i¢., since end cffector 208 1s coupled to appendage 206F).
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Farther, end effector 208 may take on various forms and may mclade various parts. In one
example, end effector 208 may take the form of a gripper such as a 2-finger parallel gripper,
as shown in Figure ZA, a different type of finger gripper, or a different type of gripper such as
a suction gripper. In another example, effector 208B may take the form of a svringe, as
shown 1n Figure 2B, or some other tool {¢.g., dnll, brush, eic.). The syringe 2088 may have a
point of interest 210 located at the end of the needie of the syninge. In vet another example,
the end effector may include sensors such as force sensors, location sensors, and/or proximity
sensors, Other exampies may also be possible.

{0037} In an example implementation, a robotic systera 100, such as robotic arm 200,
may be capable of operating in a teach mode. In particular, teach mode may be an operating
mode of the robotic arm 200 that allows a user to physically interact with and guide the
robotic arm 200 towards carrving out and recording various movements. In a teaching mode,
an extemal force s applied {c.g., by the user) to the robotic systerm 100 based on a teaching
input that is intended to teach the robotic system regarding how to carry out a specific task.
The robotic arm 200 may thus obtain data regarding how to carry out the specific task based
on mstractions and guidance from the user.  Such data may relatc to a plurality of
configurations of the movable component{s} 116, joint position data, velocity data,
acceleration data, torque data, force data, and power data, among other possibilities.

{0038] For example, during teach mode the user may grasp onto any part of the
robotic arm 200 and provide an external force by physically moving the robotic arm 200, In
particular, the user may guide the robotic arm 200 towards grasping onto an object and then
moving the object from a first location to a second location.  As the user guides the robotic
arm 200 during teach mode, the system may obtain and record data related to the movement
such that the robotic arm 200 may be configured to mndependently carry out the task at a

future time during independent operation (e.g., when the robotic arm 200 operates
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mdependently outside of teach mode}. Note, however, that external forces may also be
applied by other entitics m the phvsical workspace such as by other objects, machines, and/or
robotic systems, among other possibilitics.

{0039] In Figures 2A and 2B, the tool 208 {or tool 2088} may be a gripper, a syringe,
or some other type of tool attached to robotic arm 200. The tool 208 may be attached to the
arm 200 at attachment point 209, Attachment point 209 represents a location where a tool
208 can be connected to a part of a robot 100, such as the robotic arm 200, The location of
the attachment point 209 may be known by robot 100. Altematively, the attachment point
209 may be partially known or unknown bv robot 100, In some embodiments, the attachment
point 209 represents the location where tool 208 may be attached to a different part of robot
100.

{0040] Figure 2A displays a reference object 212 that includes a first surface 214 and
a second surface 216. The first surface 214 and second surface 216 are connected together at
an angle to create edge 218, The surfaces 214 and 216, along with the edge 218, protrude out
away from the appendage 206A of the robotic arm 200. The reference object 212 i Figure
Z2A may include more or fower surfaces than what is shown. Additionally, the surfaces of
reference object 212 may be connected at a different angle than what is shown in Figure ZA.
Although the displayed surfaces of the reference object are flat, in other embodiments, the
surfaces of the reference object 212 may be a different shape, such as concave, convex, or
some other shape.

{00411 Figure 2B displays a reference object 212B that mchudes a first surface 214B
that 1s flat. The reterence object 2128 is jocated at a remote location from the robotic arm
200 in Figure 2B. In conirast, the reference object 212 in Figure 2A is connected to the
robotic arm 200 at base 202. In other embodiments, the reference object may be connected o

a different part of a robot, or connected to the robotic arm 200 at a different location.
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{00421 Reference object 212 {or 212B) may be used by robot 100 to determine a tool
offset for the tool 208, In some embodiments, the robot 100 may automatically identify the
reference obieet. In other embodiments, the reference object may be mputied inte the robot
100. The reference object may be a ngid structure {e.g., a plank) with a predetermined
position and orientation. The reference object position and/or orientation mav be described
relative to the robot 100

{0043} Furthermore, the one or more surfaces of the reference object may be located
at a predetermined position with a predetermined orentation.  Additionally, the surfaces of
the reference object may generate one or more edges and one or more angles. Information
about the onentation, position, and/or angles, of the reference object, the reference object
surfaces, and the reference object edges may be mputted into the robot 100, The reference
object posttion relative 1o the robot mav be used with robot position data to determme tool
offset data.

{0044} Reference object position mformation may be described using one or more
dimensions, such as a first dimension i the X direction, 3 second dimension in the Y
direction, and a third dimension in the Z direction for an XYZ coordinate systema. In other
embodiments, other information about the reference object may be inputied mto the robot
100. In some embodiments, the robot 100 may determing the posttion and orientation of the
reference object if the position and/or onentation of the reference object are unknown.

{0045] The reference object may be a rigid stracture located at a position that doesn’t
miterfere with robot operations, such as movement of robot arm 200, While the reference
object may be a plank, the reference object may be a different 1iem, such as a tooling ball.
Furthermore, reference object could include one or more planks, one or more tooling balls, or
some other items. Other types of reference objects may also be possible.

{0046] Robot 100 may execute a method to determine a tool offset for a tool 208

15
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attached to the robot 100 at a location, such as the attachment point 209, of the robot arm
200. The tool offset may describe a distance between the attachment point 209 and at least
one poiat on the tool 208, The tool offset may be expressed as a kocation with one or more
dimensions. For example, the tool offset may be described using one or more dumensions,
such as a first dimension in the X direction, a sccond dimension in the Y direction, and a third
dimension in the Z direction for an XYZ coordinate system. Other dimensions, such as an
angular offset 8, may also be possible,

{0047} In some cases, the robot 100 may determine the tool offset data based on a
known location of an attachment point to determine the location of a pomt of interest on the
tool. Alternatively, the robot 100 may determine the tool offset data based on a known
geometry of the tool to determine a more precise location of the attachment point. In this
scenario, onee the precise location of the attachment point is determined, the robot 100 may
then determine the location of one or more pomts of interest on the tool with respect to the
robot 100 based on the determined, precise location of the attachment point.

{0048} The robot 100 may execute a method to determine tool offset as an automated
startup procedure when a new tool is attached to a part of the robot 100, such as robotic arm
200. Alternatively, the tool offset deternmunation method could be executed as part of a
troubleshooting method.  For example, if an error or unexpected results occur during
operation of the tool 208, the robot 100 may execute an automated tool offset determination
method to correct the error and/or unexpected results.

{0049] Even further, the robot 100 may execuie a tool offset determination method as
an automated maintenance procedure. For example, a tool’s dimensions may change over
time due to wear and tear from prior use, bending, warping, and/or other reasons. As a result,
executing the tool offset determination method periodically can account for tool dimension

changes so that the robot 15 operating the tool 208 with an accurate and precise tool offset. In
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other embodiments, the robot 100 may execute an automated tool offset determination
method for other reasons.

{0058] An automated tool offset determination method may provide several
mmprovements over manual entry of a tool offset into robot 100, First, the automated method
mav be more accurate and precise than manual entry. Second, the automated method may be
quicker, more ctficient, and less work for the user to execute than manual entry. Third, an
automated procedure may be a consistent tool offset determination procedure regardless of
the user, whereas manual entry may vary based on the user. Fourth, an automated tool offset
determination process means a user does not need to know an accurate and precise method
for measuring the tool offset. Other benefits may also exist from exccuting an automated
procedure for determining tool offset.

{0051] The robot 100 may begin executing the tool offset determination method by
wdentifying the reference object. Next, the robot 100 mav move the robotic arm 200 to
contact the reference object 212 with the tool 208 and obtaio robot position data and force
sensing data during the contact event. The robot 100 may then determine a portion of tool
offset data based on the robot position data. The robot 100 may continue to determine
additional portions of tool offset data by iteratively generating contact events and acquiring
robot position data and force sensing data during the contact events. The deternuned portions
ot tool offset data may then be used to determine locations of one or more points of interests
relative to the robot. One or more dimensions and/or tool offsets may then be deternuned
based on the locations of the points of interest. The dimensions and points of inferest that are
determined may vary based on the tool type {e.g., grippers, syringes, drills, brushes, etc.).

{0052] Figure 3A displays a top view 300 of an examplc tool 208 (from Figure 2A)
and reference object 212, which includes surfaces 214 and 216, and edge 218. Figure 3B

displays a side view 3530 of the same example tool 208 (from Figure 2A) and reference object
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212, The tool 208 s a 2-finger parallel gripper. In the displayed embodiment, various points
of interests are displaved for the gnpper that can be calculated to determine various
dimensions and/or too] offsets.

[0033] In the displayed embodiment of Figures 3A and 3B, the gripper 208 includes a
first finger 301, a sccond finger 302, a connecting portion 303, and attachment point 209
The gripper 208 is moved along an actuation durcction 304 towards reference objoct 212,
Some of the dimensions of the gripper that may be calcolated inchide an outer width
dimension 305, an mner width dimension 306, an outer length dimension 307, an inner length
dimension 308, and a height dimension 309 The gripper 208 may have other dimensions
that are calcunlated.

{0054] The first finger 301 includes an mner surface 311, an outer surface 312, and a
top surface 313, Similarly, the second finger 302 includes an inner surface 321, an outer
surface 322, a top surtace 323, as well as a bottom surface 324, Furthermore, the connecting
portion 303 includes an mner surface 331, an outer surface 332, and a top surface 333, Each
finger and/or connecting portion may include more and/or different surfaces than those
described above.

{0055] The gripper 208 also includes various points of mterest. The points of interest
include a first point 341 of the first finger 301, a second point 343 of the first finger 301, a
first point 342 of the second finger 302, a second point 344 of the second finger 302, and a
third point 348 of the second finger 302, The connecting poition 303 also mcludes a first
point 345, a second point 346, and a third point 347 for the gnpper 208, Other points of
mterest for the gripper 208 may also be possible.

{0056] For the first finger 301, the first point 341 15 located at the corner where the
top surface 313 and inner surface 311 of the first finger 301 intersect. The second point 343

is located at the comer where the top surface 313 and the outer surface 312 of the first finger
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301 intersect. For the second finger 302, the first point 342 1s located at the comer where the
top surface 323 and the inner surface 321 mitersect. The second point 344 1s located at the
corner where the top surface 323 and the outer surface 322 of the second finger 302 intersect.
The third point 348 is located at the comer where the outer surface 322 and the bottom
surface 324 of the second tinger 302 infersect.

{00S7] For the connecting portion 303, the first point 343 1s located at the comer
where the inner surface 331 of the connecting portion 303 and the inner surface 311 of the
first finger 301 intersect along the top surtace 333 of the connecting portion 303, The second
point 346 is located at the cormner where the inner surface 331 of the connecting portion 303
and the inner surface 321 of the second finger 302 intersect along the top surface 333 of the
connecting portton 303, The third point 347 1s located at the comer where the ocuter surface
322 of the second finger 302 and the outer surface 332 of the connecting portion 303 intersect
along the top surface 333 of the connecting portion 303,

{0058} In order to execoute accurate and precise control of the gripper 208, the robot
100 may detenmine dimensions and tool offsets based on various points of interest for the
gripper 208, For cxample, dunensions 305-309 may be determined by robot 100 based on
one or more poinis of interest 341-348. In particular, the outer width dimension 305 may be
determined based on the locations of points 343 and 344, The mmner width dimension 306
may be calculated based on the locations of points 341 and 342 {(or 345 and 346). The outer
length dimension 307 may be determined based on the locations of points 344 and 347. The
mner finger length dimension 308 may be determined based on points 341 and 343 {or points
342 and 346). The height dimension 309 may be determined based on the locations of points
344 and 348, The locations for cach of the points mayv be determined by the robot 100 by
executing a tool offset determination method for the point of interest.

{0089] Figures 3A and 3B include legends 351 and 352, which display the X, Y, and
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Z directions for an XY Z coordinate system. In the displayed embodiment, width dimensions
305 and 306 may describe a distance along the X divection. Additionally, length dimensions
307 and 308 may describe a distance along the Y direction. Further, the direction of
actoation 304 may also be along the Y direction.  Also, the height dimension 309 may
describe a distance along the Z divection. However, in other embodiments, the dimensions
may describe distances along difforent directions.

{8060} As part of the automated process for deternining tool offsets, the robot 100
may control the tool 208 to generate one or more contact events by having the tool 208
contact the reference object 212, A contact event occurs when the tool 208 connected to
robot 100 is moved such that the tool 208 contacts the reference object 212, During the
contact event, the robot 100 may collect data, including robot position data, force sensing
data, and or other information. The robot 100 may move the tool 208 to contact the reference
obiect 212 one or more times, wncluding at least a first contact event.

{0061} When the tool 208 contacis the reference object 212, the robot may stop
movement of the tool 208, thus allowing the tool 208 to remain m contact with the reference
object 212 and collect data. The robot 100 may then move the tool 208 to a position where
the tool 208 is no longer in contact with the reference object 212, The contact event begins
when the tool 208 first makes continmuous contact with the reference object 212 and ends
when the continuous contact with the reference object 212 ceases. However, in other
embodiments, the contact event may be defined differently.

{00621 Force sensing data 1s acquired by the robot 100 via a force feedback sensor.
The force feedback sensor may be located on the robot at the attachment point 209, or at
some other point on the robot 100, The force feedback sensor is used to provide an indication
of when the tool 208 is in contact with the reference object 212, The sensor may be designed

to be sensitive to forces incurred by the sensor so that precise and accurate measurements of
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contact events can be taken. Precise and accurate measurements of contact events enables the
robot to determine precise and accurate tool offsets, which m tumn enables precise and
accurate control of tool 208,

[0063] Once the force feedback sensor receives data mdicating that the tool 208 is n
contact with the reference object 212, the sensor allows the robot 100 to stop movement of
the tool 208 while the robot 100 gathers data. By pausing movement of the robot, the force
sensor helps prevent the tool 208, the reference object 212, the robot 100, and the robotic arm
200 from incurring any additional damage due to repetitive or excessive contact.

{0064] In an alternative embodiment, an indication of a contact event may correspond
with a contact event ¢lectrical circait being made {or broken). Specifically, a contact event
electrical circuit may be made (or broken) when the tool 208 contacts the reference object
212, Thus, an indication of the contact event electrical circuit being made {or broken} may
correspond with a contact event beginning by the tool 208 contacting the reference object
212, When the coutact event ends {i.e., the tool 208 is no longer in contact with the reference
object 212), the contact event electrical circuit may return to its ongmal state of open (or
closed). Other embodiments for determining a contact cvent may also be possible.

{0065] Dunng the contact event, the robot 100 may alsc obtain robot position data
indicating the posttion of the robot during the contact event. The robot position data may be
determined based on encoded joint angles of the robot during the contact event. The encoded
jomt angles, and/or other information, may allow the position, location, and/or onentation of
the robot 100, robotic arm 200, attachment point 209, or other parts of the robot to be
determined. In order to obtain the robot position data, an IMU sensor attached to the robot
100 may be used. The robot position data may be used in combination with the position of
the reference object relative to the robot fo determine a portion of the tool offset data.

{0066] By generating one or more contact events, a portion of the tool offset data may
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be determined for tool 208. The tool offset data may be determined based on the acquired
robot position data, the position of the reference object relative to the robot, and in some
cases, previously determined tool offset data. Other factors may also affect the determination
of tool offset data.

{0067] Outer length dimension 307 can be determined using tool offset data for poinis
344 and 347 with respect to attachment pount 209, In the displayed embodiment, the location
of attachment point 209 is known by robot 160, The attachment point 209 may be located at
roughly the center of the outer surface 332 of the connecting portion 303, Additionally, the
location and orientation of reference object 212, surfaces 214 and 216, and edge 218 are
known by the robot 100. Therefore, tool offset data for poinis 344 and 347 can be defermined
based on the known locations and orientations for attachment point 209 and reference ohiect
212

{0068] Tool offset data for a point may be described as a point (X, Y, Z) on an XYZ
coordinate system relative to the attachment point 209, Tool offset data determination for a
point may include determining each of the three tool offset dimensions (X, Y, and Z) for the
particular point relative to the attachment point 209, A tool offset dimension for a particular
point relative to the attachment point can be determined by orienting the gripper such that
moving the gripper along the actuation direction 304 to generate a contact event allows
calculation of the tool offset dimension based on robot position data.

{0069] For example, determining tool offset data for point 347 inclodes determining
tool offset dimensions X, Y, and Z for point 347 relative to attachment point 209, The tool
offset X dimension for pomt 347 can be determined by moving the gripper 208 along
direction 304 such that the outer surface 322 of the second finger 302 comtacts edge 218 of
reference object 212 during a contact event. Additionally, the tool offset Y dimension for

point 347 can be determined by moving the gripper 208 along direction 304 such that the
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outer surface 332 of the commecting portton 303 contacts edge 218 of reference object 212
during a contact event. Further, the tool offset 7 dimension for point 347 can be determined
by moving the gripper 208 along direction 304 such that the top surface 323 of the second
finger 302 contacts edge 218 of reference object 212 during a contact event.

{0078] The tool offset dimensions X, Y, and Z for a particular point can be calculated
duning a contact event. In particular, for a contact event in which the gripper 1s being moved
along direction 304, which corresponds to the Y direction, a particular tool offset dimension
can be determuned based on the reference object location, the attachment point location, and
the part of the gripper 208 that contacts the reference object. Specifically, the magnitude of
the tool offset dimension equals the difference in the Y coordinates of the locations of the
reference object and attachment pomnt during the contact event. The particular dimension
being determined depends on which surface of the gripper is contacting the reference object
212 during the contact event.

{8071} For example, for point 347, the tool offset X dimension is calculated duning a
contact event where the outer surface 322 of the second finger 302 contacts edge 218 of
reference object 212, The magnitude of the tool offset X dimension equals the difference of
the Y coordinates of the locations of the edge 218 and attachment point 209 during the
contact event. The robot 100 may determine the location of attachment point 209 during the
contact event. In some embodiments, the location of the attachment point 209 1s deternuned
based on encoded joint angles during the contact event. As mentioned ¢arlier, robot 100
already knows the location of reference object 212, including edge 218 During this contact
event, the difference in the Y coordinates equals half of the outer width dimension 305 (e,
W/2). Thus, the tool offset X dimension for point 347 relative to the attachment point 209 is
W/2.

{0072] Additionally, the tool offset Y dimension is caleulated during a contact event
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where the outer surface 332 of the connecting portion 303 contacts edge 218 of reference
object 212, During this contact event, the difference in the Y coordinates ot the edge 218 of
the reference object 212 and the attachment point 209 equals zero. Thas, the tool offset ¥
dimension for point 347 relative to the attachment point 209 1s zero.

{0073] Further, the tool offset 7 dimension 15 calculated during a confact event where
the top surface 323 of the second finger 302 contacts cdge 218 of reference object 212,
During this contact event, the difference in the Y coordinates of the edge 218 of the reference
object 212 and the attachment point 209 equals half of the height 309 of the gripper 208 (1¢e.,
H/2Y. Thus, the tool offset ¥ dimension for point 247 relative to the attachment point 209 s
H/2. Therefore, the tool offset data for point 347 relative to attachment point 209 equals
(W:2, 0, H/2).

{0074] Tool offset data for point 344 relative to attachment pomt 209 can be
determined 1 a manner simifar to the tool offset data deternunation of point 347 described
above. Once tool offset data for points 344 and 347 are determined, the outer length
dimension 307 of the gripper 208 can be calculated. Similarly, the tool offset data for the
other points of interest 341-348 can be deternuned relative to attachment point 209, The
calculated tool offset data can then be used to determine gripper dimensions 305-309.

{0075] In some embodiments, the robot 100 may search for the reference object 212
with the tool 208 before beginning a contact event. The robot 100 may move the tool 208
based on the known location and orientation of the reference object to scarch for the
refergnce object. Once the robot 100 has searched for, found, and contacted the reference
object 212 with the tool 208, the contact event may begin.

{0076] For example, when the robot is determining tool offset data for point 347
relative {o attachment poimnt 209, the robot 100 may control the tool 208 to comtact the

reference object 212 at edge 218, However, the tool may contact the reference object 212
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mitially at surfaces 214 or 216, Thus, the robot 100 may have to control the tool 208 to
search for the edge 218,

{0077} Because the robot 100 knows the location and orientation of the reference
object 212, the robot 100 can search for edge 218 by moving tool 208 along the surfaces 214
and/or 216 until the edge 218 is found. The robot 100 knows that edge 218 has been found
once it senscs the angular transition hetween surface 214 and surface 216, Once the robot is
contacting edge 218, the contact event may begin. The robot may collect robot position data
and force sensing data before moving the tool to end contact with edge 218. Other types of
searching by tool 208 may also be possible.

{0078} Because reference object 212 inclodes angled surfaces 214 and 216, the robot
may use different types of contact events to determine tool offset data. For example, the
robot 100 may control gripper 218 to generate one contact event at two poimnts of the
reference object 212 to determine a particular dimension of the gripper. Specifically, robot
arm 200 may geooerate a contact event by moving gripper 208 to have poimt 341 countact
surface 214 and point 342 contact surface 216 simultanecusly. During this contact event, the
robot 100 may obtain robot position data to determine the mner width dimension 306 of the
gripper 208,

{0079] Gripper 208 may initially be moved along direction 304 towards reference
object 212. After the gnipper 208 contacts reference object 212, the gripper may search the
reference object so that point 341 contacts surface 214 and point 342 contacts surface 216
simultancously. In particelar, the gripper 208 may move the gripper 208 around the reference
object 212 until the proper points are contacting the proper surtaces. Unce pomt 341 is
contacting surface 214 and point 342 is contacting surface 216 simultancously, the robot 100
may stop movement of the gripper 208 and obtain robot position data.

{0080] The obtained robot position data may be used in combination with a known
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refergnce object location and orientation to deternmine the inner width dimension 306 of the
gripper 208, Specifically, the robot position data may rely on encoded joint angles to
determine the position of attachment point 209 during the contact event. Based on the
determined attachment point position, the reference object location and orientation, and
previousiy obtained tool offset data {e.g., outer length dimension 307 of the gripper 208), the
robot may then determine the location of pomt 341 durning contact with surface 214 and the
location of point 342 during contact with sarface 216, Using these determined locations, the
robot can then calculate the inner width dimension 306 of the gripper 208, In other
embodiments, the robot 100 may use different tool offset determination methods to obtain
different tool offset data.

[0081] The points of interest used for tool offset determination are dependent on the
type of tool 208 attached to the robot 100. For example, in Figure 2B, the robotic arm 200 of
robot 100 is displaved with a syringe as the end effector 2088, Unlike the 2-finger paralicl
gripper, the point of mterest 210 for the syringe is the tip of the needle. The robot 100 can
execute a tool offset determunation method to determine the location of point 210 relative to
the attachment point 209. Deternunation of tool offset data for point 210 allows for accurate
and precise contral of the syringe 208B by the robot 100

[0082] The robot 100 may determine tool offset data for pont 210 of the syringe
2088 using a method similar to the one described for point 347, In particular, the ool offset
data for the point 210 is determuned relative to the attachment point 209, Tool offset
dimensions X, Y, and Z are determined for point 210 relative to the attachment pomnt 209
Although the needle of syringe 208 doesn’t have surfaces hike gripper 208, the robotic arm
200 can rotate to appropriatc ortentations to allow the different portions of the syringe needle
to contact the reference object 212 during contact events such that the tool offset dimensions

X, Y, and Z can be measured for point 210, Other tool types and points of inferest may also
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be possible for tool offset data deternmimation.

{0083} In other embodiments, the robot may iteratively generate multiple contact
gvents to continocusly obtain tool offset data for a tool. In one embodiment, the robot
iteratively gencrates enough contact events to determing encugh tool offset data for enough
points of mterest to generate a 3-D model of the attached tool. Other embodiments of the tool
offset determination method are also possible.

{0084} Figure 4 ilustrates a flowchart showing the method 400 that may allow for
determining a tool offset, according to an ¢xample embodiment. The method 400 may be
carricd out by a robot, such as the robot illustrated and described with respect to Figure 1.
However, a robot control system, or some other device, that is different from the robot
described in Figure 1 may also execute method 400,

{0085] Furthermore, 1t 1s noted that the functionality described i connection with the
flowcharts described hercin can be umplemented as special-function and/or configured
general-function hardware modules, portions of program code executed by a processor for
achieving specific logical functions, deternunations, and/or steps described in connection
with the flowchart shown in Figure 4. Where used, program code can be stored on any type
of computer-readable medium, for example, such as a storage device including a disk or hard
drive.

[0086] In addion, cach block of the Howchart shown in Figure 4 may represent
circuitry that is wired to perform the specific logical finctions in the process. Unless
specifically indicated, functions 1n the flowchart shown in Figure 4 may be executed out of
order from that shown or discussed, inciuding substantially concurrent execution of
separately described functions, or even in reverse order in some examples, depending on the
functionality involved, so long as the overall functionality of the descnibed method is

maintained.
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{00871 As shown by block 402 of Figure 4, method 400 may involve determining a
position of a reference object relative 1o a robot. In some examples, the reference object may
be a rigid structure having one or more flat surfaces. In additional examples, the reference
object may be at a remote location from the robot, or attached to the robot.

{0088] Method 400 may further mvolve controlling a robot so that a tool connected to
the robot at an attachment point contacts the reference object during a first contact event, as
shown by block 404 of Figure 4. In some examples, the tool connected to the robot may be a
2-fmger parallel gripper, a syringe, a dnll, a brush, or some other tool. In additional
cxaraples, the attachment point location may be known, partially known, or unknown by the
robot.

{0089 Method 400 may also tavolve receiving robot position data that indicates a
position of the robot when the tool contacts the reference object during the first contact event,
as shown by block 406 of Figure 4. In some examples, the robot position data may be
determined based on encoded joint angles of the robot during the first contact event. In
additional examples, the encoded jomt angles may be used to determine the position,
location, or orientation of the robot and/or the robot parts.

{0096] Method 400 may additionally involve determining tool offset data for a tool
based on at least the position of the reference object relative to the robot and the robot
position data, where the tool offset data for the tool describes a distance between the
attachment point and at least one point on the tool, as shown by block 408 of Figure 4. In
some examples, the tool offset data may describe a dimension of the tool (e.g., tool length)
based on the distance between a pomnt of intercst on the tool and the attachment pont. In
additional cxamples, there may be multiple points of interest for a tool where tool offsct data
can be determined. such as the 2-finger paralle! gripper. In further examples, there may only

be one pomt of interest where tool offset data 1s determined, such as for a syrnge. In an
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additional example, the point of interest of the syringe for which tool offset data is
determined may be the end of the needie of the syringe.

{0091} Various applications and environments using robots with attached tools are
posaible for the disclosed systems and methods. For example, some environments where tool
offset determination for robots with attached tools may be applicable mclude manufacturing
facilitics, mailing or shipping facilitics, atrports, hospttals, or other environments emploving
robots with attached tools. Furthermore, other applications where tool offset determination
for robots with attached tools may be apphcable include construction, shipping,
manufacturing, healtheare, and/or other applications using robots with attached tools. Other
applicable environments and applications for the disclosed systems and methods may also be
posatble.

[0092] The present disclosure is not to be hmuted in terms of the particular
cmbodiments described in this application, which arc intended as illustrations of varnous
aspects. Many modifications and varnations can be made without departing from its spirit and
scope, as will be apparent to those skilled n the art. Functionally equivalent methods and
apparatuses within the scope of the disclosure, 1 addition to those enumerated herein, will be
apparent to those skilled i the art from the forggoing descriptions. Such modifications and
variations are intended to fall within the scope of the appended claims,

{0093} The above detailed description describes various features and functions of the
disclosed systems, devices, and methods with reference to the accompanying figures. In the
figures, similar svmbols typically identify similar components, unless context dictates
otherwise. The example embodiments described herein and m the figures are not meant to be
lmuting. Other embodiments can be utilized, and other changes can be made, without
departing from the spirit or scope of the subject matter presented herein. It will be readily

understood that the aspects of the present disclosure, as generally described herein, and
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tllustrated in the figures, can be arranged, substituted, combined, separated, and designed mn a
wide vanety of different configurations, all of which are explicitly contemplated herein.

[0094] A block that represents a processing of information may correspond io
circaitry that can be configured to perform the specific logical functions of a hercin-descnibed
method or technique. Alternatively or additionally, a block that represents a processing of
information may correspond to a module, a segment, or a portion of program code (including
related data). The program code may include one or more instructions oxecutable by a
processor for implementing specific logical functions or actions m the method or technique.
The program code and/or related data may be stored on any tvpe of computer readable
mediom such as a storage device including a disk or hard drive or other storage medium.

[0095] The computer readable medium may also inchide non-transitory computer
readable media 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 media may also include non-transiiory computer readable media that stores program
code and/or data for longer periods of time, such as secondary or persistent long term storage,
like rcad 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. A computer readable medium may be considered a computer
readable storage medium, for example, or a tangible storage device.

{8096} Moreover, a block that represents one or more information transmissions may
correspond to information transmissions between software and/or hardware modales in the
same physical device. However, other information transnussions may be between software
modules and/or hardware modules in different physical devices.

{0097] The particular arrangements shown in the figures should not be viewed as

timiting. It should be understood that other embodiments can include more or less of cach

2
<



WO 2017/015655 PCT/US2016/043836

clement shown in a given figure. Further, some of the illustrated elements can be combined
or omitted. Yet further, an example embodiment can include elements that are not illustrated
in the figures.

[0098] While various aspects and embodiments have been disclosed herein, other
aspects and embodiments will be apparent to those skilled in the art. The various aspects and
embodiments disclosed herein are for purposes of ilustration and are not intended to be

himiting, with the true scope being indicated by the following claims.
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CLAIMS

‘What is claimed is:

I A method comprising:

determining a position of a reference object relative to a robot;

controlling the robot such that a tool connected to the robot at an attachment point
contacts the reference object during a first contact event;

recetving robot position data indicative of a position of the robot when the tool
contacts the reforence object during the first contact event; and

determining tool offset data for the tool based on at least the position of the reference
object relative to the robot and the robot position data, wherein the tool offset data for the tool

describes a distance between the attachment point and at least one point on the tool.

2. The method of claim 1, wherein the reference object is a plank having a first flat
surface at a predetermined onentation and a predetermined position, wheren the tool contacts

the first flat surface of the plank during the first contact cvent.

3 The method of claim 1, wherein the reference object s attached to the robot at a

predetermined position.

4, The method of claim 3, wherein the reference object has a first flat swrfacc and a
second flat surface, wherein the first flat surface 1s located at an angle to the second flat

surface.
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5. The method of claim 1, wherein the tool offset data mohides a first distance 1 g first
direction, a second distance n a second direction perpendicular to the first direction, and a
third distance in a third direction perpendicular to both the first direction and the second

direction.

6. The method of claim 1, further comprising:

controlling the robot such that the tool contacts the reference object during a second
contact event,

recetving robot position data indicative of a position of the robot when the tool
contacts the reference object during the second contact event; and

determining tool offset data for the tool based on at least the position of the reference
obiect relative to the robot, the robot position data received during the first contact event, and

the robot position data received during the second contact event.

7. The method of claim 1, further comprising:

tteratively causing a plurality of contact events corresponding to a plurality of
different robot positions by causing the tool to contact the refercnec object;

recetving robot position data indicative of the phurality of different robot positions
corrgsponding to the plurality of contact events; and

determining a three-dimensional model of the tool based on the received robot

position data.

8. The method of claim 1 firther comprising:
recetving force sensing data from a force sensor on the robot;
based on the force sensing data, determining that the robot has contacted the reference

object with the tool; and
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in response to determining that the robot has contacted the reference object with the

tool, causing the robot to stop moving the tool.

9. The method of claim 1 further comprising:
determining a shape of the tool based on at least the tool offset data for at least one
point on the tool; and

determining a tool type for the tool based on the determined tool shape.

10.  The method of claim 1, wherein the robot position data is determined based at least on

encoded joint angles of the robot.

11. A pon-transifory computer-readable medium storing instructions that are executable
by one or more computing devices, wherein excouting the instructions causes the one or more
computing devices to perform functions comprising:

determining a position of a reference object relative to a robot;

controlling the robot such that a tool connected to the robot at an attachment point
contacts the reference object during a first contact event;

receiving robot position data indicative of a position of the robot when the tool
contacts the reference object during the first contact event; and

determining tool offset data for the tool based on at least the position of the reference
object relative to the robot and the robot position data, whercin the tool offset data for the tool

describes a distance between the attachment point and at least one point on the tool.

12. The non-transitory computer-readable medium of claim 11, wherein the reference

object 1s a plank having a first flat surface at a predetermined onentation and a predetermined
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position, wherein the tool contacts the first flat surface of the plank during the first contact

event,

13.  The non-transitory computer-readable medium of claim 11, wherein the reference

obiect 18 attached to the robot at a predetermined position.

4. The non-transttory computer-readable medium of claim 13, wherein the reference
object has a first flat surface and a second flat surface, wherein the first flat surface is located

at an angle to the second flat surface.

15, The von-transitory computer-readable medm of claim 11, wherein the robot position

data is determined based at least on encoded joint angles of the robot.

16. A system comprising:
a processor; and
a memory storing instructions that when executed by the processor cause the system
to perform functions comprising;
determining a position of a reference object relative 1o a robot;
controlling the robot such that a tool connected to the robot at an attachment
point contacts the reference object during a first contact event;
receiving robot position data indicative of a position of the robot when the tool
contacts the reference object during the first contact event; and
determining tool offset data for the tool based on at least the position of the
reference object relative to the robot and the robot position data, wherein the tool
offset data for the tool describes a distance between the attachment point and at least

one point on the tool.
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17.  The system of claim 16, wherein the reference object is a plank having a first flat
surface at a predetermined orientation and a predetermined position, wherein the tool contacts

the first flat surface of the plank during the first contact event.

18, The system of claim 16, wherein the reference object is attached to the robot at a

predetermined position.

19.  The system of claim 16, wherein the memory stores instructions that when executed
by the processor further cause the system perform functions comprising:

deternining that a status of a contact clectrical circuit of the robot has changed;

based on the determined status change, determining that the robot has contacted the
reference object with the tool; and

m response o deternuning that the robot has contacted the reference object with the

tool, cansing the robot to stop moving the tool.

20, The system of claim 16, wheretn the robot position data is determined based at least

on encoded jomnt angles of the robot.
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Determine a position of a reference object relative to a robot /
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Control the robot so that a tool connected to the robot at an /
attachment point contacts the reference object during a first
contact event

4 406
Receive robot position data that indicates a position of the robot /

when the tool contacts the reference object during the first contact
event

E

Determine tool offset data for the tool based on at least the 408
position of the reference object relative to the robot and the robot /
position data, where the tool offset data for the tool describes a
distance between the attachment point and at least one point on
the tool
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