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Abstract—Wearable devices are increasingly used to measure
real-world head impacts and study brain injury mechanisms.
These devices must undergo validation testing to ensure they
provide reliable and accurate information for head impact
sensing, and controlled laboratory testing should be the first
step of validation. Past validation studies have applied
varying methodologies, and some devices have been deployed
for on-field use without validation. This paper presents best
practices recommendations for validating wearable head
kinematic devices in the laboratory, with the goal of
standardizing validation test methods and data reporting.
Key considerations, recommended approaches, and specific
considerations were developed for four main aspects of
laboratory validation, including surrogate selection, test
conditions, data collection, and data analysis. Recommen-
dations were generated by a group with expertise in head
kinematic sensing and laboratory validation methods and
reviewed by a larger group to achieve consensus on best
practices. We recommend that these best practices are
followed by manufacturers, users, and reviewers to conduct
and/or review laboratory validation of wearable devices,
which is a minimum initial step prior to on-field validation
and deployment. We anticipate that the best practices
recommendations will lead to more rigorous validation of
wearable head kinematic devices and higher accuracy in head
impact data, which can subsequently advance brain injury
research and management.

Keywords—Accuracy, Best practices, Head impact kinemat-

ics, Recommendations, Validation.

SUMMARY STATEMENTS

This work was part of the Consensus Head Accel-
eration Measurement Practices (CHAMP) project. The
objective of CHAMP was to develop consensus best
practices for the gathering, reporting, and analysis of
head acceleration measurement data in sport. Subject
matter experts were recruited to draft a series of papers
on various aspects of the issue. As described in detail in
a companion paper,3 each team drafted a paper and
several summary statements ahead of the CHAMP
Consensus Conference, held on March 24–25, 2022, at
the Children’s Hospital of Philadelphia. The following
summary statements were discussed, revised as neces-
sary, and ultimately approved by more than 80% of
the vote at the conference:

1. A wearable device that measures head acceleration
must be independently validated for its intended
application through controlled laboratory testing,
and the laboratory should simulate the real-world
loading environment in which the device will be
used.

2. Laboratory testing of wearable devices should use
a validated biofidelic anthropomorphic test device
(ATD) headform combined with a repeatable and
reproducible test setup that enables testing across
multiple levels of magnitude, duration, and direc-
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tion that simulate on-field linear and angular head
kinematics relevant to the setting of study.

3. Reference sensor setup and validation metric
selection depend on the intended application of
the wearable device, which can vary on four main
levels: impact counting, impact magnitude, impact
direction, and the time-history measurement of
six-degree-of-freedom (6DOF) head kinematics.

4. If a wearable device is designed to measure and
report metrics derived from head kinematics,
ground truth measurements must be collected
with an ATD-embedded laboratory-grade refer-
ence sensor system. If a wearable device is
designed to count impacts only, a reduced refer-
ence setup enabling verification of impact events
may be applied.

5. Processed data from the wearable device must be
compared with ground truth measurements using
validation metrics and statistical methods that
enable complete, unbiased, and application-rele-
vant assessment of accuracy and uncertainty.

We recommend that wearable devices undergo lab-
oratory validation according to the CHAMP best
practices outlined in the current paper, and this should
be stated within the corresponding validation docu-
mentation or publication.

INTRODUCTION

Wearable devices have the potential to measure real-
world head impacts occurring in sport.21,60,65,70 An
increased interest in head impact monitoring coupled
with advancements in sensing technology has led to the
development of various devices,65,90,94 that include
kinematic sensors mounted in helmets,2,20,71 head-
bands,35 skin patches,94 earpieces,63,73 and mouth-
pieces.7,16,25,56 These devices often leverage small, low-
cost, low-power sensor technologies, with the most
incorporated sensors being microelectromechanical
system (MEMS) accelerometers to measure linear
acceleration and gyroscopes to measure angular
velocity. While wearable devices make it possible for
large-scale research deployment and consumer adop-
tion, they are often limited in accuracy due to limita-
tions in low-cost sensor capabilities, imperfect head-
device coupling, and the complexity of real-world im-
pact conditions. Therefore, a wearable device must be
validated, i.e., proven to be accurate, for its intended
application by undergoing controlled laboratory test-
ing.

Despite the wide range of laboratory test setups
published, little effort has been made to establish
standard approaches to validate wearable devices in

the laboratory.42 Wearable devices are applied in
research or offered to consumers as turnkey systems
with incomplete or irrelevant validation testing, or
without any published validation information. Ideally,
the laboratory would simulate the loading environ-
ment in which the device will be used. Human surro-
gates for device mounting should be selected based on
their biofidelity and ability to mimic real-world cou-
pling between the device and head. Test conditions
should be repeatable, reproducible, and chosen
according to how well they represent the on-field im-
pact scenarios and mechanics. Data from the device
should be collected, processed, and analyzed in an
unbiased manner relative to ground truth measure-
ments from reference sensors. These aspects are
important to consider when assessing wearable device
accuracy in the laboratory.

The proliferation of wearable devices facilitate ac-
cess to valuable human participant data that may not
otherwise be accessible. However, high variability in
validation methods lead to inconsistent and often
incomplete device evaluation. In addition, users of
these systems may be unaware of the limitations when
using a specific device in a particular application.65

Insufficient understanding of the limitations of a device
may result in incorrect conclusions that could con-
found the collective knowledge of a topic and poten-
tially impede safety advancements. Therefore,
establishing best practices for validating the accuracy
of wearable devices in a laboratory setting would
benefit both developers and users.29

This paper summarizes best practices developed by
an expert consensus group for validating the accuracy
of wearable devices for measuring head impacts in the
laboratory. Laboratory validation should be an initial
step in examining the accuracy of a wearable device,
and further on-field validation is likely required to
confirm device accuracy in an on-field setting (best
practices for on-field validation are included in a
companion paper).44 Accuracy is defined as the degree
to which measurements made by a wearable device
match those from ground truth (reference) sensors.
Repeatability is defined as the degree of variation in
the measurement.12,36 Head impacts are defined as a
subset of head acceleration events (HAEs) that result
from forces applied directly to the head or protective
headgear. Wearable devices may also capture inertial
loading of the head (i.e., from body contact without
direct head contact); however, the best practices pre-
sented in this paper do not focus on validating wear-
able sensors under these loading conditions. Aspects of
wearable device validation covered in this paper focus
on impact counting and other features derived from
kinematic measurements: impact magnitude, impact
direction, and the complete time-history measurement
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of six-degree-of-freedom (6DOF) head kinematics.
Recommendations and best practices for laboratory
validation are divided into four separate topics to be
discussed in detail in the following sections: surrogate
selection, test conditions, data collection, and data
analysis. Each section is organized into key consider-
ations that address fundamental factors that influence
wearable device accuracy, recommended approaches
for validation methods, and specific considerations
with examples of best practices approaches.

SURROGATE SELECTION

When selecting a test surrogate, the overall goal is to
choose a model of the head that provides the most
biofidelic platform for mounting the wearable device
and reference sensor for impact testing.

Key Considerations

Because the objective of the laboratory tests is to
validate a wearable device for head impacts, a physical
surrogate model of the human head is needed. How
well this model represents the human head, i.e., its
biofidelity, in the context of head impacts is a key
consideration for surrogate choice. Biofidelity can in-
clude overall geometry, inertial properties, tissue
mechanical properties (e.g., soft tissue deformation
behavior, skin or hair friction), and specific anatomical
features (e.g., dentition). Head to wearable device
coupling is also an important consideration and is
dependent on the specific anatomical features and tis-
sue mechanics. An important practical consideration is
the ability of the surrogate to enable ground-truth
head impact measurements as a reference to evaluate
device performance. Additional considerations include
the repeatability of the surrogate, the maximum pos-
sible impact severity, cost, and ethics. Four main types
of surrogates have been used to evaluate wearable
device accuracy in the laboratory: non-biofidelic test
devices, anthropomorphic test devices (ATDs), post-
mortem human subjects (PMHS), and human volun-
teers (Fig. 1). For each surrogate, the advantages and
limitations are weighed against the key considerations
(Table 1).

Recommended Approach

ATD headforms are designed to represent the geo-
metric and inertial properties of the human head, in-
clude built-in reference sensor mounting options, and
offer good repeatability and reproducibility in non-
destructive testing over a range of impact severities.59

We recommend that laboratory testing of wearable

devices use a standard ATD headform validated to
support the intended application, because standardized
commercial options of ATD headforms are available
to users for achieving a repeatable and reproducible
outcome. While biological or custom surrogates may
also produce similar outcomes, those conducting the
validation need to have more specialized experience
working with the corresponding surrogates. When
choosing an ATD, consider the match between con-
ditions of the ATD validation and the intended
application. Depending on the objectives of the study
and the type of device, use of a modified or validated
custom test surrogate may be appropriate. This
approach may be needed in situations where a stan-
dard headform cannot accommodate the mounting
requirements (see Data Collection section for more
details). Because sensor-head coupling is a critical
factor in accurately measuring head kinematics,94 it is
important to replicate biofidelic device mounting (e.g.,
instrumented mouthguards need to be mounted on a
surrogate’s dentition, skin devices need to be mounted
on the surrogate’s skin material, and ear-mounted
devices within the ear). When designing or choosing a
modified or custom surrogate, consider potential new
sources of error that could be introduced when using
the surrogate, and the validity of the surrogate in the
intended test conditions.80

Specific Considerations

Validated, standard ATD headforms include, for
example, the Hybrid III headform,22 National Oper-
ating Committee on Standards for Athletic Equip-
ment’s (NOCSAE) headform,33 EuroSID-2 side
impact dummy,15 and ADAM manikin.6 The two most
common surrogates used for testing wearable devices
are the Hybrid III and NOCSAE 50th percentile adult
male headforms (Fig. 1). The Hybrid III head consists
of an aluminum skull with removable vinyl nitrile skin
and was developed and validated for frontal crash
tests.22,55 The Hybrid III headform skin includes sim-
plified facial features and can be connected to a
neckform, however, it is missing a mandible and a
nape. The NOCSAE headform was developed to
evaluate the safety of American football helmets in
drop tests and consists of a gel-filled cavity encased by
a urethane shell with anatomical features including a
nape, chin, and cheeks.33 Prior studies have observed
differences in head kinematic response between these
two ATDs.41 While both headforms are constructed
with deformable materials on the exterior, the mate-
rials may not simulate soft tissue behavior during im-
pacts for devices mounted to the soft tissue or scalp
(e.g., skin patches or helmet-mounted devices).11,94
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Standard headforms have been modified in past
studies to test specific types of devices. The Hybrid III
headform was modified by carving a hole into the skin
to accommodate an in-ear mounted device.76 The
NOCSAE headform has been modified to accommo-
date instrumented mouthpieces by carving an opening

in the mouth.32,56,69 A modified version of the Hybrid
III head called the mandibular load-sensing headform
(MLSH) was validated against an unmodified Hybrid
III headform for the purpose of evaluating the accu-
racy of instrumented mouthpieces and helmet-moun-
ted devices.17,80 To validate an instrumented

FIGURE 1. Examples of test surrogates that have been used to assess the performance of wearable devices in the laboratory. (a)
Hybrid III and (b) NOCSAE 50th percentile adult male ATD headforms, (c) a volunteer heading a soccer ball, and (D) an example of a
non-biofidelic test device (the HYGE Rotational Motion Device).35

TABLE 1. Key considerations for surrogate selection.

Surrogate Type

Biofidelic geometry

and inertial properties

Biofidelic tis-

sue mechan-

ics

Reference

measurement Repeatability

Max

severity Cost

Ethical con-

siderations

Non-biofidelic

test de-

vices

Mechanical No No Yes Excellent High Low No

ATDs Mechanical Limited Limited Yes Good High Moderate No

PMHS Biological Yes Yes Limited Limited High High Yes

Human vol-

unteers

Biological Yes Yes Limited Limited Minimal Low Yes
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mouthguard, a custom-built headform was developed
to accommodate biofidelic dentition (X2 headform).16

Although the X2 headform has the size, mass, and
center-of-gravity (CG) of the 50th percentile male
human head, no impact biofidelity and repeatability
validation testing was performed. Modified headforms
can simulate biofidelic mounting of wearable devices,
which can be crucial when evaluating accuracy; how-
ever, rigorous validation is required. For example, the
presence of the mandible is an important factor when
testing instrumented mouthpieces.23 Sensor accuracy
in tests with an unconstrained mandible was severely
diminished (up to 80% error) when compared to
conditions in which the mandible was fixed or com-
pletely removed.25,45

A neckform can be added to a headform to simulate
head-neck response to impact and can often enable
higher rotational head kinematics. Examples of neck-
forms that have been validated under frontal impact in
automotive applications include the Hybrid III neck22

and THOR neck.78 Most studies use the Hybrid III
neck given its availability, durability, and extensive use
in impact testing despite having a stiffer response when
compared to initially-relaxed humans at lower severi-
ties,82 when in compression,74 or torsion.64 The Hybrid
III neck is comprised of rubber discs and aluminum
plates which are intended to simulate human verte-
brae.22 The NOCSAE headform can be modified to
mount on the Hybrid III neck9; however, the com-
mercially-available neck adaptor is recommended due
to concerns regarding durability of the head-neck
interface at high speed impacts.30 While the Hybrid III
neck has good repeatability,50 temperature effects and
recovery intervals between tests have been found to
influence neck stiffness and should be controlled. For
example, the compressive stiffness of the Hybrid III
neck was 15% lower at 37.5 �C compared to 25 �C,
whereas the stiffness more than doubled at 0 �C.77

Despite the advantages of ATDs, certain biofidelity
features can be difficult to replicate in ATDs, such as
soft tissue mechanics, which could be key factors in the
performance of devices mounted directly or indirectly
on soft tissue. In a PMHS study, a skin-mounted de-
vice overestimated peak linear acceleration and peak
angular acceleration by 64 ± 41% and 370 ± 456%,
respectively,79 whereas similar tests in ATDs showed
much lower error levels (up to 24% in linear acceler-
ation and up to 57% in angular acceleration).88 PMHS
are seldom used to test wearable devices due to a
number of challenges; however, they provide a biofi-
delic platform that can be used to answer specific
questions about sensor accuracy that cannot be
accomplished using other surrogate-types.70 PMHS
have been used to study the interaction between the
mandible and an instrumented mouthguard to examine

structural characteristics of head impacts and deter-
mine bandwidth and sampling requirements for wear-
able devices.45,93 Despite the advantages of using
PMHS, they are costly relative to tests involving
ATDs, reference instrumentation cannot be easily
placed, and require specialized facilities and expertise
to handle. PMHS, like human subjects, have inherent
variability, which limits repeatability. Furthermore,
loading conditions for human volunteer studies are
limited to minimal severity and making laboratory-
grade reference measurements is challenging with vol-
unteers.94

Non-biofidelic test devices offer a repeatable and
low-cost solution for a basic evaluation of wearable
device function. Examples include custom test fixtures
mounted to drop towers, rotary devices, or shaker
tables that are capable of generating uniaxial
motions.7,35 They are useful in situations in which it is
desirable to assess basic functionality and are a rec-
ommended first step in laboratory validation of wear-
able devices to isolate the intrinsic error of the sensing
elements (e.g., MEMS accelerometers and gyroscopes)
from other sources such as sensor-skull coupling.35 In
some cases, only the sensing elements and supporting
electronics are tested, whereas in others the complete
wearable device is tested.7 Because the goal is usually
to isolate the error of the sensor, it is important that
the sensing elements be tightly coupled with a labora-
tory-grade reference sensor through the surrogate.
While advantages of using non-biofidelic test devices
may be realized during the developmental stage, the
results from these tests cannot be used to infer the on-
field validity of a wearable device.

TEST CONDITIONS

The overall goal is to create repeatable laboratory
test conditions that mimic, as closely as possible, the
on-field environment that the wearable device will be
exposed to in normal use.

Key Considerations

When selecting test conditions, it is important to
consider how well the on-field impact conditions can
be recreated in the laboratory. Thus, how closely the
speed, location, and direction of the impact mimic the
on-field conditions are key considerations. Typical
head impacts associated with brain injury in sport
occur due to direct high-energy impact between the
head and other objects (e.g., helmet, body, and
ground), and shown from limited field data, they in-
volve short-duration, high linear and angular head
acceleration.23,31,66,72 These conditions should be
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identified and replicated in the laboratory to cover the
range of possible impact characteristics that the device
could encounter. Additional considerations include the
repeatability (intra-laboratory) and reproducibility
(inter-laboratory) of the test conditions, the maximum
possible impact severity, and cost. Several test setups
have been used to evaluate wearable device perfor-
mance in the laboratory (Fig. 2).

Recommended Approach

Consider the target application, then select test
setup and impact conditions that can replicate the
magnitude, duration, and direction of the impacts
measured on-field. Pneumatically or gravity driven
impactors, used with slider tables mounted with
biofidelic test surrogates enable a wide range of
repeatable impact conditions for evaluating wearable
device accuracy (Fig. 2). Select a range of impact
speeds, and locations, in addition to surrogate orien-
tation based on available on-field data.5,90,91 Select
impactor surface and mass that represent the on-field
conditions.5 Test conditions that generate known er-
rors should not be excluded to artificially boost device
performance. One key factor that affects device per-
formance is how well it couples to the skull. Thus, on-
field device coupling conditions should be simulated in
laboratory testing. Tests in particular impact directions
or locations and direct interference of wearable devices
with other objects have also been shown to introduce
substantial error.45,73,81,92,94 For example, impacts to
the facemask of football helmets have resulted in larger
measurement errors when compared to impacts to the
shell of the helmet.16,25,81 Furthermore, multiple sam-
ples of a particular wearable device should be tested to
evaluate inter-device reproducibility, and established
standards should be followed to evaluate the repeata-
bility of the test conditions and surrogate.36

Specific Considerations

Various impact test setups are available for gener-
ating the head kinematics needed to evaluate a wear-
able device (Fig. 2). The drop tower is a commonly
used test setup in which a headform is dropped onto a
steel anvil using a monorail, twin-wire, or free-fall
system.83,99 For example, the NOCSAE drop tower
has a 1.83 m (6 ft) free fall requirement, which allows a
maximum impact velocity of up to approximately
6.0 m s21.58 Traditionally, drop tests have been fo-
cused on generating and assessing linear head kine-
matics; however, some setups have been modified with
an angled or curved anvil to generate angular kine-
matics.10,18 While some studies have used a headform

with a rigid neck,30 others have used a flexible neck and
have simulated effective torso mass.13

Impactors are also commonly used to evaluate
wearable devices in the laboratory and are capable of
generating a broad range of 6DOF head kinemat-
ics.5,42,53,81,90 Impactor tests involve a ram powered by
gravity (pendulum) or pneumatic/spring actuators
(linear impactor) to impact a test surrogate that is
typically mounted to an adjustable slider table with a
flexible neck.5 The slider table enables simulation of
torso displacement post-impact and allows the user to
adjust the direction and location of the impact surface
relative to the test surrogate.5 For example, pneumatic
linear impactors have been designed to simulate high
speed impacts based on video analysis of head impacts
in American football.5,30,91 While drop tests are highly
repeatable and usually cost less, impactor tests have
the ability to reproduce more complex 6DOF kine-
matics, provide higher input energy, and simulate
impacting surfaces with various stiffness and mass.

Along with the test setup, test conditions should be
chosen based on the anticipated on-field impact con-
ditions. For example, helmeted sports and non-hel-
meted sports differ in impact magnitude, duration, and
direction, which need to be accounted for in test con-
ditions.42,68,69,93 Activity- or sport-specific considera-
tions may also be needed to account for variations in
design of protective headgear1 and on-field impact
characteristics. Centric and non-centric impact loca-
tions should be included in test conditions,90 while
further on-field analysis should be used to identify the
most common and severe test conditions.5 In addition,
the mechanics of the impacting surface can affect im-
pact kinematics. For example, helmet fit is not only a
factor in the accuracy of a helmet-mounted device, but
could also affect headform kinematics.11 Impacts
involving a rotational component acting on a helmet-
mounted device are affected by the friction between the
headform scalp and helmet liner. The static and dy-
namic coefficients of friction for cadaver scalps, both
with and without hair (mean ± SD, 0.29 ± 0.07), were
significantly lower (p < 0.001) than for the Hybrid III
head (mean ± SD, 0.75 ± 0.06).89 Some studies have
used nylon skullcaps on the Hybrid III head to reduce
friction between the head and helmet,8,71,91 and a dif-
ferent study demonstrated a 10% reduction in peak
resultant kinematics in side and eccentric impacts when
simulating hair and a looser fitting helmet.1,11 Tem-
perature and differing recovery intervals have also
been shown to affect the response of deformable ele-
ments incorporated into the impactor surface. Stan-
dards on proper measurement practices are applicable
to control these effects.4,61

Because substantial error in the kinematics can re-
sult from insufficient coupling between the wearable
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device and the skull,45,81,94 test conditions should also
be selected to evaluate factors that could contribute to
coupling errors. Examples include helmet fit and
facemask/chinstrap interactions affecting helmet-
mounted devices, jaw mechanics affecting instru-
mented mouthguards, and skin/hair mechanics affect-
ing devices mounted on the skin or headgear.89,98 A
tighter fitting helmet has been shown to improve the
accuracy of kinematic measurements from a helmet-
mounted device.38 However, comfortable helmet fit is

prioritized by athletes, and in-laboratory testing
should not use unrealistically tight helmet fit to im-
prove the accuracy of the kinematics. Validation test-
ing of instrumented mouthguards have shown that
clenching of the jaw can also substantially improve
kinematic accuracy by improving the coupling of the
mouthguard to the skull.45 However, it is possible that
loose jaw conditions may occur on-field which would
affect the accuracy of an instrumented mouthguard.

FIGURE 2. Examples of laboratory test setups that have been used to assess the performance of wearable devices. These include
A a twin-wire drop tower with padded anvil, B a monorail drop tower with curved steel anvil, C a free drop onto an angled surface, D
a pendulum impactor, E a complex drop test onto an angled surface, F and a linear impactor with curved impact surface
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DATA COLLECTION

The overall goal of data collection is to acquire
laboratory-grade reference sensor data, which can then
be used to quantify the errors and uncertainties present
in the data from the wearable device.

Key Considerations

Given the objective is to determine the accuracy of
head impact measurements, ground truth (reference)
data together with data from the wearable device
should be collected for comparison. Therefore, the
type and arrangement of the reference sensor is a key
consideration. Mounting to the surrogate and the
maximum severity of the test conditions are also
important considerations when choosing a reference
sensor. Another key consideration is the selection of
data acquisition parameters, which are responsible for
sampling head impact data. After the data are col-
lected, raw measurements made by the wearable device
and reference sensor must be post-processed to enable
meaningful comparisons. Thus, the methods to post-
process raw data are also important to consider. These
considerations should be weighed against the study
objectives and intended application. For example,
study objectives such as validating impact counts have
different requirements for data collection than those
focused on validating measurements derived from
kinematics.

Recommended Approach

Consider the requirements for ground truth mea-
surements in the target application, then select refer-
ence sensor arrangement. Applications that require
6DOF kinematics should choose reference arrange-
ments capable of making these measurements.39,62

Applications that focus on impact counting or mea-
suring impact direction may require only linear accel-
eration or high-speed video for validation.94 Select a
laboratory-grade reference sensor that is capable of
measuring the range of kinematics expected in the
conditions tested. The wearable device should be
mounted on the test surrogate similar to how it will be
worn on-field, whereas the reference sensor should be
rigidly mounted to the surrogate such that the relative
location and orientation of the sensors in the wearable
device and anatomical coordinate system are known.69

Once reference sensor and mounting have been
determined, parameters for acquiring data should be
set up to enable collection of independent and unbi-
ased data for comparison. To provide complete refer-
ence information for comparison, reference sensor
measurement range, sampling frequency, and record-

ing duration should exceed those used for the wearable
device. For example, reference sensors used in labo-
ratory tests involving head impacts have sample rates
on the order of 10 kHz, such that filtered reference
data can be compared with wearable device data
sampled on the order of 1 kHz.76,81,93 For applications
using video, ensure that frame rates are adequate (e.g.,
a minimum of 1000 frames per second has been used in
laboratory studies to track velocity and displacement)
and that the time of impact on video can be reliably
synced with data from the wearable device.94

Raw data from the wearable device and reference
sensor should be post-processed for comparison
(Fig. 3). Head kinematics should be filtered to remove
spurious frequencies. When designing a filter, consider
the mechanics of the surrogate under the conditions
tested, and any bandwidth requirements so that the
filter maximizes the removal of noise while preserving
the impact signal.93 Validation studies typically use
Appendix C of the Society of Automotive Engineers
(SAE) J211 protocol to design filters with specified
channel frequency class (CFC) magnitudes.37 Finally,
calculate any kinematic parameters that are required to
transform measurements to a common point and ref-
erence frame.37,45

Specific Considerations

Reference sensor arrangements should be consid-
ered in terms of their cost, mounting constraints for
the surrogate, and kinematics measured by the wear-
able device (Table 2). Some reference sensor arrange-
ments consist of an array of linear accelerometers [e.g.,
the nine-accelerometer array package (NAP)],62

whereas others include angular rate sensors (e.g., 3a3x
and 6a3x).40 The 3a3x has lower cost due to the use of
fewer sensors and is relatively easy to mount to a
surrogate; however, the derivative is used to approxi-
mate angular acceleration, which can amplify noise
under higher frequency excitation, which should be
considered when validating wearable devices that
measure angular acceleration.14,25,39,57 While angular
acceleration is algebraically calculated using the NAP
and 6a3x,40 integration is used to approximate angular
velocity from the NAP, which can manifest error due
to signal drift.14,75 The advantage of the 6a3x over the
NAP is that it enables direct measurement of angular
velocity, which is important for validating wearable
devices that measure angular rate. Furthermore,
methods that leverage sensor redundancy to ensure
consistency with rigid body motion should be used to
check for potential sources of measurement error in
reference sensor arrangements (NAP and 6a3x).75,87

The choice of sensor model for the reference setup
should prioritize higher cost, laboratory-grade (accu-
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racy and bandwidth), and robust sensors designed and
rigorously tested for high intensity shock testing, such
as piezoelectric and Integrated Electronics Piezo-Elec-
tric (IEPE) accelerometers and high-performance

angular rate sensors. These sensors may present 3–4
orders of magnitude higher cost than miniature low-
cost MEMS sensor alternatives used in wearable de-
vices, but they provide high-range, high sample rate

FIGURE 3. Data collection and post-processing flowchart for head impact measurement. Head impact detected constitutes 6DOF
kinematics measured by the wearable device. Solid boxes indicate the result of a processing step shown in the dashed boxes

TABLE 2. Examples of different reference sensor arrangements.

Arrangement

Number of sen-

sors Direct measurements

Indirect measure-

ments

Sensor redun-

dancy

3–2–2–2

(NAP)

9 Linear acceleration, angular acceleration Angular velocity Yes

3a3x 6 Linear acceleration, angular velocity Angular acceleration No

6a3x 9 Linear acceleration, angular acceleration, angular

velocity

– Yes
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and bandwidth, low-noise measurements with indi-
vidual sensor calibration and noise performance
information.

When selecting reference sensor arrangements for
specific surrogates, consider the constraints for
mounting. For example, arrangements for the NAP
and 6a3x should consider the space available for
mounting because the accuracy of angular acceleration
calculated from an array of linear accelerometers de-
pends on the distance between co-planar sensors.62,87

For example, while the Hybrid III can accommodate a
range of reference sensors due to the availability of
space inside the head, it may be difficult to mount
similar arrangements in surrogates that have less space
(e.g., the NOCSAE headform).22,33 When testing
PMHS, choose a mounting location for the reference
sensor that is away from the impact site and significant
soft tissue, as these factors can reduce coupling.73,93,97

Obtaining reference data from volunteers is limited by
the availability of mounting options; however, several
studies have used biteplates and validated instru-
mented mouthpieces to obtain reference measure-
ments, whereas others have used high-speed video to
obtain head displacement information.94

When choosing data acquisition parameters, con-
sider the duration and minimum severity of the test
conditions. Wearable devices typically use a threshold
based on linear acceleration to trigger data collection
(e.g., 10–15 g);21 however, use of a trigger based on
angular kinematics may also be needed in some con-
ditions, because linear acceleration varies across a rigid
body during 6DOF motion.81,92 When selecting
parameters for the recording duration, ensure that
sufficient data are collected to accomplish the study
objectives. For example, duration requirements for
head impact counting are typically shorter than those
for kinematic measurements, whereas requirements for
measuring acceleration magnitudes are shorter than
those for measuring the complete time-history needed
to obtain velocity and displacement and tissue-level
response from Finite Element (FE) models of the
head.48

When post-processing raw data, consider the output
of the wearable device and the steps required to enable
comparison with reference sensor data. In some cases,
data are provided in a processed format that can be
readily used for analysis, but in others, data are pro-
vided in raw format and must be post-processed.81

Sensor offset in the vertical axis should be removed
prior to filtering in test conditions involving an initially
stationary surrogate. In conditions involving a non-
stationary surrogate, sensor offset should be quantified
separately from pre-impact motion. Kinematic data
are usually transformed to the local head coordinate
system at head CG with sensor axes aligned to

anatomical directions; however, some studies have
examined data at other locations (e.g., to check cou-
pling between the skull and jaw or to isolate linear and
rotational sensor errors).25,45

Beyond standard exclusion criteria for removing
tests with corrupt data or those falling outside pre-
established repeatability standards,81 head impact
classification algorithms may be used to remove non-
impact recordings made by the wearable device.65

Clear and consistent methods for event removal crite-
ria should be reported,81 and laboratory performance
of the algorithm in head impact counting should be
evaluated and reported prior to on-field testing. Impact
classification algorithms that remove moderate or
severe laboratory impacts should be noted and
reported, because their removal may lead to incom-
plete representation of the accuracy of the wearable
device.

DATA ANALYSIS

The overall goal of the data analysis is to extract the
most appropriate validation metrics and statistics to
compare between the wearable device and reference
sensor based on the intended application.

Key Considerations

Processed data from the wearable device should be
compared with reference sensor data using methods
that enable a meaningful and unbiased assessment of
accuracy. Therefore, the target application and the
type of data provided by the device are key consider-
ations. Within these considerations, the choice of val-
idation metrics and statistical methods used to treat the
data are important to consider. For example, the
methods used to validate the ability of the wearable
device to count head impacts differ from those used to
validate the accuracy of device’s kinematic measure-
ments. Furthermore, different methods should be
considered for validating the magnitude, direction, and
the time-history of head kinematics.

Recommended Approach

For accurate head impact counting, the wearable
device must consistently record impacts while mini-
mizing recordings of spurious non-impact events.
Distinguishing between head impacts and spurious
events is a binary classification problem, thus binary
classification metrics like recall and precision are rec-
ommended to evaluate impact counting accuracy.
Recall (sensitivity) measures the percent of actual head
impacts that the device records, whereas precision or
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positive predictive value (PPV) measures the percent of
device recordings that correspond to an actual head
impact.

When assessing the accuracy of a wearable device’s
kinematic measurements, consider the target applica-
tion and prioritize the use of validation metrics that
more closely correlate with the underlying injury
mechanism. Validation metrics are used to summarize
the severity of a head impact and consist of metrics
that are obtained either directly from the kinematics or
indirectly through simulations that involve applying
the kinematics to computational models that simulate
tissue-level brain response.19,49 Applications that in-
volve measuring head impact severity should prioritize
the use of validation metrics that incorporate the
magnitude, direction, and duration of 6DOF kine-
matics given their correlation with head injury mech-
anisms.28,34,84

Select statistical methods that provide an unbiased
evaluation of the accuracy and uncertainty of a wear-
able device’s measurements. While simple linear
regression can be used to establish the strength of the
correlation between measurements from wearable de-
vice and reference sensor, the error should be quanti-
fied.7,16,25,49,81 Device performance should also be
evaluated in different impact conditions (e.g., speeds
and locations), because analysis of overall kinematic
accuracy may hide egregious errors that can occur in
certain conditions.81

Specific Considerations

When selecting binary metrics for assessing head
impact counting accuracy, consider the different
sources of error. Precision and recall can be used to
assess the functionality and recording threshold (trig-
ger) of a wearable device in the laboratory (e.g., the
device did not record an impact (false negative) or the
device recorded data absent of head impact (false
positive)). These metrics can also be used to assess the
performance of an impact classification algorithm that
will eventually be used with on-field data.21 These
assessments may also clarify the source of error (e.g.,
the device did not record data during an impact versus
a post-processing algorithm misclassified a recording
as a non-impact), because it may be possible to use the
data recorded by a device from laboratory tests to
improve the performance of an impact classifier for
future on-field use. While laboratory validation of
impact counting can help to identify errors in the
functionality of the device and optimize trigger
thresholding and head impact classification algo-
rithms, further quantification of false positives and
false negatives through on-field validation of head
impacts is recommended.

When validating kinematic accuracy, the maximum
values of the resultant time histories of linear and
angular acceleration and velocity (peak kinematics) are
the most basic aggregate metrics for assessing impact
severity.52 Thus, comparing peak kinematics mea-
surements from the wearable device and reference
sensor constitutes a minimum level of validation. The
change in velocity (linear and angular) should be pri-
oritized over peak resultant velocity given that the
initial conditions for velocity on-field may not be
known. The change in angular velocity also has higher
correlation with maximum brain strain than peak
resultant angular velocity for head impacts that are
shorter in duration than the natural period of the
brain-skull system.24,26,43,51 It should be noted that a
weakness of relying on peak resultant values is that
they can hide large changes in the directions of the
applied accelerations and velocity changes that occur
during an impact.

The direction of head motion during impact is an
important factor for injury tolerance.85,86 Measures of
head impact direction include metrics based on kine-
matic components that summarize the primary axis or
plane of head motion. Incorporating direction into
validation metrics is the next important step of kine-
matic validation. Some wearable devices estimate the
location of head impact using the direction of head
kinematics46 or through regional categorization of
spherical coordinate vectors, in which accuracy can be
evaluated by precision and recall and spherical meth-
ods.47,81 When accounting for impact direction, on-
field data suggest that athletes are more susceptible to
injury from temporal impacts,54 and FE models sug-
gest that brain injury tolerance to rotation in the
horizontal plane may be lower (up to 50%) than the
coronal or sagittal plane.86 Furthermore, biomechanics
metrics that incorporate direction of head kinematics
improve prediction of tissue-level metrics based on
brain strain.24,86

While metrics based on the peak resultant and/or
directional components of head kinematics offer easy
means to summarize the severity of a head impact, they
are based on a single or several points from the time-
history. Incorporating more information from the
time-history of head kinematics improves prediction of
injury by considering the magnitude, duration, shape,
and direction of the pulse.84,96 Therefore, the highest
level of kinematic validation evaluates the complete
time-history of component linear and angular head
kinematics. This level of validation is recommended
because it enables the calculation of head injury cri-
teria and tissue-level response from FE models from
head kinematics measured by wearable devices.48

For validation of impact counting as a binary
classification problem, studies have reported sensitiv-
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ity, specificity, accuracy, and precision as common
summary statistics.95 Linear regression of peak kine-
matics has been commonly applied to determine the
agreement between device and reference measure-
ments, where the slope, intercept, and the coefficient of
determination (R2) are usually reported to quantify the
strength of the correlation.16,81 Impact directions are
often reported in spherical coordinate systems with
error statistics such as the standard deviation ellipse
(SDE).81 Some methods that have been used to com-
pare time-history kinematics include, for example, the
normalized root-mean-square error (NRMSE) and
cross-correlation methods from the analysis software,
CORrelation and Analysis (CORA).16,27 Statistical
treatment of the data should be assessed using data
aggregated across all impact conditions, as well as
within individual test conditions (e.g., for each impact
location).

DISCUSSION

Wearable devices that are validated enable collec-
tion of reliable head impact data. Although there have
been numerous laboratory validation studies of wear-
able devices, the methods vary with no standardized
approach. This paper presents recommended best
practices for appropriate in-laboratory validation of
the accuracy of wearable head kinematic devices. Key
considerations were identified for four aspects of vali-
dation including the selection of test surrogates, test
conditions, data collection, and data analysis methods.
Recommendations for in-laboratory validation meth-
ods were developed based on the key considerations,
and specific considerations were used to provide
examples of additional crucial factors in validation as
well as studies that help illustrate specific approaches.

Laboratory testing provides a necessary first step in
the validation of a wearable device; however, a prop-
erly executed laboratory validation study does not
ensure that the device is perfect or valid for on-field
use. Thus, further validation of device-specific factors
influencing on-field accuracy (e.g., head to wearable
device coupling) through additional in-laboratory or
on-field testing is highly recommended prior to wide-
scale use. Laboratory testing is limited to examining
factors that influence sensor accuracy to the extent that
they are reliably recreated in the laboratory. Factors
that influence coupling and fit including hair, sweat,
and saliva for example, can be recreated in the labo-
ratory to some degree; however, it is difficult to
quantify the effect of these factors on the accuracy of
kinematics measured on-field. For example, sweat may
change the friction between the helmet and head or
reduce the adhesion of a skin patch. Saliva or motion

of the mouthguard relative to the teeth (repeated re-
moval and insertion) may create conditions with poor
or deteriorating sensor coupling overtime. Validation
of on-field kinematics is further complicated by the
lack of reliable reference measurements with which to
assess the accuracy of the wearable device. As such,
users and reviewers should be aware of the potential
limitations in on-field device accuracy, even when a
device has been validated in laboratory testing.

The current study focuses on validation of wearable
device accuracy under HAE that result from direct
blows to the head (impacts). HAE due to indirect or
inertial loading through the neck may have relatively
low magnitude, high duration kinematics compared to
head impacts, and they would impose different vali-
dation requirements.67,94 Furthermore, aspects of de-
vice validation covered in this paper are focused
primarily on use of validation metrics associated with
brain injury. Other injury mechanisms (e.g., skull
fracture) may require additional kinematic validation
due to the higher magnitude and bandwidth require-
ments on linear kinematics.94

To-date, most laboratory validation studies have
used 50th percentile adult, male ATD headforms;
however, we recommend that headforms be selected
based on the population involved in the intended
application. Developers of a particular wearable device
typically make assumptions about the user. For
example, helmets assume proper fit, skin patches as-
sume tight coupling with the skull through the skin/
tissue, and all devices assume head geometry to
determine the orientation with respect to the anatom-
ical planes of the head and location of the head CG.
These factors vary, on average, between males and
females, across age, and ethnicity.

In summary, we suggest that the best practices rec-
ommendations outlined in this paper be referred to by
developers and users of wearable head kinematic de-
vices, as well as anyone reviewing such research.
Standardized laboratory validation of wearable devices
is a required step towards the collection of dependable
on-field human head impact data for head injury
research. Wearable devices also have potential utility
in exposure monitoring and injury screening, and
proper validation will continue to be critical to ensure
their reliability in future consumer and clinical appli-
cations.
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