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Artificial Muscle for Reanimation
of the Paralyzed Face

Durability and Biocompatibility in a Gerbil Model

Levi G. Ledgerwood, MD; Steven Tinling, PhD; Craig Senders, MD;
Annjoe Wong-Foy, PhD; Harsha Prahlad, PhD; Travis T. Tollefson, MD, MPH

Background: Current management of permanent facial
paralysiscentersonnervegraftingandmuscletransfer;how-
ever, limitations of those procedures call for other options.

Objectives: To determine the durability and biocom-
patibility of implanted artificial muscle in a gerbil model
and the degree of inflammation and fibrosis at the host
tissue–artificial muscle interface.

Methods:Electroactivepolymerartificialmuscle (EPAM)
devicesengineeredinmedical-gradesiliconewereimplanted
subcutaneously in 13 gerbils. The implanted units were
stimulated with 1 kV at 1 Hz, 24 h/d via a function genera-
tor. Electrical signal input/output was recorded up to 40
days after implantation. The animals were euthanized be-
tween23and65daysafter implantation,andthehosttissue–
implant interface was evaluated histologically.

Results: The animals tolerated implantation of the EPAM
devices well, with no perioperative deaths. The muscle

devices created motion for a mean of 30.3 days (range,
19-40 days), with a mean of 2.6�106 cycles (range,
1.6�106 to 3.5�106 cycles). Histologic examination of
the explanted devices revealed the development of a mini-
mal fibrous capsule surrounding the implants, with no
evidence of bacterial infection or inflammatory infil-
trate. No evidence of device compromise, corrosion, or
silicone breakdown was noted.

Conclusions: Artificial muscle implanted in this short-
term animal model was safe and functional in this pre-
liminary study. We believe that EPAM devices will be a
safe and viable option for restoration of facial motions
in patients with irreversible facial paralysis.
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P ARALYSIS OF THE FACIAL

nerve and associated se-
quelae affect more than
40 000 patients in the United
States each year.1 Most of

these cases are self-limiting Bell’s palsy; pa-
tients with permanent paralysis require
surgical rehabilitation. Patients experi-
ence psychologically debilitating disfig-
urement and impaired communication
ability, as well as functional impair-
ments, such as oral incompetence to food
and saliva, the inability to smile, brow pto-
sis, nasal obstruction, and eyelid com-
plaints, such as extropion and eye irrita-
tion (exposure keratopathy). Chronic facial
paralysis often requires surgical manage-
ment. Corneal protection is paramount to
avoid exposure keratopathy and visual im-
pairment. In the acute setting, eye lubri-
cation regimens are used. Paralytic eye-
lid rehabilitation may involve gold weight
eyelid loading and lower eyelid tarsorrha-
phy or canthoplasty. The drawbacks of

these procedures include potential gold
weight extrusion, eyelid ptosis, and cre-
ation of dyssynchronous slow, gravity-
assisted eyelid closure.2 The potential for
using an artificial muscle to recreate fa-
cial motion in the setting of permanent fa-
cial paralysis may restore facial move-
ment, including eyelid blinking.

Traditional rehabilitation in patients
with facial paralysis involves static and dy-
namic surgical procedures that seek to
mimic the function of the paralyzed fa-
cial musculature.3 Nerve grafting, when
possible, can restore tone and function but
can be limited by synkinetic facial move-
ment and spasms. In the setting of per-
manent facial paralysis, the state of the sci-
ence has evolved to free microvascular
muscle transfer to create facial motion. Sig-
nificant advances in the technique and out-
comes of smile restoration have occurred
since Harii et al4 first described the graci-
lis muscle transfer for facial reanimation
in 1976. The motor innervation of a free
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muscle transfer can include a cross-face nerve graft or
grafting to the hypoglossal or masseteric nerve. Bilateral
free muscle transplant of the gracilis muscle has be-
come the most popular method to improve function of
the lip in patients with Möbius syndrome.4-9 Free tissue
transfer represents a more dynamic solution to facial pa-
ralysis than the previous methods; however, these pro-
cedures are not without potentially significant compli-
cations. Methods of animation with less morbidity would
be of great benefit to this population and could be used
when free tissue transfer is contraindicated.

Electroactive polymer artificial muscle (EPAM) was
developed in the 1990s (SRI International) for several ro-
botic applications. Artificial muscle products function by
converting electrical force to mechanical motion. Thin
films of dielectric elastomers, such as silicone (20-60 µm
thick), are laminated with conductive carbon particles
suspended in a soft polymer matrix. When the lami-
nated films are exposed to high-voltage electric fields with
low amperage, positive and negative charges accumu-
late on the opposite electrodes and are attracted to each
other, squeezing the polymer insulator, which responds
by expanding perpendicularly to the electric field lines;
contraction occurs when the electric charge is again re-
moved.10 Dielectric elastomers can grow by as much as
300% of their nonactivated size, creating an efficient, pow-
erful artificial muscle. In general, greater voltage results
in greater expansion until electrical breakdown. In ad-
dition, the EPAM devices can operate at a very low cur-
rent, which creates little heat or noise.11

Potential applications for artificial muscle in humans
have been theorized for movement of fingers and hands,
artificial sphincters, and facial reanimation.12,13 Of these
concepts, to our knowledge, our laboratory is the first
to investigate the practicality of lip and eyelid move-
ment because of the relatively small forces required, ease
of implantation, ability to create animal models, and po-

tential to significantly improve current methods of dy-
namic restoration of facial movement.8,12,13

We have been developing an artificial muscle–
powered eyelid device to recreate blinking for adults and
children with facial paralysis12 (Figure 1). We devel-
oped the eyelid blink and smile sling concepts by using
an amalgam of current surgical procedures and philoso-
phies to create a dynamic, controllable, and permanent
alternative to more-invasive surgical options. The cur-
rent reconstructive paradigm could benefit from the ad-
dition of artificial muscle because there are several short-
comings related to facial reanimation around the eye. For
one, the gold or platinum eyelid-loading procedure re-
sults in a dyssynchronous and slow eyelid blink that re-
lies on gravity to pull the eyelid closed. This can affect
cosmesis but can also prevent the instinctive blink re-
flex to protect the cornea. A second shortcoming is that
facial paralysis affects lacrimal function in several ways,
including lacrimal oversecretion, eyelid ectropion, me-
dial punctal eversion, and absence of a normal tear film.14

Finally, the creation of eyelid blinking with free tissue
transfer has not shown great success.15 Unfortunately, cur-
rent reconstructive methods fail to address all of these
issues.

To our knowledge, there have been no studies exam-
ining implantation of artificial muscle in a biological
model. We seek to further develop a permanently im-
plantable medical device that can create facial move-
ment, such as a smile or opening and closing the eye-
lids. The device would ideally be interfaced to contralateral
normal facial movement—allowing voluntary and sym-
metric eyelid control—and have a battery that is exter-
nally rechargeable without wires or connectors. This mod-
ule would contain the artificial muscle actuator that would
pull on a mechanical sling. We theorize that the EPAM
device could be synchronized to the normal side of the
face, but this has not been demonstrated. A myoelectric
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Figure 1. Conceptual illustration demonstrating a possible artificial muscle and power source design. A, Illustration of the potential applicability of a novel eyelid
sling procedure using electroactive polymer artificial muscle (EPAM) to recreate eyelid blinking. The left upper eyelid sling is attached to the EPAM device,
powered by a battery, and signaled by a myoelectric sensor (green wire) to the normally functioning orbicularis oculi muscle to coordinate eyelid blinking. B, An
electroactive polymer device (*) includes an actuator (†) having an electroactive polymer (‡) in a biocompatible sheath (§). The electroactive polymer is attached
the eyelid sling (�) and energized by a power supply (¶). A myoelectric sensor (#) is in electrical contact with the actuator to provide a signal from the contralateral
orbicularis oculi muscle to coordinate eyelid blinking. Reprinted with permission from Senders et al.12
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sensor threaded over the normal side could detect the
voluntary facial impulse or involuntary blink and fire the
artificial muscle at the same time12,13 A previous study13

showed that a sling device coupled to an EPAM actuator
could be implanted in the upper and lower eyelids to cre-
ate eyelid closure when the sling was activated.

The objectives of the current study were 2-fold:
(1) to determine the durability and biocompatibility of
the implanted EPAM device in a gerbil model and (2) to
determine the degree of inflammation and fibrosis at the
host tissue–artificial muscle interface. The gerbil was cho-
sen because of its tolerance for implantation and our labo-
ratory’s experience with successful application of the head
mount to safely direct the wires from the external power
source to the EPAM device. A wireless, battery-
operated system does not exist.16-19 The general hypoth-
esis is that an artificial muscle actuator has the potential
to be an effective solution for restoring motion to non-
functioning facial movement in children and adults with
permanent facial paralysis. The estimated number of eye-
lid blinks that the potential EPAM eyelid sling would need
to generate can be calculated by considering a normal 6
to 15 blinks/min20 for 16 waking hours a day for 365 days,
equaling up to 5 million cycles of motion per year.

METHODS

DEVICES AND POWER SUPPLY

Gerbils received implanted EPAM devices that were stimu-
lated by an external power supply, which allowed for adjust-
ment and monitoring of electrical input. The connection be-
tween the power supply and each gerbil was devised using
experience by our laboratory in the gerbil model in other ap-
plications.17,18 In brief, the technique for external power con-

nection to the gerbil involved screw fixation of a 3-mm spring
to the posterior skull, bone cement to protect the attachment,
and an electroconductive swivel connection (commutator) be-
tween the spring and the top of the cage. This allowed the ani-
mal to move about the cage without applying torque to the EPAM
device (Figure 2). A function generator created a square wave
input into the EPAM device, generating movement of the im-
plant that could be palpated under the skin of the gerbil.

SURGICAL IMPLANTATION PROCEDURE
FOR THE GERBIL MODEL

The surgical procedure for this experiment was derived from
previous studies16-19 on surgical implantation in gerbils. In
brief, the animals were anesthetized with a mixture of ket-
amine hydrochloride, 80 mg/kg, and xylazine hydrochloride,
20 mg/kg. The fur over the skull was removed from the ante-
rior limit of the eyes to the middle of the neck. The area was
disinfected with povidone-iodine solution followed by alco-
hol, 70%; this was repeated 3 times. A parasagittal scalp inci-
sion was created, exposing the skull. A 1.0-cm-diameter sec-
tion of periosteum was removed posterior to the coronal
suture. A 1.2-mm-diameter burr hole was made lateral to the
sagittal sinus for placement of a stainless steel anchoring
screw (size 0-80, 0.32 cm). The free ends of the insulated
EPAM stimulation wire were passed through a 3-mm-diam-
eter stainless steel spring (to prevent chewing by the gerbil),
one end of which was attached to the screw. Dental cement
was then applied to the cranium to cover the stimulation wire
and screw spring. The free end of the spring was connected to
the electroconductive swivel (commutators) at the top of the
cage to afford the gerbil free range of motion. These wires
were connected to the signal function generator (271-U;
Fluke Inc) and external high-voltage power supply amplifier
controller (Model 610E; Trek, Inc).

The implanted EPAM devices were activated on initial im-
plantation until euthanasia at 1 KV, 60 contractions per min-
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C

Figure 2. Experimental setup. A, Photograph of gerbil with head mount in place with wires within the spring extending from the animal’s head. B, Design of the
commutator (electroconductive swivel) unit allowing connection of the electroactive polymer artificial muscle (EPAM) device to the signal generator. C, Signal
generator setup for stimulation of the EPAM units.
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ute (1 Hz) for 24 h/d. The function of the EPAM device was
monitored with the function generator wave output and by di-
rect palpation of the device. Signal output data were recorded
for 40 days after implantation. The schedule for euthanasia was
based on when the EPAM device signal failed until day 40. When
implants failed, they were removed from the signal generator,
the animal was euthanized, and tissue was harvested for his-
tologic analysis. Animals in which the units continued to func-
tion at the end of the 40 days were removed from the signal
generator and euthanized between 40 and 65 days after im-
plantation. Euthanasia was performed by injection of pento-
barbital sodium, 200 mg/kg, and postmortem harvesting of the
device and all surrounding tissue was completed to allow his-
tologic assessment. The duration of activity of the actuators was
analyzed with a Kaplan-Meier survival analysis. Statistical analy-
sis was completed with commercial software (SPSS version 13;
SPSS Inc).

HISTOLOGIC ANALYSIS

Specimens were fixed with paraformaldehyde, 4%, in buffered
saline. After fixation, tissue was embedded in plastic, sec-
tioned at 1 µm, placed on slides, and stained with toluidine blue
and basic fuchsin stains. Sections were scored on the degree of
acute and chronic inflammation, on the degree of fibrosis, and
for the presence of a stromal reaction. Each histologic factor
was graded on a 0 (absent) to 4 (severe) scale, as previously
described.21

NUMBER OF ANIMALS

There were no data to support a power analysis in this pilot
study. Animal numbers were derived on the basis of similar stud-
ies17,18 conducted on gerbils by our laboratory. All studies were
completed under protocols approved by the Institutional Ani-
mal Care Use and Advisory Committee (07-13014) at the Uni-
versity of California, Davis.

RESULTS

Thirteen animals received implanted devices. There were
no perioperative deaths and all gerbils recovered with-
out problems. Twelve animals survived without diffi-

culty until euthanasia between 19 and 65 days after im-
plantation. One animal died 23 days after implantation
resulting from a hemorrhage that occurred when the head
mount screw fixation dislodged. No animals had overt
evidence of infection.

Implanted devices functioned continuously for the 40
days of the experiment (mean, 30.3 days; range, 19-40
days after implantation) (Figure 3). Units were stimu-
lated continuously by the signal generator at 60 cycles
per minute throughout the 40-day study. Units sus-
tained a mean of 2.6�106 cycles during the study (range,
1.6�106 to 3.5�106 cycles).

Histologic preparations of the implants examining the
tissue-implant interface demonstrated the expected find-
ing that, in the early phases of healing after implanta-
tion, there was a significant acute inflammatory infil-
trate that receded after initial healing had completed
(Figure 4). There was no evidence of prolonged poly-
morphonuclear cell inflammatory cell infiltration within
the fibrous capsule surrounding the infiltrate by 40 days
of implant life within the gerbil and remained absent up
to 65 days after implantation. Chronic inflammation was
minimal and a mild fibrous capsule formed around the
implant. The units were also evaluated for evidence of
breakdown of the silicone coating or infiltration of tis-
sue into the silicone; none was observed.

COMMENT

This study represents the first evaluation of the biocom-
patibility and durability of EPAM devices in an animal
model. The results showed that implanted EPAM de-
vices were safe, without stimulating a significant im-
mune response or predisposing animals to infection. The
implanted EPAM devices were stable within the subcu-
taneous site, and no obvious violation of the integrity of
the devices was seen. The devices could be continu-
ously stimulated without adverse effects on the animal
for up to 40 days. The EPAM devices functioned for as
many as 3.5�106 cycles, which would be equivalent to
providing more than a year of continuous eyelid blink-
ing for a patient with facial paralysis.

The next phase of experiments will aim to measure
(using tensiometry and videography) the strength, du-
rability, and reproducibility of movement created in
vivo by artificial muscle. We seek to understand how
the fibrotic wound healing process and fibrous capsule,
which we observed in this preliminary experiment, will
affect the functional movement of the eyelid sling
mechanism and EPAM device function during a longer
study.

Patients with facial paralysis experience significant
functional and psychological impairment. Currently, sev-
eral nerve grafting and muscle transferring surgeries are
available; however, limitations in the quality of the re-
sults and the morbidity of the procedures demand that a
better option be established. Artificial muscle to recre-
ate facial movement is an exciting new concept that has
drawn attention from multiple research forums, na-
tional news sources, and even family support groups. This
study begins the process of understanding the long-
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Figure 3. Duration of electroactive polymer artificial muscle (EPAM) device
function. Device failure was attributable to electrical wire connections
between head mount and commutator unit in all cases. Kaplan-Meier curve
illustrating time to EPAM device motion detection failure. Mean duration was
30.3 days.
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term interactions between host tissue and artificial muscle.
By ensuring the safety of these implanted devices, we hope
to move forward in determining the functional abilities
of these implants.

We had 1 animal death due to a hemorrhage after the
sagittal sinus was exposed when the head mount de-
tached from the skull on day 23. There did not appear
to be any evidence of infection in this animal at nec-
ropsy. None of the other animals developed evidence of
infection at the site of implantation, despite the wires ex-
iting the skin from the implant.

This study has some important limitations. The EPAM
devices, as designed for this study, did not impart any
measurable actuation of anatomic structures. The life span
of these units when increased stroke and force are cre-
ated needs to be measured. We do not believe that this
limitation affects the interpretation of the findings in light
of the project’s aims. Previous work22 with EPAM showed

no detriment of effect with repeated stimulation while
imparting force on a load ex vivo. This short-term im-
plantation period may not reflect the fibrotic reaction to
the EPAM device and possible sling material. Determin-
ing the functional capabilities of the implanted EPAM de-
vices with regard to the life span while performing their
expected functions will be accomplished in a study in a
larger mammal (Yucatan pig) model being developed to
test the eyelid sling mechanism. These studies will also
shed light on the effects of fibrosis and scarring that will
envelop the implanted devices and evaluate how detri-
mental these processes are on their function. Addition-
ally, a self-contained battery-operated EPAM device has
not yet been created.

The technology for long-lasting, implantable artifi-
cial muscle devices in humans is still in its infancy and
needs considerable advancements in engineering before
such devices are readily available. The eyelid sling, on
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which our laboratory has previously published data,12

provides an avenue for the use of such implantable de-
vices in humans, although this represents only one of
many potential applications. Studies are under way to
establish an entirely implantable eyelid sling in a ca-
daver model. Before EPAM devices can be developed for
use in humans, several obstacles must be overcome, in-
cluding the need for smaller, more efficient EPAM de-
vice specifications, an internal power source, electro-
myographic sensors, and the interface between the
EPAM device and sling mechanisms. Such devices
would require implanted batteries with long life spans.
Recent work23 in the nanotechnology field could make
this a reality in the near future. Other recent work24-27

suggests that electromyographic signals can be used to
control devices, such as intelligent wheelchairs and ad-
vanced prostheses. In addition, recent studies28 have
shown the feasibility of stimulation for a paralyzed face
after detection of electromyographic signals from the
normal side of the face.

In conclusion, we have shown in this study that im-
planted artificial muscle devices can function to create
motion. The devices did not stimulate a significant in-
flammatory response or produce adverse effects. Fur-
ther studies will be developed to explore the applicabil-
ity of EPAM devices for restoration of facial motions in
the population with irreversible facial paralysis. We be-
lieve this will be a safe and viable option, but further en-
gineering designs and adaptation for use in humans re-
main obstacles to be overcome.
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