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Measuring vibrations on a biofidelic 
brain using ferroelectret 
nanogenerator
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Our knowledge of traumatic brain injury has been fast growing with the emergence of new markers 
pointing to various neurological changes that the brain undergoes during an impact or any other 
form of concussive event. In this work, we study the modality of deformations on a biofidelic brain 
system when subject to blunt impacts, highlighting the importance of the time-dependent behavior 
of the resulting waves propagating through the brain. This study is carried out using two different 
approaches involving optical (Particle Image Velocimetry) and mechanical (flexible sensors) in the 
biofidelic brain. Results show that the system has a natural mechanical frequency of ∼ 25 oscillations 
per second, which was confirmed by both methods, showing a positive correlation with one another. 
The consistency of these results with previously reported brain pathology validates the use of either 
technique, and establishes a new, simpler mechanism to study brain vibrations by using flexible 
piezoelectric patches. The visco-elastic nature of the biofidelic brain is validated by observing the the 
relationship between both methods at two different time intervals, by using the information of the 
strain and stress inside the brain from the Particle Image Velocimetry and flexible sensor, respectively. 
A non-linear stress-strain relationship was observed and justified to support the same.

Traumatic brain injury (TBI) has been one of the major causes of death or disability around the world1. TBI 
incidence in high school football players can be twice as high due to under-reporting because of lack of awareness 
or a desire to keep playing2. Even a milder form of TBI (also known as a concussion), has been recognized as a 
serious health concern due to their long-term effects3, and their link to chronic traumatic encephalopathy (CTE), 
Alzheimer’s and Parkinson’s disease4. This has created a pressing need to better understand and prevent this type 
of injuries. The Center of Diseases Control and Prevention (CDC)5, defines a concussion as a type of traumatic 
brain injury (or TBI) caused by a bump, blow, or jolt to the head or by a hit to the body that causes the head and 
brain to move rapidly back and forth. Even low magnitude impacts could cause severe brain damage, if the wave 
propagating through the brain has frequency components within the 20 and 40 Hz range6. Thus, it is important 
to understand the implications of the magnitude of the impact, as well as its time-dependent behavior –i.e. the 
frequency components of the pressure waves generated by the impact. The brain can be seen as a viscoelastic 
medium with complex and intricate geometry. An impact to the skull creates traveling waves that propagate at 
different frequencies and different speeds since the composition is non-homogeneous. This can create localized 
and time-dependent strain concentrations at certain regions in the brain. Thus, understanding of the temporal 
dynamics of the brain upon impact is vital for determining the severity of a collision, and its long-lasting conse-
quences. To this end, modeling of the brain has been researched since the 1940’s when Holbourn proposed that 
the brain can be modeled as a mechanical system with input in the form of head motion and brain displacement 
as an output7. He also states that by knowing the physical properties of the brain the behaviour after a blow can 
be studied using Newton’s laws of motion. Since then, brain injuries have been characterized by the kinematic 
signatures of the head, such as the work done by Ommaya and Gennarelli which indicates that brain injury is 
proportional to peak acceleration and the duration of the peak8. This lead to development of metrics such as 
Wayne State Tolerance Curve (WSTC)9, Gadd Severity Index (GSI)10 and Head Injury Criteria (HIC)11. Recent 
advancements in imaging techniques such as diffusion tensor imaging (DTI) have shown that there are changes 
to the white matter in the brain even in the case of repetitive smaller (i.e. not concussive) impacts12. These changes 
are shown to be the result of excessive axons stretching which in-turn damages them13. There is also evidence 
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to suggest that strain in deep brain regions with a high density of axon fibers correlate strongly with cognitive 
impairment or concussion14. Studies have shown that the brain deformations (strain) have strong dependence 
on the frequency of the input loading15, with shear waves penetrating deeper into the brain at lower frequen-
cies. Recently, Laksari et al. published a cadaver based impact experiment that identifies the peak relative brain 
motion at around 20 Hz6 and also derived the spatiotemporal characteristics of the brain during head impacts 
using mode decomposition techniques16. This involved using dynamic mode decomposition on brains nodal 
displacements, where it was found that the modal displacement amplitudes and peak strains in the brain have 
frequencies in the 20–40 Hz range. This relatively wide range is due to the non-homogenity of the brain, since 
different parts of the brain have different physical properties. This work also uses modal analysis to understand 
the major difference between head impact cases that lead to loss of consciousness and the ones that did not. The 
primary interest of this work is to understand the frequency of vibrations set in the human brain upon a blunt 
impact. To study the frequency of vibrations that are triggered in the brain upon a blunt impact, we use a brain 
surrogate developed by a team of researchers at Michigan State University17. This biofidelic brain system model, 
also called a phantom, has been used in multiple experiments to study possible injury mechanisms of a TBI. 
The phantom was first conceptualized by Miller et al. where they performed computational simulations on the 
model in order to study blast over-pressure correlations to TBI. Their three-dimensional representation consists 
of a simplistic and idealized model of a human brain as shown in Fig. 1b and c. This model demonstrates the 
overall size characteristics of the human brain with the interactions of the sulci and gyri (folds and grooves). This 
phantom was reviewed and verified by a board-certified neurologist who confirmed the phenomenology similar-
ity with a real brain18. The computational model was able to show higher strains within the brain interfaces and 
folds, supporting the hypothesis that blast TBI causes more damage in sulci and gyri18. To build a brain phantom 
suitable for experiments, Wermer et al. studied different materials to determine the best biofidelic representa-
tive of the brain matter. Their study included polyacrylamide (PAA), bovine skin/bone, and ballistic gelatin on 
which they performed mechanical testings of tension, compression, and shear. These mechanical properties were 
compared with literature values for human and porcine brain tissue. PAA was found preferable to simulate brain 
tissue due to its multiple material properties and ease fabrication19. Utilizing this gelatin and the aforementioned 
geometry, Kerwin et al. performed an experimental study where the head surrogate was placed in a flexible plate 
and subjected to a blunt impact and presumed cavitation (creation and collapse of vapor bubbles in the liquid) 
was observed in between the sulci of the brain. This was the first sight of cavitation in an experiment outside of 
computational models due to head trauma. This observation was possible due to the gyrated geometry of this 
phantom, something other experimental models have not been able to replicate17. Although the brain phantom 

Figure 1.   (a) Drop tower along with the placement of phantom and neck arrangement. (b) MRI from a 
35-year-old healthy male and (c) extruded section for computer design. Adapted from18. (d) Mold used to create 
the brain phantom. (e) Brain phantom with embedded finite sand particles.
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used in this work does not fully simulates a real brain with ventricular cavities, lobe differences, and other ana-
tomical factors, its current geometry has made possible experiments with visualization of brain mechanics that 
contribute to the knowledge of TBI mechanisms.

The focus of this work is to study two different methods to obtain the frequency of vibration upon impact to 
the brain. One of them uses a flexible ferroelectret nano generator (FENG) as an invasive sensor—which provides 
an electrical signal in response to applied pressure (or stress)—and the other makes use of particle image tracking 
to obtain strain. The FENG has been validated in the past as a microphone by Li et al.20 and Dsouza et al.21 and 
in pressure sensing applications by Cao et al.22, these use cases are similar to the one applied in this work. To 
validate both PIV and the FENG, the flexible sensor is placed in a brain region similar to the one where the par-
ticle images are being tracked. The results from both approaches are normalized and compared in the frequency 
domain using an Fast Fourier Transform (FFT) to highlight the frequencies of vibration. This information will 
provide time-dependent information of a wave traveling through the brain, and play a key role in identifying 
the severity of a given impact, thus helping in the assessment and diagnosis.

Experimental setup
The setup comprises three major components: (1) a biofidelic test object (hereinafter referred to as the “phan-
tom”), which represents the human brain; (2) a FENG device, which serves as an invasive vibration sensor; and 
(3) a data acquisition setup used to monitor the FENG device’s electrical signal output upon impact, as well as 
capturing images of particles embedded in the phantom. Experiments were performed in a custom-built drop 
tower as shown in Fig. 1a. The system is intended to impact the phantom with a free-falling load (2.5 kg released 
at 0.5 m from the subject), producing a linear acceleration impact that allows more control over the desired 
kinematic. A free-falling load results in a significant impact that still allows for multiple tests without damag-
ing the phantom’s structural integrity. Since the initial position of the mass was at rest, conservation of energy 
calculations were performed to convert that potential energy into kinetic energy upon impact. Theoretical values 
are shown in Table 1, where friction and drag losses are neglected.

Biofidelic brain and neck.  The subject utilized in this study consists of the model of a human brain shown 
in Fig. 1b and c as introduced in the previous section. The cross-sectional view in the axial plane of the brain is 
extruded to simulate the total brain volume, creating a computer aided design which was utilized to created a 
mold as shown in Fig. 1d. To simulate the brain tissue, the hydrogel PAA was utilized at a weight concentration 
of 10%, which represents the white matter of the brain. The subject was created starting with 60 g of Acrylamide 
(purity ≥ 98%, gas chromatography, Sigma-Aldrich, USA) dissolved in 600 ml of deionized (DI) water. Then 2 g 
of N,N’-methylenebis (MBA,purity 99%, Sigma-Aldrich, USA) was added and let to homogenize while stirring 
occasionally. Once dissolved, 0.52 g of Ammonium Persulfate (APS, purity ≥ 98%, Sigma-Aldrich, USA) was 
mixed in. The polymerization time was accelerated by adding 0.6 ml of N,N,N’,N’-tetramethylethylenediamine 
(TEMED, ReagentPlus, 99%, Sigma-Aldrich, USA). This solution was then poured into the mold filling about 
half to the extrusion width and left to solidify. Once cured, a layer of micron-size sand particles are randomly 
dispersed for visualization purposes. Finally, another solution of 600 ml was prepared and added on top to 
obtain the brain tissue model shown in Fig. 1e.

Finally, the PAA brain model is placed inside a 3D-printed poly(lactic acid) (PLA) skull with 50% rectilinear 
infill which represents the skull bone composition of a spongy bone (diploë) between two layers of compact 
bone. The sides of this PLA skull are sealed with acrylic windows to allow imaging, and the PAA model is free 
to move inside the skull filled with DI water to simulate the cerebral spinal fluid (CSF)23. The head model was 
finalized by attaching the PLA skull to a Hybrid-III Neck with an custom built corner as shown in Fig. 1a. Due to 
the fabrication process, this phantom does not account for individual lobes and strains that might occur between 
them. In addition, ventricular physiology is not accounted for, a concept that is being considered for future 
phantom designs. The 3D-printed skull at 50% infill has similar physiological features compared to a human 
skull by having a porous center enclosed by outer solid shells. However, a single size and volume geometry was 
utilized—representing the 50th percentile for a biological male human.

FENG implementation.  The device consists of FENG, which is formed from a flexible, thin polypropylene 
(PP) piezoelectret film with micrometer-scale “quasi-dipoles” across its thickness and electrodes at both surfaces 
as shown in Fig. 2a. Details on the fabrication and operation of these FENG devices can be found elsewhere24. 
Briefly explained, applying a mechanical stress reshapes internal macro-sized dipoles, generating charge accu-
mulation in the electrodes, thus resulting in an electrical output in the form of an electric potential difference 
between the electrodes, or the flow of charge across a load connected between those electrodes (i.e., voltage or 
current)25. This phenomenon is commonly referred to as “quasi-piezoelectricity”, and these devices have been 

Table 1.   Impact theoretical conditions.

Characteristic Symbol Value Units

Mass m 2.5 kg

Speed v 3.13 m/s

Momentum p 7.83 kg m/s

Kinetic energy Ek 12.26 J
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demonstrated to be useful in a wide variety of applications such as loudspeakers, microphones20,26, structural 
health monitoring27 and energy harvesting28. The FENG was also used in development of flexible self-powered 
patch to estimate head rotation kinematics and there-by assist in concussion prediction29.The mechanical com-
pliance, overall size, and higher sensitivity compared to other flexible sensors makes FENG devices suitable 
candidates to measure vibration inside the phantom.

The surface area of the FENG used in this work is 2 cm x 2 cm, with a thickness of ∼ 100 μm. The FENG 
and the electrical connections need to be insulated in order to protect it from the cerebrospinal fluid, which 
is represented by water in these experiments. This is achieved by coating the FENG with commercially avail-
able liquid electrical tape and using enameled copper wire to ensure a very low profile terminals as shown in 
Fig. 2b. The insulated FENG is then carefully embedded in the PAA gelatin as shown in Fig. 2b, created with 
the procedure explained in the previous section. This location was chosen based on the research conducted by 
Okamoto et al.15. This study shows that the AP wave (Anterior-Posterior) displacement was the highest in this 
region as shown in 2b. The terminals are drawn out of the phantom while ensuring that the phantom remains 
sealed during impact.

Methods
Two sets of data acquisition hardware were used in this experiment. Electrical signals from the FENG were 
recorded using a data acquisition system from National Instruments (NI-DAQ 6003) in conjunction with Lab-
VIEW at 50000 SPS (Samples per second). The voltage response from the FENG is first fed to the charge mode 
amplifier as shown in Fig. 2c and the output of this charge mode amplifier is sent to the NI-DAQ for data record-
ing. This process isolates the system’s voltage response (gain) from parasitic capacitances, such as those created 
by instrument connections and cables. All the measured data is in time domain, but a Fast Fourier Transform 
is used for frequency analysis.

Images of the biofidelic phantom are captured using an ultra-high-speed camera (Phantom V2512 Series) at 
25000 frames per second (fps) with full resolution settings (1280 × 800 pixels). An array composed of a high-
intensity LED (LaVision VI-Strobe LED 120W v2, Göttingen, Germany), concave lens, and a diffusion sheet 
was utilized to provide back illumination and capture the images for the duration of the impact (Fig. 3a). The 
camera frame covers an area of approximately 100 mm wide by 60 mm high, which encompasses majority of 
the phantom as seen in Fig. 3b. The camera image resolution was 0.08 mm/pixel in real-to-machine units. The 

Figure 2.   (a) FENG after metal electrode deposition and crossection showing the voids and silver electrode, 
and (b) after coated with liquid electrical tape and placed inside the brain phantom. (c) Charge mode amplifier 
circuitry to which the FENG output is fed.

Figure 3.   (a) Side view of the setup emphasizing on the LED array and camera. (b) Sample image that the 
camera captures. The fine particles are clearly visible in this image.
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processing of the images using Particle Image Velocimetry(PIV) are described in the following “Particle image 
velocimetry implementation” Section.

Particle Image Velocimetry implementation.  PIV is typically used to calculate the velocity field in 
fluid flows. To this end, PIV uses a FFT-based algorithm to calculate the cross-correlation between correspond-
ing regions of consecutive images30,31. This algorithm is applied herein to images of tracer particles embedded 
in a viscoelastic material32. After normalizing by the grid size, this velocity field is a direct measurement of the 
instantaneous strain-rate field. The frame rate used for this measurement of the strain-rate field was 2500 frames 
per second. This frame rate was chosen so as to faithfully resolve parameters of interest for a given interrogation 
window. The PIV analysis was performed in the same general region of interest (ROI) in which the FENG was 
embedded. This ROI is demarcated by the blue squared region in Fig. 4; and the time inside the box represents 
the time elapsed since dropping the brain phantom. Everything outside of the ROI was eliminated from the 
figure with a binary mask.

The tool was applied to an initial interrogation window of 256 × 256 pixel, then decreasing by 50% until reach-
ing a 16 pixel × 16 pixel window. Although an initial interrogation window is typically smaller, the chosen size 
allowed tracking of particles even when the surrogate head displaced significantly. Spurious vectors within the 
region of interest were filtered out using image based validation which considers features such as contrast within 
a given region, and velocity-based validation where outstanding erroneous velocity vectors can be ignored. The 
strain-rate between consecutive frames was extracted from the PIVLab application and imported to a database 
for computational analysis (see method 1 in the supplementary material).

Since the head surrogate is fixed to a flexible mechanic neck, it is free to move out of its initial position in the 
camera’s field of view. To address this, an in-house code was used to track the local deformations of a specific 
region in the brain. The chosen region of interest moves every frame according to the mean of the u and v veloc-
ity components, and is further explained in the “Results” Section. This information was used to calculate the 
average strain-rate within this region of interest.

Results
In order to obtain the strain using PIV analysis, it is vital to track the bulk motion of the phantom so as to obtain 
the strain from a constant region of interest.

Figure 4.   (a) Frame of the phantom after impact with displacement vector field overlaid upon it depicted by 
green arrows. (b) Instantaneous average bulk velocity of the phantom decomposed into u and v components. (c) 
Region of interest (shaded in blue) tracks the bulk motion.
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This is performed with the help of average “v- velocity” and “u- velocity” obtained across the entire compu-
tational area as shown by the black region in Fig. 4a (the red shaded region is neglected). These velocities are 
shown in Fig. 4b. Figure 4c shows the captured frames from different instances in time with blue region overlaid 
highlighting the tracking of the bulk motion using average velocities. The strain rate from this region of interest 
is obtained across every frame and is shown in Fig. 5a, along with strain, which is calculated from the strain rate. 
This strain is later used to analyze the modality of the deformations. The low frequency and high frequency time 
intervals are highlighted in the same graph.

In order to validate the results from the PIV, we observe the strains generated due to the shock-wave that 
propagates upon impact. This is shown in Fig. 6. The progression of strain on the brain tissue can be found in 
supplementary videos 2 and 3.

The visco-elastic nature of the brain brings a non-linear, frequency-dependent, relationship between stress and 
strain33. The FENG device provides voltage signals in response to stress, while the PIV analysis captures strain. 
Thus the study of results from both these approaches will provide useful insights into the non-linear stress-strain 
relationship of the brain. A Kelvin-Voigt visco-elastic material can be electrically modeled as a constant current 
source in series with parallel resistor-capacitor (RC) circuit34. In this analogy, the current source represents the 
applied stress and the voltage across the capacitor represents the strain.

When the stress changes slowly i.e. input of relative low frequency, the strain follows the stress. This is simi-
lar to how the voltage across a capacitor in an RC circuit is in-phase with the input. However, when the stress 
changes at a higher rate, the strain lags, which again follows the behaviour of an RC circuit. This can be also 
approximated as an integrator circuit, where a square wave input to the RC circuit produces a triangular wave 
output. The high frequency components of the traveling wave occur during the initial phase of the impact, when 
the brain behaves predominantly as a viscous medium. This is supported by the positive correlation of the time-
domain and FFT of the strain obtained from PIV and the numerical integration of FENG’s response as shown in 
figure 5b. The FFT’s correlate by 0.795 (Pearson’s R). Similarly, the low frequency domain can be observed after 
∼ 160ms from impact when the brain begins to oscillate around its natural frequency. The normalized voltage 
and strain after this time frame, and the corresponding FFTs are shown in Fig. 5c. In both frequency spectra, 
we can see that the dominant frequencies are between 15 Hz and 60 Hz, with a peak around 25 Hz. There are 
other higher frequencies present in the voltage response of the FENG which could be generated from the gyri’s 
local oscillations. Nevertheless, the spectra have a correlation of 0.82 (Pearson’s R). This supports that the brain 
is exhibiting a more elastic behaviour.

This high positive correlation supports that the FENG, although invasive, can be used in studying frequencies 
of brain vibrations under any form of blunt impact. The FENG involves minor signal conditioning circuitry and 
data acquisition hardware to capture the several metrics around the impact studies. The PIV is non-invasive, but 
the setup is more complex, involving more equipment (e.g. high speed camera) and being more susceptible to 
testing parameters (e.g. illumination). Also, it relies on the subject having minimal displacement so that it does 
not gets outside the frame boundaries; a situation that occurs mainly with larger impact magnitudes.

Conclusion
The area of understanding traumatic brain injuries has been forever evolving. Several hypothesis have been pro-
posed thus far with the help of cadaver based studies, finite element simulations and biofidelic brain substitutes 
with every experiment leading to an improvement in defining markers to reliably identify the type and extent of 
brain injury. Along the same line, this work presents two methods for understanding the modality of brain vibra-
tions that are set in a brain phantom when subjected to a blunt impact. PIV, being a non-invasive but bulkier in 
setup and the FENG, an invasive yet simple setup show great potential for studies of this nature. These proposed 
methods can be employed to characterize an array of blunt impacts across varying intensities, locations and angles 
of impact with respect to the modality of deformations that are excited in the phantom. Although the current 
phantom does not account for the diverse brain physiology the future versions will accommodate individual 
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Figure 5.   (a) Strain and strain rate derived from PIV analysis. (b) (top) Strain obtained from PIV and the 
integral of voltage from the FENG. (0–6 ms) bottom) FFT of strain obtained from PIV and the integral of 
voltage from the FENG. (c) (top) Normalized strain and voltage response from the FENG between 160–260 ms 
after impact. bot) FFT of normalized strain and voltage.
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lobe-specific properties. These results in conjunction with existing theories will further the very understanding 
behind traumatic brain injuries.

Data availibility
The datasets used and/or analysed during the current study are available in the excel file included in the sup-
plementary material section.

Received: 2 December 2022; Accepted: 23 May 2023

References
	 1.	 Faul, M., Xu, L., Wald, M. & Coronado, V. Traumatic brain injury in the United States. Atlanta, GA: Centers for disease control 

and prevention. Natl. Center Injury Prev. Control 16(1), 268 (2010).
	 2.	 McCrea, M., Hammeke, T., Olsen, G., Leo, P. & Guskiewicz, K. Unreported concussion in high school football players: Implications 

for prevention. Clin. J. Sport Med. 14(1), 13–17 (2004).
	 3.	 Lehman, E. J., Hein, M. J., Baron, S. L. & Gersic, C. M. Neurodegenerative causes of death among retired national football league 

players. Neurology 79(19), 1970–1974. https://​doi.​org/​10.​1212/​WNL.​0b013​e3182​6daf50 (2012).
	 4.	 Sundman, M. H., Hall, E. E. & Chen, N.-K. Examining the relationship between head trauma and neurodegenerative disease: A 

review of epidemiology, pathology and neuroimaging techniques. J. Alzheimers Dis. Parkinsonism 4(1), 1–21. https://​doi.​org/​10.​
4172/​2161-​0460.​10001​37 (2014).

	 5.	 What is a Concussion? Centers for Disease Control and Prevention (2019)
	 6.	 Laksari, K., Wu, L. C., Kurt, M., Kuo, C. & Camarillo, D. C. Resonance of human brain under head acceleration. J. R. Soc. Interface 

12(108), 20150331 (2015).
	 7.	 Holbourn, A. Mechanics of head injuries. Lancet 242(6267), 438–441 (1943).
	 8.	 Ommaya, A. K. & Gennarelli, T. Cerebral concussion and traumatic unconsciousness: Correlation of experimental and clinical 

observations on blunt head injuries. Brain 97(4), 633–654 (1974).
	 9.	 Gurdjian, E. S., Lange, W. A., Patrick, L. M. & Thomas, M. E.: Impact injury and crash protection. LWW (1970)
	10.	 Gadd, C. W. Use of a weighted-impulse criterion for estimating injury hazard (Technical report, SAE Technical Paper, 1966).
	11.	 Eppinger, R., Kuppa, S., Saul, R. & Sun, E. Supplement: Development of improved injury criteria for the assessment of advanced 

automotive restraint systems: Ii. NHTSA (2000)
	12.	 Narayana, P. A. White matter changes in patients with mild traumatic brain injury: MRI perspective. Concussion 2(2), 35 (2017).
	13.	 Bazarian, J. J. et al. Persistent, long-term cerebral white matter changes after sports-related repetitive head impacts. PLoS ONE 

9(4), 94734 (2014).
	14.	 Kleiven, S. Predictors for traumatic brain injuries evaluated through accident reconstructions. Stapp Car Crash J. 51(1), 81–114 

(2007).
	15.	 Okamoto, R. J., Romano, A. J., Johnson, C. L. & Bayly, P. V. Insights into traumatic brain injury from MRI of harmonic brain 

motion. J. Exp. Neurosci. 13, 1179069519840444 (2019).
	16.	 Laksari, K., Kurt, M., Babaee, H., Kleiven, S. & Camarillo, D. Mechanistic insights into human brain impact dynamics through 

modal analysis. Phys. Rev. Lett. 120(13), 138101 (2018).
	17.	 Kerwin, J. et al. Sulcal cavitation in linear head acceleration: Possible correlation with chronic traumatic encephalopathy. Front. 

Neurol. 13, 56 (2022).
	18.	 Miller, S. T. et al. Localizing clinical patterns of blast traumatic brain injury through computational modeling and simulation. 

Front. Neurol.https://​doi.​org/​10.​3389/​fneur.​2021.​547655 (2021).
	19.	 Wermer, A. et al. Materials characterization of cranial simulants for blast-induced traumatic brain injury. Mil. Med. 185(Supple-

ment1), 205–213 (2020).

Figure 6.   Four frames and their corresponding surface plot to interpret the progression of the shock wave. t = 0 
depicts the moment of impact and progressing clockwise.



9

Vol.:(0123456789)

Scientific Reports |         (2023) 13:8975  | https://doi.org/10.1038/s41598-023-35782-5

www.nature.com/scientificreports/

	20.	 Li, W. et al. Nanogenerator-based dual-functional and self-powered thin patch loudspeaker or microphone for flexible electronics. 
Nat. Commun. 8, 15310 (2017).

	21.	 Dsouza, H., Wheeler, J. & Sepulveda, N.: Ferro-electret nanogenerators as flexible microphones. In 2019 IEEE SENSORS 1–4 (IEEE, 
2019).

	22.	 Cao, Y., Shi, H., Tan, X. & Sepúlveda, N. Enabling negative pressure sensing through ferroelectret device. IEEE Sens. Lett. 6(8), 
1–4 (2022).

	23.	 Kenner, V. H. & Goldsmith, W. Impact on a simple physical model of the head. J. Biomech. 6(1), 1–11. https://​doi.​org/​10.​1016/​
0021-​9290(73)​90032-8 (1973).

	24.	 Li, W., Torres, D., Wang, T., Wang, C. & Sepúlveda, N. Flexible and biocompatible polypropylene ferroelectret nanogenerator 
(FENG): On the path toward wearable devices powered by human motion. Nano Energy 30, 649–657 (2016).

	25.	 Pastrana, J. et al. Electrode effects on flexible and robust polypropylene ferroelectret devices for fully integrated energy harvesters. 
ACS Appl. Mater. Interfaces 12(20), 22815–22824 (2020).

	26.	 Dsouza, H. et al. Ferroelectret nanogenerators for loudspeaker applications: A comprehensive study. J. Sound Vib. 468, 115091 
(2020).

	27.	 Cao, Y. & Sepúlveda, N. Design of flexible piezoelectric gyroscope for structural health monitoring. Appl. Phys. Lett. 115(24), 
241901 (2019).

	28.	 Cao, Y. et al. Flexible ferroelectret polymer for self-powering devices and energy storage systems. ACS Appl. Mater. Interfaces 
11(19), 17400–17409 (2019).

	29.	 Dsouza, H. et al. Flexible, self-powered sensors for estimating human head kinematics relevant to concussions. Sci. Rep. 12(1), 
1–8 (2022).

	30.	 Grant, I. Particle image velocimetry: A review. Proc. Inst. Mech. Eng. C J. Mech. Eng. Sci. 211(1), 55–76. https://​doi.​org/​10.​1243/​
09544​06971​521665 (1997).

	31.	 Willert, G. Digital particle image velocimetry. Exp. Fluids 10(4), 181–193. https://​doi.​org/​10.​1007/​BF001​90388 (1991).
	32.	 Budday, S., Sommer, G., Holzapfel, G. A., Steinmann, P. & Kuhl, E. Viscoelastic parameter identification of human brain tissue. J. 

Mech. Behav. Biomed. Mater. 74, 463–476. https://​doi.​org/​10.​1016/j.​jmbbm.​2017.​07.​014 (2017).
	33.	 Budday, S., Sommer, G., Holzapfel, G., Steinmann, P. & Kuhl, E. Viscoelastic parameter identification of human brain tissue. J. 

Mech. Behav. Biomed. Mater. 74, 463–476 (2017).
	34.	 Greene, P. R. & Medved, V. Electrical analogs for Kelvin & Maxwell viscoelastic materials: Applications to cornea & sclera

Author contributions
H.D. designed experiments and analyzed the results, B.D. assisted with experiment design and data collection, 
I.G. assisted with data analysis, G.M. assisted with instrumentation for data collection, Y.C. assisted with data 
interpretation and analysis of results, R.M. and N.S. provided general overview, insights, and assisted with data 
analysis. Every author contributed to the preparation of the manuscript, (including data assessment) and reviewed 
the final version of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​35782-5.

Correspondence and requests for materials should be addressed to N.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023


