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(57) ABSTRACT

In an embodiment, a relative deflection detector may include
at least two structural arcs, and a predetermined number of
means for measuring position capable of determining the
relative deflection 1 a first component. The at least two
structural arcs may be for example, comprised of a first and
second structural arc whereby the first and second structural
arcs are attached to the first component at respective first and
second predetermined locations and whereby each arc 1s
comprised ol a respective sequence of indicators, such as,
for example, codes mnscribed on the outer circumierence of
cach arc. The first and second structural arcs may be
positioned 1n concentric and coplanar relationship with each
other. The predetermined number of sensors may be com-
prised of a first and second optical encoder sensor each
positioned 1n proximate and coplanar relationship with the

first and second structural arcs so as to read the first
sequence of codes, second sequence of codes, or both, and
thereby detect positions of each structural arc (e.g., a first
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1
RELATIVE DEFLECTION DETECTOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

Not applicable.

BACKGROUND

Field

Embodiments described herein generally relate to relative
deflection detectors, and more particularly, to measuring the
relative deflection of a predetermined component.

Description of the Related Art

Many technological applications use accurate knowledge
of the position for certain elements of the system. An
example 1s 1n the field of robotics. The field of robotics relies
heavily on accurate knowledge of the position of arms or
other appendages. The appendage 1s moved, or driven, by an
actuator (including a motor and a gear train) and 1s consid-
ered the “load” for the actuator. Knowledge of the append-
age’s position at any given time 1s important both for safety
and operational considerations.

Traditionally, the art considered it best to have what 1s
known as a “stifl” interface between the actuator and the
load, and “‘the stitfer the better”. More recently, some 1n the
art have mtroduced what 1s known as “elasticity” into the
relationship between the load and the actuator. For example,
a spring has been used between the actuator and the load to
provide “elasticity”, which aflects the kinetic relationship
between the actuator and the load.

One type of “elastic” actuator 1s known as a Series Elastic
Actuator (“SEA”). SEAs have seen increased use 1n recent
years not only in robotics but 1n other fields such as
exoskeletons. SEAs are used to drive a load through an
“elastic” interface. In some applications, SEAs drive the
load 1n rotation. SEA design for this context conventionally
assumes that the rotation will be through 360°. One need 1n
this context 1s to be able to ascertain the magnitude and
direction of the rotation for positional control through the
entire 360° (or more).

At 1ts most basic level, a SEA may have a spring that may
be planar, linear or rotary, and that 1s generally located
between a motor and an actuator output. The spring’s
relative deflection may be measured to obtain an estimate of
the force (or torque) applied at the actuator output.

Several approaches have been used to measure spring
deflection 1n a relative deflection detector. The accuracy of
this deflection measurement 1s a diflicult problem in the
implementation of a SEA. Failure to eflectively measure
spring deflection can significantly degrade the performance
of the SEA.

In order to measure the relative detlection of one or more
rotary springs (note that the relative deflection 1n multiple
springs within one actuator may be measured 11 the concept
of series elasticity 1s so extended), one may measure, for
example, the difference 1n deflection between the inner and
outer portions of an individual spring using highly accurate
position sensors. A position may be based on, for example,
an absolute position, angular position, a linear position,
angle of rotation, or any other basis without departing from
the basic scope of the mvention. The art has developed
several techniques to do this task. For example, typical
methods use stacked rotary position sensors one on top of
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2

another, resulting 1n 1ncreased volume and stack height. In
the field of robotics, size and space 1s valuable and mini-

mizing both 1s an objective. Devices to measure rotary
position may include incremental encoders, absolute posi-
tion sensors (inductive, capacitive, magnetic, optical), or
resolvers.

SUMMARY

A relative detlection detector such as may be used 1n an
actuator (wherein the actuator 1s comprised of a first com-
ponent capable of relative deflection withun itself) may
include, 1 one particular embodiment, first and second
structural arcs, and first and second sensors. It 1s noted that
a relative detlection detector 1s not limited 1n 1ts use or
operation to an actuator. A variety of devices or sensors may
be employed that comprise a means for measuring position
such as, for example, optical encoder sensors, optical
encoder absolute sensors, incremental encoders, absolute
position sensors (inductive, capacitive, magnetic), or resolv-
ers. A position may be based on, for example, an absolute
position, angular position, a linear position, angle of rota-
tion, or any other basis without departing from the basic
scope of the mvention. In an embodiment, the first and
second structural arcs are attached to the first component at
respective first and second predetermined locations and each
has a respective sequence of indicators such as, for example,
codes whereby for example, each respective sequence of
codes 1s 1nscribed on the outer circumierence (1.€., the outer
planar surface) thereof (1.e., a first and second sequence of
codes 1nscribed on the first and second structural arcs,
respectively). In other embodiments, the respective
sequence of codes may be inscribed on the outer circum-
ference, mner circumierence, upper surface, lower surface,
or any combination of the first and second structural arcs.
The sequence of indicators may be any signal, sign, object,
iscription, code, etc. that may be used to indicate a position.
For example, in an embodiment employing capacitive abso-
lute position sensors this sequence of indicators may take the
form of patterns of dielectric material providing a unique
measurable capacitance associated with each position, while
in an embodiment employing magnetic sensors this
sequence of indicators may take the form of coded patterns
of magnetic material. Embodiments using optical sensors
may rely on a variety of indicators as well including
inscribed sequences of codes, printed patterns, etched or cut
material, etc. In an embodiment, the first and second struc-
tural arcs are positioned 1n concentric and coplanar relation-
ship with each other. In an embodiment, the first and second
sensors are positioned 1n proximate relationship, coplanar
relationship, or both with the first and second structural arcs,
respectively, so as to read the first and second sequence of
codes, respectively, and thereby measure or aid in the
measurement of first and second deflections that may be
detected 1n the form of, for example, positions such as angles
of rotation. The first and second detlections may be used to
calculate a relative deflection of the first component. Other
embodiments provide for alternative mounting positions for
the sensors (whereby as stated previously, a variety of means
for measuring position may be employed), including above
the rotation plane of the first component, such that the
respective sequence of codes are, for example, iscribed
radially on the inner, upper, or lower planar surface of the
first and second structural arcs.

Other embodiments may provide a relative deflection
detector comprising a split ring and a reader. In an embodi-
ment, the relative deflection detector may be implemented in
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combination with a SEA that may be comprised of a
deflector capable of relative deflection within itself respon-
sive to an applied force. As used herein, a “split ring” 1s
defined as two or more structural arcs positioned 1n a
concentric, coplanar relationship. The split ring of the rela-
tive defection detector, in operation, indicates a relative
deflection of the deflector. In an embodiment, the split ring
may comprise a first structural arc attached to the detlector
at a first point and inscribed on a first outer surface (i.e.,
outer planar surface or outer circumierence) thereof with a
first plurality of indicators indicating a deflection of the first
structural arc and a second structural arc positioned relative
to the first structural arc 1n concentric and coplanar relation-
ship thereto, attached to the detflector at a second point, and
inscribed on a second outer surface thereof a second plu-
rality of indicators indicating a detlection of the second
structural arc. The reader, 1n operation, reads the first and
second 1ndicators, and includes a first sensor positioned 1n
proximate and coplanar relationship with the first structural
arc to read the first indicators and a second sensor positioned
in proximate and coplanar relationship with the second
structural arc to read the second indicators. As used herein,
the term “indicator” means any signal, sign, object, mscrip-
tion, code, etc. that may be used to indicate a position.

Still other embodiments may provide a SEA Assembly
operably connected to a load, wherein the SEA Assembly 1s
comprised of: a motor; a drive (aka a gear train) powered by
the motor; a first component capable of relative detlection
within 1tself and operably connected to either the drive or to
the motor; an interface either operably connected between
the first component and the load or operably connected
between the drive and the load:; and a relative deflection
detector that, 1n operation, senses one or more relative
deflections within the first component during the motor’s
operation, the drive’s operation, or both. In an embodiment,
the relative deflection detector comprises a first and second
structural arc as well as a first and second means for
measuring position such as, for example, a first and second
optical encoder sensor.

In an embodiment, the first and second structural arcs are
attached to the first component at respective first and second
predetermined locations and each has a respective sequence
ol codes inscribed on the outer circumierence thereof. The
first and second structural arcs are positioned 1n concentric
and coplanar relationship with each other. The first and
second optical encoder sensors are positioned in proximate
and coplanar relationship with the first and second structural
arcs, respectively, so as to be capable of reading the first and
second sequence ol codes, respectively, and thereby detect
first and second positions. In an embodiment, for example,
the first and second positions may be first and second angles
of rotation whereby the first and second angles of rotation
may be used to calculate a relative deflection of the first
component.

In some embodiments, the first component or deflector 1s
a rotary spring. In another embodiment, the first component
1s a planar rotary spring whereby the word “planar” as used
in this context means substantially two-dimensional. In
another embodiment, the first component 1s a planar torsion
spring. Still other suitable types of springs may become
apparent to those having the benefit of this disclosure.

Some embodiments may further comprise a third struc-
tural arc and a third means for measuring position, such as
for example, a third optical encoder sensor. In an embodi-
ment, the third structural arc has a third sequence of codes
inscribed on a third outer circumierence thereof and 1is
attached to the first component at a third predetermined
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location. The third optical encoder sensor 1s positioned 1n
proximate and coplanar relationship with the third structural

arc and 1s capable of detecting or measuring a third position
such as, for example, a third angle of rotation or angular
position of the third structural arc by reading the third
sequence of codes. The first, second, and third angles of
rotation or angular positions may be used for redundant
measurement of a single relative deflection or to calculate
the relative detlection of two components (as would be
desired, for example, 1n a SEA that incorporates multiple
unmique detlectors or rotary springs). This embodiment may
be extended to any number of “n” structural arcs and “n”
means for measuring position as, for example, space, the
desired degree of rotational motion, and the desired relative
deflections to measure permit. Stated otherwise, 1 an
embodiment, a relative detlection detector may be com-
prised of at least two structural arcs and a second predeter-
mined number of sensors. The number of structural arcs
(which would be equal to two or more) could be identified
as a first predetermined number. And therefore, the number
ol sensors could be 1dentified as the second predetermined
number wherein the second predetermined number would be
equal to the first predetermined number.

Some embodiments may further comprise a third means
for measuring position, such as for example, a third optical
encoder sensor positioned in proximate and coplanar rela-
tionship with the first structural arc and the second structural
arc. The third optical encoder sensor may be capable of
detecting the first position such as, for example, an angle of
rotation or angular position of the first structural arc by
reading the first sequence of codes; or detecting the second
position such as, for example, an angle of rotation or angular
position of the second structural arc by reading the second
sequence of codes; or both the first and second deflections by
reading the first and second sequences of codes, depending
on both the overall rotation of the structural arcs and the
relative deflection between the structural arcs. This embodi-
ment allows for continuous rotation of the first component
and the attached first and second structural arcs while
preserving the ability to measure relative deflection at any
point around a 360° range of motion. Some embodiments
may further comprise a third structural arc and a fourth
means for measuring position, such as for example, a fourth
optical encoder sensor (or any number of “n” structural arcs
and “n+1” means for measuring position), extending the
previously described embodiment to allow redundant
deflection measurements or detflection measurements of
multiple detlectors over a continuous rotation. Stated oth-
erwise, 1n an embodiment, a relative deflection detector may
be comprised of at least two structural arcs and a second
predetermined number of sensors. The number of structural
arcs (which would be equal to two or more) could be
identified as a first predetermined number. And theretfore, the
number of sensors could be 1dentified as the second prede-
termined number wherein the second predetermined number
would be equal to the first predetermined number plus one.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a partially exploded view of a SEA Assembly
including, in particular, one particular embodiment of a
relative deflection detector constructed and operated in
accordance with the invention disclosed herein.

FIG. 2 1s a sectional view along lines 2-2 shown 1n FIG.
3.

FIG. 3 1s an assembled, top, elevational view of the SEA

Assembly of FIG. 1-FIG. 2.
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FIG. 4A depicts the SEA Assembly of FIG. 3 1n a top
VIEW.

FIG. 4B depicts the SEA Assembly of FIG. 3 in a side
VIEW.

FI1G. 4C depicts the SEA Assembly 1n FIG. 3 1n a bottom
VIEW.

FIG. 5A, 1n conjunction with FIG. 5B, depicts the opera-
tion of the relative detlection detector of FIG. 2-FIG. 3.

FIG. 5B, 1n conjunction with FIG. 5A, depicts the opera-
tion of the relative detlection detector of FIG. 3-FIG. 2.

FIG. 6A, 1n conjunction with FIG. 6B-FIG. 6D, depicts
the operation of an embodiment of a relative deflection
detector alternative to that shown in FIG. 1-FIG. 2.

FIG. 6B, 1n conjunction with FIG. 6A and FIG. 6C-FIG.
6D, depicts the operation of an embodiment of a relative
deflection detector alternative to that shown 1n FIG. 1-FIG.
2.

FIG. 6C, 1n conjunction with FIG. 6 A-FIG. 6B and FIG.
6D, depicts the operation of an embodiment of a relative
deflection detector alternative to that shown in FIG. 1-FIG.
2.

FIG. 6D, 1n conjunction with FIG. 6 A-FIG. 6C, depicts
the operation of an embodiment of a relative deflection
detector alternative to that shown in FIG. 3-FIG. 2.

FIG. 6E, in conjunction with FIG. 6F, depicts the opera-
tion of an embodiment of a relative detlection detector
alternative to that shown in FIG. 1-FIG. 2.

FIG. 6F, in conjunction with FIG. 6E, depicts the opera-
tion of an embodiment of a relative detlection detector
alternative to that shown in FIG. 1-FIG. 2.

FIG. 7 conceptually illustrates yet another alternative
embodiment employing three sensors to read three structural
arcs.

FIG. 8 conceptually illustrates still yet another alternative
embodiment employing four sensors to read three structural
arcs.

FIG. 9 conceptually 1llustrates an embodiment of a rela-
tive deflection detector comprised of two structural arcs, two
means for measuring position, a processor, and soiftware.

DETAILED DESCRIPTION

The relative deflection sensing technique disclosed herein
provides a relative deflection detector 1n which means for
measuring position such as sensors are not stacked with
respect to each other, but are rather placed in a proximate
and coplanar relationship with one another. In an embodi-
ment, this relationship 1s permitted by the use in the relative
deflection detector of a “split-ring” in the form of two
structural arcs, each attached to a component capable of
relative deflection within itself at a respective point. In an
embodiment, the two structural arcs are each inscribed with
a predetermined sequence ol codes on their outer circums-
terence that are then read by the optical encoder sensors as
the structural arcs rotate with the detlecting component. In
other embodiments, the respective sequence of codes may
be 1nscribed on the outer circumierence, inner circumfier-
ence, upper surface, lower surface, or any combination of
the first and second structural arcs. Still other embodiments
may adopt a variety of indicators appropnate for the method
of position measurement employed. For example, an
embodiment employing capacitive absolute position sensors
may use a sequence of mdicators comprised of patterns of
dielectric material that provide a unique measurable capaci-
tance associated with each position, while an embodiment
employing magnetic sensors may use a coded pattern of
magnetic material. Embodiments using optical sensors may
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rely on a variety of indicators as well including inscribed
sequences of codes, printed patterns, etched or cut material,
etc.

Turmning now to the drawings, FIG. 1 1s a partially
exploded view of an embodiment of a SEA Assembly 100
including one particular embodiment of a relative deflection
detector 102 constructed and operated 1n accordance with
the invention disclosed herein. The relative deflection detec-
tor 102 can 1include first and second structural arcs 106, 108:
and first and second optical encoder sensors 112, 114.

In an embodiment, the SEA Assembly 100 may comprise
a first component (also referred herein as a detlector) 104,
more particularly, wherein said first component 104 1s
capable of relative detlection within itself. In the illustrated
embodiment 1n FIG. 1, the first component 104 1s a torsion
spring and 1s planar and rotary in design. However, other
kinds of structural elements may be used in alternative
embodiments. For example, some alternative embodiments
may 1nstead employ a suitably flexible post or pin, a
cantilevered beam structure, or a wire wound torsion spring.
Still other suitable types of structures may become apparent
to those having the benelit of this disclosure. In an embodi-
ment, the relative deflection 1s used in this particular
embodiment to measure a torque in a manner described
more fully below.

In an embodiment, the first and second structural arcs 106,
108 are attached to the first component 104 at respective first
and second points 116, 118. The manner of attachment may
vary by implementation. In the illustrated embodiment in
FIGS. 1 and 2, the first structural arc 106 1s manufactured as
part of the same component as the first component 104 (1.¢.
the components are machined as a single part). In another
embodiment (not 1llustrated), the first structural arc may be
attached to the first component by, for example, fastening
and/or pinning. The second structural arc 108 1s both pinned
and fastened at multiple second points 118, with neither the
pins nor the fasteners being shown. The actual points of
attachment in any given embodiment may vary so long as
the resultant relationship permits operation as described
herein.

With continued reference to FIG. 2, the first and second
structural arcs 106, 108 are positioned 1n concentric and
coplanar relationship with each other. When assembled, the
first and second structural arcs 106, 108 form a “split ring”,
as they are 1n a concentric, coplanar relationship. As used
herein, a “split ring” 1s defined as two or more structural arcs
positioned 1 a concentric, coplanar relationship. However,
as 1s apparent from the drawings, the first and second
structural arcs 106, 108 are portions of larger structures that
help define this relationship. Turming our attention to FIGS.
1 and 2, those larger structures are a first split ring outer
mounting component 124 and a second split ring outer
mounting component 126. Note that not all portions of those
larger structures are in concentric or coplanar relationship
with one another. Nevertheless, the first and second struc-
tural arcs 106, 108 themselves are.

As may be seen 1n FIG. 1, the first and second structural
arcs 106, 108 are also each inscribed with first and second
sets of indicators, or sequences 128, 132, respectively, of
codes. In operation, the codes will indicate a degree of
deflection (e.g., an angle of rotation in this embodiment)
from which one can measure that deflection as described
below. The “code” may be relatively simple or relatively
complex depending on the embodiment. Other embodi-
ments, for example, may employ other means for measuring
position including incremental encoders, absolute position
sensors (optical, inductive, capacitive, magnetic), or resolv-
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ers, each which may utilize different types of codes to
measure position. A position may be based on, for example,
an absolute position, angular position, a linear position, or
angle of rotation. Still other embodiments may have varia-
tions of the accuracy or resolution required from the mea-
sured angle or detlection, depending on the application. The
codes of the first and second sets 128, 132 may also be the
same or different 1n various embodiments.

In an embodiment, the first and second optical encoder
sensors 112, 114 are positioned to read the first and second
sequences 128, 132 of codes when 1n operation. They are
thereby capable of detecting first and second detlections of
the first and second structural arcs 106, 108 by reading the
first and second sequences 128, 132, respectively, of codes.
In the illustrated embodiment, the first and second optical
encoder sensors 112, 114 are commercial ofl-the-shelf
implementations. Many suitable means for measuring posi-
tion or sensors are known to the art and any such means for
measuring position or sensor may be used. Power and data
may be run to and from the first and second optical encoder
sensors 112, 114 using leads (not shown) that may, 1f
desired, be constramned by wiring harnesses or conduit
(neither of which are shown).

The concentric, coplanar relationship between the first
and second structural arcs 106, 108 and the first and second
optical encoder sensors 112, 114 may be better seen in FIG.
2. This drawing 1s sectioned along line 2-2 1n FIG. 3. In an
embodiment, FIG. 2 also shows additional structure associ-
ated with the implementation of the relative deflection
detector 102 as a torque sensor 1 the SEA Assembly 100.
For example, there are several sets of bearings 200 and
bearing capture plates 202 that facilitate the rotation of
several pieces. The drive 1s a harmonic drive and so includes
a harmonic drive wave generator 205, a harmonic drive
circular spline 210, a harmonic drive flex cup 215, and a
harmonic drive tlex cup capture ring 220. The SEA Assem-
bly 100 houses the gear train while providing primary
structure for the actuator as well as a connection point to an
external load (not shown).

FIG. 3 1s an assembled, top, elevational view of the SEA
Assembly 100 first shown in FIG. 1-FIG. 2. The SEA
Assembly 100 includes a housing 305, a top cover 310, and
a bottom cover 315. The top and bottom covers 310, 315 are
ailixed to the housing 305 1n any suitable manner known to
the art. In the illustrated embodiment, the top and bottom
covers 310, 315 are aflixed to the housing 305 by a plurality
of fasteners 320, not all of which are indicated. The fasteners
320 are, more particularly, screws that are screwed into
aligned holes (not shown) in the housing 305.

The top portion 325 of the SEA Assembly 100 houses the
relative deflection detector 102 of FIG. 1-FIG. 2 as best seen
in FIG. 2. In this particular embodiment, the bottom portion
330 houses a brushless DC motor; rotational motion 1s
translated to the top portion 325 of the SEA Assembly 100
via a belt (not shown) that 1s run between the belt drive
mount 335 of bottom portion 330 and a belt drive mount 340
of top portion 325, shown 1n FIG. 3. The motor and belt
drive 1s of conventional design and 1s conventionally
applied. Therefore, to avoid obscuring the invention, further
discussion of the motor and belt drive shall be omitted.
Many of these features can also be seen 1n FIG. 4A-FIG. 4C.
Many suitable means of providing rotational motion to the
components of the SEA Assembly 100 are known to the art
and any such means may be used.

FIG. 5A-FIG. 5B conceptually illustrate the operation of
the relative deflection detector 102. As shown 1n FIG. SA,
the first and second structural arcs 106, 108 are 1in a first
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relative position when no load 1s applied. The first and
second structural arcs 106, 108 are equally spaced and their
relative deflection 1s zero. As shown 1n FIG. 5B, when a load
1s applied, the first and second structural arcs 106, 108 move
to a second relative position proportional to the applied load.
The difference between the first and second relative posi-
tions 1s a relative deflection proportional to the applied load
and from which the applied torque may be determined.

The first and second optical encoder sensors 112, 114 read
the first and second sequences 128, 132 of codes as
described above. They may read them continuously or
periodically 1n “snapshot” fashion depending on the embodi-
ment. Either way, they read the first and second sequences
128, 132 of codes, respectively, at both the first and second
relative positions and, together, define a reader for the codes
in this embodiment. Other embodiments may use a different
combination of sensors (optical, capacitive, inductive, mag-
netic) to effectively read all required codes. The codes are
then transmitted to a processor 631 which can then deter-
mine the relative detlection from the sensed codes 1 a
conventional manner.

Thus, this particular embodiment employs a “split ring” 1n
the form of the first and second structural arcs 106, 108. This
1s contrary to conventional practice in which a single,
continuous ring 1s used 1n contemplation of a 360° range of
motion. Conventional designs therefore read a single, con-
tinuous ring. This, 1n turn, yields a design in which the
optical encoder sensors are stacked, thereby increasing the
profile of a SEA Assembly.

Because the illustrated embodiment splits the ring 1nto the
first and second structural arcs 106, 108 positioned 1 a
co-planar relationship, 1n an embodiment, the first and
second optical encoder sensors 112, 114 may also be placed
in a co-planar relationship. Thus, by controverting the con-
ventional wisdom 1n the art, the illustrated embodiment 1s
able to provide a slimmer profile. This 1s advantageous 1n
many applications where size 1s an important constraint.
However, this particular embodiment does not sense a
continuous 360° of rotation due to the gap between the first
and second structural arcs 106, 108 and the embodiment’s
reliance on only two optical encoder sensors. Because this
particular embodiment 1s intended for applications requiring
a limited range of rotational motion, the range of motion 1n
this particular embodiment 1s limited to about 180°. This
may not be a liability in some applications and so generally
constitutes an acceptable design tradeofl. Other embodi-
ments to be described 1n more detail infra also employ a
“split ring” but do so 1n a relative deflection detector
configuration that does allow for continuous 360° rotation
and measurement.

There may be many vanations on the embodiment
described above that are all within the scope of the claimed
subject matter. For example, those 1n the art having the
benefit of this disclosure will appreciate that the sensing and
determination of the relative deflection will typically occur
many times rather than twice in most implementations. For
another example, there may be variation 1n the number of
means for measuring position such as for example, optical
encoder sensors and/or structural arcs. Specifically, a rela-
tive deflection detector may comprise any combination of
two or more means for measuring position such as for
example, encoder sensors and two or more structural arcs
wherein 1n an embodiment, each structural arc 1s inscribed
with a predetermined sequence of indicators. Still other
variations may become apparent to those skilled 1n the art
having the benefit of this disclosure.
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In another example, FIG. 6 A-FIG. 6D conceptually 1llus-
trate 1n a top view the operation of one such alternative
embodiment 1n which a first, second, and third optical
encoder sensor 600-602, read a first and second structural
arc 605, 606, respectively. Fach optical encoder sensor
600-602 can read a predetermined sequence of codes
inscribed on each of the first and second structural arcs 605,
606 (note that the predetermined sequences of codes are not
shown 1n FIGS. 6A-6D, however, the concept of these
predetermined sequences of codes 1s 1llustrated in FIG. 1). In
this particular embodiment, each optical encoder 1s not tied
to a specific structural arc 605, 606 due to the range of
motion of the actuator. As the output of the actuator rotates,
the structural arcs rotate relative to the optical encoder
sensors and over the course of 360° or more of rotation, each
optical encoder sensor 600-602 may be reading sequences of
codes from either structural arc 605, 606 at any given time.
Due to the range of motion of the actuator and because the
first and second structural arcs 605, 606 are coplanar, each
of the optical encoder sensors 600-602 will read both of the
structural arcs 605, 606 over time.

The third optical encoder sensor 602 in this embodiment,
as compared to the two optical encoder sensors 1n the
previously described embodiment, provides redundant infor-
mation at any point, except 1n the case where 1t 1s reading a
gap between the first and second structural arcs 603, 606,
such as for example a first gap 610 shown 1n FIG. 6A, at
which time 1t 1s providing no information. With particular
reference to FIG. 9, in an embodiment, software 630 pro-
cesses all the mmcoming data from various means for mea-
suring position (such as, e.g., optical encoder sensors) to
determine which means for measuring position are provid-
ing the correct position, and which one (at any given instant
in time) 1s providing either redundant information or no
information. Note that the sequences of codes mscribed on
the first and second structural arcs 605, 606 may be struc-
tured so that the software 630 can discriminate between
them and thus know from which structural arc specific data
are being read. For example, 1n one such embodiment,
absolute position sensor codes may be used such that the
combination of the first structural arc 605 and second
structural arc 606 provides slightly less than 360° of angular
position data, with each structural arc having a unique set of
codes corresponding to a unique portion of the 360° range.
In this example, each optical encoder sensor 600-602 may be
used to determine the angular position of each structural arc
605-606 as 1t passes through the sensing range of a particular
optical encoder sensor and the specific angular position
measurement recorded by each optical encoder sensor may
be used in software 630 to determine from which specific
structural arc (and corresponding umique set of codes) the
measurement was made.

Returning to the drawings, FIG. 6 A depicts an undeflected
or first position (aka an mitial point). The actuator rotates
clockwise 1n this particular embodiment. At the first position
or mitial point, first optical encoder sensor 600 1s providing
the position for first structural arc 605, second optical
encoder sensor 601 1s on the first gap 610 between the first
and second structural arcs 605, 606 so i1s providing no
position measurement, and third optical encoder sensor 602
1s providing position for second structural arc 606. As shown
in FIG. 6B, as the actuator rotates clockwise the first
structural arc 605 moves into the second encoder sensor’s
601 sensing range and the first gap 610 moves out of the
second encoder’s 601 sensing range. In this configuration,
the first and second optical encoder sensors 600, 601 are
both providing position data for first structural arc 605, and
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the third optical encoder sensor 602 1s providing position
data for the second structural arc 606.

Turning now to FIG. 6C, as the actuator continues to
rotate clockwise, the first optical encoder sensor 600 no
longer provides position data for either the first or second
structural arc 603, 606. Specifically, the first optical encoder
sensor 600 1s on the second gap 611 between the first and
second structural arcs 605, 606 and 1s providing no position
data. The second optical encoder sensor 601 reads the first
structural arc 605 (specifically, the predetermined sequence
of codes 1nscribed on the first structural arc 605) and the
third optical encoder sensor 602 reads the second structural
arc 606. FIG. 6D shows that 1f the actuator continues to
rotate clockwise, position data for first structural arc 603 will
be provided by the second optical encoder sensor 601, while
position data for the second structural arc 606 1s redundantly
provided by both first and third optical encoder sensor 600
and 602. The pattern continues as the actuator rotates all the
way around, passing through 1ts first position (aka initial
point), and continues rotating beyond 360°. Note that in FIG.
6B both the first and second optical encoder sensors 600,
601 are reading the first structural arc 6035 and the third
optical encoder sensor 602 1s reading the second structural
arc 606. Similarly, 1n FIG. 6D, the first and third optical
encoder sensors 600, 602 are reading the second structural
arc 606 and the second optical encoder sensor 601 1s reading
the first structural arc 605.

In a particular embodiment wherein a deflector or first
component 104 1s comprised of a spring, the spring deflects
from 0° within a range between approximately positive and
negative 4°. The first and second structural arcs 605, 606
consequently are basically rotating together, but may differ
from each other by a few degrees (e.g., within the approxi-
mately +4° to —4° range) when the spring detlects. Measur-
ing this deflection between structural arcs 1s how the
spring’s relative detlection itself 1s measured/calculated. The
range of angular difference between the first and second
structural arcs 603, 606, 1s determined by the rotational
deflection range of the spring or detlector, 1n this embodi-
ment the range of detlection 1s determined by a number of
factors including the stifiness of the spring, the elastic
deformation limits of the spring maternal, and the overall
desired torque capacity of the actuator 1n which the relative
deflection detector 1s to be used. The above description
differs from the previous embodiment illustrated 1n FIGS.
6A-6D 1n which the rotational range of motion 1s intention-
ally limited such that optical encoder sensor only reads data
from a specific structural arc.

FIGS. 6E-6F illustrate the relative detlection between the
first and second structural arcs 605, 606. FIG. 6E depicts an
undeflected, first position. In this first position, the first and
second structural arcs 605, 606 form a first and second gap
610, 611. Further, the first and second gap 610, 611 define
and relate to a first and second angle of rotation 620, 621. In
this first position, the first and second angle of rotation 620,
621 have an 1nitial value of x,° and x,°, respectively. As
illustrated 1n FIG. 6F, it may be assumed that the first
structural arc 605 rotates, while the second structural arc 606
remains stationary. In both FIGS. 6E-6F 1t may be assumed
that the first optical encoder sensor 600 1s reading the first
structural arc 603 and the third optical encoder sensor 602 1s
reading the second structural arc 606. The second optical
encoder sensor 601 1s depicted in FIG. 6F on the first gap
610 and 1n FIG. 6F as reading the second structural arc 605.
When the first structural arc 605 detflects relative to the
second structural arc 606, the gaps between each of the arcs,
610 and 611, vary related to the angles of rotation 620, 621.
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While the physical gaps between the first and second struc-
tural arcs 605, 606 arc not directly measured, a first and
second angles of rotation 620, 621 based on the position of
the first and second structural arcs 605, 606 at each optical
encoder sensor 600-602 are directly measured. As 1llustrated
in FIG. 6F, first and second angles of rotation 620, 621
change in value as compared to the first position 1llustrated
in FIG. 6F from x,° and x,° to x5° and x,°, respectively. As
previously described, in an embodiment, a relative deflec-
tion 1s calculated based on the difference or change in the
angular positions of two structural arcs. While the example
illustrated in FIGS. 6E-6F assumes the second structural arc
606 1s stationary for illustrative purposes, it 1s important to
note that in the full embodiment with two structural arcs 605
and 606 and three optical encoder sensors 600-602, both
structural arcs 605, 606 arc able to rotate over 360° (as
illustrated in FIGS. 6 A-6D) and rotate relative to each other
(as 1llustrated 1n FIGS. 6E-6F) and move 1n any combination
ol these motions.

In FIGS. 6A-6D, the utilization of three optical sensors
600-602 and two structural arcs 605, 606 also facilitates a
slimmer profile by employing a split ring 1n which the first
and second structural arcs 603, 606 are positioned 1n a
co-planar relationship as are the first, second, and third
optical encoder sensors 600-602. Note that 1n addition to the
co-planar relationship, the first and second structural arcs
605, 606 arc also 1n a concentric relationship with respect to
cach other. The use of a third optical encoder sensor 602
turthermore permits the sensing of a full 360° (or more)
range of motion. This 1s possible as long as the position of
cach structural arc 600-602 1s read by at least one optical
encoder sensor at all times. Incorporating a third sensor
(wherein no two adjacent sensors are separated by an angle
equal to or greater than the angle separating the two gaps
610 and 611) ensures that only one sensor at a time will be
on a gap and both structural arcs 605, 606 will be measured
at all imes. For example, in FIG. 6E, the angle separating
the two gaps 610, 611 1s effectively 180° whereby each angle
separating two adjacent sensors 1s eflectively 120°. Because
cach angle separating two adjacent sensors 1s less than the
angle separating the two gaps, 610 and 611, this configura-
tion ensures that only one sensor at a time will be on a gap
and both structural arcs 605, 606 will be measured at all
times. Furthermore, the codes inscribed on the first and
second structural arcs 6035, 606 may be encoded to permait
discrimination as to which structural arc a given code 1s
being read from. For example, a predetermined {first
sequence of codes inscribed on the first structural arc 605
may be unique and diflerent as compared to a predetermined
second sequence of codes 1nscribed on the second structural
arc 606. This overall concept of utilizing unique and difler-
ent codes (e.g., a unique pattern, unique characters, etc.) can
also be applied whereby more than two structural arcs are
employed. In another embodiment, combinations of the
same sequence of codes as well as unique sequence of codes
may also be utilized whereby more than two structural arcs
are employed. The use of a third optical encoder sensor
results 1n a relative detlection detector that senses the same
range as conventionally designed relative deflection detec-
tors while providing a slimmer profile, all while contraven-
ing the conventional wisdom regarding design of relative
deflection detectors.

The techniques taught herein may be further extended to
more than two structural arcs with more than two sensors as
illustrated 1n FIG. 7 and FIG. 8. In FIG. 7, three structural
arcs 700-702 are read by three optical encoder sensors
705-707. In an embodiment, each optical encoder sensor
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705-707 1s limited to only read a specific one of the
structural arcs 700-702, and in another embodiment, the
rotational range of motion 1s limited to a predetermined
amount such as for example, to about 120° total. This further
modification to the technique of the embodiment 1llustrated
in FIGS. SA-5B allows multiple relative deflections to be
measured (e.g. for redundancy or to measure the detlections
of multiple detlectors) as all three structural arcs can detflect
relative to the others and the individual angular position
measurements from each of the optical encoder sensors may
be used, as similarly described before, to determine each
relative deflection. In the particular embodiment illustrated
in FIG. 7 the relative detlection sensor 1s not able to read
relative detlections at every point around a 360° rotation
because at some positions a sensor will be on a gap and one
of the structural arcs will not be measured. This may not be
a liability 1n some contexts and so generally constitutes an
acceptable design tradeofl. In general this embodiment may
be extended to any number of “n” structural arcs and “n”
means for measuring position to measure an arbitrary num-
ber of relative deflections.

Yet another embodiment, illustrated 1n FIG. 8, consists of
three structural arcs 800-802 and four optical encoder sen-
sors 805-808. Adding a fourth optical encoder sensor 808,
further extending the technmique illustrated 1n FIGS. 6 A-6F,
permits the measurement of multiple deflections (as in the
previous embodiment 1llustrated 1n FIG. 7) while also allow-
ing sensing around a full 360° (or more) range of motion.
This measurement 1s possible as long as the position of each
structural arc 1s read by at least one optical encoder sensor
at all times. Incorporating a fourth sensor (wherein no two
adjacent sensors are separated by an angle equal to or greater
than the angle separating any two gaps 820-822) ensures that
only one sensor at a time will be on a gap and all three
structural arcs 800-802 will be measured at all times. In
general this embodiment may be extended to any number of
“n” structural arcs and “n+1” means for measuring position
such as for example, optical encoder sensors to measure an
arbitrary number of relative detlections around a continuous
360° (or more) rotation.

In each illustration of the embodiments described herein
it 1s shown that all structural arcs are of equal arc length and
all optical encoder sensors are positioned equally spaced
around the circumierence of the structural arcs. While these
choices may represent an optimal configuration, maximizing
range of travel for example, 1n some circumstances, these
configurations are not strictly necessary. Multiple configu-
rations adopting structural arcs of varying lengths or optical
encoder sensors with varied physical spacing exist and may
be considered 1f suitable for the given application. Still
turther variations of the techniques described herein may be
realized in still other alternative embodiments. In an
embodiment, for example, wherein there 1s a configuration
comprised of more than one structural arc, the structural arcs
are each equal arc lengths and the means for measuring
position are positioned equally spaced around the circum-
terence of the structural arcs to optimize the potential range
of travel for each structural arc with respect to the means for
measuring position.

However, with particular reference to FIG. 7, the co-
planar relationship of the structural arcs 700-702 facilitated
by their split-ring design, as well as that of the optical
encoder sensors 705-707, still achieves the slimmer profile
relative to conventional designs while contravening the
conventional wisdom underlying their design.

Various terms have been defined above. To the extent a
term used 1n a claim 1s not defined above, 1t should be given
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the broadest definition persons in the pertinent art have
grven that term as reflected 1n at least one printed publication

or 1ssued p

atent. While the foregoing 1s directed to embodi-

ments of the present disclosure, other and further embodi-

ments of t
from the

e disclosure may be devised without departing
pasic scope thereol, and the scope thereof 1is

determinec

| by the claims that follow.

What 1s claimed 1s:
1. A relative deflection detector capable of sensing a

relative detlection 1n a first component, said relative deflec-
tion detector comprising:

at least two structural arcs each having a sequence of
indicators wherein each structural arc i1s operably con-
nected to said first component at a predetermined
location; and

at least two means for measuring positions each posi-
tioned 1n a proximate relationship with a predetermined
one of said at least two structural arcs, wherein each of
said at least two means for measuring positions 1is
capable of detecting a position of at least one of said at
least two structural arcs by reading at least one of said
sequence of indicators,

wherein said position detected by each of said at least two
means for measuring positions may be used to calculate
at least one relative deflection of said first component,

wherein said at least two structural arcs correspond to a
first predetermined number of structural arcs, and

wherein said at least two means for measuring positions
correspond to a second predetermined number of
means for measuring positions equal to said first pre-
determined number plus one.

2. The detector 1n claim 1,

wherein said {first position and said second position are
comprised of a first angular position or first angle of
rotation and a second angular position or second angle
ol rotation, respectively.

3. A relative deflection detector capable of sensing a

relative detlection 1n a first component, said relative deflec-
tion detector comprising:

at least two structural arcs each having a sequence of
indicators wherein each structural arc 1s operably con-
nected to said first component at a predetermined
location and wherein said at least two structural arc are
comprised of:

a {irst structural arc having a first sequence of indicators
wherein said first structural arc 1s attached to said
first component at a first predetermined location; and

a second structural arc having a second sequence of
indicators wherein said second structural arc 1s
attached to said first component at a second prede-
termined location,

wherein said first and second structural arcs are posi-
tioned 1n concentric and coplanar relationship with
each other; and

at least two means for measuring positions each posi-
tioned 1n a proximate relationship with a predetermined
one of said at least two structural arcs wherein each of
said at least two means for measuring positions 1s
capable of detecting a position of at least one of said at
least two structural arcs by reading at least one of said
sequence ol indicators, wherein said at least two means
for measuring positions are comprised of:

a first means for measuring position positioned 1n a first
proximate relationship with said first or second struc-
tural arc wherein said first means for measuring
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position 1s capable of detecting a first position of said
first structural arc by reading said first sequence of
indicators; and

a second means for measuring position positioned 1n a
second proximate relationship with said first or sec-
ond structural arc wherein said second means for
measuring position 1s capable of detecting a second
position of said second structural arc by reading said
second sequence of indicators,

wherein said first position, second position, or both may
be used to calculate said at least one relative deflection
of said first component.

4. The detector 1n claim 3,

wherein said at least two structural arcs are further com-
prised of:

a third structural arc having a third sequence of indicators
wherein said third structural arc 1s attached to said first
component at a third predetermined location,

wherein said first, second, and third structural arcs are
positioned 1n concentric and coplanar relationship with
each other, and

wherein said at least two means for measuring positions
are Turther comprised of:

a third means for measuring position positioned in a third
proximate relationship with said first, second, or third
structural arc wherein said third means for measuring,
position 1s capable of detecting a third position of said
third structural arc by reading said third sequence of
indicators,

wherein said first position, second position, third position,
or any combination may be used to calculate said at
least one relative detlection of said first component.

5. The detector in claim 3, wherein said at least two

structural arcs are further comprised of:

a third means for measuring position positioned in a third
proximate relationship with said first structural arc or
sald second structural arc, wherein said third means for
measuring position 1s capable of detecting said first
position of said first structural arc by reading said first
sequence ol mdicators; or detecting said second posi-
tion of said second structural arc by reading said second
sequence of indicators; or both said first and second
positions by reading said first and second sequences of

indicators.
6. The detector 1n claim 5, wherein said first, second, and

third means for measuring positions are e¢ach capable of
detecting said first and second positions by reading said {first
and second sequences of indicators.

7. The detector 1in claim 5, wherein said first and second

sequences of indicators are unique and different with respect
to each other and may be used to discriminate between said
first and second structural arcs.

8. The detector 1n claim 3,

wherein said first means for measuring position 1s posi-
tioned 1n a coplanar relationship with said first and
second structural arcs, and

wherein said second means for measuring position 1s
positioned 1n a coplanar relationship with said first and
second structural arcs.

9. The detector 1n claim 3, wherein said first and second

means for measuring positions are each capable of detecting
said first position, said second position, or both.

10. The detector in claim 3,
wherein said first and second means for measuring posi-
tions are optical encoder sensors,
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wherein said first sequence of indicators 1s comprised of
a first sequence of codes inscribed on a first outer
circumierence of said first structural arc, and

wherein said second sequence of indicators 1s comprised
of a second sequence of codes inscribed on a second >
outer circumierence of said second structural arc.

11. A relative deflection detector capable of sensing a
relative deflection within a deflector in response to an
applied force, said relative detlection detector comprising:

a split ring that, in operation, indicates a relative deflec-
tion of said detlector, said split ring comprising:

a first structural arc attached to said detlector at a first
predetermined location and comprised of a first
plurality of indicators capable of indicating a {first
position of said first structural arc;

a second structural arc positioned relative to said first
structural arc 1n concentric and coplanar relationship
thereto, attached to said detlector at a second prede-
termined location, and comprised of a second plu- 2g
rality of indicators capable of indicating a second
position of said second structural arc, and

a reader that, in operation, reads said first and second
plurality of indicators, said reader comprising;:

a first means for measuring position positioned 1 25
coplanar relationship with said first and second struc-
tural arcs; and

a second means for measuring position positioned 1n
coplanar relationship with said first and second struc-
tural arcs, 30

wherein said first and second means for measuring posi-
tions are capable of detecting said first position of said
first structural arc by reading said first plurality of
indicators,

wherein said first and second means for measuring posi- 35
tions are also capable of detecting said second position
of said second structural arc by reading said second
plurality of indicators, and

wherein said first and second positions may be used to
calculate a relative detlection of said deflector. 40

12. The detector 1n claim 11, further comprising:

a third structural arc comprised of a third plurality of
indicators capable of indicating a third position of said
third structural arc wherein said third structural arc 1s
attached to said deflector at a third predetermined 45
location; and

a third means for measuring position positioned 1n copla-
nar relationship with said first, second, and third struc-
tural arcs,

wherein said first and second means for measuring posi- 50
tions are capable of detecting said third position of said
third structural arc by reading said third plurality of
indicators,

wherein said third means for measuring position 1s
capable of detecting said first, second, and third posi- 55
tion of said first, second, and third structural arc by
reading said first, second, and third plurality of 1indica-
tors, respectively, and

wherein said first, second, and third positions may be used
to calculate a relative deflection of said detlector. 60

13. The detector in claim 11, further comprising a third
means fir measuring position positioned 1 coplanar rela-
tionship with said first structural arc and said second struc-
tural arc, wherein said third means for measuring position 1s
capable of detecting said first position of said first structural 65
arc by reading said first plurality of indicators; or detecting
said second position of said second structural arc by reading
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said second plurality of indicators; or both said first and
second positions by reading said first and second plurality of
indicators.

14. The detector 1n claim 11, further comprising sotftware
capable of processing said first and second positions to
calculate a first angle of rotation and a second angle of
rotation and thereafter calculate said relative detlection of
said defector.

15. The detector in claim 14, wherein said first and second

structural arcs form a first gap and a second gap,

wherein said first and second gaps define said first and
second angles of rotation, respectively,

wherein said first and second angles of rotation may
change as said deflector reacts to said applied force,

wherein said software processes said first and second
positions and calculates said first and second angles of
rotation and 1s capable of calculating said change in
said first and second angles of rotation, and

wherein said software calculates said relative detlection of
said detlection based on said change in said first and
second angles of rotation.

16. A series elastic actuator assembly operably connected

to a load, comprising:

a motor;

a drive powered by said motor;

a first component operably connected to either said drive
or said motor wherein said first component 1s capable
of relative deflection within 1tself;

an interface operably connected between said first com-
ponent and said load or between said drive and said
load; and

a relative detlection detector 1n proximate relation to said
first component whereby said relative detlection detec-
tor 1s capable of determining said relative deflection of
said first component, said relative deflection detector
comprising:

a first structural arc having a first sequence of codes
inscribed on a first outer circumiference of said first
structural arc wherein said first structural arc 1s
attached to said first component at a first predeter-
mined location;

a second structural arc having a second sequence of
codes 1nscribed on a second outer circumierence of
said second structural arc wherein said second struc-
tural arc 1s attached to said first component at a
second predetermined location, and wherein said
first and second structural arcs are positioned 1n
concentric and coplanar relationship with each other;

a first optical encoder sensor positioned in coplanar
relationship with said first structural arc; and

a second optical encoder sensor positioned 1n coplanar
relationship with said second structural arc,

wherein said first and second optical encoder sensors are
cach capable of detecting a first position of said first
structural arc by reading said first sequence of codes
and a second position of said second structural arc by
reading said second sequence of codes, and

wherein said first and second positions may be used to
calculate a relative detlection of said first component.

17. The series elastic actuator assembly 1n claim 16,

further comprising:

a third structural arc having a third sequence of codes
inscribed on a third outer circumierence of said third
structural arc wherein said third structural arc 1s
attached to said first component at a third predeter-
mined location; and
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a third optical encoder sensor positioned 1n proximate and
coplanar relationship with said third structural arc
wherein said third optical encoder sensor 1s capable of
detecting a third position of said third structural arc by
reading said third sequence of codes; 5

wherein said first, second, and third positions may be used
to calculate a relative deflection of said first compo-
nent.

18. The series elastic actuator assembly in claim 16,
turther comprising a third optical encoder sensor positioned 10
in proximate and coplanar relationship with said first struc-
tural are and said second structural arc, wherein said third
optical encoder sensor 1s capable of detecting said first
position ol said first structural arc by reading said first
sequence of codes; or detecting said second position of said 15
second structural arc by reading said second sequence of
codes; or both said first and second positions by reading said
first and second sequences of codes.
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