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Abstract 

This paper reports the development of a lightweight remotely operated vehicle that performs underwater excavation 
work for archaeological surveys. Discovering underwater artifacts is generally difficult because they are in high risk 
areas and are often covered with sediment. To discover them, divers and large remotely operated vehicles must con-
duct excavation work with a manipulator(s). Nevertheless, accomplishing such tasks is difficult for small and portable 
underwater robots without a manipulator(s). As described herein, we developed a lightweight underwater robot of 
35 kg that can remove sediment from the seabed or lake bottom using its thrusters instead of a manipulator. Numer-
ous redundant thrusters are equipped with the robot to compensate the reaction force of the thrusters for sediment 
removal. Eight thrusters are arranged not only for sediment removal but also for fine maneuvering. First, through 
preliminary experiments, we investigated the potential use of a water flow generated using a pair of small marine 
thrusters to remove surface sediment. Next, we described the design and development of a lightweight underwater 
robot with eight thrusters and high-definition cameras for archaeological surveys. Finally, we conducted field experi-
ments to demonstrate the sediment removal performance and usefulness of the developed robot.
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Introduction
Underwater archaeological survey and investigation 
involves searching for sites, recording sites, excavation, 
and many other tasks. First, non-destructive survey 
methods are applied for research activities. Although 
in situ preservation is the first option [1], excavation of 
sites and/or recovery of archaeological materials are con-
ducted for scientific studies if appropriate.

For archaeological non-destructive and non-intrusive 
surveys, autonomous underwater vehicles (AUVs) and 
remotely operated vehicles (ROVs) are used, offering 
highly efficient operations in deep water and in high risk 
areas. The literature [2] reports studies conducted using 

the C-Surveyor I AUV to investigate deep-water ship-
wrecks in the Gulf of Mexico. The C-Surveyor III AUV 
collected multibeam bathymetry data and digital still 
images to create the photomosaic for better understand-
ing the archaeological site. The compact AUV Girona 500 
(140 kg) collected stereo images to create a 2.5D textured 
model and 3D reconstruction of the ship wreck site La 
Lune for subsequent archaeological investigation [3]. As 
pre-disturbance investigation tools, other AUVs were 
used to acquire optical images of archaeological sites for 
3D reconstructions, e.g. [4, 5]. In addition to AUVs, ROVs 
are used for pre-disturbance investigations intended to 
capture images and to produce 3D models of archaeo-
logical sites. The ROV Minerva investigated a sunken 
ship projecting upward about 10 m from the seabed [6]. 
During the investigation, an archaeologist evaluated the 
images while giving feedback about their quality. For 
deep-sea archaeology, the research team conducted the 
ROV 3D project [7] in which the main goal was to cre-
ate a high-resolution 3D model of the site and visualize 
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the surveyed part of the site in real-time for the opera-
tor. Visualization allows the operator to ensure complete 
coverage of the interesting area. The real-time feedback 
is one important feature of ROVs. The vehicles described 
above contribute to archaeological surface surveys with 
non-destructive techniques and without contact artifacts.

After non-destructive detailed surveys and careful 
consideration, excavation and/or recovery of archaeo-
logical material may be conducted. At dangerous sites for 
humans, large and heavy ROVs with manipulators have 
been used to carry out such contact work. In the Skerki 
Bank Project [8], the ROV Jason excavated an archaeo-
logical site using the robotic arm with an excavation tool. 
Jason grasped and recovered archaeological objects using 
the arm controlled by an operator while hovering auto-
matically above the site. In the Tortugas project [9], the 
ROV Merlin (3 tons) was equipped with manipulator 
arms, a limpet suction recovery device, and the Sediment 
Removal and Filtration system (SeRF) to excavate the 
Tortugas shipwreck site and recover artifacts using the 
manipulators. The SeRF, which is driven by a high-horse-
power water pump, was designed to recover small arti-
facts during sediment removal. Unnecessary sediment 
is displaced from the excavation site. Small artifacts are 
captured in the container. In the project [10], the work-
class ROV was equipped with an excavation system. The 
ROV removed the sediment from the excavation area 
using the system, and lifted several artifacts to the surface 
using a 7-function manipulator arm. In addition to these, 
the ROV Hercules had an excavation toolkit used by the 
manipulators to dig and remove sediment and recover 
artifacts in the deep sea [11]. These excavation and recov-
ery systems are devices that use suction force generated 
by the water flow.

In recent years, underwater robots of new types, dif-
fering distinctly from the conventional ROVs described 
above, have been developed and tested for underwater 
archaeological excavation and recovery. The Crabster 
CR200 (600 kg) underwater walking robot has six legs, 
two of which are used as the manipulators [12]. The robot 
was tested to recover imitation artifacts using the manip-
ulator arms in a sea trial. The experiment was successful. 
Ocean One [13], an underwater robotic avatar (200 kg), 
has manipulators and tendon-driven grippers to accom-
plish underwater work for archaeological surveys. The 
gripper stiffness can be adjusted to accommodate delicate 
and hard objects. Ocean One recovered an artifact from a 
deep-sea archaeological site using the manipulators [14]. 
Although these robots have no special suction tools, their 
experiments demonstrated the great potential of under-
water robots for underwater recovery and excavation.

Considering actual operations of the above large and 
heavy underwater robots, a large support vessel with a 

winch for launch and recovery is necessary for conduct-
ing research activities. However, it is often the case that, 
because of equipment and budget constraints, only small 
boats without a launch-and-recovery system are used for 
research surveys. In such cases, archaeological sites must 
be investigated by scuba divers and/or portable underwa-
ter robots. If the site of interest is at a dangerous depth 
for humans, then the only method of investigation is to 
use a portable underwater robot for archaeological sur-
veys. Although pre-disturbance surveys by small under-
water robots have been used [15, 16], no report of the 
relevant literature describes portable robots with excava-
tion tools to investigate archaeological sites that are cov-
ered by sediment.

In this report, we propose a portable underwater robot 
having redundant quantities of thrusters used for sedi-
ment removal. Several conventional methods are used 
today for sediment removal such as a water dredge, prop-
wash, and water jet [17]. Although water dredges, which 
use suction force generated from water flow, are proven 
and promising devices, mounting a high-pressure water 
pump and a manipulator to handle its intake port greatly 
increases the mass and size of an underwater robot. 
The approach using thrusters proposed herein is simi-
lar to the idea of prop-wash and water jet in the sense of 
using the stream of water that is blown out. The prop-
wash uses a vessel’s propeller and a right-angle tube for 
directing its propeller thrust downward to remove large 
amounts of sand from the site. However, this approach is 
usually extremely destructive to archaeological surveys 
because controlling the water flow properly and narrow-
ing down the area of excavation is extremely difficult. The 
water jet is used only to a limited degree for archaeologi-
cal investigations because it generates a long-range water 
stream and because it worsens visibility at silty or sandy 
sites. For the proposed method, two regular marine 
thrusters are installed so that two water streams gener-
ated by the thrusters strike each other. The water flow 
speed increases at the point where the two water streams 
intersect. However, the water flow speed in other areas is 
reduced because of the energy loss which occurs after the 
water streams strike each other.

For this work, we develop a lightweight underwater 
robot (Fig. 1) that can remove sediment on the sea or lake 
bottom using its thrusters instead of manipulators. To 
achieve sediment removal in the minimum area of inter-
est, we first determine the configuration of two marine 
thrusters through preliminary experiments to measure 
the water flow speed distribution and force generated by 
the thrusters. After determining the two thruster config-
uration for sediment removal, we also determine the con-
figurations of other thrusters for our underwater robot 
based on numerical analysis. The thruster configurations 
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allow our underwater robot to remove sediment in the 
minimum area of interest. As a result, all the thrusters 
installed on the developed robot are useful not only for 
removing sediment for underwater excavation but also 
for fine maneuvering of the robot when external distur-
bances occur. Additionally, we conducted field experi-
ments at Lake Biwa to demonstrate the performance of 
the developed robot.

This paper is organized as follows. “Preliminary experi-
ment for sediment removal using thrusters” section 
explains preliminary experiments conducted to assess the 
effectiveness of small regular thrusters for removing sedi-
ment. “Numerical analysis” section presents our numeri-
cal analyses of a thruster configuration for an underwater 
robot to realize underwater maneuvering and excavation 
work. The design and development of the small under-
water robot with eight thrusters are presented in “Design 
and development of the underwater robot” section. “Field 
experiment”  section describes results of field experi-
ments conducted in Lake Biwa using a small fishing boat. 
The performance of the developed robot and sediment 
removal were evaluated. Finally, future work and conclu-
sions are presented in “Future work”   and “Conclusion” 
sections.

Preliminary experiment for sediment removal 
using thrusters
We use small regular thrusters to remove sediment 
on the sea or lake bottom for underwater surveys. This 
section presents measurement results of the water flow 

speed and force generated by the thrusters to determine 
the thruster configuration of our underwater robot.

Experiment setup for preliminary experiments
This experiment was conducted to determine a thruster 
configuration that can produce a water flow peak at a 
place of interest. We assume that two thrusters are used 
to generate water flow for sediment removal. We meas-
ured the steady-state water flow distributions and forces 
generated by commercial marine thrusters (LBT100; 
Seabotix Inc.). Figure  2 portrays the experiment setup. 
A pair of the thrusters was fixed to a metal frame and 
was installed in a water tank. The distance between the 
two thrusters was set as 700 mm. The water tank depth 
was 1 m. The thrusters were installed horizontally at 0.5 
m depth. Three thruster angles of 30°, 45°, and 60° were 
tested to find a thruster configuration able to produce 
strong water flow in a partial area The thruster angle 
was 45° in Fig.  2. The origin of the coordinate system 
coincides with the point at which the extended lines of 
the central axes of the two thrusters intersect. A water 
flow sensor was used to measure the water flow speed 
at 280 points to evaluate the water flow distribution. 
We changed the position of the sensor 280 times. Each 
measurement was conducted during 10 s to calculate the 
average water flow. A force sensor was used to measure 
the forces generated by the thrusters. A metallic plate 
attached to a force sensor was placed in the water tank as 
shown in Fig. 2. We prepared three plates to which force 
is applied: 0.1× 0.1 , 0.2× 0.2 , and 0.3× 0.3 m 2 . They 

Fig. 1  The developed underwater robot and ancient pottery discovered by this robot during non-destructive survey. The pottery was covered with 
some sediment
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were placed on the x−axis at positions from −0.1 to 0.6 
m. Each measurement was conducted during 10 s to cal-
culate the average force.

Water flow distribution
Figure  3 presents the horizontal distributions of the 
steady-state water flow for thruster angles of 30°, 45°, and 
60°. Blacker areas in the figure had faster water flow. The 
middle images for each thruster angle show the water 

flow distribution on the x − y plane. Figure 4 depicts the 
vertical distributions of the water flow. As indicated from 
these results, at thruster angles of 30 and 45 degrees, 
clear water flow peaks are apparent near origin O: the 
intersection of the extension lines of the central axes 
of the two thrusters. These thruster configurations are 
expected to help remove sediment in a minimum area of 
interest. However, no clear water flow peak is apparent at 
the thruster angle of 60°.

Fig. 2  Experiment setup for water flow and force measurements. The origin is set at the intersection of the extension lines of the central axes of the 
two thrusters

Fig. 3  Experiment results showing the steady-state water flow distribution using two thrusters. Results show the horizontal distribution at three 
thruster angles
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Two graphs presented in Fig.  5 show water flow 
speeds along the x−axis and y−axis for three thruster 
angles of 30°, 45°, and 60°. These experiments indicated 
that the maximum water flow speed near the origin is 

about 1.0 m/s at the thruster angle of 45°. The water 
flow speed decreases rapidly in areas other than the 
origin at 45°. Henceforth, we adopt the thruster angle 
of 45° for our underwater robot.

Fig. 4  Experiment results show the vertical distribution for three thruster angles

Fig. 5  Experiment results found for the water flow speed. The left panel shows the water flow speed along the x-axis. The right panel shows that 
along the y-axis
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Force measurement
We also measured the force generated by the thrust-
ers installed at 45° to check whether excessive force is 
applied to artifacts. As shown in Fig.  2, a metallic plate 
attached to a force sensor was placed in the water tank 
to measure the force. The left panel of Fig.  6 portrays 
the experimentally obtained results of the force gener-
ated by the thrusters acting on the plate. The right panel 
shows the numerical results converted to pressure using 
the plate area. Results show that force of 13 N or less and 
pressure of 460 Pa or less works near the origin.

The estimated bending strength of the Jomon pottery 
when it was made was more than 2 MPa [18]. Compared 
to this value and sizes of the Jomon pottery, the bending 
moment resulting from the measured force or pressure is 
very small. Therefore, it is unlikely that the Jomon pot-
tery would be damaged by this method even if the arti-
facts were fragile.

Sediment removal test
We conducted an experiment designed to test the sedi-
ment removal performance of the two thrusters. The 

thrusters were fixed at the thruster angle of 45° and 
the distance between the thrusters was set as 700 mm, 
as described above. Also, as presented in Fig.  7, the 
thrusters were tilted downward 45° because, to prevent 
suction of gravel, sand, etc., the thrusters cannot be 
placed at the same height as artifacts on the seabed or 
lake bed. As illustrated in Fig. 7, the distance between 
the straight line connecting the two thrusters and the 
point where the two water streams intersect was set as 
350 mm.

When water flow strikes on the seabed or lake bed 
because of the thruster tilt, the energy of the fluid is 
lost. Moreover, the sediment might not be removed. 
Therefore, we conducted a test to assess the possibility 
of removing sand covering underwater pottery. Instead 
of using natural sediment, we used commercially avail-
able sand. For the test, we prepared two pottery sam-
ples: a 462 g plate with 1.87 specific gravity and a 229.5 
g pot with specific gravity of 2.05. After the plate and 
pot had been buried in the sand, we attempted to 
remove the covering sand by adjusting the thrust force 

Fig. 6  Experimentally obtained results indicating the measured force and pressure acting on the plates

Fig. 7  Experimental setup for sediment removal test
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output using joystick operation. We removed the sedi-
ment using the thrusters, as shown in Figs. 8 and 9.

These experiments demonstrated that the thrusters 
used here have sufficient capacity to remove sediment.

Numerical analysis
In the preceding section, we demonstrated experimen-
tally that two thrusters can be used for sediment removal. 
This section presents a numerical assessment of the 
thruster configuration used for the underwater robot. 
This section presents an assessment of the robot move-
ment in all directions.

Force generated by thrusters for maneuvering
We propose a thruster configuration for an underwater 
robot, as portrayed in Fig. 10. The robot has eight thrust-
ers. Figures 10 and 11 present the physical parameters in 
this numerical analysis. For static analyses, we consider 
only thrust forces.

We numerically estimate the resultant force fr when 
thrust forces f1 , f2 , · · · , f8 are output in the range of 
−21.56 ≤ fi ≤ 21.56 N (the maximum thrust forces of 
the respective thrusters installed on our robot are 21.56 
N) under the constraint condition that the rotational 
moment τ r acting on the robot generated by the thrusters 
is zero. The resultant force fr can be given as

when τ r = T
′

1
f = 0 . Therein, f =

(

f1, · · · , f8
)T . T1 and 

T
′

1
 are the thruster configuration matrices given by 

the thruster positions and angles in Figs.  10 and 11. A 

fr = T1f

sequential search algorithm was used to find the set of 
resultant forces by changing the magnitude and direction 
of the force f  . Figure 12 portrays the direction and magni-
tude of the resultant force generated by the eight thrust-
ers. The upper right figure illustrates a three-dimensional 
representation of the set of the resultant forces. The other 
figures show front, side and top views of the set of the 
resultant forces. Based on the result, the eight thrusters 
with the configuration can output the resultant forces 
of 86.24 N in the x and z directions, and 121.52 N in the 
y direction for the robot. From this result, we use the 
thrust force in the y direction for long-distance travel and 
the thrust force in the x direction during visual survey.

Because the thruster configuration is symmetric in the 
x − y , x − z , and y− z planes, the other thrusters can 
compensate the reaction force from the thrusters used 
for sediment removal.

Design and development of the underwater robot
This section presents the design and development of 
an underwater robot to conduct excavation work and 
to provide fine maneuvering near a lake bottom using 
thrusters.

Underwater robot MIKAN
We designed and developed the ROV MIKAN, as shown 
in Fig.  13 [19]. The overall system, which is 950-mm-
wide, 550-mm-long, and 750 mm high, weighs approxi-
mately 35 kg in air. It has neutral buoyancy in water. This 
robot’s eight thrusters can produce surge, heave, sway, 
and yaw motions of the system. The redundant number of 
the thrusters is useful for the robot to conduct excavation 

Fig. 8  Sediment removal test for a plate

Fig. 9  Sediment removal test for a pot
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work, stabilize its body, and realize good maneuvering 
in water-flow environments. Two high-definition video 
cameras installed at the top and bottom of the robot 
record artifacts found underwater. The cameras enable to 
an operator to acquire the three-dimensional information 

of the artifacts. The images which are obtained are also 
useful to create a three-dimensional model using photo-
grammetry. The robot has an acceleration sensor, digital 
compass, depth sensor, water sensor and a Super Short 
Baseline (SSBL) acoustic positioning system, which can 

Fig. 10  Thruster configuration

Fig. 11  Physical parameters. Thrusters that generate forces of f5 and f7 N are located respectively behind the first and third thrusters ( f1 and f3)

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Fig. 12  Thrust force for maneuvering (using eight thrusters)

Fig. 13  CAD and the developed robot
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calculate the global position by combining GPS data and 
the relative position of the robot with respect to a sup-
port boat.

Before conducting field experiments, we evaluated the 
motion speed by measuring the travel distance and time 
at a water tank. The respective speeds of surge, sway, and 
heave were approximately 0.31, 0.60, and 0.67 m/s. The 
angular speed of the yaw was 118 deg/s.

Thruster configuration and control devices
We adopted the eight-thruster configuration based on 
results of preliminary experiments and numerical analy-
sis. As shown in Fig.  10, the thruster configuration is 
symmetric in the x − y , x − z , and y− z planes. The max-
imum thrust forces of the respective thrusters are 21.56 
N. The eight thrusters can output total force of 86.24 N 
in the x and z directions, and 121.52 N in the y direction 
for the robot. The configuration can generate force in 
any direction. Particularly, the force of the y direction is 
stronger than the other direction forces. For that reason, 
the robot can swim as fast as possible for archaeological 
surveys near the sea or lake bottom. The two thrusters 
attached to the lower part of the front generate sufficient 
force to remove sediment. The other thrusters are used to 
cancel the thrust force for sediment removal.

During visual observations, the robot lands on the lake 
bottom completely. Vertical thrust force in the z direction 
is used for position stability on the bottom. The force in 
the z direction presses the robot body against the bot-
tom so that it does not move under the disturbance. The 
pressing force stabilizes the robot position and posture. 

The resultant stability helps to acquire clear images of 
artifacts.

The developed robot is controlled using a control 
device that has two joysticks and two potentiometer 
dials, as presented in Fig. 14. One direction (white arrow 
in Fig. 14) of one joystick is assigned to blow off sediment 
and achieve sediment removal.

Field experiment
To test the sediment removal and robot motion perfor-
mance, we conducted a field experiment at Lake Biwa 
using the underwater robot with the sediment removal 
thrusters. The field experiment setup is presented in 
Fig. 15.

Sediment removal and robot motion performance
Using the developed robot, we conducted sediment 
removal testing at a depth of around 50 m. The water flow 
from the two front lower thrusters was adjusted using 
joystick operations to remove the sediment and thereby 
expose several rocks, as portrayed in Figure  16. They 
were initially covered with some sediment, as shown on 
the left side of Fig.  16. Figure  16a, b show photographs 
of lake bottom rocks taken when we conducted sediment 
removal. Figure 16c shows a small stone on the lake bot-
tom during sediment removal. It is apparent from the 
findings and observations that the sand only around the 
stone had been removed and that the bottom of the lake 
was exposed. Figure 16d shows the bottom rocks includ-
ing a stone with a shape similar to that of a plate. As this 
figure shows, part of the sand around the stone and in 
the stone was blown away by the water flow generated by 

Fig. 14  Control device for the developed robot
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the thrusters. After blowing off of the sediment, we visu-
ally recognized the exposed objects clearly. This function 
is expected to be helpful for small underwater robots to 
excavate an archaeological site.

We obtained data from the several sensors to evalu-
ate the robot motion performance. Figure 17 shows the 
depth data obtained when the robot dove directly into 
the lake bottom from the water surface. As the figure 
shows, the robot moved to a depth of about 70 m in 
270 s. Therefore the dive speed was approximately 0.26 
m/s which was slower than that measured in a water 
tank. This was due to the influence of the tether cable 
tension and external disturbance.

Figure  18 presents the underwater position of the 
robot measured using the SSBL acoustic positioning 
system during an archaeological pre-disturbance sur-
vey. Although the support boat drifted about 100 m 

because of the influence of wind and water flow, the 
robot remained at a depth of about 58 m at the 50 m 2 
lake bottom. There the survey was conducted by the 
operator via remote control.

Future work
We investigated the Tsuzuraozaki underwater site in 
the northern part of Lake Biwa, where many pieces 
of pottery made during the Jomon and Kofun peri-
ods have been discovered. At the site, we operated the 
developed underwater robot at 50–80 m depth dur-
ing archaeological non-destructive and non-intrusive 
surveys. We discovered some pottery (Fig.  1) that had 
been made after the tenth century. As a next step, we 
expect to conduct excavation and recovery of archaeo-
logical materials. We plan to use the developed robot 
for underwater excavation. For the recovery of artifacts, 

Fig. 15  Experiment setup (Map based on the Digital Map (Basic Geospatial Information) published by Geospatial Information Authority of Japan)
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it is necessary to design and develop a mechanism for 
collecting them. Soft mechanisms such as nets and soft 
robotic grippers are expected to fit the purpose because 
the artifacts might be fragile. To ensure ease of opera-
tions, the robot weight should not be increased by the 

Fig. 16  Results of sediment removal testing for underwater objects

Fig. 17  Depth data for the robot diving to the lake bottom

Fig. 18  Underwater position of the robot at 58 m depth

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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mounting of a collection mechanism on the robot. 
Therefore, size and weight reduction of the entire 
robot are also expected to be extremely important for 
improving robot functions, including those of the col-
lection mechanisms.

Conclusion
As described in this paper, we designed, developed, and 
operated the lightweight underwater robot MIKAN 
with eight thrusters to investigate underwater archaeo-
logical sites. We investigated the potential use of a water 
flow generated using a pair of small marine thrusters to 
remove surface sediment for excavation. As described in 
this paper, we obtained the results described below.

•	 We conducted preliminary experiments, water flow 
measurements, and force measurements to deter-
mine a thruster configuration that allows our under-
water robot to remove sediment in a minimum area 
of interest.

•	 Results of preliminary experiments demonstrate 
that small regular thrusters are useful for sediment 
removal for excavation.

•	 We designed and developed the lightweight under-
water robot with eight thrusters to conduct archaeo-
logical surveys that included underwater excavation.

•	 Through field experiments, we confirmed that the 
developed robot with eight thrusters offered good 
maneuvering performance and sediment removal 
performance.

From results obtained from a series of the field experi-
ments, we confirmed the usefulness of the developed 
robot.

Abbreviations
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ROV	� Remotely operated vehicle
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