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Abstract— This work presents the computational design and
validation of the Multi-Arm Relocatable Manipulator (MARM),
a three-limb robot for space applications, with particular
reference to the MIRROR (i.e., the Multi-arm Installation
Robot for Readying ORUs and Reflectors) use-case scenario
as proposed by the European Space Agency.

A holistic computational design and validation pipeline is
proposed, with the aim of comparing different limb designs, as
well as ensuring that valid limb candidates enable MARM to
perform the complex loco-manipulation tasks required. Moti-
vated by the task complexity in terms of kinematic reachability,
(self)-collision avoidance, contact wrench limits, and motor
torque limits affecting Earth experiments, this work leverages
on multiple state-of-art planning and control approaches to aid
the robot design and validation. These include sampling-based
planning on manifolds, non-linear trajectory optimization, and
quadratic programs for inverse dynamics computations with
constraints. Finally, we present the attained MARM design and
conduct preliminary tests for hardware validation through a set
of lab experiments.

I. INTRODUCTION AND RELATED WORKS

Space applications present unique conditions and op-
portunities for the development of robotics platforms: al-
though robotics technologies for terrestrial locomotion and
manipulation are rather advanced, conditions in the orbital
environment, such as microgravity, pose special requirements
for the design and control of such robots. The International
Space Station (ISS) is a modular space station that serves
research purposes conducted in different science and engi-
neering fields, and as a human outpost in low Earth orbit
for long-duration missions. In order to assist humans in
the various activities on the station, several robotic systems
have been developed and deployed. Internal and external
robotics in low earth orbits encompass a variety of robotic
platforms to facilitate the inspection, maintenance, assembly,
and repair of the station. This includes both humanoids such
as the NASA Robonaut [1] to assist and work alongside the
astronauts and robotic arms mounted outside the station such
as the Canadarm2 [2], the Japanese Experiment Module Re-
mote Manipulator System (JEM-RMS) [3] and the European
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Fig. 1. Final MARM design carrying out Cartesian space validation tests.
Double stance (left), and squatting motions (right).

Robotic Arm (ERA) [4] which are instead used to carry out
extravehicular activities (EVAs).

In this context, we present MARM, a Multi-Arm Relo-
catable Manipulator for loco-manipulation in microgravity
capable of self-relocate through the station to perform a va-
riety of tasks, designed and manufactured by the Humanoid
and Human Centered Mechatronics (HHCM) Lab, at Istituto
Italiano di Tecnologia (IIT), in collaboration with Leonardo
S.p.A and GMV. The robotic platform was designed follow-
ing a computational design (co-design) approach to analyze
and optimize two critical criteria: platform mobility and
flexibility. The devised robot consists of a central body that
connects three limbs with a latching end-effector, through
which power and data are fed to and from the robot. Besides
the transmission, the robot can use the arms to grapple
standard interconnects (SIs), installed on re-configurable
tiles over the station’s surfaces for locomotion purposes,
tile assembly, and handling of Orbital Replacement Units
(ORUs). In order to provide mechanical, data, and power
connections to the robot during the execution of the activities,
the SI choice for this project is the Standard Interface for
Robotic Manipulation (SIROM) [5]. The SIROM provides
a multi-functional interconnect that combines mechanical,
electrical, data, and fluid interfaces into a single connection,
thus simplifying the design of the robot end-effector. The
grasped payloads can be relocated from one position to
another, hence the robot must have the manipulation ability
to retrieve the payload from the body storage or surface,
travel holding the transported payload, and assemble it in the
desired location. In particular, the design and development
of MARM are adapted for the assembly of hexagonal prism
tile with a dimension of 1.2 m (side to side), thickness
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0.2 m, weighting around 12 kg, to form a larger structure.
This application - named MIRROR (Multi-arm Installation
Robot for Readying ORUs and Reflectors) - is pursued by
the European Space Agency (ESA). The multi-arm design
and the dexterity of the MARM robot make the platform
suitable for different types of space applications such as
manufacturing and assembly [6], servicing utilizing in-situ
resources [7], [8], berthing and catching of satellites [9].
Similarly to Canadarm2/ERA robots, MARM should be able
to relocate itself on the space station by crawling. The
main difference between our system and the aforementioned
platforms is the presence of extra limbs attached to a central
base which can serve as a payload bay to facilitate the
manipulation and assembly of large payloads [10]. This
difference allows the robot to perform full body motions
using the kinematics of the floating base. Furthermore, once
in position, the arm(s) used for anchoring can facilitate the
assembly operation by adjusting the MARM central base,
reducing the forces transferred to the station truss. This is
one of the main advantages of having multiple arms instead
of using the same arm for crawling and assembly as indicated
in [11]. Moreover, the presence of multiple arms allows
the robot to perform bi-manual tasks which a robot like
the Canadarm2 can only perform with the Dextre robotic
platform mounted as end-effector [12].

The first phase of the design and development of the
MARM focused on the system specifications of the robot
and limb architecture given the expected mechanical loads
and actuation requirements. This phase has been carried out
within a co-design cycle using a simulated robot prototype.
This allowed the characterization of the kinematics that
enables to reduce the weight and favor the compactness by
determining the essential Degrees of Freedom (DoFs). The
second phase consisted of an in-depth analysis of reacha-
bility, manipulation, (self-)collision avoidance, singularities,
and joint torque, as well as contact wrenches, with the aim
of evaluating the performance of the robot design.

The paper is organized as follows. Section II presents the
proposed co-design and validation pipeline; this pipeline is
employed to generate the final design and of the MARM
prototype, that is presented in Section III. Preliminary tests
and experiments using the real platform are presented in
Section IV. Finally, Section V concludes the work with a
summary of the achieved results, and future work directions.

II. COMPUTATIONAL DESIGN

The preliminary design studies of the MARM robot has
been driven by the following guidelines:

• symmetry: to simplify planning, control, and mainte-
nance;

• modularity: by re-using the same actuator modules;
• compactness: to save weight and space by reducing the

number of DoFs;
• multipurpose kinematics: suitable for generic loco-

manipulation tasks.
These design guidelines were steered by three concrete task
scenarios that the proposed robot will be able to carry out.

According to such scenarios, each of the designed robot end-
effectors shall have the ability to (i) carry a tile, (ii) to be
used as a stance foot locked through a SIROM mechanical
interface to the ground [5], and (iii) to hold a visual probe
that provides near-field perception during manipulation and
assembly phases.

To derive the kinematic architecture of the limbs of the
MARM robot, a series of tests, simulations, and analyses
were conducted. These include (i) sampling-based motion
planning, (ii) trajectory optimization (TO), and (iii) inverse
dynamics computations. The aim of such studies is to provide
a holistic validation pipeline to assess if a given design
is compatible with the MIRROR tasks, in terms of both
reachability as well as considering the maximum interaction
forces that the SIROM interface can resist, which are in
the order of 5 kN for the compression and radial loads,
420 Nm for the maximum axial torque, and 150 Nm for
the bending moments [13]. As an additional outcome of the
proposed validation pipeline, maximum joint torques to guide
the sizing and selection of the MARM actuators are also
obtained.

As initial candidates for the kinematics structure of the
MARM limb, we considered 6 and 7-DoFs anthropomorphic
arms, mounted orthogonally to the robot’s central base in a
symmetric fashion. With the aim to maximize the modularity
of the resulting limb, we construct its kinematics by repeti-
tion of identical yaw and pitch modules (see Figure 2). In
addition, we also consider an in-line ankle assembly made
with a customized pitch-yaw 2-DoFs module. Minimal link
lengths have been considered, which depend on an estimate
of the actuators’ bulk, which was conservatively based on the
dimensions of the most powerful actuator model available.
The resulting total mass is in the order of 90 kg: 25 kg per
limb, plus a 15 kg base link. The set of tunable kinematic
parameters is therefore given by the two main link lengths,
as illustrated in Figure 2.
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Fig. 2. Overview of the preliminary MARM breadboard kinematics and
dimensions considered.

The aim of the robot co-design is the selection of the best
parameters combination that allows the kinematic task execu-
tion while respecting the geometric and kino-dynamic con-
straints, according to the simulation previously mentioned.
This goal has been accomplished through a streamlined

11888



pipeline that programmatically generates a robot model by
iteratively increasing the adjustable link lengths and evaluates
its feasibility by attempting to solve the validation pipeline
that is described in Section II-A and Section II-B.

A. Motion planning and inverse dynamics

Each model generated by our pipeline, shown in Figure 3,
is tested in two types of scenarios in order to evaluate link
lengths, joint torques, and contact wrenches both in the
presence and absence of gravity:

• in double stance configuration while the free limb
moves toward the next tile at the given distance of
1.5 m, with and without carrying the tile payload,

• in single stance configuration while one of the other
limbs moves toward the next tile at the given distance
of 1.5 m, with the second free limb carrying a tile.

While the first scenario permits the evaluation of the kine-
matics reachability in a constrained double stance case, the
second one is the most challenging in terms of loading and
contact wrenches because a single limb of the MARM robot
must support the weight of the entire robot. Despite this may
not be a particular problem in a space scenario, where the
gravitational load is negligible and joint accelerations are
predominant, it becomes crucial for Earth experiments.
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Different models of the MARM robot are 
generated. Links length are selectively 
chosen randomly.

A smooth joint-space, collision-free 
trajectory is computed using a 
sample-based planner.

Joint torques and contact forces are 
computed according to the planned 
trajectory.

Fig. 3. Simulation and analysis pipeline.

We rely on a planning pipeline based on OMPL [14] to
generate a collision-free trajectory for the MARM candidate
that connects the two adjacent stances. To obtain a contact-
consistent motion, the planning problem must be constrained
inside the non-linear manifold given by the contacts. A
projection approach has been therefore used to guide the
expansion of the search tree through sub-spaces tangent to
the manifold itself, guaranteeing constraints consistency. Fi-
nally, feasible start and goal configurations that enhance the
reciprocal connectivity between stances have been generated
following the work done in [15].

The main objective for this set of simulations is to
evaluate the kinematic capability of the generated topology
in performing the considered motion scenarios subject to
worst-case conditions, i.e. under 1g gravity acceleration and
with one arm holding the tile payload. In order to compute
the required joint torques and contact forces to perform
the planned trajectory, we run an inverse-dynamics based
solver to find the joint accelerations and contact forces that

realize the reference joint positions given the floating-base
dynamics and contact constraints. The resulting optimization
problem can be solved by means of Quadratic Programming
optimization [16], [17]. Joint torques can then be computed
from the optimal joint accelerations and contact forces, while
joint positions and velocities are computed by integrating the
obtained joint accelerations. For the sake of brevity, we here
report the results in the case of single stance contact, while
carrying a tile with no gravity, for the selected kinematics,
see Figure 4. The top graph on the left present a box plot of

Fig. 4. Tile transport without gravity, single stance worst case. For every
newly generated robot, a start and a goal configuration, in blue and green
respectively, are randomly generated lying on the contact manifold. The
kinematic, collision-free solution in violet from the sample-based planner is
computed connecting the start and the goal. Finally, the inverse dynamics
to track the solution is evaluated, in yellow.

the joint torques, which for the no gravity case are very low,
under 20 Nm, also for decent fast movements. The second
and third graphs show the force and torques respectively, at
the Tool Center Point (TCP), representing the norm of the
interaction forces between the foot of the MARM robot and
the SIROM interfaces, that are under the maximum allowed.
These experiments permitted us to assess that the selected
kinematics of the MARM robot limb is capable to perform
the required motion tasks.

B. Trajectory Optimization for the single stance scenario in
presence of gravity

While in absence of gravity, the motion and carrying
strategy are not particularly important for the purpose of
minimizing the joint torques and contact forces, it became
fundamental in the Earth scenario of the MARM robot where
preliminary experiments will be carried on, particularly for
the most challenging case of a single limb contact with the
ground while the robot is taking the next step or perform-
ing a manipulation task with the other limbs. Clearly, the
minimum-effort pose for the stance leg corresponds to the
fully stretched configuration of the stance leg. However, this
configuration is kinematically infeasible, as it does not allow
the swing foot to extend enough to cover its required motion,
and a trade-off arises.

In order to compute a pose that is compatible with both
the task kinematics and the assumed maximum static load

11889



from the motors, we set up the following TO problem where
the joint space trajectory is optimized to minimize motion
under quasi-static assumption, subject to

• kinematic task requirements (i.e., the MARM candidate
must be able to move the swing foot between adjacent
SIROM sockets);

• torque limits;
• contact force limits due to the SIROM interface.

On top of these basic tasks, we add further constraints
and cost terms to avoid self-collisions, promote a horizontal
orientation of the robot base link, and regularize the value
of the contact wrench. The resulting non-linear TO problem
is formulated and solved using the recently published Hori-
zon [18] framework. If feasible, the optimal solution results
in the required minimum effort posture, plus an intuitive
motion strategy: the robot pivots around its contact point
by moving the most distal yaw joint of the stance leg, as
shown in Figure 5. To evaluate the total joint torques and

Fig. 5. Snapshots of the simulation studies executed with the optimized
trajectories.

contact wrench, including dynamical contributions from the
robot inertia, we feed the obtained joint space trajectory into
our inverse dynamics solver, yielding the results shown in
Figure 6. Notice how the hip and knee joint never exceed
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]

Fig. 6. Joint and contact mechanical loading with the optimized trajectories
for the single foot at stance case under full gravity condition.

200 Nm torque, whereas ankle joint torques are kept below
the 100 Nm threshold.

C. Workspace and reachability analysis

In this set of numerical simulations, we tested the capabili-
ties of the selected kinematics and dimensions in reachability
tasks. We first consider a reachability problem, which we
solved using the CartesI/O framework [19]. At first, the
robot is in double stance and uses the free leg to reach two
adjacent tiles, placed on the left and on the right respectively,
of the actual tile. This represents a very constrained case,
however, the robot is capable to move the remaining free leg
and the base to the two goals, see Figure 7 (left sub-plot).
Consecutively, one leg is detached from the ground passing
from a double stance to a single stance configuration. In this
case, the robot is capable to reach other tiles placed further
with the free leg, see Figure 7 (right sub-plot). In both cases,

Fig. 7. Free limb reachability trial with the robot at double and single
stance support.

we emphasize the possibility to keep the base upright while
moving the end-effectors at constant orientation.

Secondly, we analyzed the workspace focusing on one
single vertical plane passing through the most proximal yaw
motor axis. The overall workspace in 3D space is then
obtained by rotating the obtained planar workspace around
the yaw axis itself. Furthermore, is it assumed that the
end effector approach axis must be kept perpendicular to
the ground plane in order to ensure correct locking to the
SIROM socket. In this scenario, for any given base height,
the far boundary of the workspace is obtained by applying
simple trigonometric rules, as shown in Figure 8a. The near

a. b.

Fig. 8. On the left, reachability and workspace considerations of the
selected limb kinematics. On the right, near workspace boundaries due to
the specific kinematic choice.

workspace boundary is instead affected by the specific kine-
matic arrangement of choice. In particular, selecting pitch
joints with offset input/output links allows for an optimal
folded configuration, but restricts the inner workspace so that
D ≥ Dmin, with Dmin being equal to the pitch offset length,
as shown in Figure 8b. Such a restriction can be avoided:

• by adopting an in-line ankle pitch joint, at the expense
of optimal foldability;
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• by adding a yaw joint after the first pitch joint, increas-
ing the system complexity and total weight and leading
to a 7-DoFs arrangement.

Such solutions can be compared in terms of worst-case
manipulability, that is the ratio between the end-effector
velocity along the least controllable direction and the norm of
the joint velocity vector that achieves it. Computing such an
index over the nominal trajectory shown in Figure 9, results
in the plot shown in Figure 10. It can be noticed how the

Fig. 9. Nominal trajectory path used to compute the manipulability of the
kinematic arrangement.

workspace near-limit of the 6-DoFs offset ankle design (blue
line) is reduced to a single point with an in-line ankle design
(red line). Furthermore, as expected, a 7-DoFs offset ankle
design completely removes any singularity point inside the
robot arm workspace (yellow line).

Fig. 10. Manipulability index along the defined trajectory path of Figure 9
for the configuration in the simulation studies for the 6-DoFs with offset
ankle, 6-DoFs with in-line ankle, and the 7-DoFs with offset ankle.

III. FINAL DESIGN AND PROTOTYPE

A prototype of the MARM robot has been manufactured
following the design guidelines derived in the previous
section. The selected final MARM limb kinematics consists
of 6-DoFs, which implement a 2-DoFs shoulder/hip complex,
an elbow/knee joint, and a 3-DoFs wrist/ankle complex. The
three arms are mounted around a central body, in a triangular
arrangement, as shown in Figure 11. The prototype weighs
94.4 kg, with a pelvis mass of 25.1 kg, and 23.1 kg per arm;
with the legs fully extended, the robot is 1.47 m tall.

Based on the simulation studies performed during the
preliminary design phase, two actuator sizes were identified
based on the torque requirements results obtained from

Fig. 11. Final design and footprint of the MARM prototype.

simulations. Based on this, IIT designed two sizes of ac-
tuation modules that were scaled/tuned to provide the torque
demands identified for the different joints. The two actuator
sizes were inherited from the foundation actuation family
developed in previous projects at the HHCM lab [20]. The
actuation units are realized based on two main assemblies:
one consists of a frameless brushless DC motor, and the
other includes a Harmonic Drive gearbox and the torque
sensor unit. The actuators employ a 19-bit magnetic encoder
measuring the absolute rotor position and serving the Field
Oriented control implemented on the motor driver, and a
19-bit magnetic encoder for measuring the absolute link po-
sition. Using these two actuator sizes, 2-DoFs body modules
were realized and interconnected to form the 6-DoFs arm
kinematics derived from the simulation studies. A torque
sensing load cell is mounted between the output link and
the Harmonic Drive.

IV. PRELIMINARY MARM VALIDATION

We now introduce the preliminary results from tests per-
formed on the real MARM platform prototype. The MARM
software architecture is based on the XBotCore [21] and
CartesI/O [19] frameworks, used to implement and execute
the testing motions.

A. Gravity compensation testing

The purpose of this first assessment was to verify the
synergistic consistency and accuracy of the MARM mass
properties and URDF model in general, and the joint sensing
and control performance. Starting from an initial configura-
tion the feed-forward gravity torque was fed to the joint-level
control boards as computed from the URDF model of the
robot. Following the application of the feed-forward gravity
compensation torque, the stiffness and damping gains of
the joint impedance controller were reduced to zero leaving
the three MARM arms free to move and supported only
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by the gravity compensation torque, see Figure 12. The

Fig. 12. A human operator freely manipulates the MARM arms under
gravity compensation with joint impedance gains set to zero.

test confirmed the adequate synergistic performance of the
robot model and joint torque sensing and control, Figure 13,
demonstrating minimal drift effects while a human operator
was regulating freely the posture of the MARM arms.

Fig. 13. Joint torque tracking during gravity compensation.

B. Assessment of Cartesian pose accuracy and repeatability

The purpose of this test was to perform a first assessment
of the Cartesian pose and motion accuracy of one of the
MARM arms while executing a pick-and-place task. The task
was performed in a cyclic manner in order to evaluate the
repeatability of the arm through a number of trials involving
the reaching of the predefined target pose within the arm
workspace. In Figure 14 are reported the results in terms

Fig. 14. Cartesian poses reached performing the pick-and-place task with
a single arm.

of the final Cartesian position achieved w.r.t. the goal, for
the z and y axes. It is possible to see that the MARM arm
shows good performances both in terms of repeatability and
precision. All the trials can be located inside a circle of
0.12 [mm], with the maximum error on the y-axis under
the [mm], and for the z-axis under 2.5 [mm].

C. Cartesian Space testing in contact with the environment
Further Cartesian-space tests have been carried out, where

the robot is placed on the ground, and must therefore hold its
own weight. We validated the final MARM performance by
executing squatting motions, as well as balancing it on two
feet, as depicted in Figure 1, and in the accompanying video,
too. The attained tracking performance and joint torques are
shown in Figure 15.

Fig. 15. Joint tracking of one MARM limb and corresponding joint torques,
while executing a set of Cartesian-space motions.

V. CONCLUSIONS

This work presented a codesign and validation pipeline
applied to the study, design, and manufacturing of the
MARM robot. The proposed pipeline consists of numerical
simulations based on sampling-based planning, trajectory
optimization, and inverse dynamics/kinematics, to aid the
selection of limb lengths, characterize motor sizing, and
study the whole MARM kinematics according to the given
task requirements, as specified by the MIRROR application
by ESA. We presented results from the proposed pipeline,
as well as preliminary tests on the final hardware platform,
demonstrating high-fidelity position and torque tracking, and
advanced loco-manipulation capabilities. Future works will
comprise the deployment of the MARM robot in a use case
scenario in which the robot will execute loco-manipulation
tasks using the standard interfaces on its end-effectors to
grasp, move and assemble tile modules with one of its arms
while using the other two arms to grasp the floor tiles and
locomote in the use case scenario infrastructure.
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