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Abstract

Purpose Mild traumatic brain injuries (mTBI) are a highly prevalent condition with heterogeneous outcomes between
individuals. A key factor governing brain tissue deformation and the risk of mTBI is the rotational kinematics of the head.
Instrumented mouthguards are a widely accepted method for measuring rotational head motions, owing to their robust
sensor-skull coupling. However, wearing mouthguards is not feasible in all situations, especially for long-term data collec-
tion. Therefore, alternative wearable devices are needed. In this study, we present an improved design and data processing
scheme for an instrumented headband.

Methods Our instrumented headband utilizes an array of inertial measurement units (IMUs) and a new data processing
scheme based on continuous wavelet transforms to address sources of error in the IMU measurements. The headband per-
formance was evaluated in the laboratory on an anthropomorphic test device, which was impacted with a soccer ball to
replicate soccer heading.

Results When comparing the measured peak rotational velocities (PRV) and peak rotational accelerations (PRA) between
the reference sensors and the headband for impacts to the front of the head, the correlation coefficients (r) were 0.80 and
0.63, and the normalized root mean square error (NRMSE) values were 0.20 and 0.28, respectively. However, when consider-
ing all impact locations, r dropped to 0.42 and 0.34 and NRMSE increased to 0.5 and 0.41 for PRV and PRA, respectively.
Conclusion This new instrumented headband improves upon previous headband designs in reconstructing the rotational
head kinematics resulting from frontal soccer ball impacts, providing a potential alternative to instrumented mouthguards.

Keywords Mild traumatic brain injury - Instrumented headband - Sensor array - Soccer headers - Continuous wavelet
transform

Introduction potentially injurious head impact scenarios and safety limits

for mTBI, long-term studies need to be conducted in envi-

Mild traumatic brain injury (mTBI) is a highly prevalent
condition, which is often termed a ‘silent epidemic’ since
most injuries remain undiagnosed due to a lack of appar-
ent symptoms [1]. These injuries can be caused by impacts
to the head or sudden accelerations or decelerations of the
head. An accumulation of concussive and sub-concussive
impacts over time has been found to lead to neurodegen-
erative diseases, such as chronic traumatic encephalopathy
(CTE), dementia, and Parkinson’s [2, 3]. To understand
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ronments where repeated impacts to the head are likely. Pre-
vious studies have found that large rotational head motions
can cause excessive brain tissue deformation leading to
neuronal injury [4, 5]. Therefore, there is a critical need for
rotational head kinematics data collection over long time
periods and in diverse situations to inform us of the potential
brain injury risk.

The accuracy of collected head kinematics data is
dependent on the measurement system used to collect the
data. Presently, instrumented custom mouthguards have been
demonstrated to be the most accurate wearable sensor sys-
tem in measuring head kinematics, both in the laboratory as
well as on the field [6—18]. However, studies have reported
low participant compliance in wearing mouthguards in
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sports and military applications, due to communication,
breathing, and comfort issues [10, 19-25]. This low compli-
ance in wearing mouthguards, especially during long-term
use over a soccer season or a series of matches and prac-
tices, can prevent the collection of critical head kinematics
data needed to assess injury risk and safe exposure limits
[21-25]. Therefore, there is a crucial need for an alternative
sensor system for activities, where wearing mouthguards is
not feasible or difficult to enforce.

Several alternative wearable sensor systems are available
for head kinematics measurements, including instrumented
headbands and skin patches [7, 9—-11, 13, 14, 26, 27]. These
systems have been shown to have significantly lower accu-
racy in head kinematics measurements compared to mouth-
guard sensors. Poor skull-sensor coupling resulting from soft
tissue deformation, slipping, and vibrations of the sensor
mount can lead to spurious signals in the head kinematics
measurements [10]. Also, the sensor capabilities, such as the

intrinsic frequency response of the sensor, maximum sens-
ing limit, trigger threshold for recording impacts, and length
of signal recording, affect the data quality [28, 29]. The fil-
tering algorithms used in many sensor systems also remain
proprietary [28], limiting advancements on that front. This
study aims to address some of the limitations of current sen-
sor systems to provide a viable alternative to instrumented
mouthguards.

In this study, we select headbands as our sensing medium
and make several enhancements to their design and data pro-
cessing scheme for an improved rotational head kinematics
reconstruction. As shown in Fig. 1a, most existing instru-
mented headbands have a single sensor measuring local-
ized kinematics, which can be contaminated by soft tissue
(largely skin) and headband deformations [9, 10, 14]. An
array of sensors placed over a larger region of the head can
provide improved head kinematics reconstruction by remov-
ing the effect of localized vibrations [30, 31]. Therefore,

Existing headbands design with a single IMU sensor and single fixed cutoff frequency
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gle IMU sensor for reconstructing the head kinematics and use a sin-
gle cutoff frequency when filtering the data. b New headband design,
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in this study, we have instrumented a commercially avail-
able headband with five Blue Trident sensors (Fig. 1b).
The sensors were restrained against free surface vibrations
by embedding the sensors within the headband and plac-
ing them directly against the head. The sensor-headband
coupling was achieved by securely attaching the sensors to
the headband with Velcro. A new adaptive data process-
ing method based on continuous wavelet transform was
also developed to reconstruct the rotational head kinemat-
ics, where an appropriate cutoff frequency was determined
for each head impact based on the signal characteristics.
This differs from the filtering scheme typically used in head-
band studies, where a single cutoff frequency is used to filter
the data. The major differences between the new headband
design and existing headbands are summarized in Fig. 1.

The emphasis of this study is on the rotational head kin-
ematics reconstruction, which is the primary governing
factor in brain injury [32, 33]. We demonstrate the ability
of the new headband sensor system in capturing the head
kinematics of soccer headers, where rotational kinematics
have raised concerns for the potential of long-term neurode-
generation [34, 35]. In this paper, we present the laboratory
evaluation of the headband. The headband evaluation tests
were conducted on an Anthropomorphic Test Device (ATD),
which was impacted with a soccer ball at various locations.
The measured rotational velocity from the instrumented
headband was post-processed using our new adaptive filter,
and the resulting measurements were compared to the meas-
urements obtained from a reference sensor embedded in the
ATD to evaluate the headband performance.

The paper is organized as follows. Section Materials and
Methods describes the new headband design, the labora-
tory experiments, and the data processing scheme. Sec-
tion Results provides the headband kinematics results from
the experiments, and Sect. Discussion describes the com-
parison of the current headband with existing ones, as well
as limitations that need to be addressed in future studies.

Materials and Methods

In this section, we describe the design of the new instru-
mented headband, the experimental setup, and the data
processing method for the rotational head kinematics
reconstruction.

Instrumented Headband

Our wearable sensor system consists of a headband instru-
mented with five inertial measurement units (IMUs), uni-
formly spaced from left to right around the back of the head
(occipital area) (Fig. 2). The commercially available soccer
headband, the Storelli ExoShield (Storelli Sports, Inc.), was

selected for this study based on high athlete compliance in
previous soccer studies [19]. This headband was embedded
with commercially available Blue Trident (BT) IMUs (Vicon
Motion Systems Limited) (Fig. 2a) to collect the kinematics
data. Five BTs, each with dimensions of 42 X 27 X 11 mm,
were embedded in rectangular slots of the same dimensions
carved out from the inner surface of the wearable headband
(Fig. 2b—d). The embedded BT IMUs were attached securely
in these slots using Velcro and positioned in direct contact
with the head surface (Fig. 2c¢).

BT sensors were selected for their high sampling frequen-
cies, accuracy, high sensor range, memory storage, and con-
tinuous signal recording. Each BT IMU consists of a 3-axis
gyroscope; a high-g and a low-g triaxial accelerometer. The
high-g accelerometer captures linear accelerations up to
200 g with + 6 g accuracy (at 1600 Hz), and the low-g accel-
erometer captures linear accelerations up to 16 g with + 0.05
g accuracy (at 1125 Hz). This dual accelerometer system
offers high accuracy over a large range of acceleration. The
gyroscope outputs angular velocities up to 2000 deg/sec (+ 5
deg/sec) at 1125 Hz. All data are continuously recorded and
stored on the onboard memory (1 GB) for up to 12 h through
the Capture.U App (Vicon Motion Systems Limited). Since
the device does not utilize a trigger to record data, no data
will be lost due to missed triggers (false negatives), as is the
case with other widely used head impact monitoring devices.

Laboratory Experiments

The setup for the laboratory experiments is shown in Fig. 3.
The headband validation experiments were conducted on
an Anthropomorphic Test Device (ATD) under realistic, yet
highly controlled impacts with a soccer ball to study the
sources of error in the instrumented headband measurements
and to reconstruct the rotational head kinematics.

A 50" percentile male ATD Hybrid-III head and neck
form (Humanetics Innovative Solutions, Inc.) was fitted with
the instrumented headband (size 6) and rigidly bolted to a
flat elevated surface. The ATD was impacted with a soccer
ball (Adidas size 5, ~70 cm circumference), which had an
internal air pressure of 84 kPa (12 psi) and was launched at
a speed of 13—16 m/s from a JUGS machine (JUGS Sports,
Inc.) located 5 m away from the ATD at an angle of 15°
from the horizontal plane (Fig. 3). The ball launch angle was
selected to maintain consistency of the impact location dur-
ing testing, and the ball speed was chosen to match measured
ball speeds in youth soccer [36, 37].

The ATD headform was fitted with a DTS 6DX PRO-A
sensor (Diversified Technical Systems, Inc.) tightly attached
at its center of gravity (CG) (Fig. 2c) to provide ground truth
reference head kinematics data. The reference sensor can
capture 3-axes of translational accelerations up to 2000 g (+
1-3%) at 10 kHz and rotational velocities up to 8000 deg/sec
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Fig.2 a Blue Trident (BT) sensors with the local coordinate sys-
tem and Velcro attachment; b Modified Storelli headband with cut-
outs where each BT is attached; ¢ Hybrid-III headform fitted with

(+ < 1%) at 2 kHz. The DTS translational acceleration data
were filtered using a low-pass Channel Filter Class (CFC)
1000 filter at 1650 Hz, and the angular velocity data were
filtered using CFC 180 at 300 Hz.

Multiple locations of the head (near the front, front-
side, side, back-side, and back) were impacted with the
soccer ball, as shown in Fig. 2d. The Hybrid-III head was
oriented facing the JUGS machine for the frontal impacts
and was rotated axially at an increment of 45° for the four
successive impact locations (front-side, side, back-side,
and back). The schematic in Fig. 2d shows the location of
the sensors, the impacts, and the relative angle between
them («£6) as a measure of the sensor—impact distance. A
total of 70 soccer ball impacts were performed (20, 20,
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10, 10, and 10 impacts for front, front-side, side, back-
side, and back impacts, respectively), and each impact was
video recorded at 30 frames per second to identify the
approximate location of the impact.

For each impact, the head kinematics data from the
headband were compared against data from the reference
sensor to quantify the error in the headband data. This
error was analyzed for impacts at different head locations
and sensor—impact distances to inform the head kinematics
reconstruction workflow as explained in the next section.
Further details of the experiment and data analysis are
provided in Supplementary Table S1 as per the Consen-
sus Head Acceleration Measurement Practices (CHAMP)
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Fig.3 Setup of the experimental validation tests of the new instru-
mented headband. An anthropomorphic test device (ATD) was
impacted with soccer balls launched from a JUGS machine. The

2022 Reporting Guidelines on the laboratory validation of
wearable sensors [38].

Head Kinematics Reconstruction

One of the challenges of measuring the rigid body kinemat-
ics of the head using an instrumented headband is that the
sensors in the headband are not fixed directly to the head
but are sandwiched between a material layer on the out-
side of the head (i.e., the ATD vinyl surface) and the soft
headband foam. These soft materials can undergo significant
deformations (Supplementary Fig. S1a) as well as rigid body
motion relative to the head during an impact (Supplementary
Fig. S1b).

To remove the effect of these deformations on the meas-
ured signal and reconstruct the head angular velocity from
the BT sensor data, we perform two data processing steps.
First, we obtain the angular velocity of the headband by
removing the contribution of the soft material deformations

headband (HB) rotational kinematics were compared against the ref-
erence DTS sensor data for headband performance evaluation

in the sensor measurements. This is achieved through
an averaging approach using the sensor array, which is
described in Sect. Headband Angular Velocity. We then
assume that the averaged headband angular velocity predom-
inantly consists of the head’s rigid body motion along with
“noise" from different sources, and we apply a new filtering
scheme based on continuous wavelet transform to filter out
this noise from the headband angular velocity and recon-
struct the head angular velocity, as detailed in Sect. Wavelet
Transform-Based Filter. The flowchart in Fig. 4 provides an
overview of the averaging and adaptive filtering steps, which
are described in the following sections.

Headband Angular Velocity

During a rigid body motion, the rotational kinematics
of each point on a rigid body is the same. Given that the
headband is not a rigid body, there are differences in the
angular velocity measured at each headband sensor location

Step 1: Averaging

INPUT: Angular velocity data
from 5-BT sensor array

Transform to head Averaged headband
coordinate frame angular velocity (w))
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Fig.4 A flowchart describing the steps involved in the averaging and the adaptive filtering based on continuous wavelet transform to reconstruct

the head angular velocity
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«Fig.5 a Angular velocities from the five BT sensors (coronal compo-
nents) for a representative front-side impact plotted against the aver-
aged (unfiltered) headband angular velocity (®,), which has reduced
vibrations; b Unfiltered w,, plotted against the reference DTS meas-
urement showing residual noise in the BT data; ¢ Scalogram of the
DTS angular velocity; d Scalogram of the averaged headband (HB)
angular velocity (w,,), which shows transient frequency content (red
box); e Normalized wavelet coefficients for the DTS angular velocity
at the beginning, # =0 ms, and at the end of the head motion, f =100
ms. A close overlap between the two curves indicates low transient
content in the DTS signal; f Normalized wavelet coefficients for w,
signal at f# =0 and f# =100 ms. The low-pass filter cutoff frequency,
Jo» 1s selected based on the characteristics of these two curves; g The
filtered HB angular velocity (w),) against the reference DTS data; h
The angular accelerations, from differentiating the DTS and filtered
average HB angular velocity

(as shown in Fig. 5a for a representative front-side impact)
due to localized deformations near the sensors. Therefore,
each sensor measurement consists of the headband angular
velocity along with the local deformation contributions.
Averaging the measurements from an array of sensors
distributed over a large region can reduce the contribution
of localized deformations in the signal.

The instrumented headband contains five BT sensors
distributed along the back of the head (Fig. 2d, Sect. Instru-
mented Headband). To obtain the headband angular velocity
from the sensor array, the angular velocity vectors from the
five BTs were first converted to the same coordinate frame
(as shown in Fig. 6). Then, these angular velocity vectors
were averaged to cancel out the deformation contributions
(see Supplementary Fig. S2 for an analysis of the effect of
sensor-impact distance on the signal noise) and provide the
headband angular velocity ®,,, which is defined as

N
Z,’=1 (')i’

N

o, = )]
where o, is the angular velocity vector from each BT in the
head coordinate frame and N is the number of BT sensors,
which is five in this study.

Figure 5a shows that the averaged (unfiltered) headband
angular velocity @y, has reduced vibrations when compared
to the angular velocities measured separately from each
BT sensor (BT-1 to BT-5). However, the vibrations have
not been completely removed when the averaged headband
angular velocity is compared to the reference DTS sensor
data (Fig. 5b). There is still residual “noise” in the signal. It
can be noted that the time duration of this high magnitude
noise (~20-30 ms) is consistent with the contact duration
of the head and soccer ball (25.16 ms, as calculated using
the Hertzian—Mindlin contact model, assuming the soccer
ball effective elastic modulus = 67 kPa, mass = 425 g,
speed = 13 m/s) [39]. This indicates that the noise arises
from the loading itself and is isolated to the headband and

surrounding materials. It does not appear in the reference
sensor measurements. Therefore, additional filtering must
be performed, which is described in the next section.

Wavelet Transform-Based Filter

Since small errors in the angular velocity data can get
amplified when computing the angular acceleration, it is
important to carefully remove this noise from the angular
velocity signal while also preventing over-filtering. Here,
we study the noise characteristics of the measured signals
using scalograms and develop a new robust filtering scheme.
Scalograms show a signal’s frequency spectrum at any given
time. A comparison of the headband and reference sensor
scalograms can highlight differences in the signal charac-
teristics, such as the frequency content, time of occurrence,
and duration, informing the filtering approach. The follow-
ing section briefly describes the steps to obtain a scalogram
of a signal using the continuous wavelet transform (CWT).
More details of the mathematics of CWT and scalograms
are given in Appendix A.

Continuous Wavelet Transform The CWT of the aver-
aged headband angular velocity w,,(7) is defined as

1 e —_(t-p
w(f,n;o,) = —/ w ('L')u/<—>dr,
! NS " n @)

where w(f, n;,) is the wavelet coefficient at the time

ﬁ ; n is the scaling parameter that

instance f and frequency s

ranges over a2°-12v¢/40 " for octe {1,2,...,10},
voc € {1,2,...,40}, and « = 1.92; At is the time difference
between two consecutive signal readings; and f, is the cen-

tral frequency of wavelet y. ﬁ(%) is the complex conju-

gate of the Gabor wavelet y ( %) (Eq. (A3)), for which the

central frequency is f. = 2.39 [40]. The CWT of the DTS
angular velocity is obtained similarly.

The scalogram is a contour plot of the magnitude of the
wavelet coefficients. In this study, the scalograms are plotted
over a 200 ms duration, which is sufficiently long to fully
capture the total duration of the impact and to also minimize
edge effects [41]. Figures 5c and d show the reference DTS
and the headband angular velocity scalograms for a repre-
sentative header, respectively. The beginning of the head
impact, which is defined as the time when the head linear
acceleration exceeds 3 g, is indicated on the scalograms by
the vertical line labeled f = 0 ms. After about 100 ms, suf-
ficiently after the contact with the soccer ball ends, the angu-
lar velocity of the head returns to zero, which is indicated
on the scalogram by the vertical line labeled f = 100 ms.

A comparison between the two scalograms reveals
transient features in the headband scalogram that are
not present in the DTS scalogram. The DTS angular
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Fig.6 Comparison of the DTS angular velocity time histories with
the reconstructed instrumented headband angular velocity for repre-
sentative headers at different head impact locations: a front, b front-
side, ¢ side, d back-side, and e back. The impact location is indicated

velocity scalogram in Fig. 5c shows frequencies that
remain throughout the entire time duration of the head
motion (=~ 50 - 100 ms). Unlike the DTS scalogram,
the headband angular velocity scalogram has transient
frequency components (i.e., present only for a short
duration) in addition to the frequencies that last over the
entire duration (Fig. 5d). A red box is drawn around these
transient frequencies in Fig. 5d. We hypothesize that the
frequencies that are present throughout the entire head
motion comprise the head angular velocity (the signal),
and the transient frequencies are the “noise," which must
be selectively removed from the signal through filtering.

Filtering

Since the transient frequency content in the headband
signal can differ for each head impact, we develop an
adaptive method to define the appropriate cutoff frequency,
Jo, for each head impact based on the CWT analysis of the
headband signal. The angular velocity data are filtered at
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by the red “x." These plots show that the head kinematics reconstruc-
tion deteriorates as the impact location moves toward the back of the
head, where the sensors are located

this cutoff frequency using a 4" order Butterworth low-
pass filter.

We first define the normalized wavelet coefficient mag-
nitude at the beginning, w(f = 0 ms, #), and at the end,
w(f = 100 ms, n), of the head motion,

w(0, n)

w(O,m =Max(w(0, 7))

3

w(100, 77)

001 = Kax w0, )

“)

Figure 5e shows the normalized wavelet coefficients for
time instance f = 0 (red curve) and = 100 ms (blue curve)
for the DTS angular velocity data. These curves represent
the change in the wavelet coefficient magnitudes as you
move along the vertical lines drawn at § = 0 ms and at § =
100 ms in the DTS scalogram in Fig. 5c. A close overlap
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between the two curves indicates low transient content in
the DTS signal.

Figure 5f shows the normalized wavelet coefficients
for time instance f = 0 (red curve) and § = 100 ms (blue
curve) for the averaged headband angular velocity. The
difference in these two curves shows transient frequencies
in the headband data. The head angular velocity (signal)
frequencies are defined as the frequencies that are present
at the end of the head motion, i.e., at § = 100 ms. The
highest signal frequency where w(100,7) > 0.11s denoted
as f,, (as shown in green in Fig. 5f).

The transient noise in the headband signal is identified
by taking the difference between the normalized wavelet
coefficient magnitudes (W) at the beginning and at the end
of the head motion,

Aw = w(0,n) — w(100, n) 4)

While this difference (Aw) is small at low frequencies
for the headband data, this difference increases at higher
frequencies when the transient noise becomes more promi-
nent. We define the lowest frequency where Aw > 0.1 as
the start of the transient noise frequencies. This critical
frequency is denoted as f, (as shown in purple in Fig. 5f).
The threshold value of 0.1 was chosen after a sensitivity
analysis to ensure that the value was close to zero but large
enough to not be sensitive to small numerical artifacts in
the normalized wavelet coefficient.

The low-pass filter cutoff frequency, f, is selected to
remove the noise but preserve the frequencies that are part
of the angular velocity signal. There are several scenar-
ios that may arise in the headband data. For cases where
f. > f.s» the noise frequencies do not overlap with the sig-
nal frequencies. Therefore, to remove the noise frequen-
cies, f, is selected as the cutoff frequency. This is the case
for the representative header shown in Fig. 5f. For cases
where f, < f,,, the noise frequencies overlap with the sig-
nal frequencies. To preserve as much of the head kinemat-
ics signal frequencies, the cutoff frequency is set equal to
fs- For cases where the above method leads to very high
cutoff frequencies (> 180 Hz), the cutoff frequency is set
equal to 180 Hz, according to SAE J211 recommendation
based on the sampling frequency [42]. This can happen
for cases where the transient noise is not prominent at any
frequency, i.e., Aw < 0.1 for all measured frequencies and
S, > 180 Hz. Therefore, the cutoff frequency is defined as
follows:

= Max(f,,. f,), Max(f,,.f,) < 180Hz 6
0=\ 180Hz,  Max(f,.f,) > 180Hz ©)

In Fig. 5g, the filtered headband angular velocity data
are plotted against the angular velocity measured from the
DTS sensor for the representative header. The filtering has

sufficiently removed the high frequency noise in the aver-
aged headband angular velocity data in Fig. 5b. The angular
accelerations are calculated from the filtered angular veloc-
ity using a five-point stencil [16], and these results are shown
for the representative header in Fig. Sh. There is relatively
good agreement between the headband and DTS-derived
angular accelerations; however, there is some noise present
in both signals, which is a direct result of the numerical
differentiation.

The CWT and filtering algorithms were implemented in
a custom Mathematica [43] code, and further data analyses
were performed in a custom MATLAB [44] code. The com-
putational cost of the algorithm is minimal, with the CPU
time for wavelet-based filtering of an individual header to be
~0.23 s when using a cloud-based Mathematica computing
platform (Wolfram Research, Inc.).

Data Analysis

We performed statistical analyses to compare the head-
band measurements of the peak rotational velocities (PRV)
and peak rotational accelerations (PRA) to the reference
measurements. We first normalized the reference and head-
band data using the maximum reference measurements for
both PRV and PRA datasets and calculated the correlation
coefficient (r). We also computed the normalized root mean
square error (NRMSE) (defined in Appendix B), which is
less sensitive to the range of measured data. Higher values
of NRMSE indicate larger error between the headband and
reference sensor data. Since the concordance correlation
coefficient (CCC) has been used in recent studies to quantify
the agreement between sensor and reference measurements
[14, 45], we also computed the CCC values for PRV and
PRA separately as defined in Appendix B. Higher » and CCC
values indicate greater agreement between the data sets.

We also conducted Bland—Altman analyses on both nor-
malized PRV and normalized PRA to understand the bias
between the headband and the reference sensor measure-
ments. The peak value of the headband data for each header
was subtracted from the peak value of the reference data.
The average of this difference provides the mean bias, and
the mean + 1.96xstandard deviation (SD) of the difference
provides the limits of agreement, within which 95% of the
measurements is expected to fall. A lower mean and SD of
the bias would indicate that the two methods can be used
interchangeably.

Finally, we conducted a CORA analysis to quantify
agreement in the kinematic data time histories using rec-
ommended CORA parameters [46]. The angular velocity
time history from O to 100 ms was used in the CORA analy-
sis. Based on the CORA score, the biofidelity ratings are
defined as ‘excellent’ (> 0.86), ‘good’ (0.66 — 0.86), ‘fair’
(0.44 — 0.65), ‘marginal’ (0.26 — 0.44), and ‘unacceptable’
(< 0.26).
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Results

A total of 70 soccer ball impacts at five different locations
on the ATD head were conducted in the laboratory tests.
In each impact, the soccer ball made direct contact with
the headband. The peak rotational velocities (PRV), peak
rotational accelerations (PRA), and peak linear accelera-
tions (PLA) measured by the reference DTS sensor ranged
from 4.5 to 21rad/s, 700 to 4766 rad/s*, and 100 to 475 m/s?,
respectively, in these tests. The head angular velocities were
reconstructed from the headband sensor data using the meth-
ods described in Sect. Head Kinematics Reconstruction.
Figure 6a—e compares the reference DTS angular velocity
time histories with the reconstruction from the instrumented
headband for representative headers at the front, front-side,
side, back-side, and back locations of the head. These results
show good agreement between the reference and filtered
headband angular velocity time history curves for the front
and front-side impacts. There is poorer agreement between
the reference and filtered headband when the impact location
is toward the back of the head where the sensors are located.

The agreement between the reference and headband
curves is quantified using the CORA scores [46, 47]. The
CORA scores for the 20 frontal impacts ranged between
0.70 and 0.92 with average + standard deviations of
0.82 £+ 0.06, which is within the ‘good’ (0.65 —0.86) to
‘excellent’ range (> 0.86). Similarly, for the 20 front-
side impacts, the CORA scores ranged from 0.72 to 0.92
with average + standard deviations of 0.87 + 0.06, lying
in the ‘good’ to ‘excellent’ range. On the other hand, the
CORA scores for the 10 side and 10 back-side impacts
ranged between 0.60 — 0.85 (0.70 + 0.08) and 0.67 — 0.72
(0.74 + 0.04), respectively, lying in the ‘good’ and ‘fair’
range. For the 10 back impacts, the CORA scores ranged
from 0.40 to 0.67 (0.40 + 0.08), lying in ‘fair’ and ‘marginal’
ranges.

The effect of impact location is also seen in the peak kin-
ematic values. The correlation coefficient (r) between the
DTS and headband measurements of the normalized PRV
for impact locations moving from the front to the back of the
head is 0.93, 0.51, 0.20, 0.64, and 0.01, respectively (Sup-
plementary Fig. S4a). The NRMSE values for these impacts
are 0.15, 0.24, 0.40, 0.33, and 1.2, respectively. The cor-
responding correlation coefficients for the normalized PRA
are 0.58, 0.40, 0.13, —0.04, and —0.03, respectively (Supple-
mentary Fig. S4b), and NRMSE are 0.28, 0.29, 0.40, 0.28,
and 0.85, respectively.

The Bland—Altman plots are shown in Supplementary
Fig. S5. The mean bias (i.e., difference) of the normalized
PRYV for impact locations moving from the front to the back
of the head was found to be —0.07, —0.14, —0.23, —0.22,
and —0.52, respectively. The mean bias values for PRA
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at these locations were —0.13, —0.04, —0.32, —0.41, and —
0.82, respectively. These negative values indicate that the
headband overpredicted the peak kinematics compared to
the reference sensors, and the deviation between the DTS
and the headband increases as the impact moves from the
front to the back of the head. The plots show a systematic
bias as the impact locations move to the back of the head.
The overall mean bias values for all impact locations were
—0.17 and —0.21 for PRV and PRA, respectively. The limits
of agreement (lower limit, upper limit) were (—0.52, 0.18)
for PRV and (—0.81, 0.39) for PRA. For impacts to the front
of the head, the mean bias values were —0.09 and —0.07 for
PRV and PRA, respectively. The limits of agreement were
(—0.26, 0.08) for PRV and (—0.45, 0.32) for PRA for the
frontal impact locations.

This sensitivity to the impact location can be explained
by the sensor placement and the efficacy of the filtering
method. When the impact location is closer to the loca-
tion of the IMU sensors (i.e., the back of the head), there is
poorer agreement between the angular velocities from the
IMUs and the reference sensor due to more noise in the data
and more overlap in the signal and noise frequencies. The
noise dissipates as the distance between the impact and sen-
sor locations increases as shown in Supplementary Fig. S2.
Since all sensors are placed toward the back of the head in
our current headband design, all sensors have higher noise
for impacts toward the back of the head, which is reflected
in the averaged angular velocity.

The proposed filtering method analyzes the wavelet trans-
form of the averaged angular velocity to propose an appro-
priate cutoff frequency for the adaptive filter. This cutoff
frequency is defined as the maximum between the frequency
where the transient noise begins, f,, and the frequency
where the signal ends, f;,. Different factors, such as the ball
inflation pressure, ball velocity, location and direction of the
impact, and headband material, affect both the signal and the
noise in the data. The proposed filtering method identifies a
cutoff frequency irrespective of these conditions.

The impact location affects the efficacy of the filtering
method. As the impact moves toward the back of the head,
the signal and the noise frequencies overlap (i.e., f, < f,),
resulting in less effective filtering (Supplementary Fig. S3).
For the front and the front-side impacts, the average head-
band angular velocity has a distinct signal-noise cutoff
(f, > fis), and the filtered angular velocity shows good
agreement with the DTS sensor. Therefore, the instrumented
headband can only accurately reconstruct the head kinemat-
ics for impacts toward the front of the head. During soccer
heading, the most common head impact locations are toward
the front of the head, so the headband performs well for
these more common soccer heading scenarios. Changes in
the soccer ball speed did not have a significant effect on the
efficacy of the filtering method (Supplementary Fig. S6).
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Fig.7 Comparison of the average and standard deviations of the
unfiltered headband (orange), filtered headband (purple), and DTS
(green) resultant angular velocities for the front and front-side

Figure 7 shows the efficacy of the filtering method on the
angular velocity reconstruction. The average and standard
deviations of the unfiltered headband (orange), filtered head-
band (purple), and DTS (green) resultant angular velocities
are shown for the front and front-side impacts. The angular
velocity time history is consistently well captured for these
40 impacts using the filtered data. Further statistical analysis
on the effect of filtering on the head kinematics reconstruc-
tion is provided in Supplementary Table S2, where r, CCC,
and NRMSE are provided for PRV and PRA based on the
unfiltered back sensor data, unfiltered averaged data, filtered
averaged data using a simple Butterworth filter with a con-
stant cutoff frequency, and filtered averaged data using the
adaptive filtering method from this study. Both the averaging
step and the adaptive filtering step are shown to significantly
improve the statistical measures. Furthermore, the adaptive
filter is shown to outperform a simpler filter that uses a sin-
gle fixed cutoff frequency.

0.02 0.03 0.04 0.05 0.06
Time(s)

impacts. There is a close overlap between the DTS and filtered head-
band angular velocity data for these impact locations

Discussion

Existing instrumented headbands have been shown to yield
significantly lower accuracy in the reconstructed head kin-
ematics compared to mouthguards, both in laboratory and
field tests [14]. However, headband data are still used in
long-term exposure and computational studies primarily
due to their comfort and ease of use [48, 49]. In this study,
we used a commercially available headband and IMU sen-
sors to construct a new instrumented headband. The signal
and noise components of the headband measurements were
analyzed, and a new filtering approach was developed to
reconstruct the rotational head kinematics. In the follow-
ing sections, we compare the results of the instrumented
headband from this study against the performance of other
headbands in the published literature and discuss the limita-
tions of this study.

Comparison with Existing Headbands
In this section, we compare the performance of different

instrumented headbands in measuring the peak rotational
velocity (PRV) and peak rotational acceleration (PRA). The
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Fig.8 Linear regression plots comparing the (a) peak rotational
velocity (PRV) and (a) peak rotational acceleration (PRA) measured
from different instrumented headbands (SIM-G, HITS, and current
headband) and reference sensors for different types of impactors (soc-
cer ball or linear impactor). For some studies [9, 14], the results were

existing headbands include a headband-mounted SIM-G
(Triax Technologies, Norwalk, CT, USA) impact sensor and
a head impact telemetry system (HITS) (Simbex, Lebanon,
NH) headband.

Figure 8 provides the linear regression plots of the PRV
and PRA from these studies [9-11, 14]. We limit our dis-
cussion to un-helmeted impacts, which are the most similar
to our current study. For studies that provided differenti-
ated data based on impact locations [10, 11], only the front
or front-side impact data are plotted in Fig. 8. Otherwise,
the combined data for all impact locations are plotted in
Fig. 8 [9, 14]. The data are normalized using the maximum
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not differentiated based on impact location, so the results are shown
for all head impact locations. For other studies [10, 11] and for this
current study, the results are shown only for front and front-side
impacts, as indicated by the asterisk (*)

reference measurement from each study. The statistical cor-
relation measures (» and CCC), NRMSE, mean, and stand-
ard deviation (SD) of the bias from a Bland—Altman analysis
for these studies are provided in Table 1. A higher r and
CCC value indicates better performance, whereas a lower
NRMSE, bias, and SD are desirable. Several differences in
the experimental conditions make a direct comparison to the
results of this study difficult, as discussed below.

The majority of existing headband studies utilize the
SIM-G headband-mounted impact sensor, whose production
has been discontinued [28]. This instrumented headband uti-
lizes a single SIM-G IMU sensor placed in a Velcro pocket

Table 1 Comparison of

0 e Sensors Impact PRV PRA

different statistical measures

for peak rotational velocity Type r CCC NRMSE Bias (SD) r CCC NRMSE Bias (SD)

(PRV) and peak rotational

accelerations (PRA). The SIM-G [9] Linear 0.67 0.59 045 0.15 (0.23) 0.67 0.56 0.63 0.04 (0.20)

statistical measure combines Impactor _ _ _ — — _ _ _

all impact locations (upper SIM-G [14]Linear 096 095 0.2 004 (0.08) - 039 - -

row) unless indicated by an (¥),

where only front or front-side Impactor - - - - - - - -

impacts are considered (lower SIM-G [10] Soccer 0.77 0.58 0.87 -0.23 (0.22) - - - -

row) Ball 0.58* 0.38* 0.89* —0.16 (0.14)* - - - -
HITS [11] Soccer - - - - 0.76  0.74 0.43 0.03 (0.15)

Ball - - - - 0.02* 0.015* 0.61%* —0.14 (0.26)*

Current Blue Trident 042 025 0.5 —0.17 (0.18) 0.34 0.33 0.41 —-0.21 (0.31)
Study IMU 0.8* 0.62* 0.2% —0.09 (0.09)* 0.63* 0.55* 0.28* —=0.07 (0.20)*
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toward the back of the head [9, 10, 14]. The sensor consists
of a triaxial accelerometer and a triaxial gyroscope. The sen-
sor records the linear acceleration and angular velocity at
1000 Hz after a 16 g trigger is exceeded.

The SIM-G headband has been evaluated using a linear
impactor [9, 14] and soccer ball impacts [10]. The linear
impactor studies [9, 14] impacted an ATD headform wearing
the SIM-G headband at the front, back, side, front-side,
back-side, and crown of the head. All impact locations were
combined in the results of the linear impactor studies. Kieffer
et al. [14] showed very high agreement for the PRV data
(high r = 0.96 and CCC = 0.95; low NRMSE = 0.2, bias
= 0.04, SD = 0.08), whereas Cecchi et al. [9] consistently
underestimated the PRV and showed lower agreement (lower
r=0.67, CCC = 0.59; higher NRMSE = 0.45, bias = 0.15,
and SD = 0.23) (Fig. 8a). The authors attributed these
errors to sensor sampling frequencies and signal processing
limitations [9]. On the other hand, Kieffer et al. [14] report
a low agreement for PRA (CCC=0.39) compared to Cecchi
et al. [9] (CCC = 0.56). In the absence of time histories,
it is difficult to understand if the data processing affected
the agreement of one quantity at the expense of another,
such as due to over-filtering. Some of the differences could
be attributed to the use of different ATD headforms that
can affect the sensor-headband coupling. It is also unclear
whether the impactor made direct contact with the headband
for all impact locations in these studies, which would also
affect the results. Given the inconsistent results from these
studies, it is difficult to conclude the performance of the
SIM-G headband. Since the results were not differentiated
based on the impact locations in these studies, a direct
comparison to our study cannot be made.

The SIM-G headband has also been tested under soccer
ball impacts, similar to our current study [10]. Previous
studies have shown reduced performance of wearable sensors
for soccer ball impacts compared to linear impactor tests
[12]. Patton et al. evaluated the SIM-G headband for soccer
ball impacts to the front, top (crown), side (temporal), and
back (occipital) locations of a Large Omni-Directional Child
(LODC) ATD headform [10]. For all impact locations, there
are conflicting trends in the PRV data when compared to our
study. This SIM-G study showed higher correlation (#=0.77,
CCC=0.58) compared to our study (r=0.42, CCC = 0.25),
but also showed much higher NRMSE (0.87), bias(—0.23),
and SD (0.22) when compared to our study (NRMSE=0.5,
bias=—0.17, SD=0.18). However, for impacts to the front
of the head, our instrumented headband had improved PRV
results (higher »r=0.8, CCC=0.62; lower NRMSE=0.2,
bias=—0.09, SD = 0.09) compared to the SIMG headband
(lower r=0.58, CCC=0.38; higher NRMSE=0.89, bias=—
0.16, SD = 0.14) (Fig. 8a). The Patton study did not assess
angular accelerations, and so a direct comparison to our
results cannot be made for PRA.

The head impact telemetry system (HITS) (Simbex, Leb-
anon, NH) headband was also evaluated under soccer ball
impacts and head-to-head impacts, where the front and side
of a 50th percentile male Hybrid-III ATD headform was
impacted [11]. Unlike the SIM-G headband that contains a
single IMU sensor, the HITS headband was instrumented
with a six single-axis linear accelerometer array placed
over a small region toward the back of the head. The trig-
ger threshold was 10 g, and the sampling frequency was
1000 Hz. The rotational accelerations were obtained using
the simulated annealing optimization algorithm, which
iteratively solves for the accelerations using the six linear
accelerometer measurements [50]. For all impact locations,
the PRA agreement is higher for the HITS headband (higher
r=0.76, CCC=0.74; similar NRMSE=0.43, bias=0.03)
when compared to our study (lower r=0.34, CCC=0.33;
similar NRMSE=0.41, higher bias=—0.21). However, the
HITS headband was not evaluated for impacts to the back
of the head, which coincides with the location of the sen-
sors and may result in poorer performance. For the impacts
to the front of the head, the PRA agreement is much lower
for the HITS headband (lower r=0.02, CCC=0.015; higher
NRMSE=0.61, bias=—0.14) when compared to our study
(higher r=0.63, CCC=0.55; lower NRMSE=0.28, bias=—
0.07) (Fig. 8b). The HITS study reported higher r (0.95 +
0.01) for the frontal impacts when head-to-head impacts
were also considered, due to the expanded range of impact
velocities that were tested. Our headband was not tested
under head-to-head impacts, so a direct comparison cannot
be made for these impact conditions. Also, PRV was not
measured in the HITS headband study, so these results can-
not be compared.

Therefore, it can be concluded that the instrumented
headband presented in this study improves upon both the
angular velocity and angular acceleration measurements of
the head when compared to the SIM-G and HITS headbands
under frontal and front-side soccer ball impacts. However,
for a general impact location, the improvement in head kin-
ematics measurement is not conclusive since some previous
headband studies reported better results in either PRV or
PRA [10, 11, 14]. There are also conflicting trends, with
some studies reporting higher r and CCC for the existing
headbands, but also higher NRMSE, mean bias, and SD [10,
11]. With the absence of time history curves, it is difficult to
assess the effect of data processing on the results. It should
be noted that a direct comparison with some of these studies
was not possible due to differences in testing conditions.

The improvements in the current headband performance
can be attributed to the use of an array of sensors placed
over a larger region of the head and the implementation of
the new filtering scheme. Averaging the angular kinematics
data from an array of sensors significantly reduces the noise
in the headband angular velocity measurements. While the
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HITS headband used an array of single-axis accelerometers
placed near the back of the head, the SIM-G headband uti-
lized a single IMU sensor. The new filtering approach also
conserves the head kinematics signal while selectively filter-
ing the transient frequencies. Since the noise in the signal
depends on the loading conditions, such as soccer ball speed
and impact location, the adaptive filtering approach enables
an appropriate cutoff frequency to be uniquely identified
for each impact. This filtering scheme is different from that
used in prior headband studies, where a single fixed cutoff
frequency is typically used to filter the kinematics signal.
Although this study shows an improvement in head recon-
struction with an instrumented headband, mouthguards still
outperform the headband (Supplementary Table S3).

Limitations

There are several limitations of this study that should be
addressed in future work. First of all, the data processing
and analyses presented in this paper are relevant to soccer
ball impacts only, and future laboratory studies should evalu-
ate the headband for other types of impact, such as player-
to-player, player-to-ground, multiple impact scenarios, and
for a wider range of impact speeds. Other types of labora-
tory testing methods should also be considered. Since the
features of the measured signal can vary for different types
of impacts, different data processing algorithms should be
explored to obtain accurate kinematics reconstruction.

This study evaluated the performance of the headband
on an ATD in the laboratory setting; however, the head kin-
ematics of an ATD in the laboratory setting may be quite
different from that of a human player on the field. The ATD
responds passively when the head is impacted with a soccer
ball, whereas a human player actively accelerates their head
toward the ball when properly heading a soccer ball, leading
to different rotational head kinematics. Also, the presence
of skin, hair, and sweat can affect the sensor-skull coupling,
which differs from the high-friction ATD-sensor interface
used in the laboratory tests. Therefore, field evaluation of
the device on athletes is indispensable before deploying the
headband for injury risk assessment in soccer. We are cur-
rently conducting a study to evaluate the headband on the
field using mouthguards as the reference sensor, which will
be presented in future work. In addition to evaluating the
headband for soccer headers, field evaluation data should
also be collected for different types of impacts. These future
studies should investigate the headband performance as per
the Consensus Head Acceleration Measurement Practices
(CHAMP) before a large-scale deployment of this instru-
mented headband [38, 51, 52].

This study has also highlighted where further
improvements can be made to the headband design. In
the laboratory tests, we found that the current headband
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can accurately capture the rotational head kinematics for
impacts to the front of the head. While soccer ball impacts
to the back of the head are infrequent, there could be impact
scenarios, such as player-to-player impacts, where these
measurements may need to be recorded. To capture these
head impacts, additional sensors could be incorporated
into the headband design, covering a larger region of the
head. Given that the sensors farthest away from the impact
location have the highest signal-to-noise ratio, sensors
should be added to the front of the head to accurately
capture the rotational kinematics arising from impacts to
the back of the head. Of course, it will be important to
maintain the comfort and safety of the headband when
incorporating additional sensors. Incorporating more sensors
will also increase the cost of the instrumented headband.
Alternately, a non-coplanar array of accelerometers can
be used, which has been shown to accurately capture head
kinematics measurements [31, 53]. The method of sensor
attachment to the headband can also affect the noise content
(Supplementary Figure S7) and should be studied further.

Another significant challenge of instrumented headbands
is preventing sliding at the head-headband interface [10, 14].
Although a tight-fitting headband will reduce the amount
of sliding, it will not fully prevent sliding in high-intensity
impacts to the head. The effect of headband size and tight-
ness of fit was not evaluated in this study. Future headbands
can be designed to further reduce sliding by increasing the
coefficient of friction or adhesion between the headband and
the head or designing the headband geometry in such a way
to constrain its movement. High-speed videography should
be used in future tests to quantify the extent of headband
sliding and develop methods to further remove its contribu-
tion from the head kinematics reconstruction. The effect of
adjusting and repositioning the headband by an athlete dur-
ing play on the estimated head kinematics and brain strains
should also be studied in detail. This study presents the data
processing and results using the Storelli headband, and the
results could be different for headbands with different mate-
rial properties and designs.

The safety of the headband after instrumenting with
sensors should also be investigated. When properly heading
a soccer ball, the front of the head is typically impacted, so
the sensors were placed toward the back of the head in this
study to reduce the risk of directly impacting the sensors.
However, there is a risk that other locations of the head may
be impacted during a game. Although the headband foam
provides some cushioning, a direct impact to the sensors
will cause a localized pressure point and should be avoided.
Reducing the size of the sensors in future headband designs
can minimize this pressure point and any potential risk of
injury.
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Conclusions

In this study, we developed an alternative wearable sensor sys-
tem to instrumented mouthguards for activities where mouth-
guard use is either not feasible or has low participant compli-
ance. A commercially available headband was instrumented
with an array of IMU sensors, and a new wavelet transform-
based filtering approach was developed to improve the head
rotational kinematics reconstruction from the sensors. The
headband performance was assessed in the laboratory under
soccer headers, where repeated low magnitude head impacts
have raised concern for potential brain injury. Our headband
reconstruction of the angular velocity time histories showed
‘good’ to ‘excellent’ agreement (CORA scores) with the ref-
erence data for soccer ball impacts near the front of the head.
The correlation coefficients for the peak rotational velocity and
acceleration for these impacts were 0.80 and 0.63, respectively,
and the NRMSE values were 0.20 and 0.28, respectively. The
improved head kinematics data collection for impacts to the
front of the head using instrumented headband can signifi-
cantly enhance our ability to study head impact exposure in
soccer for a large cohort.

Appendix A: Wavelet Scalograms

The continuous wavelet transform (CWT) of a signal x(z) is
defined as [40]

1 ©  _(T-p
w(f,1n;x) = —/ x(r)w(—>dr,
\/ﬁ ) n

where f € R is the shifting parameter and n € R is
the scaling parameter. Here, we compute the CWT
for a discrete set of f and # values: f ranges over
[p— DAz,...,0,A7,2A7,...,(n — p)Ar], where At is
the time difference between two consecutive signal read-
ings; and n is the number of times the signal was sampled;
p is the number of times the signal was sampled before the
impact started; and # ranges over the values of the function
(oct, voc) + #j(oct, voc),
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foroct € {1,2,...,10}, voc € {1,2,...,40}, and « = 1.92.
The function y(-) : R - C,
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is a Gabor wavelet and W( ﬂ)
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is the complex conjugate of

Scalogram The CWT can provide us the signal’s scalo-
gram, which can be described as the frequency spectrum of
the signal at any given time. The quantity f(#) is

I

f) = AT

(A4)

can be thought out as a frequency corresponding to the time
scale , and f, is the central frequency of y(-). For the w(-)
given in Eq. (A3), f. =2.39. Let w(:,.x) : RXR,, — C,

f.
Atf

W(p,fx) i=w(p, ). (A5)
here, w(g, f;x) is the wavelet coefficient of the signal x(-) at
the time instance f§ and at the frequency scale f. The contour
plot of the magnitude of w(-, -;x) is the signal x(-)’s scalo-
gram. The scalogram of a representative kinematic signals
is shown in Fig. 5c and d.

Appendix B: Statistical Measures

The concordance correlation coefficient (CCC) for head-
band data against the reference measurement is given by

2p
cCC=——
U+ Iy (B6)
U
— 5% = X7 i _
where y = s, andu = N The Pearson correlation coef:

ficient p is defined as
Z,r'l=1(xi - )_C)(yl - }_})
p= ,
VI =22\ [S 0 - 2

where n is the number of data points, x; and y, represent the
reference and headband data points, X and y represent their
measurement means, and S, and Sy represent their standard
deviations.

The normalized root mean square error (NRMSE) of the
headband data was calculated as

(B7)

PN Ced

n

NRMSE = (B8)

s

where x; and y; represent the reference and headband data
points, respectively.
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