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Abstract—Transformable robots adapt to various environments
by changing their shape or functionality. The robots are able to
further expand their task range by replacing their end-effectors
(EEs). In this letter, we propose an adaptive-limb transformable
robot capable of replacing multiple types of mounted EEs. First,
7 degrees of freedom (DoF) limbs can reach multiple types of EEs
mounted on the front body surface, and replace them using that
single limb without relying on external devices. Second, we develop
a compact Lock-Spin mechanism that integrates a locking mech-
anism into the rotor of the motor to enable continuous rotation.
Experimental results demonstrate that the proposed transformable
robot can replace EEs on-site and that this replacement enables
locomotion and manipulation adapted to the environment.

Index Terms—Legged robots, mechanism design, grippers and
other end-effectors.

I. INTRODUCTION

OBOTS require different functionalities depending on the
R environment. Conventional mobile robots and manipula-
tor arms are often limited in the range of tasks they can per-
form with their single configuration. In contrast, transformable
robots adapt to diverse environments by changing their shape
or functionality for different task modes. For example, in the
DARPA Robotics Challenge [1], which aimed at practical op-
eration in disaster environments, robots such as CHIMP [2],
DRC-Hubo [3], [4], and RoboSimian [5] accomplished tasks
by switching among task modes according to the environment.
Thus, transformable robots are expected to enable flexible op-
eration in harsh environments such as disaster sites and uneven
terrain.

If transformable robots have the ability to replace end-
effectors (EEs), they would further expand their task range. As
shown in Fig. 1(a) and (b), the robot can walk using foot plates
and manipulate using hooks. Specifically, adding continuous
rotation capability to the EE expands its workspace and appli-
cation range. As shown in Fig. 1(c) and (d), the robot can also
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handle tasks that require continuous rotation, such as wheeled
locomotion and object lifting via wire-winding pulleys.

However, there are two requirements for the EE replacement
with rotational functionality in transformable robots. First, in
order to expand its task range, the robot must replace EEs
in response to the local environment, which requires carrying
them to allow on-site replacement. Second, a compact rotary
locking mechanismis required to ensure secure coupling without
compromising EE operability.

In this letter, we propose an adaptive-limb transformable robot
that can carry and replace EEs, equipped with compact Lock-
Spin mechanisms. The overview of the proposed adaptive-limb
transformable robot is shown in Fig. 1. By using 7-DoF limbs
capable of reaching the body, the robot replaces EEs between
(D) the compact EE Lock-Spin mechanism on the distal limb to
enable replaceability and (II) the EE gripper hand on the body
to enable portability as shown in the left panel of Fig. 1. This
allows the robot to switch among the diverse modes shown in
the right panel of Fig. 1.

The main contributions of this letter are as follows.

i) We propose a novel configuration of a bipedal trans-
formable robot with 7-DoF limbs capable of on-site EE
replacement.

ii) We propose a method that utilizes the extended reach of
the 7-DoF limbs to replace multiple types of EEs mounted
on the body without relying on external devices.

iii) We design the EE Lock-Spin mechanism that transmits
EE rotational torque through a compact locking structure
while maintaining mechanical robustness.

iv) We show on the proposed robot that a single robotic plat-
form can operate in both wheeled and walking locomotion
modes, and can perform manipulation tasks using a hook
and wire-winding pulleys.

This letter is organized as follows. Section II describes related
works. Section III describes the body and limb structure of
the adaptive-limb transformable robot developed in this letter.
Section IV describes the detailed design of the EE Lock-Spin
mechanism and EEs. Section V shows experimental results
that demonstrate the robustness evaluation of the EE Lock-
Spin mechanism, EE replacement by itself, and the motion
experiments using multiple types of end-effectors. Section VI
concludes this letter.

II. RELATED WORK

Numerous studies on transformable robots have explored dif-
ferent strategies to extend their functional capabilities by altering
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Examples of the task range expansion in the adaptive-limb transformable robot through on-site End-Effectors (EEs) replacement between (I) the EE

Lock-Spin mechanism located on the distal limb to enable replaceability, and (II) the EE gripper hand located on the body to enable portability: (A) Walking using
foot plates, (B) Manipulation using hooks, (C) Locomotion using wheels, (D) Object handling using wire-winding pulleys.

how they interact with their environment. Additionally, some
robots are equipped with detachable mechanisms for equipment
or modules to further expand their task range. In this letter,
we categorize related works into two groups: (A) methods for
robots to act on the environment with EEs and (B) detachable
mechanisms for equipment or modules.

A. Methods for Robots to Act on the Environment With EEs

We categorize three main approaches.

First, some robots use foot-end effectors to expand their task
range [6], [7], [8]. The quadruped robot WAREC [6] achieves
rough-terrain traversal and ladder climbing by manipulating
foot-end effectors. ANYmal equipped with four non-steerable,
torque-controlled wheels [7] and Go2-W [8] can switch between
walking and wheeled locomotion in response to the environ-
ment. In all of these robots, the point of contact with the
environment is limited to the feet.

Second, some robots switch their environmental contact
points using dedicated embedded mechanisms [2], [3], [4],
[9], [10]. CHIMP [2] is equipped with crawlers on both its
arms and legs, which enables it to locomote via either set of
crawlers depending on the terrain. DRC-HUBO [3], [4] switches
between bipedal walking and locomotion with active wheels
mounted at its knees. Lu et al. [9] developed a transformable
robot that is able to switch between quadrupedal walking and
wheeled motion using wheels attached at its waist. Shuetal. [10]
developed a robot with crawlers mounted at two joints on
each leg, which allows it to switch its ground-contact points
in response to the terrain. In these robots, the mounting location
of the environmental-interaction mechanism is tightly coupled
with the DoF of the limbs, which limits the extensibility of their
overall structure.

Third, some robots expand their task range through recon-
figuration of EE structures [11], [12], [13], [14], [15], [16],
[17]. TurboQuad [11], Modular Two-Degree-of-Freedom Trans-
formable Wheels [12], and WheeLeR [13] each deploy claw-like
treads or linkages to climb over obstacles. Quattroped [14] folds
one side of its wheel to use it as a leg. A claw-wheel trans-
formable robot [15] switches from claw mode to wheel mode by

rotating its joints. Kimoto et al. [16] proposed a snake-like robot
capable of transforming its segments into wheels by actuating
its joints. Nakai et al. [17] developed a robot that changes shape
through the phase change of low melting point alloy. In such
robots, the EE structure and function are inherently integrated
and inseparable.

B. Detachable Mechanisms for Equipment or Modules

We categorize two main approaches.

First, some passive methods for actuatorless EE replacement
have been proposed [18], [19], [20]. ALDMag [18] uses a
locking mechanism with springs and magnets, which enables
changes to the joint structure of a small humanoid robot. Sim-
ilarly, the actuator-free EE replacement mechanism [19] relies
on a locking mechanism to change the structure itself. Pettinger
etal. [20] developed a fully passive tool changer that uses only a
compliant manipulator’s contact forces. In such robots, external
fixtures and environmental constraints are required during the
replacement process.

Second, various active mechanisms using actuators for EE
replacement have been proposed [21], [22], [23], [24], [25].
The genderless-docking mechanism [21] proposes a replace-
ment system by electromagnets and springs in simulations.
BEATLE, an aerial robot [22], can combine its parts using
a switchable permanent magnet module and a stick insertion
locking mechanism. M3Express [23] uses magnets and wedge
by servo motors to enable transmission of rotational torque after
docking. Industrial machines are examples of robots using tool
changers [24], [25]. Despite their effectiveness, these actuator-
based designs often tend to be mechanically complex and bulky.
Consequently, integrating them into robotic EEs with limited
space remains a significant challenge.

III. DESIGN OF ADAPTIVE-LIMB TRANSFORMABLE ROBOT
WITH PORTABLE AND REPLACEABLE EES

The proposed transformable robot consists of two main com-
ponents.
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TABLE I
PHYSICAL PARAMETERS OF THE ADAPTIVE-LIMB TRANSFORMABLE ROBOT

Items Value
total 32.4kg
steering center mechanism 2.0kg
o hip 4.2kg
Mass knee 1.5kg
ankle 4.3kg
EE Lock-Spin mechanism (with EE) 1.5kg
hip pitch  —360 deg~360 deg!
hip roll —25deg~100deg
Range of hip yaw —360 deg~360 deg!
Motion knee pitch —162 deg~90 deg
ankle pitch —95 deg~60 deg
ankle roll —95 deg~60 deg
EE Lock-Spin mechanism  continuous rotation
Distance hip roll of different limbs 0.35Im
between hip roll - knee pitch 0.3865m
Joints knee pitch - ankle pitch 0.2620 m
ankle pitch - limb contact point 0.1492m
. robot height 1.45m
Robot Size robot width 0.45m

i) A body structure equipped with multiple EE gripper hands
to carry multiple types of mounted EEs.
ii) A limb structure with 7-DoF and a wide range of motion
to enable EE replacement.
Fig. 2 shows an overview of the body and limb structures. The
main physical parameters of' the adaptive-limb transformable
robot are listed in Table I.

A. Body Structure Equipped With Multiple EE Gripper Hands

To prevent self-collision during EE replacement, the EE grip-
per hand must protrude as little as possible from the robot body.

'While the hip pitch and yaw joints are mechanically capable of continuous
rotation, cable-routing constraints limit the practical range to + 360deg about
the nominal pose.

The overall structure of the proposed transformable robot: The body
equipped with multiple EE gripper hands and two 7-DoF limbs (hip pitch, hip
roll, hip yaw, knee pitch, ankle pitch, ankle roll, and ankle yaw) with a wide
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Fig. 3. The EE gripper hand has a compact structure with reduced thickness.
Protrusions on the EE gripper hand and corresponding recesses on the EE enable
a secure hold.
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Reachability map around the body for the left limb

Left limb reaching
body view

Fig. 4. The left panel shows the left limb EE reaching the body. The panel
(a), (b), and (c) shows a reachability map around the body for the left limb
EE. Evaluation with a position resolution of 50 mm to verify the possibility of
replacement with the EE gripper hand.

By converting the linear motion of the air cylinder into rotation
through a linkage mechanism, the design achieves a compact
gripper hand with fewer components. Furthermore, as shown in
Fig. 3, protrusions on the EE gripper hand and corresponding
recesses on the EE enable a secure hold.

B. 7-DoF Limb Structure That Allows EE to Reach the Body

EE replaceability requires that the limb EE reliably reach the
body. The limb shown in Fig. 2 is composed of 7-DoF with a wide
range of motion: hip pitch, hip roll, hip yaw, knee pitch, ankle
pitch, ankle roll, and ankle yaw (the EE Lock-Spin mechanism).
We evaluate EE replaceability using a reachability map [26]
with a spatial resolution of 50 mm over [z, y, 2|7 € [0, 200] x
[—200, 200] x [0, 700], where all units are in mm. As shown
in Fig. 4, the EE can access a broad region around the body,
indicating sufficient reachability for the replacement.

IV. DESIGN OF COMPACT EE LOCK-SPIN MECHANISM

A. Design Concept

EE replacement mechanisms with continuous rotational func-
tionality require a drive actuator. In addition, each limb of the
robot requires an actuator that can exert continuous force to
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Fig. 5. Comparison of the placement of drive-force-required replacement
mechanisms: (a) Conventional tool changer used in robotic arm, (b) Con-
ventional tool changer used in machine tools, (c¢) Proposed EE Lock-Spin
mechanism.

replace EEs independently and on-site. Replacement EEs using
two actuators must meet three design requirements.
i) Placement of the rotation drive actuator

ii) Post-replacement parts fixation and torque transmission

iii) Alignment of the rotation axis

i) The space of the mechanism is strongly influenced by where
the rotation drive actuator is installed, so its placement must be
optimized. ii) In order to transmit force to the EE after replace-
ment, a robust locking mechanism and a torque transmission
method are required. iii) Smooth operation demands that the
rotational axis of the drive actuator and the EE be precisely
aligned. Some replacement mechanisms that require driving
force are broadly categorized into two types, as shown in Fig. 5.

The replacement structure shown in Fig. 5(a) illustrates the
tool changer design used in robotic arms. As described by Little
et al. [27], the locking mechanism used in robot tool changers
features a low-profile structure. When a replacement actuator is
used in conjunction with a drive actuator, the locking mechanism
must be placed between them. Such an arrangement results in
a completely serial stack. The overall axial length of the tool
changer increases, and the EE which includes the drive actuator
becomes larger.

The replacement structure shown in Fig. 5(b) illustrates
the tool changer design used in machine tools. In the BT40
Holder [28], high-precision centering is achieved through a
tapered spindle-tool interface, but the taper is not self-locking.
Reliable fixation therefore depends on friction. In order to trans-
mit enough torque, the system needs a broad friction surface and
a pull-down force on the order of several kN; these requirements
enlarge both the locking mechanism and the drawbar, which
increase the tool changer’s overall axial length.

Therefore, as illustrated in Fig. 5(c), we propose integrating
the replacement actuator coaxially inside the drive motor. A
taper-guided locking mechanism mounted at the tip of two
actuators ensures precise centering of the EE. Furthermore, it
achieves robust lock while transmitting rotational torque by
allowing the locking mechanism to rotate.

In the remainder of this letter, we refer to this EE replacement
mechanism as the EE Lock-Spin mechanism. An overview of
the EE Lock-Spin mechanism is shown in Fig. 6, and its physical
parameters are listed in Table II.

B. Detail Design of EE Lock-Spin Mechanism

The EE Lock-Spin mechanism is designed to meet the three
design requirements outlined in Section I'V-A.
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Fig. 6. Overview of the EE Lock-Spin mechanism. Integrating the air cylinder
inside the motor enables a compact structure. The Wedge is the structure that
actuates the Lock Nail.

TABLE I
PHYSICAL PARAMETERS OF THE EE LOCK-SPIN MECHANISM

Items Value
Mass 1.05kg
Total Height (from the fixed surface) 58.2mm
Outside diameter 113.5mm
Mass 0.71kg
Height 36.2 mm
Motor Hole diameter 74 mm
Max torque 12Nm
Stroke length 15 mm
Air Cylinder Outside diameter 16 mm

Force  140N(at 0.7 MPa)

1) Saving Space by Integrating Air Cylinder Into Motor:
Integrating an air cylinder (replacement actuator) inside the
motor (drive actuator) enables a compact structure. In order
to achieve this, we selected a hollow outer-rotor motor (T-
MOTOR RO100 KV55) with a separated stator and rotor.
Table II shows that by embedding 34 mm of the air cylinder
within the motor, the overall length is reduced to 58.2 mm. This
configuration shortens the length by 36% compared with the
assumed serial arrangement total length (34 mm + 58.2 mm
= 92.2 mm). The EE Lock-Spin mechanism lacks a rotation
shaft. An off-axis incremental encoder is therefore installed. The
encoder and the motor’s built-in Hall sensors enable position
control with an angular resolution of 0.043deg (8192 counts per
revolution).

2) Transmission of Rotational Torque by Lock Nail: The
locking mechanism converts the linear motion of the air cylinder
into rotational motion. Fig. 7 shows the locking and unlocking
sequences.

The locking sequence is: (i) the air cylinder activates, and the
Wedge pushes against the Lock Nail; (ii) the Lock Nail pivots
under this force, and its 2deg taper angle of its surface ensures
continuous engagement; (iii) the tapers of the EE Universal
Socket of the EE and the EE Lock Nail engage with each other.

On the other hand, the unlocking sequence is: (i) the air
cylinder retracts, which causes the Wedge to withdraw; (ii) the
engagement of the Lock Nail is released; (iii) the EE becomes
removable because the Lock Nail is released.
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Fig. 7. Locking and unlocking actions of the EE Lock-Spin mechanism: (i)
Action of the air cylinder (push / retract), (ii) Action of the Lock Nail (push /
pull), (iii) Action of EE (fix / release).

Rotational Torque
Lock Nail)
lubricant-
impregnated
bushing

Rotational and
Non-Rotational Parts(\Wedge)

Rotational

Non-Rotational

Crossed-Roller Bearing|

Fig.8. Transmission of rotational torque in the EE Lock-Spin mechanism. The
stator, and the air cylinder highlighted in the exterior view are rigidly attached to
the limb, while the rotor, the Lock Nail, the Wedge, and the EE highlighted in the
cross-sectional view are the rotating assembly. Rotational torque is transmitted
by the Lock Nail.

To handle the axial loads imparted by the EE drive motor
within limited clearance, we substitute a conventional thrust
bearing with a lubricant-impregnated bushing at the Lock Nail.

3) Rotation by Wedge With Centering Capability: As shown
in Fig. 8, the Wedge must also have a low-profile structure.
The Wedge needs to transmit a stable force regardless of the
contact position with the Lock Nail. Therefore, a mechanical
element capable of rotational sliding is required and adopts a
needle bearing which has high resistance to radial loads. By
designing the Wedge to rotate around the axis of the air cylinder,
the structure allows the Wedge to move in the vertical direction
while preventing rotational force from being applied to the air
cylinder axis. Additionally, precise centering can be achieved
through taper-based alignment by utilizing the air cylinder axis
as the center of rotation.

C. Detail Design of EEs Equipped With EE Universal Socket

As shown in Fig. 6, each EE is equipped with a common
component - the EE Universal Socket. This common component
allows the EE Lock-Spin mechanism and the EE gripper hand
to be replaced with each other. Engagement of the matching
taper surfaces on both components achieves a robust connection
during the replacement.
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Fig. 9. Experimental setup for evaluating the rotational robustness of the EE
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EE Universal Socket and the EE Lock Nail. The angle 6 denotes the angular
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dashed lines indicate their respective zero positions.
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Fig. 10. Box-and-whisker plots of the EE (wheel, hook, wire-winding pulley)

tilt when we conducted 15 trials at each angular difference. The maximum tilt
after replacement was 0.405deg, so the absolute tilt values were stable. On the
other hand, the wheel shows a slightly larger EE tilt (median) than the hook and
the wire-winding pulley.

V. EXPERIMENT

In this section, we conduct experiments on the proposed
adaptive-limb transformable robot to verify the following three
aspects:

(A) To verify the robustness required for EE replacement,
we evaluate the rotational robustness of the proposed EE
Lock-Spin mechanism as shown in Section IV.

To verify the effectiveness of the reachability evaluation
presented in Section III, we perform experiments that the
robot can replace multiple types of mounted EEs.

To verify the robot’s transformability, we demonstrate
that the robot can achieve both locomotion and manipu-
lation by using the replaced EEs.

(B)

©
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Fig. 11.  Experiment on the EE detachment at the upper body EE gripper hand

and logs of target angle. Grasp the EE with the upper body EE gripper hand and
release the locking mechanism using the air cylinder with the EE Lock-Spin
mechanism during (iii).
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Fig. 12.  Experiment on the EE attachment at the lower body EE gripper hand

and logs of target angle. Fix the locking mechanism using the air cylinder with
the EE Lock-Spin mechanism and release the EE with the lower body EE gripper
hand during (iii).

A. Robustness Evaluation of EE Lock-Spin Mechanism in the
Rotational Direction

The experimental setup for evaluating the robustness of the
proposed mechanism in the rotational direction and examples
of successful and failed replacement are shown in Fig. 9. After
aligning the zero points of the EE and the motor, we offset
the motor shaft in 2deg increments up to 8deg and conducted
15 trials at each angular difference, measuring the replacement
success rate and the EE tilt after replacement. To examine differ-
ences across multiple types of EEs, we used a wheel (diameter
150 mm), a hook (top-view length 72 mm x width 145 mm),
and a wire-winding pulley (diameter 120 mm). Replacement
success or failure was determined by whether the tapers of the
EE Universal Socket of the EE and the EE Lock Nail engage with
each other. The angle 6 denotes the angular difference between
the EE and the EE Lock-Spin mechanism. The success rate in
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TABLE IIT
ROBUSTNESS EXPERIMENT OF THE EE LOCK-SPIN MECHANISM: SUCCESS
RATE IN THE ANGULAR DIFFERENCE (¢) BETWEEN EE (WHEEL, HOOK,
WIRE-WINDING PULLEY) AND MOTOR, AND MEAN £ STANDARD DEVIATION
(SD) oF THE EE TiLT

EE | Angular difference (6) (deg) | 0 2 4 6 8

Success rate 15/15  15/15 15/15 15/15 0/15

Wheel Mean of EE tilt (deg) 0271 0242 0233 0242 ~
SD of EE tilt (deg) 0.0631 0.0697 0.0423 0.0347 ~

Success rate 15/15 15/15 15/15 15/15 0/15

Hook Mean of EE tilt (deg) 0.137  0.199  0.159  0.166 ~
SD of EE tilt (deg) 0.105 0.0517 0.0274 0.0416 ~

Wire- Success rate 15/15  15/15 15/15 15/15 0/15
Winding Mean of EE tilt (deg) 0.145 0.168  0.131  0.147 ~
Pulley SD of EE tilt (deg) 0.0391 0.106 0.0497 0.0467 ~~

0 between the EE and the motor, and the EE tilt - denoting
the residual angular errors between the rotational axis of the
attached EE and that of the EE Lock-Spin mechanism - are
shown in Table III and Fig. 10. For angular differences from
Odeg to 6deg, all trials succeeded. The mean of the EE tilt after
replacement did not exceed 0.271deg, and the maximum tilt was
0.405deg, so the absolute tilt values were stable. In contrast, for
angular differences of 8deg or greater, all trials failed. These
results indicate that the mechanism is sufficiently robust against
angular differences up to 6deg. In order to increase capture
tolerance to initial angular difference, the taper angle can be
increased: however, a larger taper angle raises the pressing force
required by the Lock Nail, thereby increasing the mechanical
load. In future work, we will quantitatively establish design
guidelines that balance capture tolerance and mechanical load
by considering both the taper angle and the required pressing
force.

The box-and-whisker plots in Fig. 10 also show that the wheel
tends to exhibit a slightly larger median tilt after replacement
than those of the hook and the wire-winding pulley. This is con-
sistent with the geometry: the average distance from the center
of the EE Lock-Spin mechanism to the EE’s outer perimeter is
larger for the wheel than the hook and the wire-winding pulley,
so the outer edge lies farther from the Lock Nail-EE Universal
Socket engagement point. An appropriate combination of EE
geometry and taper angle enables a balanced design for the target
task.

B. Experiment on EE Replacement

1) Experiment on EE Detachment Using the Upper Body
EE Gripper Hand: Fig. 11 shows the experiment on the EE
detachment at the upper body. The detailed steps for reaching a
location far from the base joint are as follows.

i) Configure the knee joint as a reverse joint and adjust
the ankle pitch to allow a 90deg bend to facilitate the
subsequent inverse kinematics calculations.

i) Move the EE + 60 mm in the vertical direction relative to
the EE gripper hand. Rotate the EE Lock-Spin mechanism
to an angle that allows detachment.

iii) Move the EE to the EE gripper hand. To ensure secure
detachment, first grasp the EE with the EE gripper hand,
then release the lock of the EE Lock-Spin mechanism.

iv) Extract it from the EE gripper hand by moving the EE to
the same position as in step (ii).

2) Experiment on EE Attachment Using the Lower Body

EE Gripper Hand: Fig. 12 shows the experiment on the EE
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Hip Yaw Joint
180deg Rotation

Multi-mode experiments using wheels (orange EEs) and a hook (the blue EE). After 0.6 m of wheel-based locomotion, the proposed transformable robot

replaced the EE on site. The robot opened and closed the drawer up to 300 mm using the hook.

attachment at the lower body. The detailed steps for reaching a
location close to the base joint are as follows.
i) Command the hip yaw joint to -180deg from the angle
used during replacement at the upper body and move the
EE closer to the EE gripper hand.

ii) Move the EE + 60 mm in the vertical direction relative to
the EE gripper hand. Rotate the EE Lock-Spin mechanism
to an angle that allows attachment.

iii) Move the EE to the EE gripper hand. Engage the lock of
the EE Lock-Spin mechanism, then release the grasp of
the EE gripper hand to ensure secure attachment.

iv) Extract it from the EE gripper hand by moving the EE to
the same position as in step (ii).

C. Experiments on Motion Using Multiple Types of EEs

1) Multi-Mode Experiments Using Wheels and Hook: As
shown in Fig. 13, the proposed transformable robot performs
multi-mode experiments using wheels and a hook.

Forward Motion Using Wheels: As shown in Fig. 2, the robot
is supported at three contact points: one 107 mm-diameter wheel
attached to the steering center joint, and two 150 mm-diameter
wheels mounted on the EE Lock-Spin mechanism. Each wheel
tracks its target under position control. The robot moves straight
for 0.6 m.

EE Replacement: As also described in Section V-B, the EE is
replaced between the EE Lock-Spin mechanism located on the
distal limb and the EE gripper hands mounted on the upper and
lower sections of the body. After detaching the wheel from the
EE Lock-Spin mechanism, the robot rotates the hip yaw joint by
180deg while avoiding interference and then attaches the hook.

Drawer Opening and Closing Using a Hook: Manipulation
is performed by hooking onto the environmental target. Using
a hook 30 mm wide and 8.0 mm thick, we target an opening
of 85 mmx 19 mm located 420 mm above the ground. The EE
Lock-Spin mechanism rotates to align the hook with the drawer
front, after which the robot executes a pulling motion to open

Fig. 14.
over 7 s.

Forward walking experiment. The robot moved forward by 0.21 m

the drawer. The limb range of motion listed in Table I allows an
opening and closing of up to 300 mm.

2) Walking Motion Experiment Using Foot Plates: We con-
ducted a forward walking experiment using foot plates, as shown
in Fig. 14. We used a LIPM based gait controller [29]. The Zero
Moment Point (ZMP) was continuously guided to remain near
the center of the foot plates, and body posture was controlled
through feedback from the IMU. The ankle joint was torque-
controlled with low PD gains referred to the actuator input axis to
absorb impact at landing and to follow sudden changes in ground
reaction forces: K}, = 20Nm/rad and Ky = 0.3 Nms/rad. In
contrast, the hip joint was position-controlled with high PD
gains to preserve body stability: /K, = 2800 Nm/rad and K4 =
200 Nms/rad. Both PD gains transitioned smoothly over time
from step start to foot strike. As a result, the robot supported its
own weight and walked; the robot moved forward by 0.21 m over
7 s. Higher walking speeds could be achieved with whole-body
MPC or reinforcement learning.

3) Object Lifting Experiment Via Wire-Winding Pulleys: We
conducted an object-lifting experiment via wire-winding pul-
leys. Fig. 15 shows the EE Lock-Spin mechanism rotated to reel
in the wire that had been wound around the object and lifted
the object. The robot started with a slack 5 mm-diameter wire,
which was reeled in 120 mm-diameter pulleys, and successfully
lifted a basket measuring 525 mm x 350 mm x 295 mm and
weighing 1.95 kg by 250 mm.
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Fig. 15.

Object lifting experiment using wire-winding pulleys. The robot

successfully lifted a basket measuring 525 mm x 350 mm X 295mm and
weighing 1.95 kg by 250 mm using a 5 mm-diameter wire.

VI. CONCLUSION

Transformable robots are able to further expand their task
range by replacing multiple types of EEs.
(a) This letter proposes a novel adaptive-limb transformable

(b)

(©)

(d)

robot for portable and replaceable EEs with compact
Lock-Spin mechanisms.

Each limb of this robot has 7-DoF and a wide range of
motion. Analysis of the reachability map confirms that
the EE of the limb can reach the front surface of the body
measuring 200mm x 400 mm x 700 mm. The robot is
able to vary its joint orientations for EE replacement at
both the upper and lower body, which allows it to replace
multiple types of EEs mounted on the body.

We developed the EE Lock-Spin mechanism to transmit
rotational torque through the locking mechanism, which
saves space. This configuration shortens the length by
36% compared with the assumed serial arrangement total
length. Evaluation experiments on the mechanism alone
achieved a 100% success rate when the angular difference
between the EE and the motor was kept within 6deg.
We further demonstrated that the robot can switch be-
tween wheeled and bipedal locomotion, and perform ma-
nipulation tasks using a hook and a wire-winding pulley,
simply by replacing its EEs.

In future work, we will integrate environmental perception so
that the robot can select and replace EEs autonomously.
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