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fingertip and the first base. Similarly, the second finger has a second fingertip (32), a second base (34), a second actuator

engagement end (36). A second gripping surface (31) of the second finger Is between the second fingertip and the second base.
The actuator (40) mechanically engages with the first actuator engagement end and the second actuator engagement end to open
and close the fingers. A first force sensor (28) Is disposed on the base of the first finger to measure a first operative force on the first
finger, and a second force sensor (38) Is disposed on the base of the second finger to measure a second operative force on the

second finger.
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(57) Abstract: A robotic g

rasping device (10) has a first finger (20), a second finger (30) and an actuator (40). The first finger has a

first fingertip (22), a first base (24) and a first actuator engagement end (26). A first gripping surface (21) of the first finger lies
between the first fingertip and the first base. Similarly, the second finger has a second fingertip (32), a second base (34), a second ac -
tuator engagement end (36). A second gripping surface (31) of the second finger 1s between the second fingertip and the second
base. The actuator (40) mechanically engages with the first actuator engagement end and the second actuator engagement end to
open and close the fingers. A first force sensor (28) 1s disposed on the base of the first finger to measure a first operative force on the
first finger, and a second force sensor (38) 1s disposed on the base of the second finger to measure a second operative force on the
second finger.
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ROBOTIC GRASPING DEVICE WITH MULTI-FORCE SENSING AT BASE
OF FINGERS

The mventive arrangements relate generally to robotic grasping devices.
More particularly, the invention concerns robotic grasping devices that have improved
sensing capability for haptic feedback systems.

Remotely controlled robotic systems are growing increasingly common
for use 1n arecas 1n which a human can be subjected to dangerous or otherwise
unpleasant work environments. One important component of a robotic system 18 a
grasping device or gripper used to grasp objects that are to be lifted, moved or
otherwise manipulated. Typical grasping devices include one or more robot fingers
that can be moved by an actuator to effect such grasping operations. A user interface
1s provided to permit an operator to control the movement of the robot fingers.

Some robot systems include haptic interfaces that rely on sensor data
from the robot to generate haptic feedback forces at the user interface. The haptic
feedback forces are intended to provide the user with tactile feedback that 1s useful for
controlling the operation of the robot system. For example, 1n the case of a grasping
device, sensors can measure the force applied by robot fingers to an object. This
force information 18 communicated to a control system, where it 1S used to determine
haptic feedback forces to be asserted at the user interface.

Some grasping devices estimate forces applied by robot fingers by
measuring the actuator effort. Such a system 1s disclosed for example in U.S. Patent
No. 7,168,748. One problem with such an arrangement, however, 1s that it does not
sense the direction of applied forces. Other systems, such as that disclosed in U.S.
Patent No. 5,092,645 provide tactile pads on the robot fingers to measure force
applied by the robot fingers.

The mnvention concerns a robotic grasping device and a method for
measuring force applied to a robotic grasping device. A grasping device includes at
least first and second robot fingers, each having an elongated form. Each of the robot
fingers has a proximal end where 1t engages an actuator, and a distal end that includes

a gripping surface. The actuator 1s responsive to one or more control signals for
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applying an actuator force which moves the robot fingers 1n accordance with a
grasping action. For example, the grasping action can reduce a space between
opposing first and second gripping surfaces. A first force sensor 1s disposed on a first
robot finger between the proximal end and the distal end, adjacent to the proximal end.
The first force sensor 1s configured for sensing an operative force applied to the distal
end of first robot finger. In some embodiments, the first force sensor 1s configured for
sensing the operative force with respect to at Ieast three spatial directions. At least
on¢ of the spatial directions can be substantially aligned with an elongated length of
the first robot finger.

A second force sensor 1s disposed on the second robot finger between
the proximal end and the distal end, adjacent to the proximal end. In such an
embodiment, the first force sensor and the second force sensor respectively sense a
first and second operative force applied to the first and second robot finger.
According to on¢ aspect of the invention, these forces are measured by each of the
first and second force sensor 1n at least three spatial directions. More particularly, the
first force sensor senses the first operative force with respect to a first coordinate
system, and the second force sensor senses the second operative force with respect to
a different, second coordinate system. At least one axis of the first coordinate system
1s substantially aligned with an elongated length of the first finger. At least one axis
of the second coordinate system 1s substantially aligned with an elongated length of
the second finger.

The mnformation from the first and second sensors 18 communicated to a
data processing system. The data processing system uses data representing the first
and the second operative force to determine a gripping force applied by the grasping
device. The gripping force information 1s used to generate a haptic feedback control
signal for producing a haptic response at a user interface. The data processing system
can translate the first operative force (of the first coordinate system) and the second
operative force (of the second coordinate system), to a common third coordinate
system. Accordingly, if the grasping device 1s attached to a robotic arm, a working

force on a robotic arm can be determined. The third coordinate system can include an
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axi1s that 1s substantially aligned with an elongated length of the robotic arm. The data
processing system can use the working force information to generate a further haptic
feedback control signal for producing a haptic response at a user interface.

Embodiments will be described with reference to the following drawing
figures, 1n which like numerals represent like items throughout the figures, and 1n
which:

FIG. 1 1s a perspective view of an embodiment of a robotic grasping
device.

FIG. 2A 1s a perspective view of the embodiment of a robotic grasping
device shown 1n FIG. 1 with fingers removed to 1llustrate finger bases and locations
of force sensors.

FIG. 2B 1s a detailed view of a portion of FIG. 2A encircled with a
dotted line.

FIG. 3 1s a perspective view of the embodiment of a robotic grasping
device shown 1n FIG. 1, 1llustrating force diagrams for the various components of the
robotic grasping device.

FIG. 4 illustrates an unmanned ground vehicle (UGV) employing a
robotic grasping device shown FIG. 3.

FIG. 5 1llustrates a controller that employs haptic feedback data
obtained from operative force data measured by the UGV of FIG. 4.

FIG. 6 1s a detailed block diagram showing additional features of the
controller.

The various embodiments of the present invention are described with
reference to the attached figures, wherein like reference numbers are used throughout
the figures to designate similar or equivalent elements. The figures are not drawn to
scale and they are provided merely to 1llustrate the embodiments of the present
invention. Several aspects of the invention are described below with reference to
example applications for 1llustration. It should be understood that numerous specific
details, relationships, and methods are set forth to provide a full understanding of the

invention. One having ordinary skill(s) in the relevant art, however, will readily
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recognize that the mnvention can be practiced without one or more of the specific
details or with other methods. In other instances, well-known structures or operation
are not shown 1n detail to avoid obscuring the invention. The present invention 1S not
limited by the 1llustrated ordering of acts or events, as some acts can occur 1n different
orders and/or concurrently with other acts or events. Furthermore, not all illustrated
acts or events are required to implement a methodology in accordance with the
present mnvention.

The present invention concerns robotic grasping devices with one or
more robot fingers. More particularly, the invention concerns multi-axis force-
sensing at the base of the robot fingers. The multi-axis force sensing provides a way
to determine the operative force on each robot finger. Preferably the operative force
measurement includes measuring a force on a robot finger 1n at least three spatial
directions, which spatial directions can be defined with respect to a coordinate system
relative to that finger. As a result, all contact forces on the robot finger can be
measured including reactive forces (produced by gripping), external forces on the
fingertips (such as by brushing or striking a surface), the weight of the object being
oripped, and so on. Further, this force sensing does not require actuator effort sensing,
or the measuring of forces at the base (wrist) of the grasping device itself. Placing the
sensors at the base of the fingers avoids sensing problems caused by vibration, heavy
grasping devices or both which can produce noise in conventional force/torque
sensors outputs. In particular, such noise can result when the sensor 18 located 1n a
conventional location, such as a robot arm to which the grasping device is attached.
Placing the sensors at the base of the fingers avoids this problem, thereby providing
low-noise data.

The low-noise operative finger force data can be transformed into a
format most meaningful for the application at hand. For example, whole hand
gripping forces can be computed, the working force on the actuator arm can be
computed, and the forces with respect to the base of the robotic grasping device can
also be computed. These computed force values can be translated into higher-fidelity

haptic feedback for the operator to ensure precise control of the robotic grasping



CA 02824588 2013-08-20

WO 2012/125307 PCT/US2012/027469

10

15

20

25

device. Haptic information 1s computed using the operative force data to provide
force feedback information about the gripping strength of the fingers and the working
force on the arm.

FIG. 1 1s a perspective view of a robotic grasping device 10. The
grasping device 10 comprises a first finger 20 and a second finger 30. One or both
fingers can be coupled to an actuator 40 that 1s housed 1n the gripper base 11 which
connects to the robotic arm 12 that supports the robotic grasping device 10. Although
only two fingers 20, 30 are shown 1t will be understood that additional fingers can be
provided. Each finger 20, 30 comprises an actuator engagement end 26, 36 located at
a respective proximal end of each finger 20, 30, a finger base 24, 34 also at the
proximal end of each finger, and a fingertip 22, 32 at a distal end of each finger. A
oripping surface 21, 31 of each finger 20, 30 1s disposed between the respective
fingertip 22, 32 and base 24, 34. Force sensors 28, 38 are provided between the
actuator engagement end 26, 36 and the gripping surface 21, 31.

The actuator 40 1s mechanically coupled to each of the actuator
engagement ends 26, 36 to facilitate the opening and closing of the grasping device
10. In response to certain control signals, the actuator 40 1s configured to cause the
fingertips 22, 32 to move towards and away from e¢ach other when the actuator 40
manipulates the actuator engagement ends 26, 36.

The actuator 40 can include one or more DC motors (not shown) for
providing a driving force to move the fingers 20, 30. Suitable control circuitry can
also be provided for operating the DC motors. The motors can be coupled to a
transmission system comprising gears, cams or other suitable components to facilitate
causing fingers 20, 30 to move toward cach other or away from c¢ach other 1n response
to rotation of a motor shaft. Still, the invention 18 not limited 1n this regard and other
actuator arrangements are also possible. For example, rather than using a DC motor,
the actuator can include one or more hydraulic or pneumatic actuators to provide the
motivating force for driving the fingers 20, 30. Still, 1t should be understood that the

invention 18 not limited to any particular actuator arrangement. Instead, any suitable
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mechanical, electro-mechanical, hydraulic, pneumatic, or the like arrangement can be
made for effecting grasping movement of the robot fingers.

Referring now to FIG. 2A, FIG. 2B and FIG. 3, the first force sensor 28
measures a first operative force Fy experienced by the first finger 20, while the second
5  force sensor 38 measures a second operative force F, experienced by the second
finger 30. Operative force measurement can include measuring a force on a finger in
one, two or three spatial directions. The spatial directions can be defined with respect
to a coordinate system relative to that finger. For example, one axis of a coordinate
system can be substantially aligned with an axis extending along an elongated length
10  of each finger.

In some embodiments, 1t may be necessary to use more than one force
sensor 1n ¢ach finger to perform force measurement 1n three spatial directions.
Accordingly, a force sensor 28 can actually be comprised of two or more individual
force sensors. Similarly, force sensor 38 can also comprise two or more individual
15  force sensors for purposes of measuring a force on a finger in at least three spatial
directions.

In some embodiments the force sensors 28, 38 of cach finger can be
located between the base 24, 34 and the useful gripping surface 21, 31 of cach finger.
In other embodiments, the force sensors 28, 38 can form a portion of the base 24, 34
20  of the finger. In a preferred embodiment of the invention, each force sensor 28, 38
can be, for example, a force measuring unit that 1s physically disposed on a finger
base 24, 34. The finger grippers 25, 35, which provide the respective gripping
surfaces 21, 31 of each finger 20, 30, arc rigidly attached to the finger bases 24, 34.
In some embodiments the force sensors 28, 38 are implemented as strain gages
25  bonded to the surface of the finger bases 24, 34. In order to obtain sufficient bend 1n
the finger bases when forces are applied to the fingers, the finger bases 24, 34 are
preferably thin-walled structures as 1s typical 1n force-sensing applications. Due to
the fragile nature of strain gages, 1t 18 preferable for the finger grippers 25, 35 to slide
over and to fully cover the finger bases 24, 34 when they are attached 1n order to

30  protect the force sensors 28, 38 from damage as shown 1n FIG. 2B. It 1s also desirable
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that there be an air gap 27 between the finger gripper 25 and finger base 24 such that
the finger gripper 25 does not contact the finger base 24 (other than at the attachment
end) as the finger base 24 flexes due to forces F1 and F2. The electrical connections
of the strain gages 28, 38 are connected to electronics within the gripper base 11
which performs the necessary signal conditioning and processing to produce the
measurements of finger contact forces F1 and F2..

Referring once again to FIG. 3, there 1s provided a perspective view of
the robotic grasping device 10 1llustrating force diagrams for the various components
of the operative forces. The forces shown arise when the actuator 40 causes the
fingers 20, 30 to close upon an object 1. More particularly, when the fingers 20, 30
close upon an object 1, the force exerted by the fingers 20, 30 upon the object 1 will
produce corresponding reactive forces Fir and F,r that are imparted upon the fingers
20, 30, respectively. Other forces may also act upon the fingers 20, 30. For example,
an object grasped by the fingers 20, 30 will have some weight and the weight will
result 1n a force being imparted upon the fingers 20, 30. Also, the fingers 20, 30 can
in some 1nstances contact or move through objects or materials that create resistance
and drag forces which operate on the fingers 20, 30. Collectively, such forces will
produce an operative force Fy imparted upon first finger 20 which 1s detected by first
force sensor 28. Similarly, an operative force F, will be imparted upon second finger
30, and such force will be detected by second force sensor 38.

Each sensor 28, 38 can employ a respective first and second reference
frame 29, 39, and the operative force Fy, F, upon each finger 20, 30 as detected by the
sensor 28, 38 can be decomposed 1nto corresponding force component vectors 1n that
reference frame 29, 39. Hence, first force Fy experienced by the first finger 20 can be
decomposed 1nto three corresponding first force component vectors Fy, Fyp, F,; 1n the
first reference frame x;, y1, z1 29 by first sensor 28, and second force F, experienced
by the second finger 30 can be decomposed into three corresponding force component
vectors Fxo, Fyn, F2; 1n the second reference frame x;, y2, 22 39 by second sensor 38.

In some embodiments of the invention, cach of the first and second

reference frames 29, 39 1s defined, and each sensor 28, 38 oriented, for example, with
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reference to a vector (not shown) that substantially extends along the long axis of the
finger base 24, 34. Such vector can define the direction of an x axis aligned with the
x component of the operative force detected by the sensor 28, 38. Those skilled 1n the
art will appreciate that the x axis in some embodiments can be selected to be any
arbitrary direction. The z component of the operative force vector can be defined
with reference to a z axis extending from the top surface of the finger 20, 30, and
orthogonal to x component. The y component can be aligned with a y axis defined to
create a right-handed coordinate system with respect to the x and z axes. Of course,
any other method can be employed to define the respective first and second reference
frame 29, 39 of cach finger 20, 30 and the foregoing examples are simply 1llustrative.

Each force sensor 28, 38 can transmit operative force data
corresponding to the operative force F;, F, measured by the sensor 28, 38 to actuator
processing circuitry. In some embodiments, the actuator processing circuitry can be
contained 1n the robotic grasping device 10. Alternatively, the actuator processing
circuitry can be disposed within the robotic arm 12, or in an unmanned ground vehicle
(UGV) to which the robotic arm 12 1s attached, or a remote control processor unit.
Alternatively, actuator processing circuitry can be distributed 1n several such locations.
Of course, any suitable method can be employed to transmit information concerning
the operative forces Fy, F», to such actuator processing circuitry. For example, analog
signals employing voltage or current, or digital signals can be used for this purpose.
In some embodiments, first force sensor 28 can transmit first operative force data
(encoding the three force vector components Fyy, Fyi, F,1 of the operative force F)) to
the actuator processing circuitry by way of a robotic arm interface. Similarly, second
force sensor 38 can transmit second operative force data (encoding the three force
vector components Fy,, Fy,, F,, of the operative force F,) to the actuator processing
circuitry by way of the interface. This interface can be any suitable electrical, optical,
or ¢lectro-optical interface suitable for communicating analog or digital data.

In some embodiments of the invention, the vector data defining
operative force Fy (Fxi, Fyi1, F,1) and F, (Fxo, Fyo, F,) generated by the respective force

sensors 28, 38 can be processed to be expressed as Fiyw and Foy, respectively, 1in a third
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reference frame (Xw, Yw, Zw), namely working reference frame 19. This processing
can be performed by the actuator processing circuitry described above. Then 1f R1 1s
a rotation matrix that maps vectors from xi, y;, z; 29 to the working reference frame
Xws Vws Zw 19, and 1f R2 18 a rotation matrix that maps vectors from x5, y,, z; 39 to the

working reference frame X, Yw, zZw 19, F1w and F,y are given by:

Rt 3 e
. = &1 & T e O AE
A RN T omhea TR AR

i » TR

Rotation matrices R1 and R2 are 3x3 matrices, and construction of them 18 well
known 1n the art. Construction of these rotation matrices can be based upon
measurement of the angles of the finger bases with respect to the gripper base, thus 1t
1S may be desirable to have some sensor or other method of determining the rotation
of the fingers (should they rotate as the fingers open and close). The actuator
processing circultry can include one or more microprocessors and memory storing
program code executable by the microprocessors to provide desired steps to control
the actuator 40. As such the actuator processing circuitry can control one or more
motors that drive the positions of the fingers 20, 30 and determine the positions of
cach finger 20, 30. The circuitry can include hardware, software or both to measure
the position, such as angular deflection, of cach finger 20, 30. This can be done by
any suitable method as known 1n the art, such as by utilizing hardware that develops
signals according to the actual position of cach finger 20, 30, or by using software that
tracks the position of each finger 20, 30 by measuring, for example, how long the
motor or motors driving the fingers 20, 30 have been active, and the direction of
motion. Based upon the finger 20, 30 position information determined by the actuator
processing circuitry, the circuitry can then generate corresponding rotation matrices
R1 and R2 for the first finger 20 and second finger 30, respectively.

As noted above, cach force sensor 28, 38 measures not only the
reactive force Fir, For respectively felt by each finger 20, 30 due to the gripper
squeezing an object 1, but can detect other forces upon the finger 20, 30, such as a
resistive force incurred by the finger 20, 30 dragging through or across a material,

contacting an object, the weight of the object 1, etc. All of these forces create the
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operative force Fi, F, experienced by the finger 20, 30 as measured by the respective
force sensor 28, 38. It 1s desirable to separate forces resulting from the gripper
squeezing an object (Fgrip) from all other forces acting on the fingers (Feontact). Note
that the gripping force Fy;, can be expressed simply as a magnitude of the gripping
force (without concern for absolute direction), while 1t may be desirable to preserve
both the magnitude and the direction of the contact force Feontact. Gripping an object
results 1n equal and opposite gripping forces on the fingers (when expressed in the

working reference frame 19), thus

F EW_FQW

grip 2

while the contact force represents the sum total of the forces acting on the fingers:

n .
-iIE 1Y
-
*
. * h
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Stmilarly, with reference to Fig. 4 and Fig. 5, which illustrates a UGV
3 with the robotic arm 12 and a haptic device 100 for controlling the UGV 3, 1t 1s
desirable for the contact force F.onact to be applied to the operator’s hand via a haptic
device 100, which the operator feels as a force Frang that corresponds to Feontact.
However, it 1s desirable for this force Fpang to be consistent with the orientation of the
UGV 3. Because the arm 12 can be oriented arbitrarily 1t 1s desirable to transform the
contact force F onact Into @ hand force force Fyang that 1s expressed in the base frame x,
v, Zb 9 0f the UGV 3. The hand force Fpang 15 calculated by way of a suitable rotation
matrix R3, using methods substantially similar to those discussed above.

As shown with reference to FIG. 5 and FIG. 6, the operative force data
can be used to provide haptic feedback data for a controller 100 used by an operator to
control the UGV 3. Controller 100 can include a user interface 522 1n the form of a
hand controller. The hand controller can include suitable hardware and software that
1S capable of sensing user hand inputs with as many as six degrees of freedom. For
example, 1n some embodiments the user interface can include a hand grip 44 that 1s
capable of six axis directional control of a robot arm (¢.g., a three axis orthogonal

linear coordinate system, and up to three orthogonal axes of rotation). Data link
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circuitry 1n the UGV can transmit telemetry information to robot control processing
circuitry located 1n the base 42 of the controller 100. If wireless data link circuitry 1s
used, then an antenna 502 can be provided 1n base 42 to facilitate data link
communications. The telemetry information can include one or more of Fy, Fy, Feontact,
Frip, Or combinations thereof, etc. This information can then be used to compute
haptic feedback data to be applied by the controller 100 to the user interface 522. For
example, one or more haptic actuators (not shown) can be provided 1 the base 42 for
this purpose.

Referring specifically to FIG. 6, the various features of the controller
100 will now be described 1n further detail. The controller 100 can include a system
interface 524, user iterface 522, a Central Processing Unit (CPU) 514, a system bus
512, a memory 516 connected to and accessible by other portions of the controller
100 through system bus 512, and hardware entities 518 connected to system bus 512.
System interface 524 allows the controller 100 to communicate directly with data link
200, network equipment and other data links via a wired communications link. At
least some of the hardware entities 518 perform actions involving access to and use of
memory 516, which can be a random access memory (RAM), a disk drive, and/or a
compact disc read only memory (CD-ROM).

Hardware entities 518 can include microprocessors, application
specific integrated circuits (ASICs) and other hardware. Hardware entities 518 can
include a microprocessor programmed for facilitating the provision of data
communication services and actuator sensing, force translation, and control
processing as described herein. For example, the microprocessor can access and run
actuator processing including force translation processing as described herein for
translating forces from one reference frame 29, 39, 19, 9 to another reference frame
29, 39, 19, 9. Accordingly, the actuator processing circuitry can be comprised of
hardware entities 518 1n some embodiments. The communication operations can
include, but are not limited to, signal receiving operations, signal processing

opcerations, signal generation operations, and signal communication operations.
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As shown 1n FIG. 6, the hardware entities 518 can include a disk drive
unit 526 comprising a computer-readable storage medium 528 on which 1s stored one
or more sets of istructions 520 (e.g., software code) configured to implement one or
more of the methodologies, procedures, or functions described herein. The
instructions 520 can also reside, completely or at least partially, within the memory
516 and/or within the CPU 514 during execution thereof. The memory 516 and the
CPU 514 also can constitute machine-readable media. The term "machine-readable
media”, as used here, refers to a single medium or multiple media (e.g., a centralized
or distributed database, and/or associated caches and servers) that store the one or
more sets of instructions 520. The term "machine-readable media"”, as used here, also
refers to any medium that 1s capable of storing, encoding or carrying a sct of
instructions 520 for execution that cause the controller 100 to perform any one or
more of the methodologies of the present disclosure. As will be appreciated by those
skilled 1n the art, the method for robot control, haptic control, and transformation of
force vectors described herein can be performed 1 controller 100, or at other
processing entities provided at the UGV, 1n the actuator 40, or in the robot arm.

Data link 200 can include any type of wired or wireless transceiver
suitable for communicating data to and from a similar data link (not shown) provided
in the UGV 3. If data link 200 1s a wireless device, the wireless interface can be
based on any of a varicty of well known wireless mterface standards. Examples of
such well known wireless interface standards can include the Bluetooth wireless
standard, and the IEEE 802.11 family of standards. However, the invention 1s not
[imited 1n this regard and any other wireless interface standard can be used. Data
communicated over the data link can include motion control commands directed to
actuator 40, and feedback data communicated from actuator 40 to the controller 100.
The data link can include transmitter circuitry 506, receiver circuitry 508, a
receive/transmit switch 504, and antenna 502. Communications paths 536, 534 can

facilitate data transfer between the data link 200 and the controller 100.
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We claim:

1. A method for sensing a force experienced by a robotic grasping device, the
method comprising: applying an actuator force at a proximal end of at least one of an
elongated first and second robot finger to reduce a space between opposing first and
second gripping surfaces disposed adjacent to a respective distal end of the first and
second robot fingers; sensing a first operative force applied to said first robot finger

using a first force sensor located on a portion of a finger base of the first robot finger
that 1s disposed within an internal cavity structure formed 1n a finger gripper so as to
be fully covered by the cavity structure; and preventing contact between the portion of
the finger base and the interior surface of the cavity structure when the finger base
flexes due to the first operative force by providing an air gap between the interior

surface of the cavity structure and the portion of the finger base.

2. The method according to claim 1, wherein said sensing step comprises

measuring said first operative force with respect to at least three spatial directions.

3. The method according to claim 2, further comprising defining said spatial
directions with respect to a coordinate system that is at least partially defined with

respect to a linear axis substantially aligned with an elongated length of said first

robot finger.

4, The method according to claim 1, further comprising sensing a second
operative force applied to said second robot finger using a second force sensor
disposed on the second robot finger between the proximal end and the distal end,

exclusive of the second gripping surface.

5. The method according to claim 4, further comprising sensing said first and

second operative force with respect to at least three spatial directions.

6. The method according to claim 5, further comprising sensing said first
operative force with respect to a first coordinate system defined with respect to a

linear axis substantially aligned with an elongated length of said first robot finger, and
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said second operative force with respect to a different second coordinate system

defined with respect to a linear axis substantially aligned with an elongated length of

said second robot finger.

7. The method according to claim 5, further comprising using data representing
said first and said second operative force to determine a gripping force applied by said

robotic grasping device to an object.

8. The method according to claim 7, further comprising using said gripping force
to generate a haptic feedback control signal for producing a haptic response at a user

interface.

9. The method according to claim 6, further comprising translating said first
operative force of said first coordinate system and said second operative force of said
second coordinate system, to a common third coordinate system to calculate a contact

force on a robotic arm that supports the grasping device.

10.  The method according to claim 9, further comprising defining said third
coordinate system to include one axis aligned with an elongated length of said robotic

arinl.

11.  The method according to claim 9, further comprising using said contact force

to generate a haptic feedback control signal for producing a haptic response at a user

interface.

12. A system for measuring a force experienced by a robotic grasping device, the
system comprising: first and second robot fingers, each having an elongated form, and
each having a proximal end at least partially defined by a finger base and a gripping
surface of a finger gripper disposed adjacent to a respective distal end thereof: an
actuator coupled to the proximal end of at least one of said first and second robot
finger; at least a first force sensor located on a portion of the finger base of said first
robot finger which is disposed within an internal cavity structure formed in said finger

gripper so as to be fully covered by the cavity structure; wherein said actuator is
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responsive to one or more control signals for applying an actuator force to said

proximal end of at least one of said first and second robot finger to reduce a space

between opposing the first and second gripping surfaces; and wherein an air gap 1s

provided between an interior surface of the cavity structure and the portion of the
5  finger base such that the portion of the finger base and the interior surtace cannot

come in contact with one another when the finger base flexes due to said force applied

to said robotic grasping device.

13.  The system according to claim 12, wherein said first force sensor is contigured

10 to sense a first operative force applied to said first robot finger.

14.  The system according to claim 13, wherein said first force sensor 1s configured

to sense said first operative force with respect to at least three spatial directions.

15 15. The system according to claim 14, wherein said spatial directions are
determined with respect to a coordinate system that 1s at least partially defined with
respect to a linear axis substantially aligned with an elongated length of said first

robot finger.

20 16.  The system according to claim 12, further comprising at least a second force
sensor disposed on said second robot finger between the proximal end and the distal

end, exclusive of the gripping surface.

17. The system according to claim 16, wherein said first force sensor and said
25  second force sensor are respectively configured to sense a first and second operative

force applied respectively to said first and second robot finger.

18.  The system according to claim 17, further comprising measuring each of said

first and second operative force with respect to at least three spatial directions.
30

19.  The system according to claim 18, wherein said first force sensor is configured
to sense said first operative force with respect to a first coordinate system defined

with respect to a linear axis substantially aligned with an elongated length of said first
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finger, and said second force sensor is configured to sense said second operative force

with respect to a different, second coordinate system defined with respect to a linear

axis substantially aligned with an elongated length of said second finger.

20.  The system according to claim 17, further comprising a data processing system
configured to determine a gripping force applied by said robotic grasping device to an

object based on data representing said first and said second operative force.

21.  The system according to claim 20, wherein said data processing system 1S
further configured to use information representing said gripping force to generate a

haptic feedback control signal for producing a haptic response at a user interface.

22.  The system according to claim 19, further comprising a data processing system
configured to translate said first operative force of said first coordinate system and
said second operative force of said second coordinate system, to a common third
coordinate system to calculate a contact force on a robotic arm that supports the

grasping device.

23.  The system according to claim 22, wherein said third coordinate system 1s

defined to include one axis aligned with an elongated length of said robotic arm.

24.  The system according to claim 23, wherein said data processing system 1s

configured to use said contact force to generate a haptic feedback control signal for

producing a haptic response at a user interface.
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