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a b s t r a c t

We introduce a novel dual-switch control paradigm based on the simultaneous measurement of frontalis
muscle mechanomyography (MMG) and vocalizations (humming) using a single contact microphone
attached to the forehead. Vibrations of the face and skull during vocalization are manifested as periodic
high-frequency components in the microphone signal recorded at the forehead. The presence of these
periodic components is detected by a normalized cross-correlation function, while muscle contractions
are detected using a continuous wavelet transform method. The dual-switch provides two independent
binary control signals. Eleven participants, including one individual with severe physical disabilities,
ccess technology
echanomyogram

yebrow switch
on-verbal vocalizations
ultiple switches
isability

participated in a cued activation task in which the dual-switch exhibited sensitivities and specificities
of 96.8 ± 3% and 98.4 ± 1%, respectively for vocalizations, and 99.7 ± 0.5% and 99.2 ± 0.5%, respectively
for muscle contractions. Since skin vibrations due to voiced sounds and muscle contractions have non-
overlapping dominant bandwidths, the performance of the MMG switch was not affected by vocalizations.
This new integrated MMG-vocalization access solution affords the user two binary switches from a sin-

thus

uscle activity

ilent speech interfaces

gle access site, and may
disabilities.

. Introduction

Historically, individuals with limited functional movements or
peech as a result of degenerative motor neuron diseases, severe
erebral palsy, brain stem stroke or brain injuries have had limited
eans of interacting with the surrounding world. By providing a

witching interface that the user is capable of controlling, access
echnologies offer individuals with severe disabilities alternative

eans for communication, environmental control or computer
ccess, thus promoting their participation in various daily living
asks. An access solution translates a user’s functional intent into a
unctional activity [1]. Depending on the user’s abilities, functional
ntent may be expressed as a physical movement [2], facial gesture
3], physiological changes [4], or combinations thereof. Individ-
als with some voluntary muscle activity, but without enough
otor function to use a mechanical switch, may benefit from access

echnologies that harness the voluntary contractile ability of their
uscles. Muscle activity is conventionally detected by the elec-
romyogram (EMG), and, more recently, the mechanomyogram
MMG).

MMG is a measure of the low-frequency vibrations on the sur-
ace of skin during muscle contraction. The vibratory signal is
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augment access alternatives for certain individuals with severe physical
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generated from the gross lateral movement of the muscle at the
initiation of a contraction, smaller subsequent lateral oscillations
at the resonant frequency of the muscle, and dimensional changes
of active muscle fibers [5,6]. We have previously described a binary
switch controlled by MMG signals recorded from the frontalis mus-
cle of the forehead during small eyebrow movements [7]. In the
study, MMG was measured by a silicone-encased microphone with
a sealed air-chamber and a soft-silicone contact membrane [8]. The
MMG sensor was attached to the forehead with an elastic head
strap. The MMG signal recorded during voluntary contractions was
recognized, translated into a switch activation signal, and subse-
quently used to emulate a single keystroke for computer access
[7].

Despite its apparent simplicity and limited functionality, binary
switches enable the user to accomplish many tasks when used in
combination with a user interface, such as an iconic display for a
communication aid or an on-screen scanning keyboard. Nonethe-
less, expressing one’s intent via a single switch is time-consuming
and cumbersome. Establishing multiple switches requiring differ-
ent responses allows the user to enhance their level of activity
and environmental stimulation [9–11]. Further, having control of
multiple switches increases the user’s communication channel

capacity, thus making the use of assistive technology for communi-
cation or computer access more efficient and comfortable. Multiple
switches, however, are often associated with inconveniences, such
as multiple mountings, time-consuming configuration, multiple
connection points, and less aesthetic appearance [12]. Because
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f the complexities involved with configuring multiple switches,
ecent studies have highlighted the benefit of integrated control
ystems that allow the user to control multiple functions with the
ame input device [12,13].

The microphone sensor, designed to monitor MMG signals that
ie primarily in the 2–50 Hz range, also detects physiological vibra-
ions, such as pulsations due to blood flow, which are considered
o be noise and are therefore filtered. Although attenuated by the
ilicon, skin and soft tissue, the microphone of the MMG sensor
etects tissue and bone vibrations caused by resonance of the
ocal tract during phonation [14] and singing [15]. These vibrations
re sometimes referred to as non-audible murmur (NAM) [16].
ilicone-embedded microphones, similar in design to the MMG
ensor, when attached to specific orofacial regions can been used
n silent speech interfaces [16]. Phonatory vibrations are quasi-
eriodic, with typical fundamental frequencies in adults lying
etween 85 and 225 Hz [17]. While the high-frequency (>100 Hz)
omponents of the microphone signal associated with vocalization
ay be considered noise with respect to MMG, the detection of

oluntary vocalization from the microphone signal recorded at the
orehead may add functionality to the binary MMG-switch.

In this study, we propose the integration of two-switches, an
MG switch and a vocalization switch, measured by a single
icrophone sensor attached to the forehead. The MMG switch is

ontrolled by small eyebrow movements, while the vocalization
witch is activated by voiced sounds (such as vowels) or hum-
ing. This paper describes the detection of vocalizations, and the

xperiments used to estimate the performance of the proposed
ual-switch.

. Methods

.1. Detection of forehead muscle contractions

The algorithm for the detection of muscle activity due to eye-
row movement has been previously described in detail [7,18], and

s summarized here for the sake of brevity.
MMG signals were band-pass filtered with a frequency range

f 5–100 Hz. Contractions of the occipitofrontalis muscles during
yebrow movements were detected in real-time using a continuous
avelet transform (CWT) algorithm. The algorithm determines the

iming of muscle contractions by comparing CWT coefficients of the
MG signals to scale-specific thresholds derived from the baseline

ignal.

.2. Detection of vocalizations

For detecting vocalizations, the microphone signal was pre-
rocessed using a 5th order Butterworth filter with a pass-band
requency range of 100–300 Hz. The lower frequency limit reduces
he effect of any MMG components of the microphone signal, which
redominantly lie below 50 Hz, on the vocalization switch. The
pper frequency limit is the frequency above which vibration levels
t the forehead are highly attenuated [15].

Since phonatory vibrations are characterized by periodicity [17],
he normalized cross-correlation (NCC) function was used to detect
eriodicity in the microphone signal [19], and thus identify the inci-
ence of vocalization [20]. For the framed signal, s(n), the NCC is
iven by:

Lw−1∑

CC(k) = 1√

e0ek
n=0

s(n)s(n + k) (1)

here L is the frame size, Lw < L is the size of the correlation window,
= 0, 1,. . . L − Lw is the lag, and ek is the energy of the windowed
Fig. 1. Schematic representation of sensor placement and switch control.

signal, evaluated by:

ek =
k+Lw−1∑

n=k

s2(n). (2)

The NCC function can assume values between [−1, 1], with values
close to unity for lags corresponding to integer multiples of the
signal’s period [19]. Periodicity, and hence vocalization, is detected
when multiple maxima in NCC exist and have values close to unity
[20].

In this study, vocalization was detected when the NCC func-
tion of the framed signal had at least Np ∈ Z peaks with amplitudes
greater than a predefined correlation threshold, �NCC. The param-
eter settings were similar to those used for other studies on
vocal-cord vibration detection [20], with Lw set at 20 ms, L = 50 ms,
Np = 2, and �NCC = 0.75. To minimize the false detection of vocal-
izations due to periodicity in the baseline signal, the vocalization
switch was enabled only when the RMS of the filtered high-
frequency signal exceeded three standard-deviations of its baseline
value.

2.3. Data acquisition

A convenience sample of ten able-bodied individuals (five males,
five females), aged 27 ± 2 years, and one adult male with C1–C2
incomplete spinal cord injury (SCI), provided signed consent to par-
ticipate in the study. Participants were instrumented with an MMG
sensor attached to the frontal belly of the occipitofrontalis muscle
of the forehead with an elastic headband, as shown in Fig. 1. The
position of the sensor on the forehead was not critical, since the
frontalis muscle and the frontalis bone are wide, allowing MMG
and vocalization to be detected at multiple locations proximal to
the eyebrow. For consistency, the sensor was placed 1 cm above the
eyebrow, above the inside corner of the right eye.

A program was written in LabView to perform real-time
data acquisition, contraction-detection [7], vocalization-detection,
switch de-bouncing, and switch activation. Microphone signals
were continuously sampled at 1KHz (NI USB-6210, National Instru-
ments), and were processed in non-overlapping 100 ms segments.
Each of the two switches was assigned to a separate serial-port, and
switch activations asserted the DTR pin of the respective serial-
port. The two DTR pins were interfaced to a keyboard encoder
(KE-USB36, Hagstrom Electronics) to access two keys of a com-
puter’s keyboard independently.

Participants were presented with a pseudo-random sequence of
numbers 1–10 at 2 s intervals. They were instructed to activate the
MMG switch by raising their eyebrows slightly when the number

“1” was presented, and activate the vocalization switch by hum-
ming softly when the number “2” was presented. In the first test
on the binary MMG switch, 400 stimuli, excluding the number “2”,
were presented to each participant, with the actionable stimulus
(“1”) being presented 25% of the time. In the second test on the
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Fig. 2. Shortest paths to select the letter ‘t’ using an automatic row-column

ual MMG-vocalization switch, 400 stimuli were presented, with
ach of the two actionable stimuli (“1” and “2”) being presented
0% of the time. The sensitivity and specificity of each switch were
valuated, and are given by:

ensitivity = True positives
True positives + false negatives

× 100 and (3)

pecificity = True negatives
True negatives + false positives

× 100. (4)

n order to distinguish between algorithm errors and user errors in
he dual-switch paradigm, participants were asked to keep track
f their mistakes due to confusion, i.e. humming instead of raising
heir eyebrow, or vice versa.

In addition to responding to cued stimuli, the switches were
ested as the participants typed using an on-screen automatic row-
olumn scanning keyboard (WiVik®). On-screen keyboards can be
nterfaced with switches to enable individuals with limited mobil-
ty to type. When the user has access to a single switch, automatic
ow-column scanning is a common scanning approach for typing:
ere the software automatically scans through rows and columns,
nd the user sequentially selects a row and then a column to type a
etter. Additional switches can provide enhancements, such as the
bility to cancel an action, adjust scanning rate, and reverse direc-
ion, that improve overall effectiveness. In this study, the MMG
witch was used to select the row and column of the keyboard.

hen present, the vocalization switch was used to reverse the
ow-column scanning direction. The steps required to select a let-
er using the single MMG switch and the dual MMG-vocalization
witch are illustrated in Fig. 2. Participants typed a 31-letter pan-
ram with each of the two switch modalities. The time taken to
omplete each tasks, and the number of mistakes were recorded.
he order of the switch modality and the pangram sentences were
andomized to mitigate any familiarization bias.
At the end of the data-collection sessions participants used a
ve-point linear scale to rate the effort required to activate the
ual MMG-vocalization switch. The experimental protocol was
pproved by the hospital and university research ethics boards, and
as in accordance with the Declaration of Helsinki.

able 1
erformance metrics.

Switch type Single-switch Dual-switch paradigm

Eyebrow Eyebrow

Sensitivity 99.7 ± 0.4 99.7 ± 0.5
Specificity 99.9 ± 0.13 99.2 ± 0.5

Typing task
Time taken (s) 245.6 ± 16.6 217.2 ± 25.4
No. of mistakes 0.7 ± 0.82 1.6 ± 1.17

ll values are mean ± std. deviation across 11 participants.
ing keyboard with one switch (solid line) and two switches (dashed line).

3. Results and discussion

Table 1 shows the performance metrics of the switches, aver-
aged across all participants. Results for the participant with SCI
were comparable to the able-bodied participants and are not pre-
sented separately. Some of the errors in switch activation were due
to participants being confused, i.e. humming instead of raising the
eyebrow, and vice versa; therefore, switch performance adjusted
for user error (last column) are also presented. Both switches in
the dual-switch paradigm showed high sensitivity and specificity.
The performance of the MMG switch was not affected by intro-
ducing the additional vocalization switch, and the sensitivity and
specificity of the switch was similar in both the single-switch and
dual-switch mode (p > 0.05, rank-sum test).

The added functionality reduced the time taken to complete the
typing task (p = 0.008, rank-sum test). Compared to the single eye-
brow switch, the average number of mistakes for the dual-switch
typing tasks was higher, but not statistically significant (p = 0.06,
rank-sum test). Again, most of the mistakes were attributed to par-
ticipant confusion due to the increased cognitive load. The tests
were performed in a randomized order on participants who were
unfamiliar with using the switches and the on-screen keyboard.
Some of the errors may be mitigated by participant training.

On average, participants rated the effort and fatigue associated
with activating the dual-switch as 2 ± 0.7, where [1, no effort at all,
not tired; 2, a little effort, not tired; 3, moderate effort, a little tired;
4, a lot of effort, tired; and 5, too much effort, very tired]. In the dual-
switch paradigm, the sensitivity of the vocalization switch was
lower than the MMG switch (p = 0.002, rank-sum test). Participants
occasionally had to adjust their tone or pitch in order to activate
the vocalization switch. This was expected, since the amplitude of
vibrations at the forehead is known to change with phonation dur-
ing speaking or singing [15]. For example, vibration levels at the
forehead are stronger for vowels/i/and/u/, and weak for/a/. Further,

high-frequency vocalizations are highly attenuated above 300 Hz
and are almost undetectable above 400 Hz [15]. While the signals
above 300 Hz were filtered, it is unclear if the switch would be
suitable for individuals, such as children, with high-pitch vocaliza-
tions. The low-frequency limit of 100 Hz may make the vocalization

Dual-switch paradigm corrected for confusion

Vocalization Eyebrow Vocalization

96.8 ± 3.8 100 ± 0 97.5 ± 3.5
98.4 ± 1.38 99.8 ± 0.2 98.5 ± 1.3
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Fig. 3. Microphone-detected MMG an

witch unsuitable for individuals with very low-pitch vocalizations.
owever, low sensitivities were not observed for the six adult male
articipants in the study. Since the dominant frequencies of MMG
re well below 50 Hz, the pass-band of the vocalization-detector
ould be lowered to about 70 Hz to accommodate the lower range
f adult male pitches [17].

The differentiation of muscle contractions and vocalization
s possible since MMG and NAM occupy non-overlapping band-

idths. However, as seen in Fig. 3, the transient signal at the onset
f an eyebrow raise displaces the sensor slightly and introduces
n artefact in the microphone signal. While this artefact is usually
periodic in comparison to the highly periodic NAM during phona-
ion, it occasionally exhibits enough periodicity to falsely trigger
he vocalization switch. These false detections could be mitigated
y setting a higher correlation threshold (e.g. �NCC = 0.8 [20]), or
isabling the vocalization switch when the eyebrow switch is trig-
ered.

Since the microphone is attached to the forehead by a headband,
nlike non-contact microphones (ex. IST switch by WordsPlus), the
ransducer has the advantage of being robust to changes in the par-
icipant’s posture or positioning. Being based on non-acoustically
cquired speech cues, the contact microphone is largely insensitive
o ambient background noise. In addition, although less sensitive
han vocalization-detectors that monitor vocal-fold vibrations at
he throat [20], the proposed vocalization switch may offer bet-
er comfort, and may be used even when access to the user’s neck
egion is not an option, due, for example, to a tracheotomy.
. Conclusion

The complementary information provided by a contact micro-
hone during vocalization and muscle contraction facilitates the
during contraction and vocalization.

practical use of a multifunction access solution. While both phe-
nomena are manifested as superficial vibrations, the separation in
physiological origins and frequency simplifies their independent
control and detection. The integrated detection of muscle contrac-
tion and vocalization offers the user two independent bits of control
using just one sensor and access site, and may provide expanded
access alternatives for certain users with severe and multiple dis-
abilities.
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