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(57) ABSTRACT

A personal impact monitoring system is described herein
comprising a monitoring station that receives impact events
sent from personal impact monitors, using a monitoring sta-
tion receiver. The impact events, which specify impact
parameters associated with the impact events, are stored in a
data storage location associated with the monitoring station.
Software operating on the operating station is configured to
retrieve the impact events from the data storage location and
to perform calculations based on the impact events to identify
notable impact events.
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PERSONAL IMPACT MONITORING SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to and incorporates
by reference for all purposes the full disclosure of U.S. Pro-
visional Patent Application No. 61/883,108, filed on Sep. 26,
2013, entitled “IMPACT REVIEW SYSTEM” and U.S. Pro-
visional Patent Application No. 62/035,298, filed on Aug. §,
2014, entitled “BODY IMPACT ANALYSIS, SYSTEMS,
AND METHODS OF USE”

BACKGROUND

[0002] Positive acceleration or negative acceleration (i.e.,
deceleration) of the human body occurs whenever its velocity
undergoes a change, and is a consequence of human move-
ment. Most acceleration of the human body is benign, but
when the magnitude of acceleration becomes too large, as
may occur with a direct blow or impact, it can be injurious,
and can be especially injurious to fragile body parts such as
the brain. Furthermore, different types of acceleration can
lead to different types of brain injuries. High linear accelera-
tion can cause focal injuries such as contusions and intra-
cerebral or subdural hematomas. Concussions and diffuse
axonal injury (DAI) are believed to result when there is a
significant rotational acceleration component of the injury
mechanism. Repetitive exposure to traumatic brain injury can
also lead to chronic traumatic encephalopathy (“CTE”), a
progressive, degenerative brain disease.

[0003] Injurious acceleration can be experienced in many
situations (e.g., in anautomobile accident or in a slip and fall),
but some professions and activities expose their participants
to ahigher probability of injurious acceleration. For example,
military combat personnel may be exposed to a heightened
probability of blast injuries, which can cause CTE after as few
as a single exposure. Athletes may also be exposed to an
elevated probability of injurious acceleration caused by a
directimpact to the head, face, neck, or elsewhere on the body
during the athletic activity. Brain injury can result even when
the impact is not delivered directly to the head since the
acceleration can be transmitted through the body to the brain.
Such impacts can occur as a result of accidental or intentional
collisions between athletes, or between an athlete and an
inanimate object (e.g., a ball, goal post, fence, or the ground).
While the probability of an injurious impact is higher in
contact sports, participants in non-contact sports are not
immune from such injurious impact.

[0004] When sporting injuries are considered, an elevated
probability of occurrence is combined with a large and grow-
ing number of participants. The United States Centers for
Disease Control estimated that more than 3,800,000 sports
brain injuries occur every year, and that as many as 80% of
them may go undetected and/or unrecognized. It is further
estimated that more than 300,000 sports brain injuries per
year result in a loss of consciousness. Additionally, individu-
als exposed to an elevated probability of serious head impact
are also frequently exposed to high environmental tempera-
tures due to, for example, padding and helmets for athletes,
body armor for military personnel, or protective clothing for
emergency response personnel. Exertion under such circum-
stances can lead to hyperthermia, heat stroke, and death.
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BRIEF DESCRIPTION OF THE FIGURES

[0005] Various embodiments in accordance with the
present disclosure will be described with reference to the
drawings, in which:

[0006] FIG. 1 illustrates an environment where impacts
may be detected, recorded, analyzed, and reviewed in accor-
dance with an embodiment;

[0007] FIG. 2 illustrates an environment where compo-
nents of a personal impact monitoring system may operate in
accordance with an embodiment;

[0008] FIG. 3 illustrates an environment where software
and applications associated with a personal impact monitor-
ing system may operate in accordance with an embodiment;
[0009] FIG. 4 illustrates a personal impact monitor in
accordance with an embodiment;

[0010] FIG. 5 illustrates a personal impact monitor in
accordance with an embodiment;

[0011] FIG. 6 illustrates an environment where a personal
impact monitor is worn in accordance with an embodiment;
[0012] FIG. 7 illustrates a personal impact monitor in
accordance with an embodiment;

[0013] FIG. 8 illustrates an environment where a personal
impact monitor is placed within an associated docking station
in accordance with an embodiment;

[0014] FIGS. 9 to 13 illustrate environments where a per-
sonal impact monitor is placed within an associated docking
station in accordance with an embodiment;

[0015] FIG. 14 illustrates a personal impact monitor with a
tether in accordance with an embodiment;

[0016] FIG. 15 illustrates an environment where a plurality
of personal impact monitors may be secured within an asso-
ciated docking station in accordance with an embodiment;
[0017] FIGS. 16 and 17 illustrates environments where a
monitoring station may be operated in accordance with an
embodiment;

[0018] FIG. 18 illustrates an environment where a sideline
receiver may be placed relative to a playing field in accor-
dance with an embodiment;

[0019] FIG. 19 illustrates an environment indicating a head
reference frame in accordance with an embodiment;

[0020] FIG. 20 illustrates a first part of a process for kine-
matically analyzing impact data in accordance with an
embodiment;

[0021] FIG. 21 illustrates a second part of a process for
kinematically analyzing impact data in accordance with an
embodiment;

[0022] FIG. 22 illustrates a third part of a process for kine-
matically analyzing impact data in accordance with an
embodiment;

[0023] FIGS. 23 to 27 illustrate aspects of a user interface
for displaying impact events in accordance with an embodi-
ment;

[0024] FIG. 28 illustrates an environment where impact
data may be reviewed in accordance with an embodiment;
and

[0025] FIG. 29 illustrates a computer system that can be
used to implement various aspects of the present disclosure.

DETAILED DESCRIPTION

[0026] In the following description, various embodiments
will be described. For purposes of explanation, specific con-
figurations and details are set forth in order to provide a
thorough understanding of the embodiments. However, it will
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also be apparent to one skilled in the art that the embodiments
may be practiced without the specific details. Furthermore,
well-known features may be omitted or simplified in ordernot
to obscure the embodiment being described.

[0027] Techniques described and suggested herein include
methods, systems, and processes to provide personal impact
monitoring (also referred to herein as “monitoring impacts™)
for individuals that engage in activities that may expose them
to an elevated probability of injurious impacts. The methods,
systems, and processes described herein provide timely infor-
mation related to high-acceleration impacts received by an
individual. The timely information related to the high-accel-
eration impacts may be for the entire body or may be limited
to a certain region such as, for example, the head. The timely
information can be used, for example, to reduce the number or
percentage ofunrecognized brain impacts, to provide coaches
and trainers with data that may enable behavior modification
for athletes receiving frequent and/or high-acceleration
impacts, to provide military personnel or their commanders
with information for risk assessment, or to provide emer-
gency management personnel with such information. The
efficacy of the timely information may be enhanced by addi-
tional biometric signals, such as oral temperature, to guard
against separate but associated risks.

[0028] Personal impact monitoring may be performed
using a personal impact monitor for a person such as, for
example, an athlete, a soldier, or an emergency responder,
who may be exposed to an elevated probability of injurious
impacts. A personal impact monitor (“PIM”) is a device such
as an instrumented mouth guard, adhesive patch, or other
personal impact-sensing device that is directly or indirectly
attached to the person and that may relay impact and/or other
biometric data to a personal impact monitoring system or
service using the methods, systems, and processes described
herein. Components of methods, systems, and processes for
personal impact monitoring may include, but may not be
limited to, personal impact monitors, bank chargers, bank
charger enclosures, monitoring station radios or monitoring
station antennas, monitoring stations, remote notification
devices, near-field data display devices, initialization and test
software, impact analysis software, data management soft-
ware, event display software, asset management software,
data reconciliation software, database software (also referred
to herein as “data persistence software”), statistical analysis
software, user interface software, or other such components.
These components are described in more detail below. Com-
ponents of methods, systems, and/or processes for personal
impact monitoring may also include, but may also not be
limited to, any of the systems, methods, or processes for
personal impact monitoring as described in U.S. Pat. App.
Pub. No. 2011/0179851; U.S. Pat. App. Pub. No. 2011/
0181418; U.S. Pat. App. Pub. No. 2011/0181419; U.S. Par.
App. Pub. No. 2011/0181420; U S. Pat. App. Pub. No. 2011/
0184319; U.S. Pat. App. Pub. No. 2011/0184663; and U.S.
Pat. App. Pub. No. 2012/0210498, the entire disclosures of
which are incorporated by reference herein.

[0029] A personal impact monitoring system may be used
in association with a number of different activities including
a contact sport (i.e., a sport such as American football where
players may impact each other), fire and rescue situations,
military operations, or other such activities. For example, a
personal impact monitoring system may be used in connec-
tion with an American football game with personal impact
monitors incorporated into mouth guards worn by the players,
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one or more antennas located proximal to the field, and a
monitoring station located near the field so that the system
may receive and/or analyze the impact event data from the
personal impact monitors and present analyses of the data to
the coach. Each impact event may specify one or more impact
event parameters such as, for example, the type of the impact,
the severity of the impact, the location of the impact, and other
such impact event parameters. In another example, a personal
impact monitoring system may be used in connection with a
fire and rescue situation with personal impact monitors incor-
porated into ear pieces worn by the fire and rescue workers.
The personal impact monitoring station may be located near
the site of the fire and rescue operations and an incident
commander may use the personal impact monitoring station
to monitor the safety of the workers.

[0030] FIG. 1 illustrates an example environment 100
where impacts may be detected, recorded, analyzed, and
reviewed in accordance with an embodiment. One or more
participants 108 may be fitted with personal impact monitors
110 as described herein. The participants 108 may be players
in an athletic contest. or may be military personnel, or may be
emergency personnel (e.g., fire and rescue personnel), or may
be some other type of participants that may require impact
monitoring. The personal impact monitors 110 may be
mounted on a helmet, or mounted on other protective gear, or
worn over the ear, or worn as a mouth guard, or may be
attached to the participant 108 using some other mechanism.
Each participant 108 may have one or more personal impact
monitors 110 attached, providing monitoring of different
types of data and/or data from different locations. Details
about each of the components illustrated in FIG. 1 are
described herein at least in connection with FIGS. 2 and 3.

[0031] FIG. 2 illustrates an example environment 200
where components of a personal impact monitoring system
may operate as described herein in connection with FIG. 1
and in accordance with an embodiment. The personal impact
monitoring system illustrated in FIG. 2 includes a PIM 204,
which may communicate with a near-field data display device
202 over short distances using a short-range communication
channel.

[0032] As used herein, a short-range communication chan-
nel may be a communication channel that may be established
between a pair of devices using various technologies, such as
induction wireless, infrared wireless (including such tech-
nologies operating according to specifications and protocols
provided by the Infrared Data Association, or “IrDA”) or ultra
wideband formats. In some embodiments, the pair of devices
may utilize short-range, low-power, and high-frequency
radio transmissions, such as Bluetooth®. In other embodi-
ments, the pair of devices may support acoustic-based data
transfer. For example, the second device of the pair of devices
may include software components and a speaker that enables
the second device to broadcast data to the first device using
sound waves, while the first device of the pair of devices may
include software components and microphone that enables
the first device to receive the data embedded in the sound
waves. Thus, one or more of radio signal-based data transfer
(e.g., near field communication (NFC) or Bluetooth®), light-
based data transfer (e.g., infrared data transfer), an acoustic-
based data transfer (e.g., sound wave-embedded data), or
magnetic field-based transfer (e.g., reading data from a mag-
netic stripe) may be used for short-range communication.
Each short-range communication channel may have an asso-
ciated communications range beyond which the short-range
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communication channel may not reliably operate. The proto-
cols and components for enabling computing devices to pet-
form short-range communication are well known to those
skilled in the art of computer communications and thus, need
not be described in more detail herein. Generally, embodi-
ments described herein are not limited to those explicitly
illustrated herein.

[0033] The PIM 204 may be connected to a bank charger
206 that may, in turn, be stored in a bank charger enclosure
208. The PIM 204, which may be one of a plurality of PIMs,
may communicate with a monitoring station receiver 210
using a wireless communications protocol such as wireless
internet. The near-field data display device 202 may also be
configured to communicate with the monitoring station
receiver 210 using a wireless communications protocol such
as wireless internet. The monitoring station receiver 210 may
be connected to a monitoring station 212 using wired, wire-
less, or acombination of wired and wireless communications.
The monitoring station receiver 210 may be one of a plurality
of such receivers.

[0034] The monitoring station may be comprised of one or
more computer systems that may be running monitoring soft-
ware 216, which may be configured to perform one or more
operations in association with the personal impact monitoring
system. One or more of the components of the personal
impact monitoring system (including, but not limited to, the
PIM 204, the near-field data display device 202, the bank
charger 206, the monitoring station receiver 210, the moni-
toring station 212, or the monitoring software 216 may be
configured to generate events that may be sent to a remote
notification device 214 that may be worn by a user of the
personal impact monitoring system or may be worn by a
monitor observer such as the monitor observer 102 illustrated
in connection with FIG. 1. Each of the components illustrated
in FIG. 2 is described in more detail below. The monitoring
software 216 is described in more detail in connection with
FIG. 3.

[0035] The system illustrated in FIG. 2 may include a near-
field data display device 202. A near-field data display device
202 is a system component which may include a display,
application software, and a means to communicate with a
PIM 204 using short-range communication or near-field com-
munication (“NFC”) technology as described herein. A near-
field data display device 202 may be configured to request
and/or receive impact event data (i.e., impact event param-
eters) from a PIM 204, and may also be configured to display
at least a subset of such impact data. For example, a near-field
data display device 202 may be configured to, when placed in
proximity to a PIM 204, request and receive recent impact
data from that PIM and display the number of recent impacts,
the number of atypical impacts, details about recent impacts,
or other such information. The near-field device may be a
handheld device (e.g., a tablet, a smartphone, a laptop com-
puter), and may be configured to display at least a subset of
the content such as the content described herein below.
[0036] A PIM 204 as described herein may be an instru-
mented mouth guard, ear piece, adhesive patch, or other per-
sonal impact-sensing device that is directly or indirectly
attached to a participant. A PIM 204 may include one or more
sensors that are configured to sense one or more motions of
the participant including, but not limited to, rotational veloc-
ity, linear velocity, rotational acceleration, linear accelera-
tion, or other such motions. The motions and/or the changes
in such motions may be in response to bodily impact. As used
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herein, the term “impact” may refer to a body contacting
another object (including another body), a body experiencing
sudden movement in response to, for example, a blast, an
object contacting another object, and/or simulated impacts in
which a body is moved to simulate contact with another
object. A PIM 204 is described herein as attached to a par-
ticipant (or person), but may also be attached to objects. For
example, in a system where PIMs are attached to players in an
American football game, PIMs may also be attached to the
ball, the goalposts, blocking “dummies,” and so on.

[0037] Insomeembodiments,a PIM 204 is configured such
that it can communicate with a remote device. As used herein,
the term “remote device” may refer to a device that is either in
wired or wireless communication with the PIM 204, either
directly or indirectly. The communication between the PIM
204 and the remote device may be made using one or more of
the network communications protocols described herein. For
example, the PIM 204 and one or more remote devices may be
configured to communicate using wireless communication
protocols (e.g., radio frequency (“RF”), wireless internet, or
Bluetooth) or may be configured to communicate using wired
communication protocols (e.g., wired internet, universal
serial bus (“USB”), or direct connection). Data may be com-
municated both to and from the PIM and the one or more
remote devices. For example, data from one or more sensors
of the PIM may be communicated to the one or more remote
devices and commands and/or responses from the one or
more remote devices may be communicated to the PIM. In
some embodiments, the PIM and/or the remote devices can
also include storage media for storing data such as the storage
media described herein.

[0038] The PIM 204 may be configured to sense body
movement information in response to an impact, which may
be indicative of one or more types of motion that may have
occurred. The body movement information may be used to
determine whether one or more types of impact may have
occurred. The one or more types of impacts may include
impacts that, for example, cause one or more types of unde-
sirable motions to the brain such as those described herein.
For example, the sensed information may be used to deter-
mine if an angular acceleration has exceeded a preset thresh-
old, which could be indicative that a brain injury may have
occurred. As a result of such an impact, the system may be
configured to produce a recommendation that, for example,
the individual that sustained the impact should cease partici-
pation in the activity until that individual has been examined
for a potential brain injury.

[0039] The PIM 204 may include one or more sensors to
sense the bodily information. The one or more sensors may be
accelerometers, gyroscopes, or some other such sensors. In
some embodiments, there may be a combination of different
types of sensors in the PIM 204 that may be configured to
detect body motions and/or impacts. The PIM may include
one or more sensors adapted to sense rotational accelerations
and may also include one or more sensors to detect linear
accelerations. The sensors may be digital or analog sensors.
In an example, the PIM 204 may include one sensor to mea-
sure 3-axis linear acceleration and one sensor to measure
3-axis rotational velocity. The linear acceleration sensor may
be a multi-axis accelerometer, and the rotational acceleration
sensor may be a multi-axis gyroscope. In such an example,
the linear acceleration sensor and/or the rotational accelera-
tions sensor may be integrated (i.e., configured to sense
movement in all three axes) or the sensors may be configured
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with separate measurements for each of the three axes of
movement. In some embodiments the sensors may be inte-
grated for one type (e.g., rotational or linear) of measurement,
and/or may be separate for another type of measurement.
[0040] In an embodiment, the PIM 204 may include an
integral (or removable) printed circuit board with the one or
more sensors located on the printed circuit board. Embedded
firmware on the printed circuit board may be configured to
control the function of the one or more sensors by, for
example, reprogramming the firmware.

[0041] ThePIM 204, using the one or more sensors, may be
configured to sense data from the individual associated with
the PIM. In some embodiments, the PIM may be configured
to sense data associated with and/or related to the detection of
oneormore types of impact events. For example, the PIM 204
may be configured to sense data associated with head impacts
and/or with potential brain injuries. The PIM 204 may also be
configured to perform one or more processing operations
onboard the PIM before the data is communicated to one or
more remote devices for further processing. For example, the
PIM 204 may be configured to perform one or more analysis
operations. The one or more analysis operations may be con-
figured to measure events of interest (e.g., peak linear accel-
erations and/or peak rotational accelerations) and select
events of interest such as, for example, those whose peak
accelerations are above a certain threshold.

[0042] The PIM 204 may also include one or more storage
devices (e.g., a memory chip) adapted to store raw or pro-
cessed data from the one or more sensors. The PIM may be
adapted to store data that is relevant while not storing data
deemed not relevant using, for example, the event selection
operations described herein. In such an embodiment, peak
accelerations above a threshold can be stored while other
accelerations below the threshold are not stored. The stored
data may be sent via a wired or wireless communication (e.g.,
via radio) to a remote device. The stored data may be retained
for long-term storage, such as when trying to compile a
repository of information and/or may be periodically deleted.
[0043] In an embodiment in which 3-axis linear accelera-
tion and 3-axis rotational velocity are measured, six channels
of data corresponding to the six axes may be stored for each
impact event. In some embodiments the PIM may be config-
ured with additional functionality to, for example, reduce
computing requirements for the one or more remote devices
that may receive the data. Such additional functionality may
include, but may not be limited to, in-device calibration (e.g.,
offset and gain correction for sensors), rotation of three- and
six-axis measurements to a more desirable coordinate system
(e.g., the dummy coordinate system specified in standard
J211-1 of the Society of Automotive Engineers (SAE)), fil-
tering of waveforms to a desirable characteristic (Channel
Frequency Class (CFC) of SAE J211-1), or combinations of
these and/or other such functionality. In some embodiments,
the described functionality may be performed entirely on the
PIM, may be performed partially on the PIM, or may be
performed on a device (e.g., a computing device) separate
from the PIM.

[0044] In an embodiment, the PIM 204 may include an
array of linear accelerometers configured to allow character-
ization of both linear and rotational kinematic variables. In
such an embodiment, the PIM 204 may not include a gyro-
scope. In such an embodiment, the PIM 204 may be config-
ured with an integral or removable printed circuit board with
a plurality of linear accelerometers mounted on the printed
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circuit board. The linear accelerometers may be digital or
may be analog. In such an embodiment, a plurality of linear
accelerometers may be required, with a mathematical calcu-
lation applied to their outputs providing the functionality
typically performed by a gyroscope. In such an embodiment,
onboard firmware may be configured to calculate rotational
motion values based at least in part on the linear accelerations.
In such an embodiment, the placement and/or orientation of
each of the plurality of linear accelerometers may be required
to be known and accurate in order to perform the rotational
motion calculations.

[0045] Insome embodiments, the PIM 204 may be config-
ured to measure both linear acceleration and oral temperature.
U.S. Pat. No. 7,481,773, the disclosure of which is incorpo-
rated by reference herein. In an embodiment where the PIM is
integrated into a mouth guard, the oral temperature may be
obtained using an in-mouth sensor that is located in close
proximity to the gum, the cheek, or the roof of mouth. The
in-mouth sensor may measure the oral temperature due to
contact with in-mouth tissue. As the oral temperature is
known to typically be lower than core temperature, and
because the oral temperature may be affected by breathing,
saliva, drinking of fluids, ambient temperature, or other such
conditions, processing of the sensor data may be required to
determine an accurate core temperature.

[0046] In an embodiment, a plurality of temperature sen-
sors may be used so that temperature data is taken from
multiple locations, and the temperature readings can be com-
bined to infer a core body temperature. One or more of the
plurality of sensors may be configured to measure the ambi-
ent temperature by, for example, placing the sensor away
from the body and/or in a central location. Additionally, one
or more temperature sensors may be placed on, for example,
the forehead, the chest, abdomen, etc. of the participant, to
gather additional temperature data.

[0047] Other biometric measurements may be made using
other sensors associated with the PIM 204. For example, the
respiration rate of the participant can be measured to help
improve the accuracy of the in-mouth (i.e., PIM) temperature
measurement as well as to track the breathing of the partici-
pant. Other techniques for measuring temperature may
include an embedded (on the printed circuit board and/or
mounted on the PIM) thermistor, an infrared sensor, a dis-
similar metals (bi-metallic) sensor, or other such sensors. In
some embodiments the PIM includes a printed circuit board
with both an integral accelerometer and a temperature sensor.
The temperature sensor may also employ a flexible lead that
is mounted in a location of close/intimate proximity to in-
mouth tissue for purposes of good thermal coupling. As the
accuracy of oral temperature can be affected by breathing,
saliva, drinking of fluids, or other such factors, incorporating
a secondary sensor to work with the in-mouth sensor may
improve the accuracy of the temperature measurement.

[0048] In some embodiments, the PIM 204 may have a
unique identifier (e.g.. serial number) and may also have
sensor calibration data associated with that identifier that may
be communicated to a receiving remote device such as a host
computer. [n an embodiment, the PIM may be configured to
communicate using wireless communication, wired commu-
nication, or a combination of wireless and wired communi-
cation. In some embodiments, a remote device may be con-
figured to specify to the PIM the preferred type of
commuication.
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[0049] As described herein, the PIM may be configured to
identify impact events for communication to the remote
device (e.g., to a host computer) such as when those impact
events exceed a linear acceleration threshold. Impact events
that exceed a threshold may also be referred to herein as
“notable impact events” or “harmful impact events.” For
example, the PIM may be configured such that, when the PIM
detects a threshold exceeding event, data indicative of the
event is transmitted to the remote device. The data can be raw
or processed data and may be stored on the PIM and/or may
be communicated to the remote device. In some embodi-
ments, the identified impact events for communication may
be a subset of the identified impact events for storage (i.e., the
PIM may store more data than it may typically communicate).
For example, the PIM may store a history of data from an
entire athletic event, retaining a record of all impacts, but may
only communicate a subset of that information to the remote
device. Foreach detected event, the PIM may be configured to
associate, store, and/or communicate a time value (e.g., a time
stamp) associated with the event. One or more impact events
may be collected as a set of impact events based on shared
impact event parameters such as, for example, impact events
that exceed a threshold value. One or more sets of impact
events may also be collected as based on shared impact event
parameters. For example, a set of impact events may be col-
lected for players playing in the same and/or similar positions
on a team. A set of these sets of impact events may be col-
lected to represent the full team, or over multiple games, or
based on opponent, or based on some other impact event
parameters.

[0050] In some embodiments, the PIM 204 may include
one or more indicators to provide additional information to
participants and/or monitors, such as one or more visual
indicators, audio indicators, and/or tactile indicators. For
example, a visual indicator may be configured to indicate to
the monitor that some action is required. The visual indicator
may be any suitable visual indicator, such as one or more
LEDs on the PIM, a user interface on the remote device, or
some other such indicator. For example, the PIM may activate
an LED to indicate charging status and/or may also provide
information usable to update an icon (e.g., bar icon) on a user
interface indicating the same. The PIM may be configured to
activate the visual indicators as instructed by a request
received from a remote device such as, for example, a host
computer.

[0051] The PIM 204 may be configured to allow custom fit
of the PIM to the athlete for improved mechanical coupling to
head movement. For example, in an embodiment where the
PIM is incorporated into a mouth guard, the PIM may include
a custom dental impression for a mouth guard PIM, which
may be made in a prescribed time period. For example, the
impression may be achieved in less than three minutes, less
than two minutes, less than one minute, or less than some
other such prescribed time limit. Examples of custom-fit
mouth guards are described in U.S. Pat. App. Pub. No. 2012/
0325224, filed May 27, 2011, which is incorporated by ref-
erence herein.

[0052] The PIM 204 may include an altimeter that may be
configured to determine the height of the PIM above the
ground. Such altimeter data may be used to determine the
height of the impact above ground and/or to determine the
participant height above ground over the course of use of the
PIM. In an embodiment, the altimeter data may be used in
conjunction with global positioning system (“GPS”) data (as
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described herein) to determine the location of the participant.
Location of the participant may be used to, for example,
determine information about player position, which may be
combined with impact data and used by coaches and players
for performance and safety purposes.

[0053] In some embodiments, the PIM 204 may include a
printed circuit board with an integral barometric sensor (such
as, for example, a micro-electro-mechanical system
(“MEMS”). The barometric sensor may be a non-sealed baro-
metric sensor so that it has contact with ambient environmen-
tal pressure and because the printed circuit board and associ-
ated electronics of the PIM should be sealed, the PIM may be
configured with a port, opening, or aperture for the sensor. In
some embodiments, the port or opening for a barometric
sensor may use a membrane that allows air pressure to be
measured, but limits the passage of moisture into the elec-
tronics. The membrane may be made of Gore-Tex®, or may
be made of some other such material that allows for air
passage but that limits moisture passage. The port may be
located outside of the mouth such that ambient pressure may
be accurately measured.

[0054] The printed circuit board of the PIM 204 may con-
figured with one or more embedded algorithms that uses the
ambient temperature measurement such as the ambient tem-
perature measurement described herein to improve the accu-
racy of the barometric data. For example, ambient tempera-
ture may be determined using a thermistor that is located in a
position slightly away from the body. This ambient tempera-
ture information and/or the barometric pressure information
may also be used to calibrate and/or verify correct altitude
information. For example, one of the one or more algorithms
may use GPS position to verify altitude location of user,
which may be used to improve the accuracy of the barometric
measurement, and thus may be used to improve the accuracy
of the altitude measurement from the altitude sensor. As may
be contemplated, the examples ofhow sensors may be used in
concert to improve the accuracy of measurements described
herein are merely illustrative and, as such, other methods for
combining sensors to improve accuracy of measurements
may be considered as within the scope of the present disclo-
sure.

[0055] As described herein, the PIM 204 may include one
or more means of data storage, which may be used to store
and/or buffer the altitude data. The altitude data may be
combined with GPS data and/or impact data and may be
transmitted wirelessly to or from a remote device. The com-
bined data may be viewed in conjunction with other data (e.g.,
video data, GPS data, impact event data) using an impact
review system as described herein to analyze and/or improve
participant safety, performance metrics, and/or other such
factors.

[0056] In some embodiments, the data display device 202
associated with the PIM 204 may be a helmet mounted system
component acting as an event repeater to a more distant
remote device. In such an embodiment, the PIM may com-
municate with the NFC over a short distance and the NFC
may, in turn, rebroadcast the communications received from
the PIM to a remote receiver.

[0057] In an embodiment where the PIM is adapted to be
used on an athletic field, there may be a plurality of pre-
positioned antennas next to or adjacent to the field (e.g., one
on each of the four corners of an American football field, or
positioned around the top of a stadium, or mounted adjacent
to goalposts). The plurality of antennas may be used to pro-
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vide greater accuracy of GPS data for the PIM and may be
used to improve performance of the GPS receiver integrated
with the PIM. The field antennas may communicate with the
PIM based on triangulation, and thus may improve positional
accuracy data. In an embodiment, the PIM may be an inertial
navigation system whose accuracy is improved by the accu-
racy of the GPS receivers. The participant positional data thus
obtained may be a useful tool for analysis as described herein.
[0058] Oneuseofsuch participant positional information is
that it may be used, for example, to play back player actions
during the game, and in an embodiment, the GPS-enhanced
position data may be displayed in conjunction with video data
from the game. The described system may incorporate data
from multiple on-body sensors (e.g., multiple PIMs) to
improve quality of player position on the field. Impact data
may be tied together with player position, player position
relative to other players, exact player location on the field
during time of impact, the type of plays that are involved with
impacts, and other such game-related data. Using GPS
enhanced positioning (e.g., from the multiple antennas) may
also minimize the time to subsequent fix (a measure of the
length of time that it takes a GPS receiver to locate after the
first fix) because in an embodiment, a sideline laptop may
transmit almanac and ephemeris data over a fast local con-
nection, mimicking the role of a cell tower in cell phone GPS.
Such a minimization of time to subsequent fix may use an
existing radio connection (e.g., provided by the described
system) to provide low latency (and thus more accurate) GPS
location determination.

[0059] In some embodiments, additional context for posi-
tioning may be achieved by adding a game object GPS. An
example of this would be a GPS in a football or on another
plaver’s equipment. For example, in American football, a
play may develop around the activities of a key player such as
the quarterback. Impact data relative to the key player may
provide additional useful information about an impact. In
some embodiments, the PIM may be configured to transmit
position of participants and of game objects during the course
of an activity. It should be noted that, while the game-related
terms “player,” “game,” and “coach” are used in the present
disclosure, each should be understood to include any partici-
pant in any activity with any supervisor of such activity unless
otherwise explicitly defined or made clear from context. For
example, the term “player” may include players of sports, fire
and rescue workers, military personnel and/or other such
participants. The term “game” may include games, sports,
contact sports, fire and rescue situations, military operations,
or other such activities. The term “coach” may include
coaches, other players, site commanders, incident command-
ers, officers, platoon leaders, or other such supervisors and/or
users of the data.

[0060] In some embodiments, the PIM may include a
detachable tether with multiple functions. The detachable
tether may be made of a flexible, biocompatible material such
as Santoprene™ or silicone, which provides a close fit with
the mouth guard, and also provides sealing of any external
contacts. Sealing of contacts may be beneficial both for user
safety perspective (i.e., limiting any possible voltage to the
tissue of the user in a non-conforming condition) and also
from an environmental protection perspective whereby the
tether feature keeps moisture from coming in contact with the
conductive contacts.

[0061] A PIM may be configured with one or more algo-
rithms providing logic (e.g., by way of a rules engine) for
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impact classification to reject inaccurate data. A PIM may
utilize one or more on-body sensing methods to reject motion
artifacts (false impacts) when the PIM is not in a proper
position. For example, a PIM may be configured to avoid
collection and/or transmission of data resulting from a PIM
swinging from a tether as a player walks on or off the field
such as when play is not active because the PIM is not prop-
erly located within the player’s mouth. Such on-body sensing
may be achieved by using one or more capacitive or resistive
impedance sensors. For example, on-body sensing may be
accomplished using a button or switch that is activated when
amouth guard is properly placed in a participant’s mouth. As
described herein, event selection of the impact data stream
(based on user selected criteria) may also be performed by an
impact classification algorithm and may also be used to
decrease the amount of data collected, transmitted, and/or
processed. For example, during a sporting event, a player may
receive numerous impacts, the vast majority of which are not
cause for concern due to their relatively low magnitude. Clas-
sification of movement recorded while the PIM is detected to
be on-body may allow motion events to be discarded, deval-
ued, or otherwise caused to become distinguishable from
impacts of interest, thereby enabling users to more quickly
obtain and analyze relevant data.

[0062] Abank charger 206 may be configured to charge one
or more PIMs using a wired connection that is configured to
provide battery charging of an attached PIM. The bank
charger 206 may also be configured to communicate with
each of the one or more PIMs using, for example, a USB
connection. The bank charger 206 may be connected to a host
computer and may be one of a plurality of bank chargers
connected to one or more host computers. For example, in an
athletic competition, a first bank charger for a first team may
be connected to a host computer and a second bank charger
fora second team may also be connected to the host computer.
PIMs for the first team may be connected to the first bank
charger and PIMs for the second team may be connected to
the second bank charger. In an embodiment, the wired con-
tacts of the bank charger may be sealed against moisture
intrusion using, for example, a gasket, enclosure, or mem-
brane. PIMs may be secured in the bank charger using a
retaining mechanism to prevent movement and/or disconnec-
tion of the PIMs during transport.

[0063] A bank charger enclosure 208 is an enclosure for
one or more bank chargers such as the bank charger 206. A
bank charger enclosure 208 may be configured to sanitize
PIMs using, for example, ultraviolet light, sanitizing chemi-
cals, heat, or some other such method of sanitization. A bank
charger enclosure 208 may also be configured to minimize
cross-contamination from sanitizing solutions which may be
applied to other PIMs stored within the enclosure such as, for
example, using an inverted “stair-case” configuration such
that PIMs are stored in horizontally staggered rows. A bank
charger enclosure may also be configured with ventilation
(e.g., a fan and/or multiple openings) to facilitate long-term
storage of the PIMs.

[0064] A monitoring station receiver 210 may be a radio
frequency antenna, a wireless internet receiver, or some other
such communications device configured to receive and/or
retransmit data from one or more PIMs. In an example
described herein in connection with FIG. 18, the monitoring
station receiver is a directional antenna that may be placed in
proximity to a location wherein one or more PIMs are in use.
Data from the PIMs may be received by the directional
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antenna and may then be amplified and relayed to the moni-
toring station 212 for storage and/or processing. Data from
the monitoring station receiver 210 may be relayed to the
monitoring station 212 using wired communications, wire-
less communications, or a combination of wired and wireless
communications.

[0065] A monitoring station 212 as described herein may
be a laptop, tablet, workstation, or some other such device.
The monitoring station may be portable such as, for example,
by being incorporated into a case, table, or rack and may
include handles, wheels, slides, or other such features to
improve such portability. In an embodiment, the size of the
monitoring station may be limited by portability factors. The
monitoring station may include an integrated or separate
communications device such as, for example, an optical com-
munications receiver and/or transmitter or radio frequency
communications antenna. The monitoring station may
include a surface on which to place a computing device and
may include a privacy screen configured to restrict and/or
reduce the ability of others to view one or more displays
associated with the computing device. The privacy screen
may also be configured to shield the computing device and/or
the computing device displays from sunlight, ultraviolet light,
heat, rain, moisture, snow, or other such weather and/or envi-
ronmental effects.

[0066] The monitoring station 212 may be configured to
incorporate one or more of the system components described
herein including, but not limited to, one or more bank charg-
ers, one or more bank charger enclosures, one or more storage
areas for personal impact monitors, bank chargers, bank
charger enclosures, or near-field data display devices, or other
such system components. The monitoring station 212 may be
configured with mounting areas for antennas and/or receivers
such as, for example, the monitoring station receiver 210. The
monitoring station 212 may also be configured with power
supplies, auxiliary power supplies, batteries, solar panels for
charging devices, or other power supplying components.
[0067] A remote notification device 214 is a device that
may be wearable by a coach, supervisor, commander, physi-
cian, player, or some other such person. The remote notifica-
tion device 214 may be, for example, a wristband, a headset or
earpiece, a device that clips to clothing, or a pendant that can
be worn around the neck. The remote notification device 214
may be configured to provide one or more impact event noti-
fications including, but not limited to, a visual notification, an
audio notification, a tactile notification (e.g., vibratory), when
the remote notification device is activated by a remote system
device such as a monitoring station. The remote notification
device may also include an input (e.g., a button that may be
pushed) that is configured to at least provide an acknowledge-
ment of the activation. The acknowledgement may be sent to
the activating remote device using, for example, radio fre-
quency, wireless, or optical communication. In some embodi-
ments, the remote notification device may be configured to
display impact event data (as translated from the monitoring
station and/or computer) and/or other such data related to a
notification event.

[0068] Inaddition to the capabilities described herein, each
of the components illustrated in FIG. 2 may be configured
with additional functionality to support asset management of
those components. For example, a PIM 204 may be config-
ured to enter a “Find Me” state that can be entered and/or
exited using, for example, a remote device or a near-field data
display device described herein. The “Find Me” state may be

Sep. 15, 2016

configured to provide an audio, visual, or tactile indication
(e.g., a flashing light, a noise, or a mechanical motion) on the
PIM. The “Find Me” state may also be configured to commu-
nicate an identifier, positional information, or other such
information to a requesting system device. The “Find Me”
state may be configured to communicate a unique device
identifier (e.g., a serial device serial number) to the requesting
system component. [n an embodiment, the “Find Me” state
may be configured to communicate data associated with the
“Find Me” state to other system components instead of and/or
in addition to the requesting system component. As may be
contemplated, the example of asset management described
herein is merely illustrative and other such asset management
functions associated with the components illustrated in FIG.
2 may be considered as within the scope of the present dis-
closure.

[0069] FIG. 3 illustrates an example environment 300
where monitoring software and applications associated with a
personal impact monitoring system may operate with a sys-
tem as described herein in connection with FIGS. 1 and 2 and
in accordance with an embodiment. The monitoring software
302 may be the same as the monitoring software 216
described herein in connection with FIG. 2. The monitoring
software 302 may include one or more software components
including, but not limited to, initialization and test software
304, impact analysis software 306, database software 308,
event display software 310, data management software 312,
statistical analysis software 314, data reconciliation software
316, asset management software 318, or user interface soft-
ware 320. The various software components may connect or
communicate with each other and/or may also connect or
communicate with additional components such as, for
example, one or more databases 326. Each of the monitoring
software 302 components is described in more detail below.

[0070] The initialization and test software 304 may be
application software residing on a host computer and/or on
some other device. The initialization and test software 304
may be configured to communicate with at least one PIM
using a first type of communication (e.g., wired), and may
also be configured to communicate with the PIM device using
a second type of communication (e.g., wireless). The initial-
ization and test software 304 may test the functionality of the
one or more communication types by, for example, making a
communication request to the PIM via a first type of commu-
nication (e.g., wired communication) that must then be
answered by a second type of communication (e.g., wireless
communication).

[0071] The initialization and test software 304 may also
instruct the PIM to activate visual indicators to indicate that
active communication exists between the application and the
PIM. The initialization and test software 304 may also be
configured to provide an indication to the PIM that active
communication does not exist for the one or more communi-
cation types. The initialization and test software 304 may
request, receive, and store identifying information from a
PIM (e.g., serial number). The initialization and test software
304 may be configured to request, receive, and store calibra-
tion information from the PIM such that it can be retrieved by
its identifying information. The initialization and test soft-
ware 304 may also be configured to request that the PIM
perform functional testing of functionality associated with
the PIM, receive the results, and store the results such that
they can be retrieved by other system components using, for
example, the identifying information of the PIM. The initial-
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ization and test software 304 may also be configured to per-
form additional initialization and/or testing steps associated
with the personal impact monitoring system.

[0072] The impact analysis software 306 may be applica-
tion software residing on (i.e., executed by) a host computer
or other remote device. The impact analysis software 306 may
be configured to perform (i.e., when executed causes the
executing computer system to perform) one or more impact
event analyses to analyze one or more aspects of an impact.
The impact analysis software 306 may, for example, receive
one or more types of data that may be sensed by the one or
more sensors in a PIM. One or more aspects of the impact
analysis software 306 may be configured to operate in one or
more of the system components and/or other devices
described herein. The one or more system components and/or
other devices may include, but may not be limited to, a PIM,
a remote device, a mouth guard, a helmet, a wristband, or a
host computer. The impact analysis software 306 may be
configured to operate on any device with any suitable type of
processing component. The steps associated with the impact
analysis software 306 may also be performed on a plurality of
different system components.

[0073] To provide some background for the functionality
associated with the impact analysis software 306, the recent
discovery of Chronic Traumatic Encephalopathy (“CTE™)
and resulting increase of awareness regarding concussion
injury have created a need for measurement systems capable
of recording impact information during contact sports and
other activities that expose individuals to a risk of traumatic
brain injury. Current measurement and analysis of such
impact may be limited to measurements taken at the location
of motion sensors, with no ability to calculate motion at the
likely points of injury. The impact analyses performed by the
impact analysis software 306 may not be well related to the
mechanisms of the associated injury. Such impact analysis
also may not be specialized to people with different head and
brain geometries. Such impact analyses may also be limited
by the fact that the parameters presented as indicative of
potential injury are dependent on the bandwidth of the mea-
surement system and may not be compared from one mea-
surement system to another. To address these issues, impact
analyses performed by the impact analysis software 306 may
be needed that can be customized to the physical properties of
an individual, that can provide information relevant to injury
mechanisms, that can provide information on the potential for
traumatic brain injury throughout the extent of the head, not
just at the point of measurement, and/or that can provide
summary measurements that are largely independent of mea-
surement system properties.

[0074] As an example of the fourth limitation described
above, peak linear acceleration magnitude is often studied as
a predictor of traumatic brain injury but this measurement is
highly dependent on the frequency characteristics of the mea-
surement system and cannot be compared between different
products. To illustrate this frequency characteristic depen-
dency, consider a Gaussian shaped impact with half-width
(half duration) of 0.3 milliseconds and peak magnitude of 100
. In asystem with a bandwidth of, for example, 300 Hz, with
a sampling frequency of 600 Hz, a sample would be taken
every 1.667 milliseconds and thus, such a system is unlikely
to correctly measure the peak amplitude, the onset, or the
conclusion of the impact. Such a system may, for example,
provide a Gaussian shaped impact of much lower magnitude
than the actual peak value. Similarly, in a system with a
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bandwidth of, for example, 150 Hz, with a sampling fre-
quency of 300 Hz, a sample would be taken every 3.333
milliseconds. In some systems, the peak amplitude measured
by the 600 Hz system may be double that measured by the 300
Hz system, and both may be a fraction of the actual peak
amplitude.

[0075] Itis important to note that neither of the peak value
measurements is incorrect, but rather that each value is a
property of the associated measurement system. This is illus-
trated by the fact that generally, while the measured peak
amplitudes of different systems vary widely, the area under
each Gaussian curve for each may be nearly identical. How-
ever, because of this discrepancy in bandwidth, the peak
acceleration measured with one system may not be directly
compared to the peak acceleration measured by another with
any accuracy. To understand the discrepancy it is necessary to
have a thorough understanding of the measurement system
bandwidth, but this is information that is rarely published by
manufacturers or considered in the medical literature. There-
fore, forthe purpose of studying injury thresholds, it is impor-
tant to adopt impact metrics such as the area under the accel-
eration curve (described herein) that consider the time-course
of an impact and are largely independent of system band-
width.

[0076] To further provide some background for the func-
tionality associated with the impact analysis software 306, it
may be necessary to have some understanding of the physi-
ological structure of the brain. A brain (including the cerebral
cortex) is surrounded by brain membranes (dura mater, arach-
noid, and pia mater), vessels, and the skull. The membranes,
which together are known as the meninges, are pliable but
thin, providing minor cushioning for the brain in the event of
an impact. The cerebral spinal fluid (“CSF”) that fills the
subarachnoid cavity provides some additional cushioning.
The brain is loosely anchored within the skull by cerebral
veins running through the dura mater and branching into both
the skull and the cerebral cortex via the other layers of the
meninges and subarachnoid space. Rotation of the brain
within the skull is further constrained by bony structures on
the inside surface of the skull that conform to the brain’s
shape, and by the brain stem’s connection to the spinal cord.
[0077] When the human head sustains a direct impact nor-
mal (i.e., perpendicular) to the skull surface, the skull may be
rapidly accelerated toward the cerebral cortex of the brain.
The inertia of the brain may cause the membranes of the
meninges to be compressed and CSF to be displaced. If the
displacement of the skull caused by the acceleration is large
enough and fast enough it will impact the cerebral cortex with
a force sufficient to cause focal injuries such as contusions
(bruising) and intra-cerebral hematomas.

[0078] When the human head experiences a tangential
acceleration (e.g., caused by a glancing blow), the skull may
rotate quickly. The cerebral attachments to the meninges and
skull are stretched as they pull the brain along and sheer
stresses are induced within the bulk of the brain matter. Con-
cussion and diffuse axonal injury (“DAI”) are believed to
result when rotational acceleration is a significant component
of the injury mechanism, while vascular stretching may con-
tribute directly to perivascular injury such as that observed in
cases of CTE.

[0079] While large linear and/or rotational acceleration
may be contributing factors in traumatic brain injury by the
mechanisms discussed, such acceleration may not be suffi-
cient. A high acceleration maintained for a very short period
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of time may not generate enough displacement of the skull to
cause collision with the cerebral cortex, or significant stretch-
ing of the cerebral attachments to the meninges. Therefore,
both duration and magnitude of linear and rotational accel-
erations are important aspects of the injury mechanism.
[0080] The impact analysis software 306 may be config-
ured to operate within and/or in conjunction with any of the
system components, or modified version thereof, described
herein and/or described in U.S. Pat. App. Pub. No. 2011/
0179851; U.S. Pat. App. Pub. No. 2011/0181418; U.S. Par.
App. Pub. No. 2011/0181419; U.S. Pat. App. Pub. No. 2011/
0181420; U.S. Pat. App. Pub. No. 2011/0184319; U.S. Par.
App. Pub. No. 2011/0184663; and U.S. Pat. App. Pub. No.
2012/0210498, the entire disclosures of which are incorpo-
rated by reference herein. For example, the impact analysis
software can be configured to operate within and/or in con-
junction with any of the mouth guards described in any of the
aforementioned applications.

[0081] For example, the impact analysis software 306 may
be configured to apply PIM specific calibration data to sensor
measurements obtained from the particular PIM to obtain
calibrated measurements. The impact analysis software 306
may also be configured to receive and/or analyze sensor data
from one or more sensors associated with a PIM attached to a
part of the body. In such an analysis, the combination of body
part where the PIM is attached, other rigidly attached body
parts between the body part and the brain, and the PIM may be
modeled as, for example, a kinematic rigid body (e.g., mouth
guard rigidly attached to skull by application to the upper
jaw). The impact analysis software 306 may facilitate analy-
sis by translating measurements made by the PIM to kine-
matic variables within the body part using the application of
rigid body kinematics. The impact analysis software 306 may
facilitate analysis based at least in part on measurements
associated with one or more kinematic variables including,
but not limited to, linear displacement, linear velocity, linear
acceleration, rotational displacement, rotational velocity, or
rotational acceleration.

[0082] Theimpactanalysis software 306 may also facilitate
analysis based at least in part on a mathematical model of the
brain geometry wherein the locations within the body are
mapped to the surface of the brain using the mathematical
model of the brain geometry. The impact analysis software
306 may also facilitate analysis based at least in part on a
mathematical model of the skull geometry wherein the loca-
tions within the body are mapped to the surface of the skull
using the mathematical model of the skull geometry. In such
analysis, the mathematical model of brain geometry and/or
the mathematical model of the skull geometry may be indi-
vidualized by measuring a specific participant’s head geom-
etry and applying corresponding mathematical transforma-
tions to the brain geometry model (e.g., by Talairach
coordinate or Montreal Neurological Institute (“MNI") space
transformations). In an embodiment, the region of interest of
the mathematical model of the skull geometry may be limited
by those points on the interior surface of the skull and/or are
on the exterior surface of the brain.

[0083] The impact analysis software 306 may use kine-
matic variables, including kinematic variables translated by
individualized geometries, to calculate one or more propet-
ties associated with an impact. For example, the impact analy-
sis software 306 may calculate the maximum linear accelera-
tion (e.g., magnitude and/or direction of the linear
acceleration) over the inside surface of the skull. The impact
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analysis software 306 may also calculate the magnitude of
linear acceleration normal (perpendicular) to the inside sut-
face of the skull. The impact analysis software 306 may also
calculate the magnitude of linear acceleration tangential (ata
right angle) to the inside surface of the skull. The impact
analysis software 306 may also calculate one or more strain
values and/or one or more sheer values associated with the
impact as applied to soft tissue within the brain. In an embodi-
ment, the impact analysis software 306 may use kinematic
variables, including kinematic variables translated by indi-
vidualized geometries, to calculate derived properties of an
impact over time (e.g., the normalized energy transferred to
the rigid body by an impact, which may be determined by:

E
— = fﬁo?dz,
m

where E/m is the normalized transferred energy, a is the linear
acceleration vector, v is the linear velocity vector, and t is
time. As may be contemplated, the calculations that may be
performed by the impact analysis software 306 using kine-
matic variables, including kinematic variables translated by
individualized geometries described herein, are merely illus-
trative examples and other such calculations may be consid-
ered as within the scope of the present disclosure.

[0084] The database software 308 may be configured to
access a local or remote (e.g., network-attached, virtual,
cloud-based, or hosted) storage device for impact data and/or
personal information associated with the participants. The
impact data and/or personal information associated with the
participants may be stored in, for example, a database 326 that
may be configured as described herein. The database software
308 may also be configured to access additional databases
that may provide additional information required by the petr-
sonal impact monitoring system. The database software 308
may provide data services to one or more of the monitoring
software 302 components.

[0085] The event display software 310 may request and/or
receive impact data and/or impact analysis data and may
present that data on a display that may be associated with one
or more of the personal impact monitoring system compo-
nents. The presented data may include, for example, impact
data from a PIM and/or impact analysis data from impact
analysis software 306. The event display software 310 may be
configured to display the direction and magnitude of maxi-
mum linear acceleration on a rendering of a human head as
described herein. The event display software 310 may be
configured to display the magnitude of maximum linear
acceleration normal to the inside surface of the skull on a
rendering of a human head as a contour plot, heat map, and/or
other such means of displaying three-dimensional informa-
tion on a two-dimensional surface. The event display soft-
ware 310 may be configured to display the magnitude of
maximum linear acceleration tangential to the inside surface
of the skull on a rendering of a human head as a contour plot,
heat map, and/or other such means of displaying three-dimen-
sional information on a two-dimensional surface.

[0086] In an embodiment, an indicator of impact strength
can be displayed on a time line. The indicator can be one or
more of maximum linear acceleration, maximum linear
acceleration normal to the inside surface of the skull, maxi-
mum linear acceleration tangential to the inside surface of the
skull, and a measure of energy transferred to the head by the
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impact. The time line can span one portion of an activity (i.e.,
a play of a sporting event), a complete activity (i.e., one
sporting event), or multiple activities (i.e., multiple sporting
events).

[0087] The event display software 310 may be configured
to allow the setting of impact alert thresholds. Impact alert
thresholds may be applied to one or more impact measure-
ments. For example, a lower threshold may be set such that an
impact below the lower threshold may be recorded to the
database but impact information may not be displayed; an
impact above the lower threshold, but below a higher thresh-
old may be recorded to the database and summary impact may
be displayed; and an impact above the higher threshold may
cause an alert to be activated and detailed impact information
to be displayed. The alert may, for example, activate a remote
notification device. The alert may also highlight the impact
information and/or participant in an event display. Impact
thresholds may be globally established and are applied to all
participants unless overridden. Custom thresholds may also
be set for individual participants and override the global
thresholds for those participants.

[0088] Insomeembodiments, the software is configured to
set compliance limits, which can be a maximum limit, a
minimum limit, or a combination of maximum limits and
minimum limits. Compliance limits may be set individually
for each player and they may be set according to a variety of
different compliance information such as, for example, con-
cussion protocols established by a league. The event display
software 310 may be configured to display compliance infor-
mation (e.g., violation of previously configured impact lim-
its). The compliance information may be based at least in part
on time-in-play, number of impacts, frequency of impacts, a
cumulative measure of impact strength received, or direction
of impacts. The compliance information may also be based at
least in part on, for example, whether or not a concussion
assessment has been performed in response to impact infor-
mation. The event display software 310 may also be config-
ured to determine which compliance information to display.
The software can also display real-time compliance informa-
tion.

[0089] The event display software 310 may be configured
to display athletic performance metrics. The metrics may be
displayed as an observed value, or a relative value with
respect to an established norm, e.g., team average, median, or
other rank order statistic. The event display software 310 may
be configured to show the number and strength of impacts in
an activity, a single event, or over multiple events and activi-
ties. The event display software 310 may be configured to
display metrics that encourage safety (e.g., number of
impacts divided by maximum impact strength). The event
display software 310 may be configured to display perfor-
mance metric statistics for an entire group of participants
(e.g., a team), or for a subset of the participants (e.g., defen-
sive, offensive, special teams, etc.). The event display soft-
ware 310 may be configured to display individual outliers
compared to a norm (e.g., a player with multiple impacts of
strength greater than the team’s 90th percentile, or greater
than two standard deviations above the mean, or based on
some other metric).

[0090] The event display software 310 may be configured
to display undesirable athletic behavior, such as, for example,
a specified head orientation during impact, a direction of
impact relative to the head, a strength of impact, a rate of
impacts per time-in-play, or events that may be identified as
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outliers compared to a norm (e.g., a player with multiple
impacts of strength greater than the team’s 90th percentile, or
the league’s 90th percentile). The event display software 310
may be configured to provide a time stamp of occurrence for
undesirable athletic behavior. The event display software 310
may also be configured to superimpose undesirable event
information on a review video of game play.

[0091] The event display software 310 may be configured
to receive impact data and/or impact analysis results from
multiple PIM attached to a single athlete so as to identify
mechanical body relationships that pose a health risk (e.g.,
spine compression or extension, head twisting, or joint hyper-
extension). In some embodiments, the PIM device can be
attached to either side of a joint so as to identify specific
injuries. For example, a joint hyper-extension in the knee may
be detected by excessive anterior translation and medial rota-
tion of the tibia in relation to the femur that can cause tearing
of the anterior cruciate ligament (“ACL”).

[0092] The data management software 312 may be config-
ured to receive information about impacts from a monitoring
station receiver or from a PIM and may be configured to
transfer such data to the impact analysis software 306, to the
database software 308, or to some other software system of
the monitoring software 302. The data management software
312 may also be configured to receive results from those
and/or other software systems. The received data and/or the
results may then be stored in a data storage medium (e.g., a
persistent storage medium), retrieved from a data storage
medium, communicated to a remote notification device, pre-
pared for storage in a database, or managed in some other
such manner.

[0093] In some embodiments, the data management sofi-
ware 312 may be configured to select data such that, for
example, only data that meets configured criteria (e.g., an
impact greater than a configured threshold) is transmitted or
only the occurrence of an impact event is transmitted but the
impact event data is not. Different data and/or different data
paths (destinations and/or sources) may dictate how the data
is selected. For example, in some embodiments, components
of the monitoring software may be configured to record com-
pliance information (e.g., athlete play time, administration of
cognitive assessment following an impact, or the results of
that cognitive assessment). In such embodiments the moni-
toring software may be configured to alter and/or adjust com-
pliance requirements and the data management software 312
may be configured to select data based on these compliance
requirements. As may be contemplated, the methods that data
and/or results may be selected for data management by the
data management software 312 described herein are illustra-
tive examples and other methods that data and/or results may
be selected may be considered as within the scope of the
present disclosure.

[0094] The statistical analysis software 314 may be config-
ured to perform statistical analysis of the impact data, either
in real-time or near real-time or as part of a post-hoc analysis
to enable discovery of long-term trends, analyze individual
participant data over different time scales, or to inform the
establishment of personalized thresholds for alerts. Such
trends, also referred to herein as “statistical measurements”
may be used to characterize one or more variables associated
with the statistical analysis system. Additionally, the statisti-
cal analysis software 314 may be configured to identify prob-
lematic participants that would benefit from additional train-
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ing or coaching, and small groups (e.g., teams) that are out of
compliance with larger organization (e.g., conference or
league) goals.

[0095] The statistical analysis functions described herein
may be available using conventional statistical analysis soft-
ware packages, but few of the users of this disclosure will
have formal training in statistics or the use of such statistical
analysis software. The statistical analysis software 314 may
therefore be configured with pre-programmed analyses for
specific tasks relevant to the management and analysis of
impact information with statistical tests pre-defined to
present the analysis and to provide the results in a non-tech-
nical manner. The statistical analysis software 314 may also
be configured to perform an outlier analysis on a small popu-
lation, using large population statistics (e.g., from multiple
activities) so that outlier events may be identified by, for
example, comparing an impact measurement to personal
measurements, team measurements, or league measure-
ments. Outlier analysis may be useful, for example, in iden-
tifying risky behavior that might be corrected by additional
training or coaching.

[0096] The types of statistical analyses that may be per-
formed by the statistical analysis software 314 may include
parametric impact statistical analyses (i.e., a parameter of a
probability distribution representative of the observed data
such as mean or variance for a normal distribution, non-
parametric impact statistical analyses (e.g., a rank or order
statistic), or computational statistical analyses (e.g., by boot-
strap or permutation). The statistics may be used to charac-
terize frequency of impact or magnitude of impact. The mag-
nitude may be of the component normal to a rigid surface of
impact (e.g., the skull interior) or tangential to a rigid surface
of impact (e.g., the skull interior). The statistics may also be
used to characterize linear acceleration magnitude, which can
be the component normal to the interior surface of the skull,
or the component tangential to the interior surface of the
skull. The statistics may also be used to characterize rota-
tional acceleration magnitude. The statistics may also be used
to characterize derived properties ofan impact over time (e.g.,
head injury criterion (“HIC”), or impact energy (“IE”) as
defined herein. The statistics may also be used to characterize
sheer of brain tissue or strain of brain tissue.

[0097] The statistical analysis software 314 may be config-
ured to compare one or more impact statistics for an indi-
vidual or group of individuals to a population norm so as to
identify unusual (outlier) impact incidence and/or severity.
The population norm may be calculated across a small group
(e.g., a team), across larger group (e.g.. a conference or
league), or across one or more individuals with a similar
probability of impact (e.g., within the same team responsibil-
ity (position) in a sporting environment).

[0098] The statistical analysis software 314 may be config-
ured to allow the selection of specialized analyses, such as an
analysis that provides information on exposure to potentially
injurious impacts, an analysis that provides information on
performance improvement related to a defined task (e.g,,
sporting performance), or an analysis that provides informa-
tion on behaviors that may expose the participant to unnec-
essary risk and that may be corrected by modifying the cir-
cumstances or behavior of the participant.

[0099] A specialized analysis may be performed that com-
pares an individual or group to a larger group (e.g., a troop
compared to platoon, an athlete compared to a league, an
athlete compared to all league athletes having the same posi-
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tion of play). A comparison may be performed to check for
differences according to well-established parametric statisti-
cal tests that are appropriate to the data type and populations
(e.g., a student’s t-test). A comparison may be performed to
check for differences according to well-established non-para-
metric statistical tests that are appropriate to the data type and
populations (e.g., a Wilcoxon-Mann-Whitney test). A com-
parison may be performed to check for differences according
to well-established computational statistical tests that are
appropriate to the data type and populations (e.g., a bootstrap
test). A comparison may be performed to identify the number
or percentage of outliers in a smaller group when compared to
the distribution of a larger group. The populations and statis-
tical tests may be automatically selected and executed by the
analysis software according to its specialized purpose. The
resulting analysis may be displayed in a context that is sepa-
rate from other analyses, such as within a software window, in
asoftware panel activated by selecting a tab icon, or in written
report. The analysis may also be used to provide recommen-
dations for action.

[0100] The data reconciliation software 316 may be con-
figured to reconcile data used by the personal impact moni-
toring system by accessing event data stored on a PIM and by
accessing event data stored by the data management software
312 and comparing the two. The data reconciliation software
316 may, as part of this analysis, store such data onto one or
more persistent storage devices. The data reconciliation soft-
ware 316 may be configured to compare data stored on a PIM
to data stored by the data management software 312 in order
to ensure data consistency and may flag inconsistent data
and/or attempt to reconcile data inconsistencies by perform-
ing one or more operations on the inconsistent data.

[0101] The data reconciliation software 316 may also be
configured to communicate data from a PIM to the data man-
agement software 312 for storage on the one or more persis-
tent storage devices as part of the data reconciliation process.
The communicated data from the PIM may be comprised of,
for example, impact events that were not successfully com-
municated by wireless means. The data reconciliation soft-
ware 316 may also be configured to access notifications
received by the personal impact monitoring system regarding
data stored on a remote notification device, as well as notifi-
cations of data sent to be stored by the data management
software 312 on the one or more persistent storage medium
devices. The data reconciliation software may compare data
stored on a remote notification device to data stored by the
data management software in order to assess notification
success rate.

[0102] Theasset management software 318 may be config-
ured to request that a device (e.g., a PIM) enter a “Find Me”
state as described herein. The “Find Me” state may cause the
PIM to provide some indication such as, for example. a tactile
indication that may then allow the PIM to be located. The
asset management software 318 may be configured to activate
any of the system components described herein and may also
be configured to receive responses from any of those system
components such as, for example, responses that may include
data such as location information of those system compo-
nents. The asset management software may also be config-
ured to receive unique device identification information from
the “Find Me” data and associate it with a known system
component from a system component roster or inventory.
[0103] The user interface software 320 may include user
interfaces showing one or more aspects of a personal impact
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monitoring system. One or more user interfaces are described
herein in connection with FIGS. 23 to 27.

[0104] FIG. 4 illustrates an example PIM 400 for use with
a personal impact monitoring system as described herein in
connection with FIG. 1 and in accordance with an embodi-
ment. The example PIM 400 illustrated in FIG. 4 is an ear-
mounted personal impact monitor with an electronics pack-
age 402, a pad 404 which may be an adhesive pad, a flexible
connector 406, and an earpiece 412 which may include one or
more sensors 408 around a hollow section 410 so that the
hearing of the wearer is not impaired by the PIM.

[0105] FIG. 5 illustrates an alternative embodiment of a
PIM 500 for use with a personal impact monitoring system as
described herein in connection with FIG. 1 and in accordance
with an embodiment. The example PIM 500 illustrated in
FIG. 5 includes a pivot section 502 which may aid in the
proper placement of the PIM 500 while still maintaining a
connection with the electronics illustrated in connection with
FIG. 4.

[0106] Insomeembodiments, the PIM 400 and/or the PIM
500 may be sized and configured to be a removable, wearable
electronics package. The electronics in the electronics pack-
age may include components and features disclosed herein,
including without limitation one or more of the following: a
processor, radio, antenna, accelerometer, gyroscope, altim-
eter, magnetic compass, GPS sensor, and GPS radio. FIG. 4
and FIG. 5 illustrate an example of an earpiece PIM that is
adapted to be secured to an individual’s ear. The earpiece
embodiment provides for a repeatable placement location on
the head (i.e., in the ear), which may be difficult to accomplish
with skin patch devices, for example, where an anchoring
landmark or point of reference may not be available. The
earpiece derives positional reference from the ear, both via
the external auditory canal and the helix and lobule. Since it
can be a stand-alone device, this PIM may also be used for
non-helmeted applications, such as soccer. The repeatability
of placement may provide the benefit of improved algorithm
accuracy with respect to translation of linear velocity and
acceleration to positions on and within the brain and skull.
The earpiece may be sealed and easily cleaned. The antenna
and radio electronics in the electronics package may also be
placed high on the body and are in clear air (i.e., not in mouth
or otherwise obstructed).

[0107] The earpiece of the PIM 400 and/or the PIM 500
may be adapted to be inserted into the ear cavity via the
generally cylindrical feature as shown. The earpiece may be
adapted to be a left or right ear version according to the
orientation of the insertable component. In some embodi-
ments, the insertable component may be adapted to be rotated
by approximately 180 degrees around the pivot section 502,
thus allowing the earpiece to be inserted into either ear.
[0108] In an embodiment, the earpiece of the PIM 400
and/or the PIM 500 may incorporate a microphone external to
the ear and an audio reproduction transducer within the ear
insert that is in acoustical communication with the ear. In this
way the ear insert may seal the ear canal without adversely
affecting hearing. In addition, audio information may be
received remotely (e.g., by radio communication from a side-
line coach) and this audio information may also be commu-
nicated to the wearer via the audio reproduction transducer.
[0109] In the examples illustrated in FIGS. 4 and 5, the ear
insert may be a pliable, contoured exterior feature for com-
fort. It may be, for example, made of silicone, which is both
biocompatible and cleanable. It may also include one or more
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radially deployed conductive sensors, capable of one or more
body measurements (e.g., heart rate, body temperature) via
contact with the external auditory canal. The earpiece may
also include conductive sensors that are made of a conductive,
metallic, biocompatible material suitable for measurement/
sensing (e.g., stainless steel, platinum, or titanium). Addition-
ally, the earpiece PIM may include one or more non-conduc-
tive sensors capable of body measurement via non-contact
means, such as pulse measurement by tympanic pulse oxim-
etry, or body temperature by infrared thermometry.

[0110] The earpiece of the PIM 400 and/or the PIM 500
may be secured against the head with a flexible connector 406
that can be fitted and easily customized to the wearer’s ear.
Additionally, the PIM may include an optional adhesive patch
located on the inside of the electronics module that makes
contact and adhesion with the skin of the wearer. The adhe-
sive patch may be removable and replaceable such that new
adhesive may be installed on a periodic basis as required by
the wearer. Examples of adhesive suitable for this application
may include, but may not be limited to, Mactac® TM6563,
Mactac® TM-5300, and 3M® 9926.

[0111] Insome embodiments, the earpiece may include an
electronics module that may include one or more printed
circuit board assemblies (“PCBAs”™). The PCBAs may
include the core electronics and/or the antenna for the PIM
400 and/or the PIM 500. A micro cable assembly may be
located within the flexible section and may extend through the
flexible section. The micro cable may connect the electronics
module to the in-ear sensors and transducers. One or more
PCBAs may be mounted in the insert or in the external portion
of the PIM 400 and/or the PIM 500.

[0112] The PIMs described herein may be adapted to sense
and/or monitor one or more physiological indications of the
participants, including but not limited to, body temperature,
blood pressure, heart rate, and/or respiration rate. Addition-
ally, the personal impact monitoring system may be config-
ured to receive alerts from any of these or from other physi-
ological monitors if, for example, the sensed indication is
above and/or below a threshold. In some embodiments, the
PIM may also include a piezo tube configured to monitor
respiration.

[0113] FIG. 6 illustrates an example environment 600
showing how a personal impact monitor (i.e., the personal
impact monitor described in connection with FIGS. 4 and 5)
may be worn when used with a personal impact monitoring
system as described herein in connection with FIG. 1 and in
accordance with an embodiment. In the example illustrated in
FIG. 6, a personal impact monitor 604 such as the PIM 400 is
shown as being worn behind the ear of the user 602.

[0114] FIG. 7illustrates an example personal impact moni-
tor 700 for use with a personal impact monitoring system as
described herein in connection with FIG. 1 and in accordance
with an embodiment. The example personal impact monitor
700 illustrated in FIG. 7 may be worn within the mouth of a
participant and may also incorporate mouth guard 702 pro-
tections as described herein. The personal impact monitor
700 may include one or more sensors 704 configured to be in
proximity to the mouth tissue (i.e., to measure oral tempera-
ture), one or more impact sensors 706, and/or an electronics
package 708. Details of a mouth guard embodiment of a PIM
are described herein in connection with FIGS. 1 and 2.
[0115] FIG. 8 illustrates an example environment 800
showing a personal impact monitor with an associated dock-
ing station for use with a personal impact monitoring system
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as described herein in connection with FIG. 1 and in accor-
dance withan embodiment. The mouth guard personal impact
monitor 806, which may be the same as the personal impact
monitor 700 described herein, may be placed in a docking
station 802 which may include a retaining lever 804 to secure
the personal impact monitor 806 during transport, may
include electronics contacts 808 to charge the personal
impact monitor 806 and/or to gather data from the personal
impact monitor 806, and may also include a gasket 810 to
protect the electronics from environmental conditions and/or
from moisture.

[0116] FIG. 9 illustrates an example environment 900
showing a personal impact monitor and an associated docking
station for use with a personal impact monitoring system as
described herein in connection with FIG. 1 and in accordance
with an embodiment. In the embodiment illustrated in FIG. 9,
the mouth guard personal impact monitor 906, which may be
the same as the personal impact monitor 700 described
herein, may be placed in a docking station 902 which may
include a retaining lever 904 to secure the personal impact
monitor 906 during transport. The example illustrated in FIG.
9 does not include the electrical contacts. In this embodiment,
the personal impact monitor 906 may communicate with a
host computer using, for example, wireless communication
which may be charged by magnetic induction in the docking
station. This type of docking station may also be used when,
for example, charging and/or data communication is not
needed, or may be used to sanitize a plurality of PIMS.
[0117] FIG. 10 illustrates an example environment 1000
showing a side view of'a personal impact monitor with respect
to an associated docking station for use with a personal
impact monitoring system as described herein in connection
with FIG. 1 and in accordance with an embodiment. FIG. 10
illustrates a PIM 1006 prior to insertion into a docking station
1002 with the retaining lever 1004 in an open or unlocked
position. FIG. 10 illustrates the stabilization of the docking
station in an open configuration, with the PIM out of contact
with the docking station.

[0118] FIG. 11 illustrates an example environment 1100
showing the placement of a personal impact monitor within
an associated docking station for use with a personal impact
monitoring system as described herein in connection with
FIG. 1 and in accordance with an embodiment. FIG. 11 illus-
trates the PIM 1106 after insertion into the docking station
1102 with the retaining lever 1104 still in an open or unlocked
position. FIG. 11 illustrates the PIM positioned in contact
(mechanical and/or electrical) with the docking station.
[0119] FIG. 12 illustrates an example environment 1200
showing the securing of the placement of a personal impact
monitor within an associated docking station for use with a
personal impact monitoring system as described herein in
connection with FIG. 1 and in accordance with an embodi-
ment. FIG. 12 illustrates the PIM 1206 after insertion into the
docking station 1202 with the retaining lever 1204 ina closed
or locked position. FIG. 12 illustrates the stabilizing element
in a closed configuration, securing the PIM to the docking
station.

[0120] FIG. 13 illustrates an example environment 1300
showing the placement of a personal impact monitor within
an associated personal docking station for use with a personal
impact monitoring system as described herein in connection
with FIG. 1 and in accordance with an embodiment. FIG. 13
illustrates additional features of a docking station that may be
implemented in accordance with various embodiments. FIG.
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13 illustrates a personal mouth guard charger and docking
station for a mouth guard personal impact monitor 1302. The
personal mouth guard charger and docking station comprises
amolded case 1304 with embedded electronics 1306 config-
ured to connect to a power source. The power source may be
a battery, alternating current, a universal serial bus (USB)
power source, a solar power source, other power source, or
combination of power sources. The electronics may be con-
figured to charge a battery or set of batteries of the mouth
guard.

[0121] The electronics may also be configured to power an
ultra violet (“UV”) light 1310 for sanitizing the mouth guard.
The personal mouth guard charger may have a clamshell
configuration 1308 and may include the UV light source in
the top portion of the clamshell. The interior of the personal
mouth guard charger may be reflective such that the UV light
from the clamshell is sufficient to sanitize the entire portion of
the mouth guard that fits within the player’s mouth. Addi-
tional UV light sources may also be included in the top
portion of the clamshell, the bottom portion, and/or otherwise
within the charger and/or docking station so as to sanitize the
mouth guard while it is stored. It should be noted that other
mechanisms may be utilized for sanitation of the mouth guard
inside of the charger in addition to, or as an alternative to, UV
light. Such alternatives include, but are not limited to thermal
sanitation (with the mouth guard adapted to be made from
materials to withstand the heat required for sanitization),
chemical sanitation, or some other such method of sanitation.

[0122] FIG. 14 illustrates an example environment 1400
showing a personal impact monitor with a tether for use with
a personal impact monitoring system as described herein in
connection with FIG. 1 and in accordance with an embodi-
ment. A mouth guard tether 1406 may be connected to a
mouth guard personal impact monitor 1402 to secure the
mouth guard to another structure, such as a helmet (e.g., by
connecting to a facemask ofthe helmet). Asillustrated in FIG.
14, the mouth guard tether connection 1404 may be mechani-
cal and may be detachable. Detachment of the tether from the
mouth guard may allow the mouth guard to be removed from
the tether and placed inside of the charger. In some embodi-
ments, a charger and/or docking station may be configured to
allow for inclusion of the tether inside of the charger and/or
the docking station or may be configured to allow the tether to
pass from the interior of the charger to the exterior while the
charger is closed (e.g., by way of a channel formed by the top
and/or bottom portion). Use of a tether may allow a partici-
pant to maintain possession of the mouth guard when the
mouth guard falls out of the player’s mouth and/or to allow
the player to communicate verbally without requiring the
player to hold the mouth guard in his/her hand.

[0123] The connector of the tether 1406 may connect to a
portion of the PIM that protrudes from the player’s mouth. In
the illustrated example, this portion of the PIM may be con-
figured with slots on opposing sides of a flange where the slots
adapted to receive pinchers of the connector. In this manner,
the tether may be easily detached from the PIM by pulling the
connector from the PIM. Other mechanical or other connec-
tions (including permanent, non-detachable connections)
may be considered as being within the scope of the present
disclosure. Generally, connection between the tether and PIM
may be mechanical, electrical, both mechanical and electri-
cal, or otherwise. Further, the connection between tether and
PIM may provide robust connection for normal use and
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breakaway features for situations where excessive forces are
applied to mouth guard, tether, or facemask.

[0124] Inanembodiment, a flexible tether cord may extend
from the connector of the tether to aloop 1410 that terminates
an opposing end of the tether cord. The loop my enable the
tether to attach to a facemask or other structure by encircling
a bar of the facemask (or other structure) with the tether cord
by running the connector through the loop. In this manner,
when the PIM is detached from the tether, the tether remains
connected to the facemask (or other structure), allowing the
PIM to be reattached when appropriate. Other mechanisms
for attaching the tether to the facemask or other structure
include, but are not limited to, snaps, a hook and loop con-
nector, adhesive, magnetic, and other mechanical mecha-
nisms may also be considered as being within the scope of the
present disclosure. Further, the tether connection to the face-
mask (or other structure) may also include a robust connec-
tion for normal use and breakaway features for situations
where excessive forces are applies to the PIM, tether, or
facemask.

[0125] Insome embodiments, the tether may include elec-
tronics 1408 including, but not limited to, a battery, memory,
microprocessor, radio, or other electronics components (e.g.,
one or more sensors). The electronics 1408 in the tether may
be configured to perform functions involving data from sen-
sors in the PIM, such as described above as being performed
by the PIM. Functionality described herein associated with
the PIM may also be performed by the electronics in the
tether.

[0126] In an embodiment, a mouth guard may be config-
ured with break-away electronics and/or break-away
mechanical features to protect the teeth and/or jaw in the
event of an impact directly to the mouth guard. The mouth
guard may include both electronics and a breakaway tether
feature as described herein such that the tether may discon-
nect from either a helmet and/or from the mouth guard during
application of high force (e.g., during an extreme impact
where the helmet may be dislodged from an athlete’s head).
The mouth guard may also include a user removable electron-
ics assembly such that the electronics system may be removed
and inserted into a different mouth guard.

[0127] FIG. 15 illustrates an example environment 1500
where a plurality of personal impact monitors may be secured
within an associated docking station for use with a personal
impact monitoring system as described herein in connection
with FIG. 1 and in accordance with an embodiment. In the
docking station illustrated in F1G. 15, a plurality of PIMs may
be docked. The docking station 1502 illustrated in FIG. 15
may also be referred to as a bank charger. FIG. 15 illustrates
a docking station (or bank charger) for a plurality of mouth
guard PIMs 1508. The mouth guard PIMs may each have a
sensing element secured to the general “U” shape of the
mouth guard that may include the sensors and dedicated
circuitry, storage, etc., as described herein. The PIMs 1508
may be secured within the docking station using a stabilizing
element 1510 (also referred to herein as a retaining element)
as described herein. The docking station may also include an
integral wired connection 1504 with a connector 1506 (e.g.,
USB connector) that allows the docking station to be in com-
munication with one or more remote devices such as a com-
puter.

[0128] The docking station may be configured to dock dif-
ferent types of PIMs. For example, if the PIM is a component
adapted to be detachably secured to a helmet. the component
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may be removed from the helmet and docked to a dedicated
docking station. Alternatively, the PIM could be part of a
helmet, and the entire helmet may need to be attached to the
docking station. The docking station may be adapted to
charge batteries in the PTMs when the PIMs are docked on the
docking station. The wired connection may also allow each
PIM to communicate data unique to each PIM to a remote
device. In some embodiments, the bank charger may be con-
nected to a host computer using the connector 1506.

[0129] The docking station may also allow multiple PIMs
to be addressed for post-activity data download. In some
embodiments, a personal impact monitoring system may not
employ wireless/real time data reporting functionality that
allows real-time data transfer from the PIM. In such embodi-
ments, a post-activity docking station may be configured to
receive data from the PIMs after the activity.

[0130] When attached to a docking station, each PIM (e.g,,
mouth guard) may be individually addressed for communi-
cation with a host computer. The docking station may control
the positional location of the PIM (e.g., the physical slot
location information on the docking station). When docked,
the bank-charging device may be configured to query the PIM
and/or provide a method for the host computer to query the
PIM. An integral USB microcontroller may be employed to
provide physical slot identification, control signals, provide
device communication, and/or provide other functionality.
[0131] The docking station may also have one or more
memory devices adapted to store PIM data locally. For
example, data may be received from PIM and stored in
onboard memory, on an integral printed circuit board, or on
some other memory device within the docking station. The
stored data on the docking station may then be communicated
to a host computer at a later time. The data may remain on the
docking station, and thus the docking station may be config-
ured to perform as an intermediate data repository for safety
reasons or for activities occurring at a travel/away location.
The intermediate data repository may provide backup data
storage when a host computer is not present at the activity
location.

[0132] In some embodiments, the docking station may be
sealed against moisture intrusion. In such an embodiment, the
PIMs (e.g., mouth guards), while docked, may be cleaned
while they are being charged and/or while data is being down-
loaded. For example, the PIMs may be sprayed with a disin-
fectant and/or cleaning solution such that the electronics in
the docking station are protected during contact with the fluid
and/or spray. The underside of the PIM may employ a non-
ferrous (i.e., anti-corrosive) contact material (e.g., made from
stainless steel or titanium, or platinum) such that performance
may be retained in the wet environment. In an embodiment,
the docking station may employ a gasket and or sealing mem-
ber such that fluid ingress is limited to outside the area pro-
tected by the gasket, keeping internal electronics protected.
The docking station may employ drainage elements that
allow moisture to easily pass away from both the PIMs and
the docking station itself.

[0133] As illustrated in FIG. 15, the docking station may
include a stabilizing element 1510 to retain the PIM in the
electrically coupled position (i.e., docked). The stabilizing
element 1510 may be configured to mechanically retain the
PIM while docked. This provides for added stabilization dur-
ing movement, including transport, etc. In an embodiment,
the docking station may employ a spring type or otherwise
mechanically retained lever to keep the PIMs in position, and
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to allow for physical retention as well as to maintain contact
between the electrical contacts of both bank charger and PIM.
In an embodiment, the docking station 1502 may have the
same number of slots as the number of people playing at a
certain position. For example, when used in association with
American football, the charger may have a number of slots
corresponding to the number of quarterbacks, or a number of
slots corresponding to the number of wide receivers.

[0134] FIG. 16 illustrates an example environment 1600
where a monitoring station for use with a personal impact
monitoring system may be used as described herein in con-
nection with FIG. 1 and in accordance with an embodiment.
The monitoring station 1602 may include an antenna 1604, a
host computer 1606, a shield 1608, a solar panel 1610, and/or
one or more storage locations 1612 as described herein. The
monitoring station 1602 may be made portable by, for
example, being incorporated into a wheeled case as illustrated
in FIG. 16.

[0135] In some embodiments, the system includes an
enclosure for one or more docking stations that may provide
for PIM sanitation. In some embodiments, the enclosure
includes ultraviolet lights for sanitization. The enclosure may
be constructed so as to minimize cross-contamination from
sanitizing solutions applied to other PIMs stored within the
enclosure. For example, in an embodiment, an inverted stait-
case design with the PIMs attached so as to hang in horizon-
tally staggered rows may be used. The enclosure of the moni-
toring station may have ventilation (e.g., one or more fans or
vents) to allow for long-term storage. In some embodiments,
the enclosure rows (to which a plurality of PIMs may be
secured) are adapted to be expanded and contracted (e.g., by
rolling).

[0136] The monitoring station may be configured as a side-
line cart. The monitoring station may be deployed on the
sidelines during an athletic activity and may be viewed and
accessed by, for example, physicians, coaches, and players.
The monitoring station may be a portable unit with wheels,
including one or more shelves or drawers. In the example
illustrated in FIG. 16, a computer may be placed on a shelf,
but any kind of remote device may be placed thereon (e.g., a
tablet computer). The monitoring station may include an opti-
cal communications receiver/transmitter and/or may include
a radio frequency communications antenna. The monitoring
station may also include a privacy screen to restrict the view
of the contents of the table surface (e.g., from television
camera or fans in attendance) and/or to shield the computer
screen from sunlight and weather elements.

[0137] FIG. 17 illustrates an example environment 1700
where a monitoring station for use with a personal impact
monitoring system may be operated as described herein in
connection with FIG. 1 and in accordance with an embodi-
ment. The monitoring station 1702 illustrated in FIG. 17 may
include a bank charger enclosure 1706 as described herein,
which may be stored within a drawer 1704 of the monitoring
station. For example, one or more of the drawers described
herein may house therein an enclosure adapted to retain a
plurality of PIMs in horizontally staggered rows.

[0138] In some embodiments, the monitoring station may
be configured to occupy a volume less than a certain number
of cubic meters and/or according to one or more ergonomic
considerations. For example, a monitoring station may be
sized such that the upper horizontal surface is of a height
above the ground that offers easy viewing (e.g., 48" off the
ground). In some embodiments, the monitoring station may
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have a width ranging from 12" to 48" or more (should addi-
tional storage volume be required for a large team). In some
embodiments, the depth of the monitoring station can range
from 12" to 48". Monitoring stations may generally be sized
such that they can occupy a space on the sideline area of a
football or athletic field while still offering room for foot
traffic (e.g., typically placed 10 feet or more beyond the
out-of-bounds line of the football field).

[0139] Themonitoring station may also include an antenna
mounting such that the antenna may be placed in a position
ideal for RF communication. As illustrated in FIG. 17, the
antenna is facing away from the computer screen such that a
user can view the field and have the antenna facing toward the
field. The monitoring station may offer features that help
align the antenna such that it is oriented in a position ideal for
RF communication with on-field PIMs. The antenna may be,
for example, a bullet shape, or a planar shape, a multi-planar
shape, or housed within a cylindrical shape.

[0140] FIG. 18 illustrates an example environment 1800
where a sideline receiver may be placed relative to a playing
field for use with a personal impact monitoring system as
described herein in connection with FIG. 1 and in accordance
with an embodiment. A directional dual-polarized antenna
1810 (also referred to as a sideline receiver) is shown placed
1804 in proximity to a field 1806 with a plurality of partici-
pants 1808 and also shown placed 1804 in proximity to a
monitoring station 1802. In an embodiment. the directional
dual-polarized antenna is placed in proximity to the field such
that it is configured for the reception of signals from PIMs,
regardless of their physical orientation. The directional dual-
polarized antenna may be configured to favor receipt of sig-
nals from devices on the playing field, rather than from
devices off the playing field, such as PIMs of players on the
sideline.

[0141] Inanembodiment, a system may have a multiplicity
of PIMs each having a single (that is, markedly or detectibly
dominant) polarization and/or dual polarization in each of
three orientations. A sideline receiver antenna with direc-
tional dual-polarized characteristics may improve reception
range and may also minimize network congestion (due to a
reduced number of failed packets). Dual polarization may
allow reception of signals from PIMs regardless of their
physical orientation. Directionality in the form of an approxi-
mately 180 degree beam width may provide signal gain for
PIMs on the field of play, and may provide signal attenuation
for potential noise sources behind the sideline and field of
play.

[0142] FIG. 18 illustrates a directional dual-polarized
antenna configured with directionality of approximately 180
degrees to cover an entire playing field. Other directionalities
may be used, which may depend on the sensitivity and loca-
tion of the antenna. Further, multiple antennas with direction-
alities that individually do not receive signals from the entire
field of play but that collectively receive signals from the
entire field of play may beused. For example, two antennas on
opposite corners on the wide side of the field may be used to
cover the entire field. As another example, four antennas, one
in each corner of a rectangular field may be used. Further, the
number of antennas may vary as appropriate, such as for use
of PIMs in activities that involve areas that are not necessarily
rectangular.

[0143] Other variations considered as being within the
scope of the present disclosure may include a sideline notifi-
cation system. In an embodiment, a sideline notification sys-
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tem is a computer system configured to allow configuration/
selection of which PIMs should generate notifications and/or
present impact data to an observer. For example, the system
may allow for a user to select collections of players and/or
PIMs for notification, reporting, or presentation of real-time
impact data to an observer. Collections may be defined based
at least in part on user-defined attributes (such as a team,
position, or otherwise) and/or based at least in part on
machine-inferred collections (e.g., based on algorithmic
analysis of current or historical data). In an embodiment, the
system is configured to disconnect (or request disconnection)
of PIMs from the wireless communication network based on
the sideline users’ selected collections.

[0144] Moreover, the sideline notification system may
allow for prioritized real-time delivery of information from
PIMs. For example, data transmission from PIMs may be
optionally configured to prioritize data transmission based on
factors such as impact severity, number of recent impacts,
time since impact was originally recorded and/or other fac-
tors, some of which may be user-defined using available data.
In some examples, data transmission from PIMs may be
configured to operate in a “bulk transfer” mode for post-event
transfer of data not transmitted previously in a real-time ses-
sion as described herein. In addition, PIMS may be config-
ured to provide indications to the sideline notification system
of an amount of data not yet transmitted or may be configured
to provide other information, such as indications of traumatic
events that enable the sideline notification system to prioritize
receipt and/or display of information regarding the events.
[0145] In an embodiment, sideline notification is config-
ured to generate reports based at least in part on PIM statistics
such as time in mouth, time on charger, time battery is dead,
and/or time since last usage. Such reports may provide action-
able data to improve player compliance with PIM use. Low
battery alerts provided by the sideline notification system
may enable action to prevent a player from using a PIM that
may become non-functional during play as a result of a bat-
tery drain.

[0146] FIG. 19 illustrates an example environment 1900
indicating a head reference associated with a human skull for
use with a personal impact monitoring system as described
herein in connection with FIG. 1 and in accordance with an
embodiment. Within the present disclosure, a 3-axis value
refers to the Cartesian components of a vector value as
expressed in a particular coordinate reference frame (“CRF”).
A 3-axis gyroscope is a sensor that measures the rotational
velocity vector, decomposed into Cartesian coordinates of a
known CRF. A 3-axis accelerometer is a sensor that measures
the linear acceleration vector, decomposed into Cartesian
coordinates of a known CRF that is not necessarily the same
as the gyroscope CRF. For purposes of illustration, we define
a head reference frame (HRF) that conforms to the SAE
standard J211-1 for test dummy coordinate systems: positive
x-axis (“+x”) pointed forward from the test dummy’s point of
view, positive y-axis (“+y”) from left to right, and the positive
z-axis (“+2”) from superior to inferior (i.e., pointing down-
ward). This corresponds to a “right hand” coordinate system.
[0147] FIG. 20 illustrates a portion 2000 of an example
process for kinematically analyzing impact data using com-
ponents of a personal impact monitoring system as described
herein in connection with FIG. 1 and in accordance with an
embodiment. The impact analysis software described herein
may perform such kinematic analysis using a combination of
kinematic and mathematical techniques to analyze 3-axis
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linear acceleration data and 3-axis rotational velocity data
captured in a PIM that is rigidly fixed in physical relationship
to the skull of the person experiencing the impact. The analy-
sis calculates the 3-axis linear acceleration and rotational
acceleration at any point of interest, but especially at likely
points of injury due to collision between skull and cerebral
cortex. Methods to decompose the linear acceleration vector
at likely points of injury into normal and tangential compo-
nents with respect to the interior surface of the skull are
described that represent the mechanisms of traumatic brain
injury. Finally, methods that individualize the analysis to the
unique brain and skull geometry of an individual person are
described.

[0148] Theanalysis process begins by modeling the head as
a mechanically rigid body, which may be performed prior to
the execution of the process. The process then proceeds as
illustrated in FIGS. 20 to 22 and may comprise a calibration
of data from the PIM, the identification of points of interest, a
kinematic translation, and an impact analysis. The embodi-
ment described is for illustration purposes only. It may be
understood that other embodiments may exist that remain
within the scope of the present disclosure. One or more of the
system components illustrated in connection with FIGS. 1 to
3 may perform at least a portion of the processes illustrated in
FIGS. 20 to 22.

[0149] The calibration portion of the analysis, illustrated in
FIG. 20, first receives 2002 a periodically sampled 3-axis
representation of a time-varying vector quantity. Then the
process corrects for sensor offset and gain variations 2004. If
it is determined that a new sample rate is needed 2006, the
process resamples to a desired sample rate 2010. Then if it is
determined whether filtering 2008 is required, the data is
filtered according to a desired spectral characteristic using a
digital filter 2012. Finally, the vector representation is rotated
2014 so that the Cartesian coordinates are expressed relative
to the desired reference frame to produce a calibrated 3-axis
sensor waveform 2016. In the embodiment illustrated in FIG.
20, it may be understood that the order of any two consecu-
tively applied linear processes may be reversed without
adverse effect and such reversal may be considered as within
the scope of the present disclosure.

[0150] In an embodiment, the offset and gain correction
may be performed on a per-axis basis by linear transformation
(subtract offset, multiply by gain), or may be extended to
perform non-linear gain correction (e.g., by polynomial or
other suitable nonlinear function). As illustrated, the resam-
pling step is optional, but may be employed when, for
example, data is collected at different sample rates from an
accelerometer (linear acceleration) and gyroscope (rotational
velocity) sensors in a PIM. Digital filters may be used to
modify the spectral characteristics of the sampled waveform
(e.g., for a particular purpose or to a particular standard such
as the SAE J211-1 channel frequency class). When the vector
components are rotated to the desired reference frame, the
desired reference frame may be the HRF as described herein.
The processes of calibration may be applied separately for
linear acceleration and rotational velocity according to the
properties and orientation of the sensors.

[0151] FIG. 21 illustrates a second portion 2100 of an
example process for kinematically analyzing impact data
using components of a personal impact monitoring system as
described herein in connection with FIG. 1 and in accordance
with an embodiment. In the second part of the process for
kinematically analyzing impact data, points of interest within
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or relative to the head are identified for further analysis. One
commonly used point of interest is the center of gravity (CG)
of the head. The present disclosure also uses the center of
rotation (CR) of the head and the origin of a brain atlas as
described herein. Points of interest may also include locations
onthe interior of the skull that are known to be associated with
traumatic brain injury, or that by their geometry may collide
with the cerebral cortex under either linear or rotational accel-
eration. Points of interest may be based at least in part on a
grid covering the extent of the inside surface of the skull that
encloses the brain, so that all points may be evaluated for their
injury potential. Locations on the interior surface of the skull
may be located by using a geometrical model of the interior
skull surface by using centroids of interpolation patches.
[0152] The geometrical model of the skull may be adapted
to the unique skull geometry of a particular individual as
illustrated in FIG. 21 so as to improve the accuracy of injury
criteria associated with linear and rotational skull accelera-
tion. For example, the adaptation may be performed by land-
mark-based geometric morphometrics using, for example,
cephalometric dimensions as landmarks, e.g., Euryon-Eu-
ryon, Zygion-Zygion, and Opisthocranion-Glabella. In the
example adaptation illustrated in FIG. 21, the process first
receives morphological measurements of the skull of a user
2102 and then applies one or more landmark-based transfor-
mations from the skull of a user to a reference skull model
2104. The process then performs operations to calculate grid
locations based on the reference skull model 2106, calculates
acenter of gravity and/or a center of rotation 2108, and finally
produces one or more position vectors 2110.

[0153] FIG. 22 illustrates a third portion 2200 of an
example process for kinematically analyzing impact data
using components of a personal impact monitoring system as
described herein in connection with FIG. 1 and in accordance
with an embodiment. The third portion of the example pro-
cess utilizes a kinematic transform to translate the calibrated
waveforms measured by the PIM to the linear acceleration
waveform at locations of interest. The method for translation
of the measurements to a point of interest accepts one or more
position vectors 2202 (from the second portion 2100 of the
process), and the calibrated linear acceleration 2210 and rota-
tional velocity waveforms 2204 measured by the PIM. The
rotational acceleration 2208 is first calculated 2206 as the
numerical derivative (e.g., first difference or first centered
difference) of the rotational velocity. A kinematic translation
2212 is then applied to the waveforms to derive the waveform
of the linear acceleration vector at the point(s) of interest, the
waveform comprised of the calibrated linear acceleration as
measured by the PIM, plus tangential and centripetal accel-
erations due to rotation of the point(s) of interest with respect
to the PIM. The calibrated waveforms are then produced
2224.

[0154] If the location of interest may be at the interior
surface of the skull 2214, the acceleration waveform is further
decomposed (using the unit normal 2216 to the skull at the
location of interest) into the component of linear acceleration
normal 2218 to the interior surface of the skull, and the
component tangential 2220 to the interior surface of the skull.
In this manner, the analysis provides 2222 the acceleration
components that are directly related to the previously
described injury mechanisms.

[0155] The first step in decomposing the linear acceleration
is to find the unit normal 2216 (perpendicular) vector to the
inside surface of the skull, which may be calculated using the
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mathematics ofthe geometric skull model. For example, if the
skull is modeled as the union of planar triangular patches,
then the unit normal may be calculated as the normalized
cross-product of vectors defining any two sides of the relevant
triangular patch.

[0156] The component of linear acceleration normal 2218
to the inside surface of the skull may be calculated as the
vector dot product of the linear acceleration with the unit
normal. Having found the normal component of the linear
acceleration, the component tangential 2220 may be calcu-
lated as the vector difference of the total linear acceleration
and the normal (perpendicular) linear acceleration.

[0157] Thelocations ofinterest may be determined so as to
provide inputs necessary for a finite element analysis of
human head motion using, for example, the Strasbourg Uni-
versity Finite Element Head Model (“SUFEHM”). The finite
element model may then be used to calculate stresses related
to physically distributed injury within the brain.

[0158] The third portion of the example process for kine-
matically analyzing impact data analyzes the waveforms
computed by the third portion (kinematic transform) to derive
measurements relevant to the assessment of potential injury.
These measurements may include maximum magnitude of
linear acceleration and maximum magnitude of rotational
acceleration. One method of calculation is to use a Head
Injury Criterion (“HIC”) calculated as:

1 , 25
HIC = max [ r a(l)dl} (p—1)
w2 |2~ hdy

[0159] Inthe HIC, a(t) is the linear acceleration waveform
measured in g (standard gravity acceleration), and t2-t1 is
time (limited to a maximum of 15 milliseconds). An HIC
characterizes the area under the curve of the linear accelera-
tion waveform, which, as previously described herein, is
largely independent of measurement system bandwidth.
[0160] An additional impact measure is the Impact Energy
(“IE”) defined as:

o] s}
IE = max f a(Dov()de| (1 —11)
nh \|2-hJy

[0161] Inthe IE, a(t) is the linear acceleration vector wave-
form, v(t) is the linear velocity vector waveform derived as
the numerical integral of a(t). The parameter f3 is an exponen-
tial weighting factor greater than or equal to 1, determined so
as to best correlate IE with an injury tolerance curve (curve of
injury threshold on a scatter plot of average impulse power
versus impulse duration). The IE calculates the impact energy
over the period of peak power. Equivalent calculations of IE
may be considered as within the scope of the present disclo-
sure. For example, the velocity vector is identical to the time
derivative of the position vector r, therefore the integral por-
tion the IE equation can be calculated as the line integral of
a(r)-dr.

[0162] FIG. 23 illustrates an example user interface 2300
for displaying a tiled view of a roster of players associated
with a personal impact monitoring system as described herein
in connection with FIG. 1 and in accordance with an embodi-
ment. The example user interface 2300 includes a tab area
2302 for displaying different views of the data and an infor-
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mational area 2304 showing the identity of the current user,
and providing one or more areas of interaction with the sys-
tem such as, for example, a “Help” menu 2306. The user
interface may provide a roster-viewing function with one or
more views. A tiled-view of the roster 2308 may display a tile
2310 for each participant that may include the name of each
participant equipped with a PIM device as well as alert thresh-
old and PIM status (e.g., active, or last time used).

[0163] FIG. 24 illustrates an example user interface 2400
for displaying a list view of a roster of users of a personal
impact monitoring system as described herein in connection
with FIG. 1 and in accordance with an embodiment. In addi-
tion to the common elements described in connection with
FIG. 23, the example user interface 2400 may display a list
view of the roster 2402 with each element in the list view
displaying information about the most recent impact of each
player.

[0164] FIG. 25 illustrates an example user interface 2500
for displaying an impact view of a personal impact monitor-
ing system as described herein in connection with FIG. 1 and
in accordance with an embodiment. The impact view tab 2502
is selected in FIG. 25 and, in addition to the common elements
described in connection with FIG. 23, the example user inter-
face 2500 may display impact information from the impact
analysis software as described herein. In the example user
interface 2500, the impactinformation (also referred to herein
as impact events) is displayed in a time sorted list 2504. In the
time sorted list 2504, if multiple participants receive approxi-
mately simultaneous impacts, their names may be displayed
togetherin the time line and may be sorted in order of decreas-
ing hit severity. For example, at a first time 2506, a notable
impact 2508 is displayed with basic impact information (i.e.,
a subset of the impact parameters associated with the impact
event). At a second time 2510, no notable impacts may have
occurred, but non-notable impacts that may have occurred
may be displayed with lesser details.

[0165] FIG. 26 illustrates an example user interface 2600
for displaying greater impact details for impacts associated
with apersonal impact monitoring system as described herein
in connection with FIG. 1 and in accordance with an embodi-
ment. A time-sorted list 2602 of notable impacts 2604 and/or
of other impacts may be displayed. When an impact measure
exceeds a threshold, an alert may be issued, the player infor-
mation may be highlighted, and a large impact information
tile 2608 may be displayed. The large impact information tile
2608 may include impact information 2612, impact location
information 2614, a button to acknowledge the impact 2616,
and/or a button to obtain more player details. If clicked, the
impact information tile may expand to display a detailed
summary of the impact as described herein in connection with
FIG. 27. The button to acknowledge the impact 2616 may be
used to, for example, trigger the administration of an injury
assessment instrument (e.g., the Sport Concussion Assess-
ment Tool (“SCAT2”)).

[0166] FIG. 27 illustrates an example user interface 2700
for displaying a detailed summary of an impact event associ-
ated with a personal impact monitoring system as described
herein in connection with FIG. 1 and in accordance with an
embodiment. In the example user interface 2700, details
about a player 2702 are displayed along with detailed infor-
mation about the location of all impacts 2704 for that player
and/or details about a specific impact 2712. As described
herein, a personal impact monitoring system may be config-
ured to set global alarm thresholds that are applied to all
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participants unless overridden by a personal threshold based
on participant history. For each impact measure of interest
(e.g., maximum linear acceleration magnitude, or HIC score),
one or more thresholds may be defined for each player, either
by default or by personalization 2706. A lower threshold may
define a level below which impacts are recorded but not
considered notable and/or are not displayed in any greater
detail. A higher threshold may define a level above which
impacts generate an alert for further action, and detailed
impact information may be displayed. Impacts that fall
between the two thresholds may be displayed as a simple
summary of impact information.

[0167] FIG. 28 illustrates an example environment 2800
where impact data may be reviewed from a personal impact
monitoring system as described herein in connection with
FIG. 1 in accordance with an embodiment. An impact review
system 2806 may correlate impact events from an impact
database 2804 using, for example, a motion picture represen-
tation of impact context (e.g., a video recording of game play
orpractice) from a video database 2802 and also using impact
information generated by an impact monitoring system as
described herein. The impact review system 2806 may corre-
late the display of the motion picture with the display of
impact information so as to provide context to the impact
information.

[0168] The impact review system 2806 may display the
impact characteristics prior to the context of the impact, so
that the potential for injury may be understood before viewing
the actions involved. The impact review system 2806 may
allow slow-motion viewing and/or may allow the ability to
view the context in both forward and backward directions. To
enhance usability of the impact review system 2806, it may
include tools for rapid navigation from impact to impact and
from player by player.

[0169] Inanembodiment, theimpact review system 2806 is
comprised of multiple components: a computing device, dis-
play device, data storage, user input device, review software,
and means for the components to communicate with each
other. The review software may generate displays and provide
controls for viewing within the review software application
itself, or by creating content that is viewable by and control-
lable within a general-purpose viewer application such as a
web browser. As described in the following paragraphs, the
review system receives impact information and context infor-
mation from external sources, though it is understood that
such sources could be combined, or incorporated into the
impact review system itself. Furthermore, all of the compo-
nents except for the review software may be realized as com-
binations of general-purpose computers and accessory
devices.

[0170] In an embodiment of the review system, the indi-
vidual components may be combined into a single physical
unit, e.g., a personal computer. In another embodiment of the
review system the components may be distributed, with
review software and storage hosted on a remote computer
(e.g., a network accessible or cloud based system), but the
display device and user input device are combined locally
(e.g., in a personal computer, tablet computer, or mobile
device). It is understood that the various components of the
system may be advantageously combined in different con-
figurations for different use environments. Furthermore, cer-
tain components may be duplicated or supplemented to
improve performance (e.g., both local and remote physical
units may include computing devices).
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[0171] The impact review system 2806 may be configured
to display impact information in the context of impact occur-
rence. To do so, impact review software may have access to
both impact and contextual information, the contextual infor-
mation typically comprising a motion picture of the impact.
This may be achieved by accessing data on external systems.
Both impact and context information may be accessed either
by copying the information from an external system to the
review software system’s storage device, or by directly
accessing the data as stored in the external device (e.g., by
accessing its database). Data from external sources, whether
impact or context information, may have proprietary data
formats. Therefore, the review software system may provide
a customized data import/access facility for each unique data
source to be supported.

[0172] In an embodiment, both impact information and
context information may be provided by the same external
system. For example, a video camera may be incorporated
into an impact-sensing device to capture both impact infor-
mation and context simultaneously. Alternatively the review
system may provide context by displaying an animation of
impact motion waveforms provided by an impact monitoring
system (e.g., by displaying a visual representation of a head
that may be animated to mimic the motions characterized by
the waveforms).

[0173] In another embodiment, impact information and
context information may be provided by different external
systems (e.g., a personal impact monitor system and video
camera). In this embodiment, the impact information and
context information may be time-synchronized in order to
provide the correct context for each impact. In such an
embodiment, both systems must provide a time reference.

[0174] Personal impact monitoring systems may typically
capture discrete events. If the impact information is to be
displayed in conjunction with context information obtained
from a separate source, then each impact record must provide
metadata specifying the date and time of the impact. If context
information may be provided by a second system configured
to capture discrete events then that second system may also be
configured to provide metadata that specifies the date and
time of each context event.

[0175] In an embodiment, the context (e.g., video record-
ings) may be provided as a continuous recording rather than
discrete events. In this case, the time reference may be pro-
vided as the start time of the recording. Some systems may
encode the start time as part of a data file name, for example
“clip-yyyy-mm-dd hhmmss.ext” where “yyyy” is the year,
“mm” is the month, “dd” is the day, “hh” is hours in 24-hour
time, and “ext” is the file extension given by the video
recorder. More preferably, the start time of the recording may
be made available as metadata contained in the recording file.

[0176] When impact and context information are provided
by separate external sources it is possible that the time refer-
ences of the systems are not in perfect agreement. Therefore,
the impact review software must provide a means to specify
and apply a time correction to at least one of the data sources.
In an embodiment, the time correction may be entered manu-
ally (e.g., by typing a time offset into a data entry box on the
display device). In another embodiment, the impact review
system may provide assistance by, for example, playing the
context motion picture with an overlay or sidebar of the
impactinformation and providing a button that can be clicked
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at the moment the impact is observed on the motion picture,
the time offset being automatically calculated and applied by
the review system software.

[0177] To understand the context of an impact, it may be
necessary to observe not only the impact, but also several
seconds of the contextual motion picture prior to and follow-
ing the impact. Therefore the impact review system may
obtain the time of impact from the impact information record,
subtract a predetermined preview time (e.g., 5 seconds), and
position the motion picture to begin playback at the computed
time. Similarly, playback may be terminated after the preview
time, impact time, and a predetermined post-view time have
elapsed.

[0178] To facilitate rapid review, it may be desirable that the
impact review system be configured to rapidly navigate from
one impact to the next. A navigation control may be provided
such that when review of one impact is completed the user
may activate the control in order to advance to the next
impact. Such navigation may be a natural consequence when
both impact and context are provided as discrete events.
When the contextual motion picture is provided as a continu-
ous recording, however, it may be necessary to skip interven-
ing portions of the recording that are not associated with
impacts. This may be accomplished by obtaining the impact
information record for the next impact, subtracting a prede-
termined preview time from the time of impact, and position-
ing the motion picture to begin playback at the computed
time.

[0179] It may also be desirable to review only selected
impacts. This may be accomplished by selecting impacts
according to information contained in the impact information
records. The selectable criteria may depend on the capabili-
ties of the personal impact monitor system, and may include
player name or number, impact severity, player position,
impact direction, and/or other such criteria. After a selection
is made, the impact navigation control may operate on
selected impacts, skipping over those that are not selected.
[0180] The impact information available for display may
depend upon the capabilities of the impact monitoring sys-
tem. In an embodiment, the impact information is comprised
solely of the occurrence of an impact and identification of the
player receiving the impact. In another embodiment, the
impact information also includes a measure of impact sever-
ity and an indication of the direction and location of the
impact.

[0181] Inreviewingimpacts, a first step of review may be to
preview impact information such as severity and direction of
impact so that the potential consequences may be appreciated
and discussed prior to observing the context. A second step of
review may be to observe the context of the impact by viewing
a portion of the motion picture that begins prior to the occur-
rence of the impact and terminates after, so as to observe the
actions that contributed to the impact. Viewing controls to
allow slow motion, normal motion, fast motion, reverse play,
and forward play may be provided. The impact information
may be displayed as an overlay or sidebar to the motion
picture. An optional final step of review may be to post-view
the impact information for a summary discussion.

[0182] In an embodiment, the step of previewing or post-
viewing the impact may be accomplished by displaying the
impact information as an overlay or sidebar to a portion of the
contextual motion picture that precedes or follows (respec-
tively) the portion viewed during the second step. The three
steps may be executed successively and without interruption,
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or the motion picture may be paused at the end of each step.
If paused, the transition to the next step may be automatically
initiated after a predetermined time and/or a navigation con-
trolmay be provided to initiate a transition to thenext step and
optionally to the previous step.

[0183] In another embodiment, the step of previewing or
post-viewing the impact may be accomplished by displaying
the impact information in a primarily static image that may
also incorporate visual elements to be manipulated under user
control (e.g., a three-dimensional rendering of a human head
indicating impact location and direction that may be rotated
by moving a computer mouse). The transition to the next step
may be automatically initiated after a predetermined time
and/or a navigation control may be provided to initiate a
transition to the next step and optionally to the previous step.
[0184] Because users of the impact review system may be
variously informed regarding techniques to prevent head
injury, an expert system may be incorporated into the impact
review system. For example, an expert system may be created
by collecting a large database of impact information and
context data, each characterized by the impact information
available from the personal impact monitor system. An expert
or panel of experts may review each context in order to
formulate coaching advice appropriate to the impact and the
advice may be stored with the impact information record. As
new impacts are received, their impact information may be
compared to the database of impacts for similarity, and the
advice for the most similar impact may be displayed. As may
be contemplated, the use of an expert system is an illustrative
example of machine learning techniques that may be applied
to provide impact review analysis and other such machine
learning techniques may be considered as within the scope of
the present disclosure.

[0185] In some embodiments, the remote notification
device such as the remote notification device 214 described
herein in connection with FIG. 2 may be configured (e.g.,
with a push button) to locally log activations (i.e., activation
notifications may be “fire-and-forget” during a game and
reconciliation of the notifications that are sent and received
may be performed post-game). The post-game review may
include identifying the notifications and can act as supple-
ment to the game film used in an impact review system. Such
notifications may be used in a “coachable moments” system,
where coaches may review activations and assess the film,
and may then determine what type of behavior might be
avoided. This functionality may provide useful context for
assessing where impacts may occur, and the type ofhits that
may be associated with such impacts.

[0186] The following U.S. applications and patents are
incorporated by reference herein, and the systems and meth-
ods described in these applications may be incorporated into
any of the systems, components, or methods herein: U.S.
patent application Ser. No. 13/117,223, U.S. Pat. No. 8,113,
206, U.S. Pat. No. 8,113,206, U.S. Pat. No. 7,299,804, U.S.
Pat. No. 6,820,623, U.S. Pat. No. 6,691,710, U.S. Pat. No.
6,588,430, U.S. Pat. No. 6,510,853, U.S. Pat. No. 6,508,251,
U.S. Pat. No. 6,505,628, U.S. Pat. No. 6,505,627, U.S. Pat.
No. 6,505,626, U.S. Pat. No. 6,675,806, U.S. Pat. No. 6,675,
807, U.S. Pat. No. 6,491,036, U.S. Pat. No. 6,553,996, U.S.
Pat. No. 6,581,604, U.S. Pat. No. 6,626,180, U.S. Pat. No.
6,598,605, U.S. Pat. No. 6,539,943, U.S. Pat. No. 6,415,794,
U.S. Pat. No. 6,257,239, U.S. Pat. No. 6,237,601, U.S. Pat.
No. 6,200,133, U.S. Pat. No. 6,012,919, U.S. Pat. No. 5,865,
619, U.S. Pat. No. 5,879,155, U.S. Pat. No. 5,718,575, U.S.
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Pat. No. 6,371,758, U.S. Pat. No. 5,836,761, U.S. Pat. No.
5,584,687, U.S. Pat. No. 5,385,155, U.S. Pat. No. 5,365,946,
PCT Pub. No. WO 2009/0155223, PCT Pub. No. W0O2009/
0155224, U.S. Pat. App. Pub. No. 2004/250817, and PCT
Pub. No. WO 2009/0012243.

[0187] FIG. 29 is a simplified block diagram of a computer
system 2900 that may be used to practice an embodiment of
the present invention. In various embodiments, one or more
instances of the computer system 2900 may be used to imple-
ment any of the systems illustrated and described above. For
example, one or more instances of the computer system 2900
may be used to implement processes for analyzing impact
data according to the present disclosure. As shown in F1G. 29,
the computer system 2900 may include one or more proces-
sors 2902 that may be configured to communicate with and
are operatively coupled to a number of peripheral subsystems
via a bus subsystem 2904. These peripheral subsystems may
include a storage subsystem 2906, comprising a memory
subsystem 2908 and a file storage subsystem 2910, one or
more user interface input devices 2912, user interface output
devices 2914, and a network interface subsystem 2916.
[0188] Thebus subsystem 2904 may provide a mechanism
for enabling the various components and subsystems of com-
puter system 2900 to communicate with each other as
intended. Although the bus subsystem 2904 is shown sche-
matically as a single bus, alternative embodiments of the bus
subsystem may utilize multiple busses.

[0189] The network interface subsystem 2916 may provide
an interface 2922 to other computer systems and networks.
The network interface subsystem 2916 may serve as an inter-
face for receiving data from and transmitting data to other
systems from the computer system 2900. For example, the
network interface subsystem 2916 may enable a user com-
puter system device to connect to the computer system 2900
via the Internet and/or other network, such as a mobile net-
work, and facilitate communications using the network(s)
and to communicate impact data.

[0190] Theuser interface input devices 2912 may include a
keyboard, pointing devices such as a mouse, trackball, touch-
pad, or graphics tablet, a scannet, a barcode scanner, a touch
screen incorporated into the display, audio input devices such
as voice recognition systems, microphones, and other types
of input devices. Further, in some embodiments, input
devices may include devices usable to obtain information
from other devices, such as PIMs. Input devices may include,
for instance, magnetic or other card readers, one ormore USB
interfaces, near field communications (NFC) devices/inter-
faces and other devices/interfaces usable to obtain data (e.g,,
impact data) from other devices. In general, use of the term
“input device” is intended to include all possible types of
devices and mechanisms for inputting information to the
computer system 2900.

[0191] The user interface output devices 2914 may include
a display subsystem, a printer, non-visual displays (e.g.,
audio and/or tactile output devices), or other such display
devices. Generally, the user interface output devices 2914
may invoke one or more of any of the five senses of a user. For
example, the display subsystem may be a cathode ray tube
(CRT), a flat-panel device, such as a liquid crystal display
(LCD), light emitting diode (LED) display, or a projection or
other display device. In general, use of the term “output
device” is intended to include all possible types of devices and
mechanisms for outputting information from the computer
system 2900. The user interface output devices 2914 may be
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used, for example, to generate and/or present user interfaces
to facilitate user interaction with applications performing
processes described herein and variations therein, when such
interaction may be appropriate. While a computer system
2900 with user interface output devices is used for the pur-
pose of illustration, it should be noted that the computer
system 2900 may operate without an output device, such as
when the computer system 2900 is operated in a server rack
and, during typical operation, an output device is not needed.
[0192] The storage subsystem 2906 may provide a com-
puter-readable storage medium for storing the programming
and data constructs that provide the functionality of the
present invention. Software (programs, code modules,
instructions) that, when executed by one or more processors
2902, may provide the functionality of the present invention,
may be stored in storage subsystem 2906. The storage sub-
system 2906 may also provide a repository for storing data
used in accordance with the present invention. The storage
subsystem 2906 may comprise memory subsystem 2908 and
disk or file storage subsystem 2910. The storage subsystem
may include database storage for impact data or analysis
results, file storage for impact data or analysis results and/or
other storage functionality.

[0193] Thememory subsystem 2908 may include a number
of memory devices including, for example, random access
memory (RAM) 2918 for storage of instructions and data
during program execution and read-only memory (ROM)
2920 in which fixed instructions may be stored. The file
storage subsystem 2910 may provide a non-transitory persis-
tent (non-volatile) storage for program and data files, and may
include a hard disk drive, a floppy disk drive along with
associated removable media, a compact disk read-only
memory (CD-ROM) drive, a digital versatile disk (DVD), an
optical drive, removable media cartridges, and other like stor-
age media.

[0194] The computer system 2900 may be of various types
including a personal computer, a portable computer, a work-
station, a network computer, a mainframe, a kiosk, a server, or
any other data processing system. Due to the ever-changing
nature of computers and networks, the description of com-
puter system 2900 depicted in FIG. 29 is intended only as a
specific example for purposes of illustrating the preferred
embodiment of the computer system. Many other configura-
tions having more or fewer components than the system
depicted in FIG. 29 are possible.

[0195] Embodiments of the disclosure can be described in
view of the following clauses:

[0196] 1. A system for monitoring impacts to one or
more participants in a contact sport, comprising:

[0197] one or more personal impact monitors, the one or
more personal impact monitors attached to the one or
more participants;

[0198] amonitoring station receiver located in a location
proximal to the contact sport, the location selected based
at least in part on the monitoring station receiver being
configured to receive one or more impact events from the
one or more personal impact monitors; and

[0199] amonitoring station, the monitoring station con-
figured to implement one or more services to analyze the
one or more impact events, wherein the one or more
services are configured to:

[0200] receive the one or more impact events from the
one or more personal impact mounitors using the moni-
toring station receiver;
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[0201] analyze the one or more impact events to select
one or more harmful impact events ofthe one or more
impact events, the one or more harmful impact events
selected based at least in part on a location of the
personal impact monitor;

[0202] add one or more of the one or more harmful
impact events to a set of harmful impact events;

[0203] perform one or more statistical analyses of at
least a subset of the set of harmful impact events; and

[0204] provide an impact event analysis, the impact
event analysis based at least in part on the one or more
statistical analyses.

[0205] 2. The system of clause 1, wherein the one or
more services are further configured to perform a kine-
matic analysis of the one or more impact events, the
kinematic analysis comprising:

[0206] modeling a skull as a kinematic rigid body;

[0207] calibrating a set of data from the personal impact
monitor based at least in part on the kinematic rigid
body;

[0208] identifying points of interest on the kinematic
rigid body based at least in part on the calibrated set of
data;

[0209] performing a kinematic translation of the one or
more impact events to the kinematic rigid body based at
least in part on the points of interest; and

[0210] performing an analysis of the one or more impact
events based at least in part on the kinematic translation.

[0211] 3. The system of clauses 1 or 2, wherein the
kinematic rigid body is based at least in part on one or
more morphological measurements of the one or more
participants.

[0212] 4.Thesystemofclauses 1 to 3, wherein the one or
more services are further configured to perform an out-
lier analysis of the one or more impact events, the outlier
analysis comprising:

[0213] determining one or more statistical measure-
ments of the one or more impact events; and

[0214] identifying one or more harmful impact events of
the set of harmful impact events that differ from the one
or more statistical measurements by more than a thresh-
old value.

[0215] 5. The system of clauses 1 to 4, further compris-
ing one or more near-field data display devices config-
ured to receive impact events from the one or more
personal impact monitors when a near-field data display
device of the one or more near-field data display devices
is placed within a communications range associated
with a short-range communication channel associated
with one or more of the one or more personal impact
monitors.

[0216] 6. The system of clauses 1 to 5 wherein the one or
more personal impact monitors are further configured to
measure one or more of: body temperature, heart rate,
respiration rate, a location associated with the one or
more personal impact monitors, or an altitude associated
with the one or more personal impact monitors.

[0217] 7. A computer-implemented method for monitor-
ing impacts to one or more participants in an activity,
comprising:

[0218] receiving, using a monitoring station receiver
connected to a monitoring station, one or more impact
events from one or more personal impact monitors asso-
ciated with one or more of the one or more participants,
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each impact event of the one or more impact events
specifying a set of impact event parametets;

[0219] storing one or more of the one or more impact
events in a data storage location connected to the moni-
toring station;

[0220] selecting a set of impact events from the data
storage location based in part on at least a subset of the
set of impact event parameters; and

[0221] providing one or more impact analyses based at
least in part on the set of impact events.

[0222] 8. The computer-implemented method of clause
7, wherein the activity is a contact sport.

[0223] 9. The computer-implemented method of clauses
7 or 8, wherein the personal impact monitor is incorpo-
rated into a mouth guard.

[0224] 10. The computer-implemented method of
clauses 7 to 9, wherein the monitoring station is config-
ured to send, to a remote notification device, one ormore
impact event notifications of the one or more impact
events.

[0225] 11. The computer-implemented method of
clauses 7 to 10, wherein the monitoring station includes
a personal impact monitor docking station, the personal
impact monitor docking station configured to store the
one or more personal impact monitors, the personal
impact monitor docking station further configured to
charge the one or more personal impact monitors.

[0226] 12. The computer-implemented method of
clauses 7 to 11, wherein the personal impact monitor
docking station is further configured to sanitize the one
or more personal impact monitors by performing one or
more of: directing an ultraviolet light onto the one or
more personal impact monitors, heating the one or more
personal impact monitors, or chemically sanitizing the
one or more personal impact monitors.

[0227] 13. The computer-implemented method of
clauses 7 to 12, wherein the personal impact monitor
docking station is further configured to:

[0228] store one or more of the one or more impact
events using a storage device attached to the personal
impact monitor docking station; and

[0229] transfer the one or more ofthe one or more impact
events from the storage device to the data storage loca-
tion.

[0230] 14. A tangible non-transitory computer-readable

storage medium having stored thereon executable
instructions that, when executed by one or more proces-
sors of a computer system, cause the computer system to
at least:

[0231] receive an impact event from a personal impact
monitor associated with a participant in an activity;

[0232] determine whether the impact event is harmful to
the participant based at least in part one or more impact
event parameters associated with the impact event;

[0233] add the impact event to one or more sets of impact
events based at least in part on whether the impact event
is harmful;

[0234] perform one or more statistical analyses on the
one or more sets of impact events; and

[0235] provide an impact event analysis, the impact
event analysis based at least in part on the one or more
statistical analyses.
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[0236] 15. The tangible non-transitory computer-read-
able storage medium of clause 14, wherein the activity is
a contact sport.

[0237] 16. The tangible non-transitory computer-read-
able storage medium of clauses 14 or 15, wherein the
impact event is received from a personal impact monitor.

[0238] 17. The tangible non-transitory computer-read-
able storage medium of clauses 14 to 16, wherein the
impact event by a monitoring station receiver.

[0239] 18. The tangible non-transitory computer-read-
able storage medium of clauses 14 to 17, wherein the
monitoring station receiver is located in a location proxi-
mal to the activity, the location selected based at least in
part on the monitoring station receiver being configured
to receive one or more impact events.

[0240] 19. The tangible non-transitory computer-read-
able storage medium of clauses 14 to 18, wherein the
executable instructions that cause the computer to pro-
vide the impact event analysis further include instruc-
tions that cause the computer to display the impact event
using a display connected to the computer.

[0241] 20. The tangible non-transitory computer-read-
able storage medium of clauses 14 to 19, wherein the
executable instructions that cause the computer to pro-
vide the impact event analysis further include instruc-
tions that cause the computer to correlate one or more
impact events of the one or more sets of impact events
with a visual recording of the activity based at least in
part on the impact event parameters.

[0242] The specification and drawings are, accordingly, to
be regarded in an illustrative rather than a restrictive sense. It
will, however, be evident that various modifications and
changes may be made thereunto without departing from the
broader spirit and scope of the invention as set forth in the
claims.

[0243] Other variations are within the spirit of the present
disclosure. Thus, while the disclosed techniques are suscep-
tible to various modifications and alternative constructions,
certain illustrated embodiments thereof are shown in the
drawings and have been described above in detail. It should be
understood, however, that there is no intention to limit the
invention to the specific form or forms disclosed, but on the
contrary, the intention is to cover all modifications, alternative
constructions and equivalents falling within the spirit and
scope of the invention, as defined in the appended claims.
[0244] The use of the terms “a” and “an” and “the” and
similar referents in the context of describing the disclosed
embodiments (especially in the context of the following
claims) are to be construed to cover both the singular and the
plural, unless otherwise indicated herein or clearly contra-
dicted by context. The terms “comprising,” “having,”
“including” and “containing™ are to be construed as open-
ended terms (i.e., meaning “including, but not limited to,”)
unless otherwise noted. The term “connected,” when unmodi-
fied and referring to physical connections, is to be construed
as partly or wholly contained within, attached to or joined
together, even if there is something intervening. Recitation of
ranges of values herein are merely intended to serve as a
shorthand method of referring individually to each separate
value falling within the range, unless otherwise indicated
herein, and each separate value is incorporated into the speci-
fication as if it were individually recited herein. The use ofthe
term “set” (e.g., “aset of items”) or “subset,” unless otherwise
noted or contradicted by context, is to be construed as a
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nonempty collection comprising one or more members. Fur-
ther, unless otherwise noted or contradicted by context, the
term “subset” of a corresponding set does not necessarily
denote a proper subset of the corresponding set, but the subset
and the corresponding set may be equal.

[0245] Conjunctive language, such as phrases of the form
“at least one of A, B, and C,” or “at least one of A, B and C,”
unless specifically stated otherwise or otherwise clearly con-
tradicted by context, is otherwise understood with the context
as used in general to present that an item, term, etc., may be
either A or B or C, or any nonempty subset of the set of A and
B and C. For instance, in the illustrative example of a set
having three members, the conjunctive phrases “at least one
of A, B, and C” and “at least one of A, B and C” refer to any
of the following sets: {A}, {B}, {C}, {A, B}, {A, C}, {B,C},
{A, B, C}. Thus, such conjunctive language is not generally
intended to imply that certain embodiments require at least
one of A, at least one of B and at least one of C each to be
present.

[0246] Operations of processes described herein can be
performed in any suitable order unless otherwise indicated
herein or otherwise clearly contradicted by context. Processes
described herein (or variations and/or combinations thereof)
may be performed under the control of one or more computer
systems configured with executable instructions and may be
implemented as code (e.g., executable instructions, one or
more computer programs or one or more applications)
executing collectively on one or more processors, by hard-
ware or combinations thereof. The code may be stored on a
computer-readable storage medium, for example, in the form
of a computer program comprising a plurality of instructions
executable by one or more processors. The computer-read-
able storage medium may be non-transitory (referred to
herein as a “non-transitory computer-readable storage
medium”), may be tangible (referred to herein as a “tangible
computer-readable storage medium”), or may be both tan-
gible and non-transitory (referred to herein as a “tangible
non-transitory computer-readable storage medium”).

[0247] The use of any and all examples, or exemplary lan-
guage (e.g., “such as”) provided herein, is intended merely to
better illuminate embodiments of the invention and does not
pose a limitation on the scope of the invention unless other-
wise claimed. No language in the specification should be
construed as indicating any non-claimed element as essential
to the practice of the invention.

[0248] Embodiments of this disclosure are described
herein, including the best mode known to the inventors for
carrying out the invention. Variations of those embodiments
may become apparent to those of ordinary skill in the art upon
reading the foregoing description. The inventors expect
skilled artisans to employ such variations as appropriate and
the inventors intend for embodiments of the present disclo-
sure to be practiced otherwise than as specifically described
herein. Accordingly, the scope of the present disclosure
includes all modifications and equivalents of the subject mat-
ter recited in the claims appended hereto as permitted by
applicable law. Moreover, any combination of the above-
described elements in all possible variations thereof is
encompassed by the scope of the present disclosure unless
otherwise indicated herein or otherwise clearly contradicted
by context.

[0249] All references, including publications, patent appli-
cations, and patents, cited herein are hereby incorporated by
reference to the same extent as if each reference were indi-
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vidually and specifically indicated to be incorporated by ref-
erence and were set forth in its entirety herein.

1-20. (canceled)

21. A system for monitoring impacts to one or more par-
ticipants in a contact sport, comprising:

one or more personal impact monitors each integrated into

a mouth guard, the one or more personal impact moni-
tors each attached to a respective participant of the one
or more participants;

amonitoring station receiver located in alocation proximal

to the contact sport, the location selected based at least in
part on the monitoring station receiver being configured
to receive one or more impact events from the one or
more personal impact monitors; and

a monitoring station, the monitoring station configured to

implement one or more services to analyze the one or

more impact events, wherein the one or more services

are configured to:

receive the one or more impact events from the one or
more personal impact monitors using the monitoring
station receiver;

analyze the one or more impact events to select one or
more harmful impact events of the one or more impact
events, the one or more harmful impact events
selected based at least in part on a location of the
personal impact monitor;

add one or more of the one or more harmful impact
events to a set of harmful impact events;

perform one or more statistical analyses of at least a
subset of the set of harmful impact events; and

provide an impact event analysis, the impact event
analysis based at least in part on the one or more
statistical analyses.

22. The system of claim 21, wherein the one or more
services are further configured to perform a kinematic analy-
sis of the one or more impact events, the kinematic analysis
comprising:

modeling a skull as a kinematic rigid body;

calibrating a set of data from the personal impact monitor

based at least in part on the kinematic rigid body:;
identifying points of interest on the kinematic rigid body
based at least in part on the calibrated set of data;
performing a kinematic translation of the one or more
impact events to the kinematic rigid body based at least
in part on the points of interest; and

performing an analysis of the one or more impact events

based at least in part on the kinematic translation.

23. The system of claim 22, wherein the kinematic rigid
body is based at least in part on one or more morphological
measurements of the one or more participants.

24. The system of claim 21, wherein the one or more
services are further configured to perform an outlier analysis
of the one or more impact events, the outlier analysis com-
prising:

determining one or more statistical measurements of the

one or more impact events; and

identifying one or more harmful impact events of the set of

harmful impact events that differ from the one or more
statistical measurements by more than a threshold value.

25. The system of claim 21, further comprising one or more
near-field data display devices configured to receive impact
events from the one or more personal impact monitors when
a near-field data display device of the one or more near-field
data display devices is placed within acommunications range
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associated with a short-range communication channel asso-
ciated with one or more of the one or more personal impact
monitors.

26. The system of claim 21 wherein the one or more pet-
sonal impact monitors are further configured to measure one
or more of: body temperature, heart rate, respiration rate, a
location associated with the one or more personal impact
monitors, or an altitude associated with the one or more
personal impact monitors.

27. A computer-implemented method for monitoring
impacts to one or more participants in anactivity, comprising:

receiving, using a monitoring station receiver connected to

a monitoring station, one or more impact events from
one or more personal impact monitors associated with
one or more of the one or more participants, each per-
sonal impact monitor of the one or more more personal
impact monitors integrated into a respective mouth
guard, each impact event of the one or more impact
events specifying a set of impact event parameters;

storing one or more of the one or more impact events in a

data storage location connected to the monitoring sta-
tion;

selecting a set of impact events from the data storage loca-

tion based in part on at least a subset of the set of impact
event parameters; and

providing one or more impact analyses based at least in part

on the set of impact events.

28. The computer-implemented method of claim 27,
wherein the activity is a contact sport.

29. The computer-implemented method of claim 27,
wherein the respective mouth guard comprises a sensor posi-
tioned on the respective mouth guard to be proximal to mouth
tissue of a respective participant of the one or more partici-
pants.

30. The computer-implemented method of claim 27,
wherein the monitoring station is configured to send, to a
remote notification device, one or more impact event notifi-
cations of the one or more impact events.

31. The computer-implemented method of claim 27,
wherein the monitoring station includes a personal impact
monitor docking station, the personal impact monitor dock-
ing station configured to store the one or more personal
impact monitors, the personal impact monitor docking station
further configured to charge the one or more personal impact
monitors.

32. The computer-implemented method of claim 31,
wherein the personal impact monitor docking station is fur-
ther configured to sanitize the one or more personal impact
monitors by performing one or more of: directing an ultra-
violet light onto the one or more personal impact monitors,
heating the one or more personal impact monitors, or chemi-
cally sanitizing the one or more personal impact monitors.
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33. The computer-implemented method of claim 31,
wherein the personal impact monitor docking station is fur-
ther configured to:

store one or more of the one or more impact events using a

storage device attached to the personal impact monitor
docking station; and

transfer the one or more of the one or more impact events

from the storage device to the data storage location.

34. A tangible non-transitory computer-readable storage
medium having stored thereon executable instructions that,
when executed by one or more processors of a computer
system, cause the computer system to at least:

receive an impact event from a personal impact monitor

associated with a participant in an activity, the personal
impact monitor integrated into a mouth guard worn by
the participant;

determine whether the impact event is harmful to the par-

ticipant based at least in part one or more impact event
parameters associated with the impact event;

add the impact event to one or more sets of impact events

based at least in part on whether the impact event is
harmful;

perform one or more statistical analyses on the one or more

sets of impact events; and

provide an impact event analysis, the impact event analysis

based at least in part on the one or more statistical analy-
ses.

35. The tangible non-transitory computer-readable storage
medium of claim 34, wherein the activity is a contact sport.

36. The tangible non-transitory computer-readable storage
medium of claim 34, wherein the impact event is received
from a personal impact monitor.

37. The tangible non-transitory computer-readable storage
medium of claim 34, wherein the impact event by a monitor-
ing station receiver.

38. The tangible non-transitory computer-readable storage
medium of claim 37, wherein the monitoring station receiver
is located in a location proximal to the activity, the location
selected based at least in part on the monitoring station
receiver being configured to receive one or more impact
events.

39. The tangible non-transitory computer-readable storage
medium of claim 34, wherein the executable instructions that
cause the computer to provide the impact event analysis fur-
ther include instructions that cause the computer to display
the impact event using a display connected to the computer.

40. The tangible non-transitory computer-readable storage
medium of claim 34, wherein the executable instructions that
cause the computer to provide the impact event analysis fur-
ther include instructions that cause the computer to correlate
one or more impact events of the one or more sets of impact
events with a visual recording of the activity based at least in
part on the impact event parameters.
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