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Self-Contained, Mechanomyography-Driven Externally
owered Prosthesis
orge Silva, MASc, Winfried Heim, CP(c), Tom Chau, PhD, PEng

p
i
t
h
e
e
a
c
n
s
t
w
m
o
g
s
c
m
t
e
t
m
a
s
p
M
i
f
f
e
i
l
m
t
t
e
t
s

h
2
f
s
a

H

M
h
c
t
(

C

ABSTRACT. Silva J, Heim W, Chau T. A self-contained,
echanomyography-driven externally powered prosthesis.
rch Phys Med Rehabil 2005;86:2066-70.

The measurement of the low-frequency (5–50Hz) “sounds”
r vibrations produced by contracting muscles is termed
echanomyography (MMG). As a control signal for powered

rostheses, MMG offers several advantages over conventional
yoelectric control, including, nonspecific sensor placement,

istal signal measurement, robustness to changing skin imped-
nce, and reduced sensor costs. The objectives of this study
ere to demonstrate 2-function prosthesis control based on a

riplet of distally recorded, normalized root mean square MMG
ignals and to identify necessary future research toward full
linical implementation of MMG signals in upper-limb exter-
ally powered prostheses. A novel self-contained MMG-driven
rosthesis for below-elbow amputees was designed, imple-
ented, and preliminarily tested on 2 subjects. This prosthesis
as composed of specialized software and hardware modules

hat emulate a 2-site electromyography sensing system. Al-
hough the use of MMG signals for prosthesis control has been
hown previously, we report, for the first time, successful
ontrol within a self-contained unit in unconstrained environ-
ents. Specifically, essential requirements for practical use,

uch as standardized sensor attachment, basic noise elimina-
ion, and miniaturization of the system, have been achieved.
oth subjects were able to voluntarily open and close the
rosthesis hand with no significant delays from intention to
ction (�120ms). Quantitative analyses revealed 88% and 71%
ontrol accuracy for subjects 1 and 2, respectively.

Key Words: Amputees; Arm; Classification; Linear regres-
ion; Prostheses and implants; Prosthesis design; Rehabilitation.

© 2005 by the American Congress of Rehabilitation Medicine
nd the American Academy of Physical Medicine and
ehabilitation

ECHANOMYOGRAPHY (MMG) IS DEFINED as the
measurement of the mechanical activity produced by

ontracting muscles. This activity is characterized by low-
requency (�50Hz) vibrations that produce displacements of
pproximately 500nm on the skin surface (ie, a sound volume
f about 10dB 1mm away from the skin).1 The origin and
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roperties of MMG signals and their relation to muscle phys-
ology have been documented in the literature. Applications in
he field of sports physiology and rehabilitation engineering
ave also been explored.2 When compared with conventional
lectromyographic signals (ie, the measurement of muscular
lectric activity), MMG signals have been found to be more
ccurate predictors of fatigue during muscle contraction.3 Be-
ause of their propagation properties, sensor placement need
ot be specific and consistently reproducible. In fact, MMG
ignals can be recorded distal to the activating muscle, al-
hough with reduced amplitude4; something not achievable
ith their electromyographic counterparts. Distal sensor place-
ent facilitates prosthesis manufacturing and reduces the risk

f wire breakage. Furthermore, in contrast with electromyo-
raphic signals, MMG signals are not affected by changes in
kin impedance.2,5 Finally, MMG sensors are significantly
heaper. For example, at the time of writing, the coupled
icrophone-accelerometer sensor pairs (CMASPs)6 used in

his study are approximately one seventh the cost of standard
lectromyography sensors for prosthesis control. With the po-
ential to overcome these practical issues that plague electro-
yographicically driven systems, the MMG signal is a favor-

ble alternative for prosthesis control. In 1986, Barry et al5

uggested the use of MMG as a control signal for externally
owered prostheses. Using a single-channel, full-wave rectified
MG signal and a tristate control strategy, Barry5 showed that

ntentional MMG signals can be used to open and close a
ree-standing prosthesis hand. The reported system success-
ully discriminated between wrist flexions and extensions while
xhibiting robustness to changes in sensor placement and skin
mpedance. However, unresolved sensor-attachment chal-
enges, low-frequency noise elimination issues, and the lack of
iniaturization of the system precluded its practical use. Since

hat initial study, we have made several significant strides
oward the implementation of a self-contained, MMG-driven,
xternally powered prosthesis for below-elbow amputees. In
his article, we report our efforts to date toward implementing
uch a device.

METHODS
The MMG-driven prosthesis is composed of specialized

ardware and software modules that emulate a conventional
-site electromyography sensing system. This particular setup
acilitates the use of existing electromyography-based control
trategies in the prosthesis hand by eliminating the need for
dditional adjustments.

ardware
The hardware (fig 1) consists of (1) a soft silicone socket (the
MG socket) with an array of embedded MMG sensors, (2) a

ard socket and hard cover that act as the actual forearm and
ontain the power supply (6-V Ni-Ion batterya), (3) a minia-
urized (diameter, 4cm) electromyography emulator board, and
4) a standard Otto-Bock hand.a

MMG sensors. MMG signals were transduced with the
MASPs6 designed in our laboratory (fig 2). CMASPs can be

uilt by combining a standard microphone enclosed within a
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2067A SELF-CONTAINED MMG-DRIVEN PROSTHESIS, Silva
ealed air chamber and an accelerometer that measures external
nterference. CMASPs are small (19�19�9mm), reusable, and
ptimized for MMG signal recording, and present significant
dvantages over standard microphones such as passive me-
hanical low-pass filtering and increased sensitivity. A detailed

ig 1. Hardware components of the MMG-driven prosthesis arm.
ounds from contracting muscles. The electromyographic emulator b
ctivity.

ig 2. The CMASP.6 (A) top view (accelerometer’s side), (B) bottom
iew (microphone’s side), (C) schematic diagram, and (D) bottom
C
iew after encasing (an additional membrane is later added to seal
he air chamber).
escription of the manufacturing processes and properties of
MASPs can be found in Silva and Chau’s report.6 An array of
CMASPs was embedded into the soft silicone socket 1.5cm

rom the distal end. Each CMASP was placed at equally distant
ngles (ie, 120°) around the forearm.

MMG socket. Soft silicone sockets are an alternative sus-
ension method normally used in passive and aesthetic pros-
heses. They are molded onto the subject’s residual limb,
roviding a tight fit and, consequently, natural and comfortable
uction-based distributed suspension. This enhanced suspen-
ion also ensures that the sensors are held tightly against the
kin. Furthermore, CMASPs can be embedded within the soft
ilicone socket itself.

EMG emulator board. This miniaturized board, which sits
n the space between the hard socket and the hard cover (ie,
istal end of the prosthesis forearm), contains a signal-condi-
ioning stage that includes instrumentation amplifiers and band-
ass filters (bandwidth, 5–50Hz) for every CMASP embedded
n the array. It also contains an 8-bit microcontroller pro-
rammed with the necessary algorithms that emulate electro-
yographic signals as inputs to the prosthesis hand.

oftware
The electromyography emulation software (fig 3) consists of

1) a preprocessing module, (2) a feature extraction module, (3)
signal detection module, and (4) an electromyography emu-

ation module.
Preprocessing. The preprocessing module digitizes the

and-pass filtered signals from every CMASP in the array at a
ampling frequency of 411Hz and performs a digital full-wave
ectification. Then, fully overlapping 0.3-second long process-
ng windows are saved into memory for every transducer in the

MG socket (bottom left) contains the 3 CMASPs used to record
(bottom right) generates sound-based estimates of electric muscle
The M
MASP array (ie, 3 microphones, 3 accelerometers). This

Arch Phys Med Rehabil Vol 86, October 2005



w
3
u
s

m
w
s
c

o
e
t
t
m
n
a
o
c
e
T
d
t
t
C
m

w
f
s
t
T
a
c
e
F
h
B
M
r
s
t
s
b

E

w
m
s
a
v
p
f
m
f

e
t
T
t
o

P

fi
f
u
o
u
f
d
m
m
fi
1
o
a
d
u
M
d
p
h

r
i
s
t
p
t
a
(
g
F
a
t
s

P

B
l
s
c
a
b
S
s
a
p

F
t
m
(
c
m

2068 A SELF-CONTAINED MMG-DRIVEN PROSTHESIS, Silva

A

indow length represents the lowest frequency considered (ie,
.3Hz) during MMG signal recording. Furthermore, these val-
es coincide with the known useful bandwidth of MMG
ignals.1-5

Feature extraction. The feature extraction module esti-
ates the root mean square (RMS) value of the processing
indow for each signal. These RMS values are then used in the

ignal detection module to determine the existence of a muscle
ontraction.

Signal detection. CMASPs facilitate the implementation
f dynamic noise reduction algorithms for the elimination of
xternal interference.6 A simple example is a dynamic
hreshold algorithm proposed by Silva et al.7 The dynamic
hreshold algorithm is based on the reported impedance
ismatch between the microphone and accelerometer sig-

als in a CMASP.6 Because of its design and specific
rrangement, the accelerometer in a CMASP is not capable
f measuring skin vibrations. Consequently, increased ac-
elerometer activity is assumed to be exclusively due to
xternal interference (eg, limb movement during walking).
herefore, the accelerometer’s RMS value is used as a
ynamic detection threshold for the microphone signal.7 In
he MMG prosthesis reported here, we used this dynamic
hreshold algorithm to detect muscle contractions with the
MASP array. If a contraction was detected, the emulation
odule was engaged; otherwise no outputs were produced.
Electromyographic emulation. This module performs a
eighted sum of the 3 microphones’ RMS values. Silva et al8

ormulated this as a machine-learning regression problem and
uggested a simple methodology for training and optimizing
he corresponding classification and estimation algorithms.
hese suggestions constitute the electromyographic emulation
lgorithm implemented in the MMG-driven prosthesis. Ac-
ording to Silva,8 the optimal muscle activity linear classifier/
stimator can be found by performing a simple 2-step process.
irst, the user is asked to control a free-standing prosthesis
and using a conventional 2-site control strategy with Otto
ock electromyography surface electrodesa while wearing the
MG socket. Both electromyographic and MMG signals are

ecorded simultaneously. Then, during the algorithm training
ession, 60% of the recorded data is used to find, by regression,
he vector ��{�1, �2, �3} that best recreates the activity mea-
ured by the electromyography (EMG) electrodes as described
y the following equation:

MGf(t)�EMGe(t)��1MMG1(t)

ig 3. Schematic diagram of the software modules programmed in
he electromyographic (EMG) emulator board. MMG-based esti-
ates of electric muscle activity are obtained for the wrist flexors

EMGf=) and extensors (EMGe=). These signals are then fed to the
onventional prosthesis hand hardware. Abbreviation: RMS, root
ean square.
��2MMG2(t)��3MMG3(t) (1) s

rch Phys Med Rehabil Vol 86, October 2005
here EMGf(t) and EMGe(t) are the signals from the electro-
yography electrodes placed over the wrist flexors and exten-

ors, respectively, �1, �2, and �3 are the regression coefficients,
nd MMG1(t), MMG2(t), and MMG3(t) are the estimated RMS
alues of simultaneously acquired signals from the 3 micro-
hones in the MMG socket. Once the optimal vector � has been
ound, the remaining 40% of the acquired MMG and electro-
yographic data can be used to evaluate the emulator’s per-

ormance in an algorithm testing session.
After algorithm training, the right side of equation 1 (ie, the

lectromyographic emulation function) was programmed into
he microcontroller on the electromyography emulator board.
herefore, an estimate EMGf=(t)�EMGe=(t) of the original elec-

romyographic signal was obtained for new MMG data previ-
usly unseen by the emulator.

rosthesis Manufacturing
Three visits (30min each) are required for integrating and

tting the prosthesis to the user. During the first visit, circum-
erence measurements are obtained along the length of the
ser’s residual limb. Then, a negative mold of the limb is
btained with conventional plaster bandage. The mold is later
sed to create a plaster positive mold that will be used to
abricate the actual MMG socket. Once the positive mold is
ry, it is modified according to the circumference measure-
ents previously obtained and reduced by removing superficial
aterial (2–4mm depending on limb density) to ensure a snug
tting MMG silicone socket. After reducing the positive, a
-mm thick silicone layer is rolled over top of it. Three square
penings of approximately 19�19mm are cut for the CMASPs
round the mold, 120° apart from each other 1.5cm from the
istal end. After the sensors and the shuttle pin base (or
mbrella) are attached, Lycra cloth is added on top of the
MG socket to maintain a smooth surface and facilitate the

onning process. Finally, vacuum is applied to remove air
ockets and the MMG silicone socket is cured at 90°C for 12
ours.
During the second visit, a negative mold is obtained over the

esidual limb while the user wears the MMG socket. This mold
s later used to obtain a plaster positive cast. The plaster cast is
ubsequently used to laminate the hard socket (including shut-
le locking system) using 4 layers of nylglassa and 2 layers of
erlon stockinette.a Two-part polyurethane is used to foam up
he forearm, shaping the foam according to the user’s sound
rm. The lamination process is then repeated for the hard cover
prosthesis forearm) after which the wrist and battery box are
lued. At this point, the prosthesis is ready for assembly.
inally, during the third visit, the electromyographic emulation
lgorithms are trained, tested and programmed into the elec-
romyographic emulator board according to the previous de-
criptions.

articipants
Two adult subjects in the musculoskeletal program at the

loorview MacMillan Children’s Centre participated in a pre-
iminary clinical study to evaluate the performance of the
elf-contained MMG-driven prosthesis. Subjects were re-
ruited based on their level of amputation (both below-elbow
mputees), availability, and ability to provide relevant feed-
ack on their ease of control during a short on-site evaluation.
ubject 1 (age, 26y) was a unilateral congenital amputee and
ubject 2 (age, 65y) was a unilateral traumatic amputee (his
rm was severed as a result of an industrial accident). Both
articipants were long time electromyography-driven prosthe-

is users with 22 and 25 years of experience, respectively.
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valuation
To facilitate prosthesis evaluation, we simultaneously re-

orded both electromyographic and MMG signals during an
nitial on-site trial while the subjects wore only the MMG soft
ocket. The subjects were asked to generate contractions to
pen and close their prosthesis hand in the same way that they
perated their electromyography-driven prosthesis. The re-
orded electromyographic signals were then used to label the
ser intention of each muscular activity (ie, either “opening” or
closing” of the prosthesis hand).

As described earlier, MMG signals previously unseen by the
mulator were used to quantify the prosthesis performance
uring the on-site trial. The rate of success was used as the
erformance (accuracy) measure. Rate of success (RS) was
efined as the duration of “correct” prosthesis activity, tC, over
he total length of the trial, tT, that is,

RS�tC ⁄ tT (2)

he duration of “correct” prosthesis activity was defined as the
ummation of all instances when the muscle activity labels
utput by the emulation module agreed with the electromyo-
raphic labels. In other words, when the MMG-derived label of
uscular activity coincided with the electromyographic label,

he prosthesis was considered to be acting correctly. It is
mportant to note that, although closely related, the rate of
uccess is not a direct measure of true user intention. Rather,
ate of success is a measure of agreement between MMG and
lectromyographic signals. In other words, we assume electro-
yography is 100% accurate and every disagreement between
MG and electromyographic signals is always an error of the
MG system. This, of course, is not always true; however, it

implifies the evaluation and accurately estimates the lower
ound of the MMG-driven prosthesis performance.
After the quantitative assessment was completed, the sub-

ects were allowed to wear the prosthesis on-site for a short
eriod of time (20–30min) to gauge their ease of control and to
ake any relevant observations. Subject 1 completed an addi-

ional 2-week evaluation period by taking the prosthesis home
o perform activities of daily living.

RESULTS

uantitative Evaluation
Figure 4 shows a sample emulated electromyographic signal

sing MMG testing data (black trace) as compared with the
easured electromyographic signal, EMGf(t)�EMGe(t) (gray

race). Note the close agreement between the 2 traces. Positive
MGs always correspond to flexions and negative MMGs to

xtensions. Therefore, by considering the sign, 2 separate em-
lated electromyographic signals (ie, EMGf=[t] for flexions,
MGe=[t] for extensions) can be generated and sent to the
rosthesis hand.

We obtained 88% and 71% in control rate of success for
ubjects 1 and 2, respectively. For subject 1, this represents an
8% enhancement compared with previous studies conducted
ith the same subject when only the MMG socket was tested

see Silva et al8).

ualitative Evaluation
Both subjects were able to voluntarily open and close the

rosthesis hand during the on-site evaluation period with no
ignificant delays from intention to action (the calculated mean
alue of this delay was 120ms). However, the subjects initially
eported a slight difference in the response of the MMG-driven

rosthesis compared with their conventional electromyogra- c
hy-driven prosthesis. In particular, they described an increase
n the difficulty of controling the prosthesis as the level of
ontraction increased. However, after several minutes of prac-
ice, the subjects were able to generate, with ease, consistent
ontractions exhibiting the proper amplitudes for the MMG-
riven prosthesis.
Subject 1 reported very reliable and repeatable control. After
15-minute practice period, he succeeded in tying his shoe-

aces on repeated attempts, a task that requires extremely good
ontrol and one that poses a significant challenge for electro-
yography prosthesis users. This subject wore the prosthesis

or an additional 2-week evaluation period. To our knowledge,
his is the first report of a user wearing and operating a
elf-contained, MMG-driven, externally powered prosthesis
utside of an institutional setting for an extended period of
ime.

Although subject 2 reported a fair degree of voluntary con-
rol, the prosthesis was not delivered for further evaluation
ecause of a loss in control accuracy of the hand in certain limb
ositions. This diminished accuracy was most notable when
eight was applied against the prosthesis suspension, such as
hen carrying loads or placing the arm above the head.
There were no reports of control issues relating to changes in

leeve positioning caused by sweat or voluntary adjustment,
ariations in sensor placement, and relative movement of the
leeve over the residual limb.

For subject 1, no control issues were identified during the
n-site evaluation. However, a limitation similar to that re-
orted by subject 2 was found during the 2-week evaluation
eriod: the prosthesis became difficult to control when the user
pplied a considerable amount of force to the MMG socket (eg,
rying to hold a knife while cutting meat). Moreover, the hand
ccasionally responded to very-low-frequency signal interfer-
nce (�5Hz) such as the natural swinging of the arm during
ait. However, elimination of typical environmental noise (eg,
apping on the prosthesis forearm, sudden movement, and loud
ounds) was achievable.

DISCUSSION
The preliminary results obtained in this study reaffirm the

otential of MMG signals for practical prosthesis control. Spe-

ig 4. Comparison of measured (gray trace) and estimated (black
race) electric muscle activity signals. Measured electromyographic
ignals were obtained with conventional Otto Bock electromyogra-
hy electrodes. Estimated signals were obtained from raw MMG
ignals acquired with the CMASPs within the MMG socket, and
rocessed by the proposed emulation algorithms.
ifically, it can be inferred from the rate of success that infor-

Arch Phys Med Rehabil Vol 86, October 2005
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ation about muscle activity similar to that obtained by con-
entional electromyography sensors can be extracted from
MG signals. Furthermore, the use of multiple sensors has

evealed an enormous potential for the detection and discrim-
nation of intentional muscle activity, which may eventually
acilitate the generation of multiple control outputs (ie, �2).

The reported limitations of the implemented prosthesis are
ost likely related to the nature of the mechanical coupling

etween the MMG socket, the CMASPs, and the residual limb.
he microphone in a CMASP is extremely sensitive to changes

n externally applied quasi-constant forces (ie, additionally
pplied weights). These changes are generally disregarded
ased on the information provided by the accelerometer in
very CMASP. However, for low frequencies (�5Hz), the
ensitivity of the accelerometers decreases due to the required
ow-pass filtering in the preprocessing stages, and signal dis-
rimination between MMG signals and externally applied force
ecomes more challenging. This decreased low-frequency sen-
itivity likely accounts for (1) the occasional malfunction dur-
ng gait, when low-frequency changes in the total inertia of the
rosthesis resulting from natural swinging of the arm induce
ow-frequency variations in the total force applied on each
MASP; and (2) the lack of responsiveness when applying a
onstant force against the prosthesis (eg, cutting meat) and, in
urn, on each CMASP.

However, the results show that, for subject 1, this heightened
ensitivity was also advantageous. The integration of the MMG
ocket within the self-contained prosthesis actually enhanced
he mechanical coupling. Prosthesis performance for this sub-
ect increased from 70% accuracy when wearing only the

MG socket8 to 88% when wearing the fully integrated MMG
rosthesis.
The reported difficulty encountered when applying signifi-

ant force to the prosthesis was mainly due to the fact that, as
uscle contractions become stronger, they produce resonant

ibrations (ie, physiologic tremors) that cause generalized limb
ovement. These are detected by every accelerometer in the

rray as external interference. In response, the detection thresh-
ld is automatically raised, causing the user to experience
ncreased difficulty in the generation of reliable control signals.
owever, the subjects were able to compensate for this reduced
perating range of the MMG-based prosthesis. Furthermore,
sers may actually benefit from this reduced operating range
ecause weaker contractions can be made to generate more
orceful prosthesis outputs, reducing user fatigue in the long
erm. A future enhancement would be the addition of a tunable,
onlinear gain function (eg, sigmoid) to both the microphone
nd accelerometer. This tunable gain would facilitate control of
ensor sensitivity and increase the operating range of the

MG-driven prosthesis.
Although the performance reported for the MMG-driven

rosthesis is not sufficient yet for practical use, we are only
eginning to tap into the vast potential of MMG-driven upper-
imb prostheses. The signal algorithms presented in this report
re the simplest ones conceivable. For instance, only 1 feature
er signal is used to generate the corresponding outputs. A
rudent selection of additional features or the deployment of
onlinear emulation algorithms will most likely enhance pros-
hesis performance. In particular, the use of frequency-related
nformation is currently being investigated. Furthermore, a
tudy of the mechanical interactions among the various com-
onents of the system has recently been completed.9 This study

as helped us obtain mathematical models and transfer func-

rch Phys Med Rehabil Vol 86, October 2005
ions that may more efficiently eliminate interference in the
cquired signals and optimize mechanical coupling, thereby
urther maximizing CMASP sensitivity to MMG signals.

Additionally, the total compatibility of the miniaturized elec-
romyographic emulator board with conventional electromyo-
raphy-driven prosthesis devices facilitates the evaluation of
ew signal manipulation algorithms in ecologically relevant
nvironments through quick and simple reprogramming. Fi-
ally, the emulation algorithm implemented facilitates user
cclimatization by transferring most of the onus of learning to
he machine.

CONCLUSIONS
Significant strides toward the clinical implementation of a

elf-contained MMG-driven externally powered prosthesis for
elow-elbow amputees have been achieved. By combining soft
ilicone sockets with CMASPs, we have provided a standard-
zed and practical solution for the age-old problem of sensor
ttachment.

Despite the simplicity of the chosen implementation, it
hows that an MMG-driven, externally powered prosthesis can
e practically realized. This initial clinical study performed
ith the self-contained MMG-driven prosthesis has provided
aluable insights into the potential and challenges of this tech-
ology in real-life settings. This information would have been
mpossible to obtain from tests with a free-standing prosthesis
and within a controlled institutional environment.
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