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Abstract

Remotely operated vehicle is a reliable and efficient tool in routing inspection of reactor pools of nuclear power plants.
While, there is still no study on steady-state motion of remotely operated vehicle which is crucial for reaction pool
underwater welding reported. In practice, the cable force has been considered as a critical factor affecting the vehicle’s
operation. To evaluate and predict the disturbing effect caused by the cable mounted on the tailing of a vehicle, a numerical
simulation can be employed. In this work, we set up a theoretical model of a cable partially in reaction pool water and air
to validate the remotely operated vehicle design and reduce the prototype developing time. We programmed the model
governed by an ordinary differential equation set, which was considered as an initial value problem following a dimen-
sionless treatment to be solved. The influence by factors (i.e. velocity, water depth, entry water angle, water density and
cable length on tension, normal shear force, and binormal moment) was quantified by a numerical method. The test of a
cable force was carried out to verify an authenticity of the three-dimensional mechanical model and a numerical method.
The results demonstrated that the presented method could be used to evaluate the effect of real environment factors on a
remotely operated vehicle steady-state motion and held a potential to improve the remotely operated vehicle design and
control strategy.
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Introduction

Since the Fukushima nuclear accident occurred in 2011, the
nuclear safety has become globally a critical issue.'* As an
unmanned method, remotely operated vehicle (ROV) had
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long-time cost. Of these, a numerical simulation can be
useful to improve the mechanism design and performance
for reducing time in developing ROV.

In parallel, during a whole run of reaction pool welding
via ROV, a cable on the tail of the vehicle is often used to
transmit signals between a remote operation panel and the
vehicle and to transmit power for moving and welding.
Cable force was considered as a main disturbing factor of
ROV.’? Due to the high current power supply, the ratio of
length to diameter of the cable was larger than these cable’s
on other underwater vehicles,'®!! and the disturbing effects
on the body increased consequently. Earlier, there were a
growing number of research on the mechanics of under-
water cables for establishing precise theoretical models.
Walton and Polachech'? established a dynamic equation
of suspended chain by the lumped mass method. Ablow
and Schechter'® solved a dynamic equation of an under-
water cable by a finite difference method. Millinazzo
et al.'* presented an improved algorithm to enhance a com-
putational efficiency based on Ablow’s literature, and an
authenticity of the algorithm was verified by an experi-
ment. Chiou'” proposed a direct algorithm, which a gov-
erning equation of a cable element in the local coordinate
system was transformed into a two-point boundary value
problem solved by the Newton—Raphson iterative method.
However, all these studies were focused on the dynamic
motion of a cable as the steady-state working condition was
unnecessary.

For welding precisely, ROV should frequently be in a
steady-state working (moving and welding). Thus, the
cable force induced issues during a welding operation
should be considered. De Zoysa'® established a three-
dimensional equilibrium equation of an underwater towed
cables. Friswell'” solved a steady-state equation in De Zoy-
sa’s literature by the shooting method. Leech and Tabar-
rok'® presented a theoretical model of an underwater cable
to study space shape and tension distribution in a two-
dimensional steady state by an analytic method. Wang and
colleagues'®*° converted the steady-state dynamic equa-
tion into a two-point boundary value problem which was
solved by a bisection method. Wang et al.>"** proposed a
time-delay estimation element applied to properly compen-
sate the lumped unknown dynamics due to the cable of a
cable-driven manipulators system. Although these reports
had figured out some mechanism issues of a cable during
the steady-state operation of ROV, all results were based on
the simulation, which can’t ensure accuracy. These vehi-
cles were all used in sea (an open-water domain); in this
scenario, the proportion between the cable length in water
and that in air is lower, and the ratio of cable length to
diameter is smaller. Also, the environment parameters
(e.g. the seawater density and seawater temperature) are
almost consistent at the same depth. The effect of medium
fluctuation on the steady mechanical model has been
neglected, and the bending moment and shear force result-
ing from a more ration of length to diameter has not been

Frame

ry
Pressure ¥

it ‘, \ 5 I.
Ao

15 30cm

Figure |. A prototype of ROV and a winch. ROV: remotely
operated vehicle.

considered. Therefore, there is still a need to investigate the
influences of nuclear environment parameters on the
steady-state mechanical properties of a cable.

Recently, we have developed ROV for underwater weld-
ing as shown in Figure 1. In this work, to quantify and
predict the mechanical properties of the cable mounted on
the tailing of a vehicle, the numerical simulation that was
ensured accuracy by a cable mechanical test was employed.
We set up a steady-state theoretical model of a cable par-
tially in reaction pool water and air. The numerical model
was described by an ordinary differential equation (ODE)
set, which can be viewed as an initial value problem to be
solved. Then, the influence of factors (i.e. the velocity, water
depth, entry water angle, density, and cable length) on the
tension, normal shear force, and binormal moment was
quantified. Finally, a test of cable force in a water tank was
carried out to verify the cable model and the numerical
method. The results demonstrated that the presented method
could be used to evaluate the effect of real environment
factors on a steady-state motion of ROV and held a potential
to improve the mechanism design and control strategy.

Structure and function of vehicle

In the previous research, many underwater vehicles had
been developed. Liu et al.'® designed a new multifunctional
and model-switched ROV for decomposition of an under-
water structure at sea. Miao et al.*> presented a small
inspection-class underwater vehicle that carried a video
camera for an underwater inspection. Anwar et al.>*
designed a portable low-cost ROV that conducted surveys
in a shallow water. Pavol and colleagues®> %’ designed an
inertial navigation system applied to a mobile robot, which
was benefit for an underwater navigation of a robot.

These previous vehicles were used only to observe in
water, which can’t perform complex tasks. Most recently,
we designed and manufactured an open-frame underwater
vehicle for cracked walls of a nuclear power pool in emer-
gency and a routine patrol inspection. The main parameters
of a vehicle are shown in Table 1.

The vehicle system includes a frame, two pressure
cabins, eight propellers, buoyancy material, a cable, a
winch, and so on. A weld device was arranged on the
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Table I. Main parameters of an underwater vehicle.

Symbol Value Remarks

LxBxH 1.06 x 0.65 x 0.66m Size of a vehicle

M 117 kg Mass of a vehicle

v 021 m? Volume of a vehicle

Figure 2. A fixed coordinate system and a local coordinate
system.

vehicle to weld. The diameter of the cable, which can
transfer signals and power for the vehicle and welding
actuators, was 28 mm. And the cable was composed of
outer sheath, armored, inner sheath, aluminum sheath, insu-
lating layer, and cabling. The withdrawing and deployment
was operated by a winch with a vehicle movement. The
prototype of a vehicle and a winch is shown in Figure 1.

Theoretical modeling and solution

In general, there was a safe distance between a water
surface and a pool shore in the vertical direction (z-axis)
to ensure safety of a nuclear power pool in Figure 2. To
describe the model precisely, a cable was divided into
two parts: /; in water and /, in air. The intersection point
P of a cable and the water surface was named as an
entry water point, and the angle between a tangent line
of an entry water point and the water surface was named
as the entry water angle a. A fixed coordinate system
o-xyz, which the origin was set on the water surface, and
a local coordinate system b-t-n, which was attached on
the cable, were established, and the #-axis was the tangen-
tial direction.

The cable attitude was depicted by the Euler angle 6 and
. The angle 0 between the tangential projection of a cable
and the x-axis was represented as an azimuth angle, and the
angle ¢ between the tangent of a cable and x-0-y was an
elevation angle. The water depth in the reactor was indi-
cated as 4; the distance between ROV and the pool bottom
was hy.

Then, a steady-state mechanical model of part /; was
established, which was similar to part /,. Here, the process
of the steady-state mathematical modeling was described
following the terminology of part /;. The ratio of length to

Figure 3. A schematic diagram of cable force microelement.

diameter was much bigger compared with a case of sea.
The cable in the water was subjected to forces, including
buoyancy, gravity, and resistance by surrounding flow, ten-
sion, the normal shear force, and normal moment, as shown
in Figure 3.

The steady-state equilibrium equation of the cable
Microelement®® can be expressed as

DF

— +G+B+D=0

Ds (1)

where F = (T, Sy, Sn), T represents cable tension, S,
represents a shear force in the normal direction, Sy, rep-
resents a shear force in the binormal direction, G repre-
sents the gravity of a cable, B represents the buoyancy,
D represents the fluid resistance, and s represents the arc
length.

The resultant force of gravity and buoyancy was called a
restoring force W, which can be expressed as in a local
coordinate system

W=G+ B = —m(g—pAk

2
= —m(g — pA)sinpt — m(g — pA)cos pn @

where m is the mass per unit length, p is the density of fluid,
and 4 is the cross-sectional area of the cable.

Therefore, the fluid resistance can be expressed as D in
the local coordinate system

1
Df = —Epdﬂ'\/ 1 + €Ctut|ut|
1
Dy, = —Epd\/l + eCpupy/uj + u?

1
—Epd\/l + eCotyr\J U2 + ul

where uy, up, and u, are the tangential, binormal, and nor-
mal velocity of a cable Microelement, respectively; C, C,,
and C,, are the cable tangential coefficient, normal coeffi-
cient, and binormal coefficient, respectively; d represents a
cable diameter; € represents a cable strain and € = T/(EA),
E is an elastic modulus.

In the local coordinate system, the cable force F on
space differential can be written as

DF OF
D—S—aﬂ-ng 4)

(3)

Dy,




International Journal of Advanced Robotic Systems

where £ is the curvature of a cable at s. The binormal
curvature and the normal curvature were respectively writ-
ten as

dy
Q,=7 5
P ds ®)
dé
02, = —cosp— - (6)

where £, and £, are a binormal curvature and a normal
curvature, respectively.

According to equations (1) to (4), governing equations
can be obtained in the local coordinate system as follows

T dy do .
o= Sng + S cosp - + g(m — pA)singp
1
+ Epwd\/l + euy|uy| (7)
dSy do . do
i Tcosgog + S, sing —
1
+ Epd\/l + eCoupy /U2 + u} (8)
dsS, do

do
=—T— — Spsinp— + g(m — pA)cosyp
ds ds oSS ( p)cos

1
+ Epd\/l + eCputyyJu2 + u? 9)

According to the moment balance equation of a cable,
we can obtain after omitting higher order infinitesimal part

dMy —M} tangp 3

= — S,(1 1
R 7 Su(l + ) (10)
aM, MpM , tanp 3

= Sp(1 11
ds g TS Ee) (1)

where M, is the binormal moment, M, is the normal
moment, and the moment of inertia of a cable is /.

The differential relation between a fixed coordinate sys-
tem and a local coordinate system is

d

d—;‘ = (1 + €)cosp cosd

d .

d_i} = (1 + &)cosyp sinf (12)
dz .

o = (1+¢)sing

The steady-state mathematical model of the cable /; was
the same as that of the cable /,. The difference was the
medium density in which the cable laid.

Therefore, the steady-state governing equation set of the
part /; was composed of formula (5) to (12). The unknowns
to be solved were T, Sy, Sn, Pv, 24, X, ¥, z, 0, and @. An
initial condition, which was a state value of an endpoint or
any point of a cable, was needed to obtain the numerical
solution. The problem of solving ODE set was transformed

Table 2. The correlation of standard unit and dimensional
coefficients.

Standard unit, @ Dimensional coefficient, ¢ Remarks

s ) Arc length

X ) Position coordinate
% Vel Velocity

F mgl Cable force

M mgl? Cable moment

w mg Restoring force

into an initial value problem, which was a key to get an
initial value. For the part /;, a vehicle was always connected
with the cable, a state value of the connection point can be
obtained according to a motion state. On the basis of the
transformation between a fixed coordinate system and a
local coordinate system, the initial force value of the con-
nection point was

Ty = sinfy cospylF'x + costly cospyF), + sing, F,
Sb() = COSGO FX — sin90 Fy

Sp0 = —sinby singp F, — cosby sing, Fy, + cosp, F;
(13)

where Fy, F), and F_ are the external forces on the vehicle
which can be calculated by computational fluid dynamics
(CFD).?! T, Spo, and S, are the initial value of the
tension, binormal force, and normal force, respectively.
The initial value of an azimuth angle 6, was the angle
between the motion direction of a vehicle and the y-axis, and
the initial value of the elevation angle (o was equal to the entry
water angle o.. A cable was connected to the vehicle through a
hinge; hence, the initial value M, and M,y can be set as 0.
The part [, of a cable was connected with a part /; by the
entry water point P. They were coupling, namely, the point P
was the upper endpoint of /;, and was synchronously the
lower endpoint of /. The state value of point P can be
obtained by solving ODE set of the part /;, which was con-
sidered as the initial value of the governing equation set of /5.
The initial value problem was solved by the fourth Runge—
Kutta algorithm which was crucial for the size of an iterative
step, and the step size should be set in theory to obtain a fine
accuracy. While the cable length was often tens of meters or
even longer in practice, which can result in hundreds of num-
bers ofiterative steps. Ifthe step size was larger, the results got
harder to converge. Here, to balance the relationship between
accuracy and computing efficiency, the steady-state govern-
ing equations of the cable were dimensionless treatment,
namely the length which was actually tens of meters was
consider as 1.0. The unknowns in the governing equation set
were dimensionless as given in Table 2.
Where [ is the length of a cable, and we defined
Q

qn = —

p (14)
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Table 3. The physical characteristic of the cable.

Symbol Value Remarks

d 0.028 m Diameter of the cable
m 0.95 kg/m Mass per length

C, 1.44 Normal coefficient

G 1.44 Binormal coefficient
C. 0.15 Tangential coefficient
E 2Ell Pa Elasticity modular

b, 0.5 Poisson ratio

The formula was defined as follows

mgl mgl® pdl
e =l et L 1
EA E 7T m (15)
According to Table 2, formulas (14) and (15) the gov-
erning equation set (5) to (12) can be dimensionless treat-

ment, and then a dimensionless steady-state governing
equation set can be obtained.

ap = , Oy =

Environmental factors analysis

Most of the work was done when an underwater vehicle
was in a steady state. We picked the tension 7, the normal
shear force S,,, and the binormal moment M, to investigate
the steady-state mechanical characteristics of a cable,

which was directly related to the vehicle velocity, the water
depth, the entry water angle, density, cable length, and so
on. The underwater vehicle (Figure 2) moved along the y-
axis in line; hence, the direction angle 6, was set to be 0°
consistently. The position of a winch on the shore was set
as (x, y, z)y = (0, 0, 0). The physical characteristics of the
cable are given in Table 3.

Velocity influence on the steady-state mechanics

The resistance of a vehicle which moved uniformly in line
was calculated by CFD. The state value of a connection
point was obtained by formula (13). Here, the velocity
was, respectively, set as v = —0.1, —0.2, —0.3, and
—0.4 m/s. And, other condition was that the water depth
was 20 m, the entry water degree was 30°, and the cable
length was 30 m. Through calculating the tension 7, the
normal shear force S, the binormal moment My, could be
respectively obtained under v = —0.1 to —0.4 m/s, the
results were shown as Figure 4.

The tension 7 shown in Figure 4(a) increased obviously
at the same position of the cable as the vehicle velocity
increased, and there was a linear relationship between arc
length and the tension in water or in air; due to medium
change, the gradient in water was less than that in air.
Although an initial value of the normal shear force S,
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Figure 4. The influence of a vehicle motion on the steady-state mechanics. The effect on (a) tension, T, (b) normal force, S,

(c) binormal moment, M,, and (d) the steady-state configuration.
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Figure 5. The influence of water depth on the steady-state mechanics. The effect on (a) tension, T, (b) normal force, S, (c) binormal

moment, M,, and (d) the steady-state configuration.

decreased with an increase in velocity, there was little influ-
ence in Figure 4(b). From Figure 4(c), we can find that there
was a decreasing curve between arc length and the binormal
moment S, with an increase in the velocity, and the curvature
was unchanged at the entry water point. From Figure 4(d), it
can be found there is no detectable influence on the steady-
state configuration of a cable in the z-axis direction.

Water depth influence on the mechanics

The water temperature can rise as the nuclear fuel rods
were cooled in the pool. Then, the water depth fell due to
the evaporation, which can result in decreasing the length
of the part /;. When the velocity was v = —0.2 m/s, the
results under the condition of water depth 16, 18, 20, and 21
m are shown in Figure 5.

From Figure 5(a), it can be obtained that the tension 7" of
the upper point (i.e. the connection point between a winch
and a cable) substantially increased as the water depth
decreased, and there was no influence on the tension of the
part /;. From Figure 5(b), it can be found that there was an
obvious increase in the normal shear force S, with the
decrease in the water depth, and the change trend was
similar to that of tension. In Figure 5(c), a curve between
arc length and the binormal moment M,, is shown, and the

less the depth was, the more the binormal moment of the
upper point was. In Figure 5(d), there was no detectable
influence on the steady-state configuration of a cable in the
z-axis direction.

Entry water degree influence on the mechanics

The entry water degree changed with the position of a vehi-
cle in the pool, which can result in the length change of the
part /; and the part /, and the position change of an entry
water point. Here, an entry water degree was set as 20°, 25°,
30°, and 35°. The velocity was v = —0.2 m/s, and the water
depth was 20 m. The effect of an entry water depth on the
steady-state mechanical properties is shown in Figure 6.

From Figure 6(a), it was found that the tension T of the
upper point increased obviously with an increase of
the entry water angle, and there was a linear trend for the
tension of the part /; and /,. From Figure 6(b), we knew
that the normal shear force S, was markedly decreased
when the entry water angle changed from 20° to 35°, and
the linear trend was closed to that of the tension. In
Figure 6(c), the binormal moment M}, was reduced with the
increase in the angle. In Figure 6(d), it can be found that
the more the entry water angle was, the more the depth of
the lower endpoint was in the z-axis direction.
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Figure 6. The influence of the entry water angle on the steady-state. The effect on (a) tension, T, (b) normal force, S, (c) binormal

moment, M,, and (d) the steady-state configuration.

Water density influence on the mechanics

The water in the pool which contained 2000-2500 ppm
boric acid was faintly acid. The density and concentration
of water can increase with an increase of water tempera-
ture. The water density had an effect on the steady mechan-
ical properties of the cable. Here, the water density was set
as 1006, 1015, 1030, and 1040 kg/m3. The results of the
tension 7, the normal shear force S,, and the binormal
moment Sy, are shown in Figure 7.

From Figure 7(a), it can be found the tension T at the
same position of the cable had a tiny decrease with a den-
sity increase, and the linear trend was always kept. In
Figure 7(b), there was a little decrease in the normal shear
force S, due to the density change from 1006 kg/m’ to
1040 kg/m>. From Figure 7(c), it can be found that the
binormal moment M, was reduced when the density
increased. In Figure 7(d), there is little influence on the
steady-state configuration due to density change.

Cable length influence on the mechanics

When the vehicle moved uniformly in a line, the cable
length can vary with a withdraw and deployment of a
winch. At meantime, the entry water angle and the length

of the part /; and /, also altered. Here, the velocity was
—0.2 m/s in the y-axis direction. With an increase in the
length of the cable, the tension 7, the normal shear force
Syn, and the binormal moment M, of the upper point are
shown in Figure 8.

From Figure 8(a), we can find that with an increase in
the length of the cable, the tension 7 of the upper point
decreased linearly, but the scale was very small. Figure 8(b)
showed that there was a liner increase in the normal shear
force S, with the increase in length. In Figure 8(c), the
binormal moment M,, increased linearly, and the amplitude
of growth was large.

A test of a cable mechanics

It is almost impossible to carry out a full-scale experiment
of a cable mechanics due to dozens of meters of the cable
long on the tail of a vehicle. At present, the mechanics
experiment of underwater cables was very limited, most
of which was a resistance measurement. In this section, the
mechanical properties of the cable arranged on the vehicle
were measured by a self-made experimental model and a
dynamic signal analyzer in a circulating tank, which can
prove the correctness of the cable mechanical model and
the validity of the numerical solution.
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The test design of a cable mechanism

The test platform of a cable mechanism consisted of a data
acquisition system which can monitor real-time change of a
cable mechanism and the flow velocity of a circulating tank
by a dynamic signal analyzer and a self-made experiment
model with a strain gauge sensor which was arranged on
the fixed frame of a circulating tank. The test platform is
shown in Figure 9.

It is a key for this to make a self-made cable model in
this test, which consisted of a physical model, a strain
sensor, and an elastic base. A section of the cable on the
vehicle which was 2.5 m long was treated as a physical
model, and four sets of strain gauge sensors were distrib-
uted equally on the model. The distance from the free end
of a cable was 0.3 m (observation point no. 1), 0.85 m
(observation point no. 2), 1.4 m (observation point no. 3),
and 1.95 m (observation point no. 4), respectively. At every
observation point, there were four strain gauge sensors uni-
formly arranged in the circumference. The chip and the
lead connection of a sensor were sprayed with insulating
paint, which had an effect of sealing and waterproofing.
The physical model of the cable and the arrangement of a
strain gauge sensor are shown in Figure 10.

According to the vehicle operation, the flow velocity in
a circulating tank was set as 0.35, 0.45, and 0.55 m/s,

Table 4. The indexes of a sensor BFH120-3AA-D100.

Sensitivity Sensitive
Electric resistance coefficient Chip size grid size
120 2 20 + 1% 6.9 x 3.9 mm*> 3.0 x 2.3 mm?

Figure |1. A test platform of a strain gauge sensor calibration.

respectively, which can prevent a cable rising to the water
surface due to the excessive flow velocity and the deforma-
tion of a sensor suppressed due to the small flow velocity.
The tension of each point was 0—15 N under the flow velo-
city 0.35-0.55 m/s based on the previous research,>*>*
which required a sensor selected with a suitable range, a
high measuring accuracy, and a small size of sensitive
grating. Based on all above mentioned requirements, the
specification of a strain gauge sensor selected was
BFH120-3AA-D100, and the technical indexes are given
in Table 4.

The elastic base was an important component of a strain
sensor, and the selection of material followed the princi-
ples: the base produced a large deformation under a small
force with a good linearity; the base was easily processed to
make the shape required for testing; and the base was hard
to react chemically with the cable skin with a good adhe-
sion. Through repeated experiments, the phenolic resin was
selected as the elastic base material.

To obtain the relationship between the mass and a strain,
the sensor was statically calibrated, that is, the strain was
obtained by a dynamic signal analyzer due to the gravity
from a weight loaded on the sensor. Then, a function
between mass and strain was got. The test platform of a
strain gauge sensor calibration is shown in Figure 11.

The weights, which were 100, 200, 300, 400, 500, 700,
1000, and 1500 g, respectively, were loaded at the end of a
cable to calibrate a strain gauge sensor. The strain values
can be obtained as given in Table 5.
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Table 5. The strain values of sensors under different mass values.

Mass (g) 100 200 300 400 500 700 1000 1500
Strain 128.51 200.04 243.89 259.09 284.46 313.03 329.18 340.79
(pm)
(a) (b)
7 Obversation 12 o
6pF poain g 10k Obversation '
point No.3 _~" g
Sk Obversation g h b\'crsalmn
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Figure 12. The comparison between test and simulation results of a cable tension at 0.35, 0.45, and 0.55 m/s. The tension under the

flow velocity (a) 0.35 m/s, (b) 0.45 m/s, and (c) 0.55 m/s.

The relation between strain and mass can be gained by a
data fitting

mp = 3.931 x 10—12e0.09582u + 23.3380A01073u

(16)

where m represents the mass of a weight and p represents
the strain.

The process and results of a test

In this section, the cable mechanism was under the flow
velocity 0.35, 0.45, and 0.55 m/s. In every working condi-
tion, an acceleration of the flow lasted for 1 min, then a
uniform movement continued for 1 min, and finally, the
flow decelerated to a rest. The mean strain of three tests
repeated was considered as the result by a dynamic signal
analyzer.

When the flow acted on the cable, the deformation of a
strain gauge on the cable can be measured by a dynamic
signal analyzer to obtain the tension. Under the flow velo-
city 0.35, 0.45, and 0.55 m/s, the results of tension by a test
and a simulation are shown in Figure 12.

From Figure 12(a), we can find that the simulation
results were larger than those by the test at all observation
points, but the error was below 10%. In Figure 12(b), the
error between the results from simulation and test was not
more than 10% at the observation point no. 1, no. 2, and no.
3, and the error almost was 18% at the observation point no.
4. In Figure 12(c), the simulation results were closed to
those by a test, in which error was below 5% at the obser-
vation point no. 1, no. 2, and no. 3, but at the observation
point no. 4, the error was almost 17%. In summary, the
error was acceptance, which verified the mechanical model
of a cable and the simulation results.
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Conclusion

In this work, the steady-state mechanical characteristic of a
cable on the vehicle was studied. A theoretical model of the
cable considering medium change was regarded as an ODE
set solved, and then the effects of environment factors on
steady-state mechanical properties were quantified. With a
velocity increase from 0.1 m/s to 0.4 m/s, the tension and
normal shear force at the upper point climbed at a rate of
35% and 5%. Also there was no influence on an initial state,
but at the upper point, the binormal moment decreased by
10%. The water depth decreased from 21 m to 16 m; the
tension, the normal force, and the binormal moment
increased by 40%, but there was no influence for the vehi-
cle position. With an increase of entry water angle from 20°
to 35°, the tension grew by 43%, but the normal force and
binormal moment decreased by 38% and 50%, respec-
tively. The density had a tiny influence on cable force and
moment decreased within 5%. With an increase in the
length of cable, the tension decreased by 2.6%, but the
normal force increased by15% and the binormal moment
increased by 32%. By comparing the simulation with
experimental results, the authenticity of the mechanical
model of a cable was verified, and the numerical method
was shown to be reasonable. The results demonstrated that
the presented method can be used to evaluate the effect of
real environment factors on a steady-state motion of a vehi-
cle and held a potential to improve the mechanism design
and control strategy. In the near future, the dynamic-state
mechanical characteristic will be modeled, which are
solved by simulation, and then the effects of environment
factors and motion parameters on the mechanical properties
will be quantified.
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