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We  present  neural  dust:  a method  to  power  and  communicate  with  sub-mm  neural  motes.
We  provide  theory,  modeling,  and  simulation  of ultrasound-based  neural  dust.
We  provide  experimental  verification  of  the  predicted  scaling  effects.
We  discuss  using  neural  dust  for  central  and  peripheral  nervous  system  recordings.
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a  b  s  t  r  a  c  t

A  major  hurdle  in  brain–machine  interfaces  (BMI)  is  the  lack  of an  implantable  neural  interface  system
that  remains  viable  for  a substantial  fraction  of  the  user’s  lifetime.  Recently,  sub-mm  implantable,  wireless
electromagnetic  (EM)  neural  interfaces  have  been  demonstrated  in  an  effort  to  extend  system  longevity.
However,  EM  systems  do not  scale  down  in  size  well  due  to  the  severe  inefficiency  of  coupling  radio-
waves  at  those  scales  within  tissue.  This paper  explores  fundamental  system  design  trade-offs  as  well  as
size,  power,  and  bandwidth  scaling  limits  of  neural  recording  systems  built  from  low-power  electronics
coupled  with  ultrasonic  power  delivery  and  backscatter  communication.  Such  systems  will  require  two
fundamental  technology  innovations:  (1) 10–100  �m  scale,  free-floating,  independent  sensor  nodes,  or
neural  dust,  that detect  and  report  local  extracellular  electrophysiological  data  via  ultrasonic  backscat-
tering  and (2)  a sub-cranial  ultrasonic  interrogator  that  establishes  power  and  communication  links  with
the  neural  dust.  We  provide  experimental  verification  that  the predicted  scaling  effects  follow  theory;
(127  �m)3 neural  dust  motes  immersed  in  water  3 cm  from  the interrogator  couple  with  0.002064%  power

transfer  efficiency  and  0.04246  ppm  backscatter,  resulting  in  a  maximum  received  power  of ∼0.5  �W with
∼1 nW  of change  in  backscatter  power  with  neural  activity.  The  high  efficiency  of  ultrasonic  transmis-
sion  can  enable  the scaling  of  the  sensing  nodes  down  to  10s  of  micrometer.  We  conclude  with  a brief
discussion  of  the  application  of  neural  dust for  both  central  and  peripheral  nervous  system  recordings,
and  perspectives  on future  research  directions.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Currently, the majority of neural recording is done through the
irect electrical measurement of potential changes near relevant

eurons during depolarization events called action potentials (AP).
hile the specifics vary across several prominent technologies, all

f these interfaces share several characteristics: wired or wireless
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1 Joint senior authors.
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electrical connection between microelectrodes inside the brain to
acquire useful neural signals and electronic circuits near the periph-
ery to process them for brain–machine interfaces (BMI) (Biederman
et al., 2013; Fan et al., 2011; Miranda et al., 2010; Szuts et al., 2011);
a practical upper bound of several hundred implantable recording
sites (Ganguly and Carmena, 2009; Harrison et al., 2007; Nicolelis
et al., 2003; Stevenson and Kording, 2011); and the development
of a biological response around the implanted electrodes which

degrades recording performance over time (Chestek et al., 2011;
Lind et al., 2013; Polikov et al., 2005; Prasad et al., 2012; Suner et al.,
2005; Turner et al., 1999). To date, chronic clinical neural implants
have proved to be successful in the short range (months to a few
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ears) and for a small number of channels (10s–100s) (Alivisatos
t al., 2013). A tetherless, high density, chronic interface to enable
ecording and stimulation from thousands of sites in a clinically
elevant manner with little or no tissue response remains as one of
he grand challenges of the 21st century.

The requirements for any computational platform employing
icroelectrodes to acquire useful neural signals are fairly strin-

ent. The two primary constraints on the implanted device are
ize and power. On the one hand, implants placed into cortical
issue with scales larger than one or two cell diameters have well-
ocumented tissue responses that are ultimately detrimental to
erformance. On the other hand, reducing the size of the implants
educes the distance between recording points, which decreases
he absolute magnitude of the measured potentials. This decreased
mplitude necessitates reductions in the noise from the electronics,
hich in turns requires higher power. This goes against the obser-

ation that smaller devices collect less power, and that building
ufficiently low-power electronics becomes extremely challenging.
dditionally, to eliminate the risk of infection associated with the

ranscutaneous/trans-cranial wires required for communication
nd power, such tethers should be avoided as much as possible; a
ireless hub is therefore essential to relay the information recorded

y the device through the skull.
Several energy modalities exist for powering and communicat-

ng with implants, and implantable wireless neural interfaces have
ecently been demonstrated in an effort to extend system longevity.
he most popular existing wireless transcutaneous energy transfer
echnique relies on electromagnetics (EM) as the energy modality
Rabaey et al., 2011). An external transmitter generates and trans-
ers information through purely electric (Sodagar and Amiri, 2009)
r magnetic (Lee et al., 2010) near field or electromagnetic far field
oupling (Yakovlev et al., 2012); this energy can be harvested by
he implanted device and converted into a stable DC supply volt-
ge. Energy transmission via magnetic near field has been used in

 wide variety of medical applications and is the principal source
f power for cochlear implants (Clark, 2003). As EM requires no
oving parts or the need for chemical processing or temperature

radients, it is considered more robust and stable than other forms
f energy scavenging. When used in-body, however, the power
ensity of EM coupling is restricted by the potential adverse health
ffects associated with excess tissue heating in the human body
ue to electromagnetic fields. Ultimately, high attenuation in brain
issue and geometry-dependent magnetic coupling limit the trans-
er efficiency of electromagnetics, especially for miniature implants
Biederman et al., 2013].

Alternatively, acoustic waves can transmit energy between
wo piezoelectric transducers. Acoustic energy transmission has
een used for various military applications, such as underwater
Istepanian and Stojanovic, 2002) and through-wall communica-
ion (Hu et al., 2003). Unlike electromagnetics, using ultrasound as
n energy transmission modality never entered into widespread
onsumer application, and was often overlooked because the effi-
iency of electromagnetics for short distances and large apertures
s superior. However, for the scales discussed here and in tissue (i.e.,
queous media), the fact that acoustic waves travel at much lower
elocity allows operation at dramatically lower frequencies, and
ore importantly, the acoustic loss in tissue is generally substan-

ially smaller than the equivalent attenuation of electromagnetics.
his is also manifested by the stark difference in the time-averaged
cceptable intensity for ultrasound for cephalic applications, as reg-
lated by the FDA, which is approximately 9× (94 mW/cm2) for
eneral-purpose devices and 72× (720 mW/cm2) for devices con-

orming to output display standards (ODSs) compared to EM which
s limited to 10 mW/cm2 (FDA, 2008).

In this paper, we present a neural recording platform built from
ow-power electronics coupled with ultrasonic power delivery
 Methods 244 (2015) 114–122 115

and backscatter communication. In particular, we propose an
ultra-miniature and extremely compliant system (Fig. 1) that
enables significant scaling in the number of neural recordings
from the brain while providing a path toward truly chronic
BMI. This is achieved via two  fundamental technology innova-
tions: (1) 10–100 �m scale, free-floating, independent sensor
nodes, or neural dust, that detect and report local extracellular
electrophysiological data, and (2) a sub-cranial interrogator that
establishes power and communication links with the neural dust.
The interrogator would be placed beneath the skull (to avoid strong
attenuation of ultrasound by bone), possibly even below the dura
mater, and would be powered by an external transceiver via EM
power transfer. The theoretical treatment presented in this paper
builds on an earlier published pre-print; that work also contains
a detailed analysis detailing why  EM coupling is not scalable for
sub-mm cortical recordings (Seo et al., 2013).

2. Model and theory

2.1. Piezoelectric materials

Piezoelectricity refers to the phenomenon present in certain
solid (usually crystalline) materials where there is an interaction
between the mechanical and electrical states. As a result, piezo-
electric materials can transduce electrical energy into mechanical
energy and vice versa by changing lattice structure, and this state
change is accessible via either electrical stimulation or mechan-
ical deformation. These materials serve as a critical component
in the construction of probes that generate ultrasonic waves to
enable ultrasound technology used in the medical industry. A rel-
atively wide range of piezoelectric materials are available, each
suitable for different applications. For instance, piezoelectric poly-
mer  compounds such as PVDF are primarily used to construct
broadband, high-sensitive hydrophones due to their low quality
factor and high piezoelectric voltage constant. On the other hand,
a ceramic compound known as lead zirconate titanate (PZT) is a
popular choice for high performance diagnostic ultrasonic imag-
ing due to its greater sensitivity, higher operational temperature,
and exceptional electromechanical coupling coefficient (k). The
electromechanical coupling coefficient is a figure of merit used to
describe the ability of a material to convert one form of energy
into another, and PZT’s high k value makes it an attractive mate-
rial. When used in-body, however, the lead content of PZT makes
it difficult to introduce into human tissue in chronic applications.
A number of alternative, implantable piezoelectric materials, such
as barium titanate (BaTiO3), aluminum nitride (AlN) and zinc oxide
(ZnO) (Przybyla et al., 2011), exist with material properties slightly
inferior to PZT. Experiments presented in this paper were carried
out with PZT due to the relative ease of obtaining PZT crystals with
varying geometry. The PZT was fully encapsulated in PDMS silicone;
its effects are discussed in Section 4.

2.2. Transducer model

Due to the importance of piezoelectric transducers in various
applications, a number of models of the electromechanical oper-
ation of one-dimensional piezoelectric and acoustic phenomena
have evolved over the years. The KLM model is arguably the
most common equivalent circuit, and is a useful starting point to
construct a full link model with the intent of examining scaling
and system constraints (Krimholtz et al., 1970). The basic model

includes a piezoelectric transducer with electrodes fully cover-
ing the two  largest faces of the transducer. The entire transducer
is modeled as a frequency-dependent three-port network, con-
sisting of one electrical port (where electric power is applied or
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ig. 1. Neural dust system diagram showing the placement of ultrasonic interrogat
he  brain.

ollected) and two acoustical ports (where mechanical waves are
roduced or sensed from the front and back faces of the trans-
ucer). The parallel-plate capacitance due to the electrodes and the
requency-dependent acoustic capacitance are modeled as C and Xi,
espectively, and the transduction between electrical and mechan-
cal domains is modeled as an ideal electromechanical transformer

ith a turn ratio of ϕ connected to the middle of a transmis-
ion line of length �/2, as shown in Fig. 2. Assuming an infinite
D plate piezoelectric transducer of thickness h, the resonant fre-
uency is set by h = �/2; at the resonant frequency, the ultrasound
ave impinging on either the front or back face of the transducer
ill undergo a 180◦ phase shift to reach the other side, causing

he largest displacement between the two faces. This observation
mplies that phase inversion only exists at the odd harmonics of the

undamental mode in a given geometry.

The KLM model, however, was derived under the assumption of
ure one-dimensional thickness vibration, and therefore can only

ig. 2. KLM model of a dust mote’s piezoelectric transducer, showing one electrical port a
lectromechanical transformer.
er the skull and the independent neural dust sensing motes dispersed throughout

provide a valid representation for a piezoelectric transducer with
an aspect ratio (width/thickness) greater than 10; such a trans-
ducer would mainly resonate in the thickness mode (Roa-Prada
et al., 2013). Given the extreme miniaturization target for neural
dust, a cube dimension (aspect ratio of 1:1:1) is a better approxi-
mation of the geometry than a plate (aspect ratio > 10:10:1). Due
to Poisson’s ratio and the associated mode coupling between res-
onant modes along each of the three axes of the cube, changing
aspect ratio alters the resonant frequencies (Holland, 1968). The
effect of resonance shift is included in the KLM model by extracting
the effective acoustic impedance of the neural dust from a model
simulated using a 3D finite element package, COMSOL Multiphysics
(COMSOL, Stockholm, Sweden). The piezoelectric transducers for
both the planar interrogator (i.e., 2D) and the neural dust must be

designed to resonate at the same frequency to maximize the link
efficiency. Therefore, the interrogator thickness is varied to match
the fundamental thickness mode of the neural dust.

nd two mechanical ports. Coupling between the domains is modeled with an ideal
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significant impediment to size scaling imposed by large capaci-
Fig. 3. Complete single interrogator, single neura

Lastly, we can calculate the mechanical quality factor Q (see
ection 4):

 = f 2
a

2�frZrCp(f 2
a − f 2

r )

here fa and fr represent anti-resonant (where impedance is maxi-
ized) and resonant frequencies (where impedance is minimized),

espectively; Zr represents the impedance at resonance, and Cp is
he low-frequency capacitance.

.3. Mote placement

As the pressure field generated by a uniform continuous-wave
xcited piezoelectric transducer propagates through the tissue
edium, the characteristics of the pressure field change with dis-

ance from the source. The varying field is typically divided into
wo segments, near field and far field. In the near field, the shape
f the pressure field is cylindrical and the envelope of the field
scillates. At some point distal to the transducer, however, the
eam begins to diverge and the pressure field becomes a spher-

cally spreading wave, which decays inversely with distance. The
ransition between the near and far field is where the pressure field
onverges to a natural focus, and the distance at which this occurs
s called the Rayleigh distance, defined as,

 = D2 − �2

4�
≈ D2

4�
, D2 � �2

here D is the aperture of the transmitter and � is the wavelength
f ultrasound in the propagation medium (Kino, 1987). In order to
aximize the received power, it is preferable to place the receiver

t one Rayleigh distance where the beam spreading is at a mini-
um.

.4. Power delivery simulation methods
The complete link model, shown in Fig. 3, is implemented
n MATLAB (Mathworks, Natick, MA)  with the limitations of the
LM model (as outlined in the previous section) corrected via
OMSOL simulations. The model is divided into three parts: (1) the
 power and communication through link models.

ultrasonic interrogator or transmitter,  (2) tissue, and (3) the neural
dust or receiver. A signal generator and amplifying stages produce
power for the ultrasonic interrogator and the ultrasonic wave
launched by the transmitter penetrates brain tissue, modeled as a
lossy transmission line, and a fraction of that energy is harvested
by the ultrasonic receiver, or neural dust.

To compute the link power transfer efficiency, the model can
be decomposed into a set of linear and time-invariant two-port
parameters, representing a linear relationship between the input
and output voltage. Here, we  choose to represent the input-to-
output relationship using ABCD parameters (Pozar, 2011), which
simplifies analysis of cascades of two-port networks through sim-
ple matrix multiplication. By representing the link model as a
two-port network, we can come to conclusions concerning optimal
power transfer efficiency (or “gain”).

2.5. Backscattering communication

For the ultra-miniature, chronic implants discussed here (which
have stringent requirements on both the size and power),
broadcasting neural recording data from the dust motes to the
interrogator by building a fully active transmitter onto the tiny
motes is infeasible. Therefore, we adopt a communication method
called backscattering,  used in radio frequency identification (RFID)
technologies (Finkenzeller, 2010). In RFID, passive (i.e., battery-
less) tags (like the common keycard that opens doors) receive RF
energy from a nearby interrogator and re-radiate this energy; while
doing so, the tags can modulate the re-radiated energy and thus
encode information. Modulation of the backscattered RF energy
can be achieved by varying the load impedance, which changes
the coefficient of reflectivity. Backscattering receivers do not need
batteries or significant capacitive energy storage, thus extending
lifetimes, eliminating the risk of battery leakage, and removing the
tors. Importantly, the many communication strategies developed
for electromagnetic backscattering can be applied to any link,
regardless of the transmission channel modality (i.e., in our case,
ultrasound).
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single (or multiple) electrode relatively far (>100 �m)  from the base
of the neural dust implant. This would result in the design shown
in Fig. 5, where instead of placing a single differential surface elec-
trode on neural dust, the neural dust can consist of a short strand

Fig. 5. Neural dust mote with an ultra-compliant flexible polyimide “tail”. The entire
mote, not including the electrodes (red squares), is coated with a polymer or ceramic
insulating thin film. Note the one recording electrode (red square, left). The refer-
ence electrode can either be on-mote (red square, right) or shorted to a conductive
ig. 4. A field effect transistor or FET (right) varies the electrical load impedance 

odulates the ultrasonic wave reflectivity of the dust thereby modifying the backs

.6. Communication system architecture

Ideally, the simplest neural dust mote would consist of a piezo-
lectric transducer with a set of surface electrodes that can record
he occurrence of a neural spike. The extracted measurement would
e reported back to the interrogator if the information can some-
ow be encoded on the reflected ultrasound wave via modulation.

We propose a method outlined in Fig. 4, where the drain (D) and
ource (S) of a single field-effect transistor (FET) sensor are con-
ected to the two terminals of a piezoelectric transducer while the
ET modulates the current IDS as a function of a gate (G) to source
oltage, VGS. The resistors Rb act to cause the neural potential to
ppear between the gate and both of the D/S terminals of the tran-
istors while superimposing the AC waveform from the ultrasonic
ransducer across these same two terminals. In this manner, even
hough the electrical D/S terminals swap every half cycle, the VGS
f the FET is modulated by the neural signal during both halves of
he cycle.

The circuit achieves this superposition by relying on the fact
hat the neural signals occupy a much lower frequency band than
he ultrasound, and that the ultrasound transducer itself has a
apacitive output impedance (Cpiezo). Thus, Rb should be chosen so
hat 1/(Rb × Cpiezo) is placed well above the bandwidth of Vneural
>10 kHz) (Nicolelis et al., 2003) but well below the ultrasound
requency (i.e., 10 MHz  for a 100 �m node).

Since modulation of IDS in turn modulates the impedance seen
cross the two piezoelectric drive terminals, the FET effectively
odulates the backscattered signal seen by a distant transmitter.

he change in the nominal level of IDS is a function of VGS, which
an be up to 10 �V (Vneural) for a 100 �m dust node near an active
euron (Du et al., 2011). The sensitivity, S, to the action potential
AP), then, is defined as the change in IDS with respect to VGS nor-

alized by the nominal IDS (in addition to the current through Rb)
nd Vneural,

 = Vneural

IDS + (VDS/2Rb)
∂IDS

∂VGS
= Vneural

gm

IDS + (VDS/2Rb)

ince gm (the transconductance of an FET) is directly proportional
o IDS, in order to maximize gm/IDS (i.e., achieve the largest gm for a
iven IDS), we would like to operate the FET in its steepest region –
pecifically, deep sub-threshold where it looks like a bipolar junc-
ion transistor (BJT). Therefore, the nominal VGS bias can be 0 V,
hich simplifies the bias circuitry. The modulation of the current

s equivalent to a change in effective impedance of the FET, or the

lectrical load to the piezoelectric transducer. This variation in the
oad impedance affects the ultrasonic wave reflectivity at the neural
ust and modifies the wave that is backscattered. Note that in order
o maximize the sensitivity (i.e., operating the transistor in deep
nction of potential between two  electrodes placed in the extracellular fluid; this
ed wave.

sub-threshold), the system should be constrained such that the
piezoelectric voltage is never too large compared to the threshold
voltage.

2.7. Backscattering simulation methods

From the complete link model shown in Fig. 3, we note that the
change in the electrical impedance of the FET load induces a change
in the input admittance (or the input power) of the two-port net-
work. The interrogator (receiver) must be able to detect this change
in the input power level in order to resolve the occurrence of a neu-
ral spike. The model is implemented in MATLAB and the change in
the input power level of the two-port network is computed as,

�Pin ∝
∣
∣
∣
∣

Yin,spike − Yin,nom

Yin,nom

∣
∣
∣
∣

where Yin,spike and Yin,nom denote input admittance of the two-port
network with and without a neural spike, respectively. The FET sen-
sor design methodology and trade-offs are detailed in an earlier
published pre-print (Seo et al., 2013). That work also concludes that
the mote scaling is ultimately limited by the achievable differential
signals between the electrodes and motivate the need to break this
inherent interplay between the size of the individual implants and
the achievable signal-to-noise ratio (SNR).

Since the tradeoff does not directly derive from the neural dust
dimension, but from electrode separation, one approach may  be to
add very small footprint (∼1–5 �m wide) “tails” which position a
thin film to a distant electrode (increasing the separation between the recoding site
and reference electrode). The “tail” increases inter-electrode distance and thus the
magnitude of the voltage seen across electrodes when recording extracellularly. (For
interpretation of the references to color in this figure legend, the reader is referred
to  the web version of this article.)
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Fig. 6. (a) Assembly prototype schematic (b) a picture of the complete

f flexible and ultra-compliant substrate populated with recording
ites. Due to increased inter-electrode distance, the tail electrode
ncreases the achievable SNR; simulations indicate that the addi-
ion of the tail electrode can enable further scaling of the neural
ust mote with only a minor adjustment to the original design (Seo
t al., 2013).

. Materials and methods

.1. Sample preparation

The assembly prototype, shown in Fig. 6, was realized on a 31 mil
hick two-layer FR-4 board where metalized PZT coupons of various
hicknesses (PSI-5A4E, Piezo Systems, Woburn, MA and PZT 841,
PC Internationals, Mackeyville, PA) were bonded to pre-soldered
umped electrodes on one side of the board using solder paste.
he FET (RV1C002UN, Rohm Semiconductor, Kyoto, Japan) and bias

esistors for ultrasonic communication were assembled onto the
ide opposite to where the PZTs were mounted prior to bonding.
he PZTs were then wafer saw diced, with non-bonded areas drop-
ing off and leaving an array of small PZT crystals bonded to the

Fig. 7. Acoustic characterization setup with a calibrated ultrasonic transducer
type with a white light micrograph of PZT crystal mounted on board.

PCB. Next, a single wirebond made the connection between the top
plate of the PZT and an electrode on the PCB, completing the circuit.
Finally, the entire assembly was coated in PDMS (Sylgard 184, Dow
Corning, Midland, MI)  to protect the wirebond and provide insula-
tion. The pitch between the unit cells is limited by the size of the
discrete components and is roughly 2.3 mm × 2 mm.

3.2. Electrical characterization

Electrical properties of the PZT crystals on the assembled pro-
totype were measured using a vector network analyzer (VNA)
(E5071C ENA, Agilent Technologies, Santa Clara, CA). The device
under test (DUT) was de-embedded using an open/short/load
scheme in order to remove the board and fixture parasitics and
calibrate out the cable loss. The open/short/load structures were
fabricated on the same board.
3.3. Ultrasonic characterization

Ultrasonic power transfer and communication were performed
using a home-built setup shown in Fig. 7. A 5 MHz  or 10 MHz  single

 for (a) power delivery and (b) backscatter communication verification.
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lement transducer (6.3 and 6.3 mm active areas, respectively;
30 mm focal distance; Olympus, Waltham, MA)  was  mounted on

 computer-controlled 2D translating stage (VelMex, Bloomfield,
Y). The transducer’s output was calibrated using a hydrophone

HGL-0400, Onda, Sunnyvale, CA). Assembly prototypes were
laced in a water container such that transducers could be

mmersed in the water at a distance of approximately 3 cm directly
bove the prototypes. A programmable pulse generator (33522B,
gilent Technologies, Santa Clara, CA) and radio frequency ampli-
er (A150, ENI, Rochester, NY) were used to drive transducers at
pecified frequencies with sinusoidal pulse trains of 10-cycles and

 pulse-repetition frequency (PRF) of 1 kHz. The received signals
ere amplified with a radio frequency amplifier (BT00500-AlphaS-
W,  Tomco, Stepney, Australia), connected to an oscilloscope
TDS3014B, Tektronix, Beaverton, OR) to collect ultrasound signals
nd record them using MATLAB (Mathworks, Natick, MA). For
ommunication measurements, in order to eliminate feedthrough
etween transmit and receive stages and reflections from the
oard, separate transmit and receive transducers were used.

. Results

The total integrated acoustic output power of the transducer
t various frequencies over the 6 dB bandwidth of the beam was
easured using a calibrated hydrophone. Nominally, spatial-peak

emporal-average ISPTA was kept at 29.2 �W/cm2, resulting in a
otal output power of ∼1 �W at the focal point, with a peak rar-
faction pressure of 25 kPa and a mechanical index (MI) of 0.005.
oth the de-rated ISPTA and MI  were far below the FDA regulation

imit of 720 mW/cm2 and 1.9, respectively (FDA, 2008).
.1. Measured power transfer scaling matches simulation

Fig. 8(a) shows the measured power delivery efficiency of
he fully assembled prototype with cable loss calibrated out for

ig. 8. (a) Measured power transfer efficiency at various mote sizes matches simulated be
c)  frequency response of harvested power on the PZT reinforces the reliability of the sim
 Methods 244 (2015) 114–122

various mote sizes as compared to analytical predictions made for
this same setup. Measured results matched the simulated model
behavior very closely across all mote sizes, with the exception of
a few smaller mote dimensions, likely due to the sensitivity to
transducer position and the ultrasound beamwidth. The measured
efficiency of the link for the smallest PZT crystal (127 �m)3 was
2.064 × 10−5, which resulted in 20.64 pW received at the dust
node nominally. A maximum of 0.51 �W can be recovered at
the dust node if the transmit output power density was kept at
720 mW/cm2. Such low power level harvested by the PZT is mainly
due to the extreme inefficiency of broadband transducers that
were used for the experiments; our model predicts that dedicated,
custom-made transducers at each mote dimension with optimal
focal point and electrical input impedance matching could result
in more than 2 orders of magnitude improvement in the harvested
power level (Seo et al., 2013).

4.2. Mechanical dampening of resonance does not play a large
role in power transfer efficiency

In order to further validate the model framework, we measured
both the frequency response of harvested power on the PZT and the
impedance spectroscopy of PZT at each mote dimension. Fig. 8(b)
shows a representative impedance plot of a (250 �m)3 PZT crystal
compared to simulation. We  note that the mechanical loading of the
circuit board itself (FR-4), the PDMS, and water heavily dampened
the electro-mechanical resonances as compared to the unloaded
condition (air backing); this decreased the mechanical quality fac-
tor (Q) of the PZT crystal from ∼110 to ∼5.

The frequency response of electrical voltage harvested on a
(250 �m)3 PZT crystal is shown in Fig. 8(c). We  measured the res-

onant frequency to be at 6.1 MHz, which matches the shift in the
resonant frequency predicted for a cube due to Poisson’s ratio and
the associated mode coupling between resonant modes along each
of the three axes of the cube, as discussed previously. Furthermore,

havior closely. For each mote dimension, both (b) the impedance spectroscopy and
ulation framework.



D. Seo et al. / Journal of Neuroscience Methods 244 (2015) 114–122 121

ensitiv

t
P
c
d
a

4
s

i
t
c
t
a
s
m
t
o
n
b
m
w
o
i
o
w
s
s
c
t
b
s
a

5

p
i
a
o
t
n
d
s

Fig. 9. Simulated and measured backscatter s

he calculated Q of 4.8 matched the electrically measured Q of the
ZT. Despite the drastic reduction in the mechanical Q of the PZT
rystals, simulations show that the backscattered signal level only
ecreased by roughly ∼19% (between the mechanically unloaded
nd loaded conditions).

.3. Measured backscatter signal levels for dust motes match
imulation

The backscatter simulation framework was verified by measur-
ng the difference in the backscattered voltage level and computing
he ppm change (i.e., sensitivity) when the PZT crystal was electri-
ally open versus shorted. For this experiment, a single broadband
ransducer was used to both transmit and receive reflected signal
nd its network model was estimated based on the VNA mea-
urements. Backscatter measurement results, as shown in Fig. 9,
atched the analytical model behavior very closely and the sensi-

ivity of (127 �m)3 dust mote was ∼5000 ppm. The measurement
f backscatter sensitivity is currently limited by heat-induced drift
oise of the instruments and the inaccurate model of the broad-
and transducer. This also implies that we were unable to detect
uch lower backscatter signals generated on (127 �m)3 dust mote
hen a more realistic action potential voltage appeared at the VGS

f the FET to modulate the impedance by less than 0.1%, as shown
n Fig. 9. Using this measurement, however, we were able to verify
ur backscatter simulation framework. A properly tuned system
hich accounts for temperature changes in the instruments can

ignificantly improve the measured sensitivity. Also note that the
imulation predicts that under a low-drift setup, where a dedicated,
ustom-made transducer achieves optimal focal distance and elec-
rical input impedance at each mote dimension, the achievable
ackscatter sensitivity will substantially increase the backscatter
ensitivity with an action potential voltage at the input of the FET,
s shown in Fig. 9.

. Discussion

The experimental results indicate that the analytical model for
ower coupling to very small piezoelectric nodes using ultrasound

s accurate down to, at least, ∼100 �m scales and likely lower. We
lso demonstrate that our model can correctly capture the effects
f changing the load impedance of a piezocrystal on the backscat-

er signals at such scales. It remains to be seen just how small a
ode can be fabricated before loss of function; Seo et al. (2013)
iscusses the likely scaling limits (set by physics, physiology and
emiconductor manufacturing constraints) in more detail.
ity scaling plot for various impedance levels.

Note that measurements of even smaller motes (<127 �m)  were
limited not by the prototype assembly process, but by commercial
availability of PZT substrates. Moving forward, we are harnessing
the considerable volume of research and techniques that has gone
into micro- and nanoelectromechanical RF resonators (Lin et al.,
2005; Sadek et al., 2010) and thin-film piezoelectric transducers
(Przybyla et al., 2011; Trolier-McKinstry and Muralt, 2004) to facil-
itate extremely small (10s of �m)  dust motes and to truly assess
the scaling theory.

While the work here pre-supposes a system for recording from
the central nervous system (more specifically, the neocortex),
neural dust may  also find utility in peripheral nervous system
applications as well. Systems that can record stably in mammals
from within the epineurium remain an open challenge. Neural dust
approaches seem eminently suited for this task as dust motes could
be introduced micro-surgically and then interrogated externally in
a manner analogous to the cortical recording approach assumed
in this paper. This would obviate the need for trans-epineurial
wires and/or access points and provide recording sites which are
much smaller than that possible with RF communication (again, as
pointed out in this paper and analyzed in Seo et al., 2013).

Lastly, these results point to several technology challenges. The
integration of extremely small piezoelectric transducers with inte-
grated electronics in a properly encapsulated package, such as
an inert polymer or insulator film (a variety of such coatings are
used routinely in neural recording devices; these include parylene,
polyimide, silicon nitride and silicon dioxide, among others) while
exposing two  electrodes to the brain for extracellular recording
remains an open question.

In addition, building a complete system will require the design
and implementation of suitably sensitive sub-cranial transceivers
which can operate at low power. A number of highly sensitive RF
wireless receivers with <1 mW of DC power consumption (and,
thus, heat generated) have been demonstrated (e.g., Otis et al.,
2005). In addition, the sensitivity requirements of an interrogator
in a physiological system are more stringent than predicted due
to additional interferences (e.g., ultrasonic wave reflections aris-
ing from local density variations, micro-motion, micro-vasculature,
etc.). Such reflections will likely lead to inter-symbol interference;
filtering and/or adaptive algorithms (Proakis, 2000) can be applied
to track these sufficiently slow variations and reverse the effects
of reflections. Alternatively, one could potentially utilize a pulse-

based system to uniquely discriminate the various reflections based
on their arrival times.

The sub-cranial transceiver design also introduces multi-
interrogator, multi-dust communication possibilities which make
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se of modern communication techniques such as beam steer-
ng and multi-input, multi-output (MIMO) system theory. When
mploying multiple embedded dust motes, interrogating and iden-
ifying the signal from an individual neural dust mote is challenging
ue to interferences from surrounding motes. This necessitates an

nterrogator with multiple, independently addressable transducer
lements acting in an array; optimization at both algorithm and
ardware implementation levels must be fully explored to achieve
ufficient interference suppression to resolve simultaneous signals
rom different motes via spatial or time multiplexing. Furthermore,
eural dust motes with aspect ratios close to 1:1:1 will not only
ouple energy into modes along the two axes perpendicular to the
ransmission axis, they will also re-radiate along those axes. This

eans motes lying near each other on a horizontal plane (relative
o the top surface of the cortex) may  see inter-mote signal mixing,

aking them amenable to multi-mote ad-hoc type communica-
ion networks and reduce its sensitivity to mis-orientation of dust

otes.
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