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Lecture — 19
Multifinger Robot Hands

Hello and welcome to lecture number 19 of the course robot motion planning. In the last class
we looked at systems which are subjected to kinematic constraints that is like a car which
cannot move sideways because it is subjected to the non-holonomic velocity constraint. And
then we moved on to multifinger robot hands that is when a robot, multifinger robot hand
grasps an object and what are the constraints that are imposed by the fingertip contact on to

the object surface, right.

So, we have seen that depending on the kind of the contact condition whether it is with
friction, without friction, whether it is soft finger contact that will impose kinematic
constraints on the object itself. Today, we will move on from there and see that if you want to
manipulate an object by multifinger hand, say for example | have an object like this mobile
phone and | catch it with three fingers, so two fingers the side, one finger this side, and | want
to do like this.

So, | am going to impart a velocity or trajectory to this object and to get this object to follow
this path what is the corresponding forces that | must apply by my fingertips? So that is what
we will be looking at in terms of the grasp matrix. So let us start off from there and let us
very briefly revise what we have done in the last class regarding fingertip contact conditions

and then we will move on to the grasp matrix.

So, we were looking at motion planning with multifinger robot hands and we will very
quickly revise and then we will move on to deriving the grasp matrix and also looking at
conditions of what are internal forces and what mathematically is the meaning of grasping an
object.
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Multifinger Robot hands for Dextrous
Manipulation

« Path Planning objective is to prevent robots from
colliding with objects. (Bug, PRM, GVD, RRT, PF, etc)

» Planning with kinematic constraints - mobile robots,

cars, etc. e

* Grasping Objects by Robot Hands.

« Dextrous Manipulation of objects by multi finger
hands. A
Now, we had seen that multifinger robot hands are basically used for dextrous manipulation
that means when you are catching an object and rotating the object or manipulating the
object, you are imparting a particular trajectory, you are expecting that the grasped object is
going to follow a particular path.
(Refer Slide Time: 02:10)

Salisbury Hand \

Actuation using Cables and motors

So, we saw that there are different kinds of robot hands. So, they can be three finger robot
hand which is called the Salisbury hand. So it has 3 degrees of freedom on each finger and in
total it has 9 degrees of freedom and it is actuated by this cable kind of wires.
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Barrett Hand

Now, as we see further the other kind of hand is the Barrett hand. Again, it has 3 fingers and
9 degrees of freedom.
(Refer Slide Time: 02:35)

Mathematical Model using twists and wrenches

Screw theory :
twists and wrenches

Twists : linear/angular
velocity along/about an axis.

i Wrench : forces/moments
" acting ab axes.

Then we move on and we see that if you want to manipulate an object, for example | have an
object like this, I am holding this cube by a three finger hand there are two fingers on this
side and there is one finger on the other side and | want to manipulate this object. | want to
translate it or to rotate it about an axis. In that case, the first thing that we need to see is what
is the contact condition, for example the fingertip is making contact with the object at this
point here.

So depending on the contact condition, certain constraints will be imposed on the object now.
So to analyse that we basically look at what is called screw theory and we talked about twists



and wrenches. So if you look at this two-finger robot hand, on the right hand side this finger
is not making contact with the object. Now the moment the finger makes contact with the

object, there is a constraint on the motion of the object.

So if the object is not moving, once the contact has been made, for example on the left hand
side, you can apply a force, but you will not be able to control the velocity, right? So it is like
saying that once you have an object, once you have a wall, you are pressing against the wall,
you can control the force that you are applying on the wall, but you cannot control the

velocity in that direction anymore, why because you are constrained there now.

Now these constraints would depend on the type of contact that has been made. So what we
see here is that when no contact has been made, here the fingertip is free to move like in this
case, it is free to move, then we can talk about the linear and the angular velocities about an
axis and these are called twists. So this finger which is free it can apply a linear velocity or it

can have a moment about a particular axis at the fingertip.

Now when contact has been made like in the case in the left hand side here where contact has
been made, in this case we can apply a force and we can apply a moment which are called
wrenches. So, wrenches are the forces and moments acting about an axis when contact has
been made.

(Refer Slide Time: 04:34)
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- Wrench space
Space of wrenches applied to the object
3D: 6 dimensional wrench space (3 force, 3 moments)
2D: 3 dimensional wrench space (Zﬂrge, 1 r@ment)

So, by definition, a twist is a combination of translation and rotational velocity of the object

at the fingertip, which is given by a linear velocity. There are three components and three



angular velocities. Now wrench is a combination of the force and moment applied to the
object by the fingertip. Now there are three forces f 4, fy, f ; and three moments m , m y, and

m .

Now, in order to get grasp an object, what does this mathematically mean that is something
which we will look at today. Now, we have seen that the space of the wrenches applied to the
object has 6 dimensions that is in 3D. So, there are 3 forces and 3 moments and in 2D it has 2
forces and 1 moment.

(Refer Slide Time: 05:17)
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Now, depending on the kind of contact that is made different constraints will be put. Now,
twists remember are to do with angular velocities and rotational velocities. So, angular
velocities and linear velocities, whereas wrenches have to do with forces and moments. And
there are 3 forces 3 moments whereas here there are 3 angular velocities 3 linear velocities.
Now, once if there is no contact then we have seen that you can apply it can move in any
direction.

For example, | have a finger, fingertip here which is not in contact with any object, in that
case this fingertip can move in any direction, So, there can be 3 linear velocities and 3
angular velocities, so there are 6 twists which are possible because there is no contact. Now,
because there is no contact you cannot apply a force. So, please note that you can apply only
a force if there is an equal and opposite reaction as per Newton’s third law which means that

you can apply a force only if there is contact.



So, in this case there is no contact and hence no force can be applied and hence the wrench is
0. Now, if we have point contact with friction, for example this is a point contact, you can
imagine this to be a robot finger. Now, at the fingertip if there is friction, then what is going
to happen is that it will constrain motion in one direction. Now, in this particular case there is

point contact without friction.

Now, there is no friction then the fingertip is free to move in this direction, this direction, but
it is only constrained to move in that direction that direction you cannot move anymore and it
can twist about this axis, that axis and that axis. So, please note it is point contact, it is like
you have an object like this and there is a point contact being made this can rotate like this

and can rotate like this, it can rotate like that and it can apply force in only one direction.

So, we can have only one wrench, which is about the z axis. So, this is my z axis f ;, you can
apply force only in one direction, sorry this is f ; and it can cannot apply forces or moments
in any other direction. In terms of twist, it has 5 twists. So, it cannot move in this direction so
that ts which you have seen that is not there that is equal to 0. The ts that was here that one

has become equal to 0 in this case and the remaining 5 are there.

So, it has 3 angular velocities and 2 linear velocities. So, this is point contact with friction,
now this is a kinematic constraint that means when this fingertip is making contact with the
object, it is subjected to that kinematic constraint which has to be satisfied always.
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The most commonly used in case of robotic grasping is point contact with friction. So, in this
case, there is point contact and the restriction at the fingertip. So, what will happen is it
cannot rotate because the restriction, so what would happen is in terms of linear velocities it
cannot move in this direction, the restriction so it cannot move in that direction, it cannot also
move in that direction. So, you can imagine here if you have a surface like this and | have

point contact like this with friction that is p.

What will happen is it cannot move in this direction it is constrained, it cannot move in this
direction or in that direction if this is my X, y and z why because there is a p F. So, the force
of friction, if this is my F, F = p N, so there is a p n reaction, u n reaction on the other side.
So, this would basically mean that it is constrained to move because of friction, it cannot
move in this direction, this direction or that direction, but it can rotate about this axis, this

axis, this x axis.

So, only the rotational degrees of freedom are still left and there are 3 and the forces are all
constrained. So, this is my force f ,, fy and f ,. So, there are 3 twists and 3 moments here. If
you have a soft finger contact, which is similar to the human finger context, so if you can
imagine that if this is a hard surface and you are pressing with your finger it will deform at

the fingertip a little bit. Now, this is my axes x, y and z.

In that case what happens is soft finger contact also has friction. So, what will happen is one
more additional degree of freedom will be gone that is you will not be able to rotate it about
that axis. In case of point contact, rotation is still possible whereas in the soft finger contact
the rotation about the z axis is not possible anymore, but this rotation, this rotation is

possible. So you only have 2 twists which are left.

And in terms of forces we have 3 forces and 1 moment. So, this is my moment about the z
axis and these are 3 forces so f 4, fy and f ; and this is my m ,. So, you will always find that
the total of this plus this is equal to 6, it just depends on the kinematic constraint that is there.
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Now, we were talking about complete restraint and internal forces. Now, what is force
closure? Force closure is, suppose you are holding an object using a three point contact with
friction. And if the rank of the matrix of the screw coordinated is 6, then it will appear that
the object can resist all kinds of disturbances that are going to come in the body, but that is

not so. So, in this particular case it can only resist a subset of disturbances acting on the body.

What it means is that, you can see this very clearly from this figure on the left and on the
right. So, on this figure on the right hand side if I put a force in this direction, let us call this a
disturbance force, the object will still be grasped that means look now what we mean by
grasp here. So, what I mean here is that there will be no breakage of contact there. The

moment the contact is lost, the object is not grasped anymore.

So, in this particular case because the force is pushing in this direction, what will happen is
the object will still be grasped, so it is stable in that sense. If | put a force in this direction
now, F here this is what my disturbance force d and what will happen? Immediately this will
come out, this contact will break. That means this type of grasp with three fingers with point

contact can only resist a subset of disturbances acting on the body.

Which kind of disturbance? The kind of disturbance which is tending to force the body into
the fingertips, but the one which are going in the other direction will immediately destabilize
it. So, this is basically what we call by force closure. So force closure, when we say a grasp is
under force closure basically we mean that the object is being held by the fingers and it can

resist only a small subset of disturbances acting on the object, not all disturbances.



Why does this happen? Because when we talk about forces, please remember in the previous
case when we talked about forces here, we talked about wrenches. The force has direction. So
we have force acting in this direction, so fingertip is acting in this direction. So this my
fingertip and that is my fingertip. It is applying a force F. It can apply a force in this direction,
but it cannot apply a force in that direction. It is like pulling the object, you cannot pull the

object, right. So that is what we call the uni sense of direction.

That means when we are saying the forces that a fingertip is applying a force, it is only uni
sense force, so fingertip can only apply forces against the object or push the object, so if you
have object here can apply in this direction, it cannot apply in this direction. So that is the
meaning of uni sense force and because of that we have basically what is called force closure.
So, it basically means that because the fingertip cannot pull the object, if there is a force in
that direction it will not be able to resist it.

(Refer Slide Time: 13:15)

Cube constrained by three line contacts
with friction

Now, the example is given here by means of holding a cube. So, suppose if | have a cube like
this, you might have experienced this yourself, that if there is a cube like this, | have three
line contacts when | am holding it like this. So, I am holding this cube this way and if | press
it in this direction it is still stable, but the moment | press it from this side or if | give a force
on this side, it will immediately displace. This is because of this uni sense of force directions
which means that the force can push but it cannot pull. And this term was first used by
Reuleaux in 1963 in France when he talked about forced closure of grasps.
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Now, what would be more interesting is that we are interested in holding the object in such a
way that it is stable against all disturbances that any disturbance can come from any direction
but it will not destabilize and such kind of closures are called form closure. Again, it was
basically formed by Lakshminarayanan in 1978. And he basically said that if you have a cube
for example, he basically proved that if you have a cube like this you want to hold it in fact

any shape, then you need 7 point contacts without friction.

Then if you have contacts like this, then you need 7 point contacts without friction to hold an
object in form closure. Now what is the definition of form closure? So, the definition of form
closure is the collection of wrenches or forces, moments being applied by the fingertips
acting on the object can resist arbitrary disturbances or all disturbances can be rejected in

such a case we say it is under form closure.

And he proved that 7 point contact without friction are required to form, form closure of a 3D
object and 4 point contacts are required in case of 2D object. So, 7 point contacts for 3D
object and 4 point contacts for 2D object. Now, let us look at this example which is
interesting and easy to understand. So, we have a cube this is 2D, just to understand, now we

need 4 point contacts, right? Now why 4 it is very easy.

So, suppose | have 3 fingers like this, there is no friction, u = 0. Now, this can be in forced
closure, it can resist forces in which direction? It can resist forces in this direction, but the

moment | give a force in this direction it will immediately disorganize, it will come off, why?



Because there is no friction force, so it cannot resist that force. So, for doing that | need to

add one more finger. So, 3 finger is not possible, | need to add one more finger.

So, thisismy 1, 2, 3, 4. Now it is stable, no wrenches, now you can push in any direction you
want, the grasp will not come off. This is very easy way of understanding why you need 4
contacts. Now, when we are talking about 4 contacts, the other contacts that comes up is
where are you going to place your contacts? So, | just put the fingertips in the centre, suppose
| have a cube again like this, what is the best place and the most stable place to have contact

or to place the fingers?

There is an interesting question which you will see subsequently. So, | can place it in the
centre like this or | can place it in the corners. And if | place it in the corner, what is the
advantage? The advantage is that it can resist the highest moment. What is a moment acting
on the centre? The moment is this force into this distance x, F x is the moment. So, if my x is

large, then you require a very low force in order to catch an object against a moment.

So, this grasp might be better than this grasp. So, we see that the first thing is the number of
fingers, the second thing that we have to worry about is where to place the fingers. Now,
apart from that we need to see that if | want to move this object now in a particular way.
Suppose | want to move the object this side in that way, then the fingertips have to impart

velocities to the object.

And basically, it has to grasp the object that means apply force and also move it in a
particular direction with some velocity and acceleration. This | can say is the path of the
object that | want to take it to. So, one of the objectives of multifinger hand is to grasp that is
to hold an object, number two is also to manipulate an object. Now, what is the meaning of

manipulating the object?

It basically means moving the object in a desired trajectory or along the desired path. So, |
have to figure out what are the fingertip forces that are to be applied if | want to move the
object in a particular path and that is something which we will be seeing subsequently.

(Refer Slide Time: 18:08)
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Now, in order to understand the concept of internal forces let us look at a two finger grasp

having point contact with friction holding and constraining an object, this is 2D, just to
understand the concept of internal force. So, we have an object here this is in 2D. | have one
force acting two fingers with friction so there is the force there, force here, force here. So

these are two fingers having point contact with friction constraining an object.

Now what are the forces which can act on this object disturbance forces? This is my x axis, y
axis, there can be a moment about the z axis. So in 2D, we can have 2 forces. So F 4, F y and
M ; acting. It is in 2D, so there can be forces in the x direction, y direction and there can be a
moment about the z axis. This is in 2D. So at most the disturbance forces acting under CG of
the object can be F , F y and M ..

That means to balance this F , F y and M, I am going to apply fingertip forces which is f, ,

f,, . f,,and f, . Now these are forces along the x axis and the y axis. Now from static force

balance equations we know that Y’F = 0 and Y M = 0 for this to be a static equilibrium. So for
this system to be in static equilibrium which is subjected to 2 forces F , F y and M ; in the

centre we are applying two fingertips which are applying these forces.

Now | need to find what is F x and F y in order to balance a particular F , X, Y and Z acting
in the centre. So, first thing what I do is | say > Fx =0, thenIsay > Fy=0and then ) M, =

0. So, this means forces in the x direction are all equal to 0. So, what are the forces in the x



direction f, + f, =F,that you can see from here. Similarly, f +f =F and if I say this

distance is equal to 1 unit then the f, x1+ f x1=M,, the three questions here.

One in the x direction, y direction, z direction. If I write matrix form then | can write

X

F 101 0 f
F|=/0 1 0 1 f” . S0, this set of equations | have written there. There are three
M, 010 -1 fxz

Y2
equations. So, on the left hand side | have the forces which are acting disturbance forces, the

disturbance force is also considered the weight of the object.

So, in 2D at most you can have Fx, Fyand M, as disturbance. So there are two forces one

moment. Now, this is equal to this matrix into the kinetic forces f, , f and M .. So, | hope

you understand this equation, right. So, I will go on from here and explain the concept of null
space.
(Refer Slide Time: 21:51)

. If I write it in short form, then F =[C] f,, let me write it

this way. So, what is required? Now to grasp and manipulate an object we need to apply and



control the small x. That means | need to control (f f , f ,f ) in order to balance these

X T X Y,

external forces or to move the object in some direction.

So basically, I need to know what is f for a given F. So that means in this equation, what |
need is small f =C™'F that is what | need. Suppose I just ask this question here, we have an

object. This object has weight has mg is equal 5 kg, this object with 5 kg, how much kinetic
force are you required to grasp this object? How to solve the problem? So essentially, we
have to write our equations of statics or static equilibrium, then try and solve what will be

f  f ,f ,f thatishow we are going to solve it.

X X Y,

Now, if we just look at this problem, please think about it. Do we have an object m g is equal
to 5 units, whatever units. | am asking you what is f, , f , f, , f, . If you to just look at this
problem you tend to say that it is 2.5 and 2.5. Is that the correct answer, just think about it.
Now, to solve it basically I have to write my equation of static equilibrium like this and what

you get is these three equations this, this and this and you actually get this set of equations.

In the case when the force is, there is only one mg acting in the y direction, F x will become
equal to 0 and M , will become 0, but only F y will be there. So in this particular case, we see
that we need to invert this equation. Now what am | driving at? What | am driving at is that
this matrix is a non-square matrix. Please note that it is 3 X 4 which means that you cannot

invert it directly. If I want to find this one, this is a non-square matrix 3 X 4.

What does this mean mathematically? This basically means that this problem that I just spoke
about that you have an object of some weight and | want to grasp it and if | try to solve this
equation, solve it by writing equations of static equilibrium what we end up is this equation
and if | have to take the inverse and find F then C is not square. So, now what do | do? So,
here in this case we cannot find the exact inverse, exact inverse does not exist. So, we find

the pseudoinverse.

Now, the solution of this equation is f =C*F +(C#C -1 )}t. So, the solution of this equation

basically is; we do not have an exact inverse because this is a non-square matrix, so what we

get is a pseudoinverse which is not an exact inverse and so we get one part of solution plus



another part of the solution. So, the solution comes in two parts, we call the particular
solution and the homogeneous part. Now, why does this happen?
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Now, this happens because if you think a little bit if you have matrix AA™ =1. That means
AA™— 1 = 0. If A inverse is an exact inverse. So, if A™is exact that means A is a square

matrix. Now, if A is not an exact inverse, then you have AA*—I =0, what does this mean
here? Mathematically it basically means that you have four unknowns and you have three

equations. So, how many solutions do you have? You can end up with infinite solutions.

So, this actually is one part of the solution and this is the other part which is basically in the
null space. This is the concept of null space. So, you have one part of the solution here and
the other one there, now this part of the solution is basically in the null space of F and there is
a constant here and there is a constant there, the positive constant there. So, which means that
your solution now of f consists of two parts; one part is this part, the other part is that one,

again there is a constant there.

So, what it basically means is that you have multiple solutions here, how many? Infinite. So,
you have one basic solution and then there are multiples of those solutions. Now, please think
about it. So, | just talked about catching this object which is having mg = 5 and you said that

the force, what forces are required f, and f, ? Just by thinking you tend to say that Fy = 2.5

that is the basic solution.



And there are multiple solutions, which are multiples of the other fellow which is here that is
my multiple solution which is coming from here. So, the other solution is basically coming
from the null space which is getting multiplied by A which is a positive constant. So, you can
get multiple or infinite solutions. That means what is the answer to this question that | asked?

You have an object of weight 5 kg, you want to lift it, how much force is required?

You tend to say half, half and half of the weight, but that is only one solution. You have
infinite solutions, any solution which is 2.5 plus this is a solution. Now, why did this happen?
This happened essentially because this matrix here is a non-square matrix, so please think
about it. Now, whenever you have number of variables more than a number of equations, you
end up with this kind of situation. And if your matrix is not square, then you end up with a
pseudo matrix and with a pseudo matrix you end up with a null space.

The solution will consist of two parts or within a solution plus particular integral a particular
solution and which basically means that you can have one basic solution and multiples of it.
Now, this makes sense in the real world. Why? Because otherwise if you have to lift the
object of 5 kg and you have exactly 2.5 which you apply a little bit more it is not right
because exact. So, there is nothing like exact in the real world. So, if | apply any force which

is more than this, it is fine.

So this is the meaning of the maths part here. But what is more interesting here or more

confusing rather at times, if | write this equation again, let me write this equation again,

X

T

<

Y1

= O

and in total we said F = C f. Now, suppose we have a situation

<
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in which the solution of this, the solution of that f = C*F +(C#C .y )/1.

Now suppose the situation exists where the object has no mass, so it basically means that this
matrix is equal to 0 0 0. So, there is no force when that object is massless. Where? Say for
example in outer space there is no gravity, so it is weightless. It is just floating anywhere. So,
if you want to catch a floating object and you want to move it somewhere, do you have to

apply force, | hope you understand what | am saying here.
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That we have an object which is free floating. Free floating object in space that means g = 0.
So, do you need energy? Do you need force? Force means you have to do work, do you have
to expend energy to grasp or manipulate the object? This is an interesting question. How do

you answer the question? You simply look at the equation F = C f and which says

that f :C#F+(C#C—I)l.

So, if it is massless means F = 0, that means this fellow becomes 0, but that fellow is still

there because f :(C#C—I)/I;to, it cannot become 0 why because these are non-square

matrix. That means even if you want to grasp an object which does not weigh anything, you
still have to apply force which is against our perception of reality. So, grasping and
manipulating massless object still requires force so let us put this exclamation mark there

which is very strange, why?

Because this one never becomes equal to 0 and that is in the null space of F. Now, in outer
space when objects are free floating even then you have to do it, even then you have to grasp
an object you have to apply force, now that force is exactly coming from here. So, please
understand this, the concept of null space is very important here that when you are grasping
an object and you want to find the forces that are required to grasp the object and to

manipulate the object you have to deal with the null space.



Why? Because the matrix involved there is a non-square matrix. So, it basically means that
there is a minimum force and any multiple of that is. Now, this will also mean that the
solution of this equation here would consist of two parts, this part and this part. Now let us
look at what the null space would look like. So, let us look at this example before we move

on here, the previous example that we looked at.

So we had fxl, fxz, fyu fyz and we had the forces acting there so F », F y and M .. Now in this
particular case, what will be the forces in the null space? Can we guess that? Say for example
here suppose this is equal to 0, F », F y, M ; = 0, what will be this part? Can you guess? So,
this is the definition of grasp. What is the definition of grasp? The definition of grasp means
that there must be forces in the null space or there must always be positive forces in null

space to maintain grasp.

Let me go back here. So, even if this part were to become equal to 0, then also this part will
be there. Now in this particular example, what will be the forces in the null space can you
guess? So, simply by looking at this figure here if F y = 0 that is fine you can still hold. That

means f, , f, must always be there and they will be equal and opposite, otherwise the grasps
cannot be maintained. So, in order to hold this objects f, , f, must be positive, it has to be

nonzero.

The moment it becomes 0, the grasp will fail. So, what is when we are saying grasping an
object that is English language, mathematically what is grasping an object? Grasping an
object essentially means that you must have forces in the null space and they must be
positive. The moment they become 0, your grasp will fail. So, in this particular case, what

will be this part if you can guess?

So, even if this becomes equal to O, this fellow will be there which f, = f, . So, my vector is

going to be 1 0 1 O that is the force in my null space. So, this is called the orthonormal basis.
So, the orthonormal basis is 1 0 1 0 here now, that means even if you do not have any force
here, you still require this fellow to hold the grasp. So, if you think a little bit on this, if |
want to grasp an object and move it along somewhere, along the direction now, so | have

grasped an object, this is grasped and | want to move it like that.



So, to move it you need to apply forces and to grasp it you need to have internal forces. So,
the total force will be the forces for causing motion plus internal forces. So, this is basically
saying that you need to grasp the object and then move it along in some direction. So, you
need components of two forces now. Now, let us just look at an example here.

(Refer Slide Time: 37:32)
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So, this is an object constrained by one point contact with friction and one soft finger contact.
How do we solve such problems? So, this is an object which is constrained by one point
contact, let us say two fingers in which there is one point contact here. There is one point
contact with friction, so there is p and there is one soft finger contact now. What are the

constraints that are there, what are the twists and what are the wrenches that are being
applied?

So, point contact with friction you can apply 3 forces, right. So, there is w 1, w 4, and w 3.
This is my x axis, y axis. If there is soft finger contact, so here there is 3 wrenches or three
forces. Here there is 3 forces plus 1 moment, so this is soft finger contact. So, this is applying
3 forces w 5, W g, W 2 and there is one moment w 7. Now in this case, this is my x axis, y axis.

Now in order to solve this problem, we simply do >F x = 0 and > M = 0 and write our
equations.

That means | am going to write forces in the x direction equal to 0. So this is my f 4, we are
calling this w here, so w 1, W 2, W 3, W 4, W 5, W g and w 7. And on this side we have F , F y, F

2 My, My, M ,, this is a 3D problem. Now when | read my equation, )’ F x =0, what do | get



forces in the x direction equals 0. What are the forces in the x direction w 1, which is here and

Wo. So,wi—wsor=F,.

So I am writing into matrix form. Similarly in the y direction what is there, w 3 is there which
I am having here and ws is there. So, that is how | get this matrix. Now again note here that
this is a non-square matrix. So it is a 6X 7 matrix, this is non-square. So, if | want to find the
fingertip forces, again | have to find the pseudoinverse and then find the null space of the
matrix.

(Refer Slide Time: 39:47)
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+ As the internal forces are always positive the
grasp can be maintained against arbitrary
disturbances. R

Now in this particular case, what will be the internal forces in the null space? So internal
forces in the null space would mean that in order for this grasp not to fail, this force must
always be there and this force must always be there, other forces can go. But those two
fellows have to be there, w ; and w ,. So, it basically means that the internal forces in the null
space willbe 11000 0.

Now, so this means internal forces are always positive, the grasps can be maintained against
any arbitrary disturbance. This means that when we say mathematically that the object has
been grasped, we mean that internal forces are there and they are positive that is the meaning
of a grasp being there.

(Refer Slide Time: 40:40)
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Now, if we think a little bit more there can be different kinds of contacts, say for example
here where you have two soft finger contacts, this is just an example, if you think a little bit it
will become clear. Now in this, two soft finger contacts, two soft finger means 3 forces plus 1
moment. So in this case, there are 3 forces and 1 moment on each side, so 3 force, 1 moment,
exactly the same way. We write our equation F = w into f and we get this matrix in which

case this is how, this is 8 by 6, non-square again.

Now, in this particular case what are the forces in the internal spacer or what are the internal
forces? In this particular case, we need this fellow, we need this fellow, we need w , and we
need w g also. So, this is one orthonormal basis vector, this is another one. So, these are
called the orthonormal basis vectors. Now we have A ; and A , which are positive constants

that means any multiple of this is fine.

So, there is a one basic solution and multiples of that solution are all correct. So, when we
talked about multifinger hands, we basically have to worry about this case where we have
fingers, we have the fingers which are holding the objects which have positive internal forces
and whatever additional forces are required to move the object.

(Refer Slide Time: 42:09)
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So, next let us look at the grip transform for object manipulation. As I said that, | have let us
say this is an object and this object is held by a multifinger hands. We have one here, multiple
fingers, let us say there are three fingers. So, this is my robot hand and these are three fingers,
this does not look very good, let us say | have one more here, it is better. So, these are fingers
and these are contacts. Now we are saying that each of these fingertips can apply a force

which is F twist and a wrench which is v.

So, the fingertips can apply a wrench or a twist. Now because of these multiple fingers, each
of these fingers can apply a twist or a wrench. What will happen is the centre of the object
will have some motion. So let us say the object is moving like that. So, there is a sum of
forces which are acting at the CG of the object and it has some twist. So, we have multifinger
hand which is holding an object. | want to impart some velocity or move this object along a

particular path.

For example, | want to move this object along this path like that 1 want to move it or let us
take it simply | want to move it along a straight line like this. I want to move the object like
that. Now kinetics will have to apply some wrench because of which there is going to be a
resultant motion of the object and it will go in that direction and it basically means you have
to grasp plus move. It is exactly similar to in the case of multiagent systems where we talk

about.

We will see this in the next class where we have multiple robots. Multiple mobile robots

which are pushing this object in some direction, this is a multiagent system. It is exactly the



same problem where these small agents are applying forces and trying to force the object and
take it in some direction. We can also talk about capture where we have a moving object
which is moving around and | have multiple robots which are going to go and capture the
object.

So, this is exactly the same, the multiple robots will apply a force on the object and constrain
it and then it can push it in some other direction. So, it basically means you have to grasp the
object which means you need internal forces and you need to move so you need to have extra
forces for motion. Now how do we solve this problem? If you remember we talked about in
the case of a serial manipulator arm if there is a force acting there, then what is the relation

between the force and the torques, the joint torques.

So, the joint torquesz = J"F . What is J? J is the Jacobian in the n' frame. So, similarly this
gives us a relation between the joint torques and the force at the end effector. Now, the grip
matrix basically gives us a relation between the fingertip forces and the forces of the body
centrally subjected to and if | can find that relation then | know exactly how | can move the

object in any particular direction. So, we call the grip matrix to be equal to G.

And | write the body centre forces f =G"F which means that f" = F'G™. So, G is the grip
transform which relates the fingertip forces to the forces at the body is subjected to at its CG.
Now, from here what we see is that so my F =G' f , right. Now, what | want to do is we want

to find the relationship in terms of velocities that what should be the fingertip velocity that
should be applied in order to have a particular object velocity. Now, how do I do that?
(Refer Slide Time: 46:49)



\/ AA (0(/\(%(_ (‘—/7!,))1 ) _F &‘“}’“ﬁ/*
/T

?0&1\14/\ ;W‘/%.z"* Q ﬂL\M \[

y &4}0/ P\l//""é = (V"\v wawy“ﬁ_f)‘_‘

U‘AZM
dﬂ&u\--—l-
\j‘p—r)/:[‘/""vwltfjvﬁ" ' 2% )‘V‘LB
= )OCo
R

FV; 7/ 1010 st ety
e (JZGWJVC(
”‘”i a»wfv Ll A

PR o il
Now, what we say is V is the twist along each of at contact, right, V is at contact points, So,

the total power input to the system is equal F'V , F is the fingertip force. So, V is the contact

point velocity and F is fingertip force. Now if you say vy is the object velocity then,

V= (VN 0,0, 0,757 3eevven V)

Now, these are what are called virtual velocities or deformations. So, if the object is
deforming it is also having a having a velocity of the fingertip that is what is coming from

here. Now, in terms of the power at the centre of the body this is,
fly :[fxvx, fVy e i, Aﬁyz]. So, power input is F'V at the fingertip and this is the power

at the object.

So, these are the fingertips and these are the object and they have to be equal, right whatever

power is given from the fingertip have to be conserved on to the object. So, if | equate these

two, then F'V = f "y and we have seen that F'V :(FTG’l)y . So, from 1 we get this and |

can cancel off F' from both sides, this and this will cancel.

So, what we do get from here is V =G™'y and so | can take y =GV . So, this G is what is
called the grip transform and it gives the relationship between the object velocity which is
here and the fingertip velocity which is there. So, what will this consist of? It will consist of
two parts, one is called this will consist of the null solution and this will consist of the

homogeneous part.



So, this is the particular solution or this is the actual solution plus the null solution. So, in the

previous case, what will we get is the grip transform will consist of; let us take the simple

1
101 0 0
example this one. So, our matrix was{|0 1 0 1 |+ 1 =G. So in the G matrix this is
010 -1
0

going to come as this fellow will come to the bottom here that is my null space.

So, this has become a square matrix. Now you can solve it and you can find the relation
between what is the object velocity, so here now this is my fingertip velocity and this is my
object velocity and this is my grip matrix. So, the grip matrix will ensure that the null space is
there, so the grasp is maintained, and this is the one that is going to give you the motion. So,

this part of these will cause the motion and the bottom of it will cause the grasp.

[

So, in the previous case we looked at the solution like this So this fellow is

1 0

O O Bk
o - kO
o

in my null space and this fellow is the motion fellow. So, whatever direction | want to move
the object now, let us look at this example. So, | want to move the object in this direction. So,
whatever velocities are required in that direction, whatever forces are required, | can get from

the top part of the matrix and to maintain the grasp | am going to get from my null space.

So, | am getting this part plus that part. So, I am getting my internal forces from the null
space and | am getting the extra forces for moving the object from here and that is the basic
way the grasp matrix works.

(Refer Slide Time: 51:35)



Force Closure

Fora3D object > % ;i

Minimum number of contacts to achieve force closure is 3 (compare to 7 for
Not surprisingly, 3-finger grippers are very popular

Stanford/JPL Hand Barrett Hand Robotiq Hand Schunk SDH Hand

form closure)

Now, this is also we looked at force closure and we understand that for in 3D you need 3
fingers and that is why most of the robot hands have 3 fingers and they basically work on the
concept of forced closure. So this gives us an example that if you look at various robot hands,
the Stanford hand, Barrett hand, Robotiq hand, Schunk hand they all have 3 fingers because
that ensures forced closure.
(Refer Slide Time: 51:57)

Searching for Force Closure Grasps

In the 90s
Search for aset of » point contacts on the surface of an object,
where 7is the number of fingers of your hand
Search is in 22 dimensional space (since surface of object is 2-
dimensional)

Disadvantage
Ignores hand kinematics = probability that these contacts are reachable

while obeying hand kinematics is low

Search space scales poorly with number of fingers

Now it is very interesting to note that there has been a lot of research in terms of how would
you grasp an object that is basically called searching for force closure grasps. One way is if
you look at a regular object, this is a regular object cube, I can slice this in terms of 2D
objects. | can slice this and make it 2D. So if | slice it, it will become like this, then | grasp it

by holding it here, here and here. So, | can basically identify these points before | grasp it and



then | grasp it. So, there has been a lot of research and interesting things of research is how
do you autonomously grasp an object.
(Refer Slide Time: 52:35)

Searching for Force Closure Grasps

In the 2000s (Peter Allen et al.):
Sample pose of hand relative to object with fingers in a pre-shape
Approach object until contact and close the fingers
= Get contact points between fingers and object
Test these contact points for force closure
Advantages
Search space is only 6-dimensional (pose of hand) + set of pre-shapes

Search can be arranged so hand always approaches parallel to surface of object

And people have been working for a very long time. This is basically called search for force
closure grasps. So, if you have regular objects, it is not much of a problem because you can
identify areas where you can grasp and then you can go and grasp it.

(Refer Slide Time: 52:50)

Pre-computing Grasp Sets

Searching for grasps is slow!
Especially with dynamics

(i.e. if you don’t assume object is fixed)

Now, people have looked at pre-computing graph sets. For example, if you are given a cube
how to hold it, so this is a cube and you're supposed to hold it, so you can go hold it in that
order. Now, there are other solutions also. These are all solutions. We have seen that in the
null space you can get multiple solutions. So, these are also solutions. So, the grasps can

optimize a function and get into those points.



(Refer Slide Time: 53:11)

Columbid Grasp Database

How to compute a grasp given the database?

Shape matching, collocating and grasp computing

TLL Pt ¥
PLPTR 7

Performance

20 seconds, from shape matching to final output

The other from multifinger hand, another way of looking at grasping using multifinger hand
is by generating this database of grasps. For example, if you are given an object like a
hammer and you want to hold it. Then what they do is what is done is the shape matching
between the hand and the object and then an index is optimized, for example how would you
hold the object. So, the best way of holding an object to satisfy a particular index, so they
basically match the hand pre-shape and the index and they try and proceed.

(Refer Slide Time: 53:48)
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Integrating Grasping and Manipulation Planning

Find a Valid grasp in a cluttered environment

Grasping + Manipulation planning
Valid grasp — Grasp quality metric
Local information — object, robot kinematics, etc.

Approach

1. Pre-compute grasp st offline, get force-closure score

2. Online, compute 2 scores for each grasp

Environment Clearance Score

Reachability Score

Now, recently there has been a lot of interest in grasping and manipulation planning that you
need to grasp and then you need to manipulate the object.
(Refer Slide Time: 53:59)



Integrating Grasping and Manipulation Planning

1 Weonly test for collision with obstacles online (ignore them when
computing grasp set)
We wanted to integrate grasp planning with motion planning (consider

obstacles and reachability, too)

[Berenson, D., Diankov, R., Nishiwaki, K., Kagami, S.. &Kuffher, J. (2007).
Grasp Planning in Complex Scenes. EEE-RAS Infernational Confirercean
Hhencrrad Robots (Hhemanoid07))

For example, in cluttered environments like this, this humanoid robot has to pick up an object
and move it somewhere without hitting something. So that means grasping and manipulation.
(Refer Slide Time: 54:14)

Computing Environment Clearance Score

Compute clearance from points on object to nearest obstacle

Object

Front of Object

Back of Object
1 )

So, what is basically done is we compute matrix. One of the matrices can be computed the
clearance from point on object on nearest obstacle. Say for example if we want to catch this
object and | want to move it somewhere then | see what is the obstacle distance from the
other obstacles and take that as a metric.

(Refer Slide Time: 54:31)



Integrating Grasping and Manipulation Planning

Combine scores to create grasp ranking

Environment Grasp Quality Reachability Total Score
Clearance

Test grasps in order of ranking
We showed this is much faster than testing in random order

Then, look at the clearance, look at the grasp quality in terms of where can you catch. In
terms of quality, the minimum force can be one | can get here, here and here that will give me
the minimum force required. Reachability, then add all of these and put some kind of a total
score and make that a metric.

(Refer Slide Time: 54:51)
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Integrating Grasping and Manipulation Planning

So, these are some of the areas of research which is very active these days. People are also
using machine learning that instead of trying to solve this problem in terms of doing the
mathematics and the algebra, by using machine learning techniques.

(Refer Slide Time: 55:06)



Grasp Planning in Complex Scenes

Motivation

Integration of grasp and manipulation planning |
is still limited to a fixed set of grasps

Next, we tried searching for grasps online

using similar scoring

3 L’ ’ % | e
H Grasp Refinement
: Force-Closure Test

A

Now in terms of the course, we have studied things like RRT.
(Refer Slide Time: 55:15)

Grasp—RRT planner

Motivation
What if the object model is incomplete and/or maccurate?
The pre-computed grasps may not fit well

No pre-calculated grasping data = pure online search

Grasp—RRT planner
Build a feasible grasp +
Solving IK +

U0 Search a collision-free trajectory to the grasping pose

So, people have also started using concept of RRT, the grasp planning using RRT random
trees.
(Refer Slide Time: 55:19)



Grasp—RRT planner

Grasp-RRT

L @]
RRT = ]

Grasp-RRT

Vahrenkamp N, Asfour T, Dillmann R. Simultaneous grasp and motion planning: Humanoid
robot ARMARCIIL IEEE Robotics &Automation Magazine. 2012 Jun;19(2):43-57.

That is suppose you are here and you want to go here and catch an object. Say for example,
this is my object and | want to catch this object. So, this my object and | want to catch it
using three fingers, so one finger here, one finger here, one finger here. So, what we can do is
by using sampling based method I can start from here, start shooting these nodes, make these
edges and see by placing different fingers how can | go and catch this object and optimize

some metric.

This is by grasping using RRT. But it is extremely difficult because there are 3 fingers, you
have to place 3 fingers such that you have to satisfy the grasp and also hold the object. But
RRT type planners are also used for these kinds of tasks.

(Refer Slide Time: 56:12)

Grasp—RRT planner

Grasp Center Point (GCP)

Compute atarget pose

approach
direction

GCP




Now, this is the latest area of grasping manipulation where if you are given some kind of
object, which is not a regular object like a square or a rectangle, how do you go and catch it
by using a multifinger hand. So, people use RRT by manipulating or optimizing some index
and then that go and catch this object. So, today we looked at multifinger robot hands and the

basic mathematics and the algebra that is involved, the concept of null space.

Because when we are talking about null space, when we are talking about grasping,
mathematically it basically means that you must have forces in the null space to be positive,
then only you can have a grasp, otherwise the grasp will fail. So, in terms of motion planning,
grasping and then manipulating the object is basically meaning that you need to have forces
for moving in a particular direction along a particular path, but at the same time you must
also maintain internal forces and that is what makes grasping and manipulation very difficult.

Now, as of today there is no robot in the world which can actually take a pen and do very
simply like this. It looks very simple, but it is not because of the mathematics involved. So,
this is something very interesting to note and please think about it. The human beings can
move the fingers and move a pen like this so easily, a robot cannot. Why? Because it cannot

solve those kinds of equations in real time and it does not have sensors.

So, there is no way by which it can actually measure the force and apply that force in
particular sequence to get this kind of motion. So, we will stop here today and in the next
class we will move on to the next topic that is optimization in motion planning that when you
have multiple agents or multiple fingers, multiple robots doing a task how are you going to
use optimization to get your path results? So, we stop today. Thank you.



