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OPTICAL ENCODER WITH DIRECTION-DEPENDENT OPTICAL PROPERTIES

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This Patent Cooperation Treaty patent application claims priority to U.S. Provisional
Patent Application No. 62/144,885, filed April 8, 2015 and titled “Optical Encoder with
Direction-Dependent Optical Properties,” U.S. Provisional Patent Application No.
62/130,064, filed March 9, 2015 and titled “Optical Encoder with Anisotropic Optical
Surface,” and U.S. Provisional Patent Application No. 62/128,914, filed March 5, 2015 and
titled “Optical Encoder with Anisotropic Optical Surface,” the disclosures of each which are

hereby incorporated herein by reference in their entirety.
FIELD

[0002] The present disclosure is generally directed to optical encoders for an electronic
device and, more specifically, to an optical encoder having one or more reflective regions
with direction-dependent optical properties.

BACKGROUND

[0003] Many devices, including mechanical, electronic, and computerized devices, may
utilize various types of sensors for obtaining user input or receiving motion input from other
aspects of the device. Traditionally, a rotary sensor may be used to measure rotary motion
of a device or component. However, many traditional rotary sensors are not well adapted for
use in a small or compact space that may be required for an electronic device having a small
form factor. It is with respect to these and other general considerations that embodiments

have been made.
SUMMARY

[0004] This summary is provided to introduce a selection of concepts in a simplified form
that are further described below in the Detailed Description section. This summary is not
intended to identify key features or essential features of the claimed subject matter, nor is it
intended to be used as an aid in determining the scope of the claimed subject matter.

[0005] Embodiments of the present disclosure provide an optical encoder for an electronic
device. The optical encoder may include a cylindrical spindle having alternating, optically-
contrasting elements that extend along the axial direction of the spindle. The optical
elements may include a plurality of stripes or markings that are axially disposed or
lengthwise around the outer surface of the cylindrical spindle. The optical encoder may also

include an optical sensor. In some embodiments, the optical sensor includes an optical
1
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emitter, such as a light emitting diode, and an optical detector, such as a photodiode array.
The emitter and detector may be radially aligned with respect to the cylindrical spindle or

axially aligned with respect to the cylindrical spindle.

[0006] In some embodiments, the optically contrasting elements include regions having a
direction-dependent reflective property. For example, the optically contrasting elements may
include an array of anisotropic reflecting regions that has a first light distribution for light
reflected along a first direction and have a second, wider light distribution along a second
direction. In some cases, the anisotropic reflecting regions may diffuse or spread the light
along a direction that corresponds to the length of the feature, which may improve the ability
to detect reflected light consistently and reliably even though there may be dimensional
variations or movement between various components of the encoder. Additionally, the
anisotropic reflecting regions may reflect the light in a non-distributed or specular manner in
a direction perpendicular to the length of the feature to improve the contrast between

reflective and non-reflective regions.

[0007] Some example embodiments include an optical encoder incorporated into an
electronic device. The optical encoder may include a spindle and an optical emitter
configured to illuminate a portion of the spindle. The optical encoder may also include an
optical detector that is configured to receive light reflected from the spindle. An encoded
pattern may be formed on an outer surface of the spindle and may include an array of
contrasting regions extending along a length of the spindle. The array of contrasting regions
may include a set of anisotropic reflecting regions interspersed with a set of optically-

absorptive regions.

[0008] In some implementations, the anisotropic reflecting regions are configured to produce
a reflected-light distribution that varies in accordance with a direction of reflected light. In
some implementations, each anisotropic reflecting region is configured to produce a first
type of reflection having a first reflected-light distribution for light along a transverse plane
that is perpendicular to a central axis of the spindle, and produce a second type of reflection
having a second reflected-light distribution for light along a longitudinal plane that passes
through the central axis of the spindle. In some cases, the second reflected-light distribution
is wider than the first reflected-light distribution.

[0009] In some embodiments, each anisotropic reflecting region of the set of anisotropic
reflecting regions is formed from a series of concave-shaped features that at least partially
encircles the outer surface of the spindle. In some implementations, the series of concave-
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shaped features has a depth to radius ratio between a maximum ratio of 13:1 and a

minimum ratio of 7:1.

[0010] In some embodiments, the series of concave-shaped features is formed as a
continuous spiral encircling the outer surface of the spindle. In some embodiments, each
anisotropic reflecting region of the set of anisotropic reflecting regions is formed from a
series of convex-shaped features that at least partially encircles the outer surface of the
spindle. In some embodiments, the set of optically-absorptive regions is formed by laser
etching the outer surface of the spindle to form a set of flattened regions. In some
embodiments, the set of optically-absorptive regions is formed by depositing an ink on the
outer surface of the spindle.

[0011] In some implementations, the optical detector includes an array of photodiodes that is
arranged along the length to the spindle. In some implementations, the optical detector
includes an array of photodiodes that is arranged along a direction that is transverse to the
length of the spindle.

[0012] Some example embodiments include a portable electronic device having a housing, a
display positioned within an opening of the housing, and a crown attached to the housing
and configured to receive rotational input from a user. In some embodiments, an optical
encoder is operatively coupled to the crown and configured to measure the rotational input.
The optical encoder may include a spindle, an optical sensor configured to detect light
reflected from the spindle, and an array of alternating regions formed on and extending
along a length of the spindle. In some embodiments, the electronic device includes a shaft
that is operatively coupled to the crown, and the spindle is disposed over a portion of the
shaft. In some embodiments, the spindle is molded from a polymer material and coated with

a reflective metal material.

[0013] In some embodiments, the spindle includes an array of flat facet features that extend
at least partially along the length the spindle. The facet features may be configured to
produce alternating light and dark reflections on the optical sensor. In some embodiments,
the spindle includes an array of concave features that extend at least partially along the
length of the spindle. The concave features may be configured to produce alternating light
and dark reflections on the optical sensor.

[0014] Some example embodiments include a method of detecting rotational movement of a
spindle disposed within a housing of an electronic device. The method may include
illuminating a portion of the spindle, wherein the spindle includes an encoded pattern of

optically distinct markings formed along a length of the spindle. The marking may cause a
3
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direction-dependent reflection off the surface of the spindle. The method may also include
rotating the spindle, receiving the reflected light using an array of photodiodes, and
determining an amount of rotation of the spindle based on reflected light. In some
embodiments, determining a direction of rotation based on the reflected light is performed by
comparing a first output current of each photodiode in the array of photodiodes at a first time
to a second output current of each photodiode in the array of photodiodes at a second time.
In some embodiments, the amount of rotation is based on an estimated number of optically

distinct markings that pass the array of photodiodes

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The disclosure will be readily understood by the following detailed description in
conjunction with the accompanying drawings, wherein like reference numerals designate like

structural elements.
[0016] FIG. 1A illustrates an example electronic device.

[0017] FIG. 1B illustrates a cross-sectional view of the electronic device along Section A-A
of FIG. 1A.

[0018] FIG. 2 illustrates an example encoded pattern of an optical encoder.
[0019] FIGs. 3A-3C illustrate example current output graphs of a photodiode array.

[0020] FIGs. 4A-4B illustrate an optical encoder having components arranged along the
length of a spindle.

[0021] FIGs. 5A-5B illustrate an optical encoder having components arranged transverse
with respect to the length of a spindle.

[0022] FIG. 6A illustrates a surface having an example optically anisotropic region on a
surface.

[0023] FIG. 6B illustrates a detail view of the optically anisotropic region along a plane that is
parallel with the axis of the spindle.

[0024] FIG. 6C illustrates a detail view of the optically anisotropic region along a plane that
is transverse to the axis of the spindle.

[0025] FIGs. 7A-7D illustrate an optical encoder having reflective regions with contoured
features formed around an outward-facing surface of the spindle.

4
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[0026] FIGs. 8BA-8C illustrate an optical encoder having contoured regions formed into the

surface of the spindle for producing alternating light and dark.

[0027] FIG. 9A depicts an example optical encoder having an optically diffusing member

positioned relative to the optical emitter.

[0028] FIG. 9B depicts an example optical encoder having an optical diffusing member

positioned relative to the optical detector.
[0029] FIG. 9C depicts an example optical encoder having an elongated optical emitter.
[0030] FIG. 10 depicts an example optically diffusing member.

[0031] FIGs. 11A-11B depict an example spindle of an optical encoder that includes both
reflective pattern and optically diffusing surface features.

[0032] FIGs. 12A-12B illustrate a spindle sleeve and spindle cap.

[0033] FIG. 13 illustrates a method for detecting movement of a component of an electronic

device.
DETAILED DESCRIPTION

[0034] Reference will now be made in detail to representative embodiments illustrated in the
accompanying drawings. It should be understood that the following descriptions are not
intended to limit the embodiments to one preferred embodiment. To the contrary, it is
intended to cover alternatives, modifications, and equivalents as can be included within the
spirit and scope of the described embodiments as defined by the appended claims.

[0035] Some electronic devices include one or more user-input devices for receiving input
from a user. Example user input devices, including touch sensors, buttons, slides, dials, and
knobs may be used to provide feedback or commands to the device for performing functions
or for providing user input to software or other operations of the device. As described in
more detail below, an electronic device may include a dial-type rotary input, such as a crown
commonly associated with a wristwatch. Many traditional dials use a series of
electromechanical contacts or a potentiometer to measure the rotation of a dial. However,
some traditional electromagnetic systems may be too large or lack the precision to measure

small rotational input on a device as small as a wristwatch.

[0036] As described herein, an optical encoder may be used to measure the direction,

amount, speed, and other qualities of a rotational input. An optical encoder may be
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advantageous over some traditional systems by improving the precision of a rotational
measurement. Additionally, in accordance with some embodiments described herein, an
optical encoder may occupy a smaller space than some traditional electromechanical
systems, which facilitates integration into devices having compact form factors. Optical
encoders may also be used to provide a range of rotational measurements, such as direction

of rotation, amount of rotation, rate of rotation, change in the rate of rotation, and so on.

[0037] As will be explained below, the optical encoder of the present disclosure includes an
optical emitter, an optical detector, and a rotating element having a round surface such as a
shaft, spindle, cylindrical member, or the like. Unlike some typical optical encoders, the
optical encoder of the present disclosure utilizes an encoded pattern disposed directly on the
outer or outward-facing surface of the rotating element. In some cases, the encoded pattern
includes an array of contrasting or alternating regions extending along the length of the
rotating element and arranged in a stripe-like pattern around the outer surface. The regions
may reflect light in different ways and can be used to measure the movement of the rotating
element. In some cases, the contrasting regions are formed from alternating light and dark
regions of the surface. In some cases, the regions are formed from alternating reflective and
non-reflective regions. In some cases, the regions have alternating contours that are
configured to create an alternating reflection having light and dark portions that may be
detected by an optical detector of the encoder.

[0038] In some implementations, the alternating regions on the rotating element form an
encoded sequence that can be detected by measuring the light reflected off or received from
the surface of the rotating element. In some cases, the optical detector is configured to
detect light emitted by the optical emitter and reflected off the rotating element. The
reflected light may be used to determine the (angular) position of the rotating element based
on the location of the one or more of the alternating regions as the rotating element is turned
or rotated. In some cases, movement of the encoded sequence, as measured by the optical
detector, may be used to determine a direction of rotation, amount of rotation, rate of
rotation, change in the rate of rotation, and other qualities of the movement of the rotating
element. In accordance with some embodiments, the rotational measurements are used to
control an element or function of the device, such as the manipulation of a user interface
element on the display, the selection of an item within a list, and so on.

[0039] In accordance with some embodiments described herein, the contrasting or
alternating regions may include an array of direction-dependent light-reflecting regions that
produce a relatively narrowly distributed beam of light reflected along a first direction and a
more widely distributed beam of light reflected along a second direction that is transverse to

6
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the first direction. In some cases, the direction-dependent reflecting regions are referred to
as anisotropic reflecting regions or optically anisotropic regions. These regions may be used
to create an optical system that is more robust or forgiving of dimensional or geometric
variations in the system. In some cases, an optically anisotropic surface or region may
facilitate reliable encoder operation even when mechanical movements, dimensional
variations, and other limitations of the hardware affect the optical path of the light within the
optical encoder. The regions may also help to increase the optical contrast between the

alternating regions, which may improve the reliability or power usage of the optical encoder.

[0040] In some embodiments, an optically isotropic or anisotropic reflecting region is
configured to produce a first type of reflection having a first, narrow beam spread for light
along a transverse plane that is perpendicular to a central axis of a rotating element. The
anisotropic reflecting region may also produce a second type of reflection having a second,
wider beam spread for light along a longitudinal plane that passes through the central axis of
the rotating element.

[0041] In some embodiments, the second type of reflection may be referred to as effectively
diffuse because the reflected light spreads over a wider range of angles as compared to the
first type of reflection, which is substantially specular and spreads light over a narrower
range of angles. As described in some of the examples provided herein, the anisotropic
reflection may be formed by a series of convex- or concave-shaped features formed into the
surface of the rotating element. In some cases, the reflective properties of the anisotropic
reflecting region is determined by the geometry of the feature. For example, a ratio of

feature depth to feature radius may by tuned to provide a particular reflective property.

[0042] In some embodiments, the rotating element may have a contoured, fluted, or faceted
shape that directs light toward and/or away from the optical detector as the rotating element
is rotated. The shape of the rotating element may produce a reflection having alternating
light and dark portions that may pass across the optical detector and may be used to
interpret or measure rotation of the rotating element. In some cases, the contoured, fluted,
or faceted shape simulates a diffractive pattern, which includes the alternating light and dark
regions that may be detected by the optical detector.

[0043] As mentioned previously, an optical encoder may be incorporated into a user-input
device of an electronic device. FIG. 1A illustrates an example electronic device 100
according to one or more embodiments of the present disclosure. In one example and as
shown in FIG. 1, the electronic device 100 may be a wearable device, which may be

configured to perform as a timekeeping device (e.g., watch), health monitoring device,
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navigational device, and so on. While the depicted device 100 resembles a wearable
wristwatch device, the device 100 may include any type of mechanical, electromechanical,
or electronic device. In some embodiments, the electronic device 100 may include one of a
variety of portable electronic devices or portable computing devices. Examples include cell
phones, smart phones, tablet computers, laptop computers, time-keeping devices,
computerized glasses and other wearable devices navigation devices, sports devices,
accessory devices, health-monitoring devices, medical devices, and the like.

[0044] The electronic device 100 may include a housing 110, a display 120 positioned within
an opening formed in a top surface of the housing 110. Generally, the display 120 may be
used to present visual output to the user. For example, the display 120 may be used to
present or display a graphical user interface having one or more graphical elements. The
electronic device 100 may also include one or more user input devices, including, for
example, a touch screen integrated with the display 120, a button 130 (or other input
mechanism) positioned on a surface of the housing 110, and a crown 140 positioned on a
side surface of the housing 110. In the present example, the crown 140 incudes a dial or
knob for receiving rotational input from the user and is operatively coupled to an optical

encoder used to measure rotation of the dial or knob.

[0045] In some examples, the wearable device 100, such as is depicted in FIG.1A,
may include a processor coupled with or in communication with a memory, one or more
communication interfaces, output devices such as displays and speakers, and one or more
additional input devices such as buttons, dials, microphones, or touch-based interfaces. The
communication interface(s) can provide electronic communications between the electronic
device and any external communication network, device or platform, such as but not limited
to wireless interfaces, Bluetooth interfaces, Near Field Communication (NFC) interfaces,
infrared interfaces, Universal Serial Bus (USB) interfaces, Wi-Fi interfaces, Transmission
Control Protocol/Internet Protocol (TCP/IP) interfaces, network communications interfaces,
or other communication interface. The wearable electronic device 100 may include
computer-readable instructions or software that is configured to be executed by the
processor to perform various functions or operations. In some cases, the device 100 may be
configured to provide information regarding time, health, event notifications, device status,
and other information. The device 100 may also be externally connected to or
communicating with separate devices and/or software executing on separate devices. In
some cases, the device 100 may be configured to send and receive messages, video, and

commands, in addition to other electronic communications.
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[0046] In some embodiments, the display 120 is configured to output a graphical user
interface that displays information about the electronic device 100, as well as other
information that is stored in @ memory of the electronic device 100. For example, the user
interface may present information corresponding to one or more applications that are being
executed on the electronic device 100. Such applications may include a time keeping
application, an email application, a phone application, a calendaring application, a game
application, and the like.

[0047] In some embodiments, and as will be discussed below, an optical encoder may be
used to determine movement or actuation information associated with the crown 140. More
specifically, the optical encoder may be used to detect aspects of the rotation of the crown
140, including the direction of the movement, amount of movement, rate of movement,
change in the rate of movement, and so on. The movement may be rotational movement,
translational movement, angular movement, and so on. Output from the encoder
representing movement of the crown 140 may be used as input to the device 100. For
example, the encoder output may be used to manipulate graphics, images, icons, and/or
other graphical elements of a user interface on the display 120 of the electronic device 100.

[0048] In some embodiments, the button 130 or the crown 140 may be used to select, adjust
or change various images that are output on the display 120. For example, if the display 120
of the electronic device 100 is used to display a time keeping application that simulates the
face of a watch, the crown 140 may be used to adjust the position of the hands or index the
digits that are displayed for the watch face simulation. In other embodiments, the crown 140
may be rotated to move a cursor or other type of selection mechanism from a first displayed
location to a second displayed location in order to select an icon or move the selection
mechanism between various icons that are output on the display 120. Likewise, the crown
140 may be pushed, pressed, or otherwise actuated to provide another input to the device
100.

[0049] For example, in accordance with a time keeping function or software application, the
crown 140 may be rotated in a clockwise manner in order to change the time and/or date
that is displayed on the display 120. In some embodiments, the optical encoder of the
present disclosure may be used to detect a starting position of the crown 140, the rotational
direction of the crown 140 (e.g., clockwise, counterclockwise), and may also detect the
speed at which the crown 140 is being rotated. In some cases, the displayed watch hands
of the time keeping application may rotate or otherwise move in accordance with the

rotational input provided to the crown 140. In some cases, the watch hands move an
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amount, direction, and/or speed that corresponds to the rotational input provided to the
crown 140.

[0050] Although omitted from FIG. 1A for clarity, the electronic device 100 may also include
various additional components that assist in the overall operation of the device. For
example, the electronic device 100 may include one or more sensors, a microphone, a
haptic actuator, a battery, a processor, a memory, and various other components. Further,
the crown 140 and/or the button 130 may interact with one or more of the components listed

to facilitate operation of the electronic device 100.

[0051] As shown in FIG. 1A, the electronic device 100 may also include a band 150 that may
be used to secure or attach the electronic device 100 to a user. In the present example, the
band 150 is attached to the housing 110 via a pin or flexible joint. In some cases, the band
150 is formed from two band straps that are attached to each other via a clasp to secure the
device 100 to the wrist of a user. Other attachment mechanisms or components, including,
for example, a strap, a lanyard, or other such attachment mechanism may also be used to

attach the device 100 to a user.

[0052] In some embodiments, electronic device 100 may also include a keyboard or other
similar input mechanism. Additionally, the electronic device 100 may include one or more
components that enable the electronic device 100 to connect to the Internet and/or access
one or more remote databases or storage devices. The electronic device 100 may also
enable communication over wireless media such as acoustic, radio frequency (RF), infrared,
and other wireless media mediums. Such communication channels may enable the
electronic device 100 to remotely connect and communicate with one or more additional
devices such as, for example, a laptop computer, tablet computer, mobile telephone,

personal digital assistant, portable music player, speakers and/or headphones, and the like.

[0053] FIG. 1B illustrates a cross-sectional view of the electronic device 100 of FIG. 1A
according to one or more embodiments of the present disclosure. The scale and relative
size of various components depicted in FIG. 1B may be exaggerated to better illustrate
certain principles and should not be interpreted as representative of the size of the actual
components. As shown in FIG. 1B, the electronic device 100 includes an optical encoder
that is operatively coupled to the crown 140. In the present example, the optical encoder
includes a spindle 160 (example rotational element), an optical emitter 170, and an optical
detector 180. The optical detector 180 may include one or more photodiodes,
complimentary metal-oxide semiconductor (CMOS) elements, charge-coupled device (CCD)

elements, photovoltaic cell, or other type of photosensor. The optical emitter 170 may be an

10
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LED, an infrared light such as, for example a light-emitting diode (LED), an infrared LED, a

laser diode, or other type of light source.

[0054] In some embodiments, the optical emitter 170 is an infrared (IR) optical emitter, and
the encoded pattern 165 disposed on the spindle 160 may be invisible to the human eye but
may be detected by the optical detector 180. In some implementations, a first set of (dark)
regions of the encoded pattern 165 may be IR-absorptive and a second set of (light) regions
of the encoded pattern 165 may be IR-reflective. The optical detector 180 may be
configured to detect the IR light reflected off the IR-reflective stripes in order to measure

various aspects of the rotation of the spindle 160, as discussed herein.

[0055] In some cases, the first and second set of regions of the encoded pattern 165
correspond to regions having different optical properties that can be detected using the
optical detector 180. The optical properties may include, but are not limited to, reflective
properties, optical diffraction properties, specular or wavelength-dependent properties, and
so on. The contrast between the different optical properties between the first and the
second set of regions may be used to measure various aspects of the rotation of the spindle
160.

[0056] In some embodiments, the optical emitter 170 and the optical detector 180 are axially
aligned with respect to the spindle 160. In another embodiment, the optical emitter 170 and
the optical detector 180 may be radially aligned with respect to the spindle 160. Although
specific alignments are disclosed, in certain embodiments the optical emitter 170 and the
optical detector 180 may be aligned with the spindle 160 in any suitable manner so long as
light is emitted from the optical emitter 170 interacts with the encoded pattern 165 on the
spindle 160 and is received by the optical detector 180.

[0057] As shown in the simplified depiction in FIG. 1B, the optical encoder includes a spindle
160 operatively coupled to the crown 140. In the example depicted in FIG. 1B, the spindle
160 is formed as a single piece with the dial of the crown 140. In some embodiments, the
spindle 160 may be formed from a separate piece that is attached to the dial of the crown
140 using a threaded connection, adhesive, weld, or other bonding technique. In some
cases, the spindle 160 is formed from multiple parts. For example, the spindle 160 may be
formed as a hollow cap or sleeve that is inserted over a shaft of the encoder and/or crown
140. Example alternative embodiments are described below with respect to FIGs. 12A and
12B. In general, the spindle 160 is operatively coupled to, or is otherwise a part of the crown
140. In the case of a direct connection, as the crown 140 rotates or moves in a particular

direction and at a particular speed, the spindle 160 also rotates or moves in the same
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direction and with the same speed. In some embodiments, the spindle 160 may be
operatively coupled to the crown 140 via a geared, clutched, or other mechanical connection

that relates the motion of the various elements.

[0058] Depending on the use of the spindle 160, the length of the spindle 160 may vary
between embodiments. For example, in some embodiments, the length of the spindle 160
may extend along a length or width of the housing 110. In another embodiment, the spindle
160 may have a length that is substantially less than a length or width of the housing 110.

[0059] As shown in FIG. 1B, the spindle 160 of the optical encoder includes an encoded
pattern 165. In some embodiments, the encoded pattern 165 may be used to determine
positional information about the spindle 160 including rotational movement, angular
displacement, rate of movement, change in rate of movement, and so on. In some cases,
the encoded pattern 165 may be used to determine absolute position of the spindle 160 due
to the unigue signal produced by light reflecting off or otherwise produced using the encoded
pattern 165.

[0060] In the example depicted in FIG. 1B, the encoded pattern 165 is formed from an array
of contrasting or optically distinguishable regions formed on the outer surface of the spindle
160. As a simplified example, the encoded pattern 165 depicted in FIG. 1B is depicted as an
array of light stripes interspersed with an array of dark stripes. Although light stripes and
dark stripes are specifically mentioned and shown, the encoded pattern may include various
types of regions having various shades, colors, or other optical properties that provide
contrasting or optically distinguishable regions. For example, in some implementations, the
white stripes may represent substantially reflective regions of the encoded pattern 165, and
the black stripes may represent substantially non-reflective or absorptive regions of the
encoded pattern 165. In some embodiments, a first stripe of the encoded pattern may
create a substantially specular reflection while a second stripe of the encoded pattern may
create a substantially diffuse reflection or otherwise absorb light produced by the optical
emitter 170.

[0061] In some embodiments, the contrasting or alternating regions of the encoded pattern
165 may include an array of direction-dependent or anisotropic light-reflecting regions that
produces a first type of reflection along a first direction and a second type of reflection along
a second direction that is transverse to the first direction. In some implementations, the first
type of reflection has a relatively narrow or tight beam spread. In contrast, the second type
of reflection may have a relatively wide beam spread that is wider than the first type of

reflection. With reference to the example depicted in FIG. 1B, the anisotropic reflecting
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regions may be represented by the white stripes of the encoded pattern 165. As previously
mentioned, direction-dependent reflective regions may be used to create an optical system

that is more robust or forgiving of dimensional or geometric variations in the system.

[0062] By way of example, as shown in FIG. 1B, light emitted by optical emitter 170 may
illuminate a portion of the spindle 160. Light that is reflected off the spindle 160 may be
received by the detector 180, which may include an array of photosensors. If the white
stripes are formed from an anisotropic reflecting region, the light in a longitudinal plane
aligned with the length of the spindle 160 may be reflected in a distributed manner toward
the detector 180. Additionally, light that is reflected along a transverse plane that is
transverse to the length or axis of the spindle 160 may be reflected in a substantially
specular, non-distributed manner. Light that is reflected in a direction between the
longitudinal and transverse planes may be partially distributed with specular or directional

components.

[0063] When the light that is reflected off the spindle 160 and received by the optical
detector 180, a determination may be made as to the position and movement of the spindle
160, as described in more detail below. In some embodiments, a diffraction-like or
characteristic reflected pattern is produced by the encoded pattern 165. Based on the
characteristic reflected light or pattern, the optical detector 180 may be used to determine
the absolute position, movement, and direction of movement of the spindle 160.

[0064] The encoded pattern 165 is generally disposed along the outside surface of the
spindle 160 and may include a variety of configurations. In some embodiments, the regions
(e.g., stripes) of the encoded pattern 165 extend axially or along the length of the spindle
160. In the embodiment depicted in FIG. 1B, the encoded pattern 165 includes an axial
component. For example, the regions may extend along the entire length of the spindle 160
or partially along a length of the spindle 160. In some embodiments, the encoded pattern
165 may include a radial component. For example, the encoded pattern 165 may vary down
the length of the spindle 160, which may provide additional positional information. In some
embodiments, the encoded pattern may have both a radial component and an axial

component.

[0065] Whether the encoded pattern 165 includes radial and/or axial components, the
encoded pattern 165 may be disposed around the entire circumference of the spindle 160.
In some embodiments, the encoded pattern 165 may be disposed only on certain areas of
the spindle 160. For example, if a spindle 160 was configured to have partial rotational

movement about an axis in a given direction (instead of full rotational movement about the
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axis such as described herein), the encoded pattern 165 may only be disposed on a portion
of the spindle 160 that would be visible to the optical detector 180 as the spindle 160 is
rotated.

[0066] In some embodiments, the light and dark regions of the encoded pattern 165 may
alternate between a light stripe and a dark region. In another embodiment, the light regions
and the dark regions of the encoded pattern 165 may be interspersed or arranged in a
particular sequence. In some embodiments, each of the sequence or arrangement of the

encoded pattern 165 may be used to determine an absolute position of the spindle 160.

[0067] An example encoded pattern 200 is depicted in FIG. 2. Specifically, FIG. 2 depicts a
partial sequence of an encoded pattern 200 having an array of contrasting regions depicted
in a flat form factor. (The actual encoded pattern 200 may be wrapped around the surface of
a spindle.) The encoded pattern 200 includes interspersed contrasting regions that are
represented by light and dark stripes. As discussed above, the light and dark stripes may
correspond to reflective and non-reflective regions. In some cases, the reflective regions are
direction-dependent or anisotropic reflecting regions. The example encoded pattern 200
may have a non-repeating sequence of light and dark stripes which may be used to
determine absolute position or location within the sequence. In the example depicted in FIG.
2, the encoded pattern includes regions or stripes arranged as follows: light, dark, light, light,
dark, dark, light, light, light, dark.

[0068] In this simplified example, four stripes, in combination, may represent a four-bit
pattern that is associated with a position of the spindle. Specifically, in the example shown
in FIG. 2, the sub-pattern 210 includes stripes in the following order: light, dark, light, light,
the sub-pattern 220 includes stripes in the following order: dark, light, light, dark, the sub-
pattern 230 includes the following stripes: light, light, dark, dark, and so on. Because the
encoded pattern 200 is non-repeating, each sub-pattern (e.g., sub-patterns 210, 220, and
230) may indicate an absolute (rotational) position of the spindle of the encoder.

[0069] In some cases, the absolute position within the encoded pattern 200 may be used to
determine a direction of movement of the spindle. For example, if the optical detector views
sub-pattern 220 at a first time and subsequently views sub-pattern 210 at a second time, a
determination may be made that the spindle is moving to the right, which may correspond to
a counter-clockwise rotational direction. Similarly, if the optical detector views sub-pattern
220 followed by sub-pattern 230, a determination may be made that the spindle is rotating in

a clockwise direction.
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[0070] In some embodiments, the shading or color of each stripe may vary within the
encoded pattern 200. In some embodiments, the amount of reflection or other optical
property of the interspersed regions may be varied. Various combinations of spatial and
optical variations may be used to encode positional information within the pattern. Although
FIG. 2 illustrates an encoded pattern 200 in which the stripes themselves are arranged in a
particular order, in alternative embodiments the stripes of the encoded pattern may directly
alternate between a light stripe and a dark stripe.

[0071] As also shown in FIG. 2, each stripe of the encoded pattern 200 may have a width W.
In some embodiments, the width W of each of the stripes on the encoded pattern 200 may
be uniform or substantially uniform. Accordingly, in embodiments where the stripes are
arranged as alternating light and dark stripes, the uniformity of the stripes of the encoded
pattern 200 may facilitate the determination of an amount of rotation of the spindle. For
example, a count of the regions or stripes that pass the optical detector may be multiplied by
the width W and used to determine an amount of rotation.

[0072] In another embodiment, the width W of each stripe of the encoded pattern 200 may
vary. For example, each of the light stripes of the encoded pattern 200 may have a first
width while each of the dark markings of the encoded pattern 200 may have a second,
different width. In another example, a first stripe of the encoded pattern 200 may have a first
width, a second stripe of the encoded pattern 200 may have a second width, and a third
stripe of the encoded pattern 200 may have a third width. Such an arrangement may enable
a computing device, such as, for example, computing device 100 to measure a position of
the spindle 160 based on the various widths of the stripes. The variable width of each of the
stripes may be used in any of the encoded patterns discussed herein. For example, stripes
having variable widths may be used in encoded patterns in which the order of the stripes
vary, such as shown in FIG. 2, or in embodiments where the stripes of the encoded pattern
alternate between light and dark stripes.

[0073] In another example, the varying widths of the stripes may provide a pattern that
indicates an absolute position of the spindle. For example, a stripe having a first width may
indicate that the spindle is in a first position, while a stripe having a second width may
indicate the spindle is in a second position. In still yet another example, each stripe may
have a tapered width, which may be used to determine linear movement of the spindle as

well as rotational movement of the spindle.

[0074] The stripes of the encoded pattern 200 may also include a variety of multi-

dimensional patterns. For example, the regions of the encoded pattern 200 may be
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arranged in a 2-dimensional code, Quick Response (QR) code, a bar code or other such
pattern that may be used to encode positional information on the surface of the spindle 160,
which may be used to determine a rotational, translational, or angular movement of the
spindle 160 as well as the movement speed of the spindle 160.

[0075] Referring back to FIG. 1B, the optical encoder of the present disclosure includes an
optical detector 180, which is used to distinguish between contrasting or optically
distinguishable regions formed on the surface of the spindle 160. In general, the optical
detector 180 may be configured to produce an electrical output that corresponds to the
amount of light received by a photo-sensitive surface of the optical detector 180. The
regions may be detected based on the intensity or amount of reflected light that is then
received by the optical detector 180, which may produce a corresponding amount of output

current or other electrical signal.

[0076] In some implementations, the optical detector 180 includes a photodiode that
produces an analog current in response to an amount of light incident on the surface of the
photodiode. In some cases, the higher the output current output from the photodiode, a
greater portion of the light stripe, or the reflective stripe, is apparent to the optical detector
180 (or apparent to a particular photodiode of the optical detector 180). Likewise, in some
cases, the smaller the output current that is produced by the photodiode, the greater portion
of the dark stripe, or non-reflective surface, may be apparent to optical detector 180 (or
apparent to a particular photodiode of the optical detector 180).

[0077] Using the output of the optical detector 180, rotational information of the spindle 160,
and ultimately the crown 140 may be determined. For example, rotational data may be
derived from analyzing the outputs of an array of photodiodes in the optical detector 180
across one or more sample frames. The variance of the outputs or phase between the
sample frames is related to the motion or rotational direction of the stripes of the encoded
pattern 165 and ultimately the spindle 160.

[0078] FIGs. 3A-3C show example current output graphs provided by an array of
photodiodes of an example optical detector. For example, each graph 300, 310, and 320
may represent output provided by an different photodiode of the optical detector as it
receives light that is reflected off of an encoded pattern. While photodiodes are discussed
with respect to this example, as discussed above, the sensor that is used to detect
movement of the spindle of the optical encoder may be any type of photo-sensitive or light
detecting sensor.
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[0079] In one simplified example, the light and dark regions of the encoded pattern are
directly alternating, equally spaced stripes disposed around the outer surface of a round
spindle. In this case, the graph 300 shown in FIG. 3A may represent output of a first
photodiode over a time £. Similarly, graphs 310 and 320 may represent the output of a
second and third photodiode over the same time & By comparing the phase shift of the
current output of the various photodiodes, the direction of rotation (e.g., clockwise or
counterclockwise) may be determined. Additionally, the amount of rotation may be
determined based on the number of peaks (or some other reference point) that have passed
by a particular photodiode. Also, the rate of rotation may be determined based on the
frequency or rate of the current peaks that are detected by one or more of the photodiodes.
In some cases, if the encoded pattern includes a non-repeating sequence, the spacing
between the peaks, representing the center of light-reflecting or light regions, may be used
to determine an absolute location within the encoded pattern. An example non-repeating
sequence is discussed above with respect to FIG. 2.

[0080] Although the examples above have been given with respect a length-wise or radial
component that is used determine aspects of the rotational movement, in some
embodiments, the same principles may also be used to detect linear or translational
movement of the spindle. For example, the encoded pattern may include one or more
regions that vary along the length of the spindle, which may be referred to as an axial
component. In some cases, the axial component of the encoded pattern may be used to
detect a user pushing the crown toward the housing or pulling the crown away from the
housing. In some embodiments, the principles described above may be used to determine
both a rotational and a translational movement of the spindle.

[0081] FIGs. 4A-4B illustrate an optical encoder 400 having components of an optical sensor
axially or length-wise aligned with respect to the spindle 410 of the optical encoder 400
according to one or more embodiments of the present disclosure. FIGs. 4A-4B depict two
different perspective views of the same optical encoder 400. In some embodiments, the
optical encoder 400 may be similar to the optical encoder shown and described with respect
to FIG. 1B.

[0082] As shown in FIGs. 4A-4B, the optical encoder 400 includes a spindle 410, an optical
emitter 440, and an optical detector that includes a photodiode array 430. The spindle 410
includes an encoded pattern 415 formed on the outer surface. The encoded pattern 415
may include an array of optically contrasting regions, such as an array of interspersed
stripes having different optical properties. As shown in FIGs. 4A-4B, the stripes of the
encoded pattern 415 are axially aligned with respect to the spindle 410 and are arranged
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circumferentially around the spindle 410. In accordance with the examples described herein,
the encoded pattern 415 may be used to determine aspects of the rotational movement of
the spindle 410.

[0083] In some embodiments, the light regions or stripes of the encoded pattern 415 may be
substantially reflective, and the dark regions or stripes of the encoded pattern 415 may be
substantially non-reflective. In some cases, the light regions are formed as anisotropic
reflecting regions that reflect light in a narrowly distributed fashion in a direction
perpendicular to the axis of the spindle 410 and reflect light in a more widely distributed
fashion in a direction aligned with the axis of the spindle.

[0084] As shown in FIGs. 4A-4B, the optical encoder 400 may include an optical emitter 440
that is aligned with the photodiode array 430 along the length or axis of rotation of the
spindle 410. Further, the optical emitter 440 may be described as being aligned along the
length or the axis of rotation of the spindle 410. The sensor arrangement depicted in FIGs.
4A-4B may result in a spindle 410 that is longer than the alternative arrangements, such as
the embodiment depicted in FIGs. 5A-B and described below. In some cases, the length of
the spindle 410 is sufficient to enable the light 445 from the optical emitter 440 to be
reflected off the spindle 410 and received by the photodiode array 430. Although the length
of the spindle 410 may be increased as compared to other configurations, the configuration
may be more optically efficient. For example, the axial alignment of the optical emitter 440
and the photodiode array 430 may increase the amount of light that is reflected back to the
photodiode array 430, which, in some implementations, may improve the accuracy of

rotation data and/or the power required to illuminate the spindle 410.

[0085] Although four photodiodes are specifically shown and described in the photodiode
array 430, any number of photodiodes may be used. The number of photodiodes may
increase or decrease depending on the size of the collection area of each of the photodiodes
and/or the size of various other aspects of the optical system of the encoder. In some
cases, an accurate rotational or linear movement of the spindle 410 may be collected from
an array of two photodiodes. In other embodiments, eight or more photodiodes may be
required. In another embodiment, multiple arrays of photodiodes may be used. Further,
each of photodiode arrays may be arranged in various alignments and positions with respect
to the spindle 410.

[0086] FIGs. 5A-5B depict an alternative arrangement of an optical sensor in an optical
encoder 500. In particular, FIGs. 5A-5B depict an optical encoder 500 having components

of an optical sensor radially aligned with respect to the spindle 510 of the optical encoder. In
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some embodiments, the optical encoder 500 may be similar to the optical encoder shown
and described with respect to FIG. 1B.

[0087] As shown in FIG. 5A, the optical encoder 500 includes a spindle 510, an optical
emitter 520 and an optical detector that includes a photodiode array 550. As depicted in
FIG. 5A and FIG. 5B, the photodiode array 550 may include four photodiodes. However,
any number of photodiodes may be used for the array 550 depending on the size of the
collection area of each of the photodiodes and other aspects of the encoder 500, such as
described above. Also as shown in FIG. 5A, the stripes of the encoded pattern 515 are
axially aligned with respect to the spindle 510 and are arranged around a circumference of
the spindle 510. In accordance with embodiments described herein, detecting reflected light
from the encoded pattern 515 may be used to determine aspects of the rotational movement
the spindle 510.

[0088] As shown in FIG. 5A, the optical encoder 500 may include an optical emitter 520 and
a photodiode array 550 that are radially aligned with respect to the spindle 510. For
example, the optical emitter 520 and the photodiode array 550 may be aligned with each
other such that the reflected beam 545 is transverse to (e.g., perpendicular) to the axis of
rotation of the spindle 510. In some embodiments, the radial alignment of the optical emitter
520 and photodiode array 550 with respect to the spindle 510 may enable the spindle 510 to
be shorter than the embodiments shown in FIGs. 4A - 4B.

[0089] In general, the encoder configurations described above with respect to FIGs. 4A, 4B,
5A, and 5B may be incorporated into compact form factors, such as a wearable or wrist-worn
electronic device. In some implementations, it may be beneficial for the encoder to also
include one or more direction-dependent, optically anisotropic, or anisotropic reflecting
regions on the spindle of the encoder to improve the encoder’s ability to tolerate dimensional
variations due to normal variability in manufacturing processes, manufacturing tolerances,
and movement of components within the system. In general, an optically anisotropic region
may allow for dimensional variations within the encoder that may otherwise result in

misalignment of the optical elements of the encoder.

[0090] FIG. 6A depicts an example direction-dependent or anisotropic region 600 that may
be formed on the outer surface of a spindle. In the example of FIG. 6, the anisotropic region
600 includes an array of shallow grooves that are formed into the surface of the spindle.
The anisotropic region 600 may be bounded by or adjacent one or more non-reflective or
diffuse regions 602 that are optically contrasting or optically distinguishable from the
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anisotropic region 600. Examples of optically anisotropic regions that are interspersed with
non-reflective or contrasting regions are described below with respect to FIGs. 7A-7D.

[0091] As shown in FIG. 6A, the anisotropic region 600 reflects light differently depending on
the direction of the light incident on the surface of the region 600. In particular, light that is
generally traveling in the X-Z plane may be reflected in a substantially distributed or widely
spread manner. In some cases, the light traveling in the X-Z plane is characterized as
having a first type of reflection having a first beam spread. The reflective properties of light
traveling in the X-Z plane may be different than light that is generally traveling in the Y-Z
plane, which may be reflected as in a less distributed or narrowly spread manner. In some
cases, the light traveling in the Y-Z plane is characterized as having a second type of
reflection having a second beam spread that may be narrower or less distributed than the
first beam spread. In some cases, the X-Z plane represents a plane that is parallel to or
passes through the central or axis of rotation of the spindle. In some cases, the Y-Z plane
represents a plane that is transverse to (e.g., perpendicular to) the central or axis of rotation

of the spindle.

[0092] FIG. 6A depicts a simplified example of the direction-dependent nature of the
reflection created over the anisotropic region 600. For purposes of illustration, a quantity of
light, such as a beam, is represented by an arrow or group of arrows even though the
quantity of light may actually include multiple rays. The arrows depicted in FIG. 6A
represent the general direction of the multiple rays that make up the beam. FIGs. 6B and 6C
depict detail views that better illustrate the interaction between rays of light and the groove

features formed into the surface of the anisotropic region 600.

[0093] As shown in FIG. 6A, an example light beam 612 may represent a collection of light
rays that are produced by the optical emitter of the optical encoder having the same general
(parallel) orientation as indicated by the direction of the arrow. For a light beam 612 having
light rays that are substantially aligned with the X-Z plane, the reflection will result in a
reflected light beam 614 having a distributed, diffused, or widened beam spread. In some
cases, the reflected light beam 614 includes multiple rays of light that propagate over a
range of reflected light path angles. In some cases, the reflected light beam 614 includes a
specular or directional component, but has wider spread than the incoming light beam 612.

[0094] FIG. 6B depicts a detail view of the interaction of the incoming light beam 612 with a
groove 604 formed in the anisotropic region 600. As shown in FIG. 6B, the incoming light
beam 612 is comprised of multiple light rays that are generally parallel or aligned with each

other. The angle of incidence of each ray is different on the surface of the region due to the

20



10

15

20

25

30

WO 2016/141228 PCT/US2016/020760

curved shape of the groove 604. Because each ray of the beam 612 has a different angle of
incidence, the resulting reflected beam 614 will include rays that are greatly diverging as
compared to the rays of the incoming light beam 612. The reflected light beam 614 may be
characterized as having a broader spread or distributed over a wider range of angles as
compared to light beam 612. In some cases, the reflected light beam 614 may be described

as being diffused by the grooves 604 of the anisotropic region 600.

[0095] FIG. 6A also depicts another example light beam 622 that may be produced by the
optical emitter of the optical encoder. Because the light ray 622 is substantially aligned to
the Y-Z plane, the reflection may result in a reflected light beam 624 that has a substantially
non-distributed or relatively narrow beam spread.

[0096] FIG. 6C depicts a detail view of the interaction of the incoming light beam 622 with,
for example, a bottom portion of the groove 604 formed in the anisotropic region 600. As
shown in FIG. 6C, the incoming light beam 622 is comprised of multiple light rays that are
generally parallel or aligned with each other. The angle of incidence of each ray varies only
slightly over the bottom portion of the groove 604 because the curvature of the groove is
much lower in the Y-Z plane. Because each ray of the beam 622 has a only a slightly
different angle of incidence, the resulting reflected beam 624 will include rays that are only
slightly diverging as compared to the rays of the incoming light beam 622. The reflected
light beam 624 may be characterized as having a similar or only slightly diverging output as
compared to light beam 612. In some cases, the reflected light beam 624 may be described

as having a specular or non-diverging reflection.

[0097] Due to the direction-dependent nature of the optically anisotropic region 600, light will
reflect differently depending on the general direction of the incoming or incident light. With
reference to FIGs. 6A-6C, the reflected light beam 624 oriented along the Y-Z plane can be
characterized as being more narrowly distributed, having a more narrow beam angle, or
more directed as compared to reflected light beam 614 oriented along the X-Z plane.
Conversely, the reflected light beam 614 can be characterized as being more widely
distributed, having a wider beam angle, or less directed as compared to reflected light beam
624.

[0098] In the examples of FIGs. 6A-6C, the optically anisotropic region 600 is formed from a
series of concave-shaped features or cuts, as described in more detail with respect to FIG.
7A. In alternative embodiments, the optically anisotropic region 600 may be formed from a
series of convex-shaped features, as described in more detail with respect to FIG. 7B. In

another alternative embodiment, the optically anisotropic region 600 may be formed from a
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different surface feature or surface finish that produces a direction-dependent or optically
anisotropic properties, similar to as described above. For example, the optically anisotropic

region 600 may include a combination of concave and convex features.

[0099] FIGs. 7A — 7D depict example optical encoders 700, 750, 770, 780 having a set of
optically anisotropic or anisotropic reflecting regions interspersed with a set of non-reflective
regions. The details and operation of the optical encoders 700, 750, 770, 780 may be
similar to the examples described above with respect to any of the previous figures. In
particular, the encoders 700, 750, 770, 780 may be incorporated with a crown of an
electronic device. Also, while the encoders 700, 750, 770, 780 depict a sensor arrangement
similar to the arrangement depicted in FIGs. 4A and 4B, in alternative embodiments, the

sensor arrangement may also be similar to the arrangements depicted in FIGs. 5A and 5B.

[0100] FIG. 7A illustrates an optical encoder 700 having anisotropic reflecting regions with a
series of concave-shaped features formed around the surface of the spindle 710. As
described above with respect to FIGs. 6A-6C, a series of concave-shaped features may
result in direction-dependent reflective properties for the reflective regions. In some
embodiments, the anisotropic reflecting regions, represented by the light or white stripes of
the encoded pattern 715, may distribute a wider reflected light distribution, which may
improve the reliability of the optical encoder. In some cases, the anisotropic reflecting
regions may improve the operability of the optical encoder 700 that may experience one or
more dimensional variations that affect the optical system. For example, the anisotropic
reflecting regions may reduce the encoder’s 700 sensitivity to variations in the distance
between the spindle 710 and the optical emitter 740 and/or the optical detector 730. The
anisotropic reflecting regions may also reduce sensitivity to axial misalignment of the spindle
710 with respect to the optical emitter 740 and/or the optical detector 730. The anisotropic
reflecting regions may also reduce sensitivity to normal manufacturing tolerances of the
components, including, for example, the diameter of the spindle 710, the roundness of the
spindle 710, and the like.

[0101] In general, the optical emitter 740 may be configured to illuminate a portion of the
spindle 710 with light beam 745. The optical detector 730 may be configured to receive light
from the illuminated portion of the spindle 710. The encoded pattern 715 may include an
array of contrasting regions formed on an outward-facing surface of the spindle 710.

[0102] As shown in FIG. 7A, an emitted light beam 745 produced by the optical emitter 740
may be reflected by the anisotropic reflecting regions in a substantially distributed manner

having wider-beam spread over the optical detector 730, which may include an array of
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photodiodes. The wider or increased light distribution, as compared to a pure specular
reflection, may help to ensure that at least some of the reflected light will reach the optical
detector 730, even when there are dimensional variations within or between the components
of the optical encoder 700. Additionally, the anisotropic reflecting regions may produce a
reflection having a less distributed or narrower-beam spread in a direction perpendicular to
the length or rotational axis of the spindle 710. This may reduce the amount of light that is
spread or reflected across the array of photodiodes of the optical detector 730, which may
improve or maintain the optical contrast between reflective and non-reflective regions of the
encoded pattern 715. In some embodiments, each anisotropic reflecting region is configured
to produce a reflection having a narrow reflected-light distribution for light along a transverse
plane that is perpendicular to a central axis of the spindle 710 and produce a reflection
having a wider reflected-light distribution for light along a longitudinal plane that passes
through the central axis of the spindle 710.

[0103] Similar to previous examples, the (anisotropic) reflective regions may be interspersed
(e.g., alternated) with dark, diffuse, non-reflective, or optically-absorptive regions to form an
array of contrasting or optically distinguishable regions. Also, similar to previous examples,
the array of contrasting or optically distinguishable regions may extend along the length of
the spindle 710. While the simplified example depicted in FIG. 7A shows the reflective and
non-reflective or optically absorptive regions as alternating, various non-repeating patterns of
regions may also be used to produce the encoded pattern 715 similar to the examples
described above with respect to FIGs. 2 and 3A-3C.

[0104] In some embodiments, the concave features of the anisotropic reflecting regions are
formed by turning a semi-circular groove that encircles the outer surface of the spindle 710.
The concave features may be formed, for example, by cutting the outer surface of the
spindle 710 with a contoured or curved cutting tool using a lathe or similar machining
apparatus. In some embodiments, the concave features are formed as a continuous spiral
encircling the outer surface of the spindle 710. Alternatively, the concave features may be
formed as separate rings that encircle the outer surface of the spindle 710. In some
embodiments, the concave features are cut using a computer numerically controlled (CNC)
machine to help maintain the consistency and accuracy of the concave cuts. In some
embodiments, the concave features are formed into the surface of the spindle 710 using a
molding, casting, forging, or other similar process. In some implementations, the spindle
710 is formed as a separate part that is disposed about a shaft in communication with other

components of a user-input device, such as the dial of a crown.
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[0105] The radius and depth of the concave features may be configured to produce a
particular reflected light distribution. In some cases, if the light distribution is too wide, the
amount of light that is actually incident on the optical detector 730 may be too low for a
reliable measurement. Conversely, if the light distribution is too narrow, the optical encoder
700 may be too sensitive to dimensional variations between and/or within the components of
the optical encoder 700. In some cases, the ratio of the radius to depth of the cut may be
configured to produce a desired reflected-light distribution. By way of example and not
limitation, the ratio of the radius to the depth of the concave feature may be equal to or
greater than a minimum ratio of 7:1 and may be equal to or less than a maximum ratio of
13:1. By way of further example and not limitation, the concave cut may have a depth as
small as 3 microns or a depth as large as 15 microns. In some cases, the depth is less than

3 microns or greater than 15 microns.

[0106] In the present example, the dark, non-reflective, or optically-absorptive regions
interspersed with the light or reflective regions are formed by coating the respective regions
of the spindle 710 with a dark, optically-absorptive, diffuse, or non-reflective coating. In
some cases, the dark, optically-absorptive, diffuse, or non-reflective regions are formed by
disposing an ink or coating over the stripe-shaped regions arranged along the length of the
spindle 710. In some embodiments, the dark, optically-absorptive, diffuse, or non-reflective
regions are formed by laser etching or ablating the regions to form a substantially flattened
region or surface. In some embodiments, the dark, non-reflective, or optically-absorptive
regions are laser ablated and then coated with an ink or other coating to reduce the optical
reflective properties of the area. The dark, non-reflective, or optically-absorptive regions
may also be machined, ground, or similarly processed to alter the surface reflective

properties of the respective regions.

[0107] The anisotropic reflecting regions may be formed using other geometry or surface
treatments. For example, FIG. 7B illustrates an optical encoder 750 having anisotropic
reflecting regions with a series of convex-shaped features formed around the surface of the
spindle 760. Similar to as described above with respect to FIGs. 6A-6C, a series of
contoured features may result in direction-dependent reflective properties of the reflective
regions. Similar to the previous example, the anisotropic reflecting regions, represented by
the light or white stripes of the encoded pattern 765, may distribute a wider reflected light
distribution, which may improve the reliability of the optical encoder by reducing the
encoder’s sensitivity to dimensional variation between the components or within the

components themselves.
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[0108] As shown in FIG. 7B, an emitted light beam 795 produced by the optical emitter 740
may be reflected by the anisotropic reflecting regions in a substantially distributed manner
having wider-beam spread over the optical detector 730, which may include an array of
photodiodes. As described above, the wider or increased light distribution, as compared to a
pure specular reflection, may help to ensure that at least some of the reflected light will
reach the optical detector 730, even when there are dimensional variations within or
between the components of the optical encoder 750. Additionally, the anisotropic reflecting
regions may produce a reflection having a less distributed or narrower-beam spread in a
direction perpendicular to the length or rotational axis of the spindle 760, which may reduce
the amount of light that is spread across the array of photodiodes of the optical detector 730
to improve or maintain the optical contrast between reflective and non-reflective regions of
the encoded pattern 765. In some embodiments, each anisotropic reflecting region is
configured to produce a reflection having a narrow reflected-light distribution for light along a
transverse plane that is perpendicular to a central axis of the spindle 760 and produce a
reflection having a wider reflected-light distribution for light along a longitudinal plane that
passes through the central axis of the spindle 760.

[0109] Similar to previous examples, the (anisotropic) reflective regions may be interspersed
(e.g., alternated) with dark, diffuse, non-reflective, or optically-absorptive regions to form an
array of contrasting or optically distinguishable regions. Also, similar to previous examples,
the array of contrasting or optically distinguishable regions may extend along the length of
the spindle 760. While the simplified example depicted in FIG. 7B shows the reflective and
non-reflective or optically absorptive regions as alternating, various non-repeating patterns of
regions may also be used to produce the encoded pattern 765 similar to the examples
described above with respect to FIGs. 2 and 3A-3C.

[0110] In some embodiments, the convex features of the anisotropic reflecting regions are
formed using a machining process used to cut the features in the outer surface of the spindle
760. In some embodiments, the convex features are formed as a continuous spiral
encircling the outer surface of the spindle 760. Alternatively, the convex features may be
formed as separate rings that encircle the outer surface of the spindle 760. Additionally or
alternatively, the convex features may be formed by molding, casting, forging, or using
another similar process to form a portion of the outer surface of the spindle 760. In some
implementations, the spindle 760 is formed as a separate part that is disposed about a shaft

in communication with other components of a user-input device, such as the dial of a crown.

[0111] The radius and height of the convex features may be configured to produce a
particular reflected light distribution. In some cases, if the light distribution is too wide, the
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amount of light that is actually incident on the optical detector 730 may be too low for a
reliable measurement. Conversely, if the light distribution is too narrow, the optical encoder
750 may be too sensitive to dimensional variations between and/or within the components of
the optical encoder 750. Thus, in some cases, the radius and height and/or the ratio of the
radius to the height may be configured to produce the desired diffuse light distribution that is

tailored to the dimensions and predicted variations in the components of the encoder 750.

[0112] As shown in FIG. 7B, the encoded pattern 765 includes dark, diffuse, non-reflective,
or optically-absorptive regions interspersed with the anisotropic reflecting regions. The dark,
diffuse, non-reflective, or optically-absorptive regions may be formed using one or more of
the techniques described above with respect to FIG. 7A.

[0113] FIG. 7C depicts an example optical encoder 770 including a spindle 772, optical
emitter 740, and optical detector 730. Similar to the previous examples, the optical emitter
740 is configured to produce an emitted beam 745 that is reflected off the encoded pattern
774 formed on the outer surface of the spindle 772. In the present embodiments, the
encoded pattern 774 includes an array of contrasting regions extending along a length of the
spindle 772. Similar to the example of FIG. 7A, the array of contrasting regions includes an
array of anisotropic reflecting regions formed by a series of concave-shaped features in the
outer surface of the spindle 772. In the example configuration depicted in FIG. 7C, the
reflecting regions are interspersed with an array of optically-absorptive regions, which are
substantially free of concave features. In some embodiments, the optically-absorptive
regions are formed by machining, grinding, or otherwise removing material to form a
substantially flat surface. In some embodiments, the optically-absorptive regions are formed
by laser etching or laser ablating the region to form a flattened or substantially flat region.

[0114] FIG. 7D depicts an example optical encoder 780 including a spindle 782, optical
emitter 740, and optical detector 730. Similar to the previous examples, the optical emitter
740 is configured to produce an emitted beam 795 that is reflected off the encoded pattern
784 formed on the outer surface of the spindle 782. In the present embodiments, the
encoded pattern 784 includes an array of contrasting regions extending along a length of the
spindle 782. Similar to the example of FIG. 7B, the array of contrasting regions includes an
array of anisotropic reflecting regions formed by a series of convex-shaped features in the
outer surface of the spindle 782. In the example configuration depicted in FIG. 7D the
reflecting regions are interspersed with an array of optically-absorptive regions, which are
substantially free of concave features. In some embodiments, the optically-absorptive

regions are formed by machining, grinding, or otherwise removing material to form a
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substantially flat surface. In some embodiments, the optically-absorptive regions are formed
by laser etching or laser ablating the region to form a flattened or substantially flat region.

[0115] As described with respect to previous examples, an optical encoder may include both
light (or reflective) and dark (or optically-absorptive) regions to form the encoded pattern.
Additionally or alternatively, in some embodiments, the entire spindle may have a contoured
shape that directs the light toward or away from the optical detector of the encoder. In some
implementations, the spindle surface may have a substantially uniform surface finish. For
example, in some embodiments, the surface of the spindle may be substantially specular
(e.g., the spindle provides a substantially specular reflection) and grooves, cuts, or other
features are formed along the length of the spindle to reflect the light in an alternating
fashion. In such embodiments, the spindle may have one or more striations, grooves, flutes,

channels, or similar features formed along the length of the spindle.

[0116] FIG. 8A depicts an example spindle 810 of an optical encoder 800 that includes a
plurality of features 815 that are formed along the length of the spindle 810. The features
815 may include an array of length-wise or axially aligned cuts that may be described as
flutes, channels, scallops, or other similar features. In general, the features 815 may direct a
light beam 830 produced by the optical emitter 820 into a pattern of reflected light that
includes alternating light and dark reflected portions. In some cases, the alternating light
and dark portions simulate or resemble a diffraction pattern. As the spindle 810 rotates, the
alternating light portions may pass over the photodiodes of the optical detector 840 which
may be used to determine the amount of rotation, the direction of rotation, the rate of
rotation, the change of rate of rotation, and so on similar to the embodiments described
above with respect to other encoder embodiments.

[0117] In some embodiments, the features 815 are combined with light-reflecting and light-
absorbing or non-reflective regions to produce an alternating reflection. In other
embodiments, the features 815 may create an alternating light and dark reflection even if
there is no variation in color or surface reflectance from the spindle 810. Such embodiments
may be advantageous in that it may not require the formation of contrasting or optically-
distinguishable regions on the surface of the spindle 810.

[0118] In some embodiments, the surface features 815 may be formed on the surface of the
spindle 810 as part of a molding, casting, forging, or other similar manufacturing process. In
some embodiments, the surface features 815 may be formed by machining, grinding, or
otherwise removing material from the surface of the spindle 810. Additionally, while the

features 815 depicted in FIG. 8A are shown as being formed along the length of the spindle
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810, it may not be necessary that the features extend the entire length of the spindle 810
and may, instead, be formed over a relatively short portion of the spindle’s 810 outer

surface.

[0119] FIG. 8B depicts another alternative encoder 850 having an array of facet surface
features 865 formed in the outer surface of the spindle 860. Similar to the previous example,
the optical emitter 820 may produce a beam of light 830 that is reflected off the surface of
the spindle 860. In the example depicted in FIG. 8B, the facet features 865 cause a
reflected pattern having alternating light and dark portions, which may pass across the
photodiodes of the optical detector 840 as the spindle 860 rotates. In the present example,
the facet features 865 are formed as an array of flat facet features along the surface of the
spindle 860 that reflect the light in different directions to produce the alternating light

portions.

[0120] FIG. 8C depicts another alternative encoder 870 having an array of flat facet surface
features 875 formed in the outer surface of the spindle 880. In some embodiments, the flat
facet surface features 875 may be arranged as being tangent to an inscribed circle (not
shown). Similar to the previous example, the optical emitter 820 may produce a beam of
light 830 that is reflected off the surface of the spindle 880. In the example depicted in FIG.
8C, the facet features 865 cause a reflected pattern having alternating light and dark
portions, which may pass across the photodiodes of the optical detector 840 as the spindle
880 rotates. In the present example, the facet features 875 are formed as an array of flat
facet features along the surface of the spindle 880 that reflect the light in different directions
to produce the alternating light portions. While different flute and facet geometry and feature
arrangements are depicted in FIGs. 8A-8C, these examples are merely illustrative and other

alternative facet arrangements may also be used.

[0121] In some embodiments, the axially aligned features (e.g., flutes, facets, scallops, and
the like) that are formed along the length of a spindle have a substantially specular surface
finish. While a specular surface finish may be advantageous for maximizing the amount of
light that is received by the optical detector, a specular finish may not facilitate or
accommodate normal variations or a reasonable degree of variation in the positions of the
various components. For example, as the position and/or alignment of the optical emitter
and/or the optical detector vary with respect to the spindle, the reflected beam may partially
or entirely miss the optical detector. Thus, as previously mentioned, spreading the
distribution of the reflected light, for example, in a plane that is aligned with the length of the
spindle, may allow for some variation in the position and/or alignment of the components of
the encoder. FIGs. 9A through FIG. 11B depict aspects of example systems that may be
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used to widen the distribution of the reflected light to reduce the encoder’s sensitivity to

positional and/or dimensional variations.

[0122] In some embodiments, an optically diffusing member may be disposed or positioned
relative to one or more of the optical elements and may widen the distribution of the light on
the optical detector. FIG. 9A depicts an example optical encoder 900 having an optically
diffusing member 942 positioned relative to the optical emitter 940. In particular, the
encoder 900 of FIG. 9A includes an optically diffusing member 942 that is positioned
adjacent to a light-emitting face of the optical emitter 940. As shown in Fig. 9A, the optically
diffusing member 942 may be used to produce a beam of light 945 having a widened beam
distribution along the axis of the spindle 910.

[0123] In some embodiments, the optically diffusing member 942 is configured to widen the
distribution of the beam of light 945 along a primary direction to produce a direction-
dependent light distribution. In particular, the optically diffusing member 942 may include an
array of surface features or optical elements that spread or widen the distribution of the light
along the primary direction but do not substantially spread or widen the distribution of light
along another direction that is transverse (e.g., perpendicular) to the primary direction. In
some embodiments, the optically diffusing member 942 may include an array of elongated
lenses or ridges that are configured to distribute the light along the primary direction in a
greater amount than in other directions that are transverse to the primary direction. An
example optically diffusing member is described below with respect to FIG. 10.

[0124] As shown in FIG. 9A, the encoder 900 may include a spindle 910 that is formed from
a substantially uniform and optically specular surface. Similar to the example described
above with respect to FIG. 8A, the spindle 910 may include a plurality of features 915 that
are formed along the length of the spindle 910. The features 915 may include an array of
length-wise or axially aligned cuts that may be described as flutes, channels, scallops, or
other similar features. In general, the features 915 may direct a light beam 945 produced by
the optical emitter 940 into a pattern of reflected light that includes alternating light and dark
reflected portions, which may resemble a diffraction pattern. As the spindle 910 rotates, the
alternating light portions may pass over the photodiodes of the optical detector 930 which
may be used to determine the amount of rotation, the direction of rotation, the rate of
rotation, the change of rate of rotation, and so on similar to the embodiments described

above with respect to other encoder embodiments.

[0125] In some embodiments, the optical encoder 900 includes both a fluted spindle 910

(having a specular surface finish) and an optically diffusing member 942. As previously
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mentioned, the fluted features 915 of the spindle 910 may be used to direct the light in a
pattern across the LEDs as the spindle 910 is rotated. The optically diffusing member 942
spreads the light along the axial or length direction of the spindle 910 to reduce the effects of
beam misalignment due to normal or reasonable positional or dimensional variations within
the encoder 910. By separating the pattern formation and the beam spreading functions, the
performance of each element, whether it is the features 915 or the optically diffusing
member 942, may be optimized for the respective optical function. In some cases,
separating optical functions may also simplify the manufacturing of each element or
component. In contrast, FIGs. 11A and 11B described in more detail below, depict a spindle
having surface features that are configured to provide both pattern formation across the
optical detectors and optical diffusion or beam spreading along the axis or length direction of

the spindle.

[0126] While the example depicted in FIG. 9A includes a combination of the optically
diffusing member 942 used in combination with a spindle 910 having fluted features 915, the
same principle may be applied to spindles having a variety of shapes and configurations.

For example, the optically diffusing member 942 of FIG. 9A may be combined with any of the
other spindle examples 850 and 870 described above with respect to FIG. 8B and 8C.
Additionally, the optically diffusing member 942 may be combined with one or more of the
optical encoders 400, 500, 700, 750, 770, 780 described above with respect to previous
figures.

[0127] FIG. 9B depicts an example optical encoder 950 having an optical diffusing member
932 positioned relative to the optical detector 930. In particular, the encoder 950 of FIG. 9B
includes an optically diffusing member 932 that is positioned adjacent to a light-receiving
face of the optical detector 930. The optically diffusing member 932 may help to distribute
the light that is reflected by the spindle 910 across the optical detector 930 in a direction that
is generally along the axis or length of the spindle 910.

[0128] Similar to the previous example, in some embodiments, the optically diffusing
member 932 is configured to widen the distribution of light along a primary direction to
produce a direction-dependent light distribution. In particular, the optically diffusing member
932 may include an array of surface features or optical elements that spread or widen the
distribution of the light along the primary direction but do not substantially spread or widen
the distribution of light along another direction that is transverse (e.g., perpendicular) to the
primary direction. In some embodiments, the optically diffusing member 932 may include an
array of elongated lenses or ridges that are configured to distribute the light along the
primary direction in a greater amount than in other directions that are transverse to the
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primary direction. An example optically diffusing member is described below with respect to
FIG. 10.

[0129] Similar to the previous example, the encoder 950 of FIG. 9B includes a spindle 910
that is formed from a substantially uniform and optically specular surface and may include a
plurality of features 915 that are formed along the length of the spindle 910. As described
above, the features 915 may direct a light beam 947 produced by the optical emitter 940 into
a pattern of reflected light that includes alternating light and dark reflected portions, which

may be used to determine or measure aspects of the rotation of the spindle 910.

[0130] While the example depicted in FIG. 9B includes a combination of the optically
diffusing member 932 used in combination with a spindle 910 having fluted features 915, the
same principle may be applied to spindles having a variety of shapes and configurations.
For example, the optically diffusing member 932 of FIG. 9B may be combined with one or
more of the optical encoders 400, 500, 700, 750, 770, 780, 800, 850, 870 described above
with respect to previous figures. Additionally, an encoder may include both an optically
diffusing member 942 on the optical emitter 940, as shown in FIG. 9A, with the optically
diffusing member 932 on the optical detector 930, as shown in FIG. 9B.

[0131] FIG. 9C depicts an example optical encoder 960 having an elongated optical emitter
948. In some embodiments, the elongated optical emitter 948 may be used to increase the
distribution of light along the axis or length direction of the spindle 910, which may reduce
sensitivity to positional and/or dimensional variations. As shown in FIG. 9C, the optical
emitter 948 may be used to produce an emitted beam 949 that is more widely distributed
along the axis or length of the spindle 910 as compared to other directions that are
transverse (e.g., perpendicular) to the length of the spindle 910. In some cases, the
widened distribution increases the chance that the reflected pattern of light will be incident to
the optical detector 930.

[0132] In some cases, the elongated optical emitter 948 may be formed from an elongated
light-emitting diode (LED) element. Additionally or alternatively, the elongated optical emitter
948 may be formed using a slotted or slit opening that is positioned adjacent to the light-
emitting face of the optical emitter 948. In some cases, other optical elements, such as
lenses or shields, may be used to produce the light beam 949 having a direction-dependent
distribution, as shown in FIG. 9C.

[0133] While the elongated optical emitter 948 is depicted as being combined with a fluted
spindle 910, the elongated optical emitter 948 may be combined with other types of spindles

and other optical elements described with respect to other optical encoder embodiments.
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For example, the elongated optical emitter 948 of FIG. 9C may be combined with one or
more of the optical encoders 400, 500, 700, 750, 770, 780, 800, 850, 870, 900, 950

described above with respect to previous figures.

[0134] FIG. 10 depicts an example optically diffusing member 1000. As depicted, the
optically diffusing member 1000 may be used to produce a direction-dependent optical beam
distribution. For example, the optically diffusing member 1000 may be used to produce a
light beam that is more widely distributed along a first direction than in a second direction
that is transverse to the first direction. In the depicted example, the optically diffusing
member 1000 may be configured to produce a beam having a wider distribution in a
direction that is substantially perpendicular to the length of the cylindrical lens features 1010.

[0135] As shown in FIG. 10, the optically diffusing member 1000 includes an array of
elongated lens features 1010 formed along a surface of the optically diffusing member 1000.
In the present example, the elongated lens features 1010 are formed as an array of partially
cylindrical lenses. In other examples, the optically diffusing member 1000 may include an
array of elongated ridges, protrusions, or other positive features formed into the surface of
the diffusing member 1000. Similarly, the optically diffusing member 1000 may include an
array of elongated cuts, scallops, or other negative features formed into the surface of the
diffusing member 1000. The optically diffusing member 1000 may be formed from an
optically transmissive material, including, for example, glass, sapphire, plastic, and the like.

[0136] The optically diffusing member 1000 of FIG. 10 may correspond to either of the
optically diffusing members 942 and 932 of FIGs. 9A and 9B, respectively. In particular, the
size and shape of the optically diffusing member 1000 may be adapted to produce a
direction-dependent light distribution for light that is emitted from, for example, the optical
emitter 940 of FIG. 9A. Similarly, the size and shape of the optically diffusing member 1000
may be adapted to produce a direction-dependent light distribution for light that is received
by, for example, the optical detector 930 of FIG. 9B. In general, the elongated lens features
1010 of the optically diffusing member 1000 may be arranged to be transverse to (e.g.,
perpendicular to) the axis or length direction of the spindle 910 of either examples depicted
in FIGs. 9A and 9B.

[0137] In some embodiments, the pattern forming features of the spindle may be integrated
with beam widening or diffusing features formed into the same surface. For example, in
some embodiments, the spindle includes axially or lengthwise features that are used to form
alternating light and dark regions across the optical detector similar to the examples

described above with respect to FIGs. 8A and 8B. Additionally, other features may be
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integrally formed with the axial or lengthwise features that increase the distribution of
reflected light along a particular direction. One advantage to this approach is that a single
spindle may have a shape that both produces both the light and dark regions used to detect
rotation of the spindle and also produce a widened beam to improve the encoder’s tolerance

to dimensional and positional variations.

[0138] FIGs. 11A-11B depict an example spindle 1100 of an optical encoder that includes
both optical pattern-forming and optically diffusing surface features. In particular, the spindle
1100 includes an array of surface features that have a concave contour 1110 as indicated in
FIG. 11B. In some cases, the concave contour 1110 performs a beam-directing function
similar to the fluted features of FIG. 8A. In particular, the concave contour 1110 may be
used to create a pattern of alternating light and dark regions that may be detected by an
optical detector, similar to other examples described above with respect to FIG. 8A, 8B, and
8C. In some cases, the concave contour 1110 is defined by three surfaces that form a
depression or concave feature in the surface of the spindle 1100. As shown in FIG. 11B, the
concave contour 1110 includes a substantially flat bottom contour region and two angled
contour regions, each extending from either end of the flat bottom contour region. As shown
in FIG. 11B, the concave contour 1110 represents the shape of the feature at one location
within the concave feature and may vary in shape and size within the concave feature.
Additionally, the concave contour 1110 is provided as one example and other
implementations may vary in shape without departing from the overall concept of the

embodiment.

[0139] As shown in FIG. 11B, the array of surface features may also have a convex contour
1120 that is generally arranged perpendicular to the concave contour 1110. In some cases,
the convex contour 1120 performs a beam-distribution widening function similar to the
concave features 762 and 782 described above with respect to FIGs. 7B and 7D,
respectively. In particular, the convex contour 1120 may produce a direction-dependent
beam-widening reflected light distribution that may increase the distribution of light that is
reflected along the axis or length direction of the spindle 1100. As shown in FIG. 11B, the
convex contour 1120 is formed from an arc-shaped feature that extends along the (flat)
bottom portion of the concave contour 1110. While this is depicted as merely one example,
other implementations may vary in shape without departing from the overall concept of the

embodiment.

[0140] One advantage to the configuration of the spindle 1100 depicted in FIGs. 11A-11B is
that a single piece may include multiple features that facilitate an accurate and repeatable
reflected optical pattern across the optical detector of the encoder. While the spindle 1100
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may have a surface that is relatively complex, the overall manufacturability of the encoder
may be improved due to reduced part count, reduced part alignment, and other potentially

beneficial trade-offs.

[0141] In some embodiments, the spindle 1100 may be formed using a variety of
manufacturing processes. For example, the spindle 1100 may be formed from a polymer or
other moldable material using an injection molding or casting process. In some
embodiments, the spindle 1100 is formed from a polymer or plastic material that is then
coated with a reflective or metalized material. In some cases, the spindle 1100 is formed
from a high-temperature resistant polymer and coated with a gold layer using a physical
vapor deposition (PVD) or other deposition process. In some embodiments, the spindle
1100 may be machined, cast, forged, or otherwise shaped out of a metal material such as
aluminum, bronze, brass, gold, silver, and so on. While not shown in FIGs. 11A and 11B,
the spindle 1100 may also include a through hole or other feature that is used to couple the
spindle 1100 with a shaft or other element of an optical encoder.

[0142] In some embodiments, the spindle may be formed from a separate part that is joined,
coupled, or otherwise operatively coupled to other components of the encoder and/or an
input mechanism, such as a crown. In some embodiments, the spindle may be formed from
a sleeve, cap, or other form factor that may be attached to a shaft. For example, FIGs. 12A-
12B depict a spindle sleeve and spindle cap, respectively, attached to a shaft of a

mechanism.

[0143] As shown in FIG. 12A, the spindle 1210 may be formed as a sleeve having a hollow
inner portion or aperture formed through the spindle 1210. The outer surface of the spindle
1210 may be formed in accordance with or include any of the optical features described with
respect to the encoder embodiments previously discussed. In particular, the outer surface of
the spindle 1210 may include an encoded pattern that may be used to determine rotational
information about the spindle 1210. In the following examples, the shaft 1220 may form part
of a user-input device, such as a crown or rotating element. In some cases, the shaft 1220
is operatively coupled to the dial of a crown, as described above with respect to FIGs. 1A-
1B.

[0144] The inner surface or aperture formed of the spindle 1210 may be formed to receive
and attach to or otherwise couple to the shaft 1220. In some embodiments, the aperture of
the spindle 1210 may be a slip fit or clearance fit with respect to the outer surface of the
shaft 1220. The spindle 1210 may be attached to the surface of the shaft 1220 using an

adhesive or other bonding agent placed between the two components. In some
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embodiments, the spindle 1210 may be attached to the shaft 1220 using a threaded fastener
or other attachment method. In other embodiments, the spindle 1210 may be configured to

form a press fit or interference fit with the shaft 1220.

[0145] As shown in FIG. 12B, the spindle 1230 may alternatively be formed as a cap-shaped
part having a hollow inner portion recess formed into a portion of the spindle 1230. As
explained with respect to the previous example, the outer surface of the spindle 1230 may
be formed in accordance with or include any of the optical features described with respect to
the encoder embodiments previously discussed. In particular, the outer surface of the
spindle 1230 may include an encoded pattern that may be used to determine positional (e.g.,
rotational) information about the spindle 1230.

[0146] In either of the examples of FIGs. 12A and 12B, the spindles 1210, 1230 may be
formed using a variety of manufacturing processes. For example, the spindles 1210, 1230
may be formed from a polymer or other moldable material using an injection molding or
casting process. In some embodiments, the spindles 1210, 1230 are formed from a polymer
or plastic material that is then coated with a reflective or metalized material. In some cases,
the spindles 1210, 1230 are formed from a high-temperature resistant polymer and coated
with a gold layer using a physical vapor deposition (PVD) or other deposition process. In
some embodiments, the spindles 1210, 1230 may be machined, cast, forged, or otherwise

shaped out of a metal material such as aluminum, bronze, brass, gold, silver, and so on.

[0147] FIG. 13 illustrates a method 1300 for collecting and determining movement of a
spindle of an optical encoder according to one or more embodiments of the present
disclosure. In embodiments, the method 1300 may be used to determine rotational
movement of the spindle, angular movement of the spindle, translational movement of the
spindle as well as a speed of movement of the spindle. Further, the method 1300 described
below may be used with the embodiments shown and described above with respect to FIG.
1A through FIG. 12B.

[0148] In operation 1310, light from an optical emitter is reflected off of an encoded pattern
that is disposed on a spindle of an optical encoder. The encoded pattern disposed on the
spindle may include a plurality of light and dark regions or stripes that are axially disposed
along a length of the spindle of the optical encoder in accordance with any of the examples
provided above.

[0149] In another embodiment, the spindle of the optical encoder may include one or more
surface features such as shown in FIGs. 8A- 8C. In such embodiments, the surface features

may be used to reflect light in a variety of different directions. The surface features may be
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used in conjunction with the light and dark markings of the encoded pattern. In alternative
embodiments, the surface components may be used without the need of either one or both

of the light markings of the encoded pattern or the dark markings of the encoded pattern.

[0150] In operation 1320, the light that is reflected off of the encoded pattern is received by
an optical detector such as a photodiode array, which may be used to determine a position
of the spindle. As discussed above, both the optical emitter and the photodiode array may
be axially aligned with the spindle. In another embodiment, both the optical emitter and the
photodiode array are radially aligned with respect to the spindle. Although axial alignment
and radial alignment are specifically mentioned, other alignments may be used. When the
photodiode array receives the reflected light, an initial position of the spindle may be
determined. Specifically, as light is reflected from the encoded pattern and received by the
photodiode array, the photodiode array outputs a current which may correspond to the
amount and/or position of light and dark stripes that are proximate to the photodiode array.
This output current may then be used to determine a position of the spindle at a time t.

[0151] In operation 1330, movement of the spindle is received. In another embodiment, the
movement may be rotational movement, translational movement, angular movement or
combinations thereof. For example, a crown of an electronic device may be rotated to
change an output on a display such as described above. In another embodiment, the crown
may be pushed inward or pulled outward.

[0152] In operation 1340, light from the newly exposed portion of the encoded pattern is
received by the array of photodiodes. When the newly reflected light is received, the
photodiode array may output a current based on the intensity of the reflected light. Once the
reflected light from the newly exposed encoded pattern is received, the output of the
photodiode array may be used to determine a direction of movement of the spindle. In some
embodiments, the speed of the movement of the spindle may also be determined.

[0153] In some embodiments, operation 1350 includes comparing the output of the
photodiode array from operation 1320 with the output of the photodiode array from operation
1340. For example, light intensity received by one or more photodiodes of the photodiode
array at a first time may be compared against light intensity received by one or more
photodiode at a second time. In some cases, multiple time intervals are sampled and a
phase in the change of current or other measurement may be used to determine the
direction of rotation of the spindle. Although the example above specifies two time samples
are used to determine the movement of the spindle, operation 1350 may use any number of
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samples, sequential or otherwise, to determine a directional movement of the spindle of the

encoder.

[0154] Further, operation 1350 may be used to determine a speed of rotation of the spindle.
For example, as the photodiode array outputs the detected change in current, the speed of
the change may also be monitored. The change in speed may then be used to determine

the overall speed of the movement of the spindle.

[0155] In operation 1360, output is generated based on the determined direction of the
movement of the spindle. For example, as a crown of an electronic device is rotated or
otherwise moved, one or more icons or images of the display of the electronic device may
need to be updated accordingly. For example, if the display of the electronic device is
displaying a time keeping application, the crown of the electronic device may be rotated in
either direction to change or adjust the position of the hands that are displayed by the time
keeping application. Specifically, the hands that are displayed by the time keeping
application may move in the direction and speed indicated by the determined movement and

speed of the spindle such as described above.

[0156] Although embodiments have been described above with respect to a rotational and
translational movement of a spindle of an electronic device, embodiments of the present
disclosure are not so limited. For example, the crown of the electronic device shown with
respect to FIG. 1A could be replaced by a keycap for a keyboard. Thus, each key of the
keyboard may be optically encoded for translational movement or other types of movement.
In other embodiments, the optical encoder disclosed herein could be used with a button on a

sliding switch and the like.

[0157] Embodiments of the present disclosure are described above with reference to block
diagrams and operational illustrations of methods and the like. The operations described
may occur out of the order as shown in any of the figures. Additionally, one or more
operations may be removed or executed substantially concurrently. For example, two blocks
shown in succession may be executed substantially concurrently. Additionally, the blocks

may be executed in the reverse order.

[0158] The description and illustration of one or more embodiments provided in this
disclosure are not intended to limit or restrict the scope of the present disclosure as claimed.
The embodiments, examples, and details provided in this disclosure are considered
sufficient to convey possession and enable others to make and use the best mode of the
claimed embodiments. Additionally, the claimed embodiments should not be construed as

being limited to any embodiment, example, or detail provided above. Regardless of whether
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shown and described in combination or separately, the various features, including structural
features and methodological features, are intended to be selectively included or omitted to
produce an embodiment with a particular set of features. Having been provided with the
description and illustration of the present application, one skilled in the art may envision
variations, modifications, and alternate embodiments falling within the spirit of the broader
aspects of the embodiments described herein that do not depart from the broader scope of
the claimed embodiments.
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CLAIMS
What is claimed is:

1. An optical encoder for an electronic device, the optical encoder comprising:

a spindle;

an optical emitter configured to illuminate a portion of the spindle;

an optical detector configured to receive light from the illuminated portion of the
spindle; and

an array of contrasting regions formed on an outward-facing surface of the spindle
and extending along a length of the spindle, wherein the array of contrasting regions
includes a set of optically anisotropic regions interspersed with a set of optically-absorptive

regions.

2. The optical encoder of claim 1, wherein the set of optically anisotropic regions is
configured to produce a reflected-light distribution that varies in accordance with a direction
of reflected light.

3. The optical encoder of claim 1, wherein each optically anisotropic region is
configured to:

produce a first light distribution for light along a transverse plane that is perpendicular
to a central axis of the spindle; and

produce a second light distribution for light along a longitudinal plane that passes
through the central axis of the spindle, wherein the second light distribution is wider than the
first light distribution.

4, The optical encoder of claim 1, wherein each optically anisotropic region of the set of
optically anisotropic regions is formed from a series of concave-shaped features that at least

partially encircles the outward-facing surface of the spindle.

5. The optical encoder of claim 4, wherein the series of concave-shaped features has a
depth to radius ratio between a maximum ratio of 13:1 and a minimum ratio of 7:1.

6. The optical encoder of claim 4, wherein the series of concave-shaped features is

formed as a continuous spiral encircling the outward-facing surface of the spindle.

7. The optical encoder of claim 1, wherein each optically anisotropic region of the set of
optically anisotropic regions is formed from a series of convex-shaped features that at least
partially encircles the outward-facing surface of the spindle.
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8. The optical encoder of claim 1, wherein the set of optically absorptive regions are
formed by laser etching the outward-facing surface of the spindle to form a set of flattened

regions.

9. The optical encoder of claim 1, wherein the set of optically absorptive regions are
formed by depositing an ink on the outward-facing surface of the spindle.

10. The optical encoder of claim 1, wherein the optical detector includes an array of
photodiodes that are arranged along the length to the spindle.

11. The optical encoder of claim 1, wherein the optical detector includes an array of
photodiodes that are arranged along a direction that is transverse to the length of the
spindle.

12. A portable electronic device comprising:
a housing;
a display positioned within an opening of the housing;
a crown positioned on the housing and configured to receive rotational input;
an optical encoder operatively coupled to the crown and configured to measure the
rotational input, the optical encoder comprising:
a spindle;
an optical sensor configured to detect light reflected from the spindle; and
an array of alternating regions formed on and extending along a length of the
spindle.

13. The portable electronic device of claim 12, wherein:

the optical sensor comprises an optical emitter and an optically diffusing member that
are positioned adjacent to a light-emitting face of the optical emitter; and

the optically diffusing member is configured to produce a light distribution that is
wider in a direction along the length of the spindle.

14. The portable electronic device of claim 12, wherein:

the optical sensor comprises an optical detector and an optically diffusing member
that are positioned adjacent to a light-receiving face of the optical detector; and

the optically diffusing member is configured to produce a light distribution that is
wider in a direction along the length of the spindle.

15. The portable electronic device of claim 12, wherein:

the spindle includes an array of surface features that are configured to:
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produce an alternating pattern of light and dark regions to be detected by the
optical sensor; and

produce a widened reflected light distribution in a direction along the length of
the spindle.

16. The portable electronic device of claim 12, further comprising:
a shaft that is operatively coupled to the crown, wherein the spindle is disposed over
a portion of the shaft.

17. The portable electronic device of claim 12, wherein the spindle includes an array of
contoured regions that are configured to produce alternating light and dark reflections on the
optical sensor.

18. The portable electronic device of claim 12, wherein:

the spindle includes an array of flat facet features that extend at least partially along
the length the spindle; and

the facet features are configured to produce alternating light and dark reflections on
the optical sensor.

19. The portable electronic device of claim 12, wherein:

the spindle includes an array of concave features that extend at least partially along
the length the spindle; and

the concave features are configured to produce alternating light and dark reflections
on the optical sensor.

20. The portable electronic device of claim 12, wherein the spindle is molded from a

polymer material and coated with a reflective metal material.

21. The portable electronic device of claim 12, wherein one or more of the alternating
regions are configured to:

produce a first type of reflection having a first beam spread for light along a
transverse plane that is perpendicular to a central axis of the spindle; and

produce a second type of reflection having a second beam spread for light along a
longitudinal plane that passes through the central axis of the spindle, wherein the second
beam spread is wider than the first beam spread.

22. An optical encoder for an electronic device, the optical encoder comprising:
a spindle;

an optical emitter configured to illuminate a portion of the spindle;
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an optical detector configured to receive light from the illuminated portion of the
spindle; and

an array of features arranged along a length the spindle; wherein the array of
features is configured to produce alternating light and dark reflections on the optical sensor.

23. The portable electronic device of claim 22 wherein, the array of features includes an

array of flat facet features that extends at least partially along the length the spindle.

24. The portable electronic device of claim 22 wherein, the array of features includes an

array of concave features that extends at least partially along the length the spindle.

25. The portable electronic device of claim 22, wherein the spindle is molded from a
polymer material and coated with a reflective metal material.

26. The portable electronic device of claim 22, wherein the array of features is configured
to:

produce a first type of reflection having a first beam spread for light along a
transverse plane that is perpendicular to a central axis of the spindle; and

produce a second type of reflection having a second beam spread for light along a
longitudinal plane that passes through the central axis of the spindle, wherein the second
beam spread is wider than the first beam spread.

42



WO 2016/141228 PCT/US2016/020760

120

156

FiIG. 14

:

160 180 170

FiG. IB



WO 2016/141228 PCT/US2016/020760

2/20

200

FiG. 2



WO 2016/141228 PCT/US2016/020760

3720
300
&
L L L
PHOTODIODE
OUTPUT / N\ / N\
/ \\‘ \\\ /’/ \
\\ v \
D D TIME ()
FiG, 34
310+
L L L
PHOTODIODE
OUTPUT /\\ / \ /
/ \ \ /
O\ \_/
D D TIME (1)
FIG, 3B
320~
&

L
PHOTODICDE

ouTPUT \\ I\\ /\
v/ \;/ \_

D TIME (t)

FIG. 3C



WO 2016/141228 PCT/US2016/020760

4/20




WO 2016/141228 PCT/US2016/020760

5/20

5001

520

5001




WO 2016/141228

6/20

614

Fit. 64

612,

PCT/US2016/020760



WO 2016/141228 PCT/US2016/020760

7/20

740

730

FIG. 74



WO 2016/141228 PCT/US2016/020760

8/20

760~

740

730

FIG. 7B



WO 2016/141228 PCT/US2016/020760

9/20

77@1 722

740

730

FiG. 7C



WO 2016/141228 PCT/US2016/020760

16720

782
780
1

784

ol
%2
ey <d

T40

e 730

FiG. 7D



PCT/US2016/020760

WO 2016/141228

11/26

—&15

840

820~

FiG. 84



WO 2016/141228

12726

PCT/US2016/020760

840 s h

20~

Fit. 8B




WO 2016/141228 PCT/US2016/020760

13720

8205

FIG. 8C



WO 2016/141228

G472

940

14720

PCT/US2016/020760

D91

h\\ e W P f‘

—

Fi. 94




WO 2016/141228 PCT/US2016/020760

15/20

940 -

832

930

FiG. 98



WO 2016/141228 PCT/US2016/020760

16720

948

430

FiG. 8C



WO 2016/141228 PCT/US2016/020760

17720

1600
1

1610

Fig. 16



PCT/US2016/020760

WO 2016/141228

18720

FIG. 1I4

FiG, IIB



WO 2016/141228

PCT/US2016/020760

19720
1210~
1220
FIG. 124
1230~~~

1220 —

FiG, 128




WO 2016/141228 PCT/US2016/020760

20720

1300
1

REFLECT LIGHT OFF OF

—~131
ENCODING PATTERN 210

DETERMINE POSITION OF SHAFT

BASED ON REFLECTED LIGHT | %

RECEIVE ROTATIONAL MOVEMENT #1330

4

RECEIVE REFLECTED LIGHT FROM
NEWLY EXPOSED PORTION OF —— 1340
ENCODING PATTERN

PROCESS DATA TO DETERMINE

DIRECTION OF MOVEMENT 1350
GENERATE OUTPUT BASED ON
DETERMINED DIRECTION 1360

OF MOVEMENT

FIG. 13



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2016/020760

A. CLASSIFICATION OF SUBJECT MATTER

INV. GO1D5/347
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

GO1D

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X,P WO 2015/147756 Al (HEPTAGON MICRO OPTICS 1-7,9,10
PTE LTD [SG]) 1 October 2015 (2015-10-01)

A,P page 10, Tines 10-22; figures 1A, 1B 8,11
page 12, Tine 15 - page 13, line 4
page 15, line 28 - page 16, line 8; claims
5,8

Y US 2007/187582 Al (CHIN YEE L [MY] ET AL) 1,2,7,
16 August 2007 (2007-08-16) 9-11

A paragraph [0006]; figure 3A 3,8

Y US 2007/215799 Al (YEOH THENG H [MY] ET 1-4,6,
AL) 20 September 2007 (2007-09-20) 9-11

A paragraphs [0003], [0009], [0023], 5,8
[0040]; figure 2

- / -

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

25 May 2016

Date of mailing of the international search report

17/08/2016

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Kurze, Volker

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2016/020760

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

14 June 2006 (2006-06-14)
paragraph [0024]; figure 4(a)

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y NL 1 040 225 C (JANSSEN PREC ENGINEERING; 1-4,6,7,
JANSSEN HUBERTUS LEONARDUS MATHIAS MARIE) 9-11
26 November 2014 (2014-11-26)
A pages 1,2; figure 1 5,8
Y EP 1 669 724 A2 (MITUTOYO CORP [JP]) 6

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




International application No.
INTERNATIONAL SEARCH REPORT PCT/US2016/020760
Box No.ll Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. I:' Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. I:' Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

see additional sheet

-

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I:' As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

3. As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:
1-11
Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the

payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:' No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (April 2005)




International Application No. PCT/ US2016/ 020760

FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-11

optical encoder with a spindle carrying a pattern of stripes
on its outside wall extending along the length of the
spindle with alternating opaque and anisotropically
reflective stripes

2. claims: 12-21

portable electronic device with a housing and a crown and an
optical rotary encoder and a spindle with a striped pattern
on its circumference

3. claims: 22-26

an optical encoder with a spindle having a striped pattern
on its circumference




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2016/020760
Patent document Publication Patent family Publication
cited in search report date member(s) date
WO 2015147756 Al 01-10-2015 TW 201543006 A 16-11-2015
WO 2015147756 Al 01-10-2015
US 2007187582 Al 16-08-2007 US 2007187582 Al 16-08-2007
US 2009057542 Al 05-03-2009
US 2007215799 Al 20-09-2007  NONE
NL 1040225 C 26-11-2014  NONE
EP 1669724 A2 14-06-2006  CN 1786671 A 14-06-2006
EP 1669724 A2 14-06-2006
JP 4833543 B2 07-12-2011
JP 2006162498 A 22-06-2006
US 2007007445 Al 11-01-2007

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - claims
	Page 42 - claims
	Page 43 - claims
	Page 44 - claims
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - wo-search-report
	Page 66 - wo-search-report
	Page 67 - wo-search-report
	Page 68 - wo-search-report
	Page 69 - wo-search-report

