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contract with them. The unit was pulled with a spring balance. In the measurement of the rotation
support force, a unit was set up under the same conditions as for measuring vertical support force,
and turned. Table 6.2 lists the experimental results. The vertical suppo s rt force in the launcher was
set to 100 N to maintain body position. This can be achieved with one contracted unit—balancing
the robot weight and a pushing force of 55 N. The force in the soil was 32 N, therefore at least two
units are needed to maintain body position. The maximum rotation reaction capacity in a launcher
was 7 Nm and that in soil was estimated as 4.8 Nm. The maximum rotation action force of the

excavation unit was about 18 Nm in the experiments conducted with the excavation unit. As such,
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the device does not meet the requirements. However, possible improvements are as follows: different
materials for expansion plates, surfaces with tiny projections, using another actuator and increased

area of the launcher could make it work properly, both inside the launcher and in the soil.

Rotation force
Rotation force
Vertical force

Vertical force

a) Inside soil b) Inside a launcher

{ Spring balance

a) Measurement of vertical force b) Measurement of rotational friction force
in soil

Fig. 6.13 Measurement of vertical and rotation support force

Table 6.2 Experimental results in a launcher and soil

Launcher Soil
Rotation reaction [Nm] 7 4.8
Vertical support force [N] 100 32

56



Chapter 7: Development of a Subsurface Explorer

Chapter 7: Development of a Subsurface

Explorer

This section describes the development of a prototype of a subsurface explorer, which improves

upon the previous individual designs and integrates the two units.

7.1 Prototype robot Integrating Propulsion and Excavation

Units

Fig. 7.1 and Fig. 7.2 show the excavation and propulsion units, combining both units into the

developed robot. It consists of four propulsion rings, each of which has four expansion plates.

Discharge ports Motor part

Excavation support
> 4 propulsion subunits

EA

Fig. 7.1 Excavation and propulsion units for combination
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Additional rubber friction sheets are placed on the outer surface of the expansion plates, which
increase the friction forces while the robot is moving inside a launcher. These plates cover a large
area of the outer surface of the unit. The remaining uncovered spaces, i.e., the gaps between the
propulsion units and those between the expansion plates, are covered with dustproof material
(aluminium evaporation sheets) to prevent soil from getting inside the rings. These sheets are
positioned so as not to hinder the contraction and extension of the unit. The excavation unit is
connected to the front of the propulsion unit, and the transport part passes through, inside the
propulsion rings. A DC motor located at the rear end of the robot powers the EA. The excavated soil
is discharged from discharge ports behind the propulsion unit. The total mass of the prototype robot
is 5.28 kg and its length is 800 mm.

The excavation depth in terms of the lateral earth pressure is calculated using the equation (2.5) —
(2.7). A propulsion subunit contracts and expands in radial direction. The contracted subunit
theoretically does not touch the surface of the wall and suffer from the earth pressure from the wall.
On the other hand, the front part of the excavation unit contacts with the wall. For calculation, some
parameters were taken from Table 5.5. The length of contact area of the robot is H; = 0.06 mm. Fig
7.3 shows the depth prediction of the robot and excavation unit, calculated with the weight of the
robot in the horizontal axis and depth in the vertical. It is seen that the robot can move deeper than
the excavation unit alone with the same weight. The propulsion unit can generate the pushing force

of 55 N. The cross point between 55 N and the depth of the robot, which is 7.7 m, indicates the

Motor part

Dust proof

Discharge ports

—

Dust proof

Contact area
with the wall of

a hole
\

Connection between excavation and
propulsion units

Fig. 7.2 Developed robot with excavation and propulsion units
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reachable depth of the robot in terms of the earth pressure preventing excavation.
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Fig. 7.3 Depth prediction of the robot and excavation unit

7.2 Control System

The control system was made as functional yet as simple as possible for the prototype robot. A
design for use in an actual mission in space in terms of robustness of implementation is a possible
future extension of the project. In the experiments, the excavation and propulsion units are controlled
in a distributed way, each including their respective resources. For the excavation unit, a computer
(PC) controls the DC motor via a motor driver. The motor rotates at a constant speed with the
feedback data received from an encoder. The PC also monitors the current level, which is
approximately proportional to the motor torque. In the propulsion units, an H8 microcontroller

controls the stepper motors.

7.3 Propulsion Velocity

Altering the extension or contraction phases of each unit can achieve several motion patterns of the
robot. Fig. 7.4 illustrates the definition of motion pattern of the peristaltic crawling. Motion patterns
consist of a wavelength, propagation speed and number of waves. Here, wavelength is defined as the
number of units extended in the axial direction. The propagation speed is the number of contracted
subunits propagated in the rear. The number of waves is the number of adjacent contracted subunits.

The basic motion patterns are identified as an /—s—» motion (wavelength - propagation speed -

59



Chapter 7: Development of a Subsurface Explorer

number of waves). The developed robot includes 4 subunits, and it uses the pattern 1-1-1, which is
depicted in the yellow propulsion unit of Fig. 7.4.
The extension speed of a unit v is given as follows:

ve dFI; (7.1)
Here the top plate of a subunit moves a d (um) distance when a pulse signal is sent to stepper motors.
P is the number of pulse signals from the H8 microcontroller. The time ¢ (us) is the cycle length of a
pulse signal.

Then propulsion speed V' (mm/s) is given as follows:

N Nt

Here N is the total number of subunits, 4 for this robot. The robot moves with a 1-1-1 pattern and
moves forward by the difference of contraction and extension of one subunit. / is multiplied to v
because it is the number of subunits simultaneously extended. v is divided by N because the robot

moves forward once in a cycle of N motions.

Wavelength (/): Number of subunits extended in axial direction;

Propagation Speed (s): Number of contracted subunits propagated in the rear;
Number of waves (1): Number of adjacent contracted subunits.

Total number of subunits (V)

Fig. 7.4 Definition of motion pattern

7.4 Propulsion Experiments in a Pipe

The downward propulsion velocity ¥ is compared in (7.2) with its experimented equivalent in a

pipe. The 1-1-1 propulsion pattern was used for this experiment. Marks were placed in the middle of
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each unit and analysed using a motion analysis software (MOVIAS Pro, Nac Image Technology
Inc.). Target velocities were set at 0.5 and 1.0 mm/s values.

The tracks of marks are shown in Fig. 7.5 for a speed of 1.0 mm/s. The front subunit first contracts,
then this contraction propagates to the rear subunit in the same fashion as a natural, living earthworm
does in Fig. 3.4. Table 7.1 shows experimental and calculated velocities. Slight differences are

visible, nevertheless it can be concluded that the robot moves as planned.

— Subunit 1 = Subunit 2 Subunit 3 Subunit 4
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Fig. 7.5 Movement tracks of the propulsion unit

Table 7.1 Velocity comparisons

Desired velocity [mm/s] Theoretical velocity [mm/s] |Experimental velocity [mm/s]
0.50 0.50 0.47
1.00 1.00 1.06

7.5 Excavation Experiments

7.5.1 Experimental Setup

Fig. 7.6 shows the experimental excavation setup for the developed robot. The launcher, which
supports peristaltic crawling until the robot reaches the soil, would be installed on a rover in an
actual mission. The launcher is made of ABS and has three stages, covering three rings of the
propulsion unit from the front. The robot is able to move using peristaltic crawling, but needs at least
three units to generate this kind of locomotion. Each stage can be separated to avoid covering the
discharge ports of the robot. In this experiment, the rotation speed of the EA was set at 10 r/min. A
1-1-1 propulsion pattern was used, and the ring extension velocity was set at 1.0 mm/s. The robot

velocity is 0.25 mm/s as validated in an earlier section. Here, the depth of excavation is measured
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from the wire sensor, and motor torque is measured from the current output of the motor driver. The
experiments continued until the discharge ports reached soil level.

For possible future missions, the excavator could operate on the Moon or other bodies with a
gravity six times less intense than that of the Earth. The developed device has been tested for
excavation experiments in similar, lighter weight conditions by using counterweights. The forces
applied to the EA were set at 1/1, 1/2 (26 N), 1/4 (13 N) and 1/6 (8.7 N) of its own weight on Earth
of 52 N.

Wire sensor

Counterweight
Excavation robot

Launcher

1000

Fig. 7.6 Experimental setup

7.5.2 Experimental Results for Various Excavation Conditions
Fig. 7.7 shows the experimental process. This process can be described in six phases, as given in
the following.
1) Beginning of the experiment.
2) Discharge ports reaching Stage 3.
3) Stage 3 of the launcher separated to both sides.
4) After Stage 2 separation.
5) After Stage 1 separation.

6) Excavation stopped when discharged ports reached soil level.
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Fig. 7.8 shows the experimental results in terms of depth of excavation and motor torque as
functions of time. As shown in this figure, the excavation velocity mainly changed at approximately
9 min when the robot was released from the top stage of the launcher. Then, for 1 or 2 minutes, the
velocity became faster than that prior to the 9-min mark. The motor torque also increased because of
this slip. At this point, the front ring was moving in the soil and the other rings were moving in the
launcher. It assumes that it was difficult to generate enough friction force because the surface of
shallow soil was weak and not packed. Excavation remained constant until the bottom stage of the
launcher was released. From this point on, the robot continued excavating although the velocity
decreased. The hole and the robot were investigated after excavation. It seemed that the discharged
soil then fell into the hole, preventing the propulsion unit from working properly. The experimental
results for the excavation unit alone appear to be almost straight in Fig. 5.18. In contrast, the results
for the new robot, with both units integrated, clearly depict a stair shape in Fig. 7.5, and the robot did
not just fall down through the hole under its own weight, but succeeded in moving using peristaltic

crawling. The robot could excavate to a depth of 430 mm, i.e., deeper than the excavation unit alone.

a) 0 [min]

d) 17 [min] e) 26 [min] f) 46 [min]

Fig. 7.7 Excavation experiments with launcher (A: Launcher)
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The maximum torque was kept to less than 10 Nm, which was about 40% less than that of the
excavating unit alone and favorable for overall robot motion. Except for a few seconds at this
relatively large motor torque, throughout about 1-h experiment, motor torque could be further
reduced by more than 70% (see Fig. 7.8).

Fig. 7.9 shows the experimental results, in terms of depth with respect to elapsed time, for the four
excavation conditions used in the experiment. The average velocity of excavation was 0.19 mm/s at
52 N, 0.19 mm/s at 26 N, 0.23 mm/s at 13 N and 0.21 mm/s at 8.7 N. The average velocities for
cases in which the experimental mass was 1/4 and 1/6 of the robot’s weight were similar to the target
velocity of 0.25 mm/s. But the velocities at 1/2 and 1/1 of the robot’s weight were lower. It is
believed this occurred because discharged soil fell into the excavated hole and prevented the
propulsion unit from working properly. However, the excavator could bore to a depth of around 430
mm, and was expected to be able to excavate deeper because the excavation velocity did not decline
except when progressing under its own full weight. Slippage was also observed as the motor torque
increased, but the average motor torque was reduced to less than 5 Nm.

Through experiments, it was confirmed that the excavator was able to excavate and move at 1/6 of
its own weight. Excavation deeper than 430 mm is possible by improving the discharge part of the
unit. Therefore, it was concluded that the propulsion unit can maintain its body position and rotation
for the most part, therefore reducing the effect of the pressure of the surrounding earth in terms of
controlling “wall holding” during downwards movement.

Both the developed propulsion and excavation units proved effective for use in the prototype

excavation robot.
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Fig. 7.8 Results of excavation (52 N)
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Fig. 7.9 Experimental results of different weights of the excavator

7.6 Experiments with Dirt Collector

As presented in previous section, the robot was able to excavate to a depth of 430 mm, then it had
to stop excavating because the discharge ports reached soil level. Then, it seemed impossible to
discharge further the excavated soil.

Here the excavation experiments are reported after the depth of the discharge ports reached soil
level, now getting rid of the excavated soil using a dirt collector. Fig. 7.10 shows the tracks of
measured excavation depth and motor torque. The robot moved inside the launcher for the first 9
min, at an average velocity of 0.23 mm/s. Then it “slipped” from 9 to 13 minutes, in a transition
phase, while the launcher was being released. Then it constantly excavated from 13 minutes to the
end of experiments. Here the average velocity was 0.16 mm/s. It could excavate to a depth of 650
mm until a hose pipe was unable to reach it (Fig. 7.11). In this experiment, the dirt collector removed
the soil from the discharge ports. The robot could excavate to a depth of 650 mm, the tracks of
excavation were constant and the velocity did not get slower. It is believed that it could easily
excavate deeper than 650 mm, if the discharging process were improved. The proposed propulsion
unit has demonstrated that it decreases the effect of the friction force traditionally limiting excavator
locomotion. Therefore it is confirmed that the bio-inspired propulsion unit relying on peristaltic

crawling and the principle of a tapering EA work effectively for an excavation robot.
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Fig. 7.10 Results of excavation with the dirt collector
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Fig. 7.11 Robot excavating a depth of 650 mm
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Chapter 8: Development of a Discharging Part

Chapter 8: Development of a Discharging
Part

Subsurface explorer robot with propulsion and excavation units showed it could excavate deeper
than the excavation unit alone, and excavate at the same depth with no reference to the weight of the
robot. Nevertheless, it was not equipped with a discharging part, which hindered deeper excavation
when the discharge ports of the robot reached the surface of the ground. Therefore, this section
explains the development of a discharging part that can transport discharged soil from the ports to

the ground.

8.1 Development of a Prototype Discharging Part

Fig. 8.1 images the motion of discharging part. It consists of the winder, bucket and base part. Soil
discharged from the ports is collected in a mobile bucket that can be rewound by the winder. The
rewound bucket above ejects the soil away from the excavated hole. Wires connect the bucket to the
base part that is fixed to the robot. The base part has two flat spiral springs inside that pull the bucket
downward. The empty bucket returns on the base part by controlling the winder. Fig. 8.2 shows the
developed discharging part; (a), (b), and (c) of the figure are the bucket, the base part, and the
internal structure of the base part, respectively. Table 8.1 lists the specifications of the discharging
part. The conveyable amount of soil is calculated from the volume of the bucket and the measured
soil density (0.91 g/cm’). The reasons for adopting the flat spiral spring are low-gravity use, simple
mechanism and easily adding sealing mechanism. The flat spiral spring within the base part meets
the following criteria:

1) The pulling force of the flat spiral spring is less than the maximum traction (500 N) of the
winder.

2) The pulling force is larger than the friction force generated between the robot and bucket (1.5
N) when the bucket is hoisted.
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Bucket <

\ i

Base part

Flat spiral spring
a) While discharging soil b) Winding the bucket

Fig. 8.1 Motion of discharging part

Flat spiral spring

a) Bucket b) Base part ¢) Inside base part

Fig. 8.2 Developed discharging part
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Table 8.1 Specification of the discharging part

Outer diameter of the bucket [mm] 126
Conveyable volume of the bucket (x10°) [mm”] 61
Conveyable amount of the soil [g] 55.5
Weight of the discharging unit [g] 245

. . Max. 3.7
Force of the flat spiral spring [N] Min X
Conveyable distance of the bucket [m] 1.5

8.2 Discharging Experiments

Fig. 8.3 shows the robot used in this experiment, comprising the excavation and discharging units;
the propulsion unit is absent. The function of the discharging part is tested in the launcher and in the
excavated soil by manual propulsion. In addition, the amount of discharged soil and the amount of
soil dropped from the bucket were measured to evaluate this prototype discharging part. The
collection part in figure collects the dropped soil. The experimental processes are listed below.

1) Robot excavates a hole by rotating its earth auger.

2) Rotation of the earth auger is manually stopped when the bucket is full of soil, assessed by a
visual check.

3) Bucket is hoisted by the winder. Hoisting is halted at a certain point after the bucket has
passed through the robot.

4) Soil is manually collected in the bucket.

5) Bucket is returned by control of the winder.

These processes 1-5 are repeated.

In both launcher and soil measurements, the measured excavation range is about 200 mm. The

Collection part

Discharging unit

Fig. 8.3 Excavation and discharging units with the collecting part
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respective excavation depths are 270—470 mm and 470-670 mm.

Fig. 8.4 shows the hoisting mechanism of the bucket inside the launcher and the soil. The bucket
could be hoisted continuously against the robot, and rarely halted inside the launcher. Inside the soil,
it was confirmed that the sidewall surface of the bore hole was not lopped off by the hoisting of the
bucket. In the range of a 200 mm, the winching number was 41 and 45 times inside the launcher and
the soil. The rates of dropping with respect to the total discharged soil from the spout were 26 and
27%.

a) Inside launcher a) Inside soil

Fig. 8.4 Winching of the bucket and measure the transported soil

8.3 Discharging Experiment with an Excavation Robot

Finally, the discharging part was fitted to an excavation robot with both excavation and propulsion
units, as shown in Fig. 8.5. The experimental setup was essentially the same as previously, with the
exception of the propulsion unit. The propulsion unit was halted during bucket hoisting. In this
experiment, the robot successfully excavated to a depth of 595 mm (Fig. 8.6). When the discharging
unit is in the soil, the underneath of its spout is below the surface. Thus, it was confirmed that the
discharging unit could carry the discharged soil when combined with an excavation robot. However,
the experiment was terminated at depth 595 mm because of problems with the propulsion unit,
probably caused by soil falling from the base part. Thus, it is expected that if the amount of dropped

soil was decreased, deeper excavation should be possible.
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Propulsion
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Fig. 8.5 Excavation experiments with excavation and propulsion units

T

Fig. 8.6 Excavation experimental results (595 mm)
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8.4 Discussion of the Results

It was observed that over 25% discharged soil from the discharging ports was dropped from the
bucket to the base part. It was considered because of the soil that covers between the EA and the
bucket. Fig. 8.7 shows the cause of dropping soil. The left photo shows the condition from the
experiments. The right illustrates the cause of the drop. The discharged soil covered over EA and the
bucket then the bank on the EA and bucket dropped when the bucket was hoisted above because they
were in unstable condition, and were not sustained by a plate. To solve this problem, two additional
parts would be revised. For the bank on EA, a shutter part would be added to the screw part of the
EA. It closes the spout when the bucket is hoisted. For that on bucket, a flexible fin would sweep and
make it flat shape.

Bank on EA

A 4

A

Bank on bucket

Fig. 8.7 Cause of dropping soil of the discharging part
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Chapter 9: Fundamental Experiments for

Modeling the Cutting Resistance

This section explains the fundamental experiments to reveal the excavation process and rate of

cutting torque on the EA for modeling the excavation torque at the next step.

9.1 Definition of Excavation Resistance

The excavation resistance is defined as the resistance when the EA of the excavation unit excavates,
transports and discharges. The modeling of this excavation has great benefits for an excavation robot as
demonstrated in Fig 9.1. Excavation resistance is calculated taking conditions and environment such as
material, depth, density, rotation speed, and pushing force into consideration. If it is modeled, it would
realize efficient excavation of EA, to reveal requirements for a propulsion unit, and efficient excavation
propulsion. However, the model would be complex because of including many parameters as mentioned
before, so the maximum excavation torque will first calculate. This also offers an important benefit since
requirements of a maximum motor torque of an excavation unit then it will be downsized.

This resistance is classified into cutting resistance, transport (Fig. 9.2) and discharge. The cutting
resistance works at the head of the EA composed of a fish tail and a screw part with bits, ahead of the
excavation support. The transport resistance works in the process of transporting soil with a screw part of
EA inside the excavation support. Table 9.1 shows the effect of different conditions, materials, and the

Material .
Excavation torque (Max.)

Excavation torque — Depth/Density Density (Max)
ensity (Max.
Rotation \
<|: Rotation (Max.)

Pushing force

Pushing force (Max.)

Requirements of a excavation motor

l

Eff|C|ent. Control'of . EffICIenif Redesign to downsize
excavation propulsion unit  excavation
propulsion

a) Total benefits b) First aim

Fig. 9.1 Benefits to excavation resistance model
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robot to these resistances. The pushing force and rotation speed of the EA against the front soil, are
controlled by the propulsion unit. Therefore, soil types and conditions such as the density and the pushing
force of the EA affects the cutting resistance. On the other hand, the excavation support covers the outside
of the transport part, so the transport resistance, which is constant when it is totally filled with the
excavated soil, is not affected by the depth of excavation. Moreover, the propulsion unit maintains these
resistances to control the position, orientation and propulsion. The excavator can move with efficient

excavation and propulsion motions if the excavation resistance is modeled and predicted.

EA

14 l Propulsion subunit

Excavation support
Excavation resistance
Transport resistance
(Transport part)
Cutting resistance
(Cutting part)

7 R——

Fish tail Bits

Fig. 9.2 Details of EA and the excavation unit

Table 9.1 Conditions of excavation resistance

(O: significant, A: slight, X: none)

Materials Robot
. Depth / Rotation Vel./
Materials Density speed Pushing force
Transport resistance @) x A /% x
Cutting resistance O O A/x O

9.2 Experimental Conditions

Fig. 9.3 shows the process of excavation in 2-D. The red arrow in figure (a) presents the excavation
direction. EA is rotated by a motor of excavation unit and moved down by a propulsion unit. Therefore, it
moves at an angle. Here, the rotation force (F.) and downward force (Ps.) works on the screw part as
illustrated by the green arrows in figure (b). The screw receives the reaction force (£'s.) that would be from
the force (Gs.) on a slip surface and the weight (Wss.) of cut soil. The top of screw also receives the
reaction force (P's.) against the pushing force (Ps.). In the same way, the FT receives resistant forces (¥'rr,

P'pr) against the rotation force (Frr) and the pushing force (Prr).
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In the actual cutting process, the EA moves at an angle, which is considered to continue moving with tiny
rotational and downward movements. Hence, this tiny cutting movement is taken into consideration in this
chapter, so the downward movement is set before the beginning of cutting experiments. Four cutting
experiments (Fig. 9.4) are carried out to reveal the excavation process as follows:

1) Pushing force experiments

As seen (a), an initial vertical force is added to the EA with the FT and cutting experiments are

Chip (Cut soil)
Excavation

direction

~— Screw

N —

Excavation —F
direction

- FT

a) Cutting process b) Cutting model

Fig. 9.3 Cutting process and outline of cutting model

P

!

Se P'er
a) Pushing force and rotation speed experiments

b) Depth experiments

FT
¢) FT experiments

Fig. 9.4 Different patterns of experiments
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conducted. Resistance forces (F's., F'rr) against rotation and forces(P’s., P'rr) against pushing
force is measured.

2) Rotation experiments
The same EA as the previous experiments is used here. An initial pushing force is not changed
and rotation of EA is changed, which the effect of rotation speed is measured.

3) Depth experiments
As seen (b), cutting depth is changed in this experiment. Therefore, the resistance torque is
measured with respect to the force (F's.).

4) FT cutting experiments
As seen (c), an initial pushing force is added, and the FT conducts cutting in these experiments.
The resistance torque is measured with respect to the force (F'rr) and pushing force(P'rr). In the

end, the resistance of FT is revealed against total resistance of EA.

9.3 Experimental system

Fig. 9.5 shows the experimental device for soil cutting of the EA. A DC motor (EC, 45 flat 30 Watt,
Maxon) is mounted on a linear stage for controlling the pushing force of the EA. This stage vertically
moves with ball screw mechanisms. There is a 6 axis force sensor (LAT-1000KA-1, KYOWA) between
the motor and the EA to measure the torque and vertical force. The vertical compress direction to the
sensor is defined as positive. The right-hand screw direction along the positive vertical force is defined as a

positive torque. The EA for in this figure has the maximum radius of 65 mm and 5 bits at the top of screw

Linear stage
DC motor
Base part

+F, 6 axis force sensor

EA

Container and soil

Fig. 9.5 Experimental system for cutting of EA
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part. The red soil is set in the canister with a height of 270 mm and a diameter of 236 mm. The soil, which
is compacted each 4 layer, fills with 130 mm high of the canister, in a density of 1.1 g/ cm’. The soil is

reset for every experiment to make even condition.

Fig. 9.6 shows the controlling system of cutting experiment. The motor for the EA is connected to a
note computer via the motor controller (EPOS2 45/5, Maxon). The 6 axis force sensor is connected
to a signal processor (FDP-106A) which digitally decreases interference against other axis and
outputs an analog voltage. This voltage is received and converted to digital data by the AD board
(LANM3069, TECHNO WAVE). C# program is used to control and receive the data from the motor
controller and the AD board on account of features of programmer friendly with various libraries and

graphical user interface.

V-

6 axis force sensor Signal processor Analog data

AD board
Control signal
<> <€
Receiving data

Fig. 9.6 Controlling system

Motor

9.4 Pushing and Rotation Experiments with EA

This section focuses on the cutting resistance to reveal the excavation process by the experiments. In the
cutting process, a fish tail and the screw with bits cut the front soil. Two experiments were conducted:

pushing and rotation experiments.
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9.4.1 Conditions for Pushing and Rotation Experiments

Table 9.2 lists the details of the pushing and rotation experimental conditions. In the pushing force
experiments, first the stage moves downward and the EA is pushed to the soil with monitoring the
vertical force from the 6 axis force sensor. When the force reaches 60, 160 and 260 N, the position of
the stage is fixed and the EA rotates at 10 rpm and 360 degrees. In the rotation speed experiments,
the EA is set at a pushing force of 160 N the same way as the pushing force experiments. Then it

rotates at 3, 5, 10 rpm, respectively. The detail conditions of the experiments are shown in Table 9.2,

which illustrates that soil conditions are nearly the same in each experiment.

Table 9.2 Pushing and rotation experimental conditions

Name Rotation speed| Acceleration|Rotation| Pushing force
[rpm] [rpm/s] | [deg] [N]

Pushing force experiments
P60 10 500 360 60
P160 10 500 360 160
P260 10 500 360 260
Rotation speed experiments
R3 3 500 360 160
R5 5 500 360 160
R10 10 500 360 160

9.4.2 Pushing Force Experiments

Fig. 9.7 shows the EA excavating the soil at a pushing force of 160 N. (i) shows the EA set just
above the soil, (ii) its pushing force reached to 160 N just before starting the rotation, (iii) it rotated
240 degrees and (iv) it reached 360 degrees and stopped. Fig. 9.8 shows the measured values and (a)
and (b) are the vertical force and the rotation angle, and the torque and the rotation angle in the

pushing forces of 60, 160 and 260 N, respectively. In (a), three patterns showed almost the same

[

1) Before 0 [s]

-

Fig. 9.7 Example of the experimental results (160 [N], 10 [rpm])
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tendency. The vertical forces gradually decreased after starting the rotation and slightly increased
from around 4 s. The three patterns of torques in figure (b) also showed a similar tendency. The peak

motor torques were observed at the beginning of the rotation. The torques decreased soon after the

— P60 — P160 ——P260 —— Angle [deg]

300 480
240 \
360
180 yd
3 120 240 )
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-60 0
Time [s]
a) Vertical force
P60 P160 P260 Angle [deg]
1.5 480
| 360
3 240
Z E
e <
120
0
Time [s]
b) Torque

Fig. 9.8 Comparison of pushing force experiments

(Pushing force 60, 160, 260 [N], rotation speed 10 [rpm])
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peaks then gradually increased after around 4 s. The second peaks of torques were observed at the
end of the rotation. The maximum torques in relation to the pushing force were observed at the
beginning of the rotation when the pushing force was large e.g., 160 and 260 N but it occurred in the
end of the rotation when the force is small e.g., 60 N. The peak torques throughout experiments are
listed in Table 9.3. The first peak was observed at the beginning of experiments. On the other hand,
second was at the end of experiments. Settlement of EA were 4.8 mm at P60, 9 mm at P160 and 12.1

mm at P260. These values are used to compare with the depth experiments of a screw part.

Table 9.3 Peak torques in pushing experiment [Nm]

1st Peak 2nd Peak
P60 0.072 0.273
P160 0.623 0.141
P260 1.26 0.255

9.4.3 Rotation Speed Experiments

Fig. 9.9 shows the experimental results of rotation speed. (a) and (b) show the vertical force and the
torque, respectively. Vertical lines in the figures describe the end of the rotation. The dashed line,
dashed-dotted and dashed-two dotted correspond to R3, RS, R10 respectively. In (a), the force of
three different rotation speeds decreased from the beginning of the rotation the same as the results of
the pushing force experiments. The forces just before the end of rotation were 0.9 N at R3, 0.9 N at
R5 and 0.5 N at R10. In (b), three patterns showed a similar tendency. Table 9.4 lists the peak
torques. The tracks were seen to be scale-up and down along the time. The peaks and maximum of
torques were observed at the beginning of the rotation. The torque became slightly smaller when the

rotation speed was faster.

Table 9.4 Peak torques in rotation speed experiment [Nm]

1st Peak 2nd Peak
P3 0.745 0.165
R5 0.667 0.188
R10 0.623 0.078
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Fig. 9.9 Comparison of pushing force experiments

(Pushing force 160 [N], rotation speed 3, 5, 10 [rpm])
9.4.4 Discussion of Soil Cutting Experiments
According to the pushing force experiments, it is considered that the drop of the force in the

beginning of the rotation was due to the three different pushing forces, which were added before the
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beginning of the rotation, were not added after the rotation. At the time, the torque increased then
decreased. It was considered it was due to the friction between the back surface of the EA and the
soil because the vertical force was also large. From in the middle of the rotation, the torque gradually
increased. It was considered the cause of cutting resistance and the resistance to push away the cut
soil in a radial direction. To calculate the required torque, soil cutting model with respect to the
pushing force, soil cutting and force of pushing away material would be needed.

According to the rotation speed experiments, it was found that the torque does not significantly
change when the rotation speed becomes faster. Therefore, it can be considered that the tendencies
are the almost same in different rotation speeds. On the other hand, the force and torque show
slightly different values when the pushing force differs. However, we could assume that they are

almost equal values.

9.5 Depth Experiments with Screw Part

In this section, cutting depth was changed with a screw part of EA that was not equipped with a fish
tail as illustrated in Fig. 9.10. The initial pushing force was not added and the depth (d¢) were 5 and
10 mm with taken the results of pushing force experiments (9.4.2). The soil under the screw was
removed in order to set it with nearly zero pushing force. In case of deeper than 10 mm, large area of
soil is needed to remove since the angle of screw part is narrow. For this setting, experiment deeper
than 10 mm was not conducted. The cutting resistance (F’s.) is measured in Fig. 9.10.

Fig. 9.11 shows the cutting experiments results. (a) and (b) demonstrate the vertical force and
torque, respectively. From (a), both D5 and D10 pulled vertical downward direction, and the
minimum values were -2.1 N and -1.1 N. From (b), torque of both condition increased slightly and
the maximum values were 0.09 N (D5) and 0.16 N (D10). Table 9.5 summarises the maximum
torque compared with the pushing force experiments. Depth between the pushing force and depth
experiments were a little different but they are compared as a references value. It was found that the

cutting resistance of screw part account for 34% and 26% of the total resistance.

Fig. 9.10 EA without FT
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Fig. 9.11 Comparison of depth experiments with screw of EA
(Depth 5, 10 [mm], rotation speed 10 [rpm])
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Table 9.5 Results and comparisons between pushing force and depth experiments

EA Screw
. Max. torque Depth Max. torque | Percentage
E t
xperiments TNm] ] TNm] %]
P60 0.27 5 0.09 33
P160 0.62 10 0.16 26
P260 1.26

9.6 Soil Cutting Experiments with the Fish Tail

The soil cutting experiments with the EA were conducted in the previous section. Here, the effect of the
fish tail at the head of EA is examined. First, to examine a rate of the pushing force on the fish tail, an EA
with a pushing force sensor in-between the shaft is developed. From this result, experiments are conducted

with the fish tail drill to measure the torque.

9.6.1 Measurement of Pushing Force Distribution

Here, a rate of the pushing force on the fish tail was examined. Fig. 9.12 shows the developed EA
with the pushing force sensor (FlexiForce A201-100, Nitta). The EA was pushed to the soil with
monitoring the vertical force from the 6 axis force sensor. The value of the pushing force sensor was
measured when the target forces reached 60, 160 and 260 N. Each value of the pushing force sensor
was measured three times. Fig. 9.13 shows the results. The horizontal axis and vertical axis describe

the target forces of the 6 axis sensor and the rate of force worked on the fish tail, respectively. The

Pushing force sensor

‘.‘ Force on screw part
L ' )

_L_n

Total force

Force on FT

Fig. 9.12 EA with a pushing force sensor
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rates were calculated by the force on the fish tail divided by the target force. The error bars describe
the maximum value and minimum. In this figure, the force on the fish tail, accounted for around
60%, at 60 N. It describes that the fish tail sustains the pushing force of 60% out of the total and
screw part and bits sustain that of 40%. Then it gradually decreased and accounted for around 40%

at 260 N. The average pushing forces on the fish tail were 34.5, 66.0 and 93.5 N, respectively.
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Fig. 9.13 Results of pushing force experiments

9.6.2 Measurement of Torque of the Fish Tail

Next, the torque of the fish tail was measured using the pushing forces measured in the previous
experiments. The fish tail drill was used in this experiment (Fig. 9.14). The pushing forces of 34, 66
and 93 N were applied and the torque was measured. Fig. 9.15 (a) and (b) show the results of the
vertical force and the torque, respectively. Figure (a) shows the similar results to the soil cutting
experiments of the EA. In (b), the torque of three patterns vibrate through a rotation but the total
value became larger when the pushing force increased. The maximum values were 0.10 N at P34,
0.13 N at P66 and 0.19 N at P93. Table 9.6 shows the occupied rate of the maximum torque of the
fish tail against the EA. The rate of the fish tail against the EA was calculated by the division of the
maximum torque of the fish tail by that of the EA. The torque of the fish tail occupied 15% therefore
the torque of the fish tail is not negligible. The effect of the fish tail needs to be considered for the

soil cutting process.

Fig. 9.14 Fish tail drill
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Table 9.6 Torque of the FT against the EA

EA Fish tail

Experiments Ma>[<Ntr(r)115que Experiments Ma)E\;tglr]que Perc[((a;;;age
P60 0.27 P34 0.10 37
P160 0.62 P66 0.13 21
P260 1.26 P93 0.19 15

9.7 Evaluation of Excavation with Mechanical Specific Energy

From, Chapter 9.4, it was found that the excavation torque greatly increases when the pushing force
increases but it rarely increases when the rotation speed is faster. Here, the results of pushing force
experiments are evaluated by using mechanical specific energy (MSE) proposed by Pessier et al.
[86]. This MSE is widely used to evaluate the drilling efficiency for various environments [87]-[91]
such as drilling soil, rock and regolith, on the Earth, or in the seabed. MSE represents the total
energy (pushing force and drilling torque) with respect to excavated volume. Its equation is as

follows [86]:

(9.1)

MSE:(PF+120x;erPMij

A Ax ROP

Here, PF is pushing force, A is drilling area, RPM is rotation speed, T is torque, ROP is rate of
penetration. The drilling efficiency is high, and consumes less energy when the MSE is small. The
calculated results from the pushing force experiments are listed in Table 9.7. The 4 was excavated
area with a diameter of 0.13 m of the EA. The T was the maximum torque from the experiments. The
ROP was calculated from the settlement at the beginning of the experiments. From the results of
MSE, P60 required least excavation energy among the three conditions and required about half the

energy of P260 but was about 2.5 times slower. A propulsion unit can control the pushing force of

Table 9.7 Calculation of MSE

Pushing | Rotation Torque Rate o.f Mechanical
Force Speed (T) Penetration | Specific Energy
(PF) (RPM) (ROP) (MSE)
N prm Nm m/hr kJ/m’
P60 60 10 0.27 2.9 31.1
P160 160 10 0.62 54 44.7
P260 260 10 1.26 7.3 68.9
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EA to the soil. Therefore, excavation condition of the robot can be controlled with full use of the
both propulsion and excavation units such as fast excavation with large energy consumption and
slow excavation with small energy consumption. The feature of controlling energy consumption is

useful for aerospace use, where the energy consumption is a more important factor than the speed.
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Chapter 10: Conclusion

10.1 Summary of Dissertation

This section summarises the paper following each chapter.

Chapter 2: Related Research

This chapter first introduced some heavy machinery used on the Earth for excavation but they tend
to be large in size. Then three conventional types of excavator for the Moon and planets were
explained. It was concluded that the subsurface explorer type is suitable for aerospace explorer
mission with the remarkable features such as small, reusable. Next, thirteen designed or developed
small subsurface explorers were introduced and discussed by their performances of excavation
regarding the diameter vs. reached depth, and mechanisms regarding making a space and advancing
forward. It was revealed that it is difficult to excavate deep when its diameter becomes larger
because of the earth pressure that prevents from excavating and difficulty in making a large space for
propulsion. The effect of the earth pressure to the propulsion inside the excavated hole was
introduced by using the depth prediction model. Therefore, this study focuses on an excavator with

propulsion and excavation units to excavate deep by tackling the two problems.

Chapter 3: Peristaltic Crawling of an Earthworm

The excavation robot in this study is based on the peristaltic crawling of an earthworm for the
propulsion unit. This chapter described the mechanism and motion of the peristaltic crawling. Inner
muscle structure was illustrated from references. To reveal and compare its motion with a developed
robot, locomotion of the peristaltic crawling is videotaped and analysed. The results show a stair
shape and the contraction begins from the anterior part of the earthworm and continuously

propagates toward the posterior part.

Chapter 4: Concept of a Novel Subsurface Explorer Robot

This chapter presented detailed concept of a novel subsurface explorer robot which has a
propulsion and excavation units based on the peristaltic crawling of an earthworm and an earth auger.
Different mechanism from other excavation robots was formulated. Moreover, great possibility for

deep excavation was discussed with solving the traditional problems of making a space and
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advancing forward. In the end, detail mission process was demonstrated with full use of mechanism,
which showed the robot makes the hardware system simple due to the peristaltic crawling of the

propulsion unit.

Chapter 5: Development of an Excavation Unit

This chapter first presented the development of tapering earth auger. The model the EA was
demonstrated to calculate the tracks of the edge of EA and volume inside. Next, an excavation unit
was developed and conducted experiments: pushing force and rotation speeds. The former
experiment showed that the reached depth was related to the weight of the robot. It was because of
the earth pressure around the surface of robot. Nevertheless, the excavation velocity slightly
increased with respect to larger weight. The latter showed that the reached depth was almost the
same and the required motor torque showed slight differences. The requirements were measured for

the propulsion unit to maintain the orientation and position against a maximum excavation reaction.

Chapter 6: Development of a Propulsion Unit

This chapter first introduced developed earthworm robots. Next, a single unit of the propulsion unit
with a pantograph mechanism was developed to meet the requirements of the excavation unit, and it
was tested to measure performance in several conditions and environments. The subunit has a large
area to contact with the wall of hole, and a space in the middle for an excavation unit. It also showed

great performance.

Chapter 7: Development of a Subsurface Explorer

This chapter presented the subsurface explorer with connected propulsion and excavation units.
The propulsion velocity was modelled and evaluated with an experiment in a pipe. The robot moves
at a velocity the same as the model. Finally, excavation experiments were conducted from a launcher
as explained for the future mission (Chapter 4). It also showed great performance. It can excavate at
the same depth (430 mm) regardless of the weight of the robot, deeper than the excavation unit alone
(220 mm), which proves the possibility of use in a lighter gravity condition such as the Moon or
Mars. Furthermore, excavation experiments were reported after a depth of the discharged ports
reached soil level, now getting rid of the excavated soil using a dust collector. The robot could
excavated (650 mm) deeper than the ports reached soil level. It was believed that it could easily

excavate deeper if the discharging process were improved, because the velocity did not get slower.
Chapter 8: Development of a Discharging Part
To address the issue of discharging for deep excavation, a discharging part was developed.

Experiments inside a launcher and soil showed the discharging part successfully winched a bucket
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with discharged soil and rarely stopped. The winching number and soil dropped rate were also
measured. Excavation experiments with the propulsion and excavation unit were conducted, which
succeeded in excavating to a depth of approximately 600 mm, deeper than the discharged ports
reached soil level (430 mm). However, it stopped excavating, probably because of the dropped soil

that covers between the EA and the bucket.

Chapter 9: Fundamental Experiments for Modelling the Cutting Resistance

For modelling the cutting resistance, cutting experiments with the earth auger were conducted in
this chapter. The purpose and definition of cutting resistance were explained. In experiments, the
effect was classified: pushing force and cutting depth on the screw part, and that on the fish tail. The
monitored and measured values were torque and vertical force by a 6 axis sensor. It was found that
pushing force mainly affects cutting resistance. The effect of the fish tail part must also be taken into
consideration regarding cutting resistance. The excavation performance was evaluated using
mechanical specific energy. It reveals a small pushing force consumes little energy with slow
excavation, whereas a large pushing force consumes a lot of energy with fast excavation. An

advantage of this robot is the pushing force is controllable, which is useful for aerospace exploring

purpose.

10.2 Future Work

The cutting model will be improved to acquire the requirement torque in various propulsion and
excavation conditions and environment of the surrounding materials. The developed subsurface
robot will conduct excavation experiments in lunar regolith and martian simulant. It would also test
excavation in other materials such as sand, desert, and rock for other applications. An excavation
model would be further improved to adapt to conditions and materials as introduced.

The developed robot is not equipped with devices e.g. sampler, seismometer and heat probe. It has
some space in a skirt part which can be used to attach a sampler and seismometer. A heat probe is
usually set away from a device and robot that generate hinder the measurement. Therefore, a
particular method or mechanism would be required for it. First, the robot would be improved to
mount a sampler and seismometer.

Strategies and mechanisms for changing excavation direction would be invented. A propulsion unit
constituted of a parallel link mechanism [85] which moves in three-dimensions is one of the ideas to
achieve. The developed robot with three subunits could move up and down using the peristaltic
crawling in a perforated soil. A transport part of an earth auger is required to be bended allowing the

three-dimensions movement of the propulsion unit to smoothly move and.
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There is need of a robot that can excavate in a horizontal direction in small size for example,
analysis of the soil, extraction of gas and oil. The peristaltic crawling robot would be tested in

horizontal excavation.
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Appendix A: Characteristic of the Moon

A1 Physical Properties of the Moon

Table A.1 illustrates the physical properties of the Moon in comparison to the Earth [5]. The gravity
of the Moon, 1/6 of that of the Earth is commonly known. Other properties such as temperature and
atmosphere on the Moon are wildly different from on the Earth. It is an extremely harsh condition. A

robot for a future mission needs protection from that condition and a protection from radiation

because of lack of atmosphere.

Table A.1 Physical comparison of the Moon and Earth [5]

Properties Moon Earth
Gravity at equator [m/s’] 1.62 9.81
o Day: 107
Mean surface temperature [°C] Night: -153 22
Temperature extremes [°C] -233(7)— 123 -89 — 58
3 Day. ~104 19
Atmosphere [molecules/cm™] , 5 2.5%x10
Night: 2 x 10
Heat flow (average) [mW/m’] |~29 63
Seismic energy [J/yr] 2% 10" (or 1014) 107 —10"
Magnetic field [A/m] 0 (small paleofield) 24 — 56
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A2 Lunar Regolith

A2.1 Lunar Regolith
Regolith is defined as “a general term for the layer or mantle of fragmental and unconsolidated rock
material, whether residual or transported and of highly varied character, that nearly everywhere
forms the surface of the land and overlies or covers bedrock. It includes rock debris of all kinds,
volcanic ash, glacial drift, alluvium, loess and eolian deposits, vegetal accumulations, and soil”.
Regolith covers the Moon surface. Its thickness may not exceed 20 m [5]. The thickness depends
on the place. The regolith is generally about 4—5 m thick in the mare areas, and averages about

10—15 m in older highland regions.

A2.2 Sampled Regolith
Fig. A.1 shows the spots where landers crashed or landed on the Moon surface [5]. The names
marked in red conducted sample return or soil mechanics studies corresponding to Table 1.1. Most

data on lunar regolith (>90%) have been obtained from the <1 mm fractions.
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Fig. A2.1 Landing spots [5]
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A2.3 Bulk Density and Relative Density

Bulk density of material is different from the condition such as depth. These data shown in Fig. A.2
were surmized [5]. Calculated values against depth are shown Table A.2. In order to compare with
reddish soil and Lunarlant, maximum and minimum bulk density were measured following the
regulation [92]. Table A.3 shows the measured values. The maximum bulk density of reddish soil is
smaller than Lunarlant and lunar soil. It is thought to be because the range of particle size of reddish
soil is narrow, (Fig.5.16); because the size of the soil particles are similar to each other, the density
does not become large.

Relative density is the ratio of the difference between the void ratios in its loosest state and existing
natural state to the difference between its void ratio in the loosest and densest states. The relative
density Dr is give as follows:

e

e —
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D = Ma T
eMax —e
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Where e is the void ratio of existing natural state, emax is the maximum void ratio and
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Fig. A.2 Calculated in situ bulk density [5]
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émin 18 the minimum void ratio. This formula is also expressed as follows:
% 10 - pmin
p pMax - pmin

Relative density based on returned core samples were calculated assuming i, (1.15 g/em®) and pjza

Dr — pMax

(A.2)

(1.82 g/em’) [5]. Relative density in the top 150 mm is 63%, 84% in the top 30 mm and 97% for the

next 350 mm. This indicates that lunar soil becomes very dense at not deep depth.

Table A.2 Bulk density of lunar soil [5]

Depth range [cm] Av. density [g/cm3]
0—15 1.50 +£0.05
0—30 1.58 £0.05
30—60 1.74 £0.05
0—60 1.66 +0.05

Table A.3 Bulk density of red soil and Lunarlant

Red soil | Lunarlant
Density Max. 1.1 1.804
[g/em’] | Min. 0.792 1225
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