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A B S T R A C T

Facial paralysis is a highly burdening condition, resulting in a patient's inability to move his mimic musculature
on one or both sides of his face. This condition compromises the patient's communication and facial expressions,
and thus dramatically reduces his quality of life. The current treatment for chronic facial paralysis relies on a
complex reconstructive surgery. This publication proposes a novel, less invasive approach for dynamic facial
reanimation. The use of a smart material, namely a Dielectric Elastomer Actuator (DEA) is proposed for facial
motion restoration, thus avoiding the traditional two-stage free muscle transfer procedure and allowing for a
faster recovery of the patient. DEAs are a type of electroactive polymers, showing promising properties similar to
natural muscles such as the fact that they are soft, lightweight and allow for large displacements. As a result, a
study of the facial muscles and neural interfaces, notably the ones responsible for mouth movement, was per-
formed, in order to implement a realistic setup. In this paper, a non-invasive neural interface based on myoelectric
signal is used in order to establish a real-time control of the actuator. Visible motion of a skin model is produced in
real time, by synchronizing the actuator to the activity of a healthy muscle, with a maximal delay of 108 ms
resulting from the signal processing and a delay of less than 30 ms related to the actuation of the DEA. This shows
that the usage of DEA combined with a neural interface presents a promising approach for treatment of facial
paralysis.
1. Introduction

Facial paralysis is a highly burdening situation, which is associated
with emotional distress and overall reduced quality of life [1]. There are
multiple causes of facial paralysis that can be divided into the following:
idiopathic, developmental, infectious, traumatic, iatrogenic and caused
by tumors [2]. The treatment plan varies depending on the aetiology and
prognosis of the paralysis. In patients who still suffer from paralysis after
a period of observation or following medication, surgical methods are
taken into consideration [3].

Surgical treatment includes nerve transfer or dynamic muscle transfer
which both aim for dynamic reanimation of the paralyzed face. The most
important factor in the selection of the surgical method is the duration of
the paralysis, as reinnervation through nerve transfer can only be ach-
ieved in patients with paralysis of less than 6 months duration. However,
between 6 and 24 months after denervation, an ipsilateral nerve can be
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used to preserve the facial musculature while the cross facial nerve graft
is extending across the paralyzed hemiface [4]. After that time muscle
atrophy and fibrosis of motor endplates make nerve transfer as sole
therapy impossible, thus making the combination of nerve and dynamic
muscle iktransfer the method of choice then [3]. Nerve transfers can
either be done with the contralateral facial or alternatively with the
ipsilateral hypoglossal or masseteric nerve from the paralyzed side.

The most common method of dynamic muscle transfer is the micro-
surgical transfer of a free functionalmuscle flapmade of the gracilis muscle
which then replaces the function of the zygomaticus major muscle [2] as
illustrated in Fig. 1. Usually, this is done in a two-stage procedure, first
performing a cross-face nerve graft using the sural nerve of one leg and
then 6–12 month later transferring a free muscle flap and connecting it to
the nerve graft [6]. Alternatively to the free muscle transfer, a pedicled
muscle tendon unit consisting of the temporalis muscle can be transferred
to the cheek thus allowing a smiling movement of the mouth.
023
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Fig. 1. Cross re innervation of the facial nerve, adapted from Ref. [5].

Table 1
Properties of the zygomaticus major muscle.

Property Value Units

Maximal contraction force 1.9 N
Corner mouth for a smile 1.13 cm

0.73 deg
Shape band, fan or bifid
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Although nerve and muscle transfer can be used for dynamic facial
reanimation, several difficulties and disadvantages of these methods
exist. First, the completion of free functional muscle flap takes a long
time, due to the two-stage procedure with a delay of up to 1 year between
the individual steps [6]. In addition, nonfacial nerve transpositions and
any kind of muscle transfer require extensive muscle-retraining in order
to be able to control facial expression, e.g. contracting the temporalis
muscle to move the mouth [7,8]. After free tissue transfer, the muscle is
expected to start moving 4–6 months post-surgery, however patients are
recommended to train smiling exercises for at least 1 year [9]. Further
disturbing phenomenons are aesthetic changes at the donor site as well as
unintentional facial movement while chewing [10].

This study proposes a new, less invasive approach for dynamic facial
reanimation post facial paralysis using soft artificial muscles.

Artificial muscles consist of actuators executing a motion similar to
natural biological muscles. Multiple existing artificial muscle technolo-
gies are currently studied and used in the domain of robotics and pros-
thesis, such as Pneumatic Artificial Muscles (PAMs) [11], Shape Memory
Alloys (SMAs) [12] and ElectroActive Polymers (EAPs) [13], including
Dielectric Elastomer Actuators (DEAs). However, PAMs and SMAs pre-
sent low actuation frequency resulting from their principle of operation.
Additionally, the implementation of PAMs is challenging due to their
bulkiness and their requirement for pumps and compressors. The use of
SMAs is also limited due to their lower compliance and slow response
time [14].

The choice for this study was carried for DEAs, a recent type of EAP,
which transform electric energy into mechanical work [15]. They show
impressive performance as soft actuators due to their capability of
multidirectional actuation, large strain and high energy density. They
become new references when developing soft artificial muscles.

The idea presented in this paper is to use soft actuators instead of
autologous biological muscles to restore mouth movement in a paralyzed
face. This could be achieved by putting the artificial muscle in the
paralyzed side of the face and then synchronizing it to the activity of the
contralateral healthy side via electromyography (EMG) as a neural
interface. This aligns with the traditional treatment, which relies on a
cross over neuronal transfer, taking the signal from the healthy side of the
face to the paralyzed side and thus resulting in a symmetric movement of
the mouth. The feasibility of using EMG on the healthy hemiface as a
neural interface for facial reanimation has already been shown [16]. By
creating a real-time control of the artificial muscle with the EMG-signal
of the healthy hemiface, the prosthesis allows patients to lift the cor-
ners of the mouth symmetrically. The biggest advantage of this method
compared to traditional therapies is that neither nerve grafts nor muscle
flaps are required, thus eliminating the waiting time of several months
between the individual surgical steps as well as the surgical intervention
on the leg.
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The paper is organized as follows: in Section 2 the prosthesis speci-
fications for facial reanimation are presented. The principle of operation
of DEAs is discussed in order to determine the prosthesis design, along
with the proposed setup. In Section 3, the neural interface and soft
actuator considerations are discussed. The methodology for the real-time
control and actuation specifications are established. Section 4 highlights
the results with a functioning prototype. Finally, a discussion and
conclusion of the various challenges and future perspectives of such an
actuator for facial reanimation are established in Section 5 and 6.

2. Artificial muscle prosthesis

Facial reanimation post paralysis is key to improve a patient's quality
of life. This study focuses on the replacement of the zygomaticus major
muscle function by a DEA, thus corresponding to the approach of tradi-
tional surgical treatments for mouth movement restoration.

2.1. Zygomaticus major muscle

The goal is to place the muscle prosthesis under the skin where the
zygomaticus major muscle lies, aiming to create a smiling movement in
the paralyzed face when the prosthesis moves. In order to replace the
zygomaticus major muscle, it is important to understand both its function
and its properties. The zygomaticus major muscle plays an important role
in facial expressions such as smiling. The muscle is situated in the cheek
and extends from the zygomatic bone, in front of the zygomaticotemporal
suture, to the corner of the mouth where the muscle fibers insert the skin
[17]. During contraction the angle of the mouth moves upwards and
lateral corresponding to the oblique orientation of the zygomaticus major
muscle. However, the maximal voluntary contraction force and the
displacement of the mouth corner do not correlate significantly as the
displacement also depends on other factors, including the activity of
other mimic muscles and the skin conditions [18,19]. Different proper-
ties of the zygomaticus major are listed in Table 1.

The specifications of the actuator were obtained by comparing it with
the characteristics of the facial muscles and the natural specifications of
smiling and lip movements found in literature. The required force is
determined as well as the duration and displacement of the movement of
the lips and more precisely the corner of the mouth.

2.2. Dielectric Elastomer Actuators

DEAs are an interesting type of artificial muscles that react to an
electrical stimulus. DEAs can be described as compliant capacitors; a
dielectric elastomer film is coated by two compliant electrodes.

An applied voltage results in a compressive Maxwell stress, a thick-
ness reduction and thus an expansion in the other dimensions as illus-
trated in Fig. 2.

The main problematic of DEAs comes with their requirement for high
voltages to operate (order of kV). DEAs characteristics include a large
strain (up to 200%) and high frequency (up to 20 kHz), making them a
promising soft actuator for artificial muscles applications compared to
other available technologies such as SMAs or PAMs [20]. The deforma-
tion of DEAs can be configured to adapt for different applications, for
example by forming them into a tubular shape in order to generate a



Fig. 2. Illustration of the working principle of DEAs, adapted from Ref. [15]. The application of voltage results in a compressive Maxwell stress.
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radial expansion [21]. In this study, planar DEAs will be considered in
order to substitute the zygomaticus major muscle described above [15].

2.3. Modeling of the actuator

The modeling of a planar DEA is established as a tool for the actuator
design. Its aim is to evaluate as accurately as possible the necessary di-
mensions to obtain the desired strain at the targeted voltage for a given
load. The fabrication of DEAs can be complex and time consuming - the
presented model thus allows to reduce the number of iterations for the
optimization of the DEA.

As the artificial muscle expands when it is activated, it behaves
inverted compared to human muscle. The consequence of this inverted
behavior requires a model where the non-activated DEA corresponds to a
smiling position and the activated DEA corresponds to a neutral mouth.
The actuation cycle must then be inverted so the DEA stays activated
when the mouth is at rest and gets switched off when the person is
smiling, leading to long duty cycles [22]. Fig. 3 shows a model of the
DEA's behavior and its attachment in the face.

The modeling can be separated into two main parts: 1) the mechan-
ical loading of the DEA, leading to a smiling position (Fig. 3 b)) and 2) the
electrical actuation of the DEA, leading to the closing of the mouth (Fig. 3
c)).
Fig. 3. Model of the DEA application in the face. a) Resting position of the skin. b) Th
corner of the mouth to a smiling position. c) Actuation of the DEA, inducing the clo
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2.3.1. Mechanical loading
For large deformations, the dielectric elastomer is assimilated to a

hyperelastic material. The Yeoh model can be used, assuming an
incompressible material, in order to determine the strain energy density
functionWs. The stretch ratio λi (where i ¼ x, y and z according to Fig. 2)
is defined as li

Li
, where li is the current length and Li is the original length.

Wsðλx; λyÞ ¼ Σ3
i¼3Ci0

 
λ2x þ λ2y þ

�
1

λxλy

�2

� 3

!i

(1)

In our case, a load F, defined by the facial skin assimilated to a spring
of stiffness constant k, is attached in the x direction, acting as a pre-load.
The nominal stress resulting from the mechanical loading when no
voltage is applied is written as:

sx ¼ F
LzLy

¼ k �Δx
LzLy

(2)

with Δx ¼ Lx ⋅ (λx � 1). Lx corresponds to the initial displacement due to
the properties and position of the corner of the mouth when the person is
smiling, under a 1.9 N load according to Table 1.
e DEA is placed under the skin. When the DEA is off, it will mechanically pull the
sing of the mouth.



Fig. 5. Spring setup : the DEA moves a silicone membrane which functions as a
surrogate for the facial skin.
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2.3.2. Electric modeling of the DEA
The true electric field of the DEA can be defined as E2 ¼ V2

z2 , and the

nominal electric field is noted eE such as E ¼ λxλyeE. The electrical strain
energy density WE can then be established.

WEðλx; λy; eEÞ ¼ Wsðλx; λyÞ � ε0εr
2
eE2ðλxλyÞ2 (3)

The nominal stresses in each dimension can be written as [23]:

si ¼ ∂WEðλx; λy; eEÞ
∂λi

(4)

With the established boundary condition due to the mechanical
laoding, the Yeoh model, as well as equation (1), the nominal stresses sx
and sy can be written as in equations (5) and (6).

sx ¼ k � Lx �ðλx � 1Þ
LzLy

¼ ∂WEðλx; λy; eEÞ
∂λx

(5)

sy ¼ 0 ¼ ∂WEðλx; λy; eEÞ
∂λy

(6)

The skin's stiffness constant, k, as well as Yeoh's Ci0 parameters can be
determined through an uniaxial test according to the boundary condi-
tions [24].

Equations (5) and (6) form a system with 2 unknown variables, the
stretch ratios λx and λy. By solving the system, it is then possible to
determine the strain, εx, with the relation εi ¼ λi � 1. The theoretical
model was resolved using MATLAB (R2021b, The MathWorks, Inc.,
Natick, Massachusetts, USA), in an optimization loop with the aim to
determine the dimensions (width, thickness and length) of the actuator.
The maximal strain obtained at a given electrical field (considered at the
limit of electrical breakdown) is shown in Fig. 4. According to the model,
little to no displacement is expected for a DEA under 150 μm thin. The
optimal dimensions are thus fixed at 20mmwidth and 350 μm thickness .

To that end, a DEA is fabricated with 3 active layers of 100 μm each.
The fabrication of the actuators [25] consists of a stacking process of
what is called modules. Each module is composed with a silicone film
(Elastosil 2030 from Wacker Chemie AG) on which a carbon electrode is
screen printed. The thickness of the silicone sheets depends on the
location of the module in the stacking. Inner active layers are between a
negative and a positive electrode and are 100 μm thick. External insu-
lation layers have to be the thinnest possible in order to avoid rigidifying
the actuators and are 20 μm thick. To have a good charge distribution and
the lowest electrical resistance, a silver trace (125-19(SP) from Crea-
tivematerials) of 2 mm width is also screen printed on the length of the
electrode. The modules are then stacked on top of each other thanks to a
silicone glue (LSR 4305 from Elkem) doped with carbon black articles.
Fig. 4b) shows the cross section stacking of the layers. A positive
Fig. 4. a) Maximal strain obtained at breakdown field depending on the thi
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electrode is located between two negative electrodes confining the
electrical field.

2.4. Setup and static characterization

The proposed setup mimics the future goal of stretching the DEA
between the skull and the corner of the mouth in order to regain mouth
movement in paralyzed patients. The silicone membrane is used as a
surrogate for human skin due to its similar mechanical properties. Along
with other synthetic polymers such as gelatinous substances, silicone is
one of the most commonly used materials for physical skin models [26].
This setup is illustrated in Fig. 5 and consists of a DEA which is attached
to a fixed bar on one end and connected to a silicone membrane on its
free end. In an analogous manner the connected silicone membrane is
attached to another fixed bar on the distant end thus achieving a stretch
of the DEA and the silicone membrane. When the artificial muscle gets
activated, it expands which leads to movement of the connected silicone
membrane. The displacement of the silicone is measured precisely via a
laser placed underneath.

In order to gain a realistic simulation of the displacement of the
cheek, the forces that act on the DEA, when it is applied to the face, must
be considered. For this purpose uniaxial tensile tests were performed on
the DEA with a pull tester. The pull tester pulled with 1.9 N on the free
end of the fixed DEA as this is equivalent to the contractile force of the
ckness and width of the DEA. b) A cross section schematic of the DEA.



S. Konstantinidi et al. Smart Materials in Medicine 5 (2024) 15–23
muscle. The measured displacement was of 13.5 mm and was then
transmitted to the setup by adding a prestretch to the DEA which is
connected to the silicone membrane.

3. Real-time actuation

3.1. Neural interface

The movement of facial muscles is controlled through the facial
nerves. The traditional treatment for facial paralysis relies on a cross over
neuronal transfer, taking the signal from the healthy side of the face to
the paralyzed side and thus resulting in a symmetric movement of the
mouth as shown in Fig. 1. A similar approach can be used to control the
DEA, by implementing a neural interface on the healthy hemiface in
order to control the DEA placed on the paralyzed side.

EMG allows the indirect detection of neural activity by measuring the
electrical activity of the muscles, innervated by the facial nerve. This
technique offers a non or minimally invasive method to obtain an indi-
rect neural interface in order to control the DEA. Due to the noise, the
signal received from the EMG sensor must be processed by an external
software to provide a suitable output to the prosthetic. EMG sensors can
either be surface electrodes which are put on the skin or implantable
muscle electrodes. Surface electrodes enable a non-invasive approach
though there are some disadvantages, such as the dependency on the skin
condition, movement artifacts, recording from neighboring muscles, and
the relatively low signal-to-noise ratio [27]. In comparison, implantable
muscle electrodes provide increased spatial resolution and increased
signal-to-noise ratio. While the less invasive type of implantable elec-
trode is surgically sutured to the epimysium, the more invasive type is
implanted intramuscularly.

In this study EMG surface electrodes were selected for the neural
interface as they represent a non-invasive method that is reliable for real-
time actuation and simple to use. However, it is important to illustrate
various implantable neural interfaces such as nerve electrodes since this
will be the approach to detect nerve activity when the DEA is applied in
an animal model or even further in the future in human patients. The
properties of different nerve electrodes are regrouped in Table 2.

3.2. Actuation and control

In order to achieve a natural movement of the artificial muscle, a
precise control of the actuator must be implemented. A stable and precise
movement can be reached by using a closed loop control, and the DEA
actuation signal ought to be determined by recording and processing the
neural activity linked to the facial nerve.

A real-time control of the DEA is implemented by using non-invasive
Myoware surface electrodes which detect the muscle activity in a healthy
participant, according to the outline shown in Fig. 6. For this purpose the
electrodes are placed on the cheek where the zygomaticus major muscle
lies. The EMG signal processing is done in real time using MATLAB and
Simulink, thus making it possible to synchronize the DEA's activity with
the healthy individual's mouth movements.

3.3. Signal processing

The implemented signal processing is described in Fig. 7.
The acquired EMG signal is first converted in order to process it in

MATLAB. A baseline retraction, involving the subtraction of the average
Table 2
Nerve electrode properties [27–34].

Properties Cuff Electrode LIFE USEA

Invasiveness relatively low high high
Selectivity low high very high
Longevity ¡ 11 years ¡ 24 months ¡ 502 days
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value of the signal, is performed in order to remove any DC offset. The
signal is then inverted by multiplying it with a negative value and an
offset determined by the actuator's breakdown electric field is added.
Finally, a moving average window is performed to smooth the signal and
reduce high-frequency noise or spikes, with a time window of 10 ms. The
data acquisition, signal processing and actuation of the DEA are syn-
chronized using a real-time sync in Simulink.

4. Results

The applied EMG surface electrodes were recording the zygomaticus
major muscle's activity in a healthy individual. The individual was
generating movements of the mouth, more specifically the word ”hello”.
The kinematics of the corner of the mouth were first analyzed using
markers. Five actuators were then tested, each with ten different signals
corresponding to the word ”hello” in real time. The measured kinematics
were then compared to the performances of the actuators.

4.1. Kinematics

Visual recording of the movement of the corner of the mouth were
first performed for given mouth movements. The resulting kinematics of
the corner of the mouth are shown in Fig. 8 and the corresponding values
(mean and standard deviation, s.d.) are regrouped in Table 3.

4.2. EMG signal acquisition and processing

The applied surface electrodes were recording the muscle's activity
and the corresponding acquired EMG signal are plotted in Fig. 9, which
show the data before and after signal processing. The acquired signals are
then aligned in order to extract the means and standard deviations, which
are shown in Fig. 10.The processed signal is first smoothed using a
moving average window, and then inverted in order for the actuator to be
”on” when the muscle is at rest.

By analyzing the signals, it is then possible to extract the delays, mean
values and deviations related to the real-time signal processing, which
are regrouped in Table 4. There is a delay of less than 110ms between the
raw and the processed signals.

4.3. DEA real-time actuation

The processed signal of the pronunciation of the word ”hello” was
used as an actuation signal for the DEAs. Five different actuators were
tested, and for each of the actuators, 10 different EMG signals were
processed and used in real time. Examples of the normalized DEA
displacement and its corresponding actuation signal is shown in Fig. 11.

The mean as well as the standard deviation of all the signals of the
experiments were then calculated by first aligning the signals. The
comparison of the means and standard deviations are illustrated in
Fig. 12. By analyzing the signals, it is then possible to extract the delays,
mean values and deviations related to the real-time actuation of the DEA,
which are regrouped in Table 5. There is a delay of less than 30 ms be-
tween the processed signal and the DEA displacement.

The resulting strain reaches 3% with a maximal displacement of 1.2
mm. The displacement corresponding to the actuator's response to the
EMG signal is monitored using a laser sensor and is illustrated in
Fig. 12a). The deformation process of the actuator is illustrated in
Fig. 12b), for the same actuation signal when the word “hello” is pro-
nounced. Four principal displacement states can be distinguished,
referencing to the resting state, identified by the sound “h”, the maximal
displacement of the corner of the mouth with the sound “ϵ”, and finally
the sounds “lǝ” and “ʊ”, after which the corner of the mouth goes back to
the resting state. The response of the actuator matches the EMG signal,
with a mean error between the overall aligned EMG and DEA displace-
ments of 3.6%, which satisfies the requirements of the application. The
resulting strain is lower than the predicted strain in the presented model.



Fig. 6. Real-time actuation outline.

Fig. 7. Signal processing diagram. The signals are acquired using a National Instrument Data Acquisition System (NI DAQ). The EMG signal is first acquired raw and is
processed by converting the values, inverting and smoothing it. The processed signal is used to power a high voltage power supply, and the resulting voltage is
monitored. Finally, the DEA displacement is also monitored and all the data are analyzed in real time for the control of the actuator.

Fig. 8. Kinematics of the corner of the mouth when the word ”hello” is pronounced.

Table 3
Kinematics of the corner of the mouth.

Displacement h ϵ’ lə ʊ

Mean 0 [mm] 7.5 [mm] 5.3 [mm] �0.1 [mm]
s.d. 0.2 [mm] 0.6 [mm] 0.4 [mm] 0.3 [mm]
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This is notably due to the fact that the true thickness of the actuator is not
precise (notably due to the fabrication process used and the passive
layers), whereas the model predicts a very sensitive variation of the
resulting strain for a given force as the thickness of the actuator varies.
The true thickness of the DEA is close to 450 μm, and thus a strain of less
than 5% is in accordance with the model.

5. Discussion

In the setup created in this study, the surface EMG electrodes provide
an adequate neural interface in order to achieve a real-time control of the
DEA. This can be seen in Fig. 12 which shows the EMG-signal measured
on a participants's face while pronouncing a word and the correlating
20
movement of the artificial muscle. The comparison between the DEA
displacement and the processed normalized EMG signal shows a maximal
delay of 28 ms, and mean delay of 19 ms, which is in the same range as
previously reported electromechanical delays for DEAs [35,36]. A
greater delay was seen with the signal processing of the EMG, which
reaches 108 ms. However, this delay can be reduced by implementing a
different processing strategy, such as implementing embarked solutions
instead of MATLAB and Simulink (for example, using a
Field-Programmable Gate Array (FPGA) or a Digital Signal Processor
(DSP)) that could increase also the response time. These values are put
into perspective by a comparison with the electromechanical delay in
human skeletal muscle. For concentric contractions of human muscles, a
mean delay of 55.5 ms is described between the occurrence of electrical
activity and the contraction of the muscle [37]. Thus, the delay between
the DEA movement and the contraction of the healthy side of the face is
approximately 80 ms.

Although the usage of surface EMG electrodes presents a simple so-
lution to create a neural interface, there are some drawbacks such as a
relatively low signal-to-noise ratio, movement artifacts, recording from
neighboring muscles and dependency on the skin condition [27]. In
particular, it is important to note that when the subject is pronouncing



Fig. 9. (a) Examples of raw normalized EMG signals as a function of time corresponding to a person saying ”hello”. (b) The same signals after the real-time processing,
normalized and aligned.

Fig. 10. Mean of the EMG signals corresponding to the Zygomaticus major's
muscle activity when the word ”hello” is pronounced. In red, the mean raw
signal with its variance, and in blue, the processed one.
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the sound ʊ, the displacement of the corner of the mouth is negative
(�0.1 mm � 0.3). However, the surface electrodes detect the activation
of surrounding muscles, and thus the DEA is activated resulting in a
positive displacement. Some of these challenges could be reduced by
using nerve electrodes as a neural interface. Among these, different types
with varying degrees of invasiveness exist, which are listed in Table 2.
With increasing invasiveness of nerve electrodes, recording selectivity
improves and the distance between the active site of electrodes and the
nerve fibers is reduced, which decreases electrical field spreading and
thereby leads to better signal-to-noise ratio [31]. Moreover, for the
clinical application of the DEA, the location of the neural interface under
the skin is more favorable than surface EMG electrodes which must be
repositioned daily and can be seen from the outside [27]. Nonetheless,
greater invasiveness of electrodes results in higher risk of nerve damage.
Table 4
Comparison of the normalized amplitudes and delays between the raw and the proce

h ϵ’

mean s.d. mean

Mouth displacement 0.00 0.03 0.99
Raw EMG signal 0.04 0.02 0.95
Processed EMG signal 0.99 0.02 0.00
Delay 56 ms 106 ms
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The implementation of nerve electrodes in the real-time control of the
DEA, as well as the actuator's deformation in biological tissues, will be
analyzed in future studies with animal models.

Although the maximal displacement of the actuators remains lower
than the required displacement set by the muscle specifications, the state
of the art of DEAs and the model predict sufficient strains to satisfy the
actuator requirements. Further studies and a more precise monitoring of
the actuator thickness ought to be explored in order to reach displace-
ments as high as 10 mm.

Compared to traditional therapy methods such as nerve transfer or
dynamic muscle transfer, facial reanimation with a DEA provides some
advantages such as the reduction of invasiveness and the elimination of
the waiting time between the two steps that is needed in traditional
treatment. The invasiveness is reduced as reanimation with an artificial
muscle does not require the removal of a nerve graft andmuscle flap from
the leg, In addition, the procedure is independent of the stage of the
disease, while the sole therapy with nerve transfer can only be done in
patients whose facial paralysis lasts less than 6 months [4].

6. Conclusion

Facial paralysis is a highly burdening condition that dramatically
reduces a patient's quality of life. This paper presents an approach for
facial reanimation using soft artificial muscle actuators. DEAs are a type
of soft actuator with good characteristics compared to other available
artificial muscle technologies such as SMAs or PAMs. This study
demonstrated a new concept of facial reanimation in a physical model. In
the proposed setup, visible motion of a skin model was produced by five
DEAs in real time. The DEAs' real-time control was achieved by imple-
menting a neural interface which measured the muscle activity in a
healthy participant while pronouncing a word and by transferring this
signal to the artificial muscle. This resulted in the visible displacement of
a skin model that was synchronous with the participant's mouth
movement.

The usage of DEAs is a promising approach for facial reanimation in
the future. The model created in this study shows the feasibility of using
surface EMG electrodes as a neural interface in order to create a real-time
control of a DEA moving a skin surrogate. The use of soft actuators
instead of autologous biological muscles to restore mouth movement in a
ssed EMG signals.

lə ʊ

s.d. mean s.d. mean s.d.

0.08 0.67 0.05 �0.02 0.04
0.05 0.51 0.06 0.35 0.11
0.00 0.51 0.03 0.61 0.13

108 ms 104 ms



Fig. 11. (a) Examples of actuation signals. (b) The corresponding DEA displacements.

Fig. 12. (a) Mean of the normalized actuation signal and the corresponding DEA displacement when the word ”hello” is pronounced. In blue, the mean actuation
signal with its variance, and in red, the mean DEA displacement. (b) Deformation of the DEA actuated with the processed EMG signal.

Table 5
Comparison of the normalized amplitude and delay between the processed EMG signal and the measured DEA displacement.

h ϵ’ lə ʊ

mean s.d. mean s.d. mean s.d. mean s.d.

Processed EMG signal 0.99 0.02 0.00 0.00 0.51 0.03 0.61 0.13
DEA displacement 0.97 0.06 0.02 0.02 0.23 0.09 0.14 0.10
Delay 12 ms 28 ms 12 ms 24 ms

S. Konstantinidi et al. Smart Materials in Medicine 5 (2024) 15–23
paralyzed face would drastically reduce the invasiveness and the rean-
imation procedure time, as the current two-stage procedure with a delay
of up to one year between the individual steps for each muscle transfer
would no longer be necessary.
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