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Gerardo L. Morales-Torres a, Ian González-Afanador a, Bianca M. Dávila-Montero b, 
Juan Pastrana a, Henry Dsouza a, Nelson Sepúlveda a,* 

a Department of Electrical and Computer Engineering, Michigan State University, East Lansing 48824, MI, United States 
b Department of Mechanical Engineering, Michigan State University, East Lansing 48824, MI, United States   

A R T I C L E  I N F O   

Keywords: 
Head impact kinematics 
Self-powered sensors 
Wearable sensors 
Wireless human monitoring 
Brain injury 

A B S T R A C T   

This work presents a prototype of a wireless, 昀氀exible, self-powered sensor used to analyze head impact kine-
matics relevant to concussions, which are frequent in high-contact sports. Two untethered, paper-thin, and 
昀氀exible sensing devices with piezoelectric-like behavior are placed around the neck of a human head substitute 
and used to monitor stress/strain in this region during an impact. The mechanical energy exerted by an impact 
force –varied in locations and magnitudes– is converted to pulses of electric energy which are transmitted 
wirelessly to a smart device for storage and analysis. The wireless prototype system is presented using a mi-
crocontroller with an integrated Bluetooth Low Energy module. The static and dynamic characteristics of the 
transmitted signal are then compared to signals from accelerometers embedded in a head substitute, to map the 
sensor’s output to the angular velocity and acceleration during impacts. It is demonstrated that using only two 
sensors is enough to detect impacts coming from any direction; and that placing multiple external sensors around 
the neck region could provide accurate information on the dynamics of the head, during a collision, which other 
sensors fail to capture.   

1. Introduction 

A global estimate of 69 million people suffer from a traumatic brain 
injury (TBI) each year, with North America having the highest incidence 
[1]. In the United States, 223,135 people were hospitalized due to TBI in 
2019, while 64,362 died from TBI-related deaths in 2020, as reported by 
the Centers of Diseases Control and Prevention (CDC) [2]. A concussion, 
also known as a mild traumatic brain injury (mTBI), is de昀椀ned by the 
CDC as a bump, blow, or jolt to the head, or hit to the body that causes the 
head and brain to move quickly back and forth [3]. These can have a wide 
range of symptoms like headaches, nausea, fatigue, and problems with 
speech. More severe and lasting symptoms can include loss of con-
sciousness, disabilities, coma, depression, and memory problems [4]. 
After a concussion, the brain remains in a vulnerable state for about a 
week. Suffering another concussive event during this period can lead to 
even greater damage and a higher likelihood of developing long-lasting 
effects [5]. Around 3.8 million sports-related concussions happen each 
year, and many of these injuries go unreported and undiagnosed [6]. 
Even multiple undiagnosed micro-concussions, provoked by milder 
impacts below the concussion range, can lead to signi昀椀cant symptoms 
[7,8]. Therefore, it is vital to detect when a person receives a mTBI, 

especially in high-impact sports like American football (where 300,000 
concussions are estimated to happen each year [9]), so they can be 
removed from harm’s way and avoid more severe injury. 

The Wayne State Tolerance Curve (WSTC) [10], Gadd Severity Index 
(GSI) [11], and Head Injury Criteria (HIC) [12] are metrics used to 
determine the severity of an impact using the linear acceleration of the 
head. However, angular acceleration has been determined to play a 
larger role in most mTBIs [13], since it generates strains within the 
brain, leading to increased tissue damage [14]. Current 
concussion-monitoring technology mounted in commercially available 
American football helmets is commonly referred to as the Head Impact 
Telemetry (HIT) System, which measures linear and angular accelera-
tions [15]. The main drawback of this technology resides in the sliding 
effect between the helmet and the athlete’s head. Since the sensors are 
located inside the helmet, it is uncertain whether they experience the 
same kinematics of the head during collision [16,17]. A solution to this 
was attempted by the X-Patch, wireless skin-af昀椀xed accelerometers 
attached behind the ear and in a mouth guard [18]. However, the peak 
accelerations captured by this system presented high inaccuracy [19], so 
there is still a need to overcome these issues. 

In the quest for new sensors that address the aforementioned 
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problems, this work builds upon the attachment of Ferro-Electret Nano- 
Generator (FENG) sensors directly on the neck [20]. The FENG is a 
昀氀exible, thin polypropylene (PP) 昀椀lm treated to induce the formation of 
electric dipoles which yields piezoelectric properties. It can harvest 
mechanical energy when its dipoles are deformed by an external force, 
generating charge accumulation, which results in an electrical output 
[21]. This makes them an attractive choice for self-powered sensing and 
energy-harvesting applications [22–24]. Their raw electrical output can 
also be processed and analyzed to extract additional information. In 
previous work, it was shown that, when placed directly on the neck, the 
昀椀rst derivative of the FENG’s output voltage during a whiplash can be 
mapped to the angular velocity of the head [20]. In other words, the 
device converts the mechanical energy of the neck’s movement during 
an impact into an electrical signal that is correlated to the angular ve-
locity of the head, allowing the monitoring of head impact kinematics. 

A similar device to the one reported here is an ultra-stretchable 
wearable strain sensor with a conductive layer that changes the elec-
trical resistance when it is stretched or bent [25]. It is also adhesive to 
human skin, making it a wearable strain sensor for human motion. 
However, this system has not been used to analyze impacts on the head, 
and its sensing element is not self-powered as the FENG. Thus, the 
resistive-based device would need additional electric components to 
fully convert the sensed signal, which will unavoidably add volume to 
the overall system and hinder its practicality in wearable applications - 
especially for cases with constant and abrupt large de昀氀ections. The 
development of self-powered sensors is an essential component towards 
wearability. 

In this work, a wireless portable prototype system is presented. It 
combines the FENG device with a simple signal conditioning circuit and 
a small-form-factor microcontroller with an integrated Bluetooth Low 
Energy (BLE) module. This advances the technology so that in the future 
it can be easily worn and used by athletes and TBI patients as a wearable 
sensor. This work also increases the sensing capabilities by using two 
FENG devices simultaneously, placed on the neck of a human head 
substitute. To determine how effective this arrangement is at capturing 
impacts from multiple directions, impact tests with different simulated 
head orientations were performed. The output signals from the FENGs 
during these tests are recorded wirelessly, analyzed, and compared to 

angular velocity recorded by accelerometers inside the head to validate 
the system’s performance at mapping impacts. 

2. Methods 

The setup for this project has three main elements: (i) the FENG 
patches which convert mechanical energy from impact to an electrical 
signal, (ii) the mechanical setup used to generate the impact on the head, 
(iii) and the electrical circuit used to capture, condition, and send the 
signal from each FENG. 

2.1. Patch design 

The locations of each FENG on the neck are shown in Fig. 1a, where 
one is on the back and the other on the left side (i.e., the patches are 90ç

from each other). Hereinafter, they will be referred to as “back FENG” 

and “side FENG” for simplicity. The FENG’s design is the same as in 
previous work [20], with the addition of components to make a wear-
able prototype that enables data transfer wirelessly, which will be pre-
sented in another section. The fabrication procedure for these devices 
has been discussed at length in previous work [26]. Brie昀氀y explained, as 
shown in Fig. 1b, the FENGs (dimensions: 5 cm x 1 cm, thickness: ~100 
μm each) consist of deposited metal electrodes on both sides of a PP thin 
昀椀lm containing micro “quasi-dipoles”, encapsulated in Kapton tape with 
electrical leads coming out (not shown). Applying mechanical stress to 
the 昀椀lm reshapes its dipoles, which generates charge accumulation 
resulting in an electric potential difference between the electrodes [27]. 
This phenomenon is referred to as “quasi-piezoelectricity” and provides 
an electrical output due to the 昀氀ow of charge across a load connected 
between those electrodes (electrical leads). A thin layer of poly-
dimethylsiloxane (PDMS) is glued with epoxy to one side of the FENG. 
Two layers of therapeutic kinesiology tape (K-Tape) covered each side of 
the device, creating the patch. The patches were then 昀椀xed to the neck 
with hose clamps on both ends of the K-tape. This design allowed the 
K-tape to apply pressure to the FENG when the neck stretches, gener-
ating the FENG’s electrical output. 

Fig. 1. a) FENG patches’ locations on the neck: back and left side (i.e., 90ç apart). b) FENG patch cross-section.  
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2.2. Head and impactor setup 

The drop tower setup for impact testing is presented in Fig. 2a. A 
Hybrid III head and neck form assembly (hereinafter referred to as the 
dummy) from Humanetics (Hybrid III 50th Male, Standard ATD 
78051–218-H), often used in crash test experiments [15,28], was 

attached to a stationary beam to serve as the test subject. Inside the 
dummy head, there is a triaxial accelerometer with integrated triaxial 
angular rate (DTS-6DX PRO) which is used to capture angular velocities 
during impact experiments in this work. The orange cylinder-like device 
in Fig. 2a is the impactor, which is attached to a movable beam dropped 
in “free-fall” (i.e., using only gravity) to hit the head. It was 3D printed 

Fig. 2. a) The mechanical setup used to generate impacts. b) Electrical setup used to capture FENGs’ output. c) Dummy head axes from top view while head faces 
down. d) The three different positions used for the experiments in this work (rotation along the z-axis). 
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out of polylactic acid (PLA) and designed to distribute the load evenly 
upon impact. It should be noted, that while the FENG patches are on the 
neck, the microcontroller and electrical system that captures the FENGs’ 

output, shown in Fig. 2b and which will be covered in the next section, 
are not attached to the dummy. The orientation of the dummy head axes 
is shown in Fig. 2c. As shown in Fig. 2d, three head positions were of 
interest for impact analysis: face down (initial position), head rotated 
45ç, and head rotated 90ç along the z-axis with respect to the initial 
position. For simplicity, the positions will be referred to as facedown, 
45ç, and sideways. 

In this work, the impact force was varied by changing the load of the 
impactor: 1.5 kg, 2.5 kg, and 3.5 kg. Table 1 shows the theoretical 
speed, momentum, and kinetic energy for each load. The calculated 
values were obtained from the 45ç con昀椀guration. The height from the 
head to the tip of the impactor before being released was 0.66 m. This 
number varied slightly for the facedown and sideways positions, where 
this distance changed by a maximum of ±0.02 m, due to the elliptical 
shape of the head around the z-axis. Margins of errors have been 
included to consider variations from the other con昀椀gurations. Friction 
was neglected, and the values were obtained using simple physics 
equations shown in Section 2 of the supplementary material. 

2.3. Electrical design 

The FENG patches were connected to a microcontroller (Adafruit 
Feather nRF52 Bluefruit LE from Adafruit Industries), shown in Fig. 2b. 
This will be referred to as the “MC” from here on out. The MC (di-
mensions: 5.1 ×2.3 ×8 cm, mass: 5.7 g), powered by a 3.7 V, 400 mAh 
Lithium Polymer (LiPoly) battery, can capture analog data, convert it to 
digital, and send it wirelessly via Bluetooth to smart devices in an esti-
mated outdoors range of 73–103 m [29,30]. It can only acquire input 
voltages in the 0–3.3 V range, while the FENGs can produce voltages 
above and below this span. Thus, connecting the FENGs’ output directly 
to the MC will result in loss of data and possible damage to the MC. To 
address this, two quadruple operational ampli昀椀ers (LM324N) were 
implemented in the design, powered by a programmable external triple 
output DC power supply set to 5 V, 1 mA. Fig. 3 shows the electrical 
signal condition circuit used for each FENG, represented as a voltage 
pulse source. The FENG is connected to a voltage follower con昀椀guration 
(1st operational ampli昀椀er stage), where loading effects are isolated from 
the FENG device. Then, using an inverting summing ampli昀椀er (2nd 
operational ampli昀椀er stage), a voltage bias of 3.3 V (coming from the 
MC) was added to the FENG’s output voltage. This stage also attenuates 
the voltage signal by a factor of 0.47 before feeding the output to a 
simple inverting ampli昀椀er with unity gain (3rd operational ampli昀椀er 
stage) to obtain a positive output voltage Vout that the MC can safely 
read. 

2.4. Data acquisition process 

Once the MC receives the processed signal from the FENG devices, it 
is sent to the BluefruitConnect App on a tablet (iPad 7th generation). 
This app was developed by Adafruit Industries to interact with their 
devices, and it was used in this work to receive and store the data sent 
wirelessly by the MC via Bluetooth protocol using universal asynchro-
nous receiver-transmitter (UART) communication. This type of 
communication is usually performed between two wired devices, 

transmitting and receiving serial data bit by bit [31]. Bluetooth UART 
emulates the same behavior of a wired UART system allowing the ex-
change of 20 bytes of data at a time [32]. The data is then forwarded to a 
computer for further analysis. 

During testing, the impactor is released and allowed to free fall to-
wards the head. Once it is detected to be at 0.39 m away from the head, 
both the MC and SLICEWARE, the software from DTS which collects the 
data from its accelerometers inside the head (6DX-PRO), start data 
acquisition simultaneously, capturing two seconds worth of data 
following the 昀氀ow depicted in Fig. 4. The impactor detection was done 
with the help of an ultrasonic sensor along with an Arduino UNO mi-
crocontroller (not shown) that generates a trigger to initiate data 
recording. It should be noted that the sampling frequencies between the 
MC and SLICEWARE software are not equal. The MC, which has a RAM 
of 64 KB [30], was storing three variables (time, and two FENG sensors’ 

outputs) without external memory. A sampling rate of 1 kHz for two 
seconds made the MC run smoothly without compromising the memory. 
On the other hand, SLICEWARE had a sampling frequency of 5 kHz. This 
was the lowest sampling rate, using the program’s default settings, at 
which it could capture the accelerometers’ output without exhibiting 
aliasing. The raw data of the FENGs was interpolated to reach the same 
number of samples as the angular velocity recorded, thus allowing for 
synchronizing signals with time and enabling a correlation (i.e., map-
ping) process that would become crucial for calibration and validation 
purposes. A fourth-order Butterworth low-pass 昀椀lter was used to 昀椀lter 
the angular velocities at a cutoff frequency of 100 Hz, as previously done 
by Dsouza et al. [20]. However, by capturing the FENGs’ output with the 
MC, it was prone to pick up more ambient noise, so a tighter cutoff 
frequency of 20 Hz was used to get a clearer signal using the same type 
of 昀椀lter. The derivatives of the FENGs’ voltages were calculated using 
MATLAB and compared to the angular velocities measured by the 
accelerometers. 

3. Results and discussion 

Facedown and sideways impacts to the head were evaluated 昀椀rst.  
Fig. 5a shows the orientation of the head axes during facedown impacts, 
and Fig. 5b shows the 昀椀rst derivative of the back FENG’s output voltage 
and the angular velocity around the y-axis. Similarly, Fig. 5c and d show 
the orientation and outputs during a sideways impact (rotation around 
the x-axis, side FENG’s output derivative). The impactor mass was 2.5 kg 
for both tests presented here. For validation purposes, data was captured 
from both FENG sensors (located at the back and side of the neck) during 
each experiment. During the facedown test, the most active sensor is the 
back FENG, since the impact vector was perpendicular to that FENG’s 
position, producing hyper昀氀exion directly proportional to the impact. 
However, as the movement generated by the facedown impact does not 
generate any lateral stress on the neck, the side FENG does not perceive 
the impact, and its output stays close to zero. For the sideways test, the 
most active FENG sensor is the side FENG (since it is perpendicular to the 
impact vector in this case) and the back FENG on the neck did not 
produce any signi昀椀cant signal. Therefore, Fig. 4b and d only shows the 
most active FENGs’ outputs, but the ones not presented here can be 
found in the videos of the supplementary material. 

During the experiments, the derivative of the FENG’s output behaves 
similarly to the angular velocity only during the 昀椀rst peak, when both 
sensors (i.e., the accelerometers and the FENG sensors) experienced the 
same force dynamics, as shown in Fig. 5b and d. This can be explained by 
considering the sensing mechanism for the accelerometers and the me-
chanical dynamics of the experiment. During the test, the mechanical 
setup does not allow for the head to oscillate after the impact. The 
mechanical input from the impactor is not a pure pulse signal, since the 
impactor is dropped in free fall and keeps exerting a downward force 
after the impact, due to its weight. Thus, when the impactor is dropped, 
it generates a heavily damped, short-lived oscillation response before 
settling, which is re昀氀ected after the 昀椀rst peak in the output signal from 

Table 1 
Theoretical conditions at the moment of impact.  

Parameter Calculated Values 
Mass (kg) 1.5 2.5 3.5 
Speed (m/s) 3.6 ± 0.05 3.6 ± 0.05 3.6 ± 0.05 
Momentum (kg‧m/s) 5.4 ± 0.07 9 ± 0.12 12.6 ± 0.17 
Kinetic Energy (J) 9.72 ± 0.3 16.2 ± 0.45 22.68 ± 0.7  
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the accelerometers inside the dummy head. Also, although both sensors 
are actively being monitored simultaneously for the same impact ex-
periments, the FENG sensors are located at the neck region of the 
dummy head, picking up stress-strain signals away from the location of 
impact. However, the most crucial piece of information for an impact is 
captured in the peak [33], for which both signals (angular velocity and 
FENG) show very similar dynamic responses and allow for their com-
parison and correlation. Thus, during the 昀椀rst peak –which records the 
maximum effect of the impact– the derivative of the FENG’s output can 
be mapped to the angular velocity [20]. 

As shown in Fig. 5b and d, the amplitude of the angular velocity 
(measured by the accelerometers) is higher during the facedown impact 
than in the sideways impact. The reason for this is that this model of the 
dummy head’s mechanics is not designed to be equally compliant in 
every spatial direction, since it is originally designed for frontal auto-
motive crash tests [34]. The human head substitute can receive impacts 
from the sides, but its design mostly considers rotational movement 
along the y-axis. This is also re昀氀ected in the small delay exhibited by the 

Fig. 3. Schematic of the electrical circuit used to condition the FENG’s output voltage before being sent to the microcontroller.  

Fig. 4. Data acquisition process. FENGs’ output gets captured by MC and is sent 
wirelessly to a tablet and then a computer. Accelerometers’ output gets 
captured by SLICEWARE Software on the computer. 

Fig. 5. Positions and sample results of experiments done for Facedown (a-b) and Sideways Positions (c-d). Plots show the 昀椀rst derivative of the FENGs’ voltages (i.e., 
FENGs signals) and angular velocities (i.e., accelerometer signal) for a 2.5 kg impactor. 
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side FENG’s output (when compared to the back FENG’s), where tests 
were performed to examine this delay and it was determined that it is 
also attributed to the design of the neck. However, even though the 
mechanics of a sideways movement (i.e., rotation along the x-axis) of the 
dummy head is different from facedown movement (i.e., rotation along 
the y-axis), both FENGs located orthogonal to the movement in each 
case were able to capture the kinematics of the neck generated by the 
impacts. Contrary to the angular velocity behavior, the peak voltage 
derivative of the FENG is greater while the head rotates along the x-axis 
(sideways impact) than along the y-axis (facedown impact). However, 
this can also be due to the neck’s design, meaning that it is stiffer around 
the x-axis rotation, leading to a higher rate of change in the FENG’s 
output voltage. 

Fig. 6 shows the measurements of the FENGs’ voltage derivatives and 
the corresponding angular velocities during a 45ç impact. Both the de-
rivative of the voltage of the back FENG and the angular velocity along 
the y-axis, shown in Fig. 6b, have the same behavior shown in Fig. 5b 
when the head is hit facedown. This is also true for the side FENG and 
the angular velocity along the x-axis in Fig. 6c when compared to 
Fig. 5d, with a signi昀椀cant delay in the rate of change of the FENG’s 
output due to the neck’s design. Interestingly, the angular velocity is 
greater along the x-axis than on the y-axis. The head was expected to 
have more rotation along the y-axis than the x-axis, as shown in Figs. 5b 
and 5d, but due to the head’s anatomy, the impact received at the 45ç

con昀椀guration was not perpendicular to the center of gravity of the head, 

explaining the greater rotation along the x-axis. Fig. 6d shows the 
magnitudes of the FENGs and the angular velocities of both axes, where 
the peak of interest of the FENG is not the absolute maximum, but the 
peak that is re昀氀ected during the absolute maximum of the velocity. As 
previously mentioned, these peaks are the ones that record the 
maximum effect of the impact. During those peaks, the 昀椀rst derivative of 
the FENG and the angular velocity present similar behavior. 

Fig. 7 (left column) shows the con昀椀dence intervals of the peaks of 
interest from the FENGs’ responses and their corresponding angular 
velocities peaks. This analysis was done by capturing multiple impacts 
with the impactor at different loads (1.5, 2.5, 3.5 kg presented in 
Table 1) for each head position, and then analyzing the resultant FENG 
dV
dt and the corresponding angular velocity magnitude for each con昀椀gu-
ration, as it was done in Fig. 6d. The peaks of focus of d2V

dt2 and angular 
acceleration are also shown in Fig. 6 (right column) for each head po-
sition. The peak magnitudes of the FENGs’ output and the velocities for 
the 45ç experiment are smaller than when the impact is perpendicular to 
the head’s rotation axis. This is also true for the peaks of the second 
derivative of the FENGs and angular acceleration. However, even 
though the peaks of the magnitudes vary between head positions while 
maintaining the same impact force, the FENGs’ measured output still 
shows a strong linear correlation with the angular velocity. 

The peak derivatives of the FENGs showed a positive correlation (R >
80 %) with the angular velocities. Furthermore, the second derivatives 
of the FENGs also showed a good correlation (R > 75 %) with the 

Fig. 6. a) 45ç head position, b) Derivative of the voltage of back FENG and respective angular velocity, c) Derivative of the voltage of side FENG and respective 
angular velocity, and d) Magnitudes of the derivatives (from FENG) and angular velocity (from accelerometers). The results shown are for the 2.5 kg 
impactor experiment. 
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angular acceleration, except for the facedown con昀椀guration, seen in 
Fig. 7b. An explanation for this is that while on facedown, the back 
FENG is already bent due to the head’s weight. The same happens with 
the other head positions, but while on sideways and 45ç, as previously 
discussed, the neck is stiffer rotating around the x-axis. This means that 
while on facedown, the back FENG is signi昀椀cantly bent before impact, 
making the rate of change of the 昀椀rst derivative behave differently 
compared to the other dummy positions, presenting peaks with little 
correlation with the angular acceleration (R = 47 %). 

4. Conclusion 

This work builds on the approach of using FENG devices to analyze 
head impact kinematics. It demonstrated how multiple devices can 
capture the head dynamics in different impact orientations and showed 
that the output can be easily wirelessly transmitted. The setup used for 
these tests makes the neck to be bent before impact and does not allow 
the head to have sustained oscillations after the hit, since the impactor 
stays on top of the head after the main impact, adding a constant 

downward force due to its weight, thus preventing the head and neck 
from moving freely. This means that this mechanical setup does not 
allow measuring impacts coming from opposite sides of the FENGs’ 

placement, because it does not allow the part of the neck that contains 
the FENGs to stretch enough and apply pressure to it. However, it was 
proved by Dsouza et. al [20] that the FENG is capable of capturing im-
pacts from the opposite side of the FENG’s location if the head can 
oscillate freely. In conjunction with previous work, these experiments 
support the claim that by only using two FENGs on the neck, an impact 
can be detected from any direction, though its magnitude might not be 
fully captured without additional FENG devices. Covering half the neck 
with FENG patches might present more accurate readings for impacts to 
the head with different angles and force magnitudes, also allowing 
better readings of normal and faster head rotations. 
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