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Introduction



Course objectives

Understand the problems underlying manipulation

Overview of hardware and software tools for robotic manipulation
Bibliographical references for further reading

Practice session: manipulation inside a simulator using ROS

¢ Active domain of research. Not all the answers are available.
You can contribute! Interested in a PhD in RAMBQO?



References

Course based on the books:
e Modern Robotics (K. Lynch, F. Park, 2017)
e Handbook of robotics (editors B. Siciliano, O. Khatib, 2nd ed. 2017)
e related scientific publications



http://hades.mech.northwestern.edu/images/2/25/MR-v2.pdf
https://link.springer.com/book/10.1007/978-3-319-32552-1
http://hades.mech.northwestern.edu/images/2/25/MR-v2.pdf
https://link.springer.com/book/10.1007/978-3-319-32552-1

Questions answered by the course

e What is manipulation?

What types of grippers exist?

How many contact points are needed to grasp an object firmly?
Where should the contacts be placed?

How are grasps computed?

How are grasps evaluated and ranked?



What is manipulation?



What is manipulation?

Manipulation: application of motions or forces to purposefully change the state of an object.
Manipulation primitives include:

e pushing e sliding e toppling
e kicking e rolling e etc.
e tapping e pivoting



Manipulation example




Grasping

Complete restraint: prevents loss of contact
Desired: grasp maintenance against unknown disturbing forces and moments
applied to the object (inertia forces, gravity)
Prevent:
e contact separation
e unwanted contact sliding



Closure grasps

Grasps that can be maintained for every possible disturbing load.
e Form closure: restraint by geometry
e Force closure: restraint by contact force and friction

All form closure grasps are also force closure grasps.



Gripper types



Gripper types

Linear

o Jaw

Passive compliant
Flexible soft

e Anthropomorphic
e Granular jamming
e Suction cup

e Magnetic



Gripper types

LINEAR GRIPPER[*]



http://localhost:2080/
http://localhost:2080/

Gripper types

JAW GRIPPER[*]



http://localhost:2080/
http://localhost:2080/

Gripper types

KIRIGAMI GRIPPER[*]



http://localhost:2080/
http://localhost:2080/

Gripper types

PASSIVE COMPLIANT FIN RAY GRIPPER[*]



https://www.frontiersin.org/articles/10.3389/frobt.2016.00070/full
https://www.frontiersin.org/articles/10.3389/frobt.2016.00070/full

Gripper types

FLEXIBLE SOFT GRIPPER [*]



https://ieeexplore.ieee.org/document/7319176
https://ieeexplore.ieee.org/document/7319176

Gripper types

ANTROPOMORPHIC HAND [*]



http://localhost:2080/
http://localhost:2080/

Gripper types

GRANULAR JAMMING GRIPPER [*]



https://www.pnas.org/content/107/44/18809
https://www.pnas.org/content/107/44/18809

Gripper types

SUCTION CUP VACUUM GRIPPER[*]



http://localhost:2080/
http://localhost:2080/

Gripper types

MAGNETIC GRIPPER[*]



http://localhost:2080/
http://localhost:2080/




Contact models

Model Rigid-body models Compliant models
Varieties frictionless e compliance/stiffness model
frictional

Sources of forces

the constraint of incompressibility e derived from the compliance or
and impenetrability between the stiffness model

rigid bodies

surface frictional forces

Advantages straightforward to use e overcome the static indeterminacy
computationally efficient inherent to rigid-body models
compatible with solid-modeling ¢ predict deformations of
software systems. grasped/fixtured parts during loading

Disadvantages static indeterminacy problem e more complicated

ignore object deformations

Source: Handbook of Robotics (2016) 37.1.1 Choosing a Contact Model



Contact mechanics (rigid bodies)

influenced by:
e Contact kinematics
o Contact force model
e Rigid body dynamics
Quasi-static assumption: if motions are slow, then velocity and acceleration terms are negligible.
Therefore contact forces and gravity forces must balance.
contact forces + gravity forces =0



Definitions (recapitulation)

¢ Configuration: a specification of the position of all points of a robot.
o C-space: the space of all configurations of a robot.

e Degrees of freedom (dof): the dimension of the C-space
dof =3 (#freedom of points) - (# of independent constraints)



Definitions

Twist: combination of angular and linear velocity
Vo [w] < angular velocity (3x1 matrix)

v| < linear velocity (3x1 matrix)
In which direction object movement is possible?
Wrench: combination of moment and force
r [m] < moment of force (3x1 matrix)

f| <« force (3x1 matrix)
In which direction object movement can be constrained?
The dot product of a twist and a wrench is power.
VI F = power



(1/3) Contact Kinematics

X

<>

g1, q2: rigid body configurations
q= (¢, g7 )" composite configuration
d(q): distance between two bodies

¢ positive when objects are separated

e zero when they are touching

¢ negative when objects penetrate each other

Source: Modern Robotics (Video supplements) 12.1.2. Contact Types: Rolling, Sliding, and Breaking



https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department
https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department

(1/3) Contact Kinematics
FIRST-ORDER ANALYSIS OF A SINGLE CONTACT

d d d

>0 no contact

<0 infeasibile (penetration)

= >0 in contact, but breaking free
= <0 infeasibile (penetration)

= = >0 in contact, but breaking free
=0 = <0 infeasibile (penetration)

etc.

Contact is maintained only if all time derivatives are zero.



(1/3) Contact Kinematics
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(1/3) Contact Kinematics

A, B are two bodies in contact in space-frame {s}
pA, pp are contact points on the two bodies

p4 = pp at contact
P4, pp = Vvelocities of contact points on bodies A and B

Source: Modern Robotics (Video supplements) 12.1.2. Contact Types: Rolling, Sliding, and Breaking


https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department
https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department

(1/3) Contact Kinematics

Z 4 " DA
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n = contact normal pointing into body A
w4

V= [
VA

P4, P = velocities of contact points on bodies A and B

PA =VA T+ WA X DY
Source: Modern Robotics (Video supplements) 12.1.2. Contact Types: Rolling, Sliding, and Breaking

w
] , Vp = [ B] are the twists of bodies A and B
UB



https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department
https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department

Contact types
ROLLING, SLIDING, AND BREAKING FREE

Two bodies maintaining a single-point contact during motion undergo
a roll-slide motion.

impenetrability AT (py —pB) >0
first-order roll-slide L (p4 —pB) =0
first-order rolling pa—pp =0

Source: Modern Robotics (Video supplements) 12.1.2. Contact Types: Rolling, Sliding, and Breaking



https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department
https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department

Contact types
EXAMPLE 1

B

’UAy‘

VAzx

Source: Modern Robotics (Video supplements) 12.1.2. Contact Types: Rolling, Sliding, and Breaking



https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department
https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department

Contact types
EXAMPLE 1

B
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/R
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VAx

pa—pB =0

Source: Modern Robotics (Video supplements) 12.1.2. Contact Types: Rolling, Sliding, and Breaking



https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department
https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department

Contact types
EXAMPLE 1
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Source: Modern Robotics (Video supplements) 12.1.2. Contact Types: Rolling, Sliding, and Breaking



https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department
https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department

Contact types
EXAMPLE 1
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Source: Modern Robotics (Video supplements) 12.1.2. Contact Types: Rolling, Sliding, and Breaking



https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department
https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department

Contact types
EXAMPLE 1

B
A

Source: Modern Robotics (Video supplements) 12.1.2. Contact Types: Rolling, Sliding, and Breaking



https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department
https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department

Contact types
EXAMPLE 2

B

VB

Source: Modern Robotics (Video supplements) 12.1.2. Contact Types: Rolling, Sliding, and Breaking



https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department
https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department

Contact types

EXAMPLE 2
B
Vi
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Source: Modern Robotics (Video supplements) 12.1.2. Contact Types: Rolling, Sliding, and Breaking



https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department
https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department

Contact types

EXAMPLE 2
B
/\
Vi
VAy
VA
/ "
7 |
R

Source: Modern Robotics (Video supplements) 12.1.2. Contact Types: Rolling, Sliding, and Breaking



https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department
https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department

Contact types

EXAMPLE 2
B
A
Vg
VAy
S VAx
B Vs
5 |
R
FY(Va—-VB)>0

Source: Modern Robotics (Video supplements) 12.1.2. Contact Types: Rolling, Sliding, and Breaking



https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department
https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department

Contact types
ROLLING, SLIDING, AND BREAKING FREE

Two bodies maintaining a single-point contact during motion undergo
a roll-slide motion.

(B) breaking T (py —pB) >0
(S) sliding nT(pa — pB) =0
(R) rolling pa—pp =0

Source: Modern Robotics (Video supplements) 12.1.2. Contact Types: Rolling, Sliding, and Breaking


https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department
https://modernrobotics.northwestern.edu/nu-gm-book-resource/12-1-2-contact-types-rolling-sliding-and-breaking/#department

Contact types
MULTIPLE CONTACTS



Contact types
OTHER TYPES OF CONTACTS

A0, <>

(b) (c) (d) ()

/
(a)

Source: Modern Robotics 12.1.5. Other types of contacts



http://hades.mech.northwestern.edu/images/2/25/MR-v2.pdf
http://hades.mech.northwestern.edu/images/2/25/MR-v2.pdf

Graphical planar methods

Graphical representation of the feasible twist cone of a planar rigid body



Form closure

Form closure of a body is achieved if a set of stationary constraints prevents all motion
of the body.
If these constraints are provided by robot fingers, we call this a form-closure grasp.

Source: Modern Robotics 12.1.7. Form closure



http://hades.mech.northwestern.edu/images/2/25/MR-v2.pdf
http://hades.mech.northwestern.edu/images/2/25/MR-v2.pdf

Form closure
FORMAL DEFINITION



Contact forces and friction
COULOMB FRICTION



Contact forces and friction
COULOMB FRICTION

e 1 friction coefficient

e If sliding velocity v = 0, then the tangential friction force || f;|| is less or equal to the friction coeff u times the
normal force f:

HftH < ufn
e If sliding velocity v £ 0: f; = _”f”ﬁ

e If sliding velocity v = 0,a # 0: f; = —puf,

lall




Coulomb friction
WARNING!

¢ Coulomb friction is only an approximation!

e Multiple solutions or No solutions (inconsistency)

e If we want to prove that a particular desired object motion occurs, we must also prove that no other motion can
occur.



Graphical planar methods

Graphical representation of the positive span of a set of planar wrenches (a wrench cone)
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Source: Handbook of robotics (2016) 37.3.1 Graphical Planar Methods



Force closure



Grasp quality
PRACTICE SUBJECT



Grasp quality
WHY IS IT IMPORTANT?

Not all grasps are equal

Decide which grasp to apply

Ensure rigid grasp

Ensure robust control over object position



Grasp quality
How TO COMPUTE IT?

AV AV

>

]
A A

Both grasps yield form closure, but which is better?

Source: Modern Robotics: 12.1.7.3 Measuring the quality of a form-closure grasp



Grasp metric
How TO DEFINE/COMPUTE IT?

Input:
* a set of contacts {F;}
e an object to grasp

Output:
e a single value Qual({F;})



Grasp metric
EXAMPLE

L] ¢

(b)

Examples of physical interpretation of quality measures based on geometric relations:
(a) Shape of the grasp polygon determined by the internal angles, and area of the grasp polygon;
(b) Distance between the centroid C of the grasp polygon and the object’s center of mass CM.

Source: Grasp quality measures: review and performanc; Roa et al. (2015)



https://link.springer.com/article/10.1007/S10514-014-9402-3
https://link.springer.com/article/10.1007/S10514-014-9402-3

Grasp quality
Example
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Grasp Quality Metric

Grasp quality evaluation

Source: Dex-Net as a Service (DNaaS): A Cloud-Based Robust Robot Grasp Planning System; Li et al (2018)



https://goldberg.berkeley.edu/pubs/CASE2018-pusong-bill-dnaas-final.pdf
https://goldberg.berkeley.edu/pubs/CASE2018-pusong-bill-dnaas-final.pdf

Grasping algorithms



Grasping algorithms

Analytic algorithms

Learning-based algorithms

Approach

Kinematic & Dynamics

Classification and learning
methods

Intuition

For this known object, the
computed optimal grasp is this

| see the object only partially, but
on average for similar objects this
grasp works the best.

Input required

object model

mass, center of mass
inertia matrix

friction coefficient

e depth/RGB+D images

Computational cost Expensive Slow training
Fast inference
Examples Review [*] e 6DOF GraspNet

e DexNet 4.0
e GPD


https://www.sciencedirect.com/science/article/pii/S0921889011001485?casa_token=xamUeYg2H_sAAAAA:MA05M4izrTzaa-gVRoKJvaNR7356z9c-A1GKkrBxUDBPN-q6iUQucpYtg8MIPx5hp8YezH_nUPs
https://ieeexplore.ieee.org/document/6672028
https://www.sciencedirect.com/science/article/pii/S0921889011001485?casa_token=xamUeYg2H_sAAAAA:MA05M4izrTzaa-gVRoKJvaNR7356z9c-A1GKkrBxUDBPN-q6iUQucpYtg8MIPx5hp8YezH_nUPs#br000120
https://github.com/atenpas/gpd
https://www.sciencedirect.com/science/article/pii/S0921889011001485?casa_token=xamUeYg2H_sAAAAA:MA05M4izrTzaa-gVRoKJvaNR7356z9c-A1GKkrBxUDBPN-q6iUQucpYtg8MIPx5hp8YezH_nUPs
https://ieeexplore.ieee.org/document/6672028
https://www.sciencedirect.com/science/article/pii/S0921889011001485?casa_token=xamUeYg2H_sAAAAA:MA05M4izrTzaa-gVRoKJvaNR7356z9c-A1GKkrBxUDBPN-q6iUQucpYtg8MIPx5hp8YezH_nUPs#br000120
https://github.com/atenpas/gpd

Learning-based algorithms
GRASP POSE DETECTION (GPD) IN DENSE CLUTTER



Learning-based algorithms
6-DOF GRASPNET



Learning-based algorithms
CONTACT GRASPNET



Grasping pipeline and related problems



Grasping pipeline and related problems

1. Segment objects

2. Sample grasp candidates

3. Evaluate and sort grasp candidates
4. Add surrounding scene as obstacles
5. Plan arm movement

6. Execute



Example: Contact GraspNet

Contact GraspNet

- optional region of interes

Unknown Object Segmentation

Grasp Contact
Filtering

Source: Contact-GraspNet: Efficient 6-DoF Grasp Generation in Cluttered Scenes; Sundermeyer et al. (2021)



https://arxiv.org/pdf/2103.14127.pdf
https://arxiv.org/pdf/2103.14127.pdf

Where could | work after studying grasping?

ABB

Ambi Robotics

FESTO

Honda research institute
KUKA

Toyota Research Institute
Vicarious



https://global.abb/group/en
https://www.ambirobotics.com/
https://www.festo.com/fr/fr/
https://www.tri.global/research/?department=Robotics
https://www.vicarious.com/
https://global.abb/group/en
https://www.ambirobotics.com/
https://www.festo.com/fr/fr/
https://www.tri.global/research/?department=Robotics
https://www.vicarious.com/

Questions ?

Mihai Andries
mihai.andries @imt-atlantique.fr
Team RAMBO (Brest)



mailto:mihai@andries.eu
mailto:mihai@andries.eu

