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High requirements of on-orbit assembly tasks:

• Reliability, efficiency, and safety

Deployment of autonomous robots, particularly for tasks characterized by operations:

• Repetitive, structured, and standardized

Future and under-development 
missions will require extensive use of 
on-orbit assembling and 
manufacturing.
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gripers at their end-effectors. 

3D camera located at the robot body. 

The presented approach is also evaluated with a 
humanoid robot:

•Two robotic arms with grippers.

•Seven degrees of freedom each arm.

•Robot head with a range camera

Output

Robot base trajectory
End-effectors trajectories and 

forces

Input

Robot 
configuration

Desired
location

Maneuver
duration

Number of
steps
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Task

Optimization
problem

Path
planning

Actuators

COMPLEX TASK

ROBOT

KINEMATICS DYNAMICS

OBJECTIVE

ROBOT BODY 
LOCATION

NUMBER OF 
STEPS 

MANEUVER 
DURATION

WORKSPACE

3D MAP OF 
THE 

WORKSPACE 
FRICTION

Nonlinear programming solver
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Find 𝒓 𝑡 ∈ ℝ3 (Base position, CoM)

𝜽 𝑡 ∈ ℝ3 (Base orientation)

for each leg 𝑖 ∈ 1, … , 𝑁 :

𝒑i 𝑡 ∈ ℝ3 (end-effector leg trajectory)

𝒇i 𝑡 ∈ ℝ3 (force at a contact point)

Cost function to be minimized: 

Φ = න
0

𝑇



1

𝑁

𝜎𝑖1 𝒇𝑖
𝑥 𝑡

𝟐
+ 𝜎𝑖2 𝒇𝑖

𝑦
𝑡

𝟐
+ 𝜎𝑖3 𝒇𝑖

𝑧 𝑡
𝟐
+ 𝜎4 ሶ𝒓𝑥 𝑡

𝟐
+ 𝜎5 ሶ𝒓𝑦 𝑡

𝟐
+ 𝜎6 ሶ𝒓𝑧 𝑡

𝟐

Decision variables and trajectory optimization objective

𝒇1

𝒇4
𝒇3

𝒇2𝒑1

𝒑4 𝒑2
𝒑3
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s Leg trajectories and decision variables

𝒇1

𝒇4
𝒇3

𝒇2𝒑1

𝒑4 𝒑2
𝒑3

Leg movements are 
defined by the 
duration of the 
continuous phases 
∆𝑇𝑖

Multipod centre trajectory: 𝒓 𝑡
Mutipod centre attitude: 𝜽 𝑡
For each leg i (𝑖 = 1…𝜁)

Phase durations: ∆𝑇𝑐𝑖,1, ∆𝑇𝑛𝑐𝑖,1, … , ∆𝑇𝑐𝑖,𝑁, ∆𝑇𝑛𝑐𝑖,𝑁
Leg trajectory: 𝒑𝑖 𝑡, ∆𝑇𝑐𝑖,1, ∆𝑇𝑛𝑐𝑖,2…

Interaction force: 𝒇𝑖 𝑡, ∆𝑇𝑐𝑖,1, ∆𝑇𝑛𝑐𝑖,2…
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Force and position parameterization

𝒇1

𝒇4
𝒇3

𝒇2𝒑1

𝒑4 𝒑2
𝒑3

Splines are used to code 
the end-effector 
trajectories and contact 
forces depending on the 
grasping or free phase

Physic constraints
The end-effector position 
𝒑𝑖 𝑡 cannot be moved during 
the grasping
Contact forces 𝒇𝑖 𝑡 cannot 
appear during the free phase
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Kinematic constraint

Dynamic constraint

𝑹𝑏 𝒑𝑖 𝑡 − 𝒓 𝑡 − 𝒑𝑛𝑖 < L𝑖

Kinematic constraints

𝑚 ሷ𝒓 =

𝑖=1

2

𝒇𝑖 𝑡

𝑴𝐼 ሶ𝝎 𝑡 + 𝝎 𝑡 ×𝑴𝐼𝝎 𝑡

=

𝑖=1

2

𝒇𝑖 𝑡 × 𝒓 𝑡 − 𝒑𝑖 𝑡

𝒖 − 𝒖𝑒=
𝑴𝑏𝑏 𝑴𝑏𝑖

𝑴𝑏𝑖
𝑇 𝑴𝑖𝑖

ሷ𝝐+
𝒄𝑏
𝒄𝑖

𝝐 = 𝒓𝑇 , 𝜽𝑇 , 𝒒𝑖
𝑇 𝑇

Robot body and legs joint acceleration

External disturbances

Body inertia and 
coupled inertia matrix
between body and legs

Input vector
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Trajectory optimization constraints

Initial multipod body state: 𝒓 𝑡 = 0 = 𝒓0, 𝜽 𝑡 = 0 = 𝜽0
Desired multipod body state: 𝒓 𝑡 = 𝑇 = 𝒓d, 𝜽 𝑡 = 𝑇 = 𝜽d
Multipod dynamics constraint: ሷ𝒓 𝑡 , ሶ𝝎 𝑡 T = 𝑭d 𝒓 𝑡 , 𝒑i 𝑡 , 𝒇i 𝑡

For each leg i (𝑖 = 1… ζ)

Multipod kinematics constraint: 𝒑i 𝑡 ∈ 𝒦i 𝒓 𝑡 , 𝜽 𝑡

If leg i is in contact with the workspace (𝑡 ∈ 𝒞i):
The leg end-effector does not slip: ሶ𝒑i 𝑡 ∈ 𝒞i = 0

The leg maintains the contact with the workspace: 𝒑i
z 𝑡 ∈ 𝒞i = 𝒎 𝑝i

x, 𝑝i
y

Friction constraints 𝒇𝑡1 < 𝜇𝒇𝑖
𝑇𝒏 𝑝𝑖

𝑥, 𝑝𝑖
𝑦

, 𝒇𝑡2 < 𝜇𝒇𝑖
𝑇𝒏 𝑝𝑖

𝑥, 𝑝𝑖
𝑦

If leg i is not in contact with the workspace (𝑡 ∉ 𝒞i):
The leg does not exert forces: 𝒇i 𝑡 ∉ 𝒞i = 0



j=1

N

∆Tci,j + ∆Tnci,j = T
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Weighted controller defined as a convex optimization problem

min
ሷ𝒒,𝒇,𝝉

𝝍𝑟𝑘
2 = min

ሷ𝒒,𝒇,𝝉

1

2
ሷ𝒒𝑇𝑰 ሷ𝒒 − ሷ𝒄𝑑𝑘 +𝑲𝑑

ሶ𝝍𝑘 +𝑲𝑝𝝍𝑘
𝑇
ሷ𝒒min

ሷ𝒒,𝒇,𝝉


𝑘=1

𝑚
1

2
𝜌𝑘 𝝍𝑟𝑘

2

Controller objective: to determine the values of the accelerations of all the robot degrees of 
freedom, end-effector forces and forces/torques to be applied in all the actuated joints ( ሷ𝒒, 𝒇 y 𝝉). 
Controller definition: optimization of an objective function that allows the system to perform a set 
of m tasks, 𝝍𝑘 , 𝑘 = 1…𝑚. c

Tasks optimization 

Task to be optimize for the joint trajectory tracking:

Dynamic model: 𝑴𝑖𝑖
∗ −𝑱𝑖

𝑇 −𝑰

ሷ𝒒𝑖
𝒇𝑖
𝝉𝑖

= −𝑪𝑖
∗ + 𝝉𝑒

𝑱𝑔𝑖 0 0
ሷ𝒒𝑖
𝒇𝑖
𝝉𝑖

= − ሶ𝑱𝑔𝑖 ሶ𝒒𝑖 − ሶ𝒗𝑔𝑒Static kinematics:

Constraints

Additional constraints: friction, maximum torque, etc.
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ROS/Gazebo: standard tool for testing and developing control algorithms for ground-based robotic systems.
OnOrbitROS: 

A unified open-source tool for on orbit space-robotics
Simulation of complex space robotic systems 
Using packages already developed in ROS for control, vision, teleoperation,etc.

It is possible to simulate robotic operation for OOS, without the need of ad-hoc coded simulation tools but 
relying on a well-validated tool.

https://github.com/OnOrbitROS

https://github.com/OnOrbitROS
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Configuration 1: Multipod robot Configuration 2: Humanoid robot
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Experiment 1. Multipod robot.

Displacement of 2.1 m along x direction

Lineal and angular acceleration of the robot body 

Position and orientation of the robot body

x

y

z
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Experiment 1. Multipod robot.

Displacement of 2.1 m along x direction

Legs end-effector forces 3D 
position

x

y

z
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Experiment 2. Humanoid robot.

Displacement of 0.6 m along x direction and rotation of -0.25 rad around z axis
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Experiment 2. Humanoid robot.

Lineal and angular acceleration of the robot body 
Position and orientation of the robot body

Displacement of 0.6 m along x direction and rotation of -0.25 rad around z axis



 

 

 

 

 

time (s) 

time (s) 

b) 

a) 
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Experiment 2. Humanoid robot.

Displacement of 0.6 m along x direction and rotation of -0.25 rad around z axis

3D end-effector position and forces (left arm) 3D end-effector position and forces (right arm)

Non-contact

 

 

 

 

time (s) 

time (s) 

b) 

a) 
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Experiment 3. Humanoid robot.

Movement of 1 m along the x direction. Use of multiple handrails.
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◉ Path planning and control of multipod robots in on-orbit servicing scenarios.

◉ A trajectory optimization formulation is presented to define the path 
planning problem. The control problem is defined as a weighted controller 
proposed as a convex optimization problem.

◉ Simulation results carried on in ROS/Gazebo environment show that the 
overall control architecture (trajectory optimizer + controller) is sufficiently 
robust and allows for complex and articulated motion. 

◉ Future work:
◎ To include additional perturbations in the simulation system such as drag perturbations.

◎ Simulation and evaluation of the trajectory generation with thrusters.

◎ Application to on orbit manufacturing
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