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Abstract A capacitive facial movement detection method
designed for human-computer interaction is presented. Some
point-and-click interfaces use facial electromyography for
clicking. The presented method provides a contactless alter-
native. Electrodes with no galvanic coupling to the face are
used to form electric fields. Changes in the electric fields due
to facial movements are detected by measuring capacitances
between the electrodes. A prototype device for measuring a
capacitance signal affected by frowning and lifting eyebrows
was constructed. A commercial integrated circuit for capac-
itive touch sensors is used in the measurement. The applied
movement detection algorithm uses an adaptive approach
to provide operation capability in noisy and dynamic envi-
ronments. Experimentation with 10 test subjects proved that
under controlled circumstances the movements are detected
with good efficiency, but characterizing the movements into
frowns and eyebrow lifts is more problematic. Integration
with a two-dimensional pointing solution and further exper-
iments are still required.

Keywords Assistive device · Capacitive detection ·
Electric field sensing · Facial movement · Human-computer
interaction

1 Introduction

Different human-computer interaction techniques and tech-
nologies with different design criteria have been developed
for several decades. In addition to providing alternative meth-
ods for human-computer interaction to the average computer
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user, new interaction methods for people with limiting phys-
ical disabilities have been developed.

First developments on human-computer interfaces for the
physically disabled were done in the early 1980s [1]. These
first studies include the idea of providing disabled users ac-
cess to computers without excessive demands on the soft-
and hardware of the computer. One way to meet these de-
mands is by using the same modalities as nowadays con-
ventional human-computer interaction device, mouse, uses.
These modalities are: two-dimensional pointing and indicat-
ing selections, or clicking.

Electroencephalographic signals and brain-computer in-
terfaces (BCIs) can offer a way to implement the two modal-
ities in a manner usable by many physically disabled people.
BCIs were first introduced by Vidal in 1973 [16], and after
that they have been intensively studied. Most recent stud-
ies on BCIs have focused on real-time, asynchronous oper-
ation, in which the user input can happen whenever the user
chooses as opposed to synchronous operation in the original
BCI applications [15].

More conventional method for the pointing task can be
provided by gaze tracking. For hands-free applications that
use gaze tracking for pointing, there are several possibilities
to implement clicking. So called dwell time and screen but-
tons have been used in the task [17]. In the former, a target is
selected when the user’s gaze has dwelled on the target for a
predetermined interval. In the latter, a target is selected when
the user has looked at it and subsequently looked at a target
area, i.e. a button, on- or off-screen. More advanced use of
eye movements include the use of gaze gestures and antisac-
cades [6]. Blinking and winking eyes have also been used
in implementing clicking by detecting them with electro-
oculographic (EOG) measurements [4] or by imaging the
eyes [8]. Using voluntary facial muscle activation and mea-
suring associated electromyographic (EMG) signals can also
offer means for clicking [2,3,9,13,14]. Many of the alter-
natives, and their advantages and disadvantages, have been
discussed by Huckauf and Urbina [5].

Current study introduces a method as an alternative for
facial EMG measurements in human-computer interaction
with two-dimensional pointing and indicating selections as
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the modalities and EMG as the source to indicate selections.
EMG measurements are carried out to detect voluntary bio-
electric activity, but the proposed method detects the result-
ing movement. Traditional EMG measurements involve the
use of electrodes made of conducting material in contact
with the skin via a conducting substance. Such setup re-
quires preparation of the skin and the addition of the con-
ducting substance to the electrode sites. The proposed de-
tection method is based on capacitive movement detection
and does not require any preparations. It is easily adoptable
and allows the measurement devices to be truly wearable so
that they can simply be put on. The main target group for
the new method is people that suffer from tetraplegia but
still have full control over their facial muscles. Anyone with
motor disabilities that limit the use of mouse and keyboard
in human-computer interaction can use the method if they
have sufficient facial muscle control.

Processing of the measured capacitance signal is car-
ried out with a computer. The movement detection algorithm
uses constant false alarm rate (CFAR) technique, which is
commonly used in radar receivers [10], to provide operation
capability in noisy and dynamic environments. Besides the
use of CFAR approach in radar, it has also been adopted for
saccade detection in electro-oculography [7].

The presented method uses and detects the movement
caused by facial muscles Corrugator supercilii and Frontalis,
which are activated when frowning and lifting the eyebrows,
respectively. An experimental procedure has been carried
out to provide preliminary information on the performance
of the method in detecting the movements.

2 Methods

2.1 Capacitive facial movement detection method

A family of contactless measurements that utilize slowly
varying, approximately from ten to some hundreds of kilo-
hertz, electric fields are called capacitive or electric field
sensing. Three different sensing modes are involved depend-
ing on the current distribution of the measurement setup:
transmitter loading mode, transmit mode and shunt mode
[12]. Transmitter loading mode is the original sensing mode.
The capacitance between a transmitting electrode, or trans-
mitter, and the measurement target is coupled as a part of a
LC-tank circuit. The capacitance can be measured by mea-
suring the current lost through the transmitter. This setup
does not include a receiving electrode, or receiver. Transmit
mode has the transmitter coupled to the measurement tar-
get making this the transmitter. The capacitance between the
target and the receiver can be solved by measuring the dis-
placement current at the receiver. The final mode, the shunt
mode, is shown in Fig. 1. In shunt mode, the measurement
target shunts part of the electric field between the transmit-
ter and receiver to the ground. The equivalent capacitance
between the transmitter and receiver can again be measured
by measuring current at the receiver.

Transmitter

Target

Receiver

Ē

Fig. 1: Shunt mode in electric field sensing.

In human-computer interaction, capacitive sensing de-
vices have been used to carry out two tasks: touch and ges-
ture detection. Former includes touchpads, touch screens,
feather-touch buttons and switches usually operating in shunt
mode. These require a very small distance between the sen-
sor and the hand. Latter includes devices that detect orienta-
tion and placement of a hand or other part of the body [11,
18]. These operate in either transmit or shunt mode and are
designed to allow longer distances between the user and the
device.

We adopted our measurement method from common ca-
pacitive feather-touch buttons. In these, a single push-button
is implemented with a planar electrode structure that forms
an electric field that passes through the space adjacent to the
plane of the electrodes. Normally, the capacitance between
the two electrodes of the structure stays at a certain level.
Once a finger is introduced to the electric field, it shunts
part of the field and decreases the measured capacitance. In
our facial movement detection method, the generated elec-
tric field is shunted by a target area on the face that is moved
by facial muscles. When the muscles are relaxed, the mea-
sured capacitance stays at a certain level resulting from the
amount of occurring shunting. Activating muscles causes
movement that affects shunting, and thus increases or de-
creases the measured capacitance.

While the presented method should work in detecting the
movement caused by a number of different facial muscles,
we chose Corrugator supercilii and Frontalis as our target
muscles. These muscles are responsible for frowning and
lifting eyebrows, respectively. We selected these muscles be-
cause we wanted to provide a replacement for facial EMG
measurements that in the same application often target fore-
head muscles. Another reason for selecting the two muscles
is that, due to their antagonistic nature towards each other,
the activation of both can be detected with a single measure-
ment channel. The measurement electrodes of the channel
can be placed so that frowning increases shunting and de-
creases measured capacitance as the facial target area moves
lower, closer to the electrodes in their electric field. Lifting
eyebrows has the opposite effect.

2.2 Measurement device

Fig. 2 shows the constructed prototype device. The wearable
device was constructed on frames of protective glasses. It is
a platform for different sensors and, in addition to the capac-
itance measurement, has an option to add 3D accelerometer
for sensing device movement and magnetometer to be used
as a compass. Data from different sensors is processed with
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Fig. 2: Prototype device to capacitively detect frowning and
lifting of eyebrows.

15mm

transmitter

receiver

Fig. 3: The circuit board layout of the electrodes.

a microcontroller and a transceiver for RS232 serial commu-
nication provides connectivity to the computer that collects
the data. Components with low power consumption were
chosen to achieve long operating time when battery pow-
ered. The sampling rate of the measurement device depends
on the attached sensors and the software of the device. With
the current configuration, the rate is slightly varying and ap-
proximately 19 Hz.

Capacitance measurement is carried out with a programmable
controller for capacitance touch sensors by Analog Devices.
Controller converts capacitances of up to 14 measurement
channels into 16 bit figures that span 4 picofarads. Changes
in capacitances should stay in this range. Base capacitances
of few tens of picofarads are allowed. Capacitance measure-
ment uses an excitation source that provides square wave at
the frequency of 250 kHz.

Design of the transmitting and receiving electrodes for
the capacitance measurement was similar to that in capaci-
tive feather-touch buttons. Electrodes were made on a printed
circuit board as a planar structure in a coaxial layout with
three concentric rings. Innermost and outermost electrode
rings were coupled together forming the transmitter. Mid-
dlemost electrode ring functions as the receiver. The circuit
board layout of the electrodes is shown in Fig. 3.

Fig. 2 shows the capacitance controller on the small cir-
cuit board placed on the frames between the eyes. The elec-
trode circuit board was placed directly behind the controller
circuit board forming a unit for capacitance measurement.
The placement of the unit was decided based on preliminary
measurements carried out with different electrode locations.

2.3 Experimental procedure and measurements

An experimental procedure was carried out to evaluate the
feasibility of the presented detection method. Ten test sub-
jects between the ages 22 and 33 performed the test pro-
cedure. Three subjects were female and seven were male.
Three male subjects had previous experience in using volun-
tary movement of the target muscles with either the current
device or facial EMG devices.

Test subjects were allowed to briefly experiment with
the device before the test procedure. This was done by dis-
playing visual feedback of the capacitance signal while the
subjects frowned and lifted eyebrows. The subjects were in-
structed to tense the muscles quickly and relax them imme-
diately after tensing to produce distinguishable events, i.e.
peaks, to the resulting signal. It was instructed to avoid all
other facial movement. A maximum of two minutes of this
free experimenting was allowed for the subjects.

The test procedure consisted of measuring the capaci-
tance signal while the test subjects were indicated to frown
and lift eyebrows. Indications were carried out by playing
audio samples to the subjects. The audio samples were the
words ”frown” and ”lift” produced by a speech synthesizer.
A single test procedure consisted of a total of 25 indications,
each randomly chosen to be either of the two possibilities.
Intervals between the indications were chosen to vary ran-
domly between 2 and 10 seconds. The test procedure was
repeated four times with each subject. Test subjects were
given the same simple instructions as in the brief experimen-
tation phase. They were also instructed not to rush with their
movements, but to calmly produce the correct ones. No vi-
sual feedback of the measured signal was provided during
the procedure.

2.4 Movement detection algorithm

The movement detection algorithm is implemented with sev-
eral sub-units represented in the block diagram of Fig. 4.
Similar approach has been previously been applied to the de-
tection of saccadic eye movements from electro-oculographic
signals [7]. The input signal is first pre-processed with a
drift removal filter. The filtered signal is passed through a
full-wave rectifier before it is input into the CFAR proces-
sor. This computes an adaptive threshold that is used to pro-
duce a binary signal of ones and zeros depending on whether
the rectified signal exceeds the threshold or not, respectively.
The binary signal is input into an integrator whose output
is compared with a second threshold to decide whether a
movement has occurred. The simultaneous use of a signum
function, a delay line, and a second integrator forms another
signal pathway that provides direction information for the
detected movements.

2.4.1 Drift removal filter

The drift removal filter removes the drift as well as the mean
from the signal. The filter is composed of a first order dif-
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Fig. 4: Block diagram of the movement detection algorithm.

ferentiator and a single pole smoothing filter. The transfer
function of the drift removal filter is

H(z) =
1− z−1

1−0.9z−1 . (1)

An input gain of approximately 1.05264 guarantees 0 dB
attenuation in the passband.

2.4.2 Full-wave rectifier

The full-wave rectifier takes the absolute value of each sig-
nal sample. This simplifies the decision making process.

2.4.3 CFAR processor / 1st threshold

The CFAR processor computes an adaptive threshold on the
basis of the processed signal. Fixed thresholding would be
sufficient if there was enough knowledge of the noise char-
acteristics. However, when the noise characteristics are un-
known, or experience changes, the sensitivity of the decision
making process has to be adjusted in order to limit the num-
ber of false alarms. This is what the CFAR processor is used
for.

Each input sample of the CFAR processor is in turn com-
pared with the adaptive 1st threshold. A number of sam-
ples from both sides of the processed sample are selected
as reference samples that contribute to the computation of
the threshold. To decrease the information overlap between
the processed sample and the reference samples, a number of
samples adjacent to the processed sample are ignored. These

ignored samples are referred to as guard samples. The num-
ber of reference and guard samples on one side of the pro-
cessed sample are denoted with q and g, respectively. The
1st threshold is computed by multiplying the average of the
reference samples with a sensitivity parameter. In literature,
this approach is called cell averaging CFAR. The sensitivity
parameter can be estimated if the noise at the CFAR proces-
sor’s input can be assumed to follow some known distribu-
tion. If we assume that this noise follows the normal distri-
bution with zero mean and unknown variance, the sensitivity
parameter estimated from

s≈
√

π erf−1(1−Pn), (2)

where erf−1(. . .) is the inverse (Gaussian) error function and
Pn is the probability that noise alone causes the processed
sample to be larger than the 1st threshold [7].

2.4.4 Integrator and 2nd threshold

The integrator calculates an N point moving sum of the bi-
nary output signal of the CFAR processor. The moving sum
is thresholded with a preselected threshold level M to indi-
cate whether a detection has been made or not. This kind
of detector configuration is sometimes referred to as a two
threshold detector, a binary integrator, or an M-out-of-N de-
tector in literature. Consecutive detections are made so that
a new detection is ready to be made whenever the output
of the integrator has fallen below the 2nd threshold after the
previous detection.

2.4.5 Signum function & Delay and integrator

The signum function block takes the sign of its input signal.
The signum signal is passed through a delay line and an inte-
grator. The delay line maintains temporal alignment between
the two signal pathways of the system by delaying its input
with q+g samples. The delayed signum signal is integrated
to determine the direction of each detection made in the first
pathway. The length of the integrator is N as in the first sig-
nal pathway. The sign of the integrated signal denotes the
direction.

2.4.6 False alarm probability of the movement detection
algorithm

The performance of the CFAR processor is tuned by defin-
ing the desired false alarm probability for its output signal.
The false alarm probability is affected by the CFAR proces-
sor, the integrator, and the 2nd threshold. An estimate of the
overall false alarm probability can be computed with the bi-
nomial distribution’s probability density function:

Pfa = binopdf(M,N,Pn), (3)

where binopdf(. . .) is the probability density function.
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2.4.7 Delay of the movement detection algorithm

Delay introduced by the movement detection algorithm can
be calculated as

q+g+(N−1)/2. (4)

The delay of the drift removal filter is negligible. Its differ-
entiator introduces a delay with a length of half a sample,
and additional delay is caused by the single pole smooth-
ing filter. Analysing the overall delay of the drift removal
filter shows that there is somewhat more delay at frequen-
cies close to zero and that the delay is negligible at higher
frequencies, i.e. our frequencies of interest.

2.4.8 Input parameters required by the movement detection
algorithm

The measured signals were processed with the parameters:
q = 10, g = 10, N = 7, M = 5 and Pn = 5×10−2.

2.5 Measurement result interpretation and presentation

Due to the nature of our experimental procedure, the classifi-
cation of indicated events, i.e. frowns and eyebrow lifts, and
events detected by the movement detection algorithm was
done by hand rather than automatically. Four different in-
terpretations were required to classify the events. Event was
classified as:

1. correctly detected one if an indicated event was followed
by the same type of detected event,

2. incorrectly detected one if the detection following the
indication does not represent the same type of event,

3. not detected one if an indicated event is not followed by
a detection, and

4. false alarm if a detection is made without a preceding
indication.

In the first two cases, the interpretations are easily made
because the reaction time of the test subject can be consid-
ered nearly constant, and the delay introduced by the move-
ment detection algorithm is constant. The latter two cases
are even easier because it can be easily seen if an indicated
or detected event appears on its own.

Following key figures were calculated to present the re-
sults after the interpretations: percentages of detected events,
percentages of correctly detected events, and false alarm prob-
abilities. The first percentages were calculated as the ratios
of correctly and incorrectly detected events to indicated events.
The second ones were calculated as the ratios of correctly
detected events to detected events. The percentages were
solved separately for all events, frowns, and eyebrow lifts.
Additionally, sample standard deviations were calculated for
the different percentages. The false alarm probabilities were
calculated as false alarms per signal samples.

The key figures provide information how the method would
work in two different configurations. These are equivalent to

a mouse with a single button and mouse with two buttons.
In the first configuration, detections would be used to indi-
cate clicks, and the percentages of detected events represent
the performance. In the second one, the detections would
be distinguished to frowns and eyebrow lifts to provide two
different types of clicks, and the percentages of correctly de-
tected events show how well this can be done. The sample
standard deviations show the consistency of the method be-
tween the different measurements and subjects. False alarm
probabilities inform how much false alarms disturb the use
of the method.

3 Results

Results of the processed measurement signals are presented
in Table 1. With some test subjects, frowns are not as easily
detected as eyebrow lifts that are detected with near perfect
overall efficiency. With some of these test subjects, most of
the frowns were incorrectly detected as eyebrow lifts while
almost all lifts were detected correctly. The detections and
correct detections are carried out quite consistently between
the different measurements and subjects in the case of lifts,
but in the case of frowns there is more deviation within the
measurements of some subjects and between subjects.

The overall performance of the method was slightly bet-
ter with the experienced test subjects than with the inexperi-
enced ones. Detecting frowns correctly was on average more
problematic with female subjects than with males. False alarm
probabilities stay sufficiently low at all measurements. As an
example, an overall probability of 2.15× 10−4 with a sam-
pling rate of 19 Hz results in approximately one false alarm
every four minutes.

Examples of measured signals are shown in Fig. 5. The
figure shows how different kinds of events are detected. Clear
peaks are detected correctly. Peaks that cannot be distin-
guished from the noise are not detected at all. Detection does
not occur when the peak duration is too long. Peaks that in-
troduce significant change in the signal baseline with respect
to their amplitude are sometimes detected incorrectly. Incor-
rect detections are also introduced in cases when the peak
waveform is more complex than a single upward or down-
ward peak.

The delay of the detections can be seen in the signals of
Fig. 5. The delay calculated with Eq. 4 is 23 samples with
the chosen parameter values of the movement detection al-
gorithm. This is approximately 1.21 s with the sampling rate
of the measurement device.

4 Discussion

The design and implementation of the method was governed
by the target application and limitations we set to make the
method more usable: the measurement device should be small,
wearable, and easily adopted into use. The device is meant
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Test Detected (%) Correct detections (%) False alarm
subject All Frowns Lifts All Frowns Lifts probability

1e 98 ± 2.31 100 96.2 ± 4.07 100 100 100 0
2e 99 ± 2 98.0 ± 4.55 100 99.0 ± 2.08 98 ± 5 100 4.02×10−4

3e 92 ± 6.53 90 ± 10.7 94 ± 6.57 98.9 ± 2.17 100 97.9 ± 3.57 2.64×10−4

4 100 100 100 100 100 100 1.66×10−4

5 95 ± 5.03 92.5 ± 7.93 97.9 ± 4.55 82.1 ± 6.77 91.8 ± 6.36 71.7 ± 20.0 3.41×10−4

6 78 ± 8.33 57.8 ± 23.0 94.5 ± 3.88 96.2 ± 5.59 88.5 ± 31.5 100 8.70×10−5

7 88 ± 3.27 73.3 ± 9.10 100 70.5 ± 9.63 21.2 ± 16.2 100 1.84×10−4

8f 88 ± 11.8 78 ± 23.0 98 ± 3.57 73.9 ± 23.1 41.0 ± 44.3 100 1.77×10−4

9f 89 ± 3.83 82 ± 6.86 96 ± 4.49 61.8 ± 6.88 17.1 ± 12.5 100 3.33×10−4

10f 97 ± 6 100 93.0 ± 11.5 41.2 ± 4.25 0 100 1.77×10−4

all 92.4 ± 8.34 87.7 ± 17.7 97.0 ± 5.03 82.5 ± 20.8 66.1 ± 41.9 97.1 ± 11.0 2.15×10−4

Table 1: Results of the analysis of the processed measurement signals. Test subjects are numbered consecutively, and letters
e and f after the number indicate experienced and female subjects, respectively. Three columns beginning from the second
one show percentages and sample standard deviations of detected events for all events, frowns, and eyebrow lifts. Next three
columns show the same for correctly detected events. Standard deviation is not presented if there was no deviation between
the measurements. Final column presents the observed false alarm probability. The numbers are either precise or rounded
to three significant digits.

to be a universal device that can be worn and used by any-
one. The implementation on the frames of glasses makes this
possible, but some issues need to be considered. According
to preliminary measurements, the highest sensitivity of the
measurement to frowning and eyebrow lifting was achieved
by placing the electrodes on the frames above an eye, di-
rectly in front of an eyebrow. However, due to interpersonal
variations in head anatomy, such placement does not ensure
that the electrodes are always properly aligned with respect
to the eyebrow. Because the frames are not fixed to the head,
some device movement may also occur. The frames can be
considered to move mainly in two different ways. Firstly,
they can slide down the nose. Secondly, they can tilt with
respect to the nasal bone that supports them. Both move-
ments introduce erroneous changes to the measured capaci-
tance. The optimum location for the electrodes to overcome
the effect of anatomical variations and device movement was
found by placing the electrodes between the eyes. This way
the only significant affecting factor was observed to be the
sliding of the device down the nose. This makes frowning
more difficult to detect while lifting eyebrows, as a move-
ment with a wider movement range, is still easily detected.

An experimental procedure was carried out to estimate
the performance of the detection method. The procedure did
not include the use of the method in its target application
but was kept simple to provide preliminary results on the
performance. EMG could have been measured as a refer-
ence signal, but was not used to avoid the obtrusiveness that
EMG electrodes introduce. Some assumptions were made to
achieve usable results without a reference measurement. It
was assumed that the test subjects produced the movements
they were indicated to produce. This made it possible to omit
subjective interpretation to determine whether a subject has
frowned or lifted eyebrows. Applying the assumption pro-
duces three types of external errors, all resulting from the
failure of the subjects to produce correct movements. First

is misinterpreted events due to the subject producing the
wrong movement of the two alternatives. Second is not de-
tected events due to the subject not producing the indicated
movement. Third is false alarms due to the subject produc-
ing a movement when not indicated. All these errors sum up
with the errors made by the detection method itself, form-
ing the overall error. This way it is certain that the actual
performance is at least what the results indicate.

A movement detection algorithm to detect the events from
the measured signals was presented. The different param-
eters that the algorithm requires as an input were chosen
to be such that the detection works well with the signals
acquired in the experimental procedure. The desired false
alarm probability for the CFAR processor output was cho-
sen so that the resulting estimate for overall probability from
Eq. 3 is approximately 5.92 × 10−6, which is significantly
smaller than the observed false alarm probabilities in Table 1
are. The slight difference between the definitions of the two
probabilities should be considered. The observed one is cal-
culated based on the false alarms detected by the detection
algorithm. The algorithm does not allow false alarms of con-
secutive samples to be detected separately as the 2nd thresh-
old has to be gone under before a new detection. The esti-
mate is purely statistical. It is also computed assuming that
the signal noise after drift removal filtering follows normal
distribution, which obviously is not the case here. In this
case, what is considered noise is not just the small random
variation in the signal, but also all the variation the subjects
introduce to the signal besides the desired events. Thus, set-
ting the desired false alarm probability of the CFAR proces-
sor alters the rate of false alarms, but does not set an absolute
value for observed false alarm probability. It should also be
noted that the durations of the measured signals in samples
are not long enough for the observed false alarm probabili-
ties to be considered statistically significant.
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(a) Test subject 1e
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(b) Test subject 5
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Fig. 5: Examples of measured waveforms. The markers
show when the subject was indicated to either frown or lift
eyebrows, and when such movements have been detected.
The capacitance unit u represents the digital unit of the
analogue-to-digital conversion of the capacitance controller.
(a) shows a part of a typical signal with easily detectable
events by test subject 1e. (b) is a part of a signal produced
by subject 5 with incorrectly detected events and one that
was not detected. (c) shows how test subject 8 among few
others produced events that could not be detected.

The results show that the performance of the method in
the experimental procedure is promising. The current study
intentionally focused on inexperienced test subjects to prove
that the method truly performs reasonably well at all times.
Simple experimental procedure showed that one type of click
should be easily achieved with all subjects by detecting frowns
and lifts of eyebrows, but producing two different types of
clicks by distinguishing between the two is more problem-
atic. However, the differences between the procedure and ac-
tual use in the target application should be noted. The test
subjects were instructed to avoid facial movements besides
the indicated movements to eliminate erroneous detections.
In the target application, the users would definitely produce
spontaneous facial movements that might cause erroneous
detections. As for detecting the desired events, the method
works quite robustly, which some of the detections illus-
trated in Fig. 5 show. While the detections of the movement
detection algorithm can be categorized in the case of certain
type of events as was done in section 3, the robustness of the
algorithm also results in such a complex-looking behaviour
that categorization is more difficult.

Issues that decrease the performance of the method and
its consistency with some test subjects were observed dur-
ing the experimental procedure. Test subject 5 had prob-
lems in producing the correct movements and accidentally
produced frowns instead of lifts during his first measure-
ment. The previously discussed movement of the measure-
ment device down the nose was seen with test subject 9f
making frowns harder to detect. Prior to the experimental
procedure, test subjects 6, 8f and 10f did not understand the
concept of frowning, i.e. they needed to be explained how
to frown. With test subjects 6 and 8f, the frowning move-
ments were also observed to be different between repeti-
tions. Sometimes frowns were seen to resemble small lifting
movements resulting in them being falsely detected as lifts
or not being detected at all. This was the case with test sub-
ject 10f that had all her frowns detected but falsely as lifts,
and also with subject 8f that had hardly any frowns detected
correctly in two of the four measurements. More generally
speaking, contracting and relaxing the needed muscles was
clearly easier to some subjects than to others among the in-
experienced subjects. The muscle movements can naturally
be practised, which can be expected to result in better perfor-
mance and consistency of the detection method. A compari-
son between the results of the method with the experienced
test subjects and the inexperienced ones also suggests this.
However, straight conclusions should be avoided due to the
small amount of test subjects.

The delay of the detection method depends on the sam-
pling rate of the device and the delay of the movement detec-
tion algorithm. The current delay is unacceptable in a real-
time application. Thus, decreasing the delay needs to be car-
ried out by increasing the sampling rate of the measurement
device and tweaking the movement detection algorithm. The
device has already been modified to increase the sampling
rate to about 90 Hz. The delay of the movement detection al-
gorithm could be decreased by altering the CFAR processor.
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The current implementation takes the reference and guard
samples from both sides of each processed sample when cal-
culating the adaptive threshold, which is typically the case
in the original application area of cell averaging CFAR. The
delay could be reduced by taking into account only sam-
ples that precede each processed sample in time. This might
change the behaviour of the processor slightly to the worse,
but proper parameter selection for the entire movement de-
tection algorithm may help in getting the desired functional-
ity. Also, using some order statistics, e.g. median, of the ref-
erence samples to derive the threshold in the altered CFAR
implementation might prove better than the average that is
calculated in the current one. Particularly, median is a better
statistic if the number of samples is small. For example, it is
not as sensitive to outliers as the mean is.

Further testing is required to find out how the introduced
method performs, and how comfortable test subjects con-
sider it, in its target application when accompanied with a
solution for two-dimensional pointing. Because the delay
of the current implementation was too long, improved one
should replace the current one. It should also be studied if
the problems related to the detection of frowns is something
that could be avoided by subjecting the users to a reasonable
amount of practise. Changes to the current electrode layout
and placement, as well as the addition of measurement chan-
nels, could be considered as an alternative or supplement
to practise. The measurement electronics already allow the
measurement of several channels.
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