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(57) ABSTRACT 

A process for guiding an instrument in Space, in which the 
instrument is arranged at the free end of an articulated arm 
whose arm Sections are caused to pivot and/or travel with 
respect to each other by drive units. The instrument is caused 
to travel in a limited movement region under the control of 
a control device. For predetermination of the movement 
region for points that are situated in the movement region, 
a respective pivot angle and/or travel position between the 
respective arm Sections is Set. The respective position and 
attitude of the instrument is Sensed by at least a first 
measuring device. For hand-controlled guiding of the 
instrument, an actuating force exerted on the instrument 
and/or the articulated arm is Sensed by a Second measuring 
device. The arm Sections are mutually pivoted and/or moved 
in dependence on the actuating force, the position of the 
instrument, and the predetermined movement region, Such 
that the instrument moves within the predetermined move 
ment region Substantially in the direction of the actuating 
force. 

31 Claims, 2 Drawing Sheets 
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PROCESS AND APPARATUS FOR HAND 
CONTROLLED GUIDING OF AN 

INSTRUMENT IN A PREDETERMINED 
MOVEMENT REGION 

CROSS-REFERENCES TO RELATED 
APPLICATIONS 

Not applicable. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

Not applicable. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The invention relates to a process for guiding in Space an 
instrument arranged at the free end of an articulated arm and 
to an apparatus for performing the process. 

In measuring technology, in material processing, and in 
particular in medicine, it is frequently the case that three 
dimensional free-form Surfaces on deformable or inhomo 
geneous specimens and the like have to be measured or 
processed. Various processes are as a rule made use of for 
guiding the measuring or processing instrument along the 
respective Space curves, Surfaces, or spatial regions which 
are to be investigated, in which processes the instrument is 
arranged at the free end of an articulated arm, and the 
instrument is moved in a predetermined range of movement 
by relative pivoting or moving of the individual arm Sec 
tions. 

2. Discussion of Relevant Art 

Thus it is known, for example, in the field of 
microSurgery, and in particular neuroSurgery, to cause an 
instrument which is located at the free end of Such an 
articulated arm to move along a given path curve. The path 
curve is planned and predetermined before the operation in 
this case, with reference to the diagnostic results from 
nuclear Spin tomography or computer tomography. The 
Surgeon causes the instrument to travel during the operation 
by means of an actuating unit, for example a joystick or the 
like, connected to the control device of the articulated arm 
drive. The Surgeon thus always obtains a mostly optical 
feedback as to whether or not he is on the predetermined 
path. 

The guiding of the instrument along the predetermined 
path curve thus takes place here directly by the Surgeon. On 
the one hand, this entails the disadvantage that the travel of 
the instrument during the whole operation requires a par 
ticularly high degree of concentration on the part of the 
Surgeon, or increases the time required for the operation, and 
Small inadvertencies or weakening of concentration can lead 
to considerable deviations from the predetermined path 
curve, with possibly Serious consequences. On the other 
hand, control by means of a joystick entails a loSS of the 
Surgeon's direct tangible contact with the instrument. A 
consequence of this is that movements which are not 
restricted to the two main directions of motion (forward/ 
backward, left/right) of the joystick partially require com 
plex control movements, which require a relatively long 
working time and high concentration during the operation 
and therefore provoke operating errors. 

In other processes, which are mostly carried out with 
known industrial robots, the predetermined path curve, etc., 
is traveled according to a previously programmed course, 
without this course being influenced by an operator. The 
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2 
instrument is indeed hereby relatively exactly guided along 
the predetermined path curve, but there is a disadvantage in 
that deviations in the geometry of the body to be processed 
or to be investigated with the instrument cannot, or can only 
at great expense, be Sensed and compensated. Thus Such 
processes are not Suitable for microSurgery, for example, in 
which the Surgeon must be able to react to any complications 
due to deviations or changes in the tissue occurring after the 
planning of the path curve. 

SUMMARY OF THE INVENTION 

The invention therefore has as its object to provide a 
process and also an apparatus of the kind Stated at the 
beginning, which do not have, or have only to the Smallest 
degree, the above-mentioned disadvantages, and which in 
particular make possible a simple and exact as possible 
guiding of the instrument in a predetermined movement 
region. 
The object is attained by a process for guiding in Space an 

instrument arranged at the free end of an articulated arm 
whose arm Sections can be caused to pivot and/or travel with 
respect to each other by drive units connected to a control 
device. The instrument is caused by the drive units under the 
control of the control device to travel at least in a limited 
movement region. The process comprises the Steps of: 
Setting a respective pivot angle or travel position between 
respective arm Sections and Sensing the respective position 
and attitude of the instrument by at least a first measuring 
device for predetermination of the limited movement region 
of the instrument for points that are situated in the limited 
movement region, Sensing for hand-controlled guiding of 
the instrument an actuating force exerted on the instrument 
and/or the articulated arm by a Second measuring device, 
and pivoting and/or moving the arm Sections with respect to 
each other, under control of the control unit in dependence 
on the Sensed actuating force, the Sensed position of the 
instrument, and the predetermined movement region, Such 
that the instrument moves within the predetermined move 
ment region Substantially in the direction of the actuating 
force. 

The object is also attained by an apparatus for guiding an 
instrument in Space, comprising: an articulated arm with arm 
Sections, drive units that drive the arm Sections to pivot 
and/or travel with respect to each other, a control device 
connected to the drive units, a first memory connected to the 
control device, a first measuring device connected to the 
control device that Senses the position and attitude of the 
instrument, wherein the instrument is connected to the free 
end of the articulated arm, and wherein in order to prede 
termine a movement region for the instrument the first 
memory contains respective first data concerning the pivot 
angle and/or travel position between respective arm Sections 
for points within the predetermined movement region, and 
for hand-controlled guiding of the instrument, a Second 
measuring device, connected to the control device, for 
Sensing an actuating force exerted on the instrument and/or 
the articulated arm, wherein the control device is comprised 
Such that, in dependence on the Sensed actuating force and 
the Sensed position of the instrument, the control device 
causes the drive units to drive the instrument to travel within 
the predetermined movement region Substantially in the 
direction of the Sensed actuating force. 
The invention includes the technical teaching that a 

particularly Simple to operate and nevertheless exact guiding 
of the instrument is attained when, for hand-controlled 
guiding of the instrument, the actuating force exerted on the 
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instrument and/or the articulated arm is Sensed by a Second 
measuring device, and the arm Sections are then mutually 
pivoted and/or moved, under the control of the control 
device in dependence on the Sensed actuating force, the 
Sensed position of the instrument, and the predetermined 
movement region, Such that the instrument moves, Substan 
tially in the direction of the actuating force, within the 
predetermined movement region. 

By bringing about the movement of the instrument by 
means of the Sensed actuating force on the instrument or the 
articulated arm, firstly direct contact between the operator 
and the instrument is attained, markedly facilitating the 
operation even in complex paths of movement, Since the 
operator does not have to carry out any involved control 
movements, but only to exert an actuating force on the 
instrument or on the articulated arm in the desired direction 
of movement. 

In addition, the control according to the invention of the 
drive units of the individual arm Sections insures that the 
instrument is caused to move in the previously established 
movement region. Inadvertently leaving the established 
movement region is reliably avoided, So that the operator 
does not have to concentrate So hard on guiding the instru 
ment in the predetermined movement region, but can, for 
example, devote his concentration in an advantageous man 
ner to other problems, etc., during the guiding of the 
instrument. This template-like guiding of the instrument is 
of great advantage precisely in neuroSurgery, Since the 
Surgeon can then direct his attention more to the Surrounding 
tissue and does not have to be constantly occupied with 
course corrections. 

Several regions of movement are preferably established, 
between which the operator can choose. This choice can 
preferably also be made during the guiding of the instrument 
and, alternatively or additionally, further new regions of 
movement can be established and chosen, even when guid 
ing of the instrument has already begun. 

Furthermore it will be understood that the speed at which 
the instrument moves can be adjusted in preferred embodi 
ments of the invention. The speed at which the instrument 
moves can preferably be adjusted by the operator even 
during the execution of the process, in order to make it 
possible to navigate in a manner Suited to the respective 
Situation. Thus, for example, in a Surgical operation, non 
critical passages can be traversed quickly, while a careful, 
Slow advance is possible in critical passages. 

Preferably, for the control of the drive units, the actual 
position of the instrument and the direction of the actuating 
force are continuously or intermittently determined, and that 
adjacent point is determined which has a position vector 
which extends from the determined actual position and 
which deviates least from the direction of the actuating 
force. The arm sections are then pivoted by the drive units 
into the angular position corresponding to this determined 
point, or moved into the corresponding traveled position. 
This is preferably followed by the determination of the 
actual position of the instrument and the direction of the 
actuating force after each pivoting or movement of the arm 
Sections into the position corresponding to the Selected 
point, Since a particularly Simply constituted control is 
hereby attained. 

The maximum fineness of the resolution of the movement 
region depends on the movement increments of the drive 
units. The Smaller the angle increment in rotary driving, or 
the length increment in linear driving, the finer is the 
attainable resolution of the movement region and thus also 
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4 
the better the approximation of the movement of the instru 
ment to an arbitrarily curved path of travel. 
The “movement region” can preferably be at least one 

Space curve, at least one free-form Surface, or at least one 
bounded Spatial region, or else a combination of these. In 
preferred embodiments of the invention, a first Subregion is 
in addition established within the movement region. Trav 
eling to points within the first Subregion is then made known 
by means of at least a first acoustic and/or optical signal. In 
addition, or alternatively, traveling to points outside the first 
Subregion is made known by at least one Second acoustic 
and/or optical Signal. By this means it is possible in a simple 
manner to define a tolerance region, within which the 
instrument can be moved, around a predetermined ideal 
movement region. The operator then obtains a guiding 
principle by means of the respective acoustic or optical 
Signal as to whether or not he is within the tolerance region. 

For example, it is possible to establish the first Subregion 
as a free-form Surface which represents the ideal movement 
region, and to establish the tolerance region by a movement 
region which extends to both sides of the free-form surface 
as far as a given perpendicular distance to the free-form 
Surface. In other embodiments, the first Subregion may 
however be a Space region or a Space curve or a combination 
of the said possibilities. It is also possible here that several 
subregions are furthermore established, between which the 
operator can choose. Furthermore this choice can preferably 
take place during the guiding of the instrument, and alter 
natively or additionally further new Subregions can be 
established and Selected, even when guiding of the instru 
ment has already begun. 

In preferred embodiments of the process according to the 
invention, a first threshold is predetermined for the magni 
tude of the determined actuating force, which when 
exceeded results in pivoting of the arm Sections. An exact 
guiding and positioning of the instrument is hereby possible, 
Since an inadvertent movement of the instrument by a Small 
actuating force, for example, when leaving the guiding hand 
on the instrument or articulated arm, can be Suitably pre 
vented. Alternatively, but preferably additionally, a Second 
threshold is predetermined, below which the pivoting or 
travel of the arm Sections is ended, and the arm Sections are 
fixed in their respective pivoting position and/or travel 
position. A further, inadvertent movement of the instrument 
due to a Small actuating force is hereby prevented. 

Insofar as the drive units are not Self-locking, or their 
retention by friction is insufficient to fix the arm Sections in 
their respective pivoting position and/or travel position, 
corresponding devices Such as brakes and the like can be 
provided, which are activated when the actuating force falls 
below the second threshold in order to fix the arm sections 
in their position, and which are released again when the first 
threshold is exceeded. Accidental gravity-induced move 
ments of the articulated arm, and thus of the instrument, are 
thereby reliably excluded. 

In particularly favorable embodiments of the process 
according to the invention, a respective pivot angle and/or a 
travel position between the respective arm Sections is estab 
lished for the points that are situated in the Space which can 
be reached by the instrument located on the articulated arm. 
Furthermore, for actuating forces directed out of the prede 
termined movement region, a third threshold is predeter 
mined for the magnitude of the determined actuating force, 
and the pivoting and/or travel of the arm Sections takes place 
when this third threshold is exceeded Such that the instru 
ment moves Substantially in the direction of the point that is 
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adjacent to the Sensed actual position and whose position 
vector from the actual position has the Smallest deviation 
from the direction of the actuating force. Therefore, it is 
possible to leave the predetermined movement region when 
the third threshold is exceeded. This makes it possible to 
react in a simple manner to possible changes in the move 
ment region. Consequently, the positive driving of the 
instrument in the movement region is not rigid in this 
variant, but can be overcome according to the respective 
circumstances by a simple application of correspondingly 
larger actuating forces. 

The travel to points within the movement region is 
preferably made known by at least a third acoustic and/or 
optical Signal, in order to give the operator a criterion that he 
is in the predetermined movement region. Additionally or 
alternatively, the travel to points outside the movement 
region is made known by at least a fourth acoustic and/or 
optical signal. The operator then immediately knows that he 
has left the predetermined movement region. Inadvertently 
leaving the predetermined movement region is thus imme 
diately recognized. 

The control device can be constituted in these variants 
Such that the instrument is again caused to travel in the 
direction of the predetermined movement region as Soon as 
the actuating force again falls below the third threshold, in 
order to return to the predetermined movement region. 
Preferably however, the proceSS enables navigation outside 
the movement region, even with actuating forces which are 
below the third threshold, and the positive guiding in the 
predetermined movement region is only again made use of 
if the instrument were to be again caused by the operator to 
travel in the predetermined movement region. It can be 
provided hereby that the operator receives a hint as to how 
to get back into the predetermined movement region by the 
Shortest route. 

It will be understood that, in favorable variants of the 
invention, an actuating force threshold which operates in an 
analogous manner can be provided for leaving the first 
Subregion and for the movement in the tolerance region. 

In preferred embodiments of the process according to the 
invention, in order to Sense the position and attitude of the 
instrument, the pivot angle and the travel position between 
the respective arm Sections are Sensed, whence in a simple 
manner the position and attitude of the instrument can be 
determined using the known geometry of the arm Sections 
and of the instrument. The Sensing of the pivot angle and the 
travel position between the respective arm Sections prefer 
ably takes place in a particularly simple embodiment by 
means of at least one attitude transducer arranged in the 
connection region between the respective arm Sections, for 
example, by at least one angle transducer in the region of the 
respective joint. However, it will be understood that other 
known methods of determining the position of the individual 
arm Sections can also be used. 

Particularly advantageous embodiments of the proceSS 
according to the invention are distinguished in that the 
Sensing of the position and attitude of the instrument takes 
place in the manner of dead-reckoning navigation. This 
takes place by the determination of the position of a first 
connection between two arm Sections in Space by means of 
at least three high frequency transmitters which are fixed in 
Space and mutually spaced apart and at least one receiver 
arranged in the region of the first connection between two 
arm Sections of the articulated arm, and also the Sensing of 
the pivot angle and the travel position of the arm Sections 
between the first connection and the instrument. The deter 
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6 
mination of the position of a point by means of Several high 
frequency transmitters which are fixed in Space and mutually 
Spaced apart and at least one receiver arranged at the point 
to be determined is well known. The position of the instru 
ment can then be determined with the aid of the position of 
the first connection and the pivot angle or travel position of 
the arm Sections between the first connection and the 
instrument, with the known geometry of the arm Sections 
and of the instrument. 
The errors which result from errors of the attitude trans 

ducers in the above-mentioned embodiments are thereby 
reduced. Thus, for example, the angle errors of angle trans 
ducers arranged in the region of the joints are propagated 
exponentially to the free end of the articulated arm, So that 
the articulated arm in this variant has to be made relatively 
rigid and costly in order to keep these errorS Small. This error 
is reduced by the Said coupling between the position deter 
mination of the receiver arranged on the articulated arm and 
the Sensing of the pivot angle or of the travel position of the 
arm Sections between the first connection and the 
instrument, Since the error of the attitude transducer from the 
anchorage of the articulated arm as far as the first connection 
does not enter into the calculation of the instrument position. 
The articulated arm can therefore be constituted leSS 
expensively, without impairing the precision of the position 
determination of the instrument. In further advantageous 
variants, these errors arising from the errors of the attitude 
transducers are completely eliminated, in that the Sensing of 
the position and attitude of the instrument in Space takes 
place by means of at least three high frequency transmitters 
which are fixed in Space and mutually Spaced apart, and at 
least one receiver arranged on the instrument. The articu 
lated arm can then be particularly simple and of light 
construction, Since effects due to errors of the attitude 
transducers, and deformations of the articulated arm due to 
its own weight, do not enter into the position determination. 

It will be understood that a calibration has to take place in 
all these variants, in order to insure that there is agreement 
between the position determination of a point and the pivot 
angles and travel positions of the arm Sections which are 
established for that point. 

In the Said variants of position determination by means of 
high frequency transmitters, five high frequency transmitters 
which transmit with different modulation frequencies, and a 
receiver constructed for Sensing the phase relation of the 
high frequency transmitters, are preferably used. The posi 
tion of the receiver can then be determined exactly from the 
different phase relations of the modulation frequencies of the 
individual high frequency transmitterS Sensed by the 
receiver and the known, Spatially fixed positions of the high 
frequency transmitters. Furthermore, laser diodes with 
modulation frequencies between 1 MHz and 10 GHz are 
used as the high frequency transmitters, the magnitude of the 
modulation frequencies being arranged according to the 
particular task and required measurement accuracy. 

Sensing of the actuating force can take place in numerous 
known ways, by force measurement units, torque Sensors, 
etc., arranged on the articulated arm. It is only important 
here that the magnitudes of the forces, i.e., forces and pairs 
of forces (torques), acting on the articulated arm due to the 
actuating force, are completely Sensed in three orthogonal 
Spatial dimensions. This preferably takes place in that force 
Sensors and/or torque Sensors are provided in the region of 
the connection between the arm Sections for Sensing the 
actuating force. 
The basic object is furthermore attained by means of an 

apparatus of the given category, which includes, for the 
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hand-controlled guiding of the instrument, a Second mea 
Suring device connected to the control device in order to 
Sense an actuating force exerted on the instrument and/or on 
the articulated arm, and in which the control device is 
constituted Such that the instrument is caused by the drive 
units, in dependence on the Sensed actuating force and the 
Sensed position of the instrument within the predetermined 
movement region, to travel Substantially in the direction of 
the actuating force. The control device is then preferably 
constituted Such that, for the determined actual position of 
the instrument, that point among the adjacent points in the 
movement region is determined whose position vector 
extending from the actual position has the Smallest deviation 
from the direction of the actuating force, and the arm 
Sections are pivoted into the angular position corresponding 
to this point, and/or are caused to travel to the corresponding 
travel position, by means of the drive units. The proceSS 
described hereinabove, with all its advantages, is hereby 
converted into a corresponding apparatus. The control unit 
preferably includes a processing unit, a first comparator unit 
connected to the control input of the processing unit, a 
Second memory connected thereto, and alternatively, but 
preferably additionally, a third memory connected to the first 
comparator unit. The first comparator unit is connected to 
the Second measuring device. The Second memory contains 
a first threshold data for the magnitude of the actuating 
force. If this first threshold is exceeded, the first comparator 
unit releases the actuation of the drive units by the process 
ing unit. The third memory contains, on the other hand, a 
Second threshold data for the magnitude of the actuating 
force; if the latter falls below this second threshold, the 
processing unit, controlled by the first comparator unit, ends 
the actuation of the drive units. The first and second thresh 
old data can then be predetermined, for example, via a 
corresponding input device or else by the eXchange of 
corresponding memory modules by the operator. AS already 
described hereinabove, an exact guiding and positioning of 
the instrument is possible in a simple manner by the prede 
termination of these threshold values for the actuating force. 

Insofar as the individual drive units have no Self-locking 
feature, or this is insufficient to fix the articulated arm in its 
respective position, devices for mutual fixing of the arm 
Sections when the Second threshold of the actuating force is 
exceeded are provided in advantageous variants of the 
apparatus according to the invention. Simple brakes or the 
like can be used for this purpose, for example. 

In advantageous embodiments of the apparatus according 
to the invention, for the Setting, as already expressly 
described hereinabove, of a tolerance region within the 
movement region, it is provided that the control device 
includes a Second comparator unit connected to the first 
measuring device, and that the first memory includes a first 
partial region in which the first data is contained, and a 
Second partial region connected to the Second comparator 
unit and containing a Second data, by means of which a first 
Subregion within the movement region is established. 
Furthermore, a first acoustic and/or optical Signal device is 
provided which is connected to the Second comparator unit, 
to emit at least a first acoustic and/or optical Signal when 
traveling to points within the first Subregion, and/or to emit 
at least a Second acoustic and/or optical Signal when trav 
eling to points outside the first Subregion. It is insured 
thereby in a simple manner that the operator of the apparatus 
immediately recognizes whether or not he is located in the 
first Subregion. 

In order to effect leaving the positive guiding in the 
predetermined movement region as described hereinabove, 
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8 
in preferred embodiments of the apparatus according to the 
invention the first memory includes a first partial region, in 
which the first data are Stored, and a third partial region, 
which contains, for the points which are situated in a Space 
which can be reached by an instrument present on the 
articulated arm, respectively third data concerning the pivot 
angle and/or the travel position between the respective arm 
Sections. The control device furthermore includes a proceSS 
ing unit, a changeover Switch, a third comparator unit 
connected to the first Switch input of the changeover Switch, 
and a fourth memory connected to the third comparator unit. 
This fourth memory contains a third threshold data for the 
magnitude of the actuating force. The first partial region is 
connected to the first input of the changeover Switch, the 
third partial region with the Second input of the changeover 
Switch, the output of the changeover Switch to the third 
comparator unit, and also the third comparator unit to the 
second measuring device. When the threshold of the third 
threshold data of the actuating force is exceeded, the third 
partial region of the first memory is then connected, under 
the control of the third comparator unit, via the changeover 
Switch to the processing unit, So that the processing unit uses 
for the control of the drive units the third data deposited in 
the third partial region, and thus travel is also possible to 
points outside the predetermined movement region. 

Preferably an optical and/or acoustic indication is pro 
vided here also, and informs the operator whether the 
operator is inside or outside the predetermined movement 
region. For this purpose, the control unit includes a fourth 
comparator unit connected to the first measuring device and 
to the first memory, and a Second acoustic and/or optical 
Signal device is provided. This is connected to the fourth 
comparator unit, for the emission of at least a third acoustic 
and/or optical Signal when traveling to a point within the 
movement region and/or for the emission of at least a fourth 
acoustic and/or optical Signal on traveling to points outside 
the movement region. 

In a particularly favorable embodiment of the apparatus 
according to the invention, the control device includes a fifth 
comparator unit, connected to the first measuring device and 
to the first partial region of the first memory, and also an 
AND circuit, the output of which is connected to the second 
Switch input of the changeover Switch. The AND circuit has 
a first input which is connected to the output of the fifth 
comparator unit, and an inverting Second input which is 
connected to the output of the third comparator unit. If the 
actuating force is below the threshold of the third threshold 
datum and if at the same time points within the predeter 
mined movement region are traveled to the first partial 
region is connected via the changeover Switch to the pro 
cessing unit, whereby the processing unit accesses the first 
data Stored in the first partial region for the control of the 
drive units, and positive guiding is thus produced in the 
predetermined movement region. Thus if the predetermined 
movement region was departed from and is now traveled to 
anew with a correspondingly Small actuating force, the 
positive drive in the predetermined movement region is 
reestablished on entering into the predetermined movement 
region. 

It will be understood that the content of all the memories 
can be predetermined and altered by the operator in advan 
tageous variants of the invention, for example by means of 
a corresponding input device or else by exchanging corre 
sponding memory modules; this can preferably also take 
place during the operation of the apparatus. 

Advantageous embodiments of the apparatus according to 
the invention regarding the Sensing of the position and 
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attitude of the instrument and also the Sensing of the 
actuating force, which variants translate into the correspond 
ing variants of the proceSS according to the invention, have 
already been expressly described hereinabove. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Preferred embodiments of the invention are described in 
further detail hereinbelow with reference to the accompa 
nying drawings, in which: 

FIG. 1 shows a Schematic representation of a preferred 
embodiment of the apparatus according to the invention; 

FIG. 2 shows the block diagram of the embodiment of 
FIG. 1. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

FIG. 1 shows a Schematic representation of a preferred 
embodiment of the apparatus according to the invention with 
which the process according to the invention can be carried 
out. In this variant, an instrument 1 is arranged at the free 
end 2.1 of an articulated arm 2. The arm sections 3 of the 
articulated arm 2 are mutually pivotable or movable with 
respect to each other by means of drive units 4. The first arm 
Section 3.1 and the Second arm Section 3.2 are then pivoted 
around the pivot axis 5.1 with respect to each other by means 
of the first drive unit 4.1. The second arm section 3.2 and the 
third arm section 3.3 are pivoted around the second pivot 
axis 5.2 with respect to each other by means of the second 
drive unit 4.2. The third arm section 3.3 and the fourth arm 
section 3.4 are pivoted around the third pivot axis 5.3 with 
respect to each other by means of the third drive unit 4.3. 
The fourth arm section 3.4 and the fifth arm section 3.5 are 
pivoted around the fourth pivot axis 5.4 with respect to each 
other by means of the fourth drive unit 4.4. The fifth arm 
Section 3.5 and the sixth arm section 3.6 are moved to each 
other along the fifth axis 5.5 by the fifth drive unit 4.5, and 
likewise the sixth arm section 3.6 is moved along the sixth 
axis 5.6 to the seventh arm section 3.7, which is anchored 
firmly to the floor, by the sixth drive unit 4.6. The drive units 
4.1 through 4.6 are connected to a control unit 6, from which 
control pulses are obtained for pivoting or travel of the arm 
sections 3.1-3.6 with respect to each other. 

The drive units 4.1-4.6 are respectively provided with an 
incremental attitude transducer (not shown in FIG. 1) by 
means of which the pivot angle or the travel position 
between the respective arm Sections is Sensed and Sent to the 
control unit 6. This information regarding the respective 
pivot angles or respective travel positions of the individual 
arm Sections is used in the regulation of the drive units in 
order to detect reaching the target position of the respective 
arm Section during pivoting or travel. Stepping motors are 
used as drive units in the example shown. The Stepping Size 
of the motors used, or the increment of the position trans 
ducers used, respectively conforms to a given pivoting 
increment or travel increment between the arm Sections. The 
maximum resolution of the movement region of the instru 
ment in individual travel points then results from the respec 
tively greater of the two increments. 

Furthermore, a first measuring device 7 which Senses the 
respective position and attitude of the instrument 1, a Second 
measuring device 8 which Senses an actuating force F 
exerted on the instrument 1, and a first memory 9, in which 
first data on the pivot angle and travel positions of the arm 
sections 3.1-3.7 are stored for the starting points of the 
instrument in a predetermined movement region, are pro 
vided. Both measuring devices 7 and 8 and also the first 
memory 9 are connected to the control device 6. 
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In the illustrated embodiment, the measuring device 7 

includes a first signal processing device 7.1 and, connected 
to it, five high frequency transmitters which are installed at 
fixed positions in Space and are mutually spaced apart, and 
which are constituted by laser diodes 10.1-10.5 which 
transmit with respective different modulation frequencies. 
The measuring device 7 furthermore includes a photoelectric 
receiver 11 arranged on the instrument 1 and constituted for 
sensing the phase relations of the laser diodes 10.1-10.5. 
The position of the receiver 11 and hence the position of the 
instrument 1 is exactly determined in the first signal pro 
cessing device 7.1 from the different phase relations of the 
modulation frequencies of the individual laser diodes 
10.1-10.5, sensed by the receiver 11, and from the known, 
spatially fixed positions of the laser diodes 10.1-10.5. 

It will be understood that in other embodiments the 
position of the instrument can be determined in other ways. 
Thus for example it is possible to use the data of the attitude 
transducers of the drive units in order to determine the 
position of the instrument from this data and the known 
geometry of the arm Sections and of the instrument. Fur 
thermore it is possible, for example when Space is limited, 
or the like, to install the receiver on the Second arm Section 
instead of on the instrument, and then to calculate the 
position of the instrument from the position of the receiver 
and the data of the attitude transducers of the first and Second 
drive units and also the geometry of the relevant arm 
Sections and of the instrument. 

In the embodiment shown, a Second measuring device 8 
includes a Second signal processing device 8.1 and a mea 
Suring unit 12 which is connected thereto, which is arranged 
in the connection region of the instrument 1 to the first arm 
Section 3.1, and which measures the forces and moments 
acting on the instrument 1 in the respective directions of 
three orthogonal axes. The amount and direction of the 
actuating force F is then calculated in the Second Signal 
processing device 8.1 from the measurement values of the 
measuring unit 12, the attitude and position of the instrument 
calculated in the first Signal processing device 7.1, and the 
first data contained in the first memory concerning the pivot 
angles or travel positions of the arm sections 3.1-3.7 exist 
ing in this position. For this purpose, the Second Signal 
processing device 8.1 is connected to the first Signal pro 
cessing device 7.1 and the first memory 9. 

It will be understood that the actuating force can also be 
determined in other ways in other embodiments. Thus it is 
possible, for example, to install respective force and/or 
torque transducers in the connection regions of the arm 
Sections, and the actuating force can then be determined in 
a known manner from their measurement values, together 
with the known geometry of the arm Sections and of the 
instrument, and also the attitude of the arm Sections and of 
the instrument. 

Furthermore, an input unit 13 connected to the control 
unit 6 is provided, by means of which the content of the first 
memory 9 or the parameters of the control can be altered. 
The control device 6, the first and Second Signal process 

ing devices 7.1 and 8.1, the first memory 9, and also the 
input unit 13 can then be constituted by a conventional 
computer with corresponding input devices Such as a 
keyboard, mouse, etc., the Signal processing and the control 
then being effected by corresponding Software. 

FIG. 2 shows a block circuit diagram of the embodiment 
of FIG.1. The control device 6 includes a processing unit 14, 
which is connected to the first measuring device 7, the 
second measuring device 8, the first memory 9 and the drive 
units 4. 
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The first memory 9 includes a first partial region 9.1 in 
which first data regarding the respective pivot angle or the 
respective travel position between the individual arm Sec 
tions 3 of the articulated arm 2 are Stored for each point to 
which the instrument 1 can be caused to travel within a 
predetermined movement region. Furthermore, the first 
memory 9 includes a Second partial region 9.2 containing 
Second data regarding the travel points of a first Subregion of 
the predetermined movement region of the instrument 1. The 
Second data consequently represent a Subset of the first data. 
A reference movement region within the predetermined 

movement region of the instrument is established by the first 
Subregion, while the remainder of the predetermined move 
ment region represents a tolerance region for the movement 
of the instrument. In the embodiment shown, the first 
Subregion concerns a Spatial free-form Surface on which the 
instrument is to travel according to what is possible, while 
the predetermined movement region concerns a movement 
space whose boundary runs on both sides of the free-form 
Surface of the first Subregion, and at a constant distance from 
the free-form Surface. 

The first memory 9 furthermore includes a third partial 
region 9.3 in which third data regarding the respective pivot 
angle or the respective travel position between the individual 
arm Sections 3 of the articulated arm 2 are Stored for each 
point to which the instrument 1 can be caused to travel 
within the possible range of movements of the articulated 
arm 2. The first data consequently represent a Subset of the 
third data. 

The content of the partial regions 9.1-9.3 of the first 
memory 9 was then Set by corresponding input by means of 
the input unit 13 before bringing the apparatus into Service. 
It will be understood that for this purpose a calibration of the 
System took place first, in order to insure that for the 
predetermined pivot angles or travel positions of the arm 
Sections, the instrument in fact traveled to the corresponding 
points. It will furthermore be understood that in other 
embodiments, Several first, Second and third partial regions 
can be provided, in which different movement regions can 
be established, between which the operator of the apparatus 
can Select, even during the operation of the apparatus. 

The first partial region 9.1 is connected to the first input 
15.1 of a changeover Switch 15, while the third partial region 
9.3 is connected to the second input 15.2 of the changeover 
Switch 15. The output 15.3 of the changeover Switch 15 is 
connected to the processing unit 14. 

The processing unit 14 Sends control pulses to the drive 
units 4 during the operation of the apparatus. These control 
pulses depend on the position of the instrument 1 as Sensed 
by the first measuring device 7, the actuating force F Sensed 
by the Second measuring device 8, and, according to which 
of the two partial regions of the first memory 9 is connected 
to the processing unit 14 via the changeover Switch 15, on 
the content of the first or third partial region 9.1 or 9.3. Then 
in the processing unit 14, with access to a program Stored in 
a program memory 16 connected to the processing unit 14, 
that point of the partial region 9.1 or 9.3 connected to the 
processing unit 14 is determined which is adjacent to the 
position of the instrument at that time as Sensed by the first 
measuring device 7 and whose position vector Starting from 
the Sensed position of the instrument at that time has the 
Smallest deviation from the direction of the actuating force 
F Sensed by the Second measuring device 8. The processing 
unit 14 then sends to the drive units 4 control pulses 
corresponding to this determined point, So that the arm 
Sections are pivoted into the angular position corresponding 
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to this point, or are moved into the corresponding travel 
position, by the drive units 4. When this has taken place, the 
operation begins anew. 

In FIG. 2, the first partial region 9.1 of the first memory 
9 is connected to the processing unit 14, So that the instru 
ment 1 in this case consequently travels only to points which 
lie within the predetermined movement region correspond 
ing to that Set in the first partial region 9.1. 

In order to insure an exact and reliable positioning of the 
instrument 1, a first threshold is predetermined for the 
actuating force and has to be exceeded by the actuating force 
in order to release a movement of the instrument 1. 
Furthermore, a Second threshold for the actuating force is 
predetermined, below which the movement of the instru 
ment is stopped. 
The processing unit includes for this purpose a first 

comparator unit 17 connected to the control input 14.1 of the 
processing unit, and a Second memory 18 and a third 
memory 19 connected to the first comparator unit 17. The 
first comparator unit 17 is furthermore connected here to the 
output of the Second measuring device 8. The Second 
memory contains a first threshold datum corresponding to 
the first threshold for the magnitude of the actuating force. 
If this threshold is exceeded by the actuating force sensed by 
the Second measuring device 8, a first State is then applied 
to the output 17.1 of the first processing unit 14 and hence 
to the control input 14.1 of the processing unit 14, and 
releases the production of the control Signals and hence the 
actuation of the drive units 4 by the processing unit 14. In 
contrast, the third memory 19 contains a second threshold 
data, corresponding to the Second threshold, for the magni 
tude of the actuating force. Below this Second threshold, a 
second state is applied to the output 17.1 of the first 
comparator unit 17 and hence to the control input 14.1 of the 
processing unit 14, and ends the production of control 
Signals and hence the actuation of the drive units 4 by the 
processing unit 14. 
The first and second threshold data can be predetermined 

here via the input device 13 by the operator, even during the 
operation of the apparatus. The first threshold is then greater 
than the second threshold. However, it will be understood 
that in other variants the first threshold can be equal to the 
Second threshold, and then only one memory is to be 
provided for this. 

In the embodiment shown, the individual drive units 4 
have no Sufficient Self-locking in order to fix the articulated 
arm 2 in its respective position after the ending of the travel 
of the instrument 1. Thus in the described apparatus, brakes 
20 (not shown in FIG. 1) are provided which fix the arm 
Sections relative to each other, controlled by the processing 
unit 14, at values of the actuating force below the Second 
threshold. If the first threshold of the actuating force is again 
exceeded, these brakes 20 are released under the control of 
the processing unit 14. 

In the apparatus shown, it is furthermore provided that the 
operator receives a first optical and acoustic Signal from the 
apparatus by means of a first Signal device 21 when the 
position of the instrument 1 Sensed by the first measuring 
device 7 is situated within the Subregion established in the 
second partial region 9.2 of the first memory 9. For this 
purpose, a Second comparator unit 22 is provided, connected 
to the first measuring device 7 and to the Second partial 
region 9.2 of the first memory 9, and with its output 22.1 
connected to the Signal device 21. 

In the apparatus shown, it is furthermore provided that the 
positive guiding in the movement region predetermined by 
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the content of the first partial region 9.1 can be left by the 
application of an actuating force which is situated above a 
third threshold, in that the third partial region 9.3 of the first 
memory 9 is connected via the changeover Switch 15 to the 
processing unit 14. The control device includes for this 
purpose a fourth memory 23, which contains a third thresh 
old datum for the magnitude of the actuating force, corre 
sponding to the third threshold. Furthermore, a third com 
parator unit 24 is provided which is connected to the Second 
measuring device 8 and to the fourth memory 23, and whose 
output 24.1 is connected to the first Switch input 15.4 of the 
changeover Switch 15. If the actuating force Sensed by the 
Second measuring device 8 exceeds the third threshold, a 
Switch pulse is present at the output 24.1 of the third 
comparator unit 24 and hence at the first Switch input 15.4 
of the changeover Switch 15, due to which the changeover 
Switch 15 connects the third partial region 9.3 of the first 
memory 9 to the processing unit 14, So that the processing 
unit uses the third data Stored in the third partial region for 
the control of the drive units, and thus even points which are 
outside the movement region predetermined in the first 
partial region can be traveled to. 

It will be understood that the content of the fourth 
memory 23 can also be predetermined or altered by the 
operator by means of the input device 13, even during the 
operation of the apparatus. 

Here also an optical and acoustic indication is provided 
which informs the operator whether he is inside or outside 
the predetermined movement region. For this purpose, a 
fourth comparator unit 25 is provided, which is connected to 
the first measuring device 7 and to the first partial region 9.1 
of the first memory 9, and whose output is connected to the 
Signal device 21. 

It is furthermore provided that the positive guiding in the 
predetermined movement region is reestablished on entering 
the predetermined movement region when the predeter 
mined movement region was left by the application of 
corresponding actuating forces, and then traveled to with a 
correspondingly Small actuating force. For this purpose, 
there are provided a fifth comparator unit 26 connected to 
the first measuring device 7 and to the first partial region 9.1 
of the first memory, and also an AND circuit 27 whose 
output 27.3 is connected to the second Switch input of the 
changeover Switch 15. The AND circuit 27 has a first input 
27.1 which is connected to the output 26.1 of the fifth 
comparator unit 26, and also an inverting Second input 27.2 
which is connected to the output 24.1 of the third comparator 
unit 24. If the actuating force is below the third threshold of 
the third threshold data, and if the position of the instrument 
1 Sensed by the first measuring device 7 is at the same time 
Situated within the movement region predetermined in the 
first partial region 9.1, a Switch pulse is then present at the 
output 27.3 of the AND circuit 27 and hence at the second 
Switch input 15.5 of the changeover Switch 15, due to which 
the changeover Switch 15 connects the first partial region 9.1 
with the processing unit 14, whereby the processing unit 14 
accesses the data Stored in the first partial region 9.1 for the 
control of the drive units 4, and the positive guiding in the 
predetermined movement region is thus reestablished. 

The invention is not limited in its embodiment to the 
preferred embodiments described hereinabove. Rather, a 
number of variants are possible, which also make use of 
embodiments of quite a different nature from the illustrated 
Solution. 

I claim: 
1. A proceSS for guiding in Space an instrument arranged 

at the free end of an articulated arm whose arm Sections are 
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driven to at least one of pivot and travel with respect to each 
other by drive units connected to a control device, the 
instrument being driven by the drive units to travel at least 
in a limited movement region under the control of the 
control device, comprising the Steps of: 

Setting at least one of a respective pivot angle and travel 
position between respective arm Sections and Sensing 
the respective position and attitude of the instrument 

Sensing an actuating force exerted on at least one of the 
instrument and the articulated arm by a Second mea 
Suring device for hand-controlled guiding of the 
instrument, and 

at least one of pivoting and moving the arm Sections with 
respect to each other, under control of the control unit 
in dependence on the Sensed actuating force, the Sensed 
position of the instrument, and the predetermined 
movement region, Such that the instrument moves 
within the predetermined movement region Substan 
tially in the direction of the actuating force. 

2. The proceSS according to claim 1, further comprising 
the Steps of continuously or intermittently determining the 
actual position of the instrument and the direction of the 
actuating force, determining from points adjacent to the 
actual position that point whose position vector extending 
from the actual position has the Smallest deviation from the 
direction of the actuating force, and driving the arm Sections 
by the drive units to at least one of pivot into an angular 
position and travel into a travel position corresponding to 
that latter point. 

3. The proceSS according to claim 1, further comprising 
the Step of including in the movement region at least one of 
a Space curve, a free-form Surface and a Spatial region. 

4. The proceSS according to claim 1, further comprising 
the Steps of at least one of predetermining a first threshold 
for the magnitude of the Sensed actuating force and at least 
one of pivoting and moving the arm Sections when the first 
threshold is exceeded, and predetermining a Second thresh 
old for the magnitude of the Sensed actuating force, and 
ending the pivoting and travel of the arm Sections and fixing 
the arm Sections in their pivoting position and travel 
position, when the Sensed actuating force falls below the 
Second threshold. 

5. The proceSS according to claim 1, further comprising 
the Steps of establishing a first Subregion within the move 
ment region, and at least one of making known travel to 
points within the first Subregion by at least one of a first 
acoustic Signal and a first optical Signal, and making known 
travel to points outside the first Subregion by at least one of 
a Second acoustic Signal and a Second optical Signal. 

6. The proceSS according to claim 1, further comprising 
the Steps of establishing at least one of a respective pivot 
angle and a travel position between the respective arm 
Sections for the instrument for points that are situated in 
Space that can be reached by the instrument, located on the 
articulated arm, and establishing a third threshold for the 
magnitude of the actuating force, and on exceeding the third 
threshold causing at least one of the pivoting and travel of 
the arm Sections Such that the instrument moves Substan 
tially in the direction of that point that is adjacent to the 
Sensed actual position whose position vector extending from 
the actual position has the Smallest deviation from the 
direction of the actuating force. 

7. The proceSS according to claim 6, further comprising 
the Steps of at least one of making known travel to a point 
within the predetermined movement region by at least one of 
a third acoustic Signal and a third optical signal and making 
known travel to a point outside the predetermined movement 
region by at least one of a fourth acoustic and a fourth optical 
Signal. 
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8. The proceSS according to claim 1, further comprising 
the Step of Sensing the pivot angle and the travel position 
between the respective arm Sections in order to Sense the 
position and attitude of the instrument. 

9. The proceSS according to claim 8, further comprising 
the Step of Sensing the pivot angle and the travel position 
between the respective arm Sections by at least one position 
transducer arranged in the region of connection between the 
respective arm Sections. 

10. The proceSS according to claim 1, further comprising 
the Steps of Sensing the position and attitude of the instru 
ment in the manner of dead-reckoning navigation, by deter 
mining the position of a first connection between two arm 
Sections in Space by at least three high frequency transmit 
ters that are spatially fixed and Spaced apart from each other, 
and at least one receiver arranged in the region of the first 
connection between two arm Sections of the articulated arm, 
and Sensing the pivot angle and the travel position of the arm 
Sections between the first connection and the instrument. 

11. The process according to claim 10, further comprising 
the Step of employing five high frequency transmitters that 
transmit at different modulation frequencies, and a receiver 
that Senses the phase relation of the high frequency trans 
mitters. 

12. The proceSS according to claim 1, further comprising 
the Step of Sensing the position and attitude of the instrument 
in Space by at least three high frequency transmitters that are 
Spatially fixed and Spaced apart from each other and at least 
one receiver arranged on the instrument. 

13. The process according to claim 10, further comprising 
the Step of employing laser diodes, as the high frequency 
transmitters that transmit with modulation frequencies 
between 1 MHZ and 10 GHz. 

14. The proceSS according to claim 1, further comprising 
Sensing the actuating force by at least one of force Sensors 
and torque Sensors arranged in the region of connections 
between the arm Sections. 

15. An apparatus for guiding an instrument in Space, 
comprising: 

an articulated arm with arm Sections, 
drive units that drive the arm Sections to at least one of 

pivot and travel with respect to each other, 
a control device connected to the drive units, 
a first memory connected to the control device, 
a first measuring device connected to the control device 

that Senses the position and attitude of the instrument; 
wherein the instrument is connected to the free end of the 

articulated arm, and wherein in order to predetermine a 
movement region for the instrument the first memory 
contains respective first data concerning at least one of 
the pivot angle and travel position between respective 
arm Sections for points within the predetermined move 
ment region, and 

for hand-controlled guiding of the instrument, a Second 
measuring device, connected to the control device, for 
Sensing an actuating force exerted on at least one of the 
instrument and the articulated arm; 

wherein the control device is comprised Such that, in 
dependence on the Sensed actuating force and the 
Sensed position of the instrument, the control device 
causes the drive units to drive the instrument to travel 
within the predetermined movement region Substan 
tially in the direction of the Sensed actuating force. 

16. The apparatus according to claim 15, in which the 
control device is comprised Such that for the Sensed actual 
position of the instrument, that point is determined, among 
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adjacent points in the predetermined movement region, 
whose position vector extending from the actual position has 
the Smallest deviation from the direction of the actuating 
force, and the arm Sections are at least one of pivoted into 
an angular position and caused to travel into a travel position 
corresponding to that point, by the drive units. 

17. The apparatus according to claim 15, in which the 
movement region includes at least one of a Space curve, 
free-form Surface and Spatial region. 

18. The apparatus according to claim 15, in which the 
control device includes a processing unit having a control 
input, a first comparator unit connected to the control input 
and to the Second measuring device, a Second memory 
connected to the comparator unit, and a third memory 
connected to the comparator unit, wherein: 

the Second memory contains first threshold data for the 
magnitude of the actuating force, for actuating the drive 
units through the first comparator unit, on exceeding a 
first threshold of the actuating force, under the control 
of the processing unit, and the third memory contains 
Second threshold data for the magnitude of the actuat 
ing force for ending actuation, through the first com 
parator unit, on falling below a Second threshold of the 
actuating force, under the, control of the processing 
unit. 

19. The apparatus according to claim 18, further com 
prising fixing devices connected to the processing unit for 
mutual fixation of the arm Sections, on falling below the 
Second threshold of the actuating force, under the control of 
the processing unit. 

20. The apparatus according to claim 15, in which the 
control device includes a Second comparator unit connected 
to the first measuring device, and the first memory includes 
a first partial region in which the first data is Stored, and a 
Second partial region that is connected to the Second com 
parator unit and contains Second data by which a first 
Subregion is established within the movement region, further 
comprising at least one of a first acoustic signal device and 
a first optical Signal device that is connected to the Second 
comparator unit for at least one of emission of at least one 
of a first acoustic Signal and a first optical signal on traveling 
to points within the first Subregion and emission of at least 
one of a Second acoustic Signal and a Second optical Signal 
on travelling to points outside the first Subregion. 

21. The apparatus according to claim 15, in which the first 
memory includes a first partial region in which the first data 
is Stored, and a third partial unit that contains respective 
third data concerning at least one of the pivot angle and the 
travel position between the respective arm Sections for 
points that are situated in Space that can be reached by the 
instrument located on the articulated arm, and 

the control unit includes a processing unit, a changeover 
Switch having a first Switch input, first and Second 
additional connected to the first Switch input and to the 
Second measuring device, and a fourth memory con 
nected to the third comparator unit, wherein 

the first partial region is connected to the first additional 
input of the changeover Switch, the third partial region 
is connected to the Second additional input of the 
changeover Switch, and the output of the changeover 
Switch is connected to the processing unit, 

the fourth memory contains third threshold data for the 
magnitude of the actuating force, and 

the third comparator unit and the changeover Switch are 
arranged Such that on exceeding the third threshold 
data, the third partial region is connected to the pro 

ResMed Corp. - Ex. 1030 
Page 11 of 12



US 6,236,906 B1 
17 

cessing unit, under the control of the third comparator 
unit via the changeover Switch. 

22. The apparatus according to claim 21, in which the 
control unit includes a fourth comparator that is connected 
to the first measuring device and to the first memory, further 
comprising at least one of a Second acoustic device and a 
Second optical signal device that is connected to the fourth 
comparator unit that emits at least one of a third acoustic 
Signal and third optical Signal on traveling to points within 
the predetermined movement region and that emits at least 
one of a fourth acoustic signal and a fourth optical Signal on 
traveling to points outside the predetermined movement 
region. 

23. The apparatus according to claim 21, in which the 
changeover Switch has a Second Switch input, the third 
comparator unit has an output, and the control device 
includes a fifth comparator unit that is connected to the first 
measuring device and to the first partial region of the first 
memory and an AND circuit, with an output connected to the 
Second Switch input of the changeover Switch, wherein 

the AND circuit has a first input connected to the output 
of the fifth comparator unit, and an inverting Second 
input connected to the output of the third comparator 
unit, and 

the third comparator unit, the fifth comparator unit and the 
changeover Switch are comprised Such that, with an 
actuating force below the threshold of the third thresh 
old data, and an instrument position within the move 
ment region, the first partial region is connected to the 
processing unit by the changeover Switch. 

24. The apparatus according to claim 15, in which the first 
measuring device for Sensing the position and attitude of the 
instrument includes first measuring units for Sensing the 
pivot angle and the travel position between the respective 
arm Sections. 
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25. The apparatus according to claim 24, in which the first 

measuring units comprise position transducers arranged in 
the connection region of the arm Sections. 

26. The apparatus according to claim 25, in which the 
position transducers comprise angle transducers arranged in 
the region of a respective joint. 

27. The apparatus according to claim 15, in which the first 
measuring unit, for Sensing the position and attitude of the 
instrument in the manner of a dead-reckoning navigation, 
includes at least three high frequency transmitters that are 
Spatially fixed and Spaced apart from each other, and at least 
one receiver arranged in the region of a first connection 
between two arm Sections of the articulated arm, and the first 
measuring device also includes first Sensing measuring units 
for Sensing the pivot angle and the travel position of the arm 
Sections between the first connection and the instrument. 

28. The apparatus according to claim 27, in which the first 
measuring unit includes five high frequency transmitters that 
transmit at different modulation frequencies, and a receiver 
arranged for Sensing the phase position of the high fre 
quency transmitters. 

29. The apparatus according to claim 27, in which the 
high frequency transmitters comprise laser diodes, which 
transmit at modulation frequencies between 1 MHz and 10 
GHZ. 

30. The apparatus according to claim 15, in which the first 
measuring device for Sensing the position and attitude of the 
instrument in Space includes at least three high frequency 
transmitters that are spatially fixed and Spaced apart from 
each other and at least one receiver arranged in the region of 
the instrument. 

31. The apparatus according to claim 15, in which the 
Second measuring unit includes at least one of force Sensors 
and torque Sensors arranged in the regions of connections 
between the arm Sections. 
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