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Zmanj8anje nedolodenosti lege In usmerjenostl predmeta v prijemalu robota
Reducing Uncertalnty In Position and Orlentation of Object in Robot Gripper

STANKO DOLENSEK

0. UVOD

Clovek je prek svojih ¢util nenehno povezan
7 okolleo. Na poadlagl zaznav se ustrezno odzlivamo
in nafrtujemo nova delovanja. Po IzkuZnjah lahko
Isto Eutllo uporabljamo v razliéne namene, all pa
doseffemno enako zaznavo z razlliéniml &utlll. To je
vilika prednost v primeru okvare katerega od fu-
til, ker ga lahko s preostaliml &utill vsaj delno
nadomestimo. Ce 1zgubimo vid, si lahko pomagamo
& tipom In sluhom.

V robotikl se Zelimo v najveéji merl pribli-
Zatl vsem Clovegkim lastnostim In take zgraditl
timbolj samostojne robote. Na podrofju povezo-
vanja zaznaval raziskujejo nove uporabne moznosti
2e znanih zaznaval (senzorjevl. Prl tem je po-
membno tudl povezovanje razliénih zaznaval z na-
menom, da bl dobili nove podatke o okolju. Bistve-
na prednost je, &e lahko Isto zaznavalo uporablja-
mao za razlicne naloge. Tako ob enakih uéinkih po-
trebujemo manj zaznaval, poenostavimo celoten
robotskl sistem In zmanj&amo strofke.

1. RAZPOZNAVANIE PREDMETOV
MED DELOVANJEM

Ravnanje s predmeti je osnovna robotska na-
loga. Cas med opravljanjem gibov lahko koristno
upoerabimo za dolofena merjenja. Z zaznavall lahko
ugotavljamo lego In usmerjenost predmeta v prije-
malu, predmet lahko stehtamo. ugotavljamo ne-
pravilnosti, dolofamo barve. Pri tem s pridom
uporablmoe spoznanja |z preudevanja cloveka.

Clovek lahko s tipom In zaznavanjem obre-
menitev ugotavlja tudl zelo zahtevne stvarl. Vze-
mimo Za primer zaprio pusudﬂ. v katero ne more-
mo prodreti s pogledom. Posodo lahko potetkamo,
Jo premikamo sem In tja, obratamo, potresamo.
lz tega ugotovimo, ali je posoda prazna ali polna.
Lahko sklepamo o vsebinl posede: v njej je tekoéi-
na, sipka snov, bolj groba snov, kroglice ali oglati
predmetl, en predmet all ved predmetov. Obenem
sl lahko pomagamo tudi s sluhom. Z otipavanjem
doloélmo obliko posode. S prehajanjem toplote Iz
roke na posodo sklepamo, all je posoda kovinska
oziroma nekovinska.

0. INTRODUCTION

A human being with hiz organs of sense con-
tinually communicates with the environment.
This Is the base of executing sultable reactlons
and planning new actions. With some experience
we can use the same organ of sense for various
purposes or we achleve the same perception with
different organs of sense. Thizs is a great advanta-
ge In the case of a damaged organ of sense, becau-
ze we could partially substitute it with the remal-
ning organs of sense. In the case of loosing our
ability to see we can use our hearing and touch.

In robotice we want to approach all human
qualities on a large scale as to build autonomous
robots. In the fleld of sensor Integration research
has been carried out concerning some new usages
of the existing sensors. Here It Is Important to
connect different sensors in order to get some new
information about the environment. It Is of great
advantage to use the same sensor for different
tasks. In that way we need less sensors to obtaln
the same effect, the whole robot s less complica-
ted and costs are lower,

1. RECOGNITION OF OBJECTS
DURING MANIPULATION

Manlpulating objects is the main task of a
robot. The time during manipulation can be used
for some measurements. By the sensors we can
find out the position and the orlentation of the
object in the robot gripper. we can weigh the
object, then we can find out some irregularities
and colour of the object. Here we can take full
advantage of recognitions from studying human
beings.

By touch and force sensing, person can find
out very complicated things. For example, let us
take a covered dish the inside of which we can* t
see. We can welgh the dish in our hand, move It
to and from, turn it round or shake it. When per-
forming all these movements we find out whether
the dish is empty or il there is something inside.
We can infer about the contents of the dish: it
could be liquid, powdered or granulated material,
spherical or angular objects, one object or more.
At the same time we can use our hearing. By tou-
ching the dish we determine its shape. By heat
transition from the dish to our hand we can find
out the kind of material: either it Is metal or not.
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Deolofena dela bolje opravime, e predmet, s
katerim delamo, pravilno primemo. Najugodnejsi
prijem Je navadno v bliZinl teZlifa. Prl tem dose-
2emo boljil l1zKoristek prl porabl energlje, vedjo
dinamike delovanja, ugodnejie statiéne in dinamié-
ne obremenitve prijemala. Primer je nosnja tezje
palice. Veliko la?e drZimo tak predmet na sredini
kakor na koncu. Na sredi palice je teZisce In zato
v rokl ne #utimo nobenih dodatnih statiénih mo-
mentov. Tako ugotovimo tudi teZizée predmeta.

Povezavo med dvema predmetoma preverimo
tako, da ju potresemo In pri tem ugotavljamo, all
se premikata. Masa predmeta je lastnost, ki po-
maga pri razpoznavanju. S tehtanjem med mnoZico
predmetov z znaniml masaml ugotovimo, Katerl
predmet je v prijemalu. Ce predmet nima prave
mase, je lahko poskodovan, ima preseZek mate-
riala ali pa sploh ni pravi.

2. STATICNO DOLOCANIJE LEGE PREDMETA
V PRIJEMALU

Osnova za dolotanje lege predmeta v prijema-
lu bo uporaba zaznavala sil in momentov v zapestju
robota. Zamisel se mi je porodila ob prebiranju
strokovnega ¢lanka avtorjev Tsujimure in Yabute
(11 In opisanih razmisljanjih. Podobno so An,
Atkenson In Hollerbach [3] uporablli zaznavala sil
in momentov za dolotanje teZista in vztrajnostne-
ga momenta neznanega bremena.

Imamo robota s prijemalom. Med prijemalom
in zadnjim segmentom robota je vgrajeno zaznava-
lo sil in momentov. Koordinatnl sistem zaznavala
bo osnova za vse nadaljnje lzvajanje (sl. 1).

Some tasks are performed better when the
manipulating ohject is grasped In the right way.
The most favourable grasp i usually the one In
the centre of gravity. Thus we make good use of
energy, get better dynamics of manipulation, more
favourable static and dynamical charge of the grip-
per. For example, we take a heavy stick. We can
grasp this object In the middle much easier than
at the end. In the middle of the stick there Is a
centre of gravity and we don't sense any statlc
torque In our hand. Or else we can find the centre
of the stick's gravity.

The connection between two objects could be
checked by shaking them. Thus we find out whet-
her they move towards each other. The mass of
the object 1s the characteristic that can help us
with its recognition. By welghing a set of objects
with known masses, we find out which object we
have grasped. Furthermore, If the object Is not
of the proper mass, there Is something wrong: It
could contain either too much material | be dama-
ged or It Iz not the right one.

2. STATIC DETERMINATION OF
OBJECT POSITION IN ROBOT GRIFFER

We take a wrist force-torque sensor for de-
termining object position in the robot gripper. | ca-
me across the idea when | read a paper by Tsuji-
mura and Yabuta [1] and when [ thought over the
things | had written In the first chapter. Similarly
the authors An, Atkenson and Hellerbach (3] used
a force-torque sensor for determining the mass
centre and the inertia for an unknown load in the
robot gripper.

Let us take a robot with a gripper. There ls
a wrist force - torque sensor between the gripper
and the last robot joint. Let the wrist sensor fra-
me be the base frame for further explanation
(fig. 1).

81. 1. Zaznavalo sil in momentov.
Fig. 1. Wrigt force-torque sensor.

Vzemimo, da robot v prijemalu dri predmet,
katerega geometriéna oblika je znana. TeXlite
predmeta v koordinatnem sistemu zaznavala dolota
lego predmeta.

L&t us assume there Is an object with known
geometry in the robot gripper. Object position Is
determined by its centre of mass.
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Predmet in prijemalo s svojima tetama pov-
zrotata moment na zaznavalo sil in momentov,
Moment M, ki ga 1zmeri zaznavalo, je vsota dveh
momentov. Prvl moment povzrofa teZa prljemala
Tp, drugega pa te2a predmeta oziroma ohjekta T,

M, = M,

Moment prijemala lahko zapidemo kot vektor-
ski prodult:

The masses of the object and the gripper cau-
se static torgue to the wrist sensor. The static
torque Mg, which is measured by the wrist sen-
sor, Is the sum of two torques. The first torque
Is caused by the object weight T, and the second
one by the gripper welght Tp:
+ M, (1

The gripper torque could be expressed as vec-
tor product:

M, = r,xT, ).

Rotlca r, le vektor, ki kaZe lego teZista pri-
jemala v koordinatnem slstemu zueznavala. Ustrez-
no lahko zapifemo moment M, ki ga v zaznavalu
povzroéa predmet (objekt):

M, Iy T,

Rotlca r, pomeni lego teZidta predmeta v ko-
ordinatnem slstemu zaznavala In je v naSem prl-
meru neznana. Prl lzratunu r, z uporabo T, In
M, naletimo na tezavo [1], ker vektorski produkt
ne ohranja Informacije o kotu med roélco in silo.

P

The handle Fp Is a vector which determines
the gripper cenire of mass position in the base
frame. Similarly we can express the ohject torque
influence M, In our wrist sensor:

(3]

The handle r, Is a vector which determines
the object centre of mas=z position In the base
frame. In our example It I1s unknown. If we want
to compute r, from T, and M, we have a problem
(1] because the vector product doesn' t preserve

the information about the angle between the handle
and the force.

i zaznavalo

-1 sensor

prijemalo
-~ gripper

met

object

Sl. 2. Dvoprstno prijemalo.
Fig. 2. The twe fingered gripper.

Slika 2 prikazuje stranski pogled na zaznavalo,
dvoprstno prijemalo in predmet v prijemalu. Ozna-
¢en je tudi vektor lege teZi¢a predmeta r, v ko-
ordinatnem slstemnu zaznavala. Zaznavalo izmeri
F.. ki je teza predmeta In prijemala skupaj. Ker
tezo prijemala poznamo, lahko izrazimo teZo pred-
meta:

Pt Ry

Figure 2 shows the side view at the sensor,
two fingered gripper and the object in the gripper.
We can see the position vector of an object in a
base frame r,. The sensor measures the force F,

which Is the welght of both; the sensor and the
object. As we know the gripper weight, we can
compute the object weight:

- T, (.
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Druga velléina, ki Jo lzmerimo z zaznavalom,
je moment M. lzraz (2) vsebuje znane velicine
rp In T, zato ostane v lzrazu (1) edina neznanka
moment predmeta M,

The second magnitude measured by wrist
sensor 15 the torque M. In the equation (2],
magnitudes r, and T}, are known. The object tor-
que M, 15 the only unknown quantity In the
equation (1):

My~ M, - rxT, (5).

Predmet v prijemalu lahko sedaj obravnavamo
popolnoma lodeno od vplivoy prijemala na zaznavalo
(sl. 3). Teza predmeta T, povzrocta zaradl vektorja
lege r, v zaznavalu moment M. TeZa predmeta
T, in vektor r, oklepata kot a ter sta pravokotna
na moment M.

Now we can handle the object In the gripper
completely from the gripper influence to the wrist
sensor (fig. 3). The object weight T, causes, by
means of the position vector £, the torque M, to
the wrist sensor. The angle between T, and vec-
tor F, is &; and both values are rectangular to the
torque M.

rx Hﬁg y
- X
kT, r, M
 / :'n
Te
| |
Z

S8l. 3. Vektorskil produkt — prva meritev.
Fig. 3. The vector product — first measurement.

Vektor r, lahko zavzame v dvoprstnem pri-
jemalu lego v ravninl x-z. To pomeni, da moramo
dolociti dve neznanki. Lego v smeri v poznamo 1z
geometri¢ne oblike predmeta In razdalje med pr-
stoma prijemala. Z vektorskim produktom teze T,
in momenta M_ dobimo le projekcijo vektorja r,
na koordinatno os x:

r,=

Slika 4 prikazuje rezultat lzratuna odvisnostl
statitnega momenta M, e spreminjamo lego te-
215¢a predmeta r, v smerl vektorja r.. Vidimo,
da velja med velikostma obeh vektorjev linearna
zveza, kar Je zelo ugodno.

Vektor lege teZiita lzrazimo kot vsoto wek-
torjev r, In kT,

In two fingered gripper the vector r, can take
its position in the plain x-z. This means that two
unknown components are to be determined. We
know the object position In direction ¥ from the
object geometry and from the distance between the
gripper fingers. We compute the vector product
between the object weight T, and the object torque
M, and we get only the projection of vector r, to
the frame axis x:

T.xM, (6)
| TP

Figure 4 shows how the static torque M, is
dependent of the changing object position ry In di-
rection r,. We can see linear connection between
the magnltudes of both vectors. That Is favourable.

We can compute the position vector r, from
the sum of the vectors r, and kT, :

ry=r +kT, (7)
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Sl. 4. Odvisnost momenta od lege.
Fig. 4. The torque dependence on the position.

MNeznani skalar k dolo¢a lego vektorja r,. 1z
znanih podatkov ga ne moremo [zratunatl, zato
zavrtimo prijemalo za znanl kot ¢ (sl. 3). Smer
vrtenja mora biti pravokotna na os y. Opravimo
&e eno meritev momenta M,,. Ko lzratunamo In
odstejerno moment prijemala, dobimo moment M.,
ki ga povzrota predmet na zaznavalo.

Z

The unknown scalar k determines the position
vector r,. We can not compute it from the known
data, therefore we rotate the gripper by a known
angle ¢ (fig. 5.) The directlon of rotation must be
rectangular to the axis y. Then we make the se-
cond torque measurement M_,. After computing
and subtracting the griper torque we obtain the
object torque M,,.

”“-:EJF

Sl. 5. Vektorski produkt — druga meritev.
Fig. 5. The vector product — second measurement.

Za kot ¢ smo pravzaprav zavrtell koordinatni
sistem zaznavala. Lega vektorja r, v koordinatnem
sistemu je ostala nespremenjena. Spremenila se je
lega teze T,,. ker je teza obdrzala smer gravitacije.
Kot med vektorjem r, in tezo T, je sedaj enak:

Actually we rotate the base frame by the
angle «. The position vector r, in the base frame
stays the same as before rotation. It has changed
Its welght position T, because the welght always
points towards the direction of gravity. The angle
between T, and vector r, is now equal:

drg, T)=a+p (8).

Absolutne vrednosti momentov M, in M,
lahko izrazimo tudi z absolutnimi vrednostmi vek-
torjev r, in T, ter Kotom med njima:

The absolute values of torques M, and M,
can be put down as absolute values of the vectors
r, and T, and the angle between them (9), (10):
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IM,| = |r,|

IM| = |rg] | Tl sin(a + )

lzraza (9) In (10) delimo med seboj. uporabimo
adicl)skl lzrek In lzrazimoe kot a v obliki:

1

cotax = ——
sin ¢

Poznamo tudl naslednjo zvezo (sl. 3):

cotax =

lzenatimo izraza (11) in (12) In 1Zrazimo abso-
lutno vrednost k T),:

Ir,|

kIT,| = = <8

Dolotill sme vse neznanke v lzrazu (V) in je
tako lega predmeta v dvoprstnem prijemalu znana.

lzraz (13) je potrdil simuliranje vpliva zasuka
prijemala za kot ¢ na moment M, (sl. 6). Imamo
sinusno odvisnost, za katero vemo, da je prl majh-
nih zasukih praktiéno linearna. Sklenemo lahko,
da je tofnost dolotanja lege predmeta v prijemalu
neposredno odvisna le od zaznavala sil in momen-
tov.

(mr

|T,| sina (9)

(10).

We divide equation (10) with (9) and express
the angle o as follows:

Mnll

- COS qp) (11,

The following connection between the vectors
is known (fig. 3):

kI|T,|
|yl

(12).

We equal the equation (11) and (12) and ex-
press the absolute value kT: -

| M

(13).
A

(

- cos qu)

We have determined all unknown wvectors
from (7) and so we get the object position In the
two fingered gripper.

Figure 6 shows us how the torque M, Is
dependent on rotating by the angle ¢. We have got
sine dependence of which it is known that it Is
linear at small angles. We can conclude that the
accuracy of determining the object position Is di-
rectly dependent only on the wrist sensor.

032 04 06

08 12

-3

Sl. 6. Vpliv zasuka prijemala na moment.

Fig. 6. Dependence of the torgue

M, from the turn round angle .
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3. DINAMICNO DOLOCANJE USMERITVE
PREDMETA V PRIJEMALU

Lega predmeta je dolotena z lego tekidca. WV
vsakl legl lahko predmet zavzame razlitne usme-
ritve. Nedolotenost v usmeritvi predmeta lahko
odpravimo z dinamiko. Stopnje usmeritve predme-
ta v prijemalu so omejene. Dvoprstno prijemalo
doputta vrtenje predmeta v osl, ki poteka skozl
te?i2le In je pravokotna na ravnino z-x (sl. 2, 11).
Predmet zavrtimo okrog o=l 2 all X in med pospe-
gevanjem merimo moment, ki Je osnova za dolota-
nje usmeritve. Prl tem mora bitl 1zpolnjen pogoj,
da je vrtenje pravokoino na stopnjo prostosti v
usmerltvl.

Wpeljimo dinamiéne veliéine. Potrebovall bomo
dinamiénl moment My, vztrajnostnl moment J In
kot & ki je kot vrtenja prijemala okrog osl z. Pri
doloéanju usmeritve bomo morall poznati kotni po=
speiek v Casu merjenja momenta. Nekateri roboti
ponujaje meZnost programiranja Kotnega pospeska
pri vrienju prijemala. Vetinoma pa i moramo po=-
magati z zunanjimi zaznavall,

Zaznavalo izmerl moment M_, ki je vsota
stati¢nega momenta M. in dinamiénega momenta
My,

M,

&5

Statiénl moment poznamo Ze i1z drugega
poglavia in se sedaj pojavlja kot znana velidina.
Sestavl jata ga staticna momenta prijemala M, In
predmeta v prijemalu M,:

Mss ¥

Dinami¢nl moment Mg, (16) povzrotajo za-
znavalo, prijemalo In predmet v prijemalu s svaoji-
mi vztrajnostnimi momenti v ¢asu, ko je kotni
pospeiek razlicnen od nic;

My = Magons *

Dinamiéni moment zaznavala My.q,, pozna-
mo. Zapisemo ga kot zmnoZek vztrajnostnega mo-
menta zaznavala J_ in kotnega pospeska:

Md 2EONnT

Ustrezno lahko pidemo tudi dinami®nl moment
My, prijemala:

My, = J, 8

Mo~ M,

-1 8

3. DYNAMICAL DETERMINING OF OBJECT
ORIENTATION IN ROBOT CRIPPER

The abject position 1s determined by the cen-
tre of mass position. In each position the abject
can have different orlentations. Uncertain ohject
orientation can be dispatched by dynamics. The
degrees of the ohject orlentation are limited. The
two fingered gripper allows rotation of an object
around the axis which passes the centre of mass
and Is rectangular to the plain z-x (fig's 2, 11). The
object in the robot gripper rotates around the axes
zor x. During the process of acceleration the dy-
namical torque 12 measured In order to determine
the object orientation. There iz one condition that
should be fulfilled, namely the object must rotate
rectangularly to the orientation degree of freedom.

Lat us take dynamical magnitudes. We' 1| take
the dynamical torque M. the Inertia J and the
angle & of the gripper rotation around the axiz z.
At determining the orlentation, the angle accele-
ration at the time of torque measurement must be
known. Some robots allow programming of the
angle acceleration at the gripper rotation. But we
mostly have to use additional sensors.

The wrist sensor measures the torque M,
which Is the sum of the static torque M__ and the
dynamical torque M, :

= Mge + My, (14).

The static torque is known from the second
chapter. The static torque Is the sum of the
static torque of the gripper M., and static torque
of the object M_,:

(13),

The dynamical torque My, (16) Is caused by
the inertia of the wrist sensor, the gripper and
the object In gripper when the angle acceleration
Is not equal to zero:

Mdp * My, (16).

The dynamical torque of the sensor My.ons
s known. We can write it as a product of the
inertia Jg and the angle acceleration:

(17).

Analogously the dynamical torque of gripper
My, could be expressed as follows:

(18).
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Edina neznana velifina je dinamlénl moment
M, predmeta v prijemalu in ga lahko izratunamo:

My, =M, - M,

Dinami¢ni moment Mg, predmeta v prijemalu
je odvisen od vztrajnostnega momenta predmeta J,
in kotnega pospeika:

M, = J 8

V lzrazu (20) se pojavlja vetrajnostni moment
J, kot neznana veli¢ina, ker ne poznamo prave
usmeritve predmeta v prijemalu.

Slika 7 prikazuje vpliv usmeritve predmeta na
njegov vZtrajnostni moment. Cim blize osl vrienja
je razporejena masa predmeta, manjsl vztrajnostnl
moment ima (sl. 7a). Ce predmet spremenl usme-
ritev pravokotno glede na os vrtenja z, se vztraj-
nostnl moment povetuje In doseie najveljo vred-
nost, ko je masa najbolj oddal jena od osl (sl. 7b, c).
VW teh primerih Je bllo teZlZe predmeta na osi
vrtenja. Predmet Je lahko tudl odmaknjen od osl
vritenja (sl. 7d), kar tudl vpliva na vztrajnostni
moment. Veljl ko Je cdmik, vedjl bo vztrajnostni
moment.

o Hd.sanz

Now the only unknown magnitude iz the dy-
namical torque My, of the object In the griper. It

can be computed:

- M, (19).

P
The dynamical torque of the object in gripper

M, Is dependent on the object inertia J, and the
angle acceleration:

(20).

In the equation (20) the object Inertia Is pre-
sented as an unknown magnitude because we don’ t
know the real object orientation in the robot gripper.

Figure 7 shows the Influence of the ohject
orlentation on the object Inertia. The closer the
mass of the object to the rotation axis the lower
Inertia it causes ([ig. 7a). If the object changes its
orlentalon rectangular to the rotation axls 2, then
the object inertia Is getting higher and reaches Its
maximum value when the mass Is farthest from
the rotation axis (fig. 7b and 7 ¢). In the upper
two cases the object centre of the mass lles on
the rotatlon axis. The rotated object can also be
removed from the rotatlon axis (flg. 7d), which
influences the inertia az well. The bigger the re-
moteness the bigger the inertia.

R T e Tty
Jy

L | A

o e > o

z F4 F4 4

a) b) ¢) d)

Sl. 7. Vrtenje predmeta okrog osi z.
Fig. 7. Rotating of the object around the axis z.

Vztrajnostnl mement predmeta okrog osl z
lahko poplfemo z naslednjim lzrazom:

Jo = fxzd m

V primerih, ko je predmet odmaknjen od osi
vrtenja. si pri Integraciji (21) pomagamo s Huy-
gens—Steinerjevim pravilom:

2
Ju' oT * F°M

The object Inertla - when rotating around the
axls z - can be expressed by the equation:

(21).

When the object Is shifted from the rotatlon
axis, we can compute the integral equation (21)
according to the Huygens—Steiner rule:

(22).
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Prvi ¢len je vztrajnostni moment predmeta
Jo & tezlstem na osl vrtenja. Drugl élen doloéa
povetanje vztrajnostnega momenta, de je teZidde
predmeta za razdaljo r oddaljeno od osi vrtenja,
m pomeni maso predmeta. Maso predmeta In raz-
daljo r poznamo |z stati¢nega dolocanja lege pred-
meta v prijemalu.

Celoten problem doloanja usmerltve predme-
ta smo prevedll na lzratun vztrajnostnega momen-
ta predmeta s te?i&fem na osl vrienja (sl. 8).

The J,r stands for the object inertia when
the ohject's centre of mass Is on the rotation axis.
The second term expresses the increase of the
object Inertia when the ohject |s shifted from the
rotation axis by the value r. And m stands for the
mass of the object. The distance r and the mass
m are known from static determination of object
position In the robot gripper.

determination of the object orientation ig being re-
duced to the computing of object inertia when Its
centre of mass Is on the rotatlon axis (flg 8).

Sl B. Vpliv usmeritve B na vztrajnostni moment,
Fig. 5 The arlentation angle B causes different object inertia.

Geometri¢na oblika predmeta je znana. Z nu-
meriéniml metodami lzratunamo vztrajnostne
momente v odvlsnosti od kota B. lz primerjave
vrednosti J,1 dolo¢imo usmeritev predmeta S.

x10-2

We know the geometry of the object, By the
numerical methods we can compute the object
Inertla, according to Its dependency upon the object
orlentatlon 5. By comparison between the va-
lues and the measured object inertla J,p the
object orientation S can be determined.

02 0a 08

08 i 12 md 16

B

51. 9. Kvader: J(B).
Fig. 9. An iron block: J(B).
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Sl. 10. Palica: J(B).
Fig. 10. An iron stick: J(B).

Na slikah 9 in 10 vidimo diagrama odvisnosti
vztrajnostnega momenta od kota usmeritve
B (0 do ms2). Slika 9 velja za 2elezen kvader
(10,12 x 0,06 x0,03) m?*), =lika 10 pa za Zelezno pali-
co ((0,20x 0,01 x 0,01)m?). Diagrama kaZeta sinusni
odvisnost! J(g8) obeh predmetov.

Slika 11 prikazuje razliéne mogote usmeritve
predmeta v dvoprstnem prijemalu. Predmet lahko
zavrtimo pravokotno na usmerltev 8 In jo dolocimo.

The fipures 9 and 10 show the dependence of
the object Inertla upon the orientation angle
B (0 to =/2). Figure 9 is valid for an Iron block
{(0.12 x 0.06 x 0.03) m*). Figure 10 is valid for an
iron stick ((0.20 x 0.01 x 0.01) m*). We can see the
sine dependence J(8) for the chosen two objects.

Figure 11 shows some possible object orlenta-
tions in the two fingered gripper. The object ro-
tates rectangularly to the orlentation angle S,
which can be determined.

Sl. 11. Razli¢ne usmeritve predmeta v dvoprstnem prijemalu.
Fig. 11. Possible ohject orientations in the twe fingered gripper.

4. SKLEP

An, Atkenson in Hollerbach [3]1 so podobno,
zaradl preverjanja, merill lego teZii¢a In vatraj-
nostnl moment bremena v prijemalu robota In do-
bill rezultate, bolj%e od 1 odstotka. S tem so0 upo-
stevall breme v adaptivni regulaciji robota.

4. CONCLUSION

An, Atkenson and Hollerbach [3] similarly
measured the centre of mass position and the ob-
ject Inertia In the robot gripper In control purpo-
ses and obtained the results with an accuracy
better than 1 %. In this way they considered the
load in the adaptive robot control.
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Pricakovana toénost dolofanja lege in usme-
ritve predmeta v prijemalu je odvisna predvsem
od tofnostl zaznavala sil in momentov ter od toé-
nosti merjenja Kotnega pospeika v trenutku dina-
mitne meritve. Na trZi%u je mo& kupitl plezo-
elektri¢tna zaznavala sll In momentov (6, 71, ki
imajo zelo dobro dinamiko In pokrivajo zelo Slroka
merilna obmotja: za sile od ni¢ do 10%N in za
momente od ni¢ do 200Nm. Pri tem pa dosegajo
lo¢ljivost 1 mMN do 10 mN oziroma 0.1 mN m. Te
podatke primerjajme z rezultati 1zradunoy (=1, 4, B6)
za predmet s tezo T = 10 N In roélco, dolgo 0,1 m.
(e lego predmeta v prijemalu spreminjamo v
mejah od ni¢ do 50 mm, se to kaze v spremembah
momenta od ni¢ do 0,5 Nm oziroma 1 Nm pri za-
vrtitvi za 80°, Lo¢ljivost zaznavaia na teh merilnih
obmoéjih omogoéa razlikovanje 5000 do 10000 ni-
vojev vrtilnega momenta. To pa v zgornjem pri-
meru pomenl merjenje lege predmeta z loéljivostjo
0,01 mm oziroma merjenje kota ¢ z loéljivestjo
0,009°. Ce je absolutni pogreiek zaznavala enak
resolucljl zaznavala, je relativnl pogrelek oziroma
tofnost zaznavala 0,00 cdstotkov. To so teoretléne
vrednostl, ki so dosegljive.

Vet tefav Imamo prl merjenju usmeritve z
zaznavalom momentov, ker moramo sinhrono z
meritvijo moementa meritl tudl Kotnl pospedek ali
pojernek. Kotnl pospefek se pojavl prl vrtenju
prijemala le prehodno, zato mora Imetl zaznavalo
mementoy tudl zadostno dinamilke. Najugodnejsi
trenutek za merjenje je pri najvedjemn kotnem
pospesku, zaradl katerega je tudl dinamiénl mo-
ment najvedjl In lzkorlstek =zaznavala baolj&l.
Oglejmo g1 merjenje usmeritve Zeleznega kvadra.
Slika 9 prikazuje odvisnost J(8). V primeru, da
je najvedja kotna hitrost prijemala 2w red/s in
pri tem pospedevanje traja 100 ms, bo srednja
vrednost kotnega pospeska20mrad/s®. Ce pospe-
sevanje traja 20 ms, bo srednja vrednost kotnega
pospetka 100 rad/s*. V obeh primerih upora-
birmo izraz (20) in izraéunamo ustrezne dinamiéne
momente M, v odvisnosti od kota usmeritve f
(sl. 12, 13).

Usmeritev kvadra se spreminja v mejah od
ni¢ do 90°. Pri tem se dinami®ni moment spremi-
nja v obmo&ju od 0,127 N m do 0,0318 N m (zl. 12)
oziroma od 0,6352 N m do 0,1588 N m (sl. 13).
Glede na loéljivost zaznavala momentov 0,1 miN m
lahko v prvem primeru razpoznamo 952 nivojev
vrtlinega momenta, v drugem pa 4763. To prene-
semo na usmeritev in dobimo v prvem primeru
loéljivost 0,0045% in v drugem primeru loéljivost
0,0189°. Na tofnost meritve vplivata e totnost
merjenja kotnega pospeska In tofnost izratuna
J(B). Vse trl vplive moramo seitetl In v pri-

meru, Ko vsota ne preseze 1%, to pomeni lo¢ljivost
vsaj 0,9°

The expected accuracy in the position and the
orlentation determination of our object In the ro-
bot gripper Is dependent, first of all, on the
accuracy of the wrist force-torque sensor and the
accuracy in measuring angle acceleration. On the
market we can buy plezzoelectric force-torque
sensors [6, 7] which have very high dynamics and
a very wide measurement range from zero to 10°N
for forces and from zero to 200 Nm for torques.
They reach the measurement resolution 1 mN to
10 mM respectively 0.1 mNm. We can compare this
data with the computing results (fig's. 4 and B)
for the object with a welght of 10 N and with a
handle of 0.1 m. If we change the object position
from zero to 50 mm, we get a change In the tor-
que from zero to 0.5 Nm respectively 1 Nm at the
object rotation by 80°, The sensor resolutlon ena-
bles 3000 to 10000 different torque levels at these
measurement ranges. That means for the upper
case the measurement of the object position at the
resolution 0,01 mm or the measurement of the
angle « at the resolution of 0.009°. If an absolute
error equals the sensor resolutlon we get a rela-
tive error or sensor accuracy equal to 0.05 percent.
These are the theoretical values of measurement
accuracy, but they are within reach.

We have more trouble with measuring the
object orlentatlon by the wrist force-torque sensor
because we have to synchronige the measurement
of the torque and the messurement of the angle
acceleration or deceleration. The angle acceleration
iz a transient appearance, that's why the wrist
sensor has to be of high dynamic value. The most
favourable moment for the torque measurement is
at the point when the angle acceleratlon reaches
the highest point. The consequences are the maxi-
mum dynamical torque and better accuracy. Let us
take for example the measurement of iron block
orientation. Figure 9 shows dependency J(S). In
case the blggest angle velocity Is 2 rad/s and the
acceleration time is 100 ms, the average angle
acceleratlon Is 20w rad/s? . If the acceleration ti-
me is 20 ms, then the average angle acceleration
i5 1007 rad/s*. In both cases we use the equation
{20) and compute the corresponding dynamical
torques My, dependent of the orientation angle 8
(fig' 5. 12 and 13).

We change the iron block orientation in ran-
ges from zero to 80°. In this case, the dynamical
torque changes its values from 0.1270 Nm to 0.0318
Mm (flg. 12) or from 0.6352 Nm to 0.1588 Nm (fig.
13). We take the wrist sensor with the torque
resolution 0.1 mNm and so we get 952 torque le-
vels for the angle acceleration 20w rad/s® (12)
and 4763 torque levels for the angle acceleration
100w rad/s® (13). Then we compute the object
orientation amd get in the first case the angle re-
solution of 0.0945° and in the second case the angle
resolution of 0.0180%, We have another two factors
that influence the measurement accuracy. These
are the measurement of the angle acceleration and
the accuracy of computing J{8). We have to take
all three Influences into account. If the sum does
not exceed 1 %, the resolution is 0.9°.
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Sl. 12. Dinamiéni moment kvadra My, (B).
Fig. 12. The dynamical torque Mgy, (B) of the iron block.
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S1. 13. Dinamiéni moment kvadra M, (B).
Fig. 13. The dynamical torque My, (B) of the Iron block.

Tudi &e bl prl merjenju lege v praksi dosegll
totnost 1%, to pomeni pri 30 mm lo¢ljivost 0,3 mm
all pri 90° lo&ljivost 0,9°.

Zavedatl se moramo, da na to¢nost merjenja
vplivajo tudi tresljaji robota, ki delujeje na okrov
zaznavala sl momentov ter na prijemalo robota z
nezazelenimi pospedki. To se kafe v rezultatih kot
nakl jufni &um In bistveno zmanj8a teoreti¢no toé-
nost zaznavala oziroma njegovo obéutljivest. Majh-
ne spremembe sll In momentov se lahko popolnoma
Izgubljo v Zumu.

Zgornji rezultatl e obetajo praktiéno uporabo
v montainl Industrijl, predvsem pri montatl veéjih
oziroma tezjih predmetov. Robot lahke nakljuéno
prijema znane predmete In jih odlozi ali vgradi na

Although in practice we gain the position
measurement accuracy of 1 % at the range of 50
mm, the resolution will still be 0.5 mm or 0.9° at
the range of 90°

We have to be aware of the fact that the mea-
gurement accuracy is dependent on the robot wi-
brations which influence the wrist sensor casing
and the robot gripper by undesired accelerations.
Thus we get a nolsy result which decreases the
wrist sensor accuracy respectively the resolution.
Slight changes of forces and torques can be com-
pletely wasted in noise.

The upper results promise practical usage in
the assembling industry; first of all In assembling
big or heavy objects. A robot can colncldentally
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doloteno mesto, npr.: pobira predmete, ki se ustav-
ljajo ob ograji tekotega traku, dolota optimalen
prijem predmeta in gaustrezne preprime. Pri znani
usmeritvl in legl predmeta v prijemalu lahko
ugotavljame, all Ima predmet ustrezno maso In
vztrajnostni moment, kar pomenl, da Je z njim
vae v redu.

Menim, da lahko zaznavalo sll In momentov
v robotiki koristno uporablmo v razli®ne namene.
Z vsakim novim opravilom, ki ga bo robot lahko
opravil, bo njegova uporabna vrednost vedja.
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grasp objects known to it and put or assemble
themn to the desired place. For example: a robot
grasps an object which stops at the fence of the
conveyor belt, computes the optimum grip and
correspondingly grasps the object In a better way.
If we know the object position and orlentatlon In
the robot gripper then we can find out If the object
has the correct mass and Inertla, l.e. everything
is all right with the object.

In my opinion the wrist force-torque sensor
can be used In robotics for many various purpo-
ses. The robot' s applicable value will be higher
with any new function.
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