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ROBOT, ROBOT SYSTEM, CONTROL
DEVICE, AND CONTROL METHOD

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATIONS

Priority 1s claimed on Japanese Patent Application No.
2014-045752, filed Mar. 7, 2014, the content of which 1s
incorporated herein by reference.

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates to a robot, a robot system, a
control device, and a control method.

Description of the Related Art

A technology for performing compliant motion control of
a robot based on information acquired by a force sensor,
which 1s information on a force acting on a gripping unit of
the robot or a manipulation target gripped by the gripping
unit, and a captured 1mage imaged by an 1maging unit has
been researched and developed.

In connection with this, for example, a control device that
controls a robot to maintain a motion characteristic set for

cach axis of compliant motion control 1n an 1nitial state and
perform good assembly work even when a posture for an

manipulation target 1s changed during the work, by sequen-
tially acquiring directions of coordinate axes of the compli-
ant motion control defined for the mampulation target from
a captured image when the robot 1s caused to periorm
assembly work of assembling the manipulation target and an
assembly target into a predetermined state has been known.
Also, 1n such a control device, a method of controlling the
robot to perform good assembly work by setting a rotation
center when the manipulation target rotates to a predeter-
mined position of the manipulation target depending on a
rotation moment applied to the manipulation target has been
known (see Proceedings of the 2001 IEEE/RST International
Conference on Intelligent Robots and Systems, pp. 1477-
1482, 2001).

However, 1n the method of the related art, when a position
of the rotation center 1s changed with a relative position
between the gripping unit and the manipulation target as the
manipulation target comes in contact with the assembly
target during work, the change 1n the position of the rotation
center cannot be detected and good assembly work may not
be performed.

SUMMARY OF THE INVENTION

Therefore, the present invention has been made 1n view of
the problems of the method 1n the related art, and provides
a robot, a robot system, a control device, and a control
method capable of performing good assembly work.

According to a first aspect of the present invention, a
robot includes: a hand; and a control unit that operates the
hand, wherein the control unit rotates a first object around a
predetermined position of the first object and relatively
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2

moves the first object with respect to a second object with
the hand, based on a captured image including the hand and
the first object.

Through this configuration, the robot rotates the first
object around a predetermined position of the first object and
relatively moves the first object with respect to a second
object with the hand, based on the captured 1mage including
the hand and the first object. Therefore, the robot can
perform good assembly work.

According to a second aspect of the present invention, the
predetermined position may be a coordinate origin that
moves with the first object, and the control unit may
translate the first object 1n addition to rotating the first
object.

Through this configuration, the robot uses a rotation
center 1n the case of rotation as the coordinate origin moving
with the first object, and relatively moves the first object
with respect to the second object through rotation and
translation. Therefore, the robot can perform good assembly
work.

According to a third aspect of the present invention, the
control unit may perform visual servo control based on the
captured 1mage.

Through this configuration, the robot performs wvisual
servo control based on the captured image. Theretfore, the
robot can relatively move the first object with respect to the
second object, and as a result, can perform good assembly
work with high precision.

According to a fourth aspect of the present invention, the
control unit may perform compliant motion control accord-
ing to a motion characteristic set in the predetermined
position and each axial direction.

Through this configuration, the robot performs compliant
motion control according to the motion characteristic set in
the predetermined position and each axial direction. There-
fore, the robot can assemble the first object with respect to
the second object without damaging the second object.

According to a fifth aspect of the present invention, the
control unit may derive a relative positional relationship
between a position set 1n the hand and a position set 1n the
first object based on the captured image, and update the
predetermined position based on the derived positional
relationship.

Through this configuration, the robot derives the relative
positional relationship between the position set 1n the hand
and the position set 1n the first object based on the captured
image, and updates the predetermined position based on the
derived positional relationship. Therefore, even when the
positional relationship between the hand and the predeter-
mined position 1s shifted due to an external force, the robot
can relatively move the first object with respect to the second
object around the shifted predetermined position and, as a
result, can perform good assembly work.

According to a sixth aspect of the present invention, the
control unit may update the predetermined position based on
the derived positional relationship, and a relative positional
relationship between the position set in the first object and
the predetermined position.

Through this configuration, the robot derives the relative
positional relationship between the position set 1n the hand
and the position set 1n the first object, and updates the
predetermined position based on the derived positional
relationship, and the relative positional relationship between
the position set i the first object and the predetermined
position. Therefore, even when the positional relationship
between the hand and the predetermined position 1s shifted
due to an external force, the robot can indirectly recognize
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the shifted predetermined position from the relative posi-
tional relationship between the position set 1n the hand and
the predetermined position through the position set in the
first object and, as a result, can relatively move the first
object with respect to the second object around the shifted
predetermined position.

According to a seventh aspect of the present invention, the
robot may include a marker indicating a position of a force
sensor that detects an external force acting on a hand, the
captured 1mage may further include the marker, a position
set 1n the hand may be represented by a position of the force
sensor 1n the robot, and the control unit may derive a relative
positional relationship between a position set in the hand and
the predetermined position based on the position of the
marker detected from the captured image, and update the
predetermined position based on the derived relative posi-
tional relationship between the position set 1n the hand and
the predetermined position.

Through this configuration, the robot dernives a relative
positional relationship between the position set 1n the hand
and the predetermined position based on the position of the
marker indicating the position of the force sensor detected
from the captured image, and updates the predetermined
position based on the derived relative positional relationship
between the position set in the hand and the predetermined

position. Therefore, even when the force sensor 1s covered
with a member of an arm unit of the robot, the robot can
recognize the position of the first object using the position of
the marker indicating the force sensor as a mark and, as a
result, can perform good assembly work.

According to an eighth aspect of the present invention, the
robot may include a force sensor that detects an external
force acting on the hand, a position set 1n the hand may be
represented by a position of the force sensor, and the control
unit may derive a relative positional relationship between
the position set 1n the hand and the predetermined position
based on a position and a posture 1n an 1nitial state of the
force sensor, and updates the predetermined position based
on the derived relative positional relationship between the
position set 1n the hand and the predetermined position may
be used.

Through this configuration, the robot derives the relative
positional relationship between the position set 1n the hand
and the predetermined position based on the position and the
posture 1n an 1nitial state of the force sensor, and updates the
predetermined position based on the derived relative posi-
tional relationship between the position set 1n the hand and
the predetermined position. Therefore, even when an arm
unit of the robot including the force sensor 1s shifted from an
angle of view of the imaging unit, the robot can recognize
the position of the first object and, as a result, can perform
good assembly work.

According to a ninth aspect of the present invention, a
robot system includes: a robot including a hand; and an
imaging unit that images the hand and a first object, wherein
the robot rotates the first object around a predetermined
position of the first object and relatively moves the first
object with respect to a second object based on a captured
image including the hand and the first object captured by the
imaging unit.

Through this configuration, the robot system rotates the
first object around the predetermined position of the first
object and relatively moves the first object with respect to
the second object based on the captured image including the
hand and the first object. Therefore, the robot system can
perform good assembly work using the robot.

10

15

20

25

30

35

40

45

50

55

60

65

4

According to a tenth aspect of the present invention, a
control device for operating a robot includes a hand, wherein
the control device causes the robot to rotate a first object
around a predetermined position of the first object and
relatively move the first object with respect to a second
object, based on a captured image including the hand and the
first object.

Through this configuration, the control device causes the
robot to rotate a first object around the predetermined
position of the first object and relatively move the first object
with respect to the second object, based on the captured
image including the hand and the first object. Therefore, the
control device can perform good assembly work using the
robot.

According to an eleventh aspect of the present invention,
a control method for operating a robot including a hand,
includes: acquiring a captured image including the hand and
a first object; and rotating the first object around a prede-
termined position of the first object and relatively moving
the first object with respect to a second object based on the
captured 1mage.

Through this configuration, the method includes rotating,
the first object around the predetermined position of the first
object and relatively moving the first object with respect to
a second object based on the captured 1image. Therefore, the
control method can perform good assembly work.

Thus, the robot, the robot system, the control device, and
the control method rotates the first object around the pre-
determined position of the first object and relatively moves
the first object with respect to the second object with the
hand, based on the captured image including the hand and
the ﬁrst object. Therefore, the robot, the robot system, the
control device and the control method can perform good
assembly work.

BRIEF DESCRIPTION OF THE

DRAWINGS

The above features and advantages of the present mnven-
tion will be more apparent from the following description of
certain preferred embodiments taken in conjunction with the
accompanying drawings.

FIG. 1 1s a configuration diagram illustrating an example
of the robot system 1 according to a first embodiment.

FIG. 2 1s a diagram 1llustrating an example of a coordinate
system used 1n the robot system 1.

FIG. 3 1s a diagram 1llustrating an example of a hardware
configuration of a control device 30.

FIG. 4 15 a diagram 1llustrating an example of a functional
configuration of the control device 30.

FIG. 5 1s a flowchart illustrating an example of a process
flow 1n which the control device 30 controls a robot 20 so as
to assemble a manipulation target M and an assembly target
O.

FIG. 6 1s a configuration diagram illustrating an example
ol a robot system 2 according to a second embodiment.

FIGS. 7A to 7D are diagrams schematically 1llustrating an
example of predetermined work performed by a robot sys-
tem 1 according to a third embodiment.

FIG. 8 1s a tlowchart illustrating an example of a process

flow 1n which a control unit 36 of a control device 30
operates a robot 20 to tighten a bolt O1 with a wrench M1.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

vy

First Embodiment

Heremaftter, a first embodiment of the present invention
will be described with reference to the drawings. FIG. 1 1s
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a configuration diagram illustrating an example of a robot
system 1 according to the first embodiment. The robot
system 1 includes an imaging umt 10, a robot 20, and a
control device 30.

The imaging unit 10 1s, for example, a camera including

a CCD (Charge Coupled Device) or a CMOS (Complemen-

tary Metal Oxide Semiconductor) which 1s an imaging
clement that converts condensed light into an electrical
signal. Further, the imaging unit 10 1s a stereo camera
including two cameras, but may include, for example, three
Or more cameras or may have a configuration in which a
two-dimensional 1image 1s captured by one camera.

The imaging unit 10 1s connected to the control device 30
via a cable so that the imaging unit 10 can communicate with
the control device 30. For example, wired communication
via the cable 1s performed according to a standard such as
Ethernet (registered trademark), a USB (Universal Serial
Bus), or the like. Further, the imaging unmit 10 and the control
device 30 may be connected through wireless communica-
tion performed according to a communication standard such
as Wi-F1 (registered trademark).

The 1maging unit 10 1s installed in a position 1n which a
range including the robot 20, a manipulation target M
gripped by a gripping unit HND of the robot 20, and an
assembly target O 1mnto which the manipulation target M 1s
assembled by the robot 20 can be imaged. The mampulation
target M 1s, for example, a member assembled into the
assembly target O 1n a predetermined state and forming one
industrial product. Further, in the following description, the
manipulation target M 1s assumed to have been gripped by
the gripping unit HND of the robot 20 in advance.

The assembly target O 1s 1nstalled 1n a position apart from
the robot 20 by a j1g or the like 1n advance 1n a range in
which the manipulation target M can be assembled using the
robot 20, as illustrated 1n FIG. 1.

For example, the robot 20 1s a single arm robot including
the gripping unit HND (an end eflector), a force sensor 22,
an arm unit ARM (a manipulator), and a plurality of actua-
tors, which are not 1llustrated. Further, the robot system 1
may have a configuration 1n which a dual-arm robot 1s
included, 1n place of a configuration in which a single arm
robot 1s mncluded. An embodiment of the configuration in
which the robot system 1 includes a dual-arm robot will be
described 1n the second embodiment.

The arm of the robot 20 1s a 6-axis vertical multi-joint
type, and can perform an operation at a degree of freedom
of six axes through an operation in which a support stand,
the arm unit ARM, and the gripping unit HND cooperate
using the actuators. Further, the arm of the robot 20 may
operate at 5 degrees of freedom (5 axes) or less, and may
operate at 7 degrees of freedom (7 axes) or more. Herein-
after, an operation of the robot 20 performed by the arm
including the gripping unit HND and the arm unit ARM will
be described. Further, the gripping unit HND 1s an example
of a hand.

The robot 20 1s connected to the control device 30, for
example, via a cable so that the robot can communicate with
the control device 30. For example, wired communication
through the cable 1s performed according to a standard such
as Fthernet (registered trademark) or a USB. Further, the
robot 20 and the control device 30 may be connected
through wireless communication performed according to a
communication standard such as Wi-Fi (registered trade-
mark). Further, in the robot system 1, a configuration in
which the robot 20 1s connected to the control device 30
installed outside the robot 20 as illustrated in FIG. 1 1s
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adopted. However, 1n place of this configuration, a configu-
ration 1n which the control device 30 1s built in the robot 20
may be adopted.

The gripping unit HND of the robot 20 includes a claw
umt which can grip an object.

The force sensor 22 1s included between the gripping unit

HND and the arm unit ARM of the robot 20 and detects a
force or a moment acting on the gripping unit HND (or the
mampulation target M gripped by the gripping unit HND).
The force sensor 22 outputs information indicating the
detected force or moment to the control device 30 through
communication. For example, the information indicating the
force or the moment detected by the force sensor 22 1s used
for, for example, compliant motion control of the robot 20
by the control device 30.

The robot 20 acquires a control signal based on a relative
positional relationship among the mampulation target M, the
assembly target O, and the force sensor 22 from the control
device 30, and performs predetermined work on the manipu-
lation target M based on the acquired control signal. The
predetermined work 1s, for example, work of moving the
mampulation target M gripped by the gripping unit HND of
the robot 20 from a current position, and assembling the
mampulation target M into the assembly target O.

The control device 30 controls the robot 20 to perform
predetermined work. More specifically, the control device
30 denives a relative positional relationship of the manipu-
lation target M, the assembly target O, and the force sensor
22 based on a captured image captured by the imaging unit
10, which 1s a captured 1mage 1including an 1imaged range 1n
which the robot 20, the manipulation target M gripped by the
gripping unit HND of the robot 20, and the assembly target
O 1nto which the manipulation target M 1s assembled by the
robot 20 are included.

Also, the control device 30 controls the robot 20 to
perform predetermined work based on the derived relative
positional relationship. That 1s, the control device 30 con-
trols the robot 20 so that the manipulation target M 1s
assembled 1nto the assembly target O by relatively moving
the manipulation target M with respect to the assembly
target O using the gripping unit HND and the arm unit ARM.

Further, the control device 30 may control the robot 20 so
that the robot 20 rotates the manipulation target M gripped
by the gripping unit HND when relatively moving the
mampulation target M with respect to the assembly target O.
In this case, the control device 30 controls the robot 20 to
rotate the manipulation target M around a predetermined
position (hereinafter referred to as a rotation center position)
set 1n the manipulation target M. Further, a posture of the
mampulation target M 1n the rotation center position 1s
hereinafter referred to as a rotation center posture.

In this control, even when a relative position and a relative
posture of the manipulation target M and the force sensor 22
(a relative positional relationship) vary, the control device 30
detects a rotation center position and a rotation center
posture after the relative positional relationship varies from
the captured image captured by the imaging unit 10. Based
on the detected rotation center position and the detected
rotation center posture, the control device 30 always rotates
the mampulation target M based on the rotation center
posture around the rotation center position set in the manipu-
lation target M. Further, the rotation center position is set to
any position on the manipulation target M by a user. Further,
while the rotation center posture 1s a posture of the manipu-
lation target M 1n the rotation center position, the rotation
center posture may not match the posture of the manipula-
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tion target M as long as the rotation center posture 1s
associated with the posture of the mampulation target M.

Here, coordinate systems used in the robot system 1 will
be described with reference to FIG. 2. FIG. 2 1s a diagram
illustrating coordinate systems used in the robot system 1.
Further, a letter after *“_" 1s described to indicate a subscript
of a letter before “_” 1n the following description. The
control device 30 of the robot system 1 performs a control
process so that the robot 20 performs predetermined work
using seven three-dimensional Cartesian coordinate sys-
tems, that 1s, an 1maging unit coordinate system 2_c, a work
coordinate system 2_w, a tool coordinate system 2_t, a
gravity center coordinate system 2_g, a manipulation target
coordinate system X_m, an external force coordinate system
2 ¢, and an assembly target coordinate system X o0, as
illustrated 1n FIG. 2. Ongins of these seven coordinate
systems and directions of the coordinate axes are set (stored
or registered) in the control device 30 by the user.

Each of the onigins of the seven coordinate systems 1s set
to move with a target X so as to represent a position of the
target X (in this case, the imaging unit 10, a support stand
of the robot 20, the force sensor 22, a center of gravity of the
manipulation target M, a rotation center of the manipulation
target M, the manipulation target M, or the assembly target
O). Further, each of the directions of the coordinate axes of
the seven coordinate systems 1s set to move with a change
in a posture of the target X so as to represent the posture of
the target X. Further, the user may associate the position of
the target X with the position of the origin of the coordinate
system, and may set the position of the ornigin of the
coordinate system to be set for the target X and the direction
of the coordinate axis to an arbitrary position and direction
on the assumption that a slope of the target X and the
direction of the coordinate system can be associated.

The 1imaging unit coordinate system 2_c 1s a coordinate
system representing a position (for example, a position
determined 1n advance on an imaging element 1s the origin)
and a posture of the imaging unit 10.

The work coordinate system 2_w 1s a coordinate system
representing a position and a posture of the support stand of
the robot 20.

The tool coordinate system 2_t 1s a coordinate system set
in a position (for example, a position of a marker indicating
a center of gravity of the force sensor 22 or a position of the
force sensor 22 1s the origin) or a posture of the force sensor
22. Further, 1n this embodiment, the tool coordinate system
>_trepresents a position and a posture of the force sensor 22
and a position and a posture of the gripping unit HND so as
to simplily description. Generally, a sensor coordinate sys-
tem representing a position and a posture of the force sensor
22 and a hand (gripping unit) coordinate system representing
a position and a posture of the gripping unit HND do not
match, and the control device 30 calculates a relative posi-
tional relationship between the work coordinate system and
the hand coordinate system using the relative positional
relationship between the work coordinate system and the
sensor coordinate system and the relative positional rela-
tionship between the sensor coordinate system and the hand
coordinate system, and performs control of the robot 20
based on the calculated relative positional relationship
between the work coordinate system and the hand coordi-
nate system.

The gravity center coordinate system X_g 1s a coordinate
system representing a position and a posture of the center of
gravity ol the manipulation target M.

The manipulation target coordinate system 2 _m 1s a
coordinate system representing a position and a posture of
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the manipulation target M (for example, a position on the
mampulation target M most apart from the gripping unit
HND 1n an initial state).

The external force coordinate system X_e¢ 1s a coordinate
system that defines an external force and external moment
acting on the target. Further, in this disclosure, a coordinate
system that defines a motion based on compliant motion
control 1s caused to match the external force coordinate
system 2_e. That 1s, rotation motion based on compliant
motion control 1s represented by rotation around the origin
of the external force coordinate system X_e based on the
posture of the external force coordinate system 2_e. How-
ever, the systems may be not matched or may be arbitrarily
arranged by the user. Further, heremafter, an external force
(that 1s, an external force detected by the force sensor) acting
on the target 1s simply referred to as a force, and an external
moment (that 1s, a moment detected by the force sensor) 1s
referred to as a moment as long as it 1s not necessary to
distinguish them. As described above, the rotation center
position can be set to an arbitrary position by the user, but
1s assumed to be set to a predetermined position on the
mampulation target M 1n this embodiment.

The assembly target coordinate system X_o 1s a coordi-
nate system representing a position and a posture of the
assembly target O (for example, a position on the assembly
target O nearest to the manipulation target M).

In the following description, a position of an origin of the
coordinate system b 1n the coordinate system a 1s assumed
to be a position of the target X i which the coordinate
system b 15 set since the coordinate system moves with the
target X. For example, the position of the ornigin of the
mampulation target coordinate system X_m 1n the work
coordinate system 2_w 1s referred to as a position of the
mampulation target M 1n the work coordinate system 2_w.
Similarly, the posture of the coordinate system b in the
coordinate system a will be described as a posture of the
target X 1n which the coordinate system b i1s set. For
example, the posture of the manipulation target coordinate
system 2_m 1n the work coordinate system 2_w 1s referred
to as a posture of the manipulation target M 1n the work
coordinate system X_w.

Here, a notation of equations used to describe a process
performed by the control device 30 1s shown prior to a more
concrete description. First, 1n the following description, a
letter after “” 1s described to indicate a superscript of a letter
before “ 7. Further, a first letter with “(—)” is described to
be a vector. Further, a first letter with “(")” 1s described to be
a matrix.

Under this notation, 1n the coordinate system a, a vector
representing the position of the target X in which the
coordinate system b 1s set 1s represented as a position vector
p_b a(—). The position vector p_b a(—) i1s defined by an x
coordinate X'b, a y coordinate y'b, and a z-coordinate z'b of
the target X 1n the coordinate system b, as shown in Equation

(1) below.

—
[ [ [

Py=lXp Y5 Zp |

(1)

Similar to the notation of the position vector, a vector
representing the posture of the target X 1n which the coor-
dinate system b 1s set in the coordinate system a 1s repre-
sented as a posture vector o_b a(—). The posture vector
o_b"a(—) is represented as Equation (2) below using Eul-
erian angles (o._b"a, f_b"a, and y_b"a) as components, as
shown 1n Equation (2) below.

—

0, =0, B, ]

(2)
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Here, the Eulenian angles are defined as angles rotated
around a z-axis, a y-axis and an x-axis of the coordinate
system a to cause the x-axis, the y-axis and the z-axis of the
coordinate system a to match an x-axis, an y-axis and a
z-axis of the coordinate system b, and are represented as
v_b'a, p_b a and a_b"a.

A rotation matrix when the position and the posture of the
target X represented by the posture of the coordinate system
b are rotated to the position and the posture of the target X
represented by the posture of the coordinate system a 1s
represented as a rotation matrix R_b"a("). Further, there is a
relationship between the above-described Eulerian angles
and the rotation matrix in Equation (3) shown below.

o(R) = [atan(R33 / —Rp3)asin(R 3 )atan(—R3 /Ry3)] (3)
cos Scosy —COs fsiny sinf
sinasinfcosy +  —sinasinfsiny+  —sinacosf
f{(g ) = COSQsINy COSQCOSY
—cosasinfScosy +  cosasinfsiny+  cosacosf
sInasiny SINACOSY

Here, for the vectors shown in Equations (1) to (3)
described above, a top and a bottom of the subscript can be
replaced 1n conversion equations (4) to (6) below.

(4)

(3)

R.7=[R," (6)

Here, [R_b"a(")]'T indicates a transposed matrix of
R_a'b. That 1s, a subscript of the rotation matrix can be
replaced by transposing the rotation matrix, and a subscript
of the vector can be replaced by the rotation matrix. Further,
hereinafter, a position vector p_b a(—) indicating the posi-
tion of the target X 1n which the coordinate system b 1s set
in the coordinate system a 1s simply referred to as a position
of the target X 1n the coordinate system a, except for a case
in which there 1s a need. For example, a position vector
p_o ¢(—) indicating the position of the origin of the assem-
bly target coordinate system Z_o set 1n the assembly target
O represented 1n the imaging unit coordinate system 2_c 1s
simply referred to as a position of the assembly target O 1n
the 1maging unit coordinate system X_c.

Similar to the case of the position, hereinafter, a posture
vector o_b a(—) indicating the posture of the target X in
which the coordinate system b 1s set 1n the coordinate system
a 1s simply referred to as a posture of the target X 1n the
coordinate system a except for a case in which there 1s a
need. For example, a posture vector o_o ¢(—) indicating the
posture of the assembly target coordinate system X_o set in
the assembly target O represented in the imaging umit
coordinate system X_c 1s simply referred to as a posture of
the assembly target O 1n the imaging unit coordinate system
2. C.

Next, a hardware configuration of the control device 30
will be described with reference to FIG. 3. FIG. 3 1s a
diagram 1llustrating an example of the hardware configura-
tion of the control device 30. The control device 30 includes,
tor example, a CPU (Central Processing Unit) 31, a storage
unit 32, an input reception unit 33, and a communication unit
34, and performs communication with the imaging unit 10,
the robot 20 or the like via the communication unit 34. These
components are connected via a bus so that the components
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can communicate with each other. The CPU 31 executes
various programs stored in the storage unit 32.

The storage unit 32 includes, for example, an HDD (Hard
Disk Drive), an SSD (Solid State Drive), an EEPROM
(Electrically Erasable Programmable Read-Only Memory),
a ROM (Read-Only Memory), or a RAM (Random Access

Memory), and stores various pieces of information, images,
and programs processed by the control device 30. Further,
the storage unit 32 may be an external storage device
connected by, for example, a digital input and output port
such as a USB, rather than a storage unit built in the control

device 30.

The mput reception unit 33 1s, for example, a keyboard,
a mouse, a touch pad, or another input device. Further, the
input reception unit 33 may function as a display unit or may
be configured as a touch panel.

The communication unit 34 includes, for example, a
digital input and output port such as a USB, or an Ethernet
port.

Next, a functional configuration of the control device 30
will be described with reference to FIG. 4. FIG. 4 1s a
diagram 1llustrating an example of a functional configuration
of the control device 30. The control device 30 includes a
storage unit 32, an input reception unit 33, an 1mage acqui-
sition unit 33, and a control unit 36. For example, some or
all of these functional units are realized by the CPU 31,
which executes various programs stored in the storage unit
32. Further, some or all of these functional units may be
hardware functional units such as an LSI (Large Scale
Integration) or an ASIC (Application Specific Integrated
Circuit).

The control device 30 relatively moves the manipulation
target M with respect to the assembly target O so that the
mampulation target M and the assembly target O are
assembled without damaging the manipulation target M by
combining compliant motion control into a loop of visual
servo. More specifically, the control device 30 controls the
robot 20 so that the manipulation target M changes into the
same state as that of a template 1mage (for example, a CAD
(Computer Aided Design) image in a state in which the
mampulation target M and the assembly target O are
assembled) stored 1n the storage unit 32 1n advance using a
visual servo technology.

In this case, when the control device 30 detects a relative
positional relationship between the manipulation target M
and the force sensor 22 1n the captured image captured by
the imaging unit 10, and sequentially determines the rotation
center position and the rotation center posture defining 1ts
operation when controlling the robot 20 through compliant
motion control based on the detected relative positional
relationship. Also, when the control device 30 causes the
robot 20 to perform an operation of rotating the manipula-
tion target M, the control device 30 controls the robot 20 to
rotate the manipulation target M based on the rotation center
posture around the rotation center position. Further, when
the control device 30 causes the robot 20 to translate the
mampulation target M, the control device 30 controls the
robot 20 to translate the manipulation target M based on the
rotation center posture.

Further, the control device 30 includes a time measuring,
umt, which 1s not illustrated, acquires the captured image
captured by the imaging unit 10 from the 1mage acquisition
unit 35 at a timing measured by the time measuring unit, and
acquires information indicating the force and the moment
detected by the force sensor 22 from the force sensor 22 of
the robot 20 at the same timing.
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The 1mage acquisition unit 35 acquires the captured image
captured by the imaging unit 10. The 1mage acquisition unit
35 outputs the acquired captured image to the control unit
36.

The control umit 36 includes a target derivation unit 39, a
rotation center position calculation unit 41, an external force
calculation unit 43, a load relaxation operation amount
calculation unit 45, a movement operation amount calcula-
tion unit 46, an operation end determination unit 47, and a
robot control unmit 49.

The target derivation unit 39 detects a position and a
posture of the assembly target O 1n the 1maging unit coor-
dinate system X_c from the captured 1image acquired by the
image acquisition unit 35.

Further, the target derivation unit 39 derives a position
and a posture of the manipulation target M 1n the 1maging
unit coordinate system 2_c after assembly completion,
based on the position and the posture of the assembly target
O 1 the imaging unit coordinate system 2_c. When per-
forming this derivation, the target derivation unit 39 detects
the position and the posture of the manipulation target M
alter the assembly completion based on the above-described
template 1mage. Hereinafter, the position and the posture of
the manipulation target M 1n the imaging unit coordinate
system 2_c after the assembly completion derived by the
target derivation unit 39 are referred to as a target position
and a target posture.

The rotation center position calculation unit 41 detects a
current position and current posture of the mampulation
target M 1n the 1imaging unit coordinate system 2_c¢ from the
captured 1mage acquired by the 1image acquisition unit 35.
Further, the rotation center position calculation unit 41
detects the position and the posture of the imaging unit 10
in the tool coordinate system X_t. Further, the rotation center
position calculation unit 41 calculates a rotation center
position and a rotation center posture in the tool coordinate
system 2_t based on the detected current position and
posture of the mampulation target M in the 1maging unit
coordinate system X_c, the detected position and posture of
the 1maging unit 10 1n the tool coordinate system X_t, and
the rotation center position and the rotation center posture in
the mamipulation target coordinate system 2_m set in
advance by the user.

Further, the rotation center position calculation unit 41
calculates a position and a posture of the force sensor 22 1n
the work coordinate system 2_w using forward kinematics.
Further, the rotation center position calculation unit 41
calculates a position and a posture of the support stand of the
robot 20 in the external force coordinate system X_¢ based
on the calculated rotation center position and rotation center
posture 1n the tool coordinate system 2_t, and the position
and the posture of the force sensor 22 in the work coordinate
system 2_w.

The external force calculation unmit 43 calculates the force
and the moment acting on the gripping unit HND acquired
from the force sensor 22, which are a force and moment
represented 1n the tool coordinate system X_t, as a force and
moment 1n the external force coordinate system X_e, based
on the position and the posture of the support stand of the
robot 20 1n the external force coordinate system X2_¢ calcu-
lated by the rotation center position calculation unit 41.

The load relaxation operation amount calculation unit 45
calculates a relaxation operation amount for moving the
manipulation target M, which 1s a relaxation operation
amount 1n the external force coordinate system X_e to relax
the force acting on the manipulation target M gripped by the
gripping unit HND of the robot 20, based on the force and
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the moment calculated by the external force calculation unit
43, which are a force and moment represented in the external
force coordinate system 2_e. Here, the relaxation operation
amount 1s a small movement amount for translating the
mamipulation target M 1n a direction 1n which the detected
force acts (heremafter referred to as a small relaxation
movement amount), and a small rotation amount for rotating
the manipulation target M 1n a direction of the detected
moment (heremafter referred to as a small relaxation rota-
tion amount). The load relaxation operation amount calcu-
lation unit 45 calculates a relaxation operation amount 1n the
work coordinate system 2_w based on the calculated relax-
ation movement amount 1n the external force coordinate
system 2_e.

The movement operation amount calculation unit 46
calculates, in the 1maging unit coordinate system 2_c, a
target operation amount by which the manipulation target M
1s moved by the gripping unit HND so that the position and
posture of the manipulation target M match the target
position and posture calculated by target derivation unit 39.
The target operation amount 1s a small movement amount
for translating the manipulation target M to the target
position (hereinatfter referred to as a small target movement
amount) and a small rotation amount for rotating the
mampulation target M to the target posture (heremafter
referred to as a small target rotation amount). The movement
operation amount calculation unit 46 calculates a target
operation amount 1n the work coordinate system 2_w based
on the calculated target operation amount 1n the 1maging unit
coordinate system 2_c.

The operation end determination unit 47 determines
whether work 1n which the robot 20 assembles the manipu-
lation target M 1nto the assembly target O ends based on the
relaxation operation amount in the work coordinate system
>_w calculated by the load relaxation operation amount
calculation unit 45 and the target operation amount 1n the
work coordinate system 2_w calculated by the movement
operation amount calculation unmit 46. Further, the operation
end determination unit 47 may determine whether the work
in which the robot 20 assembles the manipulation target M
into the assembly target O ends based on only the target
operation amount in the work coordinate system 2_w cal-
culated by the movement operation amount calculation unit
46.

The robot control unit 49 calculates a position and a
posture 1n which the force sensor 22 1s to move 1n the work
coordinate system 2_w based on the relaxation operation
amount in the work coordinate system 2_w calculated by the
load relaxation operation amount calculation unit 45 and the
target operation amount in the work coordinate system >_w
calculated by the movement operation amount calculation
unit 46. Also, the robot control unit 49 controls the robot 20
so that the position and the posture of the force sensor 22
match the calculated position and posture in which the force
sensor 22 1s to move 1n the work coordinate system X_w.

Hereinafter, a process in which the control device 30
operates the robot 20 so that the manipulation target M and
the assembly target O are assembled will be described with
reference to FIG. 5. FIG. 5 1s a flowchart illustrating an
example of a process flow 1 which the control device 30
operates the robot 20 so that the manipulation target M and
the assembly target O are assembled.

First, the control device 30 sets a position and a posture
input from the user via the mput reception unit 33, which 1s
a position p_o m(—) and a posture o_o m(—) of the assem-
bly target O 1n the manipulation target coordinate system
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2_m 1n a state 1n which assembly of the manipulation target
M and the assembly target O 1s completed (step S100).

Then, the control device 30 sets a rotation center position
and a rotation center posture mput from the user via the input
reception unit 33, which is a rotation center position p_e m
(—) and a rotation center posture o_e m(—) in the manipu-
lation target coordinate system 2_m (step S110).

Steps S100 to S110 are initial settings for the control
device 30 performed by the user. Now, it 1s assumed that,
alter step S110, imaging by the imaging unit 10 1s started and
the control unit 36 acquires the captured image from the
image acquisition unit 35.

After the control unit 36 acquires the captured 1image, the
target derivation umt 39 of the control device 30 detects a
position p_o ¢(—) and a posture o_o c¢(—) of the assembly
target O 1n the 1maging unit coordinate system 2_c based on
the captured image acquired by the image acquisition unit 35
(step S120).

Then, the target derivation umt 39 calculates a target
position and a target posture of the manipulation target M in
a state 1n which assembly of the manipulation target M and
the assembly target O 1s completed, which 1s the target
position p_m c¢(d)(—) and the target posture o_m c(d)(—)
of the manipulation target M 1n the 1maging unit coordinate
system X_c, using Equation (7) shown below, based on the
position p_o m(—) and the posture o_o c(—) of the assem-
bly target O 1n the manipulation target coordinate system
2_m 1n a state 1n which assembly of the manipulation target
M and the assembly target O 1s completed, which are set 1n
step S100, and the position p_o c¢(—) and the posture
0_o ¢c(—) of the assembly target O in the imaging unit
coordinate system 2_c detected 1n step S120 (step S130)

P ()= . HRD 7

R, (d)=R,R,,” (7)
Here, “(d)” of the target position p_m c¢(d)(—) and the
target posture o_m c¢(d)(—) of the manipulation target M in
the 1maging unit coordinate system X_c 1s a label added to
distinguish between the position p_m c¢(—) and the posture
o_m c¢(—) of the manipulation target M in the imaging unit
coordinate system 2_c detected by the rotation center posi-
tion calculation unit 41 1n step S140.

The process from step S120 to step S130 1s a process in
which the control unit 36 indirectly calculates a relative
position and a relative posture of the manipulation target M
in a state 1n which assembly of the manipulation target M
and the assembly target O 1s completed and the imaging unit
10, based on the relative position and the relative posture of
the 1maging unit 10 and the assembly target O, and the
relative positional relationship (the position and the posture)
of the manipulation target M and the assembly target O 1n a
state 1n which assembly of the manipulation target M and the
assembly target O 1s completed.

Then, the rotation center position calculation unit 41
detects the position p_m’ ¢(—) and the posture o_m ¢(—) of
the manipulation target M 1n the imaging unit coordinate
system 2_c¢ from the acquired captured image (step S140).

Then, the rotation center position calculation unit 41
detects a position p_c t(—) and a posture o_c't (—) of the
imaging unit 10 in the tool coordinate system 2_t from the
acquired captured 1mage (step S150).

Then, the rotation center position calculation unit 41
calculates a position p_e t(—) and a posture o_e t(—) of the
rotation center in the tool coordinate system 2_t using
Equation (8) shown below, based on the position p_m ¢(—)
and the posture o_m ¢(—) of the manipulation target M in
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the 1maging unit coordinate system 2_c calculated in step
S140 and the position p_c t(—) and the posture o_c t(—) of
the mmaging unit 10 in the tool coordinate system 2_t
calculated 1n step S150 (step S160).

=P ARAD 4R, )

R/<R/R,, R (8)
Here, the process of step S160 is a process of detecting a
change 1n a relative positional relationship between the force
sensor 22 and the rotation center position and the rotation
center posture described above. The fact that the position
p_e t(—) and the posture o_e t(—) of the rotation center in
the tool coordinate system 2_t calculated in step S160 are
different from the values calculated 1n the previous routine
shows that the relative positional relationship between the
force sensor 22 and the rotation center position and the
rotation center posture 1s changed due to an external force.
By detecting this change, the control unit 36 can perform
control so that the robot 20 always rotates the manipulation
target M based on the rotation center posture around the
rotation center position, based on the rotation center position
and the rotation center posture with respect to the force
sensor 22 after the change even when the rotation center
position and the rotation center posture with respect to the
force sensor 22 are changed due to an external force.

Then, the rotation center position calculation unit 41
calculates the position p_t w(—) and the posture o_t w(—)
of the force sensor 22 in the work coordinate system 2_w
based on forward kinematics (step S170).

Then, the rotation center position calculation unit 41
calculates the position p_w e(—) and the posture o_w e(—)
of the support stand of the robot 20 1n the external force
coordinate system X_e¢ using Equation (9) shown below,
based on the rotation center position p_e t(—) and the
rotation center posture o_e t(—) in the tool coordinate
system X_t calculated in step S160, and the position p_t'w
(—) and the posture o_t"w(—) of the force sensor 22 in the

work coordinate system X_w calculated 1n step S170 (step
S180).

(9)

Here, through the process of the following step S190, the
control unit 36 can calculate the force and the moment acting
on the rotation center position due to the force and the
moment acting on the force sensor 22 by calculating the
position p_w e(—) and the posture o_w e(—) of the support
stand of the robot 20 1n the external force coordinate system
2_¢ through the process of step S180.

Then, the external force calculation unit 43 calculates a
force (that 1s, a force acting on the rotation center position)
f'e(—) and a moment (that i1s, moment generated in the
rotation center position) m e(—) in the external force coor-
dinate system X_e using a Newton-Euler equation (10)
shown below, based on the force and the moment detected
by the force sensor 22, which are the force ft(—) and the

moment m t(—) in the tool coordinate system X2_t (step
S190).

TR, R T-mE(g-p".")

m®=R_{Io” *+o_ xIo +R¥(m+p ‘x T -

[

pxmR, g)} (10)
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Here, the upper equation in Equation (10) described
above shows that a component " e(—) of the external force
acting on the rotation center position of the manipulation
target M 1s represented by a component obtained by sub-
tracting a component mE( )g(—) due to gravity and a
component mE(")p_c w(—)(**) due to an inertial motion by
the arm unit ARM of the robot 20 from a component { t(—)
of the force detected by the force sensor 22. Further, a first
letter with “(* *)” indicates a vanable differentiated twice
with respect to time. Further, a matrix E(") 1s a unit matrix,
a vector g(—) 1s a vector indicating acceleration of gravity,
and scalar m indicates a mass of the manipulation target M.

Similarly to the upper equation, the lower equation shows
that moment mAe generated at the rotation center due to the
external force acting on the mampulation target M 1s rep-
resented by a component obtained by subtracting a compo-
nent p_g t(—)xmR_wt(")g(—) of the moment due to the
gravity from a component obtained by adding a component
I(Mo_c w(—)(**) of torsional moment, a component o_c'w
(—=)(*)xI(Ho_cw(—)(*) of moment due to the Coriolis
force, moment m" t(—) detected by the force sensor 22, and
a component p_e t(—)xf t(—) of moment by a component
f't(—) of the force detected by the force sensor 22.

Then, the load relaxation operation amount calculation
unit 45 calculates a small relaxation movement amount
Ap e(—) and a small relaxation rotation amount Ao e(—) of
the relaxation operation amount of the manipulation target
M 1n the external force coordinate system 2_e using Equa-
tion (11) shown below, based on the force { e(—) and the

moment m”e(—) in the external force coordinate system X_e
calculated 1n step S190 (step S200).

Y — € 1

FAO =

— & — €

AP = (1)

M,s? +D,s + K, M,s? +D,s + K,

Here, AP e(—) and AO e(—) of Equation (11) used in
step S200 are obtained by performing a Laplace transform
on Ap'e(—) and Ao e(—) respectively. Further, Equation
(11) varies depending on a motion model used to determine
an operation amount (small movement amount and small
rotation amount) for movement 1n a direction 1n which the
external force 1s relaxed when the external force 1s applied
to the rotation center position set in the manipulation target
M. In this embodiment, as shown in Equation (11) described
above, the motion model represented by an inertial mass
matrix M_p("), a damper coeflicient matrix D_p("), and a
spring multiplier matrix K_p(") regarding the small move-
ment amount, and an inertial mass matrix M_o("), a damper
coeflicient matrix D_o("), and a spring multiplier matrix
K_o(") regarding the small rotation amount is adopted. The
control performed by such a motion model 1s called imped-
ance control among compliant motion controls. Further, the
scalar s 1s a variable used for the Laplace transform. The
compliant motion control 1s not limited to impedance con-
trol, and for example, stiflness control or damping control
may be applied.

Then, the load relaxation operation amount calculation
unit 45 calculates a small relaxation movement amount
Ap_t'w(i)(—) and a small relaxation rotation amount
Ao_t'w(i1)(—) as the relaxation operation amount of the
force sensor 22 in the work coordinate system 2_w using
Equation (12) shown below, based on the relaxation opera-
tion amount of the manipulation target M 1n the external
force coordinate system X_e calculated 1n step S200 (step

3210).
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Ap [ ()=R."[Ap “+A 0 °xp,7]

AR ())=R "R(A0°)R_° (12)

Here, “(1)” in the small relaxation movement amount
Ap_t'w(i)(—) and the small relaxation rotation amount
Ao_t'w(1)(—) that constitute the relaxation operation
amount 1s a label for distinguishing between the relaxation
operation amount and the target operation amount. The robot
control unit 49 of the control unit 36 can control the robot
20 to move the position and the posture of the force sensor
22 to a position 1n which the force and the moment acting on
the rotation center position are relaxed, based on the relax-
ation operation amount 1n the work coordinate system 2_w
calculated by the load relaxation operation amount calcula-
tion unit 45 through the process from step S200 to step S210.

Then, the movement operation amount calculation unit 46
calculates a target operation amount for moving the manipu-
lation target M to the target position and the target posture,
which 1s the small target movement amount Ap_m’ ¢(—) and
the small target rotation amount Ao_m ¢(—) as the target
operation amount in the imaging unit coordinate system 2_c¢
using Equation (13) shown below, based on the target
position p_m c¢(d)(—) and the target posture o_m c(d)(—)
of the manipulation target M 1n the 1maging unit coordinate
system 2_ ¢ 1n a state 1n which assembly of the manipulation
target M and the assembly target O 1s completed, which 1s
calculated in step S130, and the position p__ m ¢(—) and the
posture o_m ¢(—) of the manipulation target M 1in the
imaging unit coordinate system 2_c detected 1n step S140

(step S220).

&Emc(v) :f{p (Emc (d)_Emc)

AG,, (V)7K, 0 (R, (DR, (13)
Then, the movement operation amount calculation unit 46
calculates the small target movement amount Ap_t w(v)(—)
and the small target rotation amount Ao_t'w (v)(—) as the
target operation amount of the force sensor 22 1n the work
coordinate system X_w using Equation (14) shown below,

based on the target operation amount of the manipulation

target M 1n the 1maging unit coordinate system X_c calcu-
lated 1n step S220 (step S230).

AD V(V)=RY|R(A 0 9R,,{R*AD . (v)+0 (R R(A
0 (VIREX(P " +AD €)1+ 0 (R(A
09R,,°R,"R(A 0 ,°(V))R,,* R/ R(A 0 €)™ )xp 7]

A (V)=0 (RAOIR,IRAC)R,, R, R)A
0 VIR, RRAC)IRA R, (14)
Here, “(v)” in the small target movement amount Ap_t'w
(v)(—) and the small target rotation amount Ao_t "w(v)(—)
which constitute a target operation amount 1s a label for
distinguishing between the target operation amount and the
relaxation operation amount.

Then, the operation end determination unit 47 calculates
an added small movement amount Ap_t'w (—) and an added
small rotation amount Ao_t "w (—) by adding the relaxation
operation amount calculated in step S210 and the target

operation amount calculated 1n step S230 as in Equation (15)
shown below (step S240).

&Erw:&E rw(i)'kﬁﬁrw (V)

AR"=R(A0 *(v))R(A0 *(i)) (15)

Then, the operation end determination unit 47 determines
whether both of the added small movement amount Ap_t'w
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(—) and the added small rotation amount Ao_t'w (—)
calculated 1n step S240 are smaller than respective corre-
sponding predetermined thresholds (step S250). Further, the
respective corresponding predetermined thresholds are set
separately. When both of the added small movement amount
Ap_t"w(—) and the added small rotation amount Ao_t w(—)
are smaller than the respective corresponding predetermined
thresholds (step S250—Yes), the operation end determina-
tion unit 47 determines that 1t 1s no longer necessary to move
the manipulation target M, and ends the process.

On the other hand, when the operation end determination
unit 47 determines that one or both of the added small
movement amount Ap_t w(—) and the added small rotation
amount Ao_t'w(—) are not smaller than the respective
corresponding predetermined thresholds (step S250—No),
the robot control unit 49 calculates the target position p_t'w
(d)(—) and the target posture o_t'w (d)(—) of the force
sensor 22 1n the work coordinate system 2_w using Equation
(16) shown below, based on the relaxation operation amount

calculated 1n step S210 and the target operation amount
calculated 1n step S230 (step S260).

Erw(d):?j}rw'l'&ﬁrw

R¥(d)=R,"R(A0” (16)

Further, the operation end determination unit 47 may be
configured to determine whether both of the small target
movement amount Ap_tw (v)(—) and the small target
rotation amount Ao_t w(v)(—) calculated in step S230 are
smaller than respective corresponding predetermined thresh-
olds, mstead of being configured to determine whether both
of the added small movement amount Ap_t'w(—) and the
added small rotation amount Ao_t'w (—) calculated in step
S240 are smaller than respective corresponding predeter-
mined thresholds. Further, the operation end determination
unit 47 may be configured to determine whether a value
obtained from an arbitrary function consisting of Ap_t'w
(—)(1), Ao_t'w(1), Ap_t w(—)(v) and Ao_t w(v) is smaller
than a predetermined threshold (whether 1t 1s no longer
necessary to move the manipulation target M) using the
function according to a property of predetermined work
performed by the robot 20.

Then, the robot control unit 49 controls the robot 20 to
move the force sensor 22 so that the position and the posture
of the force sensor 22 match the target position p_t w(d)(—)
and the posture o_t' w(d)(—) of the force sensor 22 in the
work coordinate system X_w calculated 1n step S260 (step
S270). The control unit 36 repeats the processes of steps
S120 to S270 until 1t 1s determined 1n the determination of
step S250 that i1t 1s no longer necessary to move the
manipulation target M, to perform control so that the robot
20 performs predetermined work.

Further, the rotation center position calculation unit 41
may 1nclude a marker indicating the position of the force
sensor 22 described above, for example, when the force
sensor 22 cannot be 1imaged by the imaging unit 10 because
the force sensor 22 1s inside the arm unit ARM and not
visible from the outside 1n the process from step S1350 to step
S180 or may sequentially calculate the position p_t e(—)
and the posture o_t e(—) of the force sensor 22 in the
external force coordinate system X_e using Equations (17)
to (19) shown below, based on a relative positional relation-
ship 1n an 1nitial state between the force sensor 22 and the
rotation center position and the rotation center posture set by
a user.
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AP O=P m (O-P , (t=-1)-Ap ,°(v)-|R,,“R,"R(A
0 ) [{APe(t)-Ap c(t-1)+(A 0 (t)-A 0 °(t—1))x
P}

R, (={R(0 ,,“(v))"[R,,"R/;™R(A 0 )]R(A 0 *(t)-A
0 “(t-1)[R,,R.*R(A0 %)} 'R0, (t)-
0,5(t-1))

A G, (=0 (R, (1)) (17)

ADP™(t)=R"A D, (t)
AR™(1)=R,"R,, (DR,

Ao ™(t)=0 (R™(1)) (18)
P SO=[[R(A 0 °(R, TR™(D[R(A0 R, 7'

P A(t=1)-R(A0°R,[AP™(O+A 0 ™(t)x(p -A

il

RA=[[R(A 0 °)R, TR™(D[R(AG)R,,T 'R A(t-1))

0 f(H=0 (RA(L) (19)

Equations (17) to (19) above are equations for calculating,
an amount of shift of the relative positional relationship
between the force sensor 22 and the manipulation target M
by subtracting a movement amount of the robot 20 from the
movement amount of the manipulation target M detected
from the captured image. Further, the movement amount of
the robot 20 1s calculated based on the initial state of the
robot 20 by the control unit 36. The configuration using the
relative positional relationship 1n the 1mitial state of the force
sensor 22 and the rotation center position and the rotation
center posture set by the user, and Equations (17) to (19)
above 1s usetul because the position and the posture of the
mamipulation target M and the position and the posture of the
force sensor 22 can be tracked when the manipulation target
M and the force sensor 22 are not included 1n an 1maging
range of the imaging unit 10, that 1s, even when the position
of the force sensor 22 cannot be detected using the marker
indicating the position of the force sensor 22.

Even when the force sensor 22 cannot be imaged by the
imaging unit 10, the rotation center position calculation unit
41 can perform the process of step S150 to step S180 by
performing sequential calculation using Equations (17) to
(19) above, as 1n the case 1n which the force sensor 22 can
be 1maged by the imaging unit 10. As a result, the control
unit 36 can control the robot 20 to perform predetermined
work based on the relative positional relationship between
the force sensor 22 and the predetermined position set in the
mampulation target M. Further, the case 1n which the force
sensor 22 cannot be 1maged by the imaging unit 10 1s, for
example, a case 1n which the force sensor 22 1s covered with
a member of the arm unit ARM or a case in which the arm
unit ARM including the force sensor 22 1s shifted from the
angle of view of the imaging unit 10.

As described above, the robot 20 of the robot system 1
according to the first embodiment rotates the manipulation
target M around the rotation center position of the manipu-
lation target M and relatively moves the mampulation target
M with respect to the assembly target O using the gripping
umit HND based on the captured image including the grip-
ping unit HND and the manipulation target M. Therefore,
the robot can perform good assembly work.

Further, the robot 20 relatively moves the manipulation
target M with respect to the assembly target O through
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rotation and translation using the rotation center in the case
of rotation as a coordinate origin moving with the manipu-
lation target M. Therefore, the robot can perform good
assembly work.

Further, the robot 20 can sequentially relatively move the
manipulation target M with respect to the assembly target O,
and thus, perform good assembly work with high precision.

Further, the robot 20 performs compliant motion control
according to a motion characteristic set 1n a predetermined
position and each axial direction. Therefore, the robot 20 can
assemble the manipulation target M with respect to the
assembly target O without damaging the assembly target O.

Further, the robot 20 derives the relative positional rela-
tionship between the position set 1n the manipulation target
M and the position set in the gripping unit HND based on the
captured 1mage, and updates the rotation center position
based on the derived positional relationship. Therefore, even
when the positional relationship of the gripping unit HND
and the rotation center 1s shifted due to an external force, the
robot 20 can relatively move the manipulation target M with
respective to the assembly target O around the shifted
rotation center and, as a result, perform good assembly
work.

Further, the robot 20 derives a relative positional rela-
tionship between the position set 1n the gripping unit HND
and the position set in the manipulation target M, and
updates the rotation center position based on the derived
positional relationship and the relative positional relation-
ship between the position set 1n the manipulation target M
and the rotation center position. Therefore, even when the
positional relationship between the gripping unit HND and
the rotation center position 1s shifted due to an external
force, the robot 20 can indirectly recognize the shifted
rotation center position from the relative positional relation-
ship between the position set 1n the gripping unit HND and
the rotation center position through the position set i the
manipulation target M and, as a result, can relatively move
the manipulation target M with respect to the assembly
target O around the shifted rotation center position.

Further, the robot 20 derives the relative positional rela-
tionship between the position set 1n the gripping unit HND
and the rotation center position based on the position of the
marker indicating the position of the force sensor 22
detected from the captured image, and updates the rotation
center position based on the relative positional relationship
between the position set in the gripping unit HND and the
rotation center position. Therefore, even when the force
sensor 22 1s covered with a member of the arm unit ARM of
the robot 20, the robot 20 can recognize the position of the
manipulation target M using the position of the marker
indicating the force sensor 22 as a mark and, as a result, can
perform good assembly work.

Further, the robot 20 derives the relative positional rela-
tionship between the position set 1n the gripping unit HND
and the rotation center position based on the position and the
posture 1n the 1nitial state of the force sensor 22, and updates
the rotation center position based on the derived relative
positional relationship between the position set 1n the grip-
ping unit HND and the rotation center position. Therefore,
even when the arm unit ARM of the robot 20 including the
force sensor 22 1s shifted from an angle of view of the
imaging unit 10, the robot 20 can recognize the position of
the manipulation target M and, as a result, can perform good

assembly work.

Second Embodiment

Hereinafter, a second embodiment of the present inven-
tion will be described with reference to the drawings. The
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robot system 2 according to the second embodiment may
have a configuration 1n which a dual-arm robot 1s 1ncluded

as the robot 25, in place of the configuration in which the
single arm robot 1s included as the robot 20. Further, in the
second embodiment, the same constituent units as those 1n
the first embodiment are denoted with the same reference
S1g1nS.

FIG. 6 1s a configuration diagram illustrating an example
ol the robot system 2 according to the second embodiment.
The robot system 2 includes an 1maging unit 10, a robot 25,
and a control device 30.

In the second embodiment, an assembly target O 1s
installed on a stand such as a table by a jig or the like, and
a manipulation target M 1s assembled through the predeter-
mined work described in the first embodiment, by any one
arm of the robot 25 which i1s a dual-arm robot. Further, the
assembly target O may be gripped by a gripping unit HND2
of the robot 25 and the predetermined work described 1n the
first embodiment may be performed by a gripping unit
HND1. Further, in this case, a role of the gripping unit
HND1 and the gripping umit HND2 may be reversed.

The robot 25 1s, for example, a dual-arm robot 1n which
the gripping unit HNDI1, the gripping unit HND?2, a force
sensor 22, an arm unit ARM1, an arm unit ARM2, and a
plurality of actuators, which are not illustrated, are included
in each arm, as illustrated 1n FIG. 6.

Each arm of the robot 25 1s a 6-axis vertical multi-joint
type. One arm can perform an operation with degrees of
freedom defined by six axes through an operation 1n which
the support stand, the arm unit ARM1, and the gripping unit
HND1 cooperate using the actuator, and the other arm can
perform an operation with degrees of freedom defined by six
axes through an operation 1in which the support stand, the
arm unit ARM2, and the gripping unit HND2 cooperate
using the actuator. Further, each arm of the robot 20 may
operate with 5 degrees of freedom (on 5 axes) or less or may
operate with 7 degrees of freedom (on 7 axes) or more.

While the robot 25 performs an operation controlled by
the control device 30 described in the first embodiment
using the arm mcluding the gripping umt HND1 and the arm
umit ARM1, the same operation may be performed using the
arm 1ncluding the gripping unit HND2 and the arm unit
ARM?2. Further, each of the gripping unit HND1 and the
gripping unit HND2 1s an example of a hand. The robot 25
1s connected to the control device 30, for example, by a cable
so that the robot 25 can communicate with the control device
30. Wired communication via the cable 1s performed accord-
ing to, for example, a standard such as Ethernet (registered
trademark) or USB. Further, the robot 25 and the control
device 30 may be connected through wireless communica-
tion performed according to a communication standard such
as Wi-Fi1 (registered trademark).

Further, the robot 25 1s controlled by the control device 30
mounted inside the robot 25 as illustrated in FIG. 6, the
control device 30 may be installed outside the robot 25, 1n
place of such a configuration.

As described above, since the robot 25 of the robot system
2 according to the second embodiment 1s the dual-arm robot
and the predetermined work described 1n the first embodi-
ment 1s performed by either or both of the two arms of the
dual-arm robot, 1t 1s possible to obtain the same eflects as 1n
the first embodiment.

Third Embodiment

Herematter, a third embodiment of the present invention
will be described with reference to the drawings. Further, in
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the third embodiment, the same constituent units as i1n the
first embodiment are denoted with the same reference signs.
In predetermined work, a robot system 1 according to the
third embodiment assembles, for example, a wrench (an
example of a manipulation target M) gripped by a gripping
unit HND and a bolt (an example of an assembly target O),
and then tightens the bolt with the gripped wrench.

Here, the predetermined work performed by the robot
system 1 according to the third embodiment will be
described with reference to FIGS. 7A to 7D. FIGS. 7TAto 7D
are diagrams schematically illustrating an example of the
predetermined work performed by the robot system 1
according to the third embodiment. FIG. 7A 1illustrates a
state of a predetermined 1nitial position before a wrench M1
gripped by the robot 20 1s assembled with a bolt O1. The
robot system 1 moves the wrench M1 to a position (a
position immediately before the bolt O1) of a wrench VM1
shown by a two-dot chain line 1n FIG. 7A. Here, an 1image
showing a state of the wrench VM1 1s set in the robot system

1 1n advance, and the robot system 1 moves the gripping unit
HND through the process described with reference to FIG.
5 1n the first embodiment so as to realize such a state. A state
in which the wrench M1 is assembled with the bolt O1 by
the robot 20 1s illustrated 1n FIG. 7B. The robot system 1
moves the gripping unit HND from the state of the wrench
VM1 1illustrated in FIG. 7A to the state in which the wrench
M1 and the bolt O1 are assembled, which 1s 1llustrated in
FIG. 7B, through the process described with reference to
FIG. 5. Here, an image Showmg the wrench M1 and the bolt
O1 1n the state illustrated i FIG. 7B 1s set 1n the robot
system 1 in advance, and the robot system 1 moves the
gripping umt HND through the process described with
reference to FIG. 5 1n the first embodiment so as to realize
such a state.

In FI1G. 7C, a state 1n which the bolt O1 1s rotated 60° by
the wrench M1 gripped by the robot 20 i1s illustrated. An
image showing a rotated state (for example, a state of a
wrench VM2 and a bolt VO1 indicated by a two-dot chain
line 1n FIG. 7C) 1s set 1n the robot system 1 in advance, and
the robot system 1 moves the gripping unit HND based on
the process described with reference to FIG. 5 so as to
realize such a state. Further, the bolt O1 and the bolt VO1 are
shown 1n an overlapped manner in FIG. 7B due to their
regular hexagons.

In FIG. 7D, a state 1n which the bolt O1 1s rotated by the
wrench M1 gripped by the robot 20 1s illustrated. When the
bolt O1 1s rotated by the wrench M1 illustrated 1n FIG. 7D,
the robot system 1 moves the wrench M1 to a position apart
by a predetermined distance from the bolt O1. Here, an
image showing a state 1n which the wrench M1 moves to the
position apart by a predetermined distance from the bolt O1
1s set 1n the robot system 1 1n advance, and the robot system
1 moves the gripping unit HND through the process
described with reference to FIG. 5 1n the first embodiment
so as to realize such a state. Also, the robot system 1 moves
the gripping unit HND until the wrench M1 moves from the
position apart by the predetermined distance from the bolt
O1 to the mitial position. The robot system 1 tightens the
bolt O1 with the wrench M1 by repeating the process of
performing the operations illustrated 1n FIGS. 7A to 7D.

Hereinafter, a process in which the control umt 36 of the
control device 30 operates the robot 20 to tighten the bolt O1
with the wrench M1 will be described with reference to FIG.
8. FIG. 8 15 a flowchart illustrating an example of a process

flow 1n which the control unit 36 of the control device 30
operates the robot 20 to tighten the bolt O1 with the wrench
M1.
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In the following description, the robot system 1 1s
assumed to have already performed the process from steps

S100 to S110 1llustrated 1in FIG. 5. First, the control unit 36

moves the gripping unit HND of the robot 20 until the
wrench M1 gripped by the gripping umit HND 1s arranged in
the predetermined imtial position described above in an
initial arrangement process (step S300). Here, the initial
arrangement process refers to a process from step S120 to

step S270 1llustrated 1n FIG. 5.

Then, the control unit 36 assembles the wrench M1 and
the bolt O1 through an assembling process (step S310).
Here, the assembling process refers to a process of moving
the gripping unit HND until the wrench M1 and the bolt O1
enter the state illustrated in FIG. 7B and assembling the
wrench M1 with the bolt O1 through the process from step

S120 to step S270 illustrated 1n FIG. 5.

Then, the control unmit 36 gets ready to move the gripping
umt HND gripping the wrench M1 until the wrench M1 and
the bolt O1 enter the state illustrated 1n FIG. 7D through a
bolt tighteming preparation process (step S320). Here, the
bolt tightening preparation process refers to a process of
calculating an added small movement amount and an added
small rotation amount for moving the gripping unit HND
and rotating the bolt O1 with the wrench M1 through the
process from step S120 to step S240 illustrated in FIG. S.

Then, the control unit 36 determines whether tightening,
of the bolt O1 1s completed by determining whether the
moment (corresponding to tightening torque) calculated
using Equation (10) described above 1n step S320 1s equal to
or greater than a predetermined value (step S330). When the
control unit 36 determines that the calculated moment 1is
equal to or greater than the predetermined value (step
S330—Yes), the control umt 36 determines that tightening
of the bolt O1 1s completed, and ends the process. On the
other hand, when the control unit 36 determines that the
calculated moment 1s smaller than the predetermined value
(step S330—No), the control umit 36 determines whether
both of the added small movement amount and the added
small rotation amount calculated using Equation (15)
described above 1n step S320 are smaller than corresponding
predetermined thresholds (step S340).

When the control umt 36 determines that both of the
added small movement amount and the added small rotation
amount are equal to or greater than the corresponding
predetermined thresholds (step S340—No), the control unit
36 determines that the wrench M1 and the bolt O1 do not
reach the state illustrated in FIG. 7D, and calculates the
target position and posture of the force sensor 22 1n the work
coordinate system 2_w based on the relaxation operation
amount and the target operation amount calculated in step
S320 (step S360). Then, the control unit 36 further rotates
the bolt O1 with the wrench M1 by controlling the robot 20
to move the force sensor 22 so that the position and the
posture of the force sensor 22 match the target position and
the target posture of the force sensor 22 in the work
coordinate system 2_w calculated 1n step S360 (step S370).
Further, since step S360 1s the same process as step S260 and
step S370 1s the same process as step S270, detailed descrip-
tion thereotf will be omitted. On the other hand, when the
control unit 36 determines that both of the added small
movement amount and the added small rotation amount are
smaller than the corresponding predetermined thresholds
(step S340—Yes), the control unit 36 determines that the
wrench M1 and the bolt O1 have reached the state illustrated
in FI1G. 7D, releases the wrench M1 from the bolt O1 (step

S350), and then, performs the process of step S300.
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As described above, based on the process described 1n
FIG. 5 1n the first embodiment and the process of step S330
according to the moment corresponding to the tightening
torque, the robot system 1 according to the third embodi-
ment can combine control based on visual servo and com-
pliant motion control based on a force sensor, and reliably
tighten the bolt O1 with the wrench M1 grnipped by the
gripping unit HND.

Further, a program for realizing the functions of any
constituent units 1n the above-described device (for
example, the robot system 1 or 2) may be recorded 1n a
computer-readable recording medium and loaded into and
executed by a computer system. Further, the “computer
system” referred to herein includes an OS (Operating Sys-
tem) or hardware such as a peripheral device. Further, the
“computer-readable recording medium” includes a flexible
disk, a magnetic optical disc, a ROM (Read Only Memory),
a portable medium such as a CD (Compact Disk)-ROM, or
a storage device such as a hard disk built 1n the computer
system. Further, the “computer-readable recording medium”
also includes a recording medium that holds a program for
a certain time, such as a volatile memory (RAM: Random
Access Memory) mside a computer system including a
server and a client when a program 1s transmitted via a
network such as the Internet or a communication line such
as a telephone line.

Further, the above-described program may be transmitted
from a computer system i1n which the program 1s stored 1n a
storage device or the like to other computer systems via a
transmission medium or by transmission waves 1n the trans-
mission medium. Here, the “transmission medium” for
transmitting the program refers to a medium having a
function of transmitting information, such as a network
(communication network) such as the Internet or a commu-
nication line such as a telephone line.

Also, the above-described program may be a program for
realizing some of the above-described functions. Alterna-
tively, the program may be a program capable of realizing
the above-described functions in combination with a pro-
gram previously stored in a computer system, that 1s, a
differential file (a differential program).

While preferred embodiments of the invention have been
described and 1llustrated above, 1t should be understood that
these are exemplary of the invention and are not to be
considered as limiting. Additions, omissions, substitutions,
and other modifications can be made without departing from
the scope of the present invention. Accordingly, the imnven-
tion 1s not to be considered as being limited by the foregoing,
description, and 1s only limited by the scope of the appended
claims.

What 1s claimed 1s:

1. A robot comprising:

a hand; and

a control umt configured to operate the hand,

wherein the control unit 1s configured to move a first
object toward a second object and 1s configured to
operate the hand to control a position and a posture of
the first object relative to a predetermined position
based on a captured image including the hand and the
first object, and

wherein the control unit includes:

a rotation center position calculation unit that detects a
current position and a current posture of the first
object, and calculates a rotation center position and
a rotation center posture based on the current posi-
tion and the current posture of the first object;
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a target derivation unit that detects a position and a
posture of the second object based on the captured
image acquired by an image acquisition unit and
determines a target position and a target posture of
the first object based on the captured 1mage and the
position and the posture of the second object;

a movement operation amount calculation unit that
determines a target operation amount ol the first
object, the target operation amount being an amount
the first object 1s moved by the hand to match the
target position and the target posture; and

a robot control unit that calculates a target position and
a target posture to which a force sensor 1s to move
based on the target operation amount of the first
object and moves the force sensor [by way of the
hand] so that the position and the posture of the force
sensor match the target position and the target pos-
ture of the force sensor.

2. The robot according to claim 1, wherein

the predetermined position 1s a coordinate origin that
moves with the first object, and

the control umt 1s configured to translate and rotate the
first object.

3. The robot according to claim 1, wherein the control unit
1s configured to perform visual servo control based on the
captured 1mage.

4. The robot according to claim 1, wherein the control unit
1s configured to perform compliant motion control according
to a motion characteristic set 1n the predetermined position
and each axial direction.

5. The robot according to claim 1, wherein the control unit
1s configured to derive a relative positional relationship
between a position set in the hand and a position set in the
first object based on the captured image, and update the
predetermined position based on the derived positional
relationship.

6. The robot according to claim 5, wherein the control unit
1s configured to update the predetermined position based on
the derived positional relationship, and a relative positional
relationship between the position set in the first object and
the predetermined position.

7. The robot according to claim 1, further comprising:

a marker indicating a position set 1n the hand,

wherein the captured image further includes the marker,
and

the control unit 1s configured to derive a relative posi-
tional relationship between a position set in the hand
and the predetermined position based on the position of
the marker detected from the captured image, and
update the predetermined position based on the dertved
relative positional relationship between the position set
in the hand and the predetermined position.

8. The robot according to claim 7, wherein,

11 the control unit detects the marker and the position and
the posture of the first object, the control unit 1is
configured to update the predetermined position based
on a first captured 1image including the imaged marker,
a second captured image including the imaged first
object, and a relative positional relationship between a
first camera capturing the first captured 1image and a
second camera capturing the second captured image.

9. The robot according to claim 1, wherein

the control unit 1s configured to derive a relative posi-
tional relationship between the position set 1n the hand
and the predetermined position based on the position 1n
an 1nitial state set in the hand, and update the prede-
termined position based on the derived relative posi-
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tional relationship between the position set in the hand
and the predetermined position.

10. A robot system comprising:

a robot mncluding a hand; and

an 1maging unit that images the hand and a first object,

wherein the robot 1s configured to move the first object
toward a second object and 1s configured to operate the
hand to control a position and a posture of the first

object relative to a predetermined position based on a

captured 1mage including the hand and the first object

captured by the imaging unit, and
wherein the robot includes:

a rotation center position calculation unit that detects a
current position and a current posture of the first
object, and calculates a rotation center position and
a rotation center posture based on the current posi-
tion and the current posture of the first object;

a target dertvation umt that detects a position and a
posture of the second object based on the captured
image acquired by an image acquisition unit and
determines a target position and a target posture of
the first object based on the captured image and the
position and the posture of the second object;

a movement operation amount calculation unit that
determines a target operation amount of the first
object, the target operation amount being an amount
the first object 1s moved by the hand to match the
target position and the target posture; and

a robot control unit that calculates a target position and
a target posture to which a force sensor 1s to move
based on the target operation amount of the first
object and moves the force sensor [by way of the
hand] so that the position and the posture of the force
sensor match the target position and the target pos-
ture of the force sensor.

11. A control device for operating a robot including a

hand,

wherein the control device 1s configured to cause the robot
to move a first object toward a second object and 1s
configured to operate the hand to control a position and

a posture of the first object relative to a predetermined

position based on a captured image including the hand

and the first object, and
wherein the control device includes:

a rotation center position calculation unit that detects a
current position and a current posture of the first
object, and calculates a rotation center position and
a rotation center posture based on the current posi-
tion and the current posture of the first object;
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a target derivation unit that detects a position and a
posture of the second object based on the captured
image acquired by an image acquisition unit and
determines a target position and a target posture of
the first object based on the captured 1mage and the
position and the posture of the second object;

a movement operation amount calculation unit that
determines a target operation amount of the first
object, the target operation amount being an amount
the first object 1s moved by the hand to match the
target position and the target posture; and

a robot control unit that calculates a target position and

a target posture to which a force sensor 1s to move
based on the target operation amount of the first
object and moves the force sensor [by way of the
hand] so that the position and the posture of the force
sensor match the target position and the target pos-
ture of the force sensor.

12. A control method for operating a robot including a

hand, comprising:

acquiring a captured image including the hand and a first
object;

detecting a current position and a current posture of the
first object, and calculating a rotation center position
and a rotation center posture based on the current
position and the current posture of the first object;

detecting a position and a posture of the second object
based on the captured image acquired by an image
acquisition unit and determining a target position and a
target posture of the first object based on the captured
image and the position and the posture of the second
object;

determining a target operation amount of the first object,
the target operation amount being an amount the first
object 1s moved by the hand to match the target position
and the target posture;

calculating a target position and a target posture to which
a force sensor 1s to move based on the target operation
amount of the first object and moving the force sensor
[by way of the hand] so that the position and the posture
of the force sensor match the target position and the
target posture of the force sensor; and

moving the first object toward a second object and oper-
ating the hand to control a position and a posture of the
first object relative to a predetermined position based
on the captured image, the rotation center position and
the rotation center posture.
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