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[Fig. 2]




Patent Application Publication Oct. 24, 2019 Sheet 3 of 31 US 2019/0321976 Al

[Fig. 3]
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[Fig. 4]
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[Fig. 6]
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[Fig. 7]
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[Fig. 8A]
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[Fig. 8F]
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[Fig. 8]
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[Fig. 12]
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[Fig. 13]
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|Fig. 15A]
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[Fig. 17]
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[Fig. 18A]
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[Fig. 19A]
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[Fig. 19C]
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[Fig. 21A]
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[Fig. 23A]
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CONTINUUM ROBOT, MODIFICATION

METHOD OF KINEMATIC MODEL OF

CONTINUUM ROBOT, AND CONTROL
METHOD OF CONTINUUM ROBOT

TECHNICAL FIELD

[0001] The present disclosure relates to a continuum
robot, a modification method of a kinematic model of the
continuum robot, and a control method of the continuum
robot.

BACKGROUND ART

[0002] A continuum robot consists of a plurality of curv-
able sections (curvable portions) of a flexible structure, and
an entire shape thereof 1s controlled by transforming or
moving the curvable sections. This robot 1s superior to
robots constituted by rigid links in two respects. First, a
continuum robot 1s movable along a curve 1n a narrow space
or in an environment with scattered objects where a robot
with rigid links may become stuck. Second, since a con-
tinuum robot 1s essentially flexible, the robot can be operated
without damaging a vulnerable target object. Therefore,
detection of external force needed 1n a case where a robot
with rigid links 1s used may become unnecessary. According
to this feature, application of the continuum robot to the
medical field, such as for a sheath of an endoscope or a
catheter, and to hazardous environments, such as for rescue
robots, 1s expected. However, since the continuum robot has
an 1nfinite degree of freedom due to 1ts flexible structure,
derivation of a kinematic model thereof 1s difhicult. That 1s,
it 1s not easy, when data of target positions in curvable
sections 1s provided, to derive a process to appropriately
calculate a driving amount of an actuator and to present the
ways 1 which the curvable sections are to be driven to
implement the target position.

[0003] NPL 1 describes derivation of a kinematic model 1n
which the curvature of curvable sections 1s assumed to be
piecewise constant. This method 1s applied to many con-
tinuum robots. It 1s also possible to calculate a driving
amount of an actuator for shape control by using this
kinematic model. Further, in the technology disclosed in
PTL 1, 1n order to derive a kinematic model and to modify
an error thereof, precision in positioning control 1s improved
by performing feedback control in curvable sections by
using displacement and angle sensors provided at ends of the
curvable sections.

CITATION LIST

Patent [iterature

[0004] PTL 1: U.S. Patent Application Publication No.
2013/0300537

Non Patent Literature

[0005] NPL 1: Design and Kinematic Modeling of Con-
stant Curvature Continuum Robots: A Review, Robert J.

Webster 111 and Bryan A. Jones, The international Journal
of Robotics Research 29(13) 1661-1683

SUMMARY OF INVENTION
Technical Problem

[0006] However, the approach using the kinematic model
described in NPL 1 does not consider modeling errors, such

Oct. 24, 2019

as Iriction and twisting of the robot, or extension and
contraction of wires used as actuators, and precision 1n shape
control may be lowered by the errors. In PTL 1, positions of
three curvable sections are compensated by using magnetic
sensors, however, there 1s an 1ssue that installation of the
magnetic sensors 1s diflicult 1n a narrow-diameter continuum
robot. Further, for the magnetic sensors it 1s necessary that
a detection system be installed outside of the continuum
robot, which may limit the use of the continuum robot.

Solution to Problem

[0007] A continuum robot of an aspect of the present
disclosure includes a control method of a continuum robot,
which includes a first curvable portion capable of curving, at
least one second curvable portion provided adjacent to the
first curvable portion and capable of curving, a first wire
connected to the first curvable portion, and a second wire
connected to the second curvable portion, a control unit
configured to control curves of the first curvable portion and
the second curvable portion by controlling driving of the
first wire and the second wire, wherein the control unit
controls driving of the first wire and the second wire on the
basis of a kinematic model in consideration of a curve of the
second curvable portion accompanying driving of the first
wire 1n order to curve the first curvable portion and a curve
of the first curvable portion accompanying driving of the
second wire 1n order to curve the second curvable portion.
Alternatively, the control unit controls driving of the first
wire and the second wire so that a curve target value of the
first curvable portion 1s achieved by the sum of curved
amounts of the first curvable portion and the second curv-
able portion.

[0008] A modification method of a kinematic model of a
continuum robot of another aspect of the present disclosure
includes modifying the kinematic model by using a model 1n
consideration of a curve of the second curvable portion
accompanying driving of the first wire 1n order to curve the
first curvable portion and a curve of the first curvable portion
accompanying driving of the second wire 1n order to curve
the second curvable portion. Alternatively, the kinematic
model 1s modified by using a model for controlling driving
of the first wire and the second wire so that a curve target
value of the first curvable portion 1s achieved by the sum of
curved amounts of the first curvable portion and the second
curvable portion.

[0009] A control method of a continuum robot of another
aspect of the present disclosure includes obtaining a target
position modified by multiplying data of the target position
of the curvable portion by an inverse of a modification value
by using a modification method in which a modification
value for modifying a kinematic model which represents a
relationship between data of a target position of the curvable
portion and a position of the curvable portion by a driven
displacement of the first wire and the second wire derived
from the data in accordance with a mechanism of the
continuum robot 1s obtained by an algorithm using an
optimization technique to reduce an error between data of
the target position of the curvable portion when the con-
tinuum robot obtains a predetermined curvature and a mea-
surement value related to an actual position of the curvable
portion, and controlling the curvable portion by a driven
displacement of the wire calculated 1n accordance with the
modified target position.
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Advantageous Effects of Invention

[0010] According to an aspect of the present disclosure, an
error with respect to a target position of a curvable portion
of a continuum robot can be reduced by modifying a driving
amount of an actuator obtained when data of the target
position of the curvable portion of the continuum robot 1s

provided.

[0011] Further features of the present invention will
become apparent from the following description of exem-
plary embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0012] FIG. 1 illustrates an apparatus according to a first
embodiment.
[0013] FIG. 2 illustrates a kinematic model according to

the first embodiment.

[0014] FIG. 3 illustrates a kinematic model according to
the first embodiment.

[0015] FIG. 4 illustrates a kinematic model according to
the first embodiment.

[0016] FIG. 5 1s a block diagram 1llustrating an optimiza-
tion algorithm according to the first embodiment.

[0017] FIG. 6 1s a block diagram illustrating a control
system according to the first embodiment.

[0018] FIG. 7 illustrates a displacement measurement
apparatus according to the first embodiment.

[0019] FIG. 8A illustrates an experimental result accord-
ing to the first embodiment.

[0020] FIG. 8B illustrates an experimental result accord-
ing to the first embodiment.

[0021] FIG. 8C illustrates an experimental result accord-
ing to the first embodiment.

[0022] FIG. 8D 1illustrates an experimental result accord-
ing to the first embodiment.

[0023] FIG. 8E illustrates an experimental result accord-
ing to the first embodiment.

[0024] FIG. 8F 1llustrates an experimental result according
to the first embodiment.

[0025] FIG. 8G 1illustrates an experimental result accord-
ing to the first embodiment.

[0026] FIG. 8H illustrates an experimental result accord-
ing to the first embodiment.

[0027] FIG. 81 illustrates an experimental result according
to the first embodiment.

[0028] FIG. 8] 1llustrates an experimental result according
to the first embodiment.

[0029] FIG. 9A illustrates an experimental result accord-
ing to the first embodiment.

[0030] FIG. 9B illustrates an experimental result accord-
ing to the first embodiment.

[0031] FIG. 9C illustrates an experimental result accord-
ing to the first embodiment.

[0032] FIG. 10A 1llustrates an experimental result accord-
ing to the first embodiment.
[0033] FIG. 10B illustrates an experimental result accord-
ing to the first embodiment.

[0034] FIG. 11 A 1llustrates an experimental result accord-
ing to the first embodiment.

[0035] FIG. 11B illustrates an experimental result accord-
ing to the first embodiment.

[0036] FIG. 12 1illustrates follow-the-leader control
according to a second embodiment.
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[0037] FIG. 13 1llustrates a kinematic model according to
the second embodiment.

[0038] FIG. 14 1s a block diagram illustrating a control
system according to the second embodiment.

[0039] FIG. 15A 1s a block diagram illustrating a trajec-
tory and a mechanical error according to the second embodi-
ment.

[0040] FIG. 15B 1s a block diagram 1llustrating a trajec-
tory and a mechanical error according to the second embodi-
ment.

[0041] FIG. 16A 1llustrates an experimental result accord-
ing to the second embodiment.

[0042] FIG. 16B illustrates an experimental result accord-
ing to the second embodiment.

[0043] FIG. 17 illustrates a control instruction according
to the second embodiment.

[0044] FIG. 18A illustrates an experimental result accord-
ing to the second embodiment.

[0045] FIG. 18B illustrates an experimental result accord-
ing to the second embodiment.

[0046] FIG. 18C illustrates an experimental result accord-
ing to the second embodiment.

[0047] FIG. 18D illustrates an experimental result accord-
ing to the second embodiment.

[0048] FIG. 19A 1llustrates an experimental result accord-
ing to the second embodiment.

[0049] FIG. 19B illustrates an experimental result accord-
ing to the second embodiment.

[0050] FIG. 19C illustrates an experimental result accord-
ing to the second embodiment.

[0051] FIG. 19D illustrates an experimental result accord-
ing to the second embodiment.

[0052] FIG. 20 1s a block diagram illustrating a control
system according to a third embodiment.

[0053] FIG. 21A 1s a block diagram 1llustrating a trajec-
tory and a mechanical error according to the third embodi-
ment.

[0054] FIG. 21B 1s a block diagram 1llustrating a trajec-
tory and a mechanical error according to the third embodi-
ment.

[0055] FIG. 22A 1illustrates an optimization algorithm
according to the third embodiment.

[0056] FIG. 22B illustrates an optimization algorithm
according to the third embodiment.

[0057] FIG. 23 A illustrates an experimental result accord-
ing to the third embodiment.

[0058] FIG. 23B illustrates an experimental result accord-
ing to the third embodiment.

[0059] FIG. 23C 1llustrates an experimental result accord-
ing to the third embodiment.

[0060] FIG. 23D illustrates an experimental result accord-
ing to the third embodiment.

[0061] FIG. 24A 1llustrates an experimental result accord-
ing to the third embodiment.

[0062] FIG. 24B illustrates an experimental result accord-
ing to the third embodiment.

[0063] FIG. 24C 1llustrates an experimental result accord-
ing to the third embodiment.

[0064] FIG. 24D illustrates an experimental result accord-
ing to the third embodiment.

DESCRIPTION OF EMBODIMENTS

[0065] Inthe present disclosure, a kinematic model can be
modified by using a model 1n consideration of continuity
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between curvable portions, and a continuum robot can be
configured and a control method of a continuum robot can
be configured 1n accordance with the modified kinematic
model. In the control method, a corresponding one of the
curvable portions 1s controlled by obtaining a driving
amount of an actuator to obtain a target position by using
data of the target position of the curvable portion (a curve
target value) and an 1nverse of a modification value (a value
which yields 1 when multiplied by a modification value) in
the modified kinematic model. Not only control of a curved
amount, which 1s previously set, but also real-time control of
a curvature by real-time operation can be performed by
sequentially adding additional target values of curvatures to
the curve target value. This technology enables a control
known as follow-the-leader control, and follow-the-leader
control with respect to a trajectory with a non-constant
curvature can also be performed by multiplying an inverse
of the modification value by an additional gain.

First Embodiment

[0066] In a first embodiment, there 1s described a method
for moditying the kinematic model described above by
introducing a model of continuity between adjacent curvable
sections, the shape of which 1s caused by a plurality of
mechanical factors 1n addition to a kinematic model in
which the curvature of curvable sections which are curvable
portions 1s assumed to be piecewise constant. Further, an
approach of improving driving and control of a continuum
robot by the method will be described. A kinematic model of
the continuum robot presents the position of the curvable
section that 1s implemented by a driving amount of a
corresponding one of actuators (driving units) derived from
the data 1n accordance with the mechanism of the continuum
robot when data of the target position of the curvable section
1s provided.

[0067] Modification of the kinematic model 1s performed
by experimentally measuring a curvature of a continuum
robot, and obtaining a coeflicient (a modification value) for
moditying the kinematic model by an algorithm which uses
an 1terative optimization technique. A kinematic modifica-
tion matrix can be obtained from the kinematic modification
coellicient, and an error between a target shape and a
curvature actually implemented by a control system of the
continuum robot can be reduced by using an inverse matrix
of the kinematic modification matrix.

[0068] FIG. 5 1s a block diagram of an optimization
algorithm for obtaiming a kinematic modification coetlicient
vector v used 1n the present embodiment. P denotes a
continuum robot, and K denotes a block for obtaining an
amount of driven displacement of the wire with an angle of
a distal end of each curvable section as a target value. First,
a first representative shape vector 0, ,,; which 1s a prede-
termined representative position 1s set, and the driven dis-
placement of the wire 1, 1s obtained by a wire displace-
ment operation block K. Next, the robot P 1s controlled by
applying the driven displacement of the wire, and measure-
ment displacements X_ o, and Z,, o, 0f the curvature of the
controlled robot are obtained by using a displacement mea-
surement system of distal ends of the curvable sections
illustrated 1n FIG. 7. A modification coetlicient vector y gy,
with respect to the first representative shape 1s obtained by
a steepest descent method operation block SDM by using
these measurement displacements, the representative shape

vector 0,7, and an 1nitial vector y, of the modification
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coethicient. Next, a modification coeflicient y,,, with respect
to a second representative shape 1s obtained in the same
manner. In the present embodiment, the modification coet-
ficient vy, ,, obtained with respect to the first representative
shape 1s used as an initial value of the steepest descent
method with respect to the second representative shape. This
avoids setting of the modification coeflicient vector to a local
minimum value.

[0069] Next, a modification coetlicient y, ,,, 1s obtained for
cach of the “a” types of representative shapes (“a” repre-
senting a number). The aforementioned procedure 1s a first
trial. Then, a second trial 1s performed, 1n which an 1nitial
value of a modification coeflicient 1s defined as a modifica-
tion coethicient y.,,, with respect to each representative
shape obtained in the first trial. Thus, the second trial 1s
performed in the same manner as the first trial. Tnials are
iterated h times and it 1s determined in the block CIB
whether the modification coeflicient 1s sufficiently con-
verged. A mean value of all the modification coeflicients 1s
obtained by the mean operation block 1/(ah), and the
obtained mean value 1s defined as a modification coetlicient
vector y. The mean value may be substituted by another
value obtained by combiming all the modification coefli-
cients. Another value may be a median value, a weighted
mean value i consideration of a weight determined depend-
ing on a mode of a representative shape, for example. Any
combined values which provide suflicient modification
effects may be used. The modification coetlicient y ., and
the like can be used as an 1mitial value for modifying the
kinematic model 1n another representative shape (position)
by using a modification result in at least one of a plurality of

representative shapes (positions).

[0070] Heremaftter, derivation of a kinematic model of a
continuum robot, a modification coellicient optimization
algorithm, and a control system will be described in detail,

and control results obtained by experiments will be
described.

[0071] (1.1 Modeling of Continuum Robot)
[0072] (1.1.1 Derivation of Kinematic Model)
[0073] FIG. 1 illustrates a schematic diagram of a con-

tinuum robot 100 which includes six curvable sections 101
to 106 used in the present embodiment. In the continuum
robot 100, driving wires 111 to 116 are connected to distal
ends 121 to 126 of the curvable sections 101 to 106,
respectively, and positions of the curvable sections 101 to
106 are controlled by pushing and pulling the wires 111 to
116 by actuators 131 to 136, respectively, installed 1n a robot
base 140. In the example illustrated 1n FIG. 1, the driving
wires 111 to 116 are connected to the distal ends 121 to 126
of the curvable sections 101 to 106 alternately on the
opposite sides of a central axis, however, positions at which
the wires are connected to the curvable sections are not
limited thereto. The connecting positions may be arbitrarily
determined 1if the positions of the curvable sections can be
controlled by pushing and pulling the wires. The base 140
has a degree of freedom 1n the z-axis direction and can detect
a displacement. FIG. 2 1s a schematic diagram of a structure
of a first curving section 101 consisting of a housing and the
wire 111. In FIGS. 1 and 2, the central axis of the housing
1s depicted by the broken line or the dash-dot line. The
continuum robot further includes a control unit (not 1llus-
trated). When a target position 1s input, the control unit
outputs a signal for controlling driving of a corresponding
one of the wires by the actuator so that each curvable section
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obtains the target position. That 1s, the control unit controls
driving of a first wire and a second wire 1n accordance with
a kinematic model which will be described later. The target
position may be mput by a user or may be input 1 accor-
dance with a program stored in advance by a target position
input unit (not i1llustrated). Further, the target position may
be mnput as an angle of each curvable section. The control
unit may be implemented by one or more processors 1n a
computer loading and executing a program, for example, or
may be implemented as a dedicated circuit (FPGA and
ASIC).

[0074] Definitions of the reference symbols 1n the follow-
ing description are as follows. 1 : the length of an arm
housing 1n the n-th curvable section; r,: the displacement
from the central axis of the arm housing to the wire in the
n-th curvable section; e: the number of curvable sections of
the robot; 0 : the angle of the distal end of the n-th curvable
section; p, : the curvature radius 1n the n-th curvable section;
0,.5.: the target angle of the distal end of the n-th curvable
section; 1,,: the driven displacement of the wire in the n-th
curvable section; x_ , z_ : the coordinates of the distal end of
the n-th curvable section; c: the evaluation point of the robot;
X, Z.: the 1-th coordinates when the robot 1s divided 1nto ¢ 1n
the longitudinal direction; and z,: the displacement of the
base.

[0075] A kinematic model of a continuum robot with n
curvable sections illustrated 1n FIG. 3 (also see FIG. 4) 1s
derived based on the following assumptions.

[0076] 1. The housing and the wires deform only horizon-
tal to the drawing plane.

[0077] 2. In each curvable section, the housing and the
wire deform at a constant curvature.

[0078] 3. Twisting deformation of the housing and the
wire 1s not taken into consideration.

[0079] 4. The housing and the wire do not deform 1n the
longitudinal direction.

[0080] 5. A wire guide 1s provided in the housing, and the
center of a circular arc of a central axis of the housing and
the center of a circular arc made by the wire coincide with
cach other all the time.

[0081] 6. Friction between the housing and the wire 1s not
taken 1nto consideration.

[0082] First, a relationship between the driven displace-
ment of the wire and an angle of the distal end of the
curvable section 1s derived. Considering only the first curv-
ing section, the relationship between a driving amount 1 , ot
the wire and an angle 0, of the distal end of the first curving
section 1s expressed by Expression (1). Here, since Expres-
sion (2) holds, Expression (3) 1s obtained from Expressions
(1) and (2). Next, a relationship between the driven dis-
placement of the wire Ipn and the angle 0 of the distal end
of the n-th curvable section 1s derived. Here, n 1s 2 or greater.
0 (0 with tilde) which 1s a curve relative angle in the n-th
curvable section 1s defined by Expression (4). As illustrated
in FIG. 3, arelative coordinate system x, -z having an origin
point (X, _,, Z. ;) and having coordinate axes extending in
an n—01 direction and a direction orthogonal to the n-01
direction 1s established. Then, a relationship between 1, (1
with tilde) which i1s the driven displacement of the wire in
the relative coordinate system x —z_ and 0 (0 with tilde)
which 1s the relative angle of the distal end of the n-th
curvable section 1s expressed by Expression (5). The driven
displacement of the wire 1, in the n-th curvable section
becomes the sum of the displacements of the wires for
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driving the n-th curvable section in the relative coordinate
system from the first to the (n-1)th sections and 1s expressed
by Expression (6).

(P70, = (1)

1=p 9, (2)

Li=r, (3)

[Math.1]

0,=0,~6,, | (4)

[Math.2]

=76, =(5)

[Math.3]

L =Tn(0,40, 1+ . . . +0,)=1,0, (6)
[0083] This indicates that the angle 0 of the distal end of

the n-th curvable section 1s determined 1n accordance with
only the driven displacement ot the wire 1, and not with the
angles of the first to the (n-1)th sections.

[0084] Next, a relationship between the angle at the distal
end of the n-th curvable section and coordinates at the distal
end 1s derived. First, the first curving section will be con-
sidered. I p 1s defined as a curvature radius, the coordinates
(X,,, Z,,) of the distal end of the first curving section are
expressed by Expressions (7) and (8). When Expression (2)
1s substituted into Expressions (7) and (8), Expressions (9)
and (10) are given. Here, a relationship between the angle at
the distal end and the coordinates at the distal end of the n-th
curvable section 1s derived. Here, n 1s 2 or greater. x,, (x with
tilde) and z,, (z with tilde) which are coordinates of the distal
end of the curvable section 1n the relative coordinate system
X z, are expressed by Expressions (11) and (12).

[0085] Theretfore, the coordinates (x., z_) of the distal
end 1n an absolute coordinate system 1s expressed by
Expression (13) by using a rotational transform matrix. In
the following section, coordinates for dividing the entire
robot 1nto a times are used as evaluation points of an
optimization algorithm. The total number of the evaluation
points 1s c=a.e and coordinates (X, z,) of the 1-th evaluation
point are given by Expression (14). Q 1s a quotient obtained
by Q=[1/a], and R 1s a remainder obtained by R=1 mod c.

X1 = p1(l —cosd) (7)
Zr1 = P181nd; (3)
Math. 4]
9

X = —1(1 — costy) 2

01
[Math. 5]

L. (10)
21 = —sind

01
Math. 6]

. (11)
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-continued
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N sm(;)QQH
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[0086] (1.1.2 Kinematic Model Modification by Adjacent

Sections Continuity Models)

[0087] In the preceding section, a kinematic model 1is
derived based on the assumptions of 1 to 5, however, the
housing and the wire of a robot which 1s flexible in the
curving direction and highly rigid in the longitudinal direc-
tion are diflicult 1n a structural design, and thus assumptions
3 and 4 are hardly satisfied actually. Theretfore, the relational
expression (6) of the curving angle with respect to the driven
displacement of the wire does not hold, and an error will be
produced between the actual curving angle after control and

Math. 10]

égn = ya‘n—lé -1t én - (ypn + ydn)én + 7pn+lén+l

Math. 11]

~

g1 =01 —ya101 + v 202

Math. 12]

ége — yde—lée—l + ée — 7peée
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the target angle. This influence may cause an error in the
curving angle not only in the curvable section 1n which the
wire 1s driven, but also 1n other sections, and may produce
a continuity 1ssue. Then, in the present embodiment, the
following assumptions related to the continuity of the curv-
able sections are added and the kinematic error 1s modified.
[0088] When driving the n-th curvable section to the
curving angle On (0 with tilde), the following continuity
occurs. That 1s, the curving angles in the (n—1)th curvable
section and the (n+1)th curvable section increase by y,,*(6,)
(0 with tilde) and v *(0,) (0 with tilde), respectively, and
the curving angle 1n the n-th curvable section reduces by
VotV )™ (0,,) (0 with tilde). Here, v,,, and vy, are modifi-
cation coeflicients. That 1s, an angle obtained by multiplying
the curve relative angle 1n the 1-th curvable portion by a
coeflicient yp[1] 1s added to the curve relative angle 1n the
adjacent (1-1)th curvable portion. Further, an angle obtained
by multiplying the curve relative angle in the 1-th curvable
portion by another coeflicient yd[1] 1s added to the curve
relative angle 1n the adjacent (1+1)th curvable portion, and
an angle obtained by multiplying the curve relative angle 1n
the 1-th curvable portion by (yp[1]+yd[1]) 1s subtracted from
the curve relative angle in the 1-th curvable portion. A
modification value 1s obtained by using such a model (here,
11s 2 or greater and equal to or smaller than (the number of
curvable portions)-1). The curving angle 1n the n-th curv-
able section to be modified based on this assumption 1s
defined as 6,,, (0 with tilde) and 1s expressed by Expression
(15). In the first curving section which 1s the most proximal
end, the curving angle 1s expressed by Expression (16) and,
in the e-th curvable section which 1s the most distal end, the
curving angle 1s expressed by Expression (17). These
Expressions can be expressed as a matrix by Expression (18)
which 1s defined as a modification matrix I" in the present
embodiment. In the modification matrix I, 1-th row, 1-th
column 1s defined as 1-yd[1]-ypl[1], 1-th row, (1-1)th column
1s defined as yd[1-1], and 1-th row, (1+1)th column 1s defined
as yp[1+1].

[0089] A vector vy consisting of a kinematic modification
coellicient 1s defined by Expression (19), and 1s referred to
as a modification coeflicient vector. Therefore, coordinates
(X Zgr,) OF €ach of the distal ends of the curvable sections
to be modified are expressed by Expression (20). In coor-
dinates (X, z,;) of the 1-th evaluation points for dividing the
entire robot mto o times, 0 and 0 (0 with tilde) may be
substituted by 6, and 6, (0 with tilde), respectively, in
Expression (14). Theretore, description thereof will be omit-
ted.

(15)

(16)

(17)
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-continued
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[0090] (1.1.3 Optimization of Modification Coellicient)

[0091] It 1s diflicult to analytically obtain the kinematic
modification coeflicient described 1n the preceding section.
This 1s because continuity of the curving angles 1s caused
due to deformation of the housing and the wires by com-
pression force and tension force in the longitudinal direc-
tion, and the compression force and tension force varies due
to different numbers of the wires passing through each of the
curvable sections, or rnigidity of the housing nonlinearly
varies depending on the curving angles. Further, the assump-
tions 1, 2, 5, and 6 are not completely satisfied, and which
may cause of an error of the curving angle. Then, 1n the
present embodiment, the curvature 1s experimentally mea-
sured and the modification coeflicient v 1s obtained from a
difference between a measurement value and a value of the
kinematic model by using the steepest descent method
which 1s an approach of optimization. Since 1t 1s not able to
select suitable one curvature for optimization of the modi-
fication coetlicient y, optimization 1s performed by iterating
h times (h 1s a plural number) by using a types (a 1s a plural
number) of representative shapes in the present embodi-
ment. This approach 1s referred to as an extended steepest
descent method.

[0092] An algorithm of the extended steepest descent
method 1s 1llustrated 1n FIG. 5 as a block diagram. The
reference symbols 1n the block diagram are defined as
tollows: ;; denotes a k-th (less than or equal to a) repre-
sentative shape, and; denotes a j-th (less than or equal to h)
iterative trial.

[0093] A k-th representative shape vector O, 1s
expressed by Expression (21), driven displacement of the
wire 1., with respect to the k-th representative shape 1s
expressed by Expression (22), and measurement displace-
ments X ., and Z ;. of the robot 1s expressed by Expres-
sions (23) and (24), respectively. SDM denotes a steepest
descent method algorithm and 1s a block for obtaining a
modification coetlicient vector vy, which minimizes an
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o ] [a (1
Z Z
0, |=T| 6,
0
pe ée—l ée—l
1= Tpe . ée ée
(19)
(20)

evaluation function expressed by Expression (25) through
optimization. The modification coeflicient vector y;; 1s a
modification coetlicient vector of the iteration number j with
respect to the k-th representative shape.

[0094] As described above, 1n order to obtain the modi-
fication coellicient vector v by the extended steepest descent
method by using these blocks, first, the first representative
shape vector 0,,,,,1s set and the driven displacement of the
wire 1., 1s obtained by the wire displacement block K
which operates Expression (6). Next, the robot P 1s con-
trolled by applying the driven displacement of the wire, and
measurement displacements X_ ., and Z_ ., of the curva-
ture of the controlled robot are obtained. The modification
coetlicient vector y,;, with respect to the first representative
shape 1s obtained by the steepest descent method operation
block SDM by using these measurement displacements, the
representative shape 0,1, and the 1nitial vector y, of the
modification coeflicient. Next, a modification coeflicient
Yo With respect to a second representative shape is
obtained 1n the same manner. In the present embodiment, the
modification coeflicient vy ,, obtained with respect to the
first representative shape 1s used as an initial value of the
steepest descent method with respect to the second repre-
sentative shape. This avoids setting of the modification
coeflicient vector to a local minimum wvalue. Then, as
illustrated 1 FIG. 5, a modification coeflicient vy, 1s
obtained for each of the a types of representative shapes. The
aforementioned procedure 1s a first iterative trial. Next, a
second 1terative trial 1s performed, 1n which an 1nitial value
of a modification coeflicient 1s defined as the modification
coeflicient obtained in the first iterative trial. Thus, the
second trial 1s performed 1n the same manner as the first trial.
The tnial 1s 1terated h times and 1t 1s determined 1n a block
CJB whether the modification coeflicient 1s sufliciently
converged. Alternatively, the iteration number may be deter-
mined 1n advance by trial and error. A mean value of all the
modification coeflicient vectors 1s obtained by Expression
(26) and the obtained mean value 1s defined as a modifica-
tion coellicient v.
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[0095] (1.2 Control System Design)

[0096] The kinematic modification coetlicient 1s appli-
cable not only to modification of a kinematic model of a
robot, and calculation of a curvature thereof, but also to
control the curvature. A target curvature vector 0, consist-
ing of a target angle 0, ,, with respect to the n-th curvable
section 1s defined by Expression (27), and a modification
curvature vector 0 __ . consisting of a modification target
angle 0 .~ with respect to the n-th curvable section 1s

defined by Expression (28).

[0097] In order to control the robot 1nto the target curva-
ture, the modification curvature vector 1s obtained as

expressed by Expression (29) by using the inverse matrix of
the modification matrix F. The modification target angle 1s
converted 1nto an absolute coordinate system, and 1s substi-
tuted 1nto the angle 0 of Expression (6) to obtain the driven
displacement of the wire. In the control system of the present
embodiment, the kinematic modification 1s applicable to
control not only the previously set curvature, but also the
curvature by real-time operation by adding an additional
target vector 0___ of the curvature to the target curvature

vector. A block diagram of this control system 1s illustrated
in FIG. 6.

[Math.22]

eref: [ereﬂereﬂ - er‘.@'_)fie':lIr (27)

[Math.23]

emodz[emod lemod 2 emoa7 e]T (28)

[Math.24]

~

emod:r—léref (29)

[0098] (1.3 Experiment)

[0099] In this section, eflectiveness of modification of the

kinematic model using the modification coethicient vy of the
kinematic model illustrated with the 2nd and the 3rd Sec-
tions, and the curvature control will be described. Param-
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eters of the robot used 1n the experiment are the lengths of
the arm housing 1, to 1,=/0.010 m, and the number of
curvable sections of the robot e=6. The displacement from
the central axis of the arm housing to the wire 1n the n-th
curvable section is r;=r,=1.32*10"" m, r,=r,=—1.32*%107" m,
=1.4*%10"> m, and r,=—1.4*10" m. In the experiment, as
111ustrated in FIG. 7, markers 201 to 206 are provided at the
distal ends in the curvable sections of the continuum robot
100, and displacement of the distal ends in each of the
curvable sections (expressed by Expression (30)) 1s obtained
by an 1image pickup device 210. In the extended steepest
descent method, the evaluation point ¢ 1s defined as ¢=60.
Therefore, the evaluation points other than the distal ends 1n
the curvable sections are obtained by interpolation based on
the assumption that the curvable sections have a constant
curvature. As representative curved positions, k=2 types of
positions, 1.e., a shape in which all the curvable sections
unmiformly curve and a shape having two curved points as
expressed by Expressions (31) and (32), are selected.

[0100] Inthe extended steepest descent method algorithm,
the iteration number h 1s defined as h=10, and the modifi-
cation coetlicient y 1s a positive number. Therefore, 1 an
clement becomes negative, the value 1s set to 0.1 and
optimization 1s continued. In addition to the representative
curvature, a shape 0_. expressed by Expression (33) for
evaluating modification of the kinematic model and control-
ling performance 1s prepared.

[0101] FIGS. 8A to 8] illustrate responses of optimization
of each element of the modification coeflicient v with respect
to the number of iterative trial times by the extended steepest
descent method algorithm described in Section (1.1.3).
FIGS. 8A to 8E illustrate modification coeflicients y,, to ,
respectively, and FIGS. 8F to 8] illustrate modification
coetlicients vy, to ., respectively. It 1s indicated that the
modification coeflicients yp;, vps, 1'd,, and yd, are con-
verged 1n iteration of about 5 times. yp, and yd, are vibratory,
however, exhibit a tendency of convergence. The rest of the
modification coeflicients are vibratory, however, it 1s 1ndi-
cated that more than half of the modification coeflicients
avold the local mimimum value by the approach of the
present embodiment. The modification coeflicient vector

obtained by substituting into Expression (26) 1s Expression
(34).

Math. 25]
Xed = [Xed1 -+ Xed6) > Zed = [Zed1 --- Zeds] (30)
Math. 26]
0 _[:r'wwwr:frir]if (31)
P~ le66666
Math. 27]
n2nn x2xlt (32)
Orepl2] = [— = 2= —]
333 33
9. =[—0.3844 0.2476 0.9044 1.0472 0.6657 0.271817 (33)
v = [0.1048 0.0649 0.1346 0.0600 (34)
0.0465 0.0349 0.0150 0.0159 0.1088 0.1511]
[0102] FIGS. 9A to 9C illustrate curved position responses

by modification of a kinematic model using Expression (34).



US 2019/0321976 Al

FIGS. 9A and 9B 1illustrate responses of the representative
shapes expressed by Expressions (31) and (32), respectively,
and FI1G. 9C 1llustrates a response of the shape for evaluation
expressed by Expression (33). The response by the modified
kinematic model 1s depicted by the solid line, the displace-
ment of the distal end of the curvable section measured by
the experiment 1s depicted by the asterisk, and the response
of the kinematic model before modification 1s depicted by
the broken line for the comparison. As illustrated in FIGS.
9A and 9B, 1t 1s indicated that although a difference 1s caused
between the experimental response and the response of
unmodified kinetic model derived based on the assumptions
1 to 6 of Section (1.1.1), the difference with respect to the
experimental response can be reduced by modifying the
kinematic model which optimizes the modification coetli-
cient v by using the experimental response. Further, as
illustrated in FIG. 9C, 1t 1s indicated that since the kinematic
model can be modified at substantially the same precision as
that of the representative shape also 1n the curvature for
evaluation which 1s not used for the optimization of the
modification coeflicient vy, the extended steepest descent
method which performs a plurality of iterative operations by
using a plurality of representative shapes 1s ellective.

[0103] Next, a response by a control system using a
modification matrix I" described in Section (1.2) (hereinai-
ter, referred to as “‘proposed control system™) will be
described. FIGS. 10A and 10B 1llustrate a response of which
target curvature 1s a first representative shape expressed by
Expression (31) and, FIGS. 11A and 11B illustrate a
response of which target curvature 1s a shape for evaluation
expressed by Expression (33). In FIGS. 10A and 11A, the
response at the distal end of the curvable section by the
proposed control system 1s depicted by the round mark, the
response by the control system which does not use the
modification matrix F (hereinafter, referred to as “conven-
tional control system™) 1s depicted by the asterisk for the
comparison, and the target curvature i1s depicted by the
broken line. Further, points are depicted at distal ends 1n the
curvable sections of the target curvature (hereinafiter,
referred to as “target coordinates at the distal end). Further,
regarding the difference between the target curvature at each
of the distal ends 1n each curvable section and the displace-
ment of the control response 1 FIGS. 10B and 11B, the
difference in the response by the proposed control system 1s
depicted by the solid line and the difference in the response
by the conventional control system 1s depicted by the broken
line. It 1s indicated that the proposed control system reduces
the difference between the target curvature and the curvature
by modifying the control amount of the driven displacement
of the wire by using the inverse matrix of the modification
matrix F. In the representative shape and the shape for
evaluation, there 1s no large difference 1n performance for
reducing the difference. This indicates that the optimization
technique of the modification coellicient using a plurality of
representative shapes 1s ellective.

[0104] According to the present embodiment, the kine-
matic model 1s modified by presenting the model 1n consid-
eration of continuity of adjacent curvable sections (curvable
portions) in addition to the kinematic model of the con-
tinuum robot. The model relates to derivation of a modifi-
cation value (a modification coetlicient, a modification coet-
ficient vector, and a modification matrix) for modifying a
kinematic model. In order to obtain the modification value,
first, the continuum robot 1s made to obtain a representative
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shape 1n accordance with an unmodified kinematic model,
and an actual displacement at an arbitrary position (for
example, the distal end) 1n that curvable section 1s measured.
Then, an optimization algorithm using the model for elimi-
nating a difference between the target value and the mea-
surement value 1s used. Further, a difference between the
target position and the actual position 1n the curvable section
of the continuum robot 1s reduced by modifying the driving
amount of the actuator obtained when the data of the target
position in the curvable section 1s provided by using an
inverse, such as an inverse matrix, of the modification value
of this kinematic model. The continuum robot can be driven
and controlled further as intended by using the modification
value.

Second Embodiment

[0105] In a second embodiment, the present disclosure 1s
applied to follow-the-leader control. The follow-the-leader
control 1s, as illustrated i FIG. 12, controlling subsequent
curvable sections to pass the same trajectory as the trajectory
along which the curvable section of the most distal end
passes. This enable the continuum robot to move forward in
a narrow space without being stuck.

[0106] (2.1 Optimization of Target Angle of Follow-the-
[Leader Control)

[0107] It 1s not necessary 1n the follow-the-leader control
that the trajectory 1s defined in advance, however, the
curving angle of the most distal end may be continuously
propagated to a subsequent curvable section with a time
difference. However, 1f the entire trajectory is defined 1n
advance as depicted by the broken lines in FIG. 12, control
can be performed by optimizing the curvature depending on
the displacement in the z direction of the base. This can
reduce a trajectory error in the continuum robot as compared
with the follow-the-leader control in which the curving
angle 1s propagated. The procedure will be described below.
[0108] In the present embodiment, as illustrated by the
dash-dot line 1n FIG. 13, an example 1n which the trajectory
1s the same as the total length of the robot will be described.
First, as illustrated by the broken line 1n FIG. 13, a tangent
1s added to a proximal end of the trajectory and an origin
point of the coordinate system 1s established at the termi-
nation thereof. The length of the tangent may be set to the
same as that of the total length of the robot. In the present
embodiment, the added tangent and the trajectory are
referred to as an entire trajectory. Next, the entire trajectory
1s divided into 2c¢ equal parts by constant velocity spline
interpolation, for example, and trajectory evaluation points
P, to x,.,, 2,,) 10 P,. (X, ,., Z ,.) are set at the divided
nodes. The continuum robot 1s divided 1nto ¢ equal parts in
the longitudinal direction as in the first embodiment, and the
divided points are defined as evaluation points. In the
follow-the-leader control, the displacement of the base 1s
started from z,=z.,=0 m, and 1s completed at z,=z,_=nlm
(here, n 1s an integer of e or smaller, and 1 1s the length of
the curvable sections which are assumed to be the same in
length).

[0109] Then, in order to obtain the curvature of the con-
tinuum robot which conforms the entire trajectory as the
base position moves forward, the following procedure 1s
taken. The ¢ trajectory evaluation points are extracted from
the entire trajectory with a trajectory evaluation point P;
(1<C less than or equal to ¢) as a start point, and the sum of
the distances between the ¢ trajectory evaluation points and
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the ¢ evaluation points of the continuum robot 1s defined as
an evaluation function (expressed by Expression (33)).
Then, the curving angle target value vector which minimizes
the evaluation function 1s obtained by the steepest descent
method. If a curve target angle when the base is at the C-th
trajectory evaluation point P 1s defined as 6, ., a curve
target angle matrix ©, . (which 1s expressed by Expression
(36)) of e-th row, c-th column may be obtained for the
follow-the-leader control in the procedure described above.
[0110] Since the number of the curvable sections 1s lim-
ited, the evaluation function of Expression (35) does not
necessarily become 0 in some trajectories. Then, a difference
between the shape of the curving angle target value obtained
by optimization and the shape of the entire trajectory is
defined as a mechanical error in the present embodiment,
and a difference between the curving angle target value and
the curving angle controlled by the wire driving 1s defined as
a control error.

[0111] If the entire trajectory 1s shorter than the robot, the
curving angle target value can be generated by using the
above-described algorithm by (1) extending the tangent to
be added to the most proximal end, or (2) adding the tangent
to the distal end. In (1), the length of the tangent to be added
to the most proximal end of the trajectory may be set to (the
total length of the robot+the total length of the robot—the
length of the trajectory). In (2), the tangent may be added to
the distal end of the trajectory and set the length to (the total
length—Ilength of the trajectory of the robot). In (2), the
follow-the-leader control needs to be completed at the
coordinates at which the displacement of the base becomes
equal to the length of the trajectory.

[0112] (2.2 Modification of Kinematic Model)

[0113] Although various trajectories may be taken in the
follow-the-leader control, the target curvature changes as the
base position moves forward also with respect to a single
trajectory. It 1s diflicult to select one appropriate curvature as
the representative shape, and selecting all the shapes as the
representative shapes takes very long time for optimization.
Then, also 1in the follow-the-leader control, the kinematic
modification coeflicient vy 1s optimized by the extended
steepest descent method using a types of representative
shapes as 1n the first embodiment.

[0114] (2.3 Control System Design)

[0115] In the follow-the-leader control, the target curva-
ture vector 6, . may be extracted from the curve target angle
matrix 0, -obtained as described in Section (2.1) depending
on the displacement of the base z,, the modification curva-
ture vector may be obtained by using an inverse matrix of
the modification matrix 1" as 1n the first embodiment, and the
driven displacement of the wire may be obtained. In the
follow-the-leader control, the kinematic modification 1s
applicable also to the control of the curvature 1n real-time
operation by adding an additional target vector 0___ of the

curvature to the target curvature vector. A block diagram of
the control system 1s 1llustrated 1in FIG. 14.

[0116] (2.4 Experiment)
[0117] (2.4.1 Evaluation of Kinematic Modification)
[0118] Eflectiveness of the kinematic modification algo-

rithm by the extended steepest descent method with respect
to the follow-the-leader control will be verified. A C-shape

trajectory depicted by the broken line 1n FIG. 15A and an

S-shape trajectory depicted by the broken line 1n FIG. 15B
are used. The number of curvable sections 1s defined as e=6,

and all the curvatures obtained by optimization using
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Expression (35) with respect to the displacement of the base
are superimposed as gray lines. It 1s indicated that a devia-
tion between the gray area and the broken line becomes a
mechanical difference, and the greatest mechanical differ-
ence appears near the coordinates (0, nl) which 1s an
entrance of the trajectory. The representative shapes used by
the extended steepest descent method are the two shapes
expressed by Expressions (31) and (32) as in the first
embodiment. Therefore, the modification coeflicient vector
v 1s the same as that of the first embodiment.

[0119] A difference response between the curvature by the
experiment and the curvature by the kinematic model in the
follow-the-leader control with respect to the trajectories of
FIGS. 15A and 15B are illustrated in FIGS. 16A and 16B,
respectively. Since modification of the kinematic model 1s
verified 1n this section, driven displacement of the wire
compensation of Section (2.3) 1s not applied. In the present
embodiment, the kinematic difference between the curva-
tures by the experiment and the shapes by the kinematic
model 1n the displacement of the base z, 1s defined as the
sum of the differences of the displacement of the distal ends
of the curvable sections expressed by Expression (37).

Math. 28]
c (35)
Z \/ Xz = %)% + Zowzriy — %)*
=1
[Math. 29]
i grefll - greflc | (36)
@ref:[grgfl Qrgfg Qrgc]: : ' :
i Qrefel R gre ec |
Math. 30]
(37)

6
Ei(zp) = Z ‘\/(-xgm — Xean)* + (Zgm — Zedn)*
n=1

[0120] A difference by the kinematic model using a modi-
fication matrix I . obtained by the extended steepest
descent method 1s depicted by the solid line, and an error by
an unmodified kinematic model for the comparison 1is
depicted by the dotted line. Further, 1n the present embodi-
ment, 1 order to indicate effectiveness of optimization of the
modification coetlicient vector by iteration, the kinematic
error by the modification matrix I' - obtained only by using
the representative shape of Expression (31) without per-
forming iteration 1s depicted by the broken line. The kine-
matic error by the modification matrix I' obtained by using
two types of representative shapes, which are expressed by
Expressions (31) and (32) without performing iteration 1s
depicted by the dash-dot line. Both of FIGS. 16A and 16B
illustrate that the response by the modification matrix I' -«
reduces the kinematic error in all of the sections of the
follow-the-leader control as compared with the response by
the unmodified kinematic model. Further, the kinematic
error 1s the most reduced 1n the section when the displace-
ment of the base 1s z,=0.045 m to 0.06 m where the entire
robot enters the trajectory and all the sections are curved.
However, the response by the modification matrix I' ~ has a
greater error as compared with the unmodified kinematic
model when the displacement of the base z,=0 m to 0.022
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m. Further, the response by the modification matrix I’ has
a greater error as compared with the unmodified kinematic
model when the displacement of the base z,=0 m to 0.013
m. This indicates that the modification coetlicient optimiza-
tion algorithm by the extended steepest descent method in
the present embodiment 1s effective to the kinematic modi-
fication accompanied by the follow-the-leader control.

[0121] (2.4.2 Follow-the-Leader Control Response)

[0122] Next, a response by the follow-the-leader control
system using the modification matrix 1" described in Section
(2.3) (hereinafter, referred to as “proposed follow-the-leader
control system”) will be described. Trajectories are the
C-shape trajectory depicted by the broken line in FIG. 15A
and the S-shape trajectory depicted by the broken line 1n
FIG. 15B as those 1n the section above. The solid line and
the broken line of FIG. 17 are as follows. The solid line
depicts a corresponding one of correction target angles 0 _ .,
to 0__., of each curvable section corresponding to the
displacement of the base z, calculated by the proposed
follow-the-leader control system with respect to the trajec-
tory of FIG. 15A. The broken line depicts a corresponding
one of target angles 0, _, to 0, 4 obtained by an unmoditied
control system (hereinafter, referred to as “conventional
follow-the-leader control system™). For example, 1n the third
curvable section, when the fourth curvable section starts
curving upon entrance into the trajectory at z,=0.02 m, the
third curvable section causes continuity to the curving and
curves 1n the positive direction, so that a trajectory error
occurs 1n the conventional follow-the-leader control system.
In order to reduce the trajectory error, 1t 1s indicated that the
proposed follow-the-leader control system modifies the tar-
get angle so that the curving angle of the third curvable
section becomes negative 1n z,=0.03 m to 0.04 m.

[0123] FIGS. 18A to 18D illustrate experimental
responses of the follow-the-leader control with respect to the
C-shape trajectory and FIGS. 19A to 19D illustrate experi-
mental responses of the follow-the-leader control with
respect to the S-shape trajectory. FIGS. 18A and 19A each
illustrate a difference distance between the coordinates at the
distal end and the target coordinates at the distal end of each
curvable section with respect to the displacement of the base
z,. FIGS. 18B and 19B each 1illustrate the sum of the
distance differences of all the curvable sections. FIGS. 18C
and 18D each 1llustrate a curvature at displacement of the
base z,=0.03 m and 0.06 m. The response of the distal end
of the curvable section by the proposed follow-the-leader
control system 1s depicted by the round mark, the response
of the distal end of the curvable section by the conventional
follow-the-leader control system 1s depicted by the x mark
for the comparison, the displacement of the base 1s depicted
by the square mark, and the entire trajectory 1s depicted by
the broken line.

The marks 1n FIGS. 19C and 19D are the same.

[0124] The response with respect to the C-shape trajectory
illustrated 1n FIG. 18A indicates that, in the proposed
tollow-the-leader control system, the distance difference 1n
the sixth curvable section becomes slightly greater near the
displacement of the base z,=0.02 m as compared with the
conventional follow-the-leader control system. In the sum of
the distance differences illustrated in FIG. 18B, the differ-
ence 1s reduced almost to the half with respect to the
conventional follow-the-leader control system 1n the section
of the displacement of the base z,=0.02 m to 0.06 m. FIG.
18C indicates that the distance difference by the proposed
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follow-the-leader control system 1s small, however, 1n the
conventional follow-the-leader control system, the third and
the fourth curvable sections deviate toward the center of
curvature of the trajectory. In the shape upon reaching the
trajectory termination of FIG. 18D, it 1s indicated that, in the
conventional follow-the-leader control system, the fifth and
the sixth curvable sections deviate toward the opposite side
of the center of curvature of the trajectory.

[0125] The response with respect to the S-shape trajectory
illustrated 1n FIG. 19A indicates that, in the proposed
follow-the-leader control system, the distance difference is
greater near the displacement of the base z,=0.04 m 1n the
sixth curvable section, and near the displacement of the base
7,=0.06 m 1n the fourth curvable section as compared with
the conventional follow-the-leader control system. How-
ever, 1n the sum of the distance differences i1llustrated in FIG.
19A, the difference 1s significantly reduced with respect to
the conventional follow-the-leader control system in the
section of the displacement of the base z,=0.02 m to 0.038
m. FIG. 19C indicates that the distance difference by the
proposed follow-the-leader control system 1s small, how-
ever, 1n the conventional follow-the-leader control system,
the third to the fifth curvable sections deviate toward the
center of curvature of the trajectory. In the shape upon
reaching the trajectory termination of FIG. 18D, 1t 1s indi-
cated that, in the conventional follow-the-leader control
system, the sixth curvable section deviates toward the oppo-
site side of the center of curvature of the trajectory. Thus, it
1s 1indicated that the proposed follow-the-leader control
system by the modification matrix I' . using a plurality of
representative shapes has a smaller distance difference from
the target angle as compared with the conventional follow-
the-leader control system and 1s able to reduce deviation
from the trajectory. Further, since the error reduction per-
formance 1s not limited to the specific trajectory or the
specific section 1n the trajectory, it 1s indicated that the
proposed follow-the-leader control system 1s eflective to the
tollow-the-leader control of the continuum robot.

Third Embodiment

[0126] In the second embodiment, the trajectory has the
curved points whereas the curvature 1s constant. In the
present embodiment, follow-the-leader control 1s performed
to a trajectory of which curvature 1s not constant. The
modification coethicient of the adjacent section continuity
model used i1n the embodiment above 1s constant with
respect to the change of the curving angle, however, in
practice, continuity of the curvable section nonlinearly
changes 1n accordance with the curving angle, and the
influence of the continuity tends to be saturated relative to an
increase 1n the curving angle. Therefore, in the trajectory
with a portion where a curvature 1s large, modification may
become excessive. Then, the present embodiment describes
a control system in which an inverse matrix I'"' of a matrix
used for the modification of a kinematic model 1s multiplied
by an additional gain G, as illustrated in FIG. 20.

[0127] Farst, trajectories to be discussed in the present
embodiment are illustrated by the broken lines 1n FIGS. 21A
and 21B. As i1n the second embodiment, the number of
curvable sections 1s defined as e=6, and all the curvatures
obtained by optimization using Expression (335) as an evalu-
ation function are superimposed as gray lines. Since the
maximum value of the target curving angle of the robot 1s
limited to 60 degrees 1n the present embodiment, the
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mechanical error 1s large 1n the trajectory illustrated 1n FIG.
21B. In the present embodiment, the additional gain G, 1s
obtained by using the trajectory of FIG. 21A. As a proce-
dure, a kinematic modification coethicient 1s first multiplied
by an additional gain, and a curvature of which kinematic
model 1s modified with respect to the displacement of the
base of the follow-the-leader control 1s obtained, then, a
kinematic error E, (z,) 1s obtained by an experiment as in the
second embodiment. Next, an appropriate additional gain
G 1s determined with a mean value and a standard deviation
in the entire trajectory of the kinematic error E, (z,) as
evaluation indices. FIG. 22A illustrates a response of a
kinematic error which changes the additional gain G, from
0 to 1 by 0.1. It 1s indicated that, in the response of the
additional gain G, =0 of an unmodified kinematic model, a
kinematic error at a trajectory termination 1s large. It 1s
indicated that the kinematic error of the trajectory termina-
tion reduces as the additional gain G, approaches 1, whereas
the kinematic error increases near the displacement of the
base z,=0.04 mm. FIG. 22B 1illustrates a response in which
the additional gain G, 1s plotted on the horizontal axis and
a mean value and a standard deviation of the kinematic error
are plotted on the vertical axis. FIG. 22B 1llustrates that the
mean value of the kinematic error becomes the minimum at
the additional gain G, =0.6, and the standard deviation of the
kinematic error becomes the minimum at the additional gain
G_=0.9. For example, when the 1image pickup apparatus is
installed at the most distal end of the robot, blurring of a
captured 1mage can be reduced by reducing the standard
deviation of the kinematic error. In consideration of the
aforementioned, the additional gain G, 1s determined to be
0.7 1n the present embodiment.

[0128] Next, the response by the follow-the-leader control
system using the additional gain (hereinafter, referred to as
“modified follow-the-leader control system) will be
described. FIGS. 23A, 23B, 23C, and 23D illustrate experi-
mental responses of the follow-the-leader control with
respect to the trajectory of FIG. 21A. FIGS. 24 A, 24B, 24C,
and 24D 1llustrate experimental responses of the follow-the-
leader control with respect to the trajectory of FIG. 21B. The
meaning of the axes and the reference symbols of each
diagram are the same as those of the second embodiment.

[0129] The response 1llustrated 1n FIG. 23 A indicates that,

in the modified follow-the-leader control system, a distance
error 1n the sixth curvable section 1s slightly larger than that
in the conventional follow-the-leader control system at
displacement of the base z,=0.02 m to 0.04 m. In the sum of
the distance errors 1llustrated 1in FIG. 23B, the difference 1n
the modified follow-the-leader control system 1s reduced in
the section of the displacement of the base z,=0.045 m to
0.06 m as compared with the difference 1n the conventional
follow-the-leader control system. FIGS. 23C and 23D 1llus-
trate that there 1s no large diflerence in performance between
the modified follow-the-leader control system and the con-
ventional follow-the-leader control system in the displace-
ment of the base z,=0.03 m, whereas in the shape upon
reaching the trajectory termination, the modified follow-the-
leader control system has reduced the distance diflerence 1n
the sixth curvable section.

[0130] The responses illustrated in FIGS. 24A and 24B
indicate that the modified follow-the-leader control system
has significantly reduced the distance difference 1n all the
curvable sections as compared with the conventional follow-

the-leader control system. FIGS. 24C and 24D 1llustrate that
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there 1s no large difference 1n performance between the
modified follow-the-leader control system and the conven-
tional follow-the-leader control system in the displacement
of the base z,=0.03 m, whereas 1n the shape upon reaching
the trajectory termination, the modified follow-the-leader
control system has reduced the distance difference in the
fitth and the sixth curvable sections.

[0131] Thus, 1t 1s 1ndicated that 1n the follow-the-leader
control with respect to the trajectory of constant curvature,
a distance difference from the target angle 1s able to become
smaller as compared with the conventional follow-the-
leader control system and deviation from the trajectory 1is
able to be reduced by introducing an additional gain. Fur-
ther, since the difference reduction performance 1s not lim-
ited to the specific trajectory or the specific displacement of
the base 1n the trajectory, it 1s indicated that the proposed
follow-the-leader control system 1s eflective to the follow-
the-leader control of the continuum robot.

Other Embodiments

[0132] Embodiment(s) of the present invention can also be
realized by a computer of a system or apparatus that reads
out and executes computer executable instructions (e.g., one
or more programs) recorded on a storage medium (which
may also be referred to more fully as a ‘non-transitory
computer-readable storage medium’) to perform the func-
tions of one or more of the above-described embodiment(s)
and/or that includes one or more circuits (e.g., application
specific integrated circuit (ASIC)) for performing the func-
tions of one or more of the above-described embodiment(s),
and by a method performed by the computer of the system
or apparatus by, for example, reading out and executing the
computer executable instructions from the storage medium
to perform the functions of one or more of the above-
described embodiment(s) and/or controlling the one or more
circuits to perform the functions of one or more of the
above-described embodiment(s). The computer may com-
prise one or more processors (e.g., central processing unit
(CPU), micro processing unit (MPU)) and may include a
network of separate computers or separate processors to read
out and execute the computer executable instructions. The
computer executable instructions may be provided to the
computer, for example, from a network or the storage
medium. The storage medium may include, for example, one
or more of a hard disk, a random-access memory (RAM), a
read only memory (ROM), a storage of distributed comput-
ing systems, an optical disk (such as a compact disc (CD),
digital versatile disc (DVD), or Blu-ray Disc (BD)™), a
flash memory device, a memory card, and the like.

[0133] While the present invention has been described
with reference to exemplary embodiments, it 1s to be under-
stood that the invention 1s not limited to the disclosed
exemplary embodiments. The scope of the following claims
1s to be accorded the broadest interpretation so as to encom-
pass all such modifications and equivalent structures and
functions.

[0134] This application claims the benefit of Japanese
Patent Application No. 2016-138133, filed Jul. 13, 2016,
which 1s hereby incorporated by reference herein in its
entirety.

1. A continuum robot, comprising;:
a first curvable portion capable of curving;

at least one second curvable portion provided adjacent to
the first curvable portion and capable of curving;
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a first wire connected to the first curvable portion;

a second wire connected to the second curvable portion;
and

a control unit configured to control curves of the first
curvable portion and the second curvable portion by
controlling driving of the first wire and the second wire,

wherein the control unit controls driving of the first wire
and the second wire on the basis of a kinematic model
in consideration of a curve of the second curvable
portion accompanying driving of the first wire 1n order
to curve the first curvable portion and a curve of the
first curvable portion accompanying driving of the
second wire 1n order to curve the second curvable
portion.

2. A continuum robot, comprising;:
a first curvable portion capable of curving;

at least one second curvable portion provided adjacent to the
first curvable portion and capable of curving;

a first wire connected to the first curvable portion;

a second wire connected to the second curvable portion;
and

a control umit configured to control curves of the first
curvable portion and the second curvable portion by
controlling driving of the first wire and the second wire,

wherein the control unit controls driving of the first wire and
the second wire so that a curve target value of the first
curvable portion 1s achieved by the sum of curved amounts
of the first curvable portion and the second curvable portion.

3. The continuum robot according to claim 1, wherein the
control unit performs follow-the-leader control.

4. A modification method of a kinematic model of a
continuum robot, which includes a first curvable portion
capable of curving, at least one second curvable portion
provided adjacent to the first curvable portion and capable of
curving, a first wire connected to the first curvable portion,
and a second wire connected to the second curvable portion,
the method comprising moditying the kinematic model by
using a model i consideration of a curve of the second
curvable portion accompanying driving of the first wire 1n
order to curve the first curvable portion and a curve of the
first curvable portion accompanying driving of the second
wire 1n order to curve the second curvable portion.

5. A modification method of a kinematic model of a
continuum robot, which includes a first curvable portion
capable of curving, at least one second curvable portion
provided adjacent to the first curvable portion and capable of
curving, a first wire connected to the first curvable portion,
and a second wire connected to the second curvable portion,
the method comprising modifying the kinematic model by
using a model for controlling driving of the first wire and the
second wire so that a curve target value of the first curvable
portion 1s achieved by the sum of curved amounts of the first
curvable portion and the second curvable portion.

6. The modification method according to claim 4, wherein
a modification value for modifying a kinematic model which
represents a relationship between data of a target position of
the curvable portion and a position of the curvable portion
by a driven displacement of the first wire and the second
wire derived from the data 1n accordance with a mechanism
of the continuum robot 1s obtained by an algorithm using an
optimization technique to reduce a diflference between data
of the target position of the curvable portion when the
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continuum robot obtains a predetermined position and a
measurement value related to an actual position of the
curvable portion.

7. The correcting method according to claim 6, wherein a
measurement displacement of the curvable portion con-
trolled by a driven displacement of the wire 1n accordance
with data of a first predetermined representative position of
the continuum robot 1s obtained, a modification coeflicient
with respect to the first predetermined representative posi-
tion 1s obtained by a steepest descent method by using the
measurement displacement, the data of the first predeter-
mined representative position, and an initial value of the
modification coeflicient, this method 1s used similarly to a
second predetermined representative position to obtain a
modification coetlicient with respect to the second predeter-
mined representative position, so that the modification coet-
ficient 1s obtained with respect to each of a plurality of
predetermined representative positions, and the modification
value 1s obtained.

8. The modification method according to claim 7, wherein
the modification coethlicient obtained with respect to the first
predetermined representative position 1s used as an initial
value of the modification coetlicient of the steepest descent
method with respect to the second predetermined represen-
tative position.

9. The modification method according to claim 7, wherein
the iterative optimization technique 1s used, and a modifi-
cation coeflicient obtained in a first previous time 1s used as
an 1nitial value of a modification coetlicient of each time.

10. The modification method according to claim 7,
wherein a mean value of all the modification coetlicients 1s
obtained and 1s defined as the modification value.

11. The modification method according to claim 6,
wherein the modification value 1s obtained by using a model
in which an angle obtained by multiplying the curve relative
angle 1n the 1-th curvable portion by a coeflicient yp[1] 1s
added to the curve relative angle in the adjacent (1-1)th
curvable portion, an angle obtained by multiplying the curve
relative angle 1n the 1-th curvable portion by another coet-
ficient yd[1] 1s added to the curve relative angle in the
adjacent (1+1)th curvable portion, and an angle obtained by
multiplying the curve relative angle in the 1-th curvable
portion by (yp[1]+yd[1]) 1s subtracted from the curve relative
angle 1n the 1-th curvable portion (1 1s 2 or greater and equal
to or smaller than (the number of curvable portions)-1).

12. The modification method according to claim 11,
wherein the modification value 1s obtained from a modifi-
cation matrix.

13. The modification method according to claim 12,
wherein in the modification matrix, 1-th row, 1-th column 1s
defined as 1—yd[1]-ypl[1], 1-th row, (1—1)th column 1s defined
as yd[1—-1], and 1-th row, (1+1)th column 1s defined as yp[1+1].

14. A control method of a continuum robot, which
includes a first curvable portion capable of curving, at least
one second curvable portion provided adjacent to the first
curvable portion and capable of curving, a first wire con-
nected to the first curvable portion, and a second wire
connected to the second curvable portion, the method com-
prising:

obtaining a target position modified by multiplying data

of the target position of the curvable portion by an
iverse of a modification value by using the modifica-
tion method according to claim 6 and,
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controlling the curvable portion by a driven displacement
of the wire calculated in accordance with the modified
target position.

15. The control method according to claim 14, wherein
not only control of a previously set curvature, but also
control of a curvature by a real-time operation 1s performed
by adding an additional target value of the curvature to data
of the target position.

16. The control method according to claim 14, wherein
follow-the-leader control with respect to a trajectory of
inconstant curvature 1s performed by multiplying an inverse
of the modification value by an additional gain.

17. The continuum robot according to claim 2, wherein
the control unit performs follow-the-leader control.

18. The modification method according to claim 5,
wherein a modification value for modifying a kinematic
model which represents a relationship between data of a
target position of the curvable portion and a position of the
curvable portion by a driven displacement of the first wire
and the second wire derived from the data in accordance
with a mechanism of the continuum robot 1s obtained by an
algorithm using an optimization techmique to reduce a
difference between data of the target position of the curvable
portion when the continuum robot obtains a predetermined
position and a measurement value related to an actual
position of the curvable portion.

19. The control method according to claim 15, wherein
follow-the-leader control with respect to a trajectory of
inconstant curvature 1s performed by multiplying an inverse
of the modification value by an additional gain.

e e e e e
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