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Abstract—We present the design, fabrication, and in vivo
testing of an ultra-thin (100 um) wireless and battery-free implant
for stimulation of the brain’s cortex. The implant is fabri-
cated on a flexible and transparent parylene/PDMS substrate,
and it is miniaturized to dimensions of 15.6x6.6 mm®. The
frequency and pulse width of the monophasic voltage pulses
are determined through On-Off keying (OOK) modulation of
a wireless transmission at 2.45 GHz. Furthermore, the implant
triggered a motor response in vivo when tested in 6 rodents.
Limb response was observed by wireless stimulation of the brain’s
motor cortex through an FDA-approved collagen dura substitute
that was placed on the dura in the craniotomy site, with no
direct contact between the implant’s electrodes and the brain’s
cortical surface. Therefore, the wireless stimulation method
reported herein enables the concept of an e-dura substitute, where
wireless electronics can be integrated onto a conventional dura
substitute to augment its therapeutic function and administer
any desired stimulation protocol without the need for post-
surgical intervention for battery replacement or reprogramming
stimulation parameters.

Index Terms—Wireless, Battery-free, Implant, Brain, Cortical
Stimulation, Dura Substitute, e-dura, Wireless Power Transfer
(WPT).

I. INTRODUCTION AND BACKGROUND

LEXIBLE neural implants with neuromodulation capa-

bility hold great promise and could potentially trans-
form the diagnosis and treatment of multiple neurological
disorders, such as epilepsy, tumor, and movement disorders,
and assist with recovery of function. [1]-[3]. Stimulation-
capable implants have been used with considerable success in
epilepsy, and movement disorders, including essential tremor
and Parkinson’s disease. Moreover, they have been proposed
and tested for treating mood disorders, such as depression.
More recently, stimulation has been shown to induce neural
plasticity in glioma patients, suggesting potential future ap-
plications for patients with tumors infiltrating eloquent brain
regions [4]]. Nevertheless, significant challenges and known
complications with the current generation of devices have
hindered their wider adoption. These include wire failure
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Fig. 1. A graphical rendering of the e-dura substitute concept. A) The
envisioned human implementation with the implant entirely positioned on the
dura substitute. B) The in vivo test setup used in this study utilizes a rat-sized
craniotomy with the implant positioned on the bone. The dimensions shown
are not to scale.
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and migration, hardware infection that necessitates revision
surgery, and battery replacement surgeries [5], [6]. Several
studies have been conducted on the prevalence of compli-
cations that impact patients with biomedical implants. A
recent study [7] has revealed that infections, wire movement,
and wire failure are the top three reasons for surgical re-
interventions in patients with brain implants. Similar conclu-
sions were reached in a study on complications in patients with
cardiac pacemakers [8]]. These findings have motivated efforts
to develop wireless implants, given their potential to reduce
complications and prevent battery replacement surgeries [9]—
[12]. Novel embodiments or placement techniques are also
needed to reduce the risk of hardware migration and the
morbidity of current placement strategies. Wireless implants
rely on wireless power transfer (WPT) to deliver power from
an external transmitter to an implant that is equipped with the
necessary electronics to harvest, store, and deliver monophasic
or biphasic voltage pulses [13|-[[16]]. The wireless signal
can vary in frequency between several megahertz to several
gigahertz [17]-[20]. Delivering power at a higher frequency
allows reduced size of the transmit and receive antennas, at the
expense of increased signal attenuation in lossy tissue media
[21]]. Voltage pulses with at least a few volts are required for
most stimulation protocols. To meet these requirements, the
implant may contain a passive rectifier [22], a microcontroller
[17], or CMOS integrated circuitry [23]], [24]]. Within the past
few decades, current-controlled neurostimulator designs have
become favored over constant-voltage designs, in order to
reduce stimulation variance caused by electrode impedance
changes.

Ensuring implant biocompatibility is a major consideration,
typically achieved by a biocompatible coating [22] or enclo-
sure [25]] that acts as a barrier between non-biocompatible and
stiff substrates (such as FR4) and conductive materials (such
as copper or silver epoxy) that constitute the implant and the
surrounding tissue. The use of coatings and enclosures usually
results in an undesirable increase in thickness. Moreover,
the use of large electronics, such as microcontrollers, results
in varied topography and increases the peak thickness of
the implant even when the substrate is extremely thin [26].
Therefore, it is still challenging to develop adequately thin
implants to enable their placement in real clinical scenarios.
Flexible and conformal substrates and malleable conductive
materials have attracted notable interest as they reduce bend-
ing stiffness and consequent stress between the device and
tissues, [1f], [27]] enabling safer placement and long-term use.
Examples of soft substrate materials include polyimide [13],
[26] and soft elastomers [15]. Polydimethylsiloxane (PDMS)
is a biocompatible, soft, and transparent material which makes
it a popular solution as a coating. It is typically used to
shield implants through dip-coating [28] but its use as the
main implant substrate remains insufficiently investigated due
to its incompatibility with high-temperature fabrication pro-
cesses and weak attachment to metals. Additionally, PDMS
is not a popular high-frequency substrate material due to
its low relative permittivity (¢, = 3) and high loss tangent
(0.019 @ 2.4 GHz) [29]]-[31]]. Therefore, additional studies
are needed to explore the potential of PDMS as a substrate.
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The dura mater is an essential component of the meninges
that isolate the central nervous tissue. The dura can often be
invaded or damaged within the context of infiltrative diseases,
trauma, and others. Collagen dura substitute is a commonly
used material that is employed to repair or replace damaged
or removed dura [32]]. Non-degradable dura substitute material
is used as an artificial barrier between the brain and the
surrounding tissue [32]]. The dura substitute offers desirable
mechanical properties such as resistance to tear and leakage
of cerebrospinal fluid [33]]. These properties make the collagen
dura substitute an attractive platform for wireless electronics
that can be integrated and made available in personalized
designs to fit surgical planning. The electrical properties of
collagen, including impedance magnitude and phase, conduc-
tivity, and relative dielectric permittivity were studied in [34].
The results show that collagen solutions are characterized by
an impedance magnitude in the range of 1 to 3 k) depending
on the concentration of collagen in the solution.

In this study, we present the design, fabrication, and in
vivo testing (n = 6 rodents) of a wireless, battery-free
brain stimulator implant. The implant is realized on a pary-
lene/PDMS substrate with a thickness of 100 um and a peak
thickness of 0.61 mm. Stimulation is externally controlled to
determine the frequency and pulse width of the monophasic
pulses without the need for intervention to reprogram these
parameters. Furthermore, we propose the e-dura substitute as
a novel stimulation method that eliminates contact between
the implant and the cortical surface by delivering adequate
current through an FDA-approved surgical dura substitute. The
e-dura substitute concept is shown in Fig[TJA. In our envisioned
human implementation, a dura substitute is inserted to seal
the craniotomy site and facilitate recovery after surgery, and
the implant is placed on top of the dura substitute before the
overlying bone flap is replaced. The implant integration on
top of the dura substitute allows electrical brain stimulation
without direct contact with the brain’s cortical surface. The
in vivo testing setup (Fig. [IB) contains a piece of dura
substitute that is inserted into a rat-sized craniotomy and
part of the implant is positioned on top of the bone. The
implant makes contact with the dura substitute through a
soft silicone pedestal to deliver cortical electrical stimulation.
The e-dura substitute proposed herein enables surgeons to
administer a multi-functional solution that combines the role
of a mechanical barrier and the well-known therapeutic effects
of a dura substitute with electrical stimulation for improved
recovery.

II. MATERIALS AND METHODS
A. External Transmitter

The external transmitter contains the necessary components
to deliver power to the wireless implant and control the pa-
rameters of the monophasic voltage stimulation pulses. These
parameters include amplitude, frequency, and pulse width. As
shown in Fig. 2| the external transmitter comprises an RF
signal source (5009, Valon) that generates a continuous wave
radio frequency (RF) signal at 2.45 GHz. A power amplifier
(MPA-24-20, RF Bay, Inc) boosts the RF power level that
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with FCC regulations [35] which require that the maximum
Effective Isotropic Radiated Power (EIRP) not exceed 30 dBm
for a variety of applications. An On-Off-Keying (OOK) signal
controls the wireless transmission. During the ON periods, the
external transmitter delivers wireless power to the implant to
replenish its energy storage. The implant generates monopha-
sic stimulation pulses during the OOK OFF period, delivering
the stored energy through the electrodes. The stimulation
pulse width is approximately equal to the OOK OFF period.
The implant remains idle if the OOK transmission ceases.
This approach enables on-demand operation and the ability
to change stimulation parameters anytime after the implant is
placed on the dura substitute.

B. Wireless Implant Circuit

The implant receives wireless power through a dipole an-
tenna, and it contains a rectifier, energy storage capacitors,
and a P-MOSFET to generate stimulation pulses. The im-
plant circuit diagram is shown in Fig. 3} A Dickson voltage
multiplier rectifies and boosts the received wireless signal.
It comprises several Schottky diodes (D1-D8, JDH2S02SL,
Toshiba) and smoothing capacitors (C1-6, 10 pF, Murata). The
number of stages was selected to achieve a balance between
high output voltage and a small footprint. An impedance-
matching inductor (L1, 2.2 nH) cancels the negative imag-
inary impedance at the input of the Dickson multiplier to
minimize the input reflection coefficient seen by the antenna
looking into the rectifier. Large Signal S-parameters (LSSP)
and Harmonic Balance (HB) simulations were used to find the
input impedance of the rectifier circuit and determine an initial
value for the optimal matching inductor at 3 nH (Advanced
Design System 2021, Keysight). A detailed description of the
simulation testbench is provided in Supplementary Material
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Fig. 3. A detailed circuit diagram of the wireless implant. It contains a
Dickson voltage multiplier that converts the wireless signal into DC voltage
that is delivered to the load through a P-MOSFET switch. An optional voltage
regulation stage can be added to limit the output voltage.

Fig. S1. The optimal matching inductor value was optimized
experimentally as shown in Supplementary Material Fig. S2
by comparing the output voltage of several identical implants
equipped with different values of matching inductors. A timer
circuit (C8 R2) is applied to the gate of the P-MOSFET
(PMZ320UPEYL, Nexperia). It charges during the OOK ON
intervals and to a voltage that matches the voltage formed
across the energy storage capacitor (C7, 30 pF, Murata).
Therefore, Vgs =~ 0 and no current is delivered to the load
resistor (R3, 10 k). At the onset of the OOK OFF intervals,
the timer circuit discharges, and current is delivered through
the drain-source channel to the load. A 2.45 GHz signal can
be coupled directly to the traces from the external antenna.
This signal is rectified if it appears in parallel with diode D8
which leads to an unwanted DC offset at the MOSFET gate.
Therefore, an RF short capacitor (C9, 20 pF) is connected in
parallel across diode D8 to short the coupled 2.45 GHz signal
and ensure that the gate is only biased using the gate timer
circuit. In addition, this capacitor is a DC block that keeps the
DC voltage at C7 from appearing at the MOSFET gate.

An optional voltage regulation circuit can be implemented
at the output to limit the amplitude of the stimulation pulses
and ensure safety. It is composed of a Zener diode (Z1) with a
specific voltage (V) that is determined by the medical appli-
cation, and a tuning resistor (R4) to determine the regulated
input voltage range. An example implementation of the volt-
age regulation circuit is discussed in Supplementary Material
Fig. S3. Recent neurostimulator designs have favored current-
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Fig. 4. Photographs of the fabricated wireless implant, highlighting its
various mechanical properties. A) The implant is fabricated on a 100 um-
thick Parylene/PDMS substrate. B) The implant is miniaturized to dimensions
suitable for testing in rat models. C) The flexible substrate shows good
tolerance to bending. D) The combination of Parylene/PDMS maintains
transparency, allowing clear observation of text.

«

controlled stimulation, rather than voltage-controlled, in order
to deliver more consistent treatment over time by reducing
the variations due to electrode impedance changes [36]. For
this work, the more conventional voltage-controlled design
was chosen in order to minimize the number and complexity
of components needed. Regardless of whether current- or
voltage-controlled, neurostimulation intensity must be adjusted
in order to achieve the desired effect given the exact location
of the electrode relative to the targeted neural structures.
The Zener diode regulation scheme proposed in this work is
also different from conventional constant-voltage stimulation
because the voltage is fixed. To adjust the stimulation for each
animal’s specific motor threshold, the pulse duration can be
changed. This interaction between stimulation intensity and
pulse length is well-described by the strength-duration curve
[37]].

C. Wireless Implant Fabrication

The implant is fabricated on a silicon wafer in a low-
temperature process that is described in detail in Supplemen-
tary Material Fig. S4. Various properties of the implant are
highlighted in the pictures shown in Fig. 4{ The pictures are
taken before step (I) in the fabrication process shown in Sup-
plementary Material Fig. S4. Polydimethylsiloxane (PDMS)
(e, = 3) forms the main substrate (100 um) on top of
which gold traces interconnect the implant circuit. A parylene
interface layer (8 um) is added between the PDMS and the
gold layer to enhance the adhesion of gold to the PDMS
substrate while maintaining flexibility and transparency. This
combination of two dielectric materials was chosen because
parylene alone is not transparent at a thickness that provides
strong structural support. On the other hand, PDMS cannot be
solely used as a main substrate because it does not exhibit good
attachment to gold. While other methods exist for enhancing
the adhesion of gold to PDMS, we rely on parylene because
it offers other desirable properties, such as low permeability
to moisture (Dimer C). In our previous work [38]], we found
that the combination of parylene/PDMS maintains excellent
transparency with a parylene layer thickness of up to 20 um.
Clear observation of cultured human-derived cardiomyocytes
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was possible using an inverted fluorescence microscope (Axio
Observer Z1, Zeiss). A parylene passivation layer (2 pm) is
added to protect and electrically isolate the electronics. A soft
silicone elastomer pedestal is then attached to the bottom of
the implant, underneath the positive electrode to fill the gap
between the skull and the dura substitute for testing in a rat
model. The pedestal has a thickness that is similar to the
rat’s skull (1 mm) and it allows the implant to be positioned
on the bone during in vivo testing. Electrical stimulation is
delivered from the top layer through a stainless steel VIA
to a gold-plated disk electrode with a diameter of 1.2 mm
that is attached using silver epoxy to the silicone elastomer
pedestal. Detailed steps describing the electrode fabrication,
and photographs of the implant with the integrated electrode
are shown in Supplementary Material Fig. S5. The assembly
process for the human implementation may not require the
silicone elastomer (see Fig.[T)) if the implant can entirely fit on
the dura substitute. Instead, only a VIA and a similar electrode
with possibly a larger diameter can be used.

The antenna is formed of two coated and flexible stainless
wires each with a length of 25 mm and diameter of 127 um,
as seen in Fig. f]A. Measurement wires are connected to
the implant for data acquisition. The implant’s circuit is
miniaturized as shown in Fig. iB, and it occupies an area of
15.6 x 6.6 mm? which allows in vivo testing in a rat model.
Combining soft dielectric materials with gold, a malleable
metal, results in good tolerance to bending as shown in
Fig. @C. The implant maintains transparency, allowing clear
observation of the text underneath, as shown in Fig. [D.
These mechanical properties make the implant a suitable
tool for biomedical applications where flexibility and small
thickness are paramount to avoid complications. Additionally,
maintaining transparency and miniaturized overall dimensions
ease handling, in vivo aligning the implant to target a specific
cortical region during the surgery.

D. Electrochemical Impedance Spectroscopy (EIS) measure-
ments

EIS measurements were carried out using a potentiostat
(Squidstat, Admiral Instruments). The positive gold-plated
brass electrode was used as the working electrode and the
stainless steel ground electrode was used as the counter
electrode. A silver-silver chloride electrode was used as a
reference electrode. The measurement was conducted in a
phosphate-buffered saline (PBS) media. A sine wave with an
amplitude of 10 mV was applied and the frequency was swept
between 1 MHz and 1 Hz.

E. Craniotomy and in vivo implant placement

The implant was tested (n = 6 rodents) using the proposed
e-dura substitute stimulation method. Prior to the craniotomy,
anesthesia was induced using a ketamine / xylazine (KX)
cocktail with a dose of (75/10 mg/kg) through intraperitoneal
(IP) injection. Anesthesia was maintained using a ketamine
dose of 25 mg/kg that was administered every 45 to 60 minutes
and a xylazine dose of 5 mg/kg every 2 hours. Observation
of anesthesia was performed by squeezing the rat’s foot pad
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Fig. 5. In vivo experimental setup showing A) Craniotomy and placement of
dura substitute. B) Conformal positioning of the wireless implant on the bone
surface for stimulation of the motor cortex. The external antenna delivers an
OOK-modulated wireless signal.

every 15 minutes. Oxygen was supplied at 2 L/minute through
a nose cone. An incision was made after shaving the head
using a sterile blade along the midline to expose the skull.
Four 3-mm holes were drilled in a region within up to 5 mm
lateral, 5 mm anterior, and 5 mm posterior of bregma, above
the motor cortex. The skull was thinned around the perimeter
of the cranial window using a Dremel bit and the bone was
lifted using rongeurs. A piece of dura substitute with a similar
size to the craniotomy was soaked in phosphate-buffered saline
(PBS) and placed on the cranial window, reproducing the
target clinical application wherein the device would be placed
before closure after completing the neurosurgery. A picture of
the placed dura substitute is shown in Fig. SA.

The wireless implant was then positioned gently on the
cranial window, with the positive electrode in contact with
the dura substitute and resembling the setup shown in Fig. [T}
The ground electrode was placed under the skin, and the
positive measurement electrode was insulated using a small
piece of wafer dicing tape. Fig. BB shows a picture of the
implant, placed conformally on the bone surface, and making
contact with the dura substitute. After performing electrical
stimulation and observing limb response, the animal was
euthanized through an IP injection of a pentobarbital-based
euthanasia solution with a dose of 100 mg/kg. At the end of
each experiment, the implant was washed with a proteolytic
disinfecting solution (Puremoist) and 70% isopropyl alcohol.
Four identical implants were fabricated for the study, but we
were able to successfully reuse the same device for testing in
6 animals, showing good durability and tolerance to handling,
placement, voltage measurement, and washing.

FE. Wireless stimulation protocol

The external transmitter that was described in Section [l A
and shown in the block diagram in Fig. 2] was used to generate
an RF signal at a frequency of 2.45 GHz. This signal was
OOK-modulated using a function generator (33250A, Agilent)
to obtain a burst of ten RF pulses each with a width of 200 ps
at a frequency of 100 Hz. The RF burst was transmitted at a
frequency of 1 Hz. The parameters of the wireless stimulation
protocol are shown in Fig. [§] Varying the pulse protocol is
known to greatly affect the motor response threshold [39],
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A Burst Period = 1 sec
10 Pulses

B Pulse Width = 200 ps

Fig. 6. The wireless stimulation protocol that was used to trigger motor
response. A) A 10-pulse train is transmitted at 1 Hz. B) The parameters of
an individual pulse train.

with a wide parameter space for potential exploration [40]]. The
transmit power was adjusted as needed until a motor response
was triggered, but it was limited to 30 dBm. The external
antenna with dimensions of 10 x 10 mm? and gain of 4.1 dBi
was placed at a distance of 20 mm away from the wireless
implant, as shown in Fig. 5B.

G. Benchtop and in vivo data acquisition

Voltage signals in the benchtop were measured by con-
necting stainless steel wires to the positive and ground elec-
trodes on the top layer. The signals were acquired using
the NI DAQExpress program. The current measurement in
saline was performed by measuring the voltage drop across
a series 10 € resistor. A PDMS chamber with a volume of
6.9 x 16.8 x 10 mm® was molded using a 3D-printed master
mold (form3, Formlabs), and it was used to hold saline. Coated
stainless steel wires were connected from the implant to the
saline chamber with 1 mm of exposed tips.

During in vivo experiments, the closed circuit voltage was
measured by connecting mini hooks (CAB-00501, Sparkfun
Electronics) to the ground electrode and the positive electrode
measurement wire at the top layer while triggering limb
movement. The mini hooks enable gentle contact with the
measurement wires without the risk of detaching them or
pulling the implant out from its position. The open circuit
voltage was acquired by removing the ground electrode from
under the skin and, therefore, disconnecting the animal from
the implant’s output, and leaving only the 10 k{2 resistor as
the load. Limb deflection data was obtained by taking video
recordings of the limb and using the Tracker open-source
physics software to track pixel movement. A small piece
of masking tape was attached to the limb to facilitate pixel
tracking, and a calibration tool was used to convert the shift
in pixels into limb deflection distance.

H. Histology

Histology was performed to assess the impact of placing
the implant and electrical stimulation on tissue integrity. A
bilateral craniotomy was performed in two animals prior to
administering stimulation and two identical pieces of dura
substitute were introduced in each animal, as shown in Sup-
plementary Material Fig. S6. The implant’s electrode made
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Each subfigure shows the load seen looking into the electrodes (Z7,).

contact with one dura graft site (stimulation) and there was no
contact with the other dura graft site (sham). The stimulation
experiment was performed for at least 180 minutes. At the end
of the stimulation experiment, the animal was placed in deep
anesthesia by a ketamine-xylazine injection. The heart was
exposed and a small cut was made in the left ventricle. A per-
fusion needle (15 ga) was inserted through the ventricle until it
entered the aorta. A large incision was made in the right atrium
to allow the blood to flow and drain. 200 mL of PBS was
delivered followed by 200 mL of 4% paraformaldehyde. The
flow was maintained at 20 mL/min. Rat brains used for H&E
staining were embedded in paraffin wax following fixation and
sectioned into 5 pm slices. Histology images were viewed
with an Olympus BX46 microscope and selected images were
captured using Standard Olympus cellSens imaging system.
Whole brain slices were photographed at 12.5X and focus of
ischemia at 100X.

1. Survey

A survey was conducted at the Mayo Clinic to evaluate
whether the proposed current design would represent a signif-
icant improvement over currently available medical implants
capable of stimulation or recording of the neuroaxis. Only
senior attendings not involved in the study who either placed
medical implants or evaluated patients with medical implants
were eligible for the survey.

ITI. RESULTS
A. Wireless implant benchtop characterization

The implant’s output voltage was assessed in the benchtop
as a function of external transmitted power, distance, and OOK
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Fig. 8. Benchtop characterization of the wireless implant in various condi-
tions. A) The implant responds to OOK transmission by generating monopha-
sic voltage pulses. B) A higher resolution view of a single pulse similar pulse
width to the OOK control signal. C) Voltage and current waveforms delivered
in a saline solution. D) Amplitude of monophasic voltage pulses as a function
of RF transmit power and distance to the external antenna. E) Output voltage
as a function of OOK signal frequency.

modulation frequency. A diagram of the benchtop test is shown
in Fig. [7]A and B. The load seen looking into the electrodes
(Z1) is equal to R3 with a value of 10 k€2. All benchtop tests
were conducted at an RF frequency of 2.45 GHz and without
voltage regulation implemented at the output. The implant
generates monophasic voltage pulses in response to OOK
modulation of the RF carrier with negligible delay as shown
in Fig. BJA and Fig. [§B which provides a higher resolution
capture of an individual monophasic pulse that is delivered to
a 10 kQ load. A discharging effect can be clearly observed
when the pulse width is 3 ms and its rate is determined by the
time constant formed by the storage capacitor (C9) and the
load at the electrodes. This discharge effect can be eliminated
by increasing the value of the storage capacitor; however, in
this work, the stimulation protocol comprises pulses with a
width of 200 ps with a negligible discharge when using a
30 uF storage capacitor as shown in Section [T} C.

When performing a similar test in saline, a discharge effect
can be clearly observed in Fig. [B[C due to the highly capacitive
nature of the saline media. In this measurement, the load
seen looking into the electrodes is Z;, = R3 || Z.q, where
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hindlimb response between the proposed stimulation method through the
dura substitute and conventional direct epidural stimulation. Top: In vivo
experimental setup. A) Closed circuit voltage and current waveforms without
dura substitute. B) Closed circuit voltage and current using dura substitute.

Zeq is the equivalent impedance of the saline media. The
implant delivers several milliamps of current in saline, within
the typical range for cortical stimulation applications. Further
electrode characterization results that were obtained using EIS
measurements are shown in Supplementary Material Fig. S7.

The output voltage was measured as a function of distance
and external transmitted power as shown in Fig. [§D. Each
marker in the figure represents a measurement point. The
implant generates up to 21 V at the maximum transmit power
(30 dBm) and a distance of 25 mm to the external antenna in
an air medium. The output voltage decreases as the external
antenna is moved away from the implant, and the impact
of increasing distance on the output voltage becomes less
significant as the antenna is moved out towards the far-field
region. The output voltage is also impacted by the OOK
frequency at any given transmit power and distance. For
any stimulation frequency below 20 Hz, the energy storage
capacitors have adequate time to fully charge. However, as
the frequency is increased to 300 Hz, the output voltage drops
by around 50% due to insufficient charging time.

For future chronic applications, it is beneficial to convert
the monophasic voltage pulses into biphasic, charge-balanced
pulses in order to prolong the electrodes’ lifetime and avoid
hydrolysis. An implementation of a charge balancing circuit,
composed of a series capacitor and a shunt resistor that
approximates the real impedance of tissue in parallel with the
10 k€2 resistor is shown in Supplementary Material Fig. S8.

B. Comparison between dura substitute and conventional
epidural stimulation

Before testing the proposed wireless implant, a preliminary
study was conducted to determine and compare the voltage and
current for triggering limb movement using the proposed e-
dura substitute method versus the conventional direct epidural
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Fig. 10. Limb deflection recordings resulting from wireless electrical stimula-
tion using the dura substitute. A) Limb deflection was found by measuring the
total distance traveled from the resting position. Inset: Closer view showing
several tracked points and resting position B) A plot of limb deflection from
one animal. C) Peak deflection averaged over 5 stimulation bursts recorded
inn = 6 animals.

stimulation method, in the absence of a dura substitute. In
this experiment, a wireless stimulator that we designed and
fabricated on a Rogers 6010 substrate (referred to as 6010
stimulator) was used [38]]. The stimulator has a similar circuit
structure as the proposed wireless implant, and it is equipped
with energy storage capacitors with an identical value (30 pF).
The 6010 stimulator can therefore be used to gain useful
insights into the voltage and current requirements for e-dura
stimulation. Two stainless steel electrodes were connected to
the 6010 stimulator as shown in Fig. 0] They were gently
placed on the cortical surface and then on the dura substitute
using micro-manipulators, and used to deliver electrical stimu-
lation in these two distinct conditions. The external transmitter
was placed at a distance of 30 mm away from the 6010
stimulator.

The results show that both methods can be used to trigger
limb motor response. The current required in conventional
stimulation is around 2 mA, as shown in Fig. DA. A larger
current is needed to trigger a motor response when using the e-
dura substitute method, and it was found to be around 6 mA, as
shown in Fig.[9B. The dura substitute creates a low-resistance
non-stimulation path, allowing a greater proportion of the
stimulation electrode current to return to the ground electrode
through the dura substitute without entering into cortex (see
Fig. [71C). Therefore, the effective strength of the current is
reduced and a larger total current is needed to stimulate the
motor neurons. This experiment shows that it is possible
to perform stimulation using the proposed e-dura substitute
method, with a decreased efficiency by around 60% due to
current loss, but with the same reliability as the conventional
stimulation method. At least 30 seconds of recordings were
taken using these two approaches at a stimulation frequency
of 1 Hz, with negligible delay in motor response and impact
on limb deflection when using the e-dura substitute method.
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Fig. 11. In vivo open circuit and closed circuit voltage recordings of
wireless stimulation using the dura substitute. A) A capture of a closed circuit
stimulation burst and B) a higher resolution view of a single monophasic
voltage pulse. C) A capture of an open circuit stimulation burst and D) a
higher resolution view of a single monophasic voltage pulse. E) Peak closed
circuit and F) open circuit voltage recorded in n = 6 animals.

C. Wireless stimulation using the e-dura substitute method

Wireless stimulation triggered a motor response in all rat
models (n = 6) and the movement correlated with the
stimulation frequency of 1 Hz during the entire recording
period of 30 seconds in each animal. Limb deflection (total
distance from resting limb position, Fig. [T0JA) was recorded
for at least 30 seconds for all rat models. A capture with a
period of 5 seconds showing limb deflection in animal n1 is
plotted in Fig. [IOB. The distinctive peaks were observed when
wireless stimulation was delivered at 1 Hz, and no deflection
was observed in the absence of wireless transmission. Captures
of limb deflection in the rest of the animals are shown in
Supplementary Material Fig. S9, showing similar character-
istics and distinct peaks at 1 Hz. The peak limb deflection,
averaged over a 5-second period is plotted for all animals in
Fig. [I0C. The average limb deflection measured in 6 animals
was found to be 8.2 + 5.3 mm with 99% confidence level.
This deflection corresponds to stimulation just above the motor
neuron threshold. Further increasing the transmitted power was
observed to increase the limb deflection. Note that the required
stimulation current and the resulting limb deflection depend
on many additional factors: the animal’s anesthesia depth, any
acute surgical injuries, and the exact position of the electrodes
on the motor cortex can all cause substantial variations.

The closed circuit voltage that is required to trigger motor
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Fig. 12. Histology of rat brain sections after stimulation using the dura
substitute. (A, B) Coronal cut sections with H&E staining at 12.5X illustrating
two different animals submitted to bilateral craniotomies for placement of
implant without stimulation (sham) and implant with stimulation (stimulation).
A histopathological review of both slides revealed intact tissue architecture in
both hemispheres.

response was recorded while measuring limb movement. The
experimental setup for measuring the closed-circuit voltage
is shown in Fig. []]C. The ground electrode is placed under
the skin, creating a stimulation current path that is delivered
through the dura substitute. Therefore, the load seen looking
into the electrodes is Z;, = R3 || Z., where Z., is the
equivalent impedance of the stimulation current path. The
closed circuit measurement is shown in Fig. [TT|A for a period
lasting a full burst and in Fig. [[TB which provides a higher
resolution capture of a single monophasic voltage pulse for
animal n1. Similar to current measurements in saline media,
the voltage pulses exhibit a discharge effect when testing in
Vivo.

The open circuit voltage was found by disconnecting the
ground electrode while maintaining the implant’s placement
and distance to the external antenna and keeping the RF
transmit power and stimulation parameters unchanged. The
experimental setup for measuring the open circuit voltage is
shown in Fig. [7]D. By removing the ground electrode, the
stimulation current path is open and its equivalent impedance
is Zeg ~ oo and the load looking into the electrodes is
Z1, = 10 k. A recording of the open circuit voltage is shown
in Fig. [TT|C and D.

The peak closed circuit and open circuit voltage are taken
for n = 6 animals and are shown in Fig. [TTE and F, respec-
tively. The average closed circuit voltage is 4.57 = 1.13 V
with 99% confidence level. Comparing the closed circuit
voltage with the current measurements in Fig. [0 allows us
to approximate the value of Z;, = R3 || Z., which is the
equivalent impedance of the stimulation current path in parallel
with the 10 k2 load resistor at 2 k). These results show
good consistency with the data provided in [34] where the
impedance magnitude of a collagen solution was found to
range between 1 k(2 and 3 k() at a frequency of 100 Hz,
depending on the concentration of collagen in the solution.
This estimation is useful when determining the value of the
series capacitor that is used for charge balancing when testing
the implant in a chronic setting. The average open circuit
voltage is 7.47 &+ 1.11 V with a confidence level of 99%.

D. Histology

A review of consecutive histological slides in 2 rats revealed
intact tissue architecture without relevant anomalies in both
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sham- and stimulated-hemispheres (Fig. [[2). A small region
of acute ischemic injury with neuropil vacuolation and red
neurons was found in a single slice on the sham-hemisphere
(Supplementary Material Fig. S10), representing a potential
iatrogenic artifact induced by surgical manipulation.

E. Survey

A total of 7 faculty members who have ample experience
with implant placement or evaluation of patients with medical
implants were included. Out of the surveyed faculty members,
86% strongly agreed that the device would represent a signif-
icant improvement over currently available models and that
they would use the device if clinically available. The dural-
based embodiment was also considered a significant advance
with 71% of the surveyed faculty either agreeing or strongly
agreeing with that statement, and 71% of the surveyed faculty
either agreeing or strongly agreeing that they were satisfied
with the current design of the device.

IV. DISCUSSION

This study demonstrates the efficacy of the e-dura substitute
method as a potential approach that allows supplementing
neuromodulation with the potential advantage of a higher
safety profile and reduced risk of bleeding, infection, and
wire migration. Histological analysis of sacrificed rat brains
illustrates the absence of tissue architecture changes with acute
stimulation when compared with sham-implant, suggesting the
safety of tested materials and methodologies in acute settings.
Future studies with chronic stimulation would be needed to
evaluate for potential long-term iatrogenic injury. The in vivo
testing results revealed insights into the voltage required for
effective motor stimulation and provided a comparison with
the efficiency of the conventional cortical stimulation method.
The measured open circuit voltage was smaller in vivo when
compared to the benchtop measurements at a given transmit
power and distance to the external antenna. This reduction
can be attributed to the higher relative dielectric constant
of the surrounding tissue. In addition, the metallic surgical
equipment, such as micro-manipulators, ear bars, and tweezers
disturb the wireless signal in the vicinity of the implant. The
measured open circuit and closed circuit voltage showed good
agreement across all animals. The observed voltage variations
are caused by several factors, such as the positioning of the
ground electrode or variations in the impedance seen by the
implant due to variations in the amount of saline present
within and around the dura substitute. In future long-term tests,
the implant will be placed under the skin, leading to higher
attenuation in the power received by the implant. To mimic
the impact of skin suturing, we covered the implant (including
the antenna) with surgical tissue that was soaked in saline,
and we were able to trigger a motor response by decreasing
the distance to the external antenna to 10 mm and setting the
transmit power to 30 dBm. The antenna length or the matching
inductor may be tuned in chronic applications, and a voltage
regulation circuit, composed of a series resistor and a shunt
Zener diode will be added without any significant increase in
substrate size. The peak limb deflection was proportional to the
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closed circuit voltage, however, the positioning of the implant
had a significant impact on the peak deflection. A smaller
peak deflection was observed in n2 because the implant was
not well aligned above the motor cortex. Additional factors
that may influence the maximum measured peak include the
location of the tape on the paw that is used in tracking pixels
and the anesthesia depth.

To ensure the safety of using the proposed wireless implant,
the Specific Absorption Rate (SAR) must be considered when
selecting the RF frequency of operation in long-term stud-
ies and human implementations. SAR increases with higher
frequencies [42]; therefore, the implant may be realized us-
ing a different RF frequency by varying the length of the
dipole antenna and ensuring minimum SAR depending on
the electrical properties of human tissue. Owing to the larger
human anatomy, the dipole antenna can be designed at a lower
frequency to reduce SAR, and the methodology used in this
work can be followed to find the optimal inductor value at
a different frequency using harmonic balance simulations and
experimental verification.

Table [] shows a comparison between the wireless implant
proposed in this work and similar wireless implants reported
in the literature, with a focus on implants used for stimulation.
The most distinctive feature of this work is that it is the
only study where wireless electrical stimulation was delivered
without contact between electrodes and the target organ,
through an FDA-approved dura substitute. Various crucial
parameters are listed, such as the frequency of the transmitted
wireless signal, maximum transmit power, and output voltage.
When examining the output voltage, some studies report the
regulated output voltage, but the device can generate even
higher voltage values without regulation in the benchtop [18]],
[41]. Although the proposed implant can generate up to 21 V
when transmission in occurs in an air medium, we report
the closed circuit voltage, averaged over 6 animals, in this
comparison table.

The table lists the materials that are used to make the
main substrate on top of which the electronics are assembled.
Polyimide [19]], [26]], [41] is commonly used as a substrate
due to several attractive features including durability, flex-
ibility, and biocompatibility. While PDMS has been used
as an encapsulation material [18]], [26] to shield the main
substrate through dip coating, this work presents the only
design where PDMS is used as the main substrate. Contrary to
relying on a non-biocompatible conductor such as copper [18]],
[26], [41] to interconnect the implant circuit, we deposited
gold, a biocompatible and malleable metal, directly on the
Parylene/PDMS substrate. Therefore, the proposed implant is
the only one that utilizes a flexible and transparent substrate.

When reporting the substrate size, we accounted for the
total substrate area on top of which the main components
(diodes, capacitors, microcontroller) are placed. We excluded
electrodes from the substrate size because their dimensions
and shape depend on the application. For example, deep
brain electrodes or cardiac electrodes are typically larger than
cortical stimulation electrodes. The circuitry of the proposed
implant occupies an area of 103 mm? and it is almost equal
in area to the devices reported in [[14]], [26]. The only device
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TABLE I
STATE-OF-THE-ART COMPARISON

Max.

Tx Flexible Output Tx-Rx Peak . .

Ref  Freq. Substr_ate /Transparent  Voltage  Distance Ix Tech Thickness Subs;rate Size  Tx 2 Size
Material Power (mm*) (mm~<)
(GHz) Substrate? V) (mm) (mm)
(dBm)

This* 2.45 Parylene/PDMS  Yes/Yes 4.57 20 30 Discrete  0.61 15.6 x 6.6 x 0.11 10 x 10
(T4] 1.2 Rogers TMM No/No <18 25 10 Discrete  2.42 10 x 10 x 1.52 ¢ 230 x 140
(3] 2.4 soft elastomer Yes/No 1 10 22.6 Discrete 3 15 x 2.7 ° T X 184.9
(7l 2.4 polyester No/No 3 15 20.49  Discrete 7 22 x23x7 59 x 88
(18] 0.013 Multiple ¢ Yes/No 5.5 Variable ¢ 34.77 Discrete  0.92 © 22 x 8 x 0.17 280 x 220
(19 345¢=6  Multiple No/No 33 35 30 CMOS 14.8 3x215x14.8 m X 1225
6] 0.013 polyimide Yes/No 2.2 Variable ¢ 39 Discrete  0.874 * mx31.36 x0.124 140 x 250
@] 0.013 polyimide Yes/No 5.6 Variable ¢ 39 Discrete  0.928 J T x 49 x 0.128 220 x 220

“ The only study where electrical stimulation was delivered without direct contact between the electrodes and the target organ. ® Used an
enclosure with thickness of 4.5 mm. ® The design is tube-shaped (length x diameter). ¢ Multiple materials are used, but the thickest layer is polyimide.
4 The study was conducted on moving animals in a 28 X 22 cm? cage. ¢ An additional increase beyond this peak is caused by PDMS encapsulation

layer. f

The device consists of a magneto electric film and a CMOS chip encapsulated in epoxy. 9 The study was conducted on moving animals. » An

additional increase beyond this peak is caused by PDMS encapsulation layer. * The study was conducted on moving animals. 7 An additional increase

beyond this peak is caused by parylene encapsulation layer.

with a smaller area in the comparison table is reported in [[19]
which is fabricated using a CMOS process. CMOS fabrication
results in a significantly smaller footprint compared to using
discrete components, at an increased fabrication cost. The
proposed implant achieves the smallest substrate thickness at
0.11 mm and this value takes into consideration the main
PDMS substrate and the two Parylene layers (interface and
passivation). While the studies reported in [26], [41] report
a similar substrate thickness compared to our work, it is
important to highlight that these implants were dip-coated
in PDMS after assembly, leading to an increase in substrate
thickness that is not directly reported. In addition to the
substrate thickness, the table also reports the peak thickness
for various designs. The integration of electronics with various
sizes generates a surface topology as shown in Supplementary
Material Fig. S4J. The storage capacitors used in this work
have the largest thickness which is determined by voltage
rating. When using GRM-series capacitors from Murata with
a voltage rating of 10 V, the proposed implant achieves a
peak thickness of 0.61 mm which is the thinnest in the
comparison table. This work also uses the smallest external
antenna compared to other studies where the distance to the
implant is fixed. We achieved this by transmitting the wireless
signal at a higher frequency compared to the majority of
studies reported in the table. However, it is important that
several studies were conducted on moving animals where a
loop antenna with equal dimensions to the cage was used [13]],
[26], [41] and a higher transmit power was needed compared
to our work to provide adequate coverage throughout the cage
volume.
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The answers to the survey are shown in Table and
they illustrated the interest of surgeons and epileptologists
in the introduction to clinical practice of a device with the
capabilities evaluated in this study. Interestingly, surveyed
faculty members offered suggestions for new versions to suit
their particular medical practices, including the design of
smaller implants capable of being deployed for spinal cord
stimulation or the application of the device on spinal cord
stimulator paddles already in use. While most surveyed faculty
members agreed that the device could lead to improved patient
outcomes, consensus favored the need for subsequent studies
demonstrating long-term safety.

V. CONCLUSION

This paper presented the design, fabrication, and in vivo
testing of a wireless, battery-free implant for cortical brain
stimulation. The device can be externally controlled to gen-
erate any required stimulation protocol by using an OOK-
modulated wireless signal. Before this work, PDMS and
Parylene were commonly used as coating materials to shield
the implant from surrounding tissue. However, we showed that
direct fabrication of electronics on PDMS with a Parylene
adhesion layer allows us to achieve ultra-small substrate
thickness, flexibility, and transparency. The implant showed
good durability by acute testing in 6 animals. We introduced
the e-dura substitute as a reliable platform that enables recon-
struction and appropriate surgical closure with an embedded
platform for neuromodulation. This approach can drastically
improve the risk-reward ratio by targeting applications towards
low-risk placement during already-occurring brain and spine
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TABLE II
SURVEY ANSWERS OF HEALTH CARE PROFESSIONALS INCLUDING SURGEONS AND EPILEPTOLOGISTS (N=7)

Survey Question Strongly Disagree % Disagree % Neither % Agree % Strongly Agree %
This device would represent a significant improve-
. 0 0 0 14 86

ment over currently available models.
I would use this device if available for commercial 0 0 0 14 36
use.
This device would lead to improved patient out- 0 0 43 29 29
comes.
This novel surgical embodiment, using an off-the-
shelf dural graft represents a significant improvement 0 0 29 57 14
over currently available techniques.
I have experience with the placement of stimulators

; o 0 0 0 0 100
or recording capable medical implants.
I am satisfied overall with the current design of the 0 0 29 29 43

device and its applicability.

surgeries. A possible future direction of this work may include
investigating the long-term performance of the implant by
conducting chronic experiments on moving rat models and/or
larger animal models.
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