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END EFFECTOR OF A HUMANOID ROBOT

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of and priority to U.S.

Provisional Patent Application Nos. 63/701,625, 63/828,
916, 63/705,715, 63/757,440, 63/706,768, each of which 1s

expressly incorporated by reference herein in 1ts entirety.

TECHNICAL FIELD

e

This disclosure relates to an end effector for a robot,
specifically an end eflector that includes a tactile sensor
assembly.

BACKGROUND

Humanoid robots are increasingly being developed to
perform a wide range of general-purpose tasks traditionally
executed by humans. An important component for these
robots 1s the end eflector, which functions like a human hand
to interact with and manipulate objects. The eflectiveness of
a humanoid robot 1n performing complex and delicate
operations 1s highly dependent on the dexterity and sensory
capabilities of its end eflector. However, a significant chal-
lenge 1n the field 1s the lack of sophisticated tactile feedback
in robotic end eflectors. This deficiency limits a robot’s
capacity to perform refined movements such as carefully
grasping, pinching, or lifting various objects. Without the
ability to sense and interpret contact forces with high
resolution, a robot may struggle to apply the appropnate
amount ol pressure, potentially damaging the object or
tailing to secure a stable grip. This limitation may hinder the
robot’s ability to operate eflectively in unstructured envi-
ronments where interaction with a diverse array of objects 1s
required. Therefore, there 1s a need for advanced tactile
sensing systems within a humanoid robot’s end eflector to
provide detailed feedback about contact forces.

SUMMARY

The presently disclosed subject matter 1s directed to a
humanoid robot comprising a torso, a head coupled to the
torso, an articulated arm coupled to torso, and an end
cllector coupled to the articulated arm and comprising a
tactile sensor assembly. The tactile sensor assembly includes
a bridge comprising a base section and three flexure arms,
wherein each flexure arm includes a sloped section extend-
ing away Irom the base section at a first non-zero angle to
the base section and a load section extending away from the
sloped section at a second non-zero angle from the sloped
section. For each flexure arm of the three flexure arms, a first
separate strain gauge 1s coupled to the sloped section of each
of the three flexure arms. The tactile sensor assembly
includes an electronics assembly communicatively coupled
to each separate strain gauge of each flexure arm and
configured to process data received from each strain gauge.

The presently disclosed subject matter 1s directed to a
humanoid robot comprising a torso, a head coupled to the
torso, an articulated arm coupled to torso, and an end
cllector coupled to the articulated arm and comprising a
tactile sensor assembly including a first strain gauge, and an
clectronics assembly communicatively coupled to the strain
gauge and configured to receive signals from the strain
gauge as iput, process the recerved signals, and output
processed data based on the received signals, and an energy
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attenuation member comprising an interior region having a
first compression/detlection ratio, and an exterior region at
least partially surrounding the interior region and having a
second compression/deflection ratio that 1s less than the first
compression/detlection ratio. The energy attenuation mem-
ber 1s configured to receive an external force and transfer at
least a portion of the received external force to the tactile
sensor assembly.

The presently disclosed subject matter 1s directed to a
tactile sensor assembly for a humanoid robot end eflector,
comprising a bridge having a base and a plurality of flexure
arms extending from the base at locations spaced apart {from
one another, wherein each tlexure arm has a sloped section
extending at a first non-zero angle relative to the base and a
load section extending from the sloped section, a plurality of
strain gauges, wherein one strain gauge 1s coupled to the
sloped section of each flexure arm, and an electronics
assembly communicatively coupled to the strain gauges and
configured to process signals received from the strain gauges
to determine force mformation.

The presently disclosed subject matter 1s directed to a
distal assembly for a finger of a humanoid robot end eflector,
comprising a distal housing assembly including a base
member, a tactile sensor assembly positioned within the
distal housing assembly and including a bridge with flexure
arms and strain gauges coupled to the tlexure arms, a force
distributor member positioned over the bridge and config-
ured to distribute force to the flexure arms, and a finger
energy attenuation member coupled to the force distributor
member and defining an outer surface with rnidges and
grooves configured to contact objects.

The presently disclosed subject matter 1s directed to a
method of detecting tactile feedback 1n a humanoid robot
end eflector, comprising receiving an external force at a
finger energy attenuation member of a distal assembly,
transierring the external force through a force distributor
member to a plurality of flexure arms of a bridge, measuring,
strain 1n each flexure arm using strain gauges coupled to
sloped sections of the flexure arms, and processing signals
from the strain gauges to determine force magnitude and
direction information for controlling finger assembly actua-
tion.

The presently disclosed subject matter 1s directed to a
tactile sensing system for a robotic finger, comprising a
bridge structure having a base section and at least three
flexure arms extending upward and away from the base
section, wherein each flexure arm includes a sloped section
at a first angle and a load section at a second angle from the
sloped section, strain measurement devices coupled to the
sloped sections of the flexure arms, a force distribution
component positioned to engage contact surfaces of the load
sections, and processing circuitry configured to determine
triaxial force information from strain measurements.

The presently disclosed subject matter 1s directed to a
distal assembly for a finger of a robotic end eflector, the
assembly comprising a distal housing assembly comprising
a base member, a sensor assembly supported by the base
member, a rigid force distributor member positioned over
the sensor assembly and configured to transfer a force to the
sensor assembly, and a compliant finger energy attenuation
member coupled to and positioned over the force distributor
member, wherein a gap exists between the force distributor
member and the base member, the gap being configured to
close when a predetermined force i1s applied, causing the
base member to act as a hard stop to limit movement of the
force distributor member and prevent overloading the sensor
assembly.
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The presently disclosed subject matter 1s directed to a
finger energy attenuation member for a robotic fingertip,
comprising an interior region composed of a first material
having a first shore durometer, and an exterior region at least
partially surrounding the interior region, the exterior region
being composed of a second material having a second shore
durometer that 1s less than the first shore durometer of the
interior region, wherein the exterior region defines an outer
surface shaped to mimic a human fingertip.

The presently disclosed subject matter 1s directed to a
tactile sensor assembly for a robotic end effector, comprising,
a finger energy attenuation member having an interior region
formed from a first material having a first shore durometer
and an exterior region at least partially surrounding the
interior region formed from a second material having a
second shore durometer diflerent from the first shore durom-
cter, wherein the exterior region defines a curvilinear outer
surface configured to receive an external force, a sensor
assembly positioned beneath the finger energy attenuation
member and configured to detect forces transmitted through
the finger energy attenuation member, and a distal housing,
assembly supporting the sensor assembly and coupled to the
finger energy attenuation member.

The presently disclosed subject matter 1s directed to a
tactile sensor assembly for a robotic finger, comprising a
bridge having a base section and at least three tlexure arms
extending from the base section, wherein each flexure arm
comprises a sloped section extending from the base section
at a {irst non-zero angle relative to a dominant plane of the
base section, and a load section extending from the sloped
section at a second non-zero angle relative to a dominant
plane of the sloped section, a plurality of strain gauges,
wherein at least one strain gauge 1s coupled to the sloped
section of each flexure arm, and an electronics assembly
communicatively coupled to the plurality of strain gauges
and configured to process signals from the strain gauges to
determine force characteristics.

The presently disclosed subject matter 1s directed to a
tactile sensor assembly for a robotic digit, comprising a
housing assembly having a base member, a bridge coupled
to the base member and having a plurality of deformable
flexure arms, a plurality of strain gauges coupled to the
flexure arms, a force distributor member positioned over the
bridge and configured to engage contact surfaces of the
flexure arms, and wherein the housing assembly defines at
least one physical stop surface spaced from the force dis-
tributor member by a predetermined gap when no external
torce 1s applied, the gap configured to close upon application
ol a threshold force to limit deflection of the flexure arms
and prevent overloading of the strain gauges.

In some embodiments, a robotic tactile sensor assembly
comprises a bridge with a base section and a plurality of
flexure arms, typically three, spaced approximately 120
degrees apart around a centroid of the base. Each flexure arm
includes a sloped section extending upward and outward
from the base at a first non-zero angle, for instance between
1 and 60 degrees, and a load section extending from the
sloped section, with the load sections being substantially
coplanar and parallel to the base when no force 1s applied.
Strain gauges, such as T-Rosette strain gauges, are coupled
to the outer surfaces of the sloped sections of the flexure
arms to detect deformation. In some embodiments, addi-
tional strain gauges, such as shear-strain gauges, are coupled
to the mner surfaces opposite the outer surfaces, where strain
gauges on the outer surfaces measure tensile forces and
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strain gauges on the nner surfaces measure compressive
forces. The strain gauges may be screen printed onto the
sloped sections.

In some embodiments, the assembly includes a rigid force
distributor member positioned over the bridge to receive an
external force and transfer 1t to the load sections of the
flexure arms. This force distributor member, fabricated from
maternials such as metal, plastic, or carbon fiber composite,
may comprise a distributor base, an extension flange, and
location tabs configured to engage the contact surfaces of the
flexure arm load sections. The force distributor member 1s
configured to move toward the base member until contact
with a physical stop surface prevents further movement
beyond a predetermined deflection limit. To prevent over-
loading and deformation of the strain gauges beyond their
clastic limit, physical hard stops or a predetermined gap
between the force distributor member and a base member
limit the deflection of the flexure arms. The housing assem-
bly may comprise first and second gap tolerances at different
locations relative to the force distributor member.

In some embodiments, an electronics assembly, which
may 1nclude a printed circuit board positioned at least
partially between the flexure arms, 1s communicatively
coupled to the strain gauges. This assembly 1s configured to
process differential signals from the strain gauges to calcu-
late the magnitude and direction of both normal and shear
forces. The sensor bridge and electronics assembly may be
configured for hot-swapping, secured to a base member with
a single fastener. The tactile sensor assembly forms part of
a distal assembly of an end eflector on a general-purpose
humanoid robot, with the sensor assembly configured to
measure or forces or loads experienced by and/or applied to
finger assemblies.

In some embodiments, a finger energy attenuation mem-
ber 1s coupled to the force distributor member. This attenu-
ation member 1s typically formed from elastic materials such
as silicone rubber, thermoplastic elastomers, or polyurethane
clastomers, and 1s configured to mimic a human fingertip. It
comprises an interior region with a first shore durometer and
a first compression/deflection ratio, providing a firmer base,
and a more compliant exterior region with a second, lower
shore durometer and a second compression/deflection ratio
that at least partially surrounds the interior region. The
interior region has a curvilinear outer boundary interfacing
with the exterior region. An intermediate region with a third
shore durometer and third compression/deflection ratio
between those of the interior and exterior regions may also
be included. The different regions vary in material properties
including Young’s modulus, compression set, indentation
force deflection, tensile strength, damping capacity, density,
and Poisson’s ratio. The outer curvilinear surface of the
attenuation member features a pattern of ridges and grooves
covering at least a majority of the surface, similar to human
fingerprint patterns, which 1s configured to generate vibra-

tional feedback that 1s transferred to the strain gauges for
texture detection when contacting surfaces.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawing figures depict one or more implementations
in accordance with the present teachings, by way of example
only, not by way of limitation. These figures are intended to
illustrate and not to restrict the scope of the disclosure. In the
figures, like reference numerals refer to the same or similar
clements. This convention 1s maintained throughout the
drawings for consistency.
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FIG. 1 1s a diagram 1illustrating an environment and a
network 1n which one or more humanoid robots may oper-
ate, connect, command and/or be commanded by, control
and/or be controlled by, and/or interact;

FIG. 2 1s a block diagram illustrating components of the

humanoid robot of FIG. 1;

FIG. 3A 1s a perspective view of a humanoid robot of
FIGS. 1-2;

FIG. 3B 1s a diagram illustrating actuators contained
within the humanoid robot of FIGS. 1-3A and the corre-
sponding rotational axes of said actuators;

FIG. 4 1s a block diagram of sensors for the humanoid
robot of FIGS. 1-3B;

FIG. 5 15 a block diagram of a communication intertace
for the humanoid robot of FIGS. 1-3B;

FIG. 6 1s a perspective view of one of the end eflectors
included in the robot of FIGS. 1-2, wherein the end effector
includes: (1) a thumb assembly, (1) at least one finger
assembly (e.g., four), and (1v) a covering that substantially
encases the thumb assembly and the at least one finger
assembly;

FIG. 7 1s a palm view of the end eflector of FIG. 6,
wherein the components of the end effector remain obscured
by the covering;

FIG. 8 1s a palm view of the end effector of FIG. 6,
wherein the cover has been removed to show the compo-
nents of: (1) the palm, (1) the thumb assembly, and (i11) the
at least one finger assembly (e.g., four);

FIG. 9 1s a front perspective view of the end eflector of
FIG. 8;

FI1G. 10 1s a partial perspective view of the end effector of
FIG. 8 showing each of the at least one finger assembly
includes (1) a knuckle assembly, (i1) a proximal assembly,
(111) a medial assembly, and (1v) a distal assembly;

FI1G. 11 1s a partial perspective view of a first embodiment
of the end effector of FIGS. 8-10, and wherein said end
ellector 1includes a first embodiment of a sensor assembly
configured to measure the application of a single normal
force on at least one component of the end eflector;

FIG. 12 1s a perspective view of the distal assembly of
FIG. 11, wherein components of the distal assembly of a
finger assembly have been removed to show a portion of the
first embodiment of the sensor assembly contained therein
that includes a single strain gauge;

FIG. 13 1s a partial perspective view of a second embodi-
ment of the end eflector of FIGS. 8-10, and wherein said end
ellector includes a second embodiment of a sensor assembly
configured to measure the application of a single triaxial
force on at least one component of the end eflector;

FIG. 14 1s a perspective view of the distal assembly of
FIG. 13, wherein components of the distal assembly of a
finger assembly have been removed to show a portion of the
second embodiment of the sensor assembly contained
therein that includes three strain gauges arranged in an
L-shape;

FIG. 15 1s a partial perspective view of a third embodi-
ment of the end effector of FIGS. 8-10, and wherein said end
ellector 1includes a third embodiment of a sensor assembly
configured to measure the application of a plurality of
normal forces on at least one component of the end effector;

FIG. 16 1s a perspective view of the distal assembly of
FIG. 15, wherein components of the distal assembly of a
finger assembly have been removed to show a portion of the
third embodiment of the sensor assembly contained therein
that includes a plurality of strain gauges;

FIG. 17 1s a partial perspective view of a fourth embodi-
ment of the end effector of FIGS. 8-10, and wherein said end
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ellector includes a fourth embodiment of a sensor assembly
configured to measure the application of a plurality of
triaxial forces on at least one component of the end effector;

FIG. 18 1s a perspective view of the distal assembly of
FIG. 17, wherein components of the distal assembly of a
finger assembly have been removed to show a portion of the
fourth embodiment of the sensor assembly contained therein
that includes another version of a strain gauge bridge;

FIG. 19 15 a perspective view of a fifth embodiment of the
end eflector of FIGS. 8-10, wherein components of the distal
assembly of a finger assembly have been removed to show
a portion of a fifth embodiment of a sensor assembly
contained therein that includes a further version of a strain
gauge bridge;

FIG. 20 1s a partial perspective view of a sixth embodi-
ment of the end effector of FIGS. 8-10, and wherein said end
cllector includes a sixth embodiment of a sensor assembly
configured to measure the application of a plurality of
triaxial forces on at least one component of the end effector;

FIG. 21 15 a perspective view of the distal assembly of
FIG. 20, wherein components of the distal assembly of a
finger assembly have been removed to show a portion of the
sixth embodiment of the sensor assembly contained therein
that includes a plurality of L-shaped strain gauges;

FIG. 22 1s a partial perspective view of a seventh embodi-
ment of the end effector of FIGS. 8-10, and wherein said end
cllector includes a seventh embodiment of a sensor assem-
bly configured to measure the application of a plurality of
triaxial forces on at least one component of the end effector;

FIG. 23 15 a perspective view of the distal assembly of
FIG. 22, wherein components of the distal assembly of a
finger assembly have been removed to show a portion of the
seventh embodiment of the sensor assembly contained
therein that includes a circular-shaped strain gauge bridge;

FIG. 24 15 a side view of an eighth embodiment of a distal
assembly included 1n one of the finger assemblies of FIGS.
8-10, wherein said distal assembly includes (1) a distal
housing assembly, (1) a distal link assembly, and (111) an
eighth embodiment of a sensor assembly positioned within
said distal housing assembly;

FIG. 25 1s a perspective view of the eighth embodiment
of the distal assembly of FIG. 24, wherein the finger energy
attenuation member has been removed to reveal a force
distributor member of the eighth embodiment of the sensor
assembly;

FIG. 26 1s a palm view of the eighth embodiment of the
distal assembly of FIG. 24;

FIG. 27 1s a cross-sectional view of the eighth embodi-
ment of the distal assembly taken along line 27-27 1n FIG.
26 showing that the distal assembly 1ncludes: (1) the eighth
embodiment of the sensor assembly having the force dis-
tributor member, a bridge, a plurality of strain gauges that
are coupled to the bridge, and an electronics assembly
coupled to the strain gauges, (11) the distal housing assembly
and a finger energy attenuation member with a single region,
and (111) the distal link assembly;

FIG. 28 1s a perspective view of the eighth embodiment
of the distal assembly of FIG. 24, wherein the finger energy
attenuation member and the force distributor member have
been removed to show the bridge, the strain gauges, and the
clectronics assembly included in the eighth embodiment of
the sensor assembly;

FIG. 29 15 a top view of the eighth embodiment of the
distal assembly of FIG. 28;

FIG. 30 1s a perspective view of a portion of the eighth
embodiment of the sensor assembly included in the distal

assembly of FIGS. 24-29;
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FIG. 31 1s a side view of the bridge and the strain gauges
included in the eighth embodiment of the sensor assembly of
FIGS. 24-30;

FIG. 32 1s a top view of the bridge and strain gauges of
FIG. 31, and showing: (1) the bridge with a base, and a
plurality of flexure arms that extend upward and away from
the base at locations spaced apart from one another, and (11)
a plurality of strain gauges, and wherein one strain gauge of
the plurality of strain gauges 1s coupled to a flexure arm of
the plurality of flexure arms;

FIG. 33 15 a side view of a portion of the flexure arm of
FIGS. 31-32, and wherein a strain gauge 1s coupled to an
outer surface of a sloped section of the flexure arm;

FIG. 34 1s a top view of a bridge and strain gauges
contained 1 a ninth embodiment of a sensor assembly,
wherein: (1) the bridge includes a base, and a plurality of
flexure arms that extend upward and away from the base at
locations spaced apart from one another, and (11) a plurality
of upper strain gauges, and wherein one upper strain gauge
of the plurality of upper strain gauges 1s coupled to each
sloped upper surface of a flexure arm of the plurality of
flexure arms:;

FIG. 35 1s a bottom view of a bridge and strain gauges
contained 1n a ninth embodiment of a sensor assembly, and
wherein the strain gauges further include a plurality of lower
strain gauges, and wherein one lower strain gauge of the
plurality of lower strain gauges 1s coupled to each sloped
lower surface of a flexure arm of the plurality of flexure
arms;

FIG. 36 1s a side view of a portion of the flexure arm of
FIGS. 34-35, and wherein an upper strain gauge 1s coupled
to an upper surface of a sloped section of the flexure arm and
a lower strain gauge 1s coupled to a lower surface of a sloped
section of the flexure arm;

FI1G. 37 shows top and bottom views of a bridge and strain
gauges contained in a tenth embodiment of a sensor assem-
bly, wherein: (1) the bridge includes a base, and a plurality
of flexure arms that extend upward and away from the base
at locations spaced apart from one another, and (11) a
plurality of strain gauges, and wherein two upper strain
gauges ol a plurality of upper strain gauges are coupled to
cach sloped upper surface of a flexure arm of the plurality of
flexure arms, and two lower strain gauges of a plurality of
lower strain gauges are coupled to each sloped lower surface
of a flexure arm of the plurality of flexure arms;

FIG. 38 1s a side view of a portion of the flexure arm of
FIG. 37, and wherein two upper strain gauges are coupled to
an upper surface of a sloped section of the flexure arm and
two lower strain gauges are coupled to a lower surface of a
sloped section of the flexure arm;

FIG. 39 1s a cross-sectional view of the distal assembly
taken along line 39-39 in FIG. 26, and showing that the
distal housing assembly includes: (1) a base member which
supports the sensor assembly, and (1) a finger energy
attenuation member with a single region;

FIG. 40 15 a cross-sectional view of a ninth embodiment
of the distal assembly taken along line 39-39 1n FIG. 26, and
wherein a majority of the distal assembly has been omitted
to show a second embodiment of the finger energy attenu-
ation member with an interior region and an exterior region
that at least partially surrounds the interior region;

FI1G. 41 1s a cross-sectional view of the minth embodiment
of the distal assembly taken along line 27-27 1n FIG. 26, and
wherein a majority of the distal assembly has been omitted
to show the second embodiment of the finger energy attenu-
ation member with an interior region and an exterior region
that at least partially surrounds the interior region;
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FIG. 42 1s a cross-sectional view of a tenth embodiment
of the distal assembly taken along line 39-39 1n FIG. 26, and

wherein a majority of the distal assembly has been omitted
to show a third embodiment of the finger energy attenuation
member with an 1nterior region, an intermediate region, and
an exterior region with a plurality of ridges and grooves; and
FIG. 43 1s a cross-sectional view of the ninth embodiment
of the distal assembly taken along line 27-27 in FIG. 26, and
wherein a majority of the distal assembly has been omitted
to show a third embodiment of the finger energy attenuation
member with an interior region, an intermediate region, and
an exterior region with a plurality of ridges and grooves.

DETAILED DESCRIPTION

In the following detailed description, numerous specific
details are set forth by way of examples in order to provide
a thorough understanding of the relevant teachings. These
examples are illustrative and not exhaustive. It should be
apparent to those skilled in the art that the scope of the
teachings 1s not limited to these specific details. Additionally
or alternatively, well-known methods, procedures, compo-
nents, and/or circuitry have been described at a relatively
high-level, without detail, in order to avoid unnecessarily
obscuring aspects of the present disclosure.

While this disclosure includes several embodiments, there
1s shown 1n the drawings and will herein be described 1n
detail certain embodiments with the understanding that the
present disclosure 1s to be considered as an exemplification
of the principles of the disclosed methods and systems and
1s not mntended to limit the broad aspects of the disclosed
concepts to the embodiments 1llustrated. As will be realized,
the disclosed methods and systems are capable of other and
different configurations, and one or more details are capable
of being modified, all without departing from the scope of
the disclosed methods and systems. For example, one or
more of the following embodiments, 1n part or whole, may
be combined consistent with the disclosed methods and
systems. As such, one or more steps from the tflow charts or
components in the Figures may be selectively omitted and/or
combined consistent with the disclosed methods and sys-
tems. Additionally, one or more steps from the flow charts or
the method of assembling the shoulder and upper arm may
be performed 1n a diflerent order. Accordingly, the drawings,
flow charts and detailed description are to be regarded as
illustrative 1n nature, not restrictive or limiting.

References 1n the specification to “one embodiment,” “an
embodiment,” “an illustrative embodiment,” etc., indicate
that the embodiment described may include a particular
feature, structure, or characteristic, but every embodiment
may or may not necessarily include that particular feature,
structure, or characteristic. Moreover, such phrases are not
necessarily referring to the same embodiment. Further, when
a particular feature, structure, or characteristic 1s described
in connection with an embodiment, it 1s submitted that 1t 1s
within the knowledge of one skilled 1n the art to effect such
feature, structure, or characteristic 1n connection with other
embodiments whether or not explicitly described. Addition-
ally, 1t should be appreciated that items included 1n a list 1n
the form of *“at least one A, B, and C” can mean (A); (B);
(C); (A and B); (A and C); (B and C); or (A, B, and C).
Similarly, 1tems listed 1n the form of “at least one of A, B,
or C” can mean (A); (B); (C); (A and B); (A and C); (B and
C); or (A, B, and C). The disclosed embodiments may be
implemented, 1n some cases, in hardware, firmware, sofit-
ware, or any combination thereof. The disclosed embodi-
ments may also be implemented as instructions carried by or
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stored on a transitory or non-transitory machine-readable
(e.g., computer-readable) storage medium, which may be

read and executed by one or more processors. A machine-
readable storage medium may be embodied as any storage
device, mechanism, or other physical structure for storing or
transmitting information in a form readable by a machine
(e.g., a volatile or non-volatile memory, a media disc, or
other media device).

In the drawings, some structural or method features may
be shown 1n specific arrangements and/or orderings. How-
ever, 1t should be appreciated that such specific arrange-
ments and/or orderings may not be required. Rather, in some
embodiments, such features may be arranged 1n a different
manner and/or order than shown 1n the illustrative figures.
Additionally, the inclusion of a structural or method feature
in a particular figure 1s not meant to imply that such feature
1s required in all embodiments and, in some embodiments,
may not be included or may be combined with other
features.

A. Introduction

The mechanical end effector disclosed 1n this Application
1s designed to be a component within a robot system, for
example, a versatile and highly-functional humanoid robot.
Enabling such a robot system to execute general human
tasks poses a challenge due to the vast array of potential
positions, locations, and states said robots could occupy at
any given time in a challenging environment. Additionally,
a lack of tactile feedback may further limit the robot’s ability
to execute more refined human end eflector movements,
such as grasping, pinching, or lifting objects. Therefore, the
robot disclosed herein includes tactile sensing capabilities
that detect information about the position of the end eflector
and the contact with an object to enhance the end effector’s
dexterity.

The end effector includes (a) an end eflector housing, (b)
a thumb assembly, (¢) at least one, preferably four, finger
assemblies, and (d) an electronics package that 1s configured
to control said thumb assembly and said finger assemblies.
Additionally, the end eflector also includes a tactile sensor
assembly with a three-flexure-arm bridge. each flexure arm
contained 1n the three-flexure-arm bridge includes a sloped
section extending from a base at a first non-zero angle and
a load section extending from the sloped section at a second
non-zero angle. This two-angle geometry departs from con-
ventional tactile sensing approaches that rely on cantilever
beams, four-corner force-sensing resistor arrays, or matrix-
based capacitive sensors. Further, the strategic placement of
strain gauges on the sloped sections—optionally 1n paired,
opposite-side gauges (e.g., tension/compression or T-rosette
plus shear)—allows the arm 1itself to mechanically resolve
applied forces 1nto separable tension and compression coms-
ponents. By processing the diflerential signals across the
three arms, the electronics compute the magnitude and
direction of both normal and shear forces, achieving true
triaxial force detection from a single compact structure.
Locating the gauges ofl the exposed horizontal load faces
can also provide inherent mechanical filtering and 1mpact
shielding, improving durability and signal-to-noise without
additional damping hardware.

The 1nvention 1s further distinguished over conventional
sensors by the inclusion of the energy attenuation member
and an overload protection system. The energy attenuation
member can be non-uniform in composition—{ieaturing a
firmer 1nterior region and a more compliant exterior
region—to maintain high sensitivity to light touch while
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preventing sensor saturation at higher loads. Its exterior
surface can further include engineered ridges and grooves

that act as a frequency-shaping interface: contact-induced
micro-slips generate vibrations that propagate through the
stack to the sloped-section gauges, enabling texture detec-
tion. Concurrently, a rigid force-distributor engages the load
sections and 1s designed to “bottom out” against a physical
hard stop, thereby providing overload protection. Further,
other improvements disclosed herein allow the disclosed
sensor assemblies to overcome long-standing trade-ofls
between sensitivity, durability, manutfacturability, reliability,
and system complexity.

B. Definitions

Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
disclosure belongs. It will be further understood that terms,
such as those defined 1n commonly used dictionaries, should
be interpreted as having a meaning that 1s consistent with
their meaning 1n the context of the specification and relevant
art and should not be mterpreted 1n an 1dealized or overly
formal sense unless expressly defined herein.

Although selected human medical terminology 1s used to
describe features and/or relative positions related to the
humanoid robot, it should be understood that said medical
terminology may not directly correspond to the exact same
features of a human. It should be understood that names of
various assemblies and components (e.g., including hous-
ings and assemblies contained within) may generally relate
to a location of similar anatomy of a human body and may
not have an exact correlation in dimension, function, or
shape. The reference system including three orthogonal
reference planes 1s defined with respect to the robot 1n a
neutral standing position to describe relative positions of
components of the robot. Although standard human medical
terminology 1s used to describe the anatomical reference
planes (1.e., sagittal, coronal, transverse) of the robot, the
planes may be shifted from the typical location on a human
to be meaningiul for the kinematic layout and features of the
robot.

Humanoid Robot: a robot that 1s capable of bipedal
locomotion and includes components (e.g., head, torso, etc.)
that generally resemble parts of a human. However, the
robot does not need to 1include every part of a human (e.g.,
end eflectors with over ten degrees of freedom), nor do 1ts
components need to have a shape that exactly or substan-
tially resembles human parts. Furthermore, it should be
understood that a humanoid robot 1s not designed to be
primarily quadruped or have a wheeled base.

Neutral State: a state where the robot 1s standing upright
on a horizontal support surface (PG) and facing a forward
direction with 1its torso substantially vertically aligned over
its pelvis and legs, where the legs are substantially straight
with the knees substantially aligned under the hips and
substantially above the ankles, such that the robot’s weight
1s balanced over 1ts feet. In the neutral state, the robot’s head
1s facing forward (1.¢., 1n the forward direction), the arms are
located at the sides of the robot, the end eflectors are
oriented with the palms facing substantially inward, and the
fingers pointing 1 a substantially downward direction
toward the horizontal support surface. An illustrative
example of the neutral state for the humanoid robot 1 1is
shown FIG. 3A.

Extended State: a state of the robot with the arms
extended outward laterally at the shoulder (as illustrated 1n
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FIG. 3B) and oriented with the palms of the end effectors
substantially facing downward and the fingers pointing 1n a
substantially outward direction, where the central and lower
portions of the robot remain 1n a neutral state.

Sagittal Plane: a vertical plane when the robot 1s 1n the
neutral state that aids 1in defining left and right sides of the
robot for all states. Accordingly, the sagittal plane may: (1)
divide the robot and/or the torso into left and right portions
or halves, (11) extend through an axis of rotation about which
the torso twists or rotates relative to the pelvis and legs, (111)
contain an origin point of the robot, and/or (1v) be positioned
between the leit and night legs, and/or left and right arms. In
an illustrative embodiment, the sagittal plane (P.) (e.g., as
illustrated 1n FIG. 3A) 1s a vertical plane positioned at a
midway point between the left and right legs and the left and
right arms and contains a rotational axis A, of a torso twist
actuator (J10) (e.g., as 1llustrated in FIG. 3B) located in the
spine 60 of the robot 1 and divides the left and right sides of
the robot 1 (e.g., as illustrated in FIG. 3A). In other words,
in an 1illustrative embodiment, the sagittal plane (Pg) 1s a
plane that 1s colinear with the rotational axis A, of the torso
twist actuator (J10).

Coronal Plane: a vertical plane when the robot 1s 1n the
neutral state that aids in defining front and back portions of
the robot for all states. Accordingly, the coronal plane may:
(1) divide the robot and/or the torso into front and back
portions or halves, (1) contain an axis of rotation about
which the torso pitches forward or backward from the
neutral state, (111) contain an axis of rotation of a knee joint
about which a lower shin pitches forward and backward,
and/or (1v) contains an axis of rotation of an elbow joint
about which a lower forearm moves forward and backward,
when the robot 1s 1n the extended state. In various embodi-
ments, said axis of rotation for torso pitch may be two
colinear axes, a single centrally located axis, an axis defined
by a line connecting the midpoints of two non-collinear
actuator axes that provide the torso pitch function, or an axis
defined by a line connecting the center of actuator bearings
of two actuators that provide the torso pitch function. In the
illustrative embodiment (see, e.g., FIGS. 3A and 3B), the
coronal plane (P,.) 1s a vertical plane that contains the
rotational axes A, of the hip flex actuators (J11) located in
the hips 70 (and likewise may contain an axis defined by a
line connecting the midpoints of a left hip flex actuator (J11)
axis (A,,) and a right hip flex actuator (J11) axis (A,,) and
rotational axis A, of torso twist actuator (J10) located 1n the
spine 60 of the robot 1. As shown 1n these figures, the
coronal plane (P,) does not bisect the robot, or torso, 1nto
equal front and back halves, as 1t 1s oflset forward of a
majority of the arm actuators 1n the extended position, and
other positional relationships that can be understood from
the figures.

Transverse Plane: a horizontal plane that aids 1n defining,
the upper and lower portions of the robot. Accordingly, the
transverse plane may: (1) divide the robot mto upper and
lower portions or halves, and/or (1) contain an axis of

rotation about which the torso pitches forward or backward,
as discussed above. In the illustrative embodiment, the
transverse plane (P,) 1s a horizontal plane that contains the
mid-point of the rotational axes A, of the hip flex actuators
(J11) located in the hips 70 of the robot 1.

Origin Point: an orthogonal intersection point of the
sagittal plane, coronal plane, and transverse plane, all of
which extend through the humanoid robot disclosed herein.
In the 1llustrative embodiment of the robot 1 shown in FIG.
3A, an origin point (C,) 1s present and shown.
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Reference Axes: consist of: (1) the Z-axis (vertical) 1s
defined pursuant to the intersection of the sagittal plane and

coronal plane, (11) the Y-axis (horizontal) 1s defined pursuant
to the intersection of the coronal plane and transverse plane;
and (111) the X-axis (depth) 1s defined pursuant to the
intersection of the sagittal plane and transverse plane. FIG.
3A 1illustrates example Z, Y, X reference axes where the
sagittal, coronal, and transverse planes share a common
origin point.

Kinematic Chain: a representation of an assembly of rigid
bodies connected by joints to provide constrained motion.
Within this application, e.g., FIG. 3B, a kinematic chain 1s
illustrated by cylindrical bodies, where the respective central
axis ol each individual cylindrical body represents the
position and orientation ol the axis of rotation for the
individual joints. For example, each rotary actuator has a
central rotational axis. Other types of actuators may include
linkages that provide rotational movement about one or
more rotational axes via linkages, bearing or other rotation
features, or other means.

Range of Motion: a range of rotational motion of an
actuator about an axis of rotation, where a first and second
angle define a rotational limit 1n opposing rotational direc-
tions from a neutral position of the actuator with the limits
expressed 1 Radians.

Degrees of Freedom (DoF): the number of parameters that
define the configuration of the kinematic chain and possible
movements associated therewith.

Singularities: geometric configurations of the robot’s
joints 1n which one or more degrees of freedom are eflec-
tively lost due to the alignment or overlap of rotational or
translational axes, which in some cases 1s also affected by
interference of extents of components where one or more of
the components are moved by the joint.

Actuator Bearing: a specific component of the individual
actuator that 1s generally ring-shaped with parallel edge
guides, wherein the rotational axis (A ) of the actuator 1s
centered within the actuator bearing and orthogonal to the
parallel edge guides. Within this application, the actuator
bearings of individual actuators are referenced to further
define orientation of the rotational axes and/or relative size
of the individual actuator.

Actuator bearing plane (B, ): a plane defined mid-width of
actuator bearing between parallel edge guides and orthogo-
nal to the rotational axis (A)).

Textile: a flexible (e.g., fabric-like), highly durable cover
material that has high elastic stretch capabilities and 1s
resistant to pilling, abrasions, and cuts. A textile includes
both common textiles (e.g., traditional woven cloth), engi-
neered textiles, and non-fabric-like materials (e.g., plastics
or polymers), and/or a combination of the above.

C. Robot(s) and Environment

FIG. 1 illustrates an exemplary network and/or opera-
tional environment in which a humanoid robot (also referred
to as a bipedal robot) 1, which 1s further detailed 1n addi-
tional figures herein, may operate. The environment may
include a plurality of interconnected components, such as:
(1) the humanoid robot 1, (11) one or more other humanoid
robots 2700A-X which may the same as or different from the
robot 1, (111) one or more machines 2710A-X, (iv) one or
more command centers 2750A-X, (v) one or more remote
artificial intelligence (Al) system(s) 2780 which are remote
from the robot 1, such as a cloud-base Al system, and (v1)
one or more data stores 2900. Each component may be
interconnected with another component, directly or indi-
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rectly, by at least one of: (1) one or more networks 2999 A-X,
(11) direct communication systems (not illustrated—e.g., a
data store 2900 may have direct communication with a
remote Al system 2780) and/or (111) physical contact with
one another (e.g., the humanoid robot 1 may be 1 direct 5
physical contact when operating a machine 2710A-X). The
one or more networks 2999A-X may include, for example,
the Internet, a local area network, a wide area network, a
private network, a cloud computing network, or a network
based on a wireless communication protocol. Additionally, it 10
should be understood that the humanoid robot 1 may be
interconnected with one or more other humanoid robots
2700A-X through a wireless communication protocol, such

as a Bluetooth connection or a connection based on a
near-ficld communication protocol, or through a wired con- 15
nection.

The humanoid robot 1 may be collocated with one or
more of the other humanoid robots 2700A-X to collectively
or separately perform a given task or workflow. Such
operations may occur, €.g., at a worksite such as a factory, 20
warchouse, industrial facility, or home. Furthermore, the
humanoid robot 1 may also be situated 1n a separate geo-
graphical location relative to other humanoid robots 2700 A -

X. For example, the humanoid robot 1 may be located 1n a
given worksite, while another humanoid robot 2700A-X 1s 25
located at another worksite 1n a diflerent geographical
location.

The operational environment may generally include
machines 2710A-X, which may be embodied as any device,
heavy machinery, or object with which a humanoid robot 1 30
and/or other humanoid robots 2700A-X may interact. For
instance, a machine 2710A-X can include, among other
things, tools, packaging machinery, forklifts, drilling
machines, pallet movers, HVAC equipment, carts, bins, and
platform machines. 35

The command centers 2750A-X may be comprised of one
or more physical computing devices or virtual computing
instances executing on a local or cloud network. These
centers 2750A-X may be utilized for one or more of moni-
toring, managing, and configuring tasks, as well as for 40
1ssuing control directives to the humanoid robot 1 and other
humanoid robots 2700A-X at one or more worksites. A
command center 2750A-X may be collocated with any of
the humanoid robot 1 or the other humanoid robots 2700A-

X, or 1t may be located 1n a different geographical location 45
from the robots 1 and other humanoid robots 2700A-X. The
computing devices of the command centers 2750A-X may
execute software that 1s used to monitor (e.g., charge level,
task performance, etc.), manage the robots 1 and other
humanoid robots 2700A-X, and/or transmit long-horizon 50
goals, tasks, and control directives to the robots 1 and other
humanoid robots 2700A-X over the networks 2999A-X.
Additionally and as such, the humanoid robots 1 and other
humanoid robots 2700A-X may each be configured to: (1)
send data to the command centers 2750A-X, (11) perform a 55
given task based on the transmitted long-horizon goals,
tasks, and control directives, and/or (111) infer a task based on
the transmitted long-horizon goals, tasks, and control direc-
tives.

The command centers 2750A-X may determine, based on 60
available humanoid robots 1 and the capabilities of each
robot, which of the robots may be best suited for a given
task. For example, the command centers 2750A-X may
identify a humanoid robot 2700A-X to transier parts to the
other room once they are placed 1n the j1g. The command 65
centers 2750A-X may thereafter relay the assignment to the
assigned other humanoid robot 2700A-X, which may be
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identified based on a umique 1dentifier (e.g., serial number)
assigned to each of the humanoid robots 1 and 2700A-X,
and also to the other humanoid robots 2700A-X to indicate
which other humanoid robot 2700A-X has been assigned the
task.

The remote Al system 2780 may be comprised of one or
more computing devices that are configured to perform
global operations related to AI/ML for the entire computing
environment. For example, the remote Al system 2780 may
store, retrieve, and otherwise manage data within the data
store 2900. This data may include one or more Al models
2902, rules 2912, and tramning data 2920. The Al models
2902 may be embodied as any type of model that: (1) can be
run in an environment that 1s remote from the humanoid
robot 1 and 2700A-X, while being in communication with
the humanoid robot 1 to enable the humanoid robots 1 and
2700A-X to perform the functions described herein (e.g.,
observing, reasoning, and performing tasks), (i1) can be sent
to the humanoid robot 1 and 2700A-X, where the humanoid
robot 1 and 2700A-X runs the model locally to perform the
functions described herein, and/or (111) can be used 1n the
training ol any model described herein. For istance, the Al
models 2902 may comprise artificial neural networks, con-
volutional neural networks, recurrent neural networks, gen-
erative adversarial networks, variational autoencoders, dit-
fusion models, transformer models, natural language
processing models (e.g., speech-to-text and/or text-to-
speech), object detection models, 1mage segmentation mod-
els, facial recognition models, transfer learning models,
autoregressive models, large language models, visual lan-
guage models, vision-action models, multi-modal language
models, graph neural networks, reinforcement learming
models, or any other type of model known 1n the art or
disclosed herein. The rules 2912 may be comprised of sets
of rules and conditions that are used to enable: (1) determin-
istic behavior by the humanoid robot 1 and the other
humanoid robots 2700A-X, (11) training the models that
enable the humanoid robots 1 and 2700A-X to perform the
functions described herein, and/or any other known rule. For
example, the rules 2912 may include any combination of
finite state machines, reactive control protocols, safety rules,
configuration files, task sequencing protocols, safety proto-
cols, and/or protocols for compliance with standards, safety,
morals and/or regulations.

The training data 2920 may be embodied as any type of
data that 1s used to train one or more of the Al models 2902.
For example, the traiming data 2920 may include: (1) image
data, such as raw 1mage data, annotated image data, or
synthetic data comprising computer-generated images used
to augment real image datasets, particularly in instances
where usable data 1s scarce; (1) video data, such as raw
video data, annotated video data, or synthetic data; (111) text
data, such as natural language instructions, dialogue data,
machine-readable 1nstructions, or natural language mapping
data; (1v) depth data, such as map data or point cloud data;
(v) robot joint trajectories; (vi) robot joint locations; (vi1)
robot joint location data, which may be obtained from
teleoperation of a robot; (vii1) robot joint rotations data,
which may also be obtained from teleoperation of a robot;
(1x) other robot sensor data, such as inertial measurement
unmt (IMU) data, force and torque data, or proximity sensor
data; (x) simulation data; (x1) human demonstration data,
such as first person or third person images or videos of
humans performing a task; (x11) robot demonstration data,
such as 1images or videos of other robots performing a task;
(xi11) any combination of the aforementioned data types;
and/or (x1v) any other known data type. For clarity, 1t should
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be understood that any data type that 1s described above may
be either labeled or unlabeled.

The remote Al system 2780 may include a data augmen-
tation engine 2782, a training engine 2790, and a simulation
engine 2800. The data augmentation engine 2782 may be
embodied as any combination of hardware, software, or
circuitry that 1s configured to increase the size and diversity
of the training data 2920, particularly in istances where the
training data 1s limited. For example, the data augmentation
engine 2782 may be configured to perform: (1) image
augmentation of visual data such as 1mages and video
frames (e.g., identifying anatomical point and/or kinematic
chains), (11) sensor data augmentation to simulate real-world
inaccuracies like noise, thereby assisting in training the Al
models 2902 to account for such 1naccuracies, (111) trajectory
augmentation to modily the speed or timing of movements,
which assists the Al models 2902 1n learning to recognize
and adapt to different behaviors, or to alter the trajectories or
paths of the robot 1 1n simulations, and (1v) domain ran-
domization, which 1volves altering parameters including
textures, lighting, and object positions.

The illustrative training engine 2790 may be embodied as
any combination of hardware, software, or circuitry for
training the Al models 2902, given a set of rules 2912 and
training data 2920. To do so, the training engine 2790 may
apply a variety of AI/ML techniques, such as supervised
learning techniques (e.g., classification, regression), unsu-
pervised learning techniques (e.g., clustering, dimensional-
ity reduction, anomaly detection), semi-supervised learning
techniques (e.g., tramning with both labeled and unlabeled
data), remnforcement learning techniques (e.g., model-free
methods, model-based methods), ensemble learning, active
learning, and transier learning techniques (e.g., by leverag-
ing pre-trained models 2902). It should be understood that
cach of these techniques may be applied online or ofiline.

The simulation engine 2800 may be embodied as any
combination of hardware, software, or circuitry for execut-
ing one or more of the Al models 2902 within a virtualized
simulation environment. This allows for the simulation and
analysis of various aspects of the humanoid robot 1, such as
1ts kinematics, sensor behavior, overall behavior, anomalies,
and the like. For example, the simulation engine 2800 may
generate the simulation environment based on real-world
mapping data that was previously observed and/or generated
by the humanoid robot 1 or other humanoid robots 2700A-
X, or that was obtamned from third-party services. The
simulation engine 2800 may also generate a physics-accu-
rate model of the humanoid robot 1, which has a specified
configuration (e.g., a physical structure, joints, sensors,
actuators, and other components with predefined parameter
sets). The data generated from the simulations may then be
used by the training engine 2790 to bwld, traimn, alter,
fine-tune, or modily a previously generated model, a new
model, and/or rules. Advantageously, the simulation engine
2800 1s designed to improve efliciencies 1n the manufacture,
testing, and deployment of a given humanoid robot 1 for a
specified purpose.

The remote Al system 2780 may account for the substan-
t1al computing and resource demands required by AI/ML-
based techniques by processing at least a portion of data,
requests, and/or training. As such, the humanoid robots 1
may be configured with considerably less powertul com-
pute, network, and storage resources. For instance, the
humanoid robot 1 may prioritize certain processes, such as
those relating to the performance of a presently assigned
task, and offload other processes, such as the refining of local
AI/ML models, to the remote Al system 2780. The remote
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Al system 2780 may also periodically update the humanoid
robots 1 and 2700A-X with refined Al models 2902 and

training data 2920, or 1t may receive updates and propagate
them to the robots 1, for instance, via over-the-air updates or
push subscription-based updates. The remote Al system
2780 may also push updated rules 2912 to the robots 1 and
2700A-X. Additionally, the remote Al system 2780 may
receive data from each of the humanoid robots 1 and
2700A-X, which may include behavioral information, learn-
ing information, model reinforcement data, and the like. The
remote Al system 2780 may store such data as training data
2920 and subsequently use this data to refine the Al models
2902.

Although FIG. 1 depicts the data augmentation engine
27782, the training engine 2790, and the simulation engine
2800 as executing on a single remote Al system 2780, one
of skill 1in the art will recognize that each of these engines
may execute on separate systems or computing nodes asso-
ciated with the remote Al system 2780. Such an arrangement
may be advantageous in improving the performance and

resource management of each of the engines 2782, 2790,
and 2800.

D. Humanoid Robot

FIG. 2 1s a block diagram of a humanoid robot 1 that
includes a variety of architectures and other components that
may include: (1) a mechanical/electrical architecture 1.2 that
includes housings 1.2.2, actuators 1.2.4, an electronic
assembly 1.2.6, sensors 1.2.8, a communication interface
1.2.12, an 1llumination assembly 1.2.10, data storage 1.2.14,
an exterior covering assembly 1.2.16, external components
1.2.20, and other components 1.2.18, and (11) a compute
module 1000 that includes a computing architecture 1100.

a. Humanoid Robot Configuration

The high-level configuration for the robot 1 includes
assemblies that function together to provide the robot with
a humanoid shape and enable said robot to perform human-
like movements. As such, the structures and kinematic
principles that are inherent to non-humanoid systems cannot
be simply adopted or implemented 1into a humanoid robot 1
without undergoing careful analysis and empirical verifica-
tion against the complex realities of design, testing, and
manufacturing. Theoretical designs that attempt such direct
modifications are insuflicient, and 1n some instances woe-
tully insuflicient, because they amount to mere design
exercises that are not tethered to the complex realities of
successiully creating a functional, general-purpose human-
o1d robot.

In addition to the general systems, assemblies, compo-
nents, and parts described above, the humanoid robot 1 1n
the illustrative embodiment shown i FIG. 3A may include
the following systems, assemblies, components, and parts,
which can be broadly categorized into three regions. As
shown 1n FIG. 3A, these three regions include: (1) an upper
portion 2, which includes a head and neck assembly 10, a
torso 16, left and rnght arm assemblies 5, and left and right
end eflfectors 56; (11) a central portion 3, which 1ncludes a
spine 60, a pelvis 64, and left and right upper leg assemblies
6.1 of left and right leg assemblies 6; and (111) a lower
portion 4, which includes left and right lower leg assemblies
6.2 of leg assemblies 6.

In the 1llustrative embodiment shown in FIG. 3A, each
arm assembly 3 may include a shoulder 26, an upper
humerus 30, a lower humerus 36, an upper forcarm 40, a
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lower forearm 46, and a wrist 50. The end eflector 56 1s
coupled to the wrist 50. Each leg assembly 6 may include:

(1) an upper leg assembly 6.1, which may comprise a hip 70,
an upper thigh 76, and a lower thigh 80, and, (11) a lower leg
assembly 6.2, which may comprise a shin 84, a talus 88, and
a foot 92. In other embodiments, some of these systems,
assemblies, components, or parts may be omitted, combined,
or replaced with alternative designs.

1. Head and Neck Assembly

The head and neck assembly 10 of the humanoid robot 1
may be designed to enhance 1ts anthropomorphic character-
1stics, while also providing functional capabilities that sup-
port 1nteraction, perception, and communication. The head
and neck assembly 10 1s coupled to a torso 16 and possesses
an overall shape that generally resembles the general shape
of a human head. The head and neck assembly 10 is,
however, specifically designed to lack pronounced human
tacial structures, such as cheeks, eye protrusions, a mouth,
or other moving parts, to maintain a non-humanlike appear-
ance. The exterior surface of the head 10.1 is characterized
by an absence of large tlat surfaces (e.g., the head 10.1 1s not
a cube or prism) and the head i1s also not formed with
significant cylindrical features or perfect circles. Instead,
almost all exterior surfaces of the head 10.1 are curvilinear
or contain substantial curvilinear aspects, which presents a
generally egg-shaped appearance when viewed from the
front or top.

Structurally, the head 10.1 1s symmetrical about the
sagittal plane P. but 1s asymmetrical about Z-Y and X-Y
planes that intersect the head and are parallel to the coronal
plane (P-) and the transverse plane (P,), respectively. The
width (parallel to the y-axis) and depth (parallel to the
x-ax1s) ol the head 10.1 change constantly from top to
bottom, reaching a maximum dimension i the temple
region, which 1s located at approximately 30-50% of the
head’s height from 1ts top end.

The head 10.1 1tself may house a range of components,
such as high-resolution cameras, microphones, and displays,
all of which are contained within an impact-resistant poly-
mer shell 102.2. This shell 102.2 includes a large, freeform
(1.e., not conforming to a regular or formal structure or
shape) frontal shield 102.4 that covers the frontal and crown
regions ol the head 10.1. The frontal shield 102.4 1s formed
as a separate and distinct piece from the displays positioned
behind 1t, thereby protecting the displays and internal elec-
tronics from damage. This separation provides a significant
advantage during the performance of industrial tasks, as a
damaged frontal shield 102.4 1s substantially cheaper and
casier to replace than a damaged display. The frontal shield
102.4 extends rearward beyond an auricular region 1nto an
occipital region and extends down to a chin region, but 1t
does not extend below a jaw line.

Cameras embedded within the head 10.1 may include
RGB, depth-sensing, thermal imaging capabilities and/or
any other cameras disclosed herein, which are designed to
enable the humanoid robot 1 to perform tasks such as object
recognition, environmental mapping, and facial expression
analysis. For the specific purpose ol generating a low-
latency Virtual Reality (VR) view, a pair of high-resolution,
high-frame-rate RGB cameras with global shutters may be
utilized. For example, this pair of cameras may be the
vertically arranged cameras 108.2.2 and 108.2.4, or they
may be horizontally arranged internal/external cameras.
Microphones may be arranged in an array to facilitate
directional audio iput and noise cancellation, which

10

15

20

25

30

35

40

45

50

55

60

65

18

enhances the ability of the humanoid robot 1 to understand
and respond to verbal commands.

Displays imntegrated into the head 10.1 may serve as user
interfaces, providing visual feedback or conveying expres-
sions to 1mprove communication and user engagement.
Unlike the heads of conventional robots, the disclosed head
10.1 includes a main display 108.4 that 1s curved 1n at least
one direction and i1s positioned at an angle relative to a
sagittal plane. This curved design permits the inclusion of a
larger display with a greater surface area compared to a flat
screen, which increases the amount of information that can
be conveyed, such as robot status and sensor data. This
information 1s displayed using generic blocks or shapes
rather than anthropomorphic features like eyes or a mouth.
In addition to the main display 108.4, two side-facing
displays are included to show indicia such as the i1dentifi-
cation number/serial number, battery life, current task, any
safety indicia, and/or any other information associated with
the humanoid robot 1.

Further, an extent of the illumination assembly 1.2.10,
which comprises a plurality of light emaitters, 1s positioned
adjacent to an edge (e.g., lower) of the frontal shield 102.4.
These light emitters may be configured to function as
indicator lights to communicate the status of the robot 1 to
nearby humans—ior mstance, by emitting light that appears
to humans 1n different colors (e.g., yellow for working, green
for 1dle, red for an error state, or blue for thinking) or
illumination sequences—without relying on the main dis-
plays. This method of communication may be more power-
cilicient than displays, and may relay information more
rapidly.

Additionally, the head 10.1 may house: (1) other sensors,
such as gyroscopes and accelerometers, (11) heat manage-
ment systems (e.g., heat pipes, fans, etc.), (111) wireless
communication modules (e.g., 5G cellular, Wi-F1, Blu-
ctooth) and antennas. To maximize bandwidth and ensure
connectivity, a plurality of 5G cellular radios may be posi-
tioned 1n the torso 16 and wired through the neck to the
antennas 1n the head 10.1. The head and neck assembly 10
may also incorporate advanced materials and shock-absorb-
ing structures to protect the sensitive electronic components
housed within, which may improve the overall durability
and reliability of the humanoid robot 1.

The head and neck assembly 10 may include two primary
actuators: a head twist actuator (I18.1) 120, which 1s respon-
sible for enabling rotational movement of the head 10.1
about axis A, ,, which 1s a vertical (yaw) axis when the robot
1s 1n the neutral state, and a head nod actuator (18.2) 140,
which enables rotation of the head 10.1 about the axis A, ,
which 1s a horizontal axis when the robot 1s 1n the neutral
state. Together, these two actuators may provide two degrees
of freedom for the head 10.1, allowing 1t to perform move-
ments that emulate natural human head motions. The head
twist actuator (J8.1) 120 may be positioned within the head
and neck assembly 10, while the head nod actuator (18.2)
140 may be located at the base of the neck. This head twist
actuator (J8.1) 120 and head nod actuator (J8.2) 140 may
cach utilize a motor, a gear reduction system, and sensors or
encoders that are similar to the actuator types discussed
herein.

The head actuators, I8.1 and J8.2, may work 1n coordi-
nation to position the head 10.1 accurately, enabling the
humanoid robot 1 to track objects, focus on specific areas of
interest, or maintain eye contact during human-robot inter-
actions. The actuators may be controlled, in conjunction
with mput from wvisual and 1inertial sensors, to execute
smooth, human-like movements. For example, the head
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twist actuator (J8.1) 120 may rotate the head 10.1 to follow
a moving object, while the head nod actuator (J8.2) 140

adjusts the pitch to maintain an optimal viewing angle.

Variations of this design may include the addition of a
third actuator to provide roll motion, which would further
increase the range of movement of the head 10.1 to three
degrees of freedom (3-DoF) and could enable more expres-
stve head gestures, such as tilting the head sideways to
convey curiosity or empathy. Alternatively, for specialized
applications, the actuators (J8.1) and/or (J8.2) may be
replaced with compact linear actuators or parallel-link
mechanisms.

Additionally, variations of head 10.1 may include modu-
lar head designs that allow for the quick customization or
replacement of sensory and communication components.
These modular designs may facilitate easy upgrades or
modifications to the capabilities of the humanoid robot 1
without requiring extensive changes to the overall head and
neck assembly 10. Furthermore, advanced control algo-
rithms may be implemented to enable more natural, biomi-
metic head movements, potentially incorporating machine
learning techniques to adapt and refine the motion patterns

of the head 10.1 based on interaction data and environmental
feedback.

11. Torso

The torso assembly 16 1s a central component within the
humanoid robot 1, extending vertically between the waist
and the head and neck assembly 10, and horizontally
between the shoulders 26. The torso 16 i1s designed to
provide the robot 1 with a generally humanoid shape, offer
structural and operable support for the arm assemblies 5 and
the head and neck assembly 10, and house and protect
internal components, including the arm actuators (J1) 190
and an electronics assembly 1.2.6 housed at least partially
within the torso 16.

The electronics assembly 1.2.6 within the torso 16 con-
tains various interconnected components that are essential
for the operation of the robot 1, including the battery pack,
the compute module 1000 (which includes CPUs and
GPUs), a power distribution unit, and a charging system.
The components are strategically positioned to optimize
space and balance. The battery pack may be rearwardly
oflset, positioned 1n a rear section of the torso 16, while the
compute module 1000 1s placed 1n a forward section. This
spatial distribution helps to maintain a balanced posture,
allows for eflicient cooling, and maximizes the size and
power density of the battery pack. A cooling system may be
integrated between the battery pack and the compute module
1000 to manage their respective thermal loads. The elec-
tronics assembly 1.2.6 may be designed with modularity to
facilitate easier maintenance, repair, and upgrades. The
charging system may support both wired and wireless pro-
tocols. A wired system might use a docking station, while a
wireless system could utilize inductive charging, with coils
that may be embedded i a housing 1.2.2 and/or the feet 92.
The charging system may also include safety features such
as overcharge protection and temperature monitoring.

The torso 16 may have a total volume of more than 10
liters, preferably more than 15 liters, and most preferably
more than 20 liters. However, the torso 16 has a total volume
that 1s less than 40 liters and most preferably less than 30
liters. The torso 16 also has an uminterrupted 1nternal height
that 1s more than 250 mm, and 1s preferably near to 300 mm,
but 1s less than 350 mm. This substantial internal volume
may accommodate a battery pack that exceeds 2 liters,
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preferably more than 4 liters, and most preferably more than
6 liters 1n capacity. Consequently, the humanoid robot 1 may
incorporate a battery pack with a capacity exceeding 2.5
kWh, which may provide an operational runtime of over 3.5
hours under normal conditions, and preferably more than 4.5
hours, and most preferably more than 6 hours. In some
implementations, the torso 16 may adopt a quasi-trapezoidal
prism configuration, wherein its front surface 1s smaller than
its back surface, with angled side shrouds connecting these
two sections. This geometric design may enhance the range

of motion of the robot 1, particularly by improving its ability
to reach across 1ts own body.

111. Arm Assemblies

The arm assemblies include joints between the compo-
nents that may include interfaces, which are selected to
provide high torque transmission efliciency and precise
alignment, and may include components such as splined
shafts, polygon couplings, Oldham couplings, bellows cou-
plings, j1aw couplings, universal joints, magnetic couplings,
or flexure couplings. Additionally, the components of the
arm assembly may incorporate features such as hard-stops,
cooling channels, heat sinks, or other materials, structures,
components, or assemblies described herein. For example, a
heat pipe may extend from the end eflector to the lower
forearm. Furthermore, the wrist 50 may include a quick-
release mechanism that enables the interchange of diflerent
end-eflectors or tools. Moreover, the housing of each com-
ponent may be designed with internal reinforcement struc-
tures, and may be made from various matenals (e.g., metal
alloys or advanced materials like carbon-fiber-reinforced
polymers).

1v. End Eftector

As shown 1n FIGS. 6-8, each end eflector 56 of the robot
1 includes: (1) a palm 362, (11) a thumb assembly 564, (111)
at least one finger assembly 566a-d, (1v) a control assembly
contained 1n and/or coupled to the palm 562 that 1s config-
ured to control said thumb assembly 564 and said at least
one finger assembly (e.g., finger assemblies 566a-5664), and
(v) a cover or glove 561. The palm 562 1s designed to: (1)
encase and protect the control assembly and (11) secure the
finger assemblies 566a-5664 in at least one plane. The
thumb assembly 564 and finger assemblies 566a-566d arc
coupled to a frame of the palm 562 and are configured to
move relative to said palm 562. The cover 561 1s arranged
to cover or surround the palm 562, the thumb assembly 564,

and the finger assemblies 566a-d.

As shown 1 FIGS. 6-8, each finger assembly 566a-5664
contained in the end effector 56 includes (1) a motor assem-
bly, (11) a knuckle assembly 566.2, (i11) a proximal assembly
566.4, (1v) a medial assembly 566.6, and (v) a distal assem-
bly 566.8. The motor assembly may be a slotless BLDC
motor, a brushed DC motor, an AC induction motor, or any
other known motor that drives the movement of the finger
assembly 566a-566d between an open, uncurled, or neutral
state, a partially curled state, and a fully curled state. The
motor assembly may be positioned 1n the forearm, palm of
the hand, or within each finger. For example, each assembly
566.4, 566.6, 566.8 may be directly controlled with a motor
that 1s positioned within that assembly or an adjacent
assembly.

The knuckle assembly 566.2 1s positioned forward of the
palm 562 and i1s configured to allow the finger assembly
566a-566d to move from the open, uncurled, or neutral state
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to the tully curled state. The proximal assembly 566.4 1s
positioned between the knuckle assembly 566.2 and the
medial assembly 566.6 and 1s the first portion of the finger
assembly 566a-566d configured to move relative to a main
enclosure or palm 562 .4 of the end effector housing 562. The
medial assembly 566.6 1s positioned between the proximal

assembly 566.4 and the distal assembly 566.8 and 1s the
second portion of the finger assembly 566a-566d configured
to move relative to the palm 562.4. The distal assembly
566.8 1s positioned forward of the medial assembly 566.6
and 1s the third portion of the finger assembly 566a-5664
configured to move relative to the palm 562 .4.
Furthermore, each finger assembly 566a-566d houses at
least one sensor assembly 368, which 1s configured to
measure the forces or loads that are applied to or experi-
enced by the thumb assembly 564 and/or finger assemblies
566a-566d of the end eflector 56. The sensor assembly 568
may be located 1n or coupled to any one of: (1) the proximal
assembly 566.4, (11) the medial assembly 566.6, (i11) the
distal assembly 566.8 of each finger assembly 566a-5664,
(1v) the palm 562.4, and/or (v) a combination thereotf. For
ease ol reference and as shown in FIG. 11, the sensor
assembly 568 1s located 1n the distal assembly 566.8.

1. Distal Assembly

The distal assembly 566.8 of each finger assembly 566a-
5664 includes: (1) a distal housing assembly 566.8.2, (11) a
distal link assembly 566.8.4, and (111) a sensor assembly 568
as shown in FIGS. 24-27. The distal housing assembly
566.8.2 1s designed to protect and substantially encase the
other components of the distal assembly 566.8, such as the
sensor assembly 368. The distal link assembly 566.8.4 1s
included with and/or 1s itegrally formed with a base mem-
ber 566.8.2.2. The positional relationship between the com-
ponents of the distal assembly 566.8 that are shown 1n FIGS.
24-27 are listed 1n Table 1.

TABLE 1
Lower Upper Preferred Lower  Preferred Upper
Distance (mm) Bound Bound Bound Bound
D1 7.99 11.99 8.99 10.99
D2 0.54 0.80 0.60 0.74
D3 12.27 18.41 13.81 16.87
D4 0.20 0.30 0.23 0.28
D35 0.66 1.00 0.75 0.91

As shown 1n FIGS. 24-27, the distal housing assembly
566.8.2 includes: (1) a base member 566.8.2.2 and (i1) a
finger energy attenuation member 570.8 arranged over the
other components and the sensor assembly 568. In other
words, the sensor assembly 568 i1s positioned between the
base member 566.8.2.2 and the finger energy attenuation
member 570.8. It should also be understood that the sensor
assembly 3568 1s positioned 1n the distal housing assembly
566.8.2 and any sensor assembly 568 that 1s disclosed herein
may be used in connection with the disclosed housing
assembly 566.8.2, including the disclosed finger energy
attenuation member 570.8.

The finger energy attenuation member 570.8 1s coupled to
a portion of the sensor assembly 568 (e.g., force distributor
member 7568.6) as shown 1 FIGS. 41 and 43. In other
embodiments, the finger energy attenuation member 570.8
may be: (a) integrally formed with the sensor assembly 568,
(b) coupled to or integrally formed with the base member
566.8.2.2, and/or (¢) any combination thereof. The finger
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energy attenuation member 570.8 1s formed to complete an
exterior profile of the finger tip and 1s configured to receive
an external force and transfer at least a portion of the
received external force to the underlying sensor assembly
568. Distribution of said portion of the force to the sensor
assembly 568 1s due to the fact that the energy attenuation
member 570.8 absorbs or attenuates some of the force that
1s applied to the end eflector (e.g., distal assembly). The
amount of the force that 1s transferred to the sensor assembly
and/or the force absorbed by the finger energy attenuation
member 570.8 relates to the configuration of the energy
attenuation member 570.8, along with the force applied to
the end eflector. For example, a softer energy attenuation
member 570.8 may transfer less force to the sensor assembly
in comparison to a harder energy attenuation member 570.8.

The finger energy attenuation member 570.8 may include
a single region (see FIGS. 27 and 39) or a plurality of
regions (see FIGS. 40-43). For example, the finger energy
attenuation member 570.8 may have any number of regions
between 2 and 20. Each region may be defined by a change
(e.g., a statistically significant change, and not a minor
manufacturing tolerance change) of the properties of said
region. For example, a first region will have a first set of
properties, while a second region will have a second set of
properties that are different from the first set of properties.
These properties may include hardness, Young’s modulus,
compression set, indentation force deflection (IFD), tensile
strength, damping capacity, density, compression/deflection
ratios, shore durometer, Poisson’s ratio, and/or any other
known material and/or physical property. Based on the
above disclosure, a finger energy attenuation member 570.8
will not include a plurality of regions if 1ts properties are
consistent throughout the entire member.

If the finger energy attenuation member 570.8 includes
multiple regions, then said regions may be based on the fact
that diflerent materials were used 1n the construction of the
finger energy attenuation member 570.8. For example, the
finger energy attenuation member 570.8 may be fabricated
from a plurality (e.g., between 2 and 20) of materials. The
different materials may have different properties, including
densities, compression/deflection ratios, and/or shore
durometer. In one example (see FIGS. 40 and 41), the finger
energy attenuation member 570.8' has: (1) an interior region
570.8a and (1) an exterior region 370.85 that at least
partially surrounds the interior region 370.8a. The interior
region 570.8a¢ may include a first material that has a first
shore durometer, a first compression/detlection ratio, and/or
a {irst density, while the exterior region 570.8b6 may include
a second material with a second shore durometer, a second
compression/detlection ratio, and/or a second density. The
second shore durometer or second compression/deflection
ratio may be less than the first shore durometer or the first
compression/detlection ratio. In this way, the interior region
570.8a 1s harder, more firm, and/or does not compress as
casily as the exterior region 570.8b6. In an alternative
embodiment, the exterior region 570.86 may have greater
values associated with these variables 1n comparison to the
interior region 570.8a. Further, 1t should be understood that
the regions 570.8a, 570.80 may be integrally formed from
one another, wherein said properties of each region may be
changed by a change 1n the manufacturing process instead of
a change 1n the matenals that are used 1n connection with the
region.

In another embodiment, the finger energy attenuation
member 570.8" has: (1) an interior region 370.84, (11) an
exterior region 570.86, and (111) an intermediate region

570.8¢ as shown in FIGS. 42 and 43. The intermediate
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region 570.8c 1s located at least partially between the
exterior region 570.80 and the interior region 570.8a. The

intermediate region 570.8¢ may include a third material that
has a third shore durometer, a third compression/detlection
ratio, and/or a third density that 1s between the shore
durometers, the compression/deflection ratios, or densities
of the first and second materials. It should also be under-
stood that the entire finger energy attenuation member 570.8
may only include a single region that includes a substantially
equal shore durometer, compression/detlection ratio,
Young’s modulus, compression set, indentation force deflec-
tion (IFD), tensile strength, damping capacity, density, and/
or Poisson’s ratio, as shown 1n FIG. 39.

The borders between the regions and/or the shape of each
region may be selected by the designer. For example, FIGS.
40-43 show regions that include an inner region with a
curvilinear extent, while the outer region may also have a
curvilinear extent. In some configurations, the interior
region has an outer surface that includes a curvilinear extent
or a curvilinear outside surface. In other embodiments, only
the outer region may have a curvilinear extent. Further, the
inner region may have multiple other shaped extents includ-
ing linear. Also, the outer region may have an outer surface
570.8.2 that mimics the shape of a human finger tip and
includes a plurality of and/or a pattern of ridges/projections
and grooves 570.8.4. The ridges and grooves 570.8.4 may be
configured to aid 1n the detection of different textures due to
the ability to detect vibrations (wherein said vibrations may
be transferred to the sensor assembly 568) when moving the
finger energy attenuation member 570.8 across the surface 1t
1s 1n contact with. Additionally, the ridges and grooves
570.8.4 may also aid 1n picking up small objects because the
ridges may be able to deform into the grooves 570.8.4.
Finally, the ridges and grooves 570.8.4 may cover a small
area of the finger energy attenuation member 570.8 or at
least a majority of the outside surface of the energy attenu-
ation member.

The finger energy attenuation member 570.8 and/or the
regions thereol can be made from or include a wide variety
of matenals, including: (1) polymers (e.g., polyethylene
foam (PE Foam), ethylene vinyl acetate (EVA) foam, poly-
urethane foam (including Memory Foam and Open-cell
Polyurethane Foam), polyimide foam, polyvinyl chloride
(PVC) foam, expanded polypropylene (EPP) foam, cross-
linked polyethylene foam (XLPE), polyethylene terephtha-
late (PE'T) Foam), (11) rubber foams (e.g., neoprene foam,
silicone rubber foam, nitrile butadiene rubber (NBR) foam,
cthylene propylene diene monomer (EPDM) foam, vinyl
nitrile foam, thermoplastic elastomer (TPE) foam, elasto-
meric foam), (111) natural foams, (1v) engineered foams (e.g.,
microcellular urethane (MCU) foam, reticulated polyure-
thane foam, melamine foam, convoluted foam), (v) com-
posite and hybrid materials (e.g., multi-layered toams, fiber-
glass foam composites, metalized foam composites), (vi)
expanded polystyrene (EPS), (vi1) expanded polypropylene
(EPP), (vi1) Koroyd®, (1x) D30®, (x) Poron® XRD, (x1)
thermoplastic elastomers (TPE), (x11) thermoplastic polyure-
thane (TPU), (xu1) any other known plastics, (x1v) any
combination of the above, and/or (xv) any other material
known to one of skill in the art.

a. Tactile Sensor Assemblies

FIGS. 12-38 show various embodiments of tactile sensor
assemblies 568, 1568, 2568, 3568, 4568, 5568, 6568, 7568,
8568, 9568 for the end eftector 56 of the humanoid robot 1.
The tactile sensor assembly 568, 1568, 2568, 3568, 4568,
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5568, 6568, 7568, 8568, 9568 1s configured to measure a
force or load experienced by and/or applied to the end
cllector (e.g., finger assemblies 366a-5664) using a sensor.
Said sensor may include or be a strain gauge or arrays of
strain gauges. The strain gauges are designed to measure
strain, which may be used to determine the force, stress,
torque, pressure, deflection, etc. of a force or load experi-
enced by and/or applied to the finger assemblies 566a-5664.
The feedback provided by these tactile sensor assemblies
568, 1568, 2568, 3568, 4568, 5568, 6568, 7568, 8568, 9568
embedded 1n, coupled to, and/or integrally formed with the
end eflector (e.g., finger assemblies 566a-5664) can be
combined with data from the encoders, torque sensors
and/or other sensors that are positioned adjacent to or
configured to obtain information from each joint. Said
combination of feedback, data, and/or information can be
used to control the actuation of the finger assemblies 566a-
5664, thereby enabling robot 1 to perform complex manipu-
lations that require delicate touch.

While the tactile sensor assemblies 568, 1568, 2568,
3568, 4568, 5568, 6568, 7568, 8568, 9568 arc primarily
shown as embedded i1n the distal assembly 566.8 of the
finger assemblies 566a-566d, it should be understood that:
(1) the tactile sensor assemblies may be positioned at any
location 1 the end eflector (e.g., palm), wrist, foot, or
another end eflector, (11) they may not be embedded 1n the
assembly; 1nstead, they may be integrally formed therewith
or directly secured to an outer extent of said assembly, (i11)
they may be formed 1n a layer or external covering (e.g.,
cover 561) that 1s positioned on top of or over said assembly,
and/or (1v) a combination of any one of the described options
may be used. Examples of possible combinations include: (1)
a portion of the tactile sensor assembly positioned in the
cover and a portion of the tactile sensor assembly embedded
within the end eflector, (11) a portion of the tactile sensor
assembly secured to the exterior of the housing of said end
cllector and a portion of the tactile sensor assembly embed-
ded within the end efector, (111) a portion of the tactile sensor
assembly positioned in the cover, a portion of the tactile
sensor assembly secured to the exterior of the housing of
said end eflector, and a portion of the tactile sensor assembly
embedded within the end eflector, (1v) a portion of the tactile
sensor assembly positioned 1n the cover, a portion of the
tactile sensor assembly integrally formed with the exterior of
the housing of said end ellector, and a portion of the tactile
sensor assembly embedded within the end eflector, and/or
(v) any combination or hybrid thereof.

1. Single Strain Gauge

FIGS. 11 and 12 illustrate an embodiment of a tactile
sensor assembly 568 configured to measure a single normal
force experienced on the respective finger assembly 566a-
566d. The sensor assembly 568 includes a single strain
gauge 368.2. In the illustrative embodiment, The single
strain gauge 568.2 1s coupled directly to the base member
566.8.2.2 of the distal housing assembly 566.8.2 or a part
that 1s secured to said base member 566.8.2.2. It should be
understood that this tactile sensor assembly may use any
components, aspect, and/or technology that 1s disclosed
above or below in whole or 1n part.

2. Strain Gauge Array

FIGS. 15 and 16 illustrate a third embodiment of a tactile
sensor assembly 2568 configured to measure an array of
normal forces experienced on the respective finger assembly
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566a-566d. The sensor assembly 2568 includes: (1) a mount
member 2568.4 and (11) an array of strain gauges 2568.2.2,
2568.2.4, 2568.2.6 cach coupled to one of the linear arms
2568.4.2,2568.4.4, 2568.4.6 included on the mount member
2568.4. The mount member 2568.4 1s coupled to the base
member 566.8.2.2 of the distal assembly 566.8 and has three
linear arms 2568.4.2, 2568.4.4, 2568.4.6 positioned around
a centroid C as shown 1n FIG. 16.

Each strain gauge 2568.2.2, 2568.2.4, 2568.2.6 1s coupled
to one of the linear arms 2568.4.2, 2568.4.4, 2568.4.6 of the

mount member 2568.4. In some embodiments, the mount
member 2568.4 may be a printed circuit board and the linear

arms 2568.4.2, 2568.4.4, 2568.4.6 arc portions of the printed
circuit board. The linear arms 2568.4.2, 2568.4.4, 2568.4.6

are configured to bend or deflect when acted on 1n a vertical
direction and the strain gauges 2568.2.2, 2568.2.4, 2568.2.6
measure the strain 1n each linear arm 2568.4.2, 2568.4 4,
2568.4.6. It should be understood that this tactile sensor
assembly may use any components, aspect, and/or technol-
ogy that 1s disclosed above or below 1n whole or in part.

3. L-Shaped Strain Gauge

FIGS. 13 and 14 illustrate a second embodiment of a
tactile sensor assembly 1568 configured to measure a single

triaxial force experienced on the respective finger assembly
566a-566d. The sensor assembly 1568 includes: (1) a mount

member 1568.4 and (11) at least three strain gauges 1568.2.2,
1568.2.4, 1568.2.6 coupled to the mount member 1568 .4
included in the sensor assembly 1568. The mount member
1568.4 1s coupled to the base member 566.8.2.2 of the distal
assembly 566.8 and has an L-shape as shown in FIG. 14.
Each strain gauge 1568.2.2, 1568.2.4, 1568.2.6 1s coupled
to a different section/surface of the mount member 1568.4 to
measure the strain 1n the three different axes to determine the
triaxial force experienced on the respective finger assembly
566a-566d. It should be understood that this tactile sensor
assembly may use any components, aspect, and/or technol-
ogy that 1s disclosed above or below 1n whole or 1n part.

4. L-Shaped Strain Gauge Array

FIGS. 20 and 21 1llustrate a sixth embodiment of a tactile
sensor assembly 53568 configured to measure an array of

triaxial forces experienced on the respective finger assembly
566a-566d. The tactile sensor assembly 5568 includes: (1) a

plurality of mount members 5568.4a, 3568.4b, 5568.4¢ and
(1) a plurality of strain gauges 5568.2.2, 5568.2.4, 5568.2.6
coupled to each mount member 5568.4a, 3568.4b, 5568.4¢.
Each mount member 5568.4a, 5568.45, 5568.4c¢ has an
L-shape like the embodiment in FIGS. 13 and 14. The mount
members 5568.4a, 5568.4b, 5568.4¢ are coupled to the
distal assembly 566.8 and are spaced apart around a centroid

C.

The strain gauges 5568.2.2, 5568.2.4, 5568.2.6 on cach
mount member 5568.4a, 5568.4bH, 53568.4¢ are coupled to a
different section/surface of the respective mount member
5568 .4a, 5568.45, 5568.4¢ to measure the strain in the three
different axes to determine the triaxial forces experienced on
the respective finger assembly 366a-5664. It should be
understood that this tactile sensor assembly may use any
components, aspect, and/or technology that i1s disclosed
above or below in whole or 1n part.

5. Strain Gauge Bridge

This Application includes at least five embodiments of
tactile sensor assemblies that include bridges, wherein said
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strain gauges are mounted on, formed on, coupled to, or
integrally formed with said bridges. It should be understood
that each of these sensor assemblies may use any compo-
nents, aspect, and/or technology that 1s disclosed above 1n
whole or 1n part.

a. Fourth Embodiment

FIGS. 17 and 18 illustrate a fourth embodiment of a tactile
sensor assembly 3568 configured to measure an array of
triaxial forces or a load experienced by and/or applied to the
respective finger assembly 566a-5664d. The sensor assembly
3568 includes: (1) a bridge, spring bridge, or mount member
3568.4 and (1) a plurality of strain gauges 3568.2.2,
3568.2.4, 3568.2.6, 3568.2.8 coupled to the bridge 3568.4.
As shown 1n FIG. 18, the bridge 3568.4 has a rectangular
shape and the sensor assembly 3568 has four strain gauges
3568.2.2, 3568.2.4, 3568.2.6, 3568.2.8 at the four corners of
the bridge 3568.4. In some embodiments, three strain gauges
may be used 1nstead of four. In other embodiments, less than
three strain gauges may be used.

b. Fifth Embodiment

FIG. 19 1llustrates a fifth embodiment of a tactile sensor
assembly 4568 configured to measure an array of triaxial
forces or a load experienced by and/or applied to the
respective finger assembly 566a-5664d. The sensor assembly

4568 includes a mount member or bridge 4568.4 and a
plurality of strain gauges 4568.2.2, 4568.2.4, 4568.2.6,

4568.2.8 coupled to the bridge 4568.4 like in the embodi-
ment of FIGS. 17 and 18. A strain gauge 4568.2.2, 4568.2 4,
4568.2.6, 4568.2.8 15 positioned at each corner of the bridge
4568.4 so the force at each corner may be measured and used
to determine a centroid of the force. As shown 1n FIG. 19,
the bridge 4568.4 has a different shape compared to the
bridge 1n the embodiment of FIGS. 17 and 18. The bridge
4568.4 has: (1) a center post 4568.4.10 and (11) four arms
4568.4.2, 4568.4.4, 4568.4.6, 4568.4.8 that extend outward
from a center point C of the center post 4568.4.10 and are
angled relative to each other. In some embodiments, the
bridge 4568.4 may have a different number of mount arms.

The bridge 3568.4, 4568.4 may have any suitable shape to
enable a plurality of strain gauges to be mounted thereto
(e.g. rectangular, triangular, circular, oval, square, pentago-
nal, hexagonal, octagonal, trapezoidal, rhombus, parallelo-
gram, ellipsoid, crescent, star-shaped, heart-shaped, dia-
mond-shaped, heptagonal, decagonal, semicircular, sphere,
cylinder, cone, pyramid, torus, dodecagon, scalene triangle,
1sosceles triangle, equilateral triangle, oblong, kite-shaped.,
and prism-shaped, etc.).

c. Seventh Embodiment

FIGS. 22 and 23 illustrate a seventh embodiment of a
tactile sensor assembly 6568 configured to measure an array
of triaxial forces or a load experienced by and/or applied to

the respective finger assembly 566a-566d. The tactile sensor
assembly 6568 includes: (1) a circular bridge 6568.4 and (11)
a plurality of strain gauges 6568.2.2, 6568.2.4, 6568.2.6,
6568.2.8 coupled to the bridge 6568.4 such that the strain
gauges are spaced apart around a centroid C. It should be
understood that this tactile sensor assembly 6568 may use
any components, aspect, and/or technology that 1s disclosed
above or below in whole or 1n part.

d. Eighth Embodiment

FIGS. 24-33 illustrate an eighth embodiment of a tactile
sensor assembly 7568. The tactile sensor assembly 7568
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includes: (1) a bridge 7568.4 and (11) a plurality of strain
gauges 7568.2.2, 7568.2.4, 7568.2.6 coupled to the bridge

7568.4 such that the strain gauges are equally spaced apart
about a centroid C. The bridge 7568.4 has a base section
7568.4.10 that 1s coupled to the base member 566.8.2.2 of

the distal assembly 566.8 and a plurality of flexure arms

7568.4.2, 7568.4.4, 7568.4.6 that extend upward and away
from the base section 7568.4.10 at locations around the

centroid C as shown in FIGS. 28 and 32. In the illustrative

embodiment, the bridge 7568.4 includes three flexure arms
7568.4.2, 7568.4.4, 7568.4.6, wherein a first flexure arm

7568.4.2 extends 1n a {first direction from the centroid C of
the base 7568.4.10, a second flexure arm 7568.4.4 extends
in a second direction opposite the first direction parallel to
and away from the first flexure arm 7568.4.2, and a third
flexure arm 7568.4.6 extends 1n the second direction away
from the first tflexure arm 7568.4.2 and parallel to both the

first flexure arm 7568.4.2 and the second flexure arm
7568.4.4. Each strain gauge 7568.2.2, 7568.2.4, 7568.2.6 1s
coupled to one of the flexure arms 7568.4.2, 7568.4.4,
7568.4.6 of the bridge 7568 .4.

Each flexure arm 7568.4.2, 7568.4.4, 7568.4.6 1s spaced
apart from the adjacent flexure arms 7568.4.2, 7568.4.4,
7568.4.6. Additionally, each flexure arm 7568.4.2, 7568 .4 4,
7568.4.6 has: (1) a sloped section 7568.4.2S and (11) a load
section 7568.4.2L as shown 1 FIGS. 31 and 33. The sloped
section 7568.4.2S extends upward and outward away from
the base section 7568.4.10 at a first non-zero angle
7568.4.2A (e.g., between 1 degree and 60 degrees, prefer-
ably near 45 degrees) relative to the base section 7568.4.10.
The first non-zero angle 7568.4.2A i1s measured as an
interior angle between a dominant plane (P.) of the base
section 7568.4.10 and a dominant plane (P..) of the sloped
section 7568.4.2S5. In other embodiments, the sloped section
7568.4.2S may extend downward and outward away from
the base section 7568.4.10 at the first non-zero angle (e.g.,
between 1 degree and 60 degrees, preferably near 45
degrees) relative to the base section 7568.4.10.

The load section 7568.4.2L extends from the sloped
section 7568.4.2S at a second non-zero angle 7568.4.2B
from the sloped section 7568.4.2S. In one embodiment, the
load section 7568.4.2L extends such that 1ts contact surface
7568.4.2.6 1s substantially parallel to the base section
7568.4.10. The second non-zero angle 7568.4.2B 1s mea-
sured as an interior angle between the dominant plane (P..)
of the sloped section 7568.4.25 and a dominant plane (P, )
of the load section 7568.4.2L.. The dominant plane (P;) of
the base section 7568.4.10 1s parallel with an outer surface
7568.4.10.2 of the base section 7568.4.10, the dominant
plane (P..) of the sloped section 7568.4.2S is parallel with
an outer surface 7568.4.2.2 and inner surface 7568.4.2.4 of
the sloped section 7568.4.25, and the dominant plane (P; )
of the load section 7568.4.2L 1s parallel with an outer or
contact surtace 7568.4.2.6 of the load section 7568.4.21 as
shown 1n FIG. 33. The base section, sloped section, and load
section may all be substantially planar structures.

The load sections of all three flexure arms may be
substantially arranged in a planar circle. Each first non-zero
angle may be measured between an outer surface of the base
and an outer surface of the sloped section of the respective
flexure arm, wherein the outer surface of the sloped section
extends from the outer surface of the base. Each second
non-zero angle may be measured between the outer surface
of the respective flexure arm and a contact surface of the
respective load section that extends from the outer surface of
the respective flexure arm. When acted on vertically, the
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flexure arms 7568.4.2, 7568.4.4, 7568.4.6 deflect or bend
relative to the base section 7568.4.10.

Each flexure arm 7568.4.2, 7568.4.4, 7568.4.6 1s made
from a semi-deformable material, whose deformation 1s
well-known over a wide range of environmental conditions
(e.g., temperature). For example, the flexure arms 7568.4.2,
7568.4.4, 7568.4.6 may be made from constantan, karma,
1soelastic alloys, beryllium copper, nichrome, platinum-
tungsten alloys, silicon, germanium, polyimide, epoxy-phe-
nolic resins, cyanoacrylate, epoxy, manganin, or copper.
Theretore, each flexure arm 7568.4.2, 7568.4.4, 7568.4.6 1s
configured to repeatably deform a known amount 1n
response to a known force applied normal to the load section
7568.4.2L1 of the respective flexure arm 7568.4.2, 7568.4 .4,
7568.4.6 and return to a non-deformed state when the known
force 1s removed. It should be understood that the flexure
arms 7568.4.2, 7568.4.4, and 7568.4.6 may not be substan-
tially deformable and instead may be slightly deformable
grven 30-45 PSI.

For each flexure arm of the three flexure arms, a separate
strain gauge 7568.2.2, 7568.2.4, 7568.2.6 15 coupled to the

sloped section 7568.4.25 of the respective flexure arm
7568.4.2, 7568.4.4, 7568.4.6 as shown in FIGS. 31 and 33.
One or more of the strain gauges 73568.2.2, 7568.2.4,
7568.2.6 may be screen printed onto the sloped section
7568.4.2S of the respective flexure arm. As shown in FIGS.
31-33, the sensor assembly 7568 only includes strain gauges
7568.2.2, 7568.2.4, 7568.2.6 on one side of the respective
flexure arm 7568.4.2, 7568.4.4, 7568.4.6. Each strain gauge
7568.2.2, 7568.2.4, 7568.2.6 1s coupled to the outer surface
7568.4.2.2 of the sloped section 7568.4.2S 1n the illustrative
embodiment. In other embodiments, the sensor assembly
7568 may have upper and lower strain gauges on each

flexure arm 7568.4.2, 7568.4.4, 7568.4.6 as discussed in
turther detail below.

As shown 1 FIGS. 31-33, the plurality of strain gauges
7568.2.2, 7568.2.4, 7568.2.6 arc T-Rosette strain gauges.
When an external force i1s applied normal to the contact
surface of the load section 7568.4.21. of the respective
flexure arm 7568.4.2, the respective strain gauge 7568.2.2,
7568.2.4, 7568.2.6 15 subject to a tensile force T. In other
embodiments, the plurality of strain gauges 7568.2.2,
7568.2.4, 7568.2.6 may be linear strain gauges, any other
strain gauge, and/or include any strain gauge technology
disclosed herein.

As shown 1n FIGS. 25 and 27, the end eflector and sensor
assembly 7568 may further comprise a force distributor
member 7568.6. The force distributor member 7568.6 1s
configured to receive a force from the energy attenuation
member 570.8 and distribute the received force to only the
flexure arms 7568.4.2, 7568.4.4, 7568.4.6, while preventing
overloading of the stramn gauges 73568.2.2, 7568.2.4,
7568.2.6. To do this, the force distributor member 7568.6
overlies and 1s coupled to an extent of the bridge 7568.4,
while underlying the finger energy attenuation member
570.8 of the distal housing assembly 566.8.2. Specifically,
the force distributor member 7568.6 1s engaged with the
contact surface of the load sections 7568.4.2L of the flexure
arms 7568.4.2, 7568.4.4, 7568.4.6 to distribute the force
thereto.

The force distributor member 7568.6 1s configured to
move towards the base section of the bridge, while causing
deformation or tlexing of one or more of the flexure arms
7568.4.2, 7568.4.4, 7568.4.6 1n response to a force applied
to the force distributor member 7568.6. The movement of
the force distributor member 7568.6 1s limited to a pre-
determined amount of movement towards each of the flexure
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arms 7568.4.2, 7568.4.4, 7568.4.6 via a physical hard stop
(1.e., the base member 566.8.2.2 of the distal housing
assembly 566.8.2). A gap exists between an extent of the
housing and the force distributor member, and this gap 1s
closed when a suflicient force 1s applied, at which point the
extent acts as the physical hard stop preventing further
movement of the force distributor member. The tolerances,
or gaps G1, G2, between the force distributor member and
an extent of the distal housing assembly (e.g., the base
member 566.8.2.2) prevent overloading of the strain gauges
7568.2.2, 7568.2.4, 7568.2.6 by limiting the deflection or
bending of the flexure arms.

The force distributor member 7568.6 has (1) a distributor
base 7568.6.2, (1) an extension flange 7568.6.4, and (111)
location tabs 7568.6.6 as shown 1n FIGS. 25 and 27. The
distributor base 7568.6.2 extends over the bridge 7568.4.
The extension flange 7568.6.4 extends upward and away

from the distributor base 7568.6.2 at an angle relative to the
distributor base 7568.6.2. The location tabs 7568.6.6 engage

the load sections 7568.4.21. of the flexure arms 7568.4.2,
7568.4.4, 7568.4.6 to position the force distribution member
7568.6 1n the desired position. In other embodiments, the
force distributor member 7568.6 may be omitted or inte-
grally formed with the base member 566.8.2.2 and/or the
distal housing assembly 566.8.2.

The energy attenuation member may be made from or
include an elastic or compliant matenial (e.g., silicone rub-
ber, thermoplastic elastomers (TPE), polyurethane elasto-
mers, nitrile rubber (NBR), ethylene propylene diene mono-
mer (EPDM) rubber, latex rubber, thermoplastic
polyurethane (TPU), hydrogels, dielectric elastomers, liquid
crystal elastomers (LCEs), shape memory alloys (SMA),
polyethylene and polypropylene elastomers, conductive
clastomers, elastomeric foams, biodegradable elastomers
(e.g., PLA blends), liquid metal alloys (e.g., gallium-based
alloys), carbon fiber-reinforced elastomers, gel materials,
and smart materials like magnetorheological elastomers, or
plastics or polymers), while the force distributor member
7568.6 1s made of a rigid material (e.g., aluminum alloys,
stainless steel, titantum alloys, carbon fiber composites,
fiberglass, polycarbonate, ABS plastic, PEEK (polyether
cther ketone), PETG (polyethylene terephthalate glycol),
nylon (polyamide), high-density polyethylene (HDPE),
PVC (polyvinyl chloride), acrylic (PMMA), glass-filled
nylon, magnesium alloys, ceramics, composite laminates,
and/or other metals, plastics, or polymers).

As shown in FIGS. 27-28, the sensor assembly 7568
turther includes an electronics assembly 7568.8. The elec-
tronics assembly 7568.8 1s communicatively coupled to the
strain gauges 7568.2.2, 7568.2.4, 7568.2.6 as shown in FIG.
28. The electronics assembly 7568.8 1s configured to process
data received from each strain gauge 7568.2.2, 7568.2.4,
7568.2.6. More specifically, the electronics assembly
7568.8, which may include amplifiers, analog-to-digital
converters, and a microcontroller, 1s configured to: (1)
receive signals from each strain gauge 7568.2.2, 7568.2 .4,
7568.2.6 as 1mput, (11) process the received data or signals,
and (111) output processed data or information based on the
received signals. The strain gauges can also indirectly detect
a shearing force that 1s applied to the energy attenuation
member. A lateral or shear force on the fingertip produces a
differential loading pattern across the three flexure arms, and
the electronics assembly can process this diflerential signal
to calculate the magmitude and direction of the shear force.

The electronics assembly 7568.8 of the sensor assembly
7568 includes a printed circuit board 7568.8.2 located (1)

between the bridge 7568.4 and the force distributor member
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7568.6 and (11) at least partially between the three flexure
arms 7568.4.2, 7568.4.4, 7568.4.6 as shown in FIG. 28. In
this way, a single fastener 566.8.8 may be used to couple the
clectronics assembly 7568.8 and the bridge 7568.4, with the
strain gauges 7568.2.2, 7568.2.4, 7568.2.6 coupled thereto,
to the base member 566.8.2.2 of the distal housing assembly
566.8.2. The fastener 566.8.8 would extend through the base
member 566.8.2.2 of the distal housing assembly 566.8.2
(1.e. the finger nail side) allowing for fast, easy removal. In
some cases, this arrangement may allow for hot swapping of
the components (1.e. adding or removing components to the
assembly while the system 1s still powered on). For example,
the sensor assembly 7568 (or any sensor assembly described
herein) may include any type of known connector that
allows for hot swapping, which includes magnetic spring-
loaded pogo pin connectors, snap-fit with flat contacts,
twist-lock circular connectors, flexible PCB/flat-flex cable
connectors, and/or optical/electromagnetic inductive cou-
plers.

e. Ninth Embodiment

FIGS. 34-36 illustrate a ninth embodiment of a tactile
sensor assembly 8568. Similar to the embodiment of FIGS.
24-33, the tactile sensor assembly 8568 includes: (1) a bridge
8568.4 and (1) a plurality of strain gauges 83568.2.2U,
8568.2.21., 8568.2.4U, 8568.2.4L, 8568.2.6U, 8568.2.6L.
coupled to flexure arms 8568.4.2, 8568.4.4, 8568.4.6 of the
bridge 8568.4 such that the strain gauges are spaced apart
around a centroid C. However, for each flexure arm of the

three flexure arms, the sensor assembly 8568 1ncludes upper
and lower strain gauges 8568.2.2U, 8568.2.2L., 8568.2.4U,

8568.2.4L., 8568.2.6U, 8568.2.6L. on each flexure arm
8568.4.2, 8568.4.4, 8568.4.6. In particular, the disclosed
tactile sensor assembly 8568 includes a plurality of T-Ro-
sette strain gauges 8568.2.2U, 8568.2.4U, 8568.2.6U and a
plurality of shear-strain gauges 8568.2.21., 8568.2.4L,
8568.2.61.. The lateral force on the flexure arms 8568.4.2,
8568.4.4, 8568.4.6 1s measured by the lower strain gauges
8568.2.21, 8568.2.4L, 8568.2.6L.

The bridge 8568.4 of the sensor assembly 8568 1s sub-
stantially similar to the bridge 7568.4 in FIGS. 28-32. The
bridge 8568.4 has: (1) a base section 8568.4.10 and a
plurality of flexure arms 8568.4.2, 8568.4.4, 8568.4.6, 1llus-
tratively three flexure arms, that extend upward and away
from the base section 8568.4.10 at circumierential locations
around the centroid C. Each flexure arm 8568.4.2, 8568.4 4,
8568.4.6 has: (1) a sloped section 8568.4.25 and (1) a load
section 8568.4.2L. as shown i1n FIG. 32. When acted on
vertically, the flexure arms 8568.4.2, 8568.4.4, 8568.4.6
deflect or bend relative to the base 8568.4.10.

Each strain gauge 8568.2.2U, 83568.2.21., 8568.2.4U,
8568.2.41., 8568.2.6U, 8568.2.6L 1s coupled to the sloped
section 8568.4.2S of the respective flexure arm 8568.4.2,
8568.4.4, 8568.4.6 as shown in FIG. 36. The upper strain
gauge 8568.2.2U, 8568.2.4U, 8568.2.6U 1s coupled an outer
surface 8568.4.2.2 of the respective flexure arm 8568.4.2,
8568.4.4, 8568.4.6 and the lower strain gauge 8568.2.2L,
8568.2.41., 8568.2.6L. 1s coupled to an 1inner surface
8568.4.2.4 of the flexure arm 8568.4.2 opposite the outer
surface 8568.4.2.2 so that the upper and lower strain gauges
are aligned but on opposite sides of the flexure arm. When
an external force 1s applied normal to a contact surface of the

load section 8568.4.21. of the respective flexure arm
8568.4.2, 856844, 8568.4.6, the upper stramn gauge

8568.2.2U, 8568.2.4U, 8568.2.6U 1s subject to a tensile
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torce T, while the lower strain gauge 8568.2.21., 8568.2.4L,
8568.2.6L 1s subject to a compressive force C_, to measure

the bending strain.

f. Tenth Embodiment

FIGS. 37 and 38 show a tenth embodiment of a tactile
sensor assembly 9568. Similar to the embodiment of FIGS.
24-33, the tactile sensor assembly 9568 includes: (1) a bridge
9568.4 and (1) a plurality of strain gauges 9568.2.2U,
9568.2.2L, 9568.2.4U, 9568.2.4L., 9568.2.6U, 9568.2.6L,
9568.2.8U, 9568.2.8L, 9568.2.10U, 9568.2.10L,
9568.2.12U, 9568.2.12L coupled to flexure arms 9568.4.2,
9568.4.4, 9568.4.6 of the bridge 9568.4 such that the strain
gauges are spaced apart around a centroid C. The top side of
the sensor assembly 9568 1s 1dentical to the bottom side such
that two strain gauges are coupled to an outer surface
9568.4.2.2 of each flexure arm 9568.4.2, 9568.4.4, 9568 4.6
and two strain gauges are coupled to an inner surface
0568.4.2 4 of each flexure arm 9568.4.2, 9568.4.4, 9568.4.6
opposite the outer surface 9568.4.2.2 as shown in FIGS. 37
and 38. However, unlike the embodiment 1n FIGS. 24-33,
the sensor assembly 9568 turther includes: (1) a plurality of
linear strain gauges and (11) a plurality of shear strain gauges.
The lateral force on the flexure arm 1s measured by the
shear-strain gauges.

However, unlike the embodiment 1n FIGS. 28-30, the
sensor assembly 9568 further includes: (1) a plurality of
linear strain gauges 9568.2.2U, 9568.2.2L, 9568.2.4U,
9568.2.41.,9568.2.6U, 9568.2.6L., and (1) a plurality of
shear strain gauges 9568.2.8U, 9568.2.8L, 9568.2.10U,
9568.2.100L.,9568.2.12U, 9568.2.12L as shown in FIGS. 37
and 38. The lateral force on the flexure arms 9568.4.2,
9568.4.4, 9568.4.6 1s measured by the shear-strain gauges
9568.2.8U, 9568.2.8L, 9568.2.10U, 9568.2.10L,
9568.2.12U, 9568.2.12L.

The bridge 9568.4 of the sensor assembly 9568 1s sub-
stantially similar to the bridges 7568.4 and 8568.4 1n FIGS.
28-36. The bridge 9568.4 has: (1) a base section 9568.4.10
and (11) a plurality of flexure arms 9568.4.2, 9568.4.4,
9568.4.6, 1illustratively three flexure arms, that extend
upward and away from the base section 9568.4.10 at cir-
cumierential locations around the centroid C. Each flexure
arm 9568.4.2, 9568.4.4, 9568.4.6 has: (1) a sloped section
9568.4.2S and (11) a load section 9568.4.2L. as shown 1n FIG.
38. When acted on vertically, the flexure arms 9568.4.2,
0568.4.4, 9568.4.6 deflect or bend relative to the base
section 9568.4.10. Each strain gauge 9568.2.2, 9568.2 4,

9568.2.6 1s coupled to the sloped section of the respective
flexure arm 9568.4.2, 9568.4.4, 9568.4.6.

6. Strain Gauges

Any of the following tactile sensor assemblies 568, 1568,
2568, 3568, 4568, 5568, 6568, 7568, 8568, 9568 may
include any type of strain gauge including: (1) linear strain
gauges, (11) double linear strain gauges, (111) shear or tor-
sional strain gauges, (1v) rosette strain gauges (1T (or Tee)
shaped, rectangular shaped, delta shaped, stacked), (v) dia-
phragm strain gauges, (v1) biaxial strain gauges, (vii1) bi-
directional strain gauges, (vii) stacked strain gauges, (1x)
cross strain gauges, (x) double shear, (x1) circular, (x11) any
hybrid or combination thereof, and/or (x111) any other suit-
able strain gauge type that 1s known to one of skill 1n the art.
The strain gauges may be arranged in different configura-
tions including: (1) quarter-bridge configurations, (11) hali-
bridge configurations, and/or (111) full-bridge configurations.
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The strain gauges may also be foil strain gauges, semi-
conductor strain gauges, thin-film strain gauges, ik based
strain gauges, thick-film strain gauges, optical, nanocom-
posite, and/or any combination or hybrid thereof. Further,
the strain gauges may be directly integrated into the hous-
ings (interior or exterior), coupled to said housings (interior
or exterior) after the housing 1s manufactured, coupled to
another structure (e.g., bridge, spring, etc.) positioned within
the housing, integrated into or coupled to the motor or motor
housing, positioned between housings, and/or any other
known configuration or combination thereof. The foi1l strain
gauges may be made from or include: (1) foils that may be
or may include constantan (copper-nickel alloy) karma
(nickel-chromium alloy) 1soelastic (nickel-iron alloy)
evanohm (nickel-chromium alloy) michrome v (nickel-chro-
mium alloy), and (11) a carrier that may be or may include
polyimide film, epoxy or phenolic resin, glass-fiber rein-
forced epoxy, ceramic backing, and/or polyurethane.
Finally, the strain gauges may be any gauge that meets, uses,
and/or was tested with at least one of the following stan-
dards: ASTM E251-13(2018), Standard Test Methods for
Performance Characteristics of Metallic Bonded Resistance
Strain Gages, ASTM International, ISO 376:2011, Metallic
maternals Calibration of force-proving instruments used for
the verification of umaxial testing machines, ISO 9513;
2012, Metallic matenials Calibration of extensometer sys-
tems used 1in umaxial testing, VDI/VDE 2635 Blatt 2,
Experimental structural analysis—Recommendation on the
implementation of strain measurements at high tempera-
tures, IEC 61298-3:1998, Process measurement and control
devices—General methods and procedures for evaluating
performance—Part 3: Tests for the eflects of influence
quantities, DIN 51301, which 1s hereby incorporated by
reference for all purposes. The strain gauges may be used in
combination with other sensors 1n the sensing assembly or at
alternate locations in the robot. Other sensors or technology
that may replace or be added to the tactile sensor assembles
are discussed below.

7. Alternative Embodiments

It should be understood that other sensors and/or tech-
nology may be used instead of or in combination with the
sensor assemblies discussed above. Other strain gauge tech-
nology that may be used includes: (1) mems-based strain
gauges, (1) nanocomposite strain gauges, (111) thin-film or
thick-film strain gauges (e.g., C4A Series or EA Series from
Vishay Precision Group, RF9 Series or Y Series from
Hottinger Briel & Kjaer, KFG Series or KFR Series from
Kyowa Electronic Instruments, TFSG Series from BCM
Sensor Technologies, SGT Series or KFH Series from
Omega Engineering, ELF Series or EPL Series from Meggitt
Sensing Systems, or any other known manufacturer), (1v)
inductive strain gauges, (v) capacitive strain gauges, (vi)
piezoelectric strain gauges, (vi1) optical fiber strain gauges,
(vii1) semiconductor strain gauges, and/or (1x) a hybnd or
combination thereof. The strain gauges provide measure-
ments with high accuracy, but may lack high resolution. The
additional sensors used in combination with the strain
gauges 1n the sensor assembly would help provide a higher
resolution. Alternative or additional sensors/technology may
include photodiodes, Hall Effect sensors, capacitive sensors,
piezoelectric sensors, piezoresistive sensors, optical sensors,
force-sensitive resistors (FSRs), magnetic sensors, inductive
sensors, micro-electro-mechanical systems (MEMS) sen-
sors, dielectric elastomer sensors, quantum tunneling com-

posite (QTC) sensors, fiber Bragg grating sensors, ultrasonic
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sensors, thermal sensors, electroactive polymers, triboelec-
tric nanogenerators (TENGs), linear variable differential
transformers (LVDTs), flex sensors, acoustic emission sen-
sors, resistive touch sensors, proximity sensors, hydrogel-
based sensors, smart skin technologies, magnetoelastic sen-
sors, capacitive micromachined ultrasonic transducers
(CMUTs), pressure-sensitive adhesives, electromagnetic
acoustic transducers (EMATs), photonic crystal sensors,
laser doppler vibrometers, electrical impedance tomography
sensors, graphene-based sensors, nanowire sensors, elec-
tronic skin (e-skin) sensors, carbon nanotube-based sensors,
barometric pressure sensors, eddy current sensors, micro-
fluidic tactile sensors, nanogenerators, stretchable electronic
sensors, lorce torque sensors, rheological sensors, haptic
teedback sensors, polymer nanofiber sensors, 1onic liquid-
based sensors, thermocouple sensors, touch-sensitive field-
eflect transistors, terahertz radiation sensors, radar sensors,
LIDAR sensors, mirared touch sensors, humidity sensors,
mechanical limit switches, pressure mapping sensors, dis-
tributed fiber optic sensors, magnetostrictive sensors, opto-
clectronic sensors, surface acoustic wave (SAW) sensors,
capaciflectance sensors, tribo-skin sensors, spintronic sen-
sors, photonic touch sensors, acoustic resonant sensors, and
capacitive tomography sensors, or any other suitable tech-
nology that 1s known to one of skill in the art.

The advanced tactile sensing system may further include
a laminated capacitive taxel matrix embedded within the
cover substrate that measures normal pressure distributions
with millimeter-scale spatial resolution. This capacitive
taxel array can operate independently to generate dense
contact maps for object identification, or alternatively be
tused with strain-based sensors through a weighted estima-
tor algorithm that produces robust reconstruction of both
normal and shear forces across a wide dynamic range,
enhancing force measurement accuracy and slip detection
capabilities across varying materials and surface properties.

The system may include temperature compensation and
self-calibration mechanisms. Said compensation may be
achieved by including resistance temperature detectors
(RTDs) embedded in each fingertip module that provide
time-synchromized readings with tactile sensor sampling,
enabling edge microcontroller units to apply per-module
lookup tables and parametric models for compensating
temperature-dependent gain and hysteresis without manual
re-zeroing. Automated seli-calibration routines periodically
excite known reference states and record sensor responses
across temperature ranges, with a calibration engine updat-
ing thermal coeflicients, creep terms, and bias estimates
stored 1n non-volatile memory to maintain consistent metrol-
ogy as components age or environments change. For com-
prehensive ground-truth calibration during servicing, exter-
nal calibration jigs apply traceable normal and shear loads
across the operating range, with a calibration manager
automatically fitting response curves and writing resulting
coellicients, version tags, and cyclic redundancy checks to
on-module EEPROM, standardizing modules for inter-
changeability.

The mechanical design can further include enhanced
energy attenuation through additively manufactured lattice
core structures that provide spatially graded stifiness with
three-dimensional printed lattices featuring a taillored modu-
lus optimized for fingertip geometry and load paths. The
local cell topology and density vary to efliciently route
forces to sensing elements, offering more repeatable prop-
erties than traditional foams while supporting embedded
channels for wiring or other components.
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Edge computing capabilities can be mtegrated throughout
the system architecture, with fingertip MCUSs configured as
tactile event encoders performing on-sensor feature extrac-
tion and compressive sensing to compute compact descrip-
tors including contact area, centroid location, and slip indi-
ces directly at the data source. This compressive sampling
and sparsification reduces data volume transmitted over the
communication bus, mimimizing bus contention and
enabling low-latency control loops for scalable multi-finger
systems. A lightweight machine learning model operates on
the fingertip MCU for slip prediction, analyzing vibration
spectrograms derived from piezoelectric or accelerometer
channels through short-time spectral features to classity and
output slip probability that controllers use for proactive grip
force adjustment. The system includes neural network accel-
erators such as ultra-low-power Neural Processing Units or
DSP extensions that accelerate convolutional and recurrent
network workloads, supporting multi-modal data fusion and
anomaly detection within strict power budgets while pre-
serving CPU cycles for communication and safety-critical
tasks.

The machine learning and Al integration extends to
multiple advanced capabilities, including edge fusion of
tactile and kinematic data through a fused estimator that
combines contact forces, contact geometry from tactile
sensors, and joint states from motor encoders to 1infer object
pose and compliance 1n real-time, driving grip adjustments,
regrasp decisions, and path replanning to reduce grasp
failure rates. The system exposes a Grasp-quality Score API
providing scalar and vector metrics that summarize grasp
stability, force-closure margin, and slip probability 1n for-
mats easily consumed by external planners and supervisors
for safety enforcement and strategy optimization. Online
learning algorithms enable adaptive calibration with incre-
mentally updated model parameters as the system observes
new operating conditions and sensor drift patterns, with
safeguards constraining updates to preserve stability and
provide parameter reversion i performance degrades.
Object recognition through tactile signatures allows a clas-
sifier to match observed characteristic contact patterns,
textures, and compliance responses to a library of known
items, enabling 1dentification even when visual sensors are
occluded, improving mampulation strategies and inventory
verification. A decision layer analyzes fused metrics to
provide real-time recommendations for grip adjustments,
regrasp points, or path updates delivered within tight dead-
lines suitable for closed-loop control, which operators or
autonomy stacks can accept, modily, or reject based on
policy.

Synchronization across the distributed system 1s achieved
through a PTP-like distributed clocking scheme that aligns
sensor samples across all fingertips to within microseconds,
enabling coherent force reconstruction, accurate correlation
of multi-point events, and improved fusion with motor
encoders and vision systems. All tactile events are time-
stamped and formatted using a unified contact event schema
that includes coordinate frames, calibration references, and
uncertainty annotations, standardizing data to accelerate
development of learning and control algorithms across plat-
forms.

For teleoperation applications, the system can support
bilateral control with force reflection through a passivity-
based control loop that mirrors forces measured by the
end-eflector to the master control device while enforcing
stability, with bandwidth and damping tuned to avoid oscil-
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lations 1n the human-robot control loop, resulting 1n precise
and natural manipulation 1 remote or hazardous environ-
ments.

The system can include robust environmental protection
through IP67-rated sealing that enables immersion 1n water
up to one meter for thirty minutes without performance loss,
accomplished through sealed interfaces, breathable vents
that equalize pressure while blocking contaminants, confor-
mal coatings on electronic components, and gel-filled cable
exits providing strain relief and blocking capillary paths for
fluid 1ntrusion. Fluid ingress detection systems using embed-
ded ultrasonic or impedance sensors detect liquid presence
within protective layers, triggering protective behaviors and
logging service events upon detection to provide early
warning that prevents latent damage. For hazardous envi-
ronments, the construction incorporates flame-retardant for-
mulations 1n polymers and elastomers that comply with
applicable flammability ratings, with electronic component
layouts designed to 1solate potential heat sources and include
thermal fuses for additional protection against ignition risk
during fault conditions or high-temperature operation.

v. Leg Assemblies

The leg assemblies 6 include joints between the compo-
nents that may include interfaces, which are selected to
provide high torque transmission efliciency and precise
alignment, and may include components such as splined
shafts, polygon couplings, Oldham couplings, bellows cou-
plings, jaw couplings, universal joints, magnetic couplings,
or flexure couplings. Additionally, the components of the leg
assembly may incorporate features such as hard-stops, cool-
ing channels, heat sinks, or other materials, structures,
components, or assemblies described herein. For example, a
heat pipe may extend from the knee to the shin 84. Further-
more, the talus 88 may include a quick-release mechanism
that enables the interchange of a different foot 92. Moreover,
the housing of each component may be designed with
internal reinforcement structures, and may be made from
various materials (e.g., metal alloys or advanced materials
like carbon-fiber-reinforced polymers).

To enhance the stability and adaptability of the humanoid
robot 1, the leg assemblies 6 may incorporate advanced
sensing and control systems, as well as comprehensive
protective systems. For instance, force sensors located in the
feet 92 and ankles may provide real-time feedback on
ground contact forces and pressure distribution. This data
may be used by the control system of the humanoid robot 1
to make rapid adjustments 1 order to maintain balance,
especially when moving on uneven or dynamic surfaces.
Inertial measurement units (IMUs) positioned 1n the leg
assemblies 6 and the pelvis 64 may also provide crucial
information on the orientation and acceleration of each leg
segment, thereby allowing for the precise control of leg
positioning during movement.

b. Mechanical and FElectrical Architecture

The mechanical and electrical architecture 1.2 may be
embodied as any combination of hardware, software, and
circuitry that enables the humanoid robot 1 to operate and
perform physical functions in response to electrical charges
or electrical signals. As 1llustrated comprehensively in addi-
tional figures herein, the robot 1 1s composed of a plurality
of assemblies and components that are specifically arranged
to emulate or generally resemble human anatomical struc-
tures and their functional characteristics. A humanoid form
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1s advantageous because 1t enables the robot 1 to execute a
wide range of general tasks that are typically performed by
humans, such as walking between diflerent locations, end
cllectorling and moving objects, and retrieving items from
various positions and orientations. Non-humanoid forms
(e.g., wheeled robots or quadrupeds) typically lack the
versatility and eflectiveness that are required to perform
such a diverse array of generalized tasks.

1. Actuators

The actuators 1.2.4 contained within the robot 1 include
thirty actuators (J1)-(J16), excluding the end eflectors, that
are housed within various components of the robot 1 to
actuate movement of said components. An additional aggre-
gate total of twelve actuators are in both end eflectors 56
combined. Below 1s a summary table showing the actuator
1.2.4 reference names and numbers for the thirty actuators
(J1)-(J16), the quantity of each, descriptive actuator names
used herein for consistency, common corresponding infor-
mal actuator names, and associated rotational axes from the
high-level configuration of the illustrative embodiment
robot 1. Specific actuators 1n each end eflector 56 (e.g., six

actuators 1n each end eflector) are not individually included
in the below table

TABLE 2

Actuator Qty Actuator Name Informal Actuator Name(s) AXIS

(J1) 190 2 arm primary arm A

(J2) 280 2 shoulder (none) A,

(J3) 320 2 upper arm twist upper arm X, upper arm roll  Aj

(J4) 374 2 elbow arm z, arm yaw, Ay
lower humerus

(J5) 468 2 lower arm twist lower arm X, lower arm roll  Ag

(J6) 484 2 wrist flex wrist/end effector vy, wrist/end A,
effector pitch, flick

(J7) 520 2 wrist pivot wrist/end elfector z, wrist/end A,
effector yaw, wave

(J8.1) 120 head twist head no Ag

(J8.2) 140 head nod head yes Ag >

(J9) 680 torso lean spine X, torso/spine roll Ag

(J10) 620 1 torso twist spine Zz, torso/spine yaw Ao

(J11) 720 2 hip flex hip vy, hip/leg pitch, forward A,
kick

(J12) 768 2 hip roll hip x, hip/leg roll, sideways A5
kick

(J13) 782 2 leg twist hip z, hip/leg vaw A

(J14) 820 2 knee lower thigh, lower leg v, Ay
lower leg pitch, rear kick

(J15) 860 2 foot flex foot y, foot pitch, or first Als
ankle

(J16) 900 2 foot roll talus, foot roll, foot x, Ag
second ankle

It should be understood that 1n other embodiments, some
of these systems, assemblies, components, and/or parts may
be omitted, combined, or replaced with alternative systems,
assemblies, components, and/or parts. The robot 1 only uses
clectric actuators, and thereby lacks manual, hydraulic,
cable-based, or pneumatic actuators. The exclusive use of
clectric actuators reduces assembly, maintenance, weight,
and cost, and increases durability and safety considerations
related to operating the robot 1 within or around other
humans.

11. External Cover Assembly

The illustrative embodiment robot 1 includes various
components (e.g., assemblies) with housings 1.2.2 (e.g., to
form an exoskeleton) that are designed to protect the opera-
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tional systems of the robot 1, such as actuators 1.2.4 and the
clectronics assembly 1.2.6, provide structural support, and

give form to the robot 1. Said housings 1.2.2 can be
comprised of hard or rigid casings that may include internal
mounting features designed to support systems in specific
locations, structural features engineered to withstand opera-
tional loads, and internal and/or external features that allow
for interoperation between adjacent components and/or are
formed to resemble human features. Some housings 1.2.2
additionally include one or more detachable shells that may
overlay a casing to allow access to internal assemblies or to
complete the form of the component.

The requirements of the housings 1.2.2 can vary in shape
and form based on the individual structural or material
requirements for each specific component. While 1t may be
desirable to utilize a particular material for all housings 1.2.2
to create a consistent exterior appearance, fabrication may
be complicated by specific structural or operational needs at
different locations. It may not be necessary to utilize the
same materials 1 different housings 1.2.2 that experience
different load requirements. Various materials may be pre-
terred for a specific housing 1.2.2 based on properties such
as strength, toughness, elasticity, weight, and conductivity.
Similarly, the complexity of some housing 1.2.2 designs
may be better suited for one type of manufacturing process,
such as machiming, die casting, injection molding, or com-
posite fabrication, over another. Because there 1s a desire or
need to use different materials within different regions
and/or use materials that do not have a consistent exterior
appearance, the illustrative embodiment robot 1 includes
exterior coverings of the exterior covering assembly 1.2.16
that are designed to at least partially hide the housings 1.2.2
under a textile exterior layer that can be easily swapped it
damaged, serve to protect internal components from dust
and debris, are designed to fit the form of the robot 1 without
substantial wrinkling, and/or allow for venting or address
thermal considerations at specified locations.

The exterior coverings may have a multi-layered assem-
bly, which may include: (1) an energy-absorbing material
that 1s coupled to the coupling layer, (11) a coupling layer
(e.g., a plastic or polymer based layer), wherein the coupling
layer facilitates attachment to, or attachment at, a housing
1.2.2, and/or (111) an exterior covering material (e.g., a
textile). Alternatively, the multi-layered assembly may omit
the coupling layer, the energy-absorbing material, and/or the
exterior covering material. In each case, the movement of a
nearby joint may cause one housing 1.2.2 to impact or crush
the energy absorbing layer istead of another housing 1.2.2,
thereby mitigating or eliminating structural stress or load on
either housing 1.2.2 and/or the respective actuator 1.2.4.
Additionally, the energy attenuation members help to reduce
pinch points, and/or allow for a more human-like appear-
ance.

1. Exterior Coverings

The exterior coverings, which can include a neck cover, a
torso cover, an upper leg cover, a shin cover, a foot cover, a
lower arm cover, and an end eflector cover, are designed not
to interfere with the robot’s range of motion, to allow access
to underlying components, to potentially add indicators to
the external surface, and to improve the robot’s overall
aesthetic appearance. As shown in the figures, a single
exterior covering does not extend over all actuators in the
robot 1, and typically does not cover more than five actua-
tors at a time. In other words, the exterior covering does not
resemble an oversized jumpsuit with a closure runming from,
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¢.g., the robot’s pelvis to its head region, nor does 1t include
a hood that extends around a substantial portion of the
robot’s head. Instead, the exterior covering is strategically
and tightly fitted 1n certain regions and may include difierent
mserts (e.g., a different textile) that are positioned between
the moving aspects of joints.

Exterior covering materials of the exterior covering
assembly 1.2.16 can be made from one or more textiles and
can be customized or selected to reduce wrinkling and to
allow for the twisting or movement of the underlying
components without restriction or substantial distortion. For
example, the exterior covering materials may be designed to
allow the lower arm to twist and rotate from about -120
degrees to about 180 degrees. Additionally, the exterior
covering materials may be selected to allow for the cooling
of components, the viewing of indicator lights, or the
operation of buttons through said exterior coverings. This
provides a substantial benefit over conventional systems that
lack these advanced features. It should be understood that
this disclosure contemplates using or including exterior
covering materials that: (1) integrate lights from the robot 1
into said exterior covering, and specifically into a textile
itself, (1) may be translucent or temporarily translucent
(e.g., based on time or environment), and/or (111) can be
formed (e.g., woven) 1n a manner that allows light to be
transmitted through the textile.

As such, various types of lights (e.g., fiber optic lighting,
led strip lights, led rope lights, micro-led string lights, led
neon flex, phosphorescent paint, OLED panels (organic
light-emitting diode), laser diode lighting, neon tubing,
clectroluminescent panels, led edge-lit panels, flexible led
sheets, flexible OLED strips, inductive electroluminescent
displays, laser fiber cables, quantum dot light-emitting dis-
plays, phosphor-coated led strips, laser-activated fluorescent
materials, electroluminescent paint, laser-illuminated fiber
bunches, phosphor-coated electroluminescent (PCEL ) mate-
rials, smart RGB led strips, light-up silicone tubing (LED or
EL-based), laser wire, or other electroluminescent materials
such as EL wire, EL tape, or EL film) that are coupled to the
humanoid robot 1 may be visible through the exterior
covering material. The exterior covering material can
include reflective yarn or night-luminous yarn that changes
its appearance when light 1s shining on 1ts surface. In other
embodiments, a shiny, reflective, iridescent, matte, or tex-
tured polyurethane film can be applied to the surface of the
exterior covering material (e.g., a textile) in certain areas to
provide an additional reflective eflect or for another purpose,
such as displaying a logo, pattern, or labels.

The exterior covering material can also include features to
accommodate the thermal considerations of the robot 1. In
various examples, the exterior covering material can be a
custom textile that utilizes different weaves in different
locations to allow for ventilation 1n specific areas. Addition-
ally, the exterior covering material can include textiles or
threads that are heat-sensitive and change color with a
change 1n temperature. In summary, the exterior coverings
may additionally be made from, include, or specifically omit
any one or any combination of the following matenal types:
durable materials, flame-resistant materials, waterproof
materials, hazard materials, or chemical-resistant materials.

Alternatively or additionally, the exterior covering assem-
bly 1.2.16 may include features such as closures (e.g., a
zipper that runs a partial or full length of the exterior
covering assembly 1.2.16), attachment points, couplers,
seli-cleaning nanocoatings, thermoelectric materials, pho-
tochromic dyes, or electromagnetic shielding layers, as well
as modular, quick-release panels or e-textile technology with
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conductive fibers woven throughout to create a distributed
sensor network that 1s capable of detecting impacts, moni-

toring joint angles, or even harvesting energy from move-
ment. The exterior covering assembly 1.2.16 may be
designed to include inserts (which may also be textiles or
may be other materials) that are positioned strategically
between moving joint components to further ensure that
pivoting motion 1s not restricted at the joints of the human-
oid robot 1. Different textile materials, patterns, knits,
weaves, etc. may be mcorporated to facilitate movement in

specific regions, thereby enhancing the functional dexterity
of the robot 1.

111. Other Sensors

As 1llustrated 1n FIG. 4, sensors 1.2.8 may be embodied
as any hardware, software, and/or circuitry for providing
sensor data indicative of perceived stimuli, conditions, and
measurements to enable the humanoid robot 1 to process,
reason, and act appropriately (e.g., based on a given task, a
set of rules, and/or other constraints). The sensors 1.2.8 may
include one or more torque sensors 1.2.8.2, inertial sensors
1.2.8.4, visual sensors 1.2.8.6, auditory sensors 1.2.8.8,
touch sensors 1.2.8.10, proximity sensors 1.2.8.12, environ-
mental sensors 1.2.8.14, and other sensors 1.2.8.16. The
sensors 1.2.8 may provide sensor data (e.g., torque, inertia
measures, audiovisual sensor data, touch data, proximity
data, environmental data, etc.) to the compute 1000 proces-
sors, Turther described below, to enable appropriate interac-
tion between the humanoid robot 1 and the environment.

The torque sensors 1.2.8.2 may comprise one or more
torque cells that are positioned within the actuators and are
designed to measure the amount of force or torque applied
to a part of the humanoid robot 1. The measurements may be
transmitted to other components of the humanoid robot 1,
such as the whole body controller 1550 or one or more
controllers 1600, to enable balance, locomotion, manipula-
tion, and end effectorling by the humanoid robot 1.

The iertial sensors 1.2.8.4 may comprise sensors for
measuring the motion, position, and ornentation of the
humanoid robot 1 relative to the environment for purposes
ol navigation, stabilization, and interaction with the envi-
ronment and surroundings. For example, the mertial sensors
1.2.8.4 can include one or more accelerometers (e.g., to
measure acceleration forces 1n one or more directions for use
in determinming changes in velocity and ornientation), gyro-
scopes (e.g., to measure angular velocity for use in tracking
rotational movement and maintaining balance), IMUs (e.g.,
combining the accelerometers and gyroscopes for use 1n
providing comprehensive motion and orientation data), and
Global Positioning System (GPS) receivers (e.g., to provide
location data based on satellite signals, for use 1 outdoor
navigation and positioning).

The wvisual sensors 1.2.8.6 may comprise sensors for
capturing visual data, including cameras (e.g., red-green-
blue (RGB) standard color cameras, grayscale monocular
cameras, and stereo cameras (e.g., to capture depth percep-
tion)), depth cameras (e.g., depth cameras using technolo-
gies such as structured light or time-of-flight to measure
distance to objects, Azure® Kinect® depth camera, Intel®
RealSense® depth camera, etc.), LIDAR (Light Detection
and Ranging) sensors (e.g., to measure distance to objects by
emitting laser pulses, analyze the reflections, and provide
detailed 2D or 3D maps of the environment), radar (e.g., to
detect objects via radio waves and measure distance and
speed for use 1n various applications including navigation
and obstacle detection). Visual sensors 1.2.8.6 may also
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include event-based cameras, which report changes in pixel
intensity rather than full frames, offering advantages 1in
speed and data efliciency for dynamic scenes. Examples of
said visual sensors 1.2.8.6 include the cameras 108.2.2 and
108.2.4 contained 1n the head 10.1 of the robot 1.

The auditory sensors 1.2.8.8 may comprise sensors for
capturing audio data, including microphones (e.g., to capture
audio signals for voice recognition, environmental noise
detection, or communication), ultrasonic transducers (e.g.,
to capture distance measurement and obstacle detection
through high-frequency sound waves), spatial audio sensors
such as microphone arrays and direction of arrival sensors
(e.g., to capture sound from different locations to determine
the direction and distance of sound sources for 3D position-
ing). Auditory sensors 1.2.8.8 could also include specialized
acoustic sensors for detecting specific sound patterns, such
as the sound of failing machinery or distress calls, further
enhancing the robot’s environmental awareness.

The touch sensors 1.2.8.10 may comprise sensors for
detecting physical contact or pressure applied to the surface
of the humanoid robot 1, e.g., to enable tactile feedback,
satety and collision avoidance, object end effectorling and
mampulation, and interaction with the environment and
surroundings. Example touch sensors 1.2.8.10 may include
pressure sensors to measure an amount of pressure applied
to a surface by the humanoid robot 1, such as capacitive
sensors (e.g., to detect touch or proximity through changes
in capacitance), resistive sensors (e.g., to detect pressure or
touch by measuring changes in resistance), piezoelectric
sensors (e.g., to generate an electrical charge 1n response to
mechanical stress or pressure and detect vibrations or
impact), force-sensitive resistors (e.g., to change resistance
based on the amount of applied force), and optical touch
sensors (e.g., to use light beams or infrared to detect touches
or proximity). Alternative touch sensors 1.2.8.10 may
involve artificial skin technologies that provide a more
distributed and nuanced sense of touch, capable of detecting
not only contact but also shear forces and temperature
changes on the robot’s surfaces.

The proximity sensors 1.2.8.12 may comprise sensors for
detecting the presence or absence of objects within a given
range without necessarily making physical contact with the
object, e.g., to provide obstacle avoidance, navigation, and
object detection. Example proximity sensors 1.2.8.12 can
include ultrasonic sensors (e.g., to measure distance by
emitting ultrasonic waves and detecting reflection of the
waves for avoiding obstacles and measuring distance) and
inirared rangefinders (e.g., to detect, using inirared light, the
presence or distance of objects for proximity sensing and
simple obstacle detection). Capacitive proximity sensors
may also be used as part of proximity sensors 1.2.8.12,
particularly for close-range interactions.

The environmental sensors 1.2.8.14 may comprise sen-
sors for measuring various physical parameters of the envi-
ronment and surroundings to enable the humanoid robot 1 to
interact with the environment and surroundings, adapt to
changes 1n the environment and surroundings, and perform
a given task. Example environmental sensors 1.2.8.14 can
include thermocouples (e.g., to measure temperature by
generating a voltage proportional to temperature difference),
thermistors (e.g., to measure temperature based on changes
in resistance), magnetometers (e.g., to measure magnetic
fields for navigation and orientation), light sensors (e.g., to
measure intensity of light in the environment), gas sensors
(e.g., to detect presence and concentration of various gases
and monitor air quality), and humidity sensors (e.g., to
measure relative humidity in the air). Other environmental
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sensors 1.2.8.14 could include barometric pressure sensors
for altitude determination or weather prediction, radiation
sensors for operation in hazardous environments, or particu-
late matter sensors for air quality assessment in industrial
settings.

1v. Communication Interfaces

The communication interfaces 1.2.12 may be embodied as
any hardware, software, or circuitry to enable the exchange
of data, signals, and other forms of communication between
different components within the humanoid robot 1, and
between the humanoid robot 1 and other systems (e.g., other
humanoid robots 2700A-X, the command centers 2750A-X,
the remote Al system 2780), and other components and
devices interconnected over the networks 2999A-X. Spe-
cifically, FIG. 5 shows that the humanoid robot 1 may be
configured with a variety of communication interfaces
1.2.12. The communication interfaces 1.2.12 may be
embodied as any combination of a communication circuit,
device, or collection thereof, capable of enabling commu-
nications over a network (e.g., the networks 2999A-X). The
communication interfaces 1.2.12 may be configured to use
any one or more communication technology (e.g., wired or
wireless communications) and associated protocols to effect
such communication.

Referring to FIG. 5, examples of communication inter-
faces 1.2.12 include a wireless communication interface
1.2.12.2 (e.g., Bluetooth®, Wi1-Fi®, WiMAX, Cellular (e.g.,
3G, 4G, 5G), Zigbee, LoRa (Long Range) and RF (Radio
Frequency)), a wired communication intertace 1.2.12.4
(e.g., Ethernet, USB, Serial Communication (e.g., RS-232,
RS-485), and Controller Area Network (CAN) interface)), a
local communication interface 1.2.12.6 (e.g., an 12C (Inter-
Integrated Circuit), SPI (Serial Peripheral Interface)), and a
human-robot communication intertace 1.2.12.8 (e.g., voice
recognition systems to enable communication through spo-
ken commands using speech recognition technology, touch
interfaces such as touchscreens or physical buttons for direct
human interaction with the humanoid robot 1). Alternatively
or additionally, the human-robot communication interface
1.2.12.8 may include gesture recognition systems or gaze
tracking, allowing for more intuitive and non-verbal inter-
action with human operators. The communication interfaces
1.2.12 may also include a network interface controller (INIC)
(not 1illustrated), which may also be referred to as a host
tabric interface (HFI). The NIC may be embodied as one or
more add-in-boards, daughtercards, controller chips, chip-
sets, or other devices that may be used by the humanoid
robot 1 for network communications with remote devices.

¢c. Compute

As 1llustrated 1in FIG. 2, the compute 1000 may comprise
any combination of hardware, software, and circuitry to
perform various computing functions that enable the human-
o1d robot 1 to operate semi- or fully-autonomously. Specifi-

cally, the compute 1000 includes: (1) compute hardware
1010, and (1) computing architecture 1100. Such functions
may include processing long-horizon goals, coordinating,
with other humanoid robots 2700A-X, processing sensor
information, controlling the humanoid robot 1 based on the
sensor information and goals, controlling the activation or
deactivation of mechanical components, learning, simulat-
ing, refining behavioral models, and policy management.

1. Hardware

The compute hardware 1010 may operate as one or more
general purpose processors or special purpose processors
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(e.g., digital signal processors, application specific inte-
grated circuits (ASICs), field programmable gate arrays
(FPGAs), etc.) that can be configured to execute computer-
readable program instructions stored in the aforementioned
data storage devices. Such instructions can be executed to
provide controller operations (e.g., to activate or deactivate
components of the mechanical and electrical architecture
1.2, etc.). Specifically, the humanoid robot 1 may be con-

figured with a variety of processors such as one or more
central processing units (CPUs) 1100 (e.g., x86 CPUs, ARM

CPUs, RISC-V CPUs, embedded CPUSs such as Internet-of-
Things CPUs or mobile CPUs), graphics processing units
(GPUs) (e.g., ray tracing GPUs, accelerated computing
GPUs, embedded GPUs such as system-on-chip (SoC)
GPUs or mobile GPUs), neural network processing units
(for example, tensor processing units designed for tensor
computations in machine learning tasks; dedicated neural
network processing units such as Intel Nervana NNP,
Graphcore IPU, IBM TrueNorth, or Qualcomm Cloud Al
100; custom neural network processing units such as Ama-
zon Web Services (AWS) Inferentia, Apple Neural Engine,
and Huaweil Ascend; and Neuromorphic Neural Network
Processing Units such as Intel Lothi or BrainChip Akida),
and other processors. For example, the other processors may
be embodied as a single or multi-core processor, a micro-
controller, or other processor or processing/controlling cir-
cuit. In some embodiments, the other processors may be
embodied as, include, or be coupled to an FPGA, an ASIC,
reconfigurable hardware or hardware circuitry, or other
specialized hardware to facilitate the performance of the
functions described herein.

11. Architecture

The computing architecture 1100 includes: (1) a move-
ment controller 1302, (11) a behavior manager 1350, (111) a
perception system 1420, (1v) a local Al system 1470, (v) a
whole body controller 1550, (v1) one or more controllers
1600, and (vi1) other subcomponents 1650.

E. Industrial Application

While the present disclosure shows several illustrative
embodiments of a robot (1n particular, a humanoid robot), 1t
should be understood that these embodiments are designed
to be examples of the principles of the disclosed assemblies,
methods, and systems. They are not intended to limit the

broad aspects of the disclosed concepts solely to the specific
embodiments that have been 1llustrated. As will be realized
by one skilled in the art, the disclosed robot, and its
associated functionality and methods of operation, are
capable of other and different configurations. Furthermore,
several of 1ts details are capable of being modified in various
respects, all without departing from the fundamental scope
of the disclosed methods and systems. For example, one or
more of the disclosed embodiments, either in part or in
whole, may be combined with another disclosed assembly,
method, and system to create hybrid implementations. As
such, one or more steps from the diagrams or components 1n
the Figures may be selectively omitted or combined 1n a
manner that 1s consistent with the principles of the disclosed
assemblies, methods, and systems. Additionally, the order of
one or more steps from the arrangement of components may
be omitted or performed 1n a different order than what 1s
explicitly described. Accordingly, the drawings, diagrams,
and the detailed description provided herein are to be
regarded as illustrative in nature, and not as restrictive or
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limiting, of the said humanoid robot. It should be understood
that the use of the word “or” when separating element names
in connection with a single reference number indicates that
the same structure can have two or more diflerent names. For
example, the phrase “end eflector or end eflector assembly
56” indicates that the structure that 1s referenced by the
number 56 can be referred to or claimed as either an “end
cllector” or a “end eflector assembly.”

While the above-described methods and systems are
primarily designed for use with a general-purpose humanoid
robot, 1t should be understood that the disclosed assemblies,
components, learning capabilities, or kinematic capabilities
may be adapted for use with other types of robots. Examples
of other such robots include, but are not limited to: an
articulated robot (e.g., an arm having two, six, or ten degrees
of freedom, etc.), a cartesian robot (e.g., rectilinear or gantry
robots, robots having three prismatic joints, etc.), a Selective
Compliance Assembly Robot Arm (SCARA) robot (e.g., a
robot with a donut-shaped work envelope, with two parallel
joints that provide compliance in one selected plane, with
rotary shaits positioned vertically, with an end eflector
attached to an arm, etc.), a delta robot (e.g., a parallel link
robot with parallel joint linkages connected with a common
base, having direct control of each jomnt over the end
ellector, which may be used for pick-and-place or product
transier applications, etc.), a polar robot (e.g., a robot with
a twisting joint connecting the arm with the base and a
combination of two rotary joints and one linear joint con-
necting the links, having a centrally pivoting shait and an
extendable rotating arm, a spherical robot, etc.), a cylindrical
robot (e.g., a robot with at least one rotary joint at the base
and at least one prismatic joint connecting the links, with a
pivoting shait and an extendable arm that moves vertically
and by sliding, with a cylindrical configuration that offers
vertical and horizontal linear movement along with rotary
movement about the vertical axis, etc.), a self-driving car, a
kitchen appliance, construction equipment, or a variety of
other types of robot systems. The robot system may include
one or more sensors (e.g., cameras, temperature sensors,
pressure sensors, force sensors, inductive or capacitive touch
sensors), motors (e.g., servo motors and stepper motors),
actuators, biasing members, encoders, a housing, or any
other component that 1s known 1n the art and 1s used 1n
connection with robot systems. Likewise, the robot system
may omit one or more of the aforementioned sensors (e.g.,
cameras, temperature sensors, pressure sensors, force sen-
sors, inductive or capacitive touch sensors), motors (e.g.,
servo motors and stepper motors), actuators, biasing mem-
bers, encoders, a housing, or any other component that 1s
known 1n the art to be used 1n connection with robot systems.
In other embodiments, other configurations or components
may be utilized.

As 1s well known 1n the data processing and communi-
cations arts, a general-purpose computer typically comprises
a central processor or other processing device, an internal
communication bus, various types ol memory or storage
media (e.g., RAM, ROM, EEPROM, cache memory, disk
drives, etc.) for code and data storage, and one or more
network interface cards or ports for communication pur-
poses. The software functionalities that are described herein
involve programming, which includes executable code as
well as associated stored data. This software code 1s execut-
able by the general-purpose computer. In operation, the code
1s stored within the memory of the general-purpose com-
puter platform. At other times, however, the software may be
stored at other locations or transported for loading into the
appropriate general-purpose computer system.

10

15

20

25

30

35

40

45

50

55

60

65

44

A server, for example, typically includes a data commu-
nication interface for engaging 1n packet data communica-
tion over a network. The server also includes a central
processing unit (CPU), which may be 1n the form of one or
more processors, for executing the program instructions.
The server platform typically includes an internal commu-
nication bus, program storage, and data storage for the
various data files that are to be processed or communicated
by the server, although the server often receives its pro-
gramming and data via network communications. The hard-
ware clements, operating systems, and programming lan-
guages of such servers are conventional 1n nature, and 1t 1s
presumed that those who are skilled in the art are adequately
familiar therewith. The server functions may be i1mple-
mented 1 a distributed fashion on a number of similar
platiforms to distribute the processing load.

Hence, aspects of the disclosed methods and systems that
are outlined above may be embodied 1n the form of com-
puter programming. Program aspects of the technology may
be thought of as “products™ or “articles of manufacture,”
which are typically i the form of executable code or
associated data that 1s carried on or embodied 1n a type of
machine-readable medium. “Storage” type media includes
any or all of the tangible memory of the computers, proces-
sors, or the like, or any associated modules thereof. This may
include various semiconductor memories, tape drives, disk
drives, and the like, which may provide non-transitory
storage at any time for the software programming. All or
portions of the software may at times be communicated
through the Internet or various other telecommunication
networks. Thus, another type of media that may bear the
soltware elements includes optical, electrical, and electro-
magnetic waves, such as those that are used across physical
interfaces between local devices, through wired and optical
landline networks, and over various air-links. The physical
clements that carry such waves, such as wired or wireless
links, optical links, or the like, also may be considered as
media that bear the software. As used herein, unless spe-
cifically restricted to non-transitory, tangible “storage™
media, terms such as computer or machine “readable
medium” refer to any medium that participates in the
process ol providing instructions to a processor for execu-
tion.

A machine-readable medium may take many forms,
including but not limited to, a tangible storage medium, a
carrier wave medium, or a physical transmission medium.
Non-volatile storage media include, for example, optical or
magnetic disks, such as any of the storage devices 1n any
computer or computers or the like, such as may be used to
implement the disclosed methods and systems. Volatile
storage media include dynamic memory, such as the main
memory of such a computer platform. Tangible transmission
media mclude components such as coaxial cables, copper
wire, and fiber optics, including the wires that comprise a
bus within a computer system. Carrier-wave transmission
media can take the form of electric or electromagnetic
signals, or acoustic or light waves, such as those that are
generated during radio frequency (RF) and infrared (IR) data
communications. Common forms of computer-readable
media therefore include, for example: a floppy disk, a
flexible disk, a hard disk, magnetic tape, any other magnetic
medium, a CD-ROM, a DVD or DVD-ROM, any other
optical medium, punch cards, paper tape, any other physical
storage medium with patterns of holes, a RAM, a PROM and
EPROM, a FLASH-EPROM, any other memory chip or
cartridge, a carrier wave that 1s transporting data or instruc-
tions, cables or links that are transporting such a carrier
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wave, or any other medium from which a computer can read
programming code or data. Many of these forms of com-
puter-readable media may be involved in carrying one or
more sequences of one or more nstructions to a processor
for execution.

It 1s to be understood that the invention 1s not limited to
the exact details of construction, operation, exact materials,
or specilic embodiments shown and described herein, as
obvious modifications and equivalents will be apparent to
one who 1s skilled 1n the art. While the specific embodiments
have been illustrated and described i1n detail, numerous
modifications may come to mind without significantly
departing from the spirit of the invention, and the scope of
protection 1s only limited by the scope of the accompanying,
Claims. In the drawings, some structural or method features
may be shown 1n specific arrangements or orderings. How-
ever, 1t should be appreciated that such specific arrange-
ments or orderings may not be required. Rather, in some
embodiments, such features may be arranged in a different
manner or order than shown in the illustrative figures.
Additionally, the inclusion of a structural or method feature
in a particular figure 1s not meant to imply that such a feature
1s required 1n all embodiments and, in some embodiments,
may not be included or may be combined with other
features.

It should also be understood that the term “substantially™
as utilized herein means a deviation of less than 15% and
preferably less than 5%. It should also be understood that the
term “near” means within 10 cm, the term “proximate”
means within 5 cm, and the term “adjacent” means within 1
cm. It should also be understood that other configurations or
arrangements of the above-described components are con-
templated by this Application. Moreover, the description
provided 1n the background section should not be assumed
to be prior art merely because 1t 1s mentioned in or associ-
ated with the background section. The background section
may include mnformation that describes one or more aspects
of the subject of the technology. Finally, the mere fact that
something 1s described as conventional does not mean that
the Applicant admits 1t 1s prior art.

The following applications are hereby incorporated by
reference for any purpose: (1) PCT Application Nos. PCT/

US25/10425, PCT/US25/11450, PCT/US25/12544, PCT/
US25/16930, PCT/US25/19793, PCT/US25/23064, PCT/
US25/23325, PCT/US25/2481°7, and PCT/US25/235005; (11)
U.S. patent application Ser. Nos. 18/919,263, 18/919,274,
18/922,334, 19/000,626, 19/006,191, 19/033,973, 19/038,

657, 19/064,596, 19/066,122, 19/180,106, 19/223,945,
19/224,109, 19/224,252, 19/249,517, 19/252,392, 19/232,
708, 19/306,591, 19/319,712, 19/324,392, 19/323,731,

19/325,486, 19/325,415, 19/324,342, 19/329,008, 19/329,
474, 19/329,485, 19/329,559, 19/337,845, 19/3377,852, and
19/3377,899; and (111) U.S. Design Patent application Ser.
Nos. 29/889,764, 29/928,748, 29/935,680, 29/954,572,
29/967,462, 29/993,115, 29/998,761, 30/024,341, and
30/024,351; (av) U.S. Provisional Patent Application Nos.
63/556,102, 63/557,874, 63/558,373, 63/561,307, 63/561,
311, 63/561,313, 63/561,315, 63/561,317, 63/561,318,
63/564,741, 63/565,077, 63/573,226, 63/573,528, 63/573,
543, 63/574,349, 63/614,499, 63/615,766, 63/617,762,
63/620,633, 63/625,362, 63/625,370, 63/625,381, 63/623,
384, 63/625,389, 63/625,405, 63/625,423, 63/625,431,
63/626,028, 63/626,030, 63/626,034, 63/626,035, 63/626,
037, 63/626,039, 63/626,040, 63/626,105, 63/632,630,
63/632,683, 63/633,113, 63/633,405, 63/633,920, 63/633,
031, 63/633,941, 63/634,042, 63/634,599, 63/634,697,
63/635,152, 63/677,087, 63/685,856, 63/690,334, 63/692,
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747, 63/692,765, 63/694,253, 63/694,304, 63/696,507,
63/696,533, 63/697,793, 63/697,816, 63/700,749, 63/702,
185, 63/705,715, 63/706,768, 63/707,547, 63/707,897,
63/707,949, 63/708,003, 63/715,117, 63/715,270, 63/720,
222, 63/722,057, 63/753,670, 63/757,440, 63/759,665,
63/760,617, 63/763,209, 63/766,911, 63/770,620, 63/770,
654, 63/772,440, 63/773,078, 63/776,429, 63/792,520,
63/819,533, 63/837,511, 63/837,536, 63/839,386, 63/839,
517, 63/839,612, 63/839,880, 63/839,918, and 63/841,314,

cach of which 1s expressly incorporated by reference herein
n its entirety.

In this Application, to the extent any U.S. patents, U.S.
patent applications, or other materials (e.g., articles) have
been incorporated by reference, the text of such matenals 1s
only incorporated by reference to the extent that 1t does not
conflict with the materials, statements, and drawings set
forth herein. In the event of such a conflict, the text of the
present document controls, and terms in this document
should not be given a narrower reading 1n virtue of the way
in which those terms are used 1n other matenals incorporated
by reference. It should also be understood that structures or
features not directly associated with a robot cannot be
adopted or implemented into the disclosed humanoid robot
without careful analysis and vernfication of the complex
realities of designing, testing, manufacturing, and certifying
a robot for the completion of usable work nearby or around
humans. Theoretical designs that attempt to implement such
modifications from non-robotic structures or features are
msuilicient, and 1n some instances, woelully insuilicient,
because they amount to mere design exercises that are not
tethered to the complex realities of successtully designing,
manufacturing, and testing a robot.

The mvention claimed 1s:

1. A humanoid robot comprising:

a torso;

a head coupled to the torso;

an articulated arm coupled to torso; and

an end eflector coupled to the articulated arm and com-

prising;:

(a) a tactile sensor assembly including (1) a first strain
gauge, and (11) an electronics assembly communica-
tively coupled to the first strain gauge and configured
to: receive signals from the strain gauge as nput,
process the received signals, and output processed
data based on the recerved signals, and

(b) an energy attenuation member comprising (1) an
interior region having a first compression/deflection
ratio, and (1) an exterior region at least partially
surrounding the interior region and having a second
compression/detlection ratio that 1s less than the first
compression/detlection ratio,

wherein the energy attenuation member 1s configured to
receive an external force and transfer at least a
portion of the recerved external force to the tactile
sensor assembly.

2. The humanoid robot of claim 1, wherein the energy
attenuation member further comprises an intermediate
region located at least partially between the exterior region
and the interior region, and wherein the intermediate region
has a third compression/detlection ratio that 1s between the
first compression/detlection ratio and the second compres-
s1on/deflection ratio.

3. The humanoid robot of claim 1, wherein the interior
region of the energy attenuation member comprises a cur-
vilinear outer surface.
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4. The humanoid robot of claim 1, wherein the exterior
region ol the energy attenuation member comprises an
outside surface with a pattern of ridges and grooves.

5. The humanoid robot of claim 1, wherein the exterior
region ol the energy attenuation member comprises a plu-
rality of ridges and grooves, and wherein said plurality of
ridges and grooves covers at least a majority of the outer
surface of the energy attenuation member.

6. The humanoid robot of claim 1, wherein the end
cllector further comprises a force distributor member
arranged between the tactile sensor assembly and the energy
attenuation member, wherein the force distributor member 1s
fixed to the energy attenuation member and transiers the
portion of the received external force to the tactile sensor
assembly.

7. The humanoid robot of claim 6, wherein the force
distributor member comprises a base positioned over the
first strain gauge and an extension tlange at a rear of the base
extending upward and away from the first strain gauge,
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wherein the force distributor member transiers the portion of 20

the received external force to the tactile sensor assembly by
moving towards the tactile sensor assembly, and wherein an
amount of such movement 1s limited by a hard stop acting
against a bottom surface of the force distributor member.
8. The humanoid robot of claim 1, wherein the tactile
sensor assembly further includes a bridge comprising:

48

(a) a base section, and

(b) three flexure arms,

wherein each flexure arm includes a sloped section

extending upwards from the base section and a load
section extending away from the sloped section and
parallel to the base section, and

wherein the first strain gauge 1s coupled to the sloped

section of a first flexure arm of the of the three flexure
arms, a second strain gauge 1s coupled to the sloped
section ol a second flexure arm of the of the three
flexure arms, and a third strain gauge 1s coupled to the
sloped section of a third flexure arm of the of the three
flexure arms.

9. The humanoid robot of claim 8, wherein each sloped
section extends upwards from the base section at an angle
between 1° and 60°, measured as an interior angle between
a dominant plane of the base section and a dominant plane
of the sloped section.

10. The humanoid robot of claim 8, wherein each flexure
arm ol the three flexure arms 1s configured to repeatably
deform a known amount 1n response to a known force
applied normal to the load section of the respective flexure
arm and return to a non-deformed state when the known
force 1s removed.
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