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strong security to current authentication systems without major 
modifi cation. 

 Here, we report the fi rst self-powered bionic membrane 
sensor (BMS), which is wearable, lightweight, cost-effec-
tive, easy to fabricate, and capable of working in a multi-
modal manner for either health-monitoring or authentica-
tion purposes. Innovatively coupling the contact electrifi ca-
tion effect [ 38–41 ]  with a structure inspiration by a human ear-
drum, the as-fabricated BMS holds a superior sensitivity of 
51 mV Pa −1  with a fast response time less than 6 ms as well 
as a pressure detection limit down to 2.5 Pa. Moreover, a neg-
ligible loading–unloading signal change was experimentally 
observed over 40 000 cycles, indicating its performance stability 
and durability. In addition, compared with previous pressure 
sensors, [ 5,16,17,25,28,30,33 ]  the BMS can be utilized to measure 
rapidly changing pressure over an exceptional wide frequency 
ranges from 0.1 to 3.2 kHz, which enables it to not only con-
tinuously monitor the human low-frequency arterial pulse 
wave, but also to acquire and recover the high-frequency throat 
sound using a single device. As a demonstration, fi rst, by meas-
uring the distinguishable dynamic pressure patterns of human 
cardiovascular system, the BMS is capable of acting as a wear-
able, mobile, user-friendly, and self-powered arterial pulse wave 
monitor for continuous and noninvasive human health assess-
ment and monitoring. Second, the BMS is a superior anti-inter-
ference throat microphone operating without external power; 
this self-powered device can pick up and recover human throat 
voice even in an extremely noisy or windy environment. Third, 
we innovatively propose a new medical biometric authentica-
tion technique by using the arterial pulse wave, which is unique 
as a medical pattern for authentication. More importantly, for 
the fi rst time, a multimodal biometric authentication system 
(MM-BAS) was developed relying on a single BMS, with advan-
tages of low-cost and simplicity in system construction, which 
exhibits a remarkably lower Equal Error Rate (EER) of 1.6%, 
compared with the state-of-the-art biometric techniques. [ 8–11 ]  
This exceptional achievement is mainly attributed to a fusion of 
distinguishable physiological pulse wave traits and behavioral 
throat sound characteristics as a multilayered strong security 
to defend the MM-BAS. Given the collection of compelling 
features of the BMS including small volume, light weight, low 
cost, self-powered, and proven reliability, it not only opens up 
a new technique in wearable medical/health monitoring, but 
also it inaugurates the age of high-accuracy single-sensor multi-
modal biometric authentication. 

  By capturing human physiological or behavioral characteristics, 
wearable electronic sensors in biomonitoring and biometric sys-
tems carry signifi cant importance in daily life such as in per-
sonalized health monitoring and assessment, disease diagnosis, 
entrance and mobile control, secured fi nancial transactions, and 
others. [ 1–15 ]  Detected from human skin, the arterial pulse wave 
and throat sound are typical physiological and behavioral signals 
acquired for human characterization. [ 8–11 ]  To date, a majority 
of the wearable pressure sensors are based on force-induced 
changes in capacitance, [ 17–19 ]  piezoelectricity, [ 20–25 ]  and resis-
tivity, [ 26–30 ]  with various micro/nano architectures. [ 31–37 ]  Despite 
the potential and high performance, widespread usage of these 
techniques is possibly limited by structure complexity, fabrica-
tion of high-quality materials, reliance on external power source, 
and the infeasibility of response to high-frequency dynamic 
pressure, such as sound recovery from throat vibrations that lies 
in a frequency range of normally higher than 500 Hz. [ 9,11 ]  

 Furthermore, a critical weakness of current authentication 
systems is that an impostor can easily access identifi cation sys-
tems to steal the owner’s personal information, health record, 
and even fi nancial data. Biometrics, the reliance on physiolog-
ical or behavioral characteristics that are unique and exclusive 
representing features of the genuine owner, has rendered a 
possible solution to this problem. [ 8 ]  However, all of the current 
biometrics authentication systems are unimodal, relying on a 
single source of information to establish an identity, and have 
limitations like noise in sensed data, intraclass variation, inter-
class similarity, and nonuniversality and spoof attack. [ 9–11 ]  Thus, 
a desired identifi er based on multiple physiological or behav-
ioral characteristics would be preferred to add multilayers of 
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 A BMS has a multilayered structure with a thin layer of poly-
ethylene terephthalate (PET) in an oval shape as the bottom 
supporting substrate, as schematically shown in  Figure    1  a. 
The oval shape was inspired from the human tympanic mem-
brane, enabling the BMS to monitor the external dynamic 
pressure with wide frequency range. A layer of indium tin 
oxide (ITO) coated nylon thin fi lm was laminated onto the 
PET substrate with the ITO acting as the back electrode and 
the nylon functioning as one electrifi cation layer. Mimicked 
a human eardrum, a layer of polytetrafl uoroethylene (PTFE) 
tympanic membrane is tented outwards at the level of the tip 
of an umbo, which was centered at a nylon 
layer with a size of Φ 0.6 × 0.4 mm. The PET 
was chosen as the material of the umbo, 
whose two ends were tightly attached with 
the PTFE membrane and the nylon layer, 
respectively. The height of umbo will deter-
mine the pressure detection limit as well as 
detection range of the as-fabricated BMS. By 
peripherally being anchored, the tensed oval 
PTFE tympanic membrane, acting as another 
electrifi cation layer, is extremely sensitive to 
external dynamic pressure over a wideband 
frequency range like human eardrum. The 
formed slightly conical cavity between the 
PTFE and nylon serves as an air spacer for the 
charge generation and transfer. And two cir-
cular acoustic holes with diameters of 0.5 mm 
are punched through the PET, ITO, and 
nylon three layers, acting as communicating 
vessels to integrate the conical cavity with the 
ambient air. A photograph of an as-fabricated 
fl exible and transparent BMS is shown in 
Figure  1 b. In order to enhance the triboelec-
trifi cation, vertically aligned polymer nano-
wires were created onto the PTFE surface for 
an intimate contact with nylon. A scanning 
electron microscopy (SEM) image of PTFE 
nanowires is displayed in Figure  1 c, which 

indicates that the average clustering diameter of nanowires is 
110 nm with an average length of 0.8 µm. In general, the sur-
faces of a nylon and a PTFE fi lm consist of milli/micro/nano 
hierarchical structure. Without PTFE nanowires, the contact 
between the nylon and PTFE is not compact at certain points 
due to the surface morphology and structures, as illustrated in 
Figure S1a, Supporting Information. While with PTFE nano-
wires, the nanowires are likely to be readily bent and become 
adaptive to the surface morphology of the nylon for an intimate 
contact, as schematically demonstrated in Figure S1b, Sup-
porting Information. Such a conformable interaction can result 
in an improvement of the effective contact area, thus improving 
the output performance. As discussed in methods, the fabrica-
tion process of the BMS is straightforward and compatible with 
possible large-scale manufacturing.  

 Designed to mimic a human eardrum, the working principle 
of the BMS can be elucidated in two aspects, namely, mem-
brane mechanical vibration and vibration induced electricity 
generation. On one hand, the mechanical vibration patterns of 
the PTFE tympanic membrane in response to external pressure 
at various frequencies spanning from 100 to 5 kHz were simu-
lated by a fi nite element analysis, as demonstrated in  Figure    2  a. 
The simulation is carried out based on an assumption that the 
applied pressure is uniformly distributed and holds at a con-
stant of 0.6 kPa. Meanwhile, the Young’s modulus and Pois-
son’s ratio of the PTFE tympanic membrane are assumed to be 
480 MPa and 0.46, respectively. As it can be observed from the 
simulation results, the deformation regions and magnitudes 
of PTFE tympanic membrane are highly related to the external 
excitation frequencies. A frequency response of the BMS was 
demonstrated in Figure S2, Supporting Information. And it 
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 Figure 1.    Structural design of the bionic membrane sensor. a) Schematic 
illustrations of the bionic membrane sensor. b) Photograph of an as-
fabricated fl exible and transparent bionic membrane sensor. The scale 
bar is 1.0 cm. c) A SEM image of surface-etched PTFE nanowires. The 
scale bar is 1 µm.

 Figure 2.    Demonstration of the working principle of the bionic membrane sensor. a) The 
ANSYS software was employed to characterize the PTFE membrane vibrations under various 
applied pressures at frequencies of 100, 500, 1000, and 5000 Hz, respectively. A PTFE mem-
brane vibration induced electricity generation process was simulated via COMSOL. b) Contact 
state in which the PTFE is negatively charged, while the nylon is positively charged. c) When 
the elastic PTFE membrane is released, an emerged potential difference drives free electrons 
to fl ow from the ground to ITO electrode through the external circuit.
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was achieved, which affi rms the validity of the BMS structural 
design mimicking from human eardrum.  

 On the other hand, the vibration induced electricity generation 
is attributed to a coupling between contact electrifi cation and 
electrostatic induction. A cycle of electricity generation process 
under external pressure is schematically depicted in Figure  2 b,c, 
which is a two-dimensional charge potential distribution by 
COMSOL. To begin with, when the external pressure brings the 
PTFE to in contact with nylon, since these two materials have 
a different affi nity for electrons, with the PTFE eager to grab 
electrons and the nylon able to give them up, positive triboelec-
tric charges on the nylon side and negative ones on the PTFE 
side will be produced. In the current contact state, the gener-
ated charges are balanced by their opposite counterparts due to 
electrostatic induction; consequently, there is neither potential 
difference across the two layers nor between the ITO electrode 
and ground (Figure  2 b). Once the pressure is released, the PTFE 
tympanic membrane will immediately rebound back away from 
the nylon due to its elasticity. A gap will emerge between the two 
layers, which results in a potential drop across them due to tribo-
electric charges, so does between the ITO electrode and ground. 
This is the separation state (Figure  2 c). The emerged potential 
difference drives free electrons to fl ow from the ground to ITO 
electrode through the external circuit until it is fully offset. 

 To characterize the sensing performances of BMS, a com-
puter-controlled linear motor and a force gauge were employed 

to provide a well-defi ned load. At one side of the BMS, a 
small glass plate with same dimension was placed between 
the PET substrate and tip of the force gauge. Meanwhile, at 
another side of the BMS, a polydimethylsiloxane (PDMS) pad 
was anchored to a linear motor tip to apply the pressures uni-
formly onto the PTFE tympanic membrane. To begin with, the 
electrical outputs of BMS with and without nanowires were 
respectively measured, when a 1.0 kPa pressure was applied. 
As shown in Figure S1c,d, Supporting Information, the open 
circuit voltage with nanomaterials modifi cation is improved to 
about 1.7 times of that of the BMS without nanomaterials sur-
face modifi cation. While an enhancement factor of 1.9 times 
for the short-circuit current was observed. Then we measured 
the electrical outputs of BMS as a function of applied dynamic 
pressure with a constant frequency of 0.3 Hz. In a cycle of the 
dynamic pressure, increasing and decreasing pressure were 
realized through a linear motor. The forward and backward 
voltage–pressure curves of BMS are demonstrated in  Figure    3  a. 
While the concrete time profi les of open-circuit voltage and 
short-circuit current are presented in Figure S3, Supporting 
Information. It is worth noting that both pressure response 
curves exhibit two distinct regions with different slopes. In the 
low pressure region (<1.2 kPa), well-behaved liner variation 
in the output voltage with pressure gives a superior pressure 
sensitivity of 51 mV Pa −1  and a detection limit of 2.5 Pa. While 
in the high pressure region (>1.2 kPa), a lower pressure sen-
sitivity was experimentally observed. The different sensitivities 
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 Figure 3.    Electrical and mechanical characterization of the bionic membrane sensor. a) The electrical characterization of the bionic membrane sensor 
in response to applied pressure. Inset: enlarged view in small-pressure region from 2.5 to 55 Pa. b) The bionic membrane sensor is able to sense the 
application of tiny pressures. Shown is the output voltage change on placing and removing a human hair (3 mg). c) Time-resolved sensor response. 
Periodic pressure changes are utilized to determine the response time taken for the sensor. The enlarged views of the loading and unloading process 
in one cycle are respectively elucidated in (up) and (down), which renders a response time of less than 6 ms. d) The mechanical durability characteri-
zation of the bionic membrane sensor. Under a pressure of 0.8 kPa at a frequency of 2 Hz for 40 000 cycles, no degradation of the output voltage is 
experimentally observed.
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are attributed to a difference of contact area change upon pres-
sure in two distinct regions, that is, in lower pressure region, 
an equal amount of pressure change results in a larger contact 
area change, which leads to a higher output voltage increase. 
Most importantly, relying on an innovative working principle 
and an unique bio-inspired structure, the BMS distinguishes 
itself in term of the sensitivity together with the observed broad 
dynamic range (51 mV Pa −1 , in a range of 2.5–1200 Pa), com-
pared with that of other sensors based on capacitive (0.55 kPa −1  
in units of relative capacitance, in a range of 0.5–2 kPa) [ 17 ]  and 
piezoelectric (0.79 mV Pa −1 , in a range of 0.1–12 Pa). [ 25 ]  Further-
more, for all applied pressures, forward and backward pressure 
sweep, the forward and backward curves do not show signifi -
cant hysteresis.  

 To present a direct view, a 3-mg-human-hair was employed 
to test the ultrasensitiveness of the BMS, as demonstrated in 
Figure  3 b and Movie 1, Supporting Information. The as-fabri-
cated BMS can reliably detect the placement or removal of the 
human hair on or from the covered sensor area of 3.2 mm 2 , 
corresponding to 13 Pa in contact pressure. The detailed calcu-
lation of contact pressure induced by the falling hair is stated in 
the Supporting Information. 

 Furthermore, a further step was taken to examine the 
response time of BMS to external forces. In Figure  3 c, a real-
time profi le of the applied pressure with its corresponding 
voltage output was demonstrated. Insets are the enlarged 
views of the loading and unloading process in one cycle, which 
are respectively elucidated in (up) and (down), rendering a 
response time of less than 6 ms. This achievement demon-
strates a prompt response of the BMS, and is superior to other 
approaches of its kind in the literature. [ 4,17,28,30,33 ]  A high sen-
sitivity with a fast response time justifi es the practicability of 
BMS for detecting minuscular dynamic pressure, which is of 
paramount importance for various further applications, such as 
electronic skin and soft robotics. 

 In addition, to further investigate the stability of the BMS, 
a pressure of 0.8 kPa with a frequency of 2 Hz was applied. 
The voltage was recorded after each 10 000 loading/unloading 
cycles and 400 cycles of data were presented in each recording, 
as shown in Figure  3 d. The voltage amplitudes exhibit negli-
gible changes after a total 40 000 cycles, revealing a high repeat-
ability, stability, and durability of the BMS. 

 The worldwide leading causes of death are from cardiovas-
cular diseases. Intensive research is focused on early detection 
and prevention of such diseases, with a special emphasis on 
arterial compliance capability. Arterial pulse wave propagation 
in the arterial tree can provide essential information about the 
arterial physical situation. [ 42 ]  The BMS in this work provides a 
superior route in acquiring the human arterial pulse wave in 
a self-powered and noninvasive manner. For a real-time moni-
toring of the arterial pulse, the BMS was attached onto the 
carotid, wrist, and chest, just over the artery as it is usually 
done in arterial tonometry. The arterial pulse wave corresponds 
to the dynamic pressure change on the skin surface, which can 
be characterized by the electrical output of the attached BMS. 

  Figure    4  a,b respectively shows the recorded real-time volt-
ages over several pulse periods when a BMS was placed over 
the carotid arteries of a 30-year-old man and a 70-year-old 
man. Insets are the enlarged views of one cycle for a detailed 

information delivery. A typical characteristic pulse wave shape 
was obtained with three clearly distinguishable determinants 
for both the 30-year-old and 70-year-old men: Systolic peak ( P  S ), 
point of infl ection ( P i  ), and dicrotic wave ( P  D ), which are known 
to be respectively resulted from the blood ejected from the left 
ventricle, the refl ected pulse wave, and the ejected blood back 
to the left ventricle. A comparison of the pressure pulse waves 
of a young man with that of an old man indicates apparent dif-
ferences between the two, especially that  P i   occurs after the 
 P  S  for the younger one, while the  P i   appears before the  P  S  for 
the older one. The differences are signifi cantly related to the 
physiological condition of human cardiovascular system, which 
can be quantifi ed by two of the most commonly used parame-
ters: [ 42–44 ]  the augmentation index AIx(%) /PPs iP P( )= ± − , and 
the refl ection index RI /h t= Δ , where  h  is the subject height, 
Δ t  is the time delay between  P  S  and  P  D , while PP is the abso-
lute pulse wave magnitude. In order to accurately evaluate the 
physiological conditions of the two peoples’ cardiovascular sys-
tems, a time period of 10 min was taken to continuously record 
their arterial pulse waves. Based on the acquired waveforms, 
a statistical result of the AIx and RI was respectively obtained 
for the young and old, as shown in Figure  4 c. For the younger 
one, average values of −30% and 6.8 m s  −1   were respectively 
obtained for the parameters AIx and RI, while for the older one, 
values of 24.8% and 13.3 m s  −1   were respectively obtained. A 
distinct difference of AIx and RI between the two subjects is 
mainly attributed to that, for the young man with better arte-
rial compliance capability, the pulse wave is spread through the 
arteries at a lower velocity and also the refl ected wave arrives 
back to the aorta after the late systole, resulting in a negative 
AIx and a smaller RI. In contrast, for the old man with stiffer 
arteries, the blood pulse velocity is higher and the refl ected 
wave arrives back to the aorta in the early systole, leading to a 
positive AIx and a larger RI.  

 Figure  4 d,e respectively shows the corresponding real-time 
current outputs of the 30-year-old man and the 70-year-old 
man. The inset is an enlarged view of one cycle of the current 
signal, whose waveform comprises of fi ve main parts, labeled 
as a-wave to e-wave: initially positive (A-wave), early negative 
(B-wave), reincreasing (C-wave), late redecreasing (D-wave), 
and diastolic positive (E-wave). The height of each wave was 
measured from the baseline, with the values above the baseline 
being positive and those under it negative. A comparison of the 
current signal waveform of the young man with that of the old 
man indicates obvious differences between the two, especially 
that a positive C-wave is observed for the young man, while a 
negative C-wave for the old one. In order to quantify the dif-
ference, a parameter (C/A) was employed, which was defi ned 
by the ratio of the height of the C-wave to that of the A-wave. 
The C/A and AIx values were measured from 25 people with 
ages spanning from 26 to 70 years old, as shown in Figure  4 f. 
It is interesting to fi nd that the C/A index decreases with age, 
while AIx follows a reverse trend. These two parameters are 
reported to independently but complementarily indicate the 
vascular stiffness, that is, the AIx increases with the increasing 
of arterial stiffness, while the C/A index decreases. These sta-
tistical results highlight that the measured output voltage and 
current by BMS can refl ect the condition of the cardiovascular 
system as well as the risk of cardiovascular disease. Thus, it can 
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be utilized for noninvasive medical diagnosis. The acquired 
voltage and current signals independently but complementarily 
give a comprehensive picture of the arterial physical situation. 

 Meanwhile, in order to obtain more information for cardio-
vascular risk estimation, a further step was made to measure 
the pulse wave velocity (PWV) by using multiple BMSs to 
monitor human pulse waves over different artery sites. The 
PWV is highly related to the vascular compliance and can be 
determined by measuring the pulse propagation time from the 
pressure waveforms at different sites along a vascular segment. 
A stiffer vessel will conduct the pulse wave faster than a more 
compliant one. Figure  4 g presents the simultaneously acquired 
voltage signals when three BMSs were respectively attached to 
the carotid artery, left wrist, and the chest. Figure  4 h is enlarged 

views of a cycle of output signals, and the characteristic dots 
indicate their cycle start points. It is worth noting that the start 
point of the signal acquired from chest comes fi rst, which is 
53 and 163 ms earlier than the start points of the signals from 
the carotid artery and left wrist, respectively. Here, the PWV 
is derived by dividing the pulse wave propagation distance 
between the two testing sites by the time delay over that dis-
tance. For the test subject, PWV1 = 5.66 m s  −1   (along chest to 
carotid artery) and PWV2 = 5.9 m s  −1   (along chest to left wrist) 
were experimentally obtained, which are characteristic values 
expected for a healthy adult. [ 43,44 ]  

 To prove the capability of the BMS for self-powered nonin-
vasive arterial pulse measurement, a set of practical applica-
tions was demonstrated, as shown in Figure  4 i and Movie 2, 
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 Figure 4.    Bionic membrane sensor measured the arterial pulse wave for noninvasive self-powered human health monitoring. a,b) The real-time voltage 
outputs when the sensors are placed over the carotid arteries of a 30-year-old man and a 70-year-old man, respectively. The inset is an enlarged view 
of one cycle, which is a graphic representation of the augmentation index (AIx), defi ned as AIx(%) = ±( P  S  − P i  )/PP. PP is the absolute pulse amplitude. 
Δ t  is the time delay between the systolic  P  S  and diastolic peak  P  D . And thus the refl ection index (RI) of carotid artery can be obtained from subject height 
divided by the time delay. c) Quantitative comparison of the AIx and RI between the 30-year-old man and the 70-year-old one. d,e) The corresponding 
real-time current outputs of the 30-year-old man and the 70-year-old man, respectively. The inset is an enlarged view of one cycle of the current signal, 
whose waveform comprises of fi ve main parts, labeled as A-wave to E-wave: initial positive (A-wave), early negative (B-wave), reincreasing (C-wave), 
late redecreasing (D-wave), and diastolic positive (E-wave). f) Relationship between the C/A ratio and AIx in the carotid arteries of 25 subjects aged 
from 26 to 70 years old. The C/A ratio decreased with age, while AIx followed a reverse trend. g) The pulse waves acquired from three different sites of 
a participant: carotid artery, left wrist, and the chest. h) An enlarged view of a cycle of output signals corresponding to three positions. And the dots 
indicate their start points of each cycle. i) A photograph showing the bionic membrane sensors was directly attached to simultaneously monitor the 
pulse waves of the participant from his carotid artery, chest, and wrist.
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Supporting Information. Three BMSs were directly attached 
to simultaneously monitor the pulse waves of the participant 
from his carotid artery, chest, and wrist, and all of the essen-
tial information about the arterial physical situation, including 
pulse rate, PWV, AIx, and RI, were systematically obtained for a 
further medical diagnosis. 

 Throat microphone is becoming more and more popular, 
since it can effectively pick up speech even in extremely noisy 
or windy environments, such as for a parachute jumper from  
the sky, on a motorcycle, or in a busy street, while it is beyond 
the capability of other types of microphones due to high levels 
of background noise and the limitation of current technology. 

Here, the reported BMS is also capable of acting as superior 
throat microphone, which is lightweight, small volume, port-
able, extremely low cost, easy to fabricate, more importantly, 
it can work without external power. When the BMS was worn 
against the neck without speaking, a series of pulse waves with 
low frequency of 1.1 Hz were observed, corresponding to the 
silent state in  Figure    5  a. While plentiful high frequency com-
ponents were emerged and superimposed when the partici-
pant spoke the sentence “This is a self-powered throat micro-
phone,” which were refl ected by the acquired voltage signals 
in the speaking state in Figure  5 a. From the short-time Fourier 
spectrum of the recorded data, the acquired voltage signal was 
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 Figure 5.    Bionic membrane sensor as a superior anti-interference, self-powered, and throat-attached microphone. a) The real-time voltage output in 
response to the throat vibration during speaking when the sensor is worn against the neck. b) Short-time Fourier transform of the acquired output 
voltage, which indicates a majority of the frequency components spanning from 45 to 1500 Hz. The low frequency components c) and high frequency 
components d) of the voltage signal, which are obtained respectively via a 10 Hz-cutoff-frequency low pass fi lter and a ban-pass fi lter with pass-band 
from 45 to 1500 Hz. The partial enlarged view of the low frequency component e) and high frequency component f) elaborately illustrates the rich 
output signals responding to the concrete dynamic change in the speaking, which assures the superior performance of the bionic membrane sensor 
as a throat microphone. g) A photograph showing the bionic membrane sensor was worn against the participant’s neck acting as a self-powered throat 
microphone.
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analyzed, obviously indicating a majority of the frequency com-
ponents spanning from 45 to 1500 Hz when peaking, as shown 
in Figure  5 b. Then, according to the frequency distribution, a 
10 Hz cutoff-frequency low-pass fi nite impulse response digital 
fi lter was further used to get the low frequency components 
from the acquired voltage signal (Figure  5 c). While a band-pass 
fi nite impulse response digital fi lter with a pass-band from 45 
to 1500 Hz was applied to resolve the throat sound from the 
acquired voltage signal (Figure  5 d). The partial enlarged views 
of the low frequency component (Figure  5 e) and high frequency 
component (Figure  5 f) elaborately illustrate the rich output sig-
nals responding to the concrete dynamic change in the speaking, 
which exhibits plenty high frequency detailed information and 
thus can be harnessed to rebuild/recover the speaking content, 
which is beyond the capability of previous report. [ 5,30 ]   

 To prove the capability of the BMS as a superior self-powered 
throat microphone, a practical application was demonstrated, 
as shown in Figure  5 g and Movie 3, Supporting Information. 
When the tester worn the BMS against her neck and spoke in 
a noisy environment, the speaking content can be successfully 
recovered, and it is demonstrated in Audio 1, Supporting Infor-
mation. This is the fi rst invention that a single self-powered 
sensor can exhibit a multifunctionality of simultaneously acting 
as a throat microphone and a noninvasive arterial pulse wave 
monitor, which will attract extensive attentions, especially for 
astronauts, soldiers, motorcycle riders, and those who have to 
keep quiet while communicating with others at a distance, such 
as during covert military operations. 

 Biometric recognition, an automatic identifi cation and veri-
fi cation of a person based on the physiological or behavioral 

characteristics, is getting increasing research attention for that 
the current authentication system cannot be easily separated 
from the genuine owner. Alternative to the traditional approach 
is medical biometric. The advantage of the bio signal is that it 
gives some sort of intrinsic characteristics to avoid spoof attack, 
which can be easily combined with the traditional biometric, 
such as speech, without any additional cost. Here, we innova-
tively propose a new medical biometric authentication tech-
nique by using the arterial pulse wave. 

 Due to the ultrasensitiveness of the BMS to external pressure, it 
can capture plenty of information to fully characterize each one’s 
arterial pulse wave, which thus could be used for further verifi ca-
tion and recognition purposes.  Figure    6  a shows the normalized 
output voltages measured from the carotid arteries of four par-
ticipants. A comparison of the obtained four sets of pulse wave 
patterns indicates explicit differences not only in heart rates, but 
also in the arterial pulse wave shapes. This is mainly attributed to 
differences in age, gender, chest confi guration, and the position, 
size, as well as anatomy of the hearts of these individuals.  

 For quantitative differentiation, Euclidean Metric (EM) was 
calculated to measure the difference among pulse waves. Two 
pulse wave signals  X  and  Y  represent two different individuals. 
Let  X   i   = [ x i   1 ,  x i   2 ,…, x iN  ] and  Y   i   = [ y i   1 ,  y i   2 ,…, y iM  ] ( N  <  M ), respec-
tively, denote the  i th cycle of pulse waves  X  and  Y . Then the 
average value of EM between  X  and  Y  over  K  cycles can be 
defi ned as follows
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 Figure 6.    Bionic membrane sensor measured the arterial pulse wave for biometric recognition. a) The normalized output voltage measured from the 
carotid artery of four participants as their heartbeat profi les. b) Heartbeat profi les comparison of a person at different times of a day (up) as well as before 
and after exercise (down). c) First-derivatives-of-the-pulse-waves (FDPWs) of a person under different activity states. Inset is the FDPWs of the four dif-
ferent participants. d) Calculated Euclidean metrics from the nine FDPWs for a comparison. e) Performance evaluation of the measured heartbeat profi les 
for biometric authentication. The variation of FAR and FRR in relation to the threshold indicates a low EER value of 3.5% at the threshold of 7.3 × 10 −4 . 
f) A photograph showing the bionic membrane sensor worn on the participant’s neck to measure the pulse wave for biometric recognition.
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   In the meanwhile, the average value of EM of an individual 
over different time periods can be expressed as
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   The calculated EM values for a set of four individuals were 
shown in Figure S5a, Supporting Information, demonstrating 
that the obtained values of  d   XY   are much larger than  d   XX  . Fur-
thermore, the pulse waves also relate to the human activity 
states, such as emotional fl uctuation, exercise, and so on. 
In this regard, as shown in Figure  6 b, the pulse waves of a 
same person at different times in a day (up) as well as before 
and after exercise (down) are systematically monitored, and 
the expected different time profi les are obtained. Likewise, 
their corresponding EM values were calculated and shown in 
Figure S5b, Supporting Information. In this regard, a predica-
ment emerges that a few EM values of individual pulse waves 
under different states are comparable with the EM values of 
pulse waves among different people. Consequently, it is diffi -
cult to distinguish individuals by simply using EMs of the pulse 
waves. The predicament cannot be walked out by resorting 
to the First-derivatives-of-the-pulse-waves (FDPWs), which is 
capable of representing the shape pattern of the pulse wave. 
Figure  6 c shows the FDPWs of the same person under different 
activity states. Inset is the FDPWs of the four different indi-
viduals. Subsequently, a further step was taken to measure and 
compare the corresponding EMs of the FDPWs, as the results 
presented in Figure  6 d. It is inspiring to note that the EM values 
of the FDPWs among different individuals are obviously larger 
than that for the same person under different activity states. As 
a result, the distinguishable EMs of FDPWs can be used as the 
feature representation of pulse wave, acting as a threshold to 
separate the genuine pulse waves from the impostor ones, if an 
authentication system is established using pulse wave. 

 To evaluate the identifi cation performance, 120 randomly 
chosen individuals were invited to record their arterial pulse 
waves. The collected 120 individual pulse waves were divided 

into 60 client patterns and 60 impostor patterns. And the per-
formance of the pulse wave based authentication biometrics 
is characterized through two error rates: False Rejection Rate 
(FRR) and False Acceptance Rate (FAR). The variation of FAR 
and FRR in relation to the threshold is shown in Figure  6 e. The 
FAR is decreasing with the elevated EM of the FDPWs, while 
FRR follows a reverse trend. However, the FRR and FAR inter-
sect at a certain threshold value of 7.3 × 10 −4 , which indicates 
the EER point of the biometric authentication system with a 
low EER value of 3.5%. 

 In addition, to prove the capability of the acquired pulse 
waves for biometric authentication, a practical application was 
demonstrated, as shown in Figure  6 f and Movie 4, Supporting 
Information. When four individuals wearing the BMS against 
the necks, each one can be accurately identifi ed and recognized 
from the stored templates in computer data base. Acting as a 
new biometric authentication technique, the measured pulse 
wave by BMS is an effective identifi er, which is reliable, prac-
tical, and thus a work toward developing a secured authentica-
tion system. 

 A biometric system that relies only on a single physiological 
or behavioral characteristic in making a personal identifi ca-
tion is often not able to meet the desired performance require-
ments. Identifi cation based on multiple biometrics represents 
an emerging trend. Here, relying on the superior sensing 
performance of BMS, a multimodal biometric authentication 
system was established using a single BMS, which, for the fi rst 
time, integrates the pulse wave recognition and voice recogni-
tion in making a personal identifi cation. 

 To demonstrate the capability of BMS for multimodal biom-
etric authentication, a fi rst step was taken here to show its func-
tionality for voice recognition, since the capability of BMS for 
pulse wave recognition was justifi ed in the previous paragraphs. 
 Figure    7  a,b shows the originally recorded voltage signals when 
two participants were continuously saying “one world” more 
than three times in each accustomed manner. Figure  7 c, d 
are their corresponding high frequency components of the 
recorded voltage signals via a 45-to-1500-Hz band-pass fi lter, 
which correspond to the throat sound signals according to the 
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 Figure 7.    Bionic membrane sensor measured throat sound for biometric recognition. a,b) The recorded voltage signals when Alex and Tom were con-
tinuously saying “one world” more than three times, respectively. c,d) The high frequency components of the recorded voltage signals from Alex and 
Tom via a ban-pass fi lter, respectively. e,f) The enlarged views of a cycle of the high frequency components from Alex and Tom, respectively.
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frequency distribution. Enlarged views of one cycle of the voice 
signal for saying “one world” of two participants are respec-
tively shown in Figure  7 e, f. It is clearly noted that these throat 
sound waves look apparently different from each other, which 
is mainly attributed to the differences of anatomy (e.g., size and 
shape of the throat) and behavioral patterns (e.g., voice pitch, 
speaking style).  

 Pearson correlation coeffi cient was utilized to quantitatively 
measure the difference between two throat sounds signals. Let 
 X  = [ x  1 ,  x  2 ,…, x N  ] and  Y =  [ y  1 ,  y  2 ,…, y N  ] denote two throat sound 
signals from two different individuals, the Pearson correlation 
coeffi cient between signals  X  and  Y  can be defi ned as
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   To evaluate the performance of the BMS for voice recogni-
tion, 120 participants were invited to independently say the 
phrase “one world” for more than four times in each accus-
tomed manner with the BMS wearing against the necks. A cal-
culation of the Pearson correlation coeffi cient between any two 
of the throat sound signals of 120 participants was performed, 
and the results were demonstrated in  Figure    8  a. It is worth 
noting that most of the Pearson correlation coeffi cients from 

individual self-comparing are larger than 0.7, while the Pearson 
correlation coeffi cients from comparison among individuals 
are less than 0.7, which is indicative of that Pearson correlation 
coeffi cient can be harnessed to act as a threshold to separate the 
genuine voice from the impostor voice, if a verifi cation system 
is thus established. The variation of FAR and FRR in relation to 
the threshold is shown in Figure  8 b. The presented BMS based 
voice authentication system achieves an EER value of 2.7% at 
the threshold of 0.55.  

 For an enhanced authentication performance, identifi cation 
based on the integration of the pulse wave and voice recogni-
tion was evaluated as a multimodal biometric. The new feature 
representation for the multimodal biometric authentication 
system is a combination of EM of the FDPWs ( d   XY  ) from the 
pulse wave recognition and Pearson correlation coeffi cient ( r ) 
from the voice recognition. And the new feature representation 
is mathematically expressed by a feature vector  T  = [ d   XY    i , r i  ], 
where  i  = 1, 2, 3, …,  u , denoting the index of the user ( u  is total 
number of users in the system database). A new threshold 
relying on the feature vector can be defi ned as

     0.0018 /1 2TSM w d w ri xyi i= × +   (4) 

   The weight coeffi cients  w  1  and  w  2  are proportional to the 
authentication performance of the two unimodal systems with 
a constraint of  w  1  + w  2  = 1. A larger value of  TSM i   indicates 
a larger similarity between the user templates and client 

 Figure 8.    Bionic membrane sensor simultaneously recorded the arterial pulse and throat sound for single-sensor multimodal biometric authentica-
tion. a) Calculated correlation coeffi cients of the throat sounds among different individuals as well as the same individual. b) Performance evaluation 
of the measured throat sound profi les for biometric authentication, which indicates a low EER value of 2.7% at the threshold of 0.55. c) Performance 
evaluation of the presented multimodal biometric authentication system. The variation of FAR and FRR in relation to the threshold, which indicates a 
remarkably low EER value of 1.6% at the threshold of 1.5. d) A photograph showing the bionic membrane sensor was worn against the participant’s 
neck to simultaneously record the arterial pulse and throat sound for a single-sensor multimodal biometric authentication.
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templates. As demonstrated in Figure  8 c, a remarkably low 
EER value of 1.6% was achieved for the presented multimodal 
biometric authentication system at a threshold value of 1.5. 
As demonstrated in Figure  8 d and Movie 5, Supporting Infor-
mation, the BMS was utilized for a multimodal biometric 
authentication, by simultaneously recording the arterial pulse 
and throat sound, and only the genuine owner with matched 
both arterial pulse wave and throat sound can access into the 
computer. Given its authentication ability, a BMS is capable of 
simultaneously identifying personal characters physiologically 
as well as behaviorally. The results demonstrate that the identity 
established by such an integrated system is much more reliable 
than the identity established by a single biometrics, making it 
unique and practical for developing a highly secured biometrics 
authentication system. 

 Compared with other existing technologies for wearable elec-
tronic sensors in biomonitoring and biometric systems, the 
BMS is distinct and unique in fundamental mechanism. Uti-
lizing triboelectrifi cation, a universally applicable charging effect 
that is confi ned only at contact surfaces, the BMS distinguishes 
itself in term of performance in a number of major aspects. 

 From the performance point of view, innovatively harnessed 
the ubiquitous contact electrifi cation and the structural bioin-
spiration from human eardrum, the as-fabricated BMS holds a 
collection of superior performance, including superior stability, 
high sensitivity together with the observed broad dynamic range 
(51 mV Pa −1 , in a range of 2.5–1200 Pa), fast response time of 
less than 6 ms, low pressure detection limit down to 2.5 Pa, and 
wide working bandwidth of 0.1 Hz to 3.2 kHz for measuring 
rapidly changing pressure. The sensing characteristics assure 
extensive applications of BMS with guaranteed performances. 
First, the BMS is capable of acting as a wearable, mobile, user-
friendly, and self-powered arterial pulse wave monitor for con-
tinuous and noninvasive human health assessment. Second, 
the BMS is a superior anti-interference throat-attached micro-
phone operating without external power source, which can pick 
up and recover human throat voice even in extremely noisy, 
windy environments, or even voiceless environment based on 
through vibration. Third, by measuring the distinguishable 
dynamic pressure patterns of human cardiovascular system, the 
BMS creates a new medical biometric authentication technique 
by using the arterial pulse wave. More importantly, for the 
fi rst time, a less intrusive, high-authentication-accuracy single-
sensor MM-BAS was developed with a lower EER value of 1.6%. 

 From the cost point of view, consisting of only transparent 
thin fi lm materials, the BMS is extremely low-cost, lightweight, 
fl exible, excellent machinability. First, due to surface charging 
effect, the fabrication of the BMS requires only very small 
amount of materials, which are conventional polymers or very 
thin layer of ITO as electrodes. Second, the fabrication process 
of the BMS is straightforward and compatible with large-scale 
manufacturing, such as laser cutting and layer lamination. As 
a consequence, the reported BMS in this work is cost-effective 
and suitable for mass production. Given a collection of compel-
ling features of the BMS including self-powered, lightweight, 
simplicity in device fabrication, high price to performance 
ratio and proven reliability, the justifi ed concepts and dem-
onstrations in this work can be immediately and extensively 
adopted in a variety of applications in wearable medical/health 

monitoring as well as biometric authentication, and come into 
effect of improving the way of our living.  

  Experimental Section 
  Fabrication of Nanowires Array on PTFE Surface : A PTFE fi lm with 

25-µm-thickness was fi rst cleaned subsequently by menthol, isopropyl 
alcohol, and deionized water. Then, the inductively coupled plasma 
(ICP) reactive ion etching was used to fabricate the aligned nanowires 
on the PTFE surface. O 2 , Ar, and CF 4  gases were injected into the ICP 
chamber with a fl ow ratio of 10.0, 15.0, and 30.0 sccm, respectively. A 
large density of plasma was produced by a power source of 400 W. And 
another power source of 100 W was used to accelerate the plasma ions. 
The PTFE nanowires with an average length of ≈0.8 µm were obtained 
after the PTFE was etched for 60 s. 

  Fabrication of a BMS : (1) A layer of 100 nm ITO was deposited onto 
the backside of nylon as electrode. Then the nylon layer and a layer of PET 
(thickness 75 µm) were cut into oval shapes with the semi-major axis of 
1.25 cm and the semi-minor axis of 1 cm using a laser cutter. (2) Adhere 
the nylon on one side of the PET with ITO-coated side facing PET. (3) Two 
circular acoustic holes with diameter of 0.5 mm are fabricated and 
punched through the PET, ITO, and nylon layers using laser cutter, which 
are symmetrically located on both sides of the oval center along the 
major axis with a distance of 10 mm. (4) A tiny umbo (Φ 0.6 × 0.4 mm) 
is attached to the center of the top side of the nylon fi lm, then a layer of 
PTFE fi lm (thickness 25 µm) is anchored at the boundary of the top side 
of the nylon. As a result, the PTFE membrane can be embossed by the 
tiny umbo, enabling it to maintain elastic tension. 

  Fabrication of a PDMS Pad : A PDMS elastomer and cross-linker 
(Sylgard 184, Tow Corning) were mixed with a 10:1 mass ratio and 
stirred for 10 min. The mixture was then evacuated at room temperature 
for 20 min to remove the gas bubbles. After that, it was casted onto 
a relatively rigid, precleaned polyethylene terephthalate (PET) plate and 
kept in the oven at 65 °C for 1 h to get cured. Subsequently, one surface 
of the PDMS layer was coated with a layer of copper thin fi lm. 

  Experimental Setup for Pressure Measurement : (1) Mount our BMS 
vertically on a three-dimensional positioner that also has control on 
rotation and tilt. (2) Align and connect the small glass plate with a force 
sensor. (3) Vertically mount the PDMS pad to one end of a linear motor 
for reciprocating motion. (4) Adjust the three-dimensional positioner so 
that the BMS surface and the PDMS pad surface are parallel to each 
other. (5) Simultaneously monitor the BMS output using an electrometer 
and the interaction force between BMS and the glass plate. (6) Change 
the interaction force through incrementally changing stroke distance of 
the linear motor to investigate the dependence of voltage on different 
applied pressures. 

  Experimental Setup for the Electrical Measurement : (1) A dual-range 
force sensor (Vernier Software & Technology, LLC.) was employed to 
measure the applied force by a linear motor to the BMS. (2) The output 
voltage signal of the BMS was acquired via a voltage preamplifi er 
(Keithley 6514 System Electrometer). The output current signal of 
the BMS was acquired by a low-noise current preamplifi er (Stanford 
Research SR560).  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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