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Intrinsic	vs.	Extrinsic	Dexterity	



[Nikhil	Chavan-Dafle	et	al.,	“Extrinsic	Dexterity:	In-Hand	ManipulaAon	with	
External	Forces”,	ICRA	2014]	

Exploit	Robot	Environment	
Extrinsic	Dexterity	



High	accuracy	–	High	force	–	High	speed	–	Large	Workspace	

Controlled	Pushes	against	the	Environment	
Extrinsic	Dexterity	



Controlled	Pushes	against	the	Environment	
Extrinsic	Dexterity	

…	plan	these	mo@ons?	

…	monitor	their	execu@on?	

…	make	them	reliable?	

…	make	them	fast?	

How	to	



Plan	arm	mo@ons	to	“move	the	environment”	

Problem	DescripAon	
Prehensile	Pushing	



Given:	
ü  Shape	and	mass	of	object.	
ü Kinema1cs	of	gripper.	
ü  Loca1on	of	contacts.	

	
	

ü  Fric1on	coefficients.	
ü Gripping	forces.	
ü Pushing	force.	

Find	mo@on	and	forces	applied	to	the	object.	

Problem	DescripAon	
Prehensile	Pushing	



1	-	Need	to	model	reliability	
Sensi@vity	to	kinema@cs,	gripping	force,	and	pushing	velocity.		

Main	Challenges	
Prehensile	Pushing	



ü Kinema1c	constraints	from	different	contact	geometries.	

ü  Linear	and	rota1onal	fric@on.	
ü Computa1onally	tractable.	

Main	Challenges	
Prehensile	Pushing	

2	-	Need	to	model	complex	contacts	
In	order	to	exploit	them	



ü Newtonian	mechanics.		
ü Rigid	body.		
ü Unilaterality	of	contact.		
	
	
	
	

ü  Fric1on	laws/principles.	
ü Complex	contacts.		
ü Mo@on	of	the	pusher.		

Find	a	trajectory	of	forces	and	mo1ons	that	respects	

[Nikhil	Chavan-Dafle	et	al.,	“Prehensile	Pushing:	In-Hand	ManipulaAon	with	
Push	PrimiAves”,	IROS	2015]	

Problem	FormulaAon	
Prehensile	Pushing	



ü Newtonian	mechanics.		

ü Rigid	body	and	mo1on	of	
the	pusher.		

ü Coulomb	fric1on.	

	

ü Unilaterality	of	contact.		

ü Complex	contacts.	

		

any other point on the line. Similarly, in the case of a planar
contact, three points determine the behavior of the entire
patch. In general, for a contact of dimension m (1-line, 2-
planar), discretized into k constituent points, we impose:
· k friction cone constraints and k maximal dissipation

constraints, one at each constituent contact, relating
their respective forces and accelerations.

· 3k�m�4 independent constraints relating the acceler-
ations of the k constituent points, to impose they move
rigidly attached to each other. For example, for the case
of a line contact (m = 1), given the accelerations ~a1,
~a2 at two constituent points p1, p2, the acceleration ~a

j

at any other constituent point p
j

must satisfy:

~a

j

= ~a1 +
~a2 � ~a1

dist(p2, p1)
dist(p

j

, p1) (5)

yielding a total of 3(k � 2) = 3k � 6 constraints.
We further impose that the accelerations at points p1

and p2 have equal projection along the axis between
them, making for a total of 3k � 5 constraints. For a
planar contact, we similarly construct the constraints
by linearly interpolating the accelerations from three
reference points.

· The sum of the normal forces at all constituent contacts
to be equal in magnitude to its desired gripping force:

X

j=1...k

�

nj = Gripping force (6)

V. GRASP MODELING

In this section we review the use of matrix analysis to
study the first order stability of a grasp by a set of point
contacts [24], and detail the process to augment it to consider
the effect of an external pusher. Let p1 . . . pn, pext1 . . . pextm
be the set of all internal and external point contacts in the
grasp, including all constituent points of all contacts.

A. Grasp Matrix
The grasp matrix G defines the span of all possible

wrenches transmitted by all contacts to the object, in the
object reference frame. Following the notation in Section IV-
A, for any given contact point p

i

, the matrix G
i

= [n̂
i

t̂

i

ô

i

]
linearly spans the set of forces that contact i is capable of
transmitting to the object. Then the contact force transmitted
by p

i

to the object is G
i

·⇤
i

. We build grasp matrix G by
concatenating matrices G

i

’s for all the contacts:

G =
h
G1 . . .Gn

Gext1 . . .Gextm

i
(7)

We collect ⇤
i

’s for all the contacts into a big vector ⇤ which
allows us to compute the total wrench on the object as G ·⇤.

We can write equivalent expressions for the polyhe-
dral approximation of friction cone, where now G =
G

i

= [n̂
i

d̂1i . . . d̂gi ] spans the set of forces that contact
i can transmit to the object, and ⇤

i

is the column vec-
tor [�

ni ,�1i . . .�gi ]
> with their corresponding magnitudes.

Analogously, we build G and ⇤ by concatenating them for
all contacts. Then, the contact force transmitted by point i is
G

i

·⇤
i

, and the total wrench applied on the object G ·⇤.

With this notation, we can finally write down the condition
for the stability of the grasp (force balance on the object) as:

G ·⇤+ ~w = M · ~aobj (8)

where ~w is the gravitational wrench applied on the object, M
is the generalized inertia matrix, and ~aobj is the acceleration
of the object in the object frame.

B. Hand Jacobian Matrix
The hand jacobian matrix J encodes the motion of actuator

joints into local motions at contact points. We construct it
as J> = [J>

1 . . .J>
n

], where J
i

has one column for each
hand actuator and expresses the induced local velocity at
point contact p

i

in the local frame hn̂
i

, t̂

i

, ô

i

i. We extend the
hand jacobian to include the effect of the external pusher
discretized into m points pext1 . . . pextm like:

J> =
⇥
J>
1 . . . J>

n

J>
ext1 . . . J>

extm

⇤
(9)

where, under the assumption that the hand is moved by a
robot arm with full 6DOF workspace dexterity, we model the
virtual actuation of the first external contact as the identity
matrix J>

ext1 = I6. The jacobian matrices of all the other
external points are reflections of the kinematic change from
their corresponding local frames to the frame at the first
contact. Note that relying on the arm kinematics gives us full
dexterity over that contact point, which ultimately provides a
level of dexterity and accuracy hard to achieve in traditional
in-hand manipulation limited to gripper dexterity.

C. Contact Accelerations
The local accelerations at contacts are related to the

accelerations of the object, hand, and pusher. We can look
at the motion of a contact point from two perspectives:
· From the object point of view, the grasp matrix relates

the acceleration of the object to the acceleration at all
contacts as G> · ~aobj.· From the hand point of view, the hand jacobian ma-
trix relates the accelerations of the actuators ✓̈ to the
accelerations at all contacts as J · ~✓̈.

Note that ✓̈ includes both the motion of the actuators of the
gripper, which (although not necessary) we will assume to
be zero, and the “virtual” actuators of the pusher, for which
the Jacobian is the identity. The relation formulates then as:

~a = G> · ~aobj � J · ~✓̈ (10)

VI. THE MECHANICS OF PREHENSILE PUSHING

In this section we summarize our model of the mechanics
of prehensile pushing. We assume that the pushing operation
starts from a static grasp, and that the pushing speed is
slow enough that frictional forces dominate over inertia—
the quasi-dynamic assumption. The quasi-dynamic nature of
the formulation allows us to describe all constraints directly
in terms of contact forces and contact accelerations. The
following sections sums up the set of constraints that define
prehensile pushing, and describes an approach to find a
solution.

Problem	FormulaAon	
Prehensile	Pushing	

[Nikhil	Chavan-Dafle	et	al.,	“Prehensile	Pushing:	In-Hand	ManipulaAon	with	
Push	PrimiAves”,	IROS	2015]	



Problem	formula@on	based	on	many	assump1ons:	

ü Uniform,	isotropic,	and	determinis@c	Coulomb	fric@on.		

ü Maximum	power	dissipa@on.	

ü Quasi-dynamic	interac@on.	

ü Rigid	contact.	
ü  Perfect	knowledge	of	geometries	and	iner@as.	

How	usable	is	the	model?	

Problem	FormulaAon	
Prehensile	Pushing	



Figure 8: Robot Manipulation Arena in its current
state. Main components are two synchronized indus-
trial robotic arms with sub-millimeter motion accuracy,
a motion capture system to capture part motions, fin-
gertip and environment 6 axis F/T sensors, all synchro-
nized and running at 250Hz.

This proposal will help develop the necessary infrastructure to plan, execute, and monitor autonomous
experiments. In particular, the Robotic Manipulation Arena will have the capability to:

• Control. Reproduce accurate and controlled trajectories of an end effector. The robot will emulate
systemic defects of real robotic platforms such as noise in sensing or actuation, latency in execution
or limited workspace reachability.

• Observe. Observe with high accuracy and frequency the state of the manipulation task, including
the poses of objects and manipulator, contact states, and contact forces. Special emphasis will be
set on the real-time and low-latency accessibility of these feedback so that we can investigate loop
closure in manipulation with ground truth, as well as by emulating partial, noisy and/or delayed
observability.

• Configure. Set of autonomous capabilities to set up initial conditions for the execution of exper-
iments. These include techniques for re-positioning an object to a given location/configuration and
re-configuring the environment.

• Execute. Autonomous execution and monitoring of 24/7 experiments. The goals are: 1) To enable
the on-line algorithms described in Section 2.4 for closed-loop learning; and 2) To capture the
execution of a given manipulation task for variations on initial conditions of parts, variations on
environmental conditions, and variations of the system dynamics under controlled and observable
noise and/or defects.

3.2 Physical interaction and Data Science. Statistical contact mechanics.

The RMA described in Section 3.1 will enable a tighter connection between recent advances in data
science, learning, and in robotic manipulation by providing high quality ground truth for controlled real
experiments. We are motivated by the need for better instrumentation for observing and controlling
manipulation processes. We believe this will give us a deeper understanding of manipulation, and will
contribute with realism and size to the data-driven approach to manipulation. The range of potential
applications for a Robotic Manipulation Arena is large. We highlight:

• Data sets. Collection of large and open experimental data sets of physical interaction. The
experimental nature of the data sets is essential to foster research in manipulation that is not
disconnected the real world. These data sets will involve contact phenomena such as friction and
impact for which we only have approximate models.

• Evaluation and bench-marking of existing models of contact dynamics and simulators without
the nuances and biases of synthetic data.
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Prehensile	Pushing	

We	need	model	valida1on	



[Roman	Kolbert	et	al.,	“Experimental	ValidaAon	of	Contact	Dynamics	for	In-
Hand	ManipulaAon”,	ISER	2016]	

Varia@ons	in:	

ü Contact	geometry.	

ü Gripping	force.	
ü  Pusher	mo1on.	

ValidaAon	
Prehensile	Pushing	

Automated	Experimental	Setup	

Capture:	

ü Mo1on	of	robot	and	object.	

ü  Forces/torques	at	all	contacts.	



[Roman	Kolbert	et	al.,	“Experimental	ValidaAon	of	Contact	Dynamics	for	In-
Hand	ManipulaAon”,	ISER	2016]	

ValidaAon	
Prehensile	Pushing	

Experiment:	Pivo1ng	Push	



ValidaAon	
Prehensile	Pushing	

Experiment:	Linear	Push	

[Roman	Kolbert	et	al.,	“Experimental	ValidaAon	of	Contact	Dynamics	for	In-
Hand	ManipulaAon”,	ISER	2016]	



Prehensile	Pushing	
Challenges	Challenges	

Prehensile	Pushing	

Variability	
During	experiments	with	same	ini@al	condi@ons.	

Stability	
Some	pushes	are	s@ll	inherently		
unstable	and	difficult	to	control.	



ü  Extrinsic	dexterity	-	specially	for	simple	gripers.	

ü  Good	approxima@on	to	contact	dynamics.		

ü  Evaluate	and	reinforce	with	data	when	possible.	
ü  Close	the	loop!	

MCube	
Lab	

Prehensile	Pushing	
Challenges	

Summary	


