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Introduction

For rigid-body dynamics, students are usually
taught to separate rotational and translations
motion. Not the best way for systems with
several rigid bodies.

Look at formalism (screw theory) that doesn't
do this. Makes setting-up equations of motion
simpler and allows reasoning about design.

Also in robotics, many moving coordinate
frames used. Simpler to use a single fixed
frame.




Wrenches

Wrenches are vectors combining the force and moment acting on a
rigid body. Can write wrenches as 6-component vectors or in
partitioned form as
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Notice, components have different units. Have to be careful not to
mix units.



Group Action

Suppose we have a wrench acting on a body, say a finger of a
robot gripper. Can describe how the wrench changes if the system
is subject to a rigid-body displacement. Any rigid displacement is
composed of a rotation and a translation. Effect on a wrench W

given by,
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where R is the 3 x 3 rotation matrix of the displacement g and T
is the translation written as a 3 x 3 anti-symmetric matrix.
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Group of all rigid-body displacements denoted SE(3).



Metrics
There is no positive definite bi-invariant metric on wrenches —
recall, can't mix units.

But there are two indefinite bi-invariant quadratic forms on
wrenches,
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where /5 is the 3 x 3 identity matrix.

where,

Any linear combination of these forms is bi-invariant. A rigid
displacement gives,

Ad ()T (aQ + BQE) Ad*(g) = (e Q% + BQ})

for arbitrary « and (3 and all g € SE(3)



Pitch of a Wrench

Wrenches have a line of action and a pitch. The pitch of a wrench
is invariant under rigid displacements,
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Pure force has pitch 0, pure couple has F =0, infinite pitch (by
convention). General wrench can be written,
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where p is the pitch and F'is any point on the line of action on the

wrench.



Twists

Twists are dual to wrenches. Elements of the Lie algebra to SE(3).
Used to represent general velocities - angular and linear. Also
“small” displacements, pose errors.

General twist
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where & is the angular velocity of the body and V is the velocity of
a point on the body instantaneously coincident with the origin.



Power

Duality means we can pair twists and wrenches to produce a scalar
- a quantity independent of coordinates. If a wrench W, acts on a
rigid body and produces a twist s, the scalar is the power expended

—
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If Wi, Wh, W3, Wa, Ws, We form a basis for the 6-dimensional
vector space of wrenches then we can always find a dual basis of
twists s1, S, S3, S4, S5, Sg. | hat is, we have
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Can use variant of Gram—Schmidt process but often easy to find by
inspection.



Group Action

Adjoint action of the group SE(3) on its Lie algebra.

st (9 )

as with wrenches R is the rotation matrix of the displacement and
T gives the translation. Note that, action on wrenches given by

inverse-transpose of this

Ad*(g) =Ad""(g) forall ge SE(3)

Twists also have a line of action and a pitch
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Momentum

The angular momentum and linear momentum of a rigid body can
be combined into a 6-vector
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where 7'is the angular momentum of the body and p'its linear
momentum. We also have

J=1d4+m(cxV) and p=mvV+m(@x <)

where I is the usual 3 x 3 inertia matrix of the body, m its mass
and C the position vector of its centre of mass.

Note, this 6-momentum transforms with Ad*(g), like a wrench.



Inertia

The previous relations for the momentum allow us to define the
6 X 6 inertia matrix of the body

1 mC
N = <mCT ml3>
where C is the 3 x 3 matrix corresponding to ¢, that is CX = ¢ x X
for any vector X.

So the equations for the momenta can be written

M = Ns



Equations of Motion for a Rigid Body

According to Newton's laws the rate of change of momentum is
equal to the applied force. Combining this with Euler’s laws for
angular motion gives,
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where W is the applied wrench.

This only holds in an inertial frame, like the global frame.



Action of SE(3) on the Inertia

Notice that, as the body moves the inertia changes.

How does N change under a rigid displacement? Since the
momentum M = Ns, transforms a wrench we have

Ns — Ad*(g)Ns

but s transforms according to the adjoint representation, so to
maintain the above relation we must have that

N — Ad*(g)N Ad~1(g)

So, as the body moves according to some sequence of
displacements g(t), the inertia changes as

N(t) = Ad* (g(t))No Ad™* (g(t))

Where Ny is the inertia matrix at time t = 0.



Velocity Twist

Given a rigid body motion g(t), the instantaneous velocity twist of
the body is given by,

ad(s) = o (Ad (g(1))) Ad ™ (g(1)

(representation doesn't really matter much.) Here, if
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with € and v the 3 x 3 matrices for & and V. Note, ad() different
from Ad().

then



Lie Brackets

Above gives algebraic operation on twists,

(151 X (32
s1, 2] =ad(s1)so=1| . . ~ .
[1’ 2] (1)2 <V1><WQ—|-w1><V2>
Gives twists the structure of a Lie algebra.

Anti-symmetric,
[s1, s2] = —[s2, s1]

so [s, s] = 0.

Non-associative, but satisfies Jacobi identity

[51, [s2, 53]] + [52, [s3, 81]] + [53, [s1, 52]] =0



More Derivatives

Differentiating Ad (g(t)) Ad™* (g(t)) = le can show that

(A (e(0) -

—Ad! (g(t))% (Ad (g(1))) Ad™" (g(1)) =
— Ad™! (g(t)) ad(s)
Transposing gives

d
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Equations of Motion Again

Recall, equations of motion for a rigid body are

d
Z(Ns) =
dt( s) =W

Now expand the derivatives

d d d

E(Ns) = NES + E(N)s

Now, N = Ad* (g(t))No Ad ™" (g(t)) with Np the inertia at t =0,
so

%(N) = —adT(s)N — Nad(s)



Equations of Motion continued

So
i(N)s = —ad’(s)Ns

dt
Recall, ad(s)s = 0. This is the co-adjoint action of a twist on a

wrench. Arnol'd notation
ﬁ)

(s, W} = —ad T (s)WV = (‘3 y

i <1

X 7
W

Equations of motion can now be written
Ns$ + {s, Ns} =W



Single Robot Link

At last! Consider the jth link in a serial robot. Ignore gravity for
the moment.
As above equation of motion, in the

global fixed frame simply,

Nis; + {si, Njs;} = W;

where the subscript i refers to the ith
link. But now we can say a little more
about the applied wrench—it is
composed of the joint torques and the
reaction wrenches.

Nisi + {si, Nisi} = Ti + Ri — Tiv1 — Rit1



The Last Link

The equation for the final link, usually link 6, will be a little
different,

Ness + {s6, Nese} = Te + Re
Could include effect of payload by modifying Ng.
Reaction wrench can be eliminated by pairing with the joint twist

of the final joint zg,

T T
Zg NeSe + Zg {56, N6S6} =T



Joint Twists

The joints of the robot are represented by twist z;. For revolute
joints these are pitch zero twists with line given by the axis of the

joint. So
7
z; = | I_,
ri X Wj

with &; the unit vector in the direction of the joint axis and r; any
point on the axis of the ith joint.

Reaction wrenches can do no work on the joint twist so
2zl Re = R z6 = 0 (no power).

The motor torque is about the joint's axis so that

TiW;
7=('5)

Hence, z6T75 = 7'6T26 = 74 the torque provided by the motor at
joint /.



The Other Links

writing all the equations for all the links gives,

Ni$y + {s1, Nisi} =T1+R1— T2 — Ra
Nosy 4 {s2, Noso} = To + Ra — T3 — R3
N3ss + {s3, N3s3} = T3+ R3 — Ta — Ra
Nis4 + {54, /V4S4} =Ta+Rs—Ts—Rs
Nsss + {Ss, /V555} =Ts+Rs—Ts — Re
Nes$e + {s6, Ness } = To + R

Can add cumulatively from the bottom to eliminate torques and
reactions from higher links,

6
Z<N6é6+{567 N6S6}) :7;+Rj, j=12...6
i=j



Equations of Motion for a Serial Robot

Now pair with joint twist to get.

6
ZZJ-T<N,'é,' + {Si, NiS,‘}) = 7:['7 ./ = 1727 e

i=j
This can be rearranged to give

6
Z (ZJT’Viéi + SiT’Vi[Zb Si]) = Tj, j=12...
i=j
Notice 6 scalar equations.

Homework: show that s{ {so, W} = WT][sy, s3]



Including Gravity

How do these equations change if we include gravity?
The link equations gain an extra term each,

Ni$y + {s1, Nisi} =G1+Ti+R1 — T2 — Ro
Nosy + {52, Nosp} = Go+ Ta + Ro — Tz — Ra
N3ss + {s3, N3s3} =Gs+ T3+ Rs — Ta — R4
NaSs + {54, N4S4} =01+ Ta+Rs—Ts —Rs
Nss$s + {s5, N5ss} = Gs + Ts + Rs — Ts — Re
Ne$s + {s6, Noss } = Gs + T6 + R

So the cumulative equations get an extra term,

6

i=j



Including Gravity continued

Can further incorporate gravity into the equations of motion using
the “gravity twist”,

—

7= (4)

—migC x k
gi = i’Y—( 'g'~>
—migk

since gravity wrench is a pure force acting along a line through the
centre of mass aligned with the negative z-direction.
Finally, equations of motion including gravity are then,

so that

6

Z (ZJTN"(éi -7+ S/T/Vi[zp Si]) =Tj j=12,...6
i=j



Joint Angles

Can write equations in terms of the joint angels 61, 62, ..., 0s.
Velocity twist of the ith link given by

i
S, = 9121 + 9222 + -+ é,’Z,‘ = Zéjzj
=1

with z; the ith joint twist as before. (Compare robot Jacobian).
Differentiating gives

i

Si = Zéjzj + Z 9k91[2k7 z/]

j=1 1<k<I<i



Generalised Mass Matrix

Can find explicit expressions for terms in usual presentation of the
dynamics
T = A,'J'QJ' + B,'jkejak + G

For example, the generalised mass matrix Aj; is

T(N;j+ -+ Ng)z;, if i<

{ZIT(N,' + -+ N6)ZJ', if i ZJ
Ay =
Zj i



Two Joint Robot

Can we diagonalise the mass matrix of a 2-joint-robot?
Mass matrix is

A— ZI(Nl + N2)21 Z]__,_N222
Z;szl Z;—szz

Can we choose joint axes so that leNgzg = 0 for all positions of
the robot? Rodrigues formula for rotation about z;

le(l6 —sinfyad(zz) + (1 — cos by) ad(zz)z) " Nozy = 0
For independence from 6> must have

Z;szl =0, z2TN2[22, z;] =0 and 22TN2 [22, [z2, 21]] =0



Diagonalisation

z Choose coordinates so that,
0 sin¢
0 0
1 | coso
0 and z; = d cos ¢
0 0
0 —dsin¢
X
So that
0 —sing Ii3
sin ¢ 0 I3
0 0 153
[227 Zl] = 0 ) [223 [227 Zl]] = —dCOS¢ 7N222 - me,
d cos ¢ 0 —mcy

0 0 0



Diagonalisation continued

By inspection, wrenches dual to z3, [22, z1] and (22, [z, z1]] are

—dcos ¢

0

0
sin ¢

0

0

Wi =

So we must have

I3

Nozy =

|
S o
Oggﬁm

0 0
—dcos¢ 0
0 dsin¢
Wi = 0 A I
sin ¢ 0
0 cos ¢
—d cos ¢ 0 0
0 —d cos @ 0
0 0 dsin ¢
sing | TH 0 R
0 sin ¢ 0
0 0 cos ¢

For some constants A, p and v.



Diagonalisation continued
From last row, have v cos¢ = 0. Either v =0 or ¢ = +7/2. Can't
have v = 0, that would make I33 = 0 - integral of density and
squares of distances (third row). So ¢ = +7/2. Implies

perpendicular joint axes.
Setting ¢ = 7/2 gives

0
0

vd

Nozy = so that 22TN2 Qg Nazz =0

A
i
0
The wrench is a pure force. Implies z; is a percussion axis for N,.
If, when a rigid body is subject to an impulsive pure force it begins to
move as an instantaneous pure rotation, the axis of this rotation is said
to be a percussion axis for the body. These axes form a tetrahedral line
complex — the complex of normals to the isogyre quadrics.

Selig, J. M. and Martin D.,2014, “On the line geometry of rigid-body
inertia.” Acta Mechanica, 225(11):3073—3101.



Conclusions

» Extends to tree structured mechanisms and parallel robots.
» Can derive same equations using Lagrangian dynamics.

» Only rigid-body dynamics, can include friction and
compliance.

THANK YOU



