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Abstract 19 

Background: Implantable neuroprostheses consisting of a central electronic unit wired to electrodes benefit 20 

thousands of patients worldwide. However, they present limitations that restrict their use. Those limitations, 21 

which are more adverse in motor neuroprostheses, mostly arise from their bulkiness and the need to perform 22 

complex surgical implantation procedures. Alternatively, it has been proposed the development of distributed 23 

networks of intramuscular wireless microsensors and microstimulators that communicate with external systems 24 

for analyzing neuromuscular activity and performing stimulation or controlling external devices. This paradigm 25 

requires the development of miniaturized implants that can be wirelessly powered and operated by an external 26 

system. To accomplish this, we propose a wireless power transfer (WPT) and communications approach based on 27 

volume conduction of innocuous high frequency (HF) current bursts. The currents are applied through external 28 
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textile electrodes and are collected by the wireless devices through two electrodes for powering and bidirectional 29 

digital communications. As these devices do not require bulky components for obtaining power, they may have a 30 

flexible threadlike conformation, facilitating deep implantation by injection. 31 

Methods: We report the design and evaluation of advanced prototypes based on the above approach. The 32 

system consists of an external unit, floating semi-implantable devices for sensing and stimulation, and a 33 

bidirectional communications protocol. The devices are intended for their future use in acute human trials to 34 

demonstrate the distributed paradigm. The technology is assayed in vitro using an agar phantom, and in vivo in 35 

hindlimbs of anesthetized rabbits. 36 

Results: The semi-implantable devices were able to power and bidirectionally communicate with the external 37 

unit. Using 13 commands modulated in innocuous 3 MHz HF current bursts, the external unit configured the 38 

sensing and stimulation parameters, and controlled their execution. Raw EMG was successfully acquired by the 39 

wireless devices at 1 ksps. 40 

Conclusions: The demonstrated approach overcomes key limitations of existing neuroprostheses, paving the 41 

way to the development of distributed flexible threadlike sensors and stimulators. To the best of our knowledge, 42 

these devices are the first based on WPT by volume conduction that can work as EMG sensors and as electrical 43 

stimulators in a network of wireless devices. 44 

Keywords 45 

wireless power transfer, volume conduction, AIMDs, bidirectional communications, electromyography, sensor, 46 

electrical stimulation. 47 

I. Background 48 

Clinically available neuroprostheses have been demonstrated to improve the quality of life of patients with 49 

neurological disorders or injuries, as these individuals gain significant functional improvement [1]. Additionally, 50 

some neuroprosthetic technologies have granted the possibility to perform intuitive control of robotic prostheses 51 

as they create an interface between the machine and the patient’s nervous system [2].  52 

In the framework of the EXTEND collaborative project, funded by the European Commission and in which the 53 

authors participate, it has been defined the concept of Bidirectional Hyper-Connected Neural Systems (BHNS). 54 
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The BHNS concept refers to systems consisting of minimally invasive communication links between multiple 55 

nerves or muscles in the body and external devices which may be interconnected between them (Fig. 1). The 56 

concept requires the deployment of dense networks of wireless active implantable medical devices (AIMDs) that 57 

can perform distributed electrical stimulation and sensing. These wireless AIMDs must communicate in real time 58 

with external devices and tools that process and analyze the neuromuscular activity and control the stimulation 59 

and the action of machines. BHNS could, for example, be used for 1) tremor management in essential tremor and 60 

Parkinson’s disease by tremor prediction using electromyography (EMG) [3], and subsequent intramuscular 61 

stimulation [4]; 2) performing functional neuromuscular stimulation [5]; or 3) interfacing with assistive wearable 62 

robots for spinal cord injury (SCI) and interfacing with prostheses providing control and artificial sensory 63 

feedback [6]. 64 

 65 

Fig. 1. Schematic representation of a Bidirectional Hyper-Connected Neural System – BHNS. High frequency (> 1 MHz) volume conduction is used to 66 
wirelessly power and communicate with implantable devices for sensing and stimulation. The high-level controller of the external system communicates 67 
with several low-level control units that deliver current bursts through external textile electrodes. The envisioned wireless implantable devices will have a 68 
thread-like conformation to facilitate their deployment by injection. These devices will consist of a flexible body with two electrodes at their opposite ends 69 
(Electrodes ‘A’ and ‘B’) and their electronics will be integrated in an ASIC. 70 

 71 

Most neuroprostheses for chronic use, which are required to accomplish the BHNS concept, are implantable 72 

systems that consist of a central unit electrically connected to electrodes at target sites (e.g., cuff electrodes on 73 

peripheral nerves) by means of leads (i.e., wires) [7,8]. However, these neuroprostheses present limitations that 74 

restrict their use. Those limitations, which are most detrimental in the case of motor neuroprostheses, often arise 75 
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from their bulkiness and the need to perform complex surgical implantation procedures because of the leads [1,9]. 76 

The leads also tend to fail due to mechanical stress, particularly in the case of motor neuroprostheses because 77 

electrodes are commonly deployed in long and mobile anatomical regions. As an alternative to these AIMDs 78 

based on central units, for the case of motor neuroprostheses, it was proposed and assayed the development of 79 

distributed networks of wireless intramuscular microstimulators that integrate the electronics and the electrodes 80 

[10,11]. The devices communicate with external systems to perform neuromuscular stimulation aiming at motor 81 

restoration in patients suffering from motor paralysis [12]. The microstimulators were percutaneously implanted 82 

via injection, thereby avoiding complex surgeries. However, the devices were stiff and considerably large 83 

(diameters > 2 mm), making them unsuitable for their use in a dense network of wireless microstimulators. 84 

The form factor of these wireless devices is mostly limited by the method used to power them. Batteries, with 85 

their intrinsic limited lifespan and large volume [13], are not suitable as primary sources of power in very small 86 

electronic implants. These floating implants, in clinical use or preclinically demonstrated, are typically powered 87 

by means of wireless power transfer (WPT) methods such as inductive coupling - the most established WPT 88 

method - [14–17], ultrasonic acoustic coupling [18–20] and capacitive coupling [21–23]. These methods have 89 

obtained high miniaturization levels, at the expense of link efficiency, penetration depth, or functionality. Recent 90 

reviews on these methods can be found in [13,24–26]. 91 

In the last years we have proposed and demonstrated very thin microstimulators whose operation is based on 92 

rectification of volume conducted innocuous high frequency (HF) current bursts to cause local low frequency 93 

currents capable of stimulation [27,28]. A portion of the HF current picked up by the devices is not directly 94 

rectified to perform stimulation but used to power the electronics of the implant (e.g., for control and 95 

communications) and, in this sense, it can be understood that the implants employ WPT based on volume 96 

conduction. In fact, in a series of recent works, we have advocated for, and studied, the use of volume conducted 97 

HF current bursts applied through textile electrodes to power elongated implants in general, not only stimulators 98 

[29–31]. Remarkably, according to the approach we propose, the implants can be conceived as thin, flexible and 99 

elongated devices suitable for implantation by means of injection [27]. The approach uses the body as an 100 

electrical conductor of innocuous and imperceptible HF current bursts that are applied by an external system using 101 

external textile electrodes. The implants do not require bulky components within their body to be electrically fed, 102 

allowing the integration of the electronics in an application-specific integrated circuit (ASIC). They pick up a 103 
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small portion of the energy available through their two electrodes located at the opposite ends of the implant. The 104 

energy is used to power and bidirectionally communicate with the external system (Fig. 1). The elongated and 105 

ultrathin form factor allows the deployment of multiple implants in a single body region, favoring their use in 106 

dense networks of wireless AIMDs, such as those required by BHNS.  107 

In the general architecture of BHNS, the external system will consist of one top-level controller that 108 

communicates with the wireless AIMDs through several external low-level control units that act as bidirectional 109 

gateways (i.e., protocol translators) between the implants and the external controller (Fig. 1). The low-level units 110 

apply bursts of HF currents to power and communicate with the wireless devices.  111 

In Becerra-Fajardo et al. [27] we reported the development and in vivo evaluation of semi-rigid, thin and 112 

addressable stimulators based on this WPT approach. The injectable devices were made only of off-the-shelf 113 

components, and had an overall diameter of 2 mm. Although successfully demonstrated in animals, due to their 114 

invasiveness, these devices are not adequate to conduct assays in humans. Therefore, to be able to acutely 115 

demonstrate in humans the feasibility of the BHNS concept, within the framework of the EXTEND project it was 116 

decided to develop semi-implantable devices that consist of ultrathin and short intramuscular electrodes, made 117 

with thin-film technology, that are connected to a miniature electronic circuit to be fixed on the skin. Not only the 118 

electronics of the devices were upgraded for EMG sensing [32] but they were also upgraded for communication 119 

capabilities. Here we report the development and evaluation of these semi-implantable devices and the external 120 

system that powers and controls them. To the best of our knowledge, the wireless devices presented here are the 121 

only devices based on WPT by volume conduction that can work both as EMG sensors and as electrical 122 

stimulators to form networks of wireless devices.  123 

II. Methods 124 

1. Developed system 125 

The two fundamental parts of the developed system are 1) the external system that delivers the HF current 126 

bursts for wireless powering and bidirectional communications from the external system to the floating semi-127 

implantable devices (i.e., downlink), and from these devices to the external system (i.e., uplink), and 2) the 128 

floating devices. These floating devices are semi-implantable devices composed of intramuscular electrodes 129 

connected to a miniature external electronic circuit (Fig. 2). The external system, through the two external textile 130 
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electrodes of a specific low-level control unit, delivers HF current bursts that power the floating devices located 131 

between the textile electrodes. Using the same HF current bursts, the control unit sends commands to the wireless 132 

devices to operate them, and, depending on the command, delivers HF currents that are modulated by the wireless 133 

devices to generate an uplink reply.  134 

 135 

Fig. 2. Schematic representation of the floating semi-implantable devices used for acute implantation, and a low-level control unit of the external 136 
system. The semi-implantable devices include injectable intramuscular electrodes and a miniature electronic circuit adhered to the skin. The low-level unit of 137 
the external system delivers HF current bursts for powering, EMG sensing and electrical stimulation.   138 

 139 

1.1. External system 140 

1.1.1. Hardware 141 

The external system integrates a low-power PC/104 single board computer (CMA34CRQ2100HR by RTD 142 

Embedded Technologies, Inc) acting as a high-level controller that can communicate with several low-level units. 143 

The basic architecture of the low-level control units is shown in Fig. 3. The units include a small single-board 144 

computer - hereinafter “digital unit” - (Raspberry Pi 4 2G Model B, by Raspberry Pi Foundation) that controls the 145 

delivery of the HF current bursts and the bidirectional communications. They also include a HF generator and 146 

modulator (4064 by B&K Precision, Corp.) connected to a custom-made power amplifier consisting of five high 147 

voltage amplification modules, based on a high speed, high voltage operational amplifier (ADA4870 by Analog 148 

Devices, Inc.), which are connected in series through transformers. The output of the power amplifier is connected 149 

to a sensing resistor, and to a pair of textile electrodes attached to the skin. The sensing resistor, acting as a shunt 150 

resistor, is used by a custom-made demodulator for measuring the current flowing through the tissues. This 151 

current is monitored by the digital unit, especially during uplink, when the floating devices modulate their current 152 

consumption, creating minute variations in the current. Fig. 3 shows a schematic representation of the modulating 153 
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signal and resulting modulated signal for downlink and power bursts (blue waveforms), the voltage obtained 154 

across the sensing resistor, which corresponds to a downlink and an uplink section, and the corresponding 155 

demodulated uplink data (red waveforms). For illustration purposes, the uplink modulation index used in the 156 

scheme is 10%, higher than the < 1% modulation index of the load modulation performed by the floating devices. 157 

The load modulation scheme is explained below. 158 

 159 

Fig. 3. Basic architecture of the low-level control unit. The unit is governed by the high-level controller and communicates with the wireless devices 160 
located in the tissue between the two external electrodes of the control unit. The device includes a digital unit that generates a modulating signal for a HF 161 
generator and modulator. The modulated HF current - carrying downlink information and bursts of power - is amplified and applied to the tissues through the 162 
external textile electrodes (blue waveforms). This same current is continuously monitored by the digital unit through a sensing resistor and a demodulator, to 163 
detect and decode minute current variations (< 1 %) generated when the wireless devices do uplink (red waveforms).  164 

For experimental convenience, in the present study the reported assays were performed without using the 165 

PC/104 single board computer as the top control device: the Raspberry Pi 4 acting as the digital unit was 166 

commanded through the Ethernet interface from a computer running Matlab (R2019b, by Mathworks, Inc). This 167 

computer acted as the high-level controller.  168 

Through its universal asynchronous receiver-transmitter (UART) port, the digital unit of the low-level unit 169 

(i.e., the Raspberry Pi 4) generates an amplitude-shift keying (ASK) signal to modulate the HF current bursts for 170 

downlink communications and for powering the wireless devices. For uplink communications, the digital unit 171 

reads the information amplified and filtered by the demodulator using the UART interface. For both downlink and 172 

uplink, the information is sent at a rate of 256 kbps. This implies that each byte has a duration of 39.06 µs (1 start 173 

bit + 1 byte + 1 stop bit). 174 

1.1.2. HF bursts for power 175 

The external system delivers an initial long HF sinusoidal burst coined “Power up”. This 30 ms burst is 176 

required to power up the wireless devices located between the two external electrodes. After this, the wireless 177 
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devices are kept energized, and running in an idle mode, by delivering short bursts with a repetition frequency (F) 178 

of 50 Hz, and a duration (B) of 1.6 ms. As later explained, the EMG analog front-end (AFE) of the wireless 179 

devices saturates during the burst. The repetition frequency and duration of these bursts is selected to 1) minimize 180 

their impact in the EMG front-end, favoring faster recovery from saturation and longer windows in-between 181 

bursts that can be used for EMG acquisition; 2) obtain a duty cycle (D) that is low enough to avoid tissue heating, 182 

and 3) deliver enough energy to keep the semi-implantable devices powered.  183 

1.1.3. Digital communications 184 

A communication protocol stack structured in layers and based on the Open System Interconnection (OSI) 185 

model, has been created for performing the bidirectional communications between the external system and the 186 

wireless devices. The protocol was created to ensure that the minimum required data frames were used in the 187 

downlink and uplink, minimizing the time the HF bursts are active. The active time of the HF bursts is related 188 

with the specific absorption rate (SAR), which is limited by safety standards (explained below). 189 

 The application layer implemented in this protocol stack includes 13 different downlink commands to control 190 

(e.g., configure EMG acquisition and stimulation) and interrogate (e.g., ping, get samples) the wireless devices. 191 

The frames that encapsulate the commands and the replies used in the bidirectional communications are encoded 192 

employing Manchester coding, which offers two advantages: has no dc component to avoid charge injection when 193 

applying the HF current bursts, and it provides a first error detection mechanism. Other additional error detection 194 

mechanisms are parity bit, frame length and command code. 195 

A detailed description of the process performed by the external unit to command the wireless devices, request 196 

replies, and the timings used to deliver the HF current bursts is included in Supplementary Methods, 197 

Supplementary file 1. All downlink commands and uplink replies are preceded by one initialization byte. That is, 198 

each frame consists of one initialization byte followed by one or more bytes containing the information. All 199 

uplink replies are preceded by a downlink command. Between one downlink command (e.g., Get sample) and the 200 

corresponding uplink reply (e.g., Send sample) there is a period of 2.3 ms in which no bursts are delivered by the 201 

external system. This time is required for processing purposes inside the wireless device. 202 

Supplementary Table 1, Supplementary file 1, reports the downlink commands included in the communication 203 

protocol stack, as well as the estimated transmission time required for them. The protocol allows to control up to 204 

256 wireless devices located between two external electrodes. To avoid replicating the instructions to several 205 
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wireless devices, the protocol enables the use of 256 groups of devices that can be configured simultaneously, or 206 

that can be requested to do a specific function (e.g., start sensing or stop sensing). This minimizes the delivery of 207 

HF bursts for downlink and avoids misusing the powering/communication channel.  208 

The stimulation and sensing configuration payloads of the communication protocol stack are reported in 209 

Supplementary Table 2, Supplementary file 1.  210 

Supplementary Table 3, Supplementary file 1, reports the uplink replies, description and timings used by the 211 

wireless devices to send information to the external system. The replies either correspond to 1) an acknowledge 212 

(ACK), 2) a sample or 3) the configuration information currently defined in the wireless device. When the 213 

external system sends a “Get configuration” request, the uplink frame is constructed using the same format as in 214 

the downlink. In the case of “Get sample” and “Retry sample”, the device replies with a frame consisting of 10 215 

bits corresponding to the sample, and 2 more bits corresponding to an internal counter, which is used to control 216 

the correct uplink of samples.  217 

1.1.4. Compliance with electrical safety standards 218 

ICNIRP and IEEE standards define safety levels with respect to human exposure to electromagnetic fields. 219 

These standards protect against health effects related to tissue heating [33,34]. Heating limits are expressed by the 220 

standards in terms of the SAR, which can be related to the electric field at a point as: 221 

��� �
�|E���|�

�
  

(1) 

where � is the conductivity of the tissue (S/m), � is the tissue density (kg/m3), and E is the electric field strength 222 

in tissue (V/m) averaged over 6 minutes for local exposure. By applying the HF sinusoidal currents in the form of 223 

short bursts, the applied Erms is: 224 

E��� �
E����√�

√2
 

(2) 

where Epeak is the applied peak electric field (V/m), and D is the duty cycle. In the case of periodic bursts 225 

(frequency F; duration B), as is the case of the power maintenance bursts, D is equal to F·B. 226 

Equation (2) allows to calculate the applied Erms and SAR in terms of the Power up time, and the types of 227 

functions requested by the external system, including the commands sent in the downlink, and the information 228 

replied in the uplink. Supplementary Tables 1 and 3, Supplementary file 1, can be used to calculate the duty cycle 229 

corresponding to the commands used in a bidirectional sequence. The duty cycle can be calculated as:  230 
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where tPower up is the Power up time (i.e., 30 ms), tact_comm corresponds to the active time of the commands, both 231 

downlink and uplink, tact_maint corresponds to the active time of the power maintenance bursts (which have a duty 232 

cycle equal to F·B), and taveraging is the averaging time of the rms (360 s, equivalent to the 6 minutes averaging time 233 

established for the SAR calculation). The duration of the power maintenance bursts is equivalent to taveraging minus 234 

the total time used for Power up and bidirectional commands.  235 

In the case of human limbs, the standards define a maximum SAR of 20 W/kg for persons in restricted 236 

environments at frequencies below 6 GHz, averaged over 10 g cube of tissue [33,34]. 237 

1.2. Wireless devices for EMG sensing and electrical stimulation  238 

The wireless devices are composed of thin and flexible intramuscular electrodes made in thin-film technology, 239 

a miniature electronic circuit with off-the-shelf components, and an intermediate printed circuit board (PCB) that 240 

connects both parts.  241 

1.2.1. Intramuscular electrodes  242 

1.2.1.1. Active sites design 243 

The intramuscular electrodes are based on similar thin-film electrodes reported in [35], which are intended for 244 

acute implantation. To define the geometry of the electrode contacts (i.e., the active sites, the actual electrodes 245 

strictly speaking), simulations were performed to test the ability of the electrodes to 1) obtain enough power to 246 

supply the wireless circuit for continuous EMG recording, and 2) generate stimulation pulses with amplitudes 247 

above 2 mA and below 4 mA. Other functions performed by the circuit were not evaluated as they require less 248 

power than that needed during EMG acquisition and electrical stimulation. The simulations were performed by 249 

modeling the tissues surrounding the intramuscular electrodes and the presence of the electric field applied by the 250 

external system using a Thévenin equivalent circuit [29]. See Supplementary Methods, Supplementary file 1, for 251 

details of the numerical methods for the intramuscular electrodes design.  252 

Besides power supply and current delivery capabilities, another aspect that was considered in the geometrical 253 

design of the active sites was the charge injection limit. If the applied pulses exceed the maximum charge 254 

injection capacity of the electrodes, irreversible reactions may occur, which can cause damage both to the 255 

electrodes and to the tissues. In the case of smooth platinum, the charge injection capacity is defined in the range 256 
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between 50 and 150 µC/cm2 for 200 µs, biphasic, charge-balanced pulses [36]. In the case of microrough 257 

platinum, the charge injection capacity increases to 500 µC/cm2 [37].  258 

1.2.1.2. Final conformation 259 

The final geometry of the electrodes is based on the results obtained with finite element method (FEM) 260 

simulations and with circuit simulations performed with SPICE. Both are described in Supplementary Methods, 261 

Supplementary file 1. The polyimide filament that contains the electrode contacts and the tracks has a width of 262 

0.42 mm, a length of 81.6 mm, and a thickness of 0.02 mm (Fig. 4 (a)). Between the centers of the contacts there 263 

is a distance of 30 mm, and the contacts have a length of 7.5 mm and a width of 0.265 mm (Fig. 4 (b)). The edges 264 

of the contacts are rounded to avoid sharp corners that would lead to high current densities. The four electrode 265 

contacts are located on both faces of the filament: 2 contacts in the top layer, and 2 contacts in the bottom layer. 266 

The distal contacts (top and bottom) are electrically connected in the miniature electronic circuit, to use them as a 267 

single distal electrode with a total surface area of 3.8 mm2. This electrode, coined Electrode ‘A’ (Fig. 4 (a)), is the 268 

stimulation electrode when the semi-implantable device is in stimulation mode. The two proximal contacts (top 269 

and bottom) are also short-circuited, to use them as a single proximal electrode (Electrode ‘B’, return electrode in 270 

stimulation mode) with a total surface area of 3.8 mm2. Electrodes ‘A’ and ‘B’ are used as the inputs for the EMG 271 

analog front-end (AFE) and are indirectly used by the load modulator during uplink. Both circuits are explained 272 

below.  273 

 274 

 275 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 19, 2022. ; https://doi.org/10.1101/2022.03.09.483628doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.09.483628
http://creativecommons.org/licenses/by-nc-nd/4.0/


12 
 

 276 

Fig. 4. Intramuscular electrodes. (a) Top view of the electrodes showing a distal contact (Electrode ‘A’), a proximal contact (Electrode ‘B’), and the 277 
bonding pads of the four electrode contacts. (b) Detail of the area where the distal and proximal electrodes are located. (c) Cross section of the intramuscular 278 
electrodes (not to scale). Gold and platinum are used as metallization layers for the electrode tracks and contacts (600 nm thick per layer), and polyimide is 279 
used as substrate and cover material. (d) Impedance measurement of the intramuscular electrodes in a bipolar arrangement (short circuited distal contacts 280 
against short circuited proximal contacts) in a 0.9% NaCl solution. 281 

 282 

Fig. 4 (c) shows the construction of the intramuscular electrodes. In essence it consists of a polyimide substrate 283 

(thickness: 10 µm) with a patterned metallization on both sides and a thin polyimide coating (thickness: 5 µm) on 284 

both sides with openings for the active sites and the bonding pads. The metallization is uniform, that is, it is the 285 

same metallization both for the active sites and for the connection tracks from these to the bonding pads. A 286 

relatively thick layer of gold (450 nm) beneath the platinum layer (150 nm) wires ensures high conductivity for 287 

the tracks. Microrough platinum coating is used to increase the surface area of the electrodes, therefore increasing 288 

their charge injection capacity and improving power transfer.  289 

As the proximal end of the thin-film electrodes is connected to the external miniature electronic circuit, they 290 

have the same implantation limitation as those used in [35,38]: the intramuscular electrodes cannot be implanted 291 

directly using a hypodermic needle as introducer, because the circuit would prevent the complete extraction of the 292 

needle after insertion. To overcome this drawback, the distal end of the filament containing the four electrode 293 

contacts has a U-shape structure with a guiding filament (Fig. 4 (b)) that facilitates the insertion of the electrodes 294 

in the muscle. The main filament with the active sites runs externally to the needle, while the thin guiding filament 295 

is inserted through the lumen of a 23 G hypodermic needle (Sterican 4665600 by B. Braun Melsungen AG) 296 
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having a length of 60 mm and an outer diameter of 0.6 mm. The end of the guiding filament is adhered to the Luer 297 

lock of the needle. To reduce the risk that the needle bevel cuts the guiding filament during implantation, the 298 

bevel is smoothed with a laser (Picco Laser, by O.R. Lasertechnologie, Germany) prior to inserting the guiding 299 

filament inside the needle.  300 

The small intermediate PCB is used for 1) doing the electroplating process to coat the electrode contacts with 301 

microrough platinum [39], and 2) connecting the injectable electrodes to the miniature electronic circuit. The 302 

polyimide electrodes are bonded to the PCB using the Microflex technology to achieve an electrical and 303 

mechanical connection [40]. After electroplating, the circuit of the semi-implantable device is stacked on top of 304 

the small PCB via surface-mount vertical headers, and the final electronic assembly is protected within a 3D 305 

printed housing (Fig. 5). 306 

 307 

 308 
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 309 

Fig. 5. Wireless device composed of intramuscular electrodes and miniature electronic circuit. (a) Top: circuit board (length: 10 mm; width: 8.5 mm), 310 
with four headers for their connection to the 4 electrode contacts of the intramuscular electrodes. Bottom: lateral view of the circuit (height: 2.4 mm). (b) 311 
Final conformation of the wireless device, including intramuscular electrodes and capsule protecting circuit. The guiding filament of the electrodes is 312 
inserted in the lumen of the insertion needle. (c) Circuit housed in a polymer capsule, connected to the intramuscular electrodes using a small PCB. (d)  313 
Image of rabbit’s hindlimb with two wireless devices implanted in the tibialis anterior and gastrocnemius medialis muscles. (e) Basic architecture of the 314 
wireless circuit shown in (a). 315 

 316 

1.2.2. Miniature electronic circuit  317 

The electronic architecture of the wireless device used for sensing and stimulation and which is powered and 318 

operated by HF volume conduction is partially based on [27]. Yet the architecture presented here has several 319 

advantages over the design reported in the past, including better power efficiency, bidirectional communications 320 

with higher data rates, the integration of an AFE for EMG acquisition, an ultra-low power microcontroller with 321 

several peripherals and running a finite-state machine, and a communication protocol stack (described above) for 322 

a more robust control from the external system.  323 
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The electronic circuit has a length of 10 mm, and a width of 8 mm. The surface-mount vertical headers shown 324 

in Fig. 5 (a), connect the circuit to the intermediate PCB that includes the intramuscular electrodes. The final 325 

conformation of the wireless device, including the insertion needle and the capsule to protect the wireless circuit, 326 

is shown in Fig. 5 (b).  327 

1.2.2.1. Power regulation and dc-blocking 328 

Fig. 5 (e) shows the basic architecture of the electronic circuit. The distal and proximal electrodes of the 329 

polyimide filament are connected to the electronic circuit through two dc-blocking capacitors, which are aimed to 330 

prevent dc currents that can damage both the tissues and the electrodes [41]. A bridge rectifier based on four 331 

Schottky diodes (RB521ZS-30 by ROHM Co., Ltd.) provides full-wave rectification for the HF current picked up 332 

by the intramuscular electrodes. A limiting resistor followed by a Schottky diode (D1), and a set of three 2.2 µF 333 

capacitors connected in parallel (Csleep) provide a smoothed input for a low-dropout linear regulator 334 

(ADP7112ACBZ-2.5 by Analog Devices, Inc.). The output of this regulator is connected to a set of two 10 µF 335 

capacitors connected in parallel. This provides a stable dc voltage for the control unit and the rest of the 336 

electronics during and in-between HF bursts. Sets of capacitors connected in parallel are used instead of single 337 

capacitors to ensure a proper capacitance and voltage rating in a miniature surface-mount package. 338 

1.2.2.2. Control unit 339 

The wireless electronic circuit is controlled by an ultra-low power microcontroller (MKL03Z32CAF4R by 340 

NXP Semiconductors N.V.) with an Arm Cortex M0+ core. This 2 mm × 1.6 mm microcontroller is larger than 341 

that of [27], but includes several peripherals required by the circuit, a much lower power-up time, several low-342 

power modes, and more general-purpose input/output (GPIO) pins. The integrated high-speed comparator is used 343 

as the final stage of the downlink demodulator (explained below), and its output is connected to the integrated 344 

low-power UART receiver for further decoding. The UART transmitter generates the modulating signal for the 345 

load modulator used for uplink communications. Two digital outputs of the GPIO pins are used to control the 346 

switches of the current limiters for electrical stimulation, and the analog-to-digital converter (ADC) is used as the 347 

last stage of the AFE. Both circuits are described below. Finally, a low-power timer is used to control the 348 

sampling times during sensing, and to control the time-outs of the software.  349 

The control unit is configured to have three types of power consumption states: 1) idle mode, when the implant 350 

is waiting for commands from the external system, 2) processing and basic operations mode, when the implant 351 
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decodes and processes the information coming from the external system and performs uplink communications and 352 

stimulation, and 3) sensing mode, when the implant is acquiring EMG activity and most of the peripherals of the 353 

microcontroller are powered. The change of state is defined by the information received from the external system 354 

during downlink. The control unit is usually kept in a very-low power standby state (i.e., idle mode) to maintain 355 

the wireless circuit energized, avoiding the need to deliver a long Power up HF burst to power-up the 356 

microcontroller in-between bursts. Since the circuit lacks an active power source as a battery, it naturally shuts 357 

down at any time by disabling the bursts of HF current applied by the external system. 358 

The initialization byte sent by the external system is used by the control unit as the source for a hardware-359 

based automatic wake-up matching, to wake up from the idle mode and go into the processing and basic 360 

operations mode. In the case the byte received matches the wake-up code already defined in the firmware, the 361 

wireless device wakes up and waits for the next byte with information to decode. The information includes the 362 

address of the wireless device or group of devices, and the command sent to it. 363 

1.2.2.3. Downlink demodulation and uplink modulation 364 

For downlink, a demodulator was designed consisting of two voltage dividers whose outputs are connected to 365 

the inputs of a high-speed comparator integrated in the control unit. The output of the first voltage divider 366 

corresponds to the envelope of the downlink signal modulated in the HF current burst. The second voltage divider, 367 

which is connected immediately after the Schottky diode D1, behaves with the set of 2.2 µF capacitors as a 368 

low-pass filter, creating a threshold proportional to the output of the first voltage divider. In other words, even if 369 

the amplitude obtained across the intramuscular electrodes varies due to fluctuations in the electric field applied 370 

by the external system, the outputs of both voltage dividers maintain their proportionality. The downlink signal is 371 

used for 1) receiving data at a rate of 256 kbps or 2) receiving triggers to wake up the control unit using the 372 

synchronization byte or perform a function as uplink communications.  373 

The uplink is based on load modulation using on-off keying. The external system applies a HF current burst, 374 

which is detected by the wireless devices to do their specific uplink sequence. Supplementary Methods, 375 

Supplementary file 1 describes the uplink sequence as well as the timings required for each type of reply (e.g., 376 

ACK, send configuration, send sample). The floating device identifies this burst, starting the uplink section shown 377 

in Fig. 3.   Its control unit generates a 256 kbps Manchester-encoded modulating signal with its UART 378 

transmitter. This modulating signal is used to command a set of transistor switches that short-circuit the inputs of 379 
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the full-wave rectifier (Fig. 5 (e)). This results in virtually short-circuiting Electrodes ‘A’ and ‘B’, thus 380 

modulating the current consumption of the wireless device. These minute variations in consumption are seen in 381 

the sensing resistor of the external system during the uplink section (Fig. 3, red waveforms), and are then 382 

demodulated and decoded by the digital unit. Load modulation is completely innocuous to the tissue: there is no 383 

electrical stimulation generated when uplink is performed. As a risk mitigation strategy, the load modulator is 384 

connected to the intramuscular electrodes through the dc-blocking capacitors.  385 

1.2.2.4. EMG analog front-end (AFE) 386 

One of the most challenging characteristics of the wireless device proposed here is the use of only two 387 

electrodes (Electrodes ‘A’ and ‘B’) for powering, bidirectional communications, electrical stimulation, and EMG 388 

sensing. As the wireless device powers from the volume-conducted alternating HF currents, very little 389 

consumption imbalances during the positive and negative semicycles may slightly charge the electrodes during 390 

these episodes, saturating the EMG amplifier. For this reason, the input of the EMG amplifier avoids the use of 391 

high dc-blocking capacitances that could prolong such saturation beyond the burst. Fig. 6 shows the basic 392 

architecture of the designed EMG amplifier. A four-resistor difference amplifier with a gain of 18.4 dB was 393 

designed based on a micropower operational amplifier (ADA4505 by Analog Devices, Inc). The amplifier is 394 

biased using a split resistor (RF/2), and a capacitor is added to each amplifier input, to act with the input resistors 395 

(RIN) as a first low-pass filter. A Zener diode clipper is included in both inputs of the operational amplifier for 396 

protection. The difference amplifier is followed by cascaded active band-pass filters with a bandwidth of 1 kHz. 397 

The overall gain of the AFE is 54 dB, and its output is connected to the ADC of the control unit, which is 398 

configured at a resolution of 10 bits. 399 

 400 

 401 
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Fig. 6. Basic architecture of the AFE designed for the wireless device. The input of the AFE is the same pair of electrodes used for powering, 402 
communication and electrical stimulation 403 

 During EMG sensing, the control unit is constantly monitoring when a HF burst is applied by the external 404 

system using the high-speed comparator. When this happens, depending on the sampling frequency set by the 405 

external system, the control unit replaces the samples corresponding to this saturation with a constant value (e.g., 406 

5 samples for a sampling frequency of 1 ksps). The number of samples to replace is implicitly set by the external 407 

system when configuring the sampling rate of the sensing mode. The replacement of the samples facilitates to 408 

identify the moments in which the AFE was saturated when the complete recording is uploaded to the external 409 

system, without misinterpreting the saturation with high amplitude EMG activity. 410 

1.2.2.5. Electrical stimulation 411 

As mentioned above, the electrical stimulation mechanism of the wireless devices is based on the rectification 412 

of the volume conducted HF current bursts to cause local low frequency currents capable of stimulation. This is 413 

performed using two independent current limiters, each one connected to a Schottky diode (RB521ZS-30 by 414 

ROHM Co., Ltd.)  that is connected to an electrode (Electrode ‘A’ or ‘B’) by means of a dc-blocking capacitor 415 

(Fig. 5 (e)). The architecture of the current limiter is explained in depth in the Supplementary Methods, 416 

Supplementary file 1. Each current limiter is connected/disconnected from the load (i.e., the tissue) using a switch 417 

based on a N-channel MOSFET (DMN2990UFZ by Diodes Incorporated) controlled by the control unit of the 418 

wireless device through one GPIO. 419 

Using the communication protocol explained above, the external system configures the control unit to deliver 420 

either monophasic or biphasic stimulation pulses and the polarity of the pulse or pulses. The pulse width, number 421 

of stimulation pulses and frequency of stimulation are set by the external system using specific timings of the HF 422 

current bursts. The wireless device detects these bursts using its demodulator, and the control unit activates the 423 

current limiters accordingly. In the case of biphasic pulses, an interphase dwell is generated by the external 424 

system, which is automatically detected by the wireless device. In both monophasic and biphasic configurations, 425 

60 µs after the stimulation sequence (i.e., a monophasic or biphasic pulse) is completed, a short HF current burst 426 

of 800 µs is applied by the external system. This short burst is used by the wireless device to short-circuit the dc-427 

blocking capacitors, clearing the charge that has accumulated in them in case there is a mismatch between the 428 

current limiters. In this way, passive charge balance is accomplished. Supplementary Methods, Supplementary file 429 
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1 shows a schematic representation of the activation of the current limiters according to the stimulation 430 

configuration defined by the external unit, and the resulting low-frequency contents of the current flowing through 431 

the wireless device.  432 

2. In vitro validation 433 

To evaluate the impedance of the intramuscular electrodes, a bipolar arrangement was implemented, in which 434 

the short circuited distal contacts (Electrode ‘A’) were measured against the short circuited proximal contacts 435 

(Electrode ‘B’). An impedance measurement system (Autolab PGSTAT302N by Deutsche METROHM GmbH & 436 

Co. KG) was employed using this arrangement in a 0.9% NaCl solution. In addition, in a dry setup, the resistance 437 

between the electrode contacts and the PCB pads was measured using a hand-held multimeter (38XR-A by 438 

Amprobe Instrument Corporation).  439 

The in vitro model used for the evaluation of the wireless device consisted in a 6.5 cm diameter agar cylinder 440 

made from a NaCl solution with a conductivity of 0.57 S/m, equivalent to that of muscle tissue at 3 MHz (Fig. 441 

7 (a)) [42]. The agar cylinder was cut longitudinally, and one side was placed on a 3D printed structure to ensure 442 

stability. The intramuscular electrodes were placed in a position such that the wireless circuit could lie just by the 443 

cylinder (Fig. 7 (b)). After carefully placing the second half of the cylinder over the electrodes, the agar phantom 444 

was held together with the use of two aluminum external electrodes (width: 1.5 cm), which were strapped around 445 

the cylinder at a distance of 12 cm. The aluminum electrodes were connected to the external system using high 446 

strength alligator clips (AK 2 S, by Hirschmann Test and Measurement). 447 
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 448 

Fig. 7. In vitro setup and results. (a) Complete in vitro setup. (b) Detail of half the agar cylinder, showing the position of the intramuscular electrodes and 449 
the wireless electronic circuit. The approximate location of the electrode wires connected to the battery-powered generator for EMG testing is shown in blue. 450 
(c) Modulating signal of the external system (Mod. signal), and output of the wireless device’s regulator (VCC), which is used to power the circuit’s 451 
electronics. A ‘high’ of the modulating signal corresponds to the delivery of HF currents. (d) Filtered biphasic and monophasic stimulation waveforms 452 
obtained when the wireless device rectifies the HF current immediately after the external system triggers a stimulation. The current limiters of the circuit are 453 
enabled/disabled by the control unit to obtain such waveforms. (e) Output of the AFE of the wireless device measured with an oscilloscope when no 454 
sinusoidal signal is present, and when there is. The AFE saturates due to the HF currents applied by the external system (see corresponding modulating 455 
signal), and recovers to have a stable state (baseline) for EMG acquisition. VCC is stable even if the HF current is applied in the form of bursts, and the 456 
circuit is at its maximum power consumption.   457 

 458 

For performing electrical measurements, the miniature wireless electronic circuit was replaced by a larger 459 

evaluation board that included test points. In the case of stimulation, the proximal electrode (Electrode ‘B’) of the 460 

circuit was connected to the parallel combination of a 10 Ω resistor and a 2.2 μF capacitor. This measurement 461 

circuit acts as a low-pass filter (LPF) (cutoff frequency: 7.2 kHz) for the current that flows through the 462 

intramuscular electrodes, facilitating recording the low-frequency contents of the current flowing through the 463 

wireless device. All the measurements were performed using a battery-powered oscilloscope (TPS2014 by 464 

Tektronix, Inc.), except for the current consumption of the circuit, which was measured using a battery-powered 465 
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multimeter (38XR-A by Amprobe Instrument Corporation). The signals obtained with the oscilloscope were 466 

smoothed in Matlab (R2019b, by Mathworks, Inc) using a centered moving average filter with a window length of 467 

5 samples. 468 

To test the capability of the wireless circuit to acquire EMG, a low frequency potential dipole was created in 469 

the saline agar cylinder by connecting a battery-powered sinusoidal generator (72-505 by Tenma Test Equipment) 470 

to two kynar-insulated silver plated copper wire electrodes (exposed length: 3.65 mm, diameter: 0.25 mm). The 471 

wire electrodes were inserted into the cylinder with a separation distance of approximately 30 mm between them, 472 

and were placed very close to the electrode contacts of the intramuscular electrodes. A schematic representation of 473 

this generator and the approximate location of the wire electrodes is shown in Fig. 7 (b). The generator was set to 474 

apply sinusoidal waveforms with amplitudes and frequencies similar to those expected for EMG (maximum 475 

amplitude: 1 mV; frequency range: 20 – 420 Hz in 16 steps defined by the generator).  476 

3. In vivo validation 477 

3.1. Animal handling 478 

The animal procedure was approved by the Ethical Committee for Animal Research of the Centre for 479 

Comparative Medicine and Bioimage (CMCiB) of the Germans Trias i Pujol Research Institute (IGTP), and by 480 

the Catalan Government (project number: 10109). Three New Zealand White male rabbits with a mass from 4 kg 481 

to 4.4 kg were employed for the proof-of-concept, one per session. The first session was meant for training and 482 

preliminary testing the devices; no results from it are reported here. The third session was meant for evaluating the 483 

implantation and explantation procedures of the intramuscular electrodes; no results are reported here. 484 

For sedation and initial anesthesia, dexmedetomidine (0.15 mL/kg), butorfanol (0.04 mL/kg) and ketamine 485 

(0.08 mL/kg) were intramuscularly administered between 15 to 30 minutes prior to the preparation of the animal. 486 

Then, the left hindlimb of the rabbit was shaved, from the head of the femur to the mid tarsus. In addition, a 487 

depilatory cream (Veet sensitive skin, by Reckitt Benckiser Group plc) was applied for 3 minutes, the limb was 488 

thoroughly rinsed, and cleaned with alcohol and Betadine using a sterile gauze. The animal was transferred to an 489 

anesthetic circuit using endotracheal intubation and anesthesia was maintained with isoflurane (2-3% and 0.5% of 490 

O2). Ringer’s lactate (8 mL/h) was administered intravenously, and the animal was constantly monitored with a 491 

capnograph, pulse oximeter, esophageal temperature sensor and non-invasive blood pressure sensor. A heating 492 
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pad and fluid warmer were employed during the entire session. At the end of the study, the animal was euthanized 493 

with an overdose of pentobarbital sodium (10 mL). 494 

3.2. Implantation procedure and extraction 495 

One semi-implantable device was used in the tibialis anterior (TA) muscle (Fig. 5 (b)) and a second semi-496 

implantable device was used in the gastrocnemius medialis (GA) muscle, of the left hindlimb of the rabbits. 497 

Target muscles were identified by palpation and the approximate site for deploying the intramuscular electrode 498 

(i.e., close to the motor point) was located using anatomical cues. To verify the correct location of this target, a 499 

hook wire intramuscular electrode (003-400160-24 by SGM d.o.o.) was inserted into the muscle, and an Ag/AgCl 500 

gel electrode (model 2228 by 3M) placed on the thigh of the animal was used as a return electrode. Both 501 

electrodes were connected to a commercial current generator (Ultra 20, by Kegel8), which delivered 1 to 2 mA 502 

biphasic pulses (pulse width: 200 μs) at 100 Hz. If the induced movement was considered weak or did not match 503 

the expected joint movement, a new position was defined, and a hook wire electrode was inserted to verify the 504 

response. After the approximate location of the target point was successfully obtained, it was identified with a 505 

marker, and the hook wire was extracted. 506 

The needle with the thin-film intramuscular electrodes was longitudinally introduced from the hock to the 507 

identified location close to the motor point, resulting in an insertion length of about 5 cm. The housing of the 508 

circuit was adhered to the skin of the rabbit to avoid the accidental extraction of the electrodes. Finally, the end of 509 

the guiding filament adhered to the Luer lock was cut, and the needle was gently extracted.  510 

After the in vivo assays were finished, the intramuscular electrodes were extracted by holding the guiding 511 

filament and the electrodes’ filament and gently pulling out.  512 

3.3. Stimulation assays 513 

After implantation, the animal was laid sideways and the left hindlimb was placed on a force test bench to 514 

measure isometric plantarflexion and dorsiflexion forces using a load cell (STC-10kgAL-S by Vishay Precision 515 

Group, Inc.). The output of the load cell was connected to a custom-made signal conditioning system composed of 516 

a precision instrumentation amplifier with a voltage gain of 100 V/V (LT1101 by Analog Devices, Inc.), a RC 517 

low-pass filter (cutoff frequency: 2 kHz), and an isolation amplifier with a fixed gain of 8.2 V/V (ACPL-790B by 518 

Broadcom, Corp.). This filter was used to avoid noise and HF interference that could be coupled to the test bench 519 

through the animal limb and the load cell. Its cutoff frequency was low enough to attenuate the HF current 520 
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(3 MHz), and the harmonics created by the downlink modulating signal. The resulting signal of the isolation 521 

amplifier was recorded using a 10-bit ADC, at a sampling rate of 4 kHz, and was digitally filtered using a 4th-522 

order zero-phase forward and reverse Butterworth low-pass filter, with a cut-off frequency of 10 Hz. The load cell 523 

was fixed to a custom-made acrylic board, the hock was fixed to the board using an atraumatic padded clamp, and 524 

the foot was tied with cable ties to the load cell (Fig. 8 (a)). The external electrodes consisted in 1.5 cm wide 525 

bands made from silver-based stretchable conductive fabric (Shieldex® Technik-tex P130 + B (1150902130TB) 526 

by Statex Produktions und Vertriebs GmbH) strapped around the hindlimb of the animal (Fig. 5 (d)). The shortest 527 

distance between centers of external electrodes, corresponding to the posterior side of the hindlimb, was 6.5 cm. 528 

The electrodes were connected to the external system using high strength alligator clips (AK 2 S, by Hirschmann 529 

Test and Measurement). The HF current bursts applied were monitored using a differential active probe (TA043 530 

by Pico Technology) and a current probe (TCP2020 by Tektronix, Inc.) connected to a battery-powered 531 

oscilloscope (TPS2014 by Tektronix, Inc.). 532 

 533 

Fig. 8. In vivo assays for electrical stimulation. (a) Setup used for recording forces during electrical stimulation. Positive forces correspond to plantaflexion 534 
movements, while negative forces correspond to dorsiflexion movements. (b) Forces obtained by addressing, using the external system, the devices deployed 535 
in TA and GA muscles, both configured as biphasic, anodic-first stimulation. (c) Forces obtained after the external system changed the internal stimulation 536 
configuration (anodic/cathodic pulse first stimulation) of a device deployed in TA muscle. Both stimulation sequences were done with 20 stimulation pulses 537 
at 100 Hz with a pulse width of 100 µs. 538 
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3.4. EMG sensing assays 539 

Muscle activity was triggered with the pedal withdrawal reflex: a deep nociceptive reflex [43], which contracts 540 

the flexor muscles and relaxes the extensors muscles. To do so, the level of anesthesia was decreased until a reflex 541 

was obtained by pinching with forceps the interdigital space of the hindlimb [44]. When the pinch was done, an 542 

EMG acquisition was triggered by sending from the external system the start and stop sensing functions to the 543 

group of semi-implantable devices. Once the reflex was performed, the deep plane of anesthesia was recovered by 544 

increasing the isoflurane rate or, alternatively, in two instances, by intravenous injection of a low dose of propofol 545 

(0.25 mg/kg). During the assays, it was verified that the TA muscle contracted with the withdrawal reflex, as it is 546 

the case in humans [45], but as the level of anesthesia was low, immediately after the reflex the GA muscle could 547 

be also activated. To avoid loosening the external electrodes, therefore affecting the coupling for volume 548 

conduction, the foot of the rabbit during EMG sensing assays was not allowed to move by holding it with the 549 

force test bench used during electrical stimulation assays (Fig. 8 (a)).  550 

III. Results 551 

1. In vitro assays 552 

For the in vitro assays, the external system was configured to deliver HF bursts with an amplitude of 39 V, a 553 

sinusoidal current frequency of 3 MHz, a burst duration (B) of 1.6 ms, and a burst frequency (F) of 50 Hz. This 554 

amplitude was the minimum required for the correct operation of the wireless device. The combination of duration 555 

and repetition frequency of the power maintenance bursts was enough to keep the wireless devices powered after 556 

the Power up stage (i.e., idle mode).  557 

1.1 Powering the wireless device 558 

The impedance magnitude of the intramuscular electrodes, as measured across two electrode pairs in 0.9 % 559 

NaCl (Fig. 4 (d)), is flat beyond 10 kHz, and lower than 190 Ω at 1 MHz. This indicates that, at high frequencies, 560 

the impedance of the electrode-electrolyte interface is negligible in comparison with the combined resistance of 561 

the saline solution and of the tracks. Thus, at high frequencies, the contact impedance between the tissue and the 562 

circuit terminals will mostly correspond to the resistance of the tracks. The resistance measured between the distal 563 

electrode contacts (Electrode ‘A’) and the PCB pad was 56 Ω; while that measured between the proximal 564 

electrode contacts (Electrode ‘B’) and the PCB pad was 28 Ω.  565 
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As expected by design, the wireless electronic circuit was successfully powered through the intramuscular 566 

electrodes using the HF current bursts delivered by the external system.  567 

The time required by the control unit to initialize was much shorter than that required in [27], decreasing the 568 

duration of the initial Power up burst from 85 ms to 30 ms, therefore lowering the applied SAR. Fig. 7 (c) shows 569 

the modulating signal of the external system (i.e., when 3.3 V are measured at “Mod. signal”, the HF current is 570 

delivered), and how the regulator of the wireless circuit is able to provide a stable output (VCC) of 2.3 V 571 

approximately 26 ms after the modulating signal is activated. The stability of this VCC is required for the correct 572 

behavior of the circuit, specially the AFE.  573 

The current consumptions during the idle mode, during the processing and basic operations mode and during 574 

the sensing mode were measured in the in vitro setup (Fig. 7 (a)) and the evaluation board connected to the 575 

intramuscular electrodes. The circuit required 180 µA, 185 µA, and 400 µA respectively to power all its electronic 576 

components and the control unit’s peripherals required for the power mode defined.  577 

1.2 Electrical stimulation 578 

The external system was able to set the electrical stimulation configuration (biphasic/monophasic stimulation, 579 

anodic/cathodic pulse first) using the communication protocol designed for the bidirectional communications. 580 

This configuration can be changed at any time by sending a new configuration from the external system. The 581 

pulse duration, number of pulses and frequency of the pulses were successfully managed by the external system 582 

by defining the duration, number and frequency of the bursts of HF current.  583 

Fig. 7 (d) shows an example of a biphasic, cathodic-first waveform, and a monophasic, cathodic-first 584 

waveform obtained in the in vitro setup. As indicated above, this signal is obtained after low-pass filtering the 585 

partially rectified current produced by the circuit, and digitally filtering it. The current limiters are activated using 586 

the digital outputs of the control unit, when the device decodes that a specific HF burst is meant for electrical 587 

stimulation (see the activation signal for the limiters in the lower graphs of Fig. 7 (d)). During these stimulation 588 

bursts, the amplitude of the HF current was increased to 47 V to deliver more energy to the semi-implantable 589 

devices, obtaining a maximum stimulation amplitude of 4.5 mA.  590 

In the case of the biphasic waveforms, even if the circuit has mismatches between the current limiters that 591 

define the cathodic and anodic pulses, the dc-blocking capacitors and its discharge mechanism can balance the 592 
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charge applied in each pulse. In the case of monophasic waveforms, this same protection mechanism is used to 593 

perform purely passive charge-balanced stimulation [41].  594 

1.3 EMG acquisition 595 

The floating sinusoidal generator was set to apply different frequencies and amplitudes, which were then 596 

acquired by the wireless electronic circuit connected to the intramuscular electrodes. Even though the highest 597 

consumption of the control unit was during EMG sensing, the circuit was able to power and keep a steady voltage 598 

of 2.3 V during the sensing process (Fig. 7 (e), top, VCC). The output of the AFE measured from a test point of 599 

the evaluation board is shown in Fig. 7 (e). During the application of the HF bursts, the AFE saturated, but the 600 

circuit successfully recovered and returned to its baseline state to acquire EMG activity in-between bursts (Fig. 7 601 

(e), middle). The time window available to do a proper EMG acquisition was approximately 14 ms (see baseline 602 

time in Fig. 7 (e), middle). When the sinusoidal generator was turned on, the AFE was able to filter and amplify 603 

the signal picked up by the intramuscular electrodes. This signal was then digitized using the ADC of the control 604 

unit. Fig. 7 (e), bottom, shows an example of the output of the AFE when the sinusoidal generator was delivering 605 

a waveform of 280 Hz with an amplitude of 800 µV. 606 

2. In vivo assays 607 

The intramuscular electrodes were easily inserted into the TA and GA muscles of the rabbits using the 608 

dedicated 23 G hypodermic needle. The insertion mechanism was robust and minimally invasive. Supplementary 609 

file 2 shows a video with the complete implantation procedure. Fig. 5 (d) shows an image of two wireless devices 610 

implanted in the hindlimb of the animal, and the location of the textile electrodes that connect to the low-level 611 

control unit of the external system. At the end of the assays, the electrodes were safely removed. 612 

For these assays, the external system was configured to deliver HF bursts with an amplitude of 52 V, a 613 

frequency of 3 MHz, a burst duration (B) of 1.6 ms, and a burst frequency (F) of 50 Hz. The amplitude of the 614 

current during the bursts was 0.3 A. If the external system applies power maintenance bursts, the duty cycle (3) is 615 

equal to 0.08 (i.e., F·B). This low duty cycle scales down the applied HF bursts to 10.4 Vrms and 0.06 Arms, 616 

resulting in an average power of 0.62 W. 617 
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2.1 Electrical stimulation 618 

The external system was able to configure the stimulation parameters of the wireless devices and control the 619 

devices to perform electrical stimulation. Fig. 8 (b) shows the forces obtained when the external system addressed 620 

the device deployed in the TA muscle, or the device deployed in the GA muscle. Both devices were configured to 621 

deliver biphasic, anodic-first pulses. The external system defined the stimulation protocol with pulse widths of 622 

100 µs, and 20 pulses. The TA device was commanded to stimulate at 100 Hz, while the GA device was 623 

commanded at 150 Hz. These parameters obtained a maximum force of 1.6 N and 1 N respectively.  624 

Fig. 8 (c) shows the effect of changing the internal configuration of the stimulation. The device deployed in the 625 

TA muscle was triggered to perform stimulation with fixed parameters: 20 pulses, 100 µs, and 100 Hz. The device 626 

was configured at first for biphasic anodic-first stimulation. Few seconds after doing the stimulation, the device 627 

was reconfigured to do biphasic cathodic-first stimulation. The maximum force obtained for the first configuration 628 

was 1.5 N, while that of the second configuration was 2 N.  629 

2.2 EMG sensing 630 

The wireless devices reported here were capable of registering EMG signals and sending this information 631 

wirelessly to the external system. The circuit recorded raw signals according to the configuration set by the 632 

external system. 633 

Fig. 9 shows an example of raw EMG signals obtained simultaneously by two wireless devices after the pedal 634 

withdrawal reflex was triggered, with the devices deployed in the TA and the GA muscles respectively (1 ksps). 635 

The EMG samples were uploaded to the external system using the communication protocol described above. The 636 

floating devices were able to acquire samples before, during and after the contraction. The period corresponding 637 

to the contraction can be observed as there is an episode in which the amplitude of the EMG increases 638 

significantly.  639 

 640 
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 641 

Fig. 9. Example of raw EMG obtained after the reflex was triggered using a device implanted in the TA muscle and a second device implanted in 642 
the GA muscle. This time window shows the moment after the TA muscle was activated by the reflex and the GA muscle is being activated. The amplitude 643 
of the muscular activity during contraction is clearly differentiated from that of the baseline.  644 

 645 

2.3 Bidirectional communications 646 

The control unit of the wireless circuit was able to reply to the requests sent from the external system, such as 647 

functional tasks (reset, stimulate, start/stop sensing, and send sample), configuration (set/send group belonging, 648 

set/send stimulation configuration, and set/send sensing configuration), and uplink special requirements (ping, 649 

retry send sample, and acknowledge). The communication protocol supports the possibility of sending these 650 

requests to one wireless circuit, or a group of them. This allows the use of the devices as a network of electrical 651 

stimulators and sensors, having the possibility to configure all these functionalities from the external system 652 

simultaneously. 653 

The commands ‘get sensing configuration’ (downlink) followed by a ‘send sensing configuration’ reply 654 

(uplink) have the longer frames of the communication protocol stack. For this reason, they were used to test the 655 

quality of the bidirectional communications. Supplementary file 3 shows a screen recording video of a set of 100 656 

‘get/send sensing configuration’ requests to device 17 deployed in the TA muscle of the rabbit’s hindlimb. The 657 

external system sent the request to the wireless devices, and after demodulation, decoding and error detection, 658 

device 17 interpreted that it should send the configuration information to the external system. The control unit 659 

coded this information and sent it back to the external system (i.e., performed uplink) using the load modulator. 660 

The screen shows the information received by the external system after demodulating, decoding, and performing 661 

error detection. A success rate of 100% was obtained.  662 
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3. Compliance with SAR limitation established by electrical safety standards 663 

In the in vitro study, the external system was set to apply HF bursts with an amplitude of 39 V, which should 664 

produce an electric field in the middle of the region located between the two external textile electrodes with an 665 

amplitude of about 325 V/m [30].  666 

The standards indicate that the SAR must be averaged for 6 minutes [33]. In this case, the possible sequences 667 

that can be made by the external system to interact with the wireless devices can have several combinations, all 668 

starting with a Power up, and having windows of time for power maintenance bursts. Supplementary Table 5, 669 

Supplementary file 1, reports three different sequences that could be used in three hypothetical scenarios: 1) 670 

Power up and maintenance, 2) Power up, 50 seconds of stimulation (biphasic, 200 Hz, 400 µs pulse width) 671 

distributed in 6 minutes, and maintenance; and 3) Power up, 120 cycles composed of 1 s of sensing at 500 sps, 1 s 672 

delay for samples uplink and external processing, and 1 s of stimulation (biphasic, 100 Hz, 200 µs pulse width), 673 

and maintenance. The second sequence corresponds to the worst-case scenario of stimulation, while the third 674 

sequence corresponds to a hypothetical scenario in which neuromuscular activity is used to control stimulation 675 

(e.g., for tremor management). To calculate the SAR at a point according to equation (1), the properties of muscle 676 

tissue at 3 MHz were used (�: 0.57 S/m [42] and �: 1090 kg/m3 [46]). The SAR obtained for the three sequences 677 

was 2.21, 3.40 and 8.10 W/kg respectively, below the 20 W/kg limit established by the standards. The sequences 678 

include enough power maintenance time to guarantee a steady power supply in the wireless devices during the 679 

second and third sequences (341.06 s and 266.73 s respectively).  680 

IV. Discussion 681 

In this article, we have reported the design and evaluation of floating devices capable of EMG sensing and 682 

electrical stimulation which are wirelessly powered and controlled by an external system using HF volume 683 

conduction across living tissues. The assayed devices and systems illustrate the feasibility of forming densely 684 

distributed networks of intramuscular wireless microsensors and microstimulators that communicate with external 685 

systems for analyzing neuromuscular activity and performing stimulation or controlling external devices.  686 

The main aim of the present study was to test the capabilities of the circuit architecture of the floating devices 687 

to obtain power, to bidirectionally communicate with the external system, and to perform EMG sensing and 688 

stimulation. To facilitate this evaluation in vivo, and to enable future acute human trials, the devices were built as 689 
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semi-implantable devices: the circuit was designed to be kept outside of the body, and only the ultrathin 690 

intramuscular electrodes were to be injected. This semi-injectable conformation is not appropriate for chronic 691 

testing due to the possibility of infections, the risk of electrode tear up and accidental extraction. However, the 692 

circuit architecture demonstrated here is the basis for the development of an ASIC that includes all its capabilities, 693 

and that is intended to be integrated in a flexible threadlike implant with two electrodes at opposite ends. This 694 

would allow to have an implantable network of microstimulators and microsensors for BHNS that can be fully 695 

configured for specific clinical applications. 696 

One of the main challenges of using the thin-film intramuscular electrodes presented here was the small 697 

surface area of the electrodes (3.8 mm2) compared to cylindrical electrodes as those assayed in [27] (diameter: 698 

2 mm, length: 3.8 mm; surface area: 27 mm2). Despite this limitation, it was possible to accomplish a sufficient 699 

surface area to obtain enough electric current to power the wireless miniature electronic circuit, and to perform 700 

safe electrical stimulation without exceeding the charge injection capacity of the electrodes.  701 

Another substantial challenge was to combine the low-voltage EMG recordings with the high-voltage HF 702 

bursts for power. The WPT approach proposed here requires that the external system continuously delivers bursts 703 

of HF current for powering the wireless devices. The wireless device uses the same electrodes for powering, 704 

communications, EMG sensing and electrical stimulation. This implies that its AFE saturates when the HF bursts 705 

are applied by the external system. Despite this important limitation, and that the presence of the saturation of the 706 

AFE is seen in the raw recordings (flat lines in-between the EMG activity), the AFE designed for the circuit was 707 

able to have ample time windows (~14 ms) to properly obtain EMG activity, ensuring a fast recovery from the 708 

saturation generated with the HF currents. These time windows will allow to record EMG signals with enough 709 

quality for their use in the BHNS proposed. Although the EMG recordings obtained were made with the hindlimb 710 

held to the load cell setup, it is intended that the system can be used in future acute human trials with free moving 711 

individuals, as the textile electrodes can be strapped firmly around the human limbs.  712 

The WPT approach uses a single channel (the tissues) both for powering and communication. This implies that 713 

while information is sent from a wireless device to the external system (uplink), other wireless devices cannot 714 

send information, nor the external system can do downlink. Another critical aspect of the approach proposed is 715 

that the semi-implantable wireless devices use only two electrodes for powering, bidirectional communications, 716 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 19, 2022. ; https://doi.org/10.1101/2022.03.09.483628doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.09.483628
http://creativecommons.org/licenses/by-nc-nd/4.0/


31 
 

EMG acquisition and electrical stimulation, limiting the possibility of performing several actions simultaneously. 717 

However, this characteristic favors the integration of the future ultrathin implantable devices (Fig. 1). 718 

Supplementary Table 6, Supplementary file 1, compares different implantable EMG sensors reported in the 719 

literature. Remarkably, all the works identified make use of WPT by inductive coupling. There are two typical 720 

conformations: 1) a central unit connected to the electrodes using leads (e.g., the IST-12 [7], the MyoPlant [47], 721 

[15], [48] and Ripple [49]), and 2) a cluster of wireless cylindrical implants (IMES [50]). This last conformation is 722 

very convenient, as the implantation procedure can be done using minimally invasive techniques [51]. Similarly, 723 

we envision our wireless devices as cylindrical and flexible implants that can be deployed by injection. These 724 

implants would have a hermetic housing protecting the ASIC with the circuit architecture proposed here. The 725 

architecture has successfully demonstrated the possibility to acquire EMG activity, with amplification factor, 726 

bandwidth and resolution similar to that of other implantable devices (Supplementary Table 6, Supplementary file 727 

1). This can be useful for applications as neural interfaced assistive wearable robots for SCI, in which the control 728 

is done using intramuscular EMG-driven modelling [52]. The architecture has also demonstrated the possibility to 729 

perform electrical stimulation, opening the possibility to use the devices in multiple applications, including tremor 730 

management in essential tremor and Parkinson’s disease, and prosthetics control with sensory feedback [53].  731 

Another WPT method that is gaining importance due to the possibility of obtaining small form factors is 732 

ultrasonic acoustic coupling. Very recently it was demonstrated the possibility of sending information from 733 

implantable “motes” to an external system for the use of the implants as neural recorders [54]. Yet the 734 

demonstrated implants do not include a hermetic capsule required for long-term implantation [18]. The capsule 735 

would increase the size of the mote and could attenuate the ultrasounds, imposing a critical constraint regarding 736 

the amount of energy obtained by the implant electronics. Ultrasonic WPT has also demonstrated higher 737 

penetration depth compared to inductive and capacitive coupling [24]. However, this is done by means of beam 738 

focusing, making it more difficult to arrange the external transmitter for powering and communicating with 739 

networks of wireless devices arranged through the body. Another drawback of ultrasonic acoustic coupling is the 740 

need to use gel for coupling the external transceiver and the skin [55]. This may cause wounds because of 741 

humidity, irritation due to allergens [56], and may be uncomfortable for chronic applications. Our WPT approach 742 

based on volume conduction avoids these drawbacks. In [57] it was determined that it would be possible to use 743 

existing rechargeable portable batteries (> 100 Wh/kg) for the external system, accomplishing a portable unit that 744 
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can be easily carried by patients. Also, the textile electrodes proposed do not require the use of gel and can be 745 

easily integrated in garments, making it more comfortable for the user, facilitating donning and doffing.  746 

Implant depth is a critical parameter for WPT methods. Here the wireless device was tested in vitro by placing 747 

the intramuscular electrodes at a depth of 3.25 cm, and it could perform all the functions commanded from the 748 

external system. This ideal scenario did not include different conductivity layers as those that could be present due 749 

to other tissues. However, we have in silico demonstrated using a multilayered geometry, that the electric field 750 

generated by the HF current bursts delivered by the external system are coarsely uniform in the region located 751 

between the external electrodes [30]. More importantly, we recently demonstrated in arms and lower legs of 752 

healthy humans that electric powers above 2 mW and 5 mW respectively could be obtained using needle 753 

electrodes (diameter: 0.4 mm, length: 3 mm) implanted approximately 1.75 cm deep [31]. Therefore deeply 754 

implanted devices could be powered with this WPT approach.  755 

V. Conclusions 756 

The present work reports the development and successful evaluation of a technology composed of an external 757 

system that powers and controls wireless semi-implantable devices using a WPT approach based on volume 758 

conduction. Because the currents applied by the external system were applied in the form of bursts, they were 759 

below the heating limits defined by safety standards. The intramuscular electrodes proposed were appropriate for 760 

picking up the HF current bursts delivered by the external system to power and operate the designed miniature 761 

circuit. The semi-implantable devices for EMG sensing and stimulation could be configured and controlled from 762 

the external system using a bidirectional communications protocol that minimizes the application of HF currents. 763 

To the best of our knowledge, these are the first wireless devices powered by a WPT approach based on volume 764 

conduction that can do electrical stimulation and EMG sensing, and that bidirectionally communicate with the 765 

external system. It opens the path to the development of a BHNS that can do distributed electrical stimulation and 766 

sensing for neuroprostheses. 767 
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