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VERIFICATION SYSTEM FOR ROBOT POSE

FIELD OF THE INVENTION

The present invention relates to the field of verifying the reliability of the
controlled end effector pose in robots, especially with regard to the minimal
back-up configuration required to assure a statistically acceptable level of

reliability of the robot pose.

BACKGROUND OF THE INVENTION

Robotic systems have been recently entered the medical arena for
enhancing the surgeons' ability to precisely and minimally invasively position

surgical tools. In particular, they have been used for remote manipulation (e.g.
the daVinci® system supplied by Intuitive Surgical Inc., of Sunnyvale, CA), as

semi active devices for brain biopsies applications (the NeuroMate'" system,

supplied by Integrated Surgical Systems Inc., of Davis, CA) and as an active

robot for hip and knee replacement (e.g. the ROBODOC® system, supplied by
Integrated Surgical Systems Inc., of Davis, CA).

Failure of a positional control component could have serious
repercussions in such hazardous tasks. In order to increase system reliability,
prior art surgical robots have often been equipped with a double set of encoders
or position sensors, these being the components that measure joint motions and
provide the inputs for the control algorithms that determine the surgical tool
position and orientation, 1.e. the robot pose, and hence the motion path. The
double set of sensors serve as a backup in case of an encoder failure. A
discrepancy between the reading on the control encoder and its parallel back-up
encoder immediately points to the failed sensor.

In serial type robots, where the links and joints are connected in series,

each joint actuator affects the end-effector location serially and there is generally
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no internal position sensor that measures the end-effector location. Hence each
encoder needs to be backed up by a second encoder on the same axis.

In a parallel type robot, on the other hand, and also in hybrid parallel-serial
robots, it is possible to directly measure the end-effector location relative to the base
and hence to locate a second set of back-up sensors not necessarily at the joints
themselves but rather between the base and the output end-effector.

In the PCT application entitled "Precision Robot with Parallel Kinematics and
a Redundant Sensor System" to M. Wapler, published as International Publication
No. WO 01/19272, it is suggested that for a parallel robot with six degrees of
freedom, it is possible to provide an acceptably safe backup for sensor failure using
a minimum of three additional sensors disposed between the base and the moving
platform.

However, since the cost of each position sensor and its associated control
circuitry, is not insignificant, and even more importantly, since the space available in
such miniature robots is at a premium, it would be desirable to devise a simpler
method of providing back-up information for such robots, yet still providing an
adequate safety margin.

SUMMARY OF THE INVENTION

According to the present invention, there is provided a robot comprising:

a base member;

a moving platform operative as the end effector of the robot;

a plurality of adjustable links connecting said base member to said
moving platform, the status of each of said plurality of adjustable links being known
by means of a sensor associated with each of said plurality of links, the combined
outputs of said plurality of sensors indicating the pose of said platform: and

a single additional sensor not associated with any single one of said

links, connected between said base member and said moving platform,
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wherein said single additional sensor provides an indication of an erroneous
output in the reading of any one of said sensors.

According to another aspect of the present invention, there is also provided a
method of using a robot, comprising the steps of:

providing a robot comprising a base member, a moving platform
operative as the end effector of the robot, and a plurality of adjustable links
connecting said base member to said moving platform, the status of each of said
adjustable links being known by means of a sensor associated with each of said
links, and the combined outputs of said plurality of sensors indicating the pose of
said platform;

connecting a single additional sensor not associated with any single
one of said links, between said base member and said moving platform between
predetermined points thereon; and

using information from said single additional sensor to provide an
indication of an erroneous output in the reading of any one of said sensors.

Other objects, aspects, embodiments and/or resulting advantages of the
present invention, all being preferred and/or optional, and briefly summarized
hereinabelow.

For example, the present invention seeks to provide a new apparatus and
method for assuring effective backup for sensor failure in robots, by utilizing only a
single extra sensor attached between the end actuator and the base. The use of
such a single extra sensor provides effective back up that may be considered
statistically significant for common applications, for any sensor/encoder failure
occurring anywhere in the system, whether in one of the sensors associated with the
actuating links or hinges of the robot, or in the extra sensor itself.
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The use of a single additional sensor effectively provides the robotic
system with one redundant information input to the robot control algorithm,
which can be used in order to determine whether any of the other control sensors,
or even the additional sensor itself, has failed and is delivering an erroneous
reading, and hence to warn the operator of the failure. Furthermore, the use of a
single additional sensor 1s able to provide useful warning of the simultaneous
failure ot two sensors or more, given that the likelihood that two sensors or more
fa1l simultaneously in a mode that makes the failures undetectable, is so small
that 1t can be regarded as statistically insignificant, and hence, within the safety
requirements of such robots, even for use in surgical procedures. The method and
apparatus of the present invention may be applied for use in robots having any
number of degrees of freedom, and the additional sensor generally provides one
redundant measurement over and above that provided by the number of sensors
necessary for the degrees of freedom of the particular robot. Furthermore, the
sensors utilized 1n the present invention, whether for determining the status of the
actuating links or hinges of the robot, or whether the additional sensor itself, may
be either length sensors, or angular sensors, or a combination thereof. If a length
sensor, then the status of the actuator link determined is its length; if an angular
sensor, then the status determined is the angular orientation of the associated link
or hinge.

Throughout the present application, the terms encoder and sensor are often
used interchangeably, even though more formally, the sensor is any device used
to ascertain a link length or a joint angle, and an encoder is a device for providing
a digital output signal according to the length or angle detected by the device.
However, it 1s to be understood that when these different terms are used in this
application, 1t 1s generally for the convenience of functional differentiation, and
that the terms are understood to be equivalent and interchangeable in practice,
and are thuswise claimed.

There 1s thus provided in accordance with a preferred embodiment of the
present invention, a robot comprising a base member, a moving platform

operative as the end effector of the robot, a plurality of adjustable links
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connecting the base member to the moving platform, the status of each of the
adjustable links being known by means of a sensor associated with each of the
links, and a single additional sensor connected between the base member and the
moving platform. At least one of the adjustable links of the robot may preferably
be a linear extensible link, in which case the sensor associated therewith i1s a
length sensor. Alternatively and preferably, at least one of the adjustable links
may be an angular rotational hinge, in which case the sensor associated therewith
1s an angular sensor. In the above mentioned robot, the single additional sensor
may preferably be either a length sensor or an angular sensor.

There 1s further provided in accordance with yet another preferred
embodiment of the present invention, a robot as described above, and also
comprising a controller which verifies at least one of the position and orientation
of the moving platform as determined by the sensors associated with each of the
plurality of links, by means of the output of the single additional sensor. The
controller then preferably provides an absolute verification of at least one of the
position and orientation of the moving platform in the event that any one sensor
1S providing an erroneous output.

Additionally and preferably, the controller may provide a verification
having a statistically insignificant probability of falsehood, of at least one of the
position and orientation of the moving platform, in the event that two or more
sensors simultaneously provide erroneous outputs. In the latter case, the
maximum value of that statistically insignificant probability is the product of the
square of the probability that one sensor is providing an erroneous output divided
by the number of incremental positions in that one of the sensors having the least
resolution.

In accordance with still another preferred embodiment of the present
invention, in any of the above-mentioned robots, the plurality of extensible links
may preferably be six links, and the single additional sensor a seventh sensor, or
the plurality of links may preferably be four links, and the single additional
sensor a fifth sensor, or even more generally, the single additional sensor is one

sensor more than the number of degrees of freedom of the robot.
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There is further provided in accordance with still other preferred
embodiments of the present invention, a robot as described above, and wherein
the robot is either a parallel robot, or a hybrid series-parallel robot.

In accordance with a further preferred embodiment of the present
invention, there is also provided a method of verifying the positional reliability of
a robot, comprising the steps of providing a robot comprising a base member, a
moving platform operative as the end efftector of the robot, and a plurality of
adjustable links connecting the base member to the moving platform, the status
of each of the adjustable links being known by means of a sensor associated with
each of the links, and connecting a single additional sensor between the base
member and the moving platform between predetermined points thereon.

There is also provided in accordance with yet a further preferred
embodiment of the present invention, the method as described above, and also
comprising the step of verifying by means of a controller that at least one of the
position and orientation of the moving platform determined by the sensors
associated with each of the plurality of links, is consistent with the corresponding
relative position or orientation of the predetermined points as determined by the
single additional sensor.

In either of the above mentioned methods, at least one of the adjustable
links may preferably be a linear extensible link, in which case the sensor
assoclated with the linear extensible link is a length sensor. Alternatively and
preferably, at least one of the adjustable links may be an angular rotational hinge,
in which case the sensor associated therewith is an angular sensor. In any of the
above mentioned methods, the single additional sensor may preferably be either a
length sensor or an angular sensor.

In the above described methods involving use of the controller for the
verification step, the controller preferably provides an absolute verification of at
least one of the position and orientation of the moving platform in the event that
any one sensor 1s providing an erroneous output.

Additionally and preferably, the controller may provide a verification

having a statistically insignificant probability of falsehood, of at least one of the
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position and orientation of the moving platform, in the event that two or more
sensors simultaneously provide erroneous outputs. In the latter case, the
maximum value of that statistically insignificant probability is the product of the
square of the probability that one sensor 1s providing an erroneous output divided
by the number of incremental positions in that one of the sensors having the least
resolution

In accordance with still another preferred embodiment of the present
Invention, 1in any of the above-mentioned methods, the plurality of extensible
links may preferably be six links, and the single additional sensor a seventh
sensor, or the plurality of links may preferably be four links, and the single
additional sensor a fifth sensor, or even more generally, the single additional
sensor 1s one sensor more than the number of degrees of freedom of the robot.

There 1s further provided in accordance with still other preferred
embodiments of the present invention, a method as described above, and wherein

the robot is either a parallel robot, or a hybrid series-parallel robot.
BRIEF DESCRIPTION OF THE DRAWINGS

The present inventioh will be understood and appreciated more fully from
the following detailed description, taken in conjunction with the drawings in
which:

Fig.1 shows a schematic illustration of an exemplary prior art parallel
robot with six extensible links, and a length sensor on each link;

Fig. 2 illustrates schematically the parallel robot shown in Fig. 1, but
adapted according to a preferred embodiment of the present invention, by the
addition of one extra sensor attached between the moving platform and the base
platform;

Fig. 3 shows schematically two links and the 7" sensor of a six-link
parallel robot of the type shown in the embodiment of Fig. 2, in a situation when

two sensors provide erroneous output readings;
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Fig. 4 illustrates schematically the application of the methods of the

present invention to a further preferred type of parallel robot with four extensible
links, and having one extra sensor attached between the base member and the end

effector, and
Fig. 5 1s a perspective view of the kinematic configuration of a further
robot type, having a hybrid series-parallel configuration, showing the application

of the methods of the present invention to such a robot.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

Reference is now made to Fig. 1, which illustrates schematically a prior
art exemplary parallel robot, with six extensible links 10. Each of the six
extensible links is connected between the base platform 12 and the moving end-
effector platform 14, preferably by means of a spherical joint at one end of the
link and a U-joint at the other. In addition, each link length is measured by means
of a position or length sensor 16 that moves with the link, and which provides a
feedback signal to the robot control system indicating the length of the link, and
hence, in combination with the information from the other link sensors, the
position and orientation (pose) of the moving platform 14. The prior art methods
of ensuring the reliability of the robot position are either to double-up each
sensor 16 with a back-up sensor fixed adjacent to the primary sensor on each
link, the sole purpose being to provide a one-to-one back-up for each sensor, or,
according to the methods described in the above mentioned International
Publication No. WO 01/19272, to add threé or more sensors connected between
the base platform 12 and the moving platform 14. Either of these solutions is
expensive in terms of available space and cost.

Reference 1s now made to Fig. 2, which illustrates schematically the
parallel robot shown in Fig. 1, but adapted according to a preferred embodiment
of the present invention, by the addition of one extra sensor, the 7t sensor, 20,
attached between the moving and the base platform, preferably in their central

regions, such that it measures the distance between the attachment points on the
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moving and the base platforms. This extra sensor enables absolute verification of
the moving platform location if one sensor fails, and statistically reliable
verification of the moving platform if two or more sensors fail.

Changing the lengths of the extensible links generally changes the
distance between the platform centers, and this change is detected by the 7™
sensor. The data from this 7" sensor is passed, preferably through a connector in
the base to the robot control system 22, together with all of the encoder outputs
from the six extensible links, and the data is compared for compatibility. Since
the moving platform to which the 7" sensor is connected is a rigid body, the
length of the 7" sensor is uniquely determined by the known length of the six
links and hence provides backup information in the case of incorrect platform
position. If as a result of a sensor failure, the moving platform is sent to a
position other than that defined by the six sensor readings, then the 7" sensor will
provide an inconsistent readout, and the controller 22 thus provides warning of a
sensor failure. Likewise, failure of the redundant 7" sensor will cause it to
provide a readout inconsistent with the output information provided by the other
six sensors. Though a length sensor is a particularly convenient configuration for
the 7" sensor, and such a length sensor is used to illustrate the various preferred
embodiments of the present invention, it is to be understood that the invention is
not meant to be limited to use of a length sensor as the additional sensor, and that
1t 1s also implementable using an angular sensor as the additional sensor.

There are a number of situations where a single additional sensor will not
detect any unwanted platform motion in the event of a link sensor failure. One
such situation arises if all of the six link sensors fail and all provide false
readings off by amounts such that the moving platform changes its rotational
orientation about an axis through its center, while keeping its center fixed, and
hence the 7" sensor will provide an unchanged and correct length readout.

Similarly, if three of the sensors fail, and the other three fail symmetrically
by an equal amount but in the opposite sense, then the moving platform might

perform a pure rotation about its diametric axis, which will not be detected by the
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7" sensor, if the 7™ sensor is a length sensor, but may be detected if the seventh
sensor 1s an angular sensor, depending on the type of angular sensor.

The use of a 7™ sensor, according to the preferred embodiments of the
present invention, is only a practical back-up system for sensor failure, if it can
be shown that the likelihood of the occurrence of combinations of sensor and
sensor failures that are not detected by the 7™ sensor is so low as to be
statistically insignificant.

In order to ascertain this likelithood, a number of failure scenarios are now
analyzed. Firstly, the case of a single link sensor failure is investigated. In this
situation, when the actuator moves, changing its associated link length, the
control loop 1s closed with an erroneous position signal generated by the faulty
sensor. The cases in which such an error is not detected by the 7™ sensor are now
analyzed.

In order to identify these problematic cases, the moving platform
trajectories that maintain the 7™ sensor reading constant should be calculated.
When this 1s done, it is determined that there may be some situations in which
the robot has one or more points of singularity. Such singular configurations, as
they are known 1n the art, arise either when the robot cannot physically get to a
commanded point, in which case the robot is said to have lost one degree of
freedom, or when the robot loses control of the moving platform, which can
undergo a displacement even while all the actuators maintain their length, in
which case the robot is said to have gained one extra degree of freedom. Most
practically used robots, including the 6-link parallel robot used to describe this
preferred embodiment of the present invention, are designed in such a way that
all of the possible singular configurations are outside of the robot work envelope.

However, when one sensor or sensor fails, there are still six known
measured distances between the platforms, namely five link-length sensors and
the 7" sensor. This constitutes a "new" robot where the six link lengths are
measured at different locations at the platforms in relation to the locations of the
six links 1n the original robot. If this "new" robot contains singular configurations

within the original robot work volume, the moving platform is able to move
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without being detected by the 7" sensor, and the backup system is therefore
useless.

[f, however, no singular configurations exists within the “new” robot work
volume, then any unplanned platform motion generated by an erroneous
link-length sensor, is positively detected by the 7th sensor. This is true since
otherwise, there would be two different distinct solutions for the link lengths for
the same position and orientation of the moving platform, as determined up to a
single assembly mode by the inverse kinematics from the 5 link-length sensors
and the 7" sensor. The robot can switch assembly modes only when it passes
through a singular configuration, which has been defined above as being out of
the working envelope.

In order to determine what the singular configurations of the "new" robot
are, 1t 1s necessary eithér to conduct an analytical analysis, such as by one of the
methods described, for instance, in the article “Singular configurations of parallel
manipulators and Grassmann geometry” by J-P. Merlet,, published in /nt. J. of
Robotics Research, Vol. 8(5), pp. 45-56, October 1989, or in the article
“Determination of the presence of singularities in a workspace volume of a
parallel manipulator” by J-P. Merlet, published in “NATO-ASI, Computational
methods in mechanisms” edited by Sts. Konstantin and Elena Resort, 16-28 June,
1997, or 1n the article “Singularity analysis of closed-loop kinematic chains™ by
C. Gosselin and J. Angeles, published in IEEE Transactions on Robotics and
Automation, Vol. 6, No. 3,June 1990, or in the Ph.D. Thesis on “Design
Parameters of Parallel Manipulators” by R. Ben-Horin, The Technion, Israel,
1998, or alternatively, to conduct a search of the entire workspace of the
manipulator.

[ 1t 1s found that such singular conﬁgurations do not exist within the robot
workspace, it can be concluded that there is no possible motion of the robot that
can go undetected by the 7th sensor if only one sensor fails.

The situation 1s now considered in which two sensors or sensors fail
simultaneously. The likelithood of such an occurrence is very low. Moreover,

even if two sensors fail at the same time and give erroneous readings, this 1s also
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detected by the 7™ sensor, unless the values given by the two failed sensors are in
such a proportion that they just happen to match a valid displacement of the
‘moving platform as determined by the other sensors and the 7™ sensor.

This situation is illustrated schematically in Fig. 3, which shows two links
30, 32, and the 7" sensor 34 of a six-link parallel robot of the type shown in the
embodiment of Fig. 2. The “correct” position of the moving platform 14 is shown
as a full line. Due to the incorrect output reading of the sensor of the right hand

link 30, the control system is provided with a signal from this sensor that makes

the control system believe that the moving platform is in the tilted position 14/,
as indicated by the dotted lines, while the 7™ sensor 34 outputs correctly that its
length has not changed, as the moving platform has performed a tilt about the
point of attachment of the 7" sensor. However, such an incorrect position of the
fnoving platform would be detected by the sensor of the left hand link 32, since

its position would be inconsistent with the output of the left hand link sensor,

which expects to detect the platform in the dotted position 14’, but actually finds
1t in the “correct” full line position 14. The failure of the right hand link sensor is
thus detected, unless the sensor of the left hand link 32 also fails, and in such a

manner that it outputs a reading which exactly simulates that which would be

obtained from the moving platform in its apparently tilted dotted position 14'.

In particular, when the location of the moving platform is defined by only
5 distance readings (4 link-lengths and the 7™ sensor), then it is not fully defined
and the platform might move freely and have an infinite number of locations.
Now whatever the reading of one failed sensor, it incorrectly defines the position
ot the moving platform, since the situation is effectively the same as the previous
case with only one failed sensor. Whatever the first failing sensor reading is,
there are now six other readings, the five correctly reading sensors and the
seventh one. This uniquely determines the location of the platform (up to
assembly mode) and hence we are at the same point as the analysis of one sensor
failing, and can continue from that point by noting that for one sensor failing

there 1s no way it can go undetected. This means that there 1s only one




CA 02555334 2006-08-02
WO 2005/074368 PCT/IL2005/000132

12
combination within the current assembly mode, of the two failed sensors that
match the remaining five correctly operating sensors.

Based on the above analysis, the probability that the platform undergoes a
movement without being detected by the 7" sensor when either one or two
sensors fail simultaneously may be calculated by the following procedure:

(1) It should be ensured that there are no singular points of operation within the
entire robot workspace, in a robot composed of 5 link-length sensors and the 7"
SENSor.

(11) If this 1s confirmed, the probability that one sensor may fail is determined.
(1) The probability that two sensors fail simultaneously is then the square of the
probability that one may fail.

(1v) The probability that two sensors fail simultaneously and give a valid reading
1s the square of the probability of one failing times the reciprocal of the number
of increments in one sensor, since there is a probability of one out of that number
of increments that the incorrect failed reading Will, by chance, be equal to the
expected “correct” reading. The above calculation applies when all of the sensors
have the same resolution, i.e. number of increments. If different sensors of the
robot have different resolutions, then the highest probability of obtaining a valid
reading when two sensors fail simultaneously, is given by the square of the
probability of one failing times the reciprocal of the number of increments in the
sensor with the lowest resolution.

In order to provide an estimate of the order of such a probability, an
exemplary calculation is made for the SpineAssist miniature surgical robot,
supplied by Mazor Surgical Technology Ltd., of Caesarea, Israel. For this robot,
the encoder/sensor life time is given as 10,000 hours. The probability of one
encoder/sensor failing during an operation that lasts for one hour is thus 10™. The
sensor resolution is 12 bit, i.e. 4096 incrementai steps. Hence the probability, p,
that an incorrect motion remains undetected by the 7™ sensor, as a result of two

failed sensors 1s given by :

p=10"x10"x4096"=2.44x 107"
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The planned lifetime of each robot 1s 500 hours; hence the probability of an
undetected platform motion arising from the simultaneous failure of two sensors,
during the entire robot lifetime is p=1.22 x 10”.

The above calculation i1s based on the expected lifetime of the
encoder/sensors only. Taking into consideration that the encoder/sensor reading
1s also atfected by other factors, such as the A/D converter, the encoder card and
the power supply, the probability for a single sensor error reading during a one
hour surgical procedure might be reduced by as much as an order of magnitude,
to 10~. Hence the probability for an incorrect motion remaining undetected by
the 7" sensor due to two failed sensors is then given as:

p=10"x10"x4096"=2.44 x 107"

During the robot lifetime of 500 hours, the probability is p = 1.22 x 10”’. Noting
that during these 500 hours, 500 surgical procedures will be performed by the
robot, the probability of such an undetected failure in a single operation is 2.44 x
107°. This is equivalent to the probability that if the robot is used for performing
such a one hour surgical procedure on every one of the earth’s current
population, then using the 7" sensor back-up system of the present invention,
only one undetected failure arising from a double sensor failure will be
statistically expected.

The probability that three or more sensors fail without being detected by
the use of the 7™ sensor, 1s, of course, even smaller than the probability that two
sensors fail without this being detected.

Reference is now made to Fig. 4, which illustrates schematically the
application of the methods of the present invention to a further preferred type of
parallel robot, similar to that described in U.S. Patent No. 6,837,892 for
“Miniature Bone-mounted Surgical Robot” to the inventor of the present
application. The parallel robot shown in Fig. 4 has a base member 40, to which
are tlexibly connected four extensible links 42, each with their own length sensor
installed, and which provide controlled motion to the end effector, which is
preferably shown in Fig. 4 as a guide tube 44 supported by two ring joints 46

whose position 1s moved by extension of the links 42. A tool can be inserted
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through the guide tube 44 and maneuvered to the desired position. A fifth sensor
48 1s attached between a known point on the base member 40 and a known point
on the end effector 46, and the output of this 5™ sensor is utilized, in the same
way as is described hereinabove with respect to the 7™ sensor in the six-link
robot of Fig. 2, to provide back-up information to verity the position of the end
eftector provided by the four extensible link sensors.

Reterence 1s now made to Fig. 5, which 1s a perspective view of the
kinematic configuration of a further robot type, having a hybrid series-parallel
configuration. Fig. 5 illustrates schematically the application of the methods of
the present invention to such a hybrid robot configuration. The robot is similar in
mechanical structure to that described in the article entitled “Kinematic Structure
of a Parallel Robot for MEMS Fabrication” by H. Bamberger and the inventor of
the present application, and published in Advances in Robot Kinematics, ARK, Italy,
2004, and which has three linear motors, and also to that described in a paper by
the same authors entitled “A New Configuration of a Six Degrees-of-Freedom
Paralle] Robot for MEMS Fabrication” presented at the IEEE International
Conference on Robotics and Automation, (ICRA 2004), New Orleans, LA, USA,
and which has six linear motors. However, the preferred robot configuration
shown in Fig. 5 differs from the first above-mentioned robot in that, besides the
three linear motors located at the base of the robot, it also comprises an angular
actuator in each of its jointed arms, such that the moving platform is endowed
with a total of six degrees of freedom.

In the preferred embodiment of Fig. 5, the fixed robot base 52, is
connected to the moving platform 54, by means of three articulated legs. Each
leg preterably has three arms, each arm including one linear motor and one
rotational motor. Thus, leg Al, B1, C1, P1, is attached to the base at point Al,
which i1s moved in the plane of the base by means of a linear motor, has an
angular rotational motor, preferably at revolute hinge B1, a passive revolute
hinge at C1, and i1s connected to the moving platform 54 at point P1. Such a
robotic structure 1S not a pure parallel configuration, because of the action of the

additional links and joints connected in each loop, whose effect is serial to the
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motion imparted to each leg by the linear motors at the base. In such a hybrid
configuration, the combination of the sensors on the parallel linear motors and on
the serial angular actuators together define a unique position of the moving
platform end effector. According to this preferred embodiment of the present
invention, the robot shown in Fig. 5 includes an additional redundant sensor 50,
connected between a point O in the central region of the base, and a point P on
the central region of the moving platform. This 7% sensor is operative to provide
verification information about the expected moving platform position. Failure of
one or more motor encoders/sensors, whether linear or rotational, will be
detected by the additional redundant sensor, in a similar manner to that described
above for the pure parallel robot configurations.

It 1s to be understood that the robotic configuration shown in Fig. 5 is only
one preferred embodiment of a hybrid robot to which the methods of the present
invention can be successfully applied, and other hybrid robot configurations can
also use a single redundant sensor to detect sensor failure. One common
preferred configuration of such a different type could have a linear motor as the
serial actuator within the link, rather than the angular actuator in the preferred
embodiment shown in Fig. 5.

It 1s appreciated by persons skilled in the art that the present invention i1s
not limited by what has been particularly shown and described hereinabove.
Rather the scope of the present invention includes both combinations and
subcombinations of various features described hereinabove as well as variations
and modifications thereto which would occur to a person of skill in the art upon

reading the above description and which are not in the prior art.
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WHAT IS CLAIMED IS:

1. A robot comprising:

a base member;

a moving platform operative as the end effector of the robot;

a plurality of adjustable links connecting said base member to said
moving platform, the status of each of said plurality of adjustable links being known
by means of a sensor associated with each of said plurality of links, the combined
outputs of said plurality of sensors indicating the pose of said platform; and

a single additional sensor not associated with any single one of said

links, connected between said base member and said moving platform,

wherein said single additional sensor provides an indication of an erroneous
output in the reading of any one of said sensors.
2. A robot according to claim 1, wherein at least one of said adjustable links is a
linear extensible link.
3. A robot according to claim 2, wherein said sensor associated with said linear
extensible link is a length sensor.
4, A robot according to claim 1, wherein at least one of said adjustable links is

an angular rotational hinge.

S. A robot according to claim 4, wherein said sensor associated with said

angular rotational hinge is an angular sensor.

6. A robot according to any one of claims 1 to 5, wherein said single additional
sensor is a length sensor.
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7. A robot according to any one of claims 1 to 6, wherein said single additional
Sensor is an angular sensor.
8. A robot according to any one of claims 1 to 7, the robot also comprising a

controller which verifies at least one of the position and orientation of said moving
platform as determined by the sensors associated with each of said plurality of links,

by means of said single additional sensor.

0. A robot according to claim 8, wherein said controller provides an absoiute

10 verification of at least one of the position and orientation of said moving platform in

the event that any one sensor is providing an erroneous output.

10. A robot according to claim 8 or 9, wherein said controller provides a

verification having a statistically insignificant probability of falsehood, of at least one
of the position and orientation of said moving platform, in the event that two or more

sensors simultaneously provide erroneous outputs.

11. A robot according to claim 10, wherein the maximum value of said statistically
insignificant probability is the product of the square of the probability of a sensor
20 failure divided by the number of incremental positions in that one of said sensors

having the least resolution.

12. A robot according to any one of claims 1 to 11, wherein said plurality of
extensible links is six links, and said single additional sensor is a seventh sensor.

13. Arobot according to any one of claims 1 to 11, wherein said plurality of links

s four links, and said single additional sensor is a fifth sensor.
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14. A robot according to any one of claims 1 to 13, wherein said single additional

sensor is one sensor more than the number of degrees of freedom of said robot.

15. A robot according to any one of claims 1 to 14, wherein said robot is a parallel

robot.

16. A robot according to any one of claims 1 to 14, wherein said robot is a hybrid
series-parallel robot.

17. A method of using a robot, comprising the steps of:

providing a robot comprising a base member, a moving platform
operative as the end effector of the robot, and a plurality of adjustable links
connecting said base member to said moving platform, the status of each of said
adjustable links being known by means of a sensor associated with each of said
links, and the combined outputs of said plurality of sensors indicating the pose of
said platform:;

connecting a single additional sensor not associated with any single

one of said links, between said base member and said moving platform between
predetermined points thereon; and

using information from said single additional sensor to provide an
indication of an erroneous output in the reading of any one of said sensors.

18. A method according to claim 17, wherein said step of using information
comprises verifying that at least one of the position and orientation of said moving
platform determined by the sensors associated with each of said plurality of links, is
consistent with the corresponding relative position or orientation of said
predetermined points as determined by said single additional sensor.
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19. A method according to claim 17 or 18, wherein at least one of said adjustable

links is a linear extensible link.

20. A method according to claim 19, wherein said sensor associated with said

linear extensible link is a length sensor.

21. A method according to claim 17 or 18, wherein at least one of said adjustable

links is an angular rotational hinge.

22. A method according to claim 21, wherein said sensor associated with said

angular rotational hinge is an angular sensor.

23. A method according to claim 17 or 18, wherein said single additional sensor is
a length sensor.

24. A method according to of claim 17 or 18, wherein said single additional sensor
IS an angular sensor.

25. A method according to any one of claims 18 to 24, wherein said information
further provides an absolute verification of at least one of the position and orientation

of said moving platform in the event that any one sensor is providing an erroneous
output.

26. A method according to any one of claims 18 to 25, wherein said information
further provides a verification having a statistically insignificant probability of
falsehood, of at least one of the position and orientation of said moving platform, in
the event that two or more sensors simultaneously provide erroneous outputs.
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27. A method according to claim 26, wherein the maximum value of said
statistically insignificant probability is the product of the square of the probability of a
sensor failure divided by the number of incremental positions in that one of said

sensors having the least resolution.

28. A method according to any one of claims 17 to 27, wherein said plurality of
extensible links is six links, and said single additional sensor is a seventh sensor.

29. A method according to any one of claims 17 to 27, wherein said plurality of
links is four links, and said single additional sensor is a fifth sensor.

30. A method according to any one of claims 17 to 29, wherein said single

additional sensor is one sensor more than the number of degrees of freedom of said
robot.

31. A method according to any one of claims 17 to 30, wherein said robot is a
parallel robot.

32. A method according to any one of claims 17 to 30, wherein said robot is a
hybrid series-parallel robot.

33.  Arobot according to claim 1, wherein said sensors have a reliability such that
the likelihood that two sensors or more fail simultaneously in a mode that makes said
failures undetectable is statistically insignificant in relation to the safety requirement
for the procedure performed by the robot, such that said single additional sensor

provides useful warning of said simultaneous failure of two or more of said sensors.

34. A method according to claim 17, wherein said sensors have a reliability such

that the likelihood that two sensors or more fail simultaneously in a mode that makes
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said failures undetectable is statistically insignificant in relation to the safety
requirement for the procedure performed by the robot, such that said using
information from said single additional sensor further provides an indication of an

erroneous output in the reading of said two or more of said sensors.

35. A robot according to claim 1, wherein said sensors have a rated lifetime T,
such that the probability of failure of any one of said sensors during a procedure
lasting a length of time t is given by /T, and wherein if said sensors have at least N
iIncrements, the probability P that an incorrect motion arising from the simultaneous
failure of two of said sensors would remain undetected by said single additional
sensor, is given by the equation P = (1/N) - (tT)°.

36. A robot according to claim 35, wherein said sensors have a reliability such
that said probability P is less than the probability of failure allowable by an accepted
safety requirement for the procedure performed by the robot, such that the
probability that two sensors or more fail simultaneously in a mode that makes said
failures undetectable is statistically insignificant in relation to said safety requirement
for the procedure performed by the robot.

37  Arobot according to claim 36, wherein the use of information from said single

additional sensor provides a statistically acceptable indication of an erroneous output
in the reading of said two or more of said sensors.

38. A method according to claim 17, wherein said sensors have a rated lifetime T,
such that the probability of failure of any one of said sensors during a procedure
lasting a length of time t is given by t/T, and wherein if said sensors have at least N
Increments, the probability P that an incorrect motion arising from the simultaneous
failure of two of said sensors would remain undetected by said single additional
sensor, is given by the equation P = (1/N) - (tT) 2.
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39. A method according to claim 38, wherein said sensors have a reliability such
that said probability P is less than the probability of failure allowable by an accepted
safety requirement for the procedure performed by the robot, such that the
probability that two sensors or more fail simuitaneously in a mode that makes said
failures undetectable is statistically insignificant in relation to said safety requirement
for the procedure performed by the robot.

40. A method according to claim 39, wherein the use of information from said
single additional sensor provides a statistically acceptable indication of an erroneous
output in the reading of said two or more of said sensors.
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