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Abstract

This paper describes the modelling and motion speci-
fication of compliant motton tasks with two or three comn
tact peings.  These tasks cannot be done with Mason’s
classical “task frame™ (TF} or “complionce frame” ap-
preach. Hence, a more flexible and versatile motion con
straint model iy introduced, that maintaing most of the in.
tuitiveness of the TF approach.

1 iIntroduction

The Jiterature on foroe-controfled complianl molion
mast often uses {implicitly or exphicitly} Mason’s “Task.
Frame” (T approach, [5], to model the contact situstion
of the task, 10 speciy the desired motion within this contact
model, and to control the task exacution. This approach
i3 limiled (0 tasks ir which one single orthogonal refer-
ence frame suffices 1o model force-controlied amd velocity-
controtied directions of the motion consiraint. {Sec [ for
more delails.) Previous publicanions by the anthors {e.g.,
{31} have presented extensions to the T'F approach that al-
low to tackle tasks that could not previously be executed
successfully. These extensions use the concept of “virtual
contact manipniators” to model the instanfanecus motion
freedom of the manipulated object: each contact is mod-
clied by a kinematic chain that gives the manipuiated ob-
ject the same local motion freedom as the contact; if the
101al motion consivainl consists of several contacts that ocl
simultancousiy on the manipulated object, this total mo-
tion constraini 1s hence modelled by u parallel munipulator,
The kinetosiatic properiics of this parallel manipulator de-
termine the force. controlled and velocity-controlled spaces
wi cach nstant. In the rest of the paper, these spaces will
be called wrench space and twist space, respectively,

The advantage of this modelling approach 1s that it is
completely general and independent of any coordinate rep.
resentation.  The resnlting models, however, conld lack
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the mtuitiveness of the TF approach. Therefore, this pa-
per gives ad hoc contact models for two frequently oc-
curring contuct situations {having two, respectively three,
vertex-surface contacts between manipulated object and
environment), in whiclh the remaining degrees of freedom
are defined in very intuitive and cocrdinate- independent
ways, Coordinate expressions, however, are also given,
such that implementation on a force conirolled robot sys-
tem s straightforward. Scction 7 describes the two-point
contact situation, and Section 3 the three-point contact sn-
ualion,

‘The contact models in this paper are basia (o the motion
spectication and foree conirol of every task thatl involves
more than one single contact: insfantaneonsly every con
wek s approximated by the position of the contact point
and the direction of the contact aormal, and this is exactly
the situation where the presented models are valid. More-
over, velacity-based on-line identification of these contact
parameters {1} (i.e., the errors in the current estimates of
the contact poinl position and contact normal direction) can
be done for each contact separaicly. Hence, these ad hoc
models are very practical in two ways: (i) they allow 1o
model and specify contact situations that the classical Fask
Frame formulism cannol cope wilh, and (i) they simplify
{withoul loss of functionality!) the general “virtnal contact
manipuiaior” approach in these particnlar cascs.

2 Two-point contact

smoothly curved surfaces, which intersect cach otherin a
“seam.” Bach contacl is of the verfex-surface type, with
five velocity-controlled and one force-controlled direction.
Hence, the two contacts together reduce the dimension of
the metion frcedom space fo four. Pxamples of such a task
are: tracking pipes in chomical, nuclear or undersea planis
{(in this case, the “seam™ exists in the mode! only); follow.
ing a surface with a heavy (ool that needs hracing on a sup-
port stface [6], guidance of » welding (orch or 3 glueing
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Figure 1 Seam {ollowing with rwo contact points,

2.1 Geomelric parameters

‘The symbols {1} and {2} denote the two comact points,
ax weH as their ussociated contact frames, Fig, 2. The seam
exis 1% the intersection of the two Ltangent planes at {1} and
{2} A parallel plare 1s cach plane through a contact nor
mal and parallel o the seam axis, A perpendicudar plane
any plane perpendicular to the seam agis. The seam angle
er is the (free space) angle between the tangend planes. The
contact points fie at distances ¢ and d°, respectively, From
the seam axis,

All these parameters can be calcolated if the unit nog-
mal vectors € and 22 are known, as well as the vector p
linking the two contact points. Expressed with respect to
the reference frame {1} of Fig, 3 this givex

i) _ € Pz
el | 0| gl gy 1ops oy o (B
1 K R

Then, the scam anglz 7, the direction of the seam axis %%,
the position veciors pfg and ;nf, of the points on the seam
axis closest to {13 and {2}, as well as the distances d* and
d? from the contact points o the seam axis, are coleulated
as foliows (he caloulations are straight{orward but rather
tedious):

I, The seam angle 7:

. 2 i s il
o = aresin (e - e} 4 5= arcsinfe,) + 5
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2. The vector €%¢ is the normalized cross product of &
and e?:
W eixel 1 &y
e = s | — 2y

T je? x el

3. p is the intersection of the tangent planes at {1} and
{2}, and the perpendicular plane through {1}

1 Exp b eypy £ Cu
Py = (;2 + 632 . Py
x ¥ (}

Similatly, p is the intersection of the tangent planes
at {1} and {2}, and the perpendicular plane through
{21

P €
g €20,
Pe=1 Py |ty | gy
e + el
0 R A

4. The distance ' i the length of pfi:
4= §f-’-:erpm Tyl EZ?}Z|
\/:,6 + e

The distance &7 is the length of p} ~ p:
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Figure 2. Two- point contact: geometric definitions.

The roof plane s defined as the plane through the two con-
act points and a third user-defined point p* on the tool.



The lool plane has one coordinate-independent reference
position when it lies in a perpendicular plane aad &f = 2
This situation is called the symmetric tool position. The
toot Iooses one or two degrees of freedom if itis paralle!
to the seam, ie., & = d* = 0.

The contact frames at each ol the two contact points
have their & axis along the contact nonnal. The X and
Y axes ure not uniguely determined geometrically; their
direction can be freely chosen in the tangent plane. A con-
tact frame is called paraflel if ts X oxis is paralle] to the
seam axis, and the ¥ axis points towards the seam, Fig. 3.

2.2 Twist space basis

Each of the two contacts reduces the tool's motion free-
dom by one. With respect to the parallel reference frame
in {11, the bases for the five dimensional twist space (i.e.,
the Jacobian matrices of the virtus] manipulators at the two
conlacts) are:
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The first three rows represent angular velocity, the last
three rows represent translational veloeity. e, and s, are
the cosine and sine of the seam angle 0, ¢ = —pye, + P50,
and b = pus, + poty. Cohunn two of J? is uged to sim-
piify the other columns to:
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From this, it is clear that 2 basis for the twist space of
the total constraint is found from either J1 or JZ with the
second column removed. We define the total constraint’s
Jacobian matrix J as the matrix found from elementary

column operations on J*:

Jo2 G (s.dE —eedi - pJY) Y]

1 a t 3
{ -y (} f
. Y e 1 0 .
” [ - Tyl b P 8o ¢ 14 &)
Pz Py ﬁf & 2% |
0 o 3 0

= rranwerseB

o normad T planes

R plane

Figure 3. Two-point contact: Roll, Pirch, Yew, Siip, and
Stide.

These four remaining degrees-of-freedom represent ro-
tations about, and transiations along, geometrically defingd
fines, Fig. 3

1. Roil is votation about the intersection of the parallel
planes through {1} and {2].

2. Pitch is rotation about the intersection of the perpen-
dicular plane in {1} and the paralle] plane in {2}

3. Yawis the rotation about the intersection of the paral
lel plase in €1} and the perpendicular plane in {2},

4. Sideis mansiation in the direction of the seam axis. (It
can also be considered as a rotation, t.¢., about the in-
tessection of the perpendicular planes in {1} and {2}
which lies at infinity.}

Rolk, Pitch and Yaw have (more or less) their original mar-
time interpretation if one looks atihe 100l as a “ship” trav-
elling along the seam. Anolher coordinate-independent
degres-of-freedom s the rotation shout the line belween
the two contact points, This motion leaves the contact
points unchanged on the environment; hence it is called
slip. Ship s a bnear combination of Roll, Pitch, Yaw and
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2.3  Wrench space basis

The hasis for thz contacl sitiaton’s wrench space (e,
the force-comtrolled directions) 1 stratght{orward: i con-
sises af unit forces atong the contact normals in {1} and
{2}, The 6 » 2 matrix comaining the coordmate expres.
stong of these two forces is called the wrench Jacobian
matrix and is denoted by G

24  Comparison to TF

The differences berween a classical Task Frame model
and the Rell-Fitch-Yaw-Slide/Slip model are:

1. The hLines on which the basts twists and wrenches are
defined do not intersect in Qne paint

"The bases are gme-varying, Le., the relative pasitions
of the Lines changes during 1he motion, due to the cur-
vatare of the contact surfaces.

The similanties sre that:

I, An intuitive, geometric and hence coordinate-
independent twist and wrench space model exists.

2. Only zero or infintte pitch screws are needed, At
least i the geometric model, since, due to the noa-
mtersecting axes of the goametnic medel, no ceoords-
nate represertation exists in which the Jacobian ma-
trices J and (¥ also contain anly zera ar infinite pitch
SCFOWS.

2.5 Motion specification

The previous paragraphs describe bases allowing
specify unambigucensly the instantancous fwist of the toal
and the desired ideal wrench on the tool, Hawever, a e
mran wser prieht Bke more infutlive ways ol specilying the
mstanlanenus twist or 1he desired position. The following
garagraphs describe two possihie approaches, a local one
and @ global ane.

The local specification approsch follows the classical
TF imuition: each mdividual contact gets its own TE as if
i were the only comact occuriing on the manipubaed foal.
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Hawever, the user should not specify more than four inde-
pendent motions in both TFs together. It is then the con-
troller’s job to translate this local specification in an instan-
taneous bwist that does nol violate the contact constrainis.
This translation can, ¢.g., be done with “projection matri-
ces” on the instantancous twist space basis, {2].

The global approach relies on a mode! of the remaining
four motion degrees of freedom, for example Roll-Pitch-
Yeo-Stde as described above, Then, the well-kaown Jaco-
bian equation, £ = Jq apphies, with JF a bagis of the twist
space, and ¢ the magnitudes of the Roll, Pitch, Yaw and
Slide basis twists. The advantage ic that, by construction,
any specified twist will be compatible with the modetied
constraint, However, the resulting motion of each individ-
nal contact point might be less ntuitive than in the local
approach, If the user prefers w specify the desived position
of the tool, instoad of the desired instantaneous twist, he
cauld for example specify desired values for the following
four geometrically determined distances; dy,pt,p%, and
the desived pasition along the seam. Again, the controlieris
responsibie for transforming these four sumbers into a re-
sultant motion that 1s instantanecusly compatible with the
contacis,

3 Three-point confact

The general contact situation with three contact points,
Fig. 4, has three degrees of motion freedom, The following
paragraphs present an intuitive and coordinate-independent
way to model the instantaneons degrees of freedom in this
contact sitpakion.

3.1 Geometric parameters

Instantaneously, the comact situation is determined by
the tangent plancs at the three contact points. As in the
fwo-pOint contact case, the anit narmmal vector at contact
point ¢ is denated by €', The geometric parameters defined
in Secct. 2.1 exist in the three-point contact alsa, For cach
cauple of contact paints; the formulas to calenslate these
parameters rematn unchanged. The natations, however, are
shghtly adapied, in order to discriminate the three possible
combinations, For example, dy; denotes the distance bee
tween coniact point 1 oand the seam helween the tangent
planies in paints | and 3; e is the unit veclor parailel to
this seam.

3.2 Twist space basis

A basts for the three-dimensional twist space can be

chosen in many different ways. The following Jacobian



Figure 4. Three-point conlact.

matrix has three hasis twists thal are an intuilively appeal:
g extension o a classical Task Frame approach, Fig. 4

J = [Shide;y Slidesy, Rot). (6}

Shide,; is the translation of paind 4 aver its own fangent
plane in the ditection of the seam with point §: similarly for
Shidegy; Rot; is the Instantanequs pure rolation that leaves
contact point £ motiondess, and moves the two other contact
points in their focal tangent planes. The basis in J can he
used 10 spealfy the three available motion degrees of free-
dom by considering the motian of the contact point i only.
Of course, all three basis mations must salisfy the instania-
neans consiraints. The following paragraphs explain how
s is achieved:

I. 8Hde;;. The seam between the cantact points ¢ and 7
is determined in exactly the same way as ia the case
of twa-point contact. Henee, a corresponding “Roll”
axis {;y can be defined. Rotation about this axis makes
the comact points § and § ranslate in their iocal tan-
gent planes and perpendicular to the common seam
axis. However, a pure rotation about this "Roll” axis
is only possible if {1} the iird tangent plane (e, the
tangent plane at point &, & ¢ {7, 71} 15 perpendicalar
(0 the 1wo langent planes thal determine this “Rail”
axis, or (1) the third contact point & happens o lie
on the “Rall” axis. Thorcfore, moganeral, a franska-
giomal velacity v (Fig. 3) aleng the "Reld axis shonld
he added, in order (o keep this third candact point &
on 1ts local tangent plane. Hence, the pure rotation
"Rofl” in the rwo-paint contact case mast be replaced
by a non-zero pitch screw “SHdey™ in the three. point

contact case. The ranslational velocity component of

this serew can be found as follaws: vy, 35 the veloc-
ity of point & if it were ta rotate about the “Rall” axis
;5 vy is the velecity in the Langem plane through k
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that makes the paint & follow the rotation about the
“Rofl” axis without leaving its instantancous tangent
plane: vy is perpendicular to €* (since it ias in the
tangent plane} and to dyyy (be., the direction vector
through k and perpendicular 1o the “Roll™ axis {i);
the rransivional component v of the “Shide;;™ screw
is parallel to I;;, and proportional to the tangent of
the angle belween the vector ¢4, and the unit vector
along vy, All these vectors and angles can be calcu-
lated with simple vector calculus.

Figure: §: Three-point contact: velocity components due o
shde.

2. Ret;. Rotatian shouwl an axis ithrough ¢ moves the con
tacl point 7 in the direction perpendicular to both p*
{1.e., the vector from point £ 1o point §, since point 1 re.
maing motianiess) and the normat direction &7 (since
polnt § must mave tn it tangent plane). Hence, the
axis of Rot; goes through ¢ and has direction vector
(P x ef) x (p* x &)

3.3 Wrench space basis

The basis for the contact sauation’s wrench space is
equally siraightforward as in the Iwo-point contact case: it
consists of unit forces along the contact nommals in {11,
{2} and {3}. The wrench Jacobian mairix € i now 2
6> 3 matrix, containing the coordinate expressions of these
three forces.

34 Comparison to TF

‘The differences between a classical Task Frame model
ancd the above deseribed three-point contact mode] are:

1. The linek ap which the basis twists and wrenches are
defined do not intersact in one point.



2. The bases arc ime-varying, 1.e., the relative positions
of the lines change during the mation, due 1o the cor-
vature of the conact surfaces.

3. The twist space cannot be spanned anymore by pure
rranslations and/or pure rofations.

3.5 Motion specification

As in the two-point contact case, both foced and global
meolion specifications are possible.

In the local approach, (part of ) the motion of cach con-
tact paint individizally is specified as if no constraings were
acting on the abicct, At the user level, the constraints
are only faken into accaunt by the requirement that one
shiould not specify more than three independent velocity
set-points. The others get “don’tcare™ values that the robot
controdler must i in iy such a way that the resulting mo-
sian is cordpat ble with the constraings,

In the global approach, the sser constructs a compatible
instanfancaus wmotion by using, for example, the lacabian
matrix n B (6} Alternatively, he can specify three de-
sired distances of the contact poists 10 some of the seams;
for example, the distances af ane of the three contac points
1y its two neighbonring seams, together with the distance
of one of the other contact poinis 1o the tangent plane of
the first confact point. The controller must again take care
of the instantaneons moelion interpalation required to reach
the specified goal without vialating the contact comstraints.,
To this end, he cay use the instanfanequs twist space basis
in Bg. (6).

4 Conclusions

This paper has deseribed how classical Task Frame ma-
fion constraint modelling and motion specification proce-
dures are extendaed fo contact situations with twa or three
contact points. The presented approach is completely co-

ordinate independent. and requires only the knowledge of

the positions of the cantact points as well as the contact
paripal diseetions in cach of the paints. The two presented
contact models keep most of the inftiveness of the Fask
Frame approach, bit have nevertheless t compromise on
two points: (1) some bagis screws in the models are not
pure translations or pe rotations, and (ii) the screw axes
don’f always intersect in one single point,

if the cantact surfaees are curved, on-line ™racking”™ al-
garithmg are requited in order o be able to continuonsly
update the cantact normal directions during the motion of
the contact points. This tracking can be done, for example,
with the “velocity-based” tracking appraach explained in
it 4%
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