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We demonstrate the design, fabrication, evaluation, and use of a self-powered microphone that is thin, flexible, and easily
manufactured. Our technology is referred to as a Self-powered Audio Triboelectric Ultra-thin Rollable Nanogenerator
(SATURN) microphone. This acoustic sensor takes advantage of the triboelectric nanogenerator (TENG) to transform
vibrations into an electric signal without applying an external power source. The sound quality of the SATURN mic, in terms
of acoustic sensitivity, frequency response, and directivity, is affected by a set of design parameters that we explore based
on both theoretical simulation and empirical evaluation. The major advantage of this audio material sensor is that it can be
manufactured simply and deployed easily to convert every-day objects and physical surfaces into microphones which can
sense audio. We explore the space of potential applications for such a material as part of a self-sustainable interactive system.
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1 INTRODUCTION

Sound is a critical source of information for understanding and controlling the environment. Sound is sensed
using a microphone, an acoustic—electric transducer, which outputs an electrical signal that reproduces the
sound pressure variations that it senses. In addition to the obvious applications of recording events for playback
and automated speech recognition, the increased availability of low-cost embedded microphones has resulted
in a variety of other interesting applications. These applications include occupancy detection [16, 25], control
[30, 45, 56], human behavior studies [4], structural maintenance [15], health monitoring[27, 70], hearing aids [5],
activity recognition [26, 40, 63, 80] and sound source localization [48, 62].
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As ubiquitous as microphones may seem today, there is still room for progress. A microphone’s design balances
several important features, including recording quality, form factor (e.g., size, weight, flexibility, thickness), and
power consumption. Electronic devices most commonly use electret [54] or condenser [46] microphones based on
MEMS technology [11, 71]. CMOS-MEMS acoustic devices allow miniaturization and on-chip electronics, but are
active, that is, they require power for operation and sound amplification [8, 12]. Commercially available passive
(or self-powered) microphones do not consume power but are bulky (e.g., a moving coil dynamic microphone [7])
or use PVDF films, which either results in a low sensitivity contact microphone [1, 38] or complex to manufacture
and costly to scale in size [24, 53]. The challenge lies in designing a microphone which is passive and has
sound quality comparable to its active counterparts (acoustic sensitivity > —25 dBgspr) while still preserving a
lightweight and versatile form factor [28]. Recent advances in materials science have demonstrated the possibility
of such self-powered, easy-to-manufacture sensors that take advantage of the triboelectric nanogenerator (TENG)
to convert mechanical vibrations into electrical energy [65, 67, 69]. The TENG relies on the triboelectrification
and electrostatic induction effects, which converts tiny mechanical vibrations into electric signal output without
applying an external power. In this paper, we present the design, fabrication, and evaluation of a flexible and
self-powered microphone that is made up of a thin and inexpensive PTFE/paper/copper structure.

.\
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Fig. 1. SATURN Microphone in variety of configurations (a) Close-up of the device (b) Soda bottle with flexible microphone
to enable interactions (c) Sensing table to detect location of people around it

Our solution results in a Self-powered Audio Triboelectric Ultra-thin Rollable Nanogenerator (SATURN)
microphone. This paper provides three research contributions for the SATURN microphone:

e Device fabrication: Inspired by the thin, flexible design of a sound energy harvester based on the tribo-
electric nanogenerator (TENG) [10], we have developed a simpler and cheaper fabrication technique for
the SATURN Microphone.

e Discovering optimal design performance: Several design parameters impact the performance of the
SATURN microphone, specifically the geometry of a SATURN patch, the size and spacing of holes in
the paper layer, and the method of attaching the various layers to each other. In this work, an iterative
evaluation strategy which balanced empirical results against a theoretical understanding of the device
was adopted to guide our design in order to achieve best performance. We built a simulation model of
the SATURN material to examine how design parameters affect the propagation of sound vibrations
across the material. We also empirically characterized the sound quality (acoustic sensitivity, frequency
response, and directivity) in a controlled laboratory setting and offer a comparison against commercially
available alternatives. This theoretical-empirical balance gives us confidence that our final design is both
reproducible and understandable.
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o Evaluation of interesting usage contexts: The SATURN microphone provides an advantageous form
factor which is thin and flexible and can be exploited in a number of planar and circular configurations.
We demonstrate the potential of the SATURN microphone in setting where its flexibility and passivity are
best utilized. We compare SATURN microphone’s sensitivity to other COTS microphones. We also suggest
device system solutions which exploit the self-powering characteristics of the SATURN microphone for
loud decibel sound event detection.

Demonstration of SATURN microphone design, fabrication and applications can be found at the following link:

www.youtube.com/watch?v=0OLuZHpa_FIM

2 RELATED WORK

The last decade saw significant research efforts towards building low power electronics [22, 36, 47, 59, 61]. In
addition to better power management strategies, there has been a recent push to make embedded devices thin
and flexible [39, 72]. To achieve this overreaching vision of self-sustainable flexible electronics, materials science
and microelectronics communities have been working on new device designs for sensing [43, 52], computing
[42], feedback [79], energy harvesting [50] and storage [23] which leverage new materials, nano-structures, and
printing technologies. The UbiComp research community has often sought ways to make these technological
innovations more practical, reliable and easy to use for various applications [19, 20].

To build low (or no) power and versatile form factor electronics, we need to start from individual device
components which follow this trend, so that in the future these components can be assembled together as a
single working unit. An example of one such device component is a self-powered sensor. Energy harvesters
can be redesigned to have high sensitivity for the phenomenon they generate energy from, to create sensors
which do not require power to be operated. A new breed of self-powered sensors based on the triboelectric effect
work exactly on this concept, and one recent example is the Triboelectric Nanogenerator (TENG) [64, 65, 67].
The design of these sensors is based on the principles of triboelectrification (or contact electrification) and
electrostatic induction and convert any kind of mechanical energy to a highly correlated electrical response. With
their lightweight, low-cost, and high efficiency even at low frequency, TENGs have been shown as passive or
self-powered sensors for detecting mechanical motion such as pressure[33, 76], touch[6, 17], vibrations[3, 73],
linear displacement[34, 78], speed [74], rotation[32], and acceleration[77]. Beyond saving power, TENG-based
sensors are flexible, fulfilling the requirements for a sensing unit for skin-like devices. In this paper, we are
inspired by the promise of TENGs and demonstrate how a simpler manufacturing process that does not rely on
any sophisticated nano manufacturing can be used to develop a self-powered sensor for capturing vibrations
from sound.

There have been previous attempts to build triboelectric-based acoustic energy harvesters. Yang et al.[75]
designed a resonant air cavity using TENG structure based on aluminum and polyvinylidene fluoride (PVDF)
which converted loud sounds (e.g., a clap) to an electrical signal. This approach was redesigned to be flexible by Fan
et al. [10] using a PTFE-nanowire and paper-based device structure. As an energy harvester, the experiments were
focused on maximizing electrical response at the natural resonant frequency. Thus, only low range frequencies for
loud sounds at high sound pressure were tested. Recently, other nano-structure designs based on a ferroelectric
nanogenerator (FENG) [31] and piezoelectric nanogenerator (PENG) [68] have also been explored to make flexible
acoustic sensors, actuators, and energy harvesters.

The triboelectric effect is not new to researchers wanting to leverage it for interactive purposes. Karagozler
et al. used the triboelectric effect to support simple interactions in a children’s storybook [19]. Paradiso’s
Interactive Balloon used the piezoelectric properties of PVDF mounted on a mylar balloon to record sounds [44],
demonstrating practical use of a self-sustaining acoustic sensor. These examples, as well as the insights from
the above-mentioned materials science work, inspire our development of the SATURN microphone. What sets
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the work of this paper apart from all of this previous work is a rigorous exploration of the design features that
make triboelectric-based acoustic sensing practical for a variety of interesting application scenarios. These design
features include:

o Low-cost fabrication: Previous work employs nano-fabrication techniques, like inductive coupling
etching-process (ICP etch), microplasma discharge [31], and nanowire growth [10]. These methods must
be precise, which makes the device fabrication on a practical manufacturing scale difficult, expensive, and
requiring a high skill level for production. We seek a fabrication technique that is inexpensive and does not
significantly compromise signal quality.

e Wider acoustic range: Low frequency ranges (< 1000 Hz) and high sound pressure levels are sufficient
to demonstrate a device as a sound energy harvester, working at some resonant frequency, but not to
demonstrate the device as a sound sensor. For example, in telephony, the usable frequency band range
for voice is approximately 300 Hz to 3400 Hz. We seek a flexible thin sound sensing material which is
sensitive across this wider band of the human audible range. We also want sensitivity beyond the voice
band, including up 4-6 kHz for sound clarity and definition.

o Performance reliability: Fabrication techniques should be reproducible i.e two microphones produced
with the same technique should be similar in acoustic performance.

Our paper hopes to bridge the gap between material science and ubiquitous computing communities for self-
powered, flexible acoustic sensors. We explore a simpler fabrication technique for the SATURN microphone versus
the techniques for the original TENG devices. We provide a detailed and reproducible guide to construct SATURN
microphones which can be followed, and improved upon, by others. We evaluate the SATURN microphone’s audio
characteristics and compare it with state-of-the-art microphones. In Section 9, we demonstrate two implemented
applications of the SATURN microphone to show its use in practice. Those implemented applications, however,
only exhibit the passive microphone capabilities of SATURN and still require traditional powered components to
receive and process the audio signal.

3 HOW THE SATURN MICROPHONE WORKS
3.1 Theory of Operation : Triboelectric Nanogenerator

The operation of the SATURN microphone is based on the principle of two, coupled phenomena—electrostatic
induction and contact electrification. Electrostatic induction is the generation of opposite charges on two different
materials, while contact electrification or triboelectrification, is charge transfer between two surfaces in contact.
The fundamental theory of triboelectrification lies in Maxwell's displacement current and change in surface
polarization [66]. By introducing a thin conducting electrification layer, the charge difference between the two
polarized surfaces generated due to triboelectricity can be measured. This combined structure is called the
triboelectric nanogenerator (TENG). The polarity and strength of the charges produced are dependent on many
material variables such as surface roughness, temperature, and dielectric constant.

3.2 Device Design

The multi-layered device structure of the SATURN microphone is schematically depicted in Figure 2. It consists
of a thin film of dielectric polytetrafluoroethylene (PTFE), which has a permanent negative charge stored on its
surface, sandwiched between two copper layers. These copper layers act as electrification layers that generate
triboelectric charges upon coming in contact with PTFE. The first layer of the copper is laminated on the PTFE
itself (bottom layer) while the other is deposited on paper (top layer). The paper in the SATURN microphone
structure is neutral and used only for structural support for the copper electrification layer which comes in
contact with PTFE due to vibration. To minimize the air friction which dampens the vibrations, holes have been
introduced on the paper to act as a mini-resonant cavity for air when sound propagates, resulting in enhancement
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of the vibration effect. Paper is used because of its flexibility, lightweight structure, low cost, and ease of cutting
holes.

PTFE Sensor

Fig. 2. Structural design of SATURN Microphone consisting of copper coated paper and PTFE

3.3 Working Mechanism

The SATURN microphone works on the principle of vibration-induced contact and charge generation due to
triboelectrification and electrostatic induction. This process is explained in detail in Figure 3. Propagation of the
sound through air causes compression and rarefaction corresponding to the frequencies present in it.

Maximum Contact[ Minimum Contact
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—

Fig. 3. Cycle of electricity generation process under external acoustic excitation
When a compression is incident on the SATURN microphone it causes vibrations in its membrane-like structure,
resulting in the copper layer on the paper coming in contact with the PTFE (Figure 3 a). Contact electrification
generates charges on both surfaces—PTFE, which has a greater electron affinity, is able to gain electrons from the
copper[2] and becomes negatively charged, whereas the copper layer on the paper becomes positively charged.
When subsequent rarefaction separates the paper and the PTFE (Figure 3b), it induces a potential difference
across the two copper electrodes, causing current to flow from paper towards PTFE if the device is connected to
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an external load. This flow of current reverses the polarity (Figure 3c) of charges on the two copper electrodes
(i.e., now the copper on PTFE has more positive charge than the copper layer on the paper). The next compression
results in the paper moving towards the PTFE again, resulting in a reversed direction of current flow (Figure 3d),

completing the cycle of electricity generation.

4 FABRICATION

The SATURN microphone consists of two attached layers—paper and PTFE, both with a deposition of copper
(Figure 4). The fabrication steps are explained in detail below and depicted in Figure 4. '

" 44 . ” 40 Y 44 6
3 ~
Paper Laser Cutting Copper Deposition Copper Tape Attachment
Step 1 Step 2 Step 3
P 5 B
3} copper ﬁjl
'(B d >
1
PTFE Copper Deposition Copper Tape Attachment
Paper I Copper PTFE I Copper Tape

Copper Tape Attachments

Glue

Step 5

Gluing

Fig. 4. Fabrication Process : (1) Preparation of micro-hole paper (2) Deposition of copper layer (3) Attaching copper tape as
electrodes (4) Stacking paper and PTFE (5) Gluing paper and PTFE. All dimensions are in mm.

(1) Preparation of micro-hole paper : We start with standard copier paper of 0.04 mm thickness. 400 ym
diameter holes with an even spacing of 200um are cut into the paper in a grid pattern using a micro-laser
cutter, a Universal Laser System PLS6MW using 9.3 ym CO, at 80% power and a 700 PPI rastor mode at
20% speed. The hole pattern forms a 4cm x 4cm square grid. A small border of 5mm on one side and 2mm
on the other side is left to be used for attachment to the PTFE layer. This border is kept small to ensure

ease of reproducibility of the cavity created between copper and paper after being attached together.

(2) Deposition of copper layer : The paper sheet with micro-holes (step 1) and a PTFE sheet (6cm x 6cm
with 0.05 mm thickness) are coated on one side with a thin layer of copper that act as electrodes. The
copper is applied using a standard sputtering technique inside a PVD chamber (a Leskar PVD75) with a
chamber pressure of 6x1076 torr. The deposition time is set to 45 minutes, resulting in a 0.15 ym copper
layer thickness on the paper and the PTFE. This allows the copper to deposit on the paper but not obstruct
the micro-holes. The border of the perforated-paper is also coated with copper.

Video of fabrication process: www.youtube.com/watch?v=ITJPWALCYe8
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(3) Attaching copper tape as electrodes : We attach conductive copper tape to the copper coated side of
the paper and the PTFE in order to extend the electrodes for measurement purposes or to connect to an
external circuit.

(4) Stacking paper and PTFE : The paper and PTFE are placed on top of each other such that the copper
layer of paper is on top of the non-coated side of PTFE, which is non-conducting. To avoid a short circuit,
we ensure that the copper tape attached to the copper coated side of the paper does not touch the copper
laminated side of the PTFE and vice versa. Finally, the copper tape from the paper is attached to the second
copper tape on the uncoated side of PTFE.

(5) Gluing paper and PTFE : The paper layer (copper side facing PTFE) is glued to the uncoated PTFE side
using glue dots at nine anchor points.

Structural parameter values mentioned above, like hole size, hole spacing, and attachment points for paper to
PTFE, were determined by performing experiments and simulation, as discussed in detail in Section 5 on device
design optimization. The final thickness of the constructed SATURN microphone patch is measured to be 150 pm,
which is comparable to that of standard copier paper. This sensor can be attached to objects using glue on the
edges of copper side of the PTFE layer.

5 DEVICE DESIGN OPTIMIZATION

The main aim of device design optimization for SATURN microphone is to increase electrical response across
wider range of frequencies in order to achieve a better acoustic sensitivity. This allows sounds of lower decibel
levels to be detected, thus opening doors for wide variety of applications.

5.1 Factors Effecting Device Performance

The SATURN microphone consists of paper and PTFE, which are both flexible and vibrate to act as two plates
of a capacitor to produce an electrical response. In previous descriptions of the behavior of a Triboelectric
Nanogenerator ([65, 66]), it was assumed that the two layers are rigid. In that case, the open circuit potential
difference generated by the device as a function of time(t) is given by the equation [41]:

ox(t)
€0

Voe = (1)

where, x(t) is the physical separation distance between the PTFE and paper, o is the charge density generated
on the surface, and ¢ is the relative permittivity of the dielectric. This mathematical model is overly simplified,
and would not work for SATURN microphone because neither the paper nor the PTFE layer are rigid. In practice,
the PTFE layer will be attached to a surface, so we will continue to assume it is rigid. The paper layer, however,
behaves more like a flexible membrane and will vibrate. Keeping the vibration of paper in mind we have derived
a modified formula below.

Fig. 5. Factors effecting potential difference generation : o f fective surface charge density and d f fective separation
distance between the two plates
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The separation distance between the paper and PTFE layers changes over time when we assume that the
paper layer is vibrating, as shown in Figure 5. When our membrane is placed in the Y-Z plane of a right-handed
reference coordinate frame, if we take an infinitesimal element with area dy.dz at a location (0, y, z) w.r.t. the
origin, then the potential difference across the infinitesimal element is a slight modification of equation 1 and is
given by:

o
Vo = %x(y, zt), @)

where o, ff is the effective surface charge density, and the separation distance x is a function of y , z and time,
which varies along y and z for the flexible membrane. Hence, the open circuit potential difference for a flexible

paper layer can be written as:
VO = off //x(y z t) dydl (3)
c ! 0 ERad ) .

To increase V¢ for the SATURN microphone there are two parts in this equation which can be optimized:

(1) oefy: Effective surface charge density which is dependent on the roughness of the PTFE surface; and

(2) d.fs: Effective separation distance during flexural vibrations is f/A x(y, z,t) dy dz/A and is mainly dependent
on the ability of the paper to vibrate.

5.2 Method of Evaluation
To guide our structural device design we use combination of two evaluation techniques:

(1) Simulation : a structural modal analysis to simulate the dynamic vibration behavior of the paper in order
to to determine d,r, amplitude of effective separation distance; and

(2) Experiment : an empirical experimentation with fabricated SATURN microphones to determine the
electrical response in a controlled sound environment

5.2.1 Structural Modal Analysis. Modal analysis is the method to identify the natural frequencies of vibrations
of a material and the mode shapes of a structure. The deformed shape of the structure at a specific natural
frequency of vibration is termed as its mode shape of vibration. A thin membrane-like structure such as that
of SATURN microphone has infinite modal frequencies and mode shapes. The material response for a given
input load is linear combination of these mode shapes. We used a 3-D finite element (FE) model mesh using
tetrahedral elements to perform the modal analysis using ANSYS.? The glued attachments points of the paper
with PTFE (described in Step 5 of the fabrication process in Figure 4), were meshed separately, to be assigned as
fixed support (see Figure 6a).

& ')L O O 0K
L o |l o Jo O
> ollle oo J[ e [ o

137 Hz 268 Hz 139 Hz 613 Hz 838 Hz 1412 Hz
(2) (b)

Fig. 6. Modal analysis done using ANSYS Inc. software : (a) 3D Finite Element model of paper with meshed tetrahedral
structure with zoomed in central fixed support point. (b) Modal shapes of paper at different natural frequencies.

2http://www.ansys.com/
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We use lower modes of vibrations, i.e., mode shapes with lower natural frequencies, as they are easy to visualize
with the number of peaks and crests less as compared to the mode associated with a higher natural frequency.
Figure 6b shows an example of different modes of vibration for paper anchored around the edges.” The transverse
deformation, or vertical deflection, is plotted with the help of colored contours. For each normal mode shape, the
contours are plotted and arranged from blue to red such that blue represents zero or negligible vertical deflection
whereas red represents the location of maximum vertical deflection possible.

The value of the vertical defection of a point, obtained from the modal analysis, is referred to as the amplitude
of separation of a point, x(y,z,t) in Equation 3. The integral of the amplitude of separation at each of these points is
defr or ffA x(y, z, t) dy dz/A. We will choose the structural design which has a higher d. 7 during modal analysis,
as it will have a higher electrical response. For structural designs which have the same boundary condition
(points of fixation) we can also use d;,,x, maximum amplitude of separation of the same mode shape to compare.
This is because calculating dynqx is simpler than determining d.rs which involves integral.

5.2.2 Acoustic Characterization : Sensitivity and Frequency Response. We use frequency sweep, or chirp as
the input sound recording to observe the electrical response of SATURN microphone to characterize its quality.
Chirp is a sine wave linearly increasing in frequency (20Hz-20kHz) in a particular time period (Figure 7). We
standardize the 1000 Hz frequency to sound pressure level of 94 dBgp; or 1 Pa pressure. The power in dB re
mV/Pa at 1000 Hz frequency is defined as acoustic sensitivity of microphone. It is used as a representative of the
sound quality of a microphone. JBL Flip 2 speaker (100 Hz-20kHz flat frequency response) is used as sound input
device (frequency sweep, tone) for our experiments. The sound loudness was measured using Sound Pressure
Level (SPL) meter by Extech Instruments. The electrical response generated by SATURN microphone is measured
as voltage using Analog Discovery oscilloscope which has 1 MQ resistance.

20 1 -40 r
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Fig. 7. Acoustic Characterization: (a) Chirp sound Input : linearly increasing 20Hz-20000 Hz frequency sweep in 20 seconds
(b) Experimental setup for recording electrical response of SATURN microphone.

Figure 8 shows an example of the electrical response for SATURN microphone for the chirp sound input. We
use voltage as a measure of the electrical response, as the current produced by the SATURN device is extremely
small (nano-amps in magnitude), which makes it susceptible to the background noise. The maximum voltage is
achieved at the resonant frequency of approximately 275 Hz. At 1000 Hz, the acoustic sensitivity is -26.63 dB re

3We used values of 3 GPa Young's modulus of elasticity, 0.04 mm thickness, 47mm x 44mm dimensions, and 1.2 g/cm? density for the
vibrating paper layer.
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mV/Pa. We will be using both a frequency response curve and acoustic sensitivity to select optimal structural
design parameters.

30 Acoustic Sensitivity : -26 4
dB, 1000 Hz @94 dB

Vorage(V)

Frequency (kH2)
Power (dB)

. . . . . . . . .
0 2 4 6 8 10 12 14 16 18 20
Frequency (KHz)

E 1 B
Timeis) Time (secs)

(@) (b) (©

Fig. 8. Example of electrical response from SATURN Microphone for chirp sound input: (a) Voltage time series output
(b) Spectrogram with linearly increasing frequency (c) Acoustic sensitivity variation across the audio frequency band
(20Hz-20kHz).

5.3 Separation Distance Optimization

The paper layer is a critical component to be designed precisely in the SATURN microphone structure to
maximize the separation distance between the two layers and hence the output from the device. To do so, we
introduce various structural changes to the paper layer, described next.

5.3.1 Pattern of Holes in the Paper Layer.

Holes create resonant cavity Modal Analysis for mode 3

Paper with no hole Paper with holes
. . . 187.44 Max

12933
11317 16661
o7 145.79
a0833 124.96
ca667 104.13
85 83.307
R 32333 62.48
- 16,167 41.653
f . WV o Min 20.827
0 Min
(@) (b)

Fig. 9. Introduction of holes enhances vibration: (a) mini-resonant air cavities formed between paper and PTFE which result
in reduction of air-dampening (b) Example of modal analysis of paper with and without holes showing introduction of holes
increases the dp,qx and deff

The introduction of holes in a structure is a well known techniques to enhance vibrations in it. To test this
hypothesis, we performed modal analysis of a sheet of paper (3 GPa Young$ modulus of elasticity, 0.04 mm
thickness, 47mm x 44mm dimensions) and compared it with perforated paper with holes (400um diameter, 200pm
spacing) (Figure 9). Both the models have similar mode shapes due to similar rigid support points and material
properties. This allows for comparison on the basis of two parameters, both of which are representative of the
voltage response V,:
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® dp0x: The magnitude of maximum transverse deformation of paper with no holes is 145 ym, as shown in
the legend in Figure 9, while paper with no holes is 187 ym which is approximately 40 ym less.
e d.ry: Paper with no holes has effective separation distance of 40 ym , while the one with holes is 45.3 ym.

Both parameters dpqx and desr, suggest that the holes on the paper can help in the optimization of separation
distance. We can explain this by the following reasons:

e Holes allow the air to flow between the two layers, allowing air to pass through the holes and force the
two layers to move away from each other.

o Perforated paper has less stiffness. Bending stiffness of a structure refers to the resistance to transverse
deformation. Thus, the perforated paper layer would result in larger separation distance as compared to
the paper layer without holes.

While introducing holes increases the separation between layers, it also reduces the contact surface area and
thus effective charge density o is decreased, which would decrease the voltage. Thus, there is a trade-off between
contact area and the hole parameters of size, distribution, and pattern. Modeling vibrations of the system to
respect air pressure changes and weight is beyond the scope of this paper. Instead, we provide empirical results
to determine good hole dimensions.
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Fig. 10. Selection of dimensions for hole on paper: (a) 0.4 mm diameter hole had the best acoustic sensitivity amongst
different diameter sizes we tested. (b) Frequency response for different hole spacing shows that 0.2 mm spacing performs the
best with 0.4mm diameter. (c) Circular and grid hole pattern performance.

Keeping the distance between holes fixed at 0.2 mm, we fabricated a 4x4 cm? SATURN microphone patches
with increasing hole diameter (Figure 10). 0.4 mm diameter hole achieved the best acoustic sensitivity of -26 dB
among our samples. Next keeping the hole diameter at 0.4 mm we increased the spacing between the holes to be
0.2 mm, 0.3 mm, and 0.4 mm i.e having percentage of hole area to be 35%, 26%, and 20% respectively. SATURN
microphone with 0.3 mm spacing gives the best acoustic sensitivity but the device with 0.2 mm spacing performs
slightly better within the first 2 kHz frequency band, where more than 70% of the sound information is present[9].
Next, we experimented with two different patterns of holes — concentric and grid — to determine their effect
on the frequency response. The grid pattern of holes performed better than concentric pattern arrangement
We determined previously in our hole distribution study that 35% hole area performs better than the 25% hole
area. Since grid has 35% hole area it performs better than the concentric circle which is 25%. Thus, for all our
future experiments and modal analysis we will choose to use 0.2 mm hole spacing, 0.4 mm hole diameter in a
grid pattern.

5.3.2  Paper and PTFE Attachment Position. By controlling the locations where paper is attached to the PTFE
in the SATURN microphone structure, we can generate motion with a higher amplitude of motion with the
same sound input. This can be done by choosing attachment points which are coincident with the nodes of zero
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movement for majority of the mode shapes possible (Figure 11). We tested two cases for the perforated paper
model: glued across all the edges; and glued at 9 points like a grid.

() (b)

Fig. 11. Different attachment positions: (a) paper glued to PTFE across all edges (b) paper glued to PTFE at 9 points

Figure 12 shows the modal shapes for mode 3 for paper in the two cases discussed. Just by visual observation
we can notice that mode shape for paper pasted at edges (case 1) is out of phase, creating minimum and maximum
contact with PTFE at the same time, whereas for the 9 glue points (case 2) they are in phase. In addition, as shown
the legend, dyqx for case 2 is 7um (194pum — 187pm) more than case 1. This trend is also supported by d.rs as
case 2 (52.6 ym) is 8um more than case 1 (45.3um). By simulations we can conclude that 9 points glue grid has
more separation distance and thus consequently should generate more electrical signal.

Ill ' _l . 9 points like a grid j z

Edges glued ‘ ‘
LA ———— Sideview
Minimum Contact Maximum Contact 194.55 Max
15132 X(t, y, 2)
145.79 1297 5. SN
12436 Virtual Plane 108.08
JSeds 86.468 TopView
o 4251
41:653 TopView 43234
20.827 21.617
0 Min 0 Min
() (b)

Fig. 12. Modal analysis demonstrates that grid-glue pattern attachment performs better than glue on all edges: (a) mode 3
of paper glued at all edges showing maximum. separation distance to be 187um (b) mode 3 of paper glued at 9 points like a
grid with maximum separation distance of 194um.

We validated these simulation results with empirical measurements. By simply changing the anchoring of the
paper layer to the PTFE, there is a large jump of approx 20 dB (re mV/Pa) in the power of the voltage measured
(Figure 13a) all across the frequency band.

Having grid like glue pattern allows the edges to vibrate which are otherwise restricted in the glue pattern where
all edges are pasted. This effect becomes more enhanced at higher frequencies (mode 14 shown in Figure 13b),
where edges haver even higher amplitude of separation than even the central nodes. By choosing appropriate
boundary conditions of the fixed points, the maximum vibration amplitude can be obtained under certain load
conditions to increase the voltage.
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Fig. 13. Impact of gluing pattern: (a) Increase of approximately 20 dB with 9-point grid glue pattern (red line). (b) Modal
analysis of perforated square paper with holes pasted at 9 points demonstrating involvement of edges which increases the
voltage response.

5.3.3 Changing the Geometry. Changing the geometry of the surface on which sound is incident while
maintaining the same area changes the air pressure which is applied at different points. This changes the mode
shapes and affects the way the structure will exchange kinetic-energy and strain-energy at its nodes and anti-
nodes. Thus geometry impacts the amplitude of vibrations which directly impacts the separation distance and
the output voltage.

We tested two different geometries with same 1600 mm? area: a square (4x4 cm?); and a circle (22.57mm
diameter). Experimentally, up to 1000 Hz the circle and square perform nearly the same. For higher frequencies,
the circle performs almost 10 dB better than the square (Figure 14a). Thus, choosing a circular shape for the
SATURN microphone would improve sound quality. A modal analysis confirms our empirical results. Just by
visual inspection the d,4x, the amplitude of maximum separation reached by circle is almost 16ym more (Figure
14b) than square. We use Equation 3 to calculate d.s, effective separation amplitude, which was found to be
67.2 pum for the circle and 52.6 ym for the square, that is approximately 15 ym more. After optimizing device
structural parameters both theoretically and empirically for the separation distance, we are able to reach the best
acoustic sensitivity of -25.63 dB (re mV/Pa) at 1000 Hz with a circular shape of 16cm? area with a grid pattern of
holes of 0.4mm diameter and 0.2mm spacing glued at 8 equally distant points around the edges and the center to
the PTFE.
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Fig. 14. Circular shape performs better than square of the same area : (a) Experimental analysis of effect of geometry on
Frequency response (b) modal analysis for circle and square for mode 3 showing circle has more max. amplitude of separation

5.4 Optimization of Surface Charge Density

5.4.1 Plasma treatment for PTFE surface. Equation 3 shows that the voltage response of the SATURN micro-
phone is dependent on the surface charge density, which is the measure of electric charge per unit length. Fan et
al. [10] used PTFE polymer nanowires to increase the charge density o by increasing the effective surface area of
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the dielectric surface in contact. Growing nano-wires is a very expensive process which is currently unsuitable
for large scale, low-cost manufacturing. To understand the effect of such nano-structures on PTFE for SATURN
microphone’s performance, we use a simpler, though still relatively expensive, method called plasma treatment.

The PTFE was etched by O, plasma produced by a PE-100 Plasma System (from Plasma Etch Inc.) O, was
uniformly distributed in the reactor throughout the etching process. Figure 15a shows schematic diagram of
the O2 etching process where a blast of high-speed stream of glow discharge is shot at PTFE. The RF power
input was 300 W using a 13.56 MHz RF generator with RF auto-matching network and the plasma treatment time
was 20 min. Figure 15b shows the scanning electron microscope (SEM) image of PTFE after plasma treatment.
This PTFE was later coated with copper using as general fabrication process explained in section 4. Due to
increased roughness on the PTFE surface resulting in increased contact electrification the performance with
plasma treatment improves by approximately 10 dB across the entire frequency response as shown in Figure
Figure 15c.

Even though there is an increase in the signal quality, with acoustic sensitivity of -16.28 dB re mV/Pa, the cost
addition does may not justify the performance increase for SATURN microphone fabrication in many scenarios.
Therefore for our further experiments we have tried to focus more on regular PTFE rather than one treated with
plasma.

T T

s Plasma | _|
s Normal

Power (dB)
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P & Frequency (KHz)
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Fig. 15. Effect of Plasma treatment on SATURN microphone sensitivity (a) Schematic diagram of O, plasma etching (b)
Scanning Electron Microscope (SEM) image of plasma treated PTFE used for SATURN mic manufactured at 500nm scale (c)
Experimental comparison between performance of SATURN microphone fabricated with PTFE treated with and without
plasma

5.5 Intra-device Performance Results

n=6
26 Max
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T
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Fig. 16. Intra-device performance of SATURN microphone patch represented as deviation in acoustic sensitivity. (n=6)
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To use the SATURN microphone in applications, it is important to have an understanding of the variation
in its electrical performance between instances of similarly manufactured examples, what we call intra-device
performance. In an ideal device fabrication process, each device should be identical to another, but in practice
deviations may be introduced due to different batches of base materials or construction precision. To understand
reproducibility of our fabrication process, we constructed six SATURN microphone devices ( square 4x4 cm?
patches, non-plasma PTFE, optimal holes, grid-like glue attachment).

Figure 16 shows the standard deviation of acoustic sensitivity (1000 Hz tone at 94 dBsp;) performance. All
devices have > -35 dB acoustic sensitivity, with the best performance at -26.44 dB and mean as -29.5 dB. The
intra-device reproducibility has tolerance of 10 db for our fabrication process.

6 MOUNTING OF SATURN MICROPHONE

Just as a pattern of holes allows for greater vibration of the paper layer, so to can the support structure used to
mount the PTFE layer affect its vibration, and thus the electrical response of the SATURN microphone.

6.1  Supported vs Unsupported Back Frame Structures

To understand the effect of a back support, we experimented with two kinds of frames (Figure 17a): a full solid
back support; and a hollow frame, in which we cut a hole to allow more vibration. The material used for the
frame was foam board to which a non-plasma treated 4x4 cm? SATURN patch with optimal separation distance
parameters was attached.

The performance decreased by approximately 10 dB with the solid back support as compared to the frame
with no support. This is because having a support at the back restricts the free movement of PTFE (Figure 17b).
Interestingly, having back support showed an increase in sensitivity around 6-8kHz, while its framed counterpart
just has a decreasing trend. We studied this further by doing modal analysis combined system of of PTFE (440 MPa
Young's modulus of elasticity, 0.05 mm thickness, 2.2 g/cm® density) pasted to foam-board (Young’s modulus 0.1
GPa, 0.5mm thickness, 0.3 g/cm® density). The d.f¢, amplitude of effective separation for natural frequencies of
the system at 2887 Hz is 28 mm while 6900 Hz is about 34 mm. This behavior may be attributed to the coherence
of natural frequency of movement for PTFE and back-support. Further consideration of different solid back
supports is warranted, as they might produce sensitivity peaks at different frequency bands. We address this next.
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Fig. 17. Effect of different support structures on the signal quality : (a) Frames with full back support and unsupported with
hole (b) Frequency response comparison between supported and unsupported (c) Modal analysis of combined PTFE/Foam
structure with full back support at 2887 Hz and 6962 Hz which explains the sudden rise in sensitivity around 6-8 kHz

6.2 Back Support Materials

Even though the framed, unsupported structure is better, there might be situations when a SATURN microphone
needs to be embedded directly onto an object. We embedded the device on different material surfaces (Figure 18)
to determined their frequency response. Table 1 shows the acoustic sensitivity we recorded from the experiment
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‘ ::‘:mamm Back Support Material Youngs$ Modulus (GPa) Sensitivity(dB)
ayy = thin foam core 0.1 -30
“ ] thick foam board 0.5 -32

8 cardboard 0.9 -32

fo wood 3 -35
b W Ak plastic 10 37
'*"’ 1 aluminum 70 -64
o : s« s s 7 s s Table 1. Effect of back support material on Acoustic Sensi-

Frequency (KHz2)

tivity of SATURN : Back support material with lower Youngs

. : . Modul Its in high itivit
Fig. 18. Frequency response for different frame materials oaulus resutts in hugher sensitivity

for full back support

versus the Young$ modulus of the material. There is a correlation between the flexibility of the material and
the sensitivity of a SATURN microphone mounted on that material. For example, metal, with highest stiffness
amongst all materials tested, reduces the vibration more than plastic or wood. Thus the back support material
properties are a factor in determining the signal quality.

6.3 Orientation
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Fig. 19. Effect on orientation on acoustic sensitivity (a) Schematic diagram of experimental setup showing the SATURN mi-
crophone in vertical and horizontal positions with 94 dB sound incident (b) polar patterns representing SATURN Microphones’
directionality

Changing the orientation of the SATURN microphone changes the sound field incident on it and consequently
electrical response produced due to the vibrations. For example, a SATURN microphone placed on a table would
receive different amplitudes of voltage for its horizontal and vertical orientations.

To understand this better, we performed an experiment with SATURN microphone (4x4cm? optimal structural
parameters, non-plasma PTFE, attached to foam-board frame with unsupported back) placed horizontally and
vertically as shown in Figure 19. A sound source of 1000 Hz frequency tone at 1 Pa was rotated from 0 to 360
degrees around the microphone to plot the directivity pattern. The SATURN microphone is omnidirectional in both
horizontal and vertical orientations which is useful for applications such as gathering context in the environment.
However, when SATURN is embedded on objects with full back support, we would obtain unidirectional directivity
of the microphone, i.e, a semi circle instead of a circle.

In addition when tested for different orientation, there is drop in acoustic sensitivity by 10 dB when SATURN
is placed horizontally in front of the sound source as opposed to vertically. Even though vertical orientation is
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preferred, there may be applications where horizontal placement is required, as such the experimental comparison
is important.

6.4 Patch Size

For a traditional microphone, the size of the diaphragm affects the microphone's sound pressure level handling,
sensitivity, dynamic range and internal noise level. The SATURN microphone is similar to the diaphragm of the
traditional microphone, so it is reasonable to consider how its size impacts performance.

We did a preliminary test of 3 different sized SATURN patches ( 8x8 cm?,4x4 cm?, 2x2 cm? ), each using the
structural parameters that produce the best results for the 4x4 cm? patch described earlier (Section 5) and placed
on vertical frame with sound chirp input. The acoustic sensitivity is -18 dB, -25 dB, and -40dB respectively,
suggesting improved performance for a larger SATURN microphone. These preliminary results show a favorable
trend, but a more in depth analysis is needed, and each patch size should be separately optimized, in the same
way we optimized for the 4x4 cm? size.

2cm

4cm

Power (dB)

8cm

-100 L I I 1 L I I I
2 4 6 8 10 12 14 16 18 20

Frequency (KHz)

(a) (b)

Fig. 20. Effect of SATURN microphone size on the signal quality (a)different patch sizes used for experiment (b) Acoustic
sensitivity comparison plot for different sizes

6.5 Flexibility

The SATURN microphone has a thin structure which gives it the affordance to be bent. It is important to
understand how the bending impacts the signal quality. Bending of any object adds strain in the object, which
leads to increased potential energy, and loss of ability to vibrate or gain kinetic energy. We study the effect of
bending using 4x4 cm? SATURN microphone patch with non-plasma PTFE with optimal holes size and fixing
point. The patch is bent to 7 different radii of curvature corresponding to the central angle theta (5°, 15°, 30°, 45°,
60°, 75°, 100°) as shown in Figure 21a. We performed modal analysis for the curved 3D models of paper with
holes for 4 different angles - 5°, 15°, 30° and 45°. Figure 21b shows the effective amplitude of separation, deff of
the 4 models for mode nearest to 1000 Hz, the frequency where acoustic sensitivity is defined. Figure 21c is the
snapshot of the corresponding to desr. We can see that the with increase in bending d. ¢y reduces almost linearly.

Next, we performed the experiment to determine change in acoustic sensitivity with increased bending for
fabricated 4x4 cm? patch. The SATURN patch was embedded in cardboard as shown in the Figure 22a and bent at
7 different radii of curvature successively making sure that the cardboard follows the lines of curvature. Figure
22b shows successive drop in acoustic sensitivity with smaller radii of curvature, thus following the expected
trend from modal analyses. Having a SATURN microphone structure and bending it results in an increased
bending stiffness, which effects the ability of the SATURN microphone to vibrate and reduces the voltage it can
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achieve. A flat SATURN mic patch used can achieve sensitivity of -27.3 dB which reduces by 8 dB for 45 degrees
bent. For the next 45 degrees of bending the drop is much more enhanced as the stiffness increases.
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Fig. 21. Effect of flexibility on Effective separation (a) 7 different radii of curvature were drawn on paper corresponding to
central angle theta which 4x4 cm? patch would make when bent (b) plot demonstrating decrease in effective separation
distance with increased bending (c) Modal analysis of 3D meshed model of paper at when subjected to 1 Pa pressure at 1000
Hz

As a result of the design and the fabrication process, the SATURN patch reliability in flexible scenarios may be
strongly affected by material stress on the glue points, and tension in the material when transitioning from flat to
bended layouts. Some scenarios were tested during the flexibility analysis, however a more extensive analysis
on the fabrication process for flexible scenarios is required in order to find a solution that preserve the sound
sensitivity and adaptability to different shapes.
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Fig. 22. Experimental results for effect of flexibility (a) SATURN microphone was bent accurately to follow the curved
curvature line e.g. 30° (b) Change in acoustic senstivity (1000Hz @ 94 dBsp, obtained for different radii of curvature

7 COMPARISON TO COTS MICROPHONE

There are factors in microphone device design—signal quality, power, form factor (size and flexibility) and
cost/ease of manufacture—which dictate whether a given acoustic sensor meets the requirements of any given
acoustic application. Device designers often face the trade-off between the sensor signal quality and the other
design parameters. For example, condenser microphones are used in the recording studio have very high sound
quality but consume power in tens or hundreds of mW and are relatively expensive, all of which is appropriate
for that niche application. Electret microphones, commonly found in consumer electronic devices, consume
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200-500 pW to achieve sensitivity greater than -25 dB. They mostly use power as biasing voltage for the MOSFET
or for amplification.

We compared 3 commercially-available off the shelf (COTS) microphones with SATURN mic - 1. iPhone
6s which has invensense INMP441 [18] 2. Sparkfun’s MEMS ADMP 401 with 1.5V of DC bias voltage [58] 3.
Omni-Directional Foil Electret Microphone with 1.5 DC bias [57], in the same lab setting with same input chirp
sound input as used for our previous SATURN mic experiments. We first performed these experiment in a quiet
room with 45dBgsp; measured as silence. The SNR was calculated by subtracting the power of the ambient/silent
recordings (noise) of the microphone being studied from the power obtained by the chirp input (signal). Since
all measurements were done in the same room settings, it is fair to do a comparative measurement of different
microphones.

5 Mic 1kHz 5kHz Power(uW)
g SATURN plasma 74 60 0
H SATURN non-plasma  64.3 50 0
MEMS ADMP-401 67 62 375
E; Foil electret condenser 58 63 750
Sotin o 01 15 or 00 iPhone(INMP441) 82 86 2880+
Table 2. SNR(dB) at 1kHz, 5kHz and Power con-
Frequency (<H sumed for different mic

Fig. 23. SNR Comparison with COTS Mic

Figure 23 shows the Signal-to-noise-ratio(SNR) plot wrt to frequency and the table 2 provides the summary
of SNR at 1 kHz and 5 kHz as well as power required by each microphone for operation. At 1000 Hz iPhone’s
microphone performed 20 dB better than the non plasma-treated PTFE SATURN microphone and approximately
10 dB better than the plasma-treated PTFE SATURN microphone. This was expected given the iPhone microphone
has both hardware and software amplifiers to improve the quality of signal. The SNR curve of the self-powered
SATURN microphone with plasma treatment is comparable to Sparkfun ADMP 401 and Foil electret condenser
with 1.5 V bias, up to 5000 kHz. The passive SATURN microphone is competitive with some active microphones
in terms of signal quality till 5000 Hz. In addition to being self-powered, SATURN microphone’s flexibility lends
it the ease of being embedded in different physical objects.

A MEMS microphone is another interesting comparison point. These are also small microphones that can be
embedded in objects. They offer low power consumption [29] of approximately 40 W at -20 dB sensitivity. While
this may seem like a small power budget, it would not be appropriate for scenarios requiring a large number of
microphones or very long life. It would be better to use that power budget for other local computing tasks[13]
or communication[61]. MEMS is also a fairly complex micro-fabrication techniques compared to our SATURN
design.

8 POWER HARVESTING ANALYSIS

We performed an experiment to determine the peak voltage and peak power of the SATURN microphone as
functions of the external load resistance at its resonance frequency. The resonant frequency of the SATURN
microphone can vary slightly with each fabricated patch. Thus, we first perform a frequency sweep to determine
the system’s maximum Vypen—circuir of 0.9 Volts at 255 Hz with a 105 dBspy, sound source. The measurements
for the experiment were done using a capacitative oscilloscope (Kiethley 6514). Next, the external loads were
changed successively using a variable resistance box (Elenco electronics) and the corresponding Vyeak—peak Was
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recorded. As shown in Figure 24a, the output Vpeak-peak increases quickly as the resistance increases from 0.1
Q to 2 MQ and approaches an asymptote at 8 MQ resistance. When we wish to use the SATURN microphone
as a sensor, a load resistance of 8 MQ would give the best result. Such high resistance,however, is not ideal for
general electronic circuits. We suggest using a load resistance of 2 MQ when connecting the SATURN mic as an
audio sensor. Figure 24b shows the power vs load resistance curve, where power is calculated as V;p /Rioad- A
maximum power of 6.9 micro Watt can be generated from the SATURN microphone at a load impedance of 0.9
MQ when excited by a 255 Hz tone at 105 dBgsp;.

4.5

3 best sensing -

Voltage peak-peak (Volt)
Power (Micro Watt)
@

1 I I . I . I . 1 1 I 1 . I . . . .
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Resistance (Mohm) Resistance (Mohm)

@ (b)

Fig. 24. Determination of load resistance : (a) peak voltage (b) peak power of 4x4 cm® SATURN microphone as functions of
the external load resistance at resonance frequency

Going further, we analyzed the 4x4 cm? SATURN non-plasma microphone patch as a power harvestor. The
power curve and V,, with a load of 0.9 MQ at different frequencies is shown in Figure 25. The voltage is
approximately 0.5 Vpp at 150 Hz and rises to 2.5 Vpp and then comes back down again at 350 Hz. The same
behavior is shown in the power curve, with a maximum of 6499 nW.

25 7000
sl {6000 Size of patch 4x4 cm?
%1.5 | 1o § Type of patch Non-plasma
3 ‘o £ Resonant Frequency 255Hz
& r 1% Load Impedance 0.9MQ
£l Juod Max. Vj, 25V
‘ ‘ ‘ ‘ — | ;OOO Max. Power 6944 nW

0
100 150 200 250 300 350 400 450 500 550 600
Frequency (Hz) with 0.9 Mohm load

Table 3. Summary table of power
generated by SATURN at 105 dBsp,

Fig. 25. SATURN as power harvester : Voltage and power generated for different
working frequencies

9 EXPLORING THE APPLICATION SPACE

We explore different application scenarios where the SATURN microphone can be embedded in everyday
settings. The applications mentioned are exploratory in nature, and are shown to demonstrate that the quality
of the audio signal recovered by SATURN microphone in different configurations is good enough to support a
variety of interesting situations. The first two applications take advantage of SATURN as a passive microphone
with a thin and flexible form factor. However, the full application still requires signal acquisition and processing
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from traditional computing devices. The third example, while not implemented, demonstrates the potential for
using SATURN and its power harvesting capability to provide a more end-to-end service.

9.1 Localization of Speakers around a Tabletop

The SATURN microphone is a skin-like sensor that can be placed on different flat or curved surfaces in a room
like a curtain, wall, or a table top to gather context. Multiple SATURN microphone patches can easily be placed
on the surface of a table, and in combination can be used to localize a speaker. As people speak, the location
can simply be determined by comparing voltage output of multiple SATURN microphone patches. The patch
placed near to the speaker will pick up more signal than one placed further such that even a simple algorithm of
threshold amplitude comparison can detect which speaker is actively talking. Figure 26 shows a simple example of
such localization. When speaker A (yellow) speaks, the closer SATURN microphone (1) has higher amplitude than
the other microphone (2). Similarly, when speaker B (blue) starts speaking, the closer microphone (2) has higher
amplitude than the other microphone (1). Such infrastructure can be expanded to multiple parts of the table, given
the number of speakers. We could even imagine placing the SATURN microphones on the walls/ceilings/floors in
order to localize speakers within the entire room using more sophisticated processing of the combined signals.

Voltage response SATURN microphone 2 Voltage response SATURN microphone1

Speaker A Speaker B 00| i:Speaker A : Speaker B

. ‘ -
0.02

. . -0.01
speaker B speaker A 002

SATURN SATURN

003 o i s T . 5 ” microphone 2 microphone 1 oos | iReTTRCC

Votagely)

Vottage(V)

Fig. 26. Localization of speakers around a tabletop : Multiple SATURN microphones are placed on the table for localization
of speaker. The SATURN microphone placed nearer to the the speaker has more voltage output e.g. the microphone 1 has
higher electrical output than microphone 2 when speaker A speaks and vice versa

9.2 A Sound-sensitive Bottle
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Fig. 27. A Sound-sensitive Bottle : (a) SATURN microphone embedded in a soda bottle (b) user talking to soda bottle (c)
recovered audio signal (d) spectrogram
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The SATURN microphone’s flexibility and form factor allows the possibility of attaching a microphone to
everyday objects, such as a bottle (Figure 27a). A 4x4cm? SATURN patch was placed on a soda bottle to enable
interactions. A person may give voice commands like - "let’s share a coca cola” which can enable control like
actuating a display (Figure 27b). The time series graph of live speech is shown in the time series voltage (Figure 27¢)
with corresponding spectrogram (Figure 27d), which shows sufficient detail to do spectral feature extraction. With
appropriate storage, computation and communication, we can imagine a wide variety of interactive voice-activated
capabilities, and that is a direction we are pursuing.

9.3 Ambient Monitoring of Acoustic Scenes

In Section 8, we characterized the capabilities of SATURN as a power harvesting solution. Here, we demonstrate
how that power can be used to flip a bit in a non-volatile memory cell in response to a loud sound. Next, we
suggest how that bit might be read using a passive RFID mechanism. Such a system could be used for inexpensive,
battery-free ambient monitoring of sources of noise pollution. Going further, we suggest that SATURN could
power radio transmitters being designed in the literature [35, 61] as long as the sound was maintained, allowing
real-time alerts to sounds that exceed a loudness threshold. In this manner, acoustic environmental monitoring
can be performed without the cost and environmental difficulties of batteries.

Applications include monitoring for sound thresholds exceeding human hearing tolerance, such as in con-
struction zones, mines, music venues, power stations, airports, spaceports, and military environments. Similarly,
SATURN-based sensors might be used for monitoring events such as landslides, avalanches, polar ice breaking,
mine cave-ins, and mine gas explosions. In a more futuristic application, United Nations could drop SATURN-
based sensors from an airplane into a conflict zone. The sensors would monitor the acoustic environment for
the movement of tanks, mortars, or exploding ordinance. Later, an officer with a reading device might sweep
the field to interrogate the sensors. In a more extreme scenario, a low flying helicopter might sweep a strong RF
signal over the region and record which sensors report hearing an event. The pattern of reporting sensors can
reveal the direction of travel and point to possible hiding areas for that equipment which could possibly prevent
destruction and loss of lives.

WRITE READ AND RESET
-
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D‘ D‘ D‘ ———> | Rectifier |—» memory (NAND | €—— (. interrogate with
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50% loss
6.9 micro Watt ~ 3.4 micro Watt

Fig. 28. Recording a loud acoustic event using power generated from a SATURN microphone.

As a motivating example, imagine an airport that would like to monitor its acoustic environment so as to
not exceed safe noise levels for its employees or to keep aircraft noise footprints within airport boundaries as
shown in Figure 28. A SATURN-based system can be tiled on various buildings and at various distances on the
runway. As planes take off, they generate loud sounds due to gears, fans, and air turbulence. The peak in the
sound spectrum generated by aircraft is near the 200-300 Hz band (Figure 45 in [21]) with decibel levels reaching
> 105 dbspr. at 5m®. These values are consistent with the resonant frequency of the SATURN patch and would
result in generation of power > 6.9 pyW accumulated over different frequency bands. Considering the maximum
power transfer theorem (Jacobi’s law) the usable power we can obtain from such phenomenon is approximately

4NASA jet engine spectra : https://www.grc.nasa.gov/WWW/Acoustics/Education/InternArchive/Schiferhtm
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50%. Thus, we might harvest up to 3.4 yW. The energy required to program a “1” in a NAND flash memory is 2]
[37]. Given that the sounds we are expecting will probably last for several seconds, there is more than enough
power to record the acoustic event. Going further, SRAM bits can be flipped at approximately 10-100 pW of
power [14, 51], suggesting that rudimentary computation might be performed to determine if the flash memory
bit should be written. A worker can then visit each SATURN site, interrogating the system using a passive RFID
mechanism. When the worker places the active RFID reader above each SATURN system, it reads the state of the
recorded bit and resets the system so that it is ready to catch the next episode.

Going further, after detecting a loud sound, the SATURN system might use its harvested power to power a
RF transmitter to announce the event. For example, Talla et al. [60] have recently demonstrated an 915MHz
analog LoRa backscatter communications device that can communicate at greater than 11 bits/sec while hundreds
of meters away from its RF source and receiving antenna. While their system currently uses a battery, their
theoretical IC design consumes only 9.25 micro-watts of power. With sound events lasting on the order of seconds,
one can imagine a SATURN-based system storing power until it has enough to enable a 915Mhz backscatter
transmission to the receiving antenna, announcing the event. As long as the event continues to occur, the SATURN
system can transmit alerts every few seconds to a remote monitoring station.

For applications where the remote monitoring station can be closer, a SATURN-based system might transmit
audio instead of simply an alert. Again, recent work by Talla et al. [61] has shown a ”battery-free” phone
which is powered by a transmitter 9.4 meters away. The system requires only 3.48 micro-watts of power to
run continuously, which is barely within the range of what a SATURN patch might produce. Leveraging the
implementation tested by these researchers, one can imagine a system design where SATURN provides both the
power and the signal to stream audio during a loud acoustic event. More practically, however, SATURN might
store power for a few seconds at the beginning of an event and then connect to the remote server to stream audio
for a few seconds. In this manner the system might provide a further transmit distance.

10 DISCUSSION
10.1 Limitations of SATURN Microphone Design

We have discussed how SATURN microphone is a passive audio sensor that may enable systems to save
power on the sensing layer of a low power infrastructure, and although SATURN still requires an external
signal processing, we explored possibilities to leverage signal processing through low power analog wireless
communication and computing.

As part of that goal, for this self-powered design we removed components that required external power to
operate and are common in commercial microphones, such as amplifiers. This comes at the price of reduced audio
sensitivity, and as a result the SATURN patch’s performance drops off at frequencies above 5kHz. Though we
have only scratched the surface in terms of optimizing the design for performance, our implemented applications
demonstrate there are already compelling uses for SATURN.

As a result of the design and the materials selected for fabrication, the SATURN patch may be affected by
environmental conditions such as humidity, wind and extreme vibration. Most of the tests conducted were under
controlled environments, and further analysis is required for determining the effect of such adversarial conditions,
as well as overall durability of the design over time.

10.2  Future Work

We were able to improve the SATURN microphone design by introducing new structural parameters, specifically
hole dimensions and attachment points in the paper layer. A more comprehensive model of the paper and PTFE
layers and their interactions will provide deeper understanding into the attachment points for patches of different
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sizes, shapes and flexibility. This could also help design SATURN microphone patches tuned at different resonant
frequencies for different applications.

We have described a semi-automated manufacturing process for the SATURN microphone. There is great
motivation to explore the automation of the production of SATURN-like microphones. In addition to a more
exhaustive exploration of the design parameters of a single patch, there is an interesting opportunity to explore
very large scale and coordinated SATURN patches that could cover a whole table surface or wall, resulting
in a microphone array. We are investigating ways to connect SATURN patches via printed electronics and
other low-cost scalable manufacturing techniques. Some applications of SATURN microphone patches suggest a
disposable use, such as a label on a bottle. The low cost of SATURN makes that a possibility. Other applications,
such as enabling a tabletop surface or wall to do auditory scene analysis or a building/road surface triggering
noise alerts, consider the long-term use of such a material. The former short-term applications require very
inexpensive manufacturing processes, while the latter require durability.

When we discussed the use of SATURN patches to perform ambient monitoring of acoustic scenes, we
introduced the opportunity to transmit the harvested audio signal off the SATURN patch via mechanisms like
analog backscatter [61]. This opens up the possibility of more self-sustained application scenarios, what we
consider the most compelling direction for our future research. To take advantage of SATURN microphone
as a self-powered sensor with high acoustic sensitivity, we should either connect it to low power processor
[13, 49, 55] which allows for both operation and recognition of sound in about a few tens of micro-watts as
shown in Figure 29 or send the audio to remote base station for recognition using analog backscatter [61] which
would only consumes a few micro-watts which can be harvested from the environment.

FPAA
Low-power )
> Analog front —> Analog » recognized
i classifier result
Sound signal end

Features

Fig. 29. Low-power realtime local sensing and recognition system design : Schematic diagram of self-powered analog sensor
like SATURN microphone connected to analog recognition SoC like Field Programmable Analog Arrays[13]

11 CONCLUSION

Inspired by earlier work in materials science that demonstrated the opportunities for harvesting energy from
the triboelectric effect, we have presented the design, evaluation and potential use of the SATURN microphone.
The thin and flexible two-layer SATURN microphone design has favorable audio performance when compared to
other passive and active microphones and requires no power. SATURN’s simple fabrication process and ease of
deployment on a variety of surfaces enables new opportunities for audio sensing over large indoor/outdoor areas
for both mobile and stationary objects. SATURN may enable battery-less remote sensing for acoustic events,
which has potential applications in controlling noise pollution, workplace safety, environmental monitoring, and
military situation awareness.
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