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Abstract—Facial pacing ultimately aims at improving the
quality of life of people suffering from unilateral facial paraly-
sis. A device to study facial pacing is presented. It is able to
measure electromyography signals from the healthy side of the
face and simultaneously activate the corresponding muscles on
the paralyzed side with electrical stimulation. Tests with
healthy participants are ongoing and clinical studies are to be
started soon. Four measurement and four stimulation channels
of the device enable studying different electrode configurations
and stimulation patterns for recognizing and reanimating
symmetrical facial expressions in the future. Preliminary test-
ing with ten healthy volunteers showed average partial activa-
tion threshold of 2.50 mA (= 0.47 mA) and 3.00 mA (= 0.67
mA) for orbicularis oculi and orbicularis oris muscles, respec-
tively, and full eye closure threshold of 4.45 mA (£ 0.69 mA).

Keywords— Electrical stimulation, facial pacing, facial pa-
ralysis.

1. INTRODUCTION

Activation of muscles results from electric signals origi-
nated from the brain and transmitted by the nervous system
to the muscles. Unilateral facial paralysis is a condition that
causes the activations of facial muscles to become limited
on one side of the face. A common reason for this is that the
facial nerve fails to properly conduct the electric signals to
the muscles. The lack of conductivity may be partial or
total, and the underlying nerve damage may heal or be per-
manent. Facial paralysis causes problems with daily func-
tions such as blinking, smiling, and eating. The patients may
also suffer from concerns related to their appearance and
feel being unable to fully express themselves. [1, 2]

The goal of this study is to introduce a research prototype
for prosthetic, transcutaneous facial pacing. The pacing
includes the electrical measurement and detection of facial
muscle activations from the healthy side and the use of this
information for electric stimulation of the muscles on the
other side to produce symmetrical expressions. Principle of
facial pacing is illustrated in Fig. 1.

The presented prototype is a device that integrates meas-
urement, processing, and stimulation hardware into one

table-top unit. The programmable device allows carrying
out the required processing in real-time to study facial pac-
ing for the reanimation for unilateral facial paralysis. While
the real-time processing is not yet fully implemented, the
performance and patient safety characteristics of the devel-
oped device are presented along with the preliminary results
from facial muscle stimulation tests with human subjects.

1. RELATED WORK

The main focus in the development of prosthetic,
transcutaneous pacing technologies for unilateral facial
paralysis has been in reanimating the eye blink. This ap-
pears to be a result of two reasons. Firstly, blinking is re-
quired for the eye to stay moist and healthy despite the
paralysis. Secondly, natural blinking is a simple movement
that can be considered to have only two states and in most
cases eyes are held closed for a fixed duration. Additionally,
the transitions between these states do not show a lot of
variation between repetitions. On the contrary, other facial
muscle activations are more complex. They vary in the
dynamics, duration, and intensity of the activations.
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Fig 1. Principle of facial pacing for unilateral facial paralysis.



One way to detect the blinks is to use electromyography
(EMG) measurements [3—7]. An infrared-based measure-
ment has also been suggested as an alternative that over-
comes problems the electrical measurement might have,
such as cross-talk of the stimulation signal to the measure-
ment channels [8]. The electric stimulation patterns com-
monly used for orbicularis oculi muscle to produce blinks
are simple trains of square wave pulses [3, 9]. Stimulation
patterns to produce natural blinks have also been verified by
measuring the eyelid movements with gyroscopes [10]. The
current state of the art focuses on detecting and stimulating
normal blinking with fixed blink duration. Special cases
such as the corneal reflex that would require more complex
processing to determine its duration have not been studied.
Further, there does not appear to be reports on transcutane-
ous stimulation to produce natural activations of other facial
muscles than orbicularis oculi.

The stimulus waveforms can be chosen from a multitude
of options, but it has been concluded that having several
options only complicates the decision making and does not
appear to provide advantage over having a fixed waveform
with adjustable parameters [11]. Using balanced biphasic
waveforms is recommended to avoid the adverse effects on
the skin that monophasic ones may have [11-13]. The
waveform of the stimulation most likely does not have an
effect on the comfort of the stimulation as has been ob-
served for larger muscles such as quadriceps [14].

Two common configurations for an electrical stimulator
are constant voltage and constant current. The former deliv-
ers the chosen voltage waveform to the target and the cur-
rent is dependent on the impedance of the target. The latter
delivers the chosen current waveform, and adjusts the volt-
age to achieve it with the connected load impedance. Con-
stant current configuration is more suitable for stimulation
as the charge of the waveform is dependent on the current,
and the amount of charge delivered to the muscle is the
main factor causing its contraction [12]. Thus, more con-
trolled stimulation results can be obtained by using constant
current configuration.

The basic principle of activating muscles with electric
stimulation is that the nerve is activated rather than the
muscle [15]. Most earlier studies deal with situations where
the facial nerve only has a lesion, and muscle activation can
be induced via the nerve. The muscle can also be complete-
ly denervated, which is why the activation of muscles re-
quires significantly more charge to be delivered to them [15,
16].

The pacing system needs to process measured signals in
real time to translate the facial activity of the healthy sides
to stimulation signals for activating the paralyzed one. The
delay between the activations of the healthy and the para-
lyzed side should be minimized in order for the facial ex-

pression to be observed as synchronous. Human visual
system operates discontinuously and periodically analyses
visual stimuli [17]. Visual stimuli with discontinuities
shorter than 25 ms were left undetected in a study with 10
participants [17]. The maximum delay in facial activity
between the sides can be even longer and still be perceived
as synchronous [18, 19]. Most people won’t notice a delay
of less than 33 ms between the movements of the two sides
of the face when observing an eye blink, and longer delays
stay unnoticed when the movement is eyebrow lift, lip de-
pression or smile [18, 19].

Some studies have used a separate device connected to a
PC for the pacing [3, 20]. Such configuration may have
difficult-to-predict delays caused by the operating system
and communication between the device and the computer.
Other studies have reported the use of real-time processing
with field-programmable gate arrays (FPGAs) and applica-
tion specific integrated circuits (ASICs) to implement the
pacing [21]. Such components have also been used in dedi-
cated stimulator devices [22]. Modern microcontrollers and
digital signal processors are capable for the low-latency
processing tasks, and the selection of the hardware should
be based on fulfilling the computational requirements. Work
towards implantable pacing devices for reanimating eye
blinks is also ongoing [23-25], and the work can be ex-
pected to continue to include other important facial move-
ments.

II1. REQUIREMENTS FOR ELECTRICAL SAFETY

Medical device directive 93/42/EEC of European Com-
mission defines essential requirements for devices used in
the treatment of patients in EU [26]. Other regions of the
world have similar regulations defined by respective author-
ities. In addition to actual medical devices, prototype devic-
es under clinical investigation must fulfil the requirements.

The standards define a large amount of rules related to,
for example, mechanical, thermal, ergonomic, and material
safety, but the most important safety aspect that applies to
electrical stimulators is the electrical safety. The related
standard followed in European Union and in most other
parts of the world is IEC 60601-1 Medical electrical equip-
ment - Part 1: General requirements for basic safety and
essential performance (Third edition), published by Interna-
tional Electrotechnical Commission in 2005.

IEC 60601-2-10 is a particular standard giving Particular
requirements for the basic safety and essential performance
of nerve and muscle stimulators. Its main requirements for
the operation of an electrical stimulator are the following:

e Stimulation current can be adjusted in small enough
steps. The maximum allowed step size is ] mA or 1 V



and the amplitude of the smallest stimulus available
must be less than or equal to 2 % of the maximum.

e If the maximum output amplitude of a stimulator is
greater than 10 mA or 10 V, its initial output ampli-
tude after power-on, must be at zero level.

e The stimulator must notify its user if the output ampli-
tude is greater 10 mA or 10 V, or if the energy of the
stimulus pulse is greater than 10 mJ (to a 1 kQ load.)

e The energy of a single stimulus pulse must not exceed
300 mJ when injected to a load of 500 Q.

e The maximum stimulus current is 50 mA for frequen-
cies up to 400 Hz and 100 mA for higher frequencies.

The listed items do not fully describe the electrical re-
quirements but can be considered to include the most im-
portant safety aspects regarding stimulators and facial pac-
ing devices.

1v. DEVICE DESCRIPTION

The pacing system includes the actual device that
measures facial EMG signals, processes them in real time,
and produces stimulation signals. A PC is used to adjust the
stimulation parameters and to store the measurement data.
The device and the PC communicate wirelessly through Wi-
Fi connection. Fig. 2 shows a block diagram of the pacing
system and Fig. 3 an image of the device.

A. Hardware

The device includes four EMG measurement amplifiers
and four electrical muscle stimulator amplifiers. MyRIO
device from National Instruments is used to provide the
embedded functionality and communication capabilities for
the device.
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Fig 2. Block diagram of the stimulation system.

EMG measurement amplifiers

The EMG amplifiers have a nominal gain of 700, and the
high-pass and low-pass cut-off frequencies are currently set
to 0.55 Hz and 200 Hz.

The amplifiers are isolated. Each pair of channels has a
common isolation. The measurement amplifiers are also
protected against the output voltage of the stimulators. In
order to recover quickly after stimulator-caused overloads,
they also have an option for locking the internal filters dur-
ing stimulation pulses.

12-bit analogue-to-digital converter of myRIO is used to
sample the amplified EMG signals. The sampling rate of the
EMG signals is adjustable up to at least 10 kHz per channel
depending on other processing that is carried out in myRIO.
High sampling rate is an advantage when trying to minimize
the detection delay of muscle activations based on EMG.

Stimulator amplifiers

The stimulator amplifiers have a nominal maximum out-
put current of £48 mA that is achieved with varying load
impedances by adjusting the output voltage up to =100 V.

Each stimulation amplifier is isolated separately, which
gives more freedom to their simultaneous use. Whenever an
amplifier is not outputting a current, it is disconnected using
a solid state relay in order to keep the leakage currents and
noise at minimum level.

The digital-to-analogue converter of myRIO has a resolu-
tion of 12-bits, which is enough for converting the digital
stimulus waveforms to analogue signals which are then fed
to the stimulation amplifiers.

Fig 3. The pacing device. The unit of the scale is cm.



The pacing device is currently controlled mainly from the
PC through graphical user interface but the device has also
push-buttons for adjusting the amplitude of the stimulation
signal and for triggering the stimulation burst. The device
includes LEDs that inform the user when the stimulator
current amplitude has been adjusted to more than 10 mA
and when any of the channels is outputting the stimulus.

As written in chapter II the particular standard
IEC60601-2-10 sets the current and energy limits for stimu-
lators. In order to remain within limits also in single fault
cases, the device has several safety features implemented in
hardware. These are output current limitation, lead-off de-
tection, and pulse duration monitoring. All input and output
connections of the device also have 8 kV ESD protections.

The output current is limited in normal operation to +48
mA, but in case of an error in the operation of myRIO that
would result in much higher stimulator current; the current
is limited to +65 mA by the amplifier. The lead-off detector
follows the output voltage of the amplifier that increases
when the impedance of the stimulation target increases. In
case the stimulation electrode contact is poor or the elec-
trode is completely detached and the output voltage rises to
+115 V the stimulation amplifier is shut down. The delay of
the shutdown depends on the stimulation current and is
approximately 120 ps with high current values and increas-
es to few hundred micro seconds when the current is low or
the electrode is not completely detached.

Temperature monitoring and over temperature cut-off
circuitry are also implemented. Additionally, an error signal
is sent to myRIO by the amplifier if any of the safety fea-
tures are triggered. The wall adapter is AFM60US24 manu-
factured by XP Power and has IEC60601 approval.

B. Software

The software of the pacing system consists of the user in-
terface and software on the computer, and the software on
the National Instruments (NI) myRIO embedded system.
Both parts of the software are implemented with National
Instruments” LabVIEW.

The software architecture is a state machine whose states
provide the necessary functionality. The main states of the
program are initialization and stimulation. The former in-
cludes routines for initial configuration and to wait for user
input before making the stimulation and measurement pos-
sible. The latter includes parallel loops that communicate
with each other to carry out the tasks required for the stimu-
lation, measurement, and data logging on the computer.

PC-software and graphical user interface

The current software implementation requires the stimu-
lation signal parameters to be manually set, and the stimula-
tion to be manually triggered. In the future, the device will

Fig. 4. The graphical user interface of the system.

be used to automatically determine the parameters and start
the stimulation. In that case, most of the processing will be
transferred to myRIO, and computer will only be used to set
the limits within which the myRIO can alter the parameters
for safe use. Currently, the stimulation parameters are ad-
justed through graphical user interface (GUI) that runs on
the PC computer. The GUI is shown in Fig. 4.

Embedded Software

The embedded software of the pacing device resides
completely on the FPGA circuit of myRIO. The FPGA
provides good real-time signal processing performance for
detecting the facial muscle activations and using them to
determine and trigger the stimulation signals for facial pac-
ing. Stimulation and measurement are performed in separate
loops to minimize any risk of software error in the stimula-
tion and to allow higher sampling rate to produce the stimu-
lation signal than is necessary for EMG measurement.

C. Stimulation signal

Stimulation amplifiers and the generation of the stimula-
tion signals are designed to be able to produce any type of
stimulus waveforms. Based on the conclusions of [11], the
user interface software is currently designed to produce
trains of predetermined square wave pulse waveforms.

Following parameters of the stimulation signal can be ad-
justed: positive phase duration, negative phase duration,
pulse repetition frequency, pulse train duration, amplitude
of the positive phase, and amplitude of the negative phase.
Currently balanced stimulus waveform is not forced, even if
it is recommended to avoid electrochemical reactions in
long-term use.

D. Electrodes

Commercial stimulation electrodes made from carbon-
ized rubber are currently used with the device. The stimula-



tion electrodes are shaped to proper size for the muscle to
be stimulated. Too large electrode area makes focusing the
stimulation current to correct muscle difficult, and too small
area increases the current density at the skin-electrode inter-
face increasing the risk for electric skin irritation or even
burns. IEC 60601-2-10 says that the risks must be properly
managed when the current density exceeds 2 mA/cm’. Elec-
trode connectors were selected so that measurement and
stimulation cables and electrodes cannot be accidentally
confused. This is a common requirement for any electrical
device.

E. Results of safety test and performance tests

Correct operation of all safety features of the pacing sys-
tem was verified and electromagnetic compatibility test was
performed to confirm that the RF emissions of the device
stay within allowed limits. The most critical characteristics,
such as leakage and auxiliary currents and correct operation
of the safety features were verified also by an external test-
ing laboratory before the device received an approval to be
used in a clinical study.

The performance of the EMG and stimulation amplifiers
was also tested. The noise level of the EMG measurements
is approximately 1.7 pA,s when 50 Hz powerline interfer-
ence is not considered. The common-mode rejection ratio
was measured to be 70 dB at 50 Hz and its harmonics.

The gain and bandwidth of the EMG amplifiers corre-
sponded with the specified values. The bandwidth of the
stimulation amplifiers was measured to be approximately 30
kHz at full +48 mA current. The bandwidth increases to 60
kHz when the current is decreased to £12 mA. With high
current values the bandwidth is limited by the slew rate of
the current generators, which was measured to be at least
3.5 mA/us. The noise level of the stimulation amplifiers was
measured to be 40 nA,,. The switching delay of the solid-
state relays of the stimulation amplifiers when turning them
on is approximately 800 ps. The device itself therefore does
not prevent activating the disabled side of the face with a
delay less than 33 ms compared to the healthy one. Delay
caused by the detection of muscle activation from EMG
signals and the time the muscle takes to activate when stim-
ulated can be expected to be much longer.

V. PRELIMINARY TESTING WITH HEALTHY VOLUTEERS

Preliminary experiments were performed with ten
healthy volunteer subjects. The study was accepted by the
ethical committee of Pirkanmaa Hospital Disctrict
(R15067). Informed consent was obtained from all individ-
ual participants included in the study.

Average age of the subjects was 43.6 years (33—63 yrs.)
and three of them were female. The purpose of the experi-
ments was to gain knowledge about stimulation current
amplitudes required to activate the facial muscles: orbicu-
laris oculi (to produce eye blink) and orbicularis oris (im-
portant for drinking and eating).

Stimulation electrodes were attached based on [27] on
one side of the participants’ face for stimulating one muscle
at a time. Biphasic square wave pulses and the following
stimulation waveform parameters were used: positive and
negative phase duration 0.4 ms and pulse repetition fre-
quency 250 Hz. Pulse train duration was 0.08 s for orbicu-
laris oculi and 1.00 s for orbicularis oris. The amplitude
was increased in 0.5 mA steps until a visible movement was
observed by two experimenters to determine the movement
threshold. Further, in the case of orbicularis oculi, the am-
plitude was increased until an eye closure (i.e. blink) was
evoked. The results are presented in Fig. 5.

The required currents for orbicularis oculi were signifi-
cantly smaller than what was found in [9] for people that
had an acute facial palsy (movement threshold 4.0 mA + 1.4
mA and blink threshold 7.2 mA + 2.7 mA). This may be
caused by the higher pulse repetition frequency in the pre-
sented study (250 Hz vs. 100-150 Hz in [9]). The electrode
placement was also different: in the presented study elec-
trodes were on the muscle but in [9] the electrodes were on
top of the facial nerve branches of the muscle.

vI. CONCLUSIONS

A short description of a device intended for studying
possibilities of facial pacing was presented. The pacing
aims at regaining facial functions, such as eye blink and
smiling, of people suffering from unilateral facial paralysis.

Next phase of the research is to carry out more experi-
ments with a larger number of healthy volunteers and later
with patients suffering from long-lasting unilateral facial
paralysis or paresis. Future research questions include:

Fig. 5. The average amplitude thresholds (+ standard deviation) for activat-
ing the facial muscles.
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Comparing the required stimulation parameters between
healthy and paralyzed subjects. Finding out how the du-
ration of the paralysis affects the required stimuli.
Optimal positioning of the electrodes for each muscle,
especially for permanently paralyzed patients with
whom neural stimulation is not possible.

Differences between muscles in respect to responsive-
ness to stimuli.

Possibilities to target the stimulation current to certain
muscle by using an electrode array instead of bipolar
electrodes.
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