2024 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS)

October 14-18, 2024. Abu Dhabi, UAE

Abstraction of the Body Ability of the Transformer Robot System
for the Transportation and Installation of Heavy Objects
in Land and Underwater Environments

Tasuku Makabe!, Kei Okada' and Masayuki Inaba!

Abstract— To give the single robot system the ability to realize
many behaviors and to realize tasks with shifting environments
and objectives, it is necessary to abstract the robot’s body ability
to the extent that they can be detected by sensors in the body
so that we can plan as the problem of state transition.

In this paper, to abstract the transformer robot system that
performs heavy lifting and environmental attachment tasks in
an aquatic and terrestrial environment, we extend the graphical
representation of the robot’s body to manage joint capability
and the body adaptability for the environment. To abstract
the body ability, we divide the body into elements and define
Connection between them at three different granularities. And
using Connection, we propose the Connection Modification
Feature(CMF) as the representation for changing body ability.
To implement the Connection Modification Feature, we perform
the abstract description and extract Connection to construct
Body Ability Graph, a graph for the robot to manage its
body ability. We show that it is possible to plan to manipulate
and use its own Connection Modification Feature through
multiple experiments by defining Normal Action that does not
change body abilities and Body Ability Modifying Action that
manipulate body abilities.

I. INTRODUCTION

In conventional robotics, a variety of robots exist depend-
ing on the environment and purpose, we configure them for
individual uses. On the other hand, to give the single robot
system the ability to realize a variety of behaviors and to
realize tasks with shifting environments and objectives, it is
necessary to abstract the robot’s body ability to the extent
that they can be detected by sensors in the body so that we
can plan as the problem of state transition.

In this paper, to implement and evaluate a function that
enables the robot to operate in multiple environments and for
multiple purposes, we focus on the connection relationships
among elements (environment, object, and robot) and pro-
pose features that manipulate them as the Connection Mod-
ification Feature(CMF). We divide Connection Modification
Feature into three parts: Skeleton Modification Feature(SMF)
between body elements, Joint Modification Feature(JMF)
inside body elements, and Cover Modification Feature(CMF)
on the surface of body elements. To manage state transitions
across the CMF, we also present a stepwise state transition
planning method.
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Fig. 1: Overview of abstraction of the body ability of
transformer robot system.

II. RELATED WORK AND OUR CONTRIBUTION.

A. Related Work

Methods for abstracting and managing robot locomotion
functions have been widely studied, especially for modular
robots,[1], [2], [3]. In addition, there is a method that
represents the body shape of a robot as a graph and searches
for a body shape that can move by the environment by using
a controller and a simulator at the same time. Our goal in this
study is to extend the graph representation to the interior and
surface of the body connection elements, in addition to the
traditional body structures, to manipulate the joint functions
and the adaptable environment.

Various configurations of joining mechanisms used to
modify the body structure have also been proposed and
are selected concerning the desired strength and detachment
performance [4]. In this study, we introduced the connecting
mechanism that is not equipped with an actuator but can be
switched by an external magnetic force and detached[5]. And
the robot system plan to change its body abilities based on
the connecting mechanism. This study applies the methods
related to motion realization capability and motion planning
of multi-degree-of-freedom robots to a robotic system that
changes body structure and body abilities.

Researchers have proposed many variable reduction mech-
anisms to switch the connection between gears and other
drive links inside elements divided by a joint mechanism[6],
[7]. In this study, we detect and manipulate the state between
the actuator and output shaft of the drive shaft, using a
mechanism that allows the joint to switch between the fixed
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and free states.

To adapt robots to the underwater environment, which
is a familiar target environment, we use methods such as
submerging the robot’s entire body in water from the start[8]
or adding a covering to a life-size robot that is normally
inaccessible underwater[9]. In this study, we use a method
of imparting the coating later with molten paraffin[10], which
allows the robot itself to detect and manipulate the current
state of the coating.

There is also PDDL(Planning Domain Definition
Language)[11], which is used to solve planning problems by
defining states and providing states, operations, initial and
target states, etc., as input. In this study, we use Connection
as a state to describe the body ability, including the content
of the operation and constraints for execution, and perform
motion planning including changes in the robot’s body
ability.

B. Our Contribution

We describe three contributions of this paper.

1) Proposal of representation and manipulation of Con-
nection for abstraction of body ability

2) Development of the real robot system that detects
Connection to determine the current bodily functions

3) Suggestion of the method of motion planning that
includes changes in the body ability of the robot

We consider the robot body as the graph and proposed
CMF that changes the covering state that determines the
actionable environment, the body structure that determines
the actionable movements, and the drive state that deter-
mines the joint functions. For that feature, we proposed the
representation and modifying method to handle them with
software via three types of Connection.

Next, for the three types of Connection, we configured a
system that can detect the coating state by measuring temper-
ature change, the body that can be divided and reconfigured
by the robot, and the transmission mechanism that the robot
can operate by itself. The features of this paper are that we
have proposed a configuration method that can be easily
introduced even for the multi-degree-of-freedom robot and
a detection method for various states of the robot.

Finally, we have proposed the method to plan the en-
tire motion by introducing Body Ability Modifying Ac-
tion(BAMA) with Connection as the execution constraint and
operation content. This method is characterized by extending
the idea of state transitions in conventional motion planning
and introducing it to the manipulation of body abilities. The
contribution of this paper as a whole is that this method has
enabled us to plan the entire process, including the changes
in body abilities to perform the desired movements.

III. EXPRESSION AND OPERATION FOR ABSTRACTION
OF TRANSFORMABLE BODY CAPABILITY

In this section, regarding Connection used in CMF, we
show the classification of elements and the expression and

description method of Connection, and organize the def-
inition method of the element set required to extract the
Connection.

We explain how to describe actions using Connection.
Finally, we explain BAMA that corresponds to the three
types of Connection.

A. Classification of elements in abstract description and
definition of Connection.
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Fig. 2: Expression of connection based on the abstract
description of the elements.

We show the classification of elements for the Abstract
Description and the definition of Connection in Fig.2.

We classify the following eight types of elements in the
Abstract Description.

A) Solid World Element

B) Liquid World Element

C) Target Object Element

D) Body Element

E) Link Element

F) Gear Element (simplified shape)

G) Connection Element (dummy shape)
H) Cover Element (summy shape)

A to E are those in which the real object has a geometric
shape and spatial domain. F is defined in approximate form
for a of Connection extraction if necessary. G has a dummy
geometric shape for the definition of the coordinate system
of Connection and geometric calculation. And H has no
shape definition and H will be a connection element that
is added by cover applying motion. In cases such as 6-8,
where the description does not completely match the actual
shape, or where the actual shape does not exist or is com-
plex, the definition is simplified or eliminated, and we call
this definition method the Abstract Description. As shown
in Fig.2 shows Connection defined between elements, the
defined points are inside and outside the body of the robot.
Since the three types of Connection in the body determine
the relationship between the robot’s body structure, joint
specs, and acceptable environment, we name the feature that
manipulates them CMF.
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B. Defining the set of Elements for extraction of Connection

We show the flow in defining the set of connected elements
with the desired Connection in Fig.3. In Phasel, we describe
geometry in euslisp[12], a geometric modeling language for
programmable CAD, and geometric models for machine
design. Phase2 corresponds to the description of the rela-
tionship between the elements defined in Phasel, and defines
the whole body structure in typical robot modeling. It is also
possible to refer to the constructed set by another set, e.g., a
set of elements can be defined in the scene of a task, such as
an environment model or a body element to be detached
and attached. In Phase3, we make the spatial description
of the individual connected elements within the degrees of
freedom they can take, and the Connection extracted changes
according to the description. Furthermore, in Phase4, the spa-
tial connection/contact relationships among the elements also
change as the arrangement of the elements changes according
to the spatial arrangement description of the composed set.
In Phase5, since Connection changes with each individual
description, the description is modified to satisfy the target
Connection while visualization is performed.

C. Representation of Body Ability Graph with Connection.
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Fig. 4: Expression of Body Ability Graph describable by
Connection between Elements.

We show the representation of Body Ability Graph that can
be described by Connection in Fig.4. The Body Element cor-
responds to the elements that can be actively detached by the
robot, and the Body Ability Graph corresponds to the Body
Element connected. The set of Body Element is connected
by edges corresponding to Body Element Connection to form
Body Ability Graph, which is shown at the center of Fig.4.

The Body Ability Graph has Gear Element Connection and
Cover Element Connection and classification of elements as
states, and the state is defined and manipulated by the initial
values given and the actions described below. An example
of the notation of that graph is shown to the right of Fig.4.

D. Representation of Action describing constraints and op-
erations with Connection.
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Fig. 5: Expression of Action describable by Connection.

We show the representation of the action in Fig.5 with
Connection describing the operation content and constraints.
The representation of the action has the following param-
eters: 1. Name, 2. Essential Elements for the action, 3.
Target Element, 4. Operation Content, 5. A list of constraints
on the elements when acting. Among these actions, those
with descriptions that manipulate the robot’s Connection
are called Body Ability Modifying Action(BAMA), and the
others are called Normal Action.

E. Connection Modification Feature for three types of Con-
nection.
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Connection.
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In this section, we present CMF corresponding to the three
types of Connection.

1) Skeleton Modification Feature for the environment of
changing target behavior and body ability.: On the left side
of the Fig.6, the robot is divided so that it can autonomously
detach and detach the elements. We configure the system to
configure and verify the robot using ALDMag to separate
Body Elements. We uniquely determine the robot body
structure by recognizing the connection direction of the ele-
ments and the elements in the internal communication system
using the composite sensor board equipped with proximity
sensors[13]. As an example of movement according to the
body structure, we show the function of moving with the
mecanum cart and the function of tightening the screw[5].
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2) Joint Modification Feature for environments with fluc-
tuating loads.: We show an example of switching between
the drive state and the free state by configuring the operable
meshing between the worm gear and the worm wheel in the
center of the Fig.6 and having the human or robot switch
between them. In the drive state, the self-locking function
when the gears are engaged can hold joint loads caused by
dead weight or external loads, enabling applications that are
continuously loaded. In the free state, the output shaft can be
driven by external forces by disengaging the gears, allowing
for direct teaching and passive acclimation of the body to
the environment.

3) Cover Modification Feature for aquatic and terrestrial
environments.: We show an example of the operation of
repeatedly dipping the small robot into molten paraffin to
apply a coating to the surface after merging with the small
robot using the life-size arm [10] so that the coating element
be applied simply and densely on the right side of the Fig.6.
To prevent the joints from sticking together, the small robot
gains the ability to move underwater by continuing to move
its joints while measuring the temperature until the paraffin,
which was liquid, cools enough to harden.

IV. HARDWARE SYSTEM FOR HANDLING EXPRESSION
OF BODY ABILITY

In this section, we present the hardware system for the
robot that can change its body functions while detecting the
Connection of the body that is the subject of this research.
First, we show the overview of the overall system, followed
by a description of each of the actual elements that detect
and operate the three types of Connection.

A. Overview of Hardware System

Control Board

oAl

Cover Applying g Worm Servo
System 03 Module

Fig. 7: Hardware System for Handling Expression of Body
Ability.

We show the overview of the entire robot system in Fig.7.
Each of the three types of Connection are handled in different
hierarchies.

First, for the body modules divided by ALDMag[5],
the body structure is determined by handling Connection
between them, so it is necessary to recognize the type of
module that the communication system contains and the
connection direction.

Next, regarding the inside of the body element, since the
joint drive function of the robot is determined by between
the actuators and the links such as gears that exist between
the joints, the current Connection is estimated by comparing
the drive state at each of the actuators and the final output
axis.

Since it is difficult to directly recognize the coating state
on the surface of the body module, the temperature of the
phase-changing paraffin is measured in this study using the
temperature measurement function of a microcontroller to
estimate it indirectly. In the following subsections, we will
describe a system that detects and operates Connection in
the following order: on the surface of the body modules,
between body modules, and inside the body modules.

B. Detection and operation of Cover Element based on
temperature measurement.

We show the detection and manipulation of the coat-
ing element in the lower left corner of the Fig.7. In
this research, by using the temperature sensor of the
STM32 microcontroller[14] equipped with the multiple sen-
sor board[13] that the body contains, the temperature of
the molten paraffin is measured, and the entry into the
paraffin and the state of paraffin cooling and The state of
the solid coating can be detected[10]. We set the target
condition of the paraffin environment as the condition in
which the temperature of the environment rises, and the
target condition of the coating operation as the condition
in which the temperature of the environment rises and then
falls.

C. Determination and modification of body structure based
on scanning of Body Element.

We show in the upper right corner of the Fig.7 the
determination and modification of the body structure based
on the scanning of elements. In this method, the robot can
recognize the Body Elements that the current body contains
by scanning the devices present in the communication system
while de-energizing the Body Elements. In addition, since the
interface between body elements is equipped with proximity
sensors to recognize the direction of coalescence, the body
structure can be determined, including recognition of the type
of body elements[5].

D. Autonomous operation of Connection between Gear El-
ement and recognition of input-output axis relationships.

We show the recognition of autonomously operable vari-
able transmission mechanisms and input/output axis relation-
ships in the lower right corner of Fig.7. In this method,
we propose a mechanism that allows the robot itself to
manipulate Connection between gears, and the mechanism is
operated by the robot using an end-effector to switch body
functions. In this mechanism, the actuator is rotated on a
test basis and compared to the change in rotation angle at
the encoder on the output shaft side to determine whether
the present gears are connected or disconnected from each
other.
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V. TASK PLANNING WITH BODY CAPABILITY
MANAGEMENT

We present the procedure to plan the experiment using
Connection Modification Feature shown in Section III.
The experiment is planned through the following four
steps.
« Stagel:Description of Set of Action
« Stage2:Automatic expansion of Body Ability Transition
Graph
o Stage3:Expansion of Target Action Execution Graph
and Path Search
o Stage4:Evaluation of the sequence of Actions and
Scenes
In Stage 1, the robot’s ability to operate is verified using a
simulator and a real robot, using Connection corresponding
to the three types of CMF as states and actions are described
with Connection to include operation details and constraints.
In Stage 2, we generate the Body Ability Transition Graph in-
cluding all possible Body Ability automatically using BAMA
described in Stage 1. In stage 3, we describe the task in the
form of the Target Action Sequence and search for the path
of Body Ability with Connection that can realize the action
included in the sequence. In stage 4, we extract the transitions
of Connection by describing the target sequence of task
scenes to satisfy the transitions of the paths of the Body
Ability explored in stage 3. The robot uses the transitions
of Connection extracted in stage 4 to realize the experiment
by mapping them to the transitions of Connection detected
during the experiment.

A. Stagel: Description of Set of Action based on verification
results of Connection Modification Feature.

Skeleton Modification Joint Modification

Feature Feature

Determination of
adaptability to the
environment based on
coverage

Motion generation based
on updated body structure Simulation of Joint Torque

Modifycation and
Fig. 8: Usage of embedded information of CMF.

We show how to use the CMF information embedded in
the robot model in the Fig.8. In SMF, we construct the body
geometric model based on Connection between body ele-
ments and inverse kinematics is solved using the geometric
model of multiple connecting elements to generate motion. In
JMF, the reduction ratio of the gear and the possible states
of Connection are embedded, and the maximum torque of
the robot model is switched according to the drive state
for simulation. In CMF, the material information of the
individual links and environmental elements is embedded to
determine the feasibility of motion based on the compatibility
of the materials and environment.

By using the above three types of CMF, we can verify in
advance 1. the body structure that can achieve the target
motion trajectory, 2. the joint functions that can execute

the target motion, and 3. the motion trajectory that can
be executed in the target environment. In addition, we use
the real robot with three types of CMF and describe them
based on the results of both simulation and real machine
verification.

B. Stage2: Automatic expansion of Body Ability Transition
Graph based on Description of Set of Action.

ABCD

Fig. 9: Automatic expansion of Body Ability Transition
Graph based on Set of Action and Target Action Sequence.

We show the procedure to automatically expand Body
Ability Transition Graph in Fig.9. First, in 1, we define the
initial Body Ability freely. Next, in step 2, the set of actions
that can be performed at the Body Ability is created based
on the description. Next, 3 and 4 are performed collectively.
In 4, the new Body Ability and edge are added if the
executable BAMA is executed on that Body Ability Node
and it transitions to a new state quantity compared to all
existing Body Ability Node. If it transitions to an existing
node, only edges are added. Finally, repeat 2,3 and 4 until
the conditions shown in 5 are satisfied.

C. Stage3: Expansion of Target Action Execution Graph for
pathfinding of body ability transitions.

B-1: M:
B-2: Body Ability Mod
Ability of robot

oving on Wheels
Modify Body

D: Body Ability Transition Graph

Normal
Action B

Path lengthO

ABCD

Fig. 10: Expansion of Target Action Execution Graph.

We show a method for generating a target action sequence
realization graph in the upper right corner of the Fig.10.
First, for 6, we write down the sequence of actions in
completing the target task, where the actions are selected
from the existing actions that have already been described
and arranged in the order in which they are executed in
the task. Next, for 7, by creating a set of Body Ability
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Node for each goal action and connecting the paths in Body
Ability Graph between the sets, the system generates the
goal action sequence realization graph shown in Fig.9. For
8, there may be more than one pathway that satisfies the
target action sequence, as there are two pathways in Target
Action Execution Graph(TAEG) that can execute all three
actions in the figure example, details of which are shown in
stage 4.

D. Stage4: Evaluation of the feasibility of transition of Body
Ability and create the sequence of Actions and Scenes.

% | H:Target Action Execution Graph

Fig. 11: Flow of designing Sequence of Scenes and Actions.

We show in Fig.11 how to evaluate the feasibility of a
pathway of Body Ability, modify assumptions, and create a
scene sequence. As in the example of TAEG in Fig.10, there
may be multiple routes that satisfy the target action sequence,
and we need to evaluate each route. In this step, each of the
individual pathways of Body Ability obtained by calculation
is mutually verified using the following three methods.

o Method1:CAD-based design support

o Method2:Geometric modeling language

o Method3:Qualitative comparative verification of multi-

ple pathways

In Methodl, the simple prototype of the scene is created
and information of Connection Modification Feature is em-
bedded in the system, which is then used in Method?2.

In Method2, scenes are represented in geometric modeling
language, and evaluated through geometric calculation, mo-
tion generation, motion feasibility judgment, and simulation.
Here, paths are evaluated by assessing the feasibility of the
Body Ability in the path and whether transitions can be made
to satisfy transitions of Connection between the scenes, and if
feasible, we can create the motions of the actions connecting
scenes.

In Method3, we determine the one to be adopted by com-
paring multiple scene action sequences obtained. Here, both
quantitative evaluations such as travel distance and execution
time obtained by simulators and qualitative evaluations such
as safety of individual routes exist, so the solution to the
scene action sequence is obtained by evaluating and selecting
according to individual cases.

Then, extraction of Connection is performed for the ob-
tained scene sequence to check whether the desired transition
is achieved, and if necessary, the description is modified
according to the flow shown in Subsection III-B.

VI. EXPERIMENT

A. Experimentl: Applying the Cover Element by Measuring
the Temperature of the surrounding environment.

Overview

Transition of
Body Ability
and
Connection

Action i} n: Applying of Paraffin Cover Element to Movebase Module

Detail : Adapt the Movebase Module to underwater by Applying Cover

Fig. 12: Overview of the Experiment of Applying Cover
Element to the Worm Movebase.
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Fig. 13: Result of the Experiment of Applying Cover Element
to the Worm Movebase.

We show the experiment in which the arm robot gives to
the Worm Movebase in Fig.12. In this experiment, the arm
robot and the Worm Movebase without wheels are connected
via ALDMag, and the arm robot dips the Worm Movebase in
paraffin and pulls it up in O and @. The Worm Movebase
moves its joints until the coating hardens in @) , and when
the coating is ready, the arm robot transports the Worm
Movebase to the tabletop in ®.

This experiment changed the Cover Element Connection
of the material of the links that the Worm Movebase contains
and is shown in Fig.12, which corresponds to Body Ability
Modifying Action regarding Cover Modification Feature. As
shown in Fig.13, the temperature measured by the sensor
board KJS-03 shows that the Movebase is able to detect the
state of being in the molten paraffin, and after the paraffin
coating is given, the 850[s] after the paraffin coating is
applied, the operation is continued to prevent joints from
sticking.

B. Experiment2: Manipulation and Recognition of Body
Structures in the Assembly of the small robot

In this experiment, the arm robot first starts the assembly
operation at (D), the small robot attaches the gripper to its
right wrist at (@), the upper body of the small robot and
the carrying cart are combined at ), and the small robot
is separated at (3 to complete the assembly operation. This
experiment corresponds to Body Ability Modifying Action
on Skeleton Modification Feature, and we show the changes
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Fig. 14: Overview of the Experiment of assembling the Small
Robot.
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Fig. 15: Result of the Experiment of assembling the Small
Robot.

of Body Ability Graph in Fig.14. In this experiment, we used
the vision of the small robot to compensate for the relative
position of the body elements and the hand tip placed in the
real environment. Furthermore, as we show in Fig.15, the
robot achieved to detect the connection to the gripper and
its direction with the ALDMag on its right arm. We show
the current visualization of the body structure in the video
attachment.

C. Experiment3: Transporting and Installation of the Heavy
Object.

ment (WAT ERw ORLDL), but the Cover Element enables the
movement in the underwater, and the object can be placed
in the water.
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Fig. 17: Overview of the Experiment of installation of the
heavy object.

The small robot achieves to insert the screw using the
parallel gripper introduced by Skeleton Modification Feature
in @ — ({9 and tighten the screw inserted with the bit of the
left arm in @ — @0. These movements are used to determine
the possibility of end-effector movement in the underwater
environment with Cover Modification Feature while gener-
ating the trajectory that does not allow the uncovered body
to touch the water environment.

D. Experiment4: Modifying the Driving State of Joint for
Moving over Rough Terrain.
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Fig. 16: Overview of the Experiment of transporting the
heavy object.

As we show in Fig.16, the Worm Movebase uses the
self-locking feature in the driven state in & — (®), so the
action constraint describes that the waist axis is in the driven
state. And the Worm Movebase that has been given moves
from land to water in ©) — @@. In terms of the transition
in the graph, the connection occurs between the Worm
Movebase (WORM);0V EBASE) and the underwater environ-
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Detail movement to the object ivable joint feature Detail | Joint Modification Feature: Modification of moving ability and moving over rough terrain |
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| Skeleton Modification Feature: Object lifting using Attached Worm Movebase
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Fig. 18: Overview of the Experiment of modifying the
driving state of Worm Movebase for moving over rough
terrain.
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Fig. 19: Result of the Experiment of modifying the driving
state of Worm Movebase for moving over rough terrain.
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Finally in Fig.18, after the small robot pauses on the hill at
@) — @), the small robot switches the drive state of the drive
axes with bits at @. This action corresponds to Body Ability
Modifying Action regarding Skeleton Modification Feature
and the Connection between the gears of the transport cart
is changed.

The small robot uses the free state of Joint Modification
Feature to allow the front wheels to touch passively in the
environment, and the small robot moves over rough terrain
with 6 wheels in 9. We describe the joints of the Worm
Movebase in the free state as the constraint for this action.
As we show in Fig.19, at the end of the movement to free the
joint, the small robot detects that the current angle does not
move significantly after moving the actuators of the joints,
that is, it is in the free state. Based on the detected free
state, the motion of moving over rough terrain is judged to
be possible, and the experiment is continued to the end.

VII. DISCUSSION

In this paper, we abstracted the Body Ability of the robot
with Connection, configured the actual robot system capable
of detecting its state, and proposed a method of motion
planning including changes in the motor function, which
enabled us to conduct experiments.

First, we discuss the abstraction of the Body Ability and its
manipulation. Actions in experiments involving manipulation
of body functions in Connection Modification Feature can
be roughly classified into two types: 1: actions that change
motor functions by manipulating Connection inside the body,
and 2: actions that realize target movements by “using”
actions made possible by Connection manipulation. The
robot managed the transition to the target state by detecting
3:Connection in a way that corresponded to each. In Cover
Modification Feature, by using the temperature measurement
function of the microcontroller, which has already been
distributed throughout the whole body, it was possible to
detect the effect of penetration and coating on the molten
paraffin simply. In Skeleton Modification Feature, by using
the scanning and proximity sensors of the device including
the communication system, it was possible to recognize
whether the desired body structure was realized. In Joint
Modification Feature, after the operation of the mechanism
of the transport cart, the rotation angle of the drive shaft side
was detected, and it was confirmed that the assumed drive
state could be modified.

On the other hand, the entire methodology of this paper
is based on the assumption that the description of actions is
sufficient and reasonable. Therefore, there are issues such as
whether the actions in Connection are sufficient enough to
represent the state of the body that can execute the actions,
and to what extent the actions can be described as similar
actions in the first place. In reality, it is impossible to verify
and describe actions for every case. We believe that when we
add new elements, we will need a methodology that builds on
assumptions that already exist and adds to them by verifying
them concerning differences.

VIII. CONCLUSION

In this paper, to construct a transformational robot system
that can adapt to multiple environments, we found that it
is important to provide the robot with the ability to vary
Connection between the drive links inside the body connec-
tion elements, between the environment and the connection
elements, and between the body elements. To implement the
functionality, it is also important to create a representation of
the outline description so that Connection can be extracted,
generate Body Ability Transition Graph to manage the hoge,
and configure it so that it can operate and use its own Con-
nection Modification Feature in a series of experiments. We
have shown the importance of them through our integration
experiments.

REFERENCES

[11 A. Sprowitz, R. Moeckel, M. Vespignani, S. Bonardi, and
A. J. Ijspeert, “Roombots: A hardware perspective on 3d self-
reconfiguration and locomotion with a homogeneous modular robot,”
Robotics and Autonomous Systems, vol. 62, no. 7, pp. 1016-1033,
2014.

[2] S. Murata, E. Yoshida, A. Kamimura, H. Kurokawa, K. Tomita,
and S. Kokaji, “M-tran: Self-reconfigurable modular robotic system,”
IEEE/ASME transactions on mechatronics, vol. 7, no. 4, pp. 431-441,
2002.

[3] T. Fukuda, T. Ueyama, Y. Kawauchi, and F. Arai, “Concept of
cellular robotic system (cebot) and basic strategies for its realization,”
Computers & electrical engineering, vol. 18, no. 1, pp. 11-39, 1992.

[4] W. Saab, P. Racioppo, and P. Ben-Tzvi, “A review of coupling
mechanism designs for modular reconfigurable robots,” Robotica,
vol. 37, no. 2, pp. 378-403, 2019.

[5] T. Makabe, K. Okada, and M. Inaba, “Development of the Assembling
System for Structure Transformable Humanoid with Attach-Lock-
Detachable Magnetic Coupling (in press),” in Proceedings of The 2024
IEEE International Conference on Robotics and Automation. 1EEE,
2024.

[6] T. Takaki and T. Omata, “Load-sensitive continuously variable trans-
mission for robot hands,” Journal of the Robotics Society of Japan,
vol. 23, no. 2, pp. 238-244, 2005.

[71 T. 1. H. Machida, H. Itoh and H. Tanaka, “Design principle of high
power traction drive cvt,” in JOURNAL OF PASSENGER CARS, 1995.

[8] J. Manley, S. Halpin, N. Radford, and M. Ondler, “Aquanaut: A
new tool for subsea inspection and intervention,” in OCEANS 2018
MTS/IEEE Charleston. 1EEE, 2018, pp. 1-4.

[91 Y. Kojio, T. Karasawa, K. Kojima, R. Koyama, F. Sugai, S. Nozawa,
Y. Kakiuchi, K. Okada, and M. Inaba, “Walking control in water
considering reaction forces from water for humanoid robots with a
waterproof suit,” in Proceedings of the 2016 IEEE/RSJ International
Conference on Intelligent Robots and Systems (IROS2016). 1EEE,
2016, pp. 658-665.

[10] T. Makabe, K. Okada, and M. Inaba, “Development of the Whole-
body Waterproof Shell Applying and Removing System Using Phase-
Change Paraffin and Grease for the Multi-DOF Robot,” in Proceedings
of the 2023 IEEE/RSJ International Conference on Intelligent Robots
and Systems. 1EEE, 2023, pp. 10125-10132.

[11] C. Aeronautiques, A. Howe, C. Knoblock, I. D. McDermott, A. Ram,
M. Veloso, D. Weld, D. W. Sri, A. Barrett, D. Christianson, et al.,
“Pddl— the planning domain definition language,” Technical Report,
Tech. Rep., 1998.

[12] T. Matsui and M. Inaba, “EusLisp: an Object-Based Implementation
of Lisp,” Journal of Information Processing, vol. 13, no. 3, p. 327338,
1990.

[13] T. Makabe, N. Hiraoka, S. Noda, T. Anzai, K. Kimura, M. Hattori,
H. Sato, F. Sugai, Y. Kakiuchi, K. Okada, and M. Inaba, “Design and
Development for Humanoid-Vehicle Transformer Platform with Plastic
Resin Structure and Distributed Redundant Sensors,” in Proceedings of
The 2022 IEEE International Conference on Robotics and Automation
(ICRA2022). 1IEEE, 2022.

[14] “STM32F4 Micro Controller.” https://www.stmcu.jp/stm32/stm32£4/
stm32f411/12262/.

1389



