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(57) Abstract: Technologies are generally described for grasp point selec-
tion for robotic grippers through machine vision and ultrasound beam based
deformation. The grasp point selection may aim to increase a probability
that the grasp points on an object behave in a substantially similar way
when a robotic gripper executes a corresponding grasp on the object. Ac-
cording to some examples, an outline of an object may be extracted from a
three-dimensional (3D) image of the object and a set of points may be selec-
ted as candidate grasp points from the out line based on the candidate grasp
points' potential, to achieve force closure. One or more ultrasound trans-
ducers may be used to exert a local force on the candidate grasp points
through an ultrasound beam and resulting local deformations may be recor-
ded. Final grasp points may be selected based on having similar response to
the force applied by the ultrasound transducers.
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STABLE GRASP POINT SELECTION FOR ROBOTIC GRIPPERS WITH MACHINE
YISION AND ULTRASOUND BEAM FORMING

CROSS REFERENCE TO RELATED APPLICATIONS

{80011  This mtemational application claims the beaefit under Article S of PCT of a ¢co-
pending U, S, Patent Application Serial No. 14/794,648 filed on July 08, 2015, The disclosures of

the above application are hereby incorporated by reference for all purposes.
BACKGROUND

{0002] Unless otherwise indicated herein, the materials described in this section are not
prior art fo the claims in this application and are not admitted to be prior art by inclusion i this
section,

{0003} The use of advanced robot manipulators in manefacturing 18 increasing. Robot
manipulators may not only be used in the assembly of products, such as electronic devices and
cars, but may also be used to perform processing steps such as welding and painting. For the
latter application, general-purpose robot manipulators may handle custom tools designed for
these processing steps.

{0004} A key skill of a robot mantpulator is its atulity to handle objects by means of a rebot
hand or robotic gripper. Robotic grippers exist in many configurations and thewr main goal is to
be able to hold an object in a stable grasp even under disturbing forces acting on the object.
Raobot grasps can be analyzed and one of the physical constraints that defines a stable grasp is
force closure. Force closure occurs when the forces exerted on an object by the fingers of a
robotic gripper sum to zero, To achieve force closure the direction and magnitude of the forces
exerted by the individual fingers on the grasp points of the object need to have a specific

direction and magnitude, respectively, which is a challenging process for a robot manipulator.

SUMMARY

{0005} The present disclosure generally describes technigues for grasp point selection for

robotic grippers throngh machine vision and ulirasound beam based deformation.
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0086} According to some examples, methods to provide grasp pomt selection for robotic
grippers are deserthbed. An example the method may include obtaining a three-dimensional
image of an object to be grasped by a robotic gnipper, deternuning two or more sets of candidate
grasp potnts on two or more surfaces of the object based on the three-dimensional image, and
exerting a local force on each of the candidate grasp points in the two or mere sets of candidate
grasp points such that a local deformation is cansed at or near each condidate grasp point. The
method may also include selecting a set of grasp points from the two or more sets of candidate
grasp points based on a response of a sucface area at or near sach candidate grasp point to the
exerted force.

{0087} According to other examples, systems to provide grasp poit selection for rebotic
grippers are described. An example the system may include a three-dimensional imaging
module configured to obtain a three-dimensional image of an object to be grasped by a robotic
gripper; an ultrasonnd signal source configured to exert a local force on each candidate grasp
point in two or more sets of candidate grasp points such that a {ocal deformation is caused at oy
near each candidate grasp point; and a controller coupled 1o the three-dimensional imaging
module and the plirasound signal source. The controfler may be configured to determine the two
or more sets of candidate grasp points on two or more surfaces of the object based on the three-
dunensional image; select a set of grasp points from the two or more sets of candidate grasp
points based on a response of a surface area at or near each candidate grasp pomnt to the exernted
force; and provide mformation associated with the selected set of grasp points to the robotic
gripper.

{0008} According to further examples, a controller 1o provide grasp point selection for
robotic grippers is described. The controlier may mclude a memory configured 10 stors
mstructions; 8 communication modale configured to communicate with an ultrasound signal
source, a three-dimensional imaging module, and a robotic gripper; and a processor
commuaicatively coupled to the memory and the communication module. The processor may be
configured to control the three~-dimensional imaging module to obtain a three-dimensional image
of an object to be grasped by the robotic gripper; extract an outline of the object from the three-
dinensional tmage; extract two or more sets of candidate grasp points on two or more surfaces of
the object based on the outline; control the nltrasound signal source to exert a local force on each

candidate grasp point in the two or more sots of candidate grasp points such that a local

t
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deformation is caused at or near each candidate grasp point; select a set of grasp ponts from the
two or more sets of candidate grasp points based on a response of a surface area at or near each
candidate grasp point to the exerted force; and provide miormation associated with the selected
set of grasp points to the robotic gnipper.

j008%] The foregoing summary 18 tlustrative only and s not imtended 1o be in any way
himiting. 1o addition to the illustrative aspects, embodiments, and features described above,
further aspects, embodiments, and features will become apparent by reference 1o the drawings

and the following detalled description,

BRIEF DESCRIPTION OF THE DRAWINGS

{0010} The foregoing and other features of this disclosure will become more fully apparent
from the following description and appended clanmg, taken in conjonction with the
accompanying drawings. Understanding that these drawings depict only several embodiments in
accordance with the disclosure and are, therefore, not to be considered Hmting of its scope, the
disclosare will be described with additional specificity and detai! through use of the
accompanying drawings, in which:

FIG. 1 is a block diagram llustrating various components of a robotic gripper control
system that provides stable grasp point selection throngh machine vision and ultrasound based
force exertion;

FIG. 2 is a conceptual diagram illustrating various components of a robotic gripper
control system that provides stable grasp point selection throngh machine vision and sltrasound
based force exertion;

FIG. 3 iHlustrates an object on a workspace that is surrounded by machine vision and
ultrasound transdacers;

FIG. 4 illnstrates a robotic gripper aligned to execute 8 grasp;

FIG. 5A Husirates an overview of a process for the selection of initial grasp points;

FIG. 58 illustrates an overview of a process for the selection of grasp points as may be
mmplemented by a robot manipulator;

FIG. 6 tllustrates an object where friction forces allow the force applied to the surface to

lie in a friction cone;
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FIG. 7 iHusirates g system to remotely exert a force or pressure onte an object;

FIG. B illustrates a general purpose computing device, which may be used to control a
robotic gripper to provide stable grasp pomt selection through machine vision and ultrasound
based force exertion;

FIG. 9 is a flow diagram illustrating an example process to provide stable grasp point
selection through machine vision and vltrasound based force exertion that may be performed by
a computing device such as the computing device i FIG. §; and

FIG, 10 tHustrates a block diagram of an example computer program product,

all arranged 1w accordance with at least some embodiments deseribed herein.

DETAILED DESCRIPTION

{0011} In the following detailed description, reference 15 made to the accompanying
drawings, which form a part hereof. In the drawings, similar symbols typically identfy similar
components, unless context dictates otherwise. The iHustrative embodiments desceribed in the

detailed description, drawings, and claims are not meant to be linuting. Other embodiments may

be used, and other changes may be made, without deparhing from the spuit or scope of the
subject matter presented herein. The aspects of the present disclosure, as generally described
herein, and iHustrated in the Figures, can be arranged, substitoted, combined, separated, and
designed in a wide variety of different configurations, all of which are explicitly contemplated
herein.

{0012} This disclosure 18 generally drawn, among other things, to methods, apparatus,
systems, devices, and'or computer program products related to grasp point selection for robotic
grippers through machine vision and nltrasound beam based deformation.

{0013} Briefly stated, technologtes are generally described for grasp point selection for
robotic grippers through machine vision and ultrasound beam based deformation. The grasp
point selection may aim to morease a probability that the grasp points on an object behave ina
substantially similar way when a robotic gripper executes a corresponding grasp on the object.
According to some examples, an outline of an object may be extracted from a three-dimensional
{3D) image of the object and a set of points may be selected as candidate grasp points from the

putline based on the candidate grasp points” potential to achigve force closure. One or more

ultrasound transducers may be used to exert a local force on the candidate grasp points through

4
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an whirasound beam and resuliing local deformations may be recorded. Final grasp pomts may be
selected based on having similar response to the force applied by the ultrasound transdacers.

{0014} FIG. | 1s a block diagram Ulustrating vancus components of a robotic gripper
control system that provides stable grasp point selection through machine vision and oltrasound
based force exertion, arranged in accordance with at least some embodiments described herent

0015} As shown in a diagram 100, an example system for grasp point selection for robotic
grippers through machine vision and ultrasound beam based deformation may mchude an
ahirasound systern 104 and a machine vision module 108, each communicatively coupled to g
controlier 102, The controller 102 may also be coupled to a robotic gripper 106, and control
crasping operations performed by the robotic gripper 106 on an object 110, The machine vision
module 108 may capture 3D images of the object 110 to determine an outline of the object, from
which the controller 102 may determine sots of candidate grasp pownts. The controller 102 may
affect the ulirasound system 104 to exert force on or in a vicinity of the candidate grasp points
through an ultrasound beam 112 and local deformations at or near those candidate grasp points
may be recorded throngh sdditional 3D images, The controller 102 may then select final grasp
points for the robotic gripper 106 based on sets of candidate grasp points with sunilar local
deformations as recorded in the additional 3D images.

{0018} For the detenmination of the candidate grasp pomnts, force closure miay be used as
criterion. Force closure means that the forces exerted on the object 110 by fingers of the robotic
gripper 106 sum to zero. To achieve force closwee, a divection and a magnitude of the forces
exerted by the individual fingers on the grasp points of the object 110 need to have g specific
direction and magnitade, respectively. Practical objects have surfaces that bave friction, which
may refax the dirsction constraint on forces to be applied to an object with the aim of force
closure. Furthermore, some objects may have g level of elasticity and deform under an applied
force. When these factors are taken into account, the requirements for force closare may be
relaxed and mstead of a zere sum in ong particular direction, a total force vector for each grasp
point may just need to lie in a cone that is directed outwards from the swiace of the object. The
cone may depend on the properties of the material that make up the object and a shape of the
object. Thus, candidate grasp points may be selected based on one or more of a shape of the
obiect 110, an orientation of the object 110, and a type of the robotic gripper 106, The force

closure for the selected final grasp points may result in a stable grasp once the robotic gripper

(¥
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106 executes a synthesized grasp even if a shape and/or a composttion of the object 110 18 not
known a priorn or the object 110 13 partially occluded.

{0017} FIG. 2 1s a conceptual diagram illastrating varions components of a robotic gnipper
control system that provides stable grasp point selection through machine vision and vltrasound
based force exertion, arranged in accordance with at least some embodiments described herent

0018} As shown in a diagram 200, a robot manipulator 218 may operate in a factory to
construct products, for example. The robot manipulator 218 may be equipped with a robotic arm
214 and a robotic gripper 216 to handle objects such as an object 210, Objects may be picked up
from a storage bin and moved to a workmng avea for the assembly of a prodoct, for example. In
some cases, shapes and compositions of the obyjects may not necessarily be known in advance. In
such case, it may not be clear as to how to grab a particular object and which grasp pomts to
choose for the fingers of the robotic gripper 216, Furthermore, in the case where the object 21015
a component picked up from a storage bin, parts of other components in the storage bin may
cover or occlude the object 210 partially. Thus, predefined grasp points of the object needing to
be picked up mayv not be avatlable and other grasp points nay need to be selected.

{06019} To address the above-mentioned challenges, the robot nampulator 218 may be
equipped with a machine vision svstem 208 and an ultrasound array 204, The machine vision
system 208 may extract a geometrical outline of the object 210 asing a technology such as a
time-of-flight imaging, a stereovision analysis, a depth imaging, a three-dimensional scanning, 8
structured Hight analysis, or sinmlar ones. From the geometrical outline of the object 210, a set of
candidate grasp points may be selected based on force closure, as well as a type of the gripper
wsed. The ultrasound array 204 may be nsed 1o exert a local force in the form of sound radiation
pressure onto the candidate grasp points. The vlirasound array 204 may achieve locality of the
remotely applied force by beam forming. The machine vision system 208 of the robot
manipulator 218 may record the physical deformation that may result from the applied force.
From the set of candidate grasp points, a subset of final grasp points may be selected that
responds in the same or a similar way 1o the remotely applied force from the ultrasound arvay
204, Thus, the rebot manipulator 218 nav ensure that grasp pomts gre selected that are likely to
respond in a similar way m terms of friction and deformation when touched or contacted by the
fingers of the robotic gripper 216 and the robotic gripper 216 has a stalle grasp on the object
210,
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{0020} FIG. 3 dlustrates an object on a workspace that 15 sarrounded by macline vision and
ultrasound transducers, arranged 1n accordance with at least some embodiments described herein.

{0021} A machine vision svstem as part of a robot manipulator may be used to provide an
outhine of an object from which mitial grasp points may be identified. The machine vision system
may be located on the robot manipulator as shown in FIG. 2. A diagram 300 shows an
alternative configuration, where an object 310 may be located on a workspace that is swrounded
by a multi-part machine vision systeny (324, 328} and ultrasound transducer arrays {322, 326}
The object 310 may be handled on the workspace or the workspgce may represent a storage bin
used for storing parts of objects t0 be manufactured. By having a machine vision system and/or
ultrasound transducer arrays with two or more componets surrounding the object 310, the object
310 may be observed from multiple sides. Farthermore, the uvltrasound transdocer arrays may
also be positioned to oxert a force onto the object optimally. In some examples, the machine
vision system {324, 328} and ultrasound transducer arrays (322, 326) may be adjustable or
movable such that their locations andfor positions can be modified for different tvpes {e.g.,
shape} of objects, lighting conditions, otc.

{0022} FIG. 4 illostrates a robotic gripper aligned to execute a grasp, aranged in
accordance with at least some embodiments described herein.

{0023} The initial selection of the grasp points of an object may involve two stages 1 some
examples. First, the object may be imaged with machine vision technology to extract a 3D
outhne. For this purpose, the machine vision technology mayv employ time-of-flight imaging
techiiques or structured hight to extract a depth map from which an object outline may be
obtained. Other techniques used in depth imaging or 3D scanning may also be vsed i other
examples. Second, the outline of the object may be used to select the inttial grasp points. The
second stage may depend on a type of robotic gripper that is used. For example, when a robotic
gripper with two fingers is used, a grasp may be defined by two grasp points. Several candidate
prasps including of pairs of grasp points may be selected. When a gripper with three fingers 1s
used, three grasp poinis may define a grasp. The candidate grasp points may also be selected
based on physical constraints such as force closure. As discussed previously, force closure occurs
when forces exerted by a grasp together with other external forces present sum {o zevo,

{0024} As shown in a diagram 400, an example robotic gripper 416 may be aligned to grab

an object 410, The robotic gripper 416 has two fingers and for each finger, the exerted force on

7
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the object is given by Frand £, respectively. These forces may be equal in magnitude but thew
directions are opposite. For a robotic gripper with two fingers and no additional forces
considered, equal and oppostte forces Fi and £2 mav achieve force closure. The robotic gripper
416 shown in the diagram 400 has a contact surface. For maximun grasp stability, the contact
surface of the fingers of the robotic gripper 416 may be parallel to the surface of the object 410.
This feature may be used for an initial selection of the grasp pomnts. For a stable grasp, patrs of
points on the surface may be selected that have a swface normal vector that i1s opposite.

{0825] FIG. 34 illustrates an overview of a process for the selection of mitial grasp points,
arranged i accordance with at least some embodiments described herein.

0026} An example process S00A to perforn an initial selection of grasp points may begin
with block S02, “IMAGE AN ORJECT WITH A 3D IMAGING SYSTEM,” where a machine
vision system may capture a 3D image of an object to be grasped by a robotic gripper. In block
304 following block 502, “EXTRACT AN QUTLINE OF THE ORJECT FROM THE 3D
IMAGE,” a controller may process the 3D image and extract a 31 outline of the object. Such an
outline may define an cutside surface of the object. In block 506 following block 504,
SEXTRACT SETS OF POINTS SLOF WHICH THE UNIT SURFACE NORMAL VECTORS

SUM TO 0. the controller may extract a set with sets of points S based on the swiace of the

ahject. The set of all S may be denoted by {8 for =1,. N, where N is the number of candidate
grasp points as defined by the points in each Si. In the case, where the robotic gripper has m
fingers, each of the sets 8 may mclude mw locations on the sarface of the object. The unit normal
vectors corresponding 1o the points in each set of points S may sum to zero, This condition may

guarantes force closure when the points m Srave used as g

tog

rasp points. Av example case =2 may
corresponds o unit vectors that are pointed in opposite divections (two-finger robotic gripper).

{0027 FIG. SB illustrates an overview of a process for the selection of grasp points as may
be implemented by a robot manipulator, arranged in accordance with at least some embodiments
described herein,

{0028] An example process 300B to perform selection of final grasp points may begin with
block 312, "RECEIVE CANDIDATE GRASP POINTS FOR AN OBIECT,” where an nutial
selection of candidate grasp points may be recetved at a controller, for example, as a result of the
initial selection process 500A. The candidate grasp points may be defined by the set 3 that

contains m candidate grasp points, for example. o block 514 following block 512 “EXERT

8
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LOCAL PORCE ON THE CANDIDATE GRASP POINTS THROUGH ULTRASOUND
BEAM,” an olirasound {ransducer arvay may direct an ultrasound beam towards the each
candidate grasp point in S (for example, teratively). Responses of the areas of object surface at
or near the candidate grasp points may be recorded in block 516 following block 514, *RECORD
RESULTS OF EXERTED FORCE USING 3D IMAGING SYSTEM.” The responses may be
denoted by ri; and may represent, for example, the movement of the candidate grasp points over
a set of thme intervals. Furthermore, 1y may also represent the movement of multiple points close
to the candidate grasp points. In an Herative execution of the process S00B, [ mav be compared
to a1 and when j<m, the process may continne for the other candidate grasp points in 5. When
F>=yn, the process may termunate and the #i; may be returned for j=1,.. . The process may be
repeated for each of the candidate grasp poinis as defined by the § for =1, N

{0029} In block 518 following block 516, "SELECT FINAL GRASP POINTS THAT
RESPOND SIMILARLY TO EXERTED FORCE,” one of the 5: 15 chosen as the set of final
grasp poins. In some examples, a controller performing the process S00B may select a &: for
which the candidate grasp points behave in g similar way. The selection miay be performed by
forming a metric for each of the 5 based on the sunilarity of the responses #;. One such metrie
may be the maximum distance between the vy for /=1..._ N Such a metric may be computed for
each .5, and a 5 may be selected that has the smallest associated metric, for example. Thus
selecting a set of candidate grasp points of which the candidate grasp points behave as similar as
possible under the exertion of a force. Other criteria may also be taken into account. For
example, a set of candidate grasp points may be selected that react in a minimal way to the
applied vlirasound beam. This selection may conrespond to selecung grasp points of which the
material surrounding the grasp point deforms livtle.

{0030} In other examples, a set of different nhirasound excitations may be used, where the
excitations have different excitation strengths. For each excitation, the response of each
candidate grasp point may be recorded. The results of the excitations may be taken nto account
in the selection of the final grasp points.

jo031] FIG. 6 illustrates an object where friction forces allow the force applied 1o the
surface to He m a frichion cone, arranged 1 accordance with at feast some embodiments

described herein,

9
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{0032} It should be noted that in practice when the robotic gripper 416 of FIG, 4, for
example, lifts the object 410, a physical condition of force closure may not be satisfied anymore
because gravity also exerts a force on the object 410. However, a practical surface has a surface
friction that is, for example, a fonction of the force applied in the direction normal to the swface.
For a grasp and/or friction that is strong enough, such frictional forces may cancel the
gravitational force. Moreover, the condition for force closure may also be relaxed because the
frictional force may cancel a part of the force that is not normal (tangential} to the surface of the
object.

{08331 As shown in a diagram 600, two parallel surfaces may be identified on an object
610, where surface normal vectors 634 and 638 point in opposite directions. A friction of the
surfaces may be able to covnter part of any tangential force applied to the grasp poinis. As a
result, a force applied 1o the object may be allowed o lic i a friction cone to fulfill force closure
such as friction cones 632 and 636 of the respective surfaces. A system according to example
embodiments may take into account such friction cones to select initial grasp points for the
object 610 by selecting candidate grasp points whose friction cones have central vectors that
substantially sum to zero. The fiiction cones 632 and 636 may be determined based on
characteristics of the materials forming the object 610, In other examples, if the material(s) of
the object 610 are not known 1 advance, a worst-case estinmate of a size of the friction cones
may be used.

{0034} FIG. 7 lustrates a system to remotedy exert a force or pressure onto an object,
arranged in accordance with at least some embodiments descnibed herem.

{0035} As shown i a diagrant 700, an wlirssound transducer 706 may generate a sound
wave divected towards an object 710, The olject 710 may reflect part of the sound wave and
absorh another part, An ultrasound standing wave 742 may result between the nlirasound
transducer 706 and the object 710, The position of nodes 744 and antinodes 746 of the
ultrasound standing wave 742 may be determuned by phase and frequency of a signal doving the
altrasound transducer 700, At the surface of the object 710, an acoustic radiation pressure may
bie exerted by the nltrasonnd wave. Thus, the ulirasound transducer 706 may apply an ultrascund
beam by adjusting one or more of a phase and a frequency of an ultrasound signal such that the
ultrasound standing wave 742 is formed between the ultrasound transducer 706 and the ohject

710 with g node of the wltrasound standing wave 742 comeiding with each candidate grasp poiat,

18
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Depending on the material of the object 710, s surface may respond to such applied force. A
machine vision system 708 may record an effect {e.g.. local deformation} on the surface of the
object 710,

{0036] In some examples, an array of transducers may be used to achieve spatial locality of
the applied ultrasound wave mstead of a single transducer. In other examples, beam forming
techniques such as directed transducers, dampeners, or reflectors mayv be used to direct the
ultrasound beam to a specific location on the object 710,

{0037} The examples w FIGs 1 through 7 have been deseribed using specific apparatuses,
configurations, and systems for grasp point selection for robotic grippers through machine vision
and ulrasound beam based deformation. Embodiments for implementing grasp point selection
for robotic grippers are not Himited to the specific apparatuses, configurations, and systems
according to these examples.

{0038] FIG. § illustrates a general purpose computing device, which may be used to control
a robotic gripper to provide stable grasp point selection through machine vision and ultrasound
based force exertion.

{0039} For example, the computing device 800 may be used as a server, desktop computer,
portable computer, smart phone, special purpose computer, or similar device such as a controller,
a new component, a cluster of existing components in an operational system. In an example
basic configuration 802, the computing device 800 may include one or more processors 804 and
a systemy memory 806, A memory bus 808 may be used for connmunicating between the
processor 804 and the svstem memory 806, The basic configuration 802 i3 illustrated in FIG. 8
by those components within the inner dashed hine.

{0040} Depending on the desired confignration, the processor 804 may be of any type,
mcluding but not limited to a microprocessor (uP), a nucrocontrolier (1C), a digital signal
processor {DSP), or any combination thereof. The processor 804 may include one more levels of
caching, such as a level cache memory 812, one or more processer cores 814, and registers 818,
The example processor cores 814 may (each) include an arithmetic logic wnit {ALU), a floating
point unit (FPU), a digital signal processing core (DS Core), or any combination thereof, An
example memory controller 818 may also be used with the processor 804, or m some

implementations the memory controller 818 may be an internal part of the processor 804,
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0041} Depending on the desired configuration, the systemy mentory 806 may be of any type
mciading but not limited to volatile memory (such as RAM), non-volatile memory (such as
ROM, flash memory, etc.} or any combination thereof. The systen memory 806 may imclude an
operating system 820, a controlier application 822, and program data 824. The controller
application 822 may include an imaging medule 826 and an vhtrasound module 827, which may
be an mtegral part of the application or separate apphcations of their own. The imaging module
326 may capture 31 pmage(s) of an object to determine an outline of the object in order to
determine candidate grasp powts and subsequently additional 3D image{s) to determine local
deformations 1 response to an applied force by an alirasound beam. The ultrasound module 827
may comtrol one or more arrayvs of ultrasound transducers and exert force at or near the candidate
grasp points through an ulirasound beam. The controller application 822 may then determine
fingl grasp pomnts based on the local deformations associated with the candidate grasp points.
The program data §24 may mclode, among other data, object data 828 related to candidate and
final grasp points and object outlines, as described herein.

{0042} The computing device 800 may have additional features or functionality, and
additional interfaces to facilitate communications between the basic configuration 802 and any
desired devices and interfaces. For example, a bus/interface controller 830 may be used {o
facilitate commumications between the basic configuration 802 and one or more data storage
devices 832 via a storage interface bus 834, The data storage devices 832 may be one or more
removable storage devices 836, one or more non~-removable storage devices 838, ora
combination thereof. Examples of the removable storage and the non-removable storage devices
include magnene disk devices such as flexible disk drives and hard-disk drives (HDD), optical
disk drives such as compact disk (CD) drives or digital versatile disk (DVD) duves, sobid state
drives (SSD), and tape drives to name a few. Example computer storage media may include
volatile and nonvolatile, removable and non-removable media implemented in any method or
technology for storage of mformation, such as computer readable instroctions, data structures,
program modules, or other data.

j0043] The system memory 806, the removable storage devices 836 and the nov-remeovable
storage devices 838 are examples of computer storage media. Conmputer storage media includes,
but is not limited to, RAM, ROM, EEPROM, flash memory or other memory technology, CD-

ROM, digital versatile disks (DVDs), solid state drives, or other optical storage, magnetic

12



WO 2017/007539 PCT/US2016/034518

casseites, magnetic tape, magnetic disk storage or other magnetic storage devices, or any other

medium which may be used to store the desired nformation and which may be accessed by the
computing device 800, Any such computer storage media may be part of the computing device
K00,

j0044] The computing device 800 may also include an interface bus 840 for facilitating
commuaication from various interface devices (for example, one o more cutput devices 842,
one or more peripheral interfaces 844, and one or more communication devices 340) 1o the basic
conhiguration 802 vig the bus/interface controller 830, Some of the example outpat devices 842
include 8 graphics processing unit 848 and an audio processing unit 850, which may be
configured to commumnicate to various external devices such as a display or speakers via one or
more A/V ports 852, One or more example peripheral interfaces 844 may include a serial
interface controller 854 or a paralle! interface controller 836, which mayv be configured to
communicate with external devices such as input devices (for example, kevboard, mouse, pen,
voice nput device, touch input device, etc ) or other peripheral devices {for example, printer,
scanner, etc.) via one or more 1O ports 888, An example companication device 846 mcludes a
network controller 860, which may be arranged to facilitate communications with one or more
other computing devices 862 over a network communication link via one or more
communication poris 864, The one or more other computing devices 862 may inchude servers,
client devices, and comparable devices.

{0045} The network commumication link may be one example of 8 commumication media.
Communication media may typically be embodied by computer readable instrustions, data
structures, program modules, or other data in & wodulated data sigaal, such as a carmier wave or
othet transpotl mechanism, and nay inchude any information delivery media. A “modulated data
signal”™ may be a signal that has one or more of its characteristics set or changed insuch a
manner as o encode information in the signal. By way of example, and not Hmitation,
communication media may imclude wired media such as a wired network or direct-wired
connection, and wireless media such as acoustic, radio frequency (RF), microwave, infrared (IR)
and other wireless media, The tenm computer readable media as used herein may include both
storage media and communication media.

{0046} The computing device 800 may be ymplemented as a part of a general purpose or

speciahzed server, mamframe, or similar computer that inclodes any of the above functions. The
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computing device 800 may also be implemented as a personal computer including both laptop
computer and non-laptop computer configurations,

{0047} Example embodiments may also include methods to implement grasp pomt
selection for robotic grippers through machine vision and ulivasound beam based deformation.
These methods can be implemented in any number of ways, including the structures described
herein, One such way may be by machine operations, of devices of the type described in the
present disclosure. Another optional way may be for one or more of the individual operations of
the methods to be performed 1o confunction with one or more human operators performing some
of the operations while other operations may be performed by machines. These huwman operators
need not be collocated with each other, but each can be only with a machine that performs a
portion of the program. In other embodiments, the human interaction can be automated sach ag
by pre-selected criteria that may be machine automated.

{0048 FIG. 9 15 a flow diagram iHlustrating an example process to provide stable grasp
point selection through machine vision and ultrasound based force exertion that may be
performed by a computing device such as the computing device in FIG. §, arvanged in
aceordance with at least some embodiments descuibed herain.

{0049} Example methods may include one or more operations, functions or actions as
ithsstrated by one or more of blocks 922, 924, 926, 928, and/or 930, The operations described in
the blocks 922 through 930 may also be stored as computer-executable imstructions in a
computer-readable medium such as a computer-readable mediam 920 of a controller 810.

{0050} An example process to implement grasp pownt selection for robotic grippers through
machine vision and ulirasound beam based deformation may begin with block 922, "OBTAIN
30 IMAGE OF AN OBIECT,” where the imaging module 826 may capture a 3D image of an
object to he grasped by a robotic gripper. The imaging module 826 or the controller application
822 mav create ap outline of the object from the 3D image.

{0051} Block 922 may be followed by block 924, “DETERMINE SETS OF CANDIDATE
GRASP POINTS BASED ON THE 3D IMAGE OF THE OBIECT,” where the controller
application 822 may select sets of candidate grasp points from an outline of the object (derived
from the 3D image) based on physical consiraints such as force closure. To achieve force closure,
set of candidate grasp points may be selected such that forces exerted on the object by 8 grasp

together with other external forces present sum to zero.
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j0032] Block 924 may be followed by block 926, “EXERT FORCE AT OR NEAR
CANDIDATE GRASP POINTS THROUGH ULTRASOUND BEAM TO CAUSE LOCAL
DEFORMATIONS,” where one or more ultrasound transducers controlled by the ultrasound
module 827 may be used to apply an ultrasound beam aund exert a local force on the candidate
grasp points such that local deformations are caused on the object. Information asseciated with
the final grasp poinis may be provided to a robetic gripper controller to be used in grasping the
pbigt,

{00531 Block 926 may be followed by block 928, “DETERMINE CANDIDATE GRASP
POINTS WITH SIMILAR LOCAL DEFORMATIONS THROUGH 3D IMAGING,” where the
mnaging module 826 may record the local deformations through capturing additional 3D images
and the controller application 822 may determine grasp points among the sets of candidate grasp
points where the local deformations are similar. The operations described in blocks 926 and 928
may be iterative and repeated wntil all or a preset number of candidate grasp points are tested.

0034} Block 928 may be followed by block 938, “SELECT GRASPE POINTS AMONG
CANDIDATE GRASP POINTS WITH SIMILAR LOCAL DEFORMATIONS.” where the
controller application 822 may select final grasp points among the sets of candidate grasp points
based on a similanty of the local deformations associated with each candidate grasp pont.

{00551 The blocks meluded in the above-described process are for llostration purposes.
Grasp point selection for robotic grippers through machine vision and ultrasound beam based
deformation may be implemented by sinular processes with fewer or additional blocks. In some
embodiments, the blocks may be performed in a different order. In some other embodiments,
varions blocks may be eliminated. In siill other embodiments, various blocks may be dwided
mto adiditional blocks, or cornbined together into fewer blocks.

{0056} FIG. 10 lustrates a block diagranm of an example computer program product,
arranged by accordance with at least some embodiments deseribed herein,

{0057} In some embodiments, as shown in FIG. 10, the computer program product 1000
may inclade a signal bearing mediam 1002 that may also include one or more machine readable
mistructions 1004 that, when executed by, for example, a processor, may provide the
functionality described herein. Thas, for example, referring to the processor 804 in FIG. B, the
imaging module 826 and the vltrasound module 827 wm conjunction with the controlier

application 822 exccuted on the processor 804 may ondertake one or more of the tasks shown in
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FIG. 10 mresponse 1o the instructions 1004 conveyed to the processor 8304 by the medinm 1002
to perform actions associated with grasp point selection for robotic grippers through machine
vision and ultrasound beam based deformation as described herein. Some of those instructions
may inclode, for example, one or more instructions to obtain 3D image of an object, determine
sets of candidate grasp points based on the 3D image of the object, exert force at or near
candidate grasp points through ulirasound beam to cause local deformations, determine candidate
grasp pomts with sintlar local deformations through 3D imaging, and determine the particular
distance between the select grasp points among candidate grasp points with similar focal
deformations.

j0038] In some implementations, the signal bearing medium 1002 depicted in FIG. 10 may
encompass a computer-readable medium 1006, such as, but not limated to, a bard disk drive, a
solid state drive, & Compact Disc (CD), a Digital Versatile Disk (DVD), a digital tape, memory,
ete. In some implementations, the signal bearing mediom 1002 may encompass a recordable
medium 1008, such as, but not imited to, memory, readéwrite {(R/W) CDs, RAW DVDs, ete. In
some implementations, the signgl bearing mediom 1002 may encompass a communications
medium 1010, such as, but not hoted to, a digital andfor an analog communication medium {{or
example, a fiber optic cable, a waveguwide, a wired communications link, a wireless
communication hink, ete). Thas, for example, the program product 1000 may be conveyed to
one or more modules of the processor 804 of FIG. 8 by an RF signal bearing medium, where the
signal bearing wediam 1002 1s conveyed by the wireless communications mediam 1010 (for
example, a wireless conununications meditun conforming with the IEEE 80211 standard).

{0059 According o some examples, methods to provide grasp point selection for robotic
grippers are described. An example the method may include obtaining a three-dimensional
nnage of an object to be grasped by a robotic gripper, determining two or more sets of candidate
grasp points on two or more surfaces of the object based on the three-dimensional image, and
exerting a local force on each of the candidate grasp points in the two or more sets of candidate
grasp potots such that a focal deformation is caused at or near each candidate grasp point. The
method may also include selecting a set of grasp pomts from the two or more sets of candidate
grasp points based on a response of a surface area at or near each candidate grasp point to the

exerted foree.
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0060} According to other examples, selecting the set of grasp points from the two or more
sets of candidate grasp pomts may mclude selecting the set of grasp poimnts based on a stmilanty
of local deformations at or near candidate grasp points or selecting the set of grasp pomnts based
on a minimal response to the exerted local force or amounts of local deformations. The method
may further mclude recording local deformations at or near each of the candidate grasp points i
the two or more sets of candidate grasp poiats.

{0061} According to further examples, exerting the local force on each of the candidate
grasp points in the two or more sets of candidate grasp points may mclude exerting the tocal
force by applying an ulirasound beam to each of the candidate grasp points in the two or more
sets of candidate grasp points, The method may also include applying the ultrasound beam by
adjusting one or more of a phase and a frequency of an ultrasound signal such that a wirasound
standing wave is formed between an altrasound signal source and the object with a node of the
whtrasound standing wave coinciding with each candidate grasp point.

{0862] According to vet other examples, determining the two or more sets of candidate
grasp points on the two or more surfaces of the object may Include determining the two or more
candidate grasp points based on one or more of a shape of the object, an orientation of the object,
and a type of the robotic gripper; or extracting an outhine of the object from the three-
dunensional image; and extracting the two or more sets of candidate grasp points on the two or
more surfaces of the object based on the outline, where a sum of surface normal vectors for each
of the candidate grasp points i each of the two or more sets of candidate grasp pomts is zero.
Extracting the outline of the object from the three-dimensional image may nclude employing
one or more of a thue-of -flight hmaging, a stercovision analvsis, a depth imaging, a three-
dimmensional scanming, and a stractured light analysis. The method may also include selecting o
number of points ineach set of the candidate grasp points based on g sumber of fingers of the
robotic gripper.

{0063} According to other examples, systems to provide grasp point selection for robotic
grippers are described. An example the system may include a three-dimenstonal imaging
module configared to obtain a three-dimensional image of an object to be grasped by a robotic
eripper; an ultrasound signal source configured to exert a local force on each candidate grasp
point i two or more sets of candidate grasp points such that a local deformation 1s caused af or

near each candidate grasp point; and a controller coupled o the three-dimensional imaging

any
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module and the ultrasound signal source. The controller may be configured to determuine the two
or more seis of candidate grasp points on two or more surfaces of the object based on the three-
dimensional image; select a set of grasp points from the two or more sets of candidate grasp
points based on a response of a sarface area at or near each candidate grasp point to the exerted
force; and provide information associated with the selected set of grasp points to the robotic
gripper.

{0064} According to some examples, the controller may be further configured to select the
set of grasp points 10 increase d probabilily that surface areas of the object st or near the setof
grasp points react in a stmilar way when the robotic gripper execuotes a corresponding grasp. The
three-dimensional imaging module may be further configured to extract an outline of the object
from the three~-dimensional image; and the controlier may be further configured to extract the
two or more sets of candidate grasp points on the two or more surfaces of the object based on the
outline, where a sum of central vectors of friction cones for each of the candidate grasp poinis in
each of the two or more sets of candidate grasp points is substantially zevo. The controlier may
be further configured to select a size of the fiction cones based on one or more of a robotic
aripper type, an object shape, and a surface material of the object.

{0065] According to vet other examples, the ultrasound signal source may be further
configured to exeri the local force at two or more predefined levels; the three-dimensional
mnaging module is further configured 1o record local deformations at or near each of the
candidate grasp points i the two or more sets of candidate grasp points in response {o the
exerted local force at the at two or more predefined levels; and the controlier is further
configored 1o select the set of grasp points from the two or more sets of candidate grasp poinis
based on the recorded local deformations at or near each of the candidate grasp points. The
ultrasound signal source may include a movable ultrasound teansducer array or two or more
stationary sltrasound transducer arrays. The three-dimensional imaging module may inchude a
movable machine vision syster or two or more stationary machine vision systenis.

{30606} According to further examples, a controller 1o provide grasp point selection for
robotic grippers is described. The controlier may include a memory configured 1o store
istroctions; a communication module configured to communicate with an ultrasound signal
sowree, a three-dimensional imaging mwodule, and a robotic gripper; and a processor

commuynicatively coupled to the memory and the communication module. The processor may be
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configured to control the three-dimensional imaging modole o obtain & three-dimensional image
of an object to be grasped by the robotic gripper; extract an outline of the object from the three-
dimensional image; extract two or more sets of candidate grasp points on two or more surfaces of
the object based on the outhine; control the ulirasound signal source 1o exert a local force on each
candidate grasp pomnt m the two or more sets of candidate grasp points such that a local
deformation is cansed at or near each candidate grasp point; select a set of grasp points from the
two or more sets of candidate grasp points based on a response of a surface area at or near each
candidate grasp point to the exerted force; and provide information associated with the selected
set of grasp points to the robotic gripper.

0067} According to other examples, the processor may be configured to select the set of
grasp points from the two or more sets of candidate grasp points based one or more of a
similarity of local deformations at or near candidate grasp points, a minimal response to the
exerted local force, and amounts of local deformations. The processor may also be configured to
select a number of points in each set of the candidate grasp points based on a number of fingers
of the robotic gripper. A shape of the object may be unknown in advance and/or pantially
occluded. The controller may be further configured to control the rebotic gripper for movement
of objects in one or an assembly area and a storage area.

{0068} The foregoing detailed description has set forth various embodiments of the devices
and/or processes via the use of block diagrams, flowcharts, and/or exanples. Insofar as such
block diagrams, Howcharts, and/or examples contain one or more fanctions andfor operations,
each function and/or operation within such block diagrams, flowcharts, or examples may be
implemented, individually and/or collectively, by a wide range of hardware, software, finoware,
oy virtnally any combination therenf In one embodiment, several portions of the subject matter
described herein may be implemented via Application Specific Integrated Circuits (ASICs),
Field Programmable Gate Arravs (FPGAs), digital signal processors {(12SPs), or other integrated
formats. However, some aspects of the embodiments disclosed herein, in whole or in part, may
be equivalently implemented in integrated circuuts, as one or more computer programs ruouning
on one or more compaters (for example, s one or More PrOZIEMS rYNNING On one Of Mmove
computer Systems), 43 one OF MOTe Programs running on one or more processors {for example as

One O WMOTE PrOZLams running on one or more microprocessors), as fiemware, or as virtually any
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combination thereol, and that designing the circuttry and/or writing the code for the sofiware and
or firmware would be possible 1o light of this disclosure.

{0069} The present disclosure s not to be limited in terms of the particular embodiments
described in this apphcation, which are intended as Hlustrations of various aspects. Many
modifications and variations can be made without departing from its spinit and scope
Functionally equivalent methods and apparatuses within the scope of the disclosure, in addition
to those enumerated herein, will be possible from the foregoing descriptions. Such mwodifications
and variations are intended to fall within the scope of the appended clanns. The present
disclosure includes the terms of the appended claims, along with the full scope of equivalents to
which such clains are entitled. It 18 to be understood that this disclosure is not limited
particalar methods, systems, or components, which can, of course, vary. Hfisalsotobe
undersiood that the terminology used herein is for the purpose of describing particular
embodiments only, and is not intended to be limiting.

{0870} In addition, the mechanisms of the subject matter described herem are capable of
being distriboted as 8 program product in a variety of forms, and that an illustrative embodiment
of the salyject matter described herein applies regardless of the particular type of signal bearing
medium used to actually carry out the distribution. Examples of a signal bearing medium
inchude, but are not lnnded to, the following: a recordable type medium soch as a floppy disk, 8
hard disk drive, a Compact Dise {CD), a Digital Versatile Disk (DVD), a digital tape, a computer
memaory, ete.; and a transmission type mediom such as a digital andfor an analog commumnication
medium {for example, a fiber optic cable, a waveguide, a wired communications link, a wireless
communication link, ete).

{0071} Those skilled in the art will recogiize that it i3 commaon within the art 1o describe
devices anddor processes in the fashion set forth herein, and thereafter use engincering practices
to ntegrate such described devices andf/or processes into data processing svstems. That is, at
least a portion of the devices andfor processes described herein mav be itegrated mto a data
processing system via a reasonable amoant of experimentation. Those having skill in the art will
recogmize that a typical data processing system generally includes one or more of a system unit
hoasing, a video display device, a memory such as volatile and non~volatile memory, processors

such as mucroprocessors and digital signal processors, computational entities such as operating
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systems, drivers, graphical user imterfaces, and gpphications programs, one or more inferaction
devices, such as a touch pad or screen, and/or control systems including feedback loops.

{0072} The herein described subject matter sometimes iHustrates different components
contained within, or connected with, different other components. 1t is to be understood that such
depicted architectures are merely exemplary, and that in fact many other architectures may be
implemented which achieve the same functionality. In a conceptual sense, any arrangement of
components to achieve the same functionality is effectively "associated” such that particular
functionality is achieved. Hence, any two components herein combined 1o achieve g particular
functionality may be seen as "associated with" each other such that the particular functionality is
achieved, irespective of architectures or intermediate components. Likewise, any two
components so associated may also be viewed as being "operably connected”, or "operably
coupled”, to cach other to achieve the particular functionality, and anv two components capable

t

of being so associated may also be viewed as being "operably couplable”, to each other to
achieve the particular functionality. Specific examples of operably couplable inclade but are not
himited to physically connectable andfor physically interacting components andfor wirclessly
interactabile and/or wirelessly interacting compenents and/or logically interacting andior
logically interactable components.

{0073} With respect to the use of substantially any phual andéor singudas terms berein,
those having skill in the art can translate from the plural to the stngolar andfor from the sinpular
to the plural as 13 appropriate to the context and/or application. The various smgular/phwal
permutations may be expressly set forth herein for sake of clarity.

{0074} In general, terms used heretn, and especially m the appended claims {for example,
badies of the appended clains) are generally intended as “open™ terms {for example, the term
“including” should be merpreted as “including but not timited t0,” the term “having” should be
mterpreted as “having at least,” the term “includes” should be interpreted as “includes but 15 not
hmited to,7 etc.). It will be forther understood by those within the art that i a specific number of
an introduced claim recitation 1s intended, such an intent will be explicitly recited 1 the claim,
and in the absence of such recitation no such intent is present. For example, as an aid 1o
understanding, the following appended clatms may contain usage of the introductory phrases "at
least one” and "one or more™ to introduce claim recitations. However, the use of such phrasaes

should not be construed to imply that the tintroduction of a clawn reciation by the indefinite
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articles "a" or "an” Hmits any pacticular claim containing such introduced clatm recitation to
embodiments containing only one such recitation, even when the same clamm includes the
mtroductory phrases "one or more” or "at least one” and indefinite articles such as "a" or "an”
{for example, “a” and/or “an” should be mnterpreted to mean “at least one” or “one or more”); the
same holds troe for the use of defintte articles used to introduce claim vecttations. In addition,
even if a specific namber of an imtroduced claim recitation 1s exphicitly vecited, those skilled in
the art will recognize that such recitation should be interpreted to mean at least the recited
nwnber (for example, the bare rechiation of "two recitations,” without other miodifiers, means at
least two recitations, or {wo of more recitations).

{0075} Furthermore, in those instances where a convention analogous to “at least one of A,
B, and C, etc.” 1s used, i general such a construction is intended in the sense one having skillin
the art would understand the convention (for example, © a system having at least one of A, B,
and C” would inclade but not be Hmited to systems that have A alone, B alone, Calone, Aand B
together, A and C together, B and C together, and/or A, B, and C together, etc.}. Itwillbe
further understood by those within the an that virtually any digjunctive word andfor phrase
presenting two or more alternative terms, whether in the description, clains, or drawmgs, should
be understood to contemplate the possibilities of including one of the terms, cither of the terms,

(¥

or both terms. For example, the phrase “A or B” will be understood {0 include the possibilities
of “A” or “B” or “Aand B.”

{0076} For any and all purposes, such as in terms of providing a written description, all
ranges disclosed herem also encompass any and all possible subranges and combinations of
subranges thercof. Any listed range can be easily recognized as sufficiently describing and
enabling the same range being broken down into af least equal halves, thirds, quarters, fifths,
tenths, ete. As g non-limiting example, each range discossed herein can be readily broken down

o a lower third, middie third and upper third, ete. As will also be understood by one skilled in

P Y ONg R

the art all language such as "up to,” “at least,” “greater than,” “less than,” and the like include the
number recited and refer to ranges which can be subsequently broken down into subranges as
discussed above. Finally, as will be understood by one skilled in the art, a range includes each
individual member. Thus, for example, a group baving 1-3 cells refers to groops having 1, 2, or
3 cells. Somilarly, a group having 1-3 cells refers 1o groups having 1, 2,3, 4, or 5 cells, and so
forth,

3
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While various aspects and embodinents have been disclosed berein, other aspects and
embodiments are possible. The various aspects and embodiments disclosed herein are for
purposes of llustration and are not mtended to be hmiting, with the true scope and spint being

mndicated by the following clamms.
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CLAIMS
WHAT IS CLAIMED IS¢
I8 A method to provide grasp potnt selection for robotic grippers, the methed comprising:

obtaining a threg-dimensional image of an object to be grasped by a robotic gripper;

determining two or more sets of candidate grasp points on two or more surfaces of the
object based on the three-dimensional image;

exerting a local force on each of the candidate grasp points in the two or more sets of
candidate grasp powmts such that a local deformation is caused at or near each candidate grasp
point; and

selecting & set of grasp ponuts from the two or more sets of candidate grasp points based

on a response of a surface area at or near each candidate grasp point to the exerted force.

2. The method of clamm 1, wherein selecting the set of grasp pomts from the two or more
sets of candidate grasp pomts comprises:

selecting the set of grasp points based on a similarity of local deformations at or near
candidate grasp pomts.
3. The method of claim 1, wherein selecting the set of grasp points from the two or more
sets of candidate grasp points further conprises

selecting the set of grasp points based on a minimal response 1o the exerted local force or

amounts of local deformations.

4. The method of claim 1, further comprising:
recording local deformations at or near each of the candidate grasp points in the twoor

more sets of candidate grasp pomis.

S, The method of claim 1, wherein exerting the local foree on each of the candidate grasp
points in the two or more sets of candidate grasp points comprises
exerting the local force by applying an altrasound beam 1o each of the candidate grasp

points in the two or more sets of candidate grasp points.
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6. The method of clatm 5, further comprising;

applyving the ultrasound beam by adjnsting one or more of a phase and a frequency of an
ultrasound signal such that a altrasound standing wave is formed between an ultrasound signal
source and the object with a node of the ultrasound standing wave coinciding with each
candidate grasp point,
7. The method of claim 1, wherein determining the two or more sets of candidate grasp
points on the two or more surfaces of the object comprises:

determining the two or more candidate grasp points based on one or more of & shape of

the object, an orientation of the object, and a type of the robotic gripper.

8. The method of clamm 1, wherein determining the two or more sets of candidate grasp
points on the two o more surfaces of the ebject further comprises:

extracting sn outling of the object from the three-dimensional image; and

extracting the two or more sets of candidate grasp points on the two or more surfaces of
the object based on the outline, wherein a sum of surface normal vectors for each of the

candidate grasp points in each of the two or more sets of candidate grasp points is zero.

Q. The method of clatm &, wherein exiracting the oatlineg of the object from the three-
dimensional image comprises:
employing one or more of a time-of-flight imaging, 8 stereovision analysis, a depth

mmaging, a three-dimensional scanning, and a structured light analysis.

10.  The method of claim 8, further comprising:
selecting a number of points in each set of the candidate grasp points based on a number

of fingers of the robotic gripper.

1. A system to provide grasp point selection for vobotic grippers, the system comprising:
a three-dimnensional imaging module configured to:

obtain g three-divnensional tmage of an object 1o be grasped by a robotic gripper;
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an ultrasoand signal source configured to

exert a local force on each candidate grasp point in two or more sets of candidate
grasp points such that a local deformation is caused at or near each candidate grasp poini;
and
a controller coupled to the three-dimensional imaging module and the ultrasound signal

source, the controller configured to

determine the two or more sats of candidate grasp points on two or more surfaces
of the object based on the three-dimensional tmage,

select a set of grasp ponts from the two or more sets of candidate grasp points
based on a response of a surface area at or near each candidate grasp point to the exerted
force; and

provide information associated with the selected set of grasp points to the robotic

gripper.

12 Thesystem of claim 11, wherein the controller is further configured to select the set of
grasp pomis to mcerease a probability that surface areas of the object at or near the set of grasp

points regcet m a simular way when the robotic gripper execuotes a corresponding grasp.

13, The system of clanm 11, wherein
the three~-dimensional imaging module is huther configured to:
extract an cutline of the object from the three-dimensional image; and
the controller is further configured to:
extract the two O more sets of candidate grasp points on the two or more swrisces
of the object based on the outling, wherein 8 som of central vectors of friction cones for
each of the candidate grasp points in each of the two or more sets of candidate grasp

poinis is substantially zero.

14, The system of claim 13, wherein the controller is further configured to select g size of the
friction cones based on one or more of a robotic gripper type, an object shape, and a surface

material of the object,
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The system of ¢laim 11, wherein
the ultrasound signal source 13 further configured {o:

exert the local force at two or more predefined levels;
the three-dimensional mmaging modale 1s further configured to:

record local deformations at or near each of the candidate grasp points n the two
or more sets of candidate grasp points in response to the exerted local force at the at two
or more predefined levels; and
the controller is further configured 1o

select the set of grasp ponts from the two or more sets of candidate grasp points

based on the recorded local deformations at or near each of the candidate grasp points.

16, The system of claim 11, wherein the ultrasound signal source comprises a movable

pltrasound transducer array.

17.  The system of claim 11, wherein the ulirasound signal soprcee comprises two or more

stationary ultvasound transducer arrays.

18, The system of claim 11, wherein the tlyee~dimensional imaging module conprises a

movable machine vision system.

19, The system of claim 11, wherein the three-dimensional imaging module comprises twa or

more siationary machine vision systems.

0. A couatroller to provide grasp point selection for robotic grippers, the controller
comprising:

a memory configured 1o store mstructions;

a communication moduele configored to communicate with an uitrasound signal souree, a
three-dimensional imaging module, and a robotic gripper; and

a processor communtcatively coupled to the memory and the communication module, the

processor configured to:

2]
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control the three-dimensional imaging module to obtain a three-dimensional
unage of an object to be grasped by the robotic gripper;

extract an outhine of the object from the three-dimensional image;

extract two or more sets of candidate grasp points on two or more sarfaces of the
object based on the outling;

control the ultrasound signal source 1o exert a local force on each candidate grasp
point in the two or more sets of candidate grasp points such that a local deformation is
caused at or near each candidate grasp pont;

select a set of grasp ponts from the two or more sets of candidate grasp points
based on a response of a surface area at or near each candidate grasp point to the exerted
force; and

provide information associated with the selected set of grasp points to the robotic

gripper.

21, The controlier of claim 20, wherein the processor s configured to select the set of grasp
points from the two or more sets of candidate grasp points based one or more oft a similarity of
focal deformations at or near candidate grasp points, a minimal response 1o the exerted local

force, and amounts of local deformations.

22, The controller of claim 20, wherein the processor is further configured to select a number
of points i 2ach set of the candidate grasp points based on a nomber of fingers of the robotic

gripper.

23, The controller of claim 20, wherain a shape of the object 15 unknown in advance andfor

partially cccluded.

24, The controller of claim 20, wherein the controlier is configured to control the robotic

gripper for movement of objects in one or an assembly area and a storage area.
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