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Abstract: The complicated topographies of the deep sea pose significant challenges for the core drilling with the Jiaolong
submersible manipulator. To address this problem, we proposed a core-drilling kinematic model and evaluated the core-drilling
behavior of the submersible manipulator by comprehensively considering the uncertain posture of the Jiaolong submersible.
First, we established a forward kinematic model for the core-drilling task in deep sea, which satisfied the requirement of
gravitational-direction core drilling. Based on the forward kinematic equations, we then built a double-redundancy inverse
kinematic model, which was able to determine the required motion trajectories of six active joints according to the desired
core-drilling trajectory. The core-drilling workspaces and the motions of the Jiaolong submersible manipulator were assessed
with several calculation examples. The established forward and inverse kinematic models are constructed with clear analytic
equations, and thus are directly applicable to the Jiaolong submersible manipulator-based core-drilling task.
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1 Introduction

The deep sea is the last vast area on earth that
has not been extensively explored and developed, and
is rich in minerals, energy, medicinal substances, vari-
ous forms of life, and many other natural resources
(Lauro et al., 2009). Submersibles are key appara-
tuses for exploring, developing, and protecting the
deep sea (Zhang et al., 2017). By 2018, 160 submers-
ibles were in service around the world (Kohnen,
2018), some of which had even reached the Chal-
lenger Deep of the Mariana Trench, the Galapas Rift
of the Eastern Pacific Ocean, and the Mid-Atlantic
Ridge (Kohnen, 2013).

Core drilling along the gravitational direction is one
important task for submersibles; it plays an important
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role in detecting polymetallic sulfides (lizasa et al.,
1999), gas hydrate (Khlystov et al., 2013), ferroman-
ganese crust (Chu et al., 2005), sediment (Reagan et al.,
2017), and many other resources in the deep sea. In
1991, the American ALVIN submersible successfully
performed core-drilling operations at 2100-m water
depth and obtained samples representing the progres-
sive mineral growth of chimneys (Stakes et al., 1992).
During the cruise of the French Nautile submersible in
1996, 66 basaltic rock samples were collected from the
center of the Mid-Atlantic Ridge (Ravilly et al., 2001).
The Chinese Jiaolong submersible obtained mud vol-
cano samples from the Mariana Trench (Ren et al.,
2021) and cobalt-rich crust samples from the Vega Sea-
mount (Yao et al., 2021). The Japanese Shinkai 6500
submersible collected microplastic sediment samples
from the deep-sea floor in Japanese waters (Tsuchiya
et al., 2019). To accommodate the complicated topog-
raphies of the deep sea, submersibles usually operate a
core-drilling rig with a multi-degree-of-freedom manip-
ulator (Wu et al., 2014). Nevertheless, it is a challeng-
ing task to determine the right position and posture
trajectories for deep-sea manipulators in order to accom-
plish a core-drilling operation.
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To solve the trajectory issues of deep-sea manipu-
lators, much research work on kinematic modeling has
been carried out. For example, Khan and Quan (2015)
established a forward kinematic model for the Puma
560 underwater manipulator. Chen et al. (2021) obtained
the inverse kinematic model of a 6-degree-of-freedom
(DOF) underwater manipulator by using the Jacobi
matrix generalized inverse method. Qiao et al. (2010)
resolved the inverse kinematic equations for a general
6R serial manipulator by double quaternions. Zhang
et al. (2022) proposed to solve the inverse kinematic of
a deep-sea hydraulic manipulator by combining the geo-
metric method and the Euler angles solution. Finally,
Luo et al. (2022) employed a multi-objective full-
parameter optimization particle swarm optimization
algorithm to improve the accuracy, efficiency, and sta-
bility of inverse kinematic calculation. However, the
existing research is focused on kinematic models of
underwater manipulators. Manipulator-based core drill-
ing is different and complex which involves six active
joints and one passive joint. In addition, the core-drilling
trajectory must be along the gravitational direction
regardless of the posture of the submersible.

Motivated by the urgent needs of deep-sea core
drilling, we established a functionalized kinematic
model for the Jiaolong submersible manipulator in this
study. We took the submersible posture and the gravi-
tational constraint into account to build a forward kine-
matic model for the Jiaolong submersible manipulator-
based core-drilling task. The established forward kine-
matic model can ensure a specific sediment-direction
drilling posture by solving the angular displacement
of joint 6 based on the angular displacements of joints
1-5 and the submersible posture. Furthermore, we
deduced a double-redundancy inverse kinematic algo-
rithm by means of the iterative elimination method. The

trajectories in joint space can be analytically deter-
mined with the established inverse kinematic model.
The main contribution of this research lies in solv-
ing the forward and inverse problems of the Jiaolong
submersible manipulator-based core-drilling task. The
rest of the paper is organized as follows. The core-
drilling operation of the Jiaolong submersible manipu-
lator is introduced in Section 2. The core-drilling for-
ward kinematic model is built in Section 3. A double-
redundancy inverse kinematic model is presented in
Section 4. Section 5 covers the Jiaolong submersible
manipulator-based core-drilling operation simulations
and analysis. Finally, conclusions are drawn in Section 6.

2 Jiaolong submersible manipulator-based
core drilling

The Jiaolong submersible is the first Chinese deep-
sea manned submersible and offers several unique fea-
tures: a maximum operational depth of 7062 m (Cui,
2013), dimensions of 8.4 mx3.9 mx3.4 m (Zhang et al.,
2016), a weight of 22 t (Liu et al., 2010), a crew of
one pilot and two scientists (Zhu, 2020), and a manned
cabin with an inner diameter of 2.1 m (Wang et al.,
2020), as shown in Fig. 1a. The Jiaolong submersible
is capable of working across 99.8% of the world’s
ocean area (Zhang et al., 2018). It is equipped with
two seven-function manipulators that can accomplish
various deep-sea tasks such as geological sampling,
biological sampling, seawater sampling, and in-situ
cutting (Sivéev et al., 2018). While performing core
drilling of deposit sediment in the deep sea, the Jiaolong
submersible manipulator is required to actuate the
core-drilling rig along the gravitational direction, as
shown in Fig. 1b.

Fig. 1 Jiaolong manned submersible (a) and manipulator-based core drilling (b)



The Jiaolong submersible manipulator is a six-DOF
serial robot with additional grasping function (Orion
7PE, Schilling Robotics, LLC, USA), as shown in
Fig. 2a. Active joints 1, 2, 3, and 5 are revolute pairs
driven by hydraulic cylinders. Active joints 4 and 6
are revolute pairs driven by hydraulic motors. The
end-jaw is actuated by a hydraulic cylinder. In order
to facilitate rapid grabbing and a constant mechanical
relationship, the core-drilling rig is usually connected
with the end-jaw through a passive revolute pair. As a
result, passive joint 7 is a revolute pair without actua-
tion. By controlling the angular positions of six active
joints, the Jiaolong submersible manipulator can adjust
the position and posture of the core-drilling rig. The
key parameters of Jiaolong submersible manipulator
are: 7000-m rated water depth, weight in air of 61 kg,
weight in seawater of 43 kg, and 55.3-kg lift at full
extension. Despite of the uncertain submersible posture,
the position and posture of the core-drilling rig can be
maintained by regulating the manipulator trajectory.

3 Core-drilling forward kinematic model
3.1 Posture modeling of the Jiaolong submersible

First, we established a world coordinate (w-
coordinate) and a base coordinate (0-coordinate), as
shown in Fig. 2b. The origins of the w-coordinate and
the 0-coordinate are attached to each other. The z, axis
of the w-coordinate is arranged along the gravitational
direction. The z, axis of the 0-coordinate is along the
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shaft axis of joint 1. The x, axis of the 0-coordinate is
along the common normal line of the shaft axes of
joints 1 and 2 (while the angle of joint 1 is zero). The
¥, axis of the 0-coordinate is determined with the right-
hand rule. The roll-pitch-yaw (RPY) angles (Li et al.,
2007; Wang et al., 2018) are used to describe the posi-
tion and posture relationship between the w-coordinate
and the 0-coordinate. The transformation matrix which
denotes the effect of an uncertain submersible posture
on the manipulator can be expressed by:

Fip P Fis 0
Foy Fay ¥p3 0

:T(avﬁ’j}): =
Py Py Fy3 0

00 01
T(x. NT(ys. HT (2, @) =
C,Cy —5,Cy s, 0
5,C,+C,8,8, €,c,—5,85;8, —Cys, 0 , o
8,8,—C.8,¢, C,8,+8,85,c, cye, 0
0 0 0 1

where 7; denotes the matrix element in the ith row and
the jth column, 7' (x,, y) is the rotation-transformation
matrix around the x,, axis, y is the roll angle from the
w-coordinate to the 0-coordinate around the x, axis,
T (y,, f) is the rotation transformation matrix around
v, axis, f is the pitch angle from the w-coordinate to
the O-coordinate around the y, axis, T(z,, a) is the
rotation transformation matrix around z,, axis, and « is

~
y

a

(b)

Fig. 2 Jiaolong submersible manipulator-based core drilling (a) and coordinates of Jiaolong submersible manipulator (b)
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the yaw angle from the w-coordinate to the 0-coordinate
around the z,, axis (Fig. 2b). s, denotes sina, c, denotes
cosa, and so do s, ¢4, 5,, and c,.

3.2 Jiaolong manipulator kinematic modeling

Six linkage coordinate systems {i} (i-coordinate,
i=1,2, ---, 6) were established for the Jiaolong submers-
ible manipulator, using the Denavit-Hartenberg method
(Roh and Kim, 2004; Dereli and Koker, 2020; Xiao
et al., 2021, Li et al., 2022), as shown in Fig. 2b. The
origins of the 1-coordinate and the 0-coordinate were
attached to each other. The z, axis of the 1-coordinate
was along the z, axis of the O-coordinate. The x, axis
of the 1-coordinate was along the common normal line
of the shaft axes of joints 1 and 2. The origin of the
2-coordinate was attached to joint 2. The z, axis of the
2-coordinate was along the shaft axis of joint 2. The x,
axis of the 2-coordinate was along the common nor-
mal line of the shaft axes of joints 2 and 3. The origin
of the 3-coordinate was attached to joint 3 and the z,
axis of the 3-coordinate was along the shaft axis of
joint 3. The x;, axis of the 3-coordinate was along the
common normal line of the shaft axes of joints 3 and 4.
The origin of the 4-coordinate was attached to joint 4.
The z, axis of the 4-coordinate was along the shaft axis
of joint 4. The x, axis of the 4-coordinate was along
the cross-product direction of z; and z,. The origin of
the 5-coordinate was attached to joint 5. The z axis of
the 5-coordinate was along the shaft axis of joint 5. The
x; axis of the 5-coordinate was along the cross-product
direction of z, and z,. The origin of the 6-coordinate
was attached to the manipulator’s end-jaw. The z, axis
of the 6-coordinate was along the shaft axis of joint 6.
The x, axis of the 6-coordinate was parallel to the x;
axis of the 5-coordinate. To describe the geometrical
relationship between various linkages, we defined
link parameters a,_, a.,, d, and 6, (=1, 2, -+, 6). a_, is
the length of link i-1, a,_, is the angle from z_, to z
around x,, axis, d, is the distance from x,, to x, along z,
axis, and 6, is the angle from x,_, to x, around z, axis. The
kinematic transformation matrix from the 0-coordinate
to the 6-coordinate of the Jiaolong manipulator is:

= T.TTTTiT=| "

z

© O o o

n
n
n
0

where /T is the transformation matrix from (i—1)-
coordinate to i-coordinate (=1, 2, -+, 6), n, n, n, o,,
0, 0., a, a, and a. denote the posture elements of the
manipulator’s end-jaw in the 0-coordinate, and p,, p,,
and p, denote the position elements of the manipulator’s
end-jaw in the O-coordinate.

3.3 Core-drilling forward kinematic modeling

Taking the posture of the Jiaolong submersible
into account, the transformation matrix from the w-
coordinate to the 6-coordinate is:

Fy Tyt 0f|n, o a, p,
WT_ wT OT_ Ty Ty Ty 0 ny Oy ay py
e =od 4= =
Ty ¥y Ofln. o, a. p.
00 0 1j]jlo0 0 0 1

PR PR, +F R, P 0, +F 0,4+ 150,

Pyl + Tl +Fpl, 70, +Fp0,+75;0.
r31n'¥+r32ny+r33n:

0 0
rha.trypa,traa. ryp.tropp,triap.
Iy Pytrpp,trysp.

Iy Pt rap,+rsp.
0 1

V310X+I"320y+1"3302

rzlax+r22ay+r23az (3)

rya,+rypa,trya;

Eq. (3) indicates the position and posture of the
manipulator’s end-jaw in the w-coordinate. To ensure
that the shaft axis of the core-drilling rig is along the
gravitational direction (z,, axis of the w-coordinate),
the y, axis of the 6-coordinate should be parallel to
the x,—y,, plane of the w-coordinate (because the core-
drilling rig is attached to the end-jaw by means of a
passive revolute pair). Herein, the following constraint
equation can be derived:

¢ T (3, 2) =r;0,+r50,+r5;0.=0. 4)

By substituting the elements o,, o,, and o, into
Eq. (4), the constraint equation can be rewritten as:

gvT(?” 2) :cﬁgx+S6gy:07 (5)
8.=731(C1Cp38,=5,04) +13(8,C0585+€,C,) +7538,5,
Q)

8y =131(C180385=C1C3CiC5—58,C5) +3(815585—

8§10 CaCs+C8,C5) —T3(85C+C4C58), (7



where s, denotes sinf, (=1, 2, -+, 6), ¢, denotes cosb, (i=
1,2,--,6), 0 (=1, 2, ---, 6) denotes the joint variable
of the ith joint, s, denotes sin(6+6)), and c; denotes
cos(60+0).

By using trigonometrical substitution, Eq. (5) can
be rewritten as:

Vei+g cos[Atan2(gy, gx) —96] =0. (8)

From Eq. (8), the analytical solution of 6, can be
obtained as:

96=l//(617 027 037 049 05) =
v, g.=0ng,=0,

©)]
Atan2 ( g, gx) —arccos(0), g, #0vg, #0.

By substituting the analytical solution of 8, (Eq. (9))
into the kinematic transformation matrix Eq. (2), the
elements of a core-drilling forward kinematic model
can be obtained as:

”x=SV/(Clczss4_Slc4) -
C://(CIS23S5_CICZSC4CS_S1S4CS)’
n,=s,(s,cp38,+ccy) —
(8152385 —5,C3C,C5+C5,C5),
n,=5,8,85+¢,(55¢5+C,C55%),
O.x:Cw(chszzt_Slc NES
Sr//(cls23s5_clcz3c4cs_S1S4CS)7
0,=c,(8,Cy38,+c,c,) +
5,(8155385—5,C5¢,C5+€,54C5), (10)
0.=¢,5,8,—5,(85C+C4C55%),
a,==C5¢,5,;—55(CCpCy+5,5,),
ay:_CSSISB_SS(SICZ3C4_C1S4)v
A, =Cs5Cp3 = CyS58,
P.=0,C,+a,C,0,+a5¢,Co+dyCi 55—
dy(€,C5CyS5+5,5,85+C155C5) 5
py:alsl+azslcz+a3slcz3+d451523_

dy(5,C53¢,85—C,8,85+8,5,C5)

D.= 0,8, + 38— d,Cry—d(S5,0485— Cp5C5)

where s, denotes siny, and ¢, denotes cosy.
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4 Core-drilling inverse kinematic model

Based on the established core-drilling forward kine-
matic model of the Jiaolong submersible manipulator,
we built a double-redundancy inverse kinematic model
in this section. Given the core-drilling position (the tip
position of the core-drilling rig in the w-coordinate)
[W, W, W]" and the length of core-drilling rig L,, the
following formulas can be obtained:

Wr:rllpx+r12py+r13pz’ (1)
W/y:rzlpx‘*'rzzpy"'rzspza (12)
W::r31px+r32py+r33pz_Ll' (13)

From Egs. (11)—(13), the position of the manipu-
lator’s end-jaw can be obtained as:

px:rl]Wx+r2lVVy+r3](Wz+Ll) =k, (14)
py=r12Wx'+r22VVy+r32(Wz+Ll) =k, (15)
pz:rlsWx+r23Wy+r33(Wz+L1) =k;. (16)

Substituting Egs. (14)—(16) into Eq. (10), the
following three position-constraint equations can be
obtained:

ki=c\(a,+a,c,+ascy+d,s,;— (17)
dgsycs—dgCy3C,85) —5,5,85ds,
ky=s,(a,+a,c,+a,cp,+d,s,,— (18)

dgsy;05—doCy30,85) +C15,85d,

ky=a,s,+a38y—d,Cr3+C5Ch3ds— 4855 ds. (19)

Considering that five joint variables (6,, 0,, 6.,
0,, and 6,) are unknown, the joint variables 6, and 6,
are set as the independent variables.

4.1 Solution of joint variable 6,
By combining Egs. (17) and (18), a new position-
constraint equation can be derived:
ki+k;=(a,+a,c,+a;cy+d,sy—dgsycs—

d6023C4S5)2+ (S4S5d6)2' (20)

Multiplying both sides of Eq. (20) by s3,, the fol-
lowing formula can be obtained:
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2 (h2012) —
sy(ki+ky) = [(al+azcz+a3023+d4523_d6523cs)523_

2 2
d6623S236455] + (8538,55d5)

e2y)

According to Eq. (19), the equations for s5s,,d,c,
and s55,;d,s, can be derived:

§583dsCa=a,8,+A3Sy—dyCo+ C5Cds— ks, (22)
2
S5S23d6s4:i|:(s5s23d6) —(ays,+ass,—
2
d4cz3+cscz3d6_k3)] . (23)
Substituting Eqgs. (22) and (23) into Eq. (21),
Eq. (21) can be rewritten as:

_2d605i:s23(k12+k22) _523i2+2023ij+523j2_df,2523’ (24)
(25)
(26)

i=a,+a,c,+a,c,+d,s,,
J=a,8,+ a5, —d,cos— k.

4.1.1 Case 1:5,,=0

By substituting 5,,=0 into Eq. (19), Eq. (19) can
be rewritten as:

ky=a,s,—d,c,s+cscypd,. (27

From Eq. (27), the analytical solution of 6, in
case 1 can be obtained as:

ky—a,s,+d,c,, } (28)

0= arccos{
Cxndg

412 Case2:5,7#0Aa,+a,c,+a,cy+d,5,;#0

From Eq. (24), the analytical solution of 6, in
case 2 can be obtained as:

0,=
523(k12+k22) _Sz3i2+2023ij+523j2_d62523
2di '

arccos| —
(29)

4.1.3 Case3:5,#0Aa,+a,c,+a;c;+d,5,,=0

By substituting /=0 into Eq. (24), Eq. (24) can be
rewritten as:

0=k +k2—d>+ (ay5,+ass5—dscr—k3) . (30)

Eq. (30) is not influenced by joint variable 6.
The analytical solution of 8, in case 3 can be obtained
as:

05:v7
i k24 k2 —d2+ (ay5,+assp—d,cy—ky) =0. (31)

In summary, the analytical solution of 6, can be
expressed as:

95=C(929 93) =

v, A, +a,C+a5C+d, 5, =0 A5, 70 A

2
k12+k22+ (ays,+ays,—d,c,;—k;) _d(az:Ov

k,—a,s,+d,c
arccos{szzm , 5,=0,
cpndg
2, 7.2 2 . B 2
Sy (ki +k3) =550+ 20 + 553 j° — S5d,
arccos| — - ,
2d,i

a,+a,c,+a,cpy+d,; 5, Z0A5,#0.
(32)

4.2 Solution of joint variable 9,

Substituting Eq. (32) into Egs. (17)—(19), the
three position-constraint equations can be rewritten as:

k, =c](a] +a,c,+ a5+ d, Sy —dSy 00—

d6c23c4s¢) —8,8,8.d, (33)
k, =s1(al +a,c,+ascpy+d sy —dgsy e —
d6023c4s5) +c,8,8:d,, (34)

ky=a,s,+a;8,,—d,cpy+ccndg—cy5.55d;, (35)

where 5. denotes sin {, and ¢ denotes cos (.
4.2.1 Case 1:5,=0

By substituting s.=0 into Egs. (33)—(35), the
three position-constraint equations can be rewritten as:

ky=c(a,+a,c,+asen+d,isy—dgspcy), (36)
ky,=s,(a,+a,c,+asc;+d, s —dgs,e), (37)
ks=a,s5,+a;8,,—d,cp;+cCpds. (38)

Combining Egs. (36) and (37), the following for-
mula can be obtained:



2
ki+k}= (al+azcz+a3cz3+d4S23—d6s23cg) . (39)

Egs. (38) and (39) are not influenced by joint
variable 6,. The analytical solution of #, in case 1 can
be obtained as:

94=V,

2
ki+k;=(a,+a,c,+a,cp+d,sy—dgsycs) . (40)

if ky=a,s,+a,5,—d,cs+ccpdgn

422 Case2:5,20A5,;=0Aa,+a,c,+a;c,; 20

Substituting s,,=0 into Egs. (33)—(35), the three
position-constraint equations can be rewritten as:

ky=c\(a,ta,c,+ascy—dscye,s,) —5,5,8:ds, (41)
ky=s,(a+a,0,+a5005—dgCr348;) +c¢,5,5.d,, (42)

ks=a,s,—d,c,;+c.cpyd. 43)

Combining Egs. (41) and (42), the following for-
mula can be obtained:

2 2
ki+ki=—(a,+a,c,+a;cy) — (dﬁsg) -

2dscpseis{a+a,c,+ascy). (44)

The analytical solution of 6, in case 2 can be
obtained from Eq. (44) as follows:

0,=
2, 72 : ’
ki+k;—(a,+a,c,+ascy) _(dﬁsé‘) (45)

arccos| —
2d¢cysda,+a,c,+ascy)

423 Case3:s5,20A85,;,=0A0a,+a,c,+a;c,;=0

Substituting s,,=0 and a,+a,c,+a,c,;=0 into
Eqgs. (33)—(35), the three position-constraint equations
can be rewritten as:

ky=—ccypcy8.dg—5,8,5:d,, (46)
ky==s,cpc,8.dg+c 5,5.dg, 47)
ky=a,s,—d,c,+c.cpyd. (48)

Combining Egs. (46) and (47), the following for-
mula can be obtained:

k2+ki=(dys.)" (49)
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According to Eq. (49), joint variable 6, has no
effect on Eq. (49). The analytical solution of 6, in
case 3 can be obtained as:

0,=v, if k2+ki=(dys.)’ (50)

4.2.4 Case4:s,#0A5,,#0

From Eq. (35), the analytical solution of 6, in
case 4 can be obtained as:

ayS,+a;85;—d,coyt Cgcz3ds_k3

@zarcco{ . (51

S{S23d6

In summary, the analytical solution of 6, can be
expressed as:

0,=n(0,, 05, {) =

v, S;=0/\k3=a2s2+a3s23—d4c23+c¢cz3d6/\
k12+k22=(al+a2c2+a3cz3+d4s23—d6s23cg)2,

vV, s#0Asy=0Aa,+a,c,+a;c,=0n

ki+ki=(d,s.)

2
°

[ 2 2] (52
ki+ki—(a,+a,c,+a;cy) —(dﬁs{) (52)
arccos| — ,
2dscyysda,+a,c,+a5c,)
S #O0AS;y=0Aa,+a,c,+a;c,;#0,

azSz+a3sza_d4cz3+cccz3d6_k3
arccos ,

S:8yd

5 #0AS5;#0.

4.3 Solution of joint variable 0,

Substituting the results obtained from Egs. (32)
and (52) into Egs. (17) and (18), Egs. (17) and (18)
can be rewritten as:

ky=cw,—s,w,, (53)
ky=s,w,+c,w,, (54)
w,=s,5.dq, (55)

W,=a,+0a,C,+ayCyy+d, Sy —dsSyc—dgcysc, 5., (56)

where s, denotes sin #, and ¢, denotes cos 7.
43.1 Case 1: w,#0vw,#0

Egs. (53) and (54) can be rewritten as:
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\/wf+wisin[Atan2(wy, WX)—QI]ZICI, (57)
JWitw; cos[Atan2(wy, wx) —91] =k,. (58)

From Egs. (57) and (58), the analytical solution
of 6, in case 1 can be obtained as:

0,=Atan2(w,, w,) - Atan2 (k. k,).  (59)

432 Case2:w,=0Aw,=0

By substituting w,=0 and w,=0 into Egs. (53)
and (54), Egs. (53) and (54) can be rewritten as:

(60)

k1207
k= (61)

,=0.
According to Egs. (60) and (61), joint variable 6,
has no effect on the x-position or y-position of the

manipulator’s end-jaw. The analytical solution of 6, in
case 2 can be obtained as:

0,=V. (62)

In summary, the analytical solution of 6, can be
expressed as:

0,=y(0,, 05, & )=

Y, w,=0Aw,=0,

Atan2(w,, w,)—Atan2(k,, k), w#0vw 0.

(63)

4.4 Model verification

Table S1 in the electronic supplementary materials
(ESM) depicts the key points of desired core-drilling tra-
jectory A, the calculated joint trajectory, and the resulted
core-drilling-tip trajectory. The calculated joint trajec-
tory is determined based on the desired core-drilling tra-
jectory A by means of the established double-redundancy
inverse kinematic model. The resulted core-drilling-tip
trajectory is resolved according to the calculated joint
trajectory (the calculated 6,—6; in Table S1) by means
of the established core-drilling forward kinematic model
presented in Section 3. As can be seen from Table S1,
high consistency between desired core-drilling trajectory
A and the resulted core-drilling-tip trajectory is ob-
served. Trajectory A can also be fulfilled by other joint
trajectories (8,, 0,, 0, and 0,) if 6, and 0, are preset to

be different values. Hence, the established double-
redundancy inverse kinematic model is effective for
solving the trajectories of six active joints according
to desired core-drilling trajectory.

5 Case study

The core-drilling workspaces and the core-drilling
trajectories of Jiaolong submersible manipulator are sim-
ulated and analyzed in this section. The mechanical
parameters of the manipulator are depicted in Table 1.
The length of the core-drilling rig L, was set as 620 mm.

Table 1 Parameters of the Jiaolong submersible manipulator

Range of joint

i a_ (mm) a,, d,(mm) 6,

variable 0,
1 - 0° - 0, -60.0°-60.0°
2 69.9 90° - 0, -32.0°-90.0°
3 894.3 0° - 0, -88.1°—44.9°
4 135.4 90° 500.6 6, -135.0°-135.0°
5 - -90° - 0, 154.0°-274.0°
6 — -90° 4120 6, -180.0°-180.0°

5.1 Core-drilling workspace analysis

Using the established core-drilling forward kine-
matic model, we simulated the core-drilling workspace
of the Jiaolong submersible without incline and rota-
tion (yaw angle a=0°, pitch angle f=0°, and roll angle
y=0°), as shown in Fig. 3. While calculating the core-
drilling points within the workspace, each joint vari-
able was defined by 20 points evenly spaced through-
out the range (resulting in 3.2x10° discrete working
points across the workspace). The 3D view of the core-
drilling workspace of the Jiaolong submersible manipu-
lator in the w-coordinate is depicted in Fig. 3a. The
x-y, x-z, and y-z views of the core-drilling workspace
in the w-coordinate are shown in Figs. 3b—3d, respec-
tively. The core-drilling workspace surrounds the
manipulator, the envelope surface of which is like an
ellipsoid. The reachable core-drilling motion range
was: —300.5—1847.0 mm in the x direction, —1656.6—
1656.6 mm in the y direction, and —2023.7-1133.9 mm
in the z direction.

The core-drilling workspace of the inclined Jiao-
long submersible manipulator was further analyzed,
as shown in Fig. 4. We simulated 3.2x10° discrete
working points within the core-drilling workspace by
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Fig. 3 Core-drilling workspace of the Jiaolong submersible manipulator without incline and rotation («¢=0°, f=0°, and y=
0°): (a) 3D view; (b) x-y view; (c) x-z view; (d) y-z view

(c) (d

Fig. 4 Core-drilling workspace of the Jiaolong submersible manipulator with different postures: (a) a=0°, f=0°, and y=
-30°; (b) a=0°, f=0°, and y=30°; (c) a=0°, f=-30°, and y=0°; (d) a=0°, f=30°, and y=0°
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setting each joint variable to be 20 equally spaced points
within its range. Fig. 4a depicts the core-drilling work-
space of the Jiaolong submersible manipulator with roll
angle y of —30° in the w-coordinate. While roll angle
y is set to be 30°, the core-drilling workspace of the
Jiaolong submersible manipulator is shown in Fig. 4b.
While pitch angle £ is set to be —30°, the core-drilling
workspace of the Jiaolong submersible manipulator is
shown in Fig. 4c. While the pitch angle f is set to be
30°, the core-drilling workspace of the Jiaolong sub-
mersible manipulator is shown in Fig. 4d. It is clear
from the figure that the core-drilling workspace is influ-
enced by the posture of the Jiaolong submersible. There-
fore, the submersible posture is a significant factor for
deep-sea core drilling.

5.2 Core-drilling trajectory analysis

Based on the double-redundancy inverse kine-
matic model of the Jiaolong submersible manipulator,
we simulated and analyzed the core-drilling joint tra-
jectories. As shown in Fig. 5, we designed a core-drilling
trajectory A (start point: (1000, 0, —=900) mm; end point:
(1000, 0, —1200) mm). Trajectory A could be executed
by forcing the six active rotational joints of the manipu-
lator to move along the designed joint trajectory. When
6, and 6, were preset (according to the established
core-drilling inverse kinematic model in Section 4, joint
variables #, and 6, are independent variables which
should be set before inverse kinematic calculation),
the four joint trajectories (8,, 8,, 05, and 6;) of Jiaolong
submersible manipulator could be determined. Fig. 6
depicts the required joint trajectories for core-drilling
trajectory A when the Jiaolong submersible was in a
horizontal posture with a=0°, f=0°, and y=0° and in
an incline posture with a=0°, f=10°, and y=10°.

©.
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Fig. 5 Core-drilling trajectories A, B, C, D, and E
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Fig. 6 Six joint variables (0,, 6,, 0,, 0,, 0,, and 0,) of
core-drilling trajectory A with Jiaolong submersible
manipulator in two different postures

In addition, we designed another four core-drilling
trajectories: trajectory B (start point: (500, 0, =900) mm;
end point: (500, 0, —1200) mm), trajectory C (start point:
(1500, 0, =900) mm; end point: (1500, 0, —1200) mm),
trajectory D (start point: (1000, 500, —900) mm; end
point: (1000, 500, —1200) mm), and trajectory E (start
point: (1000, =500, —900) mm; end point: (1000, —500,
—-1200) mm), as shown in Fig. 5. We solved the six
joint trajectories of the manipulator for the four core-
drilling trajectories, as depicted in Fig 7. Therefore,
the double-redundancy inverse kinematic model is com-
putationally effective.

6 Conclusions

This paper proposed a core-drilling kinematic
model for the Jiaolong submersible manipulator, com-
prised of two key parts: forward kinematics and inverse
kinematics. Based on the established kinematic model,
several numerical examples corresponding to the core-
drilling tasks under different submersible postures were
carried out. Three main conclusions can be drawn:

(1) The core-drilling posture (along the gravita-
tional direction) of the Jiaolong submersible manipu-
lator can be guaranteed by regulating the sixth active
joint according to the other five active joints of the
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Fig. 7 Six joint variables (0,, 6,, 0,, 0, 0., and 6,) of
core-drilling trajectories B, C, D, and E with Jiaolong
submersible manipulator at a=0°, f=10°, and y=10°

manipulator and the posture of the Jiaolong sub-
mersible. Herein, the core-drilling forward kinematics
of Jiaolong submersible manipulator involves five
independent variables.

(2) The core-drilling trajectory can be realized by
enforcing the first, fourth, and fifth active joints along
the solved trajectories while the second and third active
joints are in preset positions. Meanwhile, the sixth
active joint should be regulated to assure a constant
core-drilling posture.

(3) The Jiaolong submersible manipulator is able
to perform core-drilling task in an ellipsoid workspace
with an x-directional range of —300.5-1847.0 mm,
a y-directional range of —1656.6—1656.6 mm, and a
z-directional range of —2023.7—-1133.9 mm (in the
w-coordinate) while the submersible is without incline
and rotation.
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