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Abstract—  Pattern  recognition (PR) based on
electromyographic (EMG) signals has been developed for
multifunctional artificial arms for decades. However,
assessment of EMG PR control for daily prosthesis use is still
limited. One of the major barriers is the lack of a portable and
configurable embedded system to implement the EMG PR
control. This paper aimed to design an open and configurable
embedded system for EMG PR implementation so that
researchers can easily modify and optimize the control
algorithms upon our designed platform and test the EMG PR
control outside of the lab environments. The open platform was
built on an open source embedded Linux Operating System
running a high-performance Gumstix board. Both the
hardware and software system framework were openly
designed. The system was highly flexible in terms of number of
inputs/outputs and calibration interfaces used. Such flexibility
enabled easy integration of our embedded system with different
types of commercialized or prototypic artificial arms. Thus far,
our system was portable for take-home use. Additionally,
compared with previously reported embedded systems for
EMG PR implementation, our system demonstrated improved
processing efficiency and high system precision. Our long-term
goals are (1) to develop a wearable and practical EMG
PR-based control for multifunctional artificial arms, and (2) to
quantify the benefits of EMG PR-based control over
conventional myoelectric prosthesis control in a home setting.

Index Terms—EMG pattern recognition, open and

configurable design, embedded system, artificial arms
I. INTRODUCTION

Pattern recognition (PR) based on electromyographic
(EMQG) signals for control of multifunctional artificial arms
has been discussed for decades [1-8]. However, evaluation of
such control has been mainly carried out in the lab
environments. To demonstrate the practical potential of such
prosthesis control, evaluation of the device in realistic
environments (such as home) to support activities of daily
living is needed; however, the related study is very limited.

One of the reasons is the lack of an open, configurable
embedded system to implement the EMG PR algorithm for
artificial arms. Most real-time implementations of EMG PR
have been on the PC platforms [9-11], which are
unfortunately not portable. Acquisition and Control
Environment (ACE) software has been developed based on
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MATLAB environment (Mathworks, MA, USA) to
implement EMG PR control [9]. This software allows
real-time EMG signal acquisition and configuration,
visualization, and control of a virtual arm or a real artificial
arm. Based on ACE and Musculoskeletal Modeling Software
(MSMS), the Johns Hopkins University has developed a
Virtual Integration Environment (VIE) supported by the
Revolutionizing Prosthetics project program, which is
capable of real-time prosthesis control and interaction in a
virtual environment [10]. Recently, a stand-alone PC
software package, called Control Algorithms for Prosthetics
System (CAPS), with a refined user interface and intuitive
control configuration has been developed by a research group
at the Rehabilitation Institute of Chicago [11].

The number of embedded implementations of EMG PR
for artificial arms has been relatively limited. One of the
hardware implementations was called Biointerface Board
(BIB) [12]. This system was designed to record and decode
EMG signals to control a 7 degree-of-freedom artificial arm.
The core of the system consisted of an embedded fixed-point
digital signal processor (DSP) and an analog-to-digital
converter (ADC). The system executed real-time data
acquisition, signal pre-processing, online EMG feature
extraction, and numerical operation for classification
decisions. However, it did not provide on-board PR training
function, due to the lack of volatile memory needed for
training data storage. The PR parameters still needed to be
calculated on the aforementioned PC-based VIE and loaded
via Bluetooth link. A recent study reported an embedded
EMG PR controller for artificial arms [13]. A high speed
Gumstix CPU board (Verdex Pro XM4-BT COM) was
utilized as a main board to pre-process EMG signals, extract
features, and execute pattern recognition. A Robostix
microcomputer with an ADC (3 fixed channels, 8-bits) was
connected with the main board to collect EMG signals. In
addition, a set of push buttons were designed in the
embedded system to provide an on-board PR training
interface. In our group, a prototypical embedded system was
also designed [14]. The system consisted of two parts: a
microcontroller on a RoboVero expansion board for EMG
signal sampling and dispatching, and an ARM Cortex-A8
processor on a Gumstix Overo COM for EMG pattern
recognition. Exciting system developments have resulted in
one commercialized EMG PR controller for artificial arms
[15] (Complete Control, Coapt, LLC). Unfortunately, the
product is closed for researchers to modify, configure, and
optimize.

This paper presented an open and configurable embedded
EMG PR system for artificial arms. The system was open so
that researchers can easily modify and optimize the control
algorithms upon our designed platform; the system was
highly flexible in terms of number of inputs/outputs and
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customize their design upon our platform. Our developed
embedded system can enable the research community to
explore the function and performance of EMG PR in realistic
scenarios for prosthesis control, which in turn will speed up
the translation of EMG PR for artificial limbs to the amputee
users.

II. METHODS

A. Hardware System Architecture

The hardware architecture of the designed embedded
system is shown in Fig. 1. The whole system consisted of
four components: an ADC subsystem for EMG signal
acquisition, a Micro Controller Unit (MCU) core board for
fast data processing and pattern recognition, a
digital-to-analog converter (DAC) subsystem for prosthesis
control signal output, and a multifunctional I/O interface for
on-board EMG PR training. The ADC and DAC were
connected with MCU via serial peripheral interface (SPI).

System hardware structure of the open and configurable real-time embedded system

ADC subsystem MCU Core

TI Omap 3503
(ARM Cortex-AS8)

Gumstix Overo Air

Track and
hold
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Fig. 1. Hardware system architecture

1) ADC  subsystem: an  evaluation  board
(EVAL-ADAS3023EDZ, ADI) with a 16-bit ADC chip
(ADAS3023, ADI) was used to design the ADC subsystem.
This ADC device can simultaneously convert 8 channel
analog signals with a sampling rate up to 125K samples per
second (SPS), which was sufficient to meet the sampling
requirement for EMG signal acquisition. In addition, this
device provided configurable options for a variety of system
applications, which allowed researchers to choose different
numbers of signal inputs and different input voltage ranges.

2) MCU module: the embedded system was implemented
on a Gumstix Overo Air (ARM Cortex-A8 OMAP3503)
board based computer-on-module (COM), which made the
entire system open and highly configurable. An expansion
TOBI board was selected to provide two SPI interfaces for
the ADC and DAC chips and several other I/O interfaces in
other modules. The Gumstix Overo Air communicated with
the expansion board via two 70-pin connectors. The ARM
Cortex-A8 processor on the Overo COM can receive and
dispatch data from SPI interfaces, continuously refresh the
FIFO ring buffer of the system, and execute EMG pattern
recognition and fast online classifier retraining.

3) DAC  subsystem: an  evaluation  board

(EVAL-ADS664REB, ADI) with a 16-bit buffered
voltage-out DAC chip (AD5664, ADI) was utilized to design
the DAC subsystem. This subsystem incorporated a
power-on reset circuit that ensured the DAC output powers
up to 0 V and remained until a valid write took place, which
can effectively prevent incorrect operation of artificial arms.
In addition, the system contained a per-channel power-down
feature that reduced the current consumption of the device to
480nA at 5V and provided software-selectable output loads
while in power-down mode. Such a design can allow
developers easily configure each individual channel’s output
loads by software. Also, the low power consumption made
the system practical for portable embedded system design.
The device provided a versatile 3-wire SPI that operated at
clock rates up to 50 MHz, which satisfied the requirements of
prosthesis control signal output rate.

4) Multifunctional I/O interface: the expansion TOBI
board contained six 10-bits ADC interfaces, two Pulse-width
modulation (PWM), four PWM/GPIO interfaces, two
SPI/GPIO interfaces, ten GPIO mix interfaces, one Line-in
for microphone, one Line-out for speaker, one cable
networking, one wireless networking, Bluetooth compatible
with the Overo Earth module, one HDMI port, one USB
slave and one USB host (12 megabit/second). With these
multifunctional interfaces, different on-board PR training
interfaces (e.g. push button guided training, prosthesis guided
training, voice guided training, etc.) can be easily
implemented on the embedded system.

B. Software System Architecture

The software architecture of the designed embedded
system is shown in Fig. 2. The software was built based on an
open source embedded Linux Operating System (OS). The
ADC and DAC drivers were programmed in the Industrial
Input/ Output (IIO) framework, which is an open driver
structure specifically designed for ADC and DAC chips.
These two drivers were called by the Input/ Output
processing module of the EMG PR system (Fig. 2) in
application layer of Linux. Other I/O device drivers (i.e.
LED-GPIO, TWL4030, PWM, and SOC audio) were
programmed in the driver layer of the Linux kernel source
tree that provided an interface for user space to access all
other devices. The embedded Linux operating system also
provided many interfaces for application program, such as
epoll system calls, math library and multi-threading support
library. The epoll system calls is an open scalable I/O event
notification mechanism that can achieve better performance
than the older POSIX select and poll system calls. Therefore,
the epoll system calls was used in this system to enable users
to access the ADC and DAC drivers’ buffers of Linux kernel
layer operate on a configurable kernel object in user space. In
addition, the math library was utilized in the EMG PR system.
The multi-threading support library was used to support the
several kernel threads (the EMG PR system and the system
control module) and their communication.

The EMG PR system consisted of four main modules: (1)
the EMG PR module, which executed the EMG PR algorithm,
(2) the calibration module, which processed on-board training
function, (3) the I/O processing module, which handled the
system buffer with a real-time scheme, and (4) the system
EMG control state machine, which received and sent out the
command messages. This open event message control system
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in the software framework was designed to increase the
maintainability and extensibility of the system, and handle
the input and output devices of the multifunctional interface.

The system control module was designed to handle the
communications of input and output devices. It consisted of
two main modules: the input processing module and the
output processing module. The system control module
communicated command messages with the EMG PR system
through a two-thread program. The input processing module
had three typical input methods, including GPIO-key, Voice
input and IrDA remote input. Accordingly, three typical
outputs were selected: GPIO-Led, Speaker, and digital screen.
The EMG PR system sent command messages to the output
processing module to notify users the current state of the
machine. It is noteworthy that each module can be easily
customized and configured to meet the requirement of
researchers.
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Fig. 2 Software system architecture

C. System Real-time Implementation

To implement the system in real-time, a circular buffer
was used in IIO framework to stream the buffered EMG
signal data, as shown in Fig.3. This design used a single,
fixed-size buffer as if it were connected end-to-end and
provided a data structure well suited for buffering data
streams. The buffer size was carefully selected to provide
adequate space to speed the data sampling process and
prevent processing resources consuming. The IO trigger
interface was connected to an IIO device to determine
uniform or non-uniform sampling for ADC. A hrtimer trigger,
which was a high-resolution Linux kernel timer, was
implemented. The User Space Application used the epoll
system to read the buffered data, convert the 16-bit data from
integer to float, and restore the data in another ring buffer in
User Space, as shown in Fig. 3. In addition, a zero-copy
mechanism was used to enhance the system performance and
save the processing power and memory usage. In such a
mechanism, the MCU does not perform the task of copying
data from one memory area to another. Therefore, the MCU
can move on to other tasks while data copies proceed in
parallel in another part of the machine and reduce the number
of time-consuming mode switches between user space and
kernel space. To implement the zero-copy mechanism, a
sliding windowing scheme was used to process buffered data,
reuse the old data, maximally utilize computing capacity, and
produce a decision stream in a real-time manner.
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Fig. 3 Circular buffer design and sliding windowing scheme

III. RESULTS & DISCUSSION

Three EMG PR embedded systems were compared: the
mobile controller developed in [11], our previously designed
system [12], and the system designed in this study. These
three systems were designed based on an open-source
operating system and open CPU board (Table I). However,
only the newly designed embedded system in this study
provided open hardware and software frameworks.

Open design of embedded systems holds a great value for
the researchers, who are developing EMG PR-based
prosthesis control. First, with an open-source operating
system, the researchers can concentrate more on development
and optimization of EMG PR algorithms rather than the
system platform development. Secondly, the open system
allows software to be easily developed on different types of
CPU, and provides a functionality for -cross-platform
evaluation.  Thirdly, the building of an open
cross-compilation environment is free and easy to implement.

TABLE 1. OPEN DESIGN COMPARISON OF THREE EMBEDDED SYSTEMS
Our new Our Mobile
previous controller
system system [11]
[12]
Open source operating system Yes Yes Yes
Open CPU board Yes Yes Yes
Open hardware framework Yes No No
Open software framework Yes No No
Table II lists the multifunctional I/O interfaces,

compatible prosthesis calibration interfaces, and configurable
sensor inputs in the three embedded systems. Our new design
provided much richer multifunctional 1/O interfaces
compared to the other two. More important, these 1/O
interfaces can be used to make the system compatible with
different commercialized prostheses and calibration
interfaces. For example, microphone line-in and speaker
line-out can be explored to provide voice-guided calibration
interface. This feature can be useful for prosthesis users,
especially bilateral upper limb amputees. In addition, our
system supported up to 8 EMG sensor input channels with
16-bit precision, which can provide the researchers with great
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flexibility to select the input channels based on their own
application needs.

TABLE II. COMPARISON OF CONFIGURABLE DESIGN
Our Mobile
Our new system previous controller
system [12] [11]
6 input p‘ush buttons, 8 input
Multifunctio ‘IrDA 1nterfe.1ce, . push
Microphone Line-in, 2 GPIO
nal I/O R . buttons, 2
interface Speaker Llne-put, 5 LED Lights GPIO LED
GPIO LED Lights, Liohts
HDMI port g
Compatibilit | Button-guided training,
y with Remote control unit
different guided training, No Button-gui
prosthesis Voice-guided training, ded training
calibration prosthesis-guided
methods training
Configurabl
e EMG Up to 8 flexible 4 fixed 3 fixed
sensor channels, 16-bit channe‘:ls, chann.els,
. ’ 12-bit 8-bit
nputs

The average processing time of these embedded systems
for processing EMG PR algorithms were compared in Table
III. The newly designed system was capable of processing all
eight 16-bit channels of inputs, computing pattern recognition
decisions, and produce four 16-bits outputs by only one
microcontroller with low-power consumption. More
impressively, less than 1 ms was needed to extract EMG
features and classify the movement intent in real-time, which
can meet real-time operation constraints[8].

TABLE III. COMPARISON OF REAL-TIME DESIGN
Our new Our previous Mobile
system system [12] controller [11]
Microcontr- ARM 1.ARM cortex-A8 1.PXA270,
oller type cortex-A8 OMAP3503 Gumstix
OMAP3503 2.ARM cortex-M3 | Verdex Pro
XM4-BT COM
Average 0.85ms(2307 | 0.55ms(2307 2ms
processing windows, 5 windows, 3 class,
time class, 4 4 channel)
channel)

Our designed embedded system can provide an effective
and efficient platform for other researchers in the field to
develop their own EMG PR controller, because our system is
open and configurable. Based on this platform, researchers
can easily modify and optimize each individual module (e.g.
PR algorithm, prosthesis calibration interface, EMG sensor
inputs, control outputs, etc.) in the embedded system. This
can also significantly reduce the time and cost in the
development cycles. So far, our system is portable, but is
still in prototyping phase. Our future efforts will focus on
development of a wearable and practical EMG PR-based
controller for multifunctional upper limb prostheses, and
systematic assessment of the benefit of EMG PR-based
control over conventional myoelectric prosthesis control in a
home setting.

IV. CONCLUSIONS

This paper presented an open and configurable
embedded EMG PR system for artificial arms. The system
was open so that researchers can easily modify and optimize
the control algorithms upon our designed platform. The

system was highly flexible in terms of number of
inputs/outputs and calibration interfaces used. So far our
designed system was portable for take-home use. The
outcome of this study may propel the translation of
EMG-PR-controlled multifunctional prosthetic arm to upper
limb amputees to improves their movement function and
quality of life.
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