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Abstract— Robotic manipulators using thrusters for weight
compensation are an active research topic due to their po-
tential to exceed the limits of maximum length. However,
existing manipulators that use thrusters have limitations of
maximum length because the hardware design is not sufficiently
refined. This paper focuses on overcoming these limitations
and realizing an articulated manipulator more than twice the
length of conventional ones. To cancel the moment for each
link, we performed static analysis considering the torsional
deformation around the link axis to derive the thruster position.
Weight compensation and joint angle control of the manipulator
can be realized with simple proportional integral derivative
control for each link by numerical simulation. Consequently,
we demonstrated the feasibility of the proposed manipulator
by lifting a 0.6 kg payload at the arm end with a prototype
of length 6.6 m. Theoretically, each thrust force control input
was almost constant, regardless of link attitude. This suggests
modular properties that contribute to the practicality of the
proposed manipulator for various tasks.

I. INTRODUCTION

A long-reach articulated manipulator is required for vari-
ous tasks, such as infrastructure inspection, decommissioning
work for Fukushima Daiichi Nuclear Power Plants, and
pesticide spraying in agricultural fields. In particular, if the
manipulator is lightweight and modular, deployment to the
site is easy, and the required length and payload can be ad-
justed according to various tasks. However, the development
of a long-reach articulated manipulator presents a particularly
difficult challenge.

The ultimate purpose of this study was to realize an ex-
tremely lightweight, long-reach, articulated manipulator that
is modular, scalable, and practical on the ground. The target
length and payload were 20- m-long and 5 kg, respectively.
Although some space manipulators[1][2] have the same
length and are able to handle heavier payloads, their hard-
ware design is simple and use conventional serial link chains
because they are intended for operation in space, where
gravity is very small. By contrast, gravity is much greater
on the ground; therefore, the most critical limitation of a
long-reach manipulator is compensating for the weight of
the super long-reach manipulator. Although there are various
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methods, such as using a telescopic mechanism like a crane
supported by a structure, using a wire drive mechanism[3][4],
using a spring[5][6][7][8][9], or using buoyancy[10][11],
they are all difficult to realize modularly for high payloads.
For example, a telescopic mechanism is large and heavy,
which makes it inconvenient. The specifications of the wire
drive mechanism cannot be adjusted owing to its complexity.
The spring is too heavy to assist the slender manipulator,
and, depending on the payload, the compensation torque is
difficult to adjust. Moreover, buoyancy cannot be applied to
high payloads.

To overcome this problem, we adopted thrusters for the
weight compensation of the manipulator[12]. Assuming that
there is no limitation for energy source, we can achieve
the above goal by placing each thruster at an appropriate
position and controlling the thrust force. Some studies have
adopted water jets as thrusters[13][14][15]. However, it is
difficult to obtain a sufficient jet for weight compensation
because water is heavy, which limits the maximum length of
the manipulator. If we choose propellers driven by electric
motors, we can easily realize a modular system with great
length by connecting the power cable in a ”daisy chain”.

Related work is LASDRA[16], which also drives joints
with propellers. LASDRA[16] requires eight propellers for
each link due to the purpose of generating a three-axis force
at a spherical joint with propeller thrust force[17], which
means that only few actuators contribute to the weight com-
pensation. Therefore, the maximum length of the manipulator
is also limited in this case. Compared to this, in our previous
work, Hiryu-I[12], we introduced a parallel link mechanism
so that the thruster always follows the direction of gravity,
aiming at a more practical and simple system. Thanks to
the parallel link mechanism, the thrust force can be constant
without depending on the link attitude, and its control can
be remarkably simplified.

In Hiryu-I[12], a thruster was installed only in the direc-
tion of gravity to cancel gravity with thrust force, and an
electric servomotor on the swivel axis was used for horizontal
rotation. We succeeded in controlling the end position in
three-dimensional space with three units prototype of length
3 m. However, when we extended the link and made the
total length 5 m, torsional deformation around the link axis
caused excessive torque against the swivel actuator and could
not achieve the stable position control. Thus, Hiryu-I[12]
had a maximum length limitation. In addition, its mass was
increased due to installation of the servomotor on the link.

The purpose of this study was to address and propose
solutions to the aforementioned problems. The main contri-
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Fig. 1. Mechanism of the proposed manipulator. Of the N
parallel links, we define the most proximal as 1-st unit, and
the most distal as N -th unit.

bution of this paper is the realization of a prototype that is
more than twice the length of conventional thruster-assisted
manipulators. Another important contribution is the proposal
of a solution to the electrical cable weight problem for
realizing a larger manipulator. To achieve this goal, we
propose Hiryu-II, which also drives the swivel joint with
a thruster. Even with a small drive thruster in the swivel
direction, a sufficiently large swivel torque can be generated
due to the placement at the arm end. Next, to cancel the
moment for each link, we performed static analysis con-
sidering the torsional deformation around the link axis to
derive the thruster position. Weight compensation and joint
angle control of the manipulator were realized with simple
proportional integral derivative (PID) control for each link by
numerical simulation. Finally, we showed that the proposed
method can realize a prototype more than twice the length
of a conventional long-reach articulated manipulator.

II. PROPOSED SYSTEM

In this section, we propose a long-reach articulated mod-
ular manipulator (Hiryu-II) in which all joints are passively
driven by thrusters, in addition to the basic features of
Hiryu[12] proposed by our research group. Each joint is
passive and does not include an actuator.

Figure 1 shows the configuration of Hiryu-II. A parallel
link mechanism consisting of pitch passive joints is serially
connected with yaw passive joints. We adopt a fixed pitch
propeller as a thruster for simplicity. Since the yaw thruster
is located at the distal end of the long parallel link, the torque
around the proximal yaw joint becomes sufficiently large.

Hiryu-II is also safer than conventional multicopters be-
cause these mechanical constraints limit the range of motion.
One application of Hiryu-II is an infrastructure inspection
system that performs observations and hammering tests while
utilizing its redundancy for obstacle avoidance.

III. SYSTEM MODELING

In this section, we reflect the deformation of the proposed
manipulator by a kinematic model. We approximated a flexi-
ble manipulator using multiple virtual rigid links and virtual
passive joints including springs and dampers. A similar
method was applied in the research of the AIA Robot[6].
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Fig. 2. Kinematic model for i-th unit (1 ≤ i ≤ N − 1).
f1,i, f2,i and τ1,i, τ2,i represent internal force and internal
torque, respectively. f3,i, f4,i, f5,i, f6,i represent the gravity
of the links, and fp,i, fy,i represents the thrust force. ϕi is
pitch and ψi is yaw.
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Fig. 3. Kinematic model for N -th unit.

A. Problem Setting

Figure 2 and Figure 3 show the physical parameters for
the i-th unit (1 ≤ i ≤ N−1) and the N -th unit, respectively.
Virtual roll axis passive joints are introduced to compensate
for torsional deformation by considering the static balance
of force and moment. The equilibrium points of the virtual
roll axis passive joints are in the horizontal posture. In the
analysis, we define a body with weight f3,i as the front link,
a body with weight f4,i as the rear link, a body with weight
f5,i as the upper link, and a body with weight f6,i as the
lower link. We also assume a payload fload on the arm end.
Σi is the coordinate system fixed to the i-th unit.

As shown in Fig. 2a and Fig. 3a, we regard gravitational
torque propagation to the base as the most dominant influ-
encing factor of torsional deformation. We are interested in
solving this problem while achieving the independence of
each joint angle control. This policy is derived from the
advantage of the modular structure of Hiryu-II. The definition
of joint angle control independence is as follows: the thrust
force, which is the control variable, is determined by only



one local joint angle feedback. Therefore, in the next section,
we discuss the design of the manipulator that achieves
torsional deformation compensation and independence of
each joint angle control.

B. Determination of Thruster Position

Based on static analysis, we examine the issues of thruster
position arrangement. The goal of optimization is as follows:
any gravitational torque τ2,i (the dependent variable of
weight, length, and joint angle) does not depend on any
joint angle ϕj , ψj (1 ≤ j ≤ N) (independent variables). To
achieve this goal, we assume that any gravitational torque
τ2,i is an independent variable and explain the dependency
of thruster position lp,i on the weight and length. The
equilibrium of the moment around the virtual roll passive
joint of the front link is given by the identity for the yaw
joint angle ψi+1, as shown in (1).

iex · iRi+1
i+1τ 2,i = τ1x,i cosψi+1 + τ1y,i sinψi+1

=
∣∣i+1τ 2,i

∣∣ sin (ψi+1 + α)

= 0 (1)

iex =
(
1 0 0

)T
(2)

iRi+1 =

 cosψi+1 sinψi+1 0
− sinψi+1 cosψi+1 0

0 0 1

 (3)

i+1τ 2,i =
(
τ2x,i τ2y,i 0

)T
(4)

where iex ∈ R3 is a unit vector, iRi+1 ∈ R3×3 is a
rotation matrix from Σi+1 to Σi, and i+1τ 2,i ∈ R3 is the
gravitational torque acting on the passive joint around zi.
The components of i+1τ 2,i are expressed as in (4). The upper
left subscript indicates the reference coordinate system of the
vector. For example, i+1τ 2,i is expressed in Σi+1. α ∈ R is a
constant. Therefore, if the thruster position satisfies (5), we
can compensate for the torsional deformation under static
conditions. ∣∣i+1τ 2,i

∣∣ = 0 (5)

Based on the assumption of (5), the internal force f1,i
between the front link, upper link, and lower link is given
by (6).

f1,i =
1

2

6∑
k=5

fk,i (1 ≤ i ≤ N) (6)

Solving the equation for the zi axial force acting on the front
link, we find that the internal force f2,i is constant regardless
of the joint angle, as shown by (7).

f2,i =

{
− (f1,i + f3,i) (1 ≤ i ≤ N − 1)

fload (i = N)
(7)

Next, we solve the equation for the zi axial force acting on
the rear link. As a result, we obtain (8), which gives the
weight compensation force fp,i for thrusters.

fp,i =

{
f1,i+1 + f4,i+1 − f2,i (1 ≤ i ≤ N − 1)

f1,N + f3,N (i = N)
(8)

Our proposed method satisfies the independence of each joint
angle control because the equation does not include any
joint angles. When we apply this method to a prototype, we
can automatically optimize the thrust force through integral
control of the pitch joint angle.

Furthermore, the gravitational torque τ1,i between the
front link, upper link, and lower link can be expressed by
(9).

τ1,i =


−

3∑
k=2

lk,ifk,i (1 ≤ i ≤ N − 1)

lp,Nfp,N −
3∑

k=2

lk,ifk,i (i = N)

(9)

Finally, we consider the equation of moment around the zi
axis of the rear link. The thruster position lp,i under the
assumption of (5) can be determined by (10).

lp,i =



1

fp,i

4∑
k=1

lk,i+1fk,i+1 (1 ≤ i ≤ N − 2)

lp,Nfp,N +

4∑
k=1

lk,Nfk,N

fp,N−1
(i = N − 1)

lp,N (i = N)

(10)

where lp,N is an independent variable. lp,i is also inde-
pendent of all joint angles. This suggests that there is an
appropriate thruster position that can completely compensate
for the torsional deformation of the structure due to the static
load for any posture of the proposed manipulator.

C. Dynamic Analysis

In this section, we analyze the manipulator dynamics
for two purposes: to confirm the feasibility of position
control of the pitch joint for the determined thruster position
and to confirm the feasibility of position control of the
yaw joint proposed in Section II. We adopted MATLAB
Simscape Multibody for simulation. In the analysis model,
the spring constant and damper constant of the virtual roll
axis passive joint were assumed to be 0.89 Nm/deg and
0.05 Nm/(deg/s), respectively. Other parameters were set as
listed in Table I. Figure 4 shows the control block evaluated
by dynamic analysis. We performed PID control of all joint
angles independently for each unit. Thereafter, we adjusted
each PID gain heuristically and adopted the parameters listed
in Table II. We set the initial integral term of the pitch PID
controller to the value obtained from (8) and Table I and set
the term of the yaw PID controller to 0.

Figure 5a and Figure 5b correspond to the joint angle and
time history of thrust force, respectively. Both of them are



TABLE I. Parameters used for the dynamic analysis of
the three units model. The parameters of link weight were
measured for the three units prototype (including the electric
cable), and the parameters of dimension were obtained from
numerical calculation with 3D-CAD. Note that the weight
of electric cable does not contribute to the center of gravity
position of the link, because we added it as a mass point to
the center of gravity.

i 1 2 3
f3,i [N] 5.27 5.22 16.2
f4,i [N] 16.8 27.2 26.3
f5,i [N] 4.81 3.82 2.83
f6,i [N] 4.81 3.82 2.83
l1,i [mm] 643 643 643
l2,i [mm] 35.5 35.5 26.5
l3,i [mm] 58.6 58.6 25.0
l4,i [mm] 364 323 326
lp,i [mm] 274 281 7.5
ly,i [mm] 143 143 143
Li [mm] 1513 1513 1513
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Fig. 4. Control block diagram of joint angles ϕi and ψi. ϕi,d
and ψi,d are target joint angle values. ϕi,e and ψi,e are angle
deviations.

TABLE II. Parameters adjusted by the PID controller for
each joint angle. f is the cutoff frequency of the first-order
low-pass filter of the differentiator. The control cycle was set
to 400 Hz.

Target ϕ1 ϕ2 ϕ3 ψ1 ψ2 ψ3

Kp [N/deg] 0.45 0.30 0.15 0.080 0.050 0.025
Ki [N/(deg·s)] 0.04 0.02 0.01 0.005 0.003 0.001
Kd [N/(deg/s)] 0.12 0.08 0.04 0.20 0.10 0.05

f [Hz] 20 20 20 100 100 100

the results obtained by dynamic analysis. We have given a
target angle that changes like a trapezoid, as shown in Fig. 5a.
The initial joint angles were set as ϕi = ϕi,d = 0 and ψi =
ψi,d = 0. We confirmed that the control variable fp,i takes an
almost constant value for various arm postures, as shown by
(8), although it fluctuates from 15 s to 25 s and from 45 s
to 55 s due to acceleration/deceleration and contact force
between the units, respectively. In other words, thrust force
is almost constant owing to the parallel link mechanism, and
the position control of the pitch joint is remarkably easy.
We also succeeded in tracking the target angle under the
influence of disturbance by setting the appropriate parameters
for position control of the yaw joint. Interestingly, we noticed
that fy,i has a long moment arm of 2300 mm, therefore only
a small amount of power can be fully actuated under ideal
conditions. This contributes to a reduction in the proportion
of actuator weight in the manipulator.

-100

-50

0

50

100

0 50 100 150 200 250 300

A
n
g
le

 [
d

eg
] 𝜙1 𝜙2 𝜙3

𝜓1
𝜓2
𝜓3

Time [s]

(a) Time history of joint angles. The solid line represents the analysis
result, and the broken line represents the target value.

-20

0

20

40

60

0 50 100 150 200 250 300

F
o

rc
e 

[N
]
Time [s]

37

40

43

15 20 25

F
o

rc
e 

[N
]

Time [s]

𝑓p,1
𝑓p,2

17

20

23

45 50 55

F
o

rc
e 

[N
]

Time [s]

𝑓p,3

-0.5

0

0.5

245 250 255

F
o

rc
e 

[N
]

Time [s]

𝑓y,1

𝑓y,2

𝑓y,3

(b) Time history of the thrust force.

Fig. 5. Result of dynamic analysis with three units model.
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Fig. 6. Prototype ”Hiryu-II 6.6 m Model” (black). Enlarged
view of the arm end (blue). Payload used in experiment 2
(red).

IV. PROTOTYPE OVERVIEW

To confirm the principle of weight compensation and joint
drive mechanism by thrusters, we developed a three units
prototype named ”Hiryu-II 6.6 m Model”. In this section,
we introduce its design comprehensively.

The prototype can be roughly divided into two parts:
manipulator and base. Table III lists the specifications of the
manipulator. The mass is the measured value including the



TABLE III. Specifications of ”Hiryu-II 6.6 m Model”.

Length (horizontally extended) 6575 mm
Width 1470 mm
Mass 16.2 kg

(Arm:12.2 kg, Base:4.00 kg)
Payload (at arm end) 6.87 kg
Power Consumption 2000 W

(at static posture, payload 0 kg)
Range of Motion ϕi : ±48 deg

ψi : ±180 deg

Motor driver×8

Motor driver×8

Micro controller

Micro controller

Slave

400Hz

Master

PC

microSD

Micro controller

I2C

Motor driver×8

Rotary encoder×4

Micro controller

Motor×8

Propeller×8

PWM

Digital IO

400Hz

UART

SPI 20Hz

Fig. 7. System configuration of the prototype. Each slave
can control 4 DoF, which is equivalent to two units. In the
experiment, we used one master and two slaves.

weight of the electric cable. Other values, except for mass,
were analyzed from a 3D-CAD model of the manipulator.
We used power cables and signal cables with densities of
2.79× 10−2 kg/m and 5.55× 10−3 kg/m, respectively. The
parallel link consisted of two carbon fiber reinforced polymer
pipes with outer diameters of 25 mm and thicknesses 1 mm.
All joints were freely rotatable and driven passively by
thrusters. The thrusters for pitch angle control consisted of a
propeller (TL2845, TAROT) with diameter 0.508 m, pitch
0.140 m, and a motor (6008, TAROT) with a maximum
power of 637 W and a motor driver (FlyDragon V1-60A,
FLYCOLOR), each with 43.2 N maximum thrust force.
The thrusters for yaw angle control also consisted of a
propeller (PP228, KK HOBBY) with diameter 0.203 m, pitch
0.0965 m, and a motor (BE1806, DYS) with a maximum
power of 79.9 W and a motor driver (Multistar 10A V2,
Turnigy), each with 4.31 N maximum thrust force. On each
unit, we installed two thrusters for weight compensation
rotating in opposite directions to cancel the counter torque
generated by rotation. We also installed two thrusters for yaw
angle control in each unit to support forward and reverse
rotation. We designed the parallel link mechanism offset
from the yaw joint to obtain a wide range of motion, as
shown in Table III.

The base contained a circuit board for operation and had
a mass of 4.0 kg. Figure 7 shows the system configuration
of the prototype. The thrust force of each unit is controlled

20 s

70 s

120 s

170 s

220 s

270 s

(a) Snapshot of the experiment. Time corresponds to the horizontal axes
in Fig. 8b and Fig. 8c.
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the time history by recording the PWM input signal instead of the thrust
force for simplicity. Therefore, it should be noted that we did not actually
measure the thrust force during operation.

Fig. 8. Results of Experiment 1 with three units prototype.

by a simple PID controller, as shown in Fig. 4.

V. EXPERIMENTAL RESULTS

In this section, we report the evaluation results of the
basic motion of Hiryu-II. We performed the experiment in
an indoor environment capable of supplying 6000 W power.
We installed a weight (approximately 40 kg in total) on the
base to prevent rollover. We gradually proceeded with the



TABLE IV. RMS of each joint angle obtained from Experi-
ment 1 with three units prototype

Target ϕ1,e ϕ2,e ϕ3,e ψ1,e ψ2,e ψ3,e

RMS [deg] 1.41 2.18 3.09 3.88 16.1 15.6

experiment while extending the prototype from one unit to
three units. In the experiment of the one unit prototype, we
set the PID gain as shown in the third and sixth columns of
Table II, and confirmed that it consumed 180 W for weight
compensation. Then, we added the proximal parallel link
module while keeping the PID gains of the distal links, and
set their PID gains as shown in the second and fifth columns
of the Table II. In terms of power consumption, the two units
prototype required 900 W for weight compensation. And in
the assembly of the three units prototype, the parameters of
each link in 1-st, 2-nd, and 3-rd unit were approximately
equal to those in Table I. We also set the PID gain with
reference to Table II.

A. Basic Motion with No Payload (Experiment 1)

We used the three units prototype for Experiment 1 to
confirm the basic motion of Hiryu-II. Figure 8a shows a
snapshot of the experiment. Figure 8b and Figure 8c show the
time history of the joint angle and thrust force, respectively.
We lifted the manipulator and turned it left and right, as
shown in Fig. 8a.

We defined the pitch joint as the absolute angle with the
horizontal attitude 0 deg and the yaw joint as the relative
angle with the proximal link. Table IV shows the RMS of the
angular deviation during Experiment 1. For pitch joints, we
confirmed the contribution of the PID controller to changes
in target angle. The thrust force fp,i was almost constant,
as shown by (8), and was independent of any joint angle.
This indicates that the design concept proposed in Section III
includes the advantage of selecting a thruster that matches the
mass characteristics of the manipulator. Although the angle
deviation remained, the yaw joint was stable. We consider
that the displacement of the thrust vector due to the slight
torsional deformation of the mechanical structure affected the
enlargement of the deviation. This is implied from the fact
that the system is stable even when the thrust force fy,i is
saturated from 100 s to 150 s. Thrust force saturation occurs
because the motor is controlled not to exceed the maximum
performance. If deformation of the manipulator is tolerable,
the introduction of a higher power thruster is one possible
improvement. The power consumption required for operation
was approximately 2000 W at equilibrium.

B. Lifting 0.6 kg Payload (Experiment 2)

Next, we performed Experiment 2 to confirm the robust-
ness of the manipulator with a payload of 0.6 kg at the
arm end. PID gain was set as in Table II. Figure 9a shows a
snapshot of the experiment. Figure 9b and Figure 9c show the
time history of the joint angle and thrust force, respectively.

For the sake of simplicity, we kept the target angles of
all the yaw joints constant at 0 deg during the experiment.

110 s

(a) Snapshot of Experiment 2.
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(c) Time history of thrust force. Note that we did not actually measure
the thrust during operation, but we estimated it from the log data of the
input signal.

Fig. 9. Results of Experiment 2 with three units prototype.

However, we frequently observed a phenomenon in which
the deviation of the joint angle increased in the negative
direction at the beginning of the experiment. It is likely
that installation error was a factor causing this problem.
Compared to Fig. 8b and Fig. 8c, the pitch joint angle ϕi
and the thrust force fp,i became oscillatory. Nevertheless, it
should be noted that, under constrained conditions, the same
PID controller can handle, to some extent, the gravitational
force disturbances induced by the payload. The time average
of the thrust force fp,3 increased by 5.18 N, corresponding
to the payload f2,3 in total. The power consumption at
equilibrium also increased by approximately 100 W.

C. Expansion to Four units Prototype (Experiment 3)

Finally, we extended the prototype to four units (8.8 m
in total) and confirmed its feasibility experimentally. The
assembly was successful. However, when installed on the
ground, the strength of the fasteners between the yaw joint
shaft and the link was insufficient due to the effect of
the huge gravitational torque. We managed to perform a
control experiment because the gravitational torque would
be compensated for once it ascended. As shown in Fig. 10,
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Fig. 10. Snapshot of the moment when the
four units prototype was lifted successfully in
Experiment 3. We set the desired joint angles as
(ϕ1,d, ϕ2,d, ϕ3,d, ϕ4,d) = (t− 6.2, 30, 30, 30) and
(ψ1,d, ψ2,d, ψ3,d, ψ4,d = (0, 0, 0, 0)).

we succeeded in lifting the 8.8- m-long manipulator directly
upwards.

However, joint angles were difficult to control. We be-
lieve that this problem stems from the accumulation of
dimensional errors (especially in the thruster position) of the
prototype. Some possible measures to remedy this include
adjusting the thruster position and PID gain based on the
behavior of the prototype and damping each unit with inertial
measurement unit (IMU) and thrusters.

VI. DISCUSSION

In the experimental results presented in Section V, we
observed random torsional deformation around the roll axis.
This causes the following two problems. First, the end
position accuracy is reduced. Even a slight torsional de-
formation manifests as a large deviation at the arm end.
Second, the control performance of joint angles is reduced.
If the rotational axis of the passive joint does not match
the direction of the thrust vector for driving the joint, the
desired control performance cannot be obtained. We were
able to confirm that the control performance of the yaw
axis reduced. This is related to the aforementioned problem
of the poor end position accuracy. To address the issue of
random torsional deformation, balancing the roll direction
with two thrusters for weight compensation could be an
effective solution. Considering its conventional role, the sum
of the thrust force of the two thrusters corresponds to the
driving force of the pitch joint, and the difference of the
thrust force corresponds to the roll direction balancer. The
IMU is suitable for calculating the torsional deformation.
Motion capture can be used to evaluate any subsequent
improvement in the end position accuracy.

In Experiment 2, Section V, it could be observed that the
manipulator could operate, to some extent, with the PID
controller that was used in Experiment 1. By contrast, we
have to deal with oscillations of the joint angle and thrust
forces. In cases where the payload is known, we consider
that readjustment of the gain is effective.

With the current hardware design, it is possible to realize
a four units prototype; however, to make the manipulator
longer, it is necessary to reduce the weight of electric cables.

In this case, we have 10 power cables with a density of
2.79 × 10−2 kg/m and 52 signal cables with a density
of 5.55 × 10−3 kg/m. In terms of weight, the most distal
link is 3.45 N (of which 25.9% corresponds to the signal
cables), whereas the most proximal link is 11.9 N (of which
49.4% corresponds to the signal cables). When expressed
as a percentage of the total link weight of each module
(32.9 N), they are 10.5% and 36.1%, respectively. Therefore,
in contrast to that in the most distal links, the number of
electrical cables in the most proximal links is enormous,
and their weight is not negligible, which causes frictional
resistance of the joint and limits the maximum length of
the manipulator. A possible solution to this problem is to
disperse the circuit boards on the manipulator and reproduce
the equivalent system. For simplicity, all circuit boards in the
prototype were placed on the base; however, the 52 signal
cables for controlling the actuator became long, resulting
in a weight increase of 17.8% of the total link weight at
the most proximal link. By reducing only one cable for
communication between MCUs, instead of 52 signal cables
for actuator control, or making it wireless, we can distribute
the circuit boards, and, consequently, reduce the weight of
the signal cables. Although there are fundamental restrictions
on power cables, signal cables are modular; therefore, the
possibility of realizing a larger manipulator still exists.

VII. CONCLUSIONS

In this paper, we proposed a super long-reach articu-
lated modular manipulator named Hiryu-II that performs
weight compensation and joint drive with thrusters. We
proposed a method that satisfies the weight compensation
and independence of each joint angle control at the same
time by focusing on the torsional deformation generated
in the manipulator. The feasibility of the manipulator was
demonstrated by basic control experiments on a three units
prototype (6.6 m in total) and four units prototype (8.8 m
in total).

In the future, we plan to (1) measure the torsional defor-
mation of each unit and the three dimensional position of
the arm end quantitatively, (2) conduct several experiments
with various motion profiles to assess the performance of
the proposed manipulator quantitatively, (3) implement end
effector force control, which is associated with our previous
work[18], (4) conduct experiments and analyses lifting heavy
payloads assuming disturbances in the outdoor environment,
and (5) improve the prototype and expand to four units with
a total length of 20 m.
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