1 Appendix: Floating EMG Sensors and Stimulators Wirelessly Powered and Operated by Volume

2 Conduction for Networked Neuroprosthetics

4  The following sections provide additional details on the methods and results regarding the development

5 and evaluation of the presented system for EMG sensing and electrical stimulation.

6 I. Supplementary Methods
7 1. External system - communications protocol
8 Supplementary Table 1 reports the downlink commands included in the communication protocol stack, as well

9  asthe estimated time required for them.

10
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Supplementary Table 1

Downlink commands to one or multiple wireless devices

Function Description Transmission Active time™ Observations
time of the
frame”

Ping Request ping to a specific 200 ps 100 ps of 200 s~ Wireless device replies
wireless device. with an ACK.

Reset Request reset to one or a 200 ps 100 ps of 200 us  To one device or group.
group of wireless devices. If only one wireless

device is requested, it
replies with ACK.

Set configuration Configure stimulation. 280 us 140 us of 280 us  To one device or group.
Configure sensing. 280 us 140 us of 280 us  To one device or group.
Configure group and delivers 280 ps 140 us of 280 us ~ Wireless device replies
burst for ACK uplink. with an ACK.

Get configuration Requests current 200 ps 100 ps of 200 us ~ Wireless device replies
configuration of stimulation, with current stimulation
and delivers burst to uplink configuration.
information.

Requests current 200 ps 100 ps of 200 s~ Wireless device replies
configuration of sensing, and with current sensing
delivers burst for uplink configuration.
information.

Asks if pertains to a specific 280 s 140 pus of 280 s~ Wireless device replies
group, and delivers burst for with ACK if pertains to
ACK uplink. that group.

Stimulate Instruction and burst for 200 ps 100 ps of 200 us  To one device or group.
activating stimulation in External system defines
wireless device. pulse width and

frequency of stimulation.
Wireless device or group
only starts stimulating if
the configuration has
been set.

Start sensing Requests start sensing. 200 ps 100 ps of 200 us ~ To one device or group.

Wireless device or group
only starts sensing if the
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configuration has been
set.

If only one wireless
device is requested, it
replies with ACK.

Stop sensing Stop sensing. 200 ps 100 ps of 200 us ~ To one device or group.
If only one wireless
device is requested, it
replies with ACK.

Fast get sample Requests single acquisition 120 ps 60 ps of 120 ps Does not include

and previous sample, and
delivers burst to uplink

identifying code of
wireless device as there

information. will be only one device
configured as raw in real
time.

Get sample Requests sample and delivers 200 ps 100 ps of 200 us ~ Wireless device replies
burst for corresponding uplink with a sample.
information.

Retry sample Requests last sample and 200 ps 100 ps of 200 us  In case the sample

delivers burst for
corresponding uplink
information.

obtained with “get
sample” instruction is not
uplinked correctly.

“To simplify calculations, these values have been rounded up assuming a byte transmission time of 40 ps instead of the
actual duration of 39.06 us (1 start bit + 1 byte + 1 stop bit). The transmission times reported include the synchronization

byte time.

“In downlink, active time is 50% of transmission time because of Manchester coding.

The stimulation and sensing configuration payloads of the communication protocol stack are reported in

Supplementary Table 2. They can be sent to one wireless device or to a group of devices.

Supplementary Table 2

Stimulation and sensing configuration payloads (downlink)

Type of configuration Parameter Combinations
Type of Monophasic
Stimulation configuration _waveform Biphasic
payload . Anodic-first
First pulse Cathodic-first
Raw

Sensing mode

Parametric 1
Parametric 2

250 sps
Sensing configuration Sampling 500 sps
payload frequency 750 sps
1000 sps
Sampling Real ti_me .
. Sampling windows (15
window

options)

Supplementary Table 3 reports the uplink replies used by the wireless devices to send information to the external

system. The replies correspond to requests sent by the external system with a previous downlink command. To do

so, the external system waits for 2.3 ms after the downlink command so that the wireless devices can demodulate

and decode the information and do further processing to answer the request. Then, the external system delivers a

2
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HF current burst (1 ms) for power maintenance, followed by a 50 us pause in which no HF current is applied (serves
as synchronization flag), a transmission HF burst (timings reported in Supplementary Table 3), and 100 ps power
maintenance burst. For example, if an ACK is requested by the external system, the external system deliversa 1 ms
burst, followed by a pause of 50 us, a transmission burst of 80 us (one synchronization byte and one information
byte), and a 100 ps burst, for a total active time of 1.18 ms.

Supplementary Table 3
Uplink replies from one wireless device

Function Description Transmission Total active time
time of the frame
Send ACK Sends one 80 s 1.18 ms of 1.23 ms

acknowledgement to the
external system.

Send sample Sends one sample to the 200 ps 1.3 ms of 1.35 ms
external system.

Send configuration  Sends the stimulation 160 s 1.26 ms of 1.31 ms
configuration to the external
system.
Sends the sensing 160 s 1.26 ms of 1.31 ms
configuration to the external
system.

The transmission times reported include the synchronization byte time.

2. Intramuscular electrodes - Design

This section details how the geometry of the electrode contacts of the intramuscular electrodes was determined.
In particular, it details how such geometry was designed to 1) ensure that enough power is obtained to supply the
floating circuit during the most power consuming mode (i.e., continuous EMG recording), and 2) generate
stimulation pulses with amplitudes above 2 mA and below 4 mA.
2.1. Model of tissues surrounding the intramuscular electrode, and electric field

The tissues surrounding the intramuscular electrode and the presence of the electric field applied by the external
system can be modeled with a Thévenin equivalent circuit [1]. To obtain the open circuit voltage (vy.) and the
equivalent impedance (Z 1) of that model, it was first performed a finite element method (FEM) study (in COMSOL
Multiphysics 4.4) that provided two geometrical scaling factors: K¢;,;4, which translates the electric field magnitude
(V/m) into the open circuit voltage across the active sites of the two electrodes; and Ky, Which can be simply
understood as the scaling factor that transforms the tissue resistivity value (€-m) into the equivalent resistance of

the Thévenin model. The amplitude (A) of the Thévenin voltage source (v, ) was scaled as:
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A= Krieia |E| (S1)
where |E| is the magnitude of the applied electric field. Here, for obtaining Z -, the impedance of tissues was not
merely modeled as a resistance but as the parallel combination of the equivalent resistance of the extracellular
medium (R,), and the series combination of the equivalent capacitance of the cell membranes (C,,), and the
equivalent resistance of the intracellular medium (R;). That is, tissues were modeled by a lumped element model

with a single Debye relaxation. R,, R; and C,,, were scaled from K, as follows:

Re_xy = Kgrth * Pe [-Q] (82)
Ri_xy = Kgren " Pi [-Q] (83)
Cm_xy = Kfield " Cm [F] (S4)

where p, and p; are the equivalent resistivities of the extracellular and the intracellular media (Q-m), respectively,
and c,, is the volume capacitance (F/m). These three parameters (p,, p; and c,,) can be derived from experimental
data reported in [2][3]. In the case of muscle tissue their values are: p, = 3.68 Q-m, p; = 2.84 Q'm and c,,=
0.11 puF/m. The open circuit voltage (vyc) and the equivalent impedance (Zr,) were incorporated in circuit
simulations as described later.
2.2.FEM simulations

The geometry of the FEM simulation consisted in a segment of polyimide filament containing two double-sided
active sites (i.e., actual electrodes). The segment had a width of 420 um, a thickness of 100 um, and a length of
50 mm (Supplementary Figure 1a). The conductivity of the active sites was set to 1 x 10% S/m and the conductivity
of the polyimide substrate was set to 1 x 10° S/m. The segment was simulated withina 0.1 m x 0.1 m x 0.1 m cube
with a conductivity of 1 S/m. The segment was centered and aligned with one axis of the cube. Misalignments
between the segment and the applied electric field were also simulated (a: angle between the electric field and the

electrodes’ axis).
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Supplementary Figure 1. Electrode design. (a) Geometry of the intramuscular electrodes for FEM simulation. (b) SPICE circuit that includes the Thévenin
equivalent circuit, the electrode model, and the resistance of the tracks that connect the active sites of the electrodes to the circuit’s electronics. Two independent
simulations were performed: a circuit to assay continuous power supply to a load Ry..q, and a circuit to assay the stimulation pulses with a single current limiter
(power supply circuit disconnected).

The K14 Value was obtained by measuring the voltage across the two active sites of the segment when it was
simulated the delivery of a 1 V/m electric field. Such field was produced by applying a voltage of 0.1 V across the
sides of the cube perpendicular to the segment. The Ky, value was obtained by measuring the voltage across the
two active sites of the segment when it was simulated the flow of a current of 1 A through both sites.

Supplementary Table 4 reports the geometrical scaling factors Kr;.;4 and Kg, obtained with the FEM simulation
for different geometrical characteristics of the active sites of the electrodes. The distance between the active sites
was limited by the maximum length of the polyimide filament, which was limited by the 68 mm diameter of the
wafer on which the intramuscular electrodes were fabricated, and the need to ensure that the most proximal active
site could be implanted deeply enough, beneath the subcutaneous fat layer.

The width and thickness of the polyimide filament were defined according to the characteristics of previous

intramuscular electrodes fabricated using the same technology [4].
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Supplementary Table 4
Results from FEM simulations

Geometrical characteristics Misalignment Geometrical scaling factors
obtained

Width Length Distance a Kfiela Kpin

200 pm 4 mm 30 mm 0° 0.0300 m 294 m?
200 pm 4 mm 30 mm 30° 0.0260 m 294 m?
200 pm 7.5 mm 30 mm 0° 0.0300 m 181 m?
200 pm 7.5 mm 30 mm 30° 0.0260 m 181 m?
265 pm 4 mm 30 mm 0° 0.0300 m 274 m?
265 pm 4 mm 30 mm 30° 0.0260 m 273 m?
265 pm 7.5 mm 30 mm 0° 0.0300 m 171 m?
265 pum 7.5 mm 30 mm 30° 0.0263 m 171 m?
380 pm 2mm 20 mm 0° 0.0200 m 394 m?
380 pm 2 mm 20 mm 30° 0.0167 m 394 m?
380 um 4 mm 30 mm 0° 0.0303m 244 m1
380 um 4 mm 30 mm 30° 0.0259 m 247 m1
380 pm 5mm 30 mm 0° 0.0292 m 210 m*!
380 pm 5mm 30 mm 30° 0.0259 m 210 m*!
380 pm 5mm 40 mm 0° 0.0395 m 212 m*
380 um 5mm 40 mm 30° 0.0356 m 212 m?

FEM simulations indicate that the value of the geometrical scaling factor K;.;4, Which is proportional to the
Thévenin voltage source of the Thévenin model (Supplementary Figure 1b), is approximately equal to
Kfie1q = cos(a) x L (S5)
where o is the misalignment angle, and L is the length of the electrode contact. It is quite likely that the correct value
is that obtained analytically, and that the small discrepancies between the expression and the simulation results

(Supplementary Table 4) are due to numerical errors during the simulations.

2.3.SPICE simulations

The two geometrical scaling factors (Kf;.;q and Kg.,) were used in SPICE simulations (L Tspice XVII by Analog
Devices, Inc.). The simulations include a resistance (Riack) for modeling the resistance of the tracks that electrically
connect the active sites to the pads where the floating circuit is connected; and the so-called electrode/electrolyte
impedance with a model extracted from literature [5]. Two circuits were simulated: a circuit to assay continuous
power supply, and a circuit to assay the stimulation pulses (Supplementary Figure 1b). For the former, a capacitor
(Csieep) is used to smooth the input of a 2.5 V ideal regulator that supplies a resistive load (Riead) With a current of
300 PA. For the latter, a realistic model for the electrical stimulation subcircuit implemented in the floating devices
was simulated. The architecture of the subcircuit is explained below. The maximum values for stimulation

amplitude, pulse duration and repetition frequency were set at 4 mA, 400 ps and 100 Hz respectively, while the
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power supply circuit was disconnected. In both simulations, the applied electric field was calculated by defining a
SAR of 2 W/kg, using bursts with a frequency (F) of 50 Hz, and a duration (B) of 1.6 ms.

The obtained geometrical scaling factors reported in Supplementary Table 4 were assayed in the two SPICE
simulations proposed. Here are reported the results for the final conformation, in which the active site has a width
of 265 pm and a length of 7.5 mm, and the active sites have a separation distance of 30 mm. With this geometry,

the calculated resistance of the distal (Ruack1) and proximal (Ruackz) tracks is 49.1 Q and 25.6 Q respectively.

3. Electrical stimulation subcircuit of the miniature electronic circuit

Electrical stimulation is performed using two independent current limiters, each one connected to a Schottky
diode (RB521ZS-30 by ROHM Co., Ltd.) that is connected to the dc-blocking capacitor shown in Fig. 5 (e). When
the control unit of the floating device identifies the stimulation bursts, it activates a specific current limiter
depending on the polarity set during configuration. Supplementary Figure 2 shows an example in which biphasic
cathodic-first stimulation is done. When current limiter 1 (yellow) is activated by the control unit, it forces the flow
of stimulating (half-wave) rectified current through it, generating a negative low-frequency current seen from the
tissues. When the second current limiter is activated, it forces the flow of current to go in the opposite direction,

generating a positive low-frequency current seen from the tissues.

(@) (b) i Biphasic wavetorm
AIO—} 2‘2‘ 4 ' y
é Control unit %1;5
% Regulator vCC  ADC £ § 0
5] LB
o T Coen v T rremp GPIo 2354
emaod. 3 <
o Demod F1OND_ UART < 3
g
215
=, Limiter 1 Limiter 2
Current Current E 0
limiter limiter 0 0.5 1 1.5
v T Time (ms)

Supplementary Figure 2. Example of sequence for stimulation, and how the current limiter forces the flow of current in one direction or the other. (a) Basic
circuit architecture showing only the subcircuits required in the electrical stimulation mode. (b) Corresponding results of filtered low-frequency current applied,
and activation of current limiters.

The architecture of the current limiter is shown in Supplementary Figure 3. A BJT NPN transistor (BC847BFZ
by Diodes Incorporated) acts as an output transistor (Q1), and a second identical transistor (Q2) acts as a protection
transistor. When the voltage across the sensing resistor (Rsense) iS lower than the base-emitter voltage of Q2 (Vee),

only Qs is active, and the current on the load (liead) Will increase. As soon as the voltage across Rsense is higher than
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Vee, Q2 turns on and draws the base current of Q1, reducing its collector current, therefore limiting lioad. Using this
topology, the current flowing through Rsense (i.€., lioad) depends on the value of this resistor. Each current limiter is
connected/disconnected from the load (i.e., the tissue) using a switch based on a N-channel MOSFET

(DMNZ2990UFZ by Diodes Incorporated) controlled by the control unit of the floating device using one GPIO.

To input of
bridge rectifier

Limiter

Current
limiter

J
Q, |—'\N\,— GPIO Switching

mechanism
R')

Supplementary Figure 3. Architecture of the current limiter’s subcircuit.

Il.  Supplementary Results

1. SPICE simulations

To test the ability of the basic circuit (i.e., bridge rectifier, Csieep, low-dropout linear regulator, a resistor as a
load, and a current limiter) to obtain a stable power supply using the geometrical scaling factors reported above, the
simulated voltage source of the external system was configured to deliver an initial Power up burst of 30 ms,
followed by short bursts for power maintenance (F: 50 Hz; B: 1.6 ms). Supplementary Figure 4 shows that the
circuit is able to obtain a steady output at the regulator after 350 ms from the start of the Power up. When the power
maintenance bursts are delivered by the external system (Supplementary Figure 4, top), Csieep is charged and the

voltage across it increases accordingly (label “Regulator in”).
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Supplementary Figure 4. SPICE simulation result of continuous power supply using the geometrical scaling factors obtained for a width of 265 pum, a length
of 7.5 mm, and a separation distance of 30 mm (no misalignment). Top: Modulating signal corresponding to the times when the short bursts are delivered by
the voltage source. Bottom: Electric potential difference seen at the regulator’s input and output (VCC).

Supplementary Figure 5 shows the low frequency current delivered by the simulated circuit when the current
limiter is activated. In this particular example, the current limiter is activated to deliver stimulation pulses with a
pulse width of 400 ps, at a frequency of 100 Hz. This current is measured using a virtual LPF (cutoff frequency:
10 kHz) of the current flowing through the track resistor Riacke. According to simulations, the intramuscular
electrodes can deliver current with amplitudes above 4 mA to perform electrical stimulation.

The proposed width (0.260 mm) and length (7.5 mm) for each active site creates a total area of 3.9 mm? for each
electrode (two-sided electrode). Assuming stimulation pulses of maximum 400 ps, and a very conservative
maximum charge injection capacity of 50 pC/cm?, the circuit should deliver a maximum current of 4.9 mA to avoid
irreversible reactions in the electrodes. This limit is above the maximum current required in the application proposed

here (4 mA).

Amplitude (mA)

S = N R
1

0 0.02 0.04 0.06
Time (s)

Supplementary Figure 5. SPICE simulation result of stimulation pulses delivered by the intramuscular electrodes using the geometrical scaling factors obtained
for a width of 265 pm, a length of 7.5 mm, and a separation distance of 30 mm (no misalignment).
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2. Compliance with electrical safety standards

The compliance with electrical safety standards study is based in the in vitro scenario. In this study the external
system was set to apply HF current bursts with a frequency of 3 MHz and an amplitude of 39 V, equivalent to a
peak electric field of 325 V/m. Supplementary Table 5 reports the calculated duty cycle (3), Ems (2) and SAR
calculated at a point (1) averaged over 6 minutes (o: 0.57 S/m [6] and p: 1090 kg/m?3[7] for muscle tissue at 3 MHz).
using three different sequences. Sequence A indicates a sequence in which a Power up is applied, followed by power
maintenance bursts. Sequence B proposes a sequence in which there is a Power up, followed by the instructions
required to configure stimulation (biphasic, cathodic-first), and then 10,000 biphasic pulses (200 Hz, 400 s pulse
width, 30 ps interphase dwell) corresponding to 50 seconds of stimulation, and the reminder time used for power
maintenance. Sequence C exemplifies a sequence in which a Power up is applied, followed by the configuration of
EMG acquisition (raw, 500 sps), configuration of stimulation (biphasic, cathodic-first) followed by 120 cycles with
a duration of 3 s, and that include: 1 s of EMG sensing (i.e., Start sensing is sent, followed by a Stop sensing 1 s
after), 1 s of samples uplink and external processing (i.e., 500 Get samples followed by power maintenance bursts
while the external system processes the results), and 1 s of stimulation (i.e., 100 biphasic pulses at 100 Hz, 200 ps
pulse width, 30 ps interphase dwell).

Supplementary Table 5
Duty cycle, Eims and SAR calculated for different bidirectional sequences with an averaging time of 6 minutes

Sequence Duty cycle  Erms (V/Im)  SAR (W/kg)
A. Power and maintenance 0.08 65.03 2.21
B. Power, config. Stimulation, stimulate, and maintenance 0.12 80.63 3.40
C. Power, config., 120 cycles of sensing, samples uplink, 0.29 124.44 8.10

and stimulation; and maintenance

3. EMG sensors reported in the literature

Supplementary Table 6 compares different implantable EMG sensors reported in the literature.

10
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Supplementary Table 6
Comparison of implantable EMG sensors reported in literature

Name Powering Electrode Gain Bandwidth ADC Form factor
method type resolution

Farnsworth et Inductive Epimysial 38dB 1000 Hz 11 bits Central unit with leads;

al. [8] coupling 6mmgd

IMES [9] [10] Inductive Intramuscular  24.1-78dB* 1000 Hz 8 bits Cylindrical; 2.5 mm @,
coupling 16 mm long

IST-12 [11] Inductive Epimysial 46 — 78 dB* 900 Hz 12 bits Central unit with leads;
coupling 40 x 38 x 7 mm

(dimensions of
electronics only)

MyoPlant Inductive Epimysial 33.6 -61 dB* 1500 Hz 10 bits Central unit with leads,
[12][13] coupling 38 x 25 x 8 mm
Ripple [14] Inductive Epimysial and 46 dB NA 12 bits Central unit with leads;
coupling intramuscular 70 x 35 mm
IEAD [15,16]  Inductive Intramuscular 55, 61.6 or 5.0,5.50r 10 bits Disc; 18 mm @, and
coupling 77.1dB* 7.3 kHz central unit with leads;
10 x 20 mm
Reynolds etal.  Inductive NA 34 dB 700 Hz 11 bits Central unit with leads;
[17,18] coupling 25 mm J,
2.8 mm thick
This work Volume Intramuscular 54 dB 1000 Hz 10 bits
conduction

* Programmable
NA: information not available
@: diameter
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