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ABSTRACT Although industrial robotic arms are equipped with external cables to supply electricity, gases
or other materials, cable path design is a difficult and demanding task. Herein, an efficient optimization
method is proposed for automating cable path design under the assumption that the robot motion path is
known. The contribution of this study was to reduce the considerable computation time required for the
optimization, which was a concern in our previous work. The previous method represented candidates for
cable paths as a set of parameter vectors (PVs) that included cable length and guide configurations, and then
selected the optimal PV that satisfies stress constraints and provided the shortest cable path. The proposed
method extracted critical poses, i.e., several static robot poses that are prone to applying stress to the cable,
from the joint angle time series of the motion path, and then performed attachment and motion tests. The
cable geometry for the static critical poses was simulated in the attachment test, while the geometry for
dynamic robot motion was simulated in the motion test in an ascending order of the cable length among the
PV candidates. Experimental results showed that the computation time for cable path optimization could be
significantly reduced.

INDEX TERMS Computer simulation, industrial engineering, optimal matching, path planning, robotics
and automation.

I. INTRODUCTION
According to the International Federation of Robotics, the
global installations of industrial robot arms were ∼380,000
units in 2020, with ∼3.0 million operational stocks of indus-
trial robot arms [1]. With an increase in the number of robots
in manufacturing scenes, new intelligent control paradigms
for robot collaboration and their future applications are dis-
cussed [2], [3]. Robot arms are used in several applications
including the production of electricity, electronics, food, and
chemicals. End effectors and sensors are attached to the
robot arm to execute numerous functions. Some examples
of end effectors and sensors are motorized chucks and air
chucks for realizing pick-and-place motion, adhesive spray-
ing, and visual inspection. Electricity and gases are delivered
to the end effector via external cables and tubes, respectively.
Because the motion of a robot arm is complex, a cable path
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design, i.e., the configuration of guides for attaching cables
and the cable length, is a demanding task that requires con-
siderable effort and person-hours from engineers. Therefore,
an efficient automatic optimization method is required for a
cable path design.

To optimize the cable path, the geometric deformation of
the cable associated with the joint angle of the robot arm
must be physically simulated. The Cosserat theory [4] is
a fundamental theory of micropolar elasticity that defines
distinct translational and rotational degrees of freedom for
each cable element. Spillmann and Teschner [5] developed
a model that divides the cable into discrete one-dimensional
(1D) elements along its centerline, defines the position and
orientation of each cable element, and uses the finite element
method to calculate the continuous deformation energy of
each cable element. Grégoire and Schömer [6] separately
expressed the bending and torsion energies and adopted a
generalized mass–spring model. Mass–spring models to rep-
resent the deformation of objects has been used for computer
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animation since the 1980s. Baraff and Witkin [7] represented
the clothes worn by animated characters as simple displace-
ment springs. Hergenröther and Dähne [8] divided wires
into rigid cylindrical segments linked with ball joints. Loock
and Schömer [9] split a cable into stiff segments and used
torsion springs in addition to linear and bending springs for
connections between the segments. Lv et al. [10] applied
physical models of cable harnesses with a linear spring for
elongation, a bending spring for bending, and torsion springs
for geometric andmaterial torsion. A position-based dynamic
framework has been proposed to increase the simulation
speed and stabilize collision detection between rigid bodies
[11] and implemented in physics engines such as Bullet,
Havok [12], [13], and PhysX [14].

The cable-path optimization problem must be addressed
based on the motion of a robot arm, i.e., the trajectory path
expressed as a time series of joint angles. Generally, trajectory
paths are generated by interpolating multiple waypoint poses.
By operating an actual or virtual robot arm in a robot simula-
tor, the operator creates waypoint poses. Trajectory planning
is an optimization issue in which constraints are applied to
reduce energy consumption, avoid collisions between the
robot arm and the surrounding objects, and ensure that the
robot arm is maintained within the speed and torque limits.
Traditional approaches for generating trajectory paths, such
as the potential method [15] and cell-division method [16],
identify spatial positions that the robot can pass throughwhile
considering the locations of nearby obstacles [17]. Recently,
methods based on random samplings—such as the proba-
bilistic roadmap method [18] and rapidly exploring random
tree [19]—have been widely used.

Kressin [20] and Carlson et al. [21] applied the simu-
lation of cable dress-pack geometry to the trajectory path
optimization problem and estimated the trajectory path which
meets the stress constraints on impulse, stretch, and curva-
ture radius, by excluding problematic alternatives for each
operation executed by the robot. Hermansson et al. [22]
proposed using an autonomous path planner to construct a
collision-free path for rigid robots and then smoothed the
path to account for deformations and stresses in the pack.
They used a general framework for optimizing the parame-
ters of a mechanical system subject to quasi-static motions
and deformations to optimize the waypoint configuration of
the trajectory path. Subsequently, they obtained the optimal
robot configuration and motions using numerical solutions
for a nonlinear programming problem, in which the system’s
static equilibrium equations hold at discrete times. Notably,
the aforementioned approaches optimize the trajectory path
under the condition that the configuration of the dress pack is
fixed; however, the optimization of the dress-pack configura-
tion or cable path was not discussed.

In our previous study [23], the cable path was optimized
under the condition that the robot motion is known. In the
study, first, the entire cable was divided into cable segments
separated by guides and then, a set of parameter vectors (PVs)
including the length of the cable segments and configuration

of the cable guides was prepared. All PVs were analyzed on
the basis of the robotmotion to ensure that theymeet the stress
constraints proposed byKressin [20]. The PVs that passed the
motion test were grouped to construct the entire cable path.
The computation time of the motion test was proportional to
the product of the motion time and the number of PVs. The
computation time was estimated to be >10 h based on a case
study [23].

In this study, to reduce the computation time for automat-
ing the cable path design, an efficient optimization method is
proposed. Here, the cable path design can be interpreted as
a combinatorial optimization problem for PVs. A brute-force
search is a general problem-solving method that exhaustively
searches all candidate solutions to determine whether they
satisfy problem requirements [24]. Although such searches
can yield a global solution, the computational load becomes
considerable as the number of candidate solutions increases.
Consequently, general approaches for reducing the compu-
tational load have been proposed, including the branch-and-
bound method [25], dynamic programming method [26],
and greedy method [27]. Further, the hill-climbing approach
[28] which focuses on problem-specific characteristics and
best-first search [29] which maintains numerous top-level
candidates in a queue have been proposed. Metaheuristic
methodologies, such as evolutionary computation or closest-
neighbor search methods, are also used to obtain a satis-
factory solution in a short time. Evolutionary computation
includes genetic algorithms [30], swarm intelligence [31],
or differential evolution [32]. Furthermore, neighborhood
search methods include tabu search [33] and annealing [34].
Although these approaches are effective in reducing the
computational load, they do not guarantee a global solu-
tion; hence, they are considered unsuitable for the cable
path design, which has a direct impact on the productivity
of manufacturing facilities. Unpromising PV candidates are
gradually rejected on the basis of a brute-force search by
focusing on problem-specific rules of thumb.

To reduce the computation time, an efficient optimization
method is proposed for automating the cable path design.
Hence, a stepwise reduction of unpromising PV candidates
is considered. In image processing, this stepwise reduction
technique is known as a cascaded classifier. Viola et al. [35]
proposed a fast and accurate solution that combines Haar
features with a cascaded classifier for face detection. A cas-
cade classifier comprises a concatenation of numerous strong
classifiers. By distinguishing items sequentially using each
strong classifier, the classifier can rapidly identify whether a
target object is present at a certain position in an image.More-
over, a boosting method that parallelly combines fast weak
classifiers has been proposed to construct a fast and accurate
strong classifier. In particular, adaptive boosting (AdaBoost)
[36] is an efficient computation method that uses adaptive
weighting and parallel relearning based on the recognition
rate of the classifiers in the learning process. The proposed
combination of the serial cascade classifier with parallel
boosting is effective and versatile and has been used in the
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recognition of eyes [37], people [38], cars [39], animals [40],
and other objects.

In our previous method [23], the entire cable was divided
into cable segments based on a division at guide positions
and multiple candidate cable paths were represented as a set
of PVs that included the configuration of the guide and cable
length. Then, the optimal PV providing the shortest cable path
while meeting the stress constraints (impulse, stretch, and
curvature radius) and robustness constraints was identified.
This optimization required considerable computation time.

Therefore, in the present study, a classifier with a series–
parallel structure [35], [36] is used to rapidly eliminate
unpromising PV candidates and reduce the computation time
required to automate the cable path design. As the main con-
tribution of the proposed method, the following three novel
concepts are introduced to reduce the computation time:

i) critical robot poses,
ii) a cascade structure in an attachment test (CSAT), and
iii) a cascade structure for cable path optimization.
Then, the entire procedure is overviewed with respect to

the abovementioned concepts. The proposed method extracts
several static poses of a robot that are prone to applying stress
to the cable from the joint angle time series of the trajectory
path as i) critical poses and then performs attachment and
motion tests for determining which PVs or their combinations
satisfy the stress constraints. The attachment test simulates
cable geometries for static critical poses and uses ii) CSAT to
save computation time, while the motion test simulates cable
geometries for dynamic robot motion in an ascending order of
cable path length among PV candidates. In the context of only
PV candidates that pass the attachment test, being eligible for
the motion test, the concatenation of the two tests is referred
to as iii) a cascade structure for cable path optimization.

The remainder of this paper is organized as follows.
In Section II, an efficient optimization of the cable path is
conducted. In Section III, the optimal PV obtained via a
simulation is validated. In Section IV, the effectiveness of
the proposed method is verified by performing experiments
on an actual robot arm. Finally, in Section V, this study is
summarized and possible future work is discussed.

II. PROPOSED METHOD
Herein, a framework is proposed to considerably reduce the
computation time required for automatically designing cable
paths for a given robot motion. In our previous study [23],
a set of PVs was defined, including the length of cable
segments and the configuration of cable guides, and the
optimal PVs from the candidate set were determined through
motion tests under the condition that the robot arm motion
was known. However, in the motion test, the computation
time was related to the product of the motion time and the
number of PVs, indicating that a considerable amount of
time is required to obtain optimal PVs. As explained in
the previous section, the main contribution of the proposed
method includes three novel concepts that are explained in
detail below.

FIGURE 1. Optimization procedure in robot arm cable path planning.

In the proposed method, the computation time required
for the cable path optimization is drastically reduced by
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FIGURE 2. Schematic of an N-link robot arm with the cable and guide
configuration.

introducing the procedure shown in Fig. 1. Here, the proposed
method extracts critical poses, i.e., several static poses of the
robot that are prone to applying stress to the cable, from the
joint angle time series of the motion path and then performs
attachment and motion tests. The definitions of the symbols
in Fig. 1 are explained in the later subsections.

In the attachment test, the PV candidates that satisfy the
constraints are selected by simulating the attachment of a
cable to a static critical pose. A CSAT is used to remove the
PV candidates that do not satisfy the adjacency conditions
from the PV candidates that satisfy the constraints in the
preceding cable segment.

In the motion test, the cable shape is simulated for the
dynamic robot motion using the entire cable PV (ECPV),
which is a combination of PV candidates selected in the
attachment test, to determine the optimal combination of PVs
that provides the shortest cable path satisfying the constraints.

The computational load for verifying each candidate PV in
the attachment test is smaller than that for themotion test. The
number of PV candidates to be validated in themotion test can
be decreased by carefully selecting as few PV candidates as
feasible in the attachment test. The proposed computational
framework, in which the attachment and motion tests are
coupled in series, is henceforth referred to as the cascade
structure for cable path optimization.

The modeling of the robot arm and cables is described
in Subsection II-A, the critical poses are mathematically
defined in Subsection II-B, the attachment test is presented
in Subsection II-C, and the motion test is presented in
Subsection II-D.

A. ROBOT ARM AND CABLE MODELING
Fig.2 shows a robot arm, that consists of N + 1 links
Ln (n= 0, . . . ,N ) connected by N joints. Link L0 is fixed to
the robot platform. The n-th joint angle, which represents the
relative angle of link Ln to link Ln−1, is expressed in terms
of θn (t) as a function of time t . Let coordinate system, 6L0 ,

FIGURE 3. Subsegments in cable segment Cm.

be the absolute coordinate system with the origin at the base
point of link L0, and the coordinate system, 6Ln , be the local
coordinate system of Ln with the origin at the base point of Ln.
Each Ln possesses a pair of screw holes for device attachment,
indicated by black dots, and the configuration of the pair of
screw holes in6Ln is represented by An. The configuration of
Ln at t is represented as a nonlinear function of the joint angle
2(t) = [θ1 (t) ,θ2 (t) , . . . ,θN (t)]T .

As it is not possible to place guides on all links due to the
specifications of the robot arm, the cables may be connected
between adjacent links and between links that are one or more
links apart. In this study, we assume that the cable guide
Gm (m= 1, . . . ,M) is attached to Ln (n= 1, . . . ,N ). Here, the
relation between m and n is expressed as n = f GuideToLink (m)
using the mapping function fGuideToLink (m). The configura-
tion of Gm in 6Ln is given by the relative configuration Pm
with respect to An of the pair of screw holes. Therefore,
the configuration of Gm in 6L0 is a function of joint angles
[θ1 (t) ,θ2 (t) , . . . ,θn (t)]T , An, and Pm. The entire cable can
be modeled as a set of cable segmentsCm (m= 1, . . . ,M − 1)
[23]. The tip of Cm is attached to Gm and the end is attached
to guide Gm+1.
A cable geometry model is used on the basis of multiple

rigid subsegments of a constant physical size and a virtual
mass-spring joint [10]–[41]. The virtual joint with six degrees
of freedom constrains two adjacent subsegments.

As shown in Fig. 3, Cm traversing two joints connects
Ln and Ln+2 via Gm and Gm+1, which are composed
of Sm subsegments with a fixed-length lss and virtual
joints. Here, the relation between the indexes of the
guide and link is expressed asn = f GuideToLink

(
m′
)
|m′=m and

n+ 2= f GuideToLink
(
m′
)
|m′=m+1 using the mapping function

fGuideToLink , where m and n are fixed values.
Thus, the length of Cm, lcm , is expressed as Sm × lss. The

first subsegment of Cm is connected to Gm, and the Sm-th
subsegment is connected to the first subsegment of the next
cable segment. The shape of Cm is calculated on the basis of
the configuration of Sm subsegments.

B. CRITICAL POSES
Critical poses are robot poses that are prone to applying
stress to the cable with impulse, stretching, bending, and
other movements. Various critical poses are extracted for each
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FIGURE 4. Joint angles and critical poses when one joint is present
between the guides.

FIGURE 5. Critical robot poses with one joint between the links.

cable segment based on the robot motion. A critical pose
is defined in terms of the joint angle with a global extreme
value. In critical poses, satisfying the aforementioned stress
constraint is difficult. Herein, it is assumed that if a cable path
can satisfy the stress constraint in all critical poses, the cable
can also satisfy the stress constraint in other motion poses.

Moreover, it is assumed that the cable stress generated in
the static critical pose will be reproduced as the cable stress
that damages the cable in the dynamic motion. Therefore,
using the aforementioned framework of the cascade structure
for cable path optimization, PVs that did not satisfy all the
constraints in any critical pose in the attachment test from the
set of PV candidates for the motion test are excluded.

The joint-angle time series 2(t), which represents the
robot motion, is generally obtained by applying a path-
optimization method to a list of waypoint poses specified
by the operator. The critical poses are extracted from 2(t)
using an order-dependent combination of the global extreme
angles of the joints between the two guides. The scenarios
for one and two joints between the guides are explained in the
following parts; the scenarios formore joints can be explained
by increasing the number of combinations.

1) CRITICAL POSES: ONE JOINT IS PRESENT
BETWEEN THE GUIDES
The mathematical definition of critical poses is provided
where one joint is present between the guides Gm and Gm+1

FIGURE 6. Joint angles and critical poses when two joints are present
between the guides.

to which Cm is attached. A set of critical pose tuples, 2m,
comprises up to two tuples corresponding to the maximum
and minimum values of the joint angle θn+1(t):

Tmaxθn+1 = θn+1 (t) (1)

θn+1,maxθn+1 = = θn+1 (t) fort ∈ Tmaxθn+1 (2)

Tminθn+1 = θn+1 (t) (3)

θn+1,minθn+1 = θn+1 (t) fort ∈ Tminθn+1 (4)

2m = {(θn+1,maxθn+1), (θn+1,minθn+1)}, (5)

As an example, Fig. 4 shows the joint angle and critical
poses when one joint is present between the guides to which
the cable is attached. For simplicity, the joint angles can
be expressed using trigonometric functions. Here, the joint
angle, θn+1, has the critical pose tuples (θn+1,maxθn+1) and
(θn+1,minθn+1) corresponding to the maximum values at 5 and
25 s (refer to (2)) and the minimum value at 15 s (refer to
(4)), respectively. For reference, the respective critical poses
are shown in Fig. 5.

Generally, the cable segment is stretched the most in the
poses where the bending joint angle θn+1 = 0. However,
such poses are likely to be eliminated as singular poses during
trajectory planning. Thus, they are not adopted as candidates
for critical poses in this study. However, they can be adopted
as additional candidates.

In the case where two joints are present between the guides
to which the cables are attached, the joint angles θn+1 and
θn+2, which are prone to applying stress to Cm that connects
Ln and Ln+2, are determined by the maximum or minimum
combination of each joint angle.

2) CRITICAL POSES: TWO JOINTS ARE PRESENT
BETWEEN THE GUIDES
The mathematical definition of critical poses is provided
where two joints are present between the guidesGm andGm+1
to which Cm is attached. Further, a set of critical pose tuples,
2m, comprises up to eight tuples corresponding to the order-
dependent combinations of the maximum and minimum of
two joint anglesθn+1(t) and θn+2(t). Each tuple has two ele-
ments corresponding to respective joint angles:

Tmaxθn+1
= θn+1 (t) (6)
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FIGURE 7. Critical robot poses for two degrees of freedom between links.

Tmaxθn+1,maxθn+2
= θn+2 (t) (7)

θn+1,maxθn+1,maxθn+2

= θn+1 (t) fort ∈ Tmaxθn+1,maxθn+2 (8)

θn+2,maxθn+1,maxθn+2

= θn+2 (t) fort ∈ Tmaxθn+1,maxθn+2 (9)

2m

= {(θn+1,maxθn+1,maxθn+2 , θn+2,maxθn+1,maxθn+2),

(θn+1,maxθn+1,minθn+2 , θn+2,maxθn+1,minθn+2),

(θn+1,minθn+1,minθn+2 , θn+2,minθn+1,minθn+2 ),

(θn+1,minθn+1,maxθn+2 , θn+2,minθn+1,maxθn+2),

(θn+1,maxθn+2,maxθn+1 , θn+2,maxθn+2,maxθn+1),

(θn+1,maxθn+2,minθn+1 , θn+2,maxθn+2,minθn+1),

(θn+1,minθn+2,minθn+1 , θn+2,minθn+2,minθn+1 ),

(θn+1,minθn+2,maxθn+1 , θn+2,minθn+2,maxθn+1)}. (10)

The second and subsequent tuples in the right side
of (10) are defined in the same way as the first tuple.
During the actual robot motion, the number of critical
pose tuples may be smaller owing to the overlap of these
critical poses. For example, if Tmaxθn+1 ∩ Tmaxθn+2 6= ∅,
then θn+1,maxθn+1,maxθn+2= θn+1,maxθn+2,maxθn+1 and
θn+2,maxθn+1,maxθn+2 = θn+2,maxθn+2,maxθn+1 , yielding
(θn+1,maxθn+1,maxθn+2 , θn+2,maxθn+1,maxθn+2) =

(θn+1,maxθn+2,maxθn+1 , θn+2,maxθn+2,maxθn+1).
Fig. 6 shows the joint angle and critical poses when two

joints are present between the guides. The dotted and dashed
lines represent θn+1 and θn+2, respectively. For simplicity,
the joint angles can be expressed using trigonometric func-
tions. First, we focus on 5 and 25 s where θn+1 achieves
the maximum values, and θn+2 achieves the maximum
value at 5 s and a minimum value at 25 s. Thus, crit-
ical pose tuples (θn+1,maxθn+1,maxθn+2 , θn+2,maxθn+1,maxθn+2)
and (θn+1,maxθn+1,minθn+2 , θn+2,maxθn+1,minθn+2) are obtained
at 5 and 25 s, respectively. Next, we focus on the
case where θn+1 reaches the minimum value; as θn+1
achieves the minimum value only in 15 s, the crit-
ical pose at this time corresponds to both tuples
(θn+1,minθn+1,maxθn+2 , θn+2,minθn+1,maxθn+2 ) and
(θn+1,minθn+1,minθn+2 , θn+2,minθn+1,minθn+2). Therefore, there
are three critical poses based on the global extremes of θn+1,

and there are four critical poses based on the global extremes
of θn+2. In total, seven critical poses are extracted from the
two joint angles shown in Fig. 6. For reference, the critical
pose tuples (θn+1,maxθn+1,maxθn+2 , θn+2,maxθn+1,maxθn+2) and
(θn+1,minθn+1,minθn+2 , θn+2,minθn+1,minθn+2) are shown in Fig. 7.
Generally, 2m comprises K(1 ≤ K ≤2i+1) pose tuples,

where i represents the number of joints between the guides
and each tuple comprises i elements. Each pose tuple included
in 2m is denoted as the j-th critical pose (j= 1, 2, . . . ,K).

C. ATTACHMENT TEST
In the attachment test, the PV candidates that satisfy all the
constraints are selected by simulating the attachment of a
cable to a static critical pose. The attachment test procedure is
depicted in the upper portion of Fig. 1. For the CSAT, the PV
candidates that satisfy the constraints of each cable segment
are selected in each attachment test module; then, the PV
candidates that satisfy the constraints of all cable segments
are selected.
The PV of a Cm comprises Sm (number of subsegments of

Cm), Pm (configuration of Gm), and Pm+1 (configuration of
Gm+1). The PV candidate setD0,m, which is generated on the
basis of the combination of all these parameters, is defined as
follows.

D0,m =
{
(Sm,i,m,Pm,j,m,Pm + 1, jm+ 1)|

1 ≤ im ≤ Im, 1 ≤ jm ≤ Jm, 1 ≤ jm+1 ≤ Jm+1,

1 ≤ m < M , (11)

where {Sm,im |1 ≤ im ≤ Im} denotes the candidate set of
the number of subsegments in Cm that connects LfGuideToLink (m)
and LfGuideToLink (m+1) and Im denotes the candidate number
of subsegments. The number of subsegments in the can-
didate set, Sm,im , is prepared as an arithmetic series of
constant interval 1S. Furthermore, {Pm,jmPm,jm|1 ≤ Jm}
denotes the candidate set of configurations of Gm fixed to
LfGuideToLink (m)and Jm represents the number of candidate guide
configurations. {Pm+1,jm+1[ERR : md : MbegChr =0 ×
007C,MendChr =0 × 007D, nParams = 1] indicates
the candidate set of configurations for Gm+1 fixed to
LfGuideToLink (m+1).
As shown in Fig. 1, the attachment test consists of attach-

ment test modules for individual cable segments and adja-
cency condition checks between adjacent cable segments.
This structure aims to efficiently reduce the number of PV
candidates; it is referred to as the CSAT.
Subsequently, three stress constraints on impulse, stretch,

and bending [23] are considered for all poses in the critical
pose set 2m. The PV set D1,m that satisfies these stress
constraints is obtained as follows:

D1,m =
{
(Sm,i,m,Pm,j,m,Pm + 1, jm+ 1)|

Impulseth ≥ Impulse(Sm,im ,Pm,jm ,Pm+1,jm+1 ) (θ) ,

Stretchth ≥ Stretch(Sm,im ,Pm,jm ,Pm+1,jm+1 ) (θ) ,

Curvatureth ≤ Curvature(Sm,im ,Pm,jm ,Pm+1,jm+1 ) (θ) ,

for∀θ ∈ 2m} (12)
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where Impulse(Sm,im ,Pm,jm ,Pm+1,jm+1 ) (θ) represents the maxi-
mum impulse received by each subsegment of Cm, when the
joint angle is set to2m. Similarly, Stretch(Sm,im ,Pm,jm ,Pm+1,jm+1 )
(θ) and Curvature(Sm,im ,Pm,jm ,Pm+1,jm+1 ) (θ)are the maximum
stretch and minimum radius of the curvature of the subseg-
ments, respectively. The stress constraints described in (12)
impose the following constrains on the cable [20].

Constraint 1: The impulse received by the cable when
contacting the robot arm or peripheral objects is less than the
threshold Impulseth.
Constraint 2: The stretch rate of the distance between

adjacent subsegments of the cable to a predefined distance
is less than the threshold Stretchth.
Constraint 3: The minimum cable curvature radius is more

than the threshold Curvatureth as determined by the cable
material.

A robustness constraint on the length of Cm(the num-
ber of subsegments) is introduced so that the PVs satisfy
the aforementioned stress constraints even if the number of
subsegments increases or decreases within a predetermined
robustness R [23]. Let lR be the variation in the segment
length corresponding to the robustness, R =lR/(1S×lss).
A set of R-neighbor PVs associated with the index im in(
Sm,im ,Pm,jm ,Pm+1,jm+1

)
is defined as follows:

Dneighbor,(Sm,im ,Pm,jm ,Pm+1,jm+1 )

=
{
(Sm,i′m ,Pm,jm ,Pm+1,jm+1)

∣∣ im
−R ≤ i′m ≤ im + R, 1 ≤ i

′
m ≤ Im

}
. (13)

Based on Dneighbor and D1,m, the PV set D2,m that satisfies
the robustness constraint is defined as follows:

D2,m =
{(
Sm,im ,Pm,jm ,Pm+1,jm+1

)
|

×Dneighbor,(Sm,im ,Pm,jm ,Pm+1,jm+1 ) ⊂ D1,m,

1 ≤ im − R , im + R ≤ Im} . (14)

Next, the cable segment adjacency condition check is dis-
cussed for the CSAT (Fig. 1). For 2 ≤ m, D′0,m is used
instead of D0,m as the input for the attachment test module.
Here, D′0,m is generated as a subset of D0,m by checking
the adjacency condition using the already obtained D2,m−1,
as shown in (15). Notably, the attachment test procedure is
written in such a way that PVs are verified in the order of
subsegment cables with low index m. However, by perform-
ing PV reduction in the order of subsegment cables with a
small number of PV candidates, the total computation time
of the attachment test can be reduced.

D′0,m =
{
Sm,im ,Pm,jm ,Pm+1,jm+1

∣∣(
Sm−1,im−1 ,Pm−1,jm−1 ,Pm,jm

)
∈ D2,m−1,(

Sm,im ,Pm,jm ,Pm+1,jm+1
)
∈ D0,m

}
(15)

Next, the procedure to combine the PVs in {D2,m|1 ≤
m < M obtained using the attachment test is described for
all cable segments {Cm|1 ≤ m < M to determine the global
optimal PV that minimizes the total number of subsegments
in the entire cable. The adjacency condition check is applied

Algorithm 1Motion test algorithm
Input: D3, 2(t)
Output: d∗

1: D′3← D3
2: while D′3 6= ∅

3: d̂ = arg
d

min
dεD′3

M−1∑
m=1

Sm,im

4: if in parallel for m
Impulseth ≥ max

0≤t≤T
Impulsed̂m (2 (t))

and Stretchth ≥ max
0≤t≤T

Stretchd̂m (2 (t))

and Curvatureth≤ max
0≤t≤T

Curvatured̂m (2 (t))

5: then
6: d∗← d̂
7: break
8: else
9: D′3← D′3 \ {d̂}
10: end while

throughout the cable, in which the adjacent cables must share
the same configuration of the guides that connect them [23].
The PV set D3 that satisfies the adjacency condition can be
expressed as follows:

D3

=
{
S1,i1 , . . . ,Sm,im , . . . ,SM−1,iM−1 ,

P1,j1 , . . . ,Pm,jm , . . . ,PM ,jM
∣∣

×
(
Sm,im ,Pm,jm ,Pm+1,jm+1

)
∈ D2,m, 1 ≤ m < M

}
(16)

Here, the elements in D3 are denoted as ECPVs. If D3= ∅,
then there is no cable path for the given robot motion.

D. MOTION TEST
In the motion test, the cable geometry is simulated on the
basis of the dynamic robot motion using the ECPVs selected
during the attachment test, where the optimal ECPV that
provides the shortest cable path and satisfies the constraints
is selected. The motion test procedure is depicted in the lower
portion of Fig. 1.

First, D3 is copied into the set D′3. Next, the ECPV with
the shortest entire cable length in D′3 is selected and denoted
as d̂ . A motion simulation is parallelly performed on d̂ for
each cable segment Cm(1 ≤ m < M ) to determine whether
the stress and robustness constraints are satisfied. If both
the constraints are satisfied, the process is terminated and
d̂ is adopted as the optimal solution of the cable path, d∗;
otherwise, the current d̂ is removed from D′3 and the motion
test is performed using the ECPV candidates with the shortest
total cable length as the new d̂ . If D′3 becomes empty, all
combinations of PVs in the candidate set D0,m(1 ≤ m <

M ) do not satisfy the design requirements. This process
is described in Algorithm 1, where Impulsed̂m (2 (t)) is the
maximum impulse received by all the subsegments on Cm
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FIGURE 8. Six-axis vertically articulated robot arm equipped with a cable.

at the time t . Stretchd̂m (2 (t)) and Curvature
d̂
m (2 (t)) are the

maximum stretch and minimum curvature, respectively.

III. SIMULATION
The proposed method was used for automatically design-
ing cable paths in pick-and-place motions, and the required
computation time was compared with that of the conven-
tional method [23]. The simulation was performed using
a six-axis articulated robot (Omron Viper 850 [42]) with
an electric gripper (SMC LEHF32EK2-32 [43]). A cable
(SMC LE-CP-3 [44]; diameter: 8 mm and weight: 260 g/m)
used to transmit power and control signals to the electric
gripper was the target of the cable geometry simulation.

For the physical simulation of the cable geometry, the
mass–spring model in PhysX SDK 4.0 [14] was used, and
the rigid segments were connected via virtual joints with six
degrees of freedom. The bending and torsion spring constants
were set to 5.1 × 10−2 and 1.5 Nm/rad, respectively, using
a measurement method [23]. The damping coefficient was
set to 1.0×102Ns/m. The specifications of the computer are
as follows: OS: Windows 10 Professional, CPU: Intel Core
i9-7980XE 2.6 GHz, RAM: 16 GB, GPU: NVIDIA GeForce
RTX 2080.

In this section, the setting of the parameters included in
the stress constraints of the cable geometry (refer to (12))
during cable simulation is described. To avoid collisions with
the surrounding objects, Impulseth was set to 0. Considering
physical stress, Stretchthcan be set to 100%. However, consid-
ering the oscillation of the cable geometry, Stretchth was set
to 102%. Curvatureth was set to 48 mm, which is six times
the diameter of the test cable.

A. PARAMETERIZATION OF GUIDES AND CABLES
The parameters for the number of subsegments of the cable
segment and the configuration of the guide to be optimized
were defined. In addition to the relevant coordinate systems,
Fig. 8 shows the links, configuration of the pair of screw
holes for device attachment, the guides and cables. The robot
arm comprised L1–L6; the gripper section L7 was fixed to L6.

The origin of the absolute coordinate system, 6L0 , was the
base of the robot arm, and the origin of 6Ln was the base of
Ln(1 ≤ n ≤ 7). Guides G1, G2, and G3 were attached to L3,
L4, and L7, respectively. As described in Subsection III-A, the
configurationPm ofGm is specified as a relative configuration
with respect to configuration of the pair of the screw holes,
An, in 6Ln . Here, the mapping relations using the function
fGuideToLink are expressed as 1→ 3, 2→ 4, and3→ 7. Cable
C1 connected G1 and G2, while C2 connected G2and G3.
The PV for C1 includes the number of subsegments, S1,

and the configurations, P1 of G1and P2 of G2. Similarly,
the PV for C2 includes the number of subsegments, S2, and
the configurations, P2 of G2 and P3 of G3. Usually, the
external cable connection to L3 is suspended from the ceiling
or girders; however, this cable path design is not considered
for the optimization in this study. Therefore, the parameters
to be optimized wereS1, S2, P1, P2, and P3.
The minimum value of S1 was determined based on the

distance between the screw holes of L3 and L4 in the ini-
tial pose. Similarly, the distance between the screw holes
of L4and L7 was used to estimate the minimum value of
S2. The maximum values of S1 and S2 were calculated by
adding appropriate values to the corresponding minimum
values in terms of the range of expected solutions and com-
putation time. In particular, the values of C1 = 150–250 mm,
C2 = 400–520 mm, and lss = 10 mm were set. The
step width of the cable segment length for the optimiza-
tion was set to 10 mm (1S = 1). Thus, the candidates
for S1 and S2 are

(
S1,1,S1,2, · · · , S1,11

)
= (15, 16, · · · , 25)

and
(
S2,1,S2,2, · · · , S2,13

)
= (40, 41, · · · , 52), respectively.

Here, the numbers of candidates are I1 = 11 and I2 = 13.
A 10-mm unit subsegment comprised a cylinder of 5-mm
length and 8-mm diameter as well as a 5-mm void (vir-
tual joint). The robustness range parameter R was set to
2(= lR

1S×lss
=

20mm
1×10mm ) to allow a 20-mm variation in lR for

C1 and C2.
The configuration Pm of Gm comprises the position

(x, y, z) and orientation (ϕ, θ, ψ) (units: millimeters and
degrees, respectively). Here, ϕ is the twisting angle of the
cable, which was fixed at 0◦ because twisting the cable
before attaching it to the guide would decrease its life-
time. The candidate set of positions for the configuration
P1 of G1 is {(x, y, z) |x= 0,y= −40, 0, 40, z = 0, 20} and
that of orientations for P1 is (ϕ, θ, ψ) |ϕ = 0, θ =
0, ψ = −90,−45, 0, 45, 90, affording J1 = 30. Further-
more, the candidate set of positions for P2 is {(x, y, z) |x =
0, 50, y = −60, 0, 60, z = 0, 20} and that of the orientations
forP2 is {(ϕ, θ, ψ) |ϕ = 0, θ = 0,ψ = −90,−45, 0, 45, 90},
affording J2= 60.

B. ROBOT ARM MOTIONS
Pick-and-place motions are frequently performed in indus-
trial robot applications. Herein, the cable path optimiza-
tion for two pick-and-place motions was investigated. These
motions are defined as a series of robot poses with respect
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FIGURE 9. Poses in pick-and-place motions of the robot arm.

to 6L0 . The initial pose of the robot arm is shown in
Fig. 9(a). First, the robot arm picked an object at (x, y, z) =
(500, 0, 170) mm and (ϕ, θ, ψ) = (0, 90,−90)◦ (Fig. 9(b)).
Then, the robot arm placed the object. The configuration of
the placed object varies with each motion. The place config-
uration was (x, y, z) = (350, 240, 280)mm and (ϕ, θ, ψ) =
(0, 90,−90)◦ (Fig. 9(c)). However, in Motion 2 (Fig. 9(d)),
the place configuration was (x, y, z) = (450, 240, 125)mm
and (ϕ, θ, ψ) = (0, 90, 0) ◦. The joint-angle time series 2(t)
was generated using Omron Sysmac Studio [45], a robot
programming environment, based on a script that detailed the
transit points, velocities, and other factors related to the two
pick-and-place motions. Finally, the (θ1, θ2, θ3, θ4, θ5, θ6) of
the initial, pick, and place poses inMotions 1 and 2 are shown
in Table 1.

C. CRITICAL POSE EXTRACTION
In this section, the results of the extracted critical poses for the
attachment test fromMotions 1 and 2 are described. Based on

TABLE 1. Poses in Pick-and-Place Motions.

the 2(t) of each motion, the critical pose sets 21 and 22 of
C1 and C2 were obtained using (5) and (10), respectively.
First, Motion 1 is considered. Table 2 shows the joint

angles of the 21 of C1, and Table 3 shows the joint angles
of the 22 of C2. 21 and 22 contain two and four pose
tuples (Fig. 10 and Fig. 11), respectively. As mentioned in
Subsection III-B,C2 connects L4 and L6; hence, there are two
joints between G2 and G3. Therefore, 22 may contain up to
eight pose tuples. However, only four unique pose tuples were
extracted owing to the overlapping of the original pose tuples.
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TABLE 2. Critical Pose 21 of C1 for Motion 1.

TABLE 3. Critical Pose 22 of C2 for Motion 1.

Fig. 12 shows that θn (t) (4 ≤ n ≤ 6) is included in 2(t).
In this figure, the occurrence periods of the pick and place
poses are indicated by double-sided arrows and the extraction
times of 21 and 22 are indicated by black dots.

To discuss the two pose tuples of 21 described in Table 2,
the critical pose shapes presented in Fig. 10 and θ4 (solid
line) shown in Fig. 12 were observed. The critical pose shapes
presented in Figs. 10(a) and 10(b) corresponded to the pick
and place poses, respectively. However, the extraction time of
the two critical poses on θ4 in Fig. 12 revealed that the joint
angle achieved an extreme value—not for the pick and place
poses but for the approach and departure movements.

To discuss the four pose tuples of22 described in Table 3,
the critical pose shapes presented in Fig. 11 as well as θ5
(dotted line) and θ6 (dashed line) shown in Fig. 12 were
observed. The critical poses listed in Table 3 were indexed
according to the order of the earliest time at which they were
observed in Fig. 12. The first critical pose corresponded to
the initial pose. The second and third critical poses were
extracted around the pick pose, and the fourth critical pose
was extracted around the place pose.

Considering the extracted critical poses of Motion 2,
Tables 4 and 5 show the joint angles of 21 and 22 of C1
and C2, respectively. Both 21 and 22 contained two unique
pose tuples (Figs. 13 and 14, respectively).

Fig. 15 shows that θn (t) (4 ≤ n ≤ 6) is included in
2(t). The critical pose shapes presented in Fig. 13 and θ4
(solid line) shown in Fig. 15 indicate that the first and second
critical poses were extracted around the occurrence times of
the initial and place poses, respectively. The extraction time
of the second critical pose coincided with the beginning of
the place pose process. Interestingly, no critical poses were
extracted around the pick pose. This is because the values of
θ5 (dotted line) and θ6 (dashed line) for the pick pose were
no longer global extremes owing to the considerably larger
θ5 and smaller θ6 values of the place pose for Motion2 than
those for Motion 1.

TABLE 4. Critical Pose 21 of C1 for Motion 2.

TABLE 5. Critical Pose 22 of C2 for Motion 2.

TABLE 6. Computation Time for Each Module in the Cascade Structure in
the Attachment Test.

D. ATTACHMENT TEST
As mentioned in Subsection III-A, fewer PV candidates were
identified in the D0,2 of C2 (780) than those in the D0,1 of
C1 (19,800). In the CSAT, completing the attachment test in
an ascending order of the number of PV candidates for the
cable subsegments may further reduce the computation time
(Subsection II-C). Therefore, the relation between the order
of the attachment test modules and the computation time is
explored for each cable subsegment. Further, the computation
time is obtained under the condition when the CSAT is not
used.

When C1 and C2 were considered in the first and second
modules, respectively (CSAT1), the set of ECPVs D3 was
determined using the module order (Fig. 1). However, when
C2 and C1were considered in the first and second modules,
respectively (CSAT2), the attachment test was first performed
on the set of PV candidates D0,2 associated with C2 to obtain
D2,2 that satisfies the stress and robustness constraints. Then,
the PV candidate set D′0,1 was generated from D2,2 and D0,1
associated with C1 using the adjacency condition check.
The attachment test was performed on D′0,1 to obtain D2,1
that satisfies the constraints. Finally, the ECPV set D3 was
determined using D2,1 and D2,2.
The results of the attachment test for Motions 1 and 2 are

discussed. Table 6 shows the computation time required to
determine the PV and ECPV in D2,1, D2,2, and D3 for C1
and C2. For Motions 1 and 2, the total computation time for
CSAT2, which treatsC2 with few PVs in the first module, was
considerably smaller than that for CSAT1. The computation
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FIGURE 10. Critical pose 21 of C1 for Motion 1. Green: L3 fixed with G1;
blue: L4 fixed with G2.

TABLE 7. Number of PVS of D2 for Each Module and ECPVs OF D3 in
the Cascade Structure in the Attachment Test.

time in the second module for CSAT2 was slightly longer but
that in the first module was considerably shorter, according
to the computation time for each module. Notably, the total
computation time without the CSAT was 92.0 min (78.8 +
13.2 min) and 96.9 min (84.0 + 12.9 min) for Motions 1 and
2, respectively. These findings suggest that using the CSAT
reduces the computation time and treating cable segments
with few PVs in the first module is recommended.

Fewer ECPVs were obtained in Motion 2 (131) than those
in Motion 1 (246), indicating that designing a cable path
suitable for Motion 2 is more challenging.

TABLE 8. ECPV Values in D3 Obtained From Attachment Tests
(a) Motion 1.

Table 7 shows the number of PVs and ECPVs in D2,1 for
C1, D2,2 for C2, and D3. In Motions 1 and 2, the number of
PVs obtained in the first module of CSAT2 was considerably
lower than that in the case of CSAT1, while the number of
PVs in the second module was slightly higher. Notably, the
total number of ECPVs in the cases of both CSATs was the
same. Further, based on the results of a preliminary simula-
tion, the numbers of ECPVs in the case of both CSATs were
confirmed to be equal to that without CSAT.

The ECPVs included in the final set D3 are shown in
Table 8 in an ascending order of the entire cable length.
The ECPVs obtained for each motion (TABLE 8 (a) and (b))
were compared. The sum of S1 and S2 of the ECPVs for
both motions was similar. In particular, i) the ψ values in
P2 were 0◦ or 45◦ in Motion 1, whereas they were 45◦

in Motion 2. ii) the S1 values for Motion 1 were slightly
larger than those for Motion 2; and iii) the S2 values for
Motion 1 were smaller than those for Motion 2. These differ-
ences in the tendencies of ECPVs will be discussed later in
Section IV.

The cable geometry simulation where C1was connected
to G1 and G2 is shown in Fig. 16. Initially, C1 exhibited a
linear shape along the −y direction of 6L0, and the posi-
tion of the first subsegment was tied to the position of P1.
The configurations of the first and last subsegments were
kinematically controlled over 100 steps such that their con-
figurations eventually matched those of P1 and P2; alterna-
tively, the geometries of other subsegments were physically
simulated.
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FIGURE 11. Critical pose 22 of C2 for motion 1. Yellow: L7 fixed with G3 and L6; blue: L4; red: L5.

E. MOTION TEST
The optimal solution d∗ as the shortest cable path satisfying
the constraints was obtained by iteratively performingmotion
tests on the ECPVs in D3 (Table 8 ) in the order of the
increasing total cable length. To validate the reliability of the
ECPVs obtained from the attachment test, the motion test was
performed on all the ECPVs in D3. The results showed that
84 of 246 ECPVs passed the motion test for Motion 1 and
75 of 131 ECPVs passed for Motion 2. Regarding Motion 1
presented in Table 8 (a), ECPV No.1 and No.2 violated the
impulse constraint in the motion test and ECPV No.3 was
selected as d∗ for the optical cable path. Regarding Motion 2
presented in Table 8 (b), ECPV No.1 was selected as d∗.

F. DISCUSSION
1) CABLE GEOMETRIES IN ATTACHMENT AND
MOTION SIMULATIONS
The cable geometries of the attachment and motion sim-
ulations in the critical poses of Motion 2 are shown in

FIGURE 12. Joint angle time series with critical poses (CPs) for Motion 1.

Figs. 17 and 18, respectively. The d∗ for each motion was
used to determine the optimal cable path. The cable segment
geometries generated in both simulations were very similar
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FIGURE 13. Critical pose 21 for C1 for Motion 2.

for both critical poses for C1 (Figs. 17(a) and 18(a) as well
as Figs. 17(b) and 18(b)) and both critical poses for C2
(Figs. 17(c) and 18(c) as well as Figs. 17(d) and 18(d)).
Similar results were obtained for Motion 1; however, these
results were excluded from this manuscript for reasons of
space.

2) COMPUTATION TIME COMPARISON
The times required to obtain d∗ using the previous method
[23] and the method proposed herein are compared in Table 9.
First, the computation time obtained using the previous
method is discussed, where motion tests were performed
on all PVs in the candidate set D0,1 of C1 and D0,2 of C2
using a brute-force search. The computation time required
for the 19,800 PVs in D0,1 was considerably longer than that
required for the 780 PVs in D0,2. Since the computation for
D0,1 and D0,2 were parallelized, the total time shown in this
table is equal to the computation time for D0,1.
Next, the computation time obtained using the proposed

method is discussed, where the computation times for the
motion test were 0.08 and 0.13 min per PV for Motions 1
and 2, respectively, resulting in a total estimated time of

∼27.5 and 42.9 h for all PVs, respectively. However, the
total computation time was considerably less than the total
estimated time (Table 9 ) because when the stress constraint
failed, the simulation for each PV was halted.

Now, the total computation time of the attachment and
motion tests using the proposed method is discussed. The
computation times obtained in the attachment test are indi-
cated as the total time for CSAT2 in Table 6. In the motion
test per PV in an ECPV, five motion simulations were
performed to determine whether the robustness constraint
(R= 2) was satisfied. For Motion 2, the first ECPV candidate
was selected; hence, the computation time in the motion
test was the time required for five motion simulations, with
the time required per motion simulation as 0.13 min. How-
ever, for Motion 1, the third ECPV candidate was selected,
necessitating two extra motion simulations. Therefore, the
computation time for themotion test was the time required for
sevenmotion simulations, where the time required permotion
simulation was 0.08 min.

As shown in Fig. 1, the motion simulations of C1 and C2
were executed parallelly. The total time is the sum of the
time required for conducting the attachment and motion tests.
The total times obtained using the proposed method were
3.2% and 2.2% of the total times obtained using the previous
method for Motions 1 and 2, respectively.

The computation time was drastically reduced mainly by
introducing the attachment test before the motion test. In the
attachment test, the cable geometries with PV candidates
were statically simulated for several critical poses, i.e., robot
poses that are prone to applying stress to the cable and
extracted from the robot motion. Conversely, in the motion
test, the cable geometries with PV candidates were dynami-
cally simulated for all the poses included in the robot motion.
As described in Subsection II-B, the number of critical poses
is limited by the degree of freedom of the robot link structure
and the number of cable segments, while the number of all
the poses in the robot motion is proportional to the sequence
length of the robot motion. This insight is the reason why
the computation time for the attachment test is considerably
shorter than that for the motion test. In the method proposed
herein, the PV candidates are considerably reduced in the
attachment test with a shorter computation time per PV and
the remaining PV candidates are inspected in the motion
test with a longer computation time per PV according to the
concept of the cascade structure for cable path optimization.
Notably, if all PV candidates pass both the attachment and
motion tests for a very simple robot motion, the total com-
putation time obtained using the proposed method will be
almost the same or slightly longer than that of our previous
method where all PV candidates were inspected only in the
motion test. However, the practical robot motions are compli-
cated; thus, it is very rare for all PV candidates to pass both
the tests. In addition, as highlighted in Subsection III-D, the
CSAT successfully reduced the computation time required in
the attachment test.
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FIGURE 14. Critical pose 22for C2 for Motion 2.

FIGURE 15. Joint angle time series with critical poses (CPs) for Motion 2.

IV. EXPERIMENTS
In the experiments performed on the actual robot arm, the
cable was attached to the guide based on the d∗ obtained
using the cascade structure for the cable path optimization.

TABLE 9. Comparison Of Previous and Proposed Methods.

FIGURE 16. Cable geometry simulation of the attachment test.

Fig. 19 shows the cable geometry and surrounding environ-
ment at the initial, pick, and place poses in the motion simula-
tion (Figs. 19 (a)–(c)) and experiments (Figs. 19 (d)–(f)) for
Motion 1. Similarly, Fig. 20 depicts the simulation images
and photographs of the experimental setup for Motion 2.
The geometries of the cables generated in the experiments
were very similar to those obtained via the simulations for
Motions 1 and 2.

A. CABLE GEOMETRY VALIDATION
It was visually validated that the cable did not come into
contact with the robot arm and was not stretched during the
arm movement. Supplementary videos 1 and 2 show changes
in the cable geometry during Motions 1 and 2. Moreover,
a radius of the curvature of 52mmwasmeasured for the place
pose, which was the smallest in the simulation for Motion 2
and larger than the threshold Curvatureth = 48mm.
Now, the cable geometry when the motion speed becomes

faster is discussed. If the motion is quite fast, the cable
is expected to be swung around, resulting in a consider-
able difference between the simulated and actual geometries.
In our future tasks, to investigate such swinging around of
the cable, the faster motion in the simulation will be con-
sidered and the simulated and actual geometries in faster
motion will be compared using special high-speed video
devices.
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FIGURE 17. Cable segment geometries at critical poses in the attachment
simulation of Motion 2.

FIGURE 18. Cable segment geometries at critical poses in the motion
simulation of Motion 2.

B. COMPARISON OF THE OPTIMAL PVs
FOR MOTION 1 AND 2
The differences in the tendencies of the ECPVs for the two
motions are discussed. As mentioned in Subsection III-D,
the top-ranked ECPVs of D3 presented in TABLE 8 showed
different tendencies: i) the ψ values in P2 were 0◦ or 45◦ in
Motion 1, whereas theywere 45◦ inMotion 2. ii) the S1 values
for Motion 1 were slightly larger than those for Motion 2; and
iii) the S2 values for Motion 1 were smaller than those for
Motion 2.

First, i) the difference between the ψ values in P2 is
discussed for Motion 1 and 2 based on the optimal cable
path at the place poses presented in Figs. 19(c) and 20(c) or
Figs. 19(f) and Fig. 20(f), respectively. In Motion 1, the end
effector faces downward. Therefore, G2 mounted on L4 was
optimized downward (ψ = 0). Meanwhile, in Motion 2, the
end effector faces to the right side. Thus, G2 must be turned

FIGURE 19. Simulated and experimental results for Motion 1, where
d∗ = (S1, S2, P1, P2) = (20,47, (0,40,0,0,0, −45), (0,60,20,0,0,0)).

FIGURE 20. Simulated and experimental results for Motion 2, where
d∗ = (S1, S2, P1, P2) = (19,48, (0,40,0,0,0,0), (0,60,0,0,0,45)).

right down (ψ = 45◦) to guarantee a minimum curvature
radius of C2.
Next, ii) the difference between the S1 values is discussed

for Motion 1 and 2 based on the optimal cable path for the
pick poses presented in Figs. 19(b) and 20(b) or Figs. 19(e)
and Fig. 20(e), respectively. These pick poses were extracted
as the 1st critical poses for C1 in Motion 1 and 2. G1and G2
for Motion 1 face away from each other compared with those
for Motion 2, yielding a slightly greater S1 value for Motion 1
than that for Motion 2. It was confirmed that smaller values
of S1could not satisfy the stretch constraint at their pick pose
for both the motions.
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Finally, iii) the difference between the S2 values is dis-
cussed for Motion 1 and 2 based on the optimal cable path
at the initial pose presented in Figs. 19(a) and 20(a) or
Figs. 19(d) and Fig. 20(d), respectively. These initial poses
were extracted as the 1st critical poses for C2 for both the
motions. Owing to the abovementioned difference of the ψ
values in P2,G2 forMotion 1 faces towardG3 more straightly
than G2 for Motion 2, yielding a slightly smaller S2 values
for Motion 1 than that for Motion 2. It was confirmed that
smaller values of S2could not satisfy the stretch constraint at
the initial poses for both the motions.

V. CONCLUSION
In this study, an efficient automatic method is proposed for
cable path design. In this method, after decomposing the
entire cable into cable segments divided by guides, multiple
candidate cable paths were represented as a set of PVs that
comprised the configuration of the guides and cable length.
The optimal PV that provides the shortest cable path and
satisfies the stress and robustness constraints was efficiently
obtained. Three major new concepts were introduced: critical
robot poses, CSAT and a cascade structure for cable path
optimization.

To clarify the effectiveness of the proposed method, case
studies were conducted on two pick-and-place motions.
Based on the definition of the critical pose, multiple critical
poses were extracted from the motions. Then, attachment
tests were conducted for the critical poses, and they afforded
a reduced computation time by decreasing the number of
PV candidates in the cascade structure. Motion tests were
performed on the ECPV set generated using the obtained PVs.
The cable geometry obtained via the attachment simulation
for critical poses was comparable to that obtained via the
motion simulation. Furthermore, the simulation results on
two robot motions indicated that the proposed method drasti-
cally reduced the computation time to ∼3% of that obtained
using the previous method [23].

In future, the relation between the computation time and
the module order will be studied for each cable segment in the
CSAT, especially for more than three cable segments. More-
over, reduction of the computation time will be attempted for
each attachment test by initializing the cable geometry via
spline interpolation.
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