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Abstract: Robotic subsea stratum drilling robot is a method for new subsea stratigraphic geological investigation and resource
exploration. Resistance at the front end is the main source of resistance to the robot’s motion in the strata. Since there is no
continuous and strong downward drilling force as in conventional drilling rigs, robot movement relies heavily on the drill bit to
reduce the drilling resistance. In this study we propose a self-propelling drill bit that can discharge soil debris to provide
propulsive force and reduce the resistance. The key parameter of the drill bit design, the spiral blade lead angle, was determined
by theoretical analysis of the drill bit’s soil discharging effect. To verify the structural advantages of the self-propelling drill bit
in reducing resistance, a comparative analysis with a conventional conical drill bit was conducted. The drilling process of both
bits was simulated using finite element simulation at various rotation speeds, the penetration force and torque data of both drill
bits were obtained, and tests prepared accordingly in subsea soil were conducted. The simulations and tests verified that the
penetration force of the self-propelling drill bit was lower than that of the conventional conical drill bit. The self-propelling drill

bit can reduce the resistance effectively, and may play an important role in the stratum movement of drilling robots.
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1 Introduction

Natural gas hydrate is an important energy source,
with huge reserves worldwide. In the last decade, sub-
sea natural gas hydrates have attracted attention due
to their broad energy prospects (Dai et al., 2008; Zhu
et al., 2017). However, changes in reservoir condi-
tions due to excavation during the exploitation of sub-
sea gas hydrates, will lead to destabilization and uncon-
trollable release of natural gas hydrate. This can cause
marine geological disasters such as subsea landslides
or changes in subsea topography, and has serious dam-
aging environmental effects (McConnell et al., 2012;
Leén et al., 2021). Because of the complexity and
unknown condition of the seabed environment, there
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is no mature real-time monitoring equipment or tech-
nology that can be directly operated in a hydrate trial
area to carry out environmental monitoring. Therefore,
developing a new tool for monitoring the geological
conditions of subsea sediment strata, such as a deep-
sea stratum drilling robot, is imperative.

Autonomous excavation/drilling robots were first
used in planetary exploration activities. These include
screw-type robots, such as the screw subsurface ex-
plorer and digbot, which perform low-torque drilling
using rotating screws through their screw blades’
mechanical structure (Nagaoka et al., 2009; Abe et al.,
2010; Becker et al., 2016). There are also bioinspired
robots, including the mole-type drilling robot and the
inchworm deep drilling system (IDDS). Bionic exca-
vation is achieved through the cooperation of the drill
bit and other bionic structures (Rafeek et al., 2001;
Kubota et al., 2005). With the development of explo-
ration robots, researchers have studied robots applied
to subsea exploration, such as RoboClam from Massa-
chusetts Institute of Technology (MIT) in the USA
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and the SEAVO series from Chuo University in Japan.
RoboClam is a bionic robot inspired by the Atlantic
razor clam that moves through soft soil by rapidly
expanding its body structure (Dorsch and Winter, 2014;
Winter et al., 2014). The Seavo robot from Chuo Uni-
versity is a bionic robot inspired by earthworms, which
uses artificial muscle as a support mechanism to work
with the drilling mechanism to complete the movement
in the seabed stratum (Tadami et al., 2017; Isaka et al.,
2019). However, since this is a new research field,
none of these robots has yet completed sea trials or
been deployed on the seabed.

Conical drill bits can provide good reaming and
reduce resistance in soft soil environments. Researchers
at the Japan Aerospace Exploration Agency (JAXA)
analyzed the relationship between drilling speed, rota-
tion speed, and penetration resistance of a conical drill
bit by testing in dry sand and fly ash (Nagaoka et al.,
2008, 2009). Through tests of a regolith simulant, re-
searchers at the Harbin Institute of Technology, China,
found that the inchworm boring robot could penetrate
easily when the penetration rate (penetration speed/
rotation speed) of the conical drill bit was no greater
than 0.33 (Tang et al., 2015).

In terms of theoretical and simulation analyses of
screw blades, Zhang and Kushwaha (1995) developed a
modified theoretical model based on the McKyes-Ali
model to calculate the cutting resistance of screw blade
rotation. Finite element method (FEM) and MATLAB
simulations were used to study the torque and pene-
tration force of the screw blades and the relationship
between torque and depth (Livneh and El Naggar,
2008; Zheng et al., 2013). The FEM is suitable for ana-
lyzing the interaction problem between soil and a drill
bit, and the coupling Euler-Lagrange (CEL) method for
analyzing large soil deformation in engineering (Chen,
2016).

In particular, the CEL method is very effective in
simulating the large deformation and material flow
problems of meshes caused by the pile penetration and
tunnel boring machine excavation process in clay soil.
Results show good agreement with test data (Qiu et al.,
2009, 2011; Zhang et al., 2018; Kim, 2021).

In this study, a deep-sea stratum drilling robot
and a screw-type self-propelling drill bit were designed,
and a theoretical model analysis of the self-propelling
drill bit was carried out. Furthermore, the deformation
of the surrounding soil caused by the drill bit was

determined through theoretical analysis. The distur-
bances caused by the self-propelling drill bit and a con-
ventional conical drill bit were compared through FEM
simulation analysis. A comparative analysis of torque
and drilling resistance of the two drill bits was also con-
ducted in an artificially prepared seabed soil test to ver-
ify the performance advantages of the self-propelling
drill bit that can be applied to this low-disturbance and
low-forward-resistance scenario for deep-sea stratum
drilling robots.

2 Design of the deep-sea stratum drilling robot
and the self-propelling drill bit

2.1 Structural design of the deep-sea stratum drilling
robot

The drilling robot was applied to the subsea sedi-
ment gas hydrate trial area at a depth of more than
1500 m (Soloviev and Ginsburg, 1994). The structure of
the deep-sea stratum drilling robot is shown in Fig. 1.
It comprises five units: a drill bit unit, front supporting-
anchor unit, steering unit, propulsion unit, and a rear
supporting-anchor unit. In addition, anti-rotation plates
are installed on the supporting-anchor unit of the robot
to prevent its rotation during drilling. The modular
structure of the robot provides high compatibility and
interchangeability. To adapt to different working stra-
tum environments, supporting-anchor and propulsion
units can be added.

Drill bit Front supporting- Steering unit Propulsion Rear supporting-
unit anchor unit unit anchor unit

Fig. 1 Prototype and 3D structure of the deep-sea drilling
robot

During the drilling process, the drill bit exca-
vates the seabed soil and makes space for locomotion.
Through the periodic cooperation of the front and rear
supporting-anchor units and the propulsion unit, the
robot can make peristaltic moves in the seabed, guided



by the steering unit. The supporting-anchor unit inserts
into the soil through expansion to support the robot’s
forward movement. The movement of the propulsion
unit can effectively avoid the influence of soil pres-
sure when the supporting-anchor unit is contracted. The
locomotion principle of the robot is shown in Fig. 2
(Tian et al., 2021).

Fig. 2 Motion process of the stratum drilling robot

2.2 Analysis of the drill bit motion process

The drill bit is driven by a hydraulic motor located
in the front unit cylinder of the robot, which provides
the cutting force and torque required. Since the role of
the drill bit in the drilling process is to reduce the pen-
etration resistance and avoid large disturbance of the
surrounding soil, the drill bit should be designed to
meet the following functions: excavation of the front
soil; backwards discharging of soil debris to reinforce
the borehole.

The drill bit consists of a conical rod and con-
stant pitch spiral blades, and the front end of the bit is
a cutting edge with a certain angle. The drilling pro-
cess of the bit is shown in Fig. 3a. The drilling motion
consists of three specific actions on the soil: cutting
sediment soil, transportation of fore soil, and discharg-
ing soil debris.

(1) The cutting edge of the drill bit cuts the front
consolidated soil and breaks it into debris. The cutting
process can be equated to a fixed-angle rotary cutting
with a straight edge.

(2) The soil debris on the spiral blades moves
along the axis direction under the combined action of
the conical rod and the surrounding soil. The helix
angle of the spiral blade along the conical surface is
defined as a (Fig. 4). The transportation of soil is equiv-
alent to the cutting’s slippage on the inclined surface
with the lead angle. The efficiency of soil transporta-
tion is directly related to the lead angle, provided that
the parameters of drilling motion are specific.
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(3) While the spiral blades transport the soil
debris upward, the conical rod squeezes the soil out
laterally. Since the cutting edge and spiral blade diam-
eter are comparable to those of the robot body, the soil
at the front can be completely cut and transported, cre-
ating a borehole roughly equivalent to the drill bit’s
diameter.

4"“
iral blade ¥~

o
(a) (b)

Fig. 3 Schematic diagram of the drilling process and drill
bit: (a) drilling process; (b) soil debris transportation. o is
the angular velocity, v is the drilling speed, r, and r, are
the borehole diameters of time 1 and time 2, respectively, v,
is the vector velocity along the blade direction, and v, is the
vector velocity of the soil unit in the horizontal direction

Fig. 4 Geometric model of the self-propelling screw drill
bit: (a) geometric model diagram; (b) spiral unfolding
diagram. @, is the spiral angle at any point on the blade, L is
the hight of drill bit in Z axis, and # is the number of spirals

2.3 Design and parameter analysis of the drill bit

The theoretical model design of the drill bit is
the basis for optimizing the drill bit structure and
dynamic modeling of the drilling process. Based on
the drilling principle of a conical screw drill bit, the
key structural parameters of the bit include the half
cone angle ¢ of the conical rod, the lead angle a of the
spiral blades, and the pitch p (Wei et al., 2013). A
parametric geometric model of the drill bit structure is
shown in Fig. 4.

The geometric model of the spiral blade consists
of a cylindrical helix and a conical helix. Setting the Z
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axis as the central axis, r is the distance from the Z
axis to the point on the drill bit, R, is the maximum
radius of the spiral blades, 7, is the maximum radius
of the conical rod, and / is the height of the drill bit.
The pitch is p, 8 is 0° at the front cutting edges of the
spiral blade, 7, is the inner radius of the spiral blades,
r, is the outer spiral radius (»=R,), 7, is the distance
from the point P to the Z axis, and the coordinate value
of the point P in the »—Z coordinate system is (7, /).
The outline of the cylindrical spiral of the drill is shown
in Fig. 4b. If the slope at the point P on the spiral
blades is equal to the lead angle a, then

dz v
tana—m— aRn )

The spiral blade’s upper surface is where the drill
bit interacts with the soil and is an important geomet-
ric feature of the dynamic model. The closed area from
0 to 0+ A0 on the upper surface of the spiral blade is
defined as A4 (0). It can be approximated as the dif-
ference in area between two triangles as follows:

2 2
M. () ~ % A6, ?)

Taking the soil debris unit at any point P on the
spiral blade for motion analysis, the motion model can
be shown schematically as in Fig. 5, where v, is the
linear velocity of rotation of the spiral blade, v, is the
vertical penetration velocity of the drill bit, and v, is
the sum speed of any point on the drill bit. Thus, the
soil unit moves with the drill in an implicate motion
with velocity v,, v, is the velocity of the soil unit rela-
tive to the spiral blade along the radial direction 7, v,
is the velocity of the soil unit along the direction of the
spiral blade in the plane perpendicular to the radial

Fig. 5 Model of soil debris unit movement. /, is the distance
between the soil unit and the drill bit’s tip

direction 7, and v, is the absolute velocity of the soil
unit. When the drill bit rotates, the soil moving on the
spiral blade is pressed against the borehole under the
joint action of centrifugal force and the conical rod.
The friction between the soil unit and the borehole pre-
vents the soil from rotating together with the drill bit,
which makes the soil rise at the moving lead angle £.
A schematic diagram of the force of soil unit move-
ment is shown in Fig. 6. Analysis and optimization of
the spiral blade lead angle are based on the soil critical
movement speed model (Zhang et al., 2017).

e

)
Rotation '(('a“?‘)eo\\o“
direction &
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« Soil debris unit
== Spiral blade

Fig. 6 Schematic of the force of soil debris unit movement

We assumed that the soil moving along the spiral
blade is continuous, uniform, and isotropic. That is,
the soil moving upward along the spiral blade has the
same motion state. We define the spiral blade lead
angle as o, the angular velocity of the drill bit as w,
the tangential direction of the radius of the spiral blade
as x, and the normal direction as y. The soil unit on the
spiral blade is at a distance  from the Z axis, and its
mass is m,. The unit moves upward at speed with a
lead angle f. The centrifugal force on the soil unit <,
and the difference in frictional resistance dP between
the soil unit and the borehole and surrounding soil
under the centrifugal force and compression with the
conical rod, respectively, are given by:

_ 2
F, =myrw’,

dP=u.myra?, ®)

where ; is the friction coefficient between the soil unit
and the borehole.

With the soil debris in steady motion, the unit is
in force equilibrium, and decomposing the force on the
unit into the X and Y axes gives (Lebedev, 2011):

Ny=m,gcosa+dPsin(a+p),

“
dPcos(a+f) =m,gsina + iy N,,




where N, is the pressure of the spiral blade on the soil
unit, u, is the friction coefficient between the soil unit
and the spiral blade, and g denotes the acceleration of
gravity.

Combining Egs. (3) and (4) gives:

4P m,g (sina +ﬂ?cosa) ’ 5)
cos(a+f) —usin(a+p)

sino + (tcosa

w= g
/r,us(cos(owﬂ) —,udsin(O!Jrﬁ))

(6)

When the rotation speed of the drill bit is low,
the soil debris is not transported laterally or to the rear
of the bit. Only when the rotation speed reaches a spe-
cific value can the soil overcome the resistance and
move upwards relative to the spiral blade. The mini-
mum rotation speed that allows the soil to move upward
relative to the spiral blade is called the critical speed.
When $=0, the soil debris rotates synchronously with
the spiral blade, in which case the soil is in a relatively
static state relative to the spiral blade, and the critical
speed w, is:

sin o+ (4 cos a
o= . g
ru,(cos o —p, sin )

(7

Then it can be obtained that the absolute velocity
v, and the absolute angular velocity w,, of the soil unit
are given by:

owrtanff
sina+cosatanf’

®)

sina
W,=0 | .
sina+cosatanf

The relationship between the rotation speed w
and the soil unit moving lead angle S can be obtained
by combining Egs. (7) and (8) as follows:

(sina+u,cosa) g

w=
/r,us[cos(a+ﬁ) —lly sin(a+ﬁ)]

(1+cotatanpf).

)

The speed of transport of soil debris by the drill
bit can be calculated from the moving lead angle f and
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the soil unit’s absolute angular velocity w,. We chose
1#=0.35 and u,=0.3 to plot the variation relationship
between the drill bit rotation speed @ and the spiral
blade lead angle o at different values of the moving
lead angle f (Fig. 7). At the same spiral blade lead
angle a, increasing the rotation speed increases the soil
moving lead angle, and the transport speed of the soil
debris increases. At the same rotation speed, the maxi-
mum moving lead angle or soil transport speed can be
obtained at a specific spiral blade lead angle. We also
conclude from Fig. 7 that when the lead angle « of the
spiral blade is small, a high rotational speed is required
to achieve soil debris transport or discharging, and too
large an angle may render the soil transport function
ineffective, i.e., the soil cannot move upward along the
spiral blade.
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Fig. 7 Curves of the rotation speed and spiral blade lead
angle

To obtain an intuitive spiral blade lead angle range,
the soil transport lead angle f and rotation speed @
under different values of spiral blade lead angle o are
plotted (Fig. 8). If the lead angle of the spiral blade is
large, the soil transport movement lead angle is limited.
Hence, a reasonable choice of spiral blade lead angle
is essential to improve soil transport efficiency. The
analysis indicates that a suitable spiral blade lead angle
is between 10° and 30°.

3 Comparison of drill bits based on finite
element simulation

3.1 Design of the simulation

To achieve the working effect and design advan-
tages of the self-propelling screw drill bit (S-type bit)
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Fig. 8 Curves of the rotation speed and soil transportation
lead angle

visually, FEM was used to simulate and analyze the
drilling process. The plastic strain level and influence
range on the surrounding soil caused by the bit’s move-
ment were observed through visualization results. A
conventional conical drill bit (C-type bit) with a simi-
lar volume and size to the S-type bit was set up for com-
parison. A C-type bit is frequently used for reducing
penetration resistance and has been used in a variety
of drilling robots. The advantages of the S-type bit in
reducing penetration resistance were revealed by com-
paring the penetrating force and torque.

In the simulation, the CEL method was used be-
cause the drill bit causes large deformation of the
meshes. Lagrange and Eulerian elements were used to
discretize the drill bit and soil domain, respectively.
The Eulerian mesh can be void domain, or part or all
of it can be occupied by more than one material, and its
volume fraction represents the part of the mesh filled
with a specific material. The S-type bit has a blade
diameter of 180 mm, length of 180 mm, drill rod cone
angle of 40°, and spiral blade pitch of 120 mm. To
exclude other influencing factors in the comparison as
much as possible, the C-type bit had the same spiral
blade pitch and drill rod size as the S-type bit. The
spiral blade, which plays the main role in transporting
soil, differs between the two types of bits. The C-type
bit has conical spiral blades, the cone angle is the same
as that of the conical drill rod, but the maximum diam-
eter is the same as that of the S-type bit. To minimize
the influence of the container boundary on the simula-
tion process, a columnar soil of 800 mm in diameter
and 1000 mm in height was selected to simulate the
drilled seabed soil. To avoid extrusion of the Eulerian

elements, a 200-mm void field was arranged above the
soil material part. The mesh density of the range within
400-mm diameter was twice that of the outer area, and
the mesh consisted of linear block units C3D8R with
eight nodes. The detailed meshing and material distri-
bution are shown in Fig. 9. Since the interaction forces
between the drill bit and the soil were the focus of this
numerical simulation, the stress path and the trend of
the strain over time could be ignored. Meanwhile, to
be more consistent with engineering applications and
the characteristics of the Abaqus/Explicit analysis, the
soil material was given elastic and Mohr-Coulomb plas-
ticity material characteristics that obey Mohr-Coulomb
yielding criteria.

200 mm

gian
part (drill bit)

soil zone

1000 mm

| Eulerian
| part (soil)

Fig. 9 Meshes of S-type bit drilling simulation used in CEL
analysis

The soil material’s base and sides were fixed, and
it was assigned a predefined field of geostatic stress to
balance additional strain caused by gravity. By means of
a reference point bound to a rigid body drill bit, dif-
ferent rotation speeds and downward penetration speeds
were applied to the drill bit as a whole. The penetration
force and torque of the drilling process were obtained
through the reference point after the drill bit reached the
specified depth. The material parameters and motion
parameters are shown in Table 1.

3.2 Results and analysis

The drilling speed of both drills was chosen as
20 mm/s, which is reasonable as the drilling robot
moves in a peristaltic motion. The soil disturbance and
stress caused by both drill bits were analyzed at three
rotation speeds. Fig. 10 shows the volume-averaged
stress at 60 and 180 r/min for each type of bit. The soil
stress caused by the drill bit decreased as the speed
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Table 1 Parameter setting in Abaqus

Soil

Velocity/angular

Self-propelling drill velocity setting

Mass density Young’s Poisson’s ratio Cohesive yield  Friction Mass Young’s Rotation speed
(kg/m*) modulus (Pa) stress (Pa) angle (°) density (kg/m’) modulus (Pa) (r/min)
1440 5%10° 0.32 5%10° 20 7800 2.1x10° 60, 120, 180
increased. The ranges of soil stress response induced °F
by the S-type bit were 2.0 and 1.6 times the maximum -200 |
drill bit diameter at 60 and 180 r/min, respectively. The = 400
corresponding values induced by the C-type bit were 3 00
2.6 and 2.2 times. The same results were achieved at 2 .
. S 800
all three speeds, so only the 60 and 180 r/min results T s R
are shown in Fig. 10. - b e i
o ~1200 o = C-type 60 r/min
| e C-type 120 r/min
Stress (Pa) -4 C-type 180 r/min
Gl B +1.312x10° -1400
5 : +1.202x10°
60 r/min 60 r/min +1.093x10° T T T T T T T T T T T T T
0i835108 0 10 20 30 40 50 60 70 80 90 100
+8.745x10¢ Depth (cm)
+7.652x10¢
+6.559%10*
:i-ggg:]gj Fig. 11 Penetration forces of S-type and C-type bits in the
+3.279x10* simulated drilling process
+2.186x10¢
+1.093x10*
+0.000

C-type
180 r/min

180 r/min

Fig. 10 Volume average stress of the soil caused by the
drilling

By extracting the reaction force at the reference
point on the drill bit, curves of the penetration force
were obtained (Fig. 11). In Fig. 11, positive values
indicate the direction of the upward force, which is the
resistance force, and negative values indicate the direc-
tion of the downward force, which is the propulsive
force. The S-type bit showed propulsive forces of 1090
to 1350 N when drilling to a depth of 96 cm, while
the C-type bit showed propulsive forces of only 770
to 1100 N. Although these propulsive forces include
the earth pressure at that depth, the force difference
between the two drill bits is still meaningful, especially
at the three lower rotation speeds, showing the advan-
tage of the S-type bit in providing propulsive force.
At a rotation speed of 180 r/min, the S-type bit also
provided 250 N more than the C-type bit, and the
S-type bit had a significant advantage in penetration
force over the C-type bit.

According to the comparison of the torque curves
of the two drill bits shown in Fig. 12, the torque of
the S-type bit hardly increased with the increase of
rotation speed: the variation of torque with depth was
basically the same for the three rotation speeds, and
the maximum torque was between 110 and 116 N-m.
The torque of the C-type bit increased with the rota-
tion speed, and the maximum torque ranged from 97
to 113 N-m. Typically, the torque of a drill bit is related
mainly to the contact area and the soil stress. The
S-type bit has larger spiral blades, so the torque should
theoretically be greater than that of a C-type bit. How-
ever, the torques of the C-type bit were overall the same

120
100 - =
n = 3 Y o |
4 i e
4 =
— 80 %
E y
z ]
> 60 —=— S-type 60 r/min
8— ] —e— S-type 120 r/min
g —4— S-type 180 r/min
+ 404 --m-- C-type 60 r/min
] --®-- C-type 120 r/min
4~ C-type 180 r/min
20 : *
““»""4
0 4=

T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
Depth (cm)

Fig. 12 Torques of S-type and C-type bits in the simulated
drilling process
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as those of the S-type bit. This shows that as the bit is
able to provide more propulsion, the torque increases.
The advantage of the S-type bit is that the torque does
not increase significantly with the increase in propul-
sive force.

As the specific energy of the drilling process is
related mainly to the drilling pressure, torque and the
cross-sectional area of the drill bit, according to the
penetration force and torque data of the simulation
process, it can be calculated that the maximum specific
energy of both drill bits was almost the same: about
0.4 MJ/m? at a speed of 180 r/min (Teale, 1965; Pessier
and Fear, 1992; Chen et al., 2014).

4 Comparison analysis of the drill bits based
on tests

To further verify the advantages of the drilling
effect of the S-type bit, a test device capable of simul-
taneously measuring the penetration resistance and
torque of the drill bit during its drilling process was
designed. The structure of the device is shown in
Fig. 13. The test relies on a lead screw-slider to pro-
vide the speed and distance of the drilling process and
a hydraulic motor to provide the rotation motion of
the drill bit. The simulated soil in the soil bucket was
prepared according to the parameters and composition
of the subsea sediment stratum soil at a depth of 200 m
near the coast in the South China Sea area: 65% by
mass of bentonite with a particle size of about 48 pm
and 35% by mass of quartz sand with a particle size
of about 300 um were added with a sufficient amount
of water, mixed uniformly and solidified for three days
before each experiment.

A speed of 20 mm/s, which is the closest to the
motion speed of the drilling robot during peristaltic drill-
ing motion in the seabed stratum, was chosen to simu-
late the down drilling speed of these two types of drill
bits in the soil bucket. Rotation speeds of 60, 120, and
180 r/min were selected, and the soil depth was 70 cm.
To avoid boundary property changes in the soil near
the bucket wall, the drilling depth was about 55 cm.
The test was carried out three times to ensure the cred-
ibility of the test results. The test procedure is shown
in Fig. 14.

The penetration force curves of the S-type and
C-type bit drilling process were obtained from the

Fig. 13 Test bed of the drilling process

drilling tests (Fig. 15). In Fig. 15, the self-weight of
the drill bit has been excluded, i.e., the penetration
force is 0 when the drill bit is in the static state. The
penetration force of both drill bits decreased with the
increase of rotation speed, and the trend of the curves
for the same rotation speed was similar. The penetra-
tion force of the C-type bit was about 19, 16, and 12 N,
respectively, at the maximum depth, while that of the
S-type bit was 32, 23, and 11 N, respectively, at the
three rotation speeds. Thus, the resistance of the S-type
bit was greater than that of the C-type bit at the lower
rotation speeds. This is because the S-type bit’s overall
shape is cylindrical, while the C-type bit has a conical
shape, and the cavity expansion caused by the C-type
bit is smaller than that of the S-type bit. However, as
the speed increases, the advantage of the S-type bit
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Fig. 14 Test procedure for two types of drill bits: (a) S-type

bit; (b) C-type bit; (c) S-type bit after the drilling process;
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Fig. 15 Penetration forces of S-type and C-type bits in the
drilling test

emerges, and the propulsive force brought about by
the larger blade area to discharge the soil debris off-
sets the penetration resistance, and the penetration force
of the S-type bit becomes smaller than that of the
C-type bit at 180 r/min.

The torque of the two types of drill bits also had
the same changing trend (Fig. 16). The maximum
torque of the C-type bit was 1.6, 1.8, and 2.1 N-m,
respectively, and that of the S-type bit was 2.8, 3.6,
and 3.8 N-m, respectively, at the three rotation speeds.
Thus, the torque of the S-type bit was 1.75-2.00 times
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Fig. 16 Torques of S-type and C-type bits in the drilling test

that of the C-type bit at the same rotation speed. The
area of contact between the S-type bit and the soil was
1.84 times the contact area of the C-type bit, i.e., the
torque of both drill bits was proportional to the sur-
face area at the same rotation speed.

In the drilling tests, the torque of the S-type bit
was always greater than that of the C-type bit at the
same speed, resulting in a specific energy 1.8 times
higher than that of the C-type bit at a rotation speed
of 180 r/min.

5 Discussion

The effectiveness and advantages of the self-
propelling drill bit in reducing penetration resistance
were verified through simulations and tests, but there
are some points that need further discussion.

5.1 Propulsive force of drill bits

The S-type bit can provide propulsive force by
discharging soil debris. In the FEM simulations, the
S-type bit always had better penetration force at the
same rotation speed. Although the penetration force of
both drill bits showed resistance in the tests, the larger
cross-sectional area of the S-type bit gave it greater
penetration resistance than the C-type bit at a lower
speed. However, at a speed of 180 r/min, the penetra-
tion resistance of the S-type bit was lower, indicating
that its structure was beneficial for propulsion at higher
rotation speeds.

In the tests, the deep drilling depth required a long
drive shaft, so the drive shaft from the torque sensor
to the bit was 1 m. The long drive shaft limited any
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further increase in rotation speed, which reduced the
richness of the drilling test data. In future research,
the test bed needs to be improved to increase the rota-
tion speed and obtain abundant test data for compar-
ing rotation speed, penetration force, and torque.

5.2 Torque of drill bits

The torque of both bits in the simulations was
significantly greater than that in the tests, but in the
simulations the torque did not increase with the rota-
tion speed. This may have been due to the entry of
overlying water into the soil during the drilling pro-
cess in the tests, causing fluidization of the soil. The
soil shows rheological behavior; therefore, fluidization
would reduce the viscosity as well as the shearing
force of the soil, resulting in a lower penetration force
and torque of the bits. In the rheological state, the
rotation speed will affect the viscosity, and therefore
the torque of the drill bit (Karmakar and Kushwaha,
2006; Lin et al., 2019). Comparing the simulations and
tests, it can be seen that the trends of propulsive force
and torque of the S-type bit were similar, and there
was still a propulsive advantage. In the actual applica-
tion scenario, as the drilling depth increased, the soil
strength increased, and the ability of the S-type bit to
discharge debris became significant as the soil showed
solid behavior.

In simulations and tests, the S-type bit has a dis-
advantage in terms of specific energy compared to the
C-type bit. However, considering the urgent need for
robots to overcome the penetration resistance due to
the lack of a continuous and stable drilling pressure,
like in a drilling rig, more power consumption is accept-
able in reducing the penetration resistance to some
extent.

5.3 Environmental pressure of the drilling process

The tests in this study were conducted under at-
mospheric pressure conditions. The structural strength
and shear modulus of the soil under real subsea strata
are greater than those of in-situ sampled reconsolidated
soil or prepared soil (Ren, 2021). However, the change
in soil properties with depth is similar, which means
that the advantages of the drill bit revealed by the sim-
ulations and existing tests are still credible. Subse-
quent long-term super-consolidation of the test soil by
applied loads or in-situ tests is needed to obtain accu-
rate test data.

6 Conclusions

A subsea drilling robot needs to break the soil at
the front end to reduce resistance when moving in a
seabed stratum. In this study, a self-propelling drill bit
was designed that has the ability to convert the soil
debris discharging process into propulsive force while
drilling. The key parameters of the drill bit design and
motion process were determined by theoretical analy-
sis of the lead angle of soil transport. Analyses based
on the FEM simulation software Abaqus were carried
out to verify the reduction in penetration resistance of
the designed drill bit. Finally, drilling tests were con-
ducted in simulated subsea soil to obtain the penetra-
tion force and torque curves of the bits. We can con-
clude that:

1. The range of soil stress response caused by the
self-propelling drill bit is smaller than that of a con-
ventional conical bit. The cylindrical self-propelling
drill bit can discharge the soil debris and reduce the
range of disturbance. The range of soil stress response
induced by the conical bit was more than 1.3 times that
of the self-propelling bit at the speeds tested in this
study.

2. The self-propelling drill bit can reduce pene-
tration resistance by discharging. Its propulsive forces
in the simulations at three rotation speeds were 1.28—
1.46 times those of the conical drill bit. In the test at
180 r/min, the resistance of the self-propelling drill bit
was 80% of that of the conical drill bit.

3. The propulsive force of the self-propelling drill
bit increases with the rotation speed. The speed of soil
debris transport increases with the rotation speed, caus-
ing a greater reaction force to the drill bit.

4. The torque of self-propelling drill bit was
greater than that of the conical drill bit. The torque of
the self-propelling drill bit was 1.10—1.14 times that of
the conical drill bit in the simulations, rising to double
when the rotation speed was 180 r/min in the test, due
to soil fluidization.
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