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1. Introduction

Crucial scientific and social activities such as
environmental monitoring, exploration of ex-
treme environments, and disaster response
have relied on robotic systems for as long as
these technologies have existed.  Originally,
those systems were single-purpose and remotely
operated, such as the first rover sent to the lunar
surface. Nowadays, autonomous multipurpose
systems are possible thanks to novel mechanical
designs, improved computing capabilities, ad-
vanced control techniques, 3D perception, and
intelligent planning algorithms.

However, most of the robots deployed rely on
classical locomotion solutions, based on wheels
(driving), legs (walking), grippers (climbing), or
propellers (flying and swimming). Breaking this
conventions, hybrid legged-wheeled locomotions
have proven flexibility and advanced traversabil-
ity capacities [1]. Additional extension of mobil-
ity and robot skills leads to a very recent re-
search topic: multimodal robots. These sys-
tems are capable of changing their interaction
with the environment, integrating complex me-
chanical structures that adapt their morphology
to different tasks and terrains [5].

This study investigates an advanced multi-
modal four-limbed robot equipped with a trans-

formable gripper-wheel mechanism. This mech-
anism enables walking, climbing, and wheeled
locomotion in a single robotic platform. Cur-
rently, the integrated system is a prototype, de-
signed and developed at the Space Robotics Lab
(Tohoku University, JP). This work’s objective
is to develop a reliable locomotion transition al-
gorithm, integrate the transformable module in
the hierarchical control architecture, and ana-
lyze the robot configurations in terms of stabil-
ity and dexterity. Additionally, the setup of a
reliable software simulator for preliminary algo-
rithm testing is another crucial aspect, consid-
ered here.

2. Modeling and Control of
Multilimbed Robots

In robotics research, multilimbed systems are
novelties, and a single definition does not ex-
ist.In this work, a robotic system is classi-
fied as multilimbed when it is composed of
a body and multiple limb mechanisms, such
that Limb-end integrates both locomotion and
manipulation|11].

2.1. Kinematics

Kinematics studies motion without considering
its causes, and in robotics it is differentiated



into forward (FK), differential (DK), and inverse
(IK) kinematic.

In the kinematic analysis, the first step is the
identification of the system degrees of freedom
(DOFs), which in robotics systems are usually
identified by the joints that create motion be-
tween rigid parts. Conventional rigid body the-
ory is involved when soft interactions are ne-
glected, and reference frames are attached to dif-
ferent rigid moving parts. Additionally, an iner-
tial reference frame is selected, often denoted as
world frame w.

The role of FK is to derive the relationship be-
tween joint variables, and the pose of a final link
frame|9], while IK solves the opposite problem.
DK instead, describes the same relation of FK
in the velocity domain.

The joints variables are collected in a joint vector
q € R”, and the final frame can be identified by
a minimal task space vector x¢ € R™ or the
redundant homogeneous transformation matrix
¥ (q).

In the analysis of multilimbed robots, denoting
with N the number of limbs and j the limb in-
dex, each limb has n; joints, and the overall joint
space vector q € R™ collects all q; € R™. Fi-
nally, each limb j joint is indexed by %, then,
qi,j is the single scalar joint variable. This kine-
matic model is represented in Fig.1, and the FK
problem relies on the floating base model. The
base pose q, € RY is integrated into the kine-
matic model as six additional redundant "float-
ing base" DOFs, and the foot-end is derived as
function of the limb configuration and the base
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Figure 1: model of multi-limb robot.

An additional kinematic problem, which is rele-

vant when base positioning tasks are considered,
is the derivation of the base pose T} from the
limbs configuration, considering the foot pose
known in w.

While FK always has a unique solution and stan-
dard techniques to solve it, IK is complex, and
zero, multiple, or infinite solutions are possible.

2.2. Differential Kinematics

The derivation of differential kinematics relation
is possible by FK differentiation, but in this re-
search, an alternative approach is considered. A
multiarm-multilimbed parallelism is considered,
noticing the following similarities:

e robot base <> manipulated object

e jt" contact limb <> j¥* arm

e j limb-end <+ j* arm base

e j' limb-root ++ j** arm end effector
This modeling approximation is possible when
the limb-tip interaction with the ground is con-
sidered rigid and without sliding. Under this
assumption, as represented in Fig.2, the limb-
root velocity measured in the limb-end frame is
the opposite vector of the limb-end velocity in
the limb-root frame:© Vi, = =T Ve;-
From this consideration, it is possible to rely
on DK to express limb-end motion in the root
frame as a function of limb joint velocity, deriv-
ing the Jacobian matrix *J;(q;). Finally, it is
converted as limb root velocity, measured in the
base frame.

Py = =321 35(q5) - 45 = "Ij(qp) -5 (1)
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Figure 2: differential kinematic.

At this point, the single limb is considered as a
cooperative manipulator moving the robot base
[3][2]. The grasping matrix W € R™*M (M =
N¢ - m) is defined to relate limb root kinematic



with base motion, and the jacobians of the con-
tact limbs are collected in a diagonal matrix. Fi-
nally,s the jacobian JT(q) = JT(q)WT € R»*™
is defined. At this point, the absolute velocity
of the robot base is computed as:

ve = Jo(a)d (2)

For the kinetostatic duality|9], the relation of
statics is is:

7=Jg(a)h, (3)
Where h, denotes the external generalized forces
acting on the robot base due to limb interaction.

2.3. Dynamics

When a non-minimal number of DOF is
used and the floating base DOFs model is

T, ., .
employed,q = [ab q1 Q2 an] ) it is
possible to derive the EoM in a standard form
with the Lagrange equations:

B(q)d + C(q,d)4 +g(a) = Im” (@)1 — Jc” (q)he
Jed+Jecq=0

Where the second equation represents the holo-
nomic contact constraint of null velocity at con-
tact point ve = Je(q)q = 0, and the matri-
ces involved include the self and coupling effects
of all leg joints and base DOF. The matrix Jpg
maps all leg joint torques in the space of gener-
alized coordinates. The additional contribution
of 7 = JcT(q)h, is subtracted at the left-hand
side of the EoM to integrate force h. applied
at a generic point C in the structure (such as
contact forces).

When the system is quasi-static and complex
whole-body dynamics can be approximated, the
single limb is analyzed singularly with the re-
duced order robotic arm dynamic model|9)].

2.4. Control

The control of multilimbed robots is possible
using multilayered control structures, composed
of high-level, middle-level, and low-level compo-
nents, with additional global planners and state
estimators. Part of the state estimators are
mapping and terrain traversability estimation,
but also internal robot state and contact point
understanding. Global planners are responsi-
ble for sending high-level tasks to the layered
control structure, where the task is received by

the high-level controller.At this point, a chained
computation and transformation from high to
low-level commands occur in the layered control
structure, until hardware commands are sent
to the robot. Many different control strategies
can be integrated simultaneously in this lay-
ered structure, such as Model Predictive Con-
trol, Whole Body Controller, Model Free Rein-
forcement learning policies, Torque-based con-
trol, or simpler Inverse kinematic independent
joint controllers.

3. Stability and Performance of
Multilimbed Robots

3.1. Stability

Stabilizing machines with discontinuous contact
points during locomotion has been addressed by
many researchers|7|, and different theories exist.
Defining the support polygon (SP) as the convex
hull formed by the contact points of the feet in
the support plane (P.;,Vj € J.), static stabil-
ity is ensured if the base CoM projection Pcons
on the ground is contained inside the SP. From
these requirements, stability margins are derived
(represented in Fig.3), with the SSM defining
the smallest distance between P, and the SP
perimeter (0SP).

support plane

Jc=12,3,4,5,6)

Figure 3: Stability analysis on flat terrains.

For this research, the problem of motion during
transformation is addressed, and it is assumed
that this task occurs on a flat surface with neg-
ligible inertia effects, where SSM > 0 ensures
system stability. To define an absolute index for
comparable results independent of robot dimen-
sions, a normalized percentage SSM has been

defined as

SSM

SSM%:SST'

100 (5)

Where the SSM,,q, corresponds to the maxi-
mum relative stability margin measured in me-
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Figure 4: ATBVME Dexterity analysis of multilimbed systems (bio-inspired and robotics)

ters (when the robot is on 4 contact points on a
standard walking configuration).

When rough terrains or stability with gripping
forces has to be analyzed, other criteria exist,
such as the Zero Moment Point, tumble stability,
and Gravito Inertia Acceleration (GIA)[8]

3.2. Manipulability

The manipulability theory first introduced by
T.Yoshikawa|16| defines the manipulability el-
lipsoid (in velocity or force) as the mapping of
a hyper-spherical joint-space domain in the task
space:

aq=ve( 3TN tve =1 (6)

'r =he"(JJ )he =1 (7)

In this work, the cooperative manipulator ma-
nipulability theory [2] has been extended for
multilimbed robots, deriving the base manipu-
lability ellipsoid (BME) for limbed robots. This
is possible due to the duality discussed previ-
ously, for which the multi-limb robot is modeled
as a system of cooperative manipulators, with
the proper modeling considerations.

From relation (2) and (3) the external base
force manipulabnility ellipsoid for the base
(EBFME), and the absolute base wvelocity
manipulability ellipsoid (ABVME) are de-
fined as follows:

h [Ja(@)Jg (@)]he = 1 (8)

Vg[Ja<q)Jg(q)]_1va =1 (9)

The matrix E, € R™*™ represents the core of
the EBFME’s quadratic form, while its inverse

is the ABVME’s. The expression of the ellipsoid
matrix can be decomposed as:

Er, Err,
™ s B
Where Ep, € R™P*™P ig the core of the trans-
lational BME (TBME), Egr, € R™0*™0 ig
the core of the rotational BME (RBME), and
Etr, € R™P*™0 is a coupling matrix|15].
The results of the application of the ATBVME
on a bio-inspired example of a grasshopper jump
is reported in Fig.4a, while Fig.4b analyze a 4-

limbed and 6-limbed simple robot.

4. LIMBERO-GRIEEL

LIMBERO (LIMB-climbing Exploration
RObot) is a prototype omnidirectional four-
limbed robot[10], designed, 3D printed, and
assembled by the Limb Team at the Space
Robotics Lab. It is a small lightweight climbing
robot, with a claw-type gripper|[14] in its default
design.

GRIEEL (GRIpper whEEL) is a proto-
type gripper-wheel transformable mechanism,
designed and patented by Masahiro Uda et
all|13][12], member of the SRL Rover Team.
LIMEBRO-GRIEEL is obtained from the as-
sembly of the two systems described above, en-
abling wheeled locomotion in addition to walk-
ing and climbing. The limb structure is repre-
sented in Fig.ba, while the different modalities
are reported in Fig.5b.

The motion controller and the planner respect
the multilayered structure previously defined
and are implemented with an articulated ROS2
architecture[6]. For this research, different im-
plementations of the motion controller have been
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Figure 5: LIMBERO-GRIEEL, limb model and GRIEEL transition sequence

considered, all with a position-based IK inde-
pendent joint controller. In particular, a ready-
to-use joint trajectory controller (JTC) (coming
from the ros2 _control framework) has been used
in the preliminary simulation testing. The DY-
NAMIXELs servomotors’ internal PID is used
with the real system (DYCs). Finally, a custom
independent joint cascade PPI controller is used
with a different simulation configuration (IJCs).

5. Mode Transition Algorithm

In the previous work|[12|, the mode transforma-
tion was defined with a simple but non-reliable
motion sequence, in which the base lay on the
ground during simultaneous module transition.
In this research, the algorithm to change mode
has been designed and implemented with an
adaptable sequence that maintains stability and
dexterity, sustaining the base above the ground.
This algorithm is summarized in Fig.6, and it
consists of anticipative planning and motion task
execution.

In the proposed algorithm, the transformation
is considered as a set of single tasks. First, a
future stable base pose is estimated, and then
the task is executed as base motion, limb raise,
support on three contact points, module tran-
sition, and limb down. This singular module
transformation makes possible hybrid configu-
rations transition, such as three-wheeled driving
with single-limb manipulation.
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6. Simulation and Experiments

Different testing environments have been used,
with different objectives and control systems im-
plementation.

6.1. Motion Controller Tuning

The JTC, used for preliminary algorithm and
communication testing in Gazebo Classic, is con-
figured with an empirical tuning approach. Iter-
ative adjustments with a root-2-end, end-2-root
logic is considered. From the gains of the JTC,
the DYCs gains are adjusted by single limb ex-
periments on the real hardware. Finally, with a
more realistic simulation setup in Gazebo Har-
monic, a custom closed-loop controller has been
implemented, and tuned with a model-based ap-
proach, after deriving a limb dynamic model in
MATLAB from the simulation description.



(a) G2W Experiment results.

i b -G

e

(b) W2G Simulation results.

Figure 7: Experiment and Simulation Results. Locomotion mode transition is executed maintaining
the SS Mg, above the 16%, with average joint tracking error below 0.05rad, and major ATBVME axis

parallel to the desired base motion.

6.2. Preliminary Simulations

This initial simulation setup has been fundamen-
tal for:
e Software update: testing the software to
control GRIEEL’s joints.
e Transformation algorithm: Developing
and testing the mode transition algorithm.
e Reliable physics computation: Gazebo
uses a physics engine that includes forces
such as inertial effect, gravity, and friction,
providing a realistic environment.

6.3. Experiments

The experimental setup is fundamental to ver-
ify if the implemented algorithms and control
structure are correctly integrated with the real
system. In particular, single-limb tests are con-
ducted for safe preliminary experiments. Fi-
nally, simple tasks and the locomotion tran-
sition algorithm are tested on the assembled
LIMBERO-GRIEEL robot.

6.4. Additional Simulations

In this new environment, the problem of feasible
motors’ torque has been considered, and com-
plex motion sequences, not possible with the real
hardware (as discussed in the next), have been
executed.

e IJCs implementation: The new low-level
control infrastructure implemented from
scratch is tested.

e Wheeled Locomotion: The ability to

perform driving forward locomotion is ad-
dressed and analyzed, both on three or four
support wheels.

e Locomotion transition: The transforma-
tion of all GRIEEL modules from G2W and
vice versa is further investigated.

7. Results and Discussion

The results of a G2W experiment are shown
in Fig.7a, while a W2G in Gazebo Harmonic
is reported in Fig.7b. Additionally, in simula-
tion also stable driving locomotion on four and
three wheels has been achieved, showing addi-
tional effort in the three-wheeled locomotion to
maintain stability. The manipulability during
the whole transition sequence is kept with an
almost isotropic shape, meaning that the robot
is ready to move in any direction. The stability
margin is always kept above 15% for all motions.
Finally, also the joint controller tracking perfor-
mance is satisfactory, with a negligible steady-
state error and settling time below 1 second.
The limitations of the real hardware however
have been evident during experiments, and a
counterweight solution has to be integrated into
the setup. Without external base support, limb
motor failure occurs. Moreover, results from
the simulation show joint torques 5 times higher
than the rated torque of the currently employed
motors.



8. Conclusions

The defined objectives have been completed,
and this research contributes to the future au-
tonomy of LIMBERO-GRIEEL in exploring un-
structured environments with smooth locomo-
tion transitions. Simple G2W transofrmation
has been proven in the real system, and multi-
tasking in simulation. Moreover, a generic the-
ory on multilimbed robot manipulability analy-
sis has been derived, and extensions will be con-
sidered. For example, intersecting stable regions
defined by the GIA polyhedron|8| with the ATB-
VME is an interesting future development. Fur-
thermore, integrating task consistent planning
[4] and dynamic manipulability is another pos-
sible future work. Additionally, the robot actua-
tor limitation and missing feedback information
are evident signs of required hardware improve-
ments, already under development at the SRL.

Additional Resources

As supplementary resources, the hard-
ware experiments and simulations have
been documented in a set of videos on
YouTube. Furthermore, the MATLAB
code used for limbed robot kinematic,
dexterity analysis, and algorithm evalu-
ation is on GitHub.
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