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Implantable Myoelectric Sensors (IMESs) for
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Abstract�We have developed a multichannel electrogmyogra-
phy sensor system capable of receiving and processing signals from
up to 32 implanted myoelectric sensors (IMES). The appeal of im-
planted sensors for myoelectric control is that electromyography
(EMG) signals can be measured at their source providing relatively
cross-talk-free signals that can be treated as independent control
sites. An external telemetry controller receives telemetry sent over
a transcutaneous magnetic link by the implanted electrodes. The
same link provides power and commands to the implanted elec-
trodes. Wireless telemetry of EMG signals from sensors implanted
in the residual musculature eliminates the problems associated
with percutaneous wires, such as infection, breakage, and marsu-
pialization. Each implantable sensor consists of a custom-designed
application-speci�ed integrated circuit that is packaged into a bio-
compatible RF BION capsule from the Alfred E. Mann Foundation.
Implants are designed for permanent long-term implantation with
no servicing requirements. We have a fully operational system.
The system has been tested in animals. Implants have been chron-
ically implanted in the legs of three cats and are still completely
operational four months after implantation.

Index Terms�Implanted device, myoelectric, prosthesis control,
wireless telemetry.

I. INTRODUCTION

P ERSONS with recent hand amputations expect modern
hand prostheses to function like intact hands. Unfortu-

nately, current state-of-the-art electric prosthetic hands are gen-
erally single-DOF (opening and closing) devices that function
and are controlled very differently from the natural hand. Pros-
thetic arms that allow multi-DOF movements require sequential
control of these from multiple motions, using locking mecha-
nisms and/or special switch signals to change control from one
DOF to the next. This type of control is slow and counterin-
tuitive. Consequently, because most devices fail to meet users�
expectations, they tend to be underutilized or rejected [1], [2].
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Fig. 1. Photograph of IMES system. The external coil will be laminated
directly into the prosthetic interface. Signals from the implants in the arm,
linked through the external coil, control the prosthesis via reverse telemetry.
Implant power is supplied through the external coil using forward telemetry.

Fig. 2. Schematic of how IMES, implanted in the muscles of the forearm,
communicates via the external coil that is laminated in the prosthetic socket and
encircles them when the prosthesis is worn.

For persons with recent hand amputations �Every advancement
in limb prosthetics is compared against re-creation of the physi-
ological limb and the experience of the arti�cial limb. Although
many people use prostheses and, in this way, accept the state-of-
the-art, they are generally not satis�ed with it. It is the nature of
the work that prosthetics research is driven by dissatisfaction.�
(personal communication).

A. EMG Use in Prosthesis Control

Consideration of both current and experimental control ap-
proaches drove the system requirements for our implantable
myoelectric sensor (IMES) system. The major factor limiting
the development of more sophisticated hand/arm prostheses is
not hand/arm mechanisms themselves but rather the dif�culty in
�nding suf�cient control sources to control the many DOFs re-
quired to replace a physiological hand and/or arm. Development
of an IMES (see Figs. 1 and 2) system that uses a transcutaneous
(no wires) magnetic link allows multiple control sources to be
created by recording myoelectric signals at their source, with
low levels of interelectrode crosstalk, and thus, a high degree
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of independence between sources. In prosthetics, the biosignal
most commonly used in the control of externally powered pros-
thetic components is the electromyogram (EMG) [3]�[5]. The
EMG is generated as a natural consequence of normal muscle
excitation and can be readily detected and ampli�ed with a vari-
ety of electrode/ampli�er systems. Ampli�ed EMG signals can
then be passed to the prosthesis controller for further process-
ing to decipher user intent to determine which actuators in the
prosthesis to drive, i.e., it is a multiple-input�multiple-output
(MIMO) problem�how do these inputs (sensed EMGs) map to
the outputs (prosthesis motors).

The various control approaches fall broadly into one of three
categories.

1) One Muscle�One Function or Direct Control: This is
the most primitive approach, and represents current commer-
cially available prosthetic devices. Direct control is the simplest
form of control to implement, but users must learn to associate a
particular control motion to a speci�c prosthesis function; thus,
it is important to try and make the control motions physiolog-
ically relevant. Generally, the prosthetic component is driven
at a speed that is proportional to the difference in the ampli-
tude of the two EMG signals. If intuitive control motions can
be found, direct control can provide simultaneous control of
multiple DOFs for a prosthesis.

2) One Pattern of EMG Activity�One Function or Control
Using Pattern Recognition: With pattern recognition, the con-
troller recognizes a speci�c pattern of EMG signals and exe-
cutes an associated function. These muscles produce relatively
distinct patterns of activity with different movements of the
phantom limb that can be linked to movements of the pros-
thesis. Pattern recognition approaches requires a pattern to be
stored for every movement. These approaches do not provide
true parallel/simultaneous control of multiple DOFs or dexter-
ous manipulation of held objects [6]�[17].

3) Control by Forward Dynamic Simulation of the Intact
Biomechanical System (Internal Model): An internal model
approach uses EMG signals measured in the user�s residual
muscles to predict muscle activation in an anatomically cor-
rect biomechanical muscle model of the intact limb [18], [19].
This method of control has been proposed for several powered
exoskeleton designs [20]�[22]. Rosen et al. [23]�[27] have addi-
tionally completed a 7-DOF powered exoskeleton that is driven
via an internal model. This method of control offers the poten-
tial to achieve true dextrous manipulation because of its ability
to be able to execute movements that the controller has not been
trained for while at the same time remaining transparent to the
user. The muscle activations used to drive these models require
focal EMG recordings from many small muscles.

B. Implications of Control Approaches for the IMES System

There are 18 extrinsic muscles in the forearm related to the
control of the hand and wrist. Most of these are still present in
some form following transradial amputation. The primary re-
quirement of the IMES system was to be able to reliably obtain
independent control signals from a relatively dense collection of
small muscles. IMES have a suf�ciently localized pickup �eld

to be able to acquire EMG signals from the residual muscles of
the forearm to provide estimates of the activation level for an
internal model control approach; additionally, our IMES system
is designed to be able to telemeter either raw EMG or integrated
EMG out of the body depending on the control approach be-
ing used [28]. Pattern recognition requires raw EMG while an
internal model approach can use integrated EMG.

Farrell and Weir [29] and Farrell [30] showed that pattern
recognition with intramuscular EMG signals is as good as that
with surface electrodes�whether the electrodes are targeted to
speci�c muscle groups or not. Thus, the choice of whether to
use intramuscular recordings versus surface recordings in a pat-
tern recognition system is not driven by choice of classi�er and
classi�cation accuracy but is instead driven by clinical issues
relating to EMG signal robustness. The use of multiple sur-
face EMG sensors for control has been shown to have signal
reliability and robustness issues�due to electrode liftoff, skin
impedance changes over the course of the day, movement arti-
facts, lack of repeatable electrode placement due to day-to-day
donning and dof�ng of the prosthesis, as well as potential wire
breakages. The IMES system offers a potentially robust, repeat-
able, and reliable alternative to capturing EMG signals because
the implants are permanently encapsulated in �brous scar tissue
within the muscle [31]. This �brous tissue does not impede sig-
nal transmission and prevents the implants from moving within
the muscle. The implants operate in a constant environment�no
skin impedance changes, no electrode liftoff issues. Since digi-
tal encoding is used to pass the EMG signals back to the external
controller, small changes in the external reader coil position and
orientation relative to the implant (due to donning and dof�ng
or motion artifacts, for example) will not affect signal content.

Simulations of the projected pickup area for our implants
demonstrated the feasibility of recording independent EMG
signals from the muscles of the forearm using chronically im-
planted IMES [32]. These results suggest that for an implant
placed along the �bers of the muscle, the pickup area for the
sensor will be an ellipsoid about 5 mm in radius about the im-
plant (see Fig. 3).

By obviating the use of percutaneous wires in favor of fully
implantable sensors, the IMES system has the potential to be a
reliable and robust platform for any EMG measurement appli-
cation where a coil, �at or circular, can be accommodated on
the body. The Alfred E. Mann Foundation (AMF) bionic neu-
ron (BION) has been approved for investigational use in human
subjects and the BION package is robust and reliable [31]. The
IMES systems are not limited to upper limb prosthesis control
and have application in lower limb prosthetics as more pow-
ered components enter that �eld; in addition, IMES systems
have applications in experimental research where intramuscular
recordings need to be made over long periods of time [33].

C. IMES System Speci�cations

The IMES system is capable of measuring raw EMG at 8-bit
resolution of up to 32 implants/sites at a sample rate of roughly
1000 samples/s/channel (see Table I for exact sample rates).
Each implant is a bipolar differential instrumentation ampli�er
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Fig. 3. Projected pickup area for our IMES superimposed on an appropriately
scaled section through the proximal forearm. Image shows that pickup area
should not be an issue in the �nal device with each device having a pickup area
con�ned to an individual muscle.

TABLE I
APPROXIMATE SYSTEM SAMPLING RATES

TABLE II
PROGRAMMABLE ANALOG PARAMETERS

with an adjustable gain and adjustable high- and low-pass corner
frequencies. Telemetered EMG can be sent back on one of two
bands. Band 1 is low bandwidth that can be used to send back
integrated EMG and band 2 is high bandwidth that can be used
to send back raw EMG. The ability to measure raw EMG is
important as a number of algorithms used to decipher user intent
from the EMG signals extract features/information from the raw
EMG that are lost if only integrated signals are passed out of
the body.

The high-pass and low-pass corners of the signal processing
chain can be controlled by issuing commands over the magnetic
link. This feature is useful in changing the antialiasing perfor-
mance as sample rate is adjusted. In addition, the time constant
of the integrating function used to generate the integrated EMG
output is also adjustable. A summary of the programmable ana-
log parameters is shown in Table II.

The internal 8-bit analog-to-digital converter (ADC) can be
directed to sample the integrated EMG signal, the �raw� EMG
signal, or the internal IMES power supply voltage. A data se-
lector was added between the ADC output and the internal logic
to allow readback of the IMES address byte, or any of the eight
bytes of the 64-bit unique serial number (see Table III). Each

TABLE III
IMES REVERSE TELEMETRY MODES AVAILABLE

IMES is identical except for its own 8-bit device address within
the system and a unique 64-bit serial number.

1) System Architecture: An IMES system consists of up to
32 IMESs, an external power coil and receiving antenna, and a
telemetry controller. The telemetry controller passes data from
the implants directly to the prosthesis controller or external
recording device. The prosthesis controller is where high-level
decisions are made as to operation of the telemetry controller,
where the reverse telemetry data are processed to determine
user intent, and where the motor control signals originate to
drive the appropriate components in the prosthesis. The ex-
ternal power coil, receiving antenna, telemetry controller, and
prosthesis controller are all housed in the prosthetic socket used
to mechanically interface the user to the prosthetic components.

Implants are powered transcutaneously, via the external coil,
with a 121-kHz magnetic �eld generated by an integrated high-
ef�ciency class E power oscillator [34]. This powering magnetic
�eld is modulated to send control signals to the addressable
implants. EMG signals generated by the residual muscles at
each implant site are ampli�ed and digitized by the implants.
The telemetry controller within the prosthesis controls a time-
division multiplexing (TDM) sequence to orchestrate RF trans-
missions from each implant so that data from all implants may
be sequentially collected by a receiver in the prosthesis. The
telemetry controller demodulates the received signals and passes
the multichannel EMG data to a prosthesis controller.

The implant device address is used to assign unique operating
parameters to each implant where necessary, including whether
or not a particular implant is sending reverse telemetry EMG
data (�active�). TDM constraints limit the number of active im-
plants in the system; implants may be activated and deactivated
in several milliseconds, so it is possible to intelligently and dy-
namically distribute the available EMG telemetry bandwidth
among up to 255 implants used with a single controller.

The communications protocol and command set for the sys-
tem is de�ned around a system architecture designed to support
up to 32 active implants on each of two RF bands of operation,
60 kHz (Band1), and 6.8 MHz (Band2). Although the architec-
ture will support simultaneous multiband operation of 64 active
implants (2 channels × 32 implants per channel), the two avail-
able bands are intended as alternate real-time options should an
external interfering signal preclude reliable data transmission
on the selected band. Band 1 provides a very robust low rate
data link, while Band 2 is a much higher rate link. The system
described here is capable of data transfer on only one band at a
time, but may be dynamically band-switched.
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Fig. 4. IMES implant block diagram.

a) IMES implant design: Each Implant is a single-chip in-
tegrated silicon device mounted on a ceramic substrate along
with a surface-mount power supply �lter capacitor. This sub-
assembly is sandwiched between two halves of a cylindrical
magnetic core. The 121-kHz power coil and the RF coil are
then wound over the core. The electronics are encapsulated in a
ceramic package that includes metal endcaps at either end be-
tween which serve as the differential recording electrodes (see
Fig. 4).

Tissue protection: Immediately following the endcaps is a
tissue protection circuit. An elaborate protection network has
been installed between the ac coupling capacitor and the in-
put endcap electrode to prevent damaging currents from reach-
ing the surrounding tissue. The fault protection circuit limits
the voltage differential between electrodes to a maximum of
500 mV until a fusible poly1 resistor fails from electromigra-
tion due to the fault current. Based upon foundry process pa-
rameters, we predict that electromigration of the poly1 material
will cause this resistor to fail open after approximately 30 min
under fault conditions. On failure of the fusible resistor, current
may no longer pass between electrodes. The current densities
developed in the event of a failure do not exceed those cited
as causing tissue damage as in Mortimer et al. [35]. Following
the tissue protection circuitry, the signal enters the ampli�er
chain.

Ampli�er chain: The ampli�er is a precision, low-noise;
programmable-gain ac-coupled front-end ampli�er chain. As
shown in Fig. 4, the EMG potential between the package end-
caps is ampli�ed by three stages of ac-coupled programmable-
gain ampli�ers. Any or all of which may be bypassed to pro-
vide 64 semilogarithmic gain settings: ranging from 24.1 dB,
125 mV full scale to 78.1 dB, 160 µV full scale. The gain is pro-
grammable via the command link logarithmically with a 6-bit
resolution as shown in Fig. 4. The ampli�er chain has an input-
referred noise of 15 µVrms with a 1.0 Hz�1 kHz bandwidth,
and includes 1-kHz antialiasing �lters. An envelope detector
with a variable time constant follows the ampli�er chain to
offer a lower bandwidth (Band 1) view of EMG activity (see Ta-
ble II). Either the envelope-detected (Band 1) or wideband EMG

(Band 2) may be dynamically selected. The selected signal is
then passed to the A/D converter.

A/D converter: The A/D is a low-power 8-bit charge-
redistribution ADC that can operate at up to 2MSPS. The im-
plants may also be commanded to report on several values as
reverse telemetry information to the telemetry controller, such
as the implant�s unique serial number or device address within
the system.

Serial number and device address: In anticipation of the rig-
orous documentation required of devices intended for human
implantation, each IMES contains a unique 64-bit LASER-
programmed serial number. This serial number is permanently
programmed at the die level, and is used to track the history
of each IMES from die test to human implantation. There is
also a programmable 8-bit address that is used for addressing
commands to a speci�c implant while in operation. IMES in a
single system must be assigned a unique address to ensure ac-
curate reverse telemetry operation. The chip power supply Vdd ,
implant address, and serial number may be monitored for sys-
tem diagnostic purposes (see Table III). For future expansion or
experiments, the implant includes a selectable two-input multi-
plexer at the ampli�er chain input, so one of two electrodes may
be measured.

Implant control logic: The implant control logic consists of a
command processor, a frame generator, and the PLL logic. An
implant command set has been created for the inward teleme-
try stream to satisfy the implant control requirements of the
system design. IMES implants have adjustable signal process-
ing parameters that are set over the forward telemetry link (see
Table I).

Error correction: There are several potential sources of bit
error including PLL jitter, low signal-to-noise ratio conditions,
or the presence of interference. To address this situation, a logic
circuit internal to the implant calculates a 4-bit Hanning code
from the 8 data bits. With error correction active, a total of 12
bits of telemetry bandwidth are used for each reporting time slot.
We have found that by using error correction, usable control
signals can be derived from data with up to a 15% bit-error
rate [36].

Frequency-shift keying (FSK) demodulator: The FSK demod-
ulator looks for frequency shifts in the 121-kHz exciter power,
and demodulates these frequency shifts into a data stream. This
data stream contains inward telemetry commands, and is fed to
the implant control logic.

PLL: A PLL subsystem is used to generate the outward data
carrier at 6.78 MHz, as well as to provide internal high-rate
clock signals to the controlling logic in the implant. The outward
data carrier and these high-rate clocks are phase-locked to the
121-KHz exciter frequency. Both the implant and the telemetry
controller electronics contain identical PLLs, so the telemetry
controller can accurately ascertain the timing in the implant for
demodulation and time-slot bookkeeping. The implant design
is such that a temporary loss of phase lock will only affect
the precision of the reverse telemetry frequency, and will not
affect the ability of the implant to interpret forward telemetry
commands. PLL settling time is not an issue, since PLL settling
occurs only on power-up of the implants.
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Fig. 5. Photograph of IMES components in three assembly states. (Top) IMES
silicon chip. (Middle) Sectioned IMES capsule containing IMES subassembly.
(Bottom) Completed IMES implant. Shown next to 1 mm scale.

Power: Implant power is provided by recti�cation and clamp-
ing of the magnetically induced 121-kHz exciter signal as ac-
quired by a small receiver coil integral to the implant.

Implant assembly and testing: The IMES is automatically
tested at four assembly levels:

1) Die level�Unpackaged die are tested using a die probe
station, with test signals applied through probes touching
bond pads on the die surface.

2) Subassembly�The die is attached to a ceramic substrate
and sandwiched between two semicylindrical magnetic
cores. Two coils are wound over the cores and die, and
wire-bonded to the ceramic substrate. A surface-mount
�lter capacitor is also attached to the substrate. This sub-
assembly is powered magnetically, and a test signal is
applied to either end of the assembly.

3) IMES�The subassembly is inserted into a ceramic cylin-
der along with some mechanical components and a chem-
ical getter. An endcap is welded to seal the subassembly
within the package. The IMES is powered magnetically,
and the test signal is applied between the metal ends of
the assembled device.

4) IMES in sterile packaging�The completed IMES is at-
tached to a carrier printed circuit board using silicone rub-
ber ties. This carrier board also holds two light-emitting
diodes connected antiparallel across the endcaps of the
IMES device. These LEDs serve two purposes;
a) to protect the IMES device from large electrostatic

discharge events during storage;
b) to provide a source of a test-signal voltage through the

transparent sterile packaging. The IMES and carrier
board are sealed in a transparent sterilizable envelope.
The LEDs within the bag are illuminated by a cali-
brated light source modulated with the test signal. The
LEDs on the carrier board operate photovoltaically
when illuminated and thus apply a test signal to the
IMES endcaps. The IMES is powered magnetically
during the test, so the IMES may be retested immedi-
ately prior to implantation without opening the sterile
package.

b) Telemetry controller: The telemetry controller (see
Fig. 6) was constructed from discrete commercial devices and a
custom �S5800b� Class E power oscillator controller device de-
veloped by Sigenics, Inc. [34]. This device includes the Class E
oscillator control, FSK modulator, FET drivers, data �rst-in �rst-

Fig. 6. Block diagram of telemetry controller. Band 2 reverse telemetry fre-
quency implemented: ISM band, 6.765�6.795 MHz (BW = 30 kHz) 25 µV/m
at 300 m (Fc = 6.78 MHz). Identical allocations are present in USA (FCC Part
18) and Europe (EN50081). System supports 32 time slots, 8 cycles/timeslot
best-case (10 data bits) = >15.6 ktimeslots/s = >1.9 ksps/implant with eight
implants. Required reverse telemetry bandwidth: 502 kHz (BPSK modulation).
Required bandwidth exceeds Part 18/EN50081 allocation, acceptable in view
of low anticipated emissions. Part 15/EN50081 emission limits for unlicensed
intentional radiators: 30 µV/m @ 30 m.

out, and serial interface. A programmable microcontroller is
used to interpret high-level commands from the prosthesis con-
troller and modulates the outgoing exciter frequency to provide
forward telemetry to the implant via the external drive coil. A
set of receiver circuits demodulates the reverse telemetry picked
up by the receiving antenna and uses logic functions to decom-
mutate the reverse telemetry data. The receiver components
will eventually be integrated into custom silicon application-
speci�ed integrated circuit (ASIC) to reduce the size and power
requirements of the prosthesis electronics. In the prototype, a
universal serial bus (USB) interface is used by an external com-
puter to communicate with the telemetry controller, allowing
external computer control and display of implant parameters
and collected EMG data. The USB interface may or may not be
present in a �nal prosthetic system.

Microcontroller and �rmware: The Texas Instruments In-
corporated�s MSP430 family of low-power microprocessors is
used to perform the high-level telemetry controller functions,
such as power and implant control as well as reverse teleme-
try decommutation. High-level programming is done in C, with
lower-level data streaming routines programmed in assembler.

Receiver electronics and reverse telemetry: The integrated
receiver subsystems connect to the receiving antenna through a
passive R-C network(s), and delivers a serial stream of demod-
ulated data to the telemetry controller. The receiver operates in
one of the two command-selectable frequency bands; �band 1,�
which is a 60-KHz nominal signal, BPSK-modulated, capable
of 630-Hz total sampling bandwidth, and �band 2,� which is a
6.78-MHz nominal frequency, BPSK-modulated, and capable
of 40.4 KHz of total sampling bandwidth. The receiver out-
put is fed to a demodulator, which contains a copy of the PLL
used in the implant. The receiver uses the exciter frequency as
a reference, and generates a zero-phase reference carrier that
matches exactly the frequency being emitted by the implant(s).
The generated reference carrier is used to demodulate the reverse
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Fig. 7. Diagram showing the current telemetry data format.

telemetry signal received from the implants, and supplies a data
stream to the telemetry controller processor for decommutation.

Class-E converter and forward telemetry: A Class-E con-
verter [34] is integrated into the design of the telemetry con-
troller to provide power via an inductive magnetic link to the
implants. FSK modulation of the 121-KHz nominal exciter fre-
quency is used to pass commands to the IMES implants.

Interface: Communication with the prosthesis controller is
over an extended serial port interface (SPI) interface. The inter-
face operates in one of two modes; �command� in which con-
�guration commands are passed from the prosthesis controller
to the telemetry controller microprocessor, or �frame transfer
mode� in which demodulated telemetry data is passed in dis-
crete frames to the prosthesis controller. A USB interface that
allows a stand-alone PC to operate in place of the prosthesis
controller is also included.

c) Forward (inward) telemetry link: Commands are sent
to the implants in the system by FSK modulating the 121-kHz
powering magnetic �eld. The Class E 121-kHz power oscilla-
tor comprises essentially of a high-Q resonant circuit, which
is excited by a very short high-current pulse once each cy-
cle of 121 kHz. The implants use a patented method (U.S.
patent no. 7271677) of FSK demodulation that compares the
period of the current 121 kHz cycle to the average period of the
121-kHz magnetic �eld. To maintain a proper average, and thus,
achieve optimal FSK data demodulation within the implant, a
Manchester data encoding scheme is used to maintain an equal
number of FHigh and FLow cycles during the transmission of an

Fig. 8. Time slot illustration.

implant command. The data format used requires four 121 kHz
cycles per transmitted bit, so the inward telemetry bit rate is 30
kbits per second.

d) Reverse (outward) telemetry link: Implant data trans-
missions consist of bursts of a modulated RF carrier which
occur in a 32 time slot TDM space (see Figs. 7 and 8). The 32
time slots, 0�31, are termed a �Frame.� Each implant contains a
32-bit time slot assignment table (TSA table) and its own time
slot counter to keep track of the current time slot. The 32 active
implants may each be assigned a different time slot, or multiple
time slots in a frame may be assigned to the same implant to
increase the EMG sampling rate for signals from that implant.
This provides the ability to dynamically allocate signal band-
width to implants. System sampling rates for various numbers
of implants are shown in Table I.

The 121-kHz magnetic �eld generated by the Class E power
oscillator is used as the frequency reference for all signals gen-
erated in the system. By synchronizing the implant RF carriers
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